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Abstract 
 

 

 

WiMAX is introduced by the Institute of Electrical and Electronic Engineers (IEEE) which is 

standard designated 802.16d-2004 (used in fixed wireless applications) and 802.16e-2005 

(mobile wireless) to provide a worldwide interoperability for microwave access. At present, 

telecommunication industries are highly concerned with the wireless transmission of data 

which can use various transmission modes, from point- to-multipoint links. It contains full 

mobile internet access. Various applications have already been applied so far using WiMAX, 

as alternative to 3G mobile systems in developing countries, Wireless Digital Subscriber Line 

(WDSL), Wireless Local Loop (WLL). IEEE 802.16e-2005 has been developed for mobile 

wireless communication which is based on OFDM technology and this enables going towards 

the 4G mobile in the future. In this thesis work, we built a simulation model based on 802.16e 

OFDM-PHY baseband and demonstrated in different simulation scenarios with different 

modulation techniques such as BPSK, QPSK and QAM (Both 16 and 64) to find out the best 

performance of physical layer for WiMAX Mobile. All the necessary conditions were 

implemented in the simulation according to the 802.16e OFDMA-PHY specification. The 

noise channel AWGN, Rayleigh fading, SUI, data randomization techniques, FFT and IFFT, 

and Adaptive modulation is used for the whole simulation procedure. The performance has 

been concluded based on BER, SNR and Pe output through MATLAB Simulation.  
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Chapter One 
 

 Introduction 
 

This chapter contains a brief introduction of the thesis work along with some background 

information about WiMAX and its aim. A short description about the structure of thesis is 

included at the end of this chapter. 

  

1.1 Objective 

  
The goal of this thesis is to implement and simulate the OFDM Physical layer specification of 

IEEE 802.16e-2005. Using Adaptive Modulation Techniques we analyze the performance of 

OFDM physical layer in mobile WiMAX based on the simulation results of Bit-Error-Rate 

(BER), Signal-to-Noise Ratio (SNR) and Probability of Error (Pe). The performance analysis 

of OFDMA-PHY is done in MATLAB 7.4 under reference channel model with channel 

equalizer. 

  

1.2 Motivation 

  
Some decades ago, we were purely dependent on analog system. Both the sources and 

transmission system were on analog format but the advancement of technology made it 

possible to transmit data in digital form. Along with those, the computer was getting faster to 

the fastest, the data payload capacity and transmission rate increased from kilobit to megabit 

and megabit to gigabit. From wire to wireless concept emerged and after researching and 

investing so much money, engineers became successful to invent wireless transmitter to 

transmit data. Applications like voice, Internet access, instant messaging, SMS, paging, file 

transferring, video conferencing, gaming and entertainment etc became a part of life.  

  

Cellular phone systems, WLAN, wide-area wireless data systems, ad-hoc wireless networks 

and satellite systems etc are wireless communication. All emerged based on wireless 

technology to provide higher throughput, immense mobility, longer range, robust backbone to 

thereat. The vision extended a bit more by the engineers to provide smooth transmission of 

multimedia anywhere on the globe through variety of applications and devices leading a new 

concept of wireless communication which is cheap and flexible to implement even in odd 

environment. 

  

This is a fact that, Wireless Broadband Access (WBA) via DSL, T1-line or cable 

infrastructure is not available especially in rural areas. The DSL can covers only up to near 

about 18,000 feet (3 miles), this means that many urban, suburban, and rural areas may not 

served. The Wi-Fi standard broadband connection may solve this problem a bit but not 

possible in everywhere due to coverage limitations. But the Metropolitan-Area Wireless 

standard which is called WiMAX can solve these limitations. The wireless broadband 

connection is much easier to deploy, have long range of coverage, easier to access and more 
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flexible. This connectivity is really important for developing countries and IEEE 802.16 

family helps to solve the last mile connectivity problems with BWA connectivity. 

 

IEEE 802.16e can operate in both Line-Of-Sight (LOS) and Non-Line-Of-Sight (NLOS) 

environments. In NLOS, the PHY specification is extended to 211 GHz frequency band 

which aim is to fight with fading and multipath propagation. The OFDM physical layer based 

IEEE 802.16 standard is almost identical to European Telecommunications Standard 

Institute’s (ETSI) High performance Metropolitan Area Network (HiperMAN) as they 

cooperate with each other [1]. 

  

This thesis is all about WiMAX OFDM PHY layer performance where we analyzed the 

results using MATLAB simulator with different modulation techniques. 

 

1.3 Why WiMAX 
  

WiMAX is called the next generation broadband wireless technology which offers high 

speed, secure, sophisticate and last mile broadband services along with a cellular back haul 

and Wi-Fi hotspots. The evolution of WiMAX began a few years ago when scientists and 

engineers felt the need of having a wireless Internet access and other broadband services 

which works well everywhere especially the rural areas or in those areas where it is hard to 

establish wired infrastructure and economically not feasible.  

  

IEEE 802.16, also known as IEEE Wireless-MAN, explored both licensed and unlicensed 

band of 2-66 GHz which is standard of fixed wireless broadband and included mobile 

broadband application. WiMAX forum, a private organization was formed in June 2001 to 

coordinate the components and develop the equipment those will be compatible and inter 

operable. After several years, in 2007, Mobile WiMAX equipment developed with the 

standard IEEE 802.16e got the certification and they announced to release the product in 

2008, providing mobility and nomadic access. 

  

The IEEE 802.16e air interface based on Orthogonal Frequency Division Multiple Access 

(OFDMA) which main aim is to give better performance in non-line-of-sight environments. 

IEEE 802.16e introduced scalable channel bandwidth up to 20 MHz, Multiple Input Multiple 

Output (MIMO) and AMC enabled 802.16e technology to support peak Downlink (DL) data 

rates up to 63 Mbps in a 20 MHz channel through Scalable OFDMA (S-OFDMA) system [2]. 

  

IEEE 802.16e has strong security architecture as it uses Extensible Authentication Protocol 

(EAP) for mutual authentication, a series of strong encryption algorithms, CMAC or HMAC 

based message protection and reduced key lifetime [4]. 

 

1.4 Fixed Vs Mobile WiMAX 
  

There are certain differences between Fixed WiMAX and Mobile WiMAX. 802.16d (Rev 

2004) is known as Fixed WiMAX and 802.16e standard is fondly referred as Mobile-

WiMAX. The 802.16d standard supports fixed and nomadic applications whereas 802.16e 
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standard supports fixed, nomadic, mobile and portable applications. The 802.16e carries all 

the features of 802.16d standard along with new specifications that enables full mobility at 

vehicular speed, better QoS performance and power control but 802.16e devices are not 

compatible with 802.16d base stations as 802.16e based on TDD whereas 802.16d is on FDD. 

Due to other compatibility issues with existing networks, 802.16e adopted S-OFDMA and 

2048-FFT size. 

  

The main aim of mobile WiMAX is to support roaming capability and handover between 

Mobile Station (MS) and Base Station (BS) [3]. Several countries have already planned 

Mobile WiMAX for commercial services. The development included some new features on 

the link layer. Such features are, different types of handover techniques, robust power saving 

system and multiple broadcast supports etc. 

  

1.5 WiMAX’s Path to Overcome 
  

There are several challenges for WiMAX. These important issues must be solved to fulfil its 

dream of last mile solution. Some of those are mentioned below. 

  

1.5.1 PAL and PAPR 

  
OFDM has high Peak to Average Power Ratio. A recent analysis of its waveform showed a 

large fluctuation in its amplitude which leads to a huge challenge to design a power amplifier 

with adequate power back-off.  To do so, it has to focus on different situations like, good 

sensitivity when the power is low, tolerability to high power level and tacking ability to track 

down changes. Clipping and coding have been used to fight with these effects but still 

researches needed in that issue to make it a good wireless communication system. 

  

1.5.2 Attenuation 

  
Each signal has a specific strength. To reach to a distant receiver, a signal must be strong 

enough to be detected by the receiver. When a signal travels in the air, gradually it becomes 

weaker over time and this phenomenon is called Attenuation. WiMAX is considering this 

issue carefully as it works on both LOS and NLOS environment. 

  

1.5.3 Multi Path Fading 

  
When an object comes on the way between a wireless transmitter and a receiver, it blocks the 

signal and creates several signal paths known as multi path. Even though the signal makes till 

the receiver but with variant time and it is hard to detect the actual signal. Multi path degrade 

the quality of the signal. Several multipath barriers which as follow: 
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Fast Fading  
 

Rapid changes in signal power occur when distance moves about a half wave length. It is 

build up by constructive and destructive Interference. This fading occurs when the coherence 

time is less than the each symbol period and the Doppler spread spectrum is high in the 

channel. 
  
Slow Fading 
 

Changes in average received signal power due to the changing distance between transmitter 

and the receiver or changes of surroundings when moving. This fading occurs when the 

coherence time is greater than the each symbol period and the Doppler spread spectrum is low 

in the channel. 

  

Flat Fading (Non-Selective Fading) 

 

Flat fading is that type of fading in which all frequency components of the received signal 

fluctuates simultaneously in the same proportion [5] .This fading occurs when the channel 

bandwidth and delay spread spectrum of a signal is less than the channel bandwidth and 

symbol period. 

  

Frequency Selective Fading 

 

Selective fading affects unequally the different spectral components of a radio signal [5]. This 

fading occurs when the channel bandwidth and delay spread spectrum of a signal is greater 

than the channel bandwidth and symbol period. 

  

Rayleigh Fading 

 

NLOS (indoor, city) Rayleigh fading occurs when there is no multipath LOS between 

transmitter and receiver and have only indirect path which is called NLOS to receive the 

resultant waves. 

  

Rician Fading 

 

Rician fading best characterizes a situation where there is a direct LOS path in addition to a 

number of indirect multipath signals between the transmitter and receiver [5]. 

 

1.5.4 Noise 

  
Different types of noises create problem in wireless communication which hampers the 

transmission quality. Best known noises in wireless media are:  
 

Thermal Noise 

 

It occurs due to agitation of electrons and it is present in all electronic devices and 

transmission media such as transmitter, channels, repeaters and receiver. It is more significant 

in satellite communication [31] 
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Principle equation: N0 = KT (W/Hz) 

 

Where: N0= noise power density in watts per 1 Hz of bandwidth 

             K = Boltzmann's constant = 1.3803 ´10-23J/K 

            T = temperature, in Kelvin (absolute temperature) 

 

If the noise is assumed as independent, the thermal noise present in a bandwidth of B Hertz (in 

watts):  

KTBN   

 

Or, in decibel-watts, 

 

BTdBW

BTkN

log10log106.228

log10log10log10




 

   
Inter-modulation noise  

 

It occurs if the medium has non-linearity. Interference caused by signals produced at 

frequencies that are the sum or variety of original frequencies. 

  
Inter Symbol Interference (ISI)  

 

At the same time all delayed copies in a pulse may arrive as primary pulse for a subsequent 

bit. 

 

Cross Talk 

 

If there are unwanted coupling found in a signal path, it is called cross talk. It creates so many 

problems in communication media. 

 

Impulse Noise 

 

When irregular pulses or noise spikes occurs due to external electromagnetic disturbances, or 

faults and flaws in the communications system that is called impulse noise. The behaviour of 

this type of noise has short duration and relatively high amplitude. 

 

1.5.5 Doppler Shift Effect 

  
Doppler shift occurs when a mobile user move towards or away from the transmitter. It has 

huge impact on carrier frequency causing the communication poor in performance and 

increasing error probability. 
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1.6 Thesis Outline 

  
The thesis report is comprised of seven chapters. The first chapter is an introduction of the 

thesis work and some information about WiMAX that motivates us to work in this topic. The 

rest of the chapters are organized as follows: 

  

The second chapter is about the whole WiMAX networks at a glance, especially its standards, 

versions, pros and cons and a short description of Wi-Fi networks. 

  

Chapter three provides a detailed description of the 3G cellular networks, IEEE 802.16e 

physical layer and a short description of MAC layer. 

  

In chapter four, OFDM techniques, different modulation techniques will be found in detail 

manner along with WiMAX’s Adaptive Modulation technique. 

  

Chapter five carries the description of the PHY layer, simulation model and Modulation 

Techniques with SUI channel model and necessary parameters, mathematics and diagrams. 

  

Chapter six describes the analysis of the simulation results using MATLAB simulator. 

  

In chapter seven, the conclusion is presented with possible future work.  
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Chapter Two 

WiMAX at a Glance 
 

The IEEE standard committee introduced standards for networking elements, for an instance, 

IEEE 802.16 in 1999. The 802.16 family standard is called Wireless Metropolitan Area 

Network (MAN) commercially known as WiMAX (Worldwide interoperability for 

Microwave Access) which is an industry-led, non profit organization and responsible for 

testing, certificating and promoting the compatible interoperable wireless products based on 

IEEE 802.16 working group and ETSI's HiperMAN standard. The original IEEE standard 

addressed 10 to 66 GHz in licensed bands and 2 to 11 GHz in unlicensed frequency range. 

Time to time, they certified different versions of WiMAX based on different criteria such as 

carrier based wireless (single and multi carrier), fixed and portable wireless devices etc. 

 

2.1 IEEE 802.16 versions 

2.1.1 802.16 

 

The first 802.16 standard was released in December 2000. It provides a standard point-to-

multipoint broadcast in 10 to 66 GHz frequency range for Line of Sight (LOS) environment.  

  

2.1.2 802.16a 

 

The second version of WiMAX standard 802.16a was an amendment of 802.16 standard and 

has the capability to broadcast point-to-multipoint in the frequency range 2 to 11 GHz. It was 

established in January 2003 and assigned both licensed and unlicensed frequency bands. 

Unlicensed bands cover maximum distance from 31 to 50 miles. It improves 

the Quality of Service (QoS) features with supporting protocols for instance Ethernet, ATM 

or IP. 

  

2.1.3 802.16c 

  

The third version of WiMAX standard 802.16c was also an amendment of 802.16 standards 

which mostly dealt with frequency ranging 10 to 66 GHz. This standard addressed various 

issues, for instance, performance evaluation, testing and detailed system profiling. The system 

profile is developed to specify the mandatory features to ensure interoperability and the 

optional features that differentiate products by pricing and functionality. 

 

 2.1.4 802.16d 
  

In September 2003, a revision project known as 802.16d began which aimed to align with a 

particular view of European Telecommunications Standards Institute (ETSI) Hiper-MAN. 

This project was deduced in 2004 with the release of 802.16d-2004 including all previous 
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versions' amendments. This standard supports mandatory and optional elements along with 

TDD and FDD technologies. Theoretically, its effective data rate is 70 Mbps but in reality, the 

performance is near about 40 Mbps. This standard improves the Quality of Service (QoS) by 

supporting very large Service Data Units (SDU) and multiple polling schemes. 

  

2.1.5 802.16e 

  

802.16e was an amendment of 802.16d standard which finished in 2005 and known as 

802.16e-2005. Its main aim is mobility including large range of coverage. Sometimes it is 

called mobile WiMAX. This standard is a technical updates of fixed WiMAX which has 

robust support of mobile broadband. Mobile WiMAX was built on Orthogonal Frequency 

Division Multiple Access (OFDMA). It mentioned that, both standards (802.16d-2004 and 

802.16e-2005) support the 256-FFT size. The OFDMA system divides signals into sub-

channels to enlarge resistance to multipath interference. For instance, if a 30 MHz channel is 

divided into 1000 sub-channels, each user would concede some sub-channels which are based 

on distance. 

  

2.1.6 WiBro 

  

WiBro stands for Wireless Broadband. It was developed by the South Korean Telecom 

Industry. WiBro is a portable internet service that provides high data rate in mobile WiMAX 

environment anytime in anywhere. By the end of April in 2004, the Korean 

Telecommunication industry evolved the portable internet service which is known as WiBro. 

It is based on the same IEEE 802.16e-2005 standard as mobile WiMAX. In July 29, 2004, 

the Ministry of Information and Communication (MIC) made a declaration and clarify the 

position of WiBro in WiMAX broadband services. The government allocated 100 MHz of 

frequency in 2.3 to 2.4 GHz range and the channel bandwidth is 9 MHz. In late 2005, the 

International Telecommunication Union (ITU) appreciated WiBro as IEEE 802.16e (mobile 

WiMAX). The base station of WiBro offers data throughput from 30 to 50 Mbit/s and covers 

1 to 5 km in radius for portable internet usage. Right now its service located between WLAN 

and Cellular service. In future, it will be developed to 4G wireless network to provide high 

data rate and mobility. 

  

2.2 Features of WiMAX 
 

There are certain features of WiMAX those are making it popular day by day. Some 

important features of WiMAX are described below: 

 

2.2.1 Interoperability  

 

This is the main concern of WiMAX. The IEEE 802.16 standard is internationally accepted 

and the standard is maintained and certified by WiMAX forum which covers fixed, portable 

and mobile deployments and giving the user the freedom to choose their product from 

different certified vendors and use it in different fixed, portable or mobile networks.  
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2.2.2 Long Range 

 

Another main feature of WiMAX is long range of coverage. Theoretically, it covers up to 30 

miles but in practice, it covers only 6 miles. The earlier versions of WiMAX provide LOS 

coverage but as technology advanced and the later version of WiMAX, e.g. mobile WiMAX, 

can support both LOS and NLOS connections. For that, it must meet the condition of the 

range for LOS, 50 kilometres and for NLOS, 10 kilometres. The WiMAX subscriber may 

connect to WiMAX Base station by Stanford University Interim (SUI) traffic model from 

their offices, homes, hotels and so on. 

 

2.2.3 Mobility 

 

WiMAX offers immense mobility especially IEEE 802.16e-2005 as it adopted SOFDMA 

(Scalable Orthogonal Frequency Division Multiple Access) as a modulation technique and 

MIMO (Multiple Input Multiple Output) in its physical layer. There are two challenges in 

wireless connectivity, one of them is for session initiation, which provides a mean to reach to 

inactive users and continue the connection service by extending it even the home location of 

that user has been changed and the other one provides an ongoing session without interruption 

while on moving (specially at vehicular speed). The first is known as roaming and the second 

one is handoff. These two are described below. 

 

2.2.3.1 Roaming 

 
The centralized database keeps current information which sends to the network by the user 

base station when it moves from one location to another. To reach another subscriber station 

the network pages for it using another base station. The used subscriber station for paging 

depends on updating rate and movement of subscriber station - that means from one station to 

another. To perform this operation, there are several networking entities involved such as 

NSS (Network Switching Subsystem), HLR (Home Location Register) and VLR (Visitor 

Location Register) etc. 

 

 NSS (localization and updating of location) 

 

 HLR (contains information of current location) and 

 

 VLR (sends information to Mobile Station to inform HLR about the changes of 

location) 

 

2.2.3.2 Handoff 

 
Due to the absence of handoff technique, the Wi-Fi users may move around a building or a 

hotspot and be connected but if the users leave their location, they lose their connectivity. But 

with the 802.16e-2005, the mobile users will be connected through Wi-Fi when they are 

within a hotspot and then will be connected to 802.16 if they leave the hotspot but will stay in 

the WiMAX coverage area. 
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2.2.4 Quality of Service 

 

Quality of Service (QoS) refers to the collective effect of service perceived by the users. 

Actually it refers to some particular requirements such as throughput, packet error rate, delay, 

and jitters etc. The wireless network must support a variety of applications for instance, voice, 

data, video, and multimedia. Each of these has different traffic pattern and requirements 

which is shown in the Table 2.1 [5]. 

 
 

Table 2. 1: Sample Traffic Parameters for Broadband Wireless Application [5] 

 

Parameter Interactive 

Gaming 

Voice Streaming 

Media 

Data Video 

Data rate 50Kbps to 

85Kbps 

4Kbps-

64Kbps 

5Kbps-

384Kbps 

0.01Mbps-

100Mbps 

> 1Mbps 

 

 

Applications 

Interactive 

gaming 

VoIP Music, 

Speech, 

Video Clips 

Web browsing, e-

mail, instant 

messaging, telnet, 

file download 

IPTV, movie 

download, 

p2p video 

sharing 

Packet loss Zero <1% <1% Audio 

<2% Video 

Zero <10
-8

 

 

Delay 

Variation 

Not 

Applicable 

<20ms <2sec Not Applicable <2sec 

Delay <50ms-

150ms 

<100ms <250ms Flexible <100ms 

 

2.2.5 Interfacing 

 

Interface installation is another feature of WiMAX. Each base station broadcasts radio signals 

to its subscribers to stay with connection. Since each base station covers limited range so it is 

necessary to install multiple base stations after a certain distance to increase the range for 

network connectivity. Connecting multiple base stations is not a big deal and it takes only a 

few hours. 

 

2.2.6 Accessibility 

 

To get high speed network connectivity, only necessary thing is to become a subscriber of 

WiMAX service providers. Then they will provide hardware that is very easy to install. Most 

of time hardware connects through USB ports or Ethernet and the connection may be made by 

clicking button. 
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2.2.7 Scalability 

 

802.16 standard supports flexible channel bandwidths for summarize cell planning in both 

licensed and unlicensed spectrum. If an operator assigned 15 MHz of spectrum, it can be 

divided into three sectors of 5MHz each. By increasing sector, the operator can increase the 

number of subscriber to provide better coverage and throughput. For an instance, 50 of 

hotspot subscribers are trying to get the network connectivity in a conference for 3 days. They 

also require internet access connectivity to their corporate network via Virtual Private 

Network (VPN) with T1 connection. For this connectivity, bandwidth is a big question as it 

needs more bandwidth. But in wireless broadband access it’s feasible to provide service to 

that location for a small period of time. It would be very hard to provide through wired 

connection. Even the operator may re-use the spectrum in three or more sectors by creating 

appropriate isolation. 

 

2.2.8 Portability 

 

Portability is another feature as like mobility that is offered by WiMAX. It is not only offers 

mobility applications but also offers nomadic access applications. 

 

2.2.9 Last Mile Connectivity 

 

Wireless network accesses via DSL, T1-line or cable infrastructure are not available 

especially in rural areas. These connections have more limitations which can be solved by 

WiMAX standards. 

 

2.2.10 Robust Security 

 

WiMAX have a robust privacy and key management protocol as it uses Advanced 

Encryption Standard (AES) which provides robust encryption policy. It also supports flexible 

authentication architecture which is based on Extensible Authentication Protocol (EAP) 

which allows variety of subscriber credentials including subscriber’s username and password, 

digital certificates and cards. 

  

2.3 IEEE 802.16e-2005 
 

WiMAX's main objectives are to cover those remote areas where cable connection is not 

feasible or expensive and for better coverage especially for mobile networks where users are 

always moving than the other broadband technologies like, Wi-Fi, UWB and DSL. This 

subsection describes the network architecture, mechanism and some technical issues of 

WiMAX mobile in brief with potential diagrams. 
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2.3.1 WiMAX Architecture 

  
WiMAX architecture comprises of several components but the basic two components are BS 

and SS. Other components are MS, ASN, CSN and CSN-GW etc. 

   
The WiMAX Forum's Network Working Group (NWG) has developed a network reference 

model according to the IEEE 802.16e-2005 air interface to make sure the objectives of 

WiMAX are achieved.  

  

To support fixed, nomadic and mobile WiMAX network, the network reference model can be 

logically divided into three parts [6] 

 

Mobile Station (MS) 

 

It is for the end user to access the mobile network. It is a portable station able to move to wide 

areas and perform data and voice communication. It has all the necessary user equipments 

such as an antenna, amplifier, transmitter, receiver and software needed to perform the 

wireless communication. GSM, FDMA, TDMA, CDMA and W-CDMA devices etc are the 

examples of Mobile station. 

 

Access Service Network (ASN) 

 

It is owned by NAP, formed with one or several base stations and ASN gateways (ASN-GW) 

which creates radio access network. It provides all the access services with full mobility and 

efficient scalability. Its ASN-GW controls the access in the network and coordinates between 

data and networking elements. 

 

Connectivity Service Network (CSN): Provides IP connectivity to the Internet or other 

public or corporate networks. It also applies per user policy management, address 

management, location management between ASN, ensures QoS, roaming and security. 

 

 

 
 

Fig 2. 1: WiMAX Network Architecture based on IP [6] 
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Fig 2. 2: BS and SS are Functioning [32] 

 
 
 

 
 
 

Fig 2. 3: Air Interface between STS and BTS [32] 
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Fig 2. 4: WiMAX Network’s Coexistence with Different Networks [32] 

 

2.3.2 Mechanism 

  
WiMAX is capable of working in different frequency ranges but according to the IEEE 

802.16, the frequency band is 10 GHz - 66 GHz. A typical architecture of WiMAX includes a 

base station built on top of a high rise building and communicates on point to multi-point 

basis with subscriber stations which can be a business organization or a home. The base 

station is connected through Customer Premise Equipment (CPE) with the customer. This 

connection could be a Line-of-Sight (LOS) or Non-Line-of-Sight (NLOS).  

 

2.3.2.1 Line of Sight (LOS) 

  
In LOS connection, signal travels in a straight line which is free of obstacles, means, a direct 

connection between a transmitter and a receiver. LOS requires its most of the Fresnel zone, 

free from obstacles but if the signal path is blocked by any means, the strength of the signal 

decreases significantly resulting poor connectivity [7]. There must be a direct link between a 

WiMAX base station and the receiver in LOS environment. The features of LOS connections 

are, 
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 Uses higher frequency between 10 GHz to 66 GHz 

 

 Huge coverage areas 

 

 Higher throughput 

 

 Less interference 

 

 Threat only comes from atmosphere and the characteristic of the frequency 

 

 LOS requires most of it’s first Fresnel zone should be free of obstacles 

   

 
 

Fig 2. 5: WiMAX in LOS Condition [7] 
 

2.3.2.2 Non-Line of Sight (NLOS) 

  
In NLOS connection, signal experiences obstacles in its path and reaches to the receiver 

through several reflections, refractions, diffractions, absorptions and scattering etc. These 

signals arrive to the receiver in different times, attenuation and strength which make it hard to 

detect the actual signal [7]. WiMAX shows good performance in NLOS condition as it is 

based on OFDM which can handle delays caused in NLOS, perfectly. WiMAX offers other 

benefits which works well in NLOS condition [8], 

  

 Frequency selective fading can be overcome by applying adaptive equalization 

 Adaptive Modulation and Coding (AMC), AAS and MIMO  techniques helps 

WiMAX to works efficiently in NLOS condition 

 Sub-channelization permits to transmit appropriate power on sub-channels 

 Based on the required data rate and channel condition, AMC provides the accurate 

modulation and code dynamically 
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 AAS directs WiMAX BS to a subscriber station 

 MIMO helps to improve the signal strength and throughput in both stations  

  

In NLOS condition, the speed is high but the coverage area would be lower than that of LOS 

condition. 

 

  

 
 
 

Fig 2. 6: WiMAX in NLOS Condition 
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 2.3.3 Practical Scenarios 

 

 
 

Fig 2. 7: Mobile WiMAX Scenario [33] 

  

 
 

Fig 2. 8: Fixed and Mobile WiMAX in different applications [33] 
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WiMAX comprises of two main parts 

  

1.   WiMAX base station and 

2.   WiMAX receiver 

  

2.3.3.1 WiMAX base station 

 

It is often called WiMAX tower or booster. The base station broadcasts radio frequencies to 

the receiver end. This station consists of electronic devices and WiMAX tower - works as like 

GSM network. The WiMAX base station may be connected with other base stations by high 

speed microwave link which is called backhaul. 

 

 Responsible for: Providing air interface to the MS and it performs in MAC and PHY  

 Additional functions: Frequency reuse, handoff, tunnel establishment, QoS & 

classification of traffic etc 

 Management: Session management, bandwidth management for uplink and 

downlink and multicast group management etc. 

 Practical Face: Tower in outdoor environment and electronic equipment in indoor 

environment. 

 

 
 

Fig 2. 9: Mobile WiMAX BS [11] 
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 2.3.3.2 WiMAX receiver (CPE) 

 

WiMAX receiver receives the radio frequency from the WiMAX base station and makes sure 

the connectivity of WiMAX network is in range. This receiver and antenna could be stand 

alone in a small box or PCMCIA slot card or built in a computer (either laptop or desktop). 

WiMAX tower may connect directly to the internet using higher bandwidth and also connect 

to another tower using non line of sight microwave link which is known as backhaul. This 

base station might allow the WiMAX subscriber one base station to another which is similar 

to GSM networks [10]. 

 

 Responsible for: Providing connectivity between subscriber equipment (such as 

mobile phone or laptop) and a WiMAX base station 

 Additional function: Packet priority, network interoperability and QoS 

 Connection: Backhaul, high speed microwave link which is also referred to a 

connection between core network and WiMAX system 

 Provides User: VoIP, multimedia and Internet access and many mobile applications 

 Practical face: Customer Premises Equipment (CPE) for indoor and outdoor purposes 

  

  

                      
 
 

Fig 2. 10: Mobile WiMAX Receiver, Indoor (a) and Outdoor CPE (b) [12] 

 

2.4 Major shortcomings of WiMAX 

 
There are several major shortcomings of WiMAX which are still a headache to the engineers. 

Those are as follows: 

  

2.4.1 Bit Error Rate 

 

General concept of WiMAX is that, it provides high speed data rate within its maximum 

range (30 miles). If WiMAX operates the radio signals to its maximum range then the Bit 
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Error Rate (BER) increases. So, it is better to use lower bit rates within short range to get 

higher data rates.  

 

2.4.2 Data Rates 

 

Mobile WiMAX uses Customer Premises Equipment (CPE) which is attached to computers 

(either desktop or laptop or PDA) and a lower gain omni-directional antenna is installed 

which is difficult to use compared to fixed WiMAX.  

 

2.4.3 LOS and NLOS coverage 

 

Mobile WiMAX covers 10 kilometers with 10 Mbps speeds in line -of-sight (LOS) 

environment but in urban areas, it is only 2 kilometres coverage due to non-line-of-sight 

problem. In this situation, mobile WiMAX may use higher gain directional antenna for 

excellent coverage and throughput but problem is that it loose its mobility. 

 

2.4.4 Radio Cards 

 

In all networks (including wireless and wired network)-the allocated bandwidth is partitioned 

among the users. In case of WiMAX, it happens in radio sector. Some times the performance 

of that particular network may drop due to increasing users. The more radio cards are needed 

to install on that particular network's base station to accelerate the performance of the 

network.  

 

Besides all above shortcomings, there is a major impact of weather conditions like rain, fog 

and droughts etc on WiMAX networks.  

 

2.5 Wi-Fi  Vs  WiMAX 
 

Wi-Fi stands for Wireless Fidelity. It refers a system which is called 802.11 standard (wireless 

LAN), was developed by IEEE in 1997. People prefer using Wi-Fi because; it is a single base 

station in shape of a box with a wired connection to the Internet, such as a DSL, cable, or T1 

line. It can broadcasts to multiple users over distances of 100 meters indoor and 400 meters 

outdoor [9].  

 

On the contrary WiMAX is a high-speed wireless packet-based radio connectivity for 

metropolitan area wireless standard that provides wireless broadband connections similar to 

WI-Fi but with much coverage of up to 50 kilometers in LOS and 10 kilometers in NLOS 

condition.  
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Chapter Three 
 

 

Cellular networks and WiMAX protocol layers 
 

 

3.1 Cellular Technology 
 

This chapter is an overview of Cellular networks and versions of mobile generations to 

differentiate with WiMAX technology.   

 

3.1.1 Overview of Cellular Networks 

 

A cellular network is divided into a number of radio cells in which each cell is served by its 

own antenna that has individual frequency ranges. Each one is allotted a band of frequencies 

and served by its base station which consists of transmitter, receiver and control unit. The 

adjacent cells are allocated different band of frequencies to avoid interference. There are two 

patterns of cells which are known as Square pattern and Hexagonal pattern. A square pattern 

cell with width d, has four neighbours at a distance d and four at distance √2 d. A hexagonal 

pattern cell provides equidistant antennas which are not actually in use in practical. The radius 

of hexagonal cell is defined by the radius of the circle which has distance from centre to 

vertex equal length in size. A cell with radius R, the distance is d=√3 R, between cell centre 

and adjacent cell centre. 

 

3.1.2 Components of a cellular network 

 

A cellular network has five distinct necessary components. 

 

 Mobile Switching Center (MSC) 

 Mobile Station (MS) 

 Base Station Transciver (BST) 

 Base Station Controller (BSC) 

 Base Station Subsystem (BSS) 

 

Mobile Switching Centre (MSC) 

 

It is the heart of the cellular network among five sections. Through MSC, the calls are 

connected and maintained in the network.  

 

Mobile Station (MS) 

 

This is a device, which is used to communicate between two mobile stations.  
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Base Station Transceiver (BST) 

 

It is a transmitting and receiving device used to transmit and receive radio signals between 

mobile units in the cellular network.  

 

Base Station Controller (BSC) 

 

It controls communications between MSC and BST.  

 

Base Station Subsystem (BSS) 

 

MSC and BST are collectively known as Base Station Subsystem (BSS).  

 

3.1.3 Mechanism 

 

The fig 3.1 shows the relationship among the five different components of the cellular 

network. Each geographic cell is served by BST, which transmits voice, text or multimedia 

information using radio signals to its own mobile station. BSCs have a connection with BSTs 

by microwave links which in turn joined to MSC that is connects to the PSTN. 

 

 

 

 
 

 

Fig 3. 1: A Cellular System [14] 
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3.1.4 How does connect a call  

 

In a cellular network system, a Mobile Station (MS) request to make a new call to another 

Mobile Station (MS). Below, the timing diagram describes about how a call connects. 

 
Table 3. 1: Timing diagram of how a call is initiated from a landline subscriber to a mobile user [15] 

 
MSC 

  
  
  

Receives 
call from 

PSTN and 

Sends the 

requested 

MIN to all 

BS 
  

  
  

  
  

Verifies the 
valid MIN 

and ESN 

pair 

Requests BS 
to mobile 

unit through 

unused 

voice 

channel pair 
  

  
  

Connects the 
mobile unit 

with the 

calling party 

on the PSTN 

  
Base 

Station 
  
  

FCC   Transmits 

page (MIN) 

for specified 

user 

      Transmits 

data 

message for 

mobile unit 

to transmit 
to specific 

voice 

channel 

  

RCC     Receives 

MIN, ESN 

and pages to 

MSC 

        

FVC             Begin voice 

transmission 

RVC             Begin voice 

reception 

  
Mobile 

Unit 
  

FCC   Receives 

page and 

matches the 

MIN with 

it’s own 
MIN 

          

RCC     Ack. 
Receipt of 

MIN and 

sends ESN 

        

FVC             Begin voice 

reception 

RVC             Begin voice 

transmission 

 

 

The cellular system forwards a new making call request to Mobile Switching Center (MSC) 

also known as Mobile Telephone Switching Office (MTSO) which broadcasts this request to 

mobile phone’s Mobile Identification Number (MIN) through the Reverse Control Channels 

(RCCs). The Mobile Identification Number is a subscriber telephone number which is 

broadcast paging message through the RCCs in the cellular network. The mobile phone 

randomly regenerates the modulated signals from the Base Station (BS) and looking its 

desired MIN. The BS broadcasts an acknowledgement and notifies the MSC of the 

handshake. After substantiate, the MSC commands the BS through the unused voice pair 
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channels which is known as Forward Voice Channel (FVC) and Reverse Voice Channel 

(RVC). The BS commands the Mobile Station (MS) by using these voice pair channels and an 

alert transmits to the mobile phone’s MIN to ring through the FVC. This way, a new call is 

made and the mobile phone’s subscriber hears the phone ringing.  

 

 

  

 
Fig 3. 2: How a Call Comes In [34] 

                               

 

In the fig 3.2, two channels FVC and RVC are used for voice and other two channels; FCC 

and RCC are used for call controlling or service purposes. 

 

FVC – MS to BS; RVC – BS to MS. 

FCC – MS to BS; RCC – BS to MS. 

 

3.1.5 3G Wireless Networks   

 

Universal Mobile Telecommunications System (UMTS) 

 

This cellular system belongs to 3G cellular network. 3G network is designed to cope up with 

rapidly increasing demand of Quality of Service (QoS). In GSM network, the traditional 

telephony and data services are offered. UMTS will offer more high speed services to mobile 

users, no matter where people are located over the world [16]. The most important fact of 3G 

technology is that, it needs to uniform all existing standards like GSM, TDMA, and CDMA 
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under one roof. All the three air interfaces achieved in the result above in Wideband CDMA 

(W-CDMA), CDMA2000, and UMC-136 systems.  

  

W-CDMA 

 

It stands for Wideband Code Division Multiple Access (W-CDMA). It is consistent with 2G 

GSM cellular network which uses bandwidth between 5MHz and 10MHz. W-CDMA is better 

as high data rate can be achieved. Usually the data rate is up to 384Kbps but might be 

possible to achieve upto 2Mbps. This technique overlaid existing GSM, TDMA (IS-136), and 

IS-95 networks. W-CDMA uses two types of duplex methods which are known as Frequency 

Division Duplex (FDD) and Time Division Duplex (TDD) for paired bands and unpaired 

bands respectively.  

  

CDMA2000 

 

It stands for Code Division Multiple Access and the version is 2000. It is consistent with IS-

95 networks. The CDMA's spread spectrum technique never utilizes frequency channels or 

time slots. The users of CDMA use the similar frequency and transmit/receive data at the 

similar time slots.   

  

UMC-136 

 

The Universal Wireless Communication (UMC), also known as IS-136HS which was 

proposed by Telecommunications Industry Association (TIA). Basically, it is a 3G cellular 

TDMA standard that permits to migrate from IS-136 to UMC-136 system.      

 

3.2 3G network Architecture  

 

In the 3G cellular network, there are two interface domains, one is infrastructure and another 

is UMTS Terrestrial Radio Access Network (UTRAN). The infrastructure domain consists 

of Core Network (CN) which has the responsibilities to deliver switching and routing 

information only to the subscriber traffic. All management functions and databases are 

included in this network. Mobile work station, base station and radio interface are included in 

UTRAN. The CN contain two domains which are known as packet-switched domain and 

circuit-switched domain. The packet-switched domain includes 3G, Serving GPRS Support 

Nodes (SGSNs) and Gateway GPRS Support Nodes (GGSNs) and provides same 

functionality as they deliver in GPRS system. The circuit-switched domain includes 3G and 

MSC which provides voice calls support. The CN is connected to UTRAN via Iu interface 

(which is located between Radio Networks Controller (RNC) and CN). RNC and the new 

node B included in UTRAN whereas node B is in BST in 2G network. Iub, Iur, and Iu 

interfaces are based on ATM layer 2, which provides connection over the UTRAN and CN. 

Using AAL2 technique, Iu interface embedded on virtual circuits for voice traffic and using 

AAL5 technique for data traffic. These traffics independently switched to either 3G SGSNs or 

3G MSC for data and voice respectively. The following figure has shown the architecture of 

3G cellular network.    
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Fig 3. 3: 3G Network Architecture [17] 

  

  

3.3 Handoff in Cellular Networks 
  

In cellular network, the most important technique is called Handoff. Handoff is a process to 

transfer a call from one cell to another. Handoff initiation, Handoff decision, and Handoff 

types are described below. 

 

3.3.1 Handoff (U.S. cellular standard) 

 

It is also called handover which is ITU (International Telecommunication Union) cellular 

standard. A sophisticated switching technique called a handoff enables a cell to proceed 

uninterrupted when the user moves from one cell to another. During conversation, when a 

mobile unit moves into a new cell, the MSC automatically transfer the call to a new unused 

channel which belongs to new base station [15]. If all of the channels are busy during handoff, 

there are two possibilities, one is to drop the call and another is to delay the call for a while 

[18]. Different techniques are proposed to provide better handoff services. 

 

3.3.2 Handoff Initiation 

 

Handoff initiation is the handoff decision making process when the handoff is requested. This 

decision is measured on the basis of Received Signal Strength (RSS) considering the current 
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BS and neighbouring BSs. In the following fig 3.4, if the RSS gets the weak signal then the 

MS moves from BS1 and gets the strong signal close to BS2. 

 

 

 

T2 

T1 

Received 

Signal 

Strength 

time 

BS 2 

BS 1 

h 

A B  D 
 

 

Fig 3. 4: Movement of an MS in the Handoff Zone [19] 

 

 

Relative Signal Strength 
 

RSSs are considered over time and signal strength. In above figure, the RSS of BS2 overcome 

the RSS of BS1 at point A, so the handoff is needed. If the RSS of BS2 falls below of BS1, 

the mobile is handed back to BS1 [18]. Due to multipath effects, the RSS fluctuates and 

needed to ping-pong handoff which is unnecessary. 

 

 

Relative Signal Strength with Threshold 
 

Handoff may arise if the current BSs signal strength is weaker than the predefined threshold 

value and the other signal strength is greater than the remaining threshold [8]. The handoff is 

introduce, if the RSS of BS1 weaker than the threshold value of T1 and RSS of BS2 is greater 

than BS1, so the handoff is needed at point B in above figure. 

 

 

Relative Signal Strength with Hysteresis 

 

The handoff is assigned if the new BS’s hysteresis is greater than current BS. The RSS of BS2 

overcomes the RSS of BS1 by the hysteresis h at point C in above figure. 
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Relative Signal Strength with Hysteresis and Threshold 

 

The handoff is assigned if the current signal position falls below threshold value and the 

desired BS is greater than the current BS by hysteresis h [18]. The RSS of BS1 is down the 

threshold T1 and the RSS of BS2 is greater than BS1 by hysteresis h at point C in the figure, 

so handoff is needed. Otherwise if we select the threshold value less than T1, then handoff 

may occur at the right side of point C. 

 

All of handoff strategies are discussed before the point D. Point D is the receiver threshold, if 

the RSS level falls down the receiver threshold, the ongoing calls are dropped [18] 

 

3.3.3 Handoff Decision  

 

Handoff decision protocols are used in different generations of cellular networks. 

  

Network Controlled Handoff (NCHO) 
 

The NCHO protocol is used in Advanced Mobile Phone System (AMPS) to take the handoff 

decision. Basically, the MSC is responsible for all kind of handoff decision and it takes 5-10 

seconds due to superior network load [19].  

 

Mobile Assisted Handoff (MAHO) 
 

To decrease the load, MS is reliable to measure RSS and sends to BS. Actually, MAHO 

protocol is used to take handoff decision in Global System for Mobile Communication (GSM) 

and it takes only a second.  

 

Mobile Controlled Handoff (MCHO) 
 

MS and BS make the RSS measurement and BS sends it to MS which takes handoff decision 

on the basis of information gained from BS and itself [9]. The MCHO protocol is used 

in Digital European Cordless Telephone (DECT) and it takes only 0.1 second.    

 

3.3.4 Handoff Types 

 

Handoff is classified mainly into two categories, which are Hard Handoff and Soft Handoff. 

The hard handoff might be divided into two sub-categories that are inter-cell 

handoff and intra-cell handoff. The soft handoff may also be divided into another two sub-

categories which are multiway soft handoff and softer handoff.  

 
Hard Handoff 

 

The hard handoff is characterized by break-before-make that means an existing mobile 

connection must be broken before the new connection established. Hard handoff initially used 

in TDMA and FDMA where frequencies ranges are used in adjacent channels to reduce 

interference [19]. It is often turned into inter-frequency hard handoff where the source cell 

and the target cells are served by two different cells. It also possible to turned into intra-
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frequency hard handoff where the source cell and the target cells are served by the same cell 

but only channel is changed. 

 

Soft Handoff 
 

The soft handoff is characterized by make-before-break that means a new mobile connection 

is made before the old connection is released. A soft handoff might establish multiple 

connections with neighbouring cells which can be maintained by only one mobile at the same 

time. In 3G technology, most of the handoffs are performed by intra-frequency soft handoff 

where the frequency will be same. It can also migrate to softer handoff where the cells are 

involved in a single cell site. 

   

3.4 All G’s at a glance 
 

The Table 3.2 below explains the histories of all G's in Cellular networks. 

 

 
Table 3. 2: History of all G's [17] 

 

Technologies  1G  2G  2.5G  3G  4G  

Design Began  1970  1980  1985  1990  2000  

Implimented 1984  1991  1999  2002  2010  

Cellular 

Services  

Analog  

Voice, 

Synchronous 

Data to 9.6 Kbps  

Digital 

Voice, Short 

Messages 

Service  

Higher 

Capacity, 

Packetized 

Data  

Higher 

Capacity, 

Broadband 

Data up to 

2Mbps  

Higher 

Capacity, 

completely IP 

Based, 

Multimedia 

Data  

Versions  AMPS, TACS, 

NMT, etc.  

TDMA, 

CDMA, 

GSM, PDC  

GPRS, 

EDGE, 

1xRTT  

WCDMA,  

CDMA-2000  

OFDM, 

UWB  

Bandwidth  1.9 Kbps  14.4 Kbps  384 Kbps  2 Mbps  10 Mbps - 20 

Mbps  

Multiplexing  FDMA  TDMA, 

CDMA  

TDMA, 

CDMA  

CDMA  FDMA, 

TDMA, 

CDMA  

Core Network  PSTN  PSTN  PSTN, 

Packet 

Network  

Packet 

Network  

All-IP 

Networks 

                                   

3.5 IEEE 802.16 Protocol layers 
 

IEEE 802.16 standard WiMAX gives freedom in several things compared to other 

technologies. The focus is not only on transmitting tens of megabits of data to many miles 
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distances but also maintaining effective QoS (Quality of Services) and security. This chapter 

gives an overview of IEEE 802.16 protocol layers and OFDM features.  

WiMAX 802.16 is mainly based on the physical and data link layer in OSI reference model. 

Here, Physical layer can be single-carrier or multi-carrier (PHY) based and its data link layer 

is subdivided into two layers  

 

 Logical Link Control (LLC) and  

 

 Medium Access Control (MAC) 

 

MAC is further divided into three sub-layers: 

 

 Convergence Sub-layer (CS) 

 

 Common Part Sub-layer (CPS) and  

 

 Security Sub-layer (SS).  

 

3.5.1 Physical Layer (PHY) 

  

Physical layer set up the connection between the communicating devices and is responsible 

for transmitting the bit sequence. It also defines the type of modulation and demodulation as 

well as transmission power. WiMAX 802.16 physical layer considers two types of 

transmission techniques OFDM and OFDMA. Both of these techniques have frequency band 

below 11 GHz and use TDD and FDD as its duplexing technology. After implementing 

OFDM in IEEE 802.16d, OFDMA has been included in IEEE 802.16e to provide support in 

NLOS conditions and mobility. The earlier version uses 10 to 66 GHz but the later version is 

expanded to use up the lower bandwidth from 2 to 11 GHz which also supports the 10 to 66 

GHz frequency bands. There are some mandatory and some optional features included with 

the physical layer specification. 

 
Fig 3. 5:  WiMAX Physical and MAC layer architecture 

 

From OSI 7 layer reference model, WiMAX only uses the physical layer and MAC of 

datalink layer. 
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There are specific names for each physical layer interface. The Table 3.3 summarizes IEEE 

802.16 physical layer's features. 

 
Table 3. 3: IEEE 802.16 standard air interface's description [13] 

 

Specific Name Operating Band Duplexing Noticeable Feature 

WirelessMAN-SC™  10 to 66 GHz FDD and TDD Single-carrier 

WirelessMAN-SCa™ 2 to 11 GHz, Licensed FDD and TDD 
Single-carrier, 

 NLOS 

WirelessMAN-

OFDM™ 
2 to 11 GHz, Licensed FDD and TDD 

OFDM technique, 

 NLOS 

WirelessMAN-

OFDMA™ 
2 to 11 GHz, Licensed FDD and TDD 

Single frequency 

band,  

OFDM system  

divides signal  

into sub-channels 

WirelessHUMAN™ 2 to 11 GHz, Free TDD 

Single-carrier, LOS,  

NLOS, OFDM, 

OFDMA, Frequency  

selective channel 

 

 

WiMAX physical layer is based on OFDM technique which is discussed in details in chapter 

four where more WiMAX PHY features can be found. 

  

3.5.2 MAC layer 

  

The basic task of WiMAX MAC is to provide an interface between the physical layer and the 

upper transport layer. It takes a special packet called MAC Service Data Units (MSDUs) from 

the upper layer and makes those suitable to transmit over the air. For receiving purpose, the 

mechanism of MAC is just the reverse.  

 

In both fixed and mobile WiMAX, it included a convergence sub-layer which is able to 

interface with upper layer protocols such as ATM, TDM, Voice and other advanced protocols. 

WiMAX MAC has unique features to identify and address the SS and BS. Each SS carries 48-

bit IEEE MAC address whereas BS carries 48-bit Base Station ID in which 24-bit uses for 

operator indicator. Other features are, 16-bit CID, 16-bit SAID and 32-bit SFID. 

 

MAC supports a variety of applications and mobility features such as, 

 

 PKM for MAC security and PKMV2 for Extensible Authentication Protocol (EAP) 

 

 Fast handover and strong mobility management 

 

 Provides normal, sleep and idle mode power levels 
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 Different service classes like Unsolicited Grant Service 

(UGS), Real Time Polling Service (RTPS), Non-Real Time Polling Service 

(NRTPS), Best Effort (BE) and Extended Real Time Variable Rate (ERTVR) 

 

3.5.2.1 Sub-layers 

  

WiMAX MAC layer is divided into three sub-layers such as 

Service Specific Convergence Sub-layer (SSCS), Common Part Sub-layer (CPS) 

and Security Sub-layer (SS).  

 

 

 
Fig 3. 6: Purposes of MAC Layer in WiMAX [32] 

 

  

Service Specific Convergence Sub-layer (SSCS) 

 

This stays on the top of MAC layer architecture which takes data from the upper layer entities 

such as router and bridges. It is a sub-layer that is service dependent and assures data 

transmission. It enables QoS and bandwidth allocation. Payload header suppression and 

increase the link efficiency are other important task of this layer. IEEE 802.16 specifies two 

types of SSCS for mapping function.  

 

 ATM Convergence sub-layer: is a logical interface which is responsible for 

Asynchronous Transfer Mode (ATM) services. In the operation, it accepts ATM cells 

from ATM layer classify and then sends CS PDUs to MAC SAP. It differentiates 

Virtual path switched ATM connection and assigns Channel ID (CID) 

 

 Packet Convergence sub-layer: It’s a packet based protocol which performs packet 

mapping such as IP, IPv4, IPv6, IEEE 802.3 ethernet LAN, VLAN and PPP.  
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Common Part Sub-layer (CPS) 

  

It stays underneath of SSCS and above the Security Sub-layer and defines the multiple access 

mechanism. CPS is responsible for the major MAC functionalities like system access, 

establishing the connection and maintain and bandwidth management etc. As WiMAX MAC 

is connection oriented so it provides service flows after each Subscriber Station's registration. 

Other responsibilities are, providing QoS for service flows and managing connection by 

adding or deleting or modifying the connection statically or dynamically.  

 

On downlink channel, only the BS transmits and it does not need any coordination function. 

SS receives only those messages which are addressed to them. 

 

On uplink channel, three major principles defines the transmission right [21], 

 

 Unsolicited bandwidth permission 

 

 Polling and 

  

 Contention procedures  

 

Uplink users share the channel based on dynamic allocation or on demand basis and it 

depends on classes of service.  

 

Both DL and UL follows TDMA and static division is performed between DL and UL. 

 

Security Sub-layer (SS) 

  
This part stays at the bottom of MAC layer and one of the most important part of MAC as it 

provides authentication, secure key exchange, encryption and integrity of the system. IEEE 

802.16 standard defines both ways data encryption connection between subscriber and base 

station. A set of cryptographic suites such as data encryption and authentication algorithm has 

been defined which made security sub-layer of WiMAX MAC very robust. A secure 

distribution of keying data from base station to subscriber station is assured by providing an 

authentication and a PKM protocol. On top of that, in SS, the addition of a digital certificate 

strengthen the privacy of data and in BS, the PKM assured the conditional access to the 

network services and applications. Further improvement of PKM protocol is also defined with 

some additional features and with a new name named PKMv2 which strongly controls 

integrity, mutual authentication and handover mechanisms [22].  

  
 

 

 

 



Performance Evaluation of IEEE 802.16e (Mobile WiMAX) in OFDM Physical Layer 51 

Chapter Four 
 

OFDM and Modulation Techniques 
  

4.1 OFDM Overview 
 

The Orthogonal Frequency Division Multiplexing (OFDM) is developed to support high data 

rate and can handle multi carrier signals. Its specialty is that, it can minimize 

the Inter Symbol Interference (ISI) much more compared to other multiplexing schemes. It is 

more likely improved Frequency Division Multiplexing (FDM) as FDM uses guard band to 

minimize interference between different frequencies which wastes lots of bandwidth but 

OFDM does not contain inter-carrier guard band which can handle the interference more 

efficiently than FDM. So, this is the perfect choice for WiMAX as it can help to satisfy the 

requirements of efficient use of spectrum and minimize the transmission cost. On top of that, 

OFDM handles multipath effect by converting serial data to several parallel data using Fast 

Fourier Transform (FFT) and Inverse Fast Fourier Transform (IFFT).   

4.1.1 Data transmission  

 

Data transmission is high enough compared to FDM as OFDM follows multicarrier 

modulation. For this, OFDM splits high data bits into low data bits and sends each sub-stream 

in several parallel sub-channels, known as OFDM subcarriers. These subcarriers are 

orthogonal to each other and the each subcarrier bandwidth is much lesser than the total 

bandwidth. Inter Symbol Interference is reduced in OFDM technique as the symbol time Ts of 

each sub-channel is higher than the channel delay spread ς. 

 

 
Fig 4. 1: Time and Frequency diagram of Single and Multi-carrier signals 



Performance Evaluation of IEEE 802.16e (Mobile WiMAX) in OFDM Physical Layer 52 

In the fig 4.1, it is clear that OFDM resists the multipath effect by adopting smaller frequency 

bandwidth and longer period of time which leads to get better spectral efficiency.  
 

4.1.2 Parameters 

 

The implementation of OFDM physical layer is different for two types of WiMAX. For fixed 

WiMAX, FFT size is fixed for OFDM-PHY and it is 256 but for mobile WiMAX, the FFT 

size for OFDMA-PHY can be 128, 512, 1024 and 2048 bits [1]. This helps to combat ISI and 

Doppler spread. Other difference between OFDM-PHY and OFDMA-PHY is, OFDM splits a 

single high bit rate data into several low bit rate of data sub-stream in parallel which are 

modulated by using IFFT whereas OFDMA accepts several users’ data and multiplex those 

onto downlink sub-channel. Uplink multiple access is provided through uplink sub-channel. 

OFDM-PHY and OFDMA-PHY parameters are discussed briefly in the following 

subsection.  

 

4.1.2.1 OFDM-PHY 

 

In this, FFT size is fixed and it is 256 bits in which number of used data subcarrier is 192, 8 

pilot subcarriers to perform synchronization and channel estimation and 56 Null subcarriers 

[23]. The channel bandwidth for fixed WiMAX is 3.5 MHz but it varies due to spacing of 

subcarrier. Subcarrier spacing rises in higher bandwidth which decreases the symbol time 

eventually increases the delay spread. To avoid delay spreading, OFDM-PHY allocates a 

large fraction of guard space. For OFDM-PHY, the suitable symbol time is 64 μs, symbol 

duration is 72 μs and guard time spacing is 15.625 kHz [23]. 

 

4.1.2.2 OFDMA-PHY 

 

In mobile WiMAX FFT size can varies between 128 and 2048 and to keep the subcarrier 

spacing at 10.94 KHz, the FFT size should be adjusted which is helpful to minimize Doppler 

spreads. Since there are different channel bandwidth like, 1.25, 5, 10 and 20 MHz etc, so FFT 

sizes are 128, 512, 1024 and 2048 respectively. For OFDMA-PHY, the suitable symbol time 

is 91.4 μs and the symbol duration is 102.9 μs and number of symbols in 5 ms frames is 48.0 

[23].  

 

4.1.3 Sub-channelization 

 

WiMAX divides the available subcarriers into several groups of subcarriers and allocates to 

different users based on channel conditions and requirement of users. This process is called 

sub-channelization. Sub-channelling concentrates the transmit power to different smaller 

groups of subcarrier to increase the system gain and widen up the coverage area with less 

penetration losses that cause by buildings and other obstacles. Without sub-channelization, 

the link budget would be asymmetric and bandwidth management would be poor [7]. Fixed 

WiMAX based OFDM-PHY permits a little amount of sub-channelization only on the uplink. 

Among 16 standard sub-channel, transmission can takes place in 1, 2, 4, 8 or all sets of sub-

channels in the uplink of the SS. SS controls the transmitted power level up and down 
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depending on allotted sub-channels. When the allotted sub-channels increase for uplink users, 

the transmitted power level increases and when the power level decreases, it means the 

allotted sub-channels decreased. The transmitted power level is always kept below the 

maximum level. In fixed WiMAX, to improve link budget and the performance of the battery 

of the SS, the uplink sub-channelization permits SS to transmit only a fraction of the 

bandwidth usually below 1/16 allocated by the BS [24]. 

 

Mobile WiMAX's OFDMA-PHY permits sub-channelization in both uplink and downlink 

channels. The BS allocates the minimum frequency and sub-channels for different users based 

on multiple access technique. That is why this kind of OFDM is called OFDMA (Orthogonal 

Frequency Division Multiple Access). For mobile application, frequency diversity is provided 

by formation of distributed subcarriers. Mobile WiMAX has several distributed carrier based 

sub-channelization schemes. The mandatory one is called Partial Usage of Sub-Carrier 

(PUSC). Another sub-channelization scheme based on unbroken subcarrier is 

called Adaptive Modulation and Coding (AMC) in which multiuser diversity got the highest 

priority. In this, allocation of sub-channels to users is done based on their frequency response. 

It is a fact that, contiguous sub-channels are best suited for fixed and low mobility 

application, but it can give certain level of gain in overall system capacity [24]. 

  

 
 

Fig 4. 2: Downstream transmission of OFDM spectrum [7] 

  

  

 

  

 
 

Fig 4. 3: Upstream transmission of OFDM spectrum [7] 

 

 

Fig 4.3 shows the upstream transmission of OFDM spectrum from a CPE where the carriers 

are quarter in size compared to fig 4.2 downstream transmission from BS [7]. 

 

 
 

Fig 4. 4: Upstream transmission of OFDM spectrum from the CPE [7] 
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 Fig 4.4 illustrates the transmitted upstream OFDM spectrum from a CPE where the carriers 

are as same as BS in size and range but with small capacity [7].  

 

4.1.4 Mobile WiMAX's Access Method 

 

Mobile WiMAX access method is based on OFDMA which is also called Multiuser-OFDM, 

especially designed for 4
th
 generation wireless networks. It is combination of Frequency 

Division Multiple Access (FDMA), Time Division Multiple Access (TDMA) and Code 

Division Multiple Access (CDMA) as it does the same thing like these access methods by 

dividing the available size to handle multiple users. 

 

OFDMA can be seen as an alternative combination of, CDMA where each user gets different 

number of spreading code with different data rates. It resembles to an alternative TDMA as 

low data rate users can send data with low transmission power with constant and shorter 

delay. It can also be seen as a combination of time domain and frequency domain multiple 

access where the resources are divided according to time-frequency spaces and slots along 

with OFDM subcarrier index. Different number of subcarrier can be allotted to different 

number of users to maintain the data rate and error probability for each user. In a word, 

OFDMA is the best access method for multi-user environment [25].  

 

4.1.5 Pros and Cons of OFDMA 

 

There are certain pros and cons of OFDMA which made mobile WiMAX to choose OFDMA 

as its multiplexing schemes. It would be clear if we just have a look description below. 

 

Pros 

 

 Can fights much better against multipath with less computational complexity and 

more robustness than other techniques. 

 

 OFDMA permits portions of spectrum to be used to transmit data by different users. 

 

 Divides channels into narrow band flat fading sub-channels. 

 

 More resistant to frequency selective flat fading.   

 

 Easy to filter out noise [8]. 

 

 Shorter and constant delay [25]. 

 

 Cyclic prefix helps to eliminate Inter Symbol Interference and Inter Frequency 

Interference [20]. 

 

 Channel equalization is simpler than single carrier channel. 

 

 Computational efficient as it uses FFT and IFFT.   

 

 It degrades its performance gracefully when the system delay reaches its highest limit. 
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 Provides benefit of transmitting low power for low data rate users. 

 

 Narrowband interference can be reduced through spectral efficiency. 

 

 Suitable for coherent demodulation. 

 

 Accepts simultaneous low data rates from multiple users [25]. 

 

 Provides different channel quality to different users depending on the requirement and 

condition of the channel. 

 

 Frequency diversity gives efficient use of spectrum. 

 

 Time diversity for grouped carrier. 

 

 Receiver simplicity is provided by eliminating intra-cell interference. 

 

 Different carrier permutation to average Inter-cell interference. 

 

 Cyclic permutation to average Intra-cell interference. 

 

 In fading environment, BER performance is good. 

 

 Need only a little modification to deploy in different frequency band. 

 

 Time and frequency synchronization gives orthogonality in the uplink channel. 

 

 Single frequency network coverage is possible. 

 

 Adaptive carrier allocation is possible by multiplying nX23 carriers up to 1587 data 

carriers 

 

Cons 

 

 Strong synchronization is required between users and FFT receiver. 

 

 For synchronization purpose, OFDMA technique uses pilot signals. 

 

 Very much sensitive to phase noise and frequency offset. 

 

 Delay in co-channel interference is more complex in OFDMA than CDMA. 

 

 Inefficient power consumption as FFT algorithm and FEC is constantly active. 

 

 If very few sub-carriers are allotted to each user, the diversity gain of OFDM and 

frequency Selective fading might be vanished. 

 

 Much complex adaptive sub-carrier channel assignment compared to CDMA's 

fast power control system.   
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 Prone to inter channel interference 

 

 Requires high peak to average ration RF power amplifiers to avoid amplitude 

noise 

 

4.2 Modulation Techniques 
 

The variation of the property of a signal, such as its amplitude, frequency or phase is called 

modulation. This process carries a digital signal or message. Different types of modulation 

techniques are available such as, Amplitude Shift Keying (ASK), Frequency Shift Keying 

(FSK) and Phase Shift Keying (PSK). This section discusses on different modulation 

techniques along with WiMAX's special modulation technique which is called Adaptive 

Modulation technique.  

 

4.2.1 ASK, FSK and PSK 

 

Basic modulation techniques consist on three parts. Which as follows, 

 

 Amplitude Shift Keying (ASK) 

 

 Frequency Shift Keying (FSK)  

 

 Phase Shift Keying (PSK) 

 

  

4.2.1.1 Amplitude-Shift Keying (ASK) 

 

Amplitude difference of carrier frequency is called ASK. In this, the phase and the frequency 

are always constant. The principle is based on the mathematical equation,  
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Features of ASK 

 

 Likely to be affected by sudden changes of gain. 

 

 Inefficient modulation technique compared to other techniques. 

 

 On the voice transmission lines such as telephone, used up to 1200 bps. 

 

 Use in optical fibres to transmit digital data. 
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4.2.1.2 Frequency Shift Keying (FSK) 

 
Frequency difference near carrier frequency is called FSK. In this, the phase and the 

amplitude are always constant. There are several types of FSK. Most common are, Binary 

Frequency Shift Keying (BFSK) and Multiple Frequency Shift Keying (MFSK). 

  

4.2.1.3 Binary Frequency Shift Keying (BFSK) 

 

Two frequencies represent two binary values in this technique. The principle lies on the 

equation,  
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Features of BFSK 

 

 Less affected by errors than ASK. 

 

 On voice transmission lines such as telephone, range till 1200bps. 

 

 Which is used for high-frequency (3 to 30 MHz) radio frequency. 

 

 Suitable for LANs that use coaxial cables. 

 

4.2.1.4 Multiple Frequency Shift Keying (MFSK) 

 

More than two frequencies are used to represent signalling elements. The principle lies on the 

equation, 
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Features of MFSK 

 

 Multiple frequencies are used 

 

 More bandwidth efficient but very much affected by errors 

 

 Bandwidth requirement is 2Mfd in total. 

 

 Each signal element encodes L bits (M=2L). 
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4.2.1.5 Phase-Shift Keying (PSK) 

 

Phase of carrier signal is digital modulation scheme which conveys data by modulating or 

changing of carrier wave. The most common and widely used are Binary Phase shift Keying 

(BPSK) and Quadrature Phase Shift Keying (QPSK). Other PSKs are Differential Phase Shift 

Keying (DPSK) and Multilevel Phase Shift Keying (MPSK) etc. 

 
As WiMAX uses Adaptive Modulation Techniques, so, here we will broadly discuss 

only BPSK, QPSK and QAM. 

 

4.2.2 Binary Phase Shift Keying (BPSK) 

 

This is also known as two-level PSK as it uses two phases separated by 180º to represent 

binary digits. The principle equation is, 
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This kind of phase modulation is very effective and robust against noises especially in low 

data rate applications as it can modulate only 1bit per symbol.  

 

 

    
                                   (a)                                                              (b) 
 

Fig 4. 5: BPSK, (a) Block Diagram (b) Constellation 
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4.2.3 Quadrature Phase Shift Keying (QPSK) 

 

This is also known as four-level PSK where each element represents more than one bit. Each 

symbol contains two bits and it uses the phase shift of π/2, means 90º instead of shifting the 

phase 180º. The principle equation of the technique is: 
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In this mechanism, the constellation consists of four points but the decision is always made in 

two bits. This mechanism can ensure the efficient use of bandwidth and higher spectral 

efficiency [27].  

 

 

     
 

       (a)                                                            (b) 
 

Fig 4. 6: QPSK, (a) Block Diagram (b) Constellation 

 

4.2.4 Quadrature Amplitude Modulation (QAM) 

 

This is the most popular modulation technique used in various wireless standards. It combined 

with ASK and PSK which has two different signals sent concurrently on the same carrier 

frequency but one should be shifted by 90º with respect to the other signal. At the receiver 
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end, the signals are demodulated and the results are combined to get the transmitted binary 

input [27]. The principle equation is:  
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Fig 4. 7: QAM Modulator Diagram [31] 

 

4.2.4.1 16 QAM 

 

This is called 16-states Quadrature Amplitude Modulation which means four different 

amplitude levels would be used and the combined stream would be one of 16 = 4 * 4 states. In 

this mechanism, each symbol represents 4 bits [27].  

 

 

 
Fig 4. 8: 16 QAM Constellation 
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4.2.4.2 64 QAM 

 

This is same as 16 QAM except it has 64-states where each symbol represents six bits (2
6
 = 

64). It is a complex modulation techniques but with greater efficiency [27]. The total 

bandwidth increases according to the increasing number of states for each symbol. Mobile 

WiMAX uses this higher modulation technique when the link condition is high. 

 

 
 

Fig 4. 9: 64 QAM Constellation 
 

 

4.3 Adaptive Modulation Techniques 
 

WiMAX uses a special type of modulation technique which is a mixture of ASK and PSK 

with a new name called Quadrature Amplitude Modulation (QAM). In QAM, amplitude and 

phase changes at the same time. Different types of QAM are available for WiMAX networks 

depending on throughput and range. 64 QAM has higher throughput but lower range whereas 

16 QAM has lower throughput but higher range to cover from the BS.  

 

WiMAX has the freedom to select Quadrature Phase Shift Keying (QPSK) and QAM as its 

modulation techniques depending on the situation. As for downlink, in both fixed and mobile 

WiMAX, QPSK, 16 QAM and 64 QAM is mandatory but it can use 64 QAM as an optional 

for uplink channel. Depending on the radio link, WiMAX adjusts its modulation and coding 

scheme based on Signal to Noise Ratio (SNR). So, when it uses 64 QAM, special care is 

needed for SNR to minimize the interference. To maintain SNR, WiMAX uses different 

modulation schemes such as for SNR = 22 dB, the modulation is 64 QAM, for SNR= 16 dB, 

modulation is 16 QAM and for SNR= 9 dB, modulation is QPSK etc. 

 

Based on the weather, interference in signal and the client distance, the BS dynamically select 

the modulation scheme. When the link quality is high, WiMAX uses highest modulation with 

low coding scheme that increases the system capacity. While the signal has to travel a long 

distance and experiencing fading, WiMAX can easily shift to the lower order modulation with 
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higher coding scheme. This kind of Adaptive modulation gives WiMAX more stable links 

and good connection quality [26]. 

 

 

 

 
 

 

Fig 4. 10: Adaptive Modulation Scheme [7] 
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Chapter Five 

Simulation Model 
 

This chapter describes the simulation part of the thesis. A brief description of time and 

frequency division duplex is described first and then the simulation procedure is explained 

step by step with appropriate diagrams.  

                                       

5.1 Physical Layer Setup  

   
Basically physical layer handles error correction and signal connectivity, as well as 

registration, initial ranging, connectivity channels and bandwidth request for data and 

management. Physical layer consists of some sequence of equal length frames which transmit 

through modulation and coding of RF signals. OFDM technology has been using by WiMAX 

technology. Different user assigning different sub carries which are allowed in orthogonal 

frequency division multiplexing (OFDM) techniques. It is durable to multi-path which helps 

to overcome multipath signals hitting the receiver. OFDM signals divide into 256 carries in 

IEEE-802.16 2004 standard and IEEE 802.16e use scalable OFDMA. Wide range of 

frequencies supported by IEEE 802.16 standard and physical layer contains several 

multiplexing and modulation forms. Modulation methods in the uplink (UL) and downlink 

(DL) are Binary Phase Shift Keying (BPSK), Quadrature Phase Shift Keying (QPSK) and 

Quadrature Amplitude Modulation (QAM).  

 

  

 

 

 

 

Data Link Layer 

Upper Layer 

Link Layer Control (IEEE 802.2) 

Coverage Service Sub-layer 

Common Part MAC Sub-layer 

Physical Sub-layer 

 

 

Physical Layer 

Coverage Transmission Sub-layer 

QPSK 16 QAM 64QAM 

 

Fig 5. 1:  IEEE 802.16 Protocol Layer (IEEE-2004) 

                                        
WiMAX supports both full and half duplex. Two types of transmission supported by IEEE 

802.16, 

 

 Time Division Duplex (TDD)  

 Frequency Division Duplex (FDD)  
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5.1.1 Time Division Duplex (TDD) 

   

Time division duplex framing is adaptive (when input changes it output behavior is 

automatically change). It consists fixed duration which consists one downlink frame and 

uplink frame. Base station (BS) sends complete downlink (DL-MAP, UL-MAP). Up and 

Down link share same frequency but they are separated in time.  

5.1.2 Frequency Division Duplex (FDD) 

 

During transmission in frequency division, multi-path is scheduled by DL-MAP and UL-

MAP. Downlink and uplink can be done in same time, but on different frequency. UL and DL 

channels grouped into some continuous blocks of some paired channel. FDD system provide 

full duplex where we can make some application like voice, where DL and UP traffic 

requirement need more or less symmetric. In Base station (BS) to base station interface kept 

in minimum, in this technique, network for radio communication planning is easier.  

5.2 Simulation Procedure 
 

 
 

Fig 5. 2: Mobile WiMAX Performance Simulation Block Diagram 
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5.2.1 Transmitter Module 

 
This subsection describes the transmitter module used for the simulation. 

5.2.1.1 Mersenne Twister-Random Number Generator Algorithm 

 
Mersenne Twister is a pseudo random number generator that produces a sequence of zeros 

and one bits. It might be combined into sub-sequences of zeros and ones or blocks of random 

numbers. There are two types of random number which is called deterministic and 

nondeterministic. We are dealing deterministic random numbers. A deterministic Random 

Number Generator (RNG) produces a sequence of bits from an initial value which is called 

seed. The seed value is 19,937 bits long and stored in 624 element array. The RNG algorithm 

has a period of 2**19937-1. A Pseudo Random Number Generator (PRNG) produces values 

based on a seed and current values. This algorithm is implementing in C/C++ and utilizes the 

memory in an efficient way. In our simulation we used this algorithm as function rand () to 

generate the random input value for evaluate the performance of WiMAX. 

  

5.2.1.2 Modulation 

We passed the random values through the adaptive modulation schemes according to the 

constellation mapped. The data was modulated depending their size and on the basis of 

different modulation schemes like BPSK, Gray-mapped QPSK, 16 QAM and 64 QAM. The 

modulation has done on the basis of incoming bits by dividing among the groups of i.  That is 

why there are 2
i
 points. The total number of bits represented according to constellation 

mapped of different modulation techniques. The size of i for BPSK, QPSK, 16 QAM and 64 

QAM is 1, 2, 4 and 16 respectively. 

 

5.2.1.3 IFFT 

 
The OFDM symbol threats the source symbols to perform frequency-domain into time-

domain. If we chose the N number of subcarriers for the system to evaluate the performance 

of WiMAX the basic function of IFFT receives the N number of sinusoidal and N symbols at 

a time. The output of IFFT is the total N sinusoidal signals and makes a single OFDM 

symbol. The mathematical model of OFDM symbol defined by IFFT which would be 

transmitted during our simulation as given bellow: 
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5.2.1.4 Subcarriers 

 

In OFDM system, the carriers are sinusoidal. Two periodic sinusoidal signals are called 

orthogonal when their integral product is equal to zero over a single period. Each orthogonal 

subcarrier has an integer number of cycles in a single period of OFDM system. To avoid inter 

channel interference these zero carriers are used as a guard band in this system. 
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5.2.1.5 OFDM Symbol Description 

 

In WiMAX Transmitter, IFFT (Inverse Fast Fourier Transform) used to create OFDM 

waveform with the help of modulated data streams. On the other hand in WiMAX receiver 

end the FFT used to demodulate the data streams. This time duration is defined to as symbol 

time, Tb. A copy of symbol period, Tg which is termed of Cyclic Prefix (CP) used to collect 

multipath where maintaining the orthogonality of the codes. The following fig 5.3 shows the 

OFDM symbol in the time domain. 

 

 

Ts 

Tb Tg 

 
 

Fig 5. 3: OFDM Symbol Structure in Time Domain 

 
In any OFDM symbol, the transmitted signal voltage to the antenna in time domain can be 

written as  

 

 

 
Where  

 t = Time elapsed with 0< t < Ts 

  Complex number where k is the frequency offset index of transmitted data  

 ∆f= Carrier spacing  

 ∆f= Fs/Nfft where Fs = Sampling frequency and Nfft = Number of points of FFT/IFFT 

 

In OFDM system, the number of sub-carriers is 256 which is equal to the FFT size. 

Each ODFM symbol consists of the following four types of carriers [5.2] 

 

Data sub-carriers (OFDM) or sub-channels (OFDMA): used for data transmission 

 

Pilot sub-carriers: used for various estimation purposes 

 

DC sub-carriers: used as center frequency 

 

Guard sub-carriers/Guard bands: used for keeping space between OFDM and OFDMA 

signals  
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The following fig 5.3 shows the OFDM symbol in frequency domain, 

 

 

 
 

Fig 5. 4: OFDM Symbol in frequency domain [28] 

 

 

To avoid Intersymbol Interference (ISI) the Cyclic Prefix (CP) is inserted in OFDM system 

before each transmitted symbol. In wireless transmission the transmitted signals might be 

distort by the effect of echo signals due to presence of multipath delay. The ISI is totally 

eliminated by the design when the CP length is greater than multipath delay. After performing 

Inverse Fast Fourier Transform (IFFT) the CP will be add with each OFDM. 

 

5.2.1.6 CP Insertion   

  

To maintain the frequency orthogonality and reduce the delay due to multipath propagation, 

cyclic prefix is added in OFDM signals. To do so, before transmitting the signal, it is added at 

the beginning of the signal. In wireless transmission the transmitted signals might be distort 

by the effect of echo signals due to presence of multipath delay. The ISI is totally eliminated 

by the design when the CP length L is greater than multipath delay. After performing Inverse 

Fast Fourier Transform (IFFT) the CP will be add with each OFDM symbol.  

 

5.3 Channel Module / Wireless Channel 
 

In wireless communication, the data are transmitting through the wireless channel with 

respective bandwidth to achieve higher data rate and maintain quality of service. The 

transmitting data has to take environmental challenges when it is on air with against 

unexpected noise. That’s why data has to encounter various effects like multipath delay 

spread, fading, path loss, Doppler spread and co-channel interference. These environmental 

effects play the significant role in WiMAX Technology. To implement an efficient wireless 

channel have to keep in mind the above fact. In this section we are presenting the wireless 

channels. 
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 Additive White Gaussian Noise (AWGN) 

 

 Rayleigh Fading Channel 

 

 Stanford University Interim (SUI) 

 

5.3.1 Additive White Gaussian Noise (AWGN) 

 

This is a noise channel. This channel effects on the transmitted signals when signals passes 

through the channel. This noise channel model is good for satellite and deep space 

communication but not in terrestrial communication because of multipath, terrain blocking 

and interference. AWGN is used to simulate background noise of channel. The mathematical 

expression as in received signal r(t) = s(t) + n(t) is shown in figure 5.1 which passed through 

the AWGN channel where s(t) is transmitted signal and n(t)  is background noise. 

 

 

Noise n(t) 

 

Received Signal 

r(t)=s(t)+n(t) 

 

Transmitted Signal 

s(t) 

 
 

Fig 5. 5: AWGN Channel 

                                 

5.3.2 Rayleigh Fading Channel 

  

Rayleigh Fading is one kind of statistical model which propagates the environment of radio 

signal. According to Rayleigh distribution magnitude of a signal which has passed though the 

communication channel and varies randomly. Rayleigh Fading works as a reasonable model 

when many objects in environment which scatter radio signal before arriving of receiver. 

When there is no propagation dominant during line of sight between transmitter and receiver 

on that time Rayleigh Fading is most applicable. On the other hand Rician Fading is more 

applicable than Rayleigh Fading when there is dominant line of sight. During our simulation 

we used Rayleigh Fading when we simulate the performance of Bit Error Rate Vs Signal to 

Noise Ratio. 
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5.3.3 Stanford University Interim (SUI) Channel 

 

There are six channels selected to address three different terrains. These three terrains are 

defined as A, B and C are terrain A is hilly terrain with heavy tree density, B is hilly terrain 

with light tree density and C is mostly flat terrain with light tree density [29]. These models 

can be used for simulation, design, and development and testing of technologies suitable for 

fixed broadband wireless applications [29]. The following parameters were selected on the 

basis of some statistical models. We are presenting here the parametric view of all the six 

channels in Table 5.1.  

 

 
Table 5. 1: Terrain Types for SUI Channel 

 

Terrain Type SUI Channels 

C (Flat terrain) SUI-1, SUI-2 

B (Hilly terrain) SUI-3, SUI-4 

A (Hilly terrain) SUI-5, SUI-6 

 

                               

Here we are considered SUI-3 channel model and depict the general structure for SUI-3 

channel as follows: 

 

  

 
 

 

Fig 5. 6: General structure of SUI channel Model 

                    

5.3.3.1 Input Mixing Matrix 

 

This input mixing matrix part correlates between input signals if multiple transmitting 

antennas like MIMO, SISO and SIMO are used. 

 

5.3.3.2 Tapped Delay Line Matrix 

 

Multipath fading of the channel is done by tapped delay line matrix. This type of fading is 

modeled as a tapped delay line with 3 taps with non-uniform delays [29]. The gain associated 

with each tap is characterized by a distribution (Rician with a K-fact>0, or Rayleigh with K-

fact =0) and the maximum Doppler frequency [29] 
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5.3.3.3 Output Mixing Matrix 

 

This output mixing matrix part correlates between output signals if multiple receiving 

antennas are used. 

 

Using above mentioned general structure of SUI channel model and assuming the following 

scenarios, the six SUI channels are constructed which are represent of the real channels [29] 

 

 Cell Size : 7km 

 BTS antenna height : 30m 

 Receive antenna height : 6m 

 BTS antenna beamwidth : 120
0
 

 Receive antenna beamwidth : Omni directional (360
0
) and 30

0 
 

 Polarization : Vertical only 

 90% cell coverage with 99.9% reliability at each location covered. 

 

Considering the above scenario, we presented, SUI-3 channel model in Table 5.2 

Table 5. 2: SUI-3 Channel Model [29] 

 

SUI-3 Channel 

 Tap 1 Tap 2 Tap 3 Units 

Delay 0 0.4 0.9 µs 

Power (Omni Antenna) 

90% K-fact (Omni Antenna) 

75% K-fact (Omni Antenna) 

0 

1 

7 

-5 

0 

0 

-10 

0 

0 

 

dB 

Power ( 30
0
 Antenna) 

90% K-fact ( 30
0
) 

75% K-fact ( 30
0
) 

0 

3 

19 

-11 

0 

0 

-22 

0 

0 

 

dB 

Doppler 0.4 0.3 0.5 Hz 

 

Antenna Correlation:  = 0.4 
Gain Reduction:  GRF=3 dB 

Normalization Factor:   

= -1.5113 dB, 

  = -0.3573 Db 

 

Terrain Type:  B 

Omni Antenna: = 0.264 µs, 

Overall K: K = 0.5 (90%); K = 1.6 (75%) 

30
0
 Antenna:   0.123 µs, 

Overall   K: K = 2.2 (90%); K = 7.0 (75%) 
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5.4 Receiver Module 

 
Omni directional Antenna is the most popular antenna in WiMAX, which can be used for 

point-to-multipoint configuration. The main feature of Omni Directional antenna is that, it can 

be deployed broad-casting in 360
o
 angle. This is the limitation of its range and ultimately it 

shows its signed strength. Omni directional antennas are mostly user friendly when lots of 

subscribers stay very close to the base station. 

 

5.4.1 CP Removal 

 

In transmitting module, to deal the frequency orthogonality and reduce the delay, cyclic prefix 

added in each OFDM signals. That's why, before transmitting the signal, the CP added at the 

beginning of the signal. After performing Inverse Fast Fourier Transform (IFFT) the CP will 

be add with each OFDM symbol. In receiver module, after synchronization the received data 

contains the Cyclic Prefix of each OFDM signal which is ignored. 

5.4.2 FFT 

 

By using number of samples FFT converts time domain signal into frequency domain signal. 

The FFT frequency domain signal defined as 1/  (where is total number of 

samples). In transmitter module, IFFT converts the OFDM signals from frequency domain to 

time domain which is exactly reverse work of FFT. To perform of OFDM 256 points, the 

zeros are padded beginning and ending of the OFDM signal. These zero pads will be removed 

from the corresponding places at the receiving module. 

 

5.4.3 Channel Equalizer 

 
In our simulation we used Zero-Force Bock Equalizer (ZFE) and Minimum Mean Square 

Equalizer (MMSE) which are described below. 

5.4.3.1 Zero-Force Block Equalizer (ZFE) 

 

Zero force channel equalizer removes the output of equalizer Inter symbol interference (ISI) 

from the channel. This equalizer works as a noise remover but if the channel has no noise then 

it remain ideal condition. 

 

B (Z) B
-1

 (Z) 

Channel With Impulse 

Response, bi AWGN, ni Zero-Force Equalizer 

di 

  ^ 
di 

yi 

 
 

Fig 5. 7: Block Diagram of a Simple Transmission in Zero-Force Equalizer 
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The estimates data of the output of channel is, 
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This equation leads to, 
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The Z-transform of this above equation is, 
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Where G (Z), F (Z) and B (Z) are the Z-transform of gn , fn and bn. This means that the zero 

force equalizer is constructed by the inverse filter. 

5.4.3.2 Minimum Mean square Error Equalizer (MMSE) 

 

In order to minimize the minimum square error at the output of the equalizer defined as:       

]||[ 2
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2
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Where, E[x] indicates the expected value of x. The MMSE equations are as follows: 

 

 

B (Z) F (Z) 

Channel With Impulse 

Response, bi AWGN, ni MMSE Equalizer 

di 

  ^ 
di 

yi 

 
 

Fig 5. 8: Block Diagram of a Simple Transmission in MMSE Equalizer 
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Where, 

B (Z) = channel transfer function, 

F (Z) = transfer function of equalizer,  

 

So, the output of the MMSE equalizer is,  
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Where, 

D (Z) = Z-transform of data bits, di 

D
^ 
(Z) = Z-transform of data estimates, d^i 

N s(Z) = Z-transform of noise samples, ni 

 

5.4.4 Demodulation 

 

Demodulation works to extract the original data from a modulated waveform. At the receiver, 

an electronic circuit works to recover the different base-band signals which have already 

transmitted from the transmitter end which is called demodulator [30]. 
 

 

 
  



Performance Evaluation of IEEE 802.16e (Mobile WiMAX) in OFDM Physical Layer 74 

Chapter Six 

 

Simulation Results Analysis  

   
In this chapter, we will discuss our simulation results. During our simulation we used cyclic 

prefix to minimize the Inter Symbol Interference (ISI) on the basis of following adaptive 

modulation techniques through Matlab.  

   

 Binary Phase Shift Keying (BPSK)  

 

 Quadrature Phase Shift Keying (QPSK)  

 

 16-Quadrature Amplitude Modulation (16-QAM)  

 

 64-Quadrature Amplitude Modulation (64-QAM)  

 

With the help of above modulation techniques we got the following parameters, 

 

 Scattering Points of QPSK 

 

 Scattering Points of QAM 

 

 Bit Error Rate (BER)  

 

 Signal to Noise Ratio (SNR)  

 

 Probability of Error (Pe)  

 

This is the simulation environment which we used in our simulation, 

   

 Microsoft Windows XP Professional.  

 

 Matlab 7.4.0.287 (R2007a)  

 

 Microsoft Office 2007  

 

 Microsoft Visio Professional 2003 

 

 Mersenne Twister – Random Number Generator ( RNG ) Algorithm  

 

 We used Cyclic Prefix to minimize the Inter Symbol Interference (ISI).  

 

  Performance of WiMAX has been done on the basis of BER Vs SNR in all plotting.  

 

 We have used AWGN and Rayleigh fading 
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 WiMAX standard SUI-3 channel model.  

 

 Confidence intervals used for 32 times 

   
6.1 Bit Error Rate (BER) 

 

When number of bits error occurs within one second in transmitted signal then we called Bit 

Error Rate (BER). In another sentence Bit Error rate is one type of parameter which used to 

access the system that can transmit digital signal from one end to other end. We can define 

BER as follows,  

 

sentbitsofNumberTotal

NumberError
BER   

 

If transmitter and receiver’s medium are good in a particular time and Signal-to-Noise Ratio 

is high, then Bit Error rate is very low. In our thesis simulation we generated random signal 

when noise occurs after that we got the value of Bit error rate. 

 

6.2 Eb/N0 
  
Energy per bit to noise power spectral density ratio is important role especially in simulation. 

Whenever we are simulating and comparing the Bit Error rate (BER) performance of adaptive 

modulation technique is very necessary Eb/N0. The normalized form of Eb/N0 is Signal-to-

Noise Ratio (SNR). In telecommunication, Signal-to-Noise ratio is the form of power ratio 

between a signal and background noise, 

 

Noise

signal

P

P
SNR 

 

 

Here P is mean power. In this case the signal and the background noise are measured at the 

same point of view if the measurement will take across the same impedance then SNR would 

be obtained by measuring the square of the amplitude ratio. 

 
2













Noise

Signal

Noise

signal

A

A

P

P
SNR  

6.3 BER Vs Eb/No 
 

The Bit Error Rate (BER) defined as the probability of error (Pe). On the other hand Signal-to-

Noise is the term of power ratio between a signal and background noise. There are three 

variables like, 

 The error function (erf)  

 The energy per bit (Eb) 

 The noise power spectral density (N0)  
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Every modulation scheme has its own value for the error function. That is why each 

modulation scheme performs in different manner due to the presence of background noise. 

For instance, the higher modulation scheme (64-QAM) is not robust but it carries higher data 

rate. On the contrary, the lower modulation scheme (BPSK) is more robust but carries lower 

data rate. The energy per bit, Eb defined by dividing the carrier power and measured of energy 

with the unit of Joules. Noise power spectral density (N0) is power per hertz with the unit of 

Joules per second. So, it is clear that the dimension of SNR is cancelled out. So we can agree 

on that point that, the probability of error is proportional to Eb/No. 

6.4 Physical layer performance results  
 

The basic goal of this thesis is to analyze the performance of WiMAX OFDM physical layer 

based on the simulation results. In order to analyze, firstly we focused on the scattering points 

of Quadrature Phase Shift Keying (QPSK) and Quadrature Amplitude Modulation (QAM) 

using channel equalizer. Secondly, we investigated the BER Vs SNR plot by using AWGN 

and Rayleigh fading and finally, we investigated Probability of Error Rate. 

6.4.1 Scatter Plots of QPSK 

 

In this subsection, we investigated the constellation of QPSK, 16-QAM and 64-QAM by 

using ZERO force and MMSE equalizer when FFT size is 256 and 512. After passing through 

AWGN channels, we got the figures from 6.1 to 6.7.  
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Fig 6. 1: QPSK constellation using ZERO force equalizer for FFT size 256 
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This constellation consists of 4 message points but the decision has been made in two bits 

which are already described in chapter four in section 4.2.3. This adaptive modulation 

technique ensures the efficient use of bandwidth and higher spectral efficiency. 
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Fig 6. 2: QPSK constellation using ZERO force equalizer for FFT size 256 
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Fig 6. 3: QPSK constellation using ZERO force equalizer for FFT size 512 
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6.4.2 Scatter Plots of 16-QAM 
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Fig 6. 4: 16-QAM constellation using MMSE equalizer for FFT size 256 

 

 

-5 0 5
-5

-4

-3

-2

-1

0

1

2

3

4

5

Q
ua

dr
at

ur
e

In-Phase

Received Signal Using AWGN

 

 

Received Signal

Signal Constellation

 
 

Fig 6. 5: 16-QAM constellation using MMSE equalizer for FFT size 512 
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6.4.3 Scattering Plots of 64-QAM 
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Fig 6. 6: 64-QAM constellation using ZERO force equalizer for FFT size 256 

 

-10 -5 0 5 10
-10

-8

-6

-4

-2

0

2

4

6

8

10

Q
ua

dr
at

ur
e

In-Phase

Received Signal Using AWGN

 

 

Received Signal

Signal Constellation

 
Fig 6. 7:  64-QAM constellation using ZERO force equalizer for FFT size 512 
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6.4.4 Gray Code 

 
Gray coding is a reflected binary code which is designed to prevent fake output. Now-a-days, 

gray codes are used to ensure error correction in signal processing. This code also used for 

Tower Hanoi problem. In our simulation we got the scenario from 6.8 to 6.9 for QPSK which 

are reflected binary code. 
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Fig 6. 8: QPSK constellation using ZERO force equalizer for FFT size 512 with Gray 

Coding 
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Fig 6. 9: QPSK constellation using ZERO force equalizer for FFT size 512 with Gray 

Coding 

 

6.5   BER Vs SNR Plot 
 

We put some theoretical values in our simulation to find out Bit Error Rate against Signal-to-

Noise Ratio for all modulation techniques using AWGN and Rayleigh Fading respectively. 

The results are shown in figure 6.10 and 6.12. 
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Fig 6. 10: Theoretical Value used for BER Vs SNR under AWGN channel 
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When BER = 10
-3

 

 

 
Table 6. 1: Adaptive modulation under AWGN, comparison between SNR and Bit/Symbol 

 
Modulation SNR Bits/Symbol Variance Standard Deviation 

BPSK 7.5 1 0.0152 0.0025 

QPSK 7.5 2 0.0152 0.0025 

16-QAM 12 4 0.0275 0.0064 

64-QAM 17 6 0.0238 0.0114 

 

 

 
Table 6. 2: Performance between Signal-to-Noise Ratio and Bandwidth utilization under AWGN 

 

Modulation Signal-to-Noise (%) Bandwidth Utilization (%) 

 BPSK QPSK 16-QAM 64-QAM BPSK QPSK 16-QAM 64-QAM 

BPSK - - 160 226.67 - 200 400 600 

QPSK - - 160 226.67 - - 200 300 

16-QAM - - - 141.67 - - - 150 

64-QAM - - - - - - - - 
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Fig 6. 11: Theoretical Value of BER Vs SNR under Rayleigh Fading 
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When BER = 10
-3

 

 

 
Table 6. 3: Adaptive modulation under Rayleigh, comparison between SNR and Bit/Symbol 

 
Modulation SNR Bits/Symbol Variance Standard Deviation 

BPSK 24 1 0.0364 0.0074 

QPSK 24 2 0.0364 0.0074 

16-QAM 27 4 0.0227 0.0111 

64-QAM 30.5 6 0.0463 0.0159 

 

 

 
Table 6. 4: Performance between Signal-to-Noise Ratio and Bandwidth utilization under Rayleigh Fading 

 

Modulation Signal-to-Noise (%) Bandwidth Utilization (%) 

 BPSK QPSK 16-QAM 64-QAM BPSK QPSK 16-QAM 64-QAM 

BPSK - - 112.5 127.08 - 200 400 600 

QPSK - - 112.5 127.08 - - 200 300 

16-QAM - - - 112.96 - - - 150 

64-QAM - - - - - - - - 

 

6.6 Adaptive modulation of Probability of Error (Pe) 

 

Probability of Error (Pe) is important to find out the error rate in a system because it affects 

fading and noise in a channel at transmitting and receiving end.  

 

From the following formula Probability of Error for M-array PSK has been calculated. 
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Probability of Error for M-array QAM has been calculated through this formula which is as 

follows, 
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Fig 6. 12: Theoretical Value of Pe Vs SNR under Rayleigh Fading and AWGN 

 

When Probability of Error = 10
-1

 

 

 
Table 6. 5: Probability of Error for Adaptive modulation, comparison between SNR and Bit/Symbol 

 
Modulation SNR Bits/Symbol Variance Standard Deviation 

BPSK 2 1 0.0243 0.0060 

QPSK 3 2 0.0301 0.0128 

16-QAM 18 4 0.0032 0.0568 

64-QAM 75 6 0.0208 0.1442 

 

 
Table 6. 6: Performance of Pe between Signal-to-Noise Ratio and Bandwidth utilization under AWGN 

and Rayleigh Fading 

Modulation Signal-to-Noise (%) Bandwidth Utilization (%) 

 BPSK QPSK 16-QAM 64-QAM BPSK QPSK 16-QAM 64-QAM 

BPSK - 150 900 3750 - 200 400 600 

QPSK - - 600 2500 - - 200 300 

16-QAM - - - 416.67 - - - 150 

64-QAM - - - - - - - - 
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6.7   Probability of Error (Pe) 

 

Due to fading and Doppler shift effect, the Probability of Error of the system increased 

resulting the physical layer performance degrades. At this circumstance, we used SUI-3 

channel model as a Rician distribution which is mentioned in chapter one. We presented the 

different error probability in figure 6.13 to 6.20 for all adaptive modulation schemes. We got 

the three channel paths consisting one unfaded LOS path and two NLOS paths which are used 

as Rayleigh fading channel. In this section we have shown the probability of error for all 

mandatory modulations with AWGN and SUI-3 channel model using channel equalizer in 

different FFT sizes. 
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Fig 6. 13: Probability of Error for BPSK (FFT size 256) with SUI channel for MMSE 
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Fig 6. 14: Probability of Error for BPSK (FFT size 512) with SUI channel for ZERO 
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Fig 6. 15: Probability of Error for QPSK (FFT size 256) with SUI channel for MMSE 
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Fig 6. 16: Probability of Error for QPSK (FFT size 512 ) with SUI channel for ZERO 
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Fig 6. 17: Probability of Error for 16-QAM (FFT size 256) with SUI channel for MMSE 
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Fig 6. 18: Probability of Error for 16-QAM (FFT size 512) with SUI channel for ZERO 

Force Equalizer 
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Fig 6. 19: Probability of Error for 64-QAM (FFT size 256) with SUI channel for MMSE 
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Fig 6. 20: Probability of Error for 64-QAM (FFT size 512) with SUI channel for ZERO 

Force Equalizer 

 

 

From the figures above, the performance of the system is clear with the effect of AWGN. 

When the condition is in LOS, the system performance increased as the throughput of the 

system is very high with higher coverage areas. But in NLOS condition, the performance of 

the system is also better but with a little more probability of errors in the system. 
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Chapter Seven 

 

Conclusion 
 

After all conditions we applied and the results we got we can conclude our work as follows,  

 

 We studied WiMAX OFDM physical layer, mobile systems, modulation techniques 

and features of WiMAX networks properly, with the help of necessary figures and 

tables. 

 We studied SUI-3 channel model and also implemented it through Matlab simulation 

to evaluate the performance of Mobile WiMAX. 

 We also used and understood the adaptive modulation techniques like, BPSK, QPSK, 

16-QAM and 64 QAM according to IEEE 802.16e standard. 

 

We know that fading is one of the main parts of wireless communication. At the beginning of 

our simulation, we used multipath fading and then got some results using Rayleigh fading and 

AWGN. After that SUI-3 channel was used according to the characteristics of Rician fading.  

 

In all aspects of adaptive modulation technique, we can conclude the performance of Mobile 

WiMAX as, 

 

 Binary Phase Shift Keying (BPSK) is more power efficient and needs less bandwidth. 

 On the other hand 64-Qadrature Amplitude Modulation (64-QAM) has higher 

bandwidth with very good output.  

 In another case, Quadrature Phase Shift Keying (QPSK) and 16-QAM modulation 

techniques are in middle of those two (BPSK and 64-QAM) and they requires higher 

bandwidth. 

 QPSK and 16-QAM are less power efficient than BPSK.  

 During all simulations we got, BPSK has the lowest BER and 64-QAM has the 

highest BER than other modulation techniques. 

 

We also add some more things in here, 

 

 We included Cyclic Prefix (CP) and random signals which reduced noise resulting 

lower Bit error Rate (BER) for OFDM system but increased the complexity in the 

system. 

 Cyclic Prefix requires higher power but non Cyclic Prefix requires lower power. 

7.1 Future Work: 
 

A lot of works can be done for future optimization of Wireless communication especially in 

WiMAX system. Adaptive modulation techniques and WiMAX physical layer can be adopted 

with High Amplitude Platform (HAP) and Long Term Evaluation (LTE). As we used SUI-3 

channel model along with AWGN, Rayleigh and Rician Fading channels, performance of 

Mobile WiMAX can be evaluated in other types of channel model.  
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