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  The US military is evaluating the capabilities of emerging technologies based on 

IEEE 802.16 standard as a potential commercial off-the-shelf solution to support the 

communication requirements of the future war. 

   In the last few years, development in military and telecommunication industries have 

focused on an intensive use of broadband systems, which are characterized by high 

quality features. In order to use broadband systems, new technologies with high 

transmission abilities have been designed. Broadband wireless access has become the 

best way to meet escalating military and business demands for a rapid internet 

connection and integrated communication. Based on IEEE 802.16 standard, WiMAX 

allows for an efficient use of bandwidth in a wide frequency range, and can be used as 

last miles solution for broadband access. 

   NCW (Network Centric Warfare) is the most important system in the recent military 

environment. All assets should be interactively combined in real time, especially 

ground and aviation forces like infantry, UAV (Unmanned Arial Vehicle), Attack 

Helicopters. 

   This thesis gives an overview of WiMAX standard and studies the performance of 

WiMAX over multipath fading channels. The complete physical layer of WiMAX is 

created in Simulink, and the bit error rate performance in various time-varying fading 

channels is simulated. It also explores application of WiMAX to aviation 

communications. 



 

 

 

 

 

 

 

 

 

 

©Copyright by Sang Jun Kim  

July 9, 2009 

All Rights Reserved



Application of WiMAX to Aviation Communication 

 

 

by 

Sang Jun Kim 

 

 

 

 

 

 

 

 

A THESIS 

 

 

submitted to 

 

 

Oregon State University 

 

 

 

 

 

 

 

 

in partial fulfillment of 

the requirements for the  

degree of 

 

 

Master of Science 

 

 

 

 

 

Presented July 9, 2009 

Commencement June 2010 



Master of Science thesis of Sang Jun Kim presented on July 9, 2009 

 

 

 

 

 

APPROVED: 

 

 

 

 

Major Professor, representing Electrical and Computer Engineering 

 

 

 

 

 

Director of the School of Electrical Engineering and Computer Science 

 

 

 

 

 

Dean of the Graduate School 

 

 

 

 

 

 

 

 

 

 

I understand that my thesis will become part of the permanent collection of Oregon 

State University libraries.  My signature below authorizes release of my thesis to any 

reader upon request. 

 

 

 

Sang Jun Kim, Author 



ACKNOWLEDGEMENTS 

 

This thesis was carried out in the Communication group, Department of Electrical 

Engineering and Computer science, Oregon State University, Corvallis. 

I would like to take this opportunity to thank the people who guided and supported me 

during this work. 

 

I wish to express my sincere gratitude to my advisor Dr. Huaping Liu for his 

continuous encouragement, support and guidance throughout my studies. I am very 

thankful for his patience, and for always believing in me during the ups and downs of 

my M.S. study. His broad knowledge and logical way of thinking have been of great 

value to me. His technical advice and constructive comments have provided a good 

basis for this thesis. 

  

Thanks to all the members in my lab for their help and friendship.  

 

Finally, I would like to express my deepest gratitude for the constant support, 

understanding and unconditional love that I received from my parents, my parents-in 

law and my wife Inhye. This thesis is also a gift for my lovely daughters Ian and Irene. 

Also I cannot thank God enough for everything.  



 

TABLE OF CONTENTS 
                Page 

1 Introduction  ................................................................................................................ 1 

1.1 Network Centric Warfare (NCW) ....................................................................... 1 

1.1.1 Joint Tactical Radio System ............................................................................. 3 

1.1.2 Mobile Ad-hoc network ................................................................................... 4 

1.2 Objective ............................................................................................................. 5 

1.3 Structure of the thesis .......................................................................................... 5 

2 IEEE 802.16 : Evolution and Features of WiMAX .................................................... 6 

2.1 Evolution of IEEE family of standard for BWA ................................................. 6 

2.2 IEEE 802.16 parameters .................................................................................... 10 

2.3 Features of WiMAX .......................................................................................... 12 

2.4 IEEE 802.16 Protocol Layer ............................................................................. 15 

2.5 WiMAX forum and adaptation of IEEE 802.16 ................................................ 16 

2.6 Application of IEEE 802.16 based network ...................................................... 17 

2.7 WiMAX forum and adaptation of IEEE 802.16 ................................................ 18 

3  IEEE 802.16 Physical Layer .................................................................................... 19 

3.1 IEEE 802.16 PHY interface variants ................................................................. 19 

3.2 IEEE 802.16 PHY Layer ................................................................................... 21 

3.2.1 Channel Coding ......................................................................................... 22 

3.2.2 Hybrid ARQ .............................................................................................. 24 

3.2.3 Interleaving ................................................................................................ 26 

     3.2.4 Symbol Mapping ....................................................................................... 26 

 



 

TABLE OF CONTENTS(Continued) 
                Page 

3.2.5 OFDM Symbol Structure ........................................................................... 27 

3.2.6 Subchannelization ...................................................................................... 29 

3.2.7 Synchronization ......................................................................................... 31 

3.3 WirelessMAN OFDM PHY Layer .................................................................... 33 

3.4 OFDM ............................................................................................................... 35 

3.5 Communication System .................................................................................... 39 

4 Simulation Model ...................................................................................................... 44 

4.1 Transmitter ........................................................................................................ 44 

4.2 Channel .............................................................................................................. 53 

4.3 Receiver ............................................................................................................. 54 

5 Simulation Results..................................................................................................... 58 

5.1 Transmitter ........................................................................................................ 58 

5.2 Receiver ............................................................................................................. 62 

5.3 Physical Layer Performance Results ................................................................. 67 

6 Military application scenario and Conclusion ........................................................... 74 

6.1 Important Parameter .......................................................................................... 74 

6.1 Military application scenario ............................................................................. 75 

6.2 Conclusion ......................................................................................................... 75 

Bibliography ................................................................................................................. 77 

Appendices ................................................................................................................... 80 

 

 



 

LIST OF FIGURES  

 
Figure                                                                                                                             Page 

2.3 WiMAX Architecture .................................................................................................. 16 

3.2.1 Convolutional encoder and tailbiting ....................................................................... 23 

3.2.2 The HARQ process with incremental redundancy ................................................... 25 

3.2.5 OFDM Structure ....................................................................................................... 28 

3.2.7 OFDM Synchronization ........................................................................................... 32 

3.4.2 Spectrum of OFDM signal ....................................................................................... 37 

3.4.4 Cyclic Prefix ............................................................................................................. 38 

3.5.1 Wireless digital communication system ................................................................... 40 

3.5.3 OFDM system model ............................................................................................... 43 

4.1 Transmitter .................................................................................................................. 44 

4.1.1 MAC PDU block ...................................................................................................... 45 

4.1.2 Randomizer .............................................................................................................. 46 

4.1.3-1 RS Encoding Process ............................................................................................ 47 

4.1.3-2 Block Encoder ....................................................................................................... 47 

4.1.4-1 Convolutional Encoding Process .......................................................................... 48 

4.1.4-2 Convolutional Encoder ......................................................................................... 48 

4.1.5 Interleaver................................................................................................................. 50 

4.1.6 IQ Mapper ................................................................................................................ 51 

4.1.7 OFDM Modulation ................................................................................................... 52 

4.2 Fading Channel ........................................................................................................... 53 

4.3 Receiver ....................................................................................................................... 54 

4.3.1 OFDM Demodulation .............................................................................................. 54 

 



 

LIST OF FIGURES(Continued)  

 
Figure                                                                                                                             Page 

4.3.2 IQ Demapper ............................................................................................................ 55 

4.3.3 Deinterleaver ............................................................................................................ 55 

4.3.4 Convolutional Decoder ............................................................................................ 56 

4.3.5 Block Decoder .......................................................................................................... 56 

4.3.6 De-Randomizer ........................................................................................................ 57 

4.3.7 MAC PDU Receiver ................................................................................................ 57 

5.1.1 MAC PDU  ............................................................................................................... 58 

5.1.2 Randomizer  ............................................................................................................. 59 

5.1.3 Block Encoder  ......................................................................................................... 60 

5.1.4 Convolutional Encoder  ............................................................................................ 60 

5.1.5 Interleaver ................................................................................................................ 61 

5.1.6 IQ Mapper  ............................................................................................................... 61 

5.1.7 OFDM Modulation  .................................................................................................. 62 

5.2.1 OFDM Demodulation  ............................................................................................. 63 

5.2.2 IQ Demapper  ........................................................................................................... 63 

5.2.3 Deinterleaver  ........................................................................................................... 64 

5.2.4 Convolutional Decoder  ........................................................................................... 64 

5.2.5 Block Decoder  ......................................................................................................... 65 

5.2.6 De-Randomizer  ....................................................................................................... 66 

5.2.7-1 MAC PDU Receiver  ............................................................................................ 66 

5.2.7-2 TX / RX Signal Comparison ................................................................................. 66 

5.3.1-1 Scatter Plots and Spectrum Scope when SNR 10  ................................................ 67 

 



 

LIST OF FIGURES(Continued)  

 
Figure                                                                                                                             Page 

5.3.1-2 Scatter Plots and Spectrum Scope when SNR 20  ................................................ 67 

5.3.1-3 Scatter Plots and Spectrum Scope when SNR 30  ................................................ 68 

5.3.2-1 BER Plot for AWGN  ........................................................................................... 68 

5.3.2-2 BER Plot for Rayleigh  ......................................................................................... 69 

5.3.2-3 BER Plot for Rician K=1 ...................................................................................... 69 

5.3.2-4 BER Plot for Rician K=10 .................................................................................... 70 

5.3.2-5 BER Plot for Rician K=100 .................................................................................. 70 

5.3.2-6 BER Plot for Rician K=1000 and AWGN ............................................................ 71 

5.3.2-7 BER Plot for Rician K=1 to 8 (SNR 20dB) .......................................................... 72 

5.3.2-8 BER Plot for Rician K=3 to 6 (SNR 20dB) .......................................................... 72 

5.3.2-9 The optimum elevation ......................................................................................... 73 
 

 

 

 
 



Application of WiMAX in Aviation Communication 
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1 Introduction 

WiMAX (Worldwide Interoperability Microwave Access) is a standards-based 

technology enabling the delivery of last mile wireless broadband access as an alternative 

to cable. The technology is specified by the Institute of Electrical and Electronic 

Engineers as the IEEE 802.16 standard. 

Currently, mobile WiMAX supports non-line-of-sight (NLOS) condition, but line-of-

sight (LOS) condition should be considered for military communication, like attack 

helicopter and ground force communication, to realize network centric warfare. Up to 

now, only one experiment was conducted for mobile WiMAX in LOS for high altitude 

platform (HAP). 

The contribution of this thesis is a simulation of higher speed than standard. The 

complete physical layer of WiMAX is created in Simulink. The performance is simulated 

in channels with different fading rates. Therefore, we will find out the additional 

requirements in order to make WiMAX suitable for a highly mobile environment. 

 

1.1 �etwork Centric Warfare (�CW) 

The Army is transforming its tactical communications architecture to address the lack of 

bandwidth for data, voice, and video applications and the inability to communicate on-

the-move in non-line-of sight environments [1]. 

To satisfy the Army's operational communication requirements, it is important to 

consider how an attack operation is performed, what kinds of communication 

technologies are needed and why WiMAX is better for the Army's next generation 

communication architecture. Therefore we can find that where the WiMAX can be 

applied to fulfill the military operation. Especially, communications between ground 

forces and aviation assets will increase synergy effect using the WiMAX [1]. 
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A transformation is taking place in military operations. Now, more than ever, seamless 

and ubiquitous communications have become the standard. It is important to improve the 

network centric warfare, networks and available assets to change the way solders, 

commanders and military planners accumulate, assimilate, communicate, and respond to 

data to conduct integrated operation [1].  

An operation's force provides valuable data to attack helicopter to increase situational 

awareness by using networked assets. Soldiers on the battlefield become nodes in the 

network, receiving and transmitting valuable information; almost real time data can be 

relayed and received from joint force command to analyze overall response planning [2]. 

It is important to understand the roll of the network in today's military operation. Let us 

look at a ground based scenario and what can happen when network capabilities are 

applied. 

1) A ground force observes a possible target, and the information is transmitted back to 

the command for analysis, where it is determined whether the target is a friendly force or 

not.  

- The ground force sends the hostile target information to command center and begins the 

process of tracking and requiring for action. 

2) Network Centric Communication on the battlefield has made each asset aware of the 

hostile target and now a coordinated response can be prepared. We can use the power of 

the network to integrate army, navy and air force assets to provide an overall view of 

attack operation situation update for timely decision making. 

- The real time data of target information can be shared among these forces. 

3) The above process begins with the ground force's observation but now each additional 

asset becomes a network asset, so the information from the ground forces relayed to joint 

and combined forces command is shared and distributed the update to all participants on 

the battlefield. 

- Each asset can supply and receive specific data relevant to the mission to prepare a 

coordinated response to the information. 
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For the military, it is considered to be more efficient to use industry standard protocols 

and commercial equipment in order to speed up the deployment of the force that 

equipped with networked capability that almost real time information can affect directly 

into operations [3].  

WiMAX is good for wide coverage, high data rate, robustness of OFDM, support for 

mobility. Therefore, WiMAX standard can be used in military communication. 

Mobile ad-hoc networks empowered by mobile capabilities allow forces to maintain 

access to all network resources in a dynamic and secure manner. Today, the network is 

more than just a tool; it is an integral part of the strategic planning and tactical response.  

Multiple remote sensors are set up with unmanned manners. The sensors allow friendly 

force great situational awareness and battlefield management. These sensors are also 

networked assets that can transmit the collected critical information to the command to 

provide a coordinated response. As a trusted authentic node, the weapon to be selected to 

attack the enemy target receives the target information from the network. The positively 

identified target is engaged successfully to accomplish the mission. 

The transformation of the network centric operations leverage industry standard based 

product and protocol and mobility (802.16e), security and increase of situational 

awareness to increase effective operation [3].  

It should be mentioned how joint tactical radio system and mobile ad-hoc network 

contribute to NCW. 

 

1.1.1 Joint Tactical Radio System (JTRS) 

The Joint Tactical Radio System is planned to be the next-generation voice-and-data 

radio used by the U.S. military in field operations after 2010 [1]. JTRS is a software-

defined-radio that will work with many existing military and civilian radios. It includes 

integrated encryption and Wideband Networking Software to create mobile ad hoc 

networks (MANET). 
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The JTRS is built on the software communications architecture, an open-architecture 

framework that tells designers how hardware and software are to operate in harmony. 

Software Defined Radio governs the structure and operation of the JTRS, enabling 

programmable radios to load waveforms, run applications, and be networked into an 

integrated system. Interoperability among radio sets is increased because the same 

waveform software can be easily ported to all radios [4]. 

The JTRS radios will work with existing communication systems and grow to 

accommodate new requirements and technologies. Using JTRS, all of the different kinds 

of military radios can be interoperable between different services and countries. This will 

make the radio effective in combined or joint operations. 

 

1.1.2 Mobile ad hoc network (MA�ET) 

A mobile ad hoc network (MANET) is a type of wireless ad hoc network and is a self-

configuring network of mobile devices connected by any number of wireless links. Every 

device in the MANET is also a router because it is required to forward traffic unrelated to 

its own use. Each MANET device is free to move independently in any direction, and 

thus each device will potentially change its links to other devices on a regular basis. The 

primary challenge for building the MANET is for each device to continuously maintain 

the information required to properly route traffic [6]. 

MANETs are special cases of several other types of wireless and mesh network, but have 

some key differences. 

 Wireless ad hoc networks – MANET; a subset of ad hoc network, but MANET 

usually implies the creation of networking environments on top of a link layer ad 

hoc network. 

 Mesh networks – MANETs are a subset of mesh networks, but many mesh 

networks are not mobile or are not even wireless. 
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 Wireless mesh networks – MANETs are a subset of wireless mesh networks, but 

many mesh networks are not mobile and are not designed to support mobility. 

Vehicular Ad hoc Networks are a form of MANET used for communication among 

vehicles and between vehicles and roadside equipment. The Warfighting Information 

Network – Tactical (WIN-T) is the army's tactical telecommunication system that consist 

of communication infrastructure and network components. MANET is a key part of the 

WIN-T system [7]. 

We can apply these MANETs through WiMAX to connect and combine all vehicles, 

equipment, sensors and aviation assets in the battlefield to conduct integrated operations. 

 

1.2 Objective 

The objective of this thesis is to simulate the mobile WiMAX physical layer using 

Mathworks Simulink in order to better understand the standard and the system 

performance when it is applied for aviation communications. Then discuss how to 

overcome the challenges of WiMAX to fulfill military tactics. Since aviation 

communications result in fast fading and require longer coverage distance, we discuss the 

applicability of WiMAX for military communication based on simulation results. 

 

1.3 Structure of the thesis 

The rest of the chapters are as follows. 

Chapter 2 : Evolution / features of the IEEE 802.16 standard. 

Chapter 3 : Overview of the IEEE 802.16 physical layer / OFDM. 

Chapter 4 : Simulation model / channel model implemented. 

Chapter 5 : Simulation results. 

Chapter 6 : Military application scenario / conclusion. 
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2 IEEE 802.16: Evolution and Features of WiMAX 

This chapter will cover the evolution of the IEEE 802.16 standard to form the basis for 

further discussion. 

2.1 Evolution of IEEE family of standards for BWA 

In the late 1990's, many telecommunication equipment manufacturers were beginning to 

develop products for broadband wireless access (BWA). But due to the lack of an inter-

operable standard, it was not successful. Needing a standard, The National Wireless 

Electronics System Test (N-WEST) of the U.S. National Institute of Standards and 

Technology (NIST) called a meeting to discuss the topic in August 1998 [8]. The meeting 

ended up with a decision to organize IEEE 802 and then led to the formation of the 

802.16 Working Group. IEEE Working Group 802.16 on BWA standards are responsible 

for the development of 802.16, including wireless air interface, along with associated 

standards and amendments. 

 

The IEEE 802.16 standard contains the specification of the physical (PHY) and Medium 

Access Control (MAC) layer for BWA. The first version of the standard, IEEE 802.16- 

2001 was approved on December 2001 and it has gone through many amendments to 

accommodate new features and functionalities [9]. The standard specifies the air interface 

for fixed BWA systems supporting multimedia services in licensed and license-exempt 

spectra. The Working Group approved the amendment IEEE 802.16e-2005 to IEEE 

802.16-2004 in February 2006 [10]. To understand the development of the standard to its 

current stage, the evolution of the standard is presented in this chapter. 

 

2.1.1 IEEE 802.16-2001 

The first issue of the standard specifies a set of MAC and PHY layer standards intended 

to provide fixed broadband wireless access in a point-to-point (PTP) or point-to-
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multipoint (PMP) topology [9]. The PHY layer uses single carrier modulation in the 10-

66 GHz frequency range. 

Transmission times, durations and modulations are assigned by a Base Station (BS) and 

shared with all nodes in the network in the form of broadcast Uplink and Downlink maps. 

Subscribers need only to hear the base station to which they are connected and do not 

need to listen to any other node of the network. A Subscriber Station (SS) has the ability 

to negotiate for bandwidth allocation on a burst-to-burst basis, providing scheduling 

flexibility. 

The standard employs QPSK, 16-QAM and 64-QAM as modulation schemes. These can 

be changed from frame to frame and from SS to SS, depending on the robustness of the 

connection. The standard supports both Time Division Duplexing (TDD) and Frequency 

Division Duplexing (FDD) as a duplexing technique. 

An important feature of 802.16-2001 is its ability to provide differential Quality of 

Service (QoS) in the MAC layer. A Service Flow ID does a QoS (quality of service) 

check. Service Flows are characterized by their QoS parameters, which can then be used 

to specify parameters like maximum latency and tolerated jitter [11]. Service flows can 

be originated either from the BS or SS. 802.16-2001 works only in near Line-of –Sight 

(LOS) conditions with outdoor Customer Premises Equipment (CPE). 

2.1.2 IEEE 802.16a-2003 

This version of the standard amends IEEE 802.16-2001 by enhancing the medium access 

control layer to support multiple physical layer specifications and providing additional 

physical layer specifications. This was ratified by the IEEE 802.16 Working Group in 

January 2003 [12]. This amendment added physical layer support for 2-11 GHz. Both 

licensed and license-exempt bands are included. Non-Line-of-Sight (NLOS) operation 

becomes possible due to inclusion of frequencies below 11GHz, extending the range of 

the network. Due to NLOS operation, multipath propagation becomes an issue. To deal 

with multipath propagation and interference, mitigation features like advanced power 

management techniques and adaptive antenna arrays were included in the specification. 
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The option of employing Orthogonal Frequency Division Multiplexing (OFDM) was 

included as an alternative to single carrier modulation. 

Security was improved in this version; many of the privacy layer features became 

mandatory, while in 802.16-2001 they were optional. IEEE 802.16a also adds optional 

supports for mesh topology in addition to point to multipoint. 

 

2.1.3 IEEE 802.16c-2002 

In December 2002, the IEEE Standards Board approved amendment IEEE 802.16c [8]. In 

this amendment, detailed system profiles for 10-66GHz were added and some errors and 

inconsistencies in the first version of the standard were corrected. 

 

2.1.4 IEEE 802.16-2004 

802.16-2001, 802.16a-2003 and 802.16c-2002 were all consolidated together and a new 

standard was created which is known as 802.16-2004. In the beginning, it was published 

as a revision of the standard under the name 802.16REVd, but the changes were so novel 

that the standard was reissued under the name 802.16-2004 in September 2004 [10]. 

 

2.1.5 IEEE 802.16e-2005 

This amendment was added to the currently applicable version of the standard IEEE 

802.16-2004 in December 2005. This amendment includes a PHY and MAC layer 

enhancement to enable combined fixed and mobile operation in a licensed band [10]. 

The main changes were made to the OFDM access physical layer. It is now referred to as 

Scalable OFDMA (SOFDMA) and the channel is scalable. This improves the multi-

access capabilities of the previous OFDMA physical layer. A major part of this 

SOFDMA is that the use of larger Discrete Fourier Transform sizes makes it more 
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resistant to delay spread and more resistant to multiple fading, which is of concern in 

NLOS environments. We find out the basic data differences depend on the standard from 

the table below 

Table 2.1 Basic Data on IEEE 802.16 Standards        (from [13]) 
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2.2 IEEE 802.16 parameters  

The IEEE 802.16e-2005 Wireless MAN OFDMA mode is based on the concept of 

scalable OFDMA (S-OFDMA). S-OFDMA supports a wide range of bandwidths to 

flexibly address the need for various spectrum allocation and usage model requirements. 

The scalability is supported by adjusting the FFT size while fixing the subcarrier 

frequency spacing at 10.94 kHz. Since the resource unit sub-carrier bandwidth and 

symbol duration are fixed, the impact to higher layers is minimal when scaling the 

bandwidth. The system bandwidths for two of the initial planned profiles were developed 

by WiMAX Forum [14]. 

The fixed and mobile version of WiMAX have slightly different implementations of the 

OFDM physical layer. Fixed WiMAX is based on IEEE 802.16-2004 and uses a 256 

FFT-based OFDM physical layer. Mobile WiMAX is based on the IEEE 802.16e-2005 

standard and uses a scalable OFDMA-based physical layer as mentioned above. But in 

the case of mobile WiMAX, the FFT sizes can vary from 128 bits to 2,048 bits. 

The parameters are shown in table 2.2 for only a limited set of profiles that are likely to 

be deployed and the S-OFDMA scheme is referred to as mobile WiMAX, it also can be 

used in fixed, nomadic, and mobile application. We will discuss fixed and mobile cases. 

Fixed WiMAX OFDM : For this version, the FFT size is fixed at 256. Since FFT size 

can only take on values equal to 2
n
, dummy subcarriers are padded to the left and right of 

the useful subcarriers. 192 subcarriers are used for carrying data, 8 are used as pilot 

subcarriers for channel estimation and synchronization purpose, and the rest are used as 

guard band subcarriers. Since the FFT size is fixed, the subcarrier spacing decreases 

because we use the same symbol time. Decreasing symbol time implies that a larger 

fraction needs to be allocated as guard time to overcome delay spread. WiMAX allows a 

wide range of guard times that allows system designers to make appropriate trade-offs 

between spectral efficiency and delay spread robustness. For a maximum delay 

robustness, a 25 percent guard time can be used. 
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Mobile WiMAX OFDMA : In mobile WiMAX, the FFT size is scalable from 128 to 

2,048. When the available bandwidth increases, the FFT size is also increased such that 

the subcarrier spacing is always 10.48 kHz. This keeps the OFDM symbol duration, 

which is the basic source unit, fixed and therefore makes scaling have minimal impact on 

higher layers. A scalable design also keeps the cost low. The subcarrier spacing of 10.94 

kHz was chosen as a good balance between satisfying the delay spread and doppler 

spread requirements for operating fixed and mobile environments. This subcarrier 

spacing can support delay-spread up to 20 s and vehicular speed up to 125 km/h when 

operating in the 3.5 GHz spectrum.  A subcarrier spacing of 10.94 kHz implies that 128, 

512, 1024, and 2,048 bit FFT are used when the channel bandwidth is 1.25MHz, 5MHz, 

10MHz, and 20MHz. 

 

Table 2.2 OFDM parameters used in WiMAX                     from [13] 

 
a. Boldface is initial mobile WiMAX profile 

b. For downlink partial usage of subcarrier 
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2.3 Features of WiMAX 

WiMAX is a wireless broadband solution that offers a rich set of features with a lot of 

flexibility in terms of deployment options and potential service offerings. Some of the 

more salient features are as follows : 

OFDM based physical layer: The WiMAX physical layer is based on orthogonal 

frequency division multiplexing, a scheme that offers good resistance to multipath, and 

allows WiMAX to operate in NLOS conditions. OFDM is recognized as the method of 

choice for mitigating multipath for broadband wireless. We will discuss this in detail later. 

Very high peak data rate: WiMAX is capable of supporting very high peak data rates. 

The peak data rate can be as high as 74 Mbps when operating using a 20 MHz wide 

spectrum. More typically, using a 10 MHz spectrum operating using a TDD scheme with 

a 3:1 down-link to uplink ratio, the peak PHY data rate is about 25 Mbps and 6.7 Mbps 

for the downlink and the uplink, respectively. These peak data rates are achieved when 

using 64 QAM modulation with rate 5/6 error-correcting coding. Under very good signal 

conditions, even higher peak rates may be achieved using multiple antennas and spatial 

multiplexing. 

Scalable bandwidth and data rate support: WiMAX has a scalable physical layer 

architecture that allows for the data rate to scale easily with available bandwidth. This 

scalability is supported in the OFDMA mode, where the FFT size may be 128, 512, or 

1,048 bits based on the channel bandwidth. This scaling may be done dynamically to 

support user roaming across different networks that may have different bandwidth 

allocation. 

Adaptive modulation and coding (AMC): WiMAX supports a number of modulation 

and forward error correction (FEC) coding schemes and allows the scheme to be changed 

on a per user and per frame basis, based on channel condition. AMC is an effective 

mechanism to maximize throughput in a time-varying channel. The adaptation algorithm 

typically calls for the use of the highest modulation and coding scheme that can be 
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supported by the signal to noise and interference ratio at the receiver, such that each user 

is provided with the highest possible data rate that can be supported in their respective 

links. 

Link layer retransmission: For connections that require enhanced reliability, WiMAX 

supports automatic retransmission request (ARQ) at the link layer. ARQ-enabled 

connections require each transmitted packet to be acknowledged by the receiver; 

unacknowledged packets are assumed to be lost and are retransmitted. WiMAX also 

optionally supports hybrid-ARQ which is an effective hybrid between FEC and ARQ. 

Support for TDD and FDD:  IEEE 802.16-2004 and IEEE 802.16e-2005 support both  

time division duplexing and frequency division duplexing, as well as half-duplex FDD, 

which allows for a low cost system implementation. TDD is favored by a majority of 

implementations because of its advantages: flexibility in choosing uplink to downlink 

data rate ratios, the ability to exploit channel reciprocity, the ability to implement in 

nonpaired spectra, and less complex transceiver design. All the initial WiMAX profiles 

are based on TDD, except for two fixed WiMAX profiles in 3.5 GHz. 

Orthogonal frequency division multiple access (OFDMA): Mobile WiMAX uses 

OFDM as a multiple-access technique, whereby different users can be allocated different 

subsets of the OFDM tones. OFDMA facilitates the exploitation of frequency diversity 

and multiuser diversity to significantly improve the system capacity. 

Flexible and dynamic per user resource allocation: Both uplink and downlink resource 

allocation are controlled by a scheduler in the base station. Capacity is shared among 

multiple users on a demand basis, using a burst TDM scheme. When using the OFDMA 

physical mode, multiplexing is additionally done in the frequency dimension, by 

allocating different subsets of OFDM subcarriers to different users. Resources may be 

allocated in the spatial domain using the optional advanced antenna systems. The 

standard allows for bandwidth resources to be allocated in time, frequency, and space and 

has a flexible mechanism to convey the resource allocation information on a frame by 

frame basis. 
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Support for advanced antenna techniques: The WiMAX solution has a number of 

options for physical layer design, which allows for the use of multiple-antenna techniques, 

such as beamforming, space time coding, and spatial multiplexing. These schemes can be 

used to improve the overall system capacity and spectral efficiency by deploying multiple 

antennas at the transmitter and receiver. 

Quality of service support: The WiMAX MAC layer has a connection oriented 

architecture that is designed to support a variety of applications, including voice and 

multimedia services. The system offers support for constant bit rate, variable bit rate, 

real-time and non-real-time traffic flow, and best data traffic. WiMAX MAC is designed 

to support a large number of users, with multiple connections per terminal, each with its 

own QoS requirement. 

Robust security: WiMAX supports strong encryption, using advanced encryption 

standard, and has a robust privacy and key management protocol. The system also offers 

very flexible authentication architecture based on Extensible Authentication Protocol 

(EAP) which allows for a variety of user credentials, including username / password, 

digital certificate, and smart card. 

Support for mobility: The mobile WiMAX variant of the system has mechanisms to 

support secure seamless handovers for delay-tolerant full-mobility applications, such as 

VoIP. The system also has built-in support for power saving mechanisms that extend the 

battery life of handheld subscriber devices. Physical layer enhancements, such as more 

frequent channel estimation, uplink subchannelization, and power control, are also 

specified in support of mobile applications. 

IP-based architecture: The WiMAX Forum has defined a reference network 

architecture that is based on an all IP platform. All end-to-end services are delivered over 

an IP architecture relying on IP-based protocols for end-to-end transport, QoS, session 

management, security, and mobility. Reliance on IP allows WiMAX to reduce the cost of 

IP processing, facilitate easy convergence with other networks, and exploit the rich 

system for application development that exists for IP.  
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2.4 IEEE 802.16 protocol layer 

The IEEE 802.16 standard is structured in the form of a protocol stack with well defined 

interfaces. The MAC layer is formed by three layers [13]:  

 Service Specific Convergence Sub-layer (CS) 

 MAC Common Part Sub-layer (CPS) 

 Privacy Sub-layer 

The MAC CS receives higher level data through a CS Service Access Point (SAP) and 

provides transformation and mapping into the MAC Service Data Unit (SDU). The MAC 

SDUs are then received the data by the MAC CPS through the MAC SAP. The 

specification targeted two types of traffic transported through IEEE 802.16 networks: 

Asynchronous Transfer Mode (ATM) and Packets. Thus, multiple CS specifications are 

available for interfacing with various protocols. 

The MAC CPS is the core part of the MAC layer, defining medium access method. The 

CPS provides functions related to duplexing and channelization, channel access, PDU 

framing, network entry and initialization. This provides the rules and mechanism for 

system access, bandwidth allocation and connection maintenance. QoS decisions for 

transmission scheduling are also performed within the MAC CPS. 

Security is a major issue for military networks. The Privacy layer lies between the MAC 

CPS and the PHY layer.  This sub-layer provides the mechanism for encryption and 

decryption of data transferring to and from the PHY layer and is also used for 

authentication and secure key exchange. Data, PHY control, and statics are transferred 

between the MAC CPS and the PHY through the PHY SAP. 

The PHY layer includes multiple specifications, which make the standard adaptable to 

different frequency ranges. The flexibility of the PHY enables the system designers to 

tailor their system according to the requirements. The PHY specifies some mandatory 

features to be implemented with the system, including some optional features [13]. 
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2.6 Application of IEEE 802.16 based network: 

In the wireless commercial off the shelf market, thanks to some features, WiMAX may 

represents a suitable technology for a set of military operational scenarios. Those main 

attractive features are wide coverage, robustness of OFDM waveforms, capacity of 

services, support for mobility. 

IEEE 802.16 supports ATM, IPV4, IPV6, Ethernet and Virtual Local Area Network 

services [14]. Thus, it can provide a rich choice of service possibilities to voice and data 

network service providers. It can be used for a wide selection of wireless broadband 

connections and solutions.  

 Cellular Backhaul: IEEE 802.16 wireless technology can be an excellent choice 

for backhaul for commercial enterprises, such as hotspots, as well as point-to-

point backhaul applications due to its robust bandwidth and long range. 

 Residential Broadband: Practical limitations like long distance and lack of 

channels prohibit many potential broadband customers reaching DSL and cable 

technologies. IEEE 802.16 can fill the gaps in cable and DSL coverage. 

 Underserved Area: In many rural areas, especially in developing countries, there 

exists no wired infrastructure. IEEE 802.16 can be a better solution to provide 

communication service to those areas using fixed CPE and high-gained antenna 

 Always Best Connected: As IEEE 802.16e supports mobility, the mobile user in  

business areas can access high speed services through their IEEE 802.16 enabled 

handheld devices like a PDA, Pocket PC, smart phone and so on. 

 Integrated Military Operation: All combat assets are integrated, each asset can be 

considered as one IP. Therefore, friendly forces synchronize airspace control, 

traffic control, attack / defense operation [16]. 
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2.7 WiMAX forum and adaptation of IEEE 802.16 

The Worldwide Interoperability for Microwave Access (WiMAX) forum is an alliance of 

telecommunication equipment and components manufacturers and service providers, 

formed to promote and certify the compatibility and interoperability of BWA products 

employing the IEEE 802.16 and ETSI HyperMAN wireless specifications [8]. WiMAX 

Forum CertifiedTM equipment is proven interoperable with other vendors' equipment that 

is also WiMAX Forum Certified
TM

 [17]. So far, the WiMAX forum has set up 

certification laboratories in Spain, Korea and China. Additionally, the WiMAX forum 

creates what it calls "System Profiles", which are specific implementations, selections of 

options within the standard, to suit particular ensembles of service offerings and 

subscriber populations [18]. 

The WiMAX forum has adopted two versions of the IEEE 802.16 standard to provide 

different types of access for multivendor interoperability: 

 Fixed / Nomadic Access : The WiMAX forum has adopted IEEE 802.16-2004 

and the ETSI HyperMAN standard for fixed and nomadic access. This uses 

Orthogonal Frequency Division Multiplexing and is able to provide support in 

Line of Sight(LOS) and Non Line of Sight(NLOS) propagation environments. 

Both outdoor and indoor CPEs are available for fixed access. The main focus of 

the WiMAX forum profiles are on the 3.5 GHz and 5.8 GHz frequency bands [9]. 

 Portable / Mobile Access : The forum has adopted the IEEE 802.16e version of 

the standard, which has been optimized for mobile radio channels. This uses 

Scalable OFDM Access and provides support for handoffs and roaming. IEEE 

802.16e based network is also able to provide fixed access. The Mobile WiMAX 

profiles will cover 5, 7, 8.75 and 10MHz channel bandwidths for licensed 

worldwide spectrum allocations in the 2.3 GHz, 2.5GHz, 3.3 GHz and 3.5 GHz 

frequency band [19]. 
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3. IEEE 802.16 Physical Layer 

This chapter discusses the different variants of the IEEE 802.16 PHY layer and their 

capabilities and conditions of operation. The OFDM based physical layer will be 

overviewed with its various mechanisms. Finally, the chapter concludes with a discussion 

of OFDM technology and its design considerations.  

 

3.1 IEEE 802.16 PHY interface variants 

The standard has assigned a unique name to each physical interface. They have been 

described below, along with their supported features in brief [13]. 

WirelessMA�-SC
TM

: This is the only PHY specification designed to operate in the 10-

66 GHz frequency band. It employs single carrier modulation with adaptive burst 

profiling, in which transmission parameters, including the modulation and coding 

schemes, may be tuned individually to each subscriber (SS) on a frame by frame basis. 

The standard both supports Frequency Division Duplexing (FDD) and Time Division 

Duplexing (TDD) to separate uplink and downlink. The standard also supports half 

duplex FDD SS, which may be less expensive as they do not transmit and receive 

simultaneously. This duplexing technique is common to all the PHY specifications. 

Access in the uplink direction is done by a combination of time division multiple access 

(TDMA) and Demand Assignment Multiple Access (DAMA). Communication on the 

downlink architecture is employed using Time Division Multiplexing (TDM). It also 

specifies the randomization, forward error correction (FEC), modulation and coding 

schemes. 

WirelessMA�-SCa
TM

: This is also based on single carrier modulation targeted for the 2-

11 GHz frequency range. Access is done by TDMA technique both in uplink and 

downlink. Additionally, TDM is also supported in downlink. 

WirelessMA�-OFDM: This is based on orthogonal frequency division 

multiplexing(OFDM) with a 256 point transform to support multiple SS in the 2-11 GHz 
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frequency band. The WiMAX forum has adopted this PHY specification for BWA and 

employing OFDM and other features like multiple forward error correction method, this 

is the most suitable candidate to provide fixed support in NLOS environment.  

WirelessMA�-OFDMA
TM

: This PHY specification uses OFDM access with at least a 

single support of a specified multi-point transform (128, 512, 1024, 2048) to provide 

combined fixed and mobile BWA. Operation is limited to below the 11GHz licensed 

band. In this specification, multiple access is provided by addressing a subset of the 

multiple carriers to individual receivers. 

WirelessHUMA�
TM

: This specification is targeted for license exempt bands below 

11GHz. Any of the air interfaces specified for 2-11 GHz can be used for this. This 

supports only TDD for duplexing. 

Variant Operation band Duplexing Technique Notes 

WirelessMAN-SC
TM

 10-66GHz TDD 

FDD 

Single carrier 

WirelessMAN-SCa
TM

 2-11GHz  

Licensed band 

TDD 

FDD 

Single carrier for NLOS 

WirelessMAN-OFDM 2-11GHz  

Licensed band 

TDD 

FDD 

OFDM for NLOS 

WirelessMAN-

OFDMA
TM

 

2-11GHz  

Licensed band 

TDD 

FDD 

OFDM broken into 

subgroup to provide 

multiple access in al 

single frequency band 

WirelessHUMAN
TM

 2-11GHz  

Licensed band 

TDD SC, OFDM, OFDMA, 

include frequency 

selection to mitigate 

interference 

Table 3.1 802.16 PHY Interface 
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3.2 IEEE 802.16 PHY layer 

The IEEE 802.16 standard supports multiple physical specifications due to its modular 

nature. The first version of the standard only supported single carrier modulation. Since 

that time, OFDM and scalable OFDMA have been included to operate in NLOS 

environments and to provide mobility. The standard has been extended for use in 

frequency bands below 11 GHz, along with the 10-66 GHz bands. 

The IEEE 802.16 supported licensed and unlicensed bands of interest are as follows: 

 10-66 GHz licensed bands: In this frequency band, due to shorter wave length, 

line of sight operation is required and, as a result, the effect of multipath 

propagation is neglected. The standard provides data rates up to 120 Mbps in this 

frequency band. The abundant availability of bandwidth is also another reason to 

operate in this frequency range. Unlike the lower frequency ranges where 

frequency bands are often less than 100MHz wide, most frequency bands above 

20 GHz can provide several hundred MHz of bandwidth [18]. Additionally, 

channels within these bands are typically 25 or 28 MHz wide [8]. 

 2-11 GHz licensed and licensed exempt: In this frequency band, both licensed 

and licensed exempt bands are addressed. Additional physical functionality 

supports have been introduced to operate in LOS and NLOS environments and to 

mitigate the effect of multipath propagation. In fact, many of the IEEE 802.16 

PHY's capabilities are found in this frequency range. Operation in licensed 

exempt bands experiences additional interference and coexistence issues. The 

PHY and MAC address mechanism like Dynamic Frequency Selection (DFS) to 

detect and avoid interference for license exempt bands. Though service provision 

in this frequency band highly depends on design goals, vendors typically cite 

target aggregate data rates of up to 70 Mbps in a 14 MHz channel [14]. 
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3.2.1 Channel coding 

In IEEE 802.16e-2005, the channel coding stage consists of the following steps : data 

randomization, channel coding, rate matching, HARQ (if used), and interleaving. Data 

randomization is performed in the uplink and downlink, using the output of a maximum 

length shift register sequence that is initialized at the beginning of every FEC block. The 

shift register sequence is modulo 2, added with the data sequence to create the 

randomized data. The purpose of the randomization stage is to provide layer 1 encryption 

and to prevent a rogue receiver from the decoding the data. When HARQ is used, the 

initial seed of the shift register sequence for each HARQ transmission is kept constant in 

order to enable joint decoding of the same FEC block over multiple transmissions. 

Channel coding is performed on each FEC block, which consists of an integer number of 

subchannels. A subchannel is the basic unit of resource allocation in the physical layer 

and comprises several data and pilot subcarriers. The exact number of data and pilot 

subcarriers in a subchannel depends on the subcarrier permutation scheme (it will be 

explained in detail next chapter). The maximum number of subchannels in an FEC block 

is dependent on the channel coding scheme and the modulation constellation. If the 

number of subchannels required for the FEC block is larger than this maximum limit, the 

block is first segmented into multiple FEC subblocks. 

Convolutional Coding: The mandatory channel coding scheme in IEEE 802.16e-2005 is 

based on binary nonrecursive convolutional coding. The convolutional encoder uses a 

constituent encoder with a constraint length of 7 and a native code rate of 1/2. The output 

of the data randomizer is encoded using this constituent encoder. In order to initialize the 

encoder to the 0 state, each FEC block is padded with a certain value at the end. In the 

OFDMA mode, tailbiting is used to initialize the encoder. The 6 bits from the end of the 

data block are appended to the beginning, to be used as flush bits. These appended bits 

flush out the bits left in the encoder by the previous FEC block.  The first12 parity bits 

that are generated by the convolutional encoder, which depend on the 6 bits left in the 

encoder by the previous FEC block, are discarded. Tailbiting is slightly more bandwidth 
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efficient than using flush bits since the FEC blocks are not padded unnecessarily. 

However, tailbiting requires a more complex decoding algorithm, since the starting and 

finishing states of the decoder are no longer known. In the case of a convolutional Viterbi 

decoder, the start and end states of the trellis are the 0 state. In order to achieve a code 

rate higher than 1/2, the output of the encoder is punctured, using the puncturing pattern. 

In the downlink of the OFDM mode, where subchannelization is not used, the output of 

the data randomizer is first encoded using an outer systematic Reed Solomon (RS) code 

and then encoded using an inner rate half bianry convolutional encoder. The RS code is 

derived from a systematic RS (N=255, K=239, T=8) code using galois fields (2
8
). 

 

Figure 3.2.1Convolutional encoder and tailbiting  (from[13]) 

Turbo Codes: Apart from the mandatory channel coding schemes, several optional 

channel coding schemes such as block turbo codes, convolutional turbo codes, and low 

density turbo codes are defined in IEEE802.16e-2005. Of these optional channel coding 
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modes, the convolutional turbo codes are useful because of their superior performance 

and high popularity in other broadband wireless system like HSDPA, WCDMA, and 

1xEV-DO. WiMAX uses duobinary turbo codes with a constituent recursive encoder of 

constraint length 4. In duo binary turbo codes two consecutive bits from the uncoded bit 

sequence are sent to the encoder simultaneously. Unlike the binary turbo encoder used in 

HSDPA and 1xEV-DO, which has a single generating polynomial for one parity bit, the 

duobinary convolution encoder has two generating polynomials, 1+D
2
+D

3
 and 1+D

3
 for 

two parity bits. Since two consecutive bits are used as simultaneous inputs, the encoder 

has four possible state transitions, compared to two possible state transitions for a binary 

turbo encoder. 

Block Turbo Codes and LDPC codes:  Other channel coding schemes like block turbo 

codes and LDPC codes, have been defined in WiMAX as optional channel coding 

schemes, but it is difficult to implemented in fixed or mobile WiMAX because most 

equipment manufacturers have decided to implement the convolutional turbo codes for 

their superior performance over other FEC schemes. The block turbo codes consist of two 

binary extended Hamming codes that are applied on natural and interleaved information 

bit sequences. In the LDPC codes, each of the fundamental codes is a systematic linear 

block code that can accommodate various code rates and packet sizes. The LDPC code 

can flexibly support various block sizes for each code rate through the use of an 

expansion factor. 

 

3.2.2 Hybrid-ARQ 

IEEE 802.16e-2005 supports both type 1 HARQ and type 2 HARQ. In type 1 HARQ, 

also referred to as chase combining, the redundancy version of the encoded bits is not 

changed from one transmission to the next: The puncturing pattern remains same. The 

receiver uses the current and all previous HARQ transmissions of the data block in order 

to decode it. With each new transmission, the reliability of the encoded bits improves, 

thus reducing the probability of error during the decoding stage. This process continues 
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until either the block is decoded without error-[passes the cyclic redundancy check 

(CRC)]-or the maximum number of allowable HARQ transmission is reached. When the 

data block cannot be decoded without error and the maximum number of HARQ 

transmissions is reached, a higher layer, such as MAC or TCP/IP, retransmits the data 

block. In that case, all previous transmissions are cleared, and the HARQ process starts 

over. 

In the case of type 2 HARQ, also referred to as incremental redundancy, the redundancy 

version of the encoded bits is changed from one transmission to the next. Thus, the 

puncturing pattern changes from one transmission to the next, not only improving the 

likelihood ratio of the parity bits, but also reducing the code rate with each additional 

transmission. Incremental redundancy leads to lower bit error rate and block error rate 

than in chase combining. The puncturing pattern to be used for a given HARQ 

transmission is indicated by the subpacket identity (SPID). By default, the SPID of the 

first transmission is always 0, which ensures that all the systematic bits are sent, as only 

the parity bits are punctured, and the transmission is self-decodable. The SPIDs of the 

subsequent transmissions can be chosen by the system. 

 

Figure 3.2.2 The HARQ process with incremental redundancy (from[13]) 
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3.2.3 Interleaving 

After channel coding, the next step is interleaving. The encoded bits are interleaved using 

a two step process. The first step provides frequency diversity and improves the 

performance of the decoder. The second step ensures that adjacent bits are alternately 

mapped to less and more significant bits of the modulation constellation. It should be 

noted that interleaving is performed independently on each FEC block. The separation 

between the subcarriers which two adjacent bits are mapped onto, depends on the 

subcarrier permutation schemes used. This is very important because for 16 QAM and 64 

QAM constellations, the probability of error for all the bits is not the same. The 

probability of error of the most significant bit is less than that of the least significant bit 

for the modulation constellations.  

When convolutional turbo codes are used, the interleaver is bypassed, since a subblock 

interleaver is used within the encoder, and we can find out detailed explanation and 

equations of interleaving in section 4.1.5 

 

3.2.4 Symbol Mapping 

During the symbol mapping stage, the sequence of binary bits is converted to a sequence 

of complex valued symbols. The mandatory constellations are QPSK and 16 QAM, with 

an optional 64 QAM constellation also defined in the standard. Although the 64 QAM is 

optional, most WiMAX system will implement it for the downlink. 

Each modulation constellation is scaled by a number such that the average transmitted 

power is unity, assuming that all symbols are equally likely.  

The value is 1 1 1, ,
2 10 42

 for QPSK, 16 QAM, and 64 QAM modulations, 

respectively. The symbols are further multiplied by a pseudorandom unitary number to 

provide additional layer 1 encryption. 

1
2( )

2
k k k

S w S= −  
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where k is the subcarrier index, and 
kw is a pseudorandom number generated by a shift 

register of memory order 11. Preamble and midamble symbols are further scaled by 2 2 , 

which signifies an eight-fold boost in the power and allows for more accurate 

synchronization and various parameter estimations. 

 

3.2.5 OFDM symbol structure 

In an OFDM system, a high data rate sequence of symbols is spilt into multiple parallel 

low data rate sequences, each of which is used to modulate an orthogonal subcarrier. The 

transmitted baseband signal that is an summation of the signal in all the subcarriers can 

be presented 
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where [ ]s i  is the symbol carried on the ith subcarrier,  Bc is the frequency separation 

between two adjacent subcarriers, also referred to as the subcarrier bandwidth, f∆ is the 

frequency of the first subcarrier, and T' is the total useful symbol duration without cyclic 

prefix, L is the number of subcarriers. At the receiver, the symbol sent on a specific 

subcarrier is retrieved by integrating the received signal with a complex conjugate of the 

tone signal over the entire symbol duration T'. If the time and frequency synchronization 

between the transmitter and the receiver is perfect, the orthogonality between the 

subcarriers is preserved at the receiver. When the time and frequency synchronization 

between transmitter and receiver is not perfect, the orthogonality between the subcarriers 

is lost, resulting in intercarrier interference. Timing mismatch can occur due to 

misalignment of the clocks at the transmitter and the receiver and propagation delay of 

the channel. Frequency mismatch can occur owing to relative drift between the oscillators 

at the transmitter and the receiver and nonlinear channel effects like Doppler shift. The 

flexibility of the WiMAX PHY layer allows one to make an optimum choice of various 

PHY layer parameters, such as cyclic prefix length, number of subcarriers, subcarrier 
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Figure 3.2.5 shows a typical frequency domain representation of an IEEE 802.16e-2005 

OFDM containing the data subcarriers pilot subcarriers, and null subcarriers. The power 

in the pilot subcarriers is boosted by 2.5 dB allowing reliable channel tracking even at 

low SNR conditions. 

Table 3.2.5 Primitive parameter for OFDM Symbol a  

 
a. Not all values are part of the initial WiMAX profile. 

b. 8.75MHz channel bandwidth is for WiBro 

 

3.2.6 Subchannelization 

The available subcarriers may be divided into several groups called subchannels. Fixed 

WiMAX, based on OFDM-PHY, allows a limited form of subchannelization in the uplink 

only. The standard defines 16 subchannels, where 1, 2, 4, 8, or all sets can be assigned to 

a subscriber station in the uplink. Uplink subchannelization in fixed WiMAX allows a 

subscriber station to transmit using only a fraction of the bandwidth allocated to it by the 

base station, which provides link budget improvements that can be used to enhance range 

performance and improve battery life of subscriber station.  

Mobile WiMAX based on OFDMA-PHY, however, allows subchannelization in both the 

uplink and the downlink, and here, subchannels form the minimum frequency resource 

unit allocated by the base station. Therefore, different subchannels may be allocated to 

different users as a multiple access mechanism. This type of multiaccess scheme is called 

orthogonal frequency division multiple access. 

Subchannels may be constituted using either contiguous subcarriers or subcarriers 

pseudorandomly distributed across the frequency diversity, which is particularly useful 
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for mobile applications. WiMAX defines several subchannelization schemes based on 

distributed carriers for both the uplink and downlink. One, called partial usage of 

subcarriers (PUSC), is mandatory for all mobile WiMAX implementations. The initial 

WiMAX profiles define 15 and 17 subchannels for the downlink and the uplink for PUSC 

operation in 5 MHz. 

The subchannelization scheme based on contiguous subcarriers in WiMAX is called band 

adaptive modulation and coding (AMC). Although frequency diversity is lost, band AMC 

allows system designers to exploit multiuser diversity, allocating subchannels to users 

based on their frequency response. 

In order to create the OFDM symbol in the frequency domain, the modulated symbols are 

mapped on to the subchannels that have been allocated for the transmission of the data 

block. A subchannel, as defined in the IEEE 802.16e-2005 standard, is a logical 

collection of subcarriers. The number and exact distribution of the subcarriers that 

constitute a subchannel depend on the subcarrier permutation mode. The number of 

subchannels allocated for transmitting a data block depends on various parameters, such 

as the size of the data block, the modulation format, and the coding rate. In the time and 

frequency domains, the contiguous set of subchannels allocated to a single user or a 

group of users in case of multicast is referred to as the data region of the user and is 

always transmitted using the same burst profile. A burst profile refers to the combination 

of the chosen modulation format, code rate, and type of FEC. 

The subcarriers that constitute a subchannel can either be adjacent to each other or 

distributed throughout the frequency band, depending on the subcarrier permutation 

mode. A distributed subcarrier permutation provides better frequency diversity, wheras 

an adjacent subcarrier distribution is more desirable for beamforming and allows the 

system to exploit multiuser diversity. 

In full usage of subcarriers, the pilot subcarriers are allocated first, and then the 

remainders of subcarriers are mapped onto the various subchannels. 
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Table 3.2.6 Parameter for FUSC permutation (depends on FFT points) 

 
a. The 256 mode does not use FUSC but listed for completeness 

 

3.2.7 Synchronization 

In order to demodulate an OFDM signal, the receiver needs to perform two important 

synchronization processes. First, the timing offset of the symbol and the optimal timing 

instants need to be determined. This is referred to as timing synchronization. Second, the 

receiver must align its carrier frequency as closely as possible with the transmitted carrier 

frequency. This is referred to as frequency synchronization. Compared to single-carrier 

systems, the timing synchronization requirements for OFDM are in fact less important, 

since the OFDM symbol structure naturally accommodates a reasonable degree of 

synchronization error. On the other hand, frequency synchronization requirements are 

significantly more important, since orthogonality of the data symbols is reliant on their 

being individually discernible in the frequency domain. Figure 3.2.7 shows an OFDM 

symbol in time and frequency. In the time domain, the IFFT effectively modulates each 

data symbol onto a unique carrier frequency. The transmitted signal is the superposition 

of all the individual carriers. Since the time window is T=1 sec and a rectangular 

window is used, the frequency response of each subcarrier becomes a sinc function with 

zero crossing every 1/T=1MHz. 
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   X-axis: Time(sec)    Y-axis: amplitude                   X-axis: Frequency(MHz)    Y-axis: amplitude 

Figure 3.2.7 OFDM Synchronization    (from[13]) 

 

If the timing window is slid to the left or the right, a unique phase change will be 

introduced to each of the subcarriers. In the frequency domain, if the carrier frequency 

synchronization is perfect, the receiver samples at the peak of each subcarrier, where the 

desired subcarrier amplitude is maximized, and the intercarrier interference is zero. 

However, if the carrier frequency is misaligned by some amount, some of the desired 

energy is lost and intercarrier interference is introduced. 

If perfect synchronization is not maintained, it is still possible to tolerate a timing offset 

of  seconds without any degradation in performance, as long as 0< <Tm-Tg, where Tg 

is the guard time, and Tm is the maximum channel delay spread. 

In WiMAX, accurate synchronization and channel estimation are considered important 

enough to warrant the use of pilot symbols. 
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3.3 WirelessMA� OFDMA PHY Layer 

In the IEEE 802.16e-2005 specifications, PHY layer has been modified to SOFDMA 

(scalable OFDMA), where the FFT size is variable and can take any one of the following 

values: 128, 256, 512, 1024, 2048. The variable FFT size allows for optimum operation 

of the system over a wide range of channel bandwidths and radio condition [13].  

In chapter 4 simulation, we chose a 256 bit FFT size due to the lower peak to average 

ratio and faster FFT calculation. The size of the FFT point determines the number of 

subcarriers. Of these 256 subcarriers, 192 are used for user data, 56 are used for guard 

band and 8 are used as pilot subcarriers for various estimation purposes. The PHY allows 

a variable CP length of 8, 16, 32 or 64 subcarriers depending on the expected channel 

delay spread. In the following, we will discuss the other mechanisms of the PHY layer. 

 

3.3.1 Flexible Channel Bandwidth 

The channel bandwidth can be an integer multiple of 1.25 MHz, 1.5MHz, 1.75MHz, 

2MHz or 2.75 MHz to a maximum of 20MHz. But the WiMAX forum has initially 

narrowed down the large choice of possible bandwidth to a few possibilities to ensure 

interoperability between different vendor's products [20]. 

 

3.3.2 Robust Error Control Mechanism 

Forward Error Correction (FEC) is done in two phases through the outer Reed-Solomon 

(RS) Code and inner Convolutional Code (CC). The RS coder corrects burst error at the 

byte level. It is particularly useful for OFDM links in the presence of multipath 

propagation. The CC corrects independent bit errors. The puncturing functionality in CC 

made the concatenated codes rate compatible as specification. The support of 

convolutional turbo code (CTC) and low density parity check (LDPC) are left as an 
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optional feature to increase the coverage and capacity with the expense of increased 

decoding latency and complexity [13]. 

 

3.3.3 Adaptive modulation and coding 

The specified modulation scheme in the downlink and uplink are binary phase shift 

keying, quarternary PSK, 16-QAM and 64-QAM to modulate bits to the complex 

constellation points. The FEC options are paired with the modulation schemes to form 

burst profiles. The PHY specifies seven combinations of modulation and coding rate, 

which can be allocated selectively to each subscriber, in both UL(up link) and DL(down 

link). There are trade-offs between data rate and robustness, depending on the 

propagation conditions [14]. 

 

3.3.4 Adaptive antenna system 

The PHY optionally supports and provides a signaling structure that enables the use of 

adaptive antenna systems. The feature enables the transmission of DL and UL bursts 

using directed beams, each intended for one or more SSs. In addition, the feature allows 

SS to deliver channel quality feedback to the BS [13]. 

 

3.3.5 Transmit diversity 

Space Time Block Codes (STBC) can be implemented in the DL to provide transmit 

diversity. The feature is optional to implement. Alamouti STBC has been proposed as a 

good candidate to implement this feature providing diversity in time and space [13]. 
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3.4 OFDM 

OFDM can be viewed as a form of frequency division multiplexing (FDM) with the 

special property that each tone is orthogonal to every other, but it is different from FDM 

in several ways [14]. 

Firstly, FDM requires the existence of frequency guard bands between the frequencies so 

that they do not interfere with each other.  

Secondly, OFDM allows the spectrum of each tone to overlap, and because they are 

orthogonal, they do not interfere with each other. 

Finally, the overall amount of required spectrum is reduced due to the overlapping of the 

tones. 

 

3.4.1 Multicarrier modulation 

In a single carrier modulation system, the data is sent serially over the channel by 

modulating one single carrier at a rate of R symbols per second, representing the data 

symbol period Tsym = 1/R [13]. 

The basic idea of multicarrier modulation is that the available bandwidth, W, is divided 

into a number of subbands, Nc, commonly called subcarriers. Each one of these 

subcarriers has a width of f=W/Nc, W is bandwidth, Nc is number of subcarriers. 

Instead of transmitting the data symbols in a serial way at a rate R, a multicarrier 

transmitter partitions the data stream into blocks of Nc data symbols and those are 

transmitted in parallel by modulating the Nc subcarriers. The symbol duration for a 

multicarrier scheme is then Tsym = Nc / R.  

One of the main advantages of using multicarrier modulation is that inter-symbol 

interference can be reduced when the number of subcarriers, Nc, increases. In a multipath 

fading channel, ISI (Inter Symbol Interference) can appear due to the fact that the time 

dispersion is significant compared to the symbol period. If a single carrier modulation is 
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used, a complex equalizer for compensating the channel distortion is needed. However, 

the multicarrier modulation simplifies the equalization into single multiplications in the 

frequency domain. 

 

3.4.2 Orthogonality 

In order to assure a high spectral efficiency, the subchannel waveforms must have 

overlapping transmit spectra. Nevertheless, to enable simple separation of these 

overlapping subchannels at the receiver, they need to be orthogonal. Orthogonality is a 

property that allows the signals to be perfectly transmitted over a common channel and 

detected without interference.  

However, loss of orthogonality results in blurring between these information signals and 

degradation in communication. 

A set of functions are orthogonal to each other if they match the conditions in the 

equation below. It means that if any two different functions within a set are multiplied 

and integrated over a symbol period, the result is zero for orthogonal functions: 

 

 

 

 

 

 

 

Each OFDM subcarrier has a sinc frequency response. This is the result of the symbol 

time corresponding to the inverse of the carrier spacing. The sinc shape has a narrow 

main lobe with many side lobes that decay slowly with the magnitude of the frequency 
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evenly spaced with a frequency gap equal to the carrier spacing

Figure 3.4.2 Spectrum of 

The orthogonal nature of the transmission is a result of the peak of each subcarrier 

corresponding to the nulls of all other subcarriers, as shown 

 

3.4.3 Multipath propagation

Passing the signal through a time

loss of the orthogonality appears due to ISI resulting ICI.

the symbol rate for an OFDM signal is much lower than 

scheme. It is because the OFDM system bandwidth is broken up into N

resulting in a symbol rate that is Nc times lower. This low symbol rate makes OFDM 

naturally resistant to effects of ISI caused by multipath propagation.

The multiple signals that appear due to the multipath propagation arrive at the receiver

different times and cause energy leakage between the OFDM symbols. Furthermore, in 

an FDM signal, the amplitude and phase of the subcarrier must remain constant over a 

period of the symbol in order to maintain the orthogona

not constant, the spectral shape will not have nulls at the correct frequencies, resulting 

ICI. 

 

3.4.4 Cyclic prefix 

In order to combat the effect of ISI on an OFDM signal, a guard period 

start of each symbol. This guard period, 

difference away from the center. Each carrier has a peak at its center frequency and nulls 

evenly spaced with a frequency gap equal to the carrier spacing 

Spectrum of OFDM signal (X-axis: frequency  Y-axis: amplitude)

The orthogonal nature of the transmission is a result of the peak of each subcarrier 

corresponding to the nulls of all other subcarriers, as shown above. 

3 Multipath propagation 

Passing the signal through a time-dispersive channel causes ISI. In an OF

loss of the orthogonality appears due to ISI resulting ICI. For a given system bandwidth

the symbol rate for an OFDM signal is much lower than the single carrier transmission 

scheme. It is because the OFDM system bandwidth is broken up into N

resulting in a symbol rate that is Nc times lower. This low symbol rate makes OFDM 

naturally resistant to effects of ISI caused by multipath propagation. 

The multiple signals that appear due to the multipath propagation arrive at the receiver

energy leakage between the OFDM symbols. Furthermore, in 

the amplitude and phase of the subcarrier must remain constant over a 

order to maintain the orthogonality of the subcarriers. If t

constant, the spectral shape will not have nulls at the correct frequencies, resulting 

 

In order to combat the effect of ISI on an OFDM signal, a guard period 

start of each symbol. This guard period, which is called the cyclic prefix
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frequency and nulls 

 

axis: amplitude) 

The orthogonal nature of the transmission is a result of the peak of each subcarrier 

dispersive channel causes ISI. In an OFDM system, a 

For a given system bandwidth, 

single carrier transmission 

scheme. It is because the OFDM system bandwidth is broken up into Nc subcarriers 

resulting in a symbol rate that is Nc times lower. This low symbol rate makes OFDM 

The multiple signals that appear due to the multipath propagation arrive at the receiver at 

energy leakage between the OFDM symbols. Furthermore, in 

the amplitude and phase of the subcarrier must remain constant over a 

lity of the subcarriers. If they are 

constant, the spectral shape will not have nulls at the correct frequencies, resulting in 

In order to combat the effect of ISI on an OFDM signal, a guard period is added to the 

which is called the cyclic prefix (CP), is a copy 



 

of the last part of the OFDM symbol, thus extending the length of the symbol waveform. 

Figure 3.4.4 shows the structure of an OFDM symbol. The CP is 

transmitted symbol and removed at the rec

length of the symbol can be written as Tsym = Tg + Tb, where Tsym is the total length

the symbol in samples, Tg is the length of the g

of the IFFT used to generate 

Figure 3.4.4 Cyclic Prefix

Consequently, the benefit obtained f

avoids ISI by acting as a guard band between t

converts the linear convolution with the channel impulse response into a cyclic 

convolution. 

However, the length of the cyclic prefix has to be chosen carefully. On 

should be at least as long as the signif

the transmitted signal, allowing some time for the

avoiding ISI and ICI. On the other hand, it should be as small as possible because the 

transmitted energy increases wi

Ratio). Moreover, the number of symbols per second that are transmitted per Hz of 

bandwidth also decreases with the CP. 

 

3.4.5 Benefits and d

We examined how OFDM work

 High spectral efficiency because of overlapping spectra

of the last part of the OFDM symbol, thus extending the length of the symbol waveform. 

shows the structure of an OFDM symbol. The CP is inserted

transmitted symbol and removed at the receiver before the demodulation. Then, the total 

length of the symbol can be written as Tsym = Tg + Tb, where Tsym is the total length

the symbol in samples, Tg is the length of the guard period in samples, and Tb is the size 

of the IFFT used to generate the OFDM signal, representing the useful symbol time.

Figure 3.4.4 Cyclic Prefix(X-axis: time  Y-axis: amplitude) 

Consequently, the benefit obtained from the addition of a cyclic prefix is twofold. First, it 

acting as a guard band between two successive symbols. Second, it 

converts the linear convolution with the channel impulse response into a cyclic 

However, the length of the cyclic prefix has to be chosen carefully. On 

should be at least as long as the significant part of the impulse response experienced by 

the transmitted signal, allowing some time for the transient signal to decay, and thus, 

avoiding ISI and ICI. On the other hand, it should be as small as possible because the 

transmitted energy increases with its length, causing a loss in the SNR (Signal to Noise 

. Moreover, the number of symbols per second that are transmitted per Hz of 

ses with the CP.  

drawbacks of OFDM  

how OFDM works and its characteristics. Here are some good points.

High spectral efficiency because of overlapping spectra 

38 

 

of the last part of the OFDM symbol, thus extending the length of the symbol waveform. 

inserted to the 

eiver before the demodulation. Then, the total 

length of the symbol can be written as Tsym = Tg + Tb, where Tsym is the total length of 
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converts the linear convolution with the channel impulse response into a cyclic 
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avoiding ISI and ICI. On the other hand, it should be as small as possible because the 

(Signal to Noise 

. Moreover, the number of symbols per second that are transmitted per Hz of 

some good points. 
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 Simple implementation by fast fourier transform 

 Low receiver complexity 

  High flexibility  

 Suitable for high-data rate-transmission 

 

A few drawbacks of OFDM are listed as follows: 

 An OFDM system is highly sensitive to timing and frequency offset. 

Demodulation of an OFDM signal with an offset in the frequency can lead to a 

high bit error rate 

 An OFDM system with a large number of subcarriers will have a higher peak to 

average power ratio compared to a single carrier system. High peak to average 

power ratio (PAPR) of a system makes the implementation of Digital to Analog 

and Analog to Digital conversion extremely difficult. 

 

3.5 Communication system 

All wireless digital communication systems must possess a few key building blocks.  

Even in a complicated wireless network, the entire system can be broken down into a 

collection of links, each consisting of a transmitter, a channel, and a receiver. 

 

3.5.1 Communication system building blocks 

The transmitter receives packets of bits from a higher protocol layer and sends those bits 

as electromagnetic waves toward the receiver. The key steps in the digital domain are 

encoding and modulation. The encoder generally adds redundancy that will allow error 

correction at the receiver. The modulator prepares the digital signal for the wireless 
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channel and may comprise a number of operations. The modulated digital signal is 

converted into a representative analog waveform by a digital to analog convertor and then 

upconverted to one of the desired WiMAX radio frequency bands. This RF signal is then 

radiated as an electromagnetic wave by a suitable antenna. 

The receiver performs essentially the reverse of these operations. After downconverting 

the received RF signal and filtering out signals at other frequencies, the resulting 

baseband signal is converted to a digital signal by an analog to digital convertor. This 

digital signal can be demodulated and decoded with energy-and space-efficient integrated 

circuits to reproduce the original bit stream. 

Naturally, the designer of a digital communication system has lots of choices. The IEEE 

802.16 standard focuses on the digital aspect of the wireless communication transmitter 

side. The receiver implementation is not specified. Each equipment manufacturer needs 

to develop efficient receiver algorithms.  

 

Figure 3.5.1 Wireless digital communication system    (from[13]) 

 

3.5.2 Channel 

Rayleigh and Rician fading model: A mobile channel is typically characterized by 

Rayleigh distribution for NLOS communications and Rician distribution for LOS if the 

dominating path is present. 
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For Rayleigh fading, the fading amplitude( (t)), is a zero-mean complex Gaussian; its 

magnitude has a Rayleigh probability density and its phase is uniformly distributed 

over [- , . The fading amplitude is described by the probability density function : 

2

2 2
( ) exp( )

2
Ray

a a
f a

σ σ
= −

.
 

When there is a dominating path; the channel is modeled as Rician. The parameter 2ρ  

represents the power of the received non-fading signal component, and OI is the modified 

Bessel function of the first kind and order zero. The Rician distribution is usually 

associated with a K-factor, which is defined as the ratio of the power of the deterministic 

signal to the variance of the multipath component.   
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If K approaches zero, then the Rician distribution degenerates into a Rayleigh distribution. 

If K goes to infinity, one path will contain the whole channel energy, corresponding to a 

LOS scenario. 
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Doppler spread and delay spread: Doppler spread is a measure of the spectral 

broadening caused by the time rate of change of the multipath components due to the 

relative motion between transmitter and receiver. Depending on the components change, 

the channel may be a fast or slow fading channel. Doppler frequency, 
df  , is related to v , 

the maximum speed between the transmitter and receiver, Cf , the carrier frequency, and 

c , the speed of light as 

C
D

vf
f

c
=

.
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 The coherence time is inversely proportional to Doppler spread. It is used to characterize 

the time-varying nature of the frequency dispersiveness of the channel in the time domain. 

The coherence time is given as 

1
C

D

T
f

≅
.

 

If the transmitter and the receiver are moving fast relative to each other and hence the 

Doppler is large, the channel will change much more quickly than the case when the 

transmitter and receiver are stationary. The signal transmitted through the channel will 

experience flat or frequency selective fading. The delay spread is a measure of the spread 

in time over which the multipath signals arrive. 

In this simulation, Doppler frequency used depends on aircraft speed. To get the Rayleigh 

block result, perfect channel estimation is assumed. 

 

Table 3.5.2 Fading Parameters (from[13]) 



 

3.5.3 The OFDM system model

OFDM  signals are typically generated digitally due to the difficulty in creating large 

banks of phase lock oscillators and receivers in the analog domain. Figure 3.

the block diagram of a such an OFDM system.

In the transmitter, the incoming data stream is grouped in blocks of Nc data symbols, 

which are the OFDM symbols, and can be represented by a vector. Next, an IFFT is 

performed on each data symbol block and a cyclic prefix of length Ng is added.

The received signal is, generally, the sum of a linear convolution 

the discrete channel impulse response, h(n), and an additive gaussian noise, w(n). It is 

implicitly assumed that the channel fading is slow enough to consider it constant during 

one symbol, and both transmitter and receiver are perfectly synchronized.

At the receiver, the cyclic prefix is removed, and then the data symbol is obtained by 

performing the FFT operation.

 

 

 

 

 

The OFDM system model 

OFDM  signals are typically generated digitally due to the difficulty in creating large 

banks of phase lock oscillators and receivers in the analog domain. Figure 3.

the block diagram of a such an OFDM system. 

Figure 3.5.3 OFDM system model 

In the transmitter, the incoming data stream is grouped in blocks of Nc data symbols, 

which are the OFDM symbols, and can be represented by a vector. Next, an IFFT is 

rmed on each data symbol block and a cyclic prefix of length Ng is added.

The received signal is, generally, the sum of a linear convolution of data symbols 

the discrete channel impulse response, h(n), and an additive gaussian noise, w(n). It is 

citly assumed that the channel fading is slow enough to consider it constant during 

one symbol, and both transmitter and receiver are perfectly synchronized.

At the receiver, the cyclic prefix is removed, and then the data symbol is obtained by 

the FFT operation. 
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OFDM  signals are typically generated digitally due to the difficulty in creating large 

banks of phase lock oscillators and receivers in the analog domain. Figure 3.5.3 shows 

 

In the transmitter, the incoming data stream is grouped in blocks of Nc data symbols, 

which are the OFDM symbols, and can be represented by a vector. Next, an IFFT is 

rmed on each data symbol block and a cyclic prefix of length Ng is added. 

of data symbols with 

the discrete channel impulse response, h(n), and an additive gaussian noise, w(n). It is 

citly assumed that the channel fading is slow enough to consider it constant during 

one symbol, and both transmitter and receiver are perfectly synchronized. 

At the receiver, the cyclic prefix is removed, and then the data symbol is obtained by 



 

4 Simulation Model 

The simulation model in Simulink

802.16e physical layer model

channel, and receiver.  

We will examine each of the three parts and the

implemented channel model

for LOS and AWGN was added

 

4.1 Transmitter 

In this part, we will discuss the different steps that the trans

sending data. The functional blocks are composed of the following.

We will go over each block and how the data can be generated and changed when they go 

through the blocks. Each OFDM symbol is composed of 192

subcarrier, 8 pilot subcarriers, and 55 guard carriers. 

symbol, it is needed to assemble the zero DC subcarrier, data, and pilot. After 

assembling process, zero padding 

passing it through the IFFT block, and lastly, a cyclic prefix is added to prevent ISI.

4.1.1 MAC PDU (Packet data unit)

According to the 802.16e standard 

can find this data sequence.

Simulink created in this thesis is based on the 

802.16e physical layer model [21]. This model consists of three parts: transmitter, 

each of the three parts and the implemented channel model. 

implemented channel model consists of a Rayleigh block for NLOS and 

for LOS and AWGN was added. 

In this part, we will discuss the different steps that the transmitter performs before 

sending data. The functional blocks are composed of the following. 

Figure 4.1 Transmitter 

each block and how the data can be generated and changed when they go 

Each OFDM symbol is composed of 192 data subcarriers, 1 zero DC 

subcarrier, 8 pilot subcarriers, and 55 guard carriers. Therefore, to build

symbol, it is needed to assemble the zero DC subcarrier, data, and pilot. After 

assembling process, zero padding is done. The signal is converted to the time domain by 

through the IFFT block, and lastly, a cyclic prefix is added to prevent ISI.

(Packet data unit) 

According to the 802.16e standard MAC layer, this block generates the data stream. We 

data sequence. 
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: transmitter, 

implemented channel model. The 

Rayleigh block for NLOS and a Rician block 

mitter performs before 

 

each block and how the data can be generated and changed when they go 

data subcarriers, 1 zero DC 

, to build an OFDM 

symbol, it is needed to assemble the zero DC subcarrier, data, and pilot. After the 

he signal is converted to the time domain by 

through the IFFT block, and lastly, a cyclic prefix is added to prevent ISI. 

nerates the data stream. We 



 

Table 4.1.1

By looking at the input data or 

1/29, which means that it can 

bits, 29 samples of length 232

(48+232=280). 

The input data are from the standard [

Table 4.1.1 Generic MAC Header Fields 

Figure 4.1.1 MAC PDU block 

he input data or the random integer, we can see that the sampling rate 

can generate 29 samples per second. So the Header length is 48 

bits, 29 samples of length 232 (integer per bit = 8). Therefore, the total length is 280

from the standard [22]. 
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sampling rate is 

Header length is 48 

total length is 280 bits 



 

4.1.2 Randomizer 

The information bits must be randomized before transmission to minimize the possibility 

of transmission of non-modulated subcarriers. This process is performed on each burst of 

data. In this case, a PN sequence generator is used

numbers using a 15-stage shift register with a generator polynomial of 1+X

XOR gates. 

Figure 4.1.2 Randomizer

After XOR gate, pad value '1' is added to make the column size 288 b

 

4.1.3 Block encoder

The coding process consists of 

scheme. The Reed-Solomon error correction process 

constructed from the data symbols to be transmitted, and then 

the polynomial is sent instead of the original symbols

A Reed-Solomon code is specified as RS(n, k, t) with l

encoder takes k data symbols of l bit each and adds 2t parity symbols to construct an n

symbol codeword. We can define n

bytes before encoding), t (number of data bytes that can be corrected).

The Reed-Solomon encoding can be derived from RS(n=255, k=239, t=8) code using 

Galois field specified as GF(2

p(x)=x
8
+x

4
+x

3
+x

2
+1 

 

The information bits must be randomized before transmission to minimize the possibility 

modulated subcarriers. This process is performed on each burst of 

PN sequence generator is used which generates pseudorando

stage shift register with a generator polynomial of 1+X

Figure 4.1.2 Randomizer (PN sequence structure) 

After XOR gate, pad value '1' is added to make the column size 288 bits

ncoder 

The coding process consists of a Reed-Solomon code and a convolutional code as a

Solomon error correction process states that first a polynomial is 

from the data symbols to be transmitted, and then an oversampled version 

instead of the original symbols [21]. 

Solomon code is specified as RS(n, k, t) with l-bit symbols. This means that the 

encoder takes k data symbols of l bit each and adds 2t parity symbols to construct an n

We can define n (number of bytes after encoding), k

(number of data bytes that can be corrected). 

Solomon encoding can be derived from RS(n=255, k=239, t=8) code using 

Galois field specified as GF(2
8
). The primitive and generator polynomials are as follows:
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The information bits must be randomized before transmission to minimize the possibility 

modulated subcarriers. This process is performed on each burst of 

pseudorandom binary 

stage shift register with a generator polynomial of 1+X14+X15 with 

 

 

its. 

convolutional code as an FEC 

a polynomial is 

an oversampled version of 

bit symbols. This means that the 

encoder takes k data symbols of l bit each and adds 2t parity symbols to construct an n-

(number of bytes after encoding), k (number of data 

 

Solomon encoding can be derived from RS(n=255, k=239, t=8) code using 

primitive and generator polynomials are as follows: 



 

g(x)=(x+
0
)(x+

The primitive polynomial is used to construct the symbol field and the generator 

polynomial is used to calculate parity symbols. 

allow variable block sizes 

shortened or punctured. 

When a block is shortened to k bytes, 239

encoding process, the 239-

the numbers of symbols are

As shown below, input data 

to the beginning of the sequence to make 

through the RS Encoder block, the size of 

the correct amount of bytes after 

Thus, the zero prefix is discarded, data is punctured by taking only the first 2t bytes of 

the total parity bytes. After that, the integers are converted to 

the integer to bit converter.

RS encoder for primitive and generator polynomial are as follows

Prim_Poly = [1 0 0 0 1 1 1 0 1]
Gen_Poly = [1 gf(2,8)^

 

The primitive polynomial is used to construct the symbol field and the generator 

polynomial is used to calculate parity symbols. The RS code should be 

 and correction abilities. Thus, the code may need to be 

When a block is shortened to k bytes, 239-k zero bytes are added as a prefix

-k encoded zero bytes are discarded. After discarding the zero

of symbols are in and out of the RS encoder change. 

As shown below, input data are converted to integers, and then a pad value '0' is added 

beginning of the sequence to make the column size 239. Once the 

through the RS Encoder block, the size of the vector will be 255. The selector deals with 

the correct amount of bytes after the encoder. 

Thus, the zero prefix is discarded, data is punctured by taking only the first 2t bytes of 

e total parity bytes. After that, the integers are converted to a binary sequence through 

the integer to bit converter. 

Figure 4.1.3-1 RS Encoding process 

Figure 4.1.3-2 Block Encoder 

RS encoder for primitive and generator polynomial are as follows 

Prim_Poly = [1 0 0 0 1 1 1 0 1] 
Gen_Poly = [1 gf(2,8)^index], index=1:15 
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The primitive polynomial is used to construct the symbol field and the generator 

 made flexible to 

. Thus, the code may need to be 

o bytes are added as a prefix. After the 

bytes are discarded. After discarding the zeros, 

pad value '0' is added 

the data pass 

vector will be 255. The selector deals with 

Thus, the zero prefix is discarded, data is punctured by taking only the first 2t bytes of 

binary sequence through 

 

 



 

4.1.4 Convolutional 

After the RS encoder, the data bits are further encoded by a binary convolutional encoder 

of rate 1/2 and constraint length 7. The generator polynomials us

output code bits, X and Y, 

G1=171 OCT for X 

G2=133 OCT for Y 

Figure 4.1.4

A connection line from the shift register feeding into the adder means 'one' in the octal 

representation of the polynimials, and no connection 

  

Figure 4.1.4

 

After passing through the convolutional enc

block. The puncture process is used to create coding rates needed to provide error 

correction levels. This model support

Table 4.1.4 Convolutional encoding rate vector

Convolutional encoder 

After the RS encoder, the data bits are further encoded by a binary convolutional encoder 

and constraint length 7. The generator polynomials used to derive its two 

 T are specified as: 

Figure 4.1.4-1Convolutional Encoding process 

A connection line from the shift register feeding into the adder means 'one' in the octal 

representation of the polynimials, and no connection is represented by a 'zero'.

Figure 4.1.4-2 Convolutional Encoder 

After passing through the convolutional encoder, data need to go through 

block. The puncture process is used to create coding rates needed to provide error 

model supports a 5/6 convolutional encoding rate.

Rate Puncture vector 

1/2 [1] 

2/3 [1 1 1 0] 

3/4 [1 1 0 1 1 0] 

5/6 [1 1 0 1 0 1 0 1 0 1] 

Table 4.1.4 Convolutional encoding rate vector 
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After the RS encoder, the data bits are further encoded by a binary convolutional encoder 

ed to derive its two 

 

A connection line from the shift register feeding into the adder means 'one' in the octal 

is represented by a 'zero'. 

 

oder, data need to go through a puncture 

block. The puncture process is used to create coding rates needed to provide error 

rate. 
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4.1.5 Interleaver 

Interleaving is used to scatter error bursts and reduce the error concentration. The 

incoming data into the interleaver is randomized in two permutations. The first 

permutation ensures that adjacent bits are mapped onto non-adjacent subcarriers, which 

provides frequency diversity and improves the performance of the decoder. The second 

permutation ensures that adjacent bits are alternately mapped to less and more significant 

bits of the modulation constellation. 

The block interleaves all encoded data bits with a block size corresponding to the 

number of coded bits per OFDM symbol. The number of coded bits depends on the 

modulation technique used in the physical layer. WiMAX 802.16e supports 4 modulation 

techniques and is adaptive in the selection of a particular technique based on the channel 

conditions and data rate. 

WiMAX 802.16e defines two permutations for the interleaver.  

The first permutation is defined by the formula: 

mk = (Ncbps/d)*mod(k,d)+floor(k/d) 

The second permutation is defined by the formula: 

s = ceil(Ncpc/2) 

jk = s *floor(mk / s) + (mk + Ncbps – floor(d*mk / Ncbps))mod(s) 

where: 

Ncps = Number of coded bits per carrier 

Ncbps = Number of coded bits per symbol 

k = Index of coded bits before first permutation 

mk = Index of coded bits after first permutation 

jk = Index of coded bits after second permutation 

 

Interleaving is performed independently on each FEC block. The separation between the 

subcarriers, to which two adjacent bits are mapped onto, depends on the subcarrier 

permutation schemes used. Therefore, the probability of error for all the bits is not the 



 

same; the probability of err

least significant bit (LSB) for the modulation constellations.

The first and second permutation equations provides the relation between k, mk, and jk, 

the indices of the bit before and after the

respectively, where Nc is the total number of bits in the block, and d is an arbitrary 

parameter whose value is set to 12.

General Block Interleaver reorder

by function 'int_dex'. It used matlab function [s, int_idx]

Ncbps is 384, 768, 1152 for QPSK, 16

QAM, 64-QAM, respectively. 

The matlab codes are shown below:

Ncbps = 384; 
Ncpc = 2; 
k = 0 : Ncbps - 1; 
mk = (Ncbps/12) * mod(k,12) + floor(k/12);

  
s = ceil(Ncpc/2); 
jk = s * floor(mk/s) + mod(s, mk + Ncbps 

  
[s,int_idx]=sort(jk); 

 
 

4.1.6 IQ mapper 

The interleaver reorders the data and sends the data frame to the IQ mapper. The function 

of the IQ mapper is to map the incoming bits of data from 

constellation. 

the probability of error of the most significant bit (MSB) is less than that of the 

least significant bit (LSB) for the modulation constellations. 

second permutation equations provides the relation between k, mk, and jk, 

the indices of the bit before and after the first and second steps of the interleaver, 

respectively, where Nc is the total number of bits in the block, and d is an arbitrary 

parameter whose value is set to 12. 

General Block Interleaver reorders the elements of the input vector. The 

by function 'int_dex'. It used matlab function [s, int_idx] = sort (jk) 

Figure 4.1.5 Interleaver 

Ncbps is 384, 768, 1152 for QPSK, 16-QAM, 64-QAM and Ncpc is 2, 4,6 for QPSK, 16

QAM, respectively. In this simulation, Ncbps=384, Ncpc=2, k is 0 to

The matlab codes are shown below: 

mk = (Ncbps/12) * mod(k,12) + floor(k/12); 

jk = s * floor(mk/s) + mod(s, mk + Ncbps - floor(12 * mk/Ncbps));

 

interleaver reorders the data and sends the data frame to the IQ mapper. The function 

IQ mapper is to map the incoming bits of data from the interleaver onto a 
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or of the most significant bit (MSB) is less than that of the 

second permutation equations provides the relation between k, mk, and jk, 

first and second steps of the interleaver, 

respectively, where Nc is the total number of bits in the block, and d is an arbitrary 

The block is defined 

 

QAM and Ncpc is 2, 4,6 for QPSK, 16-

In this simulation, Ncbps=384, Ncpc=2, k is 0 to 383. 

floor(12 * mk/Ncbps)); 

interleaver reorders the data and sends the data frame to the IQ mapper. The function 

interleaver onto a 



 

All wireless communication systems use a modulation scheme to map coded 

form that can be effectively transmitted over the communication channel.

mapped to a subcarrier amplitude and phase that is represented by discrete time scatter 

plot. In this simulation, the 

transferred to 0,1,2,3 to use QAM constallation. 

mapping and the normalization constant (

that is, average symbol power. 

qamconst =       0.7071 + 0.7071i

       0.7071 - 0.7071i

    -0.7071 + 0.7071i

     -0.7071 - 0.7071i

 

The signal constellation block uses qamconst which is defined below:

Ry = ones(2,1)*[+1 -1];
Iy = [+1 -1]'*ones(1,2);
qamconst = Ry + j * Iy;
qamconst = 
qamconst(:)/sqrt(2); 

Normalization constant for unit average power 4

 

4.1.7 OFDM modulation

The constellation mapped data are assigned to all allocated data subcarriers of the OFDM 

symbol in order of increasing frequency offset index.

All wireless communication systems use a modulation scheme to map coded 

form that can be effectively transmitted over the communication channel.

mapped to a subcarrier amplitude and phase that is represented by discrete time scatter 

the bit to integer converter convert 2 bit to integer, so all data is 

transferred to 0,1,2,3 to use QAM constallation. Then conjugate block is used for 

mapping and the normalization constant (1/ 2 ) for 4-QAM is multiplied for unit energy, 

that is, average symbol power. Qamconst is shown below :  

0.7071 + 0.7071i 

0.7071i 

0.7071 + 0.7071i 

0.7071i 

Figure 4.1.6 IQ Mapper 

The signal constellation block uses qamconst which is defined below: 

1]; 
1]'*ones(1,2); 

qamconst = Ry + j * Iy; 

 

Ry = 1    -1 

         1    -1 

 

Iy = 1     1 

      -1    -1 

 

1 11

1 12

 
 
 

Normalization constant for unit average power 4-QAM is 
1

2
. 

odulation 

The constellation mapped data are assigned to all allocated data subcarriers of the OFDM 

symbol in order of increasing frequency offset index.  
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All wireless communication systems use a modulation scheme to map coded bits to a 

form that can be effectively transmitted over the communication channel. The bits are 

mapped to a subcarrier amplitude and phase that is represented by discrete time scatter 

integer, so all data is 

Then conjugate block is used for 

QAM is multiplied for unit energy, 

 

 

1 11

1 12

j j

j j

+ − + 
 − − − 

 

The constellation mapped data are assigned to all allocated data subcarriers of the OFDM 



 

Pilot symbols can be used to perform 

symbols allocate specific subcarriers in all OFDM data symbols.

WiMAX specifications for the 256

subcarriers. These are data, pilot, 

data and pilot subcarriers, 

OFDM spectrum. The 192 carriers take up the data subcarriers. The rest of the potential 

carriers are nulled and set aside fo

subcarrier. 

In order to construct an OFDM symbol, a process for combining these carriers is needed. 

To do this, a concatenation block is needed. To insert the pilot symbol, the data sequence 

is divided to indices like this 

157:180, 181:192} and during the indices, the pilot symbols are inserted. 

After assembling, 201 subcarriers are used. The remaining 55 carriers a

bands. The guard bands are used to decrease emissions in adjacent frequency channels.

The IFFT block is used to produce 

modulation can be considered the amplitudes of a certain range of si

ymbols can be used to perform frequency offset compensation at the receiver. Pilot 

ls allocate specific subcarriers in all OFDM data symbols.  

WiMAX specifications for the 256-point FFT OFDM physical layer define three type

are data, pilot, and null. 201 of the total 256 subcarriers are used for 

data and pilot subcarriers, and eight of the pilot subcarriers are spaced throughout the 

OFDM spectrum. The 192 carriers take up the data subcarriers. The rest of the potential 

carriers are nulled and set aside for a guard band and removal of the center frequency 

In order to construct an OFDM symbol, a process for combining these carriers is needed. 

concatenation block is needed. To insert the pilot symbol, the data sequence 

indices like this {1:12, 13:36, 37:60, 61:84, 85:96, 97:108, 109:132, 133:156, 

and during the indices, the pilot symbols are inserted. 

Figure 4.1.7 OFDM Modulation 

After assembling, 201 subcarriers are used. The remaining 55 carriers a

bands. The guard bands are used to decrease emissions in adjacent frequency channels.

The IFFT block is used to produce a time domain signal, as the symbol obtained after 

modulation can be considered the amplitudes of a certain range of sinusoids. This means 
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frequency offset compensation at the receiver. Pilot 

point FFT OFDM physical layer define three types of 

of the total 256 subcarriers are used for 

subcarriers are spaced throughout the 

OFDM spectrum. The 192 carriers take up the data subcarriers. The rest of the potential 

guard band and removal of the center frequency 

In order to construct an OFDM symbol, a process for combining these carriers is needed. 

concatenation block is needed. To insert the pilot symbol, the data sequence 

{1:12, 13:36, 37:60, 61:84, 85:96, 97:108, 109:132, 133:156, 

and during the indices, the pilot symbols are inserted.  

 

After assembling, 201 subcarriers are used. The remaining 55 carriers are used as guard 

bands. The guard bands are used to decrease emissions in adjacent frequency channels. 

time domain signal, as the symbol obtained after 

nusoids. This means 



 

that each of the discrete samples before applying the IFFT correspo

subcarrier. The IFFT represent

So we can save lots of time and resource

OFDM subcarriers. 

  And the last step is the cyclic prefix. The robustness of OFDM against multipath delay 

spread is achieved by having a long symbol period with the purpose of minimizing the 

inter-symbol interference. 

The ratio, CP time and OFDM symbol time in this simulation is 1/4. So total length will 

be 256+64(256/4)=320 bits

 

4.2 Channel 

As the simulation results depend

performance of the communication system, 

required to demonstrate its propagation environment.

In this simulation, Rayleigh 

LOS environments. The signal is further distorted by 

estimation, the phase component of the path gain is removed.

1: Rayleigh fading + AWGN

 

that each of the discrete samples before applying the IFFT corresponds to an individual 

The IFFT represents a rapid way for modulating these subcarriers in parallel. 

So we can save lots of time and resources as well as ensuring the orthogonality of 

is the cyclic prefix. The robustness of OFDM against multipath delay 

spread is achieved by having a long symbol period with the purpose of minimizing the 

symbol interference. A cyclic prefix is a copy of the last portion of the data symbol. 

, CP time and OFDM symbol time in this simulation is 1/4. So total length will 

bits. 

s the simulation results depend on the radio channel, in order to evaluate the 

performance of the communication system, a realistic description of the channel is 

required to demonstrate its propagation environment. 

yleigh and Rician fading channels are implemented 

s. The signal is further distorted by AWGN. For ideal channel 

phase component of the path gain is removed. 

 
1: Rayleigh fading + AWGN 2: Remove phase component of path gain

Figure 4.2 Fading channel 
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nds to an individual 

a rapid way for modulating these subcarriers in parallel. 

ing the orthogonality of the 

is the cyclic prefix. The robustness of OFDM against multipath delay 

spread is achieved by having a long symbol period with the purpose of minimizing the 

n of the data symbol. 

, CP time and OFDM symbol time in this simulation is 1/4. So total length will 

on the radio channel, in order to evaluate the 

realistic description of the channel is 

implemented for the NLOS / 

For ideal channel 

 
2: Remove phase component of path gain 



 

4.3 Receiver 

The receiver performs the reverse operation of the transmitter. This section will explain 

the different steps of the receiver

 

4.3.1 OFDM demodulation

The CP is removed and the received signal is converted to the frequency domain using 

FFT block. As the OFDM symbol is composed 

guard bands, a process to separate these subcarriers is needed. After 

the frame status conversion, 

the guard band and zero DC component. Pilots components also removed by using row 

selection. 

 

4.3.2 IQ demapper 

Using the QAM demodulator block, 

Section 4.1.6, the signal is 

The receiver performs the reverse operation of the transmitter. This section will explain 

of the receiver. 

Figure 4.3 Receiver 

emodulation 

The CP is removed and the received signal is converted to the frequency domain using 

OFDM symbol is composed of data, pilots, zero DC subcarrier and 

guard bands, a process to separate these subcarriers is needed. After the 

ion, the output becomes a frame-based signal. And then, remove 

the guard band and zero DC component. Pilots components also removed by using row 

Figure 4.3.1 OFDM Demodulation 

 

ator block, the signal constellation is qamconst as explained in 

 converted to bit sequence by an integer to bit converter.
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The receiver performs the reverse operation of the transmitter. This section will explain 

 

The CP is removed and the received signal is converted to the frequency domain using an 

data, pilots, zero DC subcarrier and 

the FFT block, using 

based signal. And then, remove 

the guard band and zero DC component. Pilots components also removed by using row 

 

signal constellation is qamconst as explained in 

integer to bit converter. 



 

 

4.3.3 Deinterleaver

The deinterleaver reorders the bits by using elem

[7]. The deinterleaver block rearranges the elements of its inputs according to an index 

vector.  

 

4.3.4 Convolutional d

The binary data are converted to 

zero block performs reversing process that 

puncturing process consists of deleting bits from a stream. The receiver does not know 

their value of the deleted bits

Therefore, zeros are used to fill the corresponding gap of the stream to get the same code 

rate as the puncturing process

The Viterbi decoder block is used to decode 

algorithm reduces the computational load by taking advantage of the sp

[13]. The Viterbi algorithm performs approximate maximum likelihood decoding. 

Figure 4.3.2 IQ Demapper 

3.3 Deinterleaver 

The deinterleaver reorders the bits by using elements int_idx form matlab input source

. The deinterleaver block rearranges the elements of its inputs according to an index 

Figure 4.3.3 Deinterleaver 

3.4 Convolutional decoder 

are converted to a bipolar sequence by a bipolar converter. The insert

reversing process that is performed by the 'Puncture' block. The 

puncturing process consists of deleting bits from a stream. The receiver does not know 

their value of the deleted bits, but it can know their position from the puncture vector. 

zeros are used to fill the corresponding gap of the stream to get the same code 

process in the transmitter. 

iterbi decoder block is used to decode the convolutional code. The 

algorithm reduces the computational load by taking advantage of the sp

iterbi algorithm performs approximate maximum likelihood decoding. 
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ents int_idx form matlab input source 

. The deinterleaver block rearranges the elements of its inputs according to an index 

 

bipolar converter. The inserted 

performed by the 'Puncture' block. The 

puncturing process consists of deleting bits from a stream. The receiver does not know 

ir position from the puncture vector. 

zeros are used to fill the corresponding gap of the stream to get the same code 

convolutional code. The Viterbi 

algorithm reduces the computational load by taking advantage of the special trellis code 

iterbi algorithm performs approximate maximum likelihood decoding. This 



 

involves calculating a measure of similarity or distance between the received si

certain time, and all the trellis paths entering each state at the same time.

The algorithm works by removing those paths from consideration that could not for

of maximum likelihood. When two paths enter the same state, the one that has the bes

metric is chosen as the 'surviving' path. The selection of the different 'surviving' paths is 

performed for all the states. The decoder continues to advance deeper into the trellis

making decisions by removing the least likely path. The goal of selectin

path can be  shown as choosing the codeword with the minimum distance.

 

4.3.5 Block decoder

This block is the last part of 

block performs the reverse step performed by its encoder block. In doing 

takes codeword of length n, after decoding, it returns message length k, n=255, k=239, 

the same as the RS encoder. The block is

The bit sequences are converted to integer, using the selector block, we 

padded '1' value which is '256'

at the beginning and 255 using zero padding

from the 239 sequence then the data sequence is converted to bit sequence.

involves calculating a measure of similarity or distance between the received si

time, and all the trellis paths entering each state at the same time.

The algorithm works by removing those paths from consideration that could not for

. When two paths enter the same state, the one that has the bes

metric is chosen as the 'surviving' path. The selection of the different 'surviving' paths is 

performed for all the states. The decoder continues to advance deeper into the trellis

making decisions by removing the least likely path. The goal of selectin

path can be  shown as choosing the codeword with the minimum distance.

Figure 4.3.4 Convolutional Decoder 

ecoder 

last part of the decoding process. In the receiver block, the RS decoder 

block performs the reverse step performed by its encoder block. In doing 

of length n, after decoding, it returns message length k, n=255, k=239, 

RS encoder. The block is as follow. 

Figure 4.3.5 Block Decoder 

The bit sequences are converted to integer, using the selector block, we 

which is '256'. Then we can make codeword size 239 using zero padding 

using zero padding at the end. After RS decoder, select the data 

from the 239 sequence then the data sequence is converted to bit sequence.

56 

 

involves calculating a measure of similarity or distance between the received signal at 

time, and all the trellis paths entering each state at the same time. 

The algorithm works by removing those paths from consideration that could not for one 

. When two paths enter the same state, the one that has the best 

metric is chosen as the 'surviving' path. The selection of the different 'surviving' paths is 

performed for all the states. The decoder continues to advance deeper into the trellis, 

making decisions by removing the least likely path. The goal of selecting the optimum 

path can be  shown as choosing the codeword with the minimum distance. 

 

In the receiver block, the RS decoder 

block performs the reverse step performed by its encoder block. In doing so, the RS block 

of length n, after decoding, it returns message length k, n=255, k=239, 

 

The bit sequences are converted to integer, using the selector block, we reorder the 

make codeword size 239 using zero padding 

at the end. After RS decoder, select the data 

from the 239 sequence then the data sequence is converted to bit sequence. 



 

 

4.3.6 De-randomizer

At the randomizer block, we padded 

de-randomizer, we used a selector block

280. Then, this sequence is passed through

sequence and selected data

 

4.3.7 MAC PDU receiver.

In this phase, binary data are converted to integer using 

can get the received integer data.

 

 

andomizer 

At the randomizer block, we padded the '1' value to get the 256 values. In this case for 

selector block to recover the original data sequence of length 

, this sequence is passed through the logical operator with combined PN 

sequence and selected data, which generate the final binary sequence. 

Figure 4.3.6 De-Randomizer 

eceiver. 

In this phase, binary data are converted to integer using a bit to integer block. Finally we 

can get the received integer data. 

 

Figure 4.3.7 MAC PDU Receiver 
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. In this case for the 

recover the original data sequence of length 

the logical operator with combined PN 

 

 

bit to integer block. Finally we 

 



 

5 Simulation Result 

In this chapter, simulation results 

performance of the WiMAX physical layer

understanding of WiMAX 

 

5.1 Transmitter 

We have two kinds of input data. One is from the test data for the WiMAX PHY layer 

specified by the standard and

scope block to observe the signal and 

 

5.1.1 MAC PDU 

1:Input_data

3:Integer to bit

Each header field has its own vector, and input data or random integer

binary sequence. From Figure 5

in a second. 

In this chapter, simulation results are presented. The goal of this chapter 

WiMAX physical layer as well as to obtain a more comprehensive

 in various show to very fast fading environments.

We have two kinds of input data. One is from the test data for the WiMAX PHY layer 

specified by the standard and the other is random symbols [22]. We will use 

scope block to observe the signal and the function of each block. 

nput_data  2:Random integer

nteger to bit  4:Concatenation

Figure 5.1.1 MAC PDU 

Each header field has its own vector, and input data or random integers are

igure 5.1.1 (subplot 4), the total length of the bit 
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of this chapter is to evaluate the 

comprehensive 

in various show to very fast fading environments. 

We have two kinds of input data. One is from the test data for the WiMAX PHY layer 

. We will use the vector 

 

andom integer 

oncatenation 

s are converted to 

of the bit sequence is 280 



 

 

5.1.2 Randomizer 

 

The PN sequence passes through the XOR gate

output is true (1). In this case,

the last eight binary sequence

of the sequence. 

 

 

5.1.3 Block encoder

The randomized sequences are converted to integer and zero padded for RS encoder. 

 

1:PN sequence generated sequence  

2:After XOR  

3:Padded sequence 

Figure 5.1.2 Randomizer 

through the XOR gate; if the number of inputs 

case, the eight '1' values are padded to the end of sequence.

inary sequence, the eight '1' represent 256, which means that it is the end 

ncoder 

The randomized sequences are converted to integer and zero padded for RS encoder. 
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number of inputs is odd (1), then 

padded to the end of sequence. In 

means that it is the end 

The randomized sequences are converted to integer and zero padded for RS encoder.  



 

1:Randomized sequence after integer converter

2:Zero pad for codeword size

Comparing Figure 5.1.3-1 and 

except the first 4 points of 

243 are for parity. The parity check byte

when the data sequence pass

 

5.1.4 Convolutional encoder

After RS encoding, the binary data 

The trellis structure is poly2trellis(7, [171 133])

([1 0 1 0 1;1 1 0 1 0], 10, 1)

andomized sequence after integer converter 
3:RS encoded sequence

4:Selected sequence

ero pad for codeword size 
5:Bit converted sequence

Figure 5.1.3 Block Encoder 

1 and Figure 5.1.3-4, we find that they are almost 

of Figure 5.1.3-4, because points 204-239 are for

The parity check bytes are moved to the beginning of the sequence 

passes through the selector block. 

ncoder 

1:after CC encoder 

2:after Puncture 

Figure 5.1.4 Convolutional Encoder 

the binary data sequence passes through the CC encoding process. 

poly2trellis(7, [171 133]). The puncture process perform

([1 0 1 0 1;1 1 0 1 0], 10, 1)' for convolutional coding rate of 5/6. 
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3:RS encoded sequence 

elected sequence 

5:Bit converted sequence 

almost the same, 

are for data and 240-

g of the sequence 

 

through the CC encoding process. 

puncture process performs 'reshape 



 

5.1.5 Interleaver 

As explained in Section 4.1.5, data sequences are reordered by the elements that 

defined as 'int_idx'. Result

 

5.1.6 IQ mapper 

1:bit to integer

3:Conjugate

The bit-to-integer block transfer

0,1,2,3, which then pass through the signal constellation block. 

 

1:Befor interleaver 

2:After interleaver 

Figure 5.1.5 Interleaver 

4.1.5, data sequences are reordered by the elements that 

esults of interleaving are documented in the appendix

1:bit to integer 2:QAM modulator

3:Conjugate 4:1/sqrt(2)

Figure 5.1.6 IQ Mapper 

integer block transfers the binary data sequence to 4 kinds of integers that 

then pass through the signal constellation block.  
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4.1.5, data sequences are reordered by the elements that are 

in the appendix (B).  

 

modulator 

4:1/sqrt(2) 

the binary data sequence to 4 kinds of integers that are 



 

5.1.7 OFDM modulation

The mapped data sequence length will be half of the input length that is 192

mapping the length is 384). 

sequence. Additionally, 8 pilot carriers and 1 DC carrier are added. So 

length will be 256 points.  

 

 Figure 5.1.7-1 shows the IFFT spectrum without cyclic prefix and

the spectrum when cyclic prefix 

So the cyclic prefix index is 

 

5.2 Receiver 

In the receiver, the processes applied at the transmitter are reversed

 

5.2.1 OFDM demodulation

After removing the cyclic prefix, the data sequence length will be 256 point

sequence passes through the FFT block that perform

frames. The guard band, pilot carriers and DC carrier

odulation 

sequence length will be half of the input length that is 192

length is 384). A guard band is added to the beginning and 

pilot carriers and 1 DC carrier are added. So the 

 

1:IFFT 

2:Add Cyclic Prefix 

Figure 5.1.7 OFDM Modulation 

shows the IFFT spectrum without cyclic prefix and figure 

cyclic prefix is added (Buffer block is added to get the proper figure)

So the cyclic prefix index is [193:256 1:256], which is 1/4 of the total length. 

the processes applied at the transmitter are reversed. 

emodulation 

cyclic prefix, the data sequence length will be 256 point

through the FFT block that performs demodulation and convert

pilot carriers and DC carrier are removed. 
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sequence length will be half of the input length that is 192 (before 

beginning and the end of the 

the total sequence 

 

figure 5.1.7-2 shows 

Buffer block is added to get the proper figure). 

which is 1/4 of the total length.  

cyclic prefix, the data sequence length will be 256 points. This 

demodulation and converts to 



 

 

5.2.2 IQ demapper 

1: Before demapping

2: After nomalized factor

From the discrete-scatter plot, we 

data sequence finally passes

symbols – 0,1,2, and 3 – and then converted to a binary sequence

 

5.2.3 deinterleaver 

The deinterleaver performs 

1:Before FFT 

2:After FFT 

Figure5.2.1 OFDM Demodulation 

 

1: Before demapping 3:After demapping

2: After nomalized factor 4:inter to bit converter

Figure 5.2.2 IQ Demapper 

scatter plot, we observe that mappings are affected by 

es through the demodulation block, which generate

and then converted to a binary sequence. 

 

The deinterleaver performs the reverse process of the interleaver.  
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3:After demapping 

4:inter to bit converter 

bserve that mappings are affected by the channel. The 

which generates estimated 



 

 

5.2.4 Convolutional d

The data sequence length will be 384 point

the function 'reshape([1 0 1 0 1;1 1 0 1 0], 10, 1)

the 5/6 convolutional decoder rate and trellis structure

sequence length comes back to 320 points. 

 

5.2.5 Block decoder

After the bit-to-integer converter, 

binary bits – all 1's – sequence was reordered to the end. 

padded at the beginning and 

1: Before deinterleaver 

2: After deinterleaver 

Figure 5.2.3 Deinterleaver 

.4 Convolutional decoder 

The data sequence length will be 384 points. After conversion to bipolar sequence, 

reshape([1 0 1 0 1;1 1 0 1 0], 10, 1)', the data length is 640 point

onvolutional decoder rate and trellis structure. After the Viterbi block, the 

back to 320 points.  

1:Unipolar to Bipolar converter 

2: Insert zero  

3: Viterbi Decoder 

Figure 5.2.4 Convolutional Decoder 

ecoder 

integer converter, the integer signals are recovered and the 

sequence was reordered to the end. This sequence is 

ing and at the end to obtain the size of 239, 255 for RS decoder
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to bipolar sequence, using 

640 points. This is for 

iterbi block, the 

 

the padded 8 

This sequence is then zero 

239, 255 for RS decoder. 
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After passing through the RS decoder, the signal is recovered and converted to binary 

again as shown in the figure. 

 

 

1: Bit to integer 3: Zero pad to codeword size 1(239) 5: Selector 2[204:239] 

2: Selector 1[2:40, 1] 4:RS Decoder 6: Integer to bit converter 

Figure 5.2.5 Block decoder 

 

5.2.6 De-randomizer 

The selector discards the last 8 '1' binary bits. So Figure 5.2.6-1 is the same as Figure 

5.1.2-3 except the last part. Then using logical operator, the sequence is the de-

randomized. 



 

 

5.2.7 MAC PDU receiver.

Finally, the binary sequences are converted to integers. 

signal at this state. 

If we compare the original signal and 

sequence, the rest of the signals are matched.

Figure 5.2.7

1:After selector 

2:PN sequence 

3:XOR 

Figure 5.2.6 De-Randomizer 

eceiver. 

Finally, the binary sequences are converted to integers. Therefore, we can get the original 

1: Before bit to integer converter 

2:After bit to integer converter 

Figure 5.2.7-1 MAC PDU Receiver 

If we compare the original signal and the received signal, except the MAC layer header 

signals are matched. 

1:Received signal 

2:Transmitted signal 

Figure 5.2.7-2 TX / RX Signal Comparison 
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we can get the original 

 

received signal, except the MAC layer header 
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5.3 Physical layer performance results 

This section presents scatter plots to identify trends in reception quality as we vary SNR 

values, Doppler frequencies, and Rician K factors, which affect the system performances. 

 

5.3.1 Scatter plots and spectrum scope 

 

1: Scatter plot for tx signal 3: Spectrum for tx signal 

2: Scatter plot for rx signal 4: Spectrum for rx signal 

Figure 5.3.1-1 SNR 10 

 

1: Scatter plot for tx signal 3: Spectrum for tx signal 

2: Scatter plot for rx signal 4: Spectrum for rx signal 

Figure 5.3.1-2 SNR 20 



 

1: Scatter plot for tx signal

2: Scatter plot for rx signal

From the Figure 5.3.1, the scatter plots 

received signals at different values of SNR. 

symbols are difficult to reco

 

5.3.2 Bit error rate (BER)

1: Scatter plot for tx signal 3: Spectrum for tx signal

2: Scatter plot for rx signal 4: Spectrum for rx signal

Figure 5.3.1-3 SNR 30 

, the scatter plots show the scattering of the transmitted and 

received signals at different values of SNR. As we expected, at very low SNR

difficult to recover. 

Bit error rate (BER) plots

Figure 5.3.2-1 AWGN 
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3: Spectrum for tx signal 

4: Spectrum for rx signal 

the scattering of the transmitted and 

very low SNR the 

 



 

When only AWGN is considered

BER. The theoretical BER

observe about 2dB of improvement

is considered, the BER reduces quickly compared with 

BER does not include forward error correction. Due to 

improvement in Eb/No at a BER of Figure5.3.2-1

Figure 5.3.2-2 Rayleigh 

Figure 5.3.2-3 Rician K=1 
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quickly compared with the theoretical 

. Due to FEC, we 

1. 

 

 



 

From the Figure 5.3.2-2, we observe that at 300 km/h, 

when perfect channel estimation is assumed.

aircraft speed because the Doppler frequency increases as 

802.16e supports speeds up to125km/h.

2, we observe that at 300 km/h, the BER is slightly above 10

when perfect channel estimation is assumed. The BER is inversely proportional to the 

aircraft speed because the Doppler frequency increases as the speed increases. WiMAX 

e supports speeds up to125km/h. 

Figure 5.3.2-4 Rician K=10 

Figure 5.3.2-5 Rician K=100 

70 

 

BER is slightly above 10
-3
 

The BER is inversely proportional to the 

speed increases. WiMAX 

 

 



 

Figure 5.3.2

Recall from the Section 3.5.2,

signal to the variance of the multipath component. From 

the K factor is 1, the performance is similar to a Rayleigh channel. As 

increases, the performance improves due to 

Depending on the K factor, performance changes significantly. If 

zero, then the Rician channel 

factor approaches infinity, on

becomes AWGN.  

From Figures 5.3.2-4,5,6, we 

estimation [13]. Figure 5.3.2

and aircraft speeds. As the 

greater than 8, the BER is less than 10

8. For voice communication

communication needs a more stringent 

communication BER is that if there is an error with target information, the attack 

Figure 5.3.2-6 Rician K=1000 and AWGN  

3.5.2, the K factor is the ratio of the power of the deterministic 

signal to the variance of the multipath component. From Figure 5.3.2, we find that when 

is 1, the performance is similar to a Rayleigh channel. As the 

ance improves due to a stronger LOS component. 

the K factor, performance changes significantly. If the K factor approaches 

zero, then the Rician channel approaches a Rayleigh channel. On the other hand, as

approaches infinity, one path will contain all the channel energy, 

, we see that the simulation result matches well 

Figure 5.3.2-7 shows the performance results with different

the K factor increases, the BER is decreased. When

greater than 8, the BER is less than 10
-6

. Therefore, the critical values of 

communications, BER typically required to be less than 10

more stringent requirement. The reason for a more strict military 

communication BER is that if there is an error with target information, the attack 
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the K factor is the ratio of the power of the deterministic 

, we find that when 

the K factor 

.  

K factor approaches 

On the other hand, as the K 

the channel energy, and the channel 

matches well the theoretical 

s with different K factors 

When the K factor is 

values of K are from 1 to 

10
-3
, but military 

more strict military 

communication BER is that if there is an error with target information, the attack 
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helicopter might attack the wrong target, which could be is a civilian vehicle. In the 

following simulations, we target for a BER of 10
-4

. 

 

Figure 5.3.2-7 Rician K=1 to 8(SNR 20dB) 

In Figure 5.3.2-7, we observe that when K is 1 and 2, 3 to 7, and 8 are grouped. Therefore, 

we need to decide what K factor ensures a good performance. From Figure 5.3.2-8, we 

observe that when the K factor is greater than 6, the BER is lower than 10-4 when the 

attack helicopter (AH-64D) is cruising at a speed of 150 km/h.
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10

-6

10
-5

10
-4

10
-3

10
-2

 

 

K=1

K=2

K=3

K=4

K=5

K=6

K=7

K=8

35km/h 100km/h 125km/h 150km/h 200km/h 250km/h 300km/h

1 2 3 4 5 6 7
10

-5

10
-4

10
-3

 

 

k=3

k=4

k=5

k=6

100km/h 125km/h 150km/h 200km/h 250km/h 300km/h35km/h

BER



 

Figure 5.3.2

According to the current reported data in Corazza 

depending on the different 

function of the Rician fading model.

 

Elevation 20 

K 3.07 

Table 5.3.2-1 

From these results, we obtain the range of

effective operations of WiMAX for

factor of 6, which result in a BER lower than 10

than 64 degrees. 

But all parameters affect the system operation,

depending on the Rician K factor, the aircraft speed, and SNR. The relationships of the

parameters are discussed in S

 

Figure 5.3.2-8 Rician K=3 to 6(SNR 20dB) 

According to the current reported data in Corazza and Vatalaro [23], the 

depending on the different elevations, can be obtained from the cumulative distribution 

Rician fading model. 

30 40 60 

3.24 3.6 5.63 

1 Optimum K of Rician Fading to LEO environment 

 

obtain the range of K factors and their elevation a

effective operations of WiMAX for aviation communications. For example, t

which result in a BER lower than 10
-4
, the elevation angle should be greater 

affect the system operation, the system performance might be different 

K factor, the aircraft speed, and SNR. The relationships of the

parameters are discussed in Section 6.1. 

 

Figure 5.3.2-9 Optimum elevation  
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], the value of K, 

can be obtained from the cumulative distribution 

80 

 17.06 

ptimum K of Rician Fading to LEO environment  

elevation angles to ensure 

aviation communications. For example, to get the K 

should be greater 

the system performance might be different 

K factor, the aircraft speed, and SNR. The relationships of these 
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6 Military Application Scenario and Conclusion 

In this chapter, we examine the application of WiMAX to military communication.  From 

the simulation result, we can determine the requirements for effective aviation 

communication. 

 

6.1 Key parameter 

There are three major parameters that affect the performance: the Rician K factor, the 

aircraft speed, and SNR. In order to improve the system efficiency, the relationship of 

these parameters should be considered. 

First, it is well known that a higher speed degrades the performance of OFDM systems. 

Thus, the aircraft speed is fixed to be less than cruise speed, 150km/h.  

Second, the K factor is related to the elevation of the base station and the helicopter. A 

higher K factor improves the performance; from the simulation, K should be greater than 

6. This requires that the elevation angle of the aircraft relative to the base station be at 

least 64 . 

Third, if enough power is available, higher SNR should be used for better performance. 

The base station for the attack helicopter in ground forces must ensure a minimum of 20 

dB Eb/No at the aircraft. In order to increase the range, SNR can be exchanged for K 

factor. If the SNR is high enough, the elevation does not have to be greater than 64 

degrees. Inversely, if the elevation is large enough, the SNR does not have to be greater 

than 20dB. There exists an achievable region between the K factor and SNR. 

In wartime, the helicopter altitude is limited to 600ft. The airspace over 800ft is for Air 

Force fighters and 200ft is for the buffer zone. Therefore, the range is limited to attack 

helicopters for missions that are sufficient for current WiMAX standard; which is about 

10 km. 
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6.2 Military application scenario 

Once an attack helicopter takes off for its mission, it is important to maintain 

communication with the command post. But for success of stealth, it is also important to 

keep radio silence. During the radio silence, encripted digital communication could still 

be used because friendly forces can use digital data without using voice command. 

The most important objective during an operation is mission success. Survivability of 

crew and aircraft is also very important. A typical example of an attack helicopter 

mission is a Quick Response Force (QRF). A QRF is a unit that can deploy very quickly 

to provide ground support and attack enemy forces [24]. 

What about when the target keeps moving? Target information changes, but the QRF 

keeps flying in the original target direction. Currently, there is no completely effective 

mechanism to contact them immediately without voice. When we use voice 

communication, enemies could listen in. 

WiMAX enables friendly forces to transmit situation updates digitally using Common 

Operation Picture (COP). This can limit friendly fire, while still allowing radio silence 

and stealth attack.  

 

6.3 Conclusion 

The key contribution of this thesis is modeling and simulation of the complete IEEE 

802.16e OFDM PHY layer under higher speed than currently allowed by the standard. 

From the simulation result, we observe how performance of the system depends on the 

SNR, Doppler frequency and the K factor. The BER plots obtained show that the model 

works on AWGN, Rayleigh, and Rician environments. 

802.16e requires speed to be less than 125 km/h to communicate in WiMAX NLOS 

environments. The purpose of this thesis is to study 802.16e performance in a highly 

mobile environment. To apply this requirement to aviation communication, helicopters 

usually use cruise speed that is 150km/h. Friendly forces already know where the base 
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station is, so when the attack helicopter passes over the base station, the pilot can receive 

COP when the K factor is high enough, or when the elevation is higher than 60 degrees.  

But in this case, propagation should have an LOS component and enough power must be 

available. Under these conditions, WiMAX can overcome existing aviation 

communication difficulties and contribute to mission success.   
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Appendices (A) 

 

Acronym 
 

ATM    Asynchronous Transfer Mode 

BS    Base Station 

BWA    Broadband Wireless Access 

CC    Convolutional Code 

CPE    Customer Premises Equipment 

CS    Convergence Sublayer 

DFS    Dynamic Frequency Selection 

DL    Down-Link 

DSL    Digital Subscriber Line 

ETSI    European Telecommunication Standards Institute 

FDD    Frequency Division Duplexing 

FEC    Forward Error Correcting 

FFT    Fast Fourier Transform 

IEEE    Institute of Electrical and Electronic Engineering 

IFFT    Inverse Fast Fourier Transform 

IPV4    Internet Protocol Version 4 

IPV6    Internet Protocol Version 6 

LEO    Low Earth Orbit 

LOS    Line of Sight 

MAC    Medium Access Control 

MAN    Metropolitan Area Network 

N-WEST   National Wireless Electronic System Test 

NIST    National Institute of Standards and Technology 

NLOS    Non-Line of Sight 

PHY    Physical Layer 

PMP    Point-to-Multipoint 

PTP    Point-to-Point 

QAM    Quardrature Amplitude Modulation 

QoS    Quality of Service 

QPSK    Quardrature Phase Shift Keying 

RS    Reed-Solomon 

SAP    Service Access Point 

SNR    Signal to Noise Ratio 

SS    Subscriber Station 

STBC    Space Time Block Code 

TDD    Time Division Duplexing 

UL    Up-Link 

VoIP    Voice over Internet Protocol 

WiMAX   Worldwide Interoperability for Microwave Access 
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Appendices (B) 

Interleaver 

 
int_idx = 

  Columns 1 through 18 

     1    13    25    37    49    61    73    85    97   109   121   133   145   157   169   181   193   205 

  Columns 19 through 36 

   217   229   241   253   265   277   289   301   313   325   337   349   361   373     2    14    26    38 

  Columns 37 through 54 

    50    62    74    86    98   110   122   134   146   158   170   182   194   206   218   230   242   254 

  Columns 55 through 72 

   266   278   290   302   314   326   338   350   362   374     3    15    27    39    51    63    75    87 

  Columns 73 through 90 

    99   111   123   135   147   159   171   183   195   207   219   231   243   255   267   279   291   303 

  Columns 91 through 108 

   315   327   339   351   363   375     4    16    28    40    52    64    76    88   100   112   124   136 

  Columns 109 through 126 

   148   160   172   184   196   208   220   232   244   256   268   280   292   304   316   328   340   352 

  Columns 127 through 144 

   364   376     5    17    29    41    53    65    77    89   101   113   125   137   149   161   173   185 

  Columns 145 through 162 

   197   209   221   233   245   257   269   281   293   305   317   329   341   353   365   377     6    18 

  Columns 163 through 180 

    30    42    54    66    78    90   102   114   126   138   150   162   174   186   198   210   222   234 

  Columns 181 through 198 

   246   258   270   282   294   306   318   330   342   354   366   378     7    19    31    43    55    67 

  Columns 199 through 216 

    79    91   103   115   127   139   151   163   175   187   199   211   223   235   247   259   271   283 

  Columns 217 through 234 

   295   307   319   331   343   355   367   379     8    20    32    44    56    68    80    92   104   116 

  Columns 235 through 252 

   128   140   152   164   176   188   200   212   224   236   248   260   272   284   296   308   320   332 

  Columns 253 through 270 

   344   356   368   380     9    21    33    45    57    69    81    93   105   117   129   141   153   165 

  Columns 271 through 288 

   177   189   201   213   225   237   249   261   273   285   297   309   321   333   345   357   369   381 

  Columns 289 through 306 

    10    22    34    46    58    70    82    94   106   118   130   142   154   166   178   190   202   214 

  Columns 307 through 324 

   226   238   250   262   274   286   298   310   322   334   346   358   370   382    11    23    35    47 

  Columns 325 through 342 

    59    71    83    95   107   119   131   143   155   167   179   191   203   215   227   239   251   263 

  Columns 343 through 360 

   275   287   299   311   323   335   347   359   371   383    12    24    36    48    60    72    84    96 

  Columns 361 through 378 

   108   120   132   144   156   168   180   192   204   216   228   240   252   264   276   288   300   312 

  Columns 379 through 384 

   324   336   348   360   372   384 


