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Abstract
Higher data rates are now demanded from wireless communication 
systems larger than ever. But for higher data rate transmission 
bandwidth requirement is a major factor, whereas the spectrum is 
gradually becoming limited. For this, The Orthogonal Frequency 
Division Multiplexing (OFDM) scheme along with Multiple Input 
Multiple Output (MIMO) technology can be a useful alternative. 
OFDM is a multicarrier modulation scheme where a number of 
closely spaced subcarriers, which are orthogonal to each other, 
is used to carry the data stream. MIMO-OFDM technology is 
one of the most attractive candidates for next generation wireless 
communication systems and the mixture of them can successfully 
contest against multipath fading and can improve bandwidth 
efficiency. Despite of all the advantages, the main drawback of 
this type of system is high Peak-to-Average Power Ratio (PAPR) 
for large number of sub-carriers, which imposes many restrictions 
for practical applications. In literature, many PAPR reduction 
schemes have been proposed to overcome this problem and in this 
paper, we will mainly evaluate the PAPR reduction performance 
of three different PAPR reduction techniques: Partial Transmit 
Sequence (PTS) and Selected Mapping (SLM) and Clipping & 
Filtering (C&F).
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I. Introduction
In Wireless communication systems power efficiency has 
become a critical issue for technology that is used in 3G and 4G 
communications. Orthogonal Frequency-Division Multiplexing 
(OFDM) is a clever modulation technique where Inverse Fourier 
Transform is employed for each subcarrier to be modulated with 
a conventional modulation scheme. OFDM is a ground breaking 
approach to multi-carrier transmission which provides high date 
rate, particularly in mobile applications. Besides, Multiple-Input 
Multiple-Output (MIMO) [1] and Orthogonal Frequency Division 
Multiplexing (OFDM) both can be adopted due to their superior 
performance. The combination of both these systems guarantees 
high speed wireless communication.
In MIMO-OFDM systems, multiple sub-carriers are super 
positioned and thus transmitted. Here it is possible for some 
instantaneous power outputs to increase greatly and become far 
higher than the mean power of the system while the phases of 
these carriers remain unchanged. This phenomenon is defined as 
Peak-to-Average Power Ratio (PAPR). 
High PAPR is a major drawback for OFDM systems. Transmitting 
signals with high PAPR requires power amplifiers with very high 
power scope which are very expensive and have low efficiency-
cost. Too high peak power could be out of the scope of the linear 

power amplifier and thus gives rise to non-linear distortion which 
changes the superposition of the signal spectrum resulting serious 
performance degradation.
PAPR reduction schemes can be classified according to several 
criteria. First, the PAPR schemes can be categorized as multiplicative 
and additive schemes with respect to the computational operation 
in the frequency domain. Selected Mapping (SLM) and Partial 
Transmit Sequences (PTS) are examples of the multiplicative 
scheme because the phase sequences are multiplied by the input 
symbol vectors in the frequency domain [2]. On the other hand, 
Tone Reservation (TR) [3], peak cancelling, and clipping [4] are 
additive schemes, because peak reduction vectors are added to 
the input symbol vector.
Second, the PAPR reduction schemes can be also categorized 
according to whether they are deterministic or probabilistic. 
Deterministic schemes, such as clipping and peak cancelling, 
strictly limit the PAPR of the OFDM signals below a given 
threshold level. Probabilistic schemes, however, statistically 
improve the characteristics of the PAPR distribution of the OFDM 
signals avoiding signal distortion. SLM and PTS are examples 
of the probabilistic scheme because several candidate signals are 
generated and that which has the minimum PAPR is selected for 
transmission.
Hence in this paper our aim is to study and evaluate the performance 
of different PAPR reduction techniques and to determine the best 
possible way to lessen the high PAPR problem.

II. OFDM System Model 

A. Basic OFDM Signal
OFDM consists of multiple carriers. Each carrier Sc(t) can be 
presented as a complex waveform like:

   (1)
Where, (t) is the amplitude and (t) is the phase of the signal 

 respectively. The complex signal can be described by,

  (2)
This is a continuous time signal. Each component of the signal over 
one symbol period can take fixed values of the variables like:

 And    (3)
Here, n is the number of OFDM block. T is a time interval and the 
signal is sampled by 1/T then it can be represented by:

 (4)
If ω0=0, then the signal becomes:

  (5)
The signal can be compared with general Inverse Fourier Transform 
(IFT):
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  (6)
Both Ss(kT) and g(kT) are equivalent if,

    (7)
where,  is symbol duration period. The OFDM signal can be 
defined by Fourier Transform. The Fast Fourier Transform (FFT) 
can obtained frequency domain OFDM symbols and Inverse Fast 
Fourier Transform (IFFT) can obtain time domain symbols. They 
can be written as:
FFT: 

  (8)
IFFT:

   (9)

B. Cyclic Prefix
The use of Cyclic Prefix (CP) can guarantee orthogonality of 
signals even when they travel through multi-path channels [5]. 
A CP is a copy of the last part of a OFDM symbol moved to the 
front of symbol. Assuming that the number of the extended OFDM 
symbol is NG, then the period of a practical OFDM symbol is T+TG, 
where T is cycle for the FFT transform, TG is the length of guard 
interval, which is inserted to suppress ISI caused by multipath 
distortion. An OFDM symbol including CP can be expressed as 
follows:

  (10)
Operation between the signal and channel changes from linear 
convolution to cyclic convolution when CP is used with OFDM. In 
the frequency domain, linear weighing will be used. These changes 
avoid inter-symbol interference, while ensuring orthogonality 
among the sub-carriers all the time.

III. Defining of PAPR

A. Basics of PAPR
Linear amplifiers can impose a nonlinear distortion on their 
outputs due to their saturation characteristics caused by an input 
much larger than its nominal value. Fig. 1, shows the input-output 
characteristics of  High Power Amplifier (HPA) in terms of the input 
power Pin and the output power Pout. Due to the aforementioned 
saturation characteristic of the amplifier, the maximum possible 
output is limited by Pmax

out when the corresponding input power 
is given by Pmax

in.

Fig. 1: Input Output Characteristic of an HPA [6]

As illustrated in fig. 1, the input power must be backed off so as 
to operate in the linear region. Therefore, the non-linear region 
can be described by IBO (Input Back-Off) or OBO (Output Back-
Off) [6]:

   (11)
Here, the nonlinear characteristic of HPA (High Power Amplifier), 
excited by a large input, causes the out-of-band radiation that 
affects signals in adjacent bands, and in-band distortions that result 
in rotation, attenuation, and offset on the received signal [7].

B. PAPR Definition
PAPR is the ratio between the maximum power and the average 
power of the complex passband signal. Theoretically, large peaks 
in OFDM system can be expressed as Peak-to-Average Power 
Ratio, also known as PAPR. Let a baseband PAM signal for a 
complex data sequence {a[n]} be:

   (12)
Here, g(t) is the transmit pulse for each symbol and Ts is the 
symbol duration. After the signal passes through a Quadrature 
Modulator, it changes to:

 (13)
Here  and  denote the in-phase and Quadrature components 
of the complex baseband PAM Signal (t).
Now, as PAPR is the ratio between the maximum power and 
the average power of the complex passband signal s(t), we can 
define it as [8]:

  (14)
Where, E [∙] denotes the expected value, s(t) represents the 
transmitted OFDM signals which are obtained by taking IFFT 
operation on modulated input symbols.
Another commonly used parameter is the Crest Factor (CF), which 
is defined as the ratio between maximum amplitude of OFDM 
signal s (t) and root-mean-square (RMS) of the waveform. The 
CF is defined as [9]:

  (15)
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In most cases, the peak value of signal (t) is equals to maximum 
value of its envelope . However, from the time domain 
representation of OFDM signals it can be seen that the appearance 
of peak amplitude is very rare, thus it does not make sense to 
use ) to represent peak value in real application. 
Therefore, PAPR performance of OFDM signals is commonly 
measured by certain characterization constants which are related 
to probability.

C. Probability Distribution Function of PAPR
According to central limit theorem, for a large number of sub-
carriers in multi-carrier signal, the real and imaginary part of 
sample values in time-domain will obey Gaussian distribution with 
mean value of 0 and variance of 0.5. Therefore, the amplitude of 
multi-carrier signals follows Rayleigh distribution with zero mean 
and a variance of N times the variance of one complex sinusoid 
[9]. Its power value obeys a X2 distribution with zero mean and 
2 degrees of freedom. Cumulative Distribution Function (CDF) 
is expressed as,  F(z)=1-exp(-z)
Assuming that the sampling values of different sub-channels are 
mutually independent, and free of oversampling operation, the 
probability distribution function for PAPR less than a certain 
threshold value, is therefore expressed as

 (16)
In practice, it is preferred to take the probability of PAPR exceeding 
a threshold as measurement index to represent the distribution of 
PAPR. This can be described as “Complementary Cumulative 
Distribution Function” (CCDF), and its mathematical expression 
as

 (17)
Fig. 2, shows the theoretical PAPR’s CCDF distribution with 
different number of sub-carriers (i.e. N = 64, N = 128, N = 256, 
N = 512, N = 1024). In this paper, we will use CCDF to evaluate 
the performance of various PAPR reduction techniques.
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Fig. 2: Theoretical PAPR’s CCDF Curve of OFDM Signal

D. Factors Influencing PAPR
PAPR is closely related to modulation schemes, number of sub-
carriers and oversampling rate:
Modulation Schemes: Different modulation schemes produce 
different PAPR performance. Fig. 3, displays a set of CCDF 
curves which are processed by several commonly used modulation 
schemes like BPSK, QPSK, 16QAM and 64QAM with the 
number of sub-carriers N=64. Results show that there is only 

small difference between different modulation schemes. Thus, 
different modulation schemes have minimum influence on PAPR 
performance.
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Fig. 3: Comparison of PAPR Reduction for Different Modulation 
Techniques

Number of sub-carriers: Different number of sub-carrier results 
in different PAPR performances due to the varying information 
carried. When the number of sub-carriers increases, the PAPR 
also increase. As shown in fig. 2, when modulation scheme set 
as QPSK mode, the x-axis represents the PAPR thresholds while 
the y-axis represents the probability of CCDF. Here for a given 
PAPR threshold, the appearance probability of OFDM symbols 
which above this threshold PAPR0 increases with the increase of 
sub-carriers number N.
Oversampling Rate: In real implementation, continuous-time 
OFDM signal cannot be described precisely due to the insufficient 
N points sampling. Some of the signal peaks may be missed 
and PAPR reduction performance is unduly accurate [10]. To 
avoid this problem, oversampling is usually employed, which 
can be realized by taking L·N point IFFT/FFT of original data 
with (L-1)·N zero-padding operation. Over-sampling plays an 
important role for reflecting the variation features of OFDM 
symbols in time domain. As shown in fig. 5, for a fixed probability, 
higher over-sampling rate leads to higher PAPR value and good 
PAPR reduction performance. Generally, oversampling factor L 
= 4 is sufficient to catch the peaks.
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Fig. 4: Comparison of PAPR Reduction for Different Values of 
L
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IV. Investigation of PAPR Reduction
In the previous section we discussed about the PAPR and the 
effect it causes on OFDM signals that are prior to transmit. Several 
PAPR reduction techniques have been proposed in literature. In 
this section, we mainly discuss three typical techniques for PAPR 
reduction in OFDM systems.

A. Selected Mapping
Selected Mapping (SLM) approaches have been proposed by 
Bauml. This method is used for minimization of peak to average 
transmit power of multicarrier transmission system with selected 
mapping. The CCDF of the original signal sequence’s PAPR above 
a threshold PAPR0 is written as {PAPR > PAPR0}. Thus for K 
statistical independent signal waveforms, CCDF can be rewritten 
as [{PAPR > PAPR0 }]K, so that the probability of PAPR that 
exceeds the same threshold will drop to a small value.
The probability of PAPR larger than a threshold z can be written 
as (PAPR > z) = 1− (1− exp (−z) )N. Assuming that M OFDM 
symbols carry the same information and that they are statistically 
independent of each other. In this case, the probability of PAPR 
greater than z is equals to the product of each independent 
candidate’s probability. This process can be written as

         (18)
In selected mapping method, firstly M statistically independent 
sequences which represent the same information are generated, 
and next, the resulting M statistically independent data blocks 
Sm=[Sm,0,Sm,1,…,Sm,N−1]

T, m=1,2,…,M are then forwarded into 
IFFT operation simultaneously. 
Finally, at the receiving end, OFDM symbols xm=[x1,x2…,xn]

T in 
discrete time-domain are acquired, and then the PAPR of these M 
vectors are calculated separately. Eventually, the sequences xd with 
the smallest PAPR will be elected for final serial transmission. 
This method can significantly improve the PAPR performance 
of OFDM system. The reasons behind that are: Data blocks 
Sm=[Sm,0,Sm,1,…,Sm,N−1]

T, m=1,2,…,M are statistical independent, 
assuming that for a single OFDM symbol, the CCDF probability of 
PAPR larger than a threshold is equals to p. The general probability 
of PAPR larger than a threshold for k OFDM symbols can be 
expressed as pK. It can be verified that the new probability obtained 
by SLM algorithm is much smaller compared to the former. Data 
blocks Sm are obtained by multiplying the original sequence with 
M uncorrelated sequence Pm.
The key point of selected mapping method lies in how to generate 
multiple OFDM signals when the information is the same. First, 
defined different pseudo-random sequences Pm=[Pm,0,Pm,1,…
,Pm,N−1]

T, m=1,2,…,M, where, Pm,n=  and stands for 
the rotation factor, Pm,n is also known as the weighting factor, 

 is uniformly distributed in [0 2 ]. The N different sub-
carriers are modulated with these vectors respectively so as to 
generate candidate OFDM signals. This process can also be seen 
as performing dot product operation on a data block Xn with 
rotation factor Pm
In the reality, all the elements of phase sequence P1 are set to 1 so 
as to make this branch sequence the original signal. The symbols 
in branch m is expressed as

 (19)
and then transfer these M OFDM frames from frequency domain 
to time domain by performing IFFT calculation.
Finally, the one which possess the smallest PAPR value is selected 

for transmission. Its mathematical expression is given as 

   (20)
where, argmin[ ] represent the argument of its value is minimized. 
At the receiver, in order to correctly demodulate the received 
signal, it is necessary to know which sequence is linked to the 
smallest PAPR among M different candidates after performing the 
dot product. Hence, the receiver is required to learn information 
about selected phase vector sequence and ensure that the vector 
sequence is received correctly. An intuitive approach is to select 
the whole sequence of branch number m as side information 
transmitted to the receiving end.

B. Partial Transmit Sequence
Partial Transmit Sequence (PTS) algorithm was first proposed by 
Müller S H, Huber J B [12], which is a technique for improving the 
statistics of a multi-carrier signal. The basic idea of partial transmit 
sequences algorithm is to divide the original OFDM sequence into 
several sub-sequences, and for each sub-sequence, multiplied by 
different weights until an optimum value is chosen.
According to PTS algorithm, data information in frequency 
domain X is separated into V non-overlapping sub-blocks and 
each sub-block vectors has the same size N. Hence, we know 
that for every sub-block, it contains N/V nonzero elements and 
set the rest part to zero. Assume that these sub-blocks have the 
same size and no gap between each other, the sub-block vector 
is given by

    (21)
where,  is a weighting 
factor been used for phase rotation. The signal in time domain is 
obtained by applying IFFT operation on  , that is

 (22)
We select one suitable factor combination b=[b1,b2,…,bv] which 
makes the result achieve optimum. The combination can be given 
by

 (23)
where argmin [.] is the judgment condition that output the 
minimum value of function. In this way we can find the best b 
so as to optimize the PAPR performance. The additional cost we 
have to pay is the extra (V-1) times IFFTs operation.

C. Clipping and Filtering
The clipping approach is the simplest PAPR reduction scheme, 
which limits the maximum of transmit signal to a pre-specified 
level. In this scheme, the L-times oversampled discrete-time signal 
x’[m] is generated from the IFFT of following equation

 (24)
(  with N.(L-1) zero-padding in the frequency domain) and 
is then modulated with carrier frequency fc to yield a passband 
signal xp[m]. Let xpc denote the clipped version of xp[m], which 
is expressed as

  (25)
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 (26)
where, A is the pre-specified clipping level. Equation (25) can be 
applied to both baseband complex-valued signals and passband 
real-valued signals, while Equation (26) can be applied only to 
the passband signals. Let us define the clipping ratio (CR) as the 
clipping level normalized by the RMS value s of OFDM signal, 
such that

     (27)
It has been known that  in the baseband and 
passband OFDM signals with N subcarriers, respectively.

V. Simulation and Results
In this section we have demonstrated simulations of PAPR reduction 
for different PAPR reduction techniques for various modulation 
techniques and discussed the outcome. Finally we have exhibited 
the simulation of PAPR reduction using a system specification of 
IEEE 802.11a. Simulation results of PAPR reduction using different 
modulation techniques are given in the following figures. Here the 
complementary Cumulative Distribution Function (CCDF) of the 
PAPR for the transmitted signal is plotted, and three prominent 
PAPR reduction techniques (SLM, PTS and C&F) are employed 
to find the best result of reducing PAPR.
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Fig. 5: QPSK PAPR Reduction Performances Comparison with 
SLM, PTS and C&F

In QPSK PAPR reduction comparison at fig. 8, we observe that 
CCDF is 10-2 at 10.8 dB for the original PAPR; but after applying 
the C&F, SLM and PTS techniques, the same 10-2 is achieved at 
less PAPR, i.e., 9.7 dB, 9.2 dB and 8.8 dB respectively.
In 16QAM PAPR reduction comparison at fig. 5, we observe that 
CCDF is 10-2 at 10.7 dB for the original PAPR; but after applying 
the C&F, SLM and PTS techniques, the same 10-2 is achieved at 
less PAPR, i.e., 9.4 dB, 8.7 dB and 8.1 dB respectively.
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Fig. 6: 16QAM PAPR Reduction Performances Comparison with 
SLM, PTS and C&F
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Fig. 7: 64QAM PAPR Reduction Performances Comparison

In 64QAM PAPR reduction comparison at fig. 6, we observe that 
CCDF is 10-1 at 10.6 dB for the original PAPR; but after applying 
the C&F, SLM and PTS techniques, the same 10-2 is achieved at 
less PAPR, i.e., 9.3 dB, 8.4 dB and 7.8 dB respectively.
In IEEE 802.11a specifications, we observe that CCDF is 10-2 at 
9.9 dB for the original PAPR; but after applying the C&F, SLM 
and PTS techniques, the same 10-2 is achieved at less PAPR, i.e., 
9.2 dB, 7.2 dB and 6.8 dB respectively. Thus we can summarize 
the findings as followed:
Observing all the simulation we can conclude that in all 
possible system configurations, the PTS scheme shows superior 
performance than the other discussed PAPR reduction techniques. 
This can be summarized in the following table:
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Fig. 8: Comparison of PAPR Reduction of OFDM Signals in 
IEEE 802.11a

Table 1: Performance Evaluation of PAPR Reduction Techni-
ques

PAPR Red.
Technique

N=512, M=8, V=8, CR=0.8
(at CCDF= 10-2) IEEE802.11a

(CCDF= 10-2)

QPSK 16QAM 64QAM
Original 10.8 dB 10.7 dB 10.6 dB 9.9 dB
C & F 9.7 dB 9.4 dB 9.3 dB 9.2 dB
SLM 9.2 dB 8.7 dB 8.4 dB 7.2 dB
PTS 8.8 dB 8.1 dB 7.8 dB 6.8 dB

VI. Conclusion & Future Work

A. Conclusion
The main purpose of paper is to investigate a major drawback 
of the OFDM wireless communication system – high peak-to-
average power ratio (PAPR) of OFDM signal, and to discuss how 
to reduce it by different effective algorithms. We can draw the 
following outcomes from this simulation we performed: 
First of all we have chosen two signal scrambling techniques 
(SLM, PTS) and a signal distortion technique (C&F) to evaluate 
their performance in PAPR reduction and to determine the best 
way to combat against high PAPR problem. While studying these 
techniques we have done simulation to evaluate the performance 
of the PAPR reduction techniques for modulation scheme QPSK, 
16QAM, and 64QAM.
We found that for 64QAM the lowest CCDF is obtained with 
Partial Transmit Sequence (PTS) technique. The same outcome, 
i.e. the supremacy of PTS, is maintained in the simulation done 
with IEEE 802.11a specifications. Therefore with the comparative 
analysis done, we can finally draw a conclusion that Partial 
Transmit Sequence gives the best PAPR reduction performance 
in comparison with the Selected Mapping and Clipping and 
Filtering.

B. Future Work
OFDM is very suitable for high speed wireless communication. 
Our study in this paper was mainly about performance evaluation 
of various PAPR reduction techniques. Though high PAPR is 
regarded as the major drawback of OFDM based systems, there 
are still other limitations to be resolved for the communication 
system we discussed. The simulations we performed were done 
assuming ideal characteristics. But there are several problems 

that can be found in OFDM systems such as channel estimation, 
synchronization etc. Therefore for achieving more practical results, 
these factors can be added to OFDM system simulation.
The MIMO-OFDM system has a characteristic of multi antenna 
propagation. So the PAPR reduction techniques we have discussed 
can be combined in a single system. But our simulation was 
based on only one PAPR reduction technique per whole system. 
Therefore to fully explore the advantages of the stated PAPR 
reduction methods, simulations can be done by combining these 
techniques along with added space time codes.
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