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Abstract — In this paper, an efficient Iterative Companding 

Transform and Filtering (ICTF) technique is proposed for 
reducing the Peak-to-Average Power Ratio (PAPR) of 
Orthogonal Frequency Division Multiplexing (OFDM) signal. 
By means of a specially designed iterative procedure, ICTF is 
able to obtain both an improved Bit Error Rate (BER) and 
minimized Out-of-Band Interference (OBI) while reducing the 
PAPR significantly. A comprehensive theoretical analysis is 
presented, and some important results such as the achievable 
PAPR gain, impact of companding distortion, and selection 
criteria for companding parameters and maximum iteration 
number are derived. In particular, it is shown that the ICTF 
without de-companding at the receiver can offer a good BER 
performance. Simulations show that compared to the classic 
Iterative Clipping and Filtering (ICF) technique, ICTF can 
dramatically decrease the number of required iterations to 
reach the desired PAPR with low complexity. In addition, the 
companded OFDM symbols by the proposed ICTF technique 
have less in-band distortion, and lower out-of-band spectral 
regrowth than traditional companding schemes.1 

Index Terms — Orthogonal frequency division multiplexing, 
peak-to-average power ratio, iterative companding transform 
and filtering, out-of-band interference. 

I. INTRODUCTION 

Orthogonal Frequency Division Multiplexing (OFDM) has 
been widely adopted in wideband wireless communications 
because of its high spectral efficiency and an inherent error 
resistance under severe channel conditions. However, OFDM 
systems suffer from one critical drawback: The approximately 
Gaussian-distributed output samples produce high Peak-to-
Average Power Ratio (PAPR), leading to the inter-modulation 
among sub-carriers and undesired Out-of-Band Interference 
(OBI) [1]. As a result, the Digital-to-Analog (D/A) converter 
and High Power Amplifier (HPA) with an extremely wide 
dynamic range are required to avoid the nonlinear distortion, 
severely reducing the power efficiency of HPAs [2]. So far, 
various techniques have been proposed to reduce the PAPR of 
OFDM signals [3], such as Clipping and Filtering (CF) [4], 
Selective Mapping (SLM) [5], Partial Transmit Sequence 
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(PTS) [6], Tone Reservation (TR) [7], and Companding 
Transform (CT) [8]. Among all these techniques, CF is the 
simplest solution. However, clipping is a highly nonlinear 
processing, and causes significant OBI and in-band distortion, 
which degrades the Bit Error Rate (BER) performance of 
OFDM system. Note that, compare to the in-band distortion, 
OBI is more critical because it severely interferes with the 
radio communications in adjacent channels [4]. 

A good remedy for the OBI problem is the well-known CT 
technique [8]-[14], which ‘soft’ compresses, rather than ‘hard’ 
clips signal peaks, and produces far less OBI. Intuitively, by 
compressing large signals and enlarging small ones, both 
PAPR reduction and immunity of small signals from channel 
noise can be obtained. CT has been an attractive and widely 
used technique due to its simplicity and robustness; and it can 
be adopted straightforwardly without any restriction on the 
system parameters, i.e. sub-carrier number, frame format and 
constellation types. Earlier CT methods primarily focused on 
designing a favorable linear or nonlinear companding profile. 
Later, the importance of exploiting the statistical distribution 
of original OFDM signal was indicated [9]. So far, verities of 
linear and nonlinear CT methods have been developed, such 
as  -law companding [8] and Exponential Companding (EC) 
[10]. However, it is worth noting that, similar to clipping, CT 
is also an extra pre-distortion processing applied to original 
symbol. For most existing CT methods, the signal’s PAPR is 
reduced at the expense of limited BER degradation and 
significant out-of-band spectral regrowth. 

On the other hand, to eliminate the spectral regrowth in CF, 
a specially designed frequency response filtering with a fixed 
rectangular-window was used [15]. Furthermore, to suppress 
the time-domain peaks regeneration caused by this frequency- 
domain filtering, Iterative CF (ICF) technique was introduced 
[16]. However, ICF requires several iterations to approach a 
desired PAPR level. Recently, an optimized ICF method [17] 
based on convex optimization was proposed to dramatically 
decrease the number of required iterations. But unfortunately, 
its benefits come at the price of an increased complexity. 

Further motivated by the observation above, two immediate 
questions arise from the previous works on CT technique. The 
first one is how to obtain an effective trade-off between the 
PAPR reduction and BER performance. The next is how to 
minimize the undesired out-of-band interference. In the paper, 
enlightened by the iterative filtering approach in ICF method, 
an Iterative CT and Filtering (ICTF) technique is proposed for 
reducing the PAPR of OFDM signal. By using an iterative 
procedure, ICTF can obtain a significant PAPR reduction as 
well as an improved BER performance simultaneously. 
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Moreover, to tackle with the OBI issue, a frequency-domain 
filtering is adopted for minimizing the out-of-band spectral 
regrowth. In addition, when compared to classic ICF method, 
ICTF dramatically decreases the number of required iterations 
to obtain a desired PAPR with lower computation complexity. 
Specifically, it is shown that the ICTF without de-companding 
operation at the receiver offers a good BER performance. The 
effectiveness of ICTF is well confirmed via a comprehensive 
theoretical analysis and sufficient numerical simulations. 

The remainder of this paper is organized as follows. Section 
II briefly describes the system model for OFDM and PAPR 
statistics. Section III shows the derivation of general formulas 
for the proposed ICTF technique. The theoretical performance 
study is presented in Section IV. In Section V, simulations are 
conducted and compared with classic CT and ICF methods. 
Section VI summarizes and concludes the work.  

II. PAPR FORMULATION IN OFDM SYSTEM 

Let T
0 1 1[ ]NX , X , , X X  represents the data sequence to 

be transmitted independently in an OFDM symbol with N sub-

carriers. The time-domain OFDM symbol with J  times over-

sampling T
0 1 1[ ]JNx ,x , ,x x   can be generated as 
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where n is time index and 1j   . Assume that the sequences 

kX are statistically independent and identically distributed 
(i.i.d.). Based on the central limit theorem, when N  is large, 
the real and imaginary parts of nx become Gaussian distributed, 
each with zero mean and a common variance 2 . As a result, 
the signal amplitude nx  follows a Rayleigh distribution with 
the Probability Distribution Function (PDF) as follows 
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The PAPR of a given symbol is mathematically defined as 
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Generally, the PAPR reduction capability is measured by the 
Complementary Cumulative Distribution Function (CCDF), 
which is defined as the probability that the signal’s PAPR 
exceeds a specific threshold value 0 0 , i.e. 

     0
0 0CCDF Prob PAPR 1 1

N
e ,         (4) 

where  Prob A is the probability of the eventA .  

The principle of CT is described as follow. CT compresses 
the high peaks and enhances the low signals simultaneously, 
thus, decreasing the PAPR of the transmitted signal prior to 
the D/A and HPA. Let  f x denote the companding function 
that only changes the signal’s amplitude, the companded 
signal can be represented as  n ny f x . Unlike the CF, an 
inverse de-companding operation  1f x  is usually used to 
recover the original signal at the receiver. In essence, CT is 
also an extra pre-distortion processing applied to the original 

symbol, resulting in BER and OBI performances degradation 
due to the companding noise at the transmitter and following 
amplification for the channel noise by the de-companding 
operation at the receiver side. 

III. PROPOSED ICTF TECHNIQUE 

The generic formulas and basic procedure of ICTF technique 
are presented in this section.  

A. Companding and Filtering in ICTF 

The objective of ICTF technique is to obtain a significant 
PAPR reduction, but at the expense of a less amount of in-
band distortion and out-of-band spectral regrowth. First, the 
peaks of original symbol are compressed subject to a specified 
signal attenuation level caused by the companding distortion, 
which is directly related to the BER degradation. Second, a 
frequency-domain filtering is adopted for minimizing the OBI. 
Moreover, in order to suppress the peaks regeneration due to 
the filtering, both the companding and filtering operations are 
repeated several numbers to obtain a desired trade-off among 
PAPR reduction, BER and out-of-band performances. 
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Fig. 1.  Block diagram of OFDM transmitter using ICTF technique. 

Fig. 1 illustrates the block diagram of an OFDM transmitter 

using ICTF technique for PAPR reduction. The input complex 

vector NX C is first converted using an over-sampled Inverse 

Fast Fourier Transform (IFFT). In the initial iteration, if the 

iteration number 1m  , the original time-domain OFDM 

symbol JNx C is given as the input to ICTF unit when switch 

K1 is set to 1. During each K1 switching, ICTF processes the 

input signal on a symbol-by-symbol basis. When both K1 and 

K2 are set to 2, the companding and filtering operations are 

iteratively performed for the same symbol. In the last iteration 

(m=M), both switches are returned to position 1 and the desired 

symbol m JNx C is output, where M is the preseted maximum 

number of iterations. Let m JNc C and m JNc C represent the 

frequency-domain OFDM symbol before and after the filtering 

operation at the m-th iteration, respectively.  

The Signal Attenuation Factor (SAF) can be used to quantify 

the level of companding distortion [10], and it is time-invariant 

for the non-stationary Gaussian signal and is calculated as  

   
0

2

1
SAF ,x f x p x dx





                    (5) 
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where  f x is the companding function. A smaller SAF value 

corresponds to a larger companding distortion, i.e. a reduced 

BER performance. In the ICTF procedure, the desired PAPR 

reduction desPAPR and SAF threshold thodSAF are preseted to 

select the optimal parameters in companding function. The 

PAPR of current symbol is recalculated in each iteration. The 

proposed ICTF procedure is summarized as follows. 

Step 1. Initialization settings. Set desPAPR , thodSAF and the 

maximum iteration number M. Select companding 

parameters. 

Step 2. Convert the frequency-domain symbol X  to over-

sampled time-domain OFDM symbol x using NJ -points 

IFFT. Set K1 to 1 and let 1m   , a new symbol enters the 

iterative loop. Then, both K1 and K2 are set to 2. 

Step 3. If 1m  , let 1
o x x ; otherwise, let 1m m

o
x x . 

Step 4. m
ox  is companded by CT function to generate my .  

Step 5. Convert my to frequency domain to generate mc  

using NJ -points FFT. 

Step 6. Perform the frequency-domain filtering on mc  

using RectH to null the out-of-band spectral components. 

Step 7. Convert mc  to time-domain symbol mx  using NJ

-points IFFT. Calculate the PAPR of mx  denoted by PAPRm . 

Step 8. If desPAPR PAPRm  or m M , set K2 to 1 to 

transmit mx , and reset 1m  , return to Step 2 to process the 

next original symbol. Otherwise, let 1m m  , return to Step 

3 to repeat the iteration for the current symbol.  

In Step 6, to eliminate the out-of-band components, CT is 

followed by the filtering, which is defined by a rectangular-

window with the frequency response JNH C as follows 

1, -1
=

0 , -1k

k N
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N k JN

   
    

                           (6) 

The filtering operation is formulated as m m c c H , where 

operator ‘  ’ denotes element-by-element product. 

B. Companding Function 

The selection criterion for companding parameters in Step 1 
is derived in this subsection. Two typical linear companding 
profiles are adopted in ICTF procedure to evaluate its overall 
performance. Note that, other well-known linear and nonlinear 
CT functions can also be adopted to replace them. 

CT 1. Linear Symmetrical Transform 
Linear Symmetrical Transform (LST) is the simplest CT 

profile, whose companding function is defined as 

     sgnf x k x b x ,                                 (7) 

where  sgn   is a sign function, and two parameters 0 1k   

and 0b   are used to specify the companding profile. In order 

to maintain an unchanged average power after CT, it yields 
2 2 2 1k kb / b /      . Thus, once k was selected, b  

can also be determined, and vice versa. The corresponding de-

companding function is given by 

   1 sgn
x b

f x x .
k

 
                                 (8) 

From (5), the SAF of LST function can be calculated as 

   LST 2 0

1
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2
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For a single LST-CT approach, the ultimate PAPR of the 
companded symbol is reduced to 
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where  
0 1
max n
n JN

V x
  

 . Furthermore, the transform gain G is 

defined as the ratio of the PAPR of original symbol to that of 
the companded symbol, as follows 
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CT 2. Two-Piecewise Companding 
Among four general linear and nonlinear CT profiles, it was 

proven that the Linear Nonsymmetrical Transform (LNST) is 
the best in terms of PAPR reduction and BER performance [9]. 
Furthermore, Two-Piecewise Companding (TPWC) [14] is an 
improved LNST to remedy the ‘abrupt jump’ issue, and its 
companding function is defined as 
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where 1 1u  , 20 1u  ,  1 2 0s u u v   , and 0 v V  is the 

cutoff point with  
0 1
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 . The de-companding 

function of TPWC is given by 
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The relation between three independent parameters is given 

as     2 2 2 2
1 21 exp exp 1u u       , where 1 2.   and 

v  . Three sets typical parameters are presented in Table I 

for following analysis and simulations. 

TABLE I 
THREE SETS TYPICAL PARAMETERS FOR TPWC SCHEME 

λ u1 u2   v S 

     1.20 1.143       0.13     1.2   1.216  
     1.60     1.041       0.13     1.6   1.457  
     2.00     1.009       0.14     2.0   1.738  
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Further, the SAF of TPWC function is calculated as 

      2 2 2
TPWC 1 2 1SAF 1 exp exp

s
u u u .

  


       (14) 

For a single TPWC-CT approach, its achievable PAPR is 
given by 

  2
TPWCPAPR dB 20log

u V s
.




                  (15) 

The corresponding transform gain G is written as 

 TPWC
2

G dB 20log
V
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Fig. 2 plots the transform profiles of LST, NLST and 
TPWC. As shown, LST treats the large and small signals with 
a same scale; otherwise, NLST and TPWC compress the large 
signals while partially enhancing the small ones.  

 
Fig. 2.  Transform profiles of LST, classic LNST, and TPWC. 

 
Fig. 3.  SAFs versus independent parameters for LST and TPWC. 

 
The theoretical SAF values of LST and TPWC are shown in 

Fig. 3. As observed, LSTSAF decreases quickly along with k  

decreasing. Hence, LST cannot offer a satisfactory PAPR and 

BER performance due to the same-scale treatment on all 

original symbol and serious signal distortion. However, the 

signal attenuation in TPWC may become less apparent while 

  or 2u  increasing, i.e. less signal distortion. In Fig. 4, the 

theoretical transform gains of LST and TPWC are plotted. As 

shown, TPWC can offer an adequate flexibility by adjusting 

 2,u . From Fig. 3 and Fig. 4, it is noteworthy that, though 

the PAPR reduction and BER performance affect each other 

oppositely, an effective trade-off with moderate dynamic 

range between them is offered. Once the desired PAPR and 

SAF are assigned, by selecting the optimal parameters based 

on the closed-form expressions in (9), (10), (14) and (15), it is 

preferable to make the undesired signal distortion as small as 

possible before entering the ICTF procedure. 

 
Fig. 4.  Theoretical transform Gain in PAPR. 

C. Computation Complexity 

The companding function can be numerically pre-computed 

and performed by using a look-up table in practice [13]. Thus, 

the computation complexity of ICTF procedure is nearly the 

same as that of ICF [15], i.e.  22 logO MJN JN , where M is 

the maximum number of iterations. Obviously, the increased 

number of iterations means increased computation complexity, 

especially when the number of subcarriers is very large. When 

compared to ICF method, as this paper shows later, ICTF can 

dramatically decrease the number of required iterations to 

reach a desired PAPR. Its computation complexity, therefore, 

can be significantly reduced. In addition, the optimized ICF 

[17] based on the convex optimization has a high computation 

complexity, which is   3
21 log  O MN M JN JN . 

IV. COMPANDING DISTORTION ANALYSIS 

In this section, the impacts of the companding distortion on 

the BER performance in ICTF procedure are investigated. 

A. Companding Noise 

Based on Bussgang theorem for real and complex Gaussian 
signal [18], the companded signal can be approximately 
decomposed into two parts: the attenuated signal component 
and companding noise n , i.e. SAFn n ny x    . Thus, the 
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transmitted symbol with m  iterations using ICTF can be 
approximately decomposed as 

SAFm m
n n nx x ,                                  (17) 

where n  is the accumulated companding noise. Moreover, to 

maintain an unchanged average signal power after ICTF, i.e. 
2

2 2

m x x , the power of n   is given by 

 2 2

2
1 SAF m ,                                 (18) 

where 2|| || denotes 2-norm. This formula shows that a smaller 

SAF  means heavier signal attenuation and larger companding 

noise. In particular, it should be noted that too much iterations 

number enhances the accumulated companding noise. 

B. Channel Noise 

In the sequel, the issue of de-companding operation at the 
receiver side is analyzed. For analysis simplicity, an additive 
white Gaussian (AWGN) channel model is considered.  

1. ICTF-LST 

In ICTF-LST, when the iteration number 1m  , with the 

de-companding operation, the received signal n n nr y    can 

be recovered by the de-companding function as follows 

  1
n n n n nx̂ f f x x / k ,                    (19) 

where n  is the channel noise. The recovery error is used to 

describe the signal distortion of the processed symbol, i.e. 
    1 1
n n n n n n n

ˆe x x f f x x / k .               (20) 

When 1m  , if m iterative de-companding operations are 
performed symmetrically to recover the received symbol, the 
corresponding recovery error is approximately given by 

 m m
n ne / k .                                    (21) 

Considering 0 1k  , it is obvious that the iterative de-
companding operations significantly amplifies the channel 
noise along with m  increasing. As a result, it is preferable to 
abandon the de-companding at the receiver. It is noteworthy 
that this is quite advantageous for practical OFDM systems. 

2. ICTF-TPWC 
Similar analysis is extended to ICTF-TPWC. Assuming that 

m  iterative de-companding operations are performed at the 
receiver, the recovery error is approximately given by 
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                           (22) 

where  1 { }nv n, x v     and  2 { }nv n, x v    . This 
formula shows that, for the small signals, the channel noise is 
reduced due to 1 1u  ; otherwise, the noise is amplified owing 
to 20 1u  . According to the typical values of 1 2( )u ,u listed 
in Table I, it is shown that the noise suppression is less 
effective; however, the amplification effect is significant. 

Therefore, it is concluded that ICTF technique without de-
companding at the receiver can offer better BER performance 
than that of with de-companding. Thus, the companding noise 

in ICTF is accumulated only at the transmitter rather than at 
the receiver. Furthermore, in the multipath fading channel, the 
companding noise produces less BER degradation than that of 
the channel noise, because the companding noise has the same 
fading scale with the valid signal component. 

V. SIMULATION RESULTS 

In the section, the overall performances of the proposed ICTF 
technique are evaluated and compared with classic CT and ICF 
schemes. Simulations are performed for an un-coded OFDM 
system based on Digital Video Broadcasting-second generation 
Terrestrial (DVB-T2). Assume that the number of sub-carriers is 
N=1024, using Quaternary Phase Shift Keying (QPSK) or 16-
Quadrature Amplitude Modulation (16-QAM). In the results which 
follow, 610 random OFDM frames are generated to obtain the 
CCDFs, which have been computed with an oversampling ratio 
J=4 to offer an accurate estimation for PAPR. In order to 
investigate BER performance, both the AWGN and multipath 
fading channels are applied. A cyclic prefix with the length of 1/4 
symbol is inserted to mitigate the inter-symbol interference. It is 
also assumed that the symbol timing is precise, the frequency offset 
is absent, and perfect channel estimation and single-tap frequency-
domain equalizer are performed at the receiver. For comparisons, 
five PAPR-reduction schemes including LST [9] (k=0.6), TPWC 
[14] ( 1.6 and 2 0.13u ),  -law [8] ( 13 ), EC [10] 
( 1d ), and ICF [15] (CR=1.86, with 8 iterations), are also 
considered. In ICTF, thodSAF  is set to 0.985 and 0.978 for LST and 
TPWC, respectively, and there is no de-companding operation at 
the receiver side. These schemes are simulated in terms of PAPR 
reduction, BER and OBI performance, respectively. 

A. PAPR Reduction 

 
Fig. 5.  CCDF statistics of OFDM symbol for different PAPR-reduction 
schemes (N=1024, QPSK, and the over-sampling ratio J=4).  

Fig. 5 plots the CCDFs of the PAPR for the original OFDM 
symbol and processed symbol for different PAPR-reduction 
schemes. From this figure, it can be observed that ICTF-
TPWC scheme can significantly reduce the PAPR while 
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simultaneously achieving a sharp drop in CCDF after three 
iterations. For example, given that CCDF=10-3, for ICTF-
TPWC, the PAPR is reduced by about 6.1dB after only three 
iterations. However, ICF scheme requires 8 iterations to reach 
almost same PAPR level. Besides, ICTF-TPWC offers a far 
better PAPR performance than ICTF-IST, as aforementioned, 
because LST treats all signals with the same scale. In addition, 
two nonlinear schemes, i.e. EC and  -law obtain the maximal 
PAPR reduction due to their nonlinear companding profiles. 
As will be presented in below, however, ICTF-TPWC scheme 
produces far less BER degradation and OBI than them. 

B. BER Performance 

 
Fig. 6.  BER comparison for different PAPR-reduction schemes through 
AWGN channel for OFDM system (N=1024, QPSK). 

 
Fig. 7.  BER comparison for different PAPR-reduction schemes through 
AWGN channel for OFDM system (N=1024, 16-QAM). 

Fig. 6 and Fig. 7 depict the BER versus Eb/N0 curves of OFDM 

symbol for different PAPR-reduction schemes through AWGN 
channel for QPSK and 16-QAM, respectively. As a reference, the 
curves of ‘original OFDM symbol’ are the ideal theoretical 
bounds. As shown, the required Eb/N0s of ICTF-TPWC scheme 

are significantly lower than other referred schemes for a given 
BER level. For example, to guarantee BER=10-4 for QPSK, the 
required Eb/N0 for ICTF-TPWC after 2 iterations is about 1.4dB 

superior to that of the ICF scheme with 8 iterations. To reach a 
desired PAPR reduction, ICTF-TPWC leads to less companding 
distortion, meanwhile, dramatically decreases the number of 
required iterations in contrast to ICF. In addition, while the 
increasing of iterative number for ICTF-LST or -TPWC scheme, 
the corresponding BER performance gradually becomes poor 
because of the amplification of equivalent companding noise. The 
simulation result coincides with previous analysis.  

 
Fig. 8.  BER comparison for different PAPR-reduction schemes through 
Rician fading channel for OFDM system (N=1024, QPSK). 

Fig. 8 plots the BER versus Eb/N0 curves of OFDM symbol 
through the Rician multipath channel [19]. As shown, ICTF-
TPWC scheme is also robust enough in the fading channel. 

C. OBI Performance 

The simulated Power Spectral Densities (PSDs) of OFDM 
symbol using different PAPR-reduction schemes are depicted 
in Fig. 9. As observed, both the ICTF-LST and ICTF-TPWC 
schemes lead to only about 2dB out-of-band spectral regrowth 
compared with that of the original OFDM symbol at the 
normalized frequency of 0.4. Due to the frequency-domain 
filtering operation, ICTF can obtain far lower OBI than the 
existing linear and nonlinear CT methods.  

 
Fig. 9.  Simulated PSDs of different PAPR-reduction schemes for OFDM 
system (N=1024, QPSK, and the over-sampling ratio J=4). 
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VI. CONCLUSION 

In this paper, an ICTF technique has been proposed for 
reducing the PAPR of OFDM signal. In contrast to existing 
CTs, by using an iterative procedure, ICTF is able to obtain 
both an improved BER and minimized OBI while reducing the 
PAPR significantly. Therefore, a favorable trade-off among 
PAPR (power efficiency), BER and out-of-band performance 
(bandwidth efficiency) can be offered to satisfy various design 
requirements. A comprehensive theoretical study is derived, 
and the analytical results regarding the achievable PAPR gain 
G, impact of companding distortion, selection criterion for 
companding parameters and iteration number are presented. 
Simulations demonstrate that, compared to classic ICF method, 
the proposed ICTF technique not only obtains significant 
PAPR reduction with improved BER and OBI performance, 
but also dramatically decreases the iterations number. In 
addition, ICTF procedure can also be extended to other well-
known linear and nonlinear companding profiles. 
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