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ABSTRACT 

It would be dire need of accurate and fast wireless communication in the present as well 

as future era. Few years ago, error free wireless link design was only challenge and it had 

opened a way of digital communication. Now speed of communication is vital and 

essential part of research in the field of wireless communication. In wired communication 

category, optical communication is a solution to achieve targeted data speed but wireless 

channel for serial communication is highly disturbed with the phenomena of multipath 

and frequency selective fading for a data rate over a specific limit. A new technology 

named Orthogonal Frequency Division Multiplexing (OFDM) is a perfect key to open this 

locking situation of limited data rate with optimum use of bandwidth in the multipath 

fading channel. OFDM is an advance bandwidth efficient and multicarrier digital 

modulation technique which has been highly adopted for the broadband wireless services 

because it gives high performance in the multipath fading environments. OFDM 

technology had penetrated itself in many broadband wireless services due to high data rate 

support and robust response against narrowband interferences. It is very robust against 

narrowband interference, but it does not mean that it is totally free from drawbacks.  

 There are many issues with OFDM too and one of them is synchronization 

between orthogonal frequency channels at receiver. OFDM is very sensitive to timing and 

frequency synchronization errors. These errors are quite detrimental to the mutual 

orthogonality among the subcarriers which is main and mandatory condition of the OFDM 

technique. If it is not resolved properly, it creates inter-symbol interference (ISI) and 

inter-channel interference (ICI). ISI and ICI increase the Bit Error Rate (BER) and create 

packet loss in the transmission. Means, OFDM System has no proper use without precise 

synchronization technique to assure reasonable system performance. Synchronization 

errors can be solved by many methods like Data Aided method, modified structure of the 

OFDM symbols and blind approaches. 

 This research focuses on study of synchronization errors, various symbol timing 

and carrier frequency acquisition schemes including coarse and fine synchronization 

techniques and researching optimum synchronization methods for IEEE 802.11ac 

(released in the December, 2013) Wireless Local Area Network (WLAN) using short and 

long training symbols. MATLAB simulation is applied to evaluate the performance of the 

proposed methods of synchronization in Additive White Gaussian Noise (AWGN) and 
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indoor residential channel B using Joint Technical Committee (JTC) wireless channel 

model. It also describes comparison among proposed methods and based on comparison, 

adaptive synchronization is also proposed. Finally testing and validation of work has been 

done.  
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Introduction  

1 

 

CHAPTER – 1  

Introduction 

Wireless communication means transmission of information over a distance through 

atmosphere or space. It does not use wires, cables or any other form of physical medium. 

The information is propagated by the means of electromagnetic waves. In wire 

communication, channel means physical medium can be prepared as per requirements of 

the application, but it is not possible in wireless communication. This is the reason wireless 

communication has not come up in the era of analog communication. With invention of 

digital technology and advancement in Integrated Circuits (IC), wireless communication 

becomes more viable compared to wire communication. Wireless communication is the 

best option when and where wired connection is not feasible or practical due to cost of the 

installation or many other reasons.   

In wireless communication, spectrum allocation and bandwidth are very important 

parameters because the frequency spectrum is limited. Viability and acceptability of any 

application of wireless communication depends upon the bandwidth efficiency for a 

defined band of frequency and capacity to improve the signal detection by mitigating the 

impact of various impairments of wireless channel. Thus, a few years back, designing an 

error free wireless line with good spectral efficiency was only primary concern and it had 

provided options to explore various ways of digital communication. But since two decades, 

data rate has also become vital and essential part of wireless communication. Transmission 

with high date rate is really a great challenge in the wireless communication based systems 

because it needs wide bandwidth. Wide band channel is highly and easily disturbed due to 

frequency dependent fading characteristics which in turn introduces Inter-Symbol 

Interference (ISI) to the received signal due to multipath components of signal. ISI will 

produce error in the signal detection if it is not removed. To counter the consequence of 

ISI, channel equalization has to be employed. In the multipath transmission, the channel 
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equalization is very complex. Thus, meeting the high data rate requirements of the current 

applications which are using wide band channel create multipath distortion which has 

added more challenges to the design of wireless communication link.  

Orthogonal Frequency Division Multiplexing (OFDM) is a concurrent data transfer 

mechanism that can competently alleviate the consequence of multipath distortions. In 

essence, OFDM technology changes the wide band channel into the form of multiple 

narrow band sub-channels and information is divided and then transmitted on those narrow 

band sub-channels which experience only flat fading thus offering several advantages over 

conventional serial communication. Due to OFDM technology, Nowadays, there has been 

a remarkable demand for more applications to become wireless.     

1.1      Historical Background of OFDM System 

It is reality that OFDM based digital modulation technique has set its inimitable position in 

the wireless communication whether it is a short distanced Wireless Local Area Network 

(WLAN) or a long distanced Digital Video Broadcasting (DVB). Next generation of 

wireless communication systems such as high speed internet, multimedia services and 

streaming video would not be completed satisfactory without OFDM because it 

congregates high speed, good quality and better mobility requirements with reasonable and 

adequate spectrum efficiency. OFDM is basically a digital multi-carrier modulation 

method which supports elevated speed of communication by converting a high speed 

transmission line into several low speed transmission lines. OFDM technology based 

transmission becomes more accepted at present because of easy implementation and high 

data rate. Conventional serial single carrier communication systems do not support data 

rate beyond certain limit because of frequency fading channel.  

Originally, Chang [1] put forward the idea of OFDM in 1966 for dispersive fading 

channels. At this moment, it is important to mention that the research contribution in the 

domain of OFDM during the dawn period by Weinstein, Peled, Ruiz, Hirosaki, Cimini et 

al. [2-5]. As an absolute evidence of its significant development, OFDM was standardized 

as the European Digital Audio Broadcasting (DAB) as well as DVB scheme. It comprises 

of a trustworthy proposal for the recent third generation mobile performance LAN.  During 

the earlier days, it was difficult and costly to put the OFDM system into practice due to the
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 array requirement of modulators and demodulators for contemporaneous procedures. 

Further, the system should be free from the errors due to shifting in frequency and time 

delay in the received carriers to keep them away from the crosstalk between the 

subcarriers.  

The usage of Inverse Discrete Fourier Transform (IDFT) and Discrete Fourier Transform 

(DFT) as modulator and demodulator respectively, was demonstrated in the research of 

Weinstein and Ebert [2] in 1971 to substitute the arrays of modulators and coherent 

demodulators. Eventually, due to the advancement in the technologies of signal processing 

and Very Large Scale Integration (VLSI) technologies in 1979, high computational chips 

were built for special-purpose hardware to carry out the huge Fast Fourier Transform 

(FFT) (efficient algorithm for DFT) at reasonable cost. The concern about restraining both 

inter symbol and inter subcarrier interferences which are generated due to the lacking of 

timing and frequency synchronization, was addressed by Hirosaki [3] in 1981 by proposing 

an equalization algorithm. The idea of preserving the orthogonality among the subcarriers 

using Cyclic Prefix (CP) was given by Peled and Ruiz [4] in 1980. OFDM was 

commenced to be in practice since early 90’s in broadband communication systems such as 

High Definition Television (HDTV) terrestrial broadcasting, High-bit-rate Digital 

Subscriber Lines (HDSL), Asymmetric Digital Subscriber Lines (ADSL), Very High-

Speed Digital Subscriber Lines (VHDSL) etc. Wireless broadcasting standards such as 

DAB and DVB also made use of OFDM technology. Many standards based on spread 

spectrum technology have also been proposed for WLANs operating in Industrial, 

Scientific and Medical (ISM) band. 

IEEE 802 LAN/MAN standards committee has been drafting IEEE 802.11 standards 

which form the base of majority of the today’s WLAN and use modulations techniques 

such as Direct Sequence Spread Spectrum (DSSS) and OFDM. Several standards and 

amendments have been made in the same since 1999. IEEE 802.11a was the primary 

successful standard which was finished in the year of 1999. It operates in the frequency 

band of 5 GHz and is supporting a data rate up to 54 Mbps. Came into existence in early 

2000, IEEE 802.11b functions at the frequency band of 2.4 GHz using a DSSS system and 

capable of attaining 11 Mbps of data rate. However, it undergoes from nosiness because 

the band is utilized by several other services such as microwaves ovens, Bluetooth, 

cordless phones etc. Launched in mid 2003, 802.11g hosted the potential of both 11a and
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11b standards. Offering full backward compatibility, the 11g standard is rooted in the 

OFDM technology, but operates at 2.4 GHz spectrum. An amendment was made in 2009 

in form of 802.11n which make use of Multi Input Multi Output (MIMO) technique to 

increase the speed predominately up to 600 Mbps. Later, Operating on both the band of 

frequency 2.4 GHz and 5 GHz, IEEE 802.11n standard gives improved performance due to 

two reasons (i) possibility for the use of non overlapping 40 MHz channels and (ii) a lesser 

amount of radio interference. Two new Task Groups (TGs) viz. IEEE 802.11ac and IEEE 

802.11ad have also been drafted by the same committee with an objective to augment 

performance of WLAN. The 11ac standard operates in the band of frequency 5 GHz only. 

It hypothetically enables a data speed of at least 1 Gbps. This standard published in the 

month of December, 2013, which has been prepared on IEEE 802.11n. Thesis work is fully 

based on this IEEE 802.11ac WLAN standard.  

Protocols such as IEEE 802.16, Worldwide Interoperability for Microwave Access 

(WiMAX) and IEEE 802.10, Mobile Broadband Wireless Access (MBWA) are also being 

used these days. 

1.2      Motivation 

This research on synchronization optimization in OFDM was motivated by dissertation 

work during my study of post graduation in Electronics Communication Systems in 2009. 

It was OFDM transmitter implementation and performance comparison with conventional 

communication link using MATLAB software. This study directed to understand OFDM 

technology and its issues. OFDM technology is being used in the wireless communication 

where the high data rate is the vital requirement. OFDM technology is robust against any 

type of fading of channel and thus it is considered a key solution for multipath distortion. 

But it does not mean that it is totally free from drawbacks. There are many issues such as 

Phase distortion, Peak to Average Power Ratio (PAPR), Synchronization etc., with OFDM 

too and synchronization loss between orthogonal frequency channels at receiver is very 

detrimental if not handled properly. OFDM is actually very quick to respond to timing and 

frequency synchronization errors. 

Thus, OFDM technology is the only solution in wireless communication to achieve desired 

level of data rate with easy implementation. It is also seen that implementation of OFDM
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 technology depends on type of application. Development in the WLANs in the last decade 

has also motivated. WLAN is upcoming technology and concept in India. There are many 

open areas of research in WLAN too which will keep going forever. Since 1997, OFDM 

technology and its amendments in WLAN are being studied and always something new 

has come out in the market. Due to consistent research in the field of WLAN for last two 

decades, it is very easy for researchers to get proper guidance, base materials and experts 

& researchers’ technical support.  

Concept of frequency tuning for the synchronization is old so basic idea of frequency and 

phase locking between oscillators at transmitter and receiver is known since long back. 

Synchronization in serial communication is not that much complex as it is in OFDM 

technology based parallel communication. Synchronization between various sub-channels 

in OFDM signal is essential. 

The research on synchronization in OFDM can be utilized in other OFDM technology 

based applications with or without modification. Scope of research in synchronization in 

OFDM signal is very wide which can help researchers for extending the research in 

different areas easily. Use of OFDM technology in mobile application has also created 

research opportunities.                 

1.3      Thesis Scope 

Recently, OFDM has been adopted in an ample range of high data rate communication 

systems because of the excellent spectral efficiency and heftiness to multipath fading 

distortions and narrow band interferences. Conversely, there are some limitations 

associated with OFDM systems (especially in case of non linear amplifiers) that impair 

their quality in comparison to the conventional single carrier systems [6]. The other major 

problem, which is the main focus of this thesis, is serious sensitivity of OFDM systems to 

synchronization imperfections between the transmitter and receiver. The Carrier Frequency 

Offset (CFO) and symbol timing jitter destroy the orthogonality set among sub-channels at 

transmitter which is finally resulted in considerable performance degradation due to the 

provoked interferences between successive symbols and adjacent subcarriers, i.e. ISI and 

Inter-Carrier Interference (ICI). Therefore, OFDM systems require precise and accurate
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synchronization between sub carriers and this has been found emerging subject for the 

research over the past few years.  

Based on details whether the receiver has some primary information about the transmitted 

data or not, the synchronization schemes can be generally classified into two broad 

categories: Data Aided (DA) and Non Data-Aided (NDA). Data-aided techniques require 

the inclusion of known training sequences along with data; most often take the form of 

pilot signal which is used to assist in the process of setting up synchronization at the 

receiver [7-9]. The synchronization information can be extracted and then used for 

correction by correlation between the repeated symbols or among the pilot tones. These 

methods are advantageous because they are capable of producing consistent estimates for 

the synchronization parameters with modest computational difficulty. However, they 

tolerate from low power and poor bandwidth efficiencies as portion of the transmission 

must be used for the training or pilot data. Exploitation of some statistical data could be 

possible to predict the synchronization parameters through non-data aided (aka blind 

synchronization) methods in OFDM transmission structure. Hence, they are more power 

and bandwidth efficient than data aided techniques.  

Non data aided methods cannot be considered as totally blind synchronization methods as 

it normally needs the information in terms of Signal to Noise Ratio (SNR) and/or Channel 

Impulse Response (CIR). In addition, blind approaches are not so accurate in estimating 

the errors as data aided estimates and they might produce inconsistent estimates. 

Moreover, non data aided estimates usually have high computational complexity. As 

multipath fading channels prefer transmission through OFDM, the estimation of 

parameters needed for implementing synchronization should be easily quantifiable and 

computable in multipath impairments too. Otherwise, the main benefit of using OFDM 

will be diminished. Unfortunately, a universal setback for most of the blind 

synchronization techniques is that they are not so strong to the multipath distortion and so 

most of them experience considerable performance drop in frequency selective fading 

channels such as the estimators reported in [10-13]. 
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1.4      Contributions of the Thesis 

Aim of this thesis is to propose and develop data aided and strong symbol timing and 

frequency synchronization architecture for OFDM systems that can provide accurate 

estimate for the synchronization parameters over frequency selective fading channels. 

IEEE 802.11ac WLAN standard has been chosen for the implementation of 

synchronization algorithms. Thesis work is divided in two phases, first phase is simulation 

of 802.11ac communication link using MATLAB software and second phase is related to 

implementation synchronization algorithms.  

In first phase, IEEE 802.11ac based WLAN communication link is implemented on 

MATLAB platform and tested it in the environment of Additive White Gaussian Noise 

(AWGN) and indoor residential channel B using Joint Technical Committee (JTC) 

wireless channel model. The training signal of the 802.11ac frame is observed and 

understood for the implementation of synchronization algorithm. Starting of training signal 

is detected using minimum mean square error.   

Timing synchronization is achieved in first step of second phase using Short Training Field 

(STF). Later, Short and long training symbols based synchronization technique is proposed 

for detection and correction of frequency synchronization error. Frequency offset 

correction and synchronization is achieved in two steps: coarse frequency synchronization 

and fine frequency synchronization. STF is used for coarse frequency synchronization and 

Long Training Field (LTF) is used for fine frequency synchronization. Proposed methods 

are implemented, evaluated and compared also. It is studied and observed that the 

sequence of correction of timing and frequency error matters. As per study, timing 

synchronization should be done first, then coarse frequency estimation and last fine 

frequency synchronization. Ten symbols of STF and two symbols of LTF are used for 

coarse and fine frequency synchronization respectively. Three methods for coarse 

frequency synchronization are proposed, implemented and compared. Based on results 

above mentioned, adaptive synchronization is also implemented for optimizing 

synchronization. All results are compared and validated. 
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1.5      Thesis Outline 

The thesis is organized as follows: 

Chapter 2 presents the fundamentals of channel that will be helpful in the design of 

appropriate channel for the testing and evaluation of the performance of the proposed 

synchronization methods. It also describes the OFDM system and issues related to it. It 

provides the details of synchronization and its effect in OFDM system. It also gives 

information about the applications in which OFDM technology is being used. Moreover, 

the chapter 2 also presents detailed information of the synchronization requirements of 

OFDM based systems and highlight a number of synchronization techniques available in 

literature.  

Chapter 3 explains the IEEE 802.11ac WLAN data frame and its components. It shows the 

significance of preamble part of the data frame at the receiver. Data aided approach by 

using training sequences is described in this chapter. Simulation of the IEEE 802.11ac and 

the corresponding results are also shown and explained which is very useful for the study 

and implementation of the thesis objective that is synchronization optimization in OFDM 

system. Chapter 3 also gives details of IEEE 802.11ac WLAN transmitter and its 

subsections. Thus this chapter covers PART- I of the implementation and so it is as vital as 

chapter 4 in this thesis.  

Chapter 4 throws light on the proposed synchronization algorithms and its implementation 

using MATLAB. It explains the sequence of synchronization in any OFDM technology 

based application which is very crucial while tackling synchronization issue.  Simulation 

of the proposed methods and their results are analyzed in different aspects. Time and 

frequency synchronization methods are employed in sequence with depth study of 

literature. The various methods of coarse frequency synchronization based on correlation 

are compared and its effect on fine frequency synchronization is examined. Lastly, 

adaptive solution for optimizing the results is also proposed and implemented.  

Finally, conclusions are made in Chapter 5 and the thesis ends with a probable line of 

future work. 
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CHAPTER – 2  

Literature Review 

In this opening chapter, OFDM technology has been observed as a way of neutralizing the 

communication medium persuaded linear distortions come upon when propagating data 

over a scattered wireless channel. Chang [1] proposed the fundamental principle of 

orthogonal multiplexing of subcarriers and researchers have been exploring the same 

during last several years. Regardless of its strong appearance in form of concept, due to 

practical issues while making it work, the usage was restricted to few domains including 

military practices. However, OFDM has been adopted in many commercial appliances 

where high speed data transfer is required. In coming section, the principle of OFDM is 

explained in details to understand its significance. Noise and growing symbol rates restrict 

high speed communications over AWGN channels. It becomes more noteworthy because 

of the memory constraint of the dispersive wireless communication channel. The various 

echoes make the multipath transmission of the channel more apparent. These echoes are 

various communicated symbols that overlap at the receiver end that becomes reason for 

error rate deprivation. In the case of smaller delay compared to the duration of the 

transmitted symbol, it produces negligible consequence of ISI on the transmission error 

statistics. This means that channel’s memory sensibly restricts the symbol rate of 

communication systems.  

Performance of system’s error rate gets deteriorated for higher symbol rates. Therefore, a 

concrete mechanism needs to be put in action to counteract the effect of ISI in case of 

symbol rates exceeding certain limit. One may use channel equalization techniques to 

suppress the channel echoes. To achieve the same, one may make estimation on the 

channel impulse response. Researchers have been working in the direction of developing 

such channel equalizers. The majority of the wireless systems make use of equalization to 

encounter ISI.   
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An alternative mechanism to send information symbols in parallel over the multipath 

channel could be to employ a set of carriers which are orthogonally related as opposed to 

trying to abandon the channel’s echoes effect [14]. Summation of all the parallel channels’ 

throughput makes the overall system’s data throughput. The sub channel carries very small 

portion of the total data rate which is normally occupied by conventional single carrier 

system. This facilitates to design a system that supports elevated speed of communication 

while retaining the requirement of symbol duration in reference to the memory of channel, 

resulting into avoidance of the requirement for channel equalization.  

The issue of multipath propagation can be addressed using OFDM transmission over 

wireless communication channels. However, researchers have been focusing on several 

intrinsic OFDM problems such as PAPR, synchronization, and phase distortion. They also 

work on alleviating the results against above mentioned issues in the worst situation of 

channel. Out of above listed all issues, synchronization is related to this research and so it 

is addressed in coming section in more depth. Thus, this chapter presents the basic 

principles for wireless communications using OFDM technique. It starts with a general 

description for the communication through multipath radio channel. Then OFDM 

transmission scheme and its main parameters, features and applications are described. At 

the last, the effect of synchronization imperfections to the signal at the receiver and the 

theory of signal synchronization in OFDM systems are discussed. Next section describes 

the channel and its effect in wireless communication.                 

2.1      Wireless Channel Fundamentals 

In the beginning, OFDM modems were considered for the reliable data transmission in 

frequency selective fading channels without the requirement of a complex time domain 

channel equalizer. Time variant and time dispersive channels which are diverse in nature 

produce serious disturbance in the received data symbols in an OFDM system. Energy will 

overflow between consecutive OFDM symbols (which lead to ISI), if the CIR is larger 

than the OFDM guard interval duration. But normally the guard interval length in time is 

chosen to be longer than the longest anticipated CIR. Time dispersive channel may be 

stationary of non-stationary. Under the influence of high Doppler frequency, a channel is 

categorized as non-stationary if the Rayleigh fading CIR taps fluctuate predominately over 

the OFDM symbol duration and otherwise channel is considered stationary. However, for 
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longer time periods, the taps do change over. In this research, IEEE WLAN 802.11ac is 

taken as communication link for the study of synchronization effect and its solution, so 

indoor radio channel means stationary time dispersive channel is considered. Next sub 

sections focus on propagation loss in the channel, shadowing effect and then effect of the 

multipath fading. 

2.1.1      Propagation Loss 

Radio signal gets deteriorated when propagated in the air. In wireless communication, the 

average power of the received signal get weakens with the path distance. In ideal situation 

like free space where there is a direct communication between the sender and the receiver 

and there is no existence of secondary waves, the power of the received signal is inversely 

proportional to square of the carrier frequency of communication and square of the 

distance between the transmitter and receiver. Equation 2.1 shows the relation between 

transmitted power and received power in the wireless channel if RP  and TP  are the 

received and transmitted powers respectively [15]. 

2
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f dα
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(2.1) 

Where f is the carrier frequency, d is the distance of communication between transmitter 

and receiver,G  is the power gain of the transmitting and receive antennas, 2α = is the 

path loss component and path loss is defined as T

R

P
P

. One can infer from the (2.1) that the 

larger the carrier frequency the smaller the maximum distance of communication. When 

there is clutter in the medium, it is not easy to determine the received signal because of the 

combination of the direct path component with the multi-path components at the receiver. 

Even though, there is a difficulty to estimate power of received signal accurately, many 

propagation models are developed for the predication of channel loss which includes 

popular HATA model [16] recommended by the WiMAX forum.    

 2.1.2      Shadowing Effect  

As described above, the power of the signal decreases or weakens with not only the 

distance but it also assuages arbitrarily along the distance when the communication
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medium has obstacles. Equation 2.1 does not depict the real situation because it provides 

the equal path loss to the different receivers which are situated at equal distance from the 

transmitter. However, the variations in the signal would differ for two locations having 

dissimilar surroundings which are known as shadowing. Thus, there are many other factors 

including path loss which are also affecting the received signal strength. For example, 

channel obstacles such as trees and buildings situated between the transmitter and receiver 

could be sources of the temporary signal degradation and contrary, a momentary set up of 

line of sight transmission path could produce strangely high received power. Because of 

the random characteristics of shadowing effect, it is generally modeled by a log normal 

random variable as per (2.2) [6]. 

),0()(log10 2

10 XNx σ≈  (2.2) 

Where x  is the shadowing factor and ),0( 2

XN σ is a Gaussian distribution with mean of zero 

value and variance 2

Xσ . As per the explanation in [6], typical values for Xσ  are in the 

range of 6-12 dB, which means that the received signal power could fluctuate in a quite 

large dynamic range.   

To stabilize the propagation loss and shadowing effect, the Automatic Gain Control (AGC) 

module regulates the amplifier, in realistic wireless communication environment. It 

maintains enough received signal strength during transmission and permits the usage of 

fully dynamic range of Analog-to-Digital Converter (ADC) to overcome error occurs due 

to the quantization process. However, AGC amplifies the received signal in which noise 

signal is also being boosted along with the information signals and ultimately leads to the 

signal to noise power ratio unchanged even after the amplification. Hence, it is concluded 

that SNR of the received signal is not being improved by the mechanism of AGC. As a 

result, verification is required for the performance of algorithms developed for wireless 

communication for a range of SNR for better understanding in practical situations.  

2.1.3      Multipath Fading  

When fading occurs at the receiver due to the many copies of the same signal arriving at 

receiver via different paths, it is called multipath fading. This happens due to the time 

delay in the propagation of the earlier transmitted signal and so such time delay is worked 

out by considering the length of the route on which the replica of signal propagated. The
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distance to the scatterers is normally larger in case of outdoor environment than that of 

indoor environment. Time difference between the original signal and last arrived channel 

paths is considered as channel’s multipath spread. Channel’s multipath spread is expected 

to be more in the case of outdoor environment compared to indoor environment. The term 

multiplicative complex gain is represented as the signal magnitude ratio of transmitted and 

received signals and phase difference between them. This is the term usually used to 

demonstrate the effect of the channel. Thus, the multipath channel introduces either fall in 

the signal or rise in the signal which is finally resulted in the frequency dependent 

distortion [17-19], as the signal at the receiver is the combination of several copies of the 

transmitted signal multiplied by independent complex gains. The fluctuations in the phase 

the received signal are commonly modeled as random variables with the either Rayleigh 

distribution or Ricean distribution. Thus the channel model can be called as either 

Rayleigh fading model or Ricean fading model. In Rayleigh fading channel model, 

assumption is made that all signals arriving from different paths suffer nearly same 

attenuation while the Ricean fading channel model considers a system having strong line 

of sight signal component than near line of sight signal components.   

Transmitted signals are represented by very narrow pulses in the wideband communication 

systems and so they are subject to ISI when arrive with different amplitude and time delay 

in the multipath environment. ISI happens if the duration of these narrow pulses is not kept 

enough larger than the multipath delay spread. Amplitude fluctuation and delay in the time 

are random variables and can be modeled as the delay power spectrum given by the 

impulse response in (2.3). 

∑
=

−=
L

i

j

ii
ietth

0

)()(
ϕτδα  

 

(2.3) 

Where iα is a amplitude of the multipath in Rayleigh distribution with a mean value of 

local strength 22}{ iiaE σ= , iτ  is the time delay introduced due to multipath arrival, iϕ is 

the phase inclusion due to multipath arrival which is assumed to be uniformly distributed 

in (0,2π). Fig. 2.1 shows the delay power spectrum. 
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FIGURE 2.1 Delay Power Spectrum for JTC Channel B 

 

Equation 2.4 shows the scattering function which is describing the multipath channel.  

)()();( λτλτ DQS •=  (2.4) 

Where )(τQ and )(λD are the delay power spectrum and the Doppler spectrum 

respectively.   

Using delay power spectrum, JTC proposed three wideband multipath channel models 

such as channel A, B and C. These models are based on relative time delays and mean 

square amplitude values of multipath components for indoor environment may be 

commercial, office and residential buildings. Good, medium and bad circumstances are 

defined by channel A, B and C respectively. Channel modeling is very important part in 

the research work to test and validate the proposed algorithms. The error in the selection 

and designing of the channel creates meaningless results. Depending upon the application 

of communication, channel model should be chosen for creating real environment of 

testing the proposed algorithms.     

In this research, channel B model as per Table 2.1 is applied in the simulation considering 

indoor medium office environment. Selection of channel model B is appropriate for the 

IEEE standard 802. 11ac WLAN. 

DocuSign Envelope ID: E85870B7-F4B0-4BF3-BED1-B99E9BC4B85E



Wireless Channel Fundamentals 

15 

 

TABLE 2.1 JTC Multipath Indoor Residential Buildings Models 

 

Four tapped delay lines channel B model with assuming the flat Doppler spectrum for 

indoor residential building is shown in Fig. 2.2.  

 

FIGURE 2.2 Tapped Delay Lines Channel Model 

As per this channel model, the signal at the output of the channel means input to the 

receiver can be written as per (2.5). 
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Where )(0 ts•α represents the LOS components, ∑
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ϕτα represents the Near 

Line of Sight (NLOS) components, iavgi Power ,=α  is i-th arriving path’s amplitude, 

iϕ is the i-th arriving path’s random phase which is uniformly distributed in (0,2π).   

Deep fading and its time and frequency dependent variation are the two major challenges 

in the signal processing algorithms for the better outcome. JTC Channel B is expected to 

give realistic performance evaluations. 

2.2      OFDM System 

In time dispersive channels, different echoes of different symbols overlap because of 

multipath propagation between the transmitter and receiver. In such channels, the 

performance of the system is ISI limited especially in high data rate communications when 

the multipath delay introduced by the channel goes up higher than period of the symbol. In 

the literature, it is observed that several research projects have been conducted to 

overcome the ISI effect due to the channel dispersion and advanced transmitter and/or 

receiver techniques have been developed. The channel equalization is one of the efficient 

techniques that have been widely employed in most high rate wireless systems to combat 

the ISI. In the following, alternative approach for transmitting over multipath fading 

channels using OFDM technique is discussed. 

2.2.1      Multicarrier Modulation 

For designing the ISI immune telecommunication systems, the duration of the information 

symbol should be kept much larger than the anticipated delay spread of the channel 

otherwise the error rate becomes intolerable. The multicarrier modulation technique is 

alternative method or option for single carrier transmission over wideband channels that 

follow originally from two requirements which are high speed and ISI free transmission. 

Instead of trying to mitigate the effects of channel dispersion, the multicarrier transmission 

makes use of a set of subcarriers for parallel transmission over the wideband channel.
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In the multicarrier modulation scheme, the serial data stream is split into a number of 

parallel data streams using serial to parallel converter. Thus a single user transmits data on 

multiple subcarriers with lower data rate on each subcarrier. Thus each parallel data stream 

needs subcarrier to be modulated by separate modulator means for N parallel lines, N 

modulators are required having carrier frequencies are f0,  f1 , f2…….fN-1 as shown in Fig. 2.3. 

The subcarrier spacing among adjacent subcarriers is ∆f and the overall bandwidth W of 

the N multicarrier modulation system is N∆f.  

 

FIGURE 2.3 The Multicarrier Principle 

In OFDM, the spectrum of the subcarriers is overlapped and all subcarriers are orthogonal 

to each other. In order to achieve the subcarriers orthogonality and avoid ICI, the 

subcarrier interval ∆f should be equal to 1/T, where T is the symbol duration.   

The multicarrier scheme is referred to as OFDM when the sub-channels are orthogonal 

under the ideal prorogation environments. Now each data sub stream has a duration N 

times greater than the duration of main serial data stream and so symbol duration in each 

parallel data sub stream is always greater than the delay spread of channel. All data sub 

streams are transmitted simultaneously over N narrow sub-channels and therefore, the 

system throughput is the sum of the throughputs of all the sub-channels which is equal to 

the throughput of single carrier systems. 
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Therefore, in a high efficiency modulation scheme, a robust high speed transmission is 

ensured over time dispersive channels where all the parallel sub-channels experience 

comparatively flat fading since their bandwidth is selected to be significantly lower than 

the channel coherence bandwidth. In contrast to the single carrier systems which require a 

complex adaptive time-domain equalizers, the equalization in OFDM systems is quite 

simple. 

2.2.2      OFDM System Structure 

OFDM based parallel communication is not simple multicarrier parallel communication 

but it is the technology which has given paramount solution over serial communication for 

the high data rate transfer. In the conventional way of transmission means serial data 

transfer [14], the data stream is given directly to the modulator which is modulating carrier 

frequency positioned at the centre of the bandwidth f0,  f1 ,  f2…….fN-1, means at (.fN-1+ f0)/2.  

In the serial transmission, the modulated signal takes up the full bandwidth W. The main 

disadvantage of the serial communication is that deep fading causes a burst of errors which 

is normally creates error in several bits. Contrary in multicarrier transmission like OFDM, 

data is divided on several sub carriers and hence deep fading disturbs the portion of the 

main data stream. One more advantage of OFDM system is that duration of the data 

symbol transmitted over subcarrier is enough larger than the multipath delay and hence it 

experiences flat fading only. Therefore, the OFDM system may be capable to recover all of 

the partially distorted symbols due to flat or deep fading. Thus, serial transmission system 

experiences an error burst while no errors or few errors may occur in the OFDM approach. 

OFDM system has occupied its place in the advance communication systems because of its 

additional benefit of OFDM which is due to feature permitting symbol period to be kept 

wide. Period of symbol is enough increased so that the multipath delay becomes a notably 

shorter and tiny fraction of a symbol period than it is in the serial transmission. This 

attribute of the OFDM system is making the system less responsive to the dispersion 

phenomena of the channel.  

As shown in Fig. 2.4, main data stream is split in to N parallel lines using serial to parallel 

converter and data on each line is used to modulate N subcarriers. There are N modulators 

having assigned different carrier frequency as mentioned above. Output signals of the N 

modulators are then combined to generate OFDM signal. Thus, OFDM transmitter
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employs special approach of multicarrier transmission approach. OFDM receiver follows 

completely reverse process of the OFDM transmitter. OFDM signal at the receiver is then 

de-multiplexed into N corresponding different frequency bands. After demodulation of the 

all signals, all baseband signals are recombined using parallel to serial converter.    

 

FIGURE 2.4 Simplified Block Diagram of the Orthogonal Parallel Modem.  

A negative aspect of the OFDM approach shown in Fig. 2.4 is its augmented complication 

in the hardware set up compared to conventional serial transceiver. In the Fig. 2.4 of 

OFDM based parallel modem, it is seen that transmitter and receiver need N modulators 

and N demodulators respectively. N filters are also required at transmitter as well as 

receiver too. Thus, hardware requirement in OFDM approach shown above is not practical 

because value of N is of the order of 100. Higher the value of N, OFDM becomes more 

immune to the frequency dependent fading induced by the channel. Thus, to achieve higher 

level of robustness against fading, a N must be chosen big number, but it increases 

hardware requirements. Providentially, it is presented in the paper [20] that function of the 

above described transmitter can be implemented by applying IDFT to the block of N QAM
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symbols and same way the function of receiver can be performed by using DFT. Thus, use 

of mathematic functions IDFT and DFT avoid the use of complex hardware. IDFT and 

DFT can be replaced by Inverse Fast Fourier Transform (IFFT) and Fast Fourier 

Transform (FFT) for the large number of subcarriers in the OFDM design. Thus, OFDM 

becomes vital and fast growing technology with the development of IC and use of 

computationally competent pair of IFFT and FFT.  

2.3      OFDM System Based Applications 

In telecommunications, OFDM is a modulation scheme based on the concept of 

multicarrier transmission. OFDM is widely accepted with its full development for attaining 

speed of communication especially in the wideband digital communication. It is used in 

many applications in which high data rate is the major intention such as digital video and 

audio broadcasting, Digital Subscriber Line (DSL) internet access, power line networks, 

wireless networks and 4G mobile communications. 

DAB is a digital radio or high definition radio broadcasting service which fundamentally 

offers digital audio programs in excellent quality and data services to fixed, mobile and 

handy devices. OFDM technology was first employed in the DAB successfully and then it 

becomes highly acceptable and trendy transmission scheme for most of the contemporary 

and advanced wideband digital communication systems. It was established in 1990s by 

Eureka 147 DAB. Compared to FM radio service, DAB is more bandwidth efficient and so 

that it can offer more radio services for the allocated bandwidth [21-23]. As of now, about 

41 countries are using DAB and upgraded DAB services.  

The first Terrestrial Digital Video Broadcasting (DVB-T) [24-25] pilot transmissions were 

begun in the late 90’s. Key advantage of the DVB-T is the effectual use of the allocated 

frequency spectrum with lower power radiation compared to conventional analogue video 

broadcasting. It is also important note that the coverage area of transmission remains 

unchanged. There is one more additional and vital feature of DVB-T is the feasibility of 

designing Single Frequency Network (SFN). This network allows the usage of same 

frequency in the adjacent stations without interference to each other. It offers number of 

other services like internet, video on demand and High Definition Television (HDTV) 

along with regular TV channel. 
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OFDM is also being employed for wired application like ADSL and HDSL systems [26-

28] because of its resilience to time dispersive channels and narrow band interferers. It is 

known that copper wires themselves source of attenuation at high frequencies. The unique 

property of OFDM to cope high frequency selective attenuation and narrow band 

interference made it acceptable in applications such as ADSL modem. DSL also attains 

high speed data connections on existing copper wires.  

Power line devices are also used to expand digital connections through power line using 

OFDM technology. Usually, the power lines are laid down for the AC power transmission 

at the frequency 50-60 Hz [29-30]. It was impossible to use power lines as a 

communication medium because of several degrading factors such as noise, frequency 

selective fading and impedance mismatching. But OFDM technology has overcome all 

these issues and power lines turn out to be multi-use.  However, Bit Error Rate (BER) may 

be reduced for high speed applications by using multicarrier modulation techniques such as 

OFDM and Discrete Multitone (DMT) Modulation. Two new OFDM based standards 

“Narrow band power line communication (NB-PLC) standards G3” and “PRIME” have 

emerged for providing essential requirements i.e., worldwide interoperability and 

Electromagnetic Compatibility (EMC) friendliness for the Smart Grid (SG) success.   

Long Term Evolution (LTE) [31-32] is a wireless mobile communication standard and 

data terminals supports high speed data transfer based on the original Global System for 

Mobile (GSM) technology which is also utilizing OFDM transmission scheme. It is 

marketed as 4G LTE or Advanced 4G. Use of OFDM for the signal generation is the key 

attribute in the LTE. OFDM’s associated access schemes Orthogonal Frequency Division 

Multiple Access (OFDMA) and Single Carrier Frequency Division Multiple Access (SC-

FDMA) are also distinguished features of LTE.     

IEEE 802.16 [6] set of standards known as WiMAX which is a family of wireless 

broadband communication standards providing multiple physical layer and Media Access 

Control (MAC) options. WiMAX system is a cost-effective broadband access service 

providing its service to residential and commercial users. WiMAX would operate similar 

to Wi-Fi, but it shows better performance over long distance at higher speed and for a good 

number of users. 
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IEEE 802.11 is the standard designed for implementing WLAN, which is commonly 

known as Wi-Fi. It is a part of 802 standards [33] which usually include the set of 

protocols for implementing LAN and 802.11 provides protocols implementation using 

wireless technology. Most of the devices across the world used this standard which is 

finalized by the organization named “Institute of Electrical and Electronics Engineers 

(IEEE)” for the connection without using wire. It begins from 802.11 and every time 

newer versions are coming with improved speed and performance. The brief description of 

all the versions of 801.11 standards goes as follows: 

802.11-1997: This was the first of the Wi-Fi standards which provided speed of 1 or 2 

Mbps. It also provided error detection and correction capability. It operated in the 2.4 GHz 

frequency band and offered indoor coverage area of about 66 feet. 

802.11b: IEEE extended its 802.11 standard in the month of July, 1999 and launched 

802.11b standard. This may be the first of the Wi-Fi which was used by the general users. 

It operated at the same frequency as the first standard of 2.4 GHz with the expected speed 

of 11 Megabits/second. Due to its lower price, it hit the market and widely accepted by the 

users. Being operated in the same frequency of 2.4 GHz as the other devices like 

Bluetooth, microwave ovens, cordless phones, it faced interference from these devices. 

802.11a:802.11a used the same set of rules and frame format as original standard but 

adding an OFDM based air interface. It operates on 5GHz with the utmost speed of 54 

Mbps, and with error correcting codes which gives realistic speed around 20 Mbps. It 

comes with higher speed but it also comes with the disadvantage of lower range and it also 

has difficulty in penetrating walls and other obstacles. 

802.11g: In June 2003, third version of WLAN standards came into existence which 

operated in the band of 2.4 GHz frequency as of 802.11b but used OFDM technology as 

802.11a. It has speed of 54 Mbps with error correcting codes which gave on average 

throughput of 22 Mbps. It provided backward compatibility with IEEE 802.11b standard 

so the same access point and hardware could be used with both the standards. The main 

advantage of this standard was the reduced cost with increased speed. It also suffered 

interference with some devices operating on 2.4 GHz frequency like wireless keyboards.
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802.11n: 802.11n standard was used to improve the performance of the previous standards 

by applying MIMO technique which is supporting multiples antennas than single one. This 

standard operates in the both 2.4 GHz and 5 GHz frequency band giving speeds ranging 

from 54 Mbps to 600 Mbps. It gave slightly better range than the previous ones and had 

backward compatibility with 802.11g/b. 

802.11ac: This standard uses dual band for connection, it supports 2.4 GHz as well as 5 

GHz frequency band. In 5 GHz frequency band, this standard offers 80 MHz channels, 

three spatial streams and 256-QAM modulation with Multi user MIMO. Its speed 

increased to 1300 Mbps in the frequency band of 5 GHz and up to 450 Mbps in the 2.4 

GHz frequency band. Published in December 2013 and it is one of the most widely used 

standards nowadays. In 2014-15, it moved forward with support for 160 MHz channels, 

four spatial streams and Multi User MIMO. It provides backward compatibility with all 

previous standards 802.11b/g/n. 

802.11ad: IEEE 802.11ad operates on 60 GHz, having slightly different propagation 

properties than 2.4 GHz and 5 GHz bands. This is suited for very fast communication of 

around 8 Gbps and less range of 1-10 meters. It is extremely fast and comes with WiGig 

brand name [34-35].  

Wireless technology has impacted our current world in a great way and such technologies 

make work simpler and faster having not to worry about the different wiring and 

connections. Just we have to simply connect anywhere wirelessly and start working. It’s 

extreme simple way to have connection with devices and internet. A standard is the way to 

keep all the components in order and thus IEEE came up with some standards even for the 

WLAN or Wi-Fi. 

2.4      Issues in OFDM System 

Though OFDM proposes superior performance and additional merits over the usual single 

carrier modulation techniques and attains elevated data rates which are in value almost 

equal to the Shannon limit, it is not totally free from hurdles. The major challenges in the 

use OFDM technique are to handle high value of PAPR and synchronization errors. High 

value of PAPR creates hurdle in the implementation of ADC and digital to analog 

converter (DAC) circuits. It also needs the linear power amplifier which has less power
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efficiency because PAPR in the OFDM system is proportional to the number of sub-

carriers used in it. Due to multicarrier transmission, synchronization error in time and 

frequency between the transmitter and receiver is very significant to maintain in limit for 

the accurate detection of the signal at the receiver and set up quality link [36-37]. Timing 

and frequency synchronization errors introduce additional interference to the OFDM 

systems which ultimately degrade the performance [38]. Proper channel estimation is key 

part of any communication link which is severely affected by timing synchronization in 

OFDM [39]. There are many inventive and precise techniques and algorithms have been 

proposed for the effective estimation and correction of synchronization errors in the 

OFDM system. Following section describes PAPR and synchronization in brief.  

2.4.1      PAPR  

It is realistic that the OFDM may produce a elevated instantaneous signal peak with 

respect to the mean value of signal because the OFDM signal is a combination of a great 

number of modulated sub carriers. In addition, signals may meet large amplitude swings 

when signal cross from low instantaneous power level to a high power level. Such swings 

create out of band harmonic distortion power unless power amplifier gives high linearity 

performance across the complete range of signal as explained in [14]. Later, this 

extensively infects the neighboring channels with adjacent channel interference. It is not 

possible to have linear amplifier over the full range of the signal but amplifiers can be 

designed for the practical use to show a limited amplitude range in which they can be 

thought close to linear. Clipping at the signal peak occurs when power amplifier is driven 

into saturation which is then become major source of out of band emissions. To avoid this 

phenomenon, power amplifier must not be operated into saturation phase. They are hence 

typically operated with certain back off for forming the situation to reduce the risk of 

saturation in power amplifier and out of band emission. Literature [40-42] suggests that 

either utilizing methods for reducing PAPR or enhancing the amplifier stage in the 

transmitter, these issues can be mitigated.      

2.4.2      Synchronization  

In telecommunication, synchronization between transmitter and receiver is very crucial for 

successful and error free transmission. As far as OFDM link is concerned, it is challenging
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task to establish synchronization between two ends of communication links because 

transmission is taking over multiple subcarriers [43]. OFDM technology is highly 

acceptable and useful in the current position of the telecommunication field so that many 

different types of techniques have been presented by many researchers and scientists for 

detecting, estimating and rectifying the synchronization errors. Many algorithms are using 

extra predetermined symbols generally known as pilot symbols for coarse estimation of the 

timing and frequency synchronization errors [44-45]. Following coarse tuning of time and 

frequency, fine tuning must be done for reducing BER by various algorithms based on 

cyclic extension of the OFDM symbol [46-47].   

2.5      Synchronization in OFDM System  

Synchronization system is the heart of the overall OFDM system. Precision and exactness 

of the frequency and timing error estimation and correction decides the performance of 

OFDM communication link. The effects of carrier frequency and timing errors are 

different over different channels and it is very important to study these effects before to set 

up OFDM link [48-49]. 

Problem related to time synchronization can be separated in two parts: symbol 

synchronization and sampling clock synchronization. Multipath effect of the wireless 

channel spreads the OFDM symbol which creates error in the detection of the starting of 

the symbol. This is called ISI. ISI also occurs due to sampling clock offset because it 

generates drifting of the data block away from the receiver FFT window. These two 

phenomena lead to ISI which then creates ICI. ISI and ICI together disturb the accuracy of 

detection system which is important task of the receiver and thus degrade the performance 

of the system. Timing synchronization also affects the estimation process of channel 

behavior in OFDM link. Estimation of the channel performance is carried out by 

evaluating CIR which is to be within the time domain estimation window but the position 

of the CIR is shifted due to timing offset. Shifting of CIR disturbs the channel estimation.        

Deviation in the carrier frequency of local oscillator at transmitter and receiver plays key 

role in the quality response of the OFDM system. This deviation shifts the frequency 

spectrum of the received signal and finally it becomes the reason of loss of orthogonality 

among subcarriers which is resulted in ICI. Subcarriers remain orthogonal if deviation
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amount in the frequency is an integer multiple k  of the subcarrier spacing f∆ . In this case, 

the spectrum of the received signal is shifted by fk∆ which also increases bit error rate 

(BER) because of occurrence of received data symbols at the incorrect position in the 

spectrum after the demodulation. In short, frequency error creates inter-carrier-interference 

in either case and finally BER increases. Without solving the issues of timing and 

frequency error, Error free OFDM system is not possible.    

Many multimedia application adopted OFDM modulation technique so the techniques and 

algorithms used to undertake the problem of timing and frequency error for attaining 

synchronization depend upon the application. It is also under research to finalize common 

algorithm to be used for handling the issue of synchronization. Common synchronization 

system is essential because of today’s demand to employ all standards having OFDM 

concept in the same wireless device. [50]. Mostly and many authors had suggested 

techniques and methods for rough acquisition of timing and frequency offset which is done 

by known sequence of pilot symbols generally known as preamble or pilot tones placed 

into the OFDM symbols [44-45]. On other hand, cyclic extension concept was also 

proposed for undertaking the issues of fine frequency and timing synchronization [46-47]. 

In short, proper and effective synchronization algorithms have been investigated for 

getting better performance of the OFDM system against timing and frequency errors.    

Looking to the different standards finalized for the OFDM system, it is found that different 

methods are being used for handling the issue of synchronization. In 802.11a standard, 

synchronization problem is resolved by using preamble part embedded in the main frame 

of the OFDM System. 802.11n and 802.11ac use mainly Very High Throughput (VHT) 

preamble along with legacy preamble which provides backward compatibility for the 

previous standard IEEE 802.11a. This is regular leaning in the development of particular 

standard so that devices of new standard can be used in the old technology also. Added HT 

preamble in the 802.11n standards look for the channel estimation and fine-tuning of AGC 

control in MIMO OFDM system. Preamble part means 10 identical short and repetitive 

training symbols and 02 identical long training symbols plus guard interval are used as 

legacy preamble for reducing the synchronization errors. Each additional symbol act upon 

specific function for example short training sequence is used for coarse timing 

synchronization while fine timing synchronization can be done by long training symbols. 

Auto-correlation and cross-correlation based algorithms are popular for cancelling timing
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synchronization errors.  It is required to note down that typical auto-correlation based 

algorithms have a plateau problem and conventional cross-correlation based algorithms 

have pseudo multipath problem induced due to Cyclic Delay Diversity (CDD) [51]. 

LTE – 4G employs pilot subcarriers instead of preamble symbols to make easy the process 

to cancel the timing and frequency synchronization errors. Similarly, DVB –T/H also 

utilize dedicated subcarriers for timing and frequency synchronization purposes. .  

2.5.1      Timing Synchronization 

Erroneous synchronization in timing causes ISI and ICI which badly deteriorates BER of 

the system [39]. Generally, timing synchronization is performed in two parts: Rough 

synchronization and fine synchronization. Synchronization in time is applied in OFDM 

system depends on type of application because structure of the frame is not same in all 

applications. Restricted coverage based and short distance communications like WLANs 

make use of preambles while Digital Video/Audio broadcasting system use many symbols 

to facilitate the solution against synchronization error.   

While handling the synchronization issue, it is suitable and more practical to tackle 

synchronization error in time domain rather in frequency domain. In practice, initially 

carrier frequency offset is not performed so that cross correlation based algorithms cannot 

be used. As mentioned in the above paragraph, the rough/coarse timing synchronization is 

done first. There are two ways to handle the process of coarse timing synchronization 

which depend on the requirements of the OFDM systems. Based on application, coarse 

timing synchronization error is looked after with the help of cyclic prefix/suffix [52-54] or 

by the dedicated preamble [7], [55]. Both algorithms have their own characteristics as 

cyclic prefix based methods can work blindly whereas algorithms based on preamble can 

generally gives faster and more robust output against error of synchronization. It is 

reviewed that the Maximum Likelihood (ML) [10], Minimum Mean Squared Error 

(MMSE) [53] and the Maximum Correlation (MC) methods [52], [56] are three basic 

methods to resolve timing synchronization. 

Maximum correlation method as suggested by Hao Zhou et al.  [38] is employed in the 

case of training sequence in which the correlation metric is maximized. 
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Where N is the length of the repeated pattern in the preamble and p is the received time 

domain sequence with a time index as subscript.  

The MMSE method can be expressed as maximizing 
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There is one more method proposed by Schmidl and Cox [7] in addition to above 

mentioned methods. They suggested an estimator that maximizes 
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OFDM modulation technique is very useful in multipath channel for high speed 

communication. Statistical information of multipath channel can be employed in ML 

coarse symbol synchronization algorithm [54] and ML timing scheme for fast Rayleigh
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 fading channel is very nicely explained by Lin [57]. It is also way to optimize the 

preamble using method of false detection under low SNR that is based on MMSE 

normalized metric method proposed by Minn [55].  

Training sequence based algorithms are very easy and also having low complexity of 

implementation. But long repetition structure creates well known plateau problem. The 

effect of this problem is resulted into large estimation error [58-59]. Plateau problem can 

be avoided in the cross correlation based algorithms by bearing in mind the cost of 

computational complexity to the system. Cross correlation based algorithms give better 

result in simple AWGN channel compared to multipath channel. Pseudo multipath 

problem may take place due to multipath delay. Multipath delay is one of the sources to 

disturb synchronization among subcarriers in OFDM link. 

Many authors proposed effective algorithms over and above mentioned auto-correlation 

and cross correlation based algorithm. Three step timing synchronization scheme having 

sliding window differentiator, Signal-to-interference (SIR) metric formation and frame 

timing refinement process [51] solved the plateau problem of auto-correlation based 

algorithm and pseudo multipath problem of cross-correlation based algorithms. Slinging 

window process decreases the variance of estimation in coarse timing of frame which then 

removes the plateau problem. After coarse timing synchronization without plateau 

problem, exact timing synchronization is achieved by defining a metric called SIR. 

Gaussian approximation of interference which is resulted from timing error is taken as 

input while defining SIR metric. At the last, frame timing is refined to eliminate timing 

synchronization error. This is very effective method for timing synchronization. 

Three step timing synchronization is initiated by detecting the peak of )(ibλ which is 

output of auto-correlator. 
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)(ibλ is having plateau due to long training sequence of legacy preamble. It creates 

confusion because position of peak on the plateau is uncertain. To get perfect position of 

peak a sliding differentiator is used after the auto-correlator, which gives output as
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Starting time estimation can be done by noticing the exclusive peak of )(ibΩ . From this 

estimation, coarse frame and symbol timing can be derived.  

With the help of SIR metric calculator, the fine timing synchronization is obtained. SIR 

metric calculator is concatenated to the cross correlation synchronizer in order to 

calculate )(idΩ .  
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Where ieg XXX ,, indicates guard interval length, the length of the window of power signal 

which fulfills 
ge XX ≤ and the length of the obstruction power windows, respectively. 

Three steps algorithm detect the peak of )(idΩ instead of peak of dλ to conclude the 

beginning point of guard interval of long training sequences in legacy preamble. In a very 

minute way, finally, refine timing synchronization is by very small search window around 

the estimation of the previous step. This new algorithm gives excellent timing 

synchronization compared to conventional auto correlation and cross correlation schemes. 

But it uses more power due to complexity and threshold dependent performance while 

availing synchronization.       

Narae Kim proposed antenna selection algorithm [60] which decreases the power 

requirement of the previous three step method. It estimates the received powers of different 

antenna and selects the signal having high power for the synchronization process. Signal 

detection is done by delay and correlation algorithm [61]. Adaptive accumulation window 

concept with antenna selective timing synchronization for MIMO-OFDM-based IEEE 

802.11ac WLAN systems also works [50].  

Sampling frequency can be adjusted in reference to fine timing procedure to reduce the 

sampling clock offset. [55], [62]. There is a parallel processing scheme in which sampling
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clock offset and carrier frequency offset estimated simultaneously by phase rotation of 

successive OFDM symbols [39], [63]. 

2.5.2      Frequency Synchronization 

There are many reasons such as temperature changes, oscillator frequency drift (Doppler 

spread effect), tolerance of Radio Frequency (RF) components, etc. responsible for the 

mismatch in carrier frequencies of the transmitter & the receiver. CFO introduces shift in 

the spectrum of the received OFDM symbols which finally creates ICI because of the loss 

of orthogonality among subcarriers. If carrier frequency offset is not nullified, it creates 

great number of interfering subcarriers and disturbing the process of data detection in the 

receiver which finally decreases BER. 

It is reviewed that the numeral of subcarriers does not persuade the ICI noise variance for 

OFDM symbol length of more than 64 subcarriers. It is fact the interference level is 

quickly down as frequency partition among subcarriers increasing. It means closed 

subcarriers add significant load of interference on the subcarriers [48]. Carrier frequency 

offset also down the received signal amplitude notably along with ICI. It is also found that 

the effect of CFO depends on type of modulation techniques used OFDM system. 

Coherent detection is less influenced by CFO than non coherent detection. Modulation 

based CFO discussion and the effect of CFO has been very well explained [43], [64-65]. 

CFO also deteriorates bit error rate in AWGN channel [43] and in Rayleigh fading 

channels [64] which can be approximated. Drop in SNR value because of ICI is evaluated 

by deriving the ICI power [65].  

Like timing synchronization, CFO is also compensated in steps and in sequence too. It 

means coarse synchronization must be done first and after that fine synchronization in 

frequency has to be handled. Generally, coarse frequency synchronization means 

frequency acquisition algorithms provide sufficient accuracy. Initial estimate of frequency 

error must be precise to half subcarrier spacing as it is essential for reliable fine tuning 

process. Frequency shift in the signal caught at the destination point can be easily made 

known by sensing the drift of location of pilot tone.  Algorithm based on pilot tone in 

OFDM data symbols, surrounded by zero valued virtual subcarriers can make easy to 

locate shifted pilot at receiver [24]. It is also possible to tackle CFO by using repeated data 

symbols [16] and by adding cyclic extension in OFDM symbols [46-47]. In this method,
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the difference in phase between received data samples and their repeated copies used as 

cyclic extension is evaluated. Carefully designed training symbols support in availing 

coarse and fine carrier frequency along with timing synchronization also [55]. All above 

methods of CFO synchronization, ML estimator is used which is very complex. It is very 

complex to estimate the frequency error in fast time varying channels using ML estimator. 

Excellent approach has been accepted to estimate the CFO by analyzing statistically the 

fading process due to fast time varying channels [66]. This method has used time domain 

channel estimation concept to minimize complexity of ML estimator. There are few 

algorithms performed in frequency domain by deducing the “weights” for the weighted 

least square sampling clock offset and CFO estimator. Estimating [63] and same way the 

remaining offset in the carrier and sampling frequency is trailed using the temporal 

correlation in the data aided post FFT stage. In [67], authors proposed algorithm which is 

robust against narrow band interference but it considerably complicates the 

synchronization process. It has been nicely explained the process of CFO recovery in 

OFDM based cognitive radio systems overwhelmed by narrow band interference.    

Obviously, different methods for CFO recovery are used in different applications so it is 

essential to compare the different synchronization methods for designing common wireless 

device. OFDM technology based four IEEE standards IEEE 802.11n, IEEE 802.16d, LTE, 

and DVB-T/H are taken into discussion of carrier frequency synchronization and also 

explain relationship between different methods [50]. LTE & DVB-T/H and cellular 

systems are circuit switched while 802.16d and 802.11n are packet switched systems, so 

their frequency synchronization algorithms are different as per requirements. It has 

discussed synchronization methods application wise and concluded best solution for the 

common device structure.   

Studying different methods of carrier frequency synchronization, it is apparent that all the 

algorithms fulfill the essential condition regarding accuracy in the estimation of frequency 

offset which should be of half subcarrier spacing if fine frequency tracking mechanisms 

are used subsequently. But if coarse frequency synchronization done by strict constraints 

on the estimation of frequency offset, there is no need of fine tuning [68].
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2.6      OFDM and MC-CDMA 

It would surely be a novel idea if mixing of two transmission technologies could be done 

because it becomes hybrid technology which fulfills the strengths of both the technologies. 

There are many such techniques which are making use of Code Division Multiple Access 

(CDMA) and OFDM were proposed in the year 1993 [69-70]. Combination of CDMA and 

OFDM technologies will give benefits of both. This sub section briefly describes CDMA 

technique and it also focuses on its various probable hybrid solutions with OFDM. 

Conventional CDMA technique is also known as Direct Sequence (DS) CDMA which is 

basically a spread spectrum communication technique. DS-CDMA systems [71-72] are 

capable of supporting infinite number of users hypothetically and that is also using same 

allocated bandwidth by simply assigning different codes to different users for their 

communications. Users of the system, means their signals, are identified by assigned 

unique codes to them. Originally, in early days, these techniques were principally 

developed for military guidance and communication systems only [73]. In CDMA systems, 

users are utilizing different and orthogonal codes and transmitting their information using 

respective codes on the same broad bandwidth. The CDMA is well known for 

accommodating a great number of users in contrast to Frequency Division Multiple Access 

(FDMA) and Time Division Multiple Access (TDMA). As said, it supports infinite number 

of users theoretically, but practically it is not so and there is a restraining factor on a 

number of users because of self interference and Multi User Interferences (MUI). The 

intensity of the loss because of above mentioned interferences depends on the 

characteristics of transmitting medium and the properties of the spreading codes are being 

used. High rate spreading sequences are used to spread the original signal so that 

bandwidth requirement of CDMA systems is notably higher than the baseband signal. 

There are many issues in designing CDMA systems which are treated excellently by 

Viterbi and Lee [71]. 

A variety of inventive and commanding techniques which are mixing DS-CDMA and 

OFDM have been presented in the literature [74-76]. A DS-CDMA system is robust 

against multipath fading environment since possibility of optimal combining the time 

dispersed energy by using spreading sequences in the time domain and Rake receivers. 

However, a elevated chip rate, of the order of tens of MHz is essential for determining the 

multipath components in indoor wireless environments because of low time dispersion, on
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the order of nano seconds. Finally, this causes problems such as high clock rate, high 

power consumption and implementation difficulties. Numerous techniques based on 

mixing DS-CDMA and multi carrier modulation such as MC-CDMA [69-70], MC-DS-

CDMA [75] and Multi Tone CDMA (MT-CDMA) [76] have been proposed for 

minimizing or removing above mentioned difficulties. In MC-CDMA, spreading 

sequences are applied in frequency domain rather in time domain. Individual OFDM 

subcarrier is mapped by different chip of a spreading sequence. Hence, original input data 

rate and data rate hold by each OFDM subcarrier becomes same.  

Thus, Orthogonality of codes in CDMA systems is not guaranteed in frequency selective 

fading channels because of interference among chips. This diminishes the capacity of the 

CDMA system because of interference caused by multiple access mechanism. Technically 

appropriate combination of CDMA and OFDM technology would definitely control this 

effect which is nicely described in several proposals. In MC-CDMA receiver, 

Synchronization of the spreading codes is done easily because of longer duration of OFDM 

symbol.      

2.7      Chapter Summary 

This chapter provides a literature review of the OFDM system and its issues especially 

synchronization. This chapter is well structured as it starts with wireless channel 

fundamentals which are crucial to understand the significance and usage of OFDM system 

especially supporting high speed communication systems. It explained the difference 

between multicarrier communication and OFDM technology. The mathematical model and 

design parameters of OFDM system are discussed. The chapter also described the 

synchronization tasks and the synchronization imperfections on system performance. It 

highlighted the requirements and categories of synchronization in OFDM systems using 

coarse and fine parameter estimation procedures. It also described the different 

applications of wireless communications which are based on OFDM technology. At the 

end, novel technique combining DS-CDMA and OFDM is also covered. 
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CHAPTER – 3  

WLAN IEEE 802.11ac Link Simulation 

Various standards based on WLAN application are developed by the IEEE as a series of 

IEEE 802.11. These standards are primarily framed for the local wireless transmission 

purpose in the unlicensed frequency bands of 2.4 and 5 GHz. It is based on two protocols 

such as physical layer and media access control (MAC). Despite number of key add-ons 

and revision in the physical layer since its inception, fundamental functions of the MAC 

layer stay unaltered [77]. In the last two decades, numerous 802.11 standards have been 

proposed and came into the market to deal with a variety of features of WLAN necessities 

and are properly recapitulated in [78]. Frequently, WLAN devices promote their potential 

and unique characteristics and capabilities based on the employed version of the physical 

layer and accepted and popular standards are 802.11a, 802.11b, 802.11g and 802.11n. It is 

well observed that latest promising applications are demanding support of high data rate 

such video calling, High Definition (HD) content streaming and quick transfer of files. 

Fulfilling this demands, IEEE released two new standards, IEEE 802.11ac & IEEE 

802.11ad, to notably boost the utmost data rates beyond that offered by IEEE 802.11n. 

Table 3.1 summarizes the 802.11 physical layer standards. 

IEEE Standards Association released IEEE 802.11ac WLAN standard in December, 2013 

in 802.11 family which is offering high throughput in the frequency band of 5 GHz. 

Development of the standard was commenced in the year 2008 and released in 2013. IEEE 

802.11n is known as High Throughput while IEEE 802.11ac is referred to as Very High 

Throughput (VHT). 

There are few standards under study and research ahead of the IEEE 802.11ac which are 

not the scope of this research work. Study of the advanced standards would definitely help 

in extending the research work in the same direction easily and properly. Of course, it is
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not possible to cover everything around the objective of the research work but depth study 

around research work title will support in implementation and understanding. This is the 

reason that good research always based on the depth study of literature around the 

definition of the research title. 

TABLE 3.1 Comparison of IEEE 802.11 Standards 

 

This standard provides backward compatibility with previous standards 802.11n and 

802.11a standards as it reusing much of the preceding standards. In the paper [79], the 

structure of IEEE 802.11ac is deeply explained and nicely shown that similar sub-carriers 

structure has been used in the bandwidth of 20 and 40 MHz and its extended structure is 

utilized for the elevated channel bandwidths. In this thesis, IEEE 802.11ac with 20 MHz 

bandwidth, single link is implemented for the study and implementation of synchronization 

algorithms. This chapter describes the details of 802.11ac frame and simulation of the 

same.
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3.1      Challenges of IEEE 802.11ac Standard 

It is noted that the remarkable characteristics such as utmost speed, extension in the ranges 

and higher bandwidth efficiency of the IEEE 802.11ac standard come with paying cost as 

it has many challenges and complexities while planning and implementing new hardware 

at reasonable price.  

The first challenge is the need of new transmitter and receiver and generation of high 

bandwidth of 80 MHz signal which is not easy for signal generators and testers due to the 

high sampling rate requirement. IEEE 802.11ac offers compulsory support for three 

bandwidths like 20, 40, and 80 MHz channels and also not obligatory adjacent 160 MHz 

bandwidth channel.  

These standards are utilizing high carrier frequency in the band of 5 GHz. The benefit of 

using higher frequency band is that it is less congested. But there are disadvantages like 

poor propagation capabilities & limited coverage area is also associated. It is obvious that 

to rise above the hitch of shorter distance of communication, enough amount of power is 

required to transmit which is restricted by rules and guideline to 10mW/MHz in the 5 GHz 

band. On more demerit to be noted here is that the low noise power amplifiers in the 

frequency range of 5 GHz are costly than the ones in the range of 2.4 GHz frequency.   

MIMO OFDM devices need multi antennas at the transmitter and receiver. Dedicated 

receiver is connected to every antenna and thus very complex hardware is essential. MIMO 

OFDM also required highly developed and sophisticated Digital Signal Processors (DSP).      

The hardware should have separate receiver connected to every antenna. Broadly point out 

that MIMO device necessitates complex circuits, more power and advanced processing of 

signal.   

IEEE 802.11ac employs greater level of modulation and error correcting coding schemes 

which are also referred to as superior features. But elevated modulation such as 256 QAM 

is highly vulnerable to noise and signal deformations because of the closeness of the 

constellations points and hence it entails for an improved Error Vector Magnitude (EVM) 

at both ends of the communication link means at the transmitter and the receiver.
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3.2      Structure of OFDM in IEEE 802.11ac Standard  

The total bandwidth of the WLAN IEEE 802.11ac standard is divided into specific number 

of sub carriers having frequency spacing of 312.4 kHz. For efficient FFT operations at the 

receiver the number of sub carriers is always chosen to be a value of power of two. 

Following Table 3.2 gives information about the number of sub carriers and pilot sub 

carriers for the different bandwidth. 

TABLE 3.2 OFDM Subcarriers in IEEE 802.11ac 

 

It is visible that the majority of the subcarriers are utilized for carrying data samples and a 

small number of sub carriers are allocated for known sequence also called pilots. The 

specific characteristics of these pilots are applied for detecting and rectifying the phase and 

frequency errors induced in the OFDM symbols during the transmission. The pilots are 

positioned over the whole bandwidth in such a way so that excellent approximation of 

error can be made. In a 20 MHz channel, the positioning of the pilot sub carriers is shown 

in Fig. 3.1. It is seen that the subcarriers at the center of the bandwidth are set null for 

minimizing the issues related to quality in analogue circuits and the subcarriers at the 

upper and lower boundaries of the bandwidth are also set to zero for keeping away the 

system from contiguous channel interference. 

 

DocuSign Envelope ID: E85870B7-F4B0-4BF3-BED1-B99E9BC4B85E



IEEE 802.11ac Technical Information   

39 

 

 

FIGURE 3.1 Subcarriers in 20 MHz Channel in IEEE 802.11ac 

Making system of any standard robust against ISI and timing synchronization errors, the 

OFDM symbols must be padded by a Guard Interval (GI) which is usually a CP of the 

signal. Typical value of OFDM symbols duration is 4 µs and 20 % of this duration is 800 

ns would be taken as GI. Thus, OFDM signal will carry 20 % part repeated as GI, CP of 

the signal. The use of GI permits the receiver to eliminate or remove the effect of multipath 

delay spread of 600 ns at the cost of increasing the bandwidth as per Fig. 3.2.  

 

FIGURE 3.2 IEEE 802.11 Symbols GI 

3.3      IEEE 802.11ac Technical Information 

IEEE 802.11ac standard reuses identical structure to make sure backwards compatibility of 

previous standard IEEE 802.11a and IEEE 802.11n and hence technical specifications are 

more or less same. Of course, IEEE 802.11ac is a new standard and fulfilling its objectives 

and features, an enough level of revision and changes is essential. As far as common 

structure, modulation schemes and coding & interleaving architecture are similar in IEEE
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802.11ac and IEEE 802.11n. As shown in Table 3.3, IEEE 802.11ac ascertains a number 

of latest characteristics compared to 802.11n which are highlighted in bold.  

TABLE 3.3 Key Features of IEEE 802.11ac 

 

Fig. 3.3 illustrates the single PLCP Protocol Data Unit (PPDU) format which is defined for 

the Physical Layer Convergence Protocol (PLCP). In order to make sure the backward 

compatibility for the earlier standards such as 802.11a and 802.11n, specific non-VHT 

fields are also made part of the frame. 
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FIGURE 3.3 VHT PPDU Format  

Preamble segment of the IEEE 802.11ac frame consists of total 10 symbols. It is largely 

divided in two components. The first component is known as legacy preamble and second 

component is referred to as VHT field. After the reception of the 802.11ac frame, legacy 

preamble of first three fields is planned to be processed by non-VHT devices. It means that 

first three fields are identical in IEEE 802.11ac and 802.11n. Rest of the fields in the 

preamble are planned to process the signal only for VHT devices. Each field has its own 

significant purpose as VHT-STF symbol is meant for enhancing the process of automatic 

gain control estimation in MIMO communication and in the same way; VHT-LTFs are the 

long training sequences for the channel evaluation of the MIMO receiver. VHT-Signal-B 

(VHT-SIG-B) supplies the details regarding length of data and type of the modulation & 

coding method for single or multi user modes. The subsequent part of thesis presents a 

concise description of the preamble fields and results of MATLAB simulation of the same. 

Understanding of preamble fields is very crucial for studying and applying synchronization 

algorithms.   

3.4      IEEE 802.11ac Frame Structure  

In this thesis, study and simulation of IEEE Std 802.11ac
TM

 – 2013 (Amendment to IEEE 

Std 802.11
TM

 – 2012, as amended by IEEE Std 802.11ae
TM

 – 2012, IEEE Std 802.11aa
TM

 – 

2012 and IEEE Std 802.11ad
TM

 – 2012) Amendment 4: “Enhancements for Very High 

Throughput for Operation in Bands below 6 GHz by LAN/MAN Standards Committee” 

[80-81] has been carried out using MATLAB Software [82]. 

DocuSign Envelope ID: E85870B7-F4B0-4BF3-BED1-B99E9BC4B85E



WLAN IEEE 802.11ac Link Simulation 

 

   

42 

 

The IEEE 802.11ac frame is also recognized as VHT PHY frame having mainly three sub-

sections which are named as legacy preamble, a VHT preamble and the data payload as 

shown in Fig. 3.3. The first sub-section, legacy preamble comprises three symbols which 

are L-STF, L-LTF, and an L-SIG field. It is worth to note that these three fields also exist 

in 11a and 11n preambles. The basic function of these fields is to provide synchronization 

in 11a and 11n based communication link and thus, thwart the interference of the other 

stations. Second part of the frame is identified as VHT preamble which includes VHT 

Signal- A (VHT-SIG-A) field, VHT-STF, VHT-LTF and VHT-SIG-B field. Last part of 

the IEEE 802.11ac is DATA symbols.  

3.4.1      Legacy-Short Training Field (L-STF) 

Legacy preamble is very important in 802.11ac frame to support previous standards. For 

20 MHz bandwidth, 12 subcarriers are being used for carrying a L-STF which holds the 

values of 1+j and -1-j.  It looks for time and frequency synchronizations as well as AGC. 

As per IEEE standard 802.11ac, the legacy short training sequence is represented by ten 

short symbols and each symbol has 16 samples. Fig. 3.4 L-STF signal in time domain 

which is simulated in MATLAB software. This signal is appeared as repetitive ten symbols 

in time domain. In the case of larger bandwidths, the L-STF signal is just replicated on 

every bandwidth with the appropriate phase rotation.  

FIGURE 3.4 Legacy Short Training Samples
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3.4.2      Legacy –Long Training Field (L-LTF) 

L-LTF is being carried by 52 subcarriers in 20 MHz bandwidth which is especially 

significant for the estimation of channel. It is also used for fine estimation of frequency 

offset and thus it provides fine tuning of frequency synchronization. As per IEEE standard 

802.11ac, the legacy long training sequence is represented by 2 long symbols of each 

having 64 samples with long guard interval of 32 samples. This symbol has 52 subcarriers 

for particularly 20 MHz channel as in (3.1). 

L -26,26 = {1, 1,-1,-1, 1, 1,-1, 1,-1, 1, 1, 1, 1, 1, 1,-1,-1, 1, 1,-1, 1,-1, 1, 1, 1, 1, 0, 

1,-1,-1, 1, 1,-1, 1,-1, 1,-1,-1,-1,-1,-1, 1, 1,-1,-1, 1,-1, 1,-1, 1, 1, 1} 

(3.1) 

The L-LTF is constructed by using repetitive replicas of the one shown in (3.1) in the case 

of larger bandwidths. Following Fig. 3.5 shows L-LTF signal.  

FIGURE 3.5 Legacy Long Training Samples 

3.4.3      Legacy – SIG (L-SIG) 

In the Fig. 3.6, the very last field of the legacy preamble is revealed. This field is used for 

providing the information regarding data rate and packet length in octets in IEEE 802.11a 

frame. The devices working on IEEE 802.11a standard are able to compute the time
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needed by packet for the transmission through the channel in advance. It is evocative to 

note down that length of the packet is restricted to 5.484 ms and it is not dependent to the 

type of modulation and coding. A typical setting value of data rate in L-SIG is always 6 

Mbps and the packet length is computed from the number of symbols as shown in Fig. 3.6.  

 

FIGURE 3.6 L-SIG Field Bit Assignment 

As per IEEE standard 802.11ac, the legacy signal field is represented by 1 symbol of 81 

samples. Fig. 3.7 shows waveform of L-SIG. 

 

FIGURE 3.7 L-SIG Waveform
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3.4.4      VHT–SIG-A 

IEEE 802.11ac standard is projected for satisfying the high throughput which is designed 

and implemented using this second part of preamble. This second and core segment of the 

preamble field is known as VHT preamble. It holds necessary parameters for decoding the 

high speed signal in the 802.11ac devices using two symbols. The fields of this part are 

used by only 802.11ac standard and the devices based on previous standards 802.11a and 

802.11n ignore them. Each symbol of this field carries 24 bits. The first symbol VHT-SIG-

A1 is modulated using Binary Phase Shift Keying (BPSK) technique with binary 

convolution coding of rate ½ and VHT-SIG-A2 is Quadrature BPSK modulated. They 

depict channel bandwidth, type of coding and the information regarding single user or 

multi users in frame. It also contains fields to indicate whether a short GI is used or not, 

type of encoding, beam forming as shown in Fig. 3.8 which illustrates the VHT-SIG-A 

symbols structure. The VHT-SIG-A is repeated for every 20 MHz of bandwidth and for 

every transmitted chain. This field is decoded by L-LTF using channel estimation at the 

receiver and decoded values are read before signal passes through the receiving process of 

the DATA symbols. 

 

FIGURE 3.8 Structure of VHT-SIG-A Field for Single User

DocuSign Envelope ID: E85870B7-F4B0-4BF3-BED1-B99E9BC4B85E



WLAN IEEE 802.11ac Link Simulation 

 

   

46 

 

VHT-SIG-A field consists of 2 symbols of each has 81 samples. Fig. 3.9 shows waveform 

of VHT-SIG-A field. 

 

FIGURE 3.9 VHT-SIG-A Waveform 

3.4.5      VHT-STF 

AGC and fine time synchronization in MIMO transmission is performed using the VHT-

STF field. This field is identical to the L-STF which is also a sequence of known tones that 

are fix to values +1+j and -1-j. It carries a small portion of the subcarriers, while residual 

subcarriers are all fix to null value. This field utilizes lengthy GI which is replicated on 

every frame. As per IEEE standard 802.11ac, the VHT STF field is represented by 1 

symbol of 81 samples. Fig. 3.10 shows its simulated waveform. 
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FIGURE 3.10 VHT-STF Waveform 

3.4.6      VHT-LTF 

This field has more or less identical structure of 1s and -1s as L-LTF has. It has less zero 

subcarriers compared to L-LTF. Channel estimation and equalization of DATA symbols in 

MIMO receiver is achieved by the VHT-LTF. Its simulating waveform is shown in Fig. 

3.11. It is also one symbol of 81 samples. 

FIGURE 3.11 VHT-LTF Waveform
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3.4.7      VHT-SIG-B 

One symbol of VHT-SIG-B field with BPSK modulation is providing important and 

essential details such as transmitted DATA length, type of modulation and technique of 

coding user wise in the multi user mode to the receiver for further process. In the single 

user mode, it only updates transmitted DATA length to the receiver as shown in Fig. 3.12. 

Depending upon the bandwidth, the number of bits in the length field is changed as 

illustrated in Fig. 3.13.   

 

FIGURE 3.12 VHT-SIG-B Field for Single User 

 

 

FIGURE 3.13 VHT-SIG-B for Different Bandwidths 

As per IEEE standard 802.11ac, the VHT SIG-B field is represented by 1 symbol of 81 

samples. Fig. 3.14 shows its simulated waveform. 
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FIGURE 3.14 VHT-SIG-B Waveform 

3.4.8      DATA Field 

The last part of the 802.11ac frame is DATA field. It consists SERVICE field and Physical 

layer Service Data Unit (PSDU) followed by optional bits corresponds to padding and tail. 

As explained in the above paragraph, the number of OFDM symbols in PSDU to be sent 

out is changeable which is fixed in L-SIG field. Fig. 3.15 clearly shows the information 

held by the first DATA field symbol. It has service field which transmits vital details such 

as the scrambler initialization code and a CRC that is computed using the VHT-SIG-B 

without the tail bits as shown in Fig. 3.15.  

 

FIGURE 3.15 SERVICE Field and Its Relation with VHT-SIG-B
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Thus, Out of 165 symbols of 802.11ac frame, 10 symbols are preamble symbols as 

mentioned in legacy preamble and VHT preamble part. Remaining 155 symbols are data 

symbols. Fig. 3.16 and Fig. 3.17 are simulating waveform of 802.11ac data field and 

802.11ac complete field including preamble field. 

 

FIGURE 3.16 DATA Field Waveform 

FIGURE 3.17 802.11ac Transmitted Frame Waveform
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Thus, above listed and described fields are being processed appropriately and in sequence 

to generated a signal for the final transmission. Next section enlightens the IEEE 802.11ac 

transmitter.  

3.5      IEEE 802.11ac WLAN Transmitter 

There are many operations to be performed to generate the OFDM signal using circuit 

called transmitter. As discussed in preceding sections, OFDM DATA field is created by 

processing PSDU through various blocks in the transmitter. The functions so far discussed 

are executed in a systematic and organized way so that easy and error free reception is 

attained. Preamble part of the frame is also processed in the subset of the transmitter. Next 

section focuses on each block of the transmitter shown in the Fig. 3.18.  

 

FIGURE 3.18 Transmitter Block Diagram 

3.5.1      Padding 

It is easy to design and implement hardware for the processing of a particular preset size of 

DATA field. But many times, the DATA input to transmitter is not available in the 

predetermined size and so it is necessary to convert the input to the preset size before to
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send it to the next part of the process. This is done by straightforward process known as 

padding in which frame is padded with additional zero bits to make sure an integer number 

of symbols. Initial padding is created by the MAC while 0 to 7 bits per user are added by 

PHY. Equation 3.2 illustrates the formula for computing the number of bits per user using 

Binary Convolutional Code (BCC) encoders. 

NPAD = NSYM NDBPS – 8 * PSDULength – NService – NTail NES (3.2) 

As a description of the variables mentioned in the above formula, NPAD indicates the 

number of padding bits, NDBPS represents the data bits number per OFDM symbol, NService 

specifies the number of bits in the SERVICE field, NTail shows number of tail bits (6 bits) 

and number of the encoders in the transmitter is represented by NES.  

3.5.2      Scrambler 

This process is very important in the transmitter as it creates apparently random stream by 

manipulating the data stream. In this process, transmitted data stream is prepared with 

some desired characteristics to evade lengthy sequences of bits with the identical value. 

Length-127 frame synchronous scrambler is employed to scramble the sequence which is 

actually a composition of SERVICE, PSDU, tail and pad parts with the DATA field. The 

most important attribute of the frame synchronous scrambler is that a single transmission 

error will only generate a single error after the descrambling at the receiver. Generator 

polynomial (3.3) is used to scramble the octets of the PSDU and same is illustrated in Fig. 

3.19 where the leftmost bit is used first. 

S (x) = x
7 

+ x
4 
+ 1 (3.3) 

The same scrambler is used in the transmitter and the receiver and it should always be 

initiated with a non zero state.   

 

FIGURE 3.19 Data Scrambler
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3.5.3      Forward Error Correction (FEC) Encoder 

This is channel coding technique used for the error detection and correction. In the IEEE 

802.11ac, one of the two types of FEC encoding, BCC or Low Density Parity Check 

(LDPC) Code, is being used to encode the DATA field. In this thesis, only BCC encoder is 

implemented in the simulation as the LDPC has not obtained much grip yet for WLAN. In 

the Fig. 3.20, simulated BCC encoder is shown which has a constrain length K =7 and 

generator polynomials depicted with g0 =133 and g1 = 171 of a coding rate R = ½. Higher 

coding rates such as R = 2/3, 3/4 and 5/6 are also obtained by using puncturing process. 

Higher coding rates are attained by removing some of the superfluous encoded bits in a 

specific way and process which is known as puncturing. It means that number of 

transmitted bits is reduced without disturbing the objective of the coding. It is worth to 

note that dummy zero bits are added in the decoder for replacing the removed bits and the 

tail bits tagged on to each encoder input are not encoded.  

 

FIGURE 3.20 BCC Encoder Block Diagram 

3.5.4      Parser for BCC Encoder 

Encoding process at high data rates has to be implemented using up to six BCC encoders 

in the IEEE 802.11ac. However, the number of BCC encoders employed is decided by the
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rate of transmission which actually depends on Modulation and Coding Scheme (MCS), 

bandwidth and the order of the MIMO. Encoder parser is required when multiple BCC 

encoders are implemented. The functional objective of encoder parser is to split the 

scrambled DATA bits surrounded by different BCC encoders in a round robin scheduling 

fashion.    

3.5.5      Stream Parser 

The output bit streams of the various FEC encoders pass through one more process which 

is recognized as stream parsing. As a first representation of the MIMO streams, small 

blocks are prepared from the output bit streams by dividing it appropriately and then 

reorganized into spatial streams. Normally, the range of spatial streams number NSS can be 

chosen from one to eight and typical value is four for maintaining the complexity in limit. 

Stream parser and associated computation for further study is adequately described in [81]. 

3.5.6      Segment Parser and Segment De-parser 

This block of transmitter is only implemented for the contiguous 160 MHz or non 

contiguous 80 + 80 MHz bandwidths. The segment parser is dividing the spatial stream 

into two frequency segments and each process BCC interleaving, Constellation mapping 

and Pilot insertion as an individual 80 MHz scheme. These segments are merged into one 

frequency segment at the receiver using segment de-parser as shown in Fig. 3.18 which is 

applicable to only 160 MHz bandwidth but not to 80+80 MHz case.   

3.5.7      BCC Interleaver 

Uniform distribution of errors in the wireless communication is essential to trounce the 

effect of burst error for improving the system performance. It is reviewed that burst errors 

are very common in the wireless communication. For error detection and correction, FEC 

is used but receiver cannot restore the original transmitted data if the errors are not 

uniformly disseminated. In the case of burst error, it usually happens that error induced by 

the channel is beyond the capacity of the error correcting ability of BCC encoder. 

Interleaving is process which actually mixes up the data bits and generates the different
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code words. Thus, output of the BCC encoder interleaved by BCC interleaved to create 

uniform distribution of the errors and hence the error effect is minimized or removed.     

Interleaving is put into practice independently for every OFDM symbols and in three 

stages of permutation in the IEEE 802.11ac. Three steps permutation incorporates 1. 

Neighboring coded bits are mapped into non adjacent sub carriers, 2. Adjacent bits are 

disseminated into less and more important bits of the constellation and 3. Application of 

frequency rotation is only employed in the case of more than one spatial stream. 

Permutation equations for BCC interleaver are remarkably expressed in [80-81]. 

3.5.8      Constellation Mapper 

There are different types and level of modulation is being used in IEEE 802.11ac and it is 

done independently for every spatial data stream. Bits of the output serial stream of the 

interleaver are grouped in 1, 2, 4, 6 or 8 bits and then transformed them into complex 

numbers are signifying a BPSK, QPSK, 16-QAM, 64-QAM OR 256-QAM constellation 

points respectively. Later, normalization is required by the factor KMOD as shown in Table 

3.4 because these constellations points are Grey-coded format.   

TABLE 3.4 Modulation Schemes Normalizing Factor 

 

As shown in Table 3.2, constellation points mapping is bandwidth dependant as number 

and order of data sub carriers are varied with respect to bandwidths. It is vital to point out 

that modulated ought to scale by a factor 
Field
ToneN  which is bandwidth dependant.
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3.5.9      Pilot Insertion  

Pilots are known sequence utilized for offering strength to the system against frequency 

error and phase distortion. Pilots are normally BPSK modulated by particular and 

dedicated sub carriers as shown in Table 3.2.   

There is predefined and systematic way for pilot insertion for the OFDM transmission 

which is bandwidth dependant. As far as 20 MHz bandwidth is concerned, the total 

bandwidth subdivided into 64 sub carriers and 4 of them are allocated for pilots that is to 

say 21, -7, 7 and 21. For the first symbol, the predetermined sequence {1, 1, 1, -1} is 

inserted into these sub carriers and then for the subsequent symbols, the similar sequence is 

applied but with some modification. The same sequence is used with cyclic rotation and 

multiplications with the polarity controlling sequence pn = 1, 1, 1, 1, -1, -1, -1, 1….. . The 

pilots for all next symbols are generated by replicating the controlling sequence which 

contains 127 elements. Pilot insertion process is not similar in all the WLAN standards.      

3.5.10      Tone Rotation 

It explains the duplication or replication of the preamble fields over multiple of 20 MHz 

segments with appropriate tone rotations in the case of higher bandwidth such as 40 MHz, 

80 MHz and 160 MHz as illustrated in Fig. 3.21. 

 

FIGURE 3.21 Tone Rotations for Different Bandwidths
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3.5.11      Space Time Block Code (STBC) Encoder 

In wireless communication, signal at the receiver is not always found weak because of the 

random behavior of the channel. There are many situations arising in the wireless 

communication in which received signal is better even if the channel is not good. Based on 

this concept STBC is designed in which signal are transmitted by more than one antenna so 

that there are chances that at least one copy of the signal would be better even in worst 

situation of the channel. Thus, STBC encoder offers reliable data transfer and robustness 

against error. It expands the spatial streams by copying them into a number of Space Time 

Streams NSTS. Direct mapping will be utilized by evading STBC encoder but then NSTS will 

be equal to NSS. 

3.5.12      Cyclic Shift Diversity (CSD) 

Fortuitous beam forming is caused when correlated signals transmitted using space 

diversity technique. This can be avoided by applying cyclic shifts or delays to the preamble 

fields (pre- VHT) and the DATA field (VHT) of the space time streams. Table 3.5 

illustrates the shift values usually employed.   

TABLE 3.5 CSD Values For pre-VHT and VHT Fields 

 

3.5.13      Spatial Mapper 

The function of the spatial mapper is to spread out the space time streams into a required 

number of transmitting chains NTX and each transmit chain then transmitted through a
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dedicated antenna. NTX will be equal to NSTS if mapping is not done. Duplication of space 

time streams and then transmission using more antennas is also a good alternative to be 

implemented by escalating the NSTS into a bigger NTX. The spatial mapper can be 

characterized by the steering matrix Qk with NTX rows and NSTS columns for sub carrier k 

and this matrix is not restricted in the IEEE 802.11ac whereas number of types matix 

setting can be done. This matrix enhances the quality of the reception in the receiver by 

using channel information. Spatial mapper always use scaling factor TXSTS NN /  for 

normalization purpose while expanding the space time streams.  

3.5.14      IFFT, GI Insertion and Windowing
 

IDFT or IFFT is the function provides accurate transformation from the block of 

constellation points to the time domain block. As mentioned earlier, GI insertion implies 

circular expansion of symbol itself. Windowing is not mandatory but preferable to use for 

creating sharp edges of each symbol to raise spectral decay. 
 

3.6       OFDM Receiver  

Well processed transmitted PSDU is recovered from the received signal by using receiver 

circuit. The receiver circuit mostly divided in two sections. First section of the receiver is 

used for the detection of the burst, synchronization, channel assessment and symbol 

equalization while the second section is completely reverse process of the transmitter. A 

block representation of the receiver circuit is shown in Fig. 3.22. The next part of the 

chapter gives details regarding most important blocks. 
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FIGURE 3.22 Receiver Block Diagram 

3.6.1      Detection and Synchronization  

This is very important function of any receiver. Initially, the received signal which is 

analog in nature is sampled and transformed to digital form using ADC. After that, gain of 

the signal is attuned using AGC for attaining proper signal for the further process. In 

MIMO, the inputs to every antennal are processed independently and a sum of all the 

signals is being utilized for the synchronization.  

Use of the VHT –STF field for identifying a WLAN burst using normalized delay 

correlation is illustrated in Fig. 3.23. This type of correlation is performed by successive 

continuous convolution between a fractional part of the received signal and its delayed 

conversion. The testing and checking of certain properties in the received signal is carried 

out when the correlation value goes beyond a specific threshold and result of the testing is 

used for the detection of burst. 
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FIGURE 3.23 Block Diagram Of The Signal Detection Algorithm 

As per pictorial representation of the algorithm used for the detection of the burst error, the 

declining boundary of the moving average of the normalized delay correlation is exploited 

for fixing indicator to the first OFDM symbol boundary denotes time synchronization [7], 

[47]. Afterward, the VHT –STF field is employed for attaining fine time synchronization.   

The L-STF is designed for the estimation of the frequency error for setting up the coarse 

frequency synchronization. Next using L-LTF or VHT-STF, fine frequency 

synchronization is done. At the last, before processing an FFT function, symbols are 

recovered from the stream and the GI is removed.   

3.6.2      Channel Estimation 

Satisfactory and proper processing of the received signal need some essential information 

which has been already transmitted with OFDM signal. By pr-estimating the channel using 

L-LTF, a decoder decodes the L-SIG and VHT-SIG-A fields in the IEEE 802.11ac for 

extorting the information of the received signal which is later used to compute the 

necessary parameters for the next receiving process.  

The VHF-STF training fields are sent on every stream with different polarities for setting 

orthogonality between them and hence the receiver can perform channel evaluation for 

every subcarrier independently. 

 

DocuSign Envelope ID: E85870B7-F4B0-4BF3-BED1-B99E9BC4B85E



OFDM Receiver 

 

   

61 

 

3.6.3      Equalizer  

Equalizer is operated in the digital communication for reversing the induced distortions 

during the transmission in the channel. A very simple linear equalization method applies 

an inverse of channel’s frequency response to the received signal. This algorithm is known 

as zero forcing equalization which eliminates all ICI and is considered best for noiseless 

channel. However, this equalizer will not work satisfactory in real time applications 

because it strengthens the noise significantly at the small magnitude frequency response of 

channel while inverting the noisy channel fully.   

Pilot tracker incorporated with each space time stream examines the pilot subcarriers in 

each OFDM symbol and later, pilots are being used for rectifying frequency error that may 

arise in lengthy bursts.  

3.6.4      De-parsing and Decoding   

The process of the STBC encoder is inverted by the STBC decoder using the pilot tracker 

and the outputs of the equalizer. It merges all two copies of the received signal into a 

single spatial stream for enhancing the trustworthiness of the data transfer if the STBC 

alternative is applied in transmission [83]. The process done by the segment de-parser is 

totally opposite to the process performed by the transmitter parser.   

Demodulator takes out the original transmitted symbols/bits from the received signal after 

the accurate process of the de-interleaver. Then, stream de-parser share out the 

demodulated bits in blocks to the decoders which are in same quantity of the encoders used 

in the transmitter. 

De-puncturing of the data stream is carried out by placing in the dummy zeros in the 

positions where encoded bits were punctured. Next stage of process is channel decoding 

and Viterbi decoders commonly employed to decode convolutional encoded bits [84]. A 

hard decision decoder based on Hamming distance metric is being applied in the receiver. 

After the process of an encoder de-parser in Round-Rabin fashion, a single stream is 

transformed to its original structure by a descrambler and lastly the padding bits are 

detached for providing PSDU to the receiver. 
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3.7      Chapter Summary     

This chapter provided enough details regarding IEEE 802.11ac WLAN data frame and 

transmitter structure. Each term of the data frame is presented with its significance in the 

process of detection for quality performance. It was of course a concise overview of IEEE 

802.11ac WLAN standard but it described the information in a systematic way so that next 

part of synchronization can be understood very easily. It also presented simulation of IEEE 

802.11ac WLAN data frame on MATLAB platform and illustrated results of each part of 

data frame properly. This chapter provided a vital document for the researchers who want 

to study and investigate the emerging issues in the field of WLAN especially IEEE 

802.11ac standard. Details of preamble part of the data frame made easy path for 

researchers to focus on their concerned topic directly. This chapter is fundamental in its 

structure as it made available the details of the data frame with the simulation results. 

Furthermore, the IEEE 802.11ac WLAN transmitter was also explained stage wise.
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CHAPTER – 4  

Synchronization Algorithms and Results Analysis 

Simulation on any platform is very easy and important way to analyse any engineering 

concept or prototype model before converting it into operational mode. Especially, 

simulation is very vital in the designing of electronic circuits as it needs number of trials to 

finalise circuit in terms of performance and cost. Thus simulation method gives cost and 

performance effective result in making of printed circuit board. There are many simulation 

software available in the market and each one has its own merits and demerits. 

Researchers normally prefer to use appropriate simulation software for implementing their 

research topic and analysing in all aspects and thus better conclusion can be made very 

aptly and quickly. MATLAB software is most popular simulation software in educational 

institutions and even for research laboratories. In this research, MATLAB software is 

used. Using MATLAB software, IEEE WLAN 802.11ac based on OFDM technology has 

been simulated and tested for the purpose of studying synchronization issue in OFDM 

receiver [85].    

Due to tremendous benefits and wide adaptability of OFDM technology in digital 

communication [86], it has found that many researchers are involved in solving existing 

problems and improving quality of communication with required speed. Out of many 

OFDM based applications, WLAN is most demanded application because it replaces 

complex wired LAN. In India, research on WLAN is not observed that much. It has also 

noticed that WLAN is being updated very fast because it is marked demand. In this 

research, main objective is to propose and implement synchronization algorithms in 

OFDM technology. It is therefore OFDM based communication link, WLAN has been 

chosen to set up in MATLAB platform because it is widely accepted software for 

simulating engineering concepts and also user friendly software which supports model 

simulation.
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In this research, implementation work is divided in two parts. IEEE 802.11ac standard 

based WLAN communication link is simulated using MATLAB Software in the first part 

of implementation. In the second part, synchronization optimization is separated again in 

two phases. First phase is the MATLAB simulation which includes implementation, 

testing and validation of synchronization methods to minimize timing and frequency 

synchronization errors and second phase covers adaptive solution to optimize 

synchronization.  

4.1      PART – I: Simulation of IEEE 802.11ac WLAN Communication 

Link     

IEEE Std 802.11ac
TM

 – 2013(Amendment to IEEE Std 802.11
TM

 – 2012, as amended by 

IEEE Std 802.11ae
TM

 – 2012, IEEE Std 802.11aa
TM

 – 2012 and IEEE Std 802.11ad
TM

 – 

2012) Amendment 4: “Enhancements for Very High Throughput for Operation in Bands 

below 6 GHz by LAN/MAN Standards Committee” is studied and simulated using 

MATLAB Software. Communication link is tested without channel and in frequency 

fading channel (AWGN & indoor residential channel B using JTC wireless channel model) 

too. Training fields and their symbols are observed and analysed because these are the 

symbols used for detecting time and frequency synchronization errors as explained in 

Chapter 3. Synchronization methods based on Data Aided Approach depend on training 

sequences [87]. L-STF field is utilized for synchronizing signal in time parameter and is 

also being taken in use for the coarse estimation of the frequency offset. L-LTF field is 

being taken into consideration for the fine estimation of the frequency error. It is reviewed 

from the literature that time synchronization should be done first and then coarse 

estimation of frequency offset, later if it is needed fine tuning of frequency is done. This is 

the perfect and valid synchronization steps to be followed by any method [87]. It is very 

understandable that simulation of IEEE 802.11ac link should be first to analyse, study and 

understand the characteristics and usages of preamble part before the implementation of 

synchronization algorithms. Chapter 3 describes 802.11ac simulation in details and 

essential element of simulation which is related to the next vital part of research work is 

briefly repeated in this section. 

 

DocuSign Envelope ID: E85870B7-F4B0-4BF3-BED1-B99E9BC4B85E



PART – I: Simulation of IEEE 802.11ac WLAN Communication Link 

 

   

65 

 

4.1.1      TEN Short Training Symbols 

There are twelve subcarriers modulated by the elements of the sequence which is formed 

by a short OFDM training symbols as explained in chapter 3. Using IFFT converter with   

64 length sample inputs, components of the sequence are mapped. After that, output of 

IFFT converter means mapped sequence is transferred to a 64 sample sequence which 

corresponds to a single period in time domain. The 161 samples sequence is generated by 

periodically extending this 64 sample sequence in time domain. This 161 samples 

extended sequence is called short training sequence of 10 symbols and means each symbol 

has 16 samples. Fig. 4.1 illustrates the waveform of short training sequence. 

The periodic structure of the short training symbols is useful to find out the starting time of 

the frame. Therefore, they are being used in the synchronization of frame in time domain. 

Very usual approach of deducing the correlations between time domain samples, a 

frequency error can be estimated.   

 

FIGURE 4.1 TEN Short Training Symbols In Time Domain 

4.1.2      TWO Long Training Symbols 

There are 53 subcarriers modulated by the elements of the sequence which is formed by a 

long OFDM training symbols as described in chapter 3. Using IFFT converter with 64
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length sample inputs, components of the sequence are mapped. After that, output of IFFT 

converter means mapped sequence is transferred to a 64 sample sequence which 

corresponds to a single period in time domain. The 161 samples sequence is generated by 

periodically extending this 64 sample sequence in time domain. It includes 32 samples 

guard interval at the last of the single period sequence. This 161 sample extended sequence 

is called long training sequence of two symbols which also includes 1.6 µs long guard 

interval. Two symbols of long training are repeating periodically every 64 samples. This 

sequence is utilized for synchronization in frequency domain efficiently. Fig. 4.2 shows 

the waveform of long training sequence. 

 

FIGURE 4.2 TWO Long Training Symbols in Time Domain 

The periodic structure of the long training symbols is useful for fine tuning of carrier 

frequency synchronization by considering the correlations between them.   

4.2      PART- II: Synchronization Methods and Adaptive Method of 

Synchronization 

As described in Chapter 2, timing and frequency synchronization errors exist in OFDM 

signal. It is very important to remove or minimize the errors caused by timing and 

frequency offset. It is also necessary to follow steps of synchronization strictly otherwise
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the quality performance of the synchronization will not be achieved. Literature review 

suggests three steps in sequence such as timing offset estimation and removal, coarse 

frequency synchronization and last step is fine tuning of frequency offset. Same sequence 

is followed in this research too. Before discussing the timing and frequency 

synchronization, examining the distorted OFDM signal at the receiver is worthwhile.  

There is phase shifting in each sub-channel due to timing offset which is increasing with 

the index of sub-channel as mentioned in (4.2). Moreover, response of the channel to the 

OFDM signal and noise introduced by the channel also play adverse role in altering the 

signal notably. At each subcarrier, the output signal from channel is nothing but its 

multiplication with the channel response kH . It is practical that the response of the channel 

kH  can be a complex constant within OFDM symbol duration if the time of the symbol is 

much lesser than the channel coherence time. The channel noise inw , is assumed to be an 

AWGN with power spectral density of N0/2. Thus, input to OFDM receiver signal is much 

distorted and having three more components which are the channel response, the additive 

channel noise and the phase distortion or fluctuation because of timing offset which can be 

presented as below.  
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Where N

k
j i

e

δπ2

is a term represents phase shift induced by time offset and inw ,  is a AWGN.  

Detection and estimation of the timing offset in the distorted OFDM signal is must for 

error free communication which is based on OFDM system especially. Perfect tuning in 

frequency between transmitter and receiver is extremely important in wireless 

communication but oscillator at the receiver may not be tuned exactly to the carrier 

frequency fc used at the transmitter. There is always little mismatch in carrier frequency 

found at the receiver that is called carrier frequency offset foff that can be handled properly 

in OFDM system. This small fluctuation in the carrier frequency set up phase distortion
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equals 
tfj offe

••π2
in the OFDM signal. Thus, 

tifj offe
∆•••π2

presents phase distortion in terms 

of time index in any digital system.  

Above description can be summarized as a remark that the OFDM signal at the receiver 

has three components which are the channel response, channel noise and the phase shift 

introduced by the carrier frequency error, and thus OFDM signal at receiver can written as 

per (4.3). 
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Presuming that error due to frequency fluctuation is a fraction of the frequency spacing 

between subcarriers, i.e. ff koff ∆⋅=δ . Then above equations can be written in term of kδ as 
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As explained in the above section, phase rotation is generated because of fluctuation in the 

carrier frequency, this rotation is expressed in iγ . It is worth to note down here that error 

due to carrier frequency cannot be either joined into the response of the sub-channel or 

eliminated at the receiver because of phase rotation iγ  is independent of index of 

subcarrier k but it is dependent on discrete time slot i, However, it is possible to estimate 

the foff in term of 
kδ by properly inserting a training sequence at the transmitter and same 

can be utilized at the receiver to remove or to minimize the effect of the phase change in 

OFDM signal for improving the performance of the OFDM link.   

Synchronization process becomes more complicated to handle in the presence of both time 

offset and carrier frequency offset in the OFDM system.  
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is the total phase shift caused by time and frequency offset.  

4.2.1      Phase – I: Timing and Frequency Synchronization 

After analysing training fields, timing synchronization is done by acquisition and time 

tracking. Periodic structure of short symbols is utilized for determining the existence of 

short training sequence and estimation of timing offset applying MSE approach [53].  

Finding out the presence of the short training symbols by making use of its repetitive 

structure within OFDM signal and this process called signal acquisition. Normally, Time 

domain signal is being used for acquisition as it provides quick and trustworthy result.     

After proper acquisition of short symbols, it is easy to align shifted data frame by 

approximating the timing offset and the actual arrival time of the OFDM data frame. Thus, 

time synchronization process is completed in two steps as described. There is method of 

joint estimation of timing and frequency offset but normally sequential estimation is most 

acceptable and hence, while performing timing synchronization, the shifting in carrier 

frequency is unknown. The existence of the short training symbols can be identified by 

using the MSE approach [53]. Under this approach, a metric is defined called periodicity 

metric which is presented as (4.9). 
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In (4.9), W represents the observation window length which is selected to cover the 10 

short symbols, Ls is the each short symbol length and δi is the time offset to be estimated. 

The MSE between two short symbols, each has length of 16 samples, is computed by 

metric (4.9). Thus, it reveals information that minimizing the periodicity metric directs to 

an approximation of the correct position of the FFT window.   
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(4.10) 

It is understood that the smallest amount region in the periodicity metric shows the 

presence of the repetitive structure of the OFDM signal means presence of the short 

training symbols. Following Fig. 4.3 shows the presence of short training field in the 

OFDM data frame which is observed in the simulation of the OFDM signal.    

 

FIGURE 4.3 Short Training Field’s Presence in OFDM signal 

In Simulation, the presence of short training field is validated by adding delay 500 samples 

and 1000 samples and both signals are also compared. Fig. 4.4 shows the presence of 

delayed short training field. 
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FIGURE 4.4 Delayed Short Training Field Signal in Time Domain 

In this research, timing offset is approximated by detecting the presence of the short 

training field and the same is used for time synchronization. Fig. 4.5 shows the original 

signal, time offset signal and time synchronized signal.  

 

FIGURE 4.5 Time Synchronized Signal 

Next step after timing synchronization is frequency synchronization which must be done in 

two parts. It is essential that coarse frequency synchronization must be performed after 

timing synchronization which will give excellent result in the last stage of synchronization
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that is fine tuning or fine frequency synchronization. It has also observed in the simulation 

results that better the coarse frequency synchronization, excellent performance is resulted 

by fine frequency synchronization. Chapter 2 explains different methods of 

synchronization with their merits and demerits. In this research, data aided approach has 

been used for the time and frequency synchronization. Finding correlation between two 

symbols of STF and LTF, rough approximation of frequency error and fine tuning in 

frequency respectively is done. Equation (4.11) shows correlation between two similar 

symbols starting with i by guessing a training sequence of L samples.  
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Substituting (4.4) and computing correlation as mentioned above at the receiver as shown 

below 
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The mean value of the correlation is  
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The formula for the carrier frequency offset is attained by taking the argument of }ˆ{
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Finally the carrier offset is estimated by 
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(4.22) 

 

In (4.22), N represents the FFT window length and L is the total time length of the two 

identical symbols. The above formula (4.22) for estimating frequency offset error is used 

in this research.  

In this research, three methods are proposed and implemented on 10 short training symbols 

for the rough approximation or estimation of frequency offset and on 02 long training 

symbols for the accurate and precise tuning of frequency offset. Results of all three 

methods are compared before applying correlation on two long training symbols. Next 

section describes these three methods and corresponding results. 
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4.2.2      Coarse Frequency Synchronization Method 1: Single Correlation  

In this method, correlation between first two symbols is measured as shown in Fig. 4.6 and 

finally frequency offset is calculated using (4.22). It is very simple method to estimate 

frequency offset but does not provide accuracy because of not considering remaining eight 

symbols. Only first two symbols out of ten short training symbols are used in frequency 

error estimation as shown in Fig. 4.6. It may give different results which are depending on 

the selection of the two short training symbols out of ten short training symbols.  

 

FIGURE 4.6 Correlation Between First Two Symbols 

4.2.3      Method 2: Average of 9 Correlations 

In this method, 9 correlations are measured using nine neighbour pairs of 10 short training 

symbols. Means correlation between symbol 1 and symbol 2, correlation between symbol 

2 and symbol 3 and so on is measured as shown in Fig. 4.7.    

 

FIGURE 4.7 Nine Correlations between Adjacent Two Symbols 

Thus, this method generates 9 values of estimated frequency offset. Later, average of these 

9 frequency offsets is calculated which is considered as coarse estimation of frequency 

offset. This method gives better result compared to method 1. But this method is 

computationally very complex. 
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4.2.4      Method 3: Average of 5 correlations  

In this method, all neighbour symbols are not used to get correlation between them as it is 

computationally very cumbersome process but only alternative symbols are being used to 

estimate frequency offset. Means correlation between first symbol and sixth symbol, 

correlation between second symbol and symbol no. 7 and so on is measured as shown in 

Fig. 4.8. 

 

FIGURE 4.8 Five Correlations between Alternative Symbols 

Thus, this method generates 5 values of estimated frequency offset. Later, average of these 

5 frequency offsets is calculated which is considered as coarse estimation of frequency 

offset. This method gives better result compared to method 1 & 2 but this method is 

computationally complex compared method 1. Compared method 2, it is very simple. Out 

of these three methods, method 3 gives better result with reasonable complexity. 
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Last step of synchronization would be fine tuning of frequency. The quality performance 

of the last step depends upon the performance of the first two steps. If first steps are not 

performed accurately, there is no meaning of last step. This is clearly mentioned in many 

research documents that the first two steps must be set up precisely.   

4.2.5      Fine Tuning of Frequency in OFDM 

Coarse evaluation of frequency offset does not remove frequency offset error to the level 

which is required to get minimum ICI. Fine estimation of frequency offset is essential in 

wireless communication which makes perfect tuning of frequency. In this research, two 

long training symbols are used for fine tuning in carrier frequency using (4.29). Fine 

estimation is always applied after coarse estimation and correction of frequency offset. 

Fine frequency synchronization is applied after all three methods of coarse frequency 

offset estimation and compared the results. Following section describes the results of 

simulation and analysis of the same.   
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4.3      Results and Analysis  

Thus, OFDM technology based IEEE 802.11ac WLAN system is synchronized against 

timing and frequency synchronization errors and results are observed and analysed. BER 

V/s. SNR for all above explained implementations are observed, compared and 

understood. BER V/s. SNR graph illustrates performance comparison between three coarse 

frequency estimation methods as shown in the following Fig. 4.9. At 10 dB SNR value, 

BER is 0.27, 0.25 and 0.18 for method 1, method 2 and method 3 respectively. Frequency 

offset estimation using correlation between alternate training symbols in method 3 gives 

best estimation compared to method 1 and method 2. It indicates that frequency offset
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variation between neighbour symbols is not varied much and so actual frequency offset 

along the duration of 10 training symbols is not estimated by method 1 and method 2 

perfectly. Coarse frequency offset estimation using method 3 is about 33 % better than 

method 1. Higher the frequency offset correction in coarse estimation better the result 

would be achieved in fine estimation. Hence proper selection of coarse estimation method 

is very vital for optimizing synchronization in OFDM technology based application. 

 

FIGURE 4.9 BER V/s SNR for Different Methods of Coarse Estimation of Frequency Offset 

Later, fine tuning of frequency is done using 2 long training symbols and results are 

observed. Fig. 4.10 reveals the expected performance as per literature review and standard 

process of synchronization. It is found that method 3 gives better result in coarse 

estimation of frequency error and hence it has also got optimum frequency offset 

estimation in fine tuning process which has reduced BER drastically. In method 1 and 

method 2, the effect of fine tuning is not much but method 3 gives 28 % improvement in 

BER over coarse estimation of frequency offset. This result shows the importance of the 

coarse estimation and correction of the frequency error as well as performance of the fine 

tuning over coarse estimation. It has also observed that fine tuning itself in its process is 

not fit in providing accurate and precise results until implementing the method for 

appropriate level of coarse estimation. 
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FIGURE 4.10 BER V/s SNR for Fine Tuning in All Three Methods of Coarse Estimation 

BER V/s SNR graph as shown in Fig. 4.11 is for all three methods with fine tuning of 

frequency and without fine tuning of frequency. This graph is intended to describe the 

effect of fine tuning over the coarse estimation process and also performance changes 

against SNR values. It clearly indicates reduction in BER with increasing SNR value as 

normal phenomena but also reveals that difference between performances of implemented 

methods is also reduced with increase in SNR value. It means method 1 gives same result 

at 14 dB which is provided by method 3 at 10 dB. It is very vital to see the effects of 

algorithm on various aspects before concluding the research work. Downward slope of all 

graphs indicates that required BER will be set for any method by keeping or maintaining 

appropriate value of SNR. It is also imperative to point out that the requirement of BER is 

different based on applications. It suggests that very simple method 1 would also be good 

in less noisy environment. This observation is used for proposing adaptive solution for 

optimizing synchronization. Unnecessary burden on circuit by applying complex 

algorithms or keeping higher SNR value is not acceptable in the communication. Thus, all 

three methods are good depending upon the requirement of quality in communication and 

types of channel in applications. 
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FIGURE 4.11 Comparison Of Methods With And Without Fine Tuning 

Fig. 4.12 to Fig. 4.14 shows BER V/s. SNR performance of all three methods of coarse 

estimation with and without fine tuning. These graphs are plotted to understand effect of 

implementation separately. It is very important in simulation to validate the results in 

different ways. Results of all three methods show variations as expected at 10 dB SNR. 

But between 35 dB to 45 dB SNR, the BER is almost constant. In method 1 and 2, there is 

no impact of fine frequency estimation between 35 dB to 45 dB SNR. Method 2 shows 

small effect of fine frequency estimation between 15 dB to 35 dB SNR but method 1 

shows almost flat response in this range of SNR. Normally, it is universal rule that 

increasing value of SNR creates improvement in BER for any wireless communication 

link. This has also obtained in the simulation results but the amount of variation to BER 

with SNR is not linear after applying algorithms. Depth analysis of this study will direct 

the process to be employed in any algorithms. Next part of analysis describes the effect of 

SNR value and coarse estimation on BER. 

DocuSign Envelope ID: E85870B7-F4B0-4BF3-BED1-B99E9BC4B85E



Synchronization Algorithms and Results Analysis 

  

80 

 

   

FIGURE 4.12 BER V/s SNR for Method 1 With and Without Fine Tuning. 

 

FIGURE 4.13 BER V/s SNR for Method 2 With and Without Fine Tuning 

Above graphs shows that 35 dB to 45 dB SNR range is not effective in method 1 and 

method 2. This shows that coarse estimation in method 1 and method 2 is not that much 

effective and due to that fine tuning effect is not visible at higher SNR value. It means
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even at higher value of SNR, method 1 and method 2 will not give proper reduction in 

BER.   

 

FIGURE 4.14 BER V/s SNR for Method 3 With and Without Fine Tuning 

Method 3 shows its effect with fine tuning of frequency over wide range of SNR value. It 

gives quality result at 10 dB and continues improvement at higher value of SNR too. The 

change in BER because of carrier frequency offset is also examined. Fig. 4.15 shows BER 

V/s CFO for all three methods of coarse frequency synchronization. These results are 

obtained by manually inserting CFO in the range of 0.001 to 0.01 and BER for each value 

is obtained for all three methods. Till CFO value 0.005, the performance of all three 

methods is different but after 0.005 value of CFO, all three methods of coarse frequency 

synchronization exhibit almost same BER. It means that for higher value of CFO (in this 

research 0.005 and above), all methods of synchronization are equal in their performance. 

Moreover, it also implies that method 3 is performing well compared to method 1 & 2 in 

lower range of CFO. It is also visible that there are some minor difference in the method 1 

and method 2 too and method 2 gives better result compared to method 1. 
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FIGURE 4.15 BER V/s CFO For Three Methods Of Coarse Frequency Synchronization 

Later, BER is monitored by applying fine frequency estimation and synchronization in all 

three methods of coarse frequency synchronization. Results are compared in different 

situation of channels means for applying different values of SNR such as 5 dB, 10 dB and 

30 dB. Fig. 4.16 shows BER V/s CFO for fine frequency synchronization at 5 dB SNR.    

 

 

FIGURE 4.16 BER V/s CFO For All Methods With Fine Frequency Synchronization At 5 dB SNR
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As increasing SNR value from 5 dB to 10 dB, BER V/s CFO is changed as shown in Fig. 

4.17. As normal phenomena BER is reduced with increasing SNR value. But here 

objective is to observe and compare the same effect in all three methods of coarse 

frequency synchronization. In method 3, at 0.001 value of CFO with 10 dB, the BER is 

reduced to 0.175 from the 0.375 which was value of BER with 5 dB SNR. Even method 1 

and method 2 also shows improvement in performance while increasing SNR value.  

 

FIGURE 4.17 BER V/s CFO For All Methods With Fine Frequency Synchronization At 10 dB SNR 

The same experiment is also repeated for 30 dB SNR value as shown in Fig. 4.18. There 

are two objectives to check quality performance of the link under different status of 

channel by applying various appropriate values of SNR. First objective is to see the effect 

of SNR on BER in channel B means multipath environment of the channel. Next and 

second objective is to compare the proposed methods of coarse frequency synchronization. 

The performance analysis on various SNR values has directed research in adaptive 

solution which is very useful for optimizing synchronization method. It is seen that at 30 

dB SNR, method 1 may be acceptable for the BER which is otherwise not fit at 5 dB or 10 

dB. There are many areas in which digital communication link is being optimized based on 

situation of channel. Since channel situation impose complexity in the transmitter and so 

in receiver too, the benefit of better or best channel should be attained by using adaptive 

solution. The fix and permanent solution for all situations of channel (which is varied very
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randomly in any communication link) is not desirable and acceptable in present scenario. 

Optimization of the issue is very important to make system very effective and accurate. In 

other way, for higher value of CFO, all methods give almost same performance as 

mentioned earlier, very simple method 1 can be used for synchronization and process can 

be made fast.       

 

FIGURE 4.18 BER V/s CFO For All Methods With Fine Frequency Synchronization At 30 dB SNR 

Very valuable result which is concluding outcome of this research work is obtained as 

presented in Fig. 4.19. It shows 67 % improvement in BER at 10 dB with proposed 

synchronization method. 67 % improvement in BER is due to timing offset correction, 

rough frequency estimation and correction and at the last fine tuning of frequency using 

method 3. In this research, all three methods of coarse frequency synchronization are 

proposed for 802.11ac WLAN communication link and implemented in MATLAB 

software. All methods are simulated, tested and compared before presenting final outcome 

of this research in following Fig. 4.19. This graph BER V/s SNR shows the comparison 

between performance of the IEEE 802.11ac WLAN link with and without synchronization. 

Simulation made in this research shows effective improvement in the result using data 

aided approach. The work done so far has been extended for better solution with depth 

study of obtained results. There are number of ways to employ simulated and analysed 

results for better and acceptable process. Next section is a simple attempt to present 

adaptive solution based on earlier simulated and analysed results of the synchronization in
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IEEE 802.11ac WLAN. It can be surely useful in the IEEE 802.11ac WLAN link or any 

other application based on OFDM technology.     

 

FIGURE 4.19 BER V/s SNR for 802.11ac WLAN with and without Synchronization 

4.4      Phase – II: Adaptive Method of Synchronization  

In Phase I, it is observed that all three methods of coarse frequency synchronization reduce 

BER but not in equal amount. It is also examined that all methods are effective at some 

level and situation of channel. As earlier briefed, method 1 is giving poor performance 

compared to method 2 and method 3 in worst situation of channel. But in favourable 

condition of the channel, a simple method 1 also performs up to the level of requirement 

and hence it is advisable and preferable to employ method 1 in such condition rather to use 

complex method 3. This thought can be implemented by the method which is based on 

carrier frequency offset detection. Original concept is based on carrier frequency offset 

detection and accordingly switching to appropriate method of synchronization. Here 

adaptive solution is implemented which is based on SNR value as shown in Fig. 4.20 and 

effect is observed. This solution directs process of coarse frequency synchronization based 

on channel condition means SNR value. It means, the method of coarse frequency 

synchronization will be chosen based on SNR value. This solution can also be 

implemented by detecting CFO or by channel estimation. 
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FIGURE 4.20 Flow Chart of Adaptive Solution for Optimum Synchronization 

The objective of adaptive method of synchronization is to switch between three methods 

of synchronization and to get expected value of BER with less complexity. Because as 

mentioned earlier, at higher value of SNR, less complex method 1 to be used to get same 

BER which normally achieved by method 3 with low SNR value.       

 

FIGURE 4.21 BER V/s SNR for Adaptive Solution
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Fig. 4.21 shows almost flat response after 10 dB SNR value. The flat response after 10 dB 

SNR value indicates that performance of the communication link is constant and with less 

complexity of the process of synchronization. By selecting simple and easy method 1 at the 

higher value of SNR, synchronization is done at optimum level. Adaptive solution of the 

synchronization adds one more level of synchronization optimization. In this research, a 

perfect sequence of synchronization is employed that is timing synchronization first, then 

rough frequency synchronization and at the last fine tuning of carrier frequency. For a 

particular link of communication, the above mentioned synchronization sequence gives 

optimum result. Next section focuses on comparison and validation part of the simulated 

results. For the comparison, results of the same or similar link has been taken and 

analysed. It is a way to validate the simulated results.  

4.5      Comparison and Validation 

Results so far obtained are compared with the results of three researchers from reputed 

institutions and universities. The synchronization issue in IEEE 802.11a WLAN and IEEE 

802.11ac is almost similar. In the paper “Puja Sharma, R. K. Chaurasiya, Anuj Saxena, 

“Comparison analysis between IEEE 802.11a/b/g/n”, International Journal of Scientific & 

Engineering Research, Volume 4, Issue 5, May-2013”, BER for different modulations 

using Rayleigh fading channel for IEEE 802.11a WLAN is gained as shown in Fig. 4.22.  

FIGURE 4.22 BER V/s SNR for Different Modulation Using Rayleigh Channel for 802.11a
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Fig. 4.23 shows BER at 10 dB is close to 0.1 which is almost same to the results obtained 

in the IEEE 802.11ac WLAN link. Data frame of IEEE 802.11ac is extended for increasing 

the data speed. IEEE 802.11a is the first version of the WLAN, later IEEE 802.11b was 

launched. In the paper “Apeksha Waghmare, Zahir Aalam, B. K. Mishra, “ BER and PER 

Analysis of IEEE 802.15.4, 802.15.1 and 802.11, International Journal of Applied 

Information Systems (IJAIS), Foundation of Computer Science FCS, New York, USA 

Volume 2– No.2, February 2012, BER as well as Packet Error Rate (PER) are examined in 

the communication link 802.11b. The BER at 10 dB is about 0.5 which is very high. In this 

research, BER is about 0.08 at 10 dB. Thus, results gained in this research are satisfactory.   

 

 

FIGURE 4.23 BER v/s Es/No Analysis for Wi-Fi 802.11b 

Results are also compared with the BER V/s SNR graph acquired in the research done by 

“Sarswati Paramita, Dr. Suvra Sekhar Das “Synchronization in OFDM System” Thesis 

submitted at IIT, Kharagpur in M.Tech. Dissertation in April 2013”. In this paper, 

researchers implemented OFDM system and tested in the multipath environment. OFDM 

system is a backbone of most of the high speed WLAN technologies. Fig. 4.24 clearly 

indicate that BER at 10 dB is near to 0.1 or higher than this. These are few cases are 

mentioned in this thesis for the comparison with results obtained. Thus it is found that 

results are satisfactory and comparatively acceptable. 
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FIGURE 4.24 BER vs. SNR for L=512 & 1024 

As a result, the quality performance of the WLAN standard IEEE 802.11ac which is based 

on OFDM technology is improved and optimized in this research. The 802.11ac WLAN 

was emerging application when the research was started. Research in the previous WLAN 

standards like IEEE 802.11a and IEEE 802.11b become sources of the information for 

reviewing, studying and even for comparison with the simulated results. First part of 

simulation of IEEE 802.11ac was really challenging and it has taken lots of time to test and 

validate the simulated link before to apply synchronization algorithms because it was 

essential part of the complete research. Synchronization algorithms implementation and 

results analysis was tricky but it has directed back to literature review. Back and forth 

movement between literature study and simulation of the algorithms till final outcome was 

become interesting during the time of research work. 

At the last, it is necessary to mention here that in the year 2012, when I started research, 

the 802.11ac was not released in the market. Initially, the literature study was around only 

synchronization issue but later it was decided to study application specific synchronization 

process and its solutions. In the month of December, 2013, IEEE 802.11ac was released 

and it was selected for the research work. 

DocuSign Envelope ID: E85870B7-F4B0-4BF3-BED1-B99E9BC4B85E



Synchronization Algorithms and Results Analysis 

90 

 

4.6      Chapter Summary 

Simulation of proposed algorithms for synchronization was presented for solving error 

takes place because of the timing and frequency error in IEEE 802.11ac WLAN 

communication link in this second last chapter. It presented the simulation results in two 

parts. Simulation details of PART – I was explained in depth in the chapter 3. This chapter 

revealed PART – II which is again divided in two phases in which PHASE – I was related 

to timing and frequency synchronization algorithms and PHASE – II was associated with 

adaptive solution of the synchronization for the next level of synchronization optimization. 

Data aided approach was employed for detecting and estimating the timing and frequency 

synchronization errors. It provided the sequence of synchronization process for the first 

level of optimum outcome. It presented timing synchronization as first step of 

synchronization which is implemented using Mean Square Error approach. The repeated 

sequence of the short training field used for estimating the timing error. After timing 

synchronization, using correlation between short training field symbols, coarse frequency 

synchronization was done. Three methods of coarse frequency synchronization are 

proposed and simulated. Results of all three methods are compared and analyzed before 

applying algorithm for fine tuning of carrier frequency. It clearly mentioned the effect of 

coarse frequency synchronization as it is significant in the process of synchronization 

because improvement due to fine synchronization of frequency is possible after coarse 

frequency synchronization only. As a last stage of synchronization process, the fine tuning 

of the frequency is done by using the long training field. The results of the coarse and fine 

tuning for the frequency synchronization extended to present adaptive solution for 

optimum synchronization based on situation of the channel. It used the channel condition 

for the selection of particular synchronization method. It is worth mentioning that proposed 

synchronization algorithms show effectual improvement in the BER which is about 67 %.
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CHAPTER – 5  

Conclusions and Suggestions for Future Work 

5.1      Conclusions 

Significance and demand of OFDM technology and various applications based on it is 

addressed in this thesis. We started by presenting the beginning of OFDM technology and 

its advancement & penetration in the digital communication. As per objective of this 

thesis, we highlighted the different negative aspects of the OFDM technology and deeply 

described the synchronization issue. We studied the consequences of synchronization 

errors, categorization of synchronization methodologies and some customary and standard 

synchronization designs employed for OFDM systems. Broadly, it was observed that 

synchronization techniques are categorized in two classes which are data aided and non 

data aided. Data aided means synchronization takes place by using some additional known 

data which is called training sequence and it is done without such known training sequence 

in the non data aided synchronization technique. Thus, non data aided synchronization 

techniques are treated as blind algorithms. But, it is seen that in actual sense, most of the 

non data aided synchronization techniques in the OFDM study are not totally blind and 

hence some information such as SNRs or statistical data of the channel might be required 

to help out for implementing the synchronization process. Comparison point of view, it is 

noticed that the computational complexity of non data aided algorithms are much higher 

than data aided. As far as performance is concerned, the performance of the blind schemes 

is severely deteriorates in frequency selective fading channels resulting into an inconsistent 

estimate for the synchronization parameters. Complexity in design and implementation as 

well as requirement of some sort of information, blind schemes are less preferable.    
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The motivation behind this research was to propose and implement little complex, 

effective and accurate synchronization method using training sequence. As per OFDM 

technology based IEEE standards of wireless communications, the training sequences are 

being sent with data and that should be utilized at the receiver but very aptly and 

accurately. The results of the simulations in this research project effectively show the 

consequences of time and frequency offset in IEEE 802.11ac WLAN system in the channel 

i.e., AWGN and the JTC B channel. The sequence of synchronization has been strictly 

followed in the simulation means handled timing synchronization first, then coarse 

estimation of frequency offset and then fine tuning of frequency synchronization. Timing 

synchronization implemented using periodic structure of the short training sequence 

having 10 repeated samples. The time of arrival of this sequence is detected using mean 

square error approach.  

Coarse estimation of frequency was determined by applying correlation between the 10 

short training samples. Three methods are proposed, simulated and the results of the same 

are evaluated and analysed under different channel conditions. All the three methods are 

tested by applying fine approximation of frequency offset and correction. Fine 

computation of frequency offset was implemented using long training sequence. Method 1 

is very simple but the performance is not well compared to Method 2 and Method 3 

because of estimation of frequency does not cover full length of the training sequence. 

Method 2 by taking average of 9 correlations covers full length of training sequence while 

coarse estimation the frequency offset but does not provide accurate estimation because of 

correlation between adjacent samples. Method 3 by averaging 5 correlations between 

alternate short training symbols can be used at lower SNR value with fine tuning using 

long training sequence. Switching between different methods of coarse estimation based 

on channel condition can be implemented to reduce process time. The comparative results 

and study of the proposed synchronization algorithms used in proposing and presenting an 

adaptive solution of the synchronization algorithm which is very useful while optimizing 

the synchronization process. 
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5.2      Scope of Future Work 

The research work concentrated primarily on developing data aided synchronization 

algorithms for OFDM systems; however, there is still room for upgrading that can be 

believed as future work. In this research work, timing and frequency synchronization are 

handled separately in a predetermined sequence only. However, the upcoming work in the 

line of this research should focus on joint estimation and correction of the timing and 

frequency synchronization for simplifying the process. This thesis work has not considered 

MIMO OFDM, so the same algorithm can be applied for MIMO OFDM. Further research 

on synchronization algorithm proposed in this thesis for only 802.11ac WLAN can be 

tested in other applications in which OFDM technology is being used. It can also be 

applied using channel estimation. A study and implementation of the same synchronization 

algorithms under outdoor wireless channel is also an additional motivating field. Common 

synchronization algorithm for all developments in one application or for all applications in 

which OFDM technology is being used is also a challenge in the research which can be 

considered as future work. 
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