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1. Introduction 
This chapter gives a brief introduction on the motivation of this thesis 
work and the objectives on the work as well. At last the structure of the 
final report is listed. 
 

1.1 Motivation 

The arrival of the IEEE standard 802.16a Wireless Metropolitan Area 
Network (WMAN) marks the start of the era where broadband wireless 
access (BWA) is coming onto stage. It brings great challenges to today’s 
wired broadband with great merits, such as low cost for installation and 
maintenance. This standard also makes long-range wireless network 
communication (up to 40km) a reality and might provide an alternative or 
complement to 3G. All these promising features of 802.16 standards lead 
to a great market in the future. China is one of the most potentially 
lucrative markets for remote region BWA. Chinese government and 
IEEE have discussed the possibility of making IEEE 802.16a the Chinese 
national standard for fixed broadband wireless access at 3.5GHz. A good 
understanding of this new technology is necessary for future enterprising 
in the field of BWA industry. Besides this, the behavior level model of 
IEEE 802.16a model can also contributes for communication system 
performance evaluation and later FPGA prototyping with the aid of 
Xilinx block sets. 
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1.2 The Objectives 

The first goal of this thesis work is to learn the new features of IEEE 
standard 802.16a, mainly concentrate on the PHY layer. The second goal 
is to implement the 802.16a OFDM PHY layer baseband processing 
using Simulink in order to have a better understanding of the standard 
and the system performance. 
 

1.3 Structure of the Report 

This report is organized in five chapters. The first chapter is an 
introduction of the thesis work. The second chapter is an introduction to 
the 802.16 standards. The third chapter discusses in detail all the building 
blocks of the 802.16a OFDM PHY layer baseband model. Chapter four 
describes the implementation of the model in Simulink and simulations 
performed for evaluation of the system. Finally, in chapter five, 
conclusions of the Simulink models are presented. The efforts 
endeavored to the thesis is evaluated and the future improvements to the 
present model are discussed as well. 
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2. Overview of IEEE 802.16 Standards 
This chapter first gives a brief introduction of Wireless Metropolitan Area 
Network and its related standards: IEEE 802.16, 802.16a, and 802.16e 
then a more detailed discussion on 802.16a MAC and PHY features are 
presented. 

2.1 Overview of IEEE 802.16 Family 

The IEEE Standard 802.16 family, Wireless Metropolitan Area Network 
Air Interface for Fixed Broadband Wireless Access (BWA), provides the 
“Last Mile” access technology to hotspots with high-speed voice, video, 
and data services. The most outstanding advantage on BWA is its low 
cost for installation and maintenance comparing with traditional wire or 
fiber network access, especially for those areas that are too remote or 
difficult to reach. BWA can extend fiber optic networks and provide more 
capacity than cable networks or digital subscriber lines (DSL). Networks 
could be created in a short time by deploying a small number of base 
stations (BS) on buildings or poles to create high-capacity wireless 
access systems [1]. Figure 2.1 shows the topology of WMAN. Such 
systems have been in use for several years, but the development of the 
new standard marks the maturation of the industry and forms the basis of 
new industry success using second-generation equipment.  
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Figure 2.1 Topology of WMAN [2] 
 

The first member of the BWA family was IEEE standard 802.16, which 
was first drafted in December 2001 and the final version was published 
on April 8th, 2002 after two year of hard work by hundreds of engineers 
from the world's leading operators and vendors in an open-consensus. 
The working bandwidth of this standard is 10-66GHz with line-of-sight 
(LOS) propagation and single carrier modulation. The network topology 
that is used in this standard is point-to-multipoint network, which means 
traffic occurs between base station (BS) and multiple subscribers (SS). 
IEEE standard 802.16.2, published in September 2001 is a recommended 
practice document entitled “ Coexistence of Fixed Broadband Wireless 
Access Systems”, also covering 10-66GHz. IEEE standard 802.16c 
“Detailed System Profiles for 10–66 GHz” was first drafted on May 24, 
2002 and the final version released is on January 15th, 2003.  
 
This amendment updates and expands Clause 12 of IEEE standard 
802.16-2001, which concerns system profiles that list sets of features and 
functions to be used in typical implementation cases. Errors and 
inconsistencies in IEEE standard 802.16-2001 are also corrected. The 
scope is limited to 10–66 GHz. 
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However, since BWA is increasingly becoming a residential application, 
the use of LOS propagation becomes no longer feasible due to topology 
and tree densities. In addition, interference due to multipath is significant 
and the cost of mounting outdoor antennas was high. This called for an 
amendment to the existing 802.16 standard. IEEE standard 802.16a was 
created due to this consideration, which was published on April 1st, 2003. 
It includes Medium Access Control (MAC) modifications and additional 
Physical Layer specifications for 2-11 GHz for both licensed and 
license-exempt bands. The significant modification on MAC layer is the 
optional Mesh modes. The main difference between the 
Point-to-Multipoint (PMP) and optional Mesh modes is that in the PMP 
mode, traffic only occurs between the BS and Subscribers (SSs), while in 
the Mesh mode traffic can be routed through other SSs and can occur 
directly between SSs. This feature enables Non-Line-of-Sight (NLOS) 
propagation. One advantage of this is the ability to operate even when a 
large obstacle, such as a mountain or hill, blocks direct access by a SS to 
a BS. Blocked SSs can get to the BS indirectly by going through other SS 
units. Another significant modification on MAC layer is that it supports 
multiple PHY specifications, each suited to a particular operational 
environment. In 802.16a standard three PHY structures are defined: 
single-carrier, 256-OFDM, 2048-OFDMA.  
 
802.16 and 802.16a standards are both used for Fixed Broadband 
Wireless Access. Based on 802.16a amendment the IEEE 802.16e task 
group is now working on the 802.16e amendment, which covers 
“Physical and Medium Access Control Layers for Combined Fixed and 
Mobile Operation in Licensed Bands”. In this amendment mobility is 
added to the stations that primarily support fixed wireless networking in 
the 2 to 6 GHz bands. Table 2.1 shows the features of 802.16, 16a and 
16e standards. 
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 802.16 802.16a 802.16e 
Completed Aug. 2002 Apr. 2003 Still in process 
Spectrum 10-66GHz 2-11GHz 2-6GHz 
Channel 

Conditions 
LOS NLOS NLOS 

Bit Rate 32-134Mbps in 
28MHz channel  

Up to 75Mbps in 
20MHz channel  

Up to 15Mbps in 
5MHz channel  

Modulation QPSK, 16QAM, 
64QAM 

OFDM 256 
subcarriers, 
QPSK, 16QAM, 
64QAM 

Same as 16a 

Mobility Fixed Fixed Nomadic 
Portability 

Channel 
Bandwidth 

20,25,28 MHz Scalable 1.75 to 
20 MHz 

Same as 802.16a 
with uplink 
subchannels 

Typical Cell 
Radius 

2-5km 7-40km  2-5km 

Table 2.1 Comparison of IEEE standard 802.16, 16a, 16e [3] 

2.2  Overview of 802.16a 

2.2.1  Features of 802.16a MAC Layer 

Media Access Control (MAC) layer is a common interface that interprets 
data between the upper Data Link layer and the lower Physical layer. 
Besides the support of Mesh topology as mentioned in 802.16a, MAC 
layer has many other promising features. In order to support PMP long 
distance wireless communication. 802.16a standard employs Time 
Division Multiplexing (TDM) for downlink communication and Time 
Division Multiple Access for uplink communication. Since 802.16a is 
designed to handle the communication between hundreds of SSs and BS, 
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the efficient use of bandwidth is demanded. The on-demand bandwidth 
request (from SSs) and bandwidth allocation (from BS) makes efficient 
use of the spectrum. 802.16a MAC also provides high QoS mechanism to 
support the different applications. For applications like video and voice 
transmission requires low latency but can tolerate some error rate, but for 
most data transmission zero error rate is necessary while latency is not so 
critical. The support of multi-PHY layers also gives the vendors large 
flexibility.  

2.2.2  Features of 802.16a PHY layer 

Although great improvements on the MAC have been developed for 
IEEE standard 802.16a, in this project we only concentrate on the PHY 
layer behaviors. Hence in the following we will mainly discuss about the 
PHY layer features of 802.16a. The working bandwidth of 802.16a PHY 
is 2-11GHz for the need of NLOS operation, since this is not possible in 
higher bands [3]. Therefore three PHYs are introduced in this amendment: 
a new single carrier PHY, a 256 point FFT OFDM PHY, and a 2048 point 
FFT OFDMA PHY. Table 2.2 shows the main features of IEEE 802.16a 
PHY. 
 

Feature Benefit 
256 point FFT OFDM waveform Built in support for addressing 

multipath outdoor LOS and NLOS 
environments 

Adaptive Modulation and variable 
error correction encoding per RF 
burst  

Ensures a robust RF link while 
maximizing the number of 
bits/second for each subscriber 
unit. 

TDD and FDD duplexing support Address varying worldwide 
regulations where one or both may 
be allowed 

Flexible Channel sizes (e.g. Provide the flexibility necessary to 
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3.5MHz, 5MHz, 10MHz, etc) operate in many different 
frequency bands with varying 
channel requirements around the 
world. 

Designed to support smart antenna 
systems 

Smart antennas are fast becoming 
more affordable and as these costs 
come down their ability to 
suppress interference and increase 
system gain will become important 
to BWA deployments. 

Table 2.2 802.16a PHY Features [4] 
 

The using of OFDM technology achieves high spectrum efficiency. By 
using 256 point FFT OFDM (compared with 64 point FFT in 802.11a), 
the symbol duration is prolonged therefore it is very tolerant of the long 
multipath delays that occur in long-range, NLOS operation.  
 
To assure robust and maximum throughput, adaptive modulation schemes 
are specified in 802.16a standard: QPSK, 16-QAM, 64-QAM. When the 
channel condition is good higher data rate with 64-QAM will be selected 
otherwise lower modulation scheme will be chosen for robustness, shown 
as in Figure 2.2.  
 
IEEE 802.16a supports both time division duplexing (TDD) and 
frequency division duplexing (FDD). In TDD the uplink and downlink 
share a channel but do not transmit simultaneously, and in FDD the 
uplink and downlink operate on separate channels, sometimes 
simultaneously. 
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Figure 2.2 Adaptive PHY [5] 

 
Figure 2.3 is TDD downlink subframe structure. In a TDD transmission, 
the BS basically transmits a TDM signal. This TDM signal is a series of 
individual subscriber stations allocated time slots. Access in the uplink 
direction is by time-division multiple access (TDMA). The downlink 
subframe starts with a preamble, which is used for synchronization. The 
following section is a broadcasting control section that contains the 
DL-MAP and UL-MAP, which specified when physical layer 
transmissions (modulation and FEC changes) occur within the downlink 
frame as well as the UL-MAP. The TDM portions are just payloads to be 
transmitted to SSs. The frames in TDMA portions may differ in 
bandwidth due to the dynamics of bandwidth demand for the variety of 
services that maybe active. Since the recipient SS is implicitly indicated 
in the MAC headers rather than in the DL-MAP, SSs listen to all portions 
of the downlink subframe they are capable of receiving. 
 
Unlike the downlink, UL-MAP grants bandwidth to specific SSs. The 
SSs transmit in their assigned allocation using the burst profile specified 
by the Uplink Interval Usage Code (UIUC) in the UL-MAP entry 
granting them bandwidth. Figure 2.4 shows the TDD uplink subframe 
structure. 
 
In FDD, the uplink and downlink subframes are coincident in time but 
are carried on separate frequencies. The model in this thesis work is 
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based on FDD downlink structure, which will be shown in the following 
chapter. 

 
Figure 2.3 TDD downlink subframe structure [6] 

 

 
Figure 2.4 TDD uplink subframe structure [6] 
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Another advanced feature of 802.16a is that it specifies flexible channel 
size scalable from 1.75MHz up to 20MHz. This gives the vendors large 
flexibility to make full use of their paid spectrum. For example, if they 
have paid for a 14MHz bandwidth, they would not like a channel of 
6MHZ, since they will waste 2MHz of spectrum. With this scalable 
bandwidth allocation, they can have the channel of 1.75MHz, 3.5MHz as 
well as 7MHz. Thus the spectrum can be utilized fully. 

2.2.3  802.16a VS 802.11a 

Taking a detail look inside IEEE 802.11a standard and IEEE 802.16a 
standard they do share some characteristics. They both use OFDM 
technology and support multi-rate transmission with adaptive modulation 
scheme. But since 802.16a is designed mainly for outdoor long-range 
application it has more advantages than 802.11a in the following aspects: 
• Range 
Since WLAN application is concentrated mainly on indoor environment, 
the cellular radius of 802.11a goes up to 300-feet. Greater coverage can 
be achieved by adding more access points. 802.16a can reach a cellular 
radius of 30 miles. Because 802.16a PHY tolerates greater multipath 
delay spread via implementation of a 256 FFT vs. 64 FFT for 802.11a. 
The more points of FFT leads to a longer time of OFDM symbol 
duration.  
• Coverage 
The coverage of 802.11a is optimized for indoor performance, short 
range. 802.16a is optimized to deal with outdoor NLOS performance. 
Compared with 11a, 16a has an over all higher system gain, delivering 
greater penetration through obstacles at longer ranges. Advanced 
topologies (mesh networks) and antenna techniques such as Space Time 
Coding (STC) and antenna diversity can be employed to improve 
coverage even further. In addition not all OFDM is the same. The OFDM 
designed for BWA has in it the ability to support longer-range 
transmissions and the multi-path or reflections encountered [4]. 
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• Scalability 
The channel bandwidth of 802.11a is fixed for 20MHz. It can only be 
used in license-exempt spectrum with limited number of channels. The 
MAC protocol used in 802.11a is CSMA/CA protocol; therefore the users 
scale only from one to tens with one subscriber for each CPE 
device.802.16a is designed to efficiently support from one to hundreds of 
CPEs, with unlimited subscribers behind each CPE. With flexible 
channel size, scaling from 1.75MHz to 20MHz, 802.16a can make 
efficient use of spectrum. 
• Bit Rate 
The maximum that 802.11a can support is 54Mb/s in 20 MHz channel; 
while in 802.16a the maximum data rate can go up to 70Mb/s in 20MHz 
channel. This is because 802.16a uses flexible error corrections and 
shorter cyclic prefix (CP) length.  
• QoS (Quality of Service) 
802.11a uses a contention-based MAC (CSMA/CA), basically wireless 
Ethernet. 802.16a uses TDM (for downlink) and dynamic TDMA-based 
(for uplink) MAC with on-demand bandwidth allocation, which makes 
more efficient use of bandwidth. 
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3. Baseband Model of 802.16a OFDM-PHY 
This chapter first gives out the overview of 802.16a OFDM PHY 
specification. Then a detailed introduction of each baseband building 
blocks is presented. Different channel equalization methods are 
implemented and compared. In this model perfect timing and 
synchronization is assumed due to the limitation of Simulink, since the 
transmitter and receiver share the same global clock. 
 

3.1 Overview of 802.16a OFDM PHY 

3.1.1  OFDM Symbol Description 

The WMAN-OFDM-PHY is based on OFDM modulation. Data is sent in 
the form of OFDM symbols. An OFDM symbol is made up from carriers, 
and the FFT size is determined by the carrier number. Three types of 
carriers are used here: 

 Data carriers: for data transmission 
 Pilot carriers: for various estimation purpose 
 Null carriers: no transmission at all, for guard bands and DC carrier 

The purpose of the guard bands is to enable the signal to decay and create 
the FFT ‘brick wall’ shaping [7]. This also contributes for canceling 
inter-channel interference. Figure 3.1 shows the OFDM frequency 
description. 
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Figure 3.1 OFDM frequency description [7] 

 
During transmission, IFFT creates the OFDM waveform; the time 
duration is referred to as the useful symbol time Tb. A copy of the last Tg 

µ s of the useful symbol period, termed Cyclic Prefix (CP), is used to 

collect multipath, while remaining the orthogonality of the tones. Figure 
3.2 shows the OFDM symbol time domain structure. 

 
Figure 3.2 OFDM symbol time domain structure[7] 

 
Equation (3.1) specifies the transmitted signal voltage to the antenna, as a 
function of time, during any OFDM symbol. 
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t    is the time , elapsed since the beginning of the subject OFDM 
symbol, with 0< t <Ts. 
ck   is a complex number; the data to be transmitted on the carrier 
whose frequency offset index is k, during the subject OFDM symbol. It 
specifies a point in a QAM constellation. 

f∆   is the carrier spacing. ffts NFf /=∆ . sF  is the sampling 
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frequency; fftN  is the number of points of  FFT/IFFT. 

The main parameters for 256-OFDM PHY layer is defined as Table 3.1: 
Parameters Value 

fftN : number of FFT/IFFT points 256 

usedN : number of used carriers 200 

BWFs / :sampling frequency to 

bandwidth ratio 

8/7 for license-exempt bands 

bg TT / : Cyclic prefix lengths 1/4,1/8,1/16,1/32 

Number of lower frequency guard 
carriers 

28 

Number of higher frequency 
guard carriers 

27 

Frequency offset indices of guard 
carriers 

-128,-127…,-101 
+101,+102,…+127 

Frequency offset indices of basic 
fixed location of guard carriers 

-84,-60,-36,-12,12,36,60,84 

Channel bandwidth 20MHz 
Table 3.1 256-OFDM PHY layer parameters [7] 

3.1.2 Structure of 802.16a OFDM PHY Layer 

The structure of IEEE 802.16a OFDM PHY layer basically can be 
divided into two parts: baseband and RF band shown as Figure 3.3.  
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Figure 3.3 802.16a OFDM transceiver 

 
The output bit stream from MAC is first fed into the baseband transmitter, 
after baseband processing the digital data stream is separated to real and 
imaginary parts. After D/A conversion the real and imaginary data are 
converted to in-phase and quadrature waves. The in-phase wave 
multiplies a sinusoidal IF waveform; the quadrature wave multiplies with 
cosinusoidal waveform. These two waveforms are summed together to 
form a modulated intermediate frequency (IF) carrier. This is then 
multiplied with the RF carrier and after power amplify the 
electromagnetic wave is sent into the antenna.  
 
At the receiver, complimentary operations are performed in the reverse 
order. Accurate synchronization is necessary to ensure correct baseband 
processing. Synchronization of an OFDM signal requires packet 
detection, sample clock tracking and frequency synchronization.  
 
Packet detection refers to find the correct beginning of a packet this can 
be done with the aid of pilot symbols, such as preambles. There are two 
usual ways to achieve this, one is to perform autocorrelation of the 
received signal, in this case the preamble is usually composed of two 
sequentially identical parts; the other way is to correlate the received 
signal with preambles. When the peak occurs this means the beginning of 
a packet is detected.  
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The received analog signals need to be sampled at the exact point with 
correct sampling period (which equals the DAC period) for digital signal 
processing. However, the sampling phase and period differences always 
exists between ADC (in the transmitter) and DAC (in the receiver). Both 
can be correct by using a Delay Phase Locked Loop (DPLL) and VCO to 
adjust the sampling frequency of ADC. Since the correct transmitted 
pilots constellation is known to us and a wrong sampling will only cause 
a rotation of the constellation, based on the rotation distance we can get 
the frequencies we need to adjust to ADC. 
 
OFDM systems are very sensitive to frequency offset because there 
might be loss of orthogonality between subsymbols. The frequency offset 
can be estimated with the aid of preambles because the phase shifts on 
the constellation means the frequency shifts of carriers. The estimation 
can be performed both on time domain and frequency domain based on 
certain statistical criteria, such as Maximum Likelihood. The output from 
estimation will be fed back to adjust LO. 
 
In this paper we only focus on baseband structure, shown as Figure 3.4. 
As specified in the standard, 802.16a OFDM PHY layer baseband 
transmitter is composed of three major parts: channel coding, modulation, 
and OFDM transmitter. For the receiver complimentary operations are 
applied in the reverse order.  

 
Figure 3.4 802.16a OFDM PHY layer baseband block diagram 
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Channel coding refers to the class of signal transformations designed to 
improve communications performance by enabling the transmitted signal 
to better withstand the effects of various channel impairments, such as 
noise, fading, and jamming. The goal of channel coding is to improve the 
bit error rate (BER) performance of power-limited and bandwidth limited 
channels by adding structured redundancy to the transmitted data [8]. In 
IEEE 802.16a standard, the channel coding includes randomization, 
forward error correction (FEC), and interleaving. The FEC block is 
composed of Reed-Solomon encoder, convolutional coding and puncture 
(used to adjust different data rate). These are the mandatory blocks on the 
standard. Turbo coding and Convolutional Turbo Coding (CTC) are 
optional as well as CTC interleaving, so they are not implemented in this 
model. 
 
Modulation is the process of mapping the digital information to analog 
form so it can be transmitted over the channel. For an OFDM system the 
changing of phase and amplitude can be done but the frequency cannot 
change because they have to be kept orthogonal. The modulation used in 
802.16a is Gray-mapped QPSK, 16-QAM, and 64-QAM.  
 
The OFDM transmitter is composed of three parts: assemble OFDM 
frame, create OFDM signal by performing IFFT/FFT, and add cyclic 
prefix (guard interval used to cancel inter symbol interference). 
 
At the receiver, besides the complimentary parts with the transmitter, 
channel equalizer is implemented as well. In this model three kind of 
frequency domain equalizers are modeled: pilot aided LS equalizer, pilot 
aided LMMSE equalizer and long preamble aided LS equalizer.  
 
For the channel, an AWGN channel and a multipath Rayleigh fading 
channel are implemented for simulation. 
. 
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3.2  Block Description 

3.2.1  Randomization 

The first block in the transmitter is scrambler, which is used for 
randomization. The use of scrambler is to prevent a long sequence of 1s 
and 0s, which will cause timing recovery problem at the receiver. In 
802.16a standard the scrambler is implemented with a 15 bits shift 
register and two XOR gates. (Figure 3.5) For downlink (DL. data transfer 
from base station to subscribers) frame the initial vector for the shift 
register is 100101010000000 and the scrambler should be reset at the 
start of each frame. In this project we only model the DL process. 

 
Figure 3.5 Scrambler/Descrambler [7] 

At the receiver the same structure is used for descrambler. 

3.2.2 Forward Error Correction (FEC) 

3.2.2.1 Reed-Solomon Encoder 

FEC introduces redundancy in the data before it is transmitted. The 
redundant data (check symbols) are transmitted with the original data to 
the receiver. The first block in FEC is Reed-Solomon encoder. 
Reed-Solomon codes are block codes and this makes it good for 
correcting burst errors. 
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The codes are referred to in the format RS (N, K, T) where K is the 
number of uncoded bytes and N is the number of coded bytes, T is the 
number of bytes that can be corrected. The Reed-Solomon encoder 
generates a code such that the first K bits output from the encoder are the 
information bits and the next N-K bits from the encoder are the check 
bits added for error correction. In the standard Reed-Solomon encoder is 
defined as RS (255, 239, 8) with the following polynomials: 
Code Generator Polynomial: 

HEX
Txxxxxg 02),())()(()( 12210 =+⋅⋅⋅+++= − λλλλλ  

Field Generator Polynomial: 1)( 2348 ++++= xxxxxp  

3.2.2.2 Convolutional Encoder/ Viterbi Decoder 

The convolutional encoder shown as Figure 3.6 is used to enable the 
correction of random errors. The coding rate is 1/2 and constraint length 
is 7. Since 6 different data rates are supported in 802.16a OFDM PHY, 
puncture is needed after Convolutional coding. At the receiver Viterbi 
decoder is used to decode the convolutional codes with a trace back 
depth of 34. 

 
Figure 3.6 Convolutional Encoder [7] 
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3.2.3 Interleaver/De-interleaver 

After RS-CC encoding all encoded data bits shall be interleaved by a 
block interleaver with a block size corresponding to the number of coded 
bits per the specified allocation, Ncbps. Due to different modulation 
scheme QPSK, 16QAM, 64-QAM, Ncbps equals 384, 768, 1152 
respectively. The interleaver is defined by a two-step permutation.  
 
Let Ncpc be the number of coded bits per carrier, i.e., 2, 4 or 6 for QPSK, 
16-QAM or 64-QAM, respectively. Let s= Ncpc/2. Let k be the index of 
the coded bit before the first permutation at transmission; m be the index 
after the first and before the second permutation; and j be the index after 
the second permutation, just prior to modulation mapping. 
 
First step permutation:  

)16/()16/( )16mod( kfloorkNm cbps +⋅=    1...,2,1,0 −= cbpsNk      (3.2)          

Second step permutation:  

scbpscbps NmfloorNmsmfloorsj mod))/16(()/( ⋅−++⋅=  

1,...,1,0 −= cbpsNm                                        (3.3) 

The first ensures that adjacent coded bits are mapped onto nonadjacent 
carriers. This ensures that if a deep fade affects a bit, its neighboring bits 
are likely to remain unaffected by the fade, and therefore is sufficient to 
correct the effects of the fade. The second permutation insures that 
adjacent coded bits are mapped alternately onto less or more significant 
bits of the constellation. This makes detection accurate and long runs of 
low reliability bits are avoided. Deinterleaver is performed in reverse 
order of operations. 
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3.2.4 Modulation/Demodulation 

After bit interleaving, the data bits are entered serially to the constellation 
mapper. Gray-mapped QPSK, 16-QAM and 64-QAM are supported. The 
constellations shall multiply a constant c to achieve equal average power. 

c equals 2/1  for QPSK, 10/1  for 16-QAM, 42/1 for 64-QAM. 

Table 3.2 shows the relationship of modulation and coding rates. 
 
Rate 
ID 

Modulation Uncoded 
block size 

(bytes) 

Coded 
block 
size 

(bytes) 

Overall 
coding 

rate 

RS code CC 
code 
rate 

0 QPSK   24 48 1/2  (32,24,4) 2/3 
1 QPSK   36 48 3/4  (40,36,2) 5/6 
2 16-QAM 48 96 1/2  (64,48,8) 2/3 
3 16-QAM 72 96 3/4  (80,72,4) 5/6 
4 64-QAM  96 144 2/3 (108,96,6) 3/4  
5 64-QAM 108 144 3/4  (120,108,6) 5/6 

Table 3.2 Mandatory channel coding per modulation [7] 

3.2.5 Frame Assemble 

The basic unit in data transmission of an OFDM system is OFDM signal. 
In 802.16a standard each OFDM symbol consists of 192 complex 
payload data and 8 pilots and one DC.  Pilots need to be modulated 
before inserted to the specified position as shown in Table3.1. Pilots are 
generated by PRBS generator, as shown in Figure3.7.  
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Figure 3.7 PRBS for pilots modulation [7] 

The polynomial of PRBS generator is: 1)( 911 ++= xxxg  

The OFDM symbols should be packed into frames before sending. In this 
project FDD downlink frame structure is chosen for simulation, shown as 
in Figure 3.8.  

 
Figure 3.8 FDD OFDM PHY frame structure [7] 

 
The preamble in the downlink frame is called long preamble which is 
consists of a CP and 4 times 64 samples followed by a CP with 2 times 
128 samples, shown in Figure 3.9. The long preamble is used for 
synchronization and channel estimation. The frequency domain sequence 
for the 4 times 64 and for the 2 times 128 sequences is defined in [7]. 
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Figure 3.9 Downlink long preamble [7] 

 
The long preamble is followed by a FCH burst, which is one OFDM 
symbol long. The FCH contains control information for this entire PHY 
frame, such as the rate ID that defines the modulation rate that is used for 
the present frame as well as the frame length. It might also contain short 
MAC control messages. FCH burst is always modulated with 1/2 QPSK 
for consideration of robustness. Since in this project the model is not 
fly-on-air modulation (we only model the PHY Layer with no interaction 
with MAC) but manually switched for evaluation of the system, therefore 
FCH burst is not included in the model. We simply use a payload burst to 
replace its place. The rest bursts followed FCH are payload data bursts.  

3.2.6  IFFT Transmitter/FFT Receiver 

Two periodic signals are considered orthogonal when the integral of their 
product, over one period, is equal to zero. The carriers of an OFDM 
system are sinusoids that are different multiples of a fundamental 
frequency. Each subcarrier has an integer number of cycles in one period. 
Figure 3.10 gives an example of orthogonal subcarriers in OFDM 
system. 

 
Figure 3.10 Orthogonal OFDM subcarriers 
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FFT takes a time domain signal and outputs a frequency domain signal as 
a function of the sampling period and number of samples used. The 
fundamental frequency of the FFT is defined as 1/Ts_tot (Ts_tot is the total 
sample time of FFT). IFFT does the reverse operation of the FFT by 
converting a signal in the frequency domain into a time signal. The time 
duration of the IFFT time signal is equal to the number of FFT bins 
mulitiplied by the sample period. Each substream is then mapped to a 
subcarrier at a unique frequency and combined together using IFFT to 
yield the time-domain waveform to be transmitted. The signal values at 
the output of the IFFT are the sum of many samples of many sinusoids. 
Since an OFDM symbol can be defined by an IFFT, the mathematical 
model of an OFDM symbol to be transmitted is given by:  

∑
−

=

⋅

⎟
⎠
⎞

⎜
⎝
⎛=

1

0

21 N

k

N
jnk

kn eX
N

x
π

;  N=0,1,2,…,N-1                    (3.4) 

Zeros are padded equally at the beginning and end of an OFDM symbol 
to perform 256 points IFFT at the transmitter. These zero carriers are also 
used as guard band to avoid inter channel interference. At the receiver 
after doing FFT zero pads should be removed from the corresponding 
places. 
 
In wireless communication the orginal signal might be distort by the echo 
signals due to multipath delay. This is Intersymbol Interference(ISI). In 
order to cope with this problem a Cyclic Prefix is inserted before each 
transimtted symbol. If multipath delay is less than the CP duration, ISI is 
completely eliminated by design. Therefore, After perfroming IFFT, 
Cyclic prefix need to be added to each OFDM symbol. This is done by 
simply copying the last portion data in an OFDM sybmol to the 
beginning.  In the 802.16a standard, 1/4,1/8,1/16,1/32 adaptive CP 
length can be applied to the transmitted symbol. At the receiver reverse 
operation should be performed. 
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3.2.7 Channel model 

In order to evaluate a communication system, an accurate description of 
the channel model is necessary. A wireless channel is characterized by 
[9]:  
 

 Path loss (like shadowing) 
 Multipath delay spread 
 Fading characteristics 
 Doppler spread 
 Co-channel and adjacent channel interference 

 
Path Loss 
The path loss depends very much on the terrain and obstacles density in 
the path of LOS propagation. Usually high obstacle density and hilly 
terrain leads to high path loss and vice versa.  
 
Multipath Delay Spread 
The transmitted signal propagates through different paths due to the 
scattering environment, thus they arrive at the receiver at different time. 
From the receiver point of view, each received signal is actually a 
combination of multipath propagated signals.  
 
Fading Characteristics 
Fading refers to the signal level variability, which can be characterized 
by certain statistical distribution model. When there are a large number 
of indirect paths from the base station to the mobile user and they greatly 
predominate over the direct path, the received signal has a Rayleigh 
distribution. While in circumstances where the direct path dominates 
over indirect paths, the received signal has a Ricean distribution.  
 
Doppler Frequency Shift 
Doppler frequency shift is caused by the motion of relative motion. For a 
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mobile wireless communication, it is assumed that the receiver is moving 
such that the classical Jakes’ spectrum is used [10]. While for a fixed 
wireless communication, both the transmitter and receiver are stationary 
but actually some reflectors in the environment move, therefore the 
rounded Doppler PSD model is proposed [9].  
 
Besides the above channel factors, coherence distances, co-channel 
interference, antenna gain reduction factor should be taken in to 
consideration when simulating a MIMO or multichannel communication 
system. In this project we only consider SISO and single channel 
transmission and the channel for simulation is Multipath Rayleigh fading 
channel.  

3.2.8 Channel Estimator and Equalizer 

The transmitted OFDM signals will suffer from multipath fading and 
Doppler effect while propagating through the wireless channel, which 
performs like a filter. In order to get correct demodulation and decoding 
at the receiver, the channel transfer function must be estimated by the 
receiver. Channel estimation is followed by channel equalization, which 
simply divides all the received data symbols by the estimated channel 
transfer function. Channel estimation can be done both in time domain 
and frequency domain. For an OFDM system FFT need to be performed 
for all carriers so frequency domain processing is straightforward. 
Therefore in this project, frequency domain channel estimator and 
equalizer are designed and simulated.  
 
We define X to be the transmitted signal, H to be the channel impulse 
response, W to be the white noise of the channel and the received signal 
Y will be: 

WXHY += *                                           (3.5) 

HYHWYX ˆ//)( =−=                                    (3.6) 
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Ĥ  is the estimated channel transfer function. In order to recover X 
properly, an accurate Ĥ is necessary. In 802.16a standard, we have some 
already known constants for the receiver: pilots and preambles. By 
analyzing the changes of these constants, Ĥ  can be calculated based on 
some statistical criteria. Different frequency domain channel estimation 
methods are discussed in [11] [12] [13]. In this project three channel 
estimation methods are implemented with the aid of both pilots and long 
preamble. The statistical criteria that have been chosen are Least Mean 
Square (LS) Estimation and Linear Minimum Mean Square Estimation. 
In the LS based channel estimation, the estimated channel transfer 
function is computed simply by dividing the received signal by the 
exactly transmitted signal. 

XYH LS /ˆ =                                             (3.7) 

Where Y is the received vector and X is the transmitted vector. 
In the LMMSE based channel estimation: 

LS
H

whhhhLMMSE HXXRRH ˆ})({ˆ 112 −−+= σ , 

}ˆˆ{ H
LSLShh HHER ⋅=                                      (3.8) 

2
wσ is the variance of AWGN. The superscript H represents Hermitian 

transpose of a matrix.  
The three data aided channel estimators implemented in the project are: 

• Pilot aided LS estimator 
• Pilot aided LMMSE estimator 
• Long preamble aided LS estimator 
 

In each OFDM symbol there are only 8 pilot carriers, therefore 
interpolation is need to get the impulse response on all carriers of an 
OFDM symbol (shown as Figure3.). For the long preamble aided LS 
estimation, zero value carriers alternatively inserted with non-zero 
carriers. Channel estimation can only be done with non-zero carriers for 
the sake of division in LS/LMMSE estimation, thus interpolation is also 
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needed in this case. Since the distance between two interpolation points 
in long preamble aided LS estimator is much shorter (only one 
interpolated point between each two interpolation points) than Pilot aided 
LS estimator (thirty-two interpolated points between each two 
interpolation points), the interpolation result will be more accurate. Thus 
in a time invariant or slowly fading channel long preamble LS estimator 
will give a better solution, since the channel is estimated every frame. 
While in a time variant or fast fading channel Pilot aided LS estimator 
gives a better solution because the channel is estimated every symbol.   
 
From equation (3.7), we can see the computation complexity of LS based 
channel estimation is much less than LMMSE (3.8), but taken into the 
consideration of estimation accuracy LMMSE gives a better solution.  
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4. Simulation of the Baseband Model 
Based on the specification and algorithms for channel model and 
channel estimation, a Simulink model for 802.16a OFDM PHY Model is 
straightforward. In this chapter, both the Simulink implementation of 
802.16a OFDM PHY and the simulation on the model performance are 
illustrated followed with the simulation result analysis. 

4.1 Simulink Implementation  

4.1.1 Implementation Overview 

In order to see how this communication system works, we build a model 
for simulation in Simulink. Simulink is a platform for multidomain 
simulation and Model-Based Design for dynamic systems. It provides an 
interactive graphical environment and a customizable set of block 
libraries that we can use for design and simulation. In this project we 
mainly use the blocks from Communication library and DSP library. 
Besides this merit Simulink has the advantage for fast prototyping with 
the aid of Xilinx blocks. The fast prototyping design flow is shown as 
Figure 4.1. 
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Figure 4.1 Fast prototyping design flow [14] 

 
This project only concentrates on the floating-point model. The main 
goal is to verify the algorithms and make evaluations on different 
implementation of channel estimators. The top-level model is shown in 
Appendix B.1. This model includes 4 parts:  

 The doc file, which gives an introduction to the model. 
 The initial setting block, which allows the user to define the 

simulation parameters, such as: frame length, modulation scheme, 
CP length.  

 The core model of transmitter, receiver and channel. 
 The display pannel that can show the frame BER, constellation 

mapping and received power spectrum. 
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With the aid of Communication and DSP blocks in Simulink toolbox we 
have some predefined blocks that can be used directly. 
 
Data Source:     Burnuli Binary Source 
Source Coding/Decoding: Scrambler/Descrambler 
Channel Coding/Decoding: Reed-Solomon 
                         Encoder/Decoder                       

Convolutional Encoder 
Viterbi Decoder 
Matrix/Block Interleaver 
Matrix/Block Deinterleaver  

Modulation/Demodulation: QAM Mapping/Demapping 
IFFT/FFT:      IFFT/FFT 
Channel Model:    AWGN 

Mulipath Rayleigh fading channel 
Display Panel:     BER checker 

Constellation Mapper 
Power Spectrum Display 

 
Channel bandwidth 20MHz 
Number of Channel 1 
Sampling Frequency Fs 20*8/7=23MHz 

Carrier Spacing f∆  23/256=0.09MHz 

Symbol duration  

Tsymbol=1/ f∆  with 1/32 CP 

length 

11.46us 

Data rate with 3/4 64-QAM 
with 1/32 CP 

75Mb/s (maximum data rate) 

Table 4.1 Primary simulation parameters 
 
 
 



Simulation of the Baseband Model 

-34- 

The simulation parameters setting for these blocks are defined in 
initial_settings.m file, shown in appendix A. Primary simulation 
parameters are defined in Table 4.1. While for the channel estimator and 
equlizer, we need to build them based on the algorithms that we have 
chosen in the previous chapter.  

4.1.2 LMMSE based Channel Estimator 

In Simulink environment, the simulation result is updated every 
simulation sample period. In this model, we chose frame-based sample, 
which means during every simulation sample period data is computed in 
the unit of frame. From equation (3.7), X, Y are both vectors which 
length equals the number of data carriers per OFDM symbol and the 
computation is performed symbol by symbol. While in our model, since 
data is processed in the unit of frame per simulation sample period, X, Y 
is in the form of matrix with the column number equals the number of 
OFDM symbols per frame. 

( )nXXXX ...21=                                   (4.1) 

( )nYYYY ...21=                                      (4.2) 
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Ĥ , i =1,2,3...,n;                                 (4.3) 

n equals the number of OFDM symbols per frame . In order to perform 
frame computation, we can create a diagonal matrix with the vectors on 
the diagonal. Therefore the modified LMMSE estimation for frame-based 
computation can be deduced: 
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Insert 2
__ ,ˆ, reshapewreshapeLSreshape HX σ  to equation (3.8), then we get 
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Finally we need to reshape reshapeLMMSEH _
ˆ  to the form of transmitted 

frame format, therefore we get the final impulse response on pilot 

carriers LMMSEĤ : 

( )LMMSEnLMMSELMMSELMMSE HHHH ˆ...ˆˆˆ
21=                   (4.8) 

We can find that as the frame length grows, the computation load 
increases tremendously. This diagonal computation method can be only 
used for algorithm verification, while for hardware implementation we 
must use iteration to process the received data symbol by symbol. So far 
we have finished channel estimation on the pilot carriers, the next step is 
to spline the channel impulse response to all subcarriers in an OFDM 
symbol, as shown in Figure 4.2. 
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Figure 4.2 Spline the gain of pilot carriers to all subcarriers 
 

After channel estimation, equalization of received data is straightforward. 
This is done by simply dividing the received data by the channel impluse 
response on the corresponding carrier. Appendix B.2 shows the block 
diagram of LMMSE based channel estimation.  

4.1.3 LS based Channel Estimator 

For LS based channel estimation we implemented both pilot aided 
estimation and long preamble aided estimation. Compared with LMMSE 
based pilot aided channel estimation, the LS based pilot aided channel 
estimation has a rather low computation complexity. The main idea of 
processing frame-based data is the same as we have discussed above for 
the LMMSE estimator. While for the long preamble aided channel 
estimation, the first step channel estimation only need to be performed on 
one OFDM symbol (the long preamble), thus we can use equation (3.7) 
directly without modification. But after we get the channel impulse 
response on the long preamble, we need to repeat the channel impulse 
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response n (n equals the number of payload OFDM symbols per frame) 
times to all symbols in an OFDM frame, since we assume the channel is 
time-invariant within one frame duration. Structure of pilot aided LS 
channel estimator and long preamble aided LS channel estimator are 
shown in Appendix B.3 and Appendix B.4. 
 
The corresponding transformation mfile of matrix_reshape, spline_pilots 
and diagnal_matrix, are attached as Appendix A.2,3,4. 

4.1.4 Channel 

Two kinds of channels are implemented in this model:  
 AWGN channel 
 Multipath Rayleigh fading + AWGN channel 

The channel structure is shown in Appendix B.5.  

4.2 Simulation and Result Analysis 

Since we can adjust the modulation schemes, channel estimation method 
and CP length during communication in order to assure the 
communication quality, therefore three simulations are performed to 
evaluate the system. 

4.2.1 Modulation VS. Channel Condition 

Simulation Setup 
Frame length: 13 OFDM symbols 
CP length: 1/4 
 
Channel Condition  
Doppler shift: 10Hz 
Delay vector: [0  TS_channel  2TS_channel]   
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(TS_channel equals the sample period of each complex number in an OFDM 
symbol.) 
Multipath gain vector: [0 –5 –10] (dB) 
AWGN power: 0.01watts 
 
Channel Estimation  
Long Preamble aided LS channel estimation 
 
Simulation Result 
 
 
 
 
 
 
 
 
 

Table 4.2 BER of Modulation Schemes VS Channel Condition 
 
Result Analysis 
The BER result in Table 4.2 is an average of BER display. From the 
results, we can see that when the SNR of channel goes high the lower 
modulation scheme gives a better solution. This is because in a 
constellation mapping, larger distance between adjacent points can 
tolerate larger noise (which cause the point shift from the original place) 
in the cost of coding rate, as shown in Figure 4.3. Thus adaptive 
modulation schemes can be used to assure the highest transmission speed 
with a satisfied BER by setting thresholds of channel SNR. 
 
 
 
 
 

SNR(dB) 10 15 20 25 30 35 40

1/2 QPSK 0.5 0.42 0.01 0 0 0 0

3/4 QPSK 0.5 0.5 0.33 0 0 0 0

1/2 16-QAM 0.5 0.5 0.42 0.03 0 0 0

3/4 16-QAM 0.5 0.5 0.49 0.38 0.07 0 0

2/3 64-QAM 0.5 0.5 0.5 0.46 0.2 0.001 0

3/4 64-QAM 0.5 0.5 0.5 0.5 0.38 0.095 0
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            Figure 4.3 (a)                         Figure 4.3 (b) 
 

   
             Figure 4.3 (c)                       Figure 4.3 (d) 
 

(a) 1/2 16-QAM Equalized Constellation 
  (b) 1/2 16-QAM Unequlized Constellation 

(c) 3/4 64-QAM Equalized Constellation 
  (d) 3/4 64-QAM Unequalized Constellation 

 
Figure 4.3 Modulation Schemes VS Channel Condition (SNR=30dB) 
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4.2.2 Channel Estimation VS. Frame Length 

Simulation Setup  
CP length: 1/4 
Modulation: 1/2 16-QAM 
 
Channel  
Delay vector: [0  TS_channel  2TS_channel] 
Multipath gain vector: [0 –5 –10] 
AWGN power: 0.01watts 
SNR: 30dB 
Doppler shift: 100Hz (rapid up the simulation speed)  

Simulation Result 

Frame Length 
(symbols/frame) 

10 40 

Pilot aided LMMSE 0.001 0.00 
Pilot aided LS 0.002 0.00 
Long preamble 
aided LS 

0.000 0.03 

Table 4.3 BER of Channel Estimation Method VS Frame Length 
 
Result Analysis  
From Table 4.3 we can see that, as the frame length increases Long 
preamble aided LS estimation gives poorer BER than pilot aided channel 
estimation. This is because we take the assumption that the channel is 
time invariant within this frame, but the longer the frame is the change of 
the channel is more likely to happen. While for pilot aided channel 
estimation the channel impulse response is estimated every symbol 
period. However when the frame length is short, long preamble-aided 
estimation gives a better solution. This is because the spline result over 
101 carriers is more accurate than 8 carriers as in Pilot aided estimation. 
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Comparing the BER of pilot aided LMMSE and LS estimation, the 
former one has a relatively small value with the cost of large computation 
complexity. 

4.2.3 CP Length VS. Channel Delay Spread 

Simulation Setup  
Frame length: 20 OFDM symbols 
Modulation: 1/2 16-QAM 
 
Channel  
Delay vector: [0  30TS_channel  60TS_channel] 
Multipath gain vector: [0 –5 –10] 
AWGN power: 0.01watts 
SNR= 30dB 
Doppler shift: 100Hz 
 
Channel Estimation  
Long preamble aided channel estimation  
 
Simulation Result        

CP Length 1/4 1/8 1/16 1/32 
BER 0.042 0.094 0.188 0.230 

Table 4.4 BER of different CP length 
Result Analysis  
The maximum multipath delay spread that the transmitted OFDM symbol 
can tolerate with a CP length of 1/4, 1/8, 1/16 and 1/32 is 64Ts, 32Ts, 
16Ts and 8Ts respectively. While the maximum channel delay spread in 
the simulation is 60 Ts, so intersymbol interference (ISI) occurs for 1/8, 
1/16, 1/32 CP length transmission. From Table 4.4, longer CP gives a 
better protection of the symbol, but lowers the transmission efficiency. 
Figure 4.4 shows the constellation mapping of different CP lengths. 
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          Figure 4.4 (a)                            Figure 4.4 (b) 
 

      
            Figure 4.4 (c)                           Figure 4.4 (d) 
  

(a) CP=1/4, (b) CP=1/8, (c) CP=1/16, (d) CP=1/32 
 

Figure 4.4 Constellation Mappings of different CP lengths 
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5. Conclusions 
This chapter first gives a conclusion about the Simulink model that is 
built for this project and then a review of the efforts on the project is 
presented. At last several suggestions for the future improvements of the 
model is discussed. 

5.1 Conclusions for the Model 

The Simulink model is a study result of the IEEE standard 802.16a 
OFDM PHY layer. It supports all data rates/modulation schemes and CP 
length as defined in the specification. All mandatory building blocks are 
implemented, except for the synchronizer at the receiver. Since Simulink 
is a synchronous modelling environment, perfect sampling time and 
synchronization is assumed. The simulation result on BER above is not a 
precise statistic but an observation average of the BER checker display. 
The SNR defined in this model is the SNR of the AWGN channel that 
follows the multipath Rayleigh fading channel, so it not the overall 
channel SNR since multipath fading induces distortion to the transmitted 
signal as well. Therefore the overall channel SNR should be larger than 
the additional AWGN channel’s SNR. That’s why we need such a high 
SNR (such as 40dB) to achieve a low BER. While running a simulation, 
the channel changes dynamically and randomly, due to the use of 
Simulink. This causes some unfairness when we expect to compare the 
performance, which should be under the same channel condition for 
different parameters setting (such as the evaluation of different channel 
estimation methods). In order to cope with problem, we must run the 
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simulation as long as we can in order to get a statistical result. Although 
the numerical results are not so precise, the performance of the system 
can be evaluated as well, since the relationship between parameters 
follows the expected way.  
 

5.2 Conclusions for the Work 

The whole thesis work is carried out along four phases: pre-study of 
wireless network communication; an insight study of 802.16a OFDM 
PHY layer specification and related communication theory; building of 
Simulink model; write the final report. The majority time is spent on the 
building of Simulink model. This includes the study of the tool (such as 
how each predefined block works, how to use parameters for initial 
settings and how to write S-functions, etc.), the building of the model and 
adjustments. (Since Simulink is a sample based simulation environment, 
correct settings of sample times for all the blocks are critical. Buffers are 
needed to adjust frame-based data processing.) Besides the building of a 
Simulink model, another time consuming work is the study of 
communication theory, such as the channel model and channel estimation 
methods.  
 

5.3 Future Work 

So far the Simulink model still needs some further improvements. The 
channel model used in this model is actually a mobile channel because 
the Doppler frequency spectrum is based on Jake’s spectrum while for 
fixed wireless communication it is based on round Doppler spectrum. 
Although it doesn’t affect the simulation result so much (only larger 
frequency offsets for the received signal), in order to make the model 
closer to reality, the SUI [9] models maybe considered to be implemented 
in Simulink for more realistic simulation.  
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Synchronization is a necessary part to be developed in the future as well. 
In this model we assume zero delay receive, thus packet detection is not 
needed. But in real case this cannot happen. A lot of synchronization 
methods have been developed for OFDM system [15][16]. It is a tough 
but challenging work. 
 
Space Time Coding is suggested in 802.16a standard. It is used to 
achieve Multi Input Multi Output (MIMO), which can enhance the 
communication quality by adding the diversity of space. 
 
As mentioned in the last chapter, with the aid of Xilinx blockset, a rapid 
prototyping of 802.16a OFDM PHY layer baseband hopefully can be 
realized in the future.  
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Appendix A. Matlab Souce Codes 

Appendix A.1 initial_settings.m 

function p = initial_settings (Nofdm, modulation_mode, Nfft, cp_length); % 
802.16a WMAN PHY parameters setting 
 
p.Nofdm= Nofdm;%number of information ofdm symbols per frame 
p.Ntofdm = p.Nofdm + 2; %total number of OFDM symbols per frame equals 
number of information ofdm symbols plus two preambles  
p.Nsd = 192; % number of information data sysmbols per OFDM symbol, which 
equals the number of data subcarries 
p.Nsp = 8;   %number of pilot subcarries 
p.Nsc = 200; %total number of subcarriers 
 
%select points of FFT/IFFT 
p.Nfft_tmp= get_param(gcb,'Nfft');  
switch p.Nfft_tmp 
    case '256' 
        p.Nfft = 256; 
    case '1024' 
        p.Nfft = 1024; % not implemented in the model 
    case '2048' 
        p.Nfft = 2048; %not implemented in the model 
end; 
 
%select Cylic prefix length 
p.cp_length_tmp= get_param(gcb,'cp_length'); 
switch p.cp_length_tmp 
    case '1/4' 
        p.cp_length = 1/4; 
    case '1/8' 
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        p.cp_length = 1/8; 
    case '1/16' 
        p.cp_length = 1/16; 
    case '1/32' 
        p.cp_length = 1/32;  
end; 
 
%set up number of coded bits per data symbol and the coding rate due to 
%different modulation mode 
p.modulation_mode = get_param (gcb,'modulation_mode'); 
switch p.modulation_mode 
    case '1/2 QPSK' 
        p.coded_bits = 2 ; 
        p.coding_rate = 1/2;%Overall coding rate 
        p.CC_coding_rate = 2/3; %CC coding rate  
        p.puncture_vector = [1 1 0 1]';  
        p.RS_N= 32; %number of coded bytes for Reed-Solomon encoder 
        p.RS_K= 24; %number of uncoded bytes for Reed-Solomon encoder 
        p.Ncbps = 384; %number of coded bits per interleaving block 
    case '3/4 QPSK' 
        p.coded_bits = 2; 
        p.coding_rate = 3/4; 
        p.CC_coding_rate = 5/6; 
        p.puncture_vector = [1 1 0 1 1 0 0 1 1 0]';  
        p.RS_N= 40; 
        p.RS_K= 36; 
        p.Ncbps = 384;  
    case '1/2 16-QAM' 
        p.coded_bits = 4; 
        p.coding_rate = 1/2;  
        p.CC_coding_rate = 2/3;  
        p.puncture_vector = [1 1 0 1]';  
        p.RS_N= 64; 
        p.RS_K= 48; 
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        p.Ncbps = 768;  
    case '3/4 16-QAM' 
        p.coded_bits = 4; 
        p.coding_rate = 3/4;  
        p.CC_coding_rate = 5/6; 
        p.puncture_vector = [1 1 0 1 1 0 0 1 1 0]';  
        p.RS_N= 80; 
        p.RS_K= 72; 
        p.Ncbps = 768;  
    case '2/3 64-QAM' 
        p.coded_bits = 6; 
        p.coding_rate = 2/3; 
        p.CC_coding_rate = 3/4; 
        p.puncture_vector = [1 1 0 1 1 0]';  
        p.RS_N= 108; 
        p.RS_K= 96; 
        p.Ncbps = 1152;  
    case '3/4 64-QAM' 
        p.coded_bits = 6; 
        p.coding_rate = 3/4;  
        p.CC_coding_rate = 5/6; 
        p.puncture_vector = [1 1 0 1 1 0 0 1 1 0]';  
        p.RS_N= 120; 
        p.RS_K= 108; 
        p.Ncbps = 1152;  
    otherwise 
        p.coded_bits = 2; 
        p.coding_rate= 1/2; 
        p.CC_coding_rate = 2/3; 
        p.puncture_vector = [1 1 0 1]';  
        p.RS_N= 32; 
        p.RS_K= 24; 
        p.Ncbps = 384;  
end; 
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%source data rate (b/s) and other sample periods setting 
p.data_rate = 
(p.Nsd*p.coded_bits*p.coding_rate)/(p.Nfft/(20e6)*(1+p.cp_length));% channel 
bandwidth is 20 MHz 
p.samples_per_frame = p.Nsd*p.coded_bits*p.coding_rate*p.Nofdm;  
p.symbol_period=(p.coded_bits*p.coding_rate)/p.data_rate; 
p.chan_samperiod = 
(p.Nsd*p.symbol_period*p.Nofdm)/(p.Ntofdm*(p.Nfft+p.Nfft*p.cp_length)); 
p.symbols_per_frame = p.Nsd*p.Nofdm; 
 
%scrambler 
p.scramble_polynomial = [0 -14 -15]; 
p.scramble_ini_state = [1 0 0 1 0 1 0 1 0 0 0 0 0 0 0]; 
 
%Reed Solomon Encoder 
p.RS_buffer_size = 8*p.RS_K; % buffer for one OFDM symbol 
p.primitive_polynomial=[1 0 0 0 1 1 1 0 1]; 
      
%calculate block interleaving index 
p.interleaving_row = p.Ncbps/16; 
p.interleaving_col = 16; 
m=[0:1:p.Ncbps-1].'; 
s=p.coded_bits/2; 
p.interleaving_vec = s*floor(m/s)+mod((m+p.Ncbps-floor(16*m/p.Ncbps)),s)+1; 
 
%pilot  
p.pilot_gen_polynomial = [1 0 1 0 0 0 0 0 0 0 0 1]; 
p.pilot_ini_state= [1 1 1 1 1 1 1 1 1 1 1]; 
 
%short preamble 
p.short_preamble = 
sqrt(2)*sqrt(2)*[1+j;0;0;0;1+j;0;0;0;1+j;0;0;0;1-j;0;0;0;-1+j;0;0;0;1+j;0;0;0;1+j;0;0;
0;1+j;0;0;0;1-j;0;0;0;-1+j;0;0;0;1+j;0;0;0;1+j;0;0;0;1+j;0;0;0;1-j;0;0;0;-1+j;0;0;0;1-j
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;0;0;0;1-j;0;0;0;1-j;0;0;0;-1-j;0;0;0;1+j;0;0;0;-1+j;0;0;0;-1+j;0;0;0;-1+j;0;0;0;1+j;0;
0;0;-1-j;0;0;0;0;0;0;0;-1-j;0;0;0;1-j;0;0;0;1+j;0;0;0;-1-j;0;0;0;-1+j;0;0;0;1-j;0;0;0;1+
j;0;0;0;-1+j;0;0;0;1-j;0;0;0;-1-j;0;0;0;1+j;0;0;0;-1+j;0;0;0;-1-j;0;0;0;1+j;0;0;0;1-j;0;
0;0;-1-j;0;0;0;1-j;0;0;0;1+j;0;0;0;-1-j;0;0;0;-1+j;0;0;0;-1+j;0;0;0;-1-j;0;0;0;1-j;0;0;0;
-1-+j;0;0;0;1+j]; 
 
%long preamble 
p.long_preamble = 
sqrt(2)*sqrt(2)*[1;0;-1;0;-1;0;-1;0;1;0;1;0;1;0;1;0;-1;0;1;0;-1;0;-1;0;-1;0;1;0;-1;0;1;
0;1;0;1;0;1;0;-1;0;1;0;1;0;1;0;-1;0;1;0;-1;0;1;0;1;0;-1;0;-1;0;1;0;-1;0;1;0;-1;0;1;0;1;
0;-1;0;1;0;1;0;-1;0;-1;0;-1;0;1;0;-1;0;-1;0;-1;0;-1;0;-1;0;1;0;1;0;0;0;1;0;-1;0;-1;0;1;0
;-1;0;1;0;1;0;1;0;1;0;-1;0;1;0;1;0;1;0;1;0;-1;0;1;0;-1;0;-1;0;-1;0;-1;0;1;0;1;0;-1;0;1;
0;-1;0;-1;0;-1;0;-1;0;-1;0;-1;0;-1;0;-1;0;1;0;1;0;1;0;-1;0;-1;0;-1;0;1;0;1;0;-1;0;-1;0;-
1;0;1;0;-1;0;-1;0;1;0;-1;0;-1;0;-1;]; 
 
%adjust Cylic prefix length 
p.cp_index_tx = p.Nfft*(1-p.cp_length)+1; 
p.cp_index_rx = p.Nfft*p.cp_length+1; 
p.guarded_length = p.Nfft*(1+p.cp_length); % length of guarded symol 
 
%BER receiver delay 
p.receive_delay = 
((p.symbols_per_frame+p.Nsd)*p.coded_bits*p.CC_coding_rate+8*p.RS_N)*(p.R
S_K/p.RS_N)+p.RS_buffer_size; % receive delay for BER checker 
p.packet_size= 192*p.Nofdm*p.coding_rate; number of data symbols per frame 
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Appendix A.2 matrix_reshape.m 

function [sys,x0,str,ts] = matrix_reshape(t,x,u,flag,nofdm) 
%reshape the input pilot matrix to diagnal matrix 
 
switch flag, 
  %%%%%%%%%%%%%%%%%% 
  % Initialization % 
  %%%%%%%%%%%%%%%%%% 
  case 0 
    [sys,x0,str,ts]=mdlInitializeSizes(nofdm); 
 
  %%%%%%%%%%% 
  % Outputs % 
  %%%%%%%%%%% 
  case 3 
    sys=mdlOutputs(t,x,u,nofdm); 
 
  %%%%%%%%%%%%%%%%%%% 
  % Unhandled flags % 
  %%%%%%%%%%%%%%%%%%% 
  case { 1, 2, 4, 9 } 
    sys=[]; 
 
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Unexpected flags (error handling)% 
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Return an error message for unhandled flag values. 
  otherwise 
    error(['Unhandled flag = ',num2str(flag)]); 
 
end 
%========================================================== 
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% mdlInitializeSizes 
% Return the sizes, initial conditions, and sample times for the S-function. 
%========================================================== 
function [sys,x0,str,ts] = mdlInitializeSizes(nofdm) 
 
sizes = simsizes; 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 8*nofdm*nofdm;  % dynamically sized 
sizes.NumInputs      = 8*nofdm;  % dynamically sized 
sizes.DirFeedthrough = 1;   % has direct feedthrough 
sizes.NumSampleTimes = 1; 
 
sys = simsizes(sizes); 
str = []; 
x0  = []; 
ts  = [-1 0];   % inherited sample time 
 
%========================================================== 
% mdlOutputs 
% Return the output vector for the S-function 
%========================================================== 
function sys = mdlOutputs(t,x,u,nofdm) 
% u = reshape(input,1,[])   
u_tmp = reshape(u,8,[]); 
zero_vector=[0 0 0 0 0 0 0 0]'; %insert zero_verctors after each data colom the 
number of zero_vectors equals to nofdm 
zero_matrix=[0 0 0 0 0 0 0 0]'; %a zero_matrix with 8 rows and nofdm coloms 
for i= 1:(nofdm-1) 
    zero_matrix = horzcat(zero_matrix,zero_vector); 
end  
 
sys_tmp = u_tmp(:,1); 
for i=1:(nofdm-1) 
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    sys_tmp = horzcat(sys_tmp,zero_matrix,u_tmp(:,i+1)); 
end 
 
sys1= reshape(sys_tmp,[],nofdm); 
sys = reshape(sys1,1,[]); % sys_out = reshape(sys,[],nofdm); 
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Appendix A.3 splinepilots.m 

function [sys,x0,str,ts] = splinepilots(t,x,u,flag,nofdm) 
%splinepilots S-function perform the spline over 8 pilots’ channel impulse response 
to all 201 %carriers in one OFDM symbol. 
 
switch flag, 
  %%%%%%%%%%%%%%%%%% 
  % Initialization % 
  %%%%%%%%%%%%%%%%%% 
  case 0 
    [sys,x0,str,ts]=mdlInitializeSizes(nofdm); 
 
  %%%%%%%%%%% 
  % Outputs % 
  %%%%%%%%%%% 
  case 3 
    sys=mdlOutputs(t,x,u); 
 
  %%%%%%%%%%%%%%%%%%% 
  % Unhandled flags % 
  %%%%%%%%%%%%%%%%%%% 
  case { 1, 2, 4, 9 } 
    sys=[]; 
 
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Unexpected flags (error handling)% 
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  otherwise 
    error(['Unhandled flag = ',num2str(flag)]); 
 
end 
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%========================================================== 
% mdlInitializeSizes 
% Return the sizes, initial conditions, and sample times for the S-function. 
%========================================================== 
function [sys,x0,str,ts] = mdlInitializeSizes(nofdm) 
 
sizes = simsizes; 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 201*nofdm;  % dynamically sized 
sizes.NumInputs      = 8*nofdm;  % dynamically sized 
sizes.DirFeedthrough = 1;   % has direct feedthrough 
sizes.NumSampleTimes = 1; 
 
sys = simsizes(sizes); 
str = []; 
x0  = []; 
ts  = [-1 0];   % inherited sample time 
 
%========================================================== 
% mdlOutputs 
% Return the output vector for the S-function 
%========================================================== 
function sys = mdlOutputs(t,x,u) 
 
u1 = reshape(u,8,[]); % convert 1-D array to 8*Nofdm matrix structure 
u2 = u1'; % transpose u1. make the input pilots to be operated in row vector 
a = [17 41 65 89 113 137 161 185]; %position of pilot carriers 
aa = 1:1:201; %number of data carriers per OFDM symbol 
sys1 = spline(a,u2,aa); %spline channel impulse response to all subcarriers 
sys2 = sys1'; % transpose pilots back to be operated in colum vector 
sys = reshape(sys2,1,[]); % convert to 1-D array 
plot(aa,sys1); %plot splined graphic 
xlabel('Carrier') 
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ylabel('Gain') 
title('Spline Pilots'); 
grid on; 
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Appendix A.4 diagnal.m 

function [sys,x0,str,ts] =diagnal(t,x,u,flag,nofdm) 
%diagnal S-function converts a frame based data matrix to a large diagnal matrix 
with the colom vectors on diagnal of the new matrix 
 
switch flag, 
  %%%%%%%%%%%%%%%%%% 
  % Initialization % 
  %%%%%%%%%%%%%%%%%% 
  case 0 
    [sys,x0,str,ts]=mdlInitializeSizes(nofdm); 
 
  %%%%%%%%%%% 
  % Outputs % 
  %%%%%%%%%%% 
  case 3 
    sys=mdlOutputs(t,x,u,nofdm); 
 
  %%%%%%%%%%%%%%%%%%% 
  % Unhandled flags % 
  %%%%%%%%%%%%%%%%%%% 
  case { 1, 2, 4, 9 } 
    sys=[]; 
 
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Unexpected flags (error handling)% 
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  otherwise 
    error(['Unhandled flag = ',num2str(flag)]); 
 
end 
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%========================================================== 
% mdlInitializeSizes 
% Return the sizes, initial conditions, and sample times for the S-function. 
%========================================================== 
function [sys,x0,str,ts] = mdlInitializeSizes(nofdm) 
 
sizes = simsizes; 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 8*nofdm;  % dynamically sized 
sizes.NumInputs      = nofdm;  % dynamically sized 
sizes.DirFeedthrough = 1;   % has direct feedthrough 
sizes.NumSampleTimes = 1; 
 
sys = simsizes(sizes); 
str = []; 
x0  = []; 
ts  = [-1 0];   % inherited sample time 
 
% end mdlInitializeSizes 
 
%========================================================== 
% mdlOutputs 
% Return the output vector for the S-function 
%========================================================== 
function sys = mdlOutputs(t,x,u,nofdm) 
for i=1:nofdm 
    if i==1 
        sys_tmp=u(1); 
        for j=1:7 
            sys_tmp=horzcat(sys_tmp,u(1)); 
        end 
    else 
        for j=1:8 
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            sys_tmp=horzcat(sys_tmp,u(i)); 
        end 
    end 
end  
sys = sys_tmp; 
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Appendix B. Screenshots from Model  

Appendix B.1 Top View Model 
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Appendix B.2 Pilot aided LMMSE Estimator 
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Appendix B.3 Pilot aided LS Estimator 
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Appendix B.4 Long Preamble aided LS 

Estimator 
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Appendix B.5 Channel 
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