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การรวมกนัระหว่างไมโมและ OFDM ไดถู้กพิจารณาว่าเป็นวิธีการแห่งความหวงัส าหรับ

การส่ือสารไร้สายในอนาคต อย่างไรก็ตาม ประสิทธิภาพของ MIMO-OFDM มีความอ่อนไหวต่อ
ออฟเซตความถ่ีคล่ืนพาห์ไดง่้าย โดยท่ีค่าออฟเซตความถ่ีคล่ืนพาห์ท าให้เกิดการแทรกสอดระหวา่ง
คล่ืนพาห์ ดังนั้นค่าออฟเซตความถ่ีคล่ืนพาห์จึงควรถูกท าการประมาณและท าการชดเชย ใน
ช่องสัญญาณแถบกวา้งเคล่ือนท่ีนั้น ช่องสัญญาณและออฟเซตความถ่ีคล่ืนพาห์มีรูปแบบเป็นเปล่ียน
ตามเวลาอนัเน่ืองจากการเคล่ือนท่ีและสภาพแวดลอ้มรอบๆการส่ือสาร ดงันั้น ช่องสัญญาณและค่า
ออฟเซตความถ่ีคล่ืนพาห์จึงควรถูกติดตามเพื่อรักษาประสิทธิภาพของระบบ โดยวิทยานิพนธ์น้ี
เสนอรูปแบบของสัญญาณน าท่ีถูกแทรกในการส่งข้อมูลเพื่อติดตามความเปล่ียนแปลงของ
ช่องสัญญาณและออฟเซตความถ่ีคล่ืนพาห์ในระบบ MIMO-OFDM โดยรูปแบบของสัญญาณน า
ส าหรับการประมาณค่าออฟเซตความถ่ีคล่ืนพาห์ท่ีออกแบบนั้นมีพื้นฐานมาจากวิธีการแทรก
คล่ืนพาห์ย่อยท่ีเป็นศูนย ์แต่ให้ประสิทธิภาพการประมาณเหนือกว่าอนัเน่ืองจากการเพิ่มข้ึนของ
อตัราส่วนระหวา่งก าลงัของสัญญาณต่อสัญญาณรบกวน นอกจากน้ี การประมาณโดยรูปแบบของ
สัญญาณน าท่ีไดอ้อกแบบสามารถติดตามความเปล่ียนแปลงของช่องสัญญาณและค่าออฟเซตความถ่ี
คล่ืนพาห์ไดโ้ดยใชเ้พียง OFDM สัญลกัษณ์เดียวเท่านั้น 
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The combination of Multi-Input Multi-Output (MIMO) with Orthogonal 

Frequency Division Multiplexing (OFDM) is regarded as a promising technique for 

the future wireless communications. However, the performance of MIMO-OFDM 

systems is very sensitive to carrier frequency offset (CFO), which introduces inter-

carrier-interference (ICI), hence CFO should be estimated and compensated. In mobile 

broadband channel, the channel and CFO act as time-varying parameter due to the 

mobility and the surrounding environment. Thus the channel and CFO have to be 

tracked in order to maintain system performance. This thesis proposes a pilot scheme 

which is inserted in data transmission in order to track the variations of channel and 

CFO for MIMO-OFDM. The proposed pilot scheme for CFO estimation is based on 

null subcarrier insertion but provides more estimation efficiency due to the increasing 

of signal to noise ratio. In addition, the estimations from proposed pilot scheme can 

track the variations of channel and CFO by using only one OFDM symbol. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background of problems 

 Recently, OFDM (Orthogonal Frequency Division Multiplexing) has become 

one of the modern technologies and it plays a significant role in the development of 

wireless communication system performance. OFDM is a type of multicarrier 

transmission techniques where the serial data is transformed into parallel form, then it 

is modulated with subcarriers. Multicarrier transmission reduces the effect of 

frequency selective fading channel by transforming frequency selective fading channel 

into summation of flat fading channels thus this technique is an effective technique 

especially for broadband communications. In addition, OFDM can improve bandwidth 

efficiency compared with FDM (Frequency Division Multiplexing), where subchannel 

bandwidth of FDM has to be placed separately from another subchannel in order to 

avoid aliasing effect which produces interchannel interference, but OFDM allows the 

overlay of subchannel bandwidth without interfering with another subchannel due to 

the orthogonal property (as indicated in Figure 1.1). Moreover, with the emergence of 

digital signal processing in the present, OFDM can be applied to a wide range of other 

communication systems hence it has been added into many communication standards 

such as IEEE 802.11n, IEEE 802.16, IEEE 802.20 (Li and Stüber, 2006) digital 

terrestrial video broadcasting (DVB) and digital audio broadcasting (DAB) (ETSI 

EN300, 2001).  
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Figure 1.1 (a) FDM subchannel allocation (b) OFDM subchannel allocation 

 

 For many years, MIMO (Multiple Input Multiple Output) has been the 

technology that becomes the focus of extensive research. It proposes an extensive 

improvement over conventional smart antenna systems in both Quality of Service 

(QoS) and transfer rate (Telatar, 1995). For this reason, the integration between 

MIMO and OFDM technologies to improve the quality and speed of data transmission 

has been created and named as MIMO-OFDM. MIMO-OFDM has been added in 

future broadband communication standards such as Mobile WiMAX (IEEE802.16e) 

and LTE (Long Term Evolution), and there are several works related with MIMO-

OFDM such as Sampath, Talwar, Tellado, Erceg and Paulraj, (2002); [6] Zelst, 

Schenk and Tim, (2004). However, channel estimation is the important factor for data 

detection in MIMO system where the performance of channel estimation is depended 

on channel estimation technique and the characteristic of wireless channel. Based on 

previous works, channel estimation when the channel is rapidly changing due to the 

mobility of users or the environment of the channel challenges many researchers to do

f 

Ch.1 Ch.2 Ch.3 Ch.4 Ch.5 Ch.6 Ch.7 Ch.8 

f 

Ch.1 – Ch.8 

(a) 

(b) 

Savings in bandwidth 
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 the channel estimation to keep track of the channel variations. 

 In addition, even if overlapping between subchannels in OFDM technique 

improves bandwidth efficiency but the error from synchronization between transmitter 

and receiver causes the loss of orthogonal property in OFDM system which produces 

intercarrier interference (ICI). Where the effect of synchronization error can cause 

failing in communication. Frequency synchronization is one of synchronization 

parameters which is important for OFDM system. The carrier frequency between 

transmitter and receiver may be miss matched due to the stability of local oscillators 

between transmitter and receiver, and the Doppler effect from the mobility of user is 

also included. Where the normalization of frequency offset by subcarrier spacing in 

OFDM is so called Carrier Frequency Offset (CFO). Thus, CFO has to be estimated 

and compensated in order to keep orthogonality between subchannels and the 

performance of data detection in OFDM system. 

 From above problems, authors have realized the relation between channel 

estimation and CFO estimation which can be said that if we cannot compensate the 

effect of CFO thus the performance of channel estimation is degraded. From previous 

works, CFO and channel can be estimated according to two categorizes of pilot signal, 

the fist one is using training symbol and the second one is inserting pilot tone. Based 

on using training symbol, the training symbol is inserted in the front of information 

data before transmitting into wireless channel. The information from training symbol 

is used for both channel and CFO estimations at the receiver. The estimated CFO and 

channel are used for CFO compensation and data detection for next incoming OFDM 

symbols. However, if wireless channel acts as a fast fading, it will cause channels on 

each OFDM symbol to be different. Thus this leads to performance degradation in 
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data detection. For CFO and channel estimation based on inserting pilot tone, the 

number of pilot subcarrier are inserted along subcarrier axis in every OFDM symbols 

where these pilot subcarriers are used for both CFO and channel estimation. The aim 

of this technique is to reduce pilot overhead but providing ability to keep track the 

variations of both channel and CFO even if some estimation performance are lost. 

Thus, pilot tone technique is more suitable for mobile broadband communication than 

training symbol technique. However, the estimation performance of inserting pilot 

tone technique is lower than training symbol technique due to less pilot information.   

 Therefore, in this thesis, I am interested to design pilot tones in order to 

enhance the performance of CFO and channel estimation for mobile broadband 

MIMO-OFDM system. By inserting the designed pilot tones in every OFDM symbol, 

it can not only help the estimation to keep track of the variation of channel but also 

improving the estimation performance for both channel and CFO estimations. In this 

work, Mobile WiMAX standard (IEEE802.16e) is used to be the standard that we are 

interested. 

 

1.2 Research objectives 

 The objectives of this research are as follows: 

 1.2.1 To study and develop pilot tones for CFO and channel estimations for 

mobile broadband OFDM and MIMO-OFDM systems. 

 1.2.2 To study the performance of channel and CFO estimations of designed 

pilot tones when mobile broadband channel is considered. 

 1.2.3  To design and construct a testbed in order to validate the proposed 

technique in the practical system.  
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1.3 Scope and limitation of the study 

 1.3.1 The operating frequency of testbed is ranged from 2.4 to 2.6 GHz. 

 1.3.2 22 antenna configuration is considered in order to reduce the system 

complexity and cost. 

 1.3.3 The performance of testbed is considered in the case that there is only 

one user. Therefore, the whole subcarriers are used for one user. 

 1.3.4 The experimental results are based on static user and small scale 

environment. 

 

1.4 Contributions 

 1.4.1 To obtain a designed pilot tones and the estimation technique which are 

useful and suitable for mobile broadband MIMO-OFDM system.  

 1.4.2 To obtain knowledge that can be applied for future MIMO-OFDM 

research. 

 

1.5 Thesis organization 

 The remainder of this thesis is organized as follows. Chapter 2 presents a 

literature review that relates to this work including channel estimation and CFO 

estimation from the basic OFDM system to MIMO-OFDM system.  

 Chapter 3 is an introduction to the OFDM technology where the principle and 

mathematical model of OFDM system are presented. In addition, the development 

from a conventional OFDM system to a present OFDM system and the investigation 

on ICI effect are also explained. 

  Chapter 4 presents the effect of carrier frequency offset in OFDM system 

including techniques for compensating this effect. Furthermore, the channel estimation 
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techniques for both OFDM and MIMO-OFDM are also presented. 

 Chapter 5 describes the proposed pilot tones for both channel and CFO 

estimation which can be used in either OFDM or MIMO-OFDM system. The 

performance analysis of the proposed pilot scheme including its simulation results is 

presented. 

 In chapter 6, the practical implementation setup and experimental results are 

presented. This chapter explains implementation setup including transmitter unit, 

receiver unit and tested locations. The obtained experimental results are used to 

validate simulation results. 

 In the last chapter, Chapter 7 provides the conclusion of the research work and 

suggestion for future study. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1 Introduction 

 The channel estimation and CFO estimation are paid attention by researchers 

for a long time where these parameters need to be estimated and compensated in order 

to maintain the performance of data detection at receiver. In case that channel and 

CFO change by time, the technique that can keep track these variations becomes a 

challenge to researchers. Hence the main object of this research is to design the pilot 

tones and the estimation technique that can keep tracking the variations of channel and 

CFO for mobile broadband communications. Therefore, it is necessary to do a survey 

and literature review of related works in order to study previous works, to verify 

problems, to set methodology and finally to achieve research objectives. 

 This chapter describes literature review and related works including channel 

estimation and CFO estimation from the basic OFDM system to MIMO-OFDM 

system. In addition, the works related with designing pilot tone for channel and CFO 

estimations are also included. 

 

2.2 Channel estimation in OFDM system 

 The channel estimations for OFDM system can be performed by inserting a 

training signal in each OFDM symbol. Then receiver uses training data for channel 

estimation. We can categorize the type of training signal insertion into two types 

which are block type (Hou, Zhao, Yin and Yue, 2005) and comb type (Edfors, 
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Figure 2.1 Training schemes (a) block type (b) comb type. 

 

Van de Beek,  Wilson and Borrjeson, 1998) which can be shown in Figure 2.1. The 

block type inserts a training data in every subcarrier, thus this OFDM symbol contains 

only training data where this OFDM symbol can be named as training symbol. 

Training symbol is inserted in front of data symbol group where the distances of 

inserting training symbol are different which depends on type of communication. By 

using training symbol, it provides a good performance on channel estimation due to 

many of training data. However, in the case that channel is changing rapidly, more 

frequently inserting a training symbol should be performed in order to keep track of 

the variation of channel. It means that system loses some of data symbols for training 

symbol hence it reduces bandwidth efficiency. Unlike comb type, only some of 

subcarriers are modulated with training data which are called pilot tones. These pilot 

tones are inserted in every OFDM symbol thus it provides system to keep track the 

variations of its channel, thus it improves robustness to fast fading channel. However, 

by inserting some pilot tones in comb type, it is necessary to do a channel 

interpolation for data subcarriers. From the previous works, there are many 

OFDM symbols 

Su
bc

arr
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interpolation techniques such as linear interpolation, low-pass interpolation and spline 

interpolation (Rinne and Renfors, 1996). 

 The techniques of training data insertion for MIMO-OFDM system are similar 

to OFDM system which are both training symbol and pilot tone. However, channel 

estimations in MIMO-OFDM system have more complexity due to the increasing of 

input and output parameters. There are many techniques for MIMO channel 

estimation such as least square estimation (LSE), minimum mean square error 

(MMSE) and maximum likelihood estimation (MLE) (Cho, 2010). In addition, MIMO 

channel estimation is necessary to transmit a training symbols at least NT (the number 

of transmitted antennas) symbols in order to perform a channel estimation thus it  is 

hard to keep track of the channel if fast fading channel is considered. There are many 

works related with using training symbol for MIMO-OFDM channel estimation such 

as He Zhong Tang and Cen Zi Li (2005) which have proposed a training scheme that 

reduces the effect of intersymbol interference (ISI). In addition, this technique can 

reduce the complexity of channel estimation. Delestre and Sun (2010) have proposed 

the design of training symbol that reduces the complexity of channel estimation when 

STBC (Space Time Block Code) is used. For the works that related with pilot tone for 

channel estimation, Bahumi, Leus and Moonen (2003) have showed that pilot tones 

should have equal power and should be placed with equal distance. Moreover, the 

training data on pilot tones should be phase shift orthogonal in order to achieve the 

best channel estimation performance in term of MSE (Mean Square Error). In 

addition, Wang, Zhu and Hu (2004) have proposed a pilot scheme that minimizes 

channel estimation error based on LSE technique. However, the above techniques are 

under the assumption that the channel is not changing during NT (or during channel 
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estimation process). Thus, it is not suitable for mobile broadband channel when 

channel changes all the time. Based on this problem, Qiao, Yu, Su and Zhang (2004) 

have proposed the orthogonal pilot scheme where this technique reduces the 

complexity of MIMO channel estimation into SISO (Single Input Single Output) 

channel estimation. The estimation process of this technique can be done with only 

one OFDM symbol thus this is a useful technique especially for mobile broadband 

communications.  However, this technique has been designed for channel estimation 

only while CFO is one of the important parameters which should be estimated and 

compensated. Therefore, the candidate is interested in the design of the plot scheme 

for both channel and CFO estimation, where the designed pilot scheme still provides 

the same channel estimation benefit as orthogonal pilot scheme and it also keeps track 

of the variations of CFO. 

 

2.3 CFO estimation and compensation 

 There are two methods to compensate the effect of CFO, the first one is 

technique that reduces the effect of CFO (ICI effect) and the second is CFO 

estimation. Works related with reducing the effect of CFO are such as, Zhao and 

Haggman (1996) have proposed self ICI cancellation by sending the same data on 

consecutive subcarrier. These data are antipodal to each other which is described by ak 

= -ak+1 where subscript k refers to subcarrier position index thus half of bandwidth 

efficiency is lost. Furthermore, Gudmunson and Anderson (1998) have showed that 

the effect of ICI can be reduced by using Haning window for time domain baseband 

filter. However, using Haning window reduces signal to noise ratio (SNR) of signal 

which is located on edge of symbol thus it may degrade the overall system 
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performance. The above techniques can reduce some of ICI effect caused by CFO but 

the effect of CFO still exists. In order to achieve a better performance, CFO estimation 

should be performed. 

 Based on CFO estimation, CFO is estimated and compensated at receiver. 

There are many works that are developed and based on work presented by Moose 

(1984). Moose has proposed a maximum likelihood for CFO estimation based on 

frequency domain where this technique requires the transmitting duplicate OFDM 

symbols. The estimated CFO is achieved by measuring a phase difference between 

consecutive and duplicate OFDM symbols thus a half of bandwidth efficiency is lost 

due to sending duplicate symbols. In addition, this technique may increase CFO 

estimation errors if channel is changed during sending two duplicated symbols. 

Moreover, the range of estimation from this technique is limited by  0.5 of subcarrier 

spacing. Work in (Van de Beek, Sandell and Borjesson, 1997) has proposed CFO 

estimation by using the same idea as Moose but the estimation is based on time 

domain. The estimated CFO is obtained by using CP (Cyclic Prefix). CP is some 

identical data of the front section of OFDM symbol but it is placed at the last section 

of symbol. Hence CFO can be estimated by measuring phase difference between 

copied data in CP and original data. This technique offers the same estimation range 

as Moose but provides higher bandwidth efficiency than Moose’s technique. The 

estimation performance depends on the length of CP where more data in CP should 

provide a better performance. However, the aim of CP is to prevent ISI. Therefore, if 

there is ISI in system, the estimation performance of this technique is degraded. In 

order to increase the estimation range, the work of Morelli and Mengali in 1999 has 

proposed a training symbol which compounds by duplicate data within one OFDM 
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symbol where M is the number of duplicate data. This technique extends estimation 

range of CFO up to  M of subcarrier spacing. However, even this technique is a 

useful and effective technique due to wide range of CFO estimation and high 

performance due to using training symbol, it is not suitable for mobile broadband 

communications. At this point, Schmidl and Cox (1997) have proposed CFO 

estimation which is able to keep track of the variations of CFO. Schmidl and Cox have 

divided CFO into two parts which are integer and fractional. The integer CFO can be 

estimated by calculating the CFO which causes maximum correlation of pilot tones 

between consecutive symbols. Then this estimated integer CFO is used to compensate 

a received signal. After that, the compensated signal is used to calculate the fractional 

CFO by using the technique proposed by Moose. However, work in (Shim, Kim, Song 

and You, 2007) has shown that the technique which was presented by Schmidl and 

Cox can cause estimation error when frequency selective channel is considered. 

Furthermore, (Fu and Minn, 2007) and (Zhang, Xia and Ching, 2007) have presented 

technique that improves the estimation performance when pilot tones are used. Work 

in (Fu and Minn, 2007) has proposed data-interference to pilot tone reduction by 

inserting null data or correlated data on the adjacent subcarrier at the left and the right 

of pilot subcarrier, thus the dominant ICI affects pilot tone to be decreased. Zhang, 

Xia and Ching (2007) have proposed clustered pilot tones where two pilot tones are 

clustered into a group. The pilot data on the left and the right are antipodal to each 

other. Zhang, Xia and Ching have shown that pilot signal to data-interference ratio is 

increased by using this technique. From above techniques which use pilot tone for 

CFO estimation, these techniques are based on the basis of Moose’s technique which 

requires resending duplicate data on consecutive symbol. Thus, it
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reduces the estimation performance if channels on consecutive symbols are different.  

 From above problem, candidate aims to develop CFO estimation technique 

where the estimation process can be done by using only one OFDM symbol. The 

estimation can keep track of the variations of CFO and robust to frequency selective 

fading. Based on the previous works, there are two methods that can solve this 

problem which are adaptive algorithm and searching algorithm. For adaptive 

algorithm, Yang, Li and The (2005) have proposed LMS-like algorithm by adjusting 

compensated CFO with received signal until the compensated signal is the same as 

reference signal (training symbol). However, this technique does not consider channel 

thus it reduces the estimation performance. Moreover, Jian and Chunni (2009) have 

presented CFO estimation by using Kalman filter. For searching algorithm, candidate 

is interested in the technique called null subcarrier insertion. Null subcarrier insertion 

was first proposed by Liu and Tureli (1998) by exploiting structure of OFDM symbol 

which has virtual subcarriers at the frequency edge on each OFDM symbol. These 

virtual subcarriers are usually used for preventing the effect from roll-off region of 

filter. In general, these virtual subcarriers are not used to transmit any data (0 or null) 

thus if there is ICI which is caused by CFO then the signal on virtual subcarriers will 

not be 0. Based on this fact, CFO can be estimated by searching compensated CFO 

which minimizes signal power on virtual subcarriers and set it to be the estimated 

CFO. After that, Ma, Tepedelenlioglu, Giannakis and Barbarossa (2001) have shown 

that estimation performance of Liu and Tureli (1998) is reduced when frequency 

selective fading is considered. In addition, Ma, Tepedelenlioglu, Giannakis and 

Barbarossa have also proposed null insertion technique to overcome this problem 

where null subcarriers are inserted along data subcarriers in order to compensate the 



 

 

 

 

 

 

 

 

14 

 

effect from frequency selective fading. Moreover, there are several works related with 

null subcarriers for CFO estimation such as Huang and Lataef (2006) and Lin, Nakao, 

Lu and Yamashita (2007). 

 As mentioned above, candidate is interested in CFO estimation by using null 

subcarrier. This technique does not require a known reference signal or any training 

data at receiver. In addition, this technique does not require channel information thus 

it gives less complexity than other techniques. However, from previous works this 

technique has been studied and based on SISO system. Due to the insertion of these 

null subcarriers, it causes these subcarriers to be used for CFO estimation only. In this 

work, candidate aims to design pilot scheme and the estimation technique which can 

be used for both channel and CFO estimation while still provide the same benefit of 

CFO estimation as null subcarrier technique. 

 

2.4 Channel and CFO estimation for MIMO-OFDM system 

 The previous works that have dealt with channel and CFO estimation for 

MIMO-OFDM system are almost based on training symbol such as Zhen and Jianhua 

(2006);  He (2008) and Simon, Ross, Hijazi, Jin, Gaillot and Berbineau (2011). 

However, in order to improve the performance for mobile broadband communications, 

it is necessary to keep track the variations of channel and CFO for every OFDM 

symbol. Hung, Tho and Chi (2007) have proposed pilot tones to overcome with this 

problem but this work gives high complexity due to channel estimation for both 

frequency and time domains. In addition, the performance of this technique is reduced 

if channels on each symbol are different. Wu, Samir and Bergmans (2007) have 

presented a training symbol for channel and CFO estimation where the estimation 
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process can be carried out with only one OFDM symbol. This work realizes channel 

estimation complexity in MIMO system where it requires to send the training symbol 

at least NT symbols in order to estimate channel. However, this work is based on using 

training symbol thus it is not suitable for mobile broadband applications. 

 In addition, there is a technique that differs from pilot tone and training symbol 

where it does not require any training data and it is called blind estimation. This 

technique exploits statistic information of received signal for channel and CFO 

estimation without any help from training data. Thus, it provides the best in bandwidth 

efficiency. However, the estimation performance of this technique is based on the 

number of collecting the received data. The more data is collected, the more 

estimation performance can be improved. Thus this technique is not suitable for 

mobile broadband communications and candidate does not include this technique in 

this thesis for next section. 

 

2.5  Chapter summary 

 The channel and CFO estimations for mobile broadband communications 

should not be limited with using training symbol. Thus, it is necessary to keep track of 

the variations of channel and CFO due to mobility or environments surrounding user 

in order to maintain the system performance. This work focuses on channel estimation 

by using orthogonal pilot scheme and CFO estimation by using null subcarriers where 

these techniques exploit the benefit of pilot tone. In addition, these techniques are able 

to keep track of the variations of the estimated parameters where the estimation 

process can be carried out with only one OFDM symbol. Thus they are the useful 

techniques especially for mobile broadband communications. However, the above 
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techniques require null subcarriers for CFO estimation where these null subcarriers are 

inserted along data subcarrier axis and these pilot tones cannot be reused for other 

purposes.  Hence, this work proposes pilot scheme which provides the same benefits 

as null subcarrier and orthogonal subcarrier. Furthermore, the proposed pilot scheme 

can be used for both channel and CFO estimation and it also improve the estimation 

performance. 
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CHAPTER III 

INTRODUCTION TO OFDM TECHNOLOGY 

 

3.1 Introduction 

 This chapter describes an introduction of OFDM technology where the 

principles and mathematical model are presented in order to understand the 

fundamental of OFDM system. In addition, the development of the conventional 

OFDM system to the modern OFDM system and the effect of ISI are also presented. 

 

3.2 Background of OFDM technology 

 The OFDM technology is classified in a group of spread spectrum. This 

technique uses multiple subcarriers modulation where the transmission channel is 

divided into multiple subchannels which are independent to each other. FDM 

(Frequency Division Multiplexing) is one of the most well known techniques. FDM 

divides serial data into parallel data then modulates into subchannels where each 

subchannel bandwidth must not overlap by other subcahnnel in order to prevent ICI. 

Therefore, this technique requires guard band to avoid such problem. However, even 

if guard band is a good technique for ICI avoidance in FDM systems but it reduces 

bandwidth efficiency due to bandwidth requisition for guard band. The subchannel 

allocation in FDM system can be shown in Figure 3.1 (a). OFDM was discovered in 

order to improve bandwidth efficiency and it was firstly proposed by Chang (Chang, 

1996). Chang has proposed the orthogonal signal synthesis for multiple subchannel 

transmission with limited bandwidth. This technique uses orthogonal subcarriers for
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Figure 3.1 Subchannel allocation (a) FDM system (b) OFDM system. 

 

subchannel modulation where subchannels can be placed closer than the conventional 

FDM system therefore it increases bandwidth efficiency and transmission rate. The 

subchannel allocation in OFDM system can be shown in Figure 3.1 (b).  

 In the past, the orthogonal subcarrier generation in OFDM system is very 

complicated. The conventional OFDM system is based on analog configurations 

where there are a lot of frequency oscillators. Thus, OFDM system becomes a large 

system and it is difficult to apply to other communication systems. However, with the 

help of high-speed digital ICs and FFT (Fast Fourier Transform), OFDM can be 

utilized for various communication system standards such as IEEE8.2.11n (Wireless 

LAN), IEEE802.16e (mobile WiMAX) and 4
th

 generation of communication (4G). 

 

Ch.1 Ch.2 Ch.3 Ch.4 Ch.5 

Ch.1 Ch.2 Ch.3 Ch.4 Ch.5 

Frequency 

Frequency (a) 
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Saving bandwidth 
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Figure 3.2 Signal modulation in OFDM. 

 

3.3 Conventional OFDM system 

 3.3.1 Modulation 

 The signals modulation scheme in OFDM system can be shown in 

Figure 3.2. The high speed serial digital data d is divided into groups of low speed 

parallel data then these parallel data are modulated with subcarrier fk where the 

modulation types are such as QAM, 16QAM and 64QAM. Xl[k] is the modulation 

symbol of QAM, 16QAM or 64QAM modulations for the k
th

 subcarrier and the l
th

 

OFDM symbol. After that, the modulated data are mixed with subcarrier then these 

signals are summarized and then it is transformed into passband signal by using 

frequency up converter. The k
th

 subcarrier signal with frequency fk can be given by 
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where Tsym is the OFDM symbol time. Then the baseband OFDM signal in time 

domain can be shown by 
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Then the baseband signal xl(t) is transformed into passband signal which will be sent 

to wireless channel. 

 3.3.2 Orthogonality property 

 From Figure 3.2, after groups of parallel data Xl[k] are generated, these 

parallel data will be modulated with different subcarriers which are f0, f1, f2, …, fN-1 as 

same as FDM but these subcarriers must be orthogonal to each other.  

 By assuming that, OFDM subcarrier signal is in exponential form 

which is  
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The orthogonal subcarrier frequency can be given by  k symf k T  or 
kf k f   where 

f  is the subcarrier spacing and it can be written by 

 

 1 /symf T B N    (3.4) 

 

where B is the system bandwidth.  
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Figure 3.3 Signal demodulation in OFDM. 

 

 3.3.3 Demodulation 

 After that baseband signal (3.2) is transformed into passband signal and 

sent through wireless, then receiver will transform the received signal into baseband 

signal by using frequency down converter. This signal is cleaned by low pass filter in 

order to reduce the interference. Then each subchannel is separated by demodulation 

with its subcarrier. By using the integration operation as shown in Figure 3.3, the 

signals demodulated in an OFDM system can be given by 

 

 

     

     

 
    

2

1
2 2

0

1
2

0

1

1
        

1
        

k sym

i sym k sym

i k sym

j f t lT

l l

sym

N
j f t lT j f t lT

l

isym

N
j f f t lT

l l

i sym

Y k y t e dt
T

X i e e dt
T

X i e dt X k
T



 








 
  




 

 



 
  

 

 





 

 (3.5) 

 

where  lY k  is the received data of the k
th 

subcarrier and the l
th 

OFDM symbol. 
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Figure 3.4 The modern OFDM system configuration. 

 

 From (3.5), it shows an OFDM signal demodulation where the effect of 

channel is not considered. The system with channel effect is described in the next 

chapter. 

 

3.4 Modern OFDM system 

 3.4.1 Orthogonality property 

 Today, electronic ICs and digital signal processing are developed 

rapidly which causes modern communication systems become almost digital 

communication. OFDM as well, the complexity of OFDM system is greatly reduced 

where discrete fourier transform (DFT) and inverse discrete fourier transform (IDFT) 

can be used for orthogonal subcarrier synthesis. Therefore, the investigation of 

orthogonal property of OFDM signal can be performed by sampling the continuous 

signal from (3.3) at time s symt nT nT N   where 0,1,2, , 1n N   and Ts is 

sampling period. Then the discrete form of (3.3) can be written by 
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Figure 3.5 Spectrum of OFDM signals. 

 

 

 

1 12 2 2 2

0 0

1 2

0

1 1

1
                                        

1,
                                           

0,

sym sym
s s

ssym sym sym sym

T Tk i k i
N Nj nT j nT j n j n

T T T N T N

n n

k iN j n
N

n

e e e e
N N

e
N

k i

otherwi

   



      

 










 


 



se

 (3.6) 

  

As seen in (3.6), the result is the same as (3.3) 

 3.4.2 Modulation and demodulation 

 The configuration signal modulation and demodulation in modern 

OFDM system can be shown in Figure 3.4. As seen in figure, transmitter uses IDFT to 

create time domain baseband signal while receiver uses DFT operation. The 

transmitted signal can be shown by sampling the continuous baseband signal from 

(3.2) at time s symt nT nT N   where 0,1,2, , 1n N   and Ts is sampling period. 

Then the transmitted signal can be written by 

Ch.1 Ch.2 Ch.3 Ch.4 Ch.5 Ch.6 Ch.7 
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where 0,1,2, , 1n N  . 

 From equation (3.7), it refers to N-point IDFT operation. The example 

of spectrum of transmitted signal from (3.7) can be shown in Figure 3.5 and we can 

see that there is no interference from another subchannel at the center of each 

subcarrier.  

 For signal demodulation, as same as modulation but in the contrary, the 

demodulated signals can be archived by using DFT operation which can be given by 
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3.5 Intersymbol interference (ISI) 

 3.5.1 Multipath fading 

 The l
th

 OFDM symbol,      
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  , pass through 

wireless channel with channel impulse response hl(t). Then the received signal can be 

given by 
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Figure 3.6 Channel impulse response and its effect in frequency domain. 

 

where zl(t) is AWGN (additive white Gaussian noise). The discrete form of (3.9) can 

be performed by sampling (3.9) at nTs where s symnT nT N . Then (3.9) can be 

rewritten by 
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where    l l sx n x nT ,    l l sy n y nT ,    l l sh n h nT  and    l l sz n z nT .  

 Figure 3.6 shows the discrete time channel impulse responses of two 

different channels where their frequency responses are also presented.  In addition, 

Figure 3.7 shows the effect of multipath fading which affects on consecutive OFDM 

symbols in the time domain. As seen in both figures, multipath fading channel not 

only causes channel to act as frequency selective fading (as seen in Figure 3.6 when a 

long channel impulse response is assumed) but also produces ISI as shown in Figure



 

 

 

 

 

 

 

 

26 

 

 

 

Figure 3.7 ISI effect in OFDM system. 

 

3.7. Even if OFDM technique can reduce the frequency selective effect due to 

multipath fading very well but ISI caused by multipath fading can destroy 

orthogonality property of OFDM signal. Thus, guard interval for preventing ISI in 

OFDM system is invented in order to maintain overall system performance. There are 

many guard time interval techniques such as CP (cyclic prefix), CS (cyclic suffix) and 

ZP (zero padding). 

 3.5.2 CP guard interval 

 CP can avoid the effect of ISI by extending OFDM symbol time where 

some of copied data at the end of each OFDM symbol is inserted at the front of 

symbol. Let TG is the length of CP (number of copied sample data) then length of 

OFDM symbol with CP can be written by sym sub GT T T  . Figure 3.8 shows 

consecutive OFDM symbols with CP guard interval and its performance on ISI
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Figure 3.8 ISI effect with CP guard interval. 

 

avoidance. As seen in figure, the effect of ISI can be limited in CP interval if the 

length of CP is greater than the maximum delay of channel impulse response.  Then 

the orthogonality of OFDM signal can be given by 
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for the OFDM symbol with delay t0 and 
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for  the OFDM symbol with delay 
0 st T . 
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Figure 3.9 ISI effect when CP length is less than maximum delay. 

 

 

 

Figure 3.10 The effect of timing offset. 

 

 Figure 3.9 shows OFDM signals with CP guard interval when length of 

CP is less than the maximum delay of channel impulse.  As seen in figure, the ISI 

effect still exists due to the lack of CP length and thus more extension of CP should be 

used in order to improve the performance. In practical system, there is not only 

multipath fading that causes ISI in OFDM system but timing offset due to the error of 
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OFDM symbol synchronization is also considered. Figure 3.10 shows that even if 

length of CP is greater than the maximum delay of channel but ISI can exist. The 

existence of ISI depends on the starting point of FFT window where there still is ISI if 

the start point is less than maximum delay of channel impulse and if it is more than CP 

interval, it produces not only ISI but also ICI. Therefore, the start point of FFT should 

have value between maximum delay of channel impulse and the beginning of OFDM 

data symbol. 

 In the case that system can completely eliminate ISI with the help of 

CP and the starting point of FFT window in the appropriate position, then the 

frequency domain of the received signal can be written by 
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 (3.13) 

 

where  lX k ,  lY k ,  lH k  and  lZ k  are the transmitted data symbol, the received 

data symbol, the channel response in frequency domain and noise at the k
th

 subcarrier 

and the l
th

 OFDM symbol, respectively.  

 

3.6 Chapter summary 

 The OFDM technology was found for a long time. By using orthogonal 

subcarriers, it improves bandwidth efficiency more than other types of multiple 
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subcarrier technique. In addition, with the help of CP and the transformation of system 

bandwidth into multiple subchannels, it makes OFDM signal to resist to ISI and 

frequency selective fading. Thus, it is a useful technique especially for broadband 

communications. However, the effect of frequency offset due to the difference 

between the transmitted local frequency and the received local frequency as well as 

the effect of fast fading channel are not considered in this chapter. The effect of 

frequency offset and fast fading channel will be explained in the next chapter. 
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CHAPTER IV 

CFO AND CHANNEL ESTIMATION 

 

4.1 Introduction 

 This chapter describes the effect of CFO due to the difference of carrier 

frequency between transmitter and receiver that reduces the performance in OFDM 

system. This chapter also presents some of popular techniques which are used to 

compensate CFO for both training scheme and pilot scheme. In addition, some 

background of channel estimation for OFDM and MIMO-OFDM systems are also 

presented. 

 

4.2 CFO effect 

 The baseband signal is transformed into passband signal by modulating with 

carrier signal (high frequency signal). Then it is transmitted into the wireless channel. 

This signal is transformed back to baseband signal at receiver by demodulating with 

the same frequency of carrier signal. Normally, there are some carrier frequency errors 

between transmitter and receiver. The difference of carrier frequency can be caused by 

phase noise of local oscillator, frequency Doppler fd and the physical properties of 

crystal in crystal oscillator. Frequency offset due to frequency Doppler can be given 

by 
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Figure 4.1 ICI due to  . 

 

where fc is carrier frequency, c is the velocity of light in the medium and v  is the 

velocity of the receiver relative to the source. It is positive when the source and the 

receiver are moving towards each other. Assuming that foffset is the difference of carrier 

frequency 
'

offset c cf f f   then based on (3.13), we can write the received OFDM 

signal in time domain with the effect of CFO by 
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By replacing t in (4.2) with sampling time nTs where 
1

sT
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, then (4.2) can be 

rewritten by 
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where   is the normalized carrier frequency offset, Ts is the sampling period and f is 

a subcarrier spacing. 
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Figure 4.2 Effect of CFO on the received signal in time domain. 

  

 Actually, CFO can be separated into two parts which are integer CFO 
i  and 

fractional CFO f  where i f    . As shown in (4.3), CFO causes phase offset by 

2 n  for each sampled index n thus it causes frequency shifting in frequency domain 

by   which can be shown in table 4.1. 

 Figure 4.1 shows the effect of CFO for frequency domain signal  X k . As 

seen in figure, CFO produces ICI due to the discrepancy of signal sample in frequency 

domain by  . 
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Table 4.1 Effect of CFO on the received signal.  

Domain Received signal 
Effect of CFO on the 

received signal 

Time  y n   2 /j n Ne x n 
 

Frequency  Y k   X k   

 

 

 

Figure 4.3 Effect of integer CFO. 

 

 Figure 4.2 shows phase shifting of received signal in time domain by using 32 

points FFT, QAM modulation and assuming that there is no noise in system. The solid 

line and the dot line present system without CFO ( 0  ) and system with CFO 

respectively. As seen in figure, phase of received signal goes faster if CFO becomes 

larger where the phase transition is linear and its slope is depended on CFO value.

 4.2.1  The effect of integer CFO 

 The effect of integer CFO can be shown in figure 4.3. As seen in the 

figure, the time domain transmitted signal   
0

N

n
x n


 affects by integer CFO i . This 

integer CFO causes phase shifting in the received signal  2 /ij n N
e x n


 where channel 
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effect is not considered. It causes frequency shifting by 
i  of the frequency domain 

signal which is  iX k  . For example, if 1i   then  1X  will be moved to the 

second subcarrier index and  2X  will be moved to the third subcarrier index. Thus, 

the integer CFO can significantly reduce the BER performance. However, the integer 

CFO does not produce ICI. 

 4.2.2 The effect of fractional CFO 

 The effect of fractional CFO can be described by taking FFT operation 

with (4.3) and replacing   with f . Then the received signal in frequency domain can 

be given by 
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 The first term in (4.4) refers to the desired signal with phase distortion 

and amplitude attenuation due to the fractional CFO where  I k  refers to ICI from 

another subchannel. From (4.4), if the fractional CFO exists, it destroys the orthogonal 

property of an OFDM system whether the integer CFO is considered in system or not. 

Figure 4.4 shows the frequency response of the received signal  Y k  where 5k  , 

16N   and assuming that   1H k  . As seen in figure, the frequency responses for 

5k  are equal to 0 in case that 0f  . Thus there is no ICI in system. But for 0f  , 

it produces ICI in system where ICI power increases as the fractional CFO increases. 

The increasing in ICI power can reduce BER performance so the effect of fractional 

CFO should be compensated. 

 From above descriptions, the BER performance from both integer CFO 

and fractional CFO can be reduced significantly. Therefore, these parameters should 

be estimated and compensated in order to maintain the required system performance.                
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Figure 4.4 Effect of fractional CFO. 

 

In the next section, techniques for CFO estimation are described for both training 

aided and pilot aided. 

 

4.3 CFO estimation techniques 

 4.3.1 CFO estimation by exploiting CP 

 In the case that there is no time offset, CFO causes phase shifting to the 

received signal sample y[n] by 2 /n N  as indicated in Table 4.1. Based on using CP, 

CP is the guard interval which is used for preventing ISI. The information in CP is the 

copied data of the beginning of the symbol. The spacing between the copied data in 

CP and the original data is N samples. It causes phase difference by2 / 2N N   . 

Therefore, CFO can be estimated by measuring phase difference between CP and its 

original data which can be written by       *1 2 arg l ly n y N n   (

0,2,..., 1CPn N  ). By using all CP data, the estimated CFO for each OFDM symbol 

using CP can be given by  
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    (4.6) 

 

where   refers to phase calculation of the complex number. Therefore, the estimation 

range of (4.6) is    , / 2 0.5,0.5      which is 0.5  . However, this technique 

is not suitable for the case that   is greater than 0.5. 

 4.3.2 CFO estimation by using training symbol 

 Based on using CP for CFO estimation, CP can be used to estimate 

CFO without any lost in bandwidth efficiency where its estimation range is 0.5  . 

But in the practical system, CFO can be any value and it can exceed this estimation 

range. Thus the technique which offers more estimation range is necessary. As the 

same idea as CFO estimation by using CP, phase difference in CP technique is 

2 / 2N N    due to the distance between duplicate data by N samples. Therefore, 

if we design an OFDM symbol with less duplicate distance than CP technique, the 

estimation range should be increased. Assuming that D is an integer which refers to 

the ratio between FFT points (N) and the number of times of duplicate data. The 

OFDM symbol that its time domain signal has D times of duplicate data can be 

generated by inserting pilot tones in frequency domain. Where pilot tone on each 

subcarrier can be given by 
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Where Am is data symbol on each subcarrier which its modulation type is M-ary and 

N/D is an integer where  lx n  and  lx n N D  are the same. Then the estimated CFO 
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by using this technique can be written by 
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As seen in (4.8), the estimation range of this technique is extended to / 2D   where 

its estimation range is depended on the number of times of duplicate data D. However, 

(4.8) reduces the number of signal sample by 1/D thus it reduces the estimation 

performance if noise is considered (MSE performance reduction). Thus, the duplicate 

data for every group in an OFDM symbol should be used in order to maintain the 

estimation performance where the estimated CFO from (4.8) can be rewritten by 

 

     
2 / 1

*

0 1

arg / 1 /
2

D N D

l l

m n

D
y n mN D y m N D n



 

 

        (4.9) 

 

 4.3.3 CFO estimation by using pilot tone in frequency domain 

 In the case that, transmitter transmits two consecutive OFDM symbols 

where these symbols are same. If noise is not considered in system, 2N samples of the 

received signal in time domain can be given by 

 

        
1

2 /

0

1 N
j k n N

l l

k

r n X k H k e
N

 






   (4.10) 

 

where 0,2,...,2 1n N  . By taking FFT operation, the received signal in frequency 

domain of the first OFDM symbol when 0,2,..., 1n N   can be written by 

 

    
1

2 /

1
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N
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where 0,1,2, , 1k N  . Then as same as (4.11), the received signal in frequency 

domain of the second OFDM symbol when ,2,...,2 1n N N   can be written by 

 

 

   

 

2 1
2 /

2

1
2 /
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N
j nk N

n N

N
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r n N e
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











 




 (4.12) 

 

Based on (4.11) and (4.12), the relationship between time domain signal and 

frequency domain signal with the effect of CFO can be shown by 

 

        2 2

2 1

FFTj jr n N r n e R k R k e      (4.13) 

 

If there is noise in system, then (4.13) can be rewritten by 

 

 
     

     

1 1 1

2

2 1 2

j

Y k R k Z k

Y k R k e Z k

 

 
 (4.14) 

 

From (4.14), the estimated CFO can be performed by measuring the phase shift of 

pilot tone in consecutive OFDM symbols and it can be written by 

 

        
1 1
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 
        

 
   (4.15) 

 

From (4.15), it is a popular technique which was firstly proposed by Moose (1994) 

and there are many works which are developed based on this technique. However, the 

estimation range of this technique is 0.5   and it reduces half of bandwidth 

efficiency due to transmitting the duplicate OFDM symbol. Therefore, to improve 

bandwidth efficiency, this technique is usually inserted at the beginning before 
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Figure 4.5 Block type pilot arrangement. 

 

transmitting data in order to reduce the number of duplicate symbols. In addition, by 

using frequency domain signal for CFO estimation, it is possible to choose or use 

some pilot tones for CFO estimation where the estimation can be performed by 

measuring the phases on pilot tones. Therefore, the estimation can be continued due to 

the insertion of pilot tones in every OFDM symbols and it also improves bandwidth 

efficiency. Furthermore, the use of pilot tone for CFO estimation can improve 

bandwidth efficiency but this technique requires the channels on consecutive OFDM 

symbols to be unchanged (the consecutive symbols which are used for measuring 

phase). Thus it gives a significant estimation error if channels on each OFDM symbol 

are different.  

 

4.4 Channel estimation in OFDM system 

 4.4.1 Pilot tones for channel estimation 

  Block type 

 The channel estimation based on block type pilot arrangement can be 

shown in Figure 4.5. As seen in the figure, the pilot tones are inserted in all subcarriers 
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for each OFDM symbol but not all OFDM symbols where these symbols are used for 

channel estimation. The block type pilot arrangement can be called as training symbol 

where all subcarriers in an OFDM symbol are used for channel estimation. These 

training symbols are inserted continuously along time axis in order to track channel 

variations. The OFDM symbol which does not contain pilot tones uses the previous 

estimated channel from training symbol to be its estimated channel or by interpolating 

the estimated channels from the right side and the left side training symbol. From 

Figure 4.5, St is the period of training symbol insertion and thus St should be less than 

channel coherence time in order to keep track of the variations of channel where 

channel coherence time is the inversion of frequency Doppler fd. Then the period of 

training symbol insertion St should be valid by 

 

 
1

t

d

S
f

  (4.16) 

 

 The block type pilot arrangement is the effective channel estimation 

technique especially for frequency selective channel where it reduces estimation error 

due to the used of large number of pilot tones. However, if channel acts as fast fading 

and causes the different channel response on each OFDM symbol, thus more frequent 

training symbol should be adopted in order to track the channel.   

 

 Comb type 

 The channel estimation based on comb type pilot arrangement can be 

shown in Figure 4.6 where Sf is the pilot tone insertion period in frequency domain. 

As seen in the figure, the pilot tones are inserted in every OFDM symbol but not all 

subcarriers. The whole estimated channel for each OFDM symbol including estimated 

channel on data subcarrier can be performed by using channel estimation on pilot tone 
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Figure 4.6 Comb type pilot arrangement. 

 

and interpolation technique for non-pilot subcarrier. Therefore, the pilot tones should 

be placed with distance at least equal to coherence bandwidth in order to avoid 

channel estimation error from the lack of pilot tone. Then pilot frequency spacing Sf 

can be written by 

 

 
max

1
fS


   (4.17) 

 

where 
max  is the maximum delay of channel impulse response and it is an inversion 

of coherence bandwidth. 

 The comb type offers ability to track channel when channel acts as fast 

fading due to the insertion of pilot tones in every OFDM symbol. However, by using 

some of pilot tones for channel estimation, the estimation performance is not only 

depended on the number of pilot tones but the interpolation technique should be 

considered. There are many interpolation techniques such as linear interpolation, 

spline interpolation and lowpass interpolation. 
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 4.4.2 Channel estimation technique in OFDM system 

 If training symbol is used for channel estimation in an OFDM system, 

then the transmitted pilot matrix can be given by 

 

 

 
 

 

0 0 0

0 1

0

0 0 1

X

X

X N

 
 
 
 
 

  

X  (4.18) 

 

where  X k  is the pilot symbol at the k
th

 pilot subcarrier with    0E X k   and 

   2

xVar X k   (  E  refers to expectation and  Var  refers to variance). If there 

is no time offset and frequency offset, the received signal matrix can be written by 
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       

                 

 (4.19) 

 

which can be reduced into  

 

  Y XH Z  (4.20) 

 

Where H and Z are the channel vector and the noise vector with    0E Z k   and 

   2

zVar Z k   , respectively. 

 

 Least square channel estimation (LSCE) technique 

 The objective of least square estimation is to minimize the sum of the 

squares of the errors made in the results of every single equation. From (4.20), the 

objective function of least square estimation can be given by 



 

 

 

 

 

 

 

 

45 
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  (4.21) 

 

where H  is the estimated channel and  
H

 refers to conjugate transpose. Then we 

can show H  that minimizes the objective function from (4.21) by 

 

 
 

   2 2 0H H
J

   


H
X Y X XH

H
 (4.22) 

 

The result from (4.22) can be given by H HX XH X Y . Then the estimated channel 

from LSCE can be written by 

 

  
1

1H H
LS


 H X X X Y X Y  (4.23) 

 

From (4.23), X is the diagonal matrix and there is no ICI in system then channel 

estimation (4.23) can be rewritten for subcarrier channel estimation by 

 

   
 
 
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Y k
H k

X k
  (4.24) 

 

From (4.24), it is used to estimate the channel when comb type pilot arrangement is 

considered. The MSE (mean square error) of LSCE can be written by 
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Figure 4.7 MIMO system. 
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where IN  is NN identity matrix. From (4.25), the estimation performance of LSCE 

depends on the ratio of noise power and signal power where a higher signal power 

gains a better estimation performance. 

 4.4.3 Channel estimation technique in MIMO-OFDM system 

 Even MIMO is merged to OFDM for improving QOS and transmission 

rate effectively but MIMO increases the complexity of system due to many numbers 

of inputs and outputs. The channel estimation in MIMO system is complex as the 

number of unknown subchannel hij where MIMO system can be shown in Figure 4.7. 

The channel matrix for any k
th

 subcarrier in MIMO-OFDM system can be written by 
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1,1 1,2 1,

2,1 2,2 2,

,1 ,2 ,

T

T

R R R T

k k k

N

k k k

N

k

k k k

N N N N

h h h

h h h

h h h

 
 
 

  
 
 
 

H  (4.26) 

 

where NT and NR are the number of transmitted antennas and the number of received 

antennas respectively. In order to estimate channel matrix in (4.26), transmitter has to 

transmit at least NT consecutive pilot tone (training sequence). The training sequence 

for any k
th

 subcarrier can be given by 
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where  ,i jX k  refers to pilot symbol on the k
th 

subcarrier of the i
th

 transmitted antenna 

and the j
th

 OFDM symbol. From (4.26) and (4.27), the received signal matrix on the 

k
th

 subcarrier can be given by 

 

 
k k k k Y H X Z  (4.28) 
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Figure 4.8 Orthogonal pilot scheme. 

 

Where Yk and Zk are the received signal matrix and the noise matrix on the k
th 

subcarrier respectively. From (4.28), the channel estimation based on least square 

technique can be written by 

 

  
1

†
,

H H
k LS k k k k k



 H X X X Y X Y  (4.31) 

 

where  
†
 is the pseudo-inverse and  

1
† H H

k k k



X X X X . 

 In MIMO-OFDM system, it is necessary to transmit pilot tones at least 

NT OFDM symbol in order to perform (4.31). Therefore, if channel changes during 

transmitting NT OFDM symbol, it may give an excessive estimation error and lead to 

BER performance reduction. 

 Furthermore, Qiao (2004) has proposed the pilot scheme for channel 

estimation in a MIMO-OFDM system in order to reduce the estimation complexity. 

This pilot scheme can be shown in Figure 4.8 and it is called as orthogonal pilot 

scheme. As seen in the figure, the pilot tones are placed orthogonally over frequency 

axis and space axis where there is no interference on each pilot tone from other 

antennas. Therefore, the complexity of MIMO-OFDM channel estimation can be 

reduced to OFDM channel estimation which provides less complexity and faster 

estimation process. In addition, the estimation process of this technique can be carried 

out with only one OFDM symbol and this pilot scheme can be inserted in every 
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OFDM symbol. Thus it is an effective technique for mobile broadband 

communications. 

 

4.5 Chapter summary 

 From this chapter, we can see that CFO estimation and channel estimation are 

very important because the better estimation can improve the performance of data 

recovery at receiver. The performance of channel estimation is also based on CFO 

estimation in which it can be improved by increasing the accuracy of CFO estimation.  

CFO estimation can be performed in both time and frequency domains where in time 

domain CFO can be estimated by using CP and training symbol. Based on using CP, 

this technique can save system bandwidth efficiency as well. But it may cause an 

estimation error if there is ISI in system and its estimation range is limited by 0.5 . 

Based on training symbol, not only the estimation range but also the estimation 

performance due to large number of training data are improved. However, if CFO is a 

time-varying parameter, the system bandwidth is lost due to the use of many training 

symbol for CFO tracking. By using pilot tones based on frequency domain estimation, 

CFO can be estimated and tracked by inserting pilot tones in every OFDM symbol. 

Thus it is a useful technique especially for mobile broadband systems. However, this 

technique requires channels on consecutive OFDM symbols to be constant hence this 

technique may produce an unexpected estimation error if channels on each OFDM 

symbols are different.  
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CHAPTER V 

THE PROPOSED PILOT SCHEME  

 

5.1 Introduction 

 This chapter presents an analysis and design of the proposed pilot tone for 

CFO and channel estimations in both OFDM and MIMO-OFDM systems. The 

proposed pilot tones not only can track the variations of channel and CFO but also can 

improve the estimation performance. This leads to BER performance enhancement. In 

addition, the proposed pilot scheme and its estimation technique are suitable for 

mobile broadband communication systems where the estimation process can be 

carried out with only one OFDM symbol. 

 

5.2 Pilot design for OFDM system 

 5.2.1  Null subcarriers for CFO estimation 

 In the OFDM system with N subcarriers, we denote

       1 2  
T

Nm X m X m X m   X
 
where X(m) is the transmitted signal vector in 

the frequency domain of the m
th

 OFDM symbol, Ncp is the cyclic prefix (CP) length to 

prevent intersymbol interference,  mz  is the additive white Gaussian noise (AWGN) 

and HD is the channel frequency response matrix. The received signal vector in the 

time domain is effected by the normalized CFO ( ) which is given by 
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where 2 (   ) /m cpm N N N   , 1 2[ , , , ]D Ndiag H H HH  and V is the inverse 

DFT matrix  1 2   NV v v v  

 

     2 1 /2 2 /2 /(1/ ) 1  
T

j N i Nj i Nj i N

i N e e e
  

 
v  (5.2) 

 

Note that mj
e

 is a constant for each OFDM block and can be absorbed into HD. For 

the sake of simplicity, we drop mj
e

 in the following equations. 

 From previous chapter, CFO estimation based on the pilot tone 

insertion can be achieved by using Moose’s technique. However, this technique 

requires pilot tones from the consecutive OFDM symbols in order to perform the 

estimation. Thus it causes an estimation error if the channel responses on each OFDM 

symbol are different. In addition, the estimation range of this technique is limited by 

0.5  where it can exceed this range in the practical system. Huang and Letaef (2006) 

proposed CFO estimation technique by using null subcarrier insertion where the 

estimated CFO can be obtained by searching the estimated CFO to minimize the 

objective function. The estimated CFO by using null subcarrier insertion can be given 

by 

 

 
2

arg min H H

i

i







  v D y  (5.3) 

 

where   is the set of null subcarrier indexes,  2 1 /2 /1, , ,
j N Nj Ndiag e e
  



 
 

D  and 

 
H


 
denotes conjugate transpose. From (5.3), the estimated normalized CFO ( ) can 

be obtained by searching   that minimizes signal power on null subcarriers. This 

technique can estimate CFO by using one OFDM symbol where its estimation range 
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can be extended to 1  for fractional CFO estimation and it also can be used for integer 

CFO estimation (Sameer and Kumar, 2008). This technique is an effective technique 

for both fractional and integer CFO but only fractional CFO is considered in this work 

where the integer part is assumed to be compensated by training symbol in preamble.  

 

 Performance analysis 

 The modified Cramér-Rao lower bound (MCRLB) is used in this work 

in order to investigate the performance of (5.3), where the observed data at null 

subcarrier position can be given by 
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where Yi is the received signal in the frequency domain, Ii is the ICI caused by the 

frequency offset, Xi, Hi and Zi are the modulation symbol, channel frequency response 

and noise at the i
th

 subcarrier respectively.  From (5.4), when Xi is represented by null 

subcarrier (Xi=0) then (5.4) can be rewritten by 

 

 
i i iY I Z   (5.6) 

 

 Assuming that Zi is independent from Xi where E{Zi}=0,
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m n
m n

Cov Z Z
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  and its variance is 2 . Then the joint probability density function of 

received signal on null subcarriers 1 2, , ,
nullNY Y Y   Y  for unknown parameters X, H 

and   can be given by 
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where  1 2, , , NX X XX ,  1 2, , , NH H HH , Nnull is the number of null 

subcarriers and |.| stands for l2 norm. Then the MCRLB of   is obtained by the 

inverse of the modified Fisher information which is defined as 
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where the modified Fisher information from (5.8) is given by 
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where          , , , ,i i i iE Y E I E Z E I   X H X H . Then, (5.9) can be rewritten 

by 
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The differential term, 
 , ,iI 
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 , in (5.10) can be given by 
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Additionally, it will be assumed that  
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  which is the condition when the modulation symbols 

are uncorrelated. The MCRLB from (5.8) can be shown as 
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where m i     and  
iI

P   is the ICI power appearing on the i
th

 null subcarrier. 

 Figure 5.1 shows MCRLB calculated by using (5.13) when N=256, 

Nnull=16 and 
2 2 2X H  =1. The result shows that  MCRLB   decreases as   

increases or as the ICI power increases when Nnull is fixed. The minimum MCRLB in 

(5.13) can be obtained when 1  , so the lower bound of variance can be given by 
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Figure 5.1 MCRLB versus  . 

 

where

2 2

2

X H



  is the average SNR. From (5.13) and (5.16), it can be concluded 

that the performance of optimal CFO estimation in (5.3) can be improved by the 

increasing of Nnull and average PI due to substituting  in (5.3). 

 The cost function of (5.3) based on the ICI power consideration can be 

written by 
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where     . Then the expectation of (5.17) can be given by 
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Based on
iIP , when the fractional CFO estimation is performed ( 1 1   ), the 

sufficient range of   for the estimation can be given by  1 1     then we can write  



 

 

 

 

 

 

 

 

56 

 

the average of   
1iI

P
 

  by 
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1
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iI
P X H

 
   (5.19) 

 

 Based on the method of null subcarriers, the subcarriers having null are 

inserted along frequency axis for the purpose of CFO estimation only. Hence, in order 

to estimate the channel, some additional pilot symbols have to be used. In next 

section, we propose the estimation in (5.3) by replacing null subcarriers with a pair of 

antipodal pilot tones in order to improve ICI power. These pilot tones can be used 

instead of nulls but these pilot tones still provide the same benefit as nulls because of 

the antipodal property. In addition, these antipodal subcarriers can be utilized for 

channel estimation which they become more useful than null subcarrier technique. 

 5.2.2 Proposed clustered pilot tones for CFO estimation  

 The method of clustered pilot tones was first proposed by Zhang, Xia 

and Ching (2007) to improve the signal to interference ratio for CFO estimation where 

its estimation is based on Moose’s technique. Unlike Zhang’s method, the proposed 

pilot scheme can improve the estimation performance by enhancing the ICI power. 

The proposed pilot scheme is designed and based on null subcarrier technique but it 

provides a better estimation performance due to ICI power improvement (as indicated 

in MCRLB). Two pilot tones are clustered as a group by letting –Xp and Xp be the pilot 

symbols on the left and the right pilot subcarriers. These pilots act as null subcarriers 

when they are combined. Then we rewrite the estimation equation based on (5.3) by 
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In order to investigate the performance of (5.20), the cost function of (5.20) can be 

written by 
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where 1i

pI  and i

pI are the ICI from the i+1
th

 pilot subcarrier affecting to the i
th

 pilot 

subcarrier and the ICI from the i
th

 pilot subcarrier affecting to the i+1
th

 pilot subcarrier 

respectively. From (19), 1m

pI  and m

pI can be eliminated by utilizing 1i

pI   and i

pI  ( m i ) 

due to the concept of self ICI cancellation which was proposed by Zhao and Häggman 

(2001). The definition of 1i

pI  and i

pI can be given by  
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Normally, N  is a large number,    1 , 1N     , and it causes 
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From (5.24) and (5.25), it can be rewritten by 
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To evaluate the performance of (5.20), some assumptions have been used in the 

preliminary study. I assume that the channel frequency response is flat during two 

neighboring subcarriers which cause 
1i iH H H  and the same assumptions on the 

modulation symbol Xm and noise Zi as explained earlier are employed. Then the 

expectation of (5.21) can be written by 
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Figure 5.2 ICI improvement for any values of . 

 

By assuming that 
2 2

pX X , the results using the proposed scheme in (5.28) show 

the ICI improvement when comparing with a conventional scheme in (5.18) as 

indicated in Figure 5.2, where the range of   is 1 1     (the range of 1 1     is 

sufficient in order to estimate a fractional CFO that produces ICI when 1 1   ). As 

a result, we can rewrite (5.28) based on (5.18) in order to investigate the average 

performance of ICI improvement by 
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 In (5.31), it can be clearly seen that the proposed scheme provides a 

better performance at 57.85% in an average ICI power enhancement when it is 

compared with a conventional scheme in (5.18). The ICI power enhancement of the 

proposed scheme is bounded by 0% to 90%. However, its performance is 

preliminarily based on the flat fading assumption where the channel gains on all 
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clustered pilot tones are assumed to be the same. 

 5.2.3 Proposed channel estimation technique 

 For channel estimation, by replacing null subcarriers with antipodal 

pilot subcarriers, these subcarriers can be utilized by any algorithms such as least 

square channel estimation. The channel estimation is based on the received signals on 

pilot subcarriers when there is no CFO can be given by 

 

 , pi i i p iY H X Z    (5.32) 

 

then we can write SNR at the i
th

 pilot subcarrier by 
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  (5.33) 

 

The estimated channel based on least square channel estimation can be written by 

 

 i i pH Y X  (5.34) 

 

The whole channel frequency response is obtained by the insertion of the pilot 

subcarriers along the frequency axis. Then some interpolation techniques such as 

linear interpolation can be employed in order to estimate the channel on subcarriers 

which are not inserted by antipodal pilot symbols. 

 In this thesis, the candidate also proposes the antipodal pilot tones for the 

purpose of channel estimation. Importantly, the estimation can be carried out by the 

same pilot scheme for CFO estimation. This is based on the assumption that, even if a 

channel acts as a frequency selective channel, the channel responses of the adjacent 

subcarriers can be slightly different from their neighbors. With this assumption, the 
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subtraction between the received pilot subcarriers on each pilot group can be written 

by 
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The estimated channel on the i
th

 pilot subcarrier can be given by 
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Where SNR of this technique can be written by 
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 From (5.37), the proposed pilot tones for channel estimation provide a 

better performance in SNR improvement when comparing with the conventional 

estimation in (5.33). In addition, by subtracting the adjacent received pilot signals on 

each pilot group, it is not only to improve the signal energy of antipodal pilot signals 

but also to reduce the ICI power on each group (Zhang, Xia and Ching, 2007). 

However, the performance of this technique is based on the specific assumption as 

mentioned earlier so the real performance in case of the severe frequency selective 

fading channel will provide more estimation errors. In next section, the performance 

of channel estimation based on the various conditions of frequency selective fading 

channels is investigated in order to clarify the real performance of the proposed 

technique. 
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 5.2.4 Simulation results 

 The simulation results are undertaken to investigate the performance of 

the proposed technique for both flat and frequency selective fading channels. The 

results are averaged by 5,000 random fading channels. The number of pilot subcarriers 

of the proposed technique and null subcarrier technique (including pilot tones for 

channel estimation) are the same in order to make a peer comparison between both 

techniques. The other simulation parameters are as follows: 

 number of subcarriers (N) = 256 

 modulation = QPSK 

 number of pilots (Np) = 48 (including NNull = 16 for null subcarrier technique) 

 subcarrier spacing ( f ) = 10.93kHz 

 cyclic prefix length = N/8 

 step size of   = 0.02 (to keep signal-to-interference ratio less than 20dB 

Moose (1994)) 

 The pilot and null subcarriers are placed with equal spacing along the 

subcarrier axis. There are 48 pilot tones for each OFDM symbol used for tracking 

channel gain and CFO where there are 32 isolated pilot tones used for channel 

estimation with 8 subcarriers spacing between two pilots. For null subcarrier 

technique, there are additional 16 null subcarriers used for CFO estimation where the 

spacing between null subcarrier is 16 subcarriers. For the proposed technique, there 

are 16 additional pilot tones and these pilot tones are placed next to the isolated pilot 

tones with antipodal symbol to the isolated pilot tone in order to make the proposed 

pilot scheme. Total pilot energy for both null subcarrier technique and the proposed 

technique is the same in order to make a peer comparison. 
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Figure 5.3 Variance of estimation errors versus SNR ( = 0.2). 

 

 In order to investigate the estimation performance in frequency 

selective channel, this thesis adopts the ITU vehicular A to be a channel model where 

this model has been adopted in the WiMAX forum. The relative multipath delay  ( ) 

and the normalized path gain ( ) can be given by 
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s 






 (5.38) 

 

 Figure 5.3 shows the estimation performance in terms of variance of 

estimation errors versus OFDM symbol’s SNR where   is 0.2. As seen in the figure, 

the proposed technique provides a better estimation performance than the null 

subcarrier technique by reducing the variance of errors especially for low SNR cases. 

Also observed in this figure, the performances between flat and frequency selective 

fading channels are similar in which the flat channel result is slightly better. This 

confirms that the proposed technique can be effectively applied for either flat of
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Figure 5.4 Variance of estimation errors versus SNR ( = 0.4). 

 

 

 

Figure 5.5 Variance of estimation errors versus SNR ( = 0.7). 

 

frequency selective fading channels. In addition, the performances of the proposed 

technique and null subcarrier technique are close to MCRLB if SNR is high. 
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Therefore, SNR is still the dominant parameter to indicate the performance of the

 

 

Figure 5.6 Received signal constellations.  

 

proposed technique or null subcarrier technique. 

 Figure 5.4 and 5.5 show the estimation performance in terms of 

variance of estimation errors versus OFDM symbol’s SNR where   are 0.4 and 0.7 

respectively. The trend of the proposed and null subcarrier techniques is similar to the 

results in Figure 5.3. This confirms that the estimation range of the proposed 

technique covers all fractional CFO while the estimation range of pilot techniques 

based on Moose are limited by 0.5 . 

 Figure 5.6 shows the received signal constellations of the compensated 

signal from the null subcarrier technique and the proposed technique. This figure 

illustrates how the variance of CFO estimation errors affects to the received signals 

when the other effects from channels and noises are neglected. The variances of both 
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techniques are chosen from Figure 5.3 at SNR = 5dB. As seen in figure 5.6, the 

proposed technique provides a better performance than the null subcarrier

 

 

Figure 5.7 Variance of CFO estimation errors versus subcarrier spacing ( f ). 
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Figure 5.8 Variance of channel estimation errors versus SNR ( =0.2). 

 

technique by reducing the received signal dispersion. The results can imply to the 

improved BER performance obtained by the proposed technique. 

 

 

Figure 5.9 Example of channel response.  

 

 In order to investigate the performance of the proposed technique when 

various type of frequency selective fading is considered, Figure 5.7 shows the 

variance of CFO estimation errors versus subcarrier spacing when   is 0.2 and SNR = 

10dB. This is because the increasing of the subcarrier spacing causes channel 

responses on adjacent subcarriers to be more separated. The result shows that the 

estimation performance of the proposed technique is better than the null subcarrier 

technique for all subcarrier spacing. Therefore, this benefit of the proposed technique 

can be applied in any OFDM applications. 

 Figure 5.8 shows the variance of channel estimation errors versus subcarrier 

spacing (  is 0.2 and SNR = 5dB). The proposed clustered pilot tone in (5.36) is 
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compared with the conventional isolated pilot tone. As seen in the figure, the proposed 

technique provides a better channel estimation than the conventional technique for all 

subcarrier spacing.  The increasing of the subcarrier spacing induces the slight 

growing in estimation errors because the increasing in subcarrier spacing causes 

 

 

Figure 5.10 BER versus SNR ( =0.15). 

 

channel on adjacent subcarrier to be more uncorrelated. Thus it gains more channel 

estimation error for the proposed estimation technique. An example of the channel 

response for the simulated subcarrier spacing can be shown in Figure 5.9. 

 Figure 5.10 shows BER performance versus Eb/N0 of the proposed 

technique compared with the null subcarrier technique when CFO = 0.15. The results 

confirm that the proposed technique provides a better performance than the null 

subcarrier technique. For example at BER = 0.09, the proposed technique gains about 
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2.8 dB from a system without CFO compensation while the performance gain is about 

0.5dB when comparing with the null subcarrier technique. The deviation between the 

system without CFO compensation and the perfect CFO compensation becomes larger 

when SNR is high. This is because BER performance of the system without CFO 

compensation is limited by ICI and thus higher CFO will extend this deviation.  In 

addition, in order to reach the ideal BER performance shown as a system with perfect 

CFO compensation, the proposed technique requires more pilot tones for CFO 

estimation. 

 

5.3 Pilot design for MIMO-OFDM system 

 5.3.1 Clustered pilot tones for CFO estimation 

 Null subcarriers 

 In an OFDM system, the proposed technique has shown that it 

improves the performance of CFO estimation over the conventional null subcarrier 

technique due to the increasing of ICI power on pilot subcarriers. In an MIMO-OFDM 

system, CFO can be estimated by using technique based on OFDM system under the 

assumption that CFO on each MIMO’s subchannel is the same. Actually, CFO on 

each MIMO’s subchannel can be different or identical where there are many works 

based on the same CFO assumption such as (Zhen and Jianhua, 2006), (Hung, 2007) 

and (Sameer and Raja Kumar, 2008). In this work, CFO estimation in MIMO-OFDM 

with the same CFO assumption is considered. By using the same pilot scheme 

proposed in the previous section, the estimated CFO for MIMO-OFDM system by 

using null subcarriers can be given by 
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where NR is the number of received antennas. The cost function (5.39) based on ICI 

power consideration can be given by 
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Where NT is the number of transmitted antennas and  ,m n
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From (5.40), when Xi is represented by null subcarrier (Xi=0) then (5.40) can be 

rewritten by 
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For the sake of simplicity, we assume that 
2 2,m nH H , Then the expectation of 

(5.42) can be rewritten by. 
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By normalizing (5.44) with NR, then (5.44) can be rewritten by 
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Where 
i

T

IP  is the summation of ICI from NT transmitted antennas on the i
th

 subcarrier. 

From (5.45), it can be concluded that the performances in ICI improvement of null 

subcarrier technique for both OFDM system in (5.18) and MIMO-OFDM system in 

(5.45) are identical if the same SNR is considered.   

 Clustered pilot tones 

 As same as clustered pilot tones for OFDM system from the previous 

section, the proposed clustered pilot tones for CFO estimation can improve the 

estimation performance due to ICI enhancement, the estimated CFO of the proposed 

technique can be written by 
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When –Xp and Xp represent pilot symbol on the left (i
th

) and the right (i+1
th

) pilot 

subcarrier, then the cost function of (5.46) can be written by 
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As same as (5.43), by assuming that channel is flat and all MIMO’s subchannel gains 

are equal then (5.47) can be rewritten by 
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From (5.50) and (5.51), we can see that the estimation performance of the proposed 

technique depends on summation of MIMO’s subchannel. Therefore, we have to 

categorize the cases of study into two cases which are the best case and the worst case 

given by 

 

 
,, ,1 ,2

1

the best case when 
T

T

N
m Nm n m m

T

n

H N H H H H


      (5.52) 

 

 
,

1

0 the worst case 
TN

m n

n

H


   (5.53) 

 

If the worst case is considered, the ICI improvement from (5.50) can be rewritten by 
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As seen in Figure 5.2, the performance of ICI from (5.56) can be given by 

 

     20.4 2
i iR T I I

i

E F N N P P 


    (5.57) 

   2

norm
0.7

i

T

I

i

E F P 


   (5.58) 

 

Then if the best case is considered, the ICI improvement from (5.50) can be rewritten 

by 
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As same as (5.31), (5.59) can be rewritten by 
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From (5.58) and (5.61), if we assume that MIMO’s subchannels 
,m nH  are uniformly 

distribution between the worst case and the best case, the average performance of the 

proposed technique in MIMO-OFDM system can be approximated by averaging the 

performance of (5.58) and (5.61) which can be given by 

 

 

Figure 5.11 Proposed pilot scheme for 22 MIMO-OFDM channel estimation. 
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From (5.62), the proposed technique shows that it improves estimation performance 

by increasing ICI power which is about 27.85% improvement when comparing with 

the conventional null subcarriers from (5.45). However, the performance from (5.62) 
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is based on flat assumption thus the investigation of the proposed technique when 

frequency selective channel should be considered. 

 5.3.2 Pilot tones for channel estimation 

 For MIMO-OFDM channel estimation, candidate also proposes pilot 

scheme for 22 MIMO-OFDM system which can reduce the complexity of matrix 

inversion in MIMO channel estimation as the orthogonal pilot scheme. The proposed 

pilot scheme can improve MIMO channel estimation as the clustered pilot scheme 

which has been presented in section 5.2.3 and this pilot scheme can be shown in 

Figure 5.11. As seen in the figure, the candidate clusters two pilot tones as group for 

both transmitted antennas at the same pilot subcarrier where pilot tones in each group 

of the first antenna are antipodal but pilot tones from the second antenna are the same.

 

 

Figure 5.12 Proposed pilot scheme for 22 MIMO-OFDM system. 

 

By using this pilot scheme, MIMO channel estimation can be performed by using 

deduction and summation on each pilot group from each received antenna, thus it can 

ignore the interference which is produced by pilot symbols from another antenna. If 

p  is the set of the left pilot subcarrier indexes then we can write channel estimation 

for each received antenna by 
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where pi  and 
m

iY  is the received signal from the m
th

 received antenna on the i
th

 

pilot subcarrier. The estimation performance of (5.63) and (5.64) are same as the 

proposed pilot tone for OFDM channel estimation which has been presented in 5.2.3.  

 The combination between the proposed pilot scheme for channel 

estimation and the proposed pilot scheme for CFO estimation can be shown in Figure 

5.12. This pilot scheme is suitable for 22 MIMO-OFDM configuration where this 

MIMO configuration is used in IEEE 802.16e standard (WiMAX forum, 2006). As 

seen in the figure, candidate divides pilot tones from each pilot group into two parts 

 

 

Figure 5.13 a) Conventional pilot scheme b) Proposed pilot scheme. 

 

Group 

Tx1 

Tx2 

Channel estimation CFO estimation 

pX

pX

(a) 

Tx1 

Tx2 

Group 

pX pX
pX

pX pXpX

CFO estimation Channel estimation 

(b) 

Data subcarrier 

Null subcarrier  

Pilot subcarrier 



 

 

 

 

 

 

 

 

77 

 

where the first part is used for CFO estimation and the second part is used for channel 

estimation. The performance of this pilot scheme is investigated in the next section. 

 5.3.3 Simulation results 

 In order to investigate the performance of the proposed pilot scheme 

for 22 MIMO-OFDM system, the same simulation parameters from section 5.2.4 are 

used to be our system configurations. The performance for both CFO estimation and 

channel estimation is averaged from 5,000 random channels where the ITU vehicular 

scheme A is used to be a channel model.  The number of pilot tones for each 

transmitted antenna is 64 (56 subcarriers for channel estimation and 8 subcarriers for 

CFO estimation) for the proposed scheme and the conventional scheme. The 

comparison between the proposed pilot scheme and the conventional scheme can be 

shown in Figure 5.13, where the conventional pilot scheme is the combination 

between null subcarrier technique and orthogonal pilot technique. In addition, 

 

 

Figure 5.14 Variance of estimation errors versus SNR ( = 0.2). 
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simulation results are based on the assumption that. The frequency offset of each 

MIMO subchannel is the same (this assumption has been acceptable in many works 

such as Zhen and Jianhua, (2006); Hung, Tho and Chi, (2007); Sameer and Raja 

Kumar, (2008)). 

 Figure 5.14 shows an error variance of CFO estimation versus SNR 

when  = 0.2. As seen in the figure, the proposed scheme still provides a better 

estimation performance than the null subcarrier technique and it is about 45% on error 

variance reduction when SNR is 5dB. In addition, the deviation between the proposed 

scheme and the null subcarrier technique are similar to the proposed pilot scheme 

which has been presented in section 5.2.4. However, MIMO-OFDM system provides a 

better performance than OFDM system due to more number of pilot subcarriers (pilot 

subcarriers from all transmitted antennas are used for estimation). The performances 

for another value of   are similar to the result from Figure 5.14 and they can be 

shown in Figure 5.15 and Figure 5.16.  

  

 

Figure 5.15 Variance of estimation errors versus SNR ( = 0.4). 
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Figure 5.16 Variance of estimation errors versus SNR ( = 0.7). 

 

 Figure 5.17 shows an example of the channel estimation performance 

of H11 in the view of error variance versus symbol’s SNR. The result shows that the 

proposed pilot scheme provides better performance by reducing error variance over 
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Figure 5.17 Variance of channel estimation errors versus SNR ( = 0.3). 

 

 

 

Figure 5.18 BER versus SNR ( = 0.2). 

 

the conventional orthogonal pilot scheme and it is about 50% on the average of error 

variance reduction.  

 Figure 5.18 shows the BER performance between the proposed pilot 

scheme and the conventional pilot scheme when  = 0.2. As seen in the figure, the 

proposed scheme provides a better performance than the conventional scheme due to 

the improvement from both CFO and channel estimation performances. The result is 

similar to Figure 5.10 (BER performance of an OFDM system) but MIMO-OFDM 

provides a better BER performance due to better CFO estimation. For other values of 

 , the results still provide similar benefits of the proposed pilot scheme as shown in 

Figure 5.18. 
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5.4 Chapter summary 

 This chapter presents the proposed pilot scheme design and its performance 

analysis for both OFDM system and MIMO-OFDM system. The 22 MIMO 

configuration is used in this thesis where it is designed and based on IEEE 802.16 

(Mobile WiMAX) standard. As we can see in simulation results, the proposed pilot 

scheme provides a better performance for both channel estimation and CFO estimation 

than the conventional technique. The results also show that the proposed pilot scheme 

provides a good performance for both flat and frequency selective fading channels. In 

the next chapter, some experiment results are presented in order to confirm the 

performance of the proposed technique in practice. 
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CHAPTER VI 

THE EXPERIMENTAL RESULTS 

 

6.1 Introduction 

 The previous chapter has focused on the pilot scheme design and also the idea 

has been confirmed through simulation results. This chapter presents the design and 

construction of testbed in order to validate the proposed pilot scheme where the 

experimental results are also included. However, the testbed is based on an OFDM 

system configuration and the small area consideration is undertaken due to the 

limitation of hardware resource. The practical performance of the proposed pilot 

scheme for MIMO-OFDM system can be predicted from the results of OFDM system 

testbed where it should provide the same benefits as the simulation results from 

previous chapter.  

 

6.2 Design of the testbed 

 Figure 6.1 shows the diagram of testbed configuration. As seen in the figure, 

the testbed is divided into two parts which are transmitter unit and receiver unit. For 

the transmitter unit, this unit is consisted of processing unit, digital and analog 

conversion unit and RF unit. The responsibilities of these units are to create an OFDM 

signal and send to the receiver unit over wireless channel where the OFDM system 

parameters are the same as simulation parameters described in section 5.2.4. For the 

receiver unit, this unit is configured by the same components as the transmitter unit 

but in the inverse direction. This unit is responsible for OFDM signal 
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Figure 6.1 Testbed diagram. 

 

synchronization, CFO estimation, channel estimation and data detection.  The 

performance of each technique can be measured by Matlab programming at the end of 

the receiver unit. In addition, this testbed is not fully wireless operation where it still 

requires the synchronized signal sent from transmitter unit to receiver unit over the 

synchronized wire. 

 6.2.1 Processing unit 

 The Altera cyclone III development boards are utilized to be the 

processing unit for both transmitter and receiver. The Altera cyclone III development 

board is a FPGA board designed especially for DSP (digital signal processing) works 

such as wireless, video and image processing and other high bandwidth applications. 

In addition, The Altera cyclone III development board can be future connected with a 

daughter board which provides 2 data conversions for both DAC (digital to analog 

conversion) and ADC (analog to digital conversion) thus this development boards can 

provide sufficient functions for our objectives. Figure 6.2 demonstrates a photograph 
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Figure 6.2 Photograph of Altera cyclone III development board. 

 

Table 6.1 Summary of specification of Altera cyclone III development boards. 

Parameters Details 

Cyclone III EP3C120F780 FPGA - 119,088 logic elements 

- 4 PLLs  

Memory - 256 MB dual-channel DDR2 SDRAM 

- 8 MB SRAM 

- 64 MB flash memory 

Communication ports - 10/100/1000 Ethernet 

- USB 2.0 

Clocking - 50 MHz and 125 MHz on-board clock 

- SMA inputs/outputs 

Display - 128x64 graphic LCD 

Connector - 2 HSMC ports 

- USB type B 

Cable and power - 14 V to 20 V DC input 

 

of Altera cyclone III development board. The summary of this development board can 

be described in Table 6.1. 

 6.2.2 Data and analog conversion 

 In order to generate baseband OFDM signal, a high speed clock data 

conversion for both DAC and ADC should be considered. A data and analog 
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Figure 6.3 Photograph of data conversion HSMC board. 

 

 

 

Figure 6.4 Photograph of the processing unit connected with data conversion board  

                     via HSMC connector. 

 

conversion unit is a significant part of any digital communication systems where its 

resolution and clock speed can be used to indicate the performance of its output signal. 

In this work, the data conversion HSMC boards are used for both transmitter and 

receiver where the photograph of this board is shown in Figure 6.3. Figure 6.4 shows a 

photograph when Altera cyclone III development boards is connected with data 
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Figure 6.5 Block diagram of RF unit. 

 

conversion HSMC boards via HSMC connector. The features of data conversion 

HSMC board are as follow: 

 Audio CODEC interface 

 External Clock in interface 

 External Clock out interface 

 2 ADC channels 14 bits 250 MS/s 

 2 DAC channels 14 bits 150 MS/s 

  

 6.2.3 RF unit 

 The RF unit is responsible for converting the baseband signal to the 

passband signal and increasing signal power that is sufficient for signal transmission 

between transmitter and receiver. Figure 6.5 shows detail of transmitter’s RF unit 

design. As same as transmitter, receiver uses the same components of RF unit as the 

transmitter but in the inverse direction. As seen in the figure, RF unit is consisted of 5 

components which are IF amplifier, frequency mixer, signal generator, RF amplifier 

and antenna. The detail of each component is shown as follows: 

IF amp 

Frequency mixer 

Signal Generator 

RF amp Antenna 
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Figure 6.6 Schematic of IF amplifier. 

 

 

 

Figure 6.7 Photograph of IF amplifier. 

 

 IF amplifier 

 The IF amplifier is used to amplify the IQ signal from data conversion 

for transmitter unit while it is used to amplify the received IQ signal before sending to 

ADC for receiver unit. Figure 6.6 shows the design schematic of IF amplifier. As seen 

in the figure, the IF amplifier is designed and based on common emitter amplifier 

where NPN transistor QN3904 is used in this work. A photograph of IF amplifier can 
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Figure 6.8 Input and output signal from IF amplifier. 

 

be shown in Figure 6.7. Figure 6.8 shows input and output comparison from IF 

amplifier when input signal is a sine wave with 10 MHz frequency. As seen in Figure 

6.7, the IF amplifier voltage gain is about 3 which is 9.54 dB in power gain. 

 

 

 

Figure 6.9 Photograph of mixer. 

 

 Frequency mixer 

 The frequency mixer is used for frequency conversion and it is a 

critical component in modern communication systems. A frequency mixer combines 

RF power of one frequency with the power of another frequency to make signal 

processing easier and also inexpensive. Figure 6.9 shows a photograph of frequency 
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Figure 6.10 Photograph of RF amplifier. 

 

 

 

Figure 6.11 Photograph of monopole antenna. 

 

mixer used in this work which its model number is ZX05-73L+ from Minicircuit


. 

This model supports RF bandwidth from 2400 to 7000 MHz, IF bandwidth from DC 

to 3000 MHz with low conversion loss about 6.2 dB. 

 RF amplifier 

 Figure 6.10 shows a photograph of RF amplifier that is utilized in this 

work and its model number is ZQL-2700MLNW+ from Minicircuit


. This RF 

amplifier model has very low noise figure about 1.5 dB but provides high average RF 

gain about 30 dB for frequency range  2200 - 2700 MHz. RF amplifiers are placed in 

both transmitter unit and receiver unit in order to improve signal strength and ability 

to combat noise signal. 
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Figure 6.12 Photograph of Hewlett Packard 83620B signal generator. 

 

 Antennas 

 In this work, the omni-directional monopole antennas are used for both 

transmitter and receiver. Figure 6.11 shows a photograph of monopole antenna which 

is used in our testbed. A monopole antenna is designed for bandwidth range 2.4 - 2.5 

GHz (ISM band) with 5 dBi gain.  

 Signal generator 

 The signal generator is used to generate carrier frequency for both up 

and down conversions. There are two signal generators used in testbed, one for 

transmitter unit and another one for receiver unit. Hewlett Packard 83620B signal 

generators are used in this work where this model provides frequency range from 10 

MHz to 20 GHz with a lot of signal functions such as AM modulation and FM 

modulation. A photograph of Hewlett Packard 83620B can be shown in Figure 6.12. 
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Figure 6.13 Block diagram of transmitter unit. 

 

6.3 Testbed implementation  

 6.3.1 Transmitter unit 

 The deep detail of the transmitter unit can be shown in Figure 6.13. As 

seen in the figure, the transmitter unit starts with fixed data sequence block where this 

block is used to generate the fixed binary data, and these data are transmitted for every 

OFDM symbol. These serial data will be modulated with QPSK modulation scheme 

and then these data symbols will be sent to IFFT block. The IFFT block is used to 

transform frequency domain signal to time domain signal where the transformation 

size used in this work is 256 points. The subcarrier spacing is designed to be 9.765 

kHz in order to be similar to mobile WiMAX standard (mobile WiMAX standard is 

10.94 kHz) and there is no guard interval insertion. The time domain signals
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Figure 6.14 IQ modulation diagram. 

 

 

 

Figure 6.15 Example of IQ signal from DAC. 

 

for both real and imaginary from IFFT block will be modulated with IQ modulation 

where the block diagram of IQ modulation can be shown in Figure 6.14. The IQ 

modulation will modulate baseband signal with 10 MHz carrier frequency then send to 

DAC unit (digital to analog conversion) in order to create analog signal. The example 

of analog IQ signal from DAC can be shown in Figure 6.15. This analog signal will
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Figure 6.16 Power spectrum of the transmitted signal. 

 

be sent to the RF unit where RF unit is responsible for amplifying and converting the 

IF signal into the RF signal. The carrier frequency used in this work is 2.45 GHz. 

Then the RF signal will be sent to wireless channel via the transmitted antenna where 

an example of RF spectrum can be shown in Figure 6.16.  

 6.3.2 Receiver unit 

 As seen in Figure 6.17, the receiver unit starts with RF unit where this 

unit contains the same components as transmitter unit but in the inverse direction. 

Then the analog IQ signal from IF amplifier is converted to digital signal type by 

ADC and sent to the processing unit. The receiver’s processing unit controls the 

different responsibility to the transmitter’s processing unit. The receiver’s processing 

unit is responsible for IQ demodulation so the demodulated IQ signal will be sent to 

Matlab programming. The diagram of IQ demodulation can be shown in Figure 6.18.  

 The Matlab programming is used in order to make receiver unit 

become easier than just using only processing unit. The responsibility of Matlab 
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Figure 6.17 Block diagram of receiver unit. 

 

 

 

Figure 6.18 IQ demodulation diagram. 

 

programming can be shown in Figure 6.19. As seen in the figure, the received 

demodulated I and Q signals for each OFDM symbol are firstly converted into a 
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Figure 6.19 Block diagram of Matlab programming. 

 

complex signal. After that, this complex signal is used for CFO estimation and then 

compensation. The compensated signal is transformed into frequency domain signal 

by FFT operation with the same transformation size of transmitter where this 

frequency domain signal is used for both channel estimation and data detection. The 

entire estimated channels can be obtained by interpolation technique where the linear 

interpolation is used in this work.  Finally, these detected data are mapped by QPSK 

demodulation in order to provide digital output signal. However, even if transmitter 

continuous sends OFDM symbols of fixed data but receiver can carry out with only 

one OFDM symbol for each OFDM signal detection process. Thus during the 

detection process, another transmitted OFDM symbol should be discarded. 

 6.3.3 Measurement setup     

 At first, please note that the measurements of this work are based on a 

small scale environment due to the limitation of transmitted power. Therefore, the 

experimental results may be different from the real mobile broadband channel.
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Figure 6.20 Photograph of testbed. 

 

 However, the results from testbed can be used to predict the performance of the 

proposed technique in broadband channel in comparing with the conventional 

technique thus it can provide the same benefit even in mobile broadband channel.  

 The configuration of transmitter and receiver can be described in 

section 6.3.1 and 6.3.2 respectively. A photograph of transmitter and receiver can be 

shown in Figure 6.20.  The guard time interval to prevent ISI is ignored in this work 

due to the consideration of small scale fading, and in order to reduce hardware 

complexity. The other testbed parameters are as follows: 

 number of subcarriers (N) = 256 

 modulation = QPSK 

 number of pilots (Np) = 43 (including NNull = 14 for null subcarrier technique) 

 subcarrier spacing ( f ) = 9.765 kHz 

Tx 
Rx 
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Figure 6.21 A photograph of the measurement area. 

 

 RF carrier frequency = 2.45 GHz 

 step size of   = 0.02  

 Interpolation technique = Linear interpolation 

Where pilot subcarriers and null subcarriers for both techniques are placed by equi-

space along the frequency axis. The proposed pilot scheme and the conventional pilot 

scheme for OFDM system have been described in section 5.2 where the conventional 

scheme is the combination between isolated pilot for channel estimation and null 

subcarriers for CFO estimation.  Figure 6.21 shows a photograph of the measurement 

area where the distance between transmitter and receiver is about 10 meters. In this 

work, there is only one measurement location for the experimental setup because 

many cases of wireless channel can be happened in one measurement location. These 

cases are not the real mobile broadband channels, so one measurement location is 

sufficient for the experiment. In addition, it is impossible to know the exact CFO and 
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channel response that occurs in the practical system. Therefore, the error variance 

from estimation techniques cannot be calculated as same as the simulations presented 

in chapter 5. In order to make a performance comparison between the proposed 

technique and the conventional technique, BER performance is used instead where 

BER for each technique is calculated from 5,000 continuous OFDM symbols.  

 

6.4 Experimental results 

  This section validates the performance of the proposed pilot scheme through 

the testbed testing as shown in last section. The performance is compared between the 

proposed clustered pilot scheme and the conventional pilot scheme. The BER 

performances are varied by adjusting the transmitted power. The transmitted power 

can be controlled easily by adjusting the RF carrier signal power at the signal 

generator. Note that, the transmitted power refers to RF carrier signal power for this 

section. 

 Figure 6.22 and 6.23 show examples of the received signal after performing 

FFT operation for the proposed clustered pilot technique and null subcarrier technique 

respectively. As seen in Figure 6.22 and 6.23, the spectrum of the proposed scheme 

differs from the spectrum of null subcarrier technique. There are low amplitude points 

which refer to null subcarriers in null subcarrier technique. These low amplitude 

points do not exist in the proposed scheme where these null subcarriers are placed by 

clustered pilot tones. 

 Figure 6.24, 6.25 and 6.26 show examples of the received signal constellation 

when the transmitted power is 0, 5 and -10 dBm repectively. As seen in these figures, 

the best performance of signal constellation is obtained when the transmitted power is 

0 dBm. The groups of signals are clearly separated from each other when the 
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Figure 6.22 The received signal in frequency domain of the proposed pilot scheme. 

 

  

 

Figure 6.23 The received signal in frequency domain of null subcarrier technique. 
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Figure 6.24 The received signal constellation when transmitted power is 0 dBm. 

 

  

 

Figure 6.25 The received signal constellation when transmitted power is -5 dBm. 
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Figure 6.26 The received signal constellation when transmitted power is -10 dBm. 

 

  

 

Figure 6.27 The estimated channel response. 
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Figure 6.28 BER versus Transmitted power.  

 

transmitted power is 0 dBm. But groups of signals are mixed together when the 

transmitted power is -10 dBm, thus this case can provide a higher bit error rate. 

 Figure 6.27 shows an example of estimated channel. As seen in these figures, 

it must be noticed that the measured area is based on small scale fading environment 

which causes channel to act as flat in frequency response and there are few cases that 

frequency selective channel are occurred. It is the same result when the other 

measurement area (in the same room) is undertaken thus only one measurement area is 

sufficient for an analysis.  

 Figure 6.28 shows BER performance versus transmitted power where 

transmitted power range from -10 to 5 dBm. As seen in the figure, the proposed pilot 

scheme provides a better performance than the conventional pilot scheme for any 

value of transmitted power. Thus, this confirms that the proposed technique works 

well for practical system. However, BER performance for higher transmitted power 
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Figure 6.29 Block diagram for testing IF signal.  

 

from 0 to 5 dBm trends to reach a constant value which differs from simulation. The 

analysis of this effect is investigated and explained in the next section including 

performance comparison with simulation.  

 

6.5 BER error floor analysis 

 6.5.1 IF signal analysis  

  In order to investigate BER floor from figure 6.28, IF signal to RF 

passband signal should be tested separately. Firstly, candidate start with IF signal test 

where the transmitter’s DAC output of IQ modulation is connected directly with the 

ADC input at the receiver as shown in figure 6.29. The BER performance output of 

this configuration is 0 for every test. This BER value confirm that the processing unit, 

the data conversion unit and also algorithm in the Matlab’s program work well for 

both transmitter and receiver thus BER error floor should come from another part in 

RF unit. 

 6.5.2 RF amplifier analysis 

  The case that RF amplifier can generate BER floor is when the input 

signal power is higher than the maximum rating of RF amplifier. If there is an OFDM 

signal point that exceeds this maximum threshold, it distorts the time domain
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Figure 6.30 Block diagram for testing RF amplifier. 

 

OFDM signal which can produce more BER of system.  To perform this analysis, the 

input power spectrum of RF amplifier is measured for both transmitter and receiver. 

However, IF amplifiers from both transmitter and receiver are neglected in this 

analysis (they are broken before doing BER error floor analysis), but this effect can be 

compensated by reducing the distance between the transmitter and the receiver. Figure 

6.30 shows block diagram for testing RF amplifier. The transmitter and receiver 

carriers are set to be 2.6 GHz with the same signal power 10dBm (maximum 

transmitted carrier’s power). The distance between transmitter and receiver is reduced 

to 3.5 meters which is about 65% distance reduction when comparing with figure 

6.21. The input power of transmitted RF amplifier is about -35 dBm thus the possible 

maximum RF power input is about -25.5 dBm if IF amplifier is added (IF gain is 9.54 

dB, see in 6.2.3). This power level cannot damage RF amplifier because the maximum 

input of RF amplifier ZQL-2700MLNW+ is 3dBm. It means that the transmitted
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Figure 6.31 Received power spectrum. 

 

 

 

Figure 6.32 Block diagram for testing mixer. 

 

RF amplifier operates in normal situations. Figure 6.31 shows the power spectrum of 

received signal where the power of OFDM signal is about -60 dBm and its carrier 

about -30 dBm. This signal also can not damage the received RF amplifier even if 

transmitted IF gain is included. The results from this analysis can conclude that
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Figure 6.33 FFT signal from receiver. 

 

both RF amplifiers from transmitter and receiver normally operate.  

 6.5.3 Mixer analysis 

  Figure 6.32 shows block diagram for testing mixer. As seen in the 

figure, there is no RF amplifier for both transmitter and receiver where the output 

from transmitted mixer is directly connected with the input of received mixer. Thus 

wireless channel effect is not considered. The carrier signal power of transmitter 

varies from -5 to 10 dBm while received carrier signal power is fixed to 10 dBm. 

Figure 6.33 shows FFT output signals from the receiver by using 4 consecutive 

OFDM symbols and the transmitted carrier power is 10 dBm. As seen in figure 6.33, 

the FFT signals from receiver ripple between 3 and 0 where the lowest signal can 

produce bits error from 4 to 130 bits per OFDM symbol. The ripple in frequency 

domain signal occurs for any transmitted carrier power and it occurs only in the case 

that there is the difference between transmitted and received carrier frequencies.
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Figure 6.34 The same source of signal generator test. 

 

This frequency offset causes IF signals output from received mixer to be modulated 

with low frequency (frequency difference between transmitter and receiver). Thus it 

produces a slow ripple in received signal. The ripple in received signal causes directly 

to average received signal’s SNR where it reduces SNR of the received signal even if 

transmitted carrier power is increased. At this point, candidate notices that the ripple 

in received signal due to the different carrier frequencies produces more BER from 

figure 6.28 and it also causes BER error floor for high transmitted carrier power.  

  In order to validate this assumption, the performance analysis when 

transmitter and receiver use the same source of carrier frequency is investigated. By 

using the same source of carrier frequency, it causes frequency offset from carrier 

signal to be 0. However, there might be frequency offset in the system even if the 

same carrier frequency is used. This is because the difference in IF frequency due to 

different clock’s frequency from processing units and channel fading also produce
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Figure 6.35 FFT output of received signal. 

 

frequency offset. Figure 6.34 shows block diagram when the same carrier frequency is 

used. The distance between transmitter and receiver is 3.5 meters and the carrier 

power is 3 to 11 dBm.  

  Figure 6.35 shows FFT output of received signal when transmitted 

carrier power is 11 dBm and 50 consecutive OFDM symbols are undertaken. As seen 

in the figure, there is no ripple effect at received signal where there is a little change in 

FFT level which may be caused by fading channel. The result reveals that system can 

keep a constant SNR for every OFDM symbol when there is no ripple effect. Thus it 

not only improves BER performance from figure 6.28 but also provides possibility to 

compare experimental results with the simulation results.  

  Figure 6.36 and 6.37 show examples of received signal constellation 

when transmitted carrier powers are 9 and 7 dBm respectively. As seen in these 

figures, signals are separated into four groups where the signal dispersion becomes 

higher when transmitted carrier power is 7 dBm. The performances of these signal 
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Figure 6.36 Signals constellation when carrier power is 9 dBm. 

 

 

 

Figure 6.37 Signals constellation when carrier power is 7 dBm. 

 

constellations are better than prior test in figure 6.24 which is the case that there is a 

ripple effect due to the difference of carrier frequencies between transmitter and 

receiver.  
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Figure 6.38 BER versus carrier power. 

 

  Figure 6.38 shows BER performance versus transmitted carrier power 

when carrier power varies from 3 to 11 dBm. The result confirms that there is no BER 

error floor in the system. The performance looks better than figure 6.28 because there 

is no ripple effect in the received signal. Moreover, the proposed technique still 

provides a better performance than the null subcarrier technique and the performance 

gain is about 0.5 dB. 

 6.5.4 Performance comparison between simulations and experiments 

  In order to compare the experimental BER with simulation, the carrier 

power axis has to be changed into Eb/N0. The value of Eb/N0 is calculated by using 

received signals where these signals are compensated with the estimated channel, thus 

noise from channel estimation errors are also included. By assuming that, noise in 

system has zero mean then noise variance can be calculated by (Wireless 

Communications by Andrea Goldsmith) 
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Figure 6.39 Signals constellation of s1 when carrier power is 7dBm. 
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where N  is the number of signal samples, zi is the received signal, 
q  is the decision 

region for each sq and sq is the QPSK signal. For QPSK modulation, there are four 

signals of sq where candidate sets s1, s2, s3 and s4 are 1+1j, -1+1j, -1-1j and 1-1j 

respectively. Figure 6.39 shows an example of s1 noise variance calculation when 7 

dBm of carrier power is investigated. As seen in the figure, the decision region can be 

given by 1 0& 0Q I    and its variance can be written by 
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The average Es/N0 can be given by 
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Figure 6.40 Experimental results versus the calculated Eb/N0 from simulation. 

   

  Figure 6.40 shows the comparison of signals constellation between 

simulation and practical results where the simulation applied the calculated Eb/N0 to 

generate noise signals. As seen in the figure, these constellations are similar when they 

are put in the same scale of quadrature and in-phase axises. Therefore, the calculated 

Eb/N0 from the proposed method can be used to approximate Eb/N0. However, CFO in 

the system is very low where there is no significant rotation in received signal 

constellation. 

  Figure 6.41 shows BER performance comparison between simulations 

and experimental results. Simulations for both the null subcarrier technique and the 

proposed technique are based on flat channel responses where CFO is set to be 0. As 

seen in the figure, the simulation results provide a better performance than 

experimental results for all Eb/N0. The experimental results still provide a very low 

BER for high Eb/N0 while BER from simulations is 0 for both techniques. There is no 

surprise from this performance deviation between simulations and practical results. 

Simulations concern only CFO and channel problems where the other problems are

Practical (7dBm) Simulation (Eb/N0=18.5 dB) 
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Figure 6.41 BER performances for experimental and simulation results. 

 

assumed to be perfect but in practical system there are many problems from literatures 

that can degrade BER performance such as IQ imbalance, phase synchronization at IQ 

demodulation, non-linearity of hardware components and signal errors from ADC and 

DAC. However, the performance of the proposed technique is better than the null 

subcarrier technique for both simulation and experimental results.  

 

6.6 Chapter summary 

This chapter has presented a testbed design in order to investigate the 

performance of the proposed pilot scheme for practical OFDM system. The 

performance of the proposed clustered pilot scheme is compared with the conventional 

scheme where the conventional scheme is the combination between isolated pilot tone 

for channel estimation and null subcarriers for CFO estimation. The results have 
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shown that the proposed scheme provides a better performance than the conventional 

scheme in term of BER performance. The practical BER has BER error floor which 

causes by ripple in received signal due to the difference between transmitted carrier 

frequency and the received carrier frequency. This ripple effect reduces received 

signal’s SNR and thus it reduces BER performance. In fact, the proposed CFO 

estimation is used to solve this frequency offset but the proposed technique is based 

on digital domain likes the techniques which were proposed by Moose P., Fu X. and 

Zhang W. Therefore, the ripple effect is still existed if there is only CFO 

compensation in digital domain.   In addition, the results are based on small scale 

fading environment which differs from mobile broadband channel. Thus, it may 

provide the different performance if mobile broadband channel is considered. 

However, these results can be used to be a guide line for the benefit of the proposed 

scheme over the conventional scheme even if mobile broadband channel is 

considered. 
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CHAPTER VII 

THESIS CONCLUSION 

 

7.1 Conclusion 

 The orthogonal frequency division multiplexing enables a high data rate 

transmission over multipath fading channels because of the transformation of entire 

frequency selective channel into a parallel set of frequency flat sub-channels. It has 

been widely adopted for standards such as DAB, DVB and WLAN. The quality of an 

OFDM system can be described by three basic parameters, namely the transmission 

rate, the transmission range and the transmission reliability. Conventionally, the 

transmission rate may be increased by reducing the transmission range and reliability. 

In turn, the transmission range may be extended at the cost of a lower transmission 

rate and reliability, while the transmission reliability may be improved by reducing the 

transmission rate and range. However, with the advent of MIMO assisted OFDM 

systems, the above-mentioned three parameters can be simultaneously improved. Thus 

MIMO-OFDM is a powerful technique for future wireless communications and it has 

been added into many wireless communication standards such as IEEE 802.11n, IEEE 

802.16e and LTE. 

 Due to the growth of broadband communications, now broadband 

communication can support user’s mobility where the standard is such as mobile 

WiMAX. However, user’s mobility causes not only channel acting as time-varying 

channel but also frequency offset which causes transmitted carrier frequency to be 
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different from received carrier frequency. The OFDM signal is very sensitive to 

frequency offset where it causes a loss of BER performance. The channel and 

frequency offset are important parameters of a mobile broadband communication 

where both parameters can be changed every time due to mobility and surrounding 

environment. Thus, effective synchronization and tracking techniques for both 

channel estimation and frequency estimation have to be developed in order to improve 

the system performance.  Recently, there are many works related to frequency offset 

estimation but they are based on measuring phase different between pilot symbols on 

consecutive OFDM symbols. Thus, these techniques may increase CFO estimation 

errors if channel is changed during sending two consecutive symbols. Therefore, in 

order to improve the CFO estimation performance, faster estimation algorithm should 

be more suitable for mobile broadband communications. 

 In this work, I present pilot scheme for channel estimation and CFO estimation 

for both OFDM system and MIMO-OFDM system where 22 MIMO configuration is 

considered. The proposed pilot scheme was designed based on null subcarriers for 

CFO estimation. The estimation process of null subcarrier technique can be carried 

out with only one OFDM symbol, thus it is an effective technique especially for 

mobile broadband communications and it can be applied in both OFDM and MIMO-

OFDM systems. In addition, the complexity of 22 MIMO-OFDM’s channel 

estimation can be reduced by the proposed pilot scheme and its estimation process can 

be successful with one OFDM symbol (as same as null subcarrier for CFO 

estimation). Thus, the proposed pilot scheme should be more suitable for mobile 

broadband communications. 
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 The results have shown the performance comparison between the proposed 

scheme and the conventional scheme where the conventional scheme is the 

combination between null subcarriers for CFO estimation and isolated pilot tones for 

channel estimation. The results from simulation and experiment have shown that the 

proposed scheme provides better performance than the conventional scheme for both 

channel estimation and CFO estimation which leads to BER reduction. In addition, the 

experimental results are based on an OFDM system and small scale fading 

consideration.  Therefore, in order to investigate the performance in the real mobile 

broadband channel for both OFDM and MIMO-OFDM systems, some future works 

based on these considerations should be tested and validated. However, the 

experimental results and simulation results from this thesis can be used as a guide line 

for the performance of the proposed scheme in practical mobile broadband channel, 

where the benefit of the proposed scheme is still better than the conventional scheme.  
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