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Abstract
Orthogonal Frequency Division Multiplexing (OFDM) is a multi-carrier modulation, 
which transfers multimedia data in both wired/wireless communications. It suffers from 
high Peak to Average Power Ratio (PAPR) which slowdowns the implementation of 
OFDM in practical communication systems due to the nonlinear operation of High-power 
amplifier. It makes the OFDM system design more complex and costlier. Many authors 
presented different strategies to mitigate the high PAPR. One of them is companding which 
lowers the out-of-band interference in OFDM, but it degrades the Bit Error Rate (BER) 
performance. The other one is the Selected mapping (SLM) which improves the BER per-
formance, but the system complexity is increased for large values of phase rotation fac-
tor. Hence, a new hybrid algorithm is proposed in this paper which is the combination of 
SLM with different types of companding techniques to acquire the advantages of both the 
techniques. With this proposed scheme, the PAPR is reduced by a large amount compared 
to conventional OFDM and OFDM with SLM techniques. Also, it enhances the spectral 
efficiency and reduces system complexity. The outcome of the proposed hybrid techniques 
is encouraging; hence this technique can be used in LTE, Fourth Generation (4G), Fifth 
Generation (5G) and beyond wireless communication systems.
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1 Introduction

As the world is moving towards high data rates, the Orthogonal Frequency Division Multi-
plexing (OFDM) is a promising technology which provides better performance in terms of 
upgrading the channel capacity, efficient utilization of bandwidth and improving the qual-
ity of the service [1]. To meet these requirements, some modifications need to be done not 
only at the physical layer level but also at other layers. Hence, an efficient configuration 
like Multi-Input Multi-Output (MIMO) is initiated to attain higher speeds and low latency 
[2, 3]. When OFDM is combined with MIMO, the frequency selective channel will be 
converted into a frequency flat fading channel which inclines the minimization of receiver 
complexity and cost. Hence, LTE-OFDM is a key technology that supports future wireless 
systems as it reduces the cost and complexity.

OFDM supports wireless standards like IEEE 802.11a/g/n/ac WLAN, Digital Audio 
Broadcasting (DAB), Digital Video Broadcasting-Terrestrial (DVB-T), Digital Subscriber 
Line (DSL), Long Term Evolution (LTE) and 4G communications.

OFDM also supports WiMax (802.16) standard and  3rd Generation Partnership Project 
(3GPP) to increase the system performance even if there is no end–to–end line of sight 
path [4]. Fifth Generation (5G) technologies provide better data rates that are equal to 
1000 times of the current 4G communications, and the number of Internet of Things (IoT) 
devices connected to a system is also increased by a large factor.

5G communications place a vital role in emphasizing spectral as well as energy effi-
ciency [5]. As there is tremendous growth in data traffic, IoT places a vital role in mini-
mizing the system cost and complexity [6]. Hence, OFDM is the prevalent multi carrier 
modulation technique considered as the backbone for all upcoming (5G and beyond) wire-
less technologies to provide three major scenarios like Ultra Reliable and Low Latency 
Communications (URLLC), Enhanced Mobile Broadband (eMBB) and Massive Machine 
Type Communications (mMTC) [7].

Even though OFDM scheme is an enticing technique to all modern wireless commu-
nication technologies, it suffers from one of the major challenging issues i.e., high Peak 
to Average Power (PAPR). In an OFDM signal, N data symbols are modulated with the 
help of N subcarriers that are orthogonal in nature. When all the modulated signals are 
appended to the same phase, the resultant peak amplitude will be high as the cumulative 
addition is done using Inverse Fast Fourier Transform (IFFT) operation. In this case, the 
peak amplitude is N times the average amplitude. According to the definition, PAPR is 
the ratio of maximum power to average power [8]. In OFDM, the cumulative addition of 
multiple sub carriers is done using Inverse Fast Fourier Transform (IFFT) operation due 
to which high peak value arises. This high PAPR ushers the High-Power Amplifier (HPA) 
to be operated in the nonlinear region which is the most crucial threat in both uplink and 
downlink [9] of wireless communications. The nonlinearity of the HPA effectuates the 
Inter Carrier Interference (ICI), high out of band radiation and deteriorates the Bit Error 
Rate (BER) performance of the communication system [10]. The efficiency of the HPA is 
crucial due to the limited battery power of mobile handset. For example, in [7], it was pro-
jected that in upcoming 5G mobile handsets, PAPR reduction is the more important thing 
to improve the battery power and efficiency of Millimeter wave (mmWave) HPAs.

Many authors proposed different types of PAPR reduction strategies in the literature to 
achieve low complexity and to decrease the non-linear distortion of HPA. Some of them 
are clipping and filtering, companding, Selected Mapping (SLM) and Partial Transmit 
Sequence (PTS) etc. [11]. Among all these schemes, SLM is the powerful and popular 
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technique [12] which does not introduce distortion while reducing the PAPR and the imple-
mentation is less complex. In SLM, a set of OFDM symbols are generated which repre-
sents the same data block and the symbol with lowest PAPR [13] is selected for transmis-
sion. Companding is also a good contender to SLM which provides better PAPR with less 
complexity, good BER and no bandwidth expansion. Companding attenuates high peaks 
while amplifying the low amplitude values to get better PAPR results [14–16].

A new category of hybrid technique combines two or more reduction techniques which 
gives better PAPR [17–20] reduction than single technique. Nowadays, hybrid meth-
ods have gained interest as they hold the advantages of all techniques used in them. Even 
though they achieve better results like improved PAPR reduction with an increase in BER 
performance of the system, it increases the system complexity by a very little amount. In 
this paper, a combination of low complexity SLM with different types of nonlinear com-
panding techniques like Rooting Companding Technique (RCT), Logarithmic Rooting 
companding (LogR), Hyperbolic Tangent Rooting companding (TanR) and Exponential 
(EXP) companding are projected to mitigate the PAPR by a large amount with less com-
plexity [21–24]. The proposed hybrid techniques acquire the advantages of both SLM and 
companding techniques used in this paper. They have the advantages of increasing the Sig-
nal to Noise Ratio (SNR) as the companding retains the signal level beyond the noise level 
during the entire processing. Also, these techniques have the advantages of reduced PAPR, 
increased BER performance, increased spectral efficiency and no bandwidth expansion. 
Hence the system complexity and cost are reduced. But as the side information of SLM is 
not reduced in the proposed technique, the complexity is little bit increased compared to 
SLM without side information technique, but the complexity is reduced compared to single 
PAPR reduction techniques.

The rest of the paper is organized as follows: Introduction to OFDM and significance 
of PAPR are presented in sect. 2. Section 3 presents various PAPR reduction techniques 
available in the literature and their limitations. Proposed SLM-Companding technique is 
provided in sect. 4. In sect. 5, the simulation results of the hybrid PAPR reduction tech-
niques, which are the combination of SLM with different types of companding techniques 
are projected and finally section VI summarizes the outcome of this work and concludes 
the paper.

2  Generation Of OFDM and Significance Of PAPR

2.1  Orthogonal Frequency Division Multiplexing (OFDM)

OFDM divides the procurable bandwidth into multiple number of sub carriers, which are 
orthogonal in nature. Transmitting these subcarriers with uniform intervals will give sev-
eral advantages like reduction of multipath distortion, improving the spectral efficiency of 
the system and ease of incorporation with Multi–Input–Multi–Output (MIMO) technology. 
OFDM converts the wideband signal with bandwidth B (= 1/T) and symbol time T into N 
non-overlapping narrow band signals with each signal bandwidth of B′ as [25]:

The block diagram of OFDM is depicted in Fig.  1. Here, the symbol generation can 
be done with the help of digital modulation techniques like M-ary Quadrature Amplitude 

(1)B� =
B

N
=

1

NT
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Modulation (M-ary QAM) or M-ary Quadrature Phase Shift Keying (M-ary QPSK). Now 
the Serial to Parallel (S/P) converter preserves [9] N constellation points which can be used 
for the purpose of modulation. To get profusely accurate PAPR values, the output of S/P 
converter should be passed through an N-point IFFT which gives the time domain repre-
sentation of OFDM signal as [26]:

where n is the time, k is the frequency indices and Xk is the data transmitted on kth subcar-
rier with the value of k = {0, 1 …N–1}.

2.2  Significance of Peak to Average Power Ratio (PAPR)

As the efficiency of HPA is critical due to its nonlinear characteristics [27], high PAPR 
in OFDM obstructs the implementation of OFDM for battery operated mobile handsets. 
Central limit theorem states that for higher and sufficient values of N, the complex (real 
and imaginary) OFDM symbol supports Gaussian distribution whereas its amplitude and 
power follow the distributions like Rayleigh and exponential distributions respectively. The 
expression for PAPR of baseband OFDM signal is given by:

(2)x(n) =
1√
N

N−1�
k=0

X(k)e
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n

(3)PAPR(x[n]) = max
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Fig. 1  Block diagram of OFDM
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The Cumulative Distribution Function (CDF) of the envelope of a signal is expressed by 
a threshold level F(z) as:

The probability of PAPR outside the level F(z) is evaluated by using Complementary 
Cumulative Distribution Function (CCDF)

As the manufacturing of a linear HPA is difficult and costly, high PAPR is a major prob-
lem in an OFDM system [18]. When the HPA is operated at or below the saturation region, 
the OFDM system works well in the piece-wise linear region. Figure 2 depicts the charac-
teristic curve of a Power Amplifier. From the figure, if the HPA works near the saturation, 
the IOB/OOB distortions may be increased. The formulas of IOB/OOB distortions which 
decides the non-linearity of PA is given by:

 
From the above equation, the maximum input voltage is denoted as:  As2 and the maxi-

mum throughput value is indicted as:  A02.
The HPA will be driven to non-linear region due to the high peaks resulted by the IDFT/

IFFT [28]. This creates the problems like poor coverage due to wastage of power in out 
of band radiations, harmonic generation, and the decay in power efficiency. Many authors 
proposed different strategies to reduce the PAPR, and in this paper, PAPR is reduced by a 
large amount by using proposed hybrid methods.

3  Literature Review on PAPR Reduction Techniques

3.1  Selected Mapping

Even though Selected Mapping (SLM) was proposed in the year 1996, [29] it is the most 
prominent PAPR reduction technique which gains substantial improvements compared to 
the remaining techniques. In SLM, a data block from the output of the serial to parallel 
converter i.e. X = [X0, X1, ….Xk-1]T is multiplied by phase rotation factor U. The different 
phase sequences are given by Pu = [Pu

0,Pu
1,………Pu

k-1]T. Consequently, U sequences 
 [Xu1,  Xu2,…..Xuk-1] are generated which are having statistically independent nature [11]. 
The U number of sequences are belonging to the same data block, which can be fed to the 
IFFT block to produce U statistically independent sequences. Lastly, among all sequences, 
the one with lowest PAPR is preferred for serial transmission [12].

The U number of sequences, which are also called as side information, is required at the 
receiver to reconstruct the original data block. This is the first drawback of SLM [29]. In 
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addition to that, U IFFT operations are needed at the transmitter to apply the SLM process 
which makes the system more computationally complex [13]. To get rid of these draw-
backs, many researchers put their efforts in reducing several algorithms [12, 13, 26, 28] 
were proposed with low complexity and without using side information. In this SLM tech-
nique, the mapping method used is 16-QAM with 64 sub carriers and the number of sym-
bols considered for this simulation are 1024.

The distribution function CCDF = Prob (PAPR >  PAPR0) was used with respect to 
cut off level  PAPR0 to express the range of PAPR of OFDM. PAPR values of OFDM 
and the reduction technique SLM for different values of route numbers that is from 
U = 2 to 64 are plotted in Fig. 3. The value of PAPR of OFDM signal without apply-
ing any PAPR reduction technique is equal to 10  dB at a CCDF of  10–2. When SLM 
reduction technique is applied to OFDM, the PAPR is reduced to 8.7 dB for phase factor 
U = 2, 7.9 dB for U = 4 and 6.7 dB for U = 16. Further increment in U value results in 
reduction of PAPR by a large amount i.e., for U = 64, PAPR is reduced to 6.1 dB. But 
enhancing the value of phase factor (U) causes the transmitter design more and more 
computationally complex due to the increment in number of IFFT blocks. Hence in pro-
posed hybrid methods, SLM is combined with different types of companding techniques 
with which one can achieve less PAPR without increasing U value.

3.2  Clipping and Filtering

The PAPR can be diminished by a signal amplitude distortion method. Clipping and 
filtering decreases the peak amplitude of the input signal to a pre-defined threshold level 
[30].

Fig. 3  Performance of PAPR 
with SLM
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where, clipping level is denoted by A which is a positive integer, and the phase of the input 
signal x is �(x). However, clipping alone creates distortions like in-band radiations and out-
of-band radiations result in BER performance degradation and effects the power efficiency 
of HPA [8]. To overcome the drawback of out-of-band radiation, frequency domain filter-
ing is introduced but this technique also fails in reducing in-band radiations. When the 
signal is passed through filtering, the band pass filtering induces peak regrowth [31]. Thus, 
many authors suggested repeated clipping and filtering as an alternative way to reduce the 
peak regrowth at a cost of increasing computational complexity and degradation in the per-
formance of BER [32]. In this repeated clipping and filtering method, first IFFT opera-
tion is done to convert the frequency domain signal into time domain signal which can be 
clipped as given below.

where C represents the output signal, Ct is threshold  level, C is the output of the clipper, 
|x| 2 and E [|x|2] are the signal and mean powers respectively. In this clipping process, high 
peaks whose value is greater than clipping level is decreased to the allowable level without 
affecting the input signals phase angle. Initially, input data vector (a0, a1,.. aN-1) whose 
length is N need to be converted to time domain from frequency domain using IDFT/IFFT. 
Clipping ratio (CR) decides the clipping percentage of IFFT signal, but larger values of CR 
increase the value of BER.

(8)C(x) =

{
Aej𝜙(x)

x

;|x| ≥ A

;|x| < A

(9)C =

⎧⎪⎨⎪⎩

�
CR ∗ E

��x�2� ∗ x

�x�
x

;x2 > ct

;x2 ≤ ct

Fig. 4  PAPR performance of 
clipping and filtering of OFDM
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The clipped signal is converted to frequency domain using DFT/FFT and then the actual 
filtering processing will be done with the help of IDFT to reduce the out-of-band radiation. 
In this Repeated Clipping and Filtering (RCF) technique, iteration number is considered 
as 4, hence the above clipping and filtering process can be repeated 4 times and the CR is 
assumed to be 3 dB. As shown in Fig. 4, the PAPR achieved at CCDF value  10–2 is 7.4 dB 
for one RCF, 6.3 dB for two RCF, 5.7 dB for three RCF and 5.3 dB for four RCF. Further 
decrement in PAPR is possible by increasing CR value and iteration number. But larger 
values of  CR increases BER and the system complexity increases for the higher values of 
iteration number.

3.3  Companding

One of the popular signal distortion techniques is non-linear. Companding which dimin-
ishes the high peak values by distorting the OFDM signal prior to amplification process. 
Like clipping technique, companding also suffers from in-band and out-of-band distortions 
and complexity. But it does not need any side information like SLM technique. Basic com-
panding techniques are classified as µ-law and A-law [14] which compress the signal loga-
rithmically at the transmitter and expands the same at the receiver.

3.3.1  A‑law Companding

The A-law compressor maintains linear curve for low input levels and logarithmic curve for 
high level inputs as given by the following equation [24].

The Consultative Committee for International Telephony and Telegraphy (CCITT) 
decided the value of A as 87.6 used by the countries like Russia, India, and China to com-
pand the speech signal in telecommunications.

3.3.2  μ ‑law Companding

Like A-law, μ-law is also linear at low level inputs and logarithmic at high input signal lev-
els. The mathematical expression for μ-law is defined as [13]:

As per CCITT, the countries like USA and Japan use the value of μ as 255 in Voice 
Coder and Decoders (VOCODER).

(10)y(x) =

⎧
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4  Proposed PAPR Reduction Method

The proposed method is a combination of SLM and companding schemes that give better 
results compared to the existing techniques. Figure  5 depicts the block diagram of pro-
posed hybrid method (SLM + Companding).

The algorithm of the proposed hybrid method is as follows:

(1) The modulation of input data stream is done by Quadrature Amplitude Modulation 
(QAM)

(2) The mapped QAM signal is multiplied by different phase factors from U = 2 to 64 to 
assess the lowest PAPR value

(3) Each sub block signal is converted to time domain with the help of IFFT which acts as 
a modulator, hence the complexity is reduced

(4) The signal is over sampled by a factor of L, and finally the optimum peak signal is 
chosen

(5) The compression of output signal is done by different types of nonlinear companding 
techniques like Rooting Companding Technique (RCT), Logarithmic Rooting com-
panding (LogR), Hyperbolic Tangent Rooting companding (TanR) and Exponential 
(EXP) companding

(6) Finally, the one with optimum PAPR is chosen for transmission

In this proposed one, for lesser values of phase rotation factor, a lower PAPR is obtained 
as the nonlinear companding techniques are appended to the SLM technique. As the pro-
posed techniques give less PAPR for lesser values of phase rotation factor, the computa-
tional complexity of the system decreases. The following non-linear companding tech-
niques are used in the proposed method.

4.1  Exponential Companding (EXP)

The EXP companding equation relies on the Exponential function whose characteristic 
equation at the transmitter is given by [33]:
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K point 
IFFT

x
U-1

X1

x
0

x
1

XU-1

P0

K point 
IFFTData 

source

Select
the 

signal 
with 

minimum
PAPR

Non
Linear 

Compander
Transmit 

signal
S/P
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Fig. 5  Block diagram of the proposed method
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The inverse exponential companding function at the receiver section is given by

where α is a positive integer and is also known as average output signal power.

4.2  Rooting Companding Technique (RCT)

In this technique, the amplitude is only altered based on the following equation [14] and 
the phases remain constant before the signal is processed by digital to analog converter.

where, y decides the amount of variation in amplitude value whose range is from 0.1 to 0.9 
and sgn(x) is used to maintain the constant phase. Choosing the lower values of y reduces 
the PAPR by a large amount. Similarly, the de-companding is used at the receiver to get 
back the original amplitude values.

The mathematical expression for de-companding is given by

Rooting technique converts the statistical Rayleigh distributed OFDM signals into 
Gaussian distribution, and it changes the values of mean and variance of OFDM signals. 
This technique reduces the PAPR by lowering the peak amplitude value.

4.3  Hyperbolic Tangent Rooting Companding (TanR)

Hyperbolic Tangent rooting companding technique distributes the large envelope signals 
into tangent distribution and this is decided by the function Tangent. This conversion can 
be established by using the following companding equation [22]

where k is a positive number ranging from 5 to 25, which controls the companding level in 
an effective manner and sgn(x) is used for phase of the OFDM signal. The decompanding 
equation which can be used at the receiver is given as:

(12)h(x) = sgn(x)d

√
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4.4  Logarithmic Rooting Companding Technique (LogR)

Logarithmic Rooting companding (LogR) depends on the logarithmic function [20] to 
achieve companding process. The LogR companding at the transmitter and inverse com-
panding at the receiver are as follows:

where  k2 is a positive constant which determines the degree of companding.

Several simulations were done in MATLAB for the proposed hybrid methods for mak-
ing comparisons of their performance with respect to PAPR and the results obtained for the 
proposed techniques are presented in the next section.

5  Results and Discussion

Hybrid techniques are more popular as they acquire the advantages of all methods used 
in the PAPR reduction process. To enhance the capacity of the system in terms of reduc-
ing PAPR, the combination of SLM with different nonlinear companding techniques 
are proposed in this paper. 1024 symbols are used in the proposed scheme with 64 sub 
carriers and the mapping method used is 16-QAM which is simulated by generating 
the data randomly. For all proposed PAPR reduction techniques, the PAPR value is 
evaluated for different phase rotation factors i.e. for U = 2 to 64. The complementary 

(18)f (x) = log((|x| ∗ k2)
y + 1) ∗ sgn(x)

(19)f (x)−1 =

||||||

(
exp

(|x|
k2

)
− 1

) 1

y
||||||
sgn(x)

Fig. 6  Comparison of OFDM, 
OFDM-SLM & OFDM-SLM-
EXP Techniques
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cumulative distribution function, CCDF = Prob {PAPR >  PAPR0} is used to express the 
range of PAPR in terms of a probability of occurrence with respect to its cut-off value.

5.1  SLM with Exponential Companding

Figure 6 shows the comparison of OFDM, OFDM-SLM and SLM-EXP techniques with 
number of bits equal to 1024 which are mapped using 16-QAM. PAPR is assessed at 
CCDF value of  10–2 of actual OFDM signal which is equal to 9.9 dB. SLM reduction 
method reduces PAPR to 8.7 dB for route number U = 2 and 7.8 dB for U = 4. When U 
is increased, PAPR is reduced and for U = 64, the PAPR is decreased to 6.1 dB. Hence, 
PAPR reduces by increasing U. But when the value of U is increased, it increases the 
system complexity and cost. With the proposed SLM with EXP technique, it is observed 
that U value need not be increased to achieve less PAPR. SLM-EXP technique reduces 
the PAPR to 7.2  dB for U = 2 and it decreases gradually with increasing U and for 
U = 64, it is reduced to 5.5 dB. Increasing the value of U results in increasing the com-
putational complexity. Hence to reduce the complexity, consider U as 8 and when PAPR 
is calculated for U = 8, OFDM with SLM is having PAPR of 7.1 dB and it is reduced to 
6.2 dB for hybrid SLM with EXP technique with a major difference of 3.7 dB compared 
to original OFDM signal. When SLM-EXP technique is compared with SLM technique, 
the performance of SLM-EXP is improved by 1.5 dB for U = 2. As the EXP companding 
technique uses both cosine and sine functions, the compression is better at the transmit-
ter which helps in reducing the PAPR compared to OFDM and SLM techniques.

Fig. 7  Comparison of OFDM, 
OFDM-SLM & OFDM-SLM-
RCT Techniques



2697Optimizing the Reduction of PAPR of OFDM System Using Hybrid…

1 3

5.2  SLM with RCT 

Figure 7 presents the comparison of PAPR of OFDM, OFDM-SLM and SLM-RCT com-
panding techniques. As shown, the actual OFDM signal’s PAPR is equal to 9.9  dB. By 
using SLM PAPR reduction technique, PAPR is reduced to 8.5 dB for U = 2, and 6.2 dB 
for U = 64. For the proposed SLM-RCT method, the value of PAPR is 6.4 dB for U = 2 
and it decreases gradually with increasing U and for U = 64, it is reduced to 4.7  dB. It 

Fig. 8  Comparison of OFDM, 
OFDM-SLM & OFDM-SLM-
TanR Techniques

Fig. 9  Comparison of OFDM, 
OFDM-SLM & OFDM-SLM-
LogR Techniques
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is observed that the proposed SLM-RCT technique reduces the PAPR by a large amount 
without increasing U value to achieve less PAPR. To reduce the complexity, consider U 
as 8 and when PAPR is calculated for U = 8, hybrid SLM-RCT reduces PAPR to 5.4 dB 
with a major difference of 4.5 dB compared to original OFDM signal and 1.8 dB compared 
to SLM. Compared to the SLM-EXP technique, which produces the PAPR of 6.2 dB for 
U = 64, SLM-RCT technique reduces the PAPR to 4.7 dB with a difference of 0.8 dB. The 
PAPR of Rooting technique is less compared to SLM-EXP technique.

5.3  SLM with TanR Companding

As shown in Fig.  8, PAPR is evaluated for OFDM, OFDM-SLM and SLM-TanR com-
panding for different values of U. PAPR of OFDM signal is equal to 9.7 dB, SLM method 
reduces the PAPR to 8.5 dB for route number U = 2 and 6.2 dB for U = 64. The proposed 

Fig. 10  Comparison of OFDM 
with Hybrid techniques

Table 1  Comparison of OFDM 
with hybrid techniques for U = 8 
and 16

S.No Method PAPR (dB) at 
CCDF = 10–2

1 OFDM 9.8
2 OFDM with SLM for U = 8 7.2
3 OFDM with SLM for U = 16 6.6
4 OFDM with SLM + EXP for U = 8 6.2
5 OFDM with SLM + EXP for U = 16 5.9
6 OFDM with SLM + RCT for U = 8 5.4
7 OFDM with SLM + RCT for U = 16 5.1
8 OFDM with SLM + TanR for U = 8 4.6
9 OFDM with SLM + TanR for U = 16 4.3
10 OFDM with SLM + LogR for U = 8 4.0
11 OFDM with SLM + LogR for U = 16 3.7
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SLM-TanR reduces the PAPR to 5.2 dB for U = 2 and 4 dB for U = 64. When U = 8, OFDM 
with SLM is having PAPR of 7.2 dB and it is reduced to 4.5 dB for hybrid SLM with TanR 
technique with a major difference of 2.7 dB compared to SLM and 5.2 dB compared to 
conventional OFDM signal. It is observed that the SLM-TanR technique is better compared 
to SLM-EXP and SLM-RCT techniques as it reduces the PAPR to 4 dB which is better 
than SLM-EXP whose PAPR is 5.5 dB and SLM-RCT with a PAPR of 4.7 dB.

5.4  SLM with LogR Companding

Figure  9 illustrates the PAPR of OFDM, SLM and SLM-LogR techniques. As shown, 
the OFDM signal is with PAPR value 9.8 dB. The proposed SLM with LogR technique 
reduces PAPR to 4.6  dB for U = 2 and it decreases gradually with increasing U and for 
U = 64, it is reduced to 3.4 dB. To reduce the complexity, consider U as 8 and when PAPR 
is calculated for U = 8, OFDM with SLM is having PAPR of 7.2 dB and it is reduced to 
4 dB for hybrid SLM with LogR technique with a major difference of 3.2 dB compared to 
SLM and 5.8 dB compared to original OFDM signal. When the SLM- LogR technique is 
compared to the remaining proposed reduction techniques, SLM-EXP method gives PAPR 
of 6.2 dB, SLM-RCT technique provides 5.4 dB, SLM-TanR gives 4.5 dB and SLM-LogR 
is with PAPR of 4 dB for U = 8. It proves that the Logarithmic companding (LogR) is bet-
ter than EXP, TanR and RCT techniques. Hence, among all techniques, SLM-LogR gives 
better performance in reducing PAPR and reduces the system complexity and computa-
tional cost. The comparison of conventional OFDM with all proposed hybrid techniques 
is shown in Fig.  10. The phase rotation factor is considered as U = 8 and 16. All tech-
niques are having better results in reducing PAPR compared to the conventional OFDM 
and OFDM-SLM reduction techniques. 

For further discussion, Table  1 gives the clear idea about all the proposed companding 
techniques. Conventional OFDM is having PAPR of 9.8 dB and the PAPR of OFDM with 
SLM is reduced to 7.2 dB for U = 8 and 6.6 dB for U = 16. The PAPR of SLM with EXP com-
panding technique is 6.2 dB for U = 8 and 5.9 dB for U = 16, SLM-RCT technique is 5.4 dB 
for U = 8 and 5.1 dB for U = 16, SLM-TanR companding is 4.6 dB for U = 8 and 4.3 dB for 
U = 16, and finally, SLM-LogR technique is 4 dB for U = 8 and 3.7 dB for U = 16. Hence, 
all proposed techniques reduce the PAPR by a large amount compared to OFDM as well as 
SLM by reducing the system complexity and cost. Finally, it is observed that, LogR technique 
reduces the PAPR by a great amount compared to conventional OFDM, SLM and the remain-
ing companding techniques.

6  Conclusions

The bottleneck of OFDM technique is high PAPR which makes the system more complex as 
it moves the HPA to be operated in the nonlinear region. Hence, in this paper, hybrid PAPR 
reduction techniques have been proposed and implemented to out-strip the performance of 
the system by decreasing the PAPR at lower complexity by choosing lower phase rotations of 
SLM i.e., for U = 8. When compared to original OFDM and SLM, all proposed hybrid tech-
niques give less PAPR and Logarithmic companding gives better performance among all of 
them proposed in this work.

All the proposed techniques reduce the PAPR value with less hardware required which 
leads to the decrement in computational complexity of the system. Also, the proposed 
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techniques improve the system efficiency, reduces the PAPR, increases the BER performance 
and SNR. As the PAPR reduces, the overall complexity can be reduced as the HPA works 
in linear region. But compared to SLM without side information technique, the complexity 
is increased by little bit. Hence, in future, the proposed techniques complexity can be fur-
ther reduced by using the SLM without side information technique. Due to the above advan-
tages, the proposed hybrid techniques can be employed in future wireless communication sys-
tems, and they can be incorporated in standards like Interoperable Public Safety (IPSC) and 
waveforms like Universal Networking Waveform (UNW) and Wideband network Waveform 
(WNW). Also, OFDM plays a vital role in LTE, 4G, 5G and beyond wireless communications 
technologies where battery operated handsets are used for broadband applications.

Funding The authors declare that no funds, grants, or other support were received during the preparation of 
this manuscript.

Data availability of material The datasets generated during and/or analyzed during the current study are not 
publicly available right now but are available from the corresponding author on reasonable request.

Declarations 

Conflict of interest We confirm that this work is original and has not been published elsewhere, nor is it cur-
rently under consideration for publication elsewhere/The authors have no relevant financial or non-financial 
interests to disclose.

Code availability (Software application or custom code)-Code is written in Matlab and it is  not publicly 
available.

References

 1. Yang, H. (2005). A road to future broadband wireless access: MIMO-OFDM-based air interface. 
IEEE Communication Magazine., 43(1), 53–60. https:// doi. org/ 10. 1109/ MCOM

 2. W. Xiang. K. Zheng, X. (Sherman) Shen Editors, 5G Mobile Communications, springer publica-
tions, 2017.

 3. Jiang, T., Xiang, W., & Chen, H.-H. (2007). Qiang Ni, multicast broadcast services support in 
OFDMA based WiMAX systems. IEEE Communications Magazine, 45(8), 78–86.

 4. Khan, F. (2009). LTE for 4G mobile broadband: air interface technologies and performance. Cam-
bridge university press.

 5. Huo, Y., Dong, X., & Xu, W. (2017). 5G cellular user equipment: from theory to practical hardware 
design. IEEE Access., 5, 13992–14010. https:// doi. org/ 10. 1109/ ACCESS. 2017. 27275 50

 6. Wang, Y., Xu, J., & Jiang, L. (2014). Challenges of system-level simulations and performance eval-
uation for 5G wireless networks. IEEE Access., 2, 1553–1561. https:// doi. org/ 10. 1109/ ACCESS. 
2014. 23838 33

 7. Rappaport, T. S., et  al. (2013). Millimeter wave mobile communications for 5G cellular: it will 
work! IEEE Access, 1, 335–349. https:// doi. org/ 10. 1109/ ACCESS. 2013. 22608 13

 8. Anoh, K., Tanriover, C., & Adebisi, B. (2017). On the optimization of iterative clipping and filter-
ing for PAPR reduction in OFDM systems. IEEE Access, 5, 12004–12013. https:// doi. org/ 10. 1109/ 
ACCESS. 2017. 27115 33

 9. Lim, D. W., Heo, S. J., & No, J. S. (2009). An overview of peak-to-average power ratio reduction 
schemes for OFDM signals. Journal of Communication Networks, 11(3), 229–239. https:// doi. org/ 
10. 1109/ JCN. 2009. 63913 27

 10. Akurati, M., Kamatham, Y., Pentamsetty, S. K., & Kodati, S. P. (2019, October). PAPR reduction 
in OFDM using hybrid companding for 5G wireless communications. In 2019 Global Conference 
for Advancement in Technology (GCAT) (pp. 1-5). IEEE.

https://doi.org/10.1109/MCOM
https://doi.org/10.1109/ACCESS.2017.2727550
https://doi.org/10.1109/ACCESS.2014.2383833
https://doi.org/10.1109/ACCESS.2014.2383833
https://doi.org/10.1109/ACCESS.2013.2260813
https://doi.org/10.1109/ACCESS.2017.2711533
https://doi.org/10.1109/ACCESS.2017.2711533
https://doi.org/10.1109/JCN.2009.6391327
https://doi.org/10.1109/JCN.2009.6391327


2701Optimizing the Reduction of PAPR of OFDM System Using Hybrid…

1 3

 11. Rahmatallah, Y., & Mohan, S. (2013). Peak-to-average power ratio reduction in OFDM systems: a 
survey and taxonomy”. IEEE communications surveys and tutorials., 15(4), 1567–1592. https:// doi. 
org/ 10. 1109/ SURV. 2013. 021313. 00164

 12. Lim, D.-W., No, J.-S., Lim, C.-W., & Chung, H. (2009). Selected mapping without side information 
for PAPR reduction in OFDM. IEEE Transactions on Wireless Communications, 8(7), 3320–3325. 
https:// doi. org/ 10. 1109/ TWC. 2009. 070463

 13. Akurati, M., Kamatham, Y., Pentamsetty, S. K., & Kodati, S. P. (2019, October). PAPR reduction 
in OFDM using hybrid companding for 5G wireless communications. In 2019 Global Conference 
for Advancement in Technology (GCAT) (pp. 1-5). IEEE.

 14. Stephane, Y., Goff, Le., Al-Samahi, Samer S., Khoo, Boon Kein, Tsimenidis, Charalampos C., & 
Sharif, Bayan S. (2009). Selected mapping without side information for PAPR reduction in OFDM. 
IEEE Transactions on Broadcasting., 8(7), 3320–3325.

 15. Hou, Jun, Ge, Jianhua, Zhai, Dewei, & Li, Jing. (2010). Peak-to-average power ratio reduction of 
OFDM signals with nonlinear companding scheme. IEEE Transactions on Broadcasting, 56(2), 
258–262. https:// doi. org/ 10. 1109/ TBC. 2010. 20469 70

 16. Wang, X., Tjhung, T. T., & Ng, C. S. (1999). Reduction of peak-to-average power ratio of OFDM 
system using a companding technique. IEEE Transactions on Broadcasting, 45(3), 303–307. 
https:// doi. org/ 10. 1109/ 11. 796272

 17. Sandoval, F., Poitauand, G., & Gagnon, F. (2017). Hybrid peak-to-average power ratio reduction 
techniques: review and performance comparison. Digital Object Identifier. https:// doi. org/ 10. 1109/ 
ACCESS. 2017. 27758 59

 18. Wang, Sen-Hung., Sie, Jia-Cheng., Li, Chih-Peng., & Chen, Yung-Fang. (2011). A low complexity 
PAPR reduction scheme for OFDMA uplink systems. IEEE Transactions on Wireless Communica-
tions., 10(4), 1242–1251. https:// doi. org/ 10. 1109/ TWC. 2010. 032911. 100713

 19. Yue, G., & Wang, X. (2006). A hybrid PAPR reduction scheme for coded OFDM. IEEE Transac-
tions on Wireless Communications, 5(10), 2712–2722. https:// doi. org/ 10. 1109/ TWC. 2006. 04136

 20. Thota, S., Kamatham, Y., & Paidimarry, C. S. (2018, July). Performance analysis of hybrid com-
panding PAPR reduction method in OFDM systems for 5G communications. In 2018 9th interna-
tional conference on computing, communication and networking technologies (ICCCNT) (pp. 1-5). 
IEEE.

 21. Shaheen, Imad A., Zekry, Abdelhalim, Newagy, Fatma, & Ibrahim, Reem. (2019). Performance 
evaluation of PAPR reduction in FBMC system using nonlinear companding transform. Science 
direct. ICT Express, 5(1), 41–46. https:// doi. org/ 10. 1016/j. icte. 2018. 01. 017

 22. Wang, Y., Ge, J. H., Wang, L. H., & Ai, B. (2012, September). Nonlinear companding transform using 
hyperbolic tangent function in OFDM systems. In 2012 8th International Conference on Wireless 
Communications, Networking and Mobile Computing (pp. 1-4). IEEE.

 23. Thota, S., Kamatham, Y., & Paidimarry, C. S. (2020). Analysis of hybrid PAPR reduction methods of 
OFDM signal for HPA models in wireless communications. IEEE Access, 8, 22780–22791. https:// doi. 
org/ 10. 1109/ ACCESS. 2020. 29700 22

 24. Wang, X., Tjhung, T. T., & Wu, Y. (2003). On the SER and spectral analyses of A-law companding 
multi carrier modulation. Proceeding IEEE Vehicular Technology Conference (VTC), 52, 1408–1412.

 25. Baxley, R. J., & Zhou, G. T. (2004). Power savings analysis of peak-to-average power ratio in OFDM. 
IEEE Transactions on Consumer Electronics, 50(3), 792–798. https:// doi. org/ 10. 1109/ TCE. 2004. 
13416 81

 26. Jiang, T., & Wu, Y. (2008). An overview: peak-to-average power ratio reduction techniques for OFDM 
signals. IEEE Transactions on Broadcasting, 54(2), 257–268. https:// doi. org/ 10. 1109/ TBC. 2008. 
915770

 27. Jeon, H. B., No, J. S., & Shin, D. J. (2011). A low-complexity SLM scheme using additive mapping 
sequences for PAPR reduction of OFDM signals. IEEE Transactions on Broadcasting, 57(4), 866–875. 
https:// doi. org/ 10. 1109/ TBC. 2011. 21515 70

 28. Bäuml, R. W., Fischer, R. F. H., & Huber, J. B. (1996). Reducing the peak to- average power ratio of 
multicarrier modulation by selected mapping. Electronics Letters., 32(22), 2056–2057. https:// doi. org/ 
10. 1049/ el: 19961 384

 29. Ma, T.-M., Shi, Y.-S., & Wang, Y.-G. (2011). A novel SLM scheme for PAPR reduction in OFDM 
systems. Journal of Computer Networks and Communications., 2011, 195740. https:// doi. org/ 10. 1155/ 
2011/ 195740

 30. Anoh, Kelvin, Tanriover, Cagri, Adebisi, Bamidele, & Hammoudeh, Mohammad. (2018). A new 
approach to iterative clipping and filtering PAPR reduction scheme for OFDM systems. IEEE Access, 
6, 17533–17544. https:// doi. org/ 10. 1109/ ACCESS. 2017. 27516 20

https://doi.org/10.1109/SURV.2013.021313.00164
https://doi.org/10.1109/SURV.2013.021313.00164
https://doi.org/10.1109/TWC.2009.070463
https://doi.org/10.1109/TBC.2010.2046970
https://doi.org/10.1109/11.796272
https://doi.org/10.1109/ACCESS.2017.2775859
https://doi.org/10.1109/ACCESS.2017.2775859
https://doi.org/10.1109/TWC.2010.032911.100713
https://doi.org/10.1109/TWC.2006.04136
https://doi.org/10.1016/j.icte.2018.01.017
https://doi.org/10.1109/ACCESS.2020.2970022
https://doi.org/10.1109/ACCESS.2020.2970022
https://doi.org/10.1109/TCE.2004.1341681
https://doi.org/10.1109/TCE.2004.1341681
https://doi.org/10.1109/TBC.2008.915770
https://doi.org/10.1109/TBC.2008.915770
https://doi.org/10.1109/TBC.2011.2151570
https://doi.org/10.1049/el:19961384
https://doi.org/10.1049/el:19961384
https://doi.org/10.1155/2011/195740
https://doi.org/10.1155/2011/195740
https://doi.org/10.1109/ACCESS.2017.2751620


2702 M. Akurati et al.

1 3

 31. Armstrong, J. (2002). Peak-to-average power reduction for OFDM by repeated clipping and frequency 
domain filtering. Electronics Letters, 38(5), 246–247. https:// doi. org/ 10. 1049/ el: 20020 175

 32. Zhu, Xiaodong, Pan, Wensheng, Li, Hong, & Tang, Youxi. (2013). Simplified approach to optimized 
iterative clipping and filtering for PAPR reduction of OFDM signals. IEEE Transactions On Communi-
cations. https:// doi. org/ 10. 1109/ TCOMM. 2013. 021913. 110867

 33. Jiang, Tao, Yang, Yang, & Song, Yong-Hua. (2005). Exponential companding technique for PAPR 
reduction in OFDM systems. IEEE Transactions On Broadcasting. https:// doi. org/ 10. 1109/ TBC. 2005. 
847626

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Malleswari Akurati  was born in chirala, India, in February 1985. She 
received the B.Tech degree in Electronics and Communications Engi-
neering from JNTU Hyderabad in 2006, and the master’s degree with 
specialization of Digital Electronics and Communications Systems 
from JNTU, Kakinada in 2012. She is currently a Research Scholar of 
JNTU Kakinada. Her research interests include Wireless Communica-
tions and Signal Processing. Currently, she is working as Assistant 
Professor in the Electronics and Communication Engineering Depart-
ment, CVR College of Engineering, Hyderabad, India. She is a Life 
Member of ISTE; India.

Dr. Satish Kumar Pentamsetty completed B.Tech (ECE) in 1989 from 
Nagarjuna University, M.Tech (Communication Systems) in 1992 
from Pondicherry Central University, Ph.D (ECE) in 2004 from JNTU, 
Hyderabad. He is currently working as professor in ECE department of 
ACE Engineering College, Ghatkesar, Hyderabad. He is guiding 10 
research scholars and under his guidance one research scholar is 
awarded Ph.D degree. He has published 44 papers in various confer-
ences & journals at national & international levels. He is Ph.D thesis 
evaluator for Anna University, Chennai. His research areas are Signal 
Processing, Computer Networking, VLSI design. He is guiding and 
teaching students for various competitive exams like GATE, IES & 
PSU’s.

https://doi.org/10.1049/el:20020175
https://doi.org/10.1109/TCOMM.2013.021913.110867
https://doi.org/10.1109/TBC.2005.847626
https://doi.org/10.1109/TBC.2005.847626


2703Optimizing the Reduction of PAPR of OFDM System Using Hybrid…

1 3

Dr. Satya Prasad Kodati  received B Tech. degree in Electronics and 
Communication Engineeringfrom JNTU college of Engineering, 
Anantapur, Andhra Pradesh, India in 1977 and M.E. degree in Com-
munication Systems from Guindy college of Engg., Madras University, 
Chennai, India in 1979 and Ph.D from Indian Institute of Technology, 
Madras in 1989. He started his teaching carrier as Teaching Assistant 
at Regional Engineering College, Warangal in 1979. He joined JNT 
University, Hyderabad as Lecturer in 1980 and served in different con-
stituent colleges viz., Kakinada, Hyderabad and Anantapur and at dif-
ferent capacities viz., Associate Professor, Professor, Head of the 
Department, Vice Principal and Principal. In JNTUK University he 
served as Director of Evaluation, Director IST and Rector. He has pub-
lished more than 250 technical papers in various National & Interna-
tional Conferences and Journals and authored Four Text books. He has 
guided 35 Ph.D scholars and at present 15 scholars are working with 
him. His areas of Research include Communications, Signal Process-
ing, Image Processing, Neural Networks & Ad-hoc wireless networks 

etc. Dr Prasad was a recipient of Andhra Pradesh State Teacher award in 2009 and received different awards 
at national level. Dr Prasad is a Fellow member of various professional bodies like IEEE, IETE, IE (I), and 
ISTE.


	Optimizing the Reduction of PAPR of OFDM System Using Hybrid Methods
	Abstract
	1 Introduction
	2 Generation Of OFDM and Significance Of PAPR
	2.1 Orthogonal Frequency Division Multiplexing (OFDM)
	2.2 Significance of Peak to Average Power Ratio (PAPR)

	3 Literature Review on PAPR Reduction Techniques
	3.1 Selected Mapping
	3.2 Clipping and Filtering
	3.3 Companding
	3.3.1 A-law Companding
	3.3.2 μ -law Companding


	4 Proposed PAPR Reduction Method
	4.1 Exponential Companding (EXP)
	4.2 Rooting Companding Technique (RCT)
	4.3 Hyperbolic Tangent Rooting Companding (TanR)
	4.4 Logarithmic Rooting Companding Technique (LogR)

	5 Results and Discussion
	5.1 SLM with Exponential Companding
	5.2 SLM with RCT
	5.3 SLM with TanR Companding
	5.4 SLM with LogR Companding

	6 Conclusions
	References




