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Abstract: The main drawback of the Orthogonal 
Frequency Division Multiplexing (OFDM) with Differential 
Chaos Shift Keying (DCSK) that is named (OFDM-DCSK) is 
the high Peak to Average Power Ratio (PAPR). In this 
paper, clipping and companding techniques are 
suggested to overcome the PAPR problem in the OFDM-
DCSK system. For the clipping technique, the clipping 
function is applied before transmitting the signal without 
the need for an inverse function at the receiver side. 
While for companding techniques, the commanding 
function is applied at the end of the transmitter side and 
the corresponding decompanding function is applied at 
the receiver to recover the original signal. Different 
companding techniques are investigated including 
Hyperbolic, A-Law, and Mu-Law companding function 
that are compared with the Palm clipping technique. The 
MATLAB simulation result shows that the Mu-Law 
technique has the best PAPR reduction (7.22 dB) with a 
good bit error rate (BER) performance when the number 
of subcarriers is equal to 512. 

Keywords: Orthogonal Frequency Division Multiplexing, 

Differntial Chaos Shift Keying, Peak Power to Average 

Power Ratio, Palm Clipping, Companding techniques.  

1. Introduction 

Chaotic system is widely used in the wireless 

communication systems due to the non-

periodicity, the randomness property, and the 

high sensibility to the initial values [1], [2]. 

Among all types of chaotic based modulation 

systems, a non-coherent chaotic modulation 

scheme has highly interested by the researchers 

due to the simplicity in the design and 

removing the wanted chaotic synchronization 

circuit at the reception. 

The famous practical circuit of non-coherent 

chaotic modulation shift keying is the 

differential chaos shift keying (DCSK) system 

[3], in which the system is designed with simple 

circuit with appropriate bit error rate (BER) 

under multipath fading channel without needing 

channel state information at the reception [4]. 

Nevertheless, as depicted in [5-7], in classical 

DCSK systems, only half of the bit period is 

consumed on carrying the data sequence, and 

the multicarrier based DCSK structure has been 

proposed in [5], such as the orthogonal 

frequency division multiplexing (OFDM), to 

reach higher information rate transmission and 

improve the energy efficiency of the DCSK 

system, which is also named Multicarrier-DCSK 

(MC-DCSK) or OFDM-DCSK system. In [8], 

the subcarriers are divided into multiple groups, 

only one chaotic reference is sent for each 

group. 

 

OFDM-DCSK is a non-coherent chaos-based 

communication structure, improving data rate 

and saving the bit energy are the most important 
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advantages of this system, it’s also simple to 

design as it’s not required RF delay, and adding 

to the mentioned advantages, there is no need to 

use chaotic sequence generator at the receiver 

end .The high Peak to Average Power Ratio 

(PAPR) of the transmitted signal is the major 

drawback of OFDM-DCSK. The RF power 

amplifier (RF-PA) is affected by the high PAPR 

which gives rise to the signal distortion. A high 

PAPR degrade the operation of the analog-to-

digital and digital-to-analog converters and 

minimize the performance of the RF-PA, this 

distorts the transmitted OFDM signal which 

leads to poor BER performance of the whole 

system. 

The PAPR is defined as the ratio of maximum 

power to the mean power of the transmitted 

OFDM signal during one symbol. it’s also 

expressed in units of dB. PAPR occurs in a 

multicarrier system when the different 

subcarriers are out of phase with each other. In 

[8], [9] the problem of PAPR was investigated 

by authors and they have suggested PAPR 

reduction algorithms to improve the 

performance of the MC-DCSK systems. They 

insert dummy sequences in accordance to the 

Inverse Fast Fourier Transform (IFFT) [10] 

needs no receiver modifications. Also, several 

techniques were suggested to overcome the 

issue of PAPR for OFDM system like clipping 

including Classical Clipping (CC) [11], Smooth 

Clipping (SC) [12], Heavy-side Clipping (HC) 

[13], and Deep Clipping (DC) [14]. The 

Selective Mapping Technique (SLM) [15] and 

Partial Transmit Sequences (PTS) [16] are other 

methods that were suggested to reduce the 

PAPR. The channel coding can be used as a 

technique to reduce the PAPR and correct the 

errors, the basic concept is to find the best code 

word that gives the lower PAPR [17, 18]. 

Compressor/Expander is a good technique that 

is used to compress the OFDM signal at the 

transmitter end and expand it at the receiver 

which is called the companding technique. 

Lately, new techniques are proposed that are 

called Hybrid techniques, the basic idea is 

combining two or three techniques that give 

good results in terms of PAPR and Bit Error 

Rate (BER) [19–23]. 

In this paper, Palm Clipping and Companding 

techniques using Hyperbolic, A-Law, and Mu-

Law companding functions are suggested to 

reduce the PAPR in the OFDM-DCSK system. 

The rest of the paper is arranged as follows: the 

proposed OFDM-DCSK system model is 

presented in section 2. Section 3 presents the 

PAPR reduction techniques includes the Palm 

Clipping and the Companding techniques. 

Performance evaluation and descriptions of the 

tried techniques were presented in section 4. In 

the last, the conclusion is summarized in section 

5. 

2. OFDM-DCSK System Model 

Fig.1 and Fig.2 describe the block diagram 

of the OFDM-DCSK system at transmitter 

and receiver, respectively. When the switch 

at position (1), Companding technique is 

used, and when the switch at position (2), 

the Palm Clipping technique is used to 

reduce the PAPR in the OFDM-DCSK 

system. In the first, the chaotic sequence is 

generated using second-order Chebychev 

Polynomial Function (CPF), which is given 

          
  so that the k-th reference 

sequence is defined as   = 

[                     - where β is the 

spreading factor. The mean value for the 

generated sequence is zero and mean 

square value is unity, E [  ] = 0 and   E 

[  
 ] = 1. The k-th data sequence, 

   [                   -   *    +, 

is generated from the parallel mapped 

stream bits using parallel to serial 
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converter, where M is the length of a data 

sequence. The parallel data sequence is 

multiplied by a chaotic reference sequence. 

Taking IFFT for each p-th vector,   

number of IFFT transform is required to 

complete one symbol, the k-th transmitted 

OFDM-DCSK signal can be expressed as: 

  (   )  
 

   
∑           

.
     

 
/ 

    
 

  
      ,    

0                                               (1)             

where N is the FFT size, N=M+1. The cyclic 

prefix is not considered as assumed in this work. 

Before the signal is transmitted over a multipath 

Rayleigh fading channel, it is processed by 

either the Palm Clipping function or the 

Companding function to reduce the PAPR.  The 

k-th received signal is expressed as [5], [24]: 

  (   )  

∑    ̃ (      )    (   )
 
                   

                     (2)                     

where            are the Rayleigh channel 

coefficient and the corresponding time delay for 

the l-th path, respectively. L is the number of 

paths and    is the k-th AWGN with zero mean 

and variance of N0/2. The Rayleigh pdf of    is 

written as [5]: 

  ( )  
 

  
 
 
  

                                               (3)                                                                                                            

where  is the standard deviation of the 

distribution that is greater than zero. At the 

receiver, non-coherent detection is used, there is 

no channel estimation required as in OFDM 

system and no Radio Frequency (RF) delay 

required as in DCSK system. The received 

signal,   either passing through the 

decompanding function and then converted to 

parallel sequence when the companding 

technique is used (the switch at position 1) or 

directly passing through the serial to parallel 

converter if the clipping technique is used (the 

switch at position 2). The k-th parallel sequence, 

 ̃   , j=0, 1,.., M, are passed through FFT 

transform to obtain the OFDM-DCSK 

demodulated signal at the k-th frame and p-th 

time as: 

 ̃ (   )  
 

√  
∑  ̃ (   )   

.
      

 
/

 

   
 

                                                      (4) 

The first subcarrier (zero frequency) contains 

the received reference chaotic sequence, 

 ̃ (   ) and the remaining subcarrier contains 

the M received information chaotic sequenc-

es, ̃ (   )         . M correlators are 

produced from these sequences by multiplying 

the reference chaotic sequence by the m-th 

information sequence and summing over   

period. Then output of the m-th correlator is 

given by: 

     ∑  ̃ (   )   ̃ (   )
   
              (5)     

For the k-th frame, the m-th recovered symbol is 

obtained by applying a decision threshold to the 

output correlator      and then the parallel 

symbol is converted to serial using parallel to 

serial converter. Finally, the recovered stream 

bits are obtained using Demapping function by 

mapping +1 to 1 and -1 to 0.  
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1. Clipping and Companding Techniques 

The Palm Clipping and nonlinear companding 

techniques are presented in this section. 

3.1. Palm Clipping (PC) Technique 

At the end of the transmitter, the PC block is 

added before transmitting the signal. The 

function of the Palm Clipping is described 

below [25]: 

 ̃( )   {
 ( )                                  | ( )|   

  
  (| ( )|)     ( ( )) | ( )|   

         (6)                                                                    

where A is the threshold value and defined to be 

(α √     )    and α is considered to be 

Clipping factor,   is the phase of the input 

signal s(t), and the function   
 ( ( )) for a 

given absolute signal, |s(t)|, is expressed by:  

  
 (| ( )|)   

 

    (
| ( )|  

 
)
                                      (7) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

where B is the smoothness factor of the PC 

function. In this paper, Clipping Ratio (CR) was 

used to find out the effect of the clipping 

method, there is a relation between CR, the 

clipping threshold A, and the average power of 

the OFDM-DCSK signal as described below: 

CR =          (
 

√     
)  [dB]                                   

(8)                                                                                   

CR =           ( )  [dB]                                            

(9)                                                              

where         *| ( )|
 + is the mean power 

of the chaotic sequence, x(n). 

3.2. Nonlinear Companding Techniques   

Nonlinear companding is a distinct case of 

clipping structure used to improve PAPR 

reduction with less degradation in the BER 

performance. The companding techniques 

Figure1. OFDM-DCSK transmitter scheme. 

Figure 2. OFDM-DCSK receiver scheme. 
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magnify the slight signals while squeezing the 

great signals to rise the resistance of slight 

signals from noise and interference. The most 

PAPR reduction techniques used in OFDM 

system is the companding technique due to less 

difficulty and great BER performance. At the 

end of transmitter, the companding process is 

performed to attenuate the high amplitudes and 

magnify the low peaks. The decompanding 

process is performed at the receiver to detect the 

original signal. Furthermore, by taking suitable 

companding parameters, the mean sending 

power can be preserved unchanged after 

companding. Several nonlinear companding 

techniques were used in this paper to reduce the 

PAPR of OFDM-DCSK system, which are 

Hyperbolic tangent, Mu-Law and A-Law 

companding. 

A. Hyperbolic Companding  

At the end of the transmitter, the companding 

process is performed, it’s given  as [26] 

F(s) = y1 tanh (y2.s)                                       (10) 

The quality of companding level was adjusted 

by using the parameters y1 and y2 which must 

be positive numbers. The decompanding process 

is performed for the received signal and it’s 

given by                                                                                                     

F 
-1

(r) = y1y2 [ 1 - tanh
2
(y2.r)]                        (11) 

 
B. Mu-Law Companding  

At the end of the transmitter, the companding 

function applied is given by [27] 

F(s) = sgn (s) 
   (     | |)

   (    )
                                     (12) 

The companding level was adjusted by Mu ratio 

where Mu is the normalization constant. At the 

receiver, the decompanding function is given by                                                                                                                   

F 
-1

(r) = sgn (r) .
 

  
/ ((    )| | - 1)                (13)                                                                                            

 
C. A-Law companding  

Finally, the last companding function applied to 

the end of the transmitter is given by [28,29]  

 

F(s) = sgn(s) {  

  | |

    ( )
      | |    

 

 

    ( | |)  

    ( )
   
 

 
     | |

             (14)                                                                                            

 
The A ratio is the control parameter of the 

companding function. The decompanding 

process performed at the receiver is given by  

F 
-1

(r) = sgn(r)  

 

{

| |(    ( ))

 
    | |    

 

    ( )

   (| |(    ( ))  )

 
  

 

    ( )
   | |     

                      (15)                                                                   

    

Equation (16) was used to calculate the PAPR 

before and after performing the clipping or 

companding techniques. 

     
    (| ( )| )

 *| ( )| +
   when 0 < n < N-1             (16) 

 

A Complementary Cumulative Distribution 

Function (CCDF) is described the PAPR, which 

is the probability that PAPR reaches the 

threshold value and it defines as below: 

 
CCDF(PAPR0) = Pr(PAPR ≥ PAPR0)                  (17) 

 

The threshold value is defined in the equation as 

PAPR0. 

 

The loss in SNR, SNRloss and PAPR 

enhancement factor, PAPAREF can be expressed 

respectively as: 

SNRloss = SNRnew- SNRoriginal                        (18) 

 

PAPREF = PAPRoriginal-PAPRnew                    (19) 

 

4. Performance Evaluation  
 

To evaluate the performance of the Palm 

Clipping method that depicted in the Fig.3, we 

build the Matlab model of the system over 

multipath Rayleigh fading channel, the number 

of subcarriers N is set to 256, the number of 

generated symbols is 5000, the clipping ratios 

CR in dB are 1,2,34,5,6,7, the spreading factor β 

is 125, and the smoothing factor B is 200. Two 
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paths Rayleigh fading channel, L=2, are used 

with delays,   =0 and        and average 

power gain,  ,  
 -  

 

 
 and ,  

 -  
 

 
 . 

Firstly, the PAPR performances are studied by 

changing the CR values while setting the SNR 

value to 10 dB. In the second, the BER is 

evaluated with the same condition, but for 

variant SNR values. Fig.4 describes the gain in 

term of PAPR at CCDF = 10
-3

 & 10
-2

 for 

different clipping ratio values. It was noticed 

that when the CR value decreases, we got better 

PAPR gain. 

 

Figure 3. The CCDF of PC OFDM-DCSK for various 

Clipping Ratio Values, N=256 and β=125. 

 

Figure 4. (a) BER performance Comparison of PC 

OFDM-DCSK for different Clipping Ratio values, N=256 

and β=125. 

 

Figure 4. (b) BER performance Comparison of PC OFDM-

DCSK for different Clipping Ratio values, N=256. 

The main parameter affecting the PAPR 

reduction of the OFDM-DCSK system is the 

number of subcarriers, its noticeable that 

increasing the number of subcarriers leads to 

increase the PAPR. In our work, the effect of 

companding techniques on the PAPR of OFDM-

DCSK system is studied. Fig.5 shows the CCDF 

as a function of the PAPR of OFDM-DCSK     

system for Mu-Law companding, A-Law 

companding, Hyperbolic, and Palm Clipping 

(CR=5dB) techniques with number of 

subcarriers is equal to 256, it can be observed 

that at CCDF=10
-3

 & 10
-2

, we got better PAPR 

reduction which is approximately 6.92 dB and 

6.1 dB respectively by using Mu-Law 

companding technique. 

 

Figure 5. The CCDF PAPR performance Comparison for 

all the tried techniques, N=256 and β=125. 
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Fig.6 illustrates the CCDF performance versus 

PAPR0 of OFDM-DCSK system for Mu-Law 

companding, A-Law companding, Hyperbolic 

companding, and Palm Clipping (CR=5dB) 

techniques with number of subcarriers is equal 

to approximately 7.22 dB and 6.32 dB 

respectively512, it can be observed that at 

CCDF=10
-3

&10
-2

, we got better PAPR 

reduction which is by using Mu-Law 

companding technique. 

 

  

Figure 6. CCDF PAPR performance Comparison for all 

the tried technique, N=512 and β=125. 

 

Fig.7 and Fig.8 show the simulated BER 

performance for OFDM-DCSK system with the 

all techniques mentioned previously for number 

of subcarriers are equal to 256 and 512 

respectively, it’s obvious from this figure that 

A-Law technique presents the best performance 

when the A parameter is set to 13, At a    

BER=10
-3

 which is suitable BER for the quality 

of service, the loss of the signal to noise ratio is 

0.095 dB when the number of subcarriers is 

equal to 256 and 0.14 when the number of 

subcarriers is 512. 

 

 

Figure 7. (b) BER Performance Comparisons for the tried techniques, 

N=256 and β=125. 

 

 
Fig.8 (a) BER Performance Comparisons for the tried techniques, 

N=512 and β=125. 
 

 

Figure 8. (b) BER Performance Comparisons for the tried 

techniques, N=512 and β=125. 

 

Finally, the results of the performance 

evaluation are listed for all the techniques that 

were used in our work in Tables 1 and 2 for 

N=256 and 512, respectively. The included 

results are obtained for different number of N 

with changing the spreading factor (β).  
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According to the results presented in the tables, 

we got better PAPR reduction values when the 

number of subcarriers is increased, it’s obvious 

that Mu-Law technique gives 7.22 dB PAPREF 

when number of subcarriers is equal to 512, the 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

spreading factor is equal to 125 at CCDF=10
-3

 

while the SNRloss value is 0.14 dB. Table 3 

presented the comparison with Merit factor 

technique [30] in terms of PAPR reduction 

where c represents the number of candidates. 

 

 

 

 

 

 

PAPREF (dB) at CCDF=10
-3

 PAPREF (dB) at CCDF=10
-2

 SNRloss (dB) at BER=10
-3

 
Methods 

β=125 β=75 β=125 β=75 β=125 β=75 

`6.92 

6.5 

2.68 

5.02 

7 

5.4 

3.05 

5.35 

6.1 

6.08 

2.22 

4.35 

6.3 

5.27 

2.3 

4.46 

0.16 

0.095 

0.16 

0.2 

0.2 

0.27 

0.27 

0.19 

Mu-Law 

A-Law 

Hyperbolic 

Palm Clipping 

PAPREF (dB) at CCDF=10
-3

 PAPREF (dB) at CCDF=10
-2

 SNRloss (dB) at BER=10
-3

 
Methods 

β=125 β=75 β=125 β=75 β=125 β=75 

7.22 

6.55 

3.1 

5.5 

7.07 

4.8 

2.66 

7.07 

6.32 

6.03 

2.4 

4.7 

6.45 

4.85 

2.37 

6.48 

0.14 

0.14 

0.15 

0.25 

0.2 

0.25 

0.24 

0.12 

Mu-Law 

A-Law 

Hyperbolic 

Palm Clipping 

PAPREF (dB) at CCDF=10
-3

 PAPREF (dB) at CCDF=10
-2

 
Methods 

β=64 β=64 

6.95 

2 

4.45 

 

6.35 

1.05 

3 

 

Mu-Law 

Merit factor, C=2 

Merit factor, C=8 
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5. Conclusion 

 

In this paper, the comapanding and clipping 

techniques were performed to overcome the 

issue of high PAPR which affects the efficiency 

of Power Amplifier. PARR reduction was done 

by involving clipping or companding blocks to 

the OFDM-DCSK system before transmitting 

the signal over multipath Rayleigh fading 

channel, the inverse function was used at the 

receiver in case of companding techniques. The 

simulation results were obtained by performing 

Matlab program depict that the PAPR reduction 

value is gotten better on the account of BER. 

Mu-Law techniques gives the best results from 

the other tried techniques in terms of PAPR 

reduction and BER performance.  
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