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Abstract 

The demand for high speed mobile wireless communication is rapidly growing. 

Orthogonal Frequency Division Multiplexing (OFDM) technology promises to be a key 

technique for achieving the high data capacity and better spectral efficiency requirements 

of wireless communication systems in the near future. However the major cause for 

signal degradation during transmission of OFDM signal is high peak to average power 

ratio (PAPR). Although many research activities have been done in recent years but this 

PAPR problem is still unresolved which leads to power inefficiency, inter-modulation 

distortion and undesired out-of-band radiation because of the nonlinearity of the High 

Power Amplifier (HPA). It causes increasing of the Bit Error Rate and high adjacent 

channel interference, respectively. Therefore, it is desirable to reduce the PAPR of the 

OFDM signal. However, most of the previously published techniques have additional 

complexity, some reduce the bandwidth efficiency of the system and some need side 

information. This thesis aims at contributing to reduce the PAPR of OFDM system 

efficiently. Firstly, a narrowband pulse (smaller channel bandwidth, high power 

efficiency and low data rate), Tukey window pulse, is employed in the transmitter section 

for reducing PAPR of OFDM signal as well as to evaluate their performance such as 

PAPR, Cross correlation for different number of subcarriers. Furthermore, performance 

of Kaiser window pulse, another narrowband pulse which has been suggested for PAPR 

reduction of OFDM system but has not been investigated yet, is also examined in this 

research. The performance of the employed pulse shaping technique (Tukey window 

pulse) as well as the suggested pulse shaping method (Kaiser window pulse) are 

evaluated based on the mathematical model which includes equations for PAPR and cross 

correlation of each of the above narrowband pulses. These techniques do not require any 

side information. Moreover, the performance comparison is carried out among all the 

employed pulse shaping methods including the current pulse shaping approaches as well 

as the used method in order to find out the best pulse shaping technique for PAPR 

reduction in OFDM system efficiently. From the analysis, it is found that among 

narrowband pulses, Tukey window pulse and broadband pulses (greater channel 

bandwidth, low power efficiency and high data rate), Square root raised cosine pulse 
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reduce PAPR more significantly than any other pulses as well as the conventional OFDM 

system. Furthermore Cross correlation function is also examined for both narrowband 

and broadband pulses since higher correlation between the different samples of the 

OFDM block reduces the PAPR of the system. Finally, a simulation model is developed 

to calculate Bit Error Rate (BER) for the Raised cosine pulse, Square root raised cosine 

pulse (most efficient pulse shaping technique) and the conventional OFDM system. 

Based on the simulation model, BER performance of OFDM system using pulse shaping 

method is compared with the conventional OFDM system without pulse shaping method 

to show the efficiency of the pulse shaping technique for PAPR reduction in OFDM 

system. Simulation result shows that the Square root raised cosine pulse can reduce the 

BER more effectively than the conventional system i.e., OFDM system without pulse 

shaping technique. The results obtained in this research are promising and show the 

suitability of the pulse shaping technique to reduce PAPR of OFDM system effectively. 
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CHAPTER 1 

INTRODUCTION 
 

Orthogonal Frequency Division Multiplexing (OFDM) is the most widely used technique 

for achieving high data rate and reliability in 4G wireless communication system. The 

basic principle of OFDM is to split a high-rate serial data stream into a set of low-rate 

sub-streams, each of which is modulated on multiple subcarriers simultaneously. Even 

though their spectra overlap, these transmitted multiple carriers can be demodulated 

orthogonally. Recently, OFDM systems are being applied for fixed and mobile 

transmission. Some examples of existing systems where OFDM is used are digital audio 

and video broadcasting and Asymmetric Digital Subscriber Line (ADSL) modems. 

Moreover, the new generation of Wireless Local Area Networks systems (WLANs) is 

based on similar WLAN standards known as IEEE 802.11a (US) and Hiperlan/2 

(Europe). These systems support a physical layer transmission rate up to 54 Mbps and 

use OFDM for the physical layer implementation [1-2]. Additionally, OFDM is being 

considered for future broadband applications such as Wireless Asynchronous Transfer 

Mode (ATM) and fourth generation transmission techniques.  

OFDM transmitted signal has a large dynamic signal range with a very large PAPR due 

to the large number of subcarriers. The nonlinear distortions and peak amplitude 

limitation introduced by using a system with a transmitting High Power Amplifier (HPA) 

will produce inter-modulation between the different carriers and additional interference 

into the system [3-6]. This additional interference leads to an increase in the Bit Error 

Rate (BER) of the system. One way to avoid such nonlinear distortion and keep a low 

BER is to force the amplifier to work in its linear region. But that type of solution is not 

power efficient. For providing adequate area coverage, saving power consumption and 

allowing small size terminals, power efficiency is needed in wireless communication. It is 

therefore important to aim at a power efficient operation of the non-linear amplifier with 

low back-off values and try to provide possible solutions to the interference problem 

brought about. Reducing the PAPR of the transmitted signal is a better solution to try to 
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prevent the occurrence of such interference with some manipulations of the OFDM signal 

itself [7].  

1.1 Related Research Work 

Despite the multidimensional benefits of OFDM system, some drawbacks are still 

unresolved. One of the major problems is high PAPR of the transmitted signals due to 

large number of subcarriers used in OFDM system. Here PAPR means randomly 

sinusoidal leads occurred during transmission of the OFDM signal. Therefore, it is 

desirable to reduce the PAPR of an OFDM signal. A number of approaches have been 

proposed to deal with the PAPR problem. These techniques include Coding, Clipping and 

Filtering, Tone reservation, Tone injection, Interleaving, Selected Mapping and Partial 

Transmit Sequence [8-14]. 

The main objective of Block Coding [8] is to reduce PAPR using different block coding 

and set of code words. This scheme is widely used to reduce the peak to average power 

ratio.  It leads to satisfactory result but it reduces the data rate which is undesirable.  

Clipping  and  Filtering  technique [9] are  the most  effective techniques  to  reduce  the  

high  PAPR  in  OFDM  system. Clipping is the nonlinear process which increases the 

band noise distortion and bit error rate. On the other hand decreases the spectral 

efficiency. Clipping with filtering technique will give better performance. Filtering after 

clipping will reduce out of band radiation. This technique will reduce the PAPR without 

spectrum expansion. But to propose  this  scheme  each  signal must  be  oversampled  by  

factor  of  four which causes significant peak re-growth. 

The basic idea of Tone reservation technique [10] is that it contains some set of 

reservation of tones. By  using  this  technique  reserved  tones  can  be  used  to 

minimize  the  PAPR. This  method  is  used  for  multicarrier transmission  and  also  

shows  the  reserving  tones  to reduce  the  PAPR. It is a distortion less techniques but 

also requires the receiver to know the location of the reserved tones so as to disregard 

them when decoding the data signal. Tone injection [11] is an additive method, which 

achieves PAPR reduction of multicarrier signals with no data rate loss. The basic idea is 
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to increase the constellation size so that each of the points in the original basic 

constellation can be mapped into several equivalent points in the expanded constellation. 

On the other hand, Interleaving [12] is generally used as an additive method for PAPR 

reduction. Using this method data rate loss is very low. This method uses the set of active 

constellation point from an original constellation point to reduce the PAPR.  It shows the 

comparable result but does not give the assurance result for PAPR reduction. The 

transmission of side information is necessary at the receiver side for interleaving which is 

another major drawback of this system. 

Selected Mapping (SLM) [13] is implemented by generating a set of sufficiently different 

signals from the original data signal. The transmitter selects and submits the candidate 

signal having the lowest PAPR. The side information about this choice needs to be 

explicitly transmitted along with the chosen candidate signal. The scheme can handle any 

number of subcarriers but drawback associated with the scheme is the overhead of side 

information that needs to be transmitted to the receiver.    

However, Partial Transmit Sequencing (PTS) [14] is a similar technique in which sub-

blocks of the original signal are optimally combined at the transmitter to generate a 

transmitted signal with a low PAPR. Although SLM and PTS are effective for reducing 

the PAPR, they require the use of side information in order to decode the signal at the 

receiver. However, most of these methods try to exploit the subcarrier symbols of each 

OFDM block by creating some correlation between them. As a result, the reduction in 

PAPR achieved by these techniques is relative and obtained at the expense of either an 

additional complexity to the OFDM transceiver using a high coding overhead or some 

kind of transmitter/receiver symbol handshake.  

1.2 Motivation 

Over the last decade, a lot of research has been carried out for reducing the major 

limitation known as high peak-to-average power ratio (PAPR) which is produced by the 

large variation in envelope of OFDM signal. Previously reported schemes like clipping 

and filtering, selected mapping, partial transmit sequence, tone reservation, and tone 
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injection provide PAPR reduction. Overall it is noticed that these techniques have large 

computational overhead. Other possible alternative solution is then to try to exploit other 

parameters of the OFDM signal. Exploiting the subcarrier waveforms of the OFDM 

signal appears as an attractive solution for reducing the PAPR of OFDM signals. It has 

the potential of reducing the PAPR of the OFDM signal without affecting the bandwidth 

efficacy of the system and thus leaves the chance to use coding for channel protection. 

Such an approach has been adopted, for the first time, in [15] where a set of subcarrier 

waveforms was proposed. It has been shown that the PAPR of OFDM signals can be 

reduced when the shape of each subcarrier waveform is different. However, the reduction 

in PAPR was not considerable as only one narrowband pulse shapes (Sine pulse) has 

been considered. Furthermore, although in [16], Kaiser window (narrowband) pulse 

shape has been suggested for PAPR reduction, the performance of this pulse shaping 

technique has not been analyzed yet. Another narrowband pulse shaping technique, 

Tukey window, has been used for reducing time and frequency synchronization error of 

OFDM system only, but so far it has not been employed for PAPR reduction of OFDM 

system. In [7], the PAPR of the OFDM system for different roll-off factors using Raised 

cosine (broadband) pulse is analyzed. On the other hand in [17], QPSK modulation and 

Square root raised cosine pulse, another broadband pulse, is used for modified discrete 

fourier transform (MDFT) filter bank system which illustrates the PAPR of MDFT 

system for fixed subcarrier and oversampling factor but different roll-off factor. 

Therefore, comprehensive analysis of employing various pulse shaping techniques for 

both narrowband as well as broadband pulse, including their BER performance, has not 

been done yet. In this research, narrowband pulses (proposed Tukey window and existing 

Sine and Kaiser pulse) and broadband pulses (Raised cosine and Square root raised 

cosine) will be employed in the transmitter section and compared the PAPR of OFDM 

system for each of the above pulses. Furthermore, a simulation model will be developed 

to calculate and compare the BER of the employed pulse shaping techniques for PAPR 

reduction. Cross correlation function will also be examined in this thesis for both 

narrowband and broadband pulses since higher correlation between the different samples 

of the OFDM block reduces the PAPR of the system.  
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1.3 Objectives 

Pulse shaping technique is a promising approach for reducing PAPR and achieving high 

data rate in wireless communication. This thesis aims at contributing to find out the best 

pulse shaping technique to reduce PAPR for OFDM system efficiently. During the 

process of selecting the most efficient pulse shaping technique the following basic 

milestones are the objectives of this thesis.   

1. Employment of a narrowband pulse, Tukey window pulse, to reduce the PAPR 

for OFDM system as well as evaluation of their performance such as PAPR, 

Cross correlation for different number of subcarriers based on a mathematical 

model.  Furthermore, performance investigation of another suggested narrowband 

pulse, Kaiser window pulse which has not been explored yet, for PAPR reduction 

of OFDM system. 

2. Performance comparison of all the above mentioned pulses to find out the most 

efficient PAPR reduction method of OFDM signal based on pulse shaping. 

3. Finally, development of a simulation model to calculate Bit Error Rate (BER) for 

the Raised cosine pulse, Square root raised cosine pulse (the most efficient pulse 

shaping technique) as well as the conventional OFDM system and comparison of 

their BER performance in order to show the efficiency of the employed pulse 

shaping technique. 

1.4 Organization of the Thesis 

This thesis analyses the employment of pulse shaping techniques for reducing PAPR in 

OFDM system efficiently. It is structured as follows:  

Chapter one introduces OFDM along with one of its major drawbacks, large PAPR due to 

the large number of subcarriers. Related researches regarding reduction of PAPR in 

OFDM system, motivations as well as objective of this research are presented in this 

chapter.  
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The basic operating principle of OFDM system is discussed in chapter two. OFDM 

communication system including its generation and reception, advantages, applications 

and one of the major limitations such as PAPR are briefly focused in this chapter. 

A detailed analysis of all the existing methods (Sine, Raised cosine and Square root 

raised cosine pulse) and the proposed method (Tukey window and Kaiser window) for 

PAPR reduction of OFDM system based on pulse shaping is elucidated in chapter three. 

In order to carry out the performance analysis of the pulse shaping technique, a 

mathematical model is derived which includes equations for PAPR and Cross correlation 

of each of the above mentioned pulse shaping techniques. 

Chapter four compares the analytical results of proposed narrowband pulse shape as well 

all the existing narrowband and broadband pulse shapes in order to find out the most 

efficient pulse shaping technique for reducing the PAPR in OFDM system. Furthermore, 

since higher correlation between the different samples of the OFDM block reduces the 

PAPR of the signal, Cross correlation function is also examined for each of the above 

pulse shaping techniques here as well.  

In chapter five, a simulation model has been developed which implements the pulse 

shaping technique in OFDM system to calculate BER. BER is calculated for the Raised 

cosine pulse, the most efficient pulse shaping technique (Square root raised cosine pulse) 

and the conventional system i.e., OFDM system without pulse shaping technique here 

and compared to show the efficiency of the pulse shaping technique in OFDM system.  

Finally, chapter six concludes this thesis along with some limitations and future research 

scopes. 

1.5 Summary  

Related research works for PAPR reduction in OFDM system are discussed in this 

chapter. Furthermore, motivations  that  allured  me  to  conduct  this  thesis  are  

succinctly  described. Finally, the objectives of this research for effective PAPR 

reduction using pulse shaping technique in OFDM system are mentioned in this chapter.     
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CHAPTER 2 

FUNDAMENTAL ISSUES OF ORTHOGONAL FREQUENCY 

DIVISION MULTIPLEXING SYSTEMS 
 

Orthogonal Frequency Division Multiplexing (OFDM) has become a promising and 

popular technique to achieve high speed communication in the last decade. It is also 

called Discrete Multi-tone Modulation (DMT) because it is an important member of the 

multicarrier modulation (MC) techniques. It is based upon the principle of frequency 

division multiplexing (FDM) technique where each frequency channel is modulated with 

simpler modulation scheme. OFDM is a parallel transmission scheme, where a high-rate 

serial data stream is split up into a set of low-rate sub-streams, each of which is 

modulated on a separate single carrier. Carriers are orthogonal to each other. 

Orthogonality is achieved by ensuring that the carriers are placed exactly at the nulls in 

the modulation spectra of each other. Due to the multipath delay spread, the increase of 

symbol duration for the lower rate parallel subcarriers reduces the relative amount of 

dispersion in time. The major advantages of OFDM system are robustness to inter symbol 

interference, offers high spectral efficiency, multiple delay speed tolerance, immunity to 

frequency selective fading channel and power efficiency. Although the principle of 

OFDM have been developed over several decades, its implementation for high data rate 

communications has only recently become popular for the reduced cost and availability 

of suitable signal processing components which make it a vying technology for 

commercial applications also. 

2.1 Evolution of OFDM 

OFDM is a special form of multicarrier (MC) transmission technique that dates back to 

1960s. The concept of multicarrier transmission was first explicitly proposed by Chang 

[18] in 1966. A detailed description of multicarrier can also be found in [19] and [20]. In 

1971, Weinstin and Ebert [21] proposed time limited multicarrier transmission, which is 

what we call OFDM today. The implementation of MC systems with equalization was 
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investigated by Hirosaki et.al [22-23] and Peled and Ruiz [24]. Zimmerman and Kirsch 

[25] published one of the earliest papers for the application of MC in HF radio in 1967. 

More materials on the HF application of MC can be found in [26]. In 1985, Cimini first 

applied OFDM in mobile wireless communications [27]. In [28], Casas and Leung 

discussed the application of MC over mobile radio FM channels. Bingham [29] studied 

the performance and complexity of MC modulation and concluded that MC has higher 

potential in future. The application of original OFDM, clustered OFDM, and MC Code 

Division Multiple Access (CDMA) in mobile wireless systems can be found in [30-31]. 

The flexibility of OFDM provides opportunities to use advanced techniques, such as 

adaptive loading, transmitter and receiver diversity, to improve transmission efficiency. 

Shannon’s classical paper suggested that the highest data rate can be achieved for 

frequency-selective channels by using a multicarrier system with an infinitely dense set 

of sub-channels, adapting transmission powers and data rates according to the signal-to-

noise ratio (SNR) at different sub-channels. Based on his theory, a water-filling principle 

has been derived. Cioffi and his group have extensively investigated OFDM with 

performance optimization for asymmetric digital subcarrier line, which they named as 

Discrete Multiple Tone (DMT). Some of their earlier inventions on practical loading 

algorithms for OFDM or DMT systems were in [32-33]. 

2.2 OFDM is a special case of FDM  

Frequency Division Multiplexing (FDM) has been used for a long time to carry more 

than one signal over a telephone line. FDM is the concept of using different frequency 

channels to carry the information of different users. OFDM is a special case of FDM (just 

as it says in its name, OFDM), in which large amount of digital data is transmitted over a 

radio wave.  In some respects, OFDM is similar to conventional frequency-division 

multiplexing (FDM). The difference lies in the way in which the signals are modulated 

and demodulated. Priority is given to minimize the interference or cross talk among the 

channels and symbols. As an analogy, FDM channel is like water flow out of a faucet. On 

the other hand, the OFDM signal is like a shower. In a faucet all water comes in one big 

stream and cannot be subdivided. OFDM shower is made up of a lot of little streams. 
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Figure 2.1: (a) A Regular FDM single carrier-A whole bunch of water coming all in one 

stream (b) Orthogonal FDM-Same amount of water coming from a lot of 

small streams. 

Think about what the advantage might be of one over the other? One obvious thing is that 

if I put my thumb over the faucet hole, I can stop the water flow but I cannot do the same 

for the shower. So although both do the same thing, they respond differently to interface.  

 

     Figure 2.2: All cargo on one truck vs. splitting the shipment into more than one. 

Another way to see this probability is to use the analogy of making a shipment via a 

truck. We have two options. One is to hire a big truck and another is to use a bunch of 

smaller ones. Both methods carry the exact same amount of data. But in case of an 

accident, only ¼ of data on the OFDM trucking will suffer. These four smaller trucks 

when seen as signals are called the sub-carriers in an OFDM system and they must be 

orthogonal for this idea to work. The independent sub-channel can be multiplexed by the 

multi-carrier transmission called FDM or it can be based on a Code Division 

Multiplexing (CDM), in this case it is called multi-code transmission. In this thesis we 

will only talk about the multi-carrier FDM or OFDM [34]. 
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2.3 Orthogonal Frequency Division Multiplexing (OFDM) System 

The basic principle of OFDM is to split a high-rate serial data stream into a set of low-

rate parallel sub-streams, each of which is modulated on multiple subcarriers 

simultaneously using a standard modulation scheme, for example; PSK and QAM. The 

frequencies of each sub-carrier are chosen so that the modulated data streams are 

orthogonal to each other which ensure that the cross talk between the sub-channels is 

eliminated. By using modulated narrowband signals, channel equalization is simplified. 

The primary advantage of OFDM is its ability to cope up with severe channel conditions 

for example multipath and narrowband interference without complex equalization filters. 

There are several factors in which the performance of OFDM system depends on. These 

are the modulation schemes used, the amount of multipath and the level of noise in the 

signal. Multipath may rapidly degrade the performance of a single carrier transmission. 

Parallel transmission scheme was preferred for achieving high data rate despite its 

bandwidth inefficiency and high cost due to several modulators and demodulators when 

the equalizers are not developed. 

Transmission method Parallel Serial 

Symbol time Ts Ts/N 

Rate 1/Ts N/Ts 
Total Bandwidth 

required 
2*N/Ts+N*0.1/Ts (Assume Guard band=0.1/Ts) 2*N/Ts 

Susceptibility  to ISI Less More 
 

Table 2.1: Compares parallel transmission scheme with a single carrier transmission 

scheme 

 

Figure 2.3: Serial data-stream is split into parallel data-streams for OFDM transmission. 
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The problems of parallel transmission in OFDM system which we discuss previously,  

will be eliminated by using orthogonal sub-carriers ‘N’ instead of widely spaced sub-

carriers and employing IFFT and FFT algorithms for implementing the modulation and 

demodulation operations. As the sub-carriers are orthogonal, the spectrum of each carrier 

has a null at the center frequency of each of the other carriers in the system for 

orthogonality. This result has no interference between the carriers, allowing them to be 

spaced as close as theoretically possible. Mathematically 

                                ∫
⎩
⎨
⎧ ≠

==
a

b

qpfork
qpfordttqXtpX 0*)()(                                (2.1) 

Where * indicates the complex conjugate and interval [a, b] is a symbol period. Since the 

carriers are orthogonal to each other, the null of one carrier coincides with the peak of 

another sub-carrier. As the carriers are all sine/cosine wave, we know that area under one 

period of a sine or a cosine wave is zero. This is easily shown in below figure. 

 

Figure 2.4: The area under a sine and a cosine wave over one period is always zero. 

Orthogonality is achieved if the carriers are independent of each other. It allows multiple 

information signals to be transmitted perfectly over a common channel without 

interference. 
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2.4 Mathematical Description of OFDM 

OFDM is a form of multicarrier transmission technique where its carrier spacing is 

carefully selected so that each subcarrier is orthogonal to the other subcarriers. 

Furthermore by correlation techniques, orthogonal signals can be separated at the 

receiver. On the other hand, inter-symbol interference among channels will also be 

eliminated by using this correlation technique. Orthogonality can be achieved by 

carefully selecting carrier spacing, such as letting the carrier spacing be equal to the 

reciprocal of the useful symbol period. Mathematical deduction of the orthogonal carrier 

frequencies is given below. 

 

 

 

 

 

Figure 2.5: Examples of OFDM spectrum (a) a single sub-channel, (b) 5 carriers at the 

central frequency of each sub-channel, there is no crosstalk from other sub-

channels. 

Mathematically, each carrier can be described as a complex wave: 

                              ⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+

=
)()(

)()(
tctcf

etcAtcS
φω

                                                      (2.2) 

The real signal is the real part of Sc(t). Both Ac(t) and φ c(t), the amplitude and phase of 

the carrier, can vary on a symbol by symbol basis. The values of the parameters are 

constant over the symbol duration period τ .OFDM consists of many carriers. Thus the 

complex signals Ss(t) (Figure 2.5) is represented by: 

A spectrum of an OFDM sub-channel 
(during a single bit) 

OFDM spectrum 
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             Where,   ωωω Δ+= nn 0  

This is of course a continuous signal. If we consider the waveforms of each component of 

the signal over one symbol period, then the variables An(t) and φ n(t) take on fixed values, 

which depend on the frequency of that particular carrier and so can be rewritten: 

nAtnA
ntn

⇒

⇒

)(

)( φφ
 

If the signal is sampled using a sampling frequency of 1/T, then the resulting signal is 

represented by:  

                         ∑
−

=

+Δ+
=

1

0

])0[(1)(
N

n
nkTnf

enA
N

kTsS
φωω

                                    (2.4) 

At this point, we have restricted the time over which we analyze the signal to N samples. 

It is convenient to sample over the period of one data symbol. Thus we have a 

relationship: 

NT=τ                                                          

If we now simplify Eqn. 2.4, without a loss of generality by letting w0=0, then the signal 

becomes: 

                             ∑
−

=

Δ=
1

0

)(1)(
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n

kTnfefenA
N

kTsS n ωφ                                                   (2.5) 

Now Eqn. 2.5 can be compared with the general form of the inverse Fourier transform: 

                         ∑
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In Eqn. 2.5, the function nj
n eA φ=  is no more than a definition of the signal in the 

sampled frequency domain, and Ss(kT) is the time domain representation. Equations 2.5 

and 2.6 are equivalent if: 

τπ
ω 11

2
==

Δ
=Δ

NT
f  

This is the same condition that was required for orthogonality. Thus, one consequence of 

maintaining orthogonality is that the OFDM signal can be defined by using Fourier 

transform procedures. 

2.5 OFDM Generation and Reception 

After giving a brief introduction of OFDM system, this section provides the block 

diagram and briefly describes the system details.  

At the transmitter, the input information bit sequence is first passed to channel encoding 

to reduce the probability of error at the receiver due to the channel effects. Convolution 

encoding is preferred usually. Then either 16-QAM or QPSK mapping is used to map the 

bits. The symbol sequence is converted to parallel format and IFFT (OFDM modulation) 

is applied. After that the sequence is once again converted to the serial format. Guard 

time is provided between the OFDM symbols and it is filled with the cyclic extension of 

the OFDM symbol. Windowing is applied to the OFDM symbols to make the fall-off rate 

of the spectrum steeper. The resulting sequence is than passed on to the RF modulation 

stage. The resulting RF modulated signal is then transmitted to the receiver using the 

transmit antennas. Here, directional beam-forming can be achieved using antenna array, 

which allows for spectrum reuse by providing spatial diversity. 

 

 

 

OFDM Transmitter 

Channel 
coding 

Symbol 
Map 

Serial to 
Parallel 

IFFT 
(Modulation) 

Guard and cyclic 
extension 

Parallel 
to Serial 

Bits

 

RF tx 
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OFDM Receiver 

Figure 2.6: OFDM transmitter and receiver. 

Firstly the RF demodulation is done at the receiver. Then, timing and frequency 

synchronization are performed. After removing cyclic prefix from each OFDM symbol, 

the sequence is converted to parallel format and FFT is applied. The output is then 

serialized and symbol de-mapping is done to get back the coded bit sequence. Channel 

decoding is then done to get the user’s bit sequence. Time and frequency synchronization 

are very important for the OFDM based communication system. Without correct 

frequency synchronization the orthogonality will not exist among the carrier which leads 

to an increase in BER. Without correct timing synchronization it is not possible to 

identify the start of frames. 

2.6 Guard Period 

2.6.1 Insertion of a Guard Period 

The guard time insertion, also known as cyclic prefix, can be defined by copying the end 

of a symbol and adding it to the start results along with longer symbol time. Addition of a 

guard prefix to every OFDM symbol is a common way of combating the delay spread 

induced by a multipath channel. The length of the guard prefix is chosen in such a way 

that it can be larger than the expected delay spread. The multipath components from one 

symbol cannot interfere with the next symbol. 

Frequency corrected 

Timing and 
Frequency synch. 

Remove 
cyclic ext. 

Serial to 
Parallel 

 

FFT 
Parallel 
to Serial 

Symbol 
Demap 

 

Decoding Bits 

 

RF rx 
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Figure 2.7: Adding Guard Period to OFDM Symbol. 

The total length of the symbol is Ts = TG +TFFT , where Ts is the total length of symbol in 

samples, TG is the length of the guard period in samples and TFFT is the size of the IFFT 

used to generate the OFDM signal. A fundamental trade-off is that the cyclic prefix must 

be long enough to account for the anticipated multipath delay spread experienced by the 

system. As the cyclic prefix gets longer, the amount of overhead also increases. The 

sizing of the cyclic prefix forces a trade-off between the amount of delay spread and 

Doppler shift that is acceptable. 

2.6.2 Protection against ISI 

One of the outstanding features of OFDM is its efficient way of dealing with multipath 

delay spread. We know that in OFDM one symbol consists of Nc subcarriers. That’s why 

for a given system, the symbol rate of OFDM is much lower than that of a single carrier 

transmission scheme. This low symbol rate makes OFDM naturally resistant to the 

effects of Inter-Symbol Interference (ISI) caused by multipath propagation which is 

caused by the radio transmission signal reflecting off objects in the propagation 

environment (Figure 2.8). 
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Figure 2.8: Inter-symbol interference. 

While propagating, the RF signal gets reflected from buildings, walls and thus multiple 

signals reach the receiver at different time with different intensities. Multipath causes 

tones and delayed replicas of tones to arrive at the receiver with some delay spread. This 

leads to misalignment between sinusoids which need to be aligned for being orthogonal. 

The effect of ISI on an OFDM signal can be further improved by the addition of a guard 

period to the start of each symbol. 

2.6.3 Protection against ICI 

No signal is presented in the guard period. For this reason, the problem of Inter-carrier 

Interference (ICI) would arise. ICI means the crosstalk between different subcarriers. 

Orthogonality will be destroyed because of ICI. To illustrate it more clearly, let us 

consider Figure 2.9 which shows subcarrier 1 and a delayed subcarrier 2. When an 

OFDM receiver tries to demodulate the first subcarrier, it will encounter some 

interference from the second subcarrier, because within the FFT interval, there is no 

integer number of cycle difference between subcarrier 1 & 2. At the same time, there will 

be crosstalk from the first to the second subcarrier for the same reason. To eliminate ICI, 

the OFDM symbol is cyclically extended in the guard period. As each of the subcarrier 

waveforms has an integer number of cycles, addition of guard period doesn’t create any 

discontinuity or doesn’t hamper the properties of the symbol waveforms. This ensures 

that delayed replicas of the OFDM symbol always have an integer number of cycles 
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within the FFT interval, as long as the delay is smaller than the guard period. As a result, 

multipath signals with delays smaller than the guard period cannot cause ICI. 

Figure 2.9: Effect of Multipath - the 2nd subcarrier causes ICI on the 1st. 

2.7 Advantages of OFDM 

OFDM has several advantages over single carrier modulation systems and these make it a 

viable alternative for CDMA in future wireless networks. In this section, these 

advantages are discussed. 

2.7.1   Multipath Delay Spread Tolerance 

In wireless channels, OFDM is highly immune to multipath delay spread that causes 

inter-symbol interference. Since the symbol duration is made larger, the effect of delay 

spread is reduced by the same factor. Also by introducing the concepts of guard time and 
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cyclic extension, the effects of inter-symbol interference (ISI) and inter carrier 

interference (ICI) are removed completely. 

2.7.2   Immunity to Frequency Selective Fading Channels 

Complex equalization techniques are required at the receiver for single carrier 

modulation techniques if the channel subject to frequency selective fading. But in the 

case of OFDM the available bandwidth is split among many orthogonal narrowly spaced 

sub-carriers. Thus the available channel bandwidth is converted into many narrow flat-

fading sub-channels. Hence it can be assumed that the sub-carriers experience flat fading 

only, though the channel gain/phase associated with the sub-carriers may vary. In the 

receiver, each sub-carrier just needs to be weighted according to the channel gain/phase 

encountered by it. Even if some sub-carriers are completely lost due to fading, proper 

coding and interleaving at the transmitter can recover the user data. 

2.7.3   High Spectral Efficiency 

OFDM achieves high spectral efficiency by allowing the sub-carriers to overlap in 

frequency domain. At the same time, the sub-carriers are made orthogonal to each other.  

Figure 2.10: Spectrum Efficiency of OFDM Compared to FDM. 

If the number of sub-carriers is ‘N’ then the total bandwidth required is          

                             BWtotal = 
sT

N 1+
 

For large values of N, the total bandwidth required can be approximated as 

                             BWtotal
sT

N
≈  
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On the other hand, the bandwidth required for serial transmission of the same data is 

                             BWtotal
sT
N2

=  

Because no guard-band is needed between the adjacent sub-channels, OFDM can achieve 

spectrum efficiency close to Nyquist limit.  It can also achieve a spectral gain of nearly 

100% in OFDM compared to the single carrier serial transmission case. 

2.7.4   Efficient Modulation and Demodulation 

Modulation and Demodulation of the sub-carriers are done using computationally 

efficient IFFT and FFT methods respectively [21]. By performing the modulation and 

demodulation in the digital domain, the need for highly frequency stable oscillators is 

avoided. 

2.7.5   Robust to Impulse Noise 

For a channel with strong impulse noise, the duration of OFDM symbols is much longer 

than that of single carrier system. The transmitted symbols can still be largely recovered 

since only a small fraction of each symbol is interfered by noise. Thus OFDM is more 

robust to impulse noise than single carrier systems. 

2.8 Disadvantages of OFDM 

The Orthogonal Frequency Division Multiplexing (OFDM) transmission scheme is an 

attractive technology but has the following disadvantages: 

• OFDM is more sensitive to carrier frequency offset and drift than single carrier 

systems, due to leakage of the Discrete Fourier Transform (DFT). 

• It is sensitive to frequency synchronization problems. 

• It is sensitive to Doppler Shift. 
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• The OFDM signal has a noise like amplitude with a very large dynamic range. 

Therefore it requires RF power amplifiers with a high Peak-to-Average Power 

Ratio (PAPR). 

• The high PAPR increases the complexity of the Analog-to-Digital (A/D) and 

Digital-to-Analog (D/A) converters. 

• The high PAPR also lowers the efficiency of power amplifiers. 

2.9 Applications of OFDM 

The primary applications of Orthogonal Frequency Division Multiplexing (OFDM) are 

discussed below. 

2.9.1 Wireless LAN Applications 

Data rates in wireless applications are mainly limited because of multipath fading 

channel. HiperLAN/2 (European standard) and IEEE 802.11a pushes the performance of 

WLAN systems, allowing a data rate of 6Mbps to 54 Mbps. User location is achieved 

using TDM and subcarriers are allocated using a range of modulation schemes from 

BPSK up to 64 QAM , depending on the link quality. 

2.9.2 Digital Subscriber Loop (xDSL) 

Using  Discrete  Multi-tone (OFDM) on the same copper wire pair, DSL  can  be  

transmitted  data  up  to  52  Mbps, which is used to transmit more than 64 kbps using 

conventional PCM. In ADSL, DMT uses 249 channels in the frequency range of 26 kHz 

to 1.1 MHz in downstream and 25 channels between 26 kHz to 133.8 kHz in upstream. 

The carriers are spaced at 4.3125 kHz.  

2.9.3 Digital Audio Broadcasting (DAB) 

DAB is a European standard for digital broadcasting. It is intended to replace the current 

analog technologies such as Amplitude Modulation (AM) and Frequency Modulation 

(FM) with a good sound quality and better spectrum efficiency even in multipath fading 



Chapter 2: Fundamental Issues of OFDM Systems      22 

 

channel. DAB uses DQPSK modulation for subcarriers and has got four transmission 

nodes.  

2.9.4 Digital Video Broadcasting (DVB-T) 

DVB is also an ETSI standard for broadcasting digital television over satellites, cables 

and through terrestrial transmission. DVB-T receiver installed in a moving vehicle 

provides clear pictures and good music quality (as compared to analog TV technology) 

and since the technology is digital, multiplex transmission of maps and other navigation 

information is possible as a supplementary data service [35]. 

2.10 Summary 

A brief introduction and the mathematical model of OFDM system is described in this 

chapter. The major advantages of OFDM system are the protection against ICI and ISI is 

also furnished here. Moreover, the advantages, disadvantages and prominent applications 

of OFDM are also mentioned in this chapter.  
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CHAPTER 3 

ANALYTICAL MODEL OF PULSE SHAPING TECHNIQUE FOR 

PAPR REDUCTION IN OFDM SYSTEMS 
 

One of the major causes for signal degradation during transmission of OFDM signal is 

high PAPR. In this chapter, an efficient technique known as pulse shaping technique for 

reducing the PAPR of OFDM system has been introduced which is based on a proper 

selection of the time-limited waveforms of different sub-carriers. In this technique each 

sub-carrier pulse of OFDM scheme has a different shape and all these pulse shapes are 

derived from the same pulse shape. It has been shown that using this technique it is 

possible to design a set of time waveforms of OFDM systems that reduce the PAPR of 

the transmitted signal and improve its power spectrum simultaneously. The proposed 

method does not require additional FFT’s operators and need only single FFT and IFFT 

functions in the transceivers to operate. It works with arbitrary number of sub carriers and 

any type of base band modulation used. The implementation complexity of the proposed 

technique is by far much low. This technique is also very flexible and it can be used for 

OFDM and Discrete Multi-Tone (DMT) transmissions. It has the potential of reducing 

the PAPR of the OFDM signal without affecting the bandwidth efficiency of the system 

and does not require any side information. Therefore, through the use of pulse shaping 

techniques, certain pulse shape characteristics can be tested in search for the best pulse 

characteristics. The objective of this chapter is to find the best pulse shape characteristics 

that promote the improvements in lowering the factor of high PAPR found in OFDM 

signals. 
 

3.1 PAPR in OFDM Systems 

An OFDM system has a very high PAPR if a number of independently modulated sub-

carriers added up coherently. They produce a peak power when N signals are added with 

the same phase that is N times the average power of the signal. That’s why OFDM signal 

has a very large PAPR.  This high PAPR is very sensitive to non-linearity of the high 

power amplifier. 
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In OFDM, a block of N symbols {Xk , k=0,1,………,N-1}, is formed with each symbol 

modulating one of a set of subcarriers,{ fk , k=0,1,………,N-1 }. The N subcarriers are 

chosen to be orthogonal, that is, fk =k∆f, where ∆f=1/NT and T is the original time period. 

The resulting signal is given as 

                        x(t )= ∑
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0
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tkfj
ekX

π
, 0≤t≤NT                                                         (3.1) 

PAPR is defined as 

 

         (3.2) 

 

where E[.] denotes the expectation operator. 

3.2 Effect of High PAPR 

In order to accommodate the large range of the signal power values due to high PAPR, 

the OFDM system requires more complicated analog-to-digital (A/D) and digital-to-

analog (D/A) converters. So, the complexity and cost of implementation will be increased 

due to high PAPR. 

The power amplifiers at the transmitter need to have a large linear range of operation. By 

using high power amplifier (HPA) in the transmitter section of OFDM system, the 

nonlinear distortions and peak amplitude limitation will be introduced. That’s why inter-

modulation between the different carriers will be produced and introduced additional 

interference into the system. This additional interference leads to an increase in BER of 

the system. One way to avoid such non-linear distortion and keep low BER is to force the 

amplifier to work in its linear region. Unfortunately such solution is not power efficient 

and thus is not suitable for wireless communication. Hence a high PAPR in the system 

design should be restricted. 

3.3 Relationship between PAPR and cross correlation 

The denominator of the PAPR definition actually defines the cross correlation between 

different samples of the transmitted signal x(t) of the same OFDM block defined for 0 to 

T. Therefore a more informative expression can is elaborated, 
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The technique that is focused on in this thesis involves the increasing of the denominator 

expression which is the definition of the cross correlation between the different OFDM 

subcarriers. In the following expression, the cross correlation is entirely dependent upon 

the different time pulse waveforms of different subcarriers. 
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Applying the orthogonality property, the cross correlation is reduced further 
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The cross correlation between different pulses result in zero value which reduces the 

double summation to a single sum dependent on one variable ‘n’. The objective is to 

focus on achieving the highest correlation between the subcarriers. If the cross correlation 

tends to one, then a very low PAPR can be achieved. Using this intuition for PAPR 

reduction, two theorems known as PAPR reduction using same pulse shape and PAPR 

reduction using different pulse shape are discussed in the below sections to help for 

determining an appropriate approach in reaching the goal [15]. 

3.4 PAPR Reduction using Same Pulse Shapes  

In classical OFDM, the pulse shapes used for each subcarrier are rectangular pulses. This 

method of PAPR reduction is based on the applications of identical pulse shapes for 

every subcarrier. A condition is tested for some chosen pulse shape which satisfies the 

following condition, 

)()(.........)()( 110 tptptptp NN ==== −                                                              (3.6)                         

Equation 3.4 defines that the same shaped pulse used for all subcarriers. It states that the 

maximum occurring power ratio of PAPR is lower bounded by N, that is: 

                    PAPRmax>=N                                                                                              (3.7) 

The lowest PAPR is achievable when a rectangular pulse shape is used. Clearly, this 

condition is not what is desired because the PAPR can increase indefinitely without 
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bound. Another disadvantage is that the maximum PAPR limited by the lower bound of 

N, limiting the reduction of PAPR. 

3.5 PAPR Reduction using Different Pulse Shapes  

In this section, the PAPR reduction problem is investigated using different subcarrier 

pulses. For an OFDM scheme, N subcarriers are used to relay information in parallel 

subcarriers. Each subcarrier will be specified from the set of different pulse shapes {P0(t), 

P1(t), P2(t)… PN(t)}. The set of different pulse shapes are generated as follows, 

                                ⎩
⎨
⎧ ≤≤−

=
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                               (3.8) 

Where Ts=T/N and w(t) is a periodic time domain pulse sequence. It states that through 

this approach of pulse generation, the limit of the maximum power ratio PAPRmax can be 

proven to be upper bounded by N as indicated in the following, 

              PAPRmax<=N                (3.9 a) 

where                                                                                                              
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The worst case PAPRmax is achieved when {P0(t), P1(t), P2(t)… PN(t)} is chosen to be 

rectangular pulses. This theorem states that in order to reduce the PAPR of the OFDM 

signal, different pulse shapes for different subcarriers should be used [15]. So, the next 

section discusses different characteristics of existing (Sine, Raised cosine and Square root 

raised cosine) and the employed (Tukey window and Kaiser window) pulse shaping 

techniques for reducing PAPR of OFDM system. 

3.6 Existing Pulse Shaping Technique for PAPR Reduction of OFDM system 

3.6.1 Sine Pulse 

3.6.1.1 Time Domain Characteristics 

The pulse that was proposed by Slimane [15] is a narrowband time limited Sine 

waveform which is defined by the following equation: 

(3.9 b) 
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Where, ,
)!4(
)!2(22

n
nA

n

n =    for integer n      

By varying the parameter of ‘n’ in expression, different Sine waveforms are produced. 

The first shape is gained by setting the parameter n = 0, 1 and 4 as depicted in Figure 3.1. 

 

 
Figure 3.1: Time domain for varying n (Sine pulse). 

For each successive increase of ‘n’, different Sine pulses are produced. The pulse shape 

when n = 1 will be used as a point of reference to reflect upon improvements of PAPR 

reduction for different consecutive ‘n’ values. The standard sequence length is used for 

narrowband time limited pulses where each pulse composes of N = 128 points. The 

following figure shows the impulse response of Sine pulse. 
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Figure 3.2: Impulse response when N=128 

and n=0.     

Figure 3.4: Impulse response when N=128 and n=4. 

From the above figure we can observe that the gradual increase of ‘n’ causes the 

narrowing of the pulse with steeper transitions and the gradual increase in the peak of the 

pulse.  

 

Figure 3.3: Impulse response when N=128 

and n=1. 
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3.6.1.2 Frequency Characteristics  

Through the observations of the time domain plots, vague judgment can be made upon 

pulse characteristics. Although there are some noticeable behaviors and changes in time 

domain, more specific and comparable measures are found in the frequency domain. 

These characteristics include the behavior and features exhibited by the main lobe and 

side lobes. 

 

Figure 3.5: Frequency Response (Sine pulse). 

With the progression into the Sine shaped pulses, the frequency response begins to gain a 

broader main lobe whilst the side lobes decay faster with frequency. The following main 

characteristics that are observed for the sine pulse:  

• Main lobe exhibits curved response with slow pass-band to stop-band transition  

• As ‘n’ parameter is increased  

 Increasing main lobe width  

 Decreasing side lobe peak width  

 Increasing attenuation decay rate with successive increase in ‘n’  

The growth in the height of the sine pulse as parameter ‘n’ increases does not affect the 

frequency response plot. 
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3.6.2 Raised Cosine Pulse  

The Raised cosine pulse [7], which is a broadband pulse, have been designed such that its 

shape no longer adhere to rectangular shape with sharp transitions, but rather smoothed 

decaying transitions which were more practically achievable. A family of spectra that 

satisfy the Nyquist Theorem is the raised cosine family whose spectra are 
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Where the parameter roll-off factor α is a real number in the interval 0 ≤ α ≤ 1 that 

determines the bandwidth of the spectrum. Since the spectrum is zero for | f |> (1-α)/2T, 

the bandwidth of the baseband pulse is (1-α)/2T.  

 

3.6.2.1 Time Domain Characteristics  

The time domain equation of the Raised cosine pulse shaping technique which is a 

broadband pulse shaping technique is introduced below. 
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                              (3.12) 

Here, w is the bandwidth and α (alpha) is used to measure the bandwidth of the spectrum. 

The above equation will be used to compare with Sine pulse, abiding by predetermined 

interval periods for |t| < 12 seconds and N = 128 + 1. 
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Figure 3.6: Time domain for varying α (Raised cosine pulse). 

The increase of α (alpha) from 0 to 1 cause the side attenuations to decay more quickly 

with time as illustrated in Figure 3.6. The characteristics of the time domain Raised 

cosine response change gradually with respect to the ‘roll-off factor’ as seen in the 

following plot. The impulse responses for different values of alpha are shown in the 

below figures: 

   

 

 

Figure 3.7: Impulse response when N=128 

and alpha=0. 

Figure 3.8: Impulse response when N=128 

and alpha=0.5. 



Chapter 3: Analytical Model of Pulse Shaping Technique  32 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Impulse response when N=128 and alpha=1. 

From the above figures we can conclude that when the value of alpha is increased from 0 

to 1 the number of side lobe gradually decreased which shows the effects of alpha in the 

time domain characteristics. 

3.6.2.2 Frequency Characteristics  

The Raised cosine pulse acquires the following frequency domain characteristics as 

shown in Figure 3.20. 

 

Figure 3.10: Frequency Response (Raised cosine pulse). 
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The pulse behavior changes according to α in the following ways:  

• Flat top main lobe response  

• Rapid pass-band to stop-band transition region  

• As α is increased  

 The main lobe increases in width  

 Side-lobe attenuation height decreases 

 Decreased in rate of pass-band to stop-band transition  

The broadband type pulses exhibit different frequency characteristics and behavior 

compared to narrowband pulses as discussed previously. 
 

3.6.3 Square Root Raised Cosine Pulse 

Another broadband pulse shape known as the Square root raise cosine pulse [33] is a 

similar pulse that is based on the Raised cosine pulse. The frequency response of the 

Square root raised cosine pulse is achieved through the Square root of the Raised cosine 

magnitude response in the frequency domain. The pulse is readily defined by 
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The theoretical frequency response acquires more rapid transitioning sides compared to 

the standard raised cosine. Additionally, the responses attain abrupt convergence to the 

zero values on the frequency axis. The freedom of choice with the ‘roll-off parameter’ 

also allows the Root raised cosine pulse to achieve the variable bandwidth at different 

curvatures. The maximum attainable bandwidth is double the minimum bandwidth of 

w=fb/2.The time domain Square root raised cosine pulse has two different properties 

compared with the original Raised cosine pulses which is described in the following:  

• For successive increases in α, the peak of the pulse does not remain at 

unity. It increases in height by a small fraction as compared to raised 

cosine.  
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• Secondly, the zero crossings of each different pulse vary with α and are 

not coincident with each other.  

• The Square root raised cosine pulse produce thinner main lobe responses 

for increasing α compared to standard Raised cosine time response.  

The main similarities between the two pulses exhibit thinner steeper main lobes and 

faster decaying side lobe attenuations as α is increased. 

3.6.3.1Time Domain Characteristics  

The equation that specifies the Square root raise cosine time domain pulse can be defined 

by the following expression: 

 

 

The time domain pulse that is used for simulation encapsulates most of the pulse energy 

for a 24 seconds spread shown below.  

 
Figure 3.11: Time domain for varying alpha (Square root raised cosine pulse). 
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The impulse responses for different values of alpha of the Square root raised cosine pulse 

are shown in the below figure. 

 

 

 

Figure 3.14: Impulse response when N=128 and alpha=1. 

The time domain characteristics have been truncated for interval | t | < 12 seconds causing 

some deviations from the theoretical plots as displayed in the above figures. 

 

Figure 3.12: Impulse response when N=128 

and alpha=0. 

Figure 3.13: Impulse response when N=128 

and alpha=0.5. 
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3.6.3.2 Frequency Characteristics  

As α is varied, the corresponding pulse shape frequency responses have been produced to 

contrast characteristics with Sine pulses and standard Raised cosine pulses: 
 

 

 

 

 

 

 

 

 

Figure 3.15: Frequency Response (Square root raised cosine pulse). 

The main characteristics to note from the frequency response are:  

• Flat top main lobe response  

• Rapid pass-band to stop-band transition region  

• As α is increased  

 The main lobe increases in width  

 Side lobe attenuation height decreases  

 Flat lobe response gradually gains curvature  

 

3.7 Proposed Pulse Shaping Techniques for PAPR Reduction 

3.7.1 Kaiser Window Pulse 

3.7.1.1 Time Domain Characteristics 

Kaiser window or Kaiser-Bessel window pulse shaping technique is a narrowband pulse 
shaping technique which is employed for PAPR reduction in OFDM system. It is created 
through the windowing of a rectangular pulse. It is used as transmit and receive 
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windowing technique in digital communication system. The time domain Kaiser window 
shape will be examined and considered for comparisons with another narrowband pulse, 
Sine pulse. Because Kaiser window produces similar time domain shapes to the Sine 
pulse, more specific characteristics can be investigated to quantify the difference in 
performance with Sine pulses for PAPR reduction. The following equations are 
formulated the shape of the window according toβ  which is an arbitrary real number. 
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Here, I0 is the zero-th order modified Bessel function of the first kind and A is the 
attenuation of the side lobe. Three β (beta) values have been chosen to represent time 

domain pulses shown in Figure 3.1. 

 
t 

Figure 3.16: Time domain for varying β (Kaiser window pulse). 

W(t) 
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From Figure 3.16 we can observe that the time domain pulse become narrower with the 

increase of beta value. Other characteristic which is found from the above figure that the 

Kaiser window pulse is always normalized in height. The impulse response of Kaiser 

window pulse for the different values of beta is shown below: 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 3.19: Impulse response when N=128 and beta=55. 
 

 

 

 

Figure 3.17: Impulse response when N=128 
and beta=1.      

Figure 3.18: Impulse response when 
N=128 and beta=25.
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3.7.1.2 Frequency Characteristics 

By investigating the frequency domain characteristics of Kaiser window pulse, the 

changes in the frequency response characteristics can be observed with respect to the 

parameterβ  (beta) which is shown in the Figure 3.5. 

 

                              

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20: Frequency Response (Kaiser window pulse).  

The characteristics acquired by Kaiser window pulse is described in the following: 

• Curved main lobe response with slow pass-band to stop-band transition 

• For increasing β  value 

 Increasing main lobe width 

 Decreasing side lobe peak width 

 Slow attenuation decay rate with frequency 

From the above characteristics it can be seen that the side lobe attenuation is generally 

remains at constant level exhibiting slow decay with increasing frequency.  
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3.7.2 Tukey Window Pulse 

3.7.2.1 Time Domain Characteristics  

Another narrowband pulse shaping technique employed for PAPR reduction in OFDM 

system in this research work is created through the windowing of a rectangular pulse by 

the Tukey window. It can be regarded as a cosine lobe of width rN/2 and is convolved 

with a rectangular window of width (1 − r/2) N. It is also called the Tukey-Hanning or 

Blackman-Tukey window. It can be defined as below:    
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                                                        Ntotwhere 1=  

Here, t is a N–point linearly spaced vector generated using line space. r is the ratio of 

taper to constant sections and is between 0 and 1. It r<=0 then it becomes rectangular 

pulse and if r>=1then it becomes Hann window pulse. The default value for r is 0.5. The 

time domain and the impulse response of the Tukey window pulse are shown in the 

below figures where the number of subcarrier is 128. 

 
Figure 3.21: Time domain for the varying r (Tukey window pulse). 

t 

W(t) 
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Figure 3.24: Impulse response when N=128 and r=0.75. 

There are similar characteristics between the Tukey window pulse and Kaiser window 

pulse. For example it narrows the time domain pulse as shape parameter r is increased.  

3.7.2.2 Frequency Characteristics 

By investigating the frequency domain, the changes in the frequency response 

characteristics can be observed with respect to the parameter ‘r’. The frequency response 

Figure 3.22: Impulse response when N=128 

and r=0.25.              

Figure 3.23: Impulse response when N=128 

and r=0.5.             
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of Tukey window pulse shaping technique is shown in the below figure where the 

number of subcarrier, N is 128. 

                                  

 

 

 

 

 

 

 
 

Figure 3.25: Frequency Response (Tukey window pulse). 

3.8 Summary 

One of the major causes for signal degradation during transmission of OFDM signal is 

high PAPR which is discussed in this chapter. To solve this problem an efficient 

technique particularly known as pulse shaping technique is depicted here. Different 

characteristics such as time domain, frequency domain and impulse response of the 

existing narrowband and broadband (Sine, Raised cosine and Square root raised cosine) 

pulse shaping technique and employed narrowband (Tukey window and Kaiser window) 

pulse shaping technique are analyzed in this chapter.   
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CHAPTER 4 

RESULTS AND DISCUSSION 

In this Chapter, we discuss the results of the mathematical analysis carried out in chapter 

three. At first the performance analysis such as PAPR and Cross correlation of the 

existing narrowband and broadband pulse shaping methods (Sine, Raised cosine and 

Square root raised cosine pulse),  introduced in the previous chapter has been carried out 

individually. Finally, we compare the performance of the employed narrowband pulse 

shaping techniques, Kaiser window and Tukey window pulse shaping techniques, in 

order to find out the best pulse shaping technique for both narrowband and broadband 

pulses to reduce PAPR in OFDM system efficiently.  

4.1 Existing Pulse Shaping Techniques 

4.1.1 Sine Pulse 

4.1.1.1 Maximum PAPR Plot 

It is a narrowband pulse shaping technique which is used in OFDM system to reduce 

PAPR. The maximum PAPR equation defined in (3.9b) specifies the worst case PAPR. 

The definition of maximum PAPR is entirely based on the summing of the pulse values 

throughout the pulse interval. The important factor that should be noted is that increasing 

pulse heights directly affects the maximum PAPR. This figure shows how the PAPR can 

be reduced efficiently using Sine pulse shaping technique for different subcarriers (N) of 

256 and 512. From Figure 4.1, it can be seen that when the number of subcarrier is 256 

and the value of sampling rate (n) is 0, the maximum PAPR is approximately 21dB. After 

increasing the value of n to 1 the PAPR is gradually decreased and it becomes around 

0dB. So, the behavior of the PAPR is seen to decrease with increasing ‘n’ which reflects 

on the increasing correlation between subcarriers as well. The same result is observed 

when the number of subcarrier is 512. 
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Figure 4.1: The maximum peak to average power ratio of OFDM signals using Sine pulse 

when the number of subcarrier is 256 and 512.  

However, the value of PAPR while using subcarrier of 512 always remains little bit 

higher compared to the PAPR value with subcarrier 256 for same sampling rate. 

Therefore, one important factor to note from the above figure is that when the number of 

subcarrier N is increased in the system, the PAPR increases dramatically which reflects 

the theory of high PAPR in OFDM signals i.e., the sums of all subcarrier signals 

produced by the separation of transmission, lead to constructive superposition creating 

regions of large power peaks and thus contributing to high PAPR. However still our 

employed method reduces PAPR more significantly compared to the existing system. 
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Figure 4.2: The maximum peak to average power ratio of OFDM signals using Sine pulse 
when the number of subcarrier is 64 and 1024[7].  

 
Figure 4.3: The maximum peak to average power ratio of OFDM signals using Sine pulse 

when the number of subcarrier is 64 and 1024.  
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In order to show the efficiency of our employed method we compare the performance of 

the employed method with the existing pulse shaping technique of Slimane Ben Slimane 

[34] in Figure 4.2 and Figure 4.3. From these two figures it can be seen that when the 

number of subcarrier is 64 and the value of n is 0, the maximum PAPR is approximately 

18dB and 6dB. When we increase the value of n to 18 the maximum PAPR is about 11dB 

and -12dB. So, we can conclude that our employed technique can reduce PAPR of 

OFDM systems more efficiently. 

4.1.1.2 Cross correlation 

To prove the efficacy of our proposed method we analyze the Cross correlation between 

different OFDM samples of the same block using Sine pulse which is shown in Figure 

4.4. 

 
Figure 4.4: Normalized Cross correlation between different OFDM samples of the same 

block using Sine pulse. 
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Figure 4.4 shows the steady improvement in the Cross correlation between pulse samples 

for a gradual increase of ‘n’. Here we use different values of n (n=0, 4, 16).The 

relationship can be established from the figure that the characteristics of increasing main 

lobe width and decreasing side-lobe peaks are favorable for improvements in Cross 

correlation. The distance between the zero Crossings of the attenuations apparent in the 

red plot represents the 1/T separation. The enhancement level of the Cross correlation 

starts to reduce for large ‘n’. 

4.1.2 Raised Cosine Pulse 

4.1.2.1 Maximum PAPR Plot   

The Raised cosine pulse is the first broadband pulse shaping technique used in this 

research work for reducing PAPR in OFDM system. The maximum peak to average 

power ratio of OFDM signals using Raised cosine pulse as a function of the parameter 

alpha (roll off factor) and the number of subcarrier is 256 and 512 is shown in Figure 4.5. 

 

Figure 4.5: The maximum peak to average power ratio of OFDM signals using Raised 

cosine pulse when the number of subcarrier is 256 and 512.  
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From the above figure it can be noticed that when the parameter alpha is increased, the 

PAPR of OFDM system increases up to 5.5dB and 2.5dB for subcarrier (512 and 256) 

and the roll-off factor, alpha (0.1). After that the PAPR remains constant for any values 

of alpha. The same characteristic is observed for any number of subcarrier. Although the 

PAPR remains constant, the pulse shapes exhibit better pulse characteristics by 

comparing Figure 4.1 and 4.5. So Raised cosine pulse reduces PAPR more efficiently 

than Sine pulse. 

4.1.2.2 Cross correlation 

The Cross correlation plot indicates that the broadband Raised cosine pulse (Figure 4.6) 

out performs the previous Sine pulse (Figure 4.4) with roughly doubled Cross correlation 

bandwidth. The Gibb’s phenomenon is evident where overshoot errors are visible in both 

the frequency response and Cross correlation, especially for case α = 0. There is a direct 

relationship that relates the bandwidth of the main lobe in the frequency response to the 

cut-off frequencies of the Cross correlation which determine the width of the Cross 

correlation plots. The normalized Cross correlation between different OFDM samples of 

the same block using Raised cosine pulse and different values of alpha is shown below. 

Figure 4.6: Normalized Cross correlation between different OFDM samples of the same 

block using Raised cosine pulse. 

Pivot point

Cut-off fc
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From Figure 4.6 we can observe that there is noticeable behavior of the cut-off frequency 

as α is increased. Although the cut-off frequency of the Cross correlation plot increases, 

the pass-band region starts to increase in curvature. Hence the area under the Cross 

correlation curve for the pass-band region located to the left of the pivot point decreases 

in area at the same rate at the stop-band region to the right of the pivot point increases. 

Thus Cross correlation show little change in normalized Cross correlation between 

different subcarrier pulses as alpha is varied. 

4.1.3 Square Root Raised Cosine Pulse 

4.1.3.1 Maximum PAPR Plot   

The maximum peak to average power ratio of OFDM signals using another broadband 

pulse shaping technique known as Square root raised cosine pulse as a function of the 

parameter alpha (roll off factor) and the number of subcarrier 256 and 512 is shown in 

Figure 4.7. By observing the maximum PAPR plot, the Square root raised cosine pulse 

also begins at the same PAPR level as Raised cosine (Figure 4.5) because both pulses 

have the same initial time domain pulse. As indicated by the PAPR plot against 

parameter α, obviously there is a linear relationship in dB scale hence, PAPR decreases 

logarithmically as alpha increase from 0 to 1.     

 
Figure 4.7: The maximum peak to average power ratio of OFDM signals using Square 

root raised cosine pulse when the number of subcarrier is 256 and 512.  
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Figure 4.7 demonstrates that the Square root raise cosine pulse exhibits improved 

attributes over standard Raised cosine sustaining the increasing Cross correlation between 

pulses. When the value of alpha is 0 the PAPR of OFDM system is 2.3dB and when 

alpha is 1 the PAPR is significantly decreased and it is 0.3dB. Here the number of 

subcarrier is 256. After increasing the number of subcarrier the same behavior is 

observed. But for Raised cosine pulse the PAPR is 2.5dB when alpha is 1(Figure 4.5). 

Thus the Square root raised cosine is found to outperform all the pulses that have been 

tested for PAPR reduction. It reduces the PAPR more effectively than any other 

narrowband and broadband pulses. 

4.1.3.2 Cross correlation  

The performance of the Cross correlation of the Square root raised cosine pulses for the 

number of subcarrier 256 is shown in the following Figure 4.8. 

 
Figure 4.8: Normalized Cross correlation between different OFDM samples of the same 

block using Square root raised cosine pulse. 

Pivot pint 
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The Square root raised cosine pulse has a slight advantage over Raised cosine pulse as 

the level of Cross correlation gradually increases for increasing α. One important 

difference that should be realized is the height of the pivot point and point of 

intersections is higher compared with the standard Raised cosine case. By observing 

again the area under the Cross correlation curve on Figure 4.8 as α is increased, the 

amount of area increase on the right side of the higher pivot point is visibly larger than 

the decrease in area coverage to the left of the pivot point. Overall, there is a general 

improvement in the Cross correlation plot as α is increased. The same relationship exists 

where the frequency characteristics of the pulses are generally reflected in the Cross 

correlation plots. Comparisons show that the Cross correlation curves for Square root 

cosine tend to zero more abruptly with steeper transitions compared to the standard 

Raised cosine. Since the Square root raised cosine pulses have much higher amplitude 

responses and steeper transitions, the larger area on the Cross correlation plots constitutes 

to higher correlation between OFDM subcarriers.  

4.2 Proposed Pulse Shaping Techniques 

4.2.1 Kaiser Window Pulse 

4.2.1.1 Maximum PAPR Plot 

The maximum PAPR using our employed narrowband Kaiser window pulse shaping 

technique in OFDM system as a function of the parameter beta (an arbitrary real number 

that determines the shape of the window) is shown in Figure 4.9. 
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Figure 4.9: The maximum peak to average power ratio of OFDM signals using Kaiser 

window pulse when the number of subcarrier is 256 and 512.  

From the behavior of the above pulse it can be observed that when the parameter beta is 0 

the maximum PAPR is 15.1dB and 18.1 dB for the number of subcarrier 256 and 512 

respectively. When we increase the value of beta the PAPR is moderately decreased and 

it becomes 14.4dB while the beta is 1 and the number of subcarrier is 256. PAPR reduces 

in the similar way for the number of subcarrier 512 although the value of PAPR while 

using subcarrier of 512 always remains little bit higher compared to the PAPR value with 

subcarrier 256 for same arbitrary real number, beta. So, from Figure 4.9 we can conclude 

that the gain will be high when the value of beta is higher. We can also monitor that the 

PAPR of OFDM system will increase when the number of subcarrier increases. 

4.2.1.2 Cross correlation 

Cross correlation is a function which depends on the time waveforms of the different 

carriers. Thus, a proper selection of the subcarrier time waveforms will increase the Cross 
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correlation function and reduce the PAPR of the multicarrier signal. So, to prove the 

efficacy of the proposed pulse shaping technique the normalized Cross correlation 

between the OFDM block samples using Kaiser window pulse for different values of beta 

and a total of N (256) subcarriers is shown in Figure 4.10. 

 
Figure 4.10: Normalized Cross correlation between different OFDM samples of the same 

block using Kaiser window pulse. 

Figure 4.10 illustrates the normalized Cross correlation between the OFDM block 

samples for different values of beta (1, 25, 55) and a total of N (256) subcarriers. We 

notice that the correlation increases with beta which is consistent with the results of 

Figure 4.9 as mentioned earlier, higher correlation between the different samples of the 

OFDM block reduces the PAPR of the signal. 

4.2.2 Tukey Window Pulse 

4.2.2.1 Maximum PAPR Plot 

For Tukey window pulse (another employed narrowband pulse), the PAPR of OFDM 

signals as a function of the parameter r (the ratio of tapered section to constant section 

with 0 ≤r≤1) is shown in Figure 4.11. 
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Figure 4.11: The maximum peak to average power ratio of OFDM signals using Tukey 

window pulse when the number of subcarrier is 256 and 512.  

Form the above figure it is observed that the Peak to Average Power Ratio of the OFDM 

signal is reduced with the increase of r. When the number of subcarrier is 256 and the 

value of r is 0 and 1, the PAPR is 15dB and 9dB respectively. But in case of Kaiser 

window pulse we can notice from Figure 4.9 that when the value of n is 0 the PAPR is 

15.1dB and when it is 1 the PAPR is 14.4dB for the number of subcarrier 256. So it can 

be concluded that the Tukey window pulse reduce PAPR of OFDM system more 

efficiently than the Kaiser window pulse. On the other hand by comparing the Figure 4.1 

(PAPR for Sine pulse) and Figure 4.11(PAPR for Tukey window pulse), we can find that 

Tukey window pulse reduces the PAPR of OFDM system more efficiently among all the 

narrowband pulse shaping techniques. We can also summarize that when we increase the 

number of subcarrier the PAPR is also increased which coincides with the theory of high 

PAPR in OFDM system.  
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Finally by comparing all the narrowband pulses (Sine, Kaiser and Tukey), it can be seen 

that the Tukey window pulse will reduce the PAPR more significantly than any other 

narrowband pulses and the existing system. 

4.2.2.2 Cross correlation 

The Cross correlation achieved by both the Kaiser window and Tukey window pulses 

have very similar performance for the range of the parameters beta and r respectively.  

 
Figure 4.12: Normalized Cross correlation between different OFDM samples of the same 

block using Tukey window pulse. 

The normalized Cross correlation of the Tukey window pulse for different values of r 

between the OFDM block samples is shown in Figure 4.12. By increasing r, the Cross 

correlation between different time pulse samples of the same OFDM block is also 

increased. The difference of the side lobe attenuation decay rates does not appear to 

affect the Cross correlation over the range of the shape parameters. Here the values of the 

parameter are 0.25, 0.5 and 0.75 and with the increase of r the Cross correlation 

increases. The normalized Cross correlation remains constant when |t1-t2|/T is from 0.28 

to 0.72 and starts increasing after that. But for Kaiser window pulse it increases a little bit 
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when |t1-t2|/T is 0.5. So, The Tukey window pulse shaping technique reduces PAPR 

more efficiently than Kaiser window pulse shaping technique. 

After analyzing all the simulation results such as PAPR and Cross correlation of both 

existing (Sine, Raised cosine and Square root raised cosine) and employed (Kaiser 

window and Tukey window) pulse shaping techniques it can be concluded that among 

narrowband pulses, Tukey window pulse and in case of broadband pulses, Square root 

raised cosine pulse reduce PAPR more significantly than any other pulses as well as the 

conventional OFDM system. Furthermore, in order to prove the efficacy of the efficient 

pulse shaping technique, Square root raised cosine pulse; Bit Error Rate (BER) 

performance is also examined and compared with the conventional OFDM system in the 

next chapter. 

4.3 Summary 

We have discussed the simulation result based on the analysis carried out in chapter 

three. PAPR and Cross correlation of the employed pulse shaping techniques, both 

existing (Sine, Raised cosine and Square root raised cosine) and proposed (Kaiser 

window and Tukey window) pulse shaping techniques, are compared in order to select 

the best pulse shaping technique for narrowband and broadband pulses, to reduce the 

PAPR in OFDM system. Result shows that among narrowband pulses, Tukey window 

pulse and in case of broadband pulses, Square root raised cosine pulse reduces the PAPR 

more efficiently than any other pulses as well as the conventional system.  
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CHAPTER 5 

SIMULATION AND ANALYSIS 

In order to characterize the performance of the employed pulse shaping technique for 

reducing PAPR of OFDM system in presence of transmission errors, we have developed 

a simulation model in this chapter, where we consider all the steps of OFDM system 

using Matlab simulation package. The main objective of the simulation is to measure the 

bit error rates (BERs) for the Raised cosine pulse, the most efficient pulse shaping 

technique (Square root raised cosine pulse) and the conventional OFDM system and 

compared to show the efficiency of the employed pulse shaping technique.  

5.1 Simulation Model 

An OFDM system for reducing PAPR using pulse shaping technique was modeled using 

Matlab to allow various parameters of the system to be varied and tested. The model of a 

typical OFDM communication system with various pulse shaping functions for 

measuring BER is shown in Figure 5.1. In this system the source signal is first encoded 

and then a high speed serial data stream is split up into a set of low speed sub streams. 

After that Gray coding is used for mapping binary bit information into symbol and a 

QAM modulation is used to modulate the transmitted signal. Each sub stream will 

modulate a separate carrier through the IFFT modulation block, which is in fact the key 

element of an OFDM scheme. A cyclic prefix is inserted in order to eliminate the inter 

symbol and inter-block interference (IBI). This cyclic prefix of length L is a circular 

extension of the IFFT-modulated symbol, obtained by copying the last L samples of the 

symbol in front of it. The data are back-serial converted, forming an OFDM symbol that 

will modulate a high-frequency carrier before its transmission through the channel. The 

radio channel is generally referred to as a linear time-variant system.  Finally before 

transmission through the AWGN channel the most efficient pulse shaping technique 

(Square root raised cosine pulse) is used in the transmitter section to reduce the PAPR of 

OFDM system more significantly. To the receiver, the inverse operations are performed. 

A brief description of the simulation model will be mentioned in the next section.  
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         OFDM Receiver 

Figure 5.1: OFDM Model used for simulation. 

5.1.1 Serial to Parallel Conversion 

The data which is to be transmitted is typically in the form of a serial data stream in 

OFDM system. A serial to parallel conversion stage is needed to convert the input serial 

bit stream in OFDM system. The modulation scheme and the number of subcarriers are 

the key elements of the data allocated for each symbol. For example, for a subcarrier 

Signal Source Channel Coding        S/P Symbol Mapping &  
 Modulation 

       IFFT         Add CP       P/S Pulse Shaping 

        FFT      Remove CP        S/P Pulse Deshaping 

   Output Channel Decoding       P/S Symbol Demapping &  
Demodulation 

 AWGN 

Channel 

BER calculator 
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modulation of 16-QAM each subcarrier carries 4 bits of data and so for a transmission 

using 100 subcarriers the number of bits per symbol would be 400. As a result the serial 

to parallel conversion (Figure 5.2) stage involves filling the data payload for each 

subcarrier. At the receiver the reverse process takes place, with the data from the 

subcarriers being converted back to the original serial data stream [36].  

 

Figure 5.2: Serial to Parallel conversion. 

5.1.2 Symbol Mapping and Modulation 

After serial to parallel conversion, the bits are allocated for each subcarrier. Then the bits 

are mapped using a modulation scheme which is represented by a complex In-phase and 

Quadrature-phase (IQ) vector. Figure 5.3 shows an example of subcarrier modulation 

mapping. This example shows 16-QAM, which maps 4 bits for each symbol. Each 

combination of the 4 bits of data corresponds to a unique IQ vector, shown as a dot on the 

figure. A large number of modulation schemes are available which allows the number of 

bits transmitted per carrier per symbol. Subcarrier modulation can be implemented using 

a lookup table, making it very efficient to implement. 
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Figure 5.3: 16-QAM, with gray coding of the data to each location using IQ constellation. 

In the receiver, mapping the received IQ vector back to the data word performs subcarrier 

demodulation. During transmission, noise and distortion becomes added to the signal due 

to thermal noise, signal power reduction and imperfect channel equalization. 

5.1.3 FFT and IFFT 

FFT stands for Fast Fourier Transform and IFFT stands for Inverse Fast Fourier 

Transform. Actually FFT is faster than the Discrete Fourier Transform (DFT). The FFT 

use some clever algorithms to do the same thing as the DFT, but it takes much less time 

than DFT. It is extremely important in the area of frequency (spectrum) analysis because 

it takes a discrete signal in the time domain and transforms that signal into its discrete 

frequency domain representation. 
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                                 Figure 5.4: The two views of a signal. 

At first the FFT takes a random signal. Then by complex exponential it multiplies 

successively. After that it sums each product and plots the results as a coefficient of that 

frequency. The coefficients are called a spectrum. The results of the FFT in common 

understanding is a frequency domain signal. We can write FFT in sinusoids as 
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Here x(n) are the coefficients of the sine’s and cosine’s of frequency 2лk/N, where k is 

the index of the frequencies over the N frequencies and n is the time index. X(k) is the 

value of the spectrum for the kth frequency and x(n) is the value of the signal at time n. 

The inverse FFT takes this spectrum and converts the whole things back to time domain 

signal by again successively multiplying it by a range of sinusoids. The equation for IFFT 

is  
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The difference between equations (5.1) and (5.2) is the type of coefficients the sinusoids 

are taking and the minus sign, that’s all. The coefficients by convention are defined as 

time domain samples x (k) for the FFT and X (n) frequency domain values for the IFFT. 

The two processes are a linear pair. Using both in sequence will give the original result 

back [34]. 

(5.1) 

(5.2) 
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(a) The pair returns back the original input 

 

(b) The pair will still returns back the original input 

Figure 5.5:  FFT and IFFT is a matched linear pair. 

5.1.4 Cyclic Prefix 

The cyclic prefix or guard period which is used in OFDM system, made up of two 

sections. The half section of the guard period time is a zero amplitude transmission. The 

other half section is a cyclic extension of the symbol to be transmitted. By envelope 

detection using guard period symbol timing, will be easily recovered. However by 

investigating that it was not required in any of the simulations as the timing could be 

accurately determined position of the samples. After the guard has been added, the 

symbols are then converted back to a serial time waveform which will be the base band 

signal for the OFDM transmission [37]. 

5.1.5 Pulse Shaping 

In OFDM system pulse shaping is the usage of time waveforms of the different sub-

carriers to create the appropriate correlation that reduces the PAPR of the multicarrier 

signal. It is possible to design a set of time waveforms of OFDM systems that decreases 

the peak power of the transmitted signal and improve its power spectrum simultaneously. 

The pulse shaping method avoids the use of an extra Inverse Fast Fourier 
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Transformations (IFFTs). It works with arbitrary number of sub carriers for any type of 

base band modulation used. The implementation complexity of the suggested technique is 

by far much low compared to previously established methods. This method has the 

potential of reducing the PAPR of the OFDM signal without affecting the bandwidth 

efficiency of the system. So, after the parallel to serial conversion of the OFDM 

transmitted signal pulse shaping technique is applied to reduce the PAPR of OFDM 

system. 

5.1.6 Channel  

In the transmitted signal a channel model is applied. The signal to noise ratio, multipath 

and peak power clipping are controlled by using this model. By adding a known amount 

of white noise to the transmitted signal, the signal to noise ratio is set [38]. The effects of 

noise and multipath on the OFDM scheme will be examined by channel simulation. 

Simple noise can be simulated by adding small amount of random data to the transmitted 

signal. Most types of noise present in radio communication systems can be modeled 

accurately using Additive White Gaussian Noise (AWGN). AWGN has a uniform 

spectral density and its amplitude has a Gaussian distribution. Primarily, thermal and 

electrical noise has white Gaussian noise properties.  That’s why it can be modeled 

accurately with AWGN. In the transmitter section, a known amount of white noise is 

added to set the signal to noise ratio. Multipath simulation involves adding attenuated and 

delayed copies of the transmitted signal to the original. When the signal propagates on 

many paths, this simulates the problem in wireless communication.  

5.1.7 Receiver 

The receiver basically performs the inverse of the transmitter by first de-shaping the 

pulse and separating the data into parallel streams. Then, after removing the cyclic prefix 

the FFT converts these parallel data streams into frequency domain data. The data are 

now available in modulated form on the orthogonal carriers. The phase angle of each 

transmission carrier is then evaluated and converted back to the data word by 
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demodulating the received phase.  Finally, this parallel data are converted back into a 

serial stream and channel decoding is used to recover the original signal. 

5.2 MATLAB 

MATLAB [39] is a software package. It is used for high performance numerical 

computation and visualization. It can create an interactive environment with hundreds of 

built-in functions for technical computation, graphics and animation. By using its own 

high level programming language it provides easy extensibility which is the best 

properties of this software package. The name MATLAB stands for Matrix LABoratory. 

MATLAB’s built-in functions provide excellent tools for linear algebra computations, 

data analysis, signal processing, optimization, numerical solution of ordinary differential 

equations (Does), quadrature and many other types of scientific computations. Most of 

these functions use state-of the art algorithms. There are numerous functions for 2-D and 

3-D graphics as well as for animation. Also, for those who cannot do without their 

Fortran of C codes, MATLAB even provides an external interface to run those programs 

from within MATLAB. The user, however, is not limited to the built-in functions; he can 

write his own functions in the MATLAB language. Once written, these functions behave 

just like the built-in functions. MATLAB’s language is very easy to learn and to use. 

There are also several optional ‘Toolboxes’ available from the developers of MATLAB. 

These Toolboxes are collections of functions written for special applications such as 

Symbolic Computation, Image Processing, Statistics, Control System Design, Neural 

Networks, etc. The basic building block of MATLAB is the matrix. The fundamental 

data-type is the array. Vectors, scalars, real matrices and complex matrices are all 

automatically handled as special cases of the basic dada-type. What is more, we almost 

never have to declare the dimensions of a matrix. MATLAB simply love matrices and 

matrix operations. The built-in functions are optimized for vector operations. 

Consequentially, vector commands or codes run much faster in MATLAB.  
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5.5 Bit Error Rate  

The bit error rate (BER) is the number of bit errors per unit time. It is a unit less 

performance measure, often expressed as a percentage. In a communication system, the 

receiver side BER may be affected by transmission channel noise, interference, 

distortion, bit synchronization problems, attenuation, wireless multipath fading, etc. The 

transmission BER is the number of detected bits that are incorrect before error correction, 

divided by the total number of transferred bits (including redundant error codes). In a 

noisy channel, the BER is often expressed as a function of the normalized carrier-to-noise 

ratio measure denoted Eb/N0 (energy per bit to noise power spectral density ratio). People 

usually plot the BER curves to describe the performance of a digital communication 

system. 

It is another important parameter for evaluating the performance of the employed PAPR 

reduction technique for OFDM system. Here we analyze the BER using Raised cosine 

pulse, Square root raised cosine pulse of OFDM system and compare it’s performance 

with conventional OFDM system i.e., OFDM system without using pulse shaping 

technique. Figure 5.6, 5.7 and 5.8 shows the effect of Bit Error Rate (BER) without using 

pulse shaping technique, using Raised cosine pulse and Square root raised cosine pulse. 

Here we use M-QAM modulation where M is the size of signal constellation. 
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Figure 5.6: BER calculation of OFDM system without using Pulse shaping Technique. 

 

Figure 5.7: BER calculation of OFDM system using Raised cosine pulse. 



Chapter 4: Simulation and Analysis  67 

 

 
Figure 5.8: BER calculation of OFDM system using Square root raised cosine pulse. 

From the above figures we can see that when the value of Eb/N0 increases the BER 

decreases drastically. Furthermore, when the value of Eb/N0 is 7dB, the BER without 

using pulse shaping technique is 10-1.8 (Figure 5.6), using Raised cosine pulse is 10-4 

(Figure 5.7) and using Square root raised cosine pulse is 10-5.5 (Figure 5.8) when the size 

of constellation is 4. So, by comparing the above figures it can be concluded that Square 

root raised cosine pulse reduces the BER more efficiently than any other pulses as well as 

the existing system as it reduces BER more efficiently than any other system. The same 

behavior is observed when we increase the constellation value which is shown in Figure 

5.9, 5.10 and 5.11. 
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Figure 5.9: BER calculation of OFDM system without using Pulse shaping Technique for 

varying constellation. 

 
Figure 5.10: BER calculation of OFDM system using Raised cosine pulse for varying 

constellation 
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Figure 5.11: BER calculation of OFDM system using Square root raised cosine pulse for 

varying constellation. 

From Figure 5.9, we can observe that the BER of the conventional OFDM systems 

(without using pulse shaping technique) are 10-1.8, 10-0.5, 10-0.4, and 10-0.3for different 

values of M (4, 8, 16 and 32) and 7dB Eb/N0 . Furthermore, it can be calculated that when 

the value of M is lower we find a better BER. However by using Raised cosine pulse, 

BER is slightly reduced which is shown in Figure 5.10. Now from another Figure 5.11 

we can find that when the value of M (4, 8, 16 and 32) changes the BER (10-4.5, 10-4.1, 10-

3.1 and 10-1.4 respectively) of OFDM system reduces significantly by using Square root 

raised cosine pulse compared to the Figure 5.9.  So, SNR is significantly reduced by 

using Square root raised cosine pulse in OFDM system and at the same time BER is also 

reduced efficiently compared to the conventional one. 

5.6 Summary 

In this chapter, we have developed a simulation model where we consider all the steps of 

OFDM system using Matlab simulation package. BER is calculated by using this model 
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for the Raised cosine pulse and the employed most efficient pulse shaping technique, 

Square root raised cosine pulse and compared with the conventional OFDM system to 

show the suitability of the used pulse shaping technique for reducing PAPR. Simulation 

result shows that the pulse shaping technique can reduce the BER more effectively than 

the existing techniques. 
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CHAPTER 6 

CONCLUSION 

6.1 Conclusion 

Orthogonal Frequency Division Multiplexing (OFDM) is the most widely used technique 

for achieving high data rate in 4G wireless communication technique. This thesis aims at 

contributing to find out the best pulse shaping technique to reduce PAPR (one of the 

severe drawback of the OFDM system) efficiently. It is based on proper selection of the 

time limited waveforms of the different subcarriers. Thus it can handle arbitrary number 

of subcarriers. So, any types of baseband modulation can be used in this system. The 

improved statistics of the PAPR of the transmitted signal are demonstrated through 

numerical results for some sets of time waveforms. At first, narrowband pulse shaping 

technique such as Tukey window pulse, the proposed pulse shaping technique and Kaiser 

window pulse, another narrowband pulse which has been suggested for PAPR reduction 

of OFDM system but has not been investigated yet, are employed in the transmitter 

section for reducing PAPR in OFDM system. The proposed technique needs only one 

IFFT/FFT in the transceiver and does not require any side information. In order to 

analyze the performance, PAPR and Cross correlation is evaluated based on the 

mathematical model. Moreover, comprehensive analysis of the above mentioned pulse 

shaping techniques as well  as existing pulse shaping techniques ( one narrowband pulse 

named Sine pulse shaping technique and two broadband pulses named Raised cosine and 

Square root raised cosine pulse shaping technique) are also carried out in this research. 

Furthermore, in order to show the efficiency of the proposed method we compare the 

performance of the employed narrowband pulse shaping technique, Sine pulse with the 

existing pulse shaping technique of Slimane Ben Slimane [15] in chapter four. Result 

shows that the employed technique can reduce PAPR of OFDM systems more efficiently. 

However, after comparing all the pulse shaping techniques, it can be concluded that 

Tukey window pulse, among all the narrowband pulse shaping technique and Square root 

raised cosine pulse, among all the existing broadband pulse shaping technique, can 

reduce PAPR more effectively than the conventional OFDM system. The employed 
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PAPR reduction scheme can also significantly decrease the computational complexity as 

only one IFFT is used in the transmitter section. Furthermore, since a proper selection of 

the subcarrier time waveforms will increase the cross correlation function and reduce the 

PAPR of the multicarrier signal, cross correlation function is also examined and 

compared for all the pulse shaping techniques in this thesis. By comparing the cross 

correlation function, the same result is found which are mentioned previously. On the 

other hand, in order to prove the efficacy of the best pulse shaping technique, Square root 

raised cosine pulse; Bit Error Rate (BER) performance is also examined and compared 

with another broad band pulse, Raised cosine pulse and the conventional OFDM system 

in chapter five. In this chapter, a simulation model is developed for OFDM system to 

measure the BER. Simulation result [40] shows that SNR is significantly reduced by 

using Square root raised cosine pulse in OFDM system and at the same time BER is also 

reduced efficiently compared to the conventional one i.e., the OFDM system without 

using pulse shaping technique. This is because the Square root raised cosine pulse has the 

smallest side lobes and the peak amplitudes of subcarrier waveforms which do not occur 

at the same time instant. Therefore, the Square root raised cosine pulse can be used not 

only to reduce the PAPR of OFDM system effectively but also to improve BER 

performance of the system for any number of subcarriers.  

6.2 Recommendation for future works 

The PAPR problem in OFDM system is still an ongoing issue, especially for portable 

devices where the necessity for minimizing the power amplifier linear range is 

paramount. By concluding this thesis the following are some points which are the scope 

of future research. 

• Pulse shaping technique can be applied for PAPR reduction in MIMO-OFDM, 

which is the key technology for further 4G applications. 

• Through the actual simulation process, we realize that the simulation routines 

used in our thesis is  time  consuming  and  results  are  fallible  due  to the  
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limitation  of  Matlab  simulation  system.  In subsequent researching, an 

experiment can be done to improve the simulation accuracy and efficiency.   
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