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1 Introduction
Orthogonal Frequency Division Multiplex (OFDM) is widely adopted in wireless com-
munications to satisfy user requirements like high data rates, security, and mobility. 
Among their advantages, we can mention its high spectral efficiency as well as low com-
plexity, implementation flexibility, and robustness against interferences and frequency 
selective fading [1]. However, this technique’s major drawback is its high envelope fluc-
tuations defined by the PAPR value [2]. Such a signal is degraded by the nonlinear char-
acteristics of RF circuits, mainly the RF-PA (Radio-Frequency Power Amplifier) [3]. To 
limit signal distortions a solution consists in backing off input power away from the sat-
uration region, but it’s a costly solution reducing the electrical performances and the 
efficiency at the transmitter.

The objective of the PAPR reduction methods is to reduce signal fluctuations to 
operate near saturation region (high-efficiency region) while still respecting commu-
nication criteria like Bit Error Rate (BER), Error Vector Magnitude (EVM), data-rate, 
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and frequency mask specifications. Various techniques have been proposed in the 
literature to mitigate the effect of this problem. Among them, we can cite methods 
like clipping, clipping and filtering  [4–6], Active Constellation Extension (ACE)  [8, 
9], Tone Reservation (TR)  [6, 7, 10–13], Selected Mapping (SLM)  [14, 15], switch-
ing [16], coding methods [17, 18], Partial Transmit Sequence (PTS) [9, 19, 20], inter-
leaving  [21, 22], and Discrete Cosine Transform (DCT)  [23–25]. Those techniques 
can be classified into three classes [26]: coding techniques, adding signal techniques, 
and probabilistic techniques.

Table  1 presents the classification of the existing PAPR reduction techniques 
reviewed in the state of art. This classification is performed using different criteria 
like downward compatibility, average power increase, data rate degradation, complex-
ity, and BER degradation [26].

Unlike the other PAPR reduction techniques, authors proposed coding techniques 
based on redundancy into the transmitted signal to avoid the high envelope fluctua-
tions affecting the data rate and or power efficiency. Also, PAPR reduction in these 
methods leads to increased computational complexity, especially at the OFDM trans-
mitter. Our objective here is to investigate the use of coding or pre-coding technique 
that improves the trade-off between the efficiency at the transmitter and the quality of 
the transmission in the presence of PA nonlinearities and memory effects. Precisely, 
our contribution can be classified among coding techniques:

• for systems supporting minor modifications at the transmitter and the receiver (not 
downward compatible),

• without an increase in the average power,
• without data rate degradation,
• with additional software implementation,
• and without BER and EVM degradation.

Table 1 Classification of PAPR reduction techniques

Communications Criteria

PAPR reduction techniques Downward 
compatibility

Average 
power 
increase

Data rate 
degradation

Complexity BER 
degradation

Coding tech-
niques

Trellis shaping × ×
√ √

×
Block coding × ×

√
× ×

Adding signal 
techniques

TR
√ √

×
√

×
TR (IFFT/DCT)

√ √
×

√
×

Clipping
√ √

× ×
√

Clipping-filtering
√ √

× × ×
ACE

√ √ √
×

√

Probabilistic 
techniques

Interleaving
√

× × × ×
Switching

√
×

√ √ √

SLM × ×
√ √ √

SLM blind
√

× ×
√

×
SLM-DCT

√
×

√ √ √

PTS × ×
√

 
√ √
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In this work, we focused on the coding techniques that present a viable solution to improve 
service quality in digital transmission. As for interleaving [21, 22], it is possible to act on the 
input signal, to reduce its peaks. The main idea is the implementation of pre-coding tech-
niques like the DCT [18, 25], generally used in an image or video compression and well-
known for its performances in PAPR reduction [23, 24]. However, DCT theoretically has no 
direct influence on the transmission quality, and this is why we will investigate its conjunc-
tion with the shaping code, for its properties in the control and the conversion of the signal 
distribution [27]. This coding adds binary redundancy and makes it possible to shape the 
constellation to minimize its average energy and improve the system’s performance [27, 29]. 
This point is crucial because the increase in average power energy is the main disadvantage 
of other efficient techniques like TR.

After a brief overview of the OFDM system and the PAPR problem, we will describe the 
proposed method in Sect. 2 by explaining its principle, advantages, and simulation results 
for WLAN 802.11y standard. Section  3 will be devoted to the preliminary evaluation of 
the proposed technique in the presence of a nonlinear memory polynomial model. Finally, 
we will provide experimental results and a comparative study using a class-AB PA (3.4 to 
3.8 GHz, 32.5 dBm), and we will conclude.

2  Methods/experimental
2.1  OFDM system and problem position

In discrete-time, an OFDM symbol xn is obtained by the Inverse Fast Fourier Transform 
(IFFT) on the N mapped symbols such as:

where Xk , k = 0, 1, . . . ,N − 1 are the mapped symbols, usually modulated by a Quadra-
ture Amplitude Modulation (QAM), and k is the discrete-time index.

It is known that OFDM modulation is a particular case of multi-carrier transmission, 
where a single data stream is transmitted over a number of lower rate orthogonal sub-car-
riers. Also, among its advantages we can cite the high spectral distribution and efficiency, 
high data rate, robustness to the multi-path channel, and low complexity of implementa-
tion [1]. However, as shown in relation (1), the resulting signal is the superposition of N 
independent narrow-band channels that can generate constructive and or destructive 
sums, and consequently, high envelope fluctuations. High instantaneous peaks limit the 
nonlinear RF-PA to operate at lower average power, known as linear region, which degrades 
transmitter efficiency. Improving the power efficiency implies the reduction of fluctuations 
to maintain a higher average power without signal degradation.

The PAPR of a signal, describing the ratio of the maximum instantaneous power and its 
average power for each OFDM symbol, is defined as [28]:

(1)xn =
1

√
N

N−1
∑

k=0

Xk e
j2πnk
N 0 ≤ n ≤ N − 1

(2)PAPRdB = 10. log

�

PPeak

PAverage

�

= 10. log





max
0≤n≤N−1

|xn|2

E
�

|xn|2
�
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where PPeak represents peak output power, PAverage means average output power. E[·] 
denotes the expected value operation and x the vector of OFDM samples in time-
domain such as x = [x0, x1, . . . , x(N−1)]T .

2.2  Proposed method

2.2.1  Discrete Cosine transform (DCT)

The DCT is widely used in signal and image processing. It separates the signal, like a 
sound or image, into different sub-bands with different weights according to the spec-
trum, and consequently, to the signal quality. Like DFT (Discrete Fourier Transform), it 
appears from the temporal or spatial domain to the frequency domain [30]. The litera-
ture presents a multitude of DCTs transforms, like uni-dimensional DCT (DCT-I) [31], 
two-dimensional DCT (DCT-II)  [32] and three-dimensional DCT (DCT-III)  [33]. For 
example, the DCT-II is introduced to transform the data sequence from an image to 
obtain a high inter-pixels correlation and reduce the spatial redundancy [30]. Differen-
tiating the spectral sub-bands is highly important concerning the image visual quality 
in compression process. In our case, we study the DCT for its properties on spectral 
compaction and the reduction of data sequences auto-correlation, without increasing 
the power average of the original signal [25].

Basic principle:
The DCT is very similar to the DFT, and its basic principle is presented in Fig. 1
At the end of the DCT, each output sample of rank m, denoted SDCTm  , will be calculated 

from vector C composed of N modulated symbols Ck with k = 0 . . .N − 1 and expressed 
such as:

where D =
{

1 if m = 0
2 if m �= 0

for k , n = 0, 1, . . . ,N − 1 The output SDCTm  of the DCT 

block is a set of coefficients corresponding to a DCT basis function (cosine functions 
with increasing frequencies).

At the receiver, each of these basis functions is then multiplied by the correspond-
ing coefficients, and the sum of those values gives the reconstruction of the original 

(3)SDCTm =
√

D

N

N−1
∑

k=0

Ck cos

(

π

N

(2k + 1)m

2

)

DCTBinary
Source

Ck
SDCT
m

IDCT
Y DCT
m

Digital
Modulation

S̃DCT
mDigital

Demodulation
received bit
sequence

a

b
Fig. 1 Block scheme of DCT a transmitter, b receiver
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signal. This process is carried out with the use of the Inverse Discrete Cosine Transform 
(IDCT) [18, 25].

Evaluation of the DCT in simulation:
In order to evaluate the performances of the DCT and its impact in the quality 

of transmission, we carried out a series of simulations with and without DCT for the 
WLAN IEEE.802.11y standard, through the block scheme presented in Fig. 2.

The simulation block is implemented in MATLAB software platform according to the 
parameters presented in Table 2. The used standard adopts OFDM technique for Up-
Link (UL) and Down-Link (DL) with a carrier frequency of 3.7GHz.

The method evaluation is performed as follows: preliminary results allow perfor-
mances evaluation in term of PAPR reduction at the transmitter using Complementary 
Cumulative Distribution Function (CCDF) and using communication criteria like EVM 
and BER.

The CCDF of the PAPR is one of the most frequent parameters for PAPR reduction 
techniques. It denotes the probability that the PAPR of a data block exceeds a given 
threshold PAPR0 and is expressed as:

where PR(·) is the probability function.

(4)CCDF =PR(PAPR > PAPR0)

X1×48
X1×64 X1×72

DCT

S/P

64 × 64

64pts.IFFT

Add guard
interval

AW
GNOFDM

demodulation

Remove G I
FFT

Input
data

Output data

Symbol
mapping

EVM

Evaluation

BER

Evaluation

Equalizer IDCT

Pilot
insertion

X1×4

CCDF
Evaluation

Digital
Demodulation

Fig. 2 Simulation block with the DCT (WLAN 802.11y standard)

Table 2 Simulation parameters

Parameter Value

Num. of sub-carriers 64 (48 data, 4 pilots 
and 12 null sub-
carriers)

Modulation 16-QAM

Carrier frequency (GHz) 3.7

Bandwidth (MHz) 20

Num. of binary data 1,152,000 bits

Num. of OFDM blocks 6000

Performance metrics CCDF, EVM and BER
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Figure  3 presents the CCDF of the obtained OFDM signal with and without the 
DCT. According to these curves, it can be seen that the DCT technique makes it pos-
sible to improve the performance in terms of PAPR reduction by approximately 2 dB 
at 10−3 of probability, in comparison with the original signal.

These results confirm the relationship between the auto-correlation reduction the-
ory of signals after DCT and the reduction of fluctuations.

To evaluate the quality of transmission in the presence of Additive White Gaussian 
Noise (AWGN) channel, we present in Fig. 4 the EVM and BER curves versus SNR 
(Signal-to-Noise Ratio), respectively, with and without DCT.

From the obtained results in terms of EVM and BER, we can see clearly that the 
DCT technique does not introduce any modification on these two criteria: the EVM 
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and BER are similar to the original signal. The impact of the PAPR reduction is not 
perceptible in the absence of the amplifier nonlinearities.

We can conclude that the use of the DCT improves the PAPR reduction without any 
amelioration of transmission quality (in terms of EVM and BER) in the presence of 
AWGN channel. To deal with this inconvenient, in the next section, we suggest a new 
scheme of PAPR reduction, to improve performances.

2.2.2  Shaping technique

The shaping technique is one form of constellation shaping, usually used to control the 
transmission of data symbols and convert the signal distribution into Gaussian [27]. 
The main idea to reduce the average constellation power and power consumption is 
to transmit digital symbols with low energy more frequently. The achieved symbols 
will be composed of bits with unequal probabilities, and this will be used to shape the 
QAM constellation points. The signal constellation is then divided into sub-constella-
tions, each having its own energy, as shown in Fig. 5 for a 16-QAM example.

As illustrated in Fig. 5 and using the basic block diagram of the shaping technique 
described in Fig. 6, where S.C referred to as a Shaping Code, the constellation will be 
partitioned into four sub-constellations (low energy for region 1, medium energy for 2 
and 3, and high energy for region 4).

0 1 0 1

0 1 0 1

1 1 1 1

1 1 1 1

1 0 1 0

1 0 1 0

0 0 0 0

0 0 0 0

1 1

1 1 1 1

1 1

1 0

1 0

1 0

1 0

0 1 0 1

0 10 1

0 0 0 0

0 0 0 0

XX: Shaping bits

1 22

3

3

4 4

44

Sub-constellation 1:Symbols with low energy
Sub-constellation 2 Symbols with average energySub-constellation 3:/
Sub-constellation 4:Symbols with high energy

Fig. 5 Constellation mapping for shaping technique (16-QAM)
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This division induces the same format for the two LSB (Least Significant Bits) in each 
region (see the two LSB in red color on Fig. 5). For example, symbols in region 1 use 
the binary format ”xx11”, in region 2 “xx10”, in region 3 ”xx01” and the format ”xx00” in 
region 4. Thus, the binary words of each symbol Asc are located in its region using the 2 
LSB (ck , ck+1) . Its position in the specified region is according to its 2 MSB (Most Sig-
nificant Bits) ( (A1,A2) ). The aim of our study is to generate additional bits to prioritize 
symbols with low and medium energy.

For example, Table  3 presents the coding Table of the used shaping codes (SC1 
and SC2) for average power reduction of the transmitted signal. The coding rate 
is Rs = ks/ns = 1/2 , where ks and ns are the numbers of input and output bits of the 
encoder. This shaping generates couples of LSB bits [cK cK+1] that concentrate the map-
ping symbols in the medium and low energy sub-constellations (Fig.  5). For example, 
the first line of Table 3 indicates that when [A′

K A′′
K ] = [0 0 0 0] , the generated sequence 

[cK cK+1] are all equal to [0 1] , which systematically locate the symbol in the sub-constel-
lation 3 (medium region). Note that cK  and cK+1 are the outputs of SC1 and SC2 blocks 
and [cK cK+1] correspond to the 2 LSB of the modulated symbol.

As presented in Fig. 6, the proposed shaping technique in the general case on N OFDM 
sub-carriers, with M-ary QAM modulation, can be expressed as the following steps:

Step 1: First, the bits sequence b is partitioned into N blocks of K = log2(M)− 1 bits, 
i.e., b = [b0 b1 ... bN−1] and Ai = [bi,0 bi,1 ... bi,N−1], i = 0, 1, . . . ,K .

where M presents the constellation size, and K is the bit number per symbol.
Step 2: The sequence AK = [bK ,0 bK ,1 ... bK ,N−1] is then further divided into the form 

AK = (A′
K A′′

K ) using serial/parallel block.
Step 3: Shaping code blocks SC1 and SC2 introduce, according to Table  3, one-bit 

redundancy per QAM symbols to obtain the coded sequence Asc = (A1 A2 ... cK cK+1).

.
.
.

A1

AK

S/P

S/P
S.C 1

cK+1

.
.
.

S.C 2

cK

b
A2

A′
K

A′′
K

Xk

S/P: Serial / Parallel, P/S: Parallel / Serial

P/S

Asc

Fig. 6 General block scheme of the shaping technique, K = 3 in the case of 16-QAM modulation

Table 3 Proposed shaping code (ks = 2, ns = 4)

Data bits Shaping SC1 Shaping SC2

A′K / A
′′
K Corresponding coded bits cK Corresponding 

coded bits cK+1

[0 0] [0 0 0 0] [1 1 1 1]
[0 1] [0 0 1 0] [1 0 1 1]
[1 0] [0 1 0 0] [1 1 0 1]
[1 1] [0 0 0 1] [1 1 1 0]
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Step 4: Output sequences of the shaping technique are mapped in QAM before 
transmission.

At the receiver (Fig. 7), the output LLR (Logarithm Likelihood Ratio) block is used, 
which produces K + 1 vectors L = (LÄ1

LÄ2
... Lc̈K Lc̈K+1).

The received bits Lc̈K , Lc̈K+1 will be decoded using the MAP (Maximum A poste-
riori Probability) algorithm to generate the estimated bits. The LLR’s expression is 
given in [29] as:

where φt
q(t ∈ {0, 1}, q ∈ {1, ..., ks}) denotes the set of all codewords cK  obtained after 

shaping code and ti is the value of the ith bit in the codeword cK  under consideration.
Figure  8 presents the proposed method, using a block coding for shaping code, 

combined with DCT at the emission and IDCT with the LLR algorithm at the 
receiver. The main idea is to combine the advantages of these two techniques to 
improve the PAPR reduction and maintain the same average power than the original 
signal.

(5)L(âq,1) = ln

















�

cK∈φ1
q

exp
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�

i=1

tiL
�

c̈i,K
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LÄ1

Lc̈K+1

Lc̈K

LÄ2

Fig. 7 Shaping technique block at the receiver

Shaping technique DCT IFFT CP PA

RF Modulation

a

RF Demodulation

LNA CP FFT IDCT LLR calculation

A

Â
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3  Results and discussion
3.1  Simulation results

The proposed method is evaluated through simulations for the WLAN 802.11y stand-
ard and according to the system presented in Fig. 9. Simulation parameter is given in 
Table 2.

The evaluation method is performed as follows: preliminary results to study the 
performances in term of PAPR reduction at the transmitter using CCDF. Subse-
quently, we will evaluate the proposed method in the presence of nonlinear PA model 
with memory and a noisy channel using communication criteria such as EVM, BER 
and ACPR (Adjacent Channel Power Ratio).
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X1×64 X1×72
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N
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ear
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w
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m
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Fig. 9 Simulation block with the proposed method (WLAN 802.11y standard)
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3.1.1  PAPR reduction

Figure 10 presents the variation of the PAPR value as a function of OFDM symbols. 
For each OFDM symbol, we evaluate the PAPR in the case of the original signal (blue 
curve), DCT only (red curve) and the proposed method combining shaping technique 
and DCT (green curve).

As we can see, the proposed method achieves more improvement than the DCT only, 
and the fluctuations in the transmitted signal are significantly reduced compared to the 
original signal.

Figure 11 presents the comparison of the CCDF curves. It can be seen that the CCDF 
curves of the original signal and the shaping code are similar. There was no reduction of 
PAPR when we used shaping code only. The DCT succeeds in improving the results, and its 
combination with shaping technique allows additional improvement. For example and for 
the probability of 10−3 , the proposed method allows more than 3 dB improvement of PAPR 
reduction.

3.1.2  Performance evaluation in the presence of nonlinear PA model with memory

Power amplifiers are nonlinear devices modeled usually by their static amplitude and 
phase characteristics (AM/AM and AM/PM) and dynamic phenomena like short and long 
memory [35].

For simulations, we use a memory polynomial model obtained through experimen-
tal studies of a commercial 2 W class AB 2.2 GHz, InGaP power amplifier from RF Micro 
Devices. PA identification allows an accurate model with nonlinear order PPA = 5 and 
memory length of MPA = 1.

The input complex envelope u(t) to output complex envelope y(t) relationship is 
expressed as:

(6)y(t) =
MPA
∑

m=0

PPA
∑

p=0

αm,2p+1.|u(t −m)|2p.u(t −m)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5
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P
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R
0)

Proposed method
DCT
 Shaping technique
Original

Fig. 11 Comparison of CCDF curves
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where αm,2p+1 are complex coefficients estimated using the Least-Square algorithm 
on multi-carrier signals with 20MHz bandwidth. Table  4 gives the obtained model 
parameters.

All results are given versus power Input Back-Off (IBO) which defines the difference 
between the input power Pin of the operating point and the 1 dB compression point P1dB

in  , 
such as :

For the used PA, P1dB
in  corresponds to 20dBm of input power.

According to the simulation setup presented in Fig.  9, EVM and BER curves versus 
IBO with a noisy channel of SNR = 12 dB are shown in Figs. 12, 13, using DCT only (red 
curve), shaping technique only (black curve) and the proposed method (green curve).

Figures  12 and 13 show that using only the DCT technique gives an insufficient 
improvement to the system in the linear region (IBO > 0dB), while the shaping only 
allows an improvement of about 4% of EVM and more than one decade of BER in this 
region. In the nonlinear region (IBO< 0dB), shaping still gives better results than the 
DCT except at high saturation (IBO = −4dB), where the results are substantially similar. 
The proposed method improves the EVM significantly in the nonlinear region, while the 
BER remains like shaping only. In fact, the EVM criterion evaluates the system linearity 
(e.g., in-band distortion), while the BER gives information on the decoding ability.

(7)IBO (dB) = Pin (dBm)− P1dB
in (dBm)

Table 4 PA Model parameters

Values

α0.1 −3.1 + 2.93 j

α1,1 2.86·10−1 + 2.19·10−1 j

α0,3 5.15·10−2 − 4.2·10−2 j

α1,3 −3.49·10−4 + 2.75·10−4 j

α0,5 −4.93·10−5 + 1.37·10−5 j

α1,5 7.58·10−3 − 4.34·10−3 j

-4 -3 -2 -1 0 1 2 3 4
IBO (dB)

10

12

14

16

18

20

22

24

26

E
V

M
 (

%
)

Original
DCT
Shaping technique
Proposed method

Fig. 12 Comparison of EVM versus IBO (SNR = 12dB)
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Compared to the original signal, the proposed method allows an improvement of 7.5% 
for EVM and one decade and a half for BER. We can read the EVM curve differently in 
term of linearity such as: for the same quality (same EVM), the proposed method makes 
it possible to obtain a maximal gain of 6 dB in IBO. For an illustration of the gain in lin-
earity, Fig. 12 shows that an EVM of 16 % can be reached at IBO of 3 dB for original signal 
and −3 dB for the proposed technique. In this case, the power amplifier can be used in 
its nonlinear region, which improves the transmitter efficiency, without loss in quality of 
service.

Figures 14 and 15 present, respectively, the EVM and the BER curves of the received 
signal versus SNR in the nonlinear region corresponding to IBO = −2dB.

As previous results, we can observe that using the shaping code with the DCT allows 
significant EVM performances, compared to the DCT method, which has almost the 
same behavior as the original signal.

Constellations in Fig. 16 for an IBO of −2dB, i.e., PA operating in the nonlinear region, 
and noisy channel with SNR equal to 12 dB show that applying the proposed method 
reduces the symbols dispersion despite PA nonlinearities. We can notice the shaping 
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Fig. 13 Comparison of BER curves versus IBO (SNR = 12dB)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
SNR(dB)

10

15

20

25

30

35

40

45

50

55

60

65

E
V

M
 (

%
)

Original
DCT
Shaping technique
Proposed method

Fig. 14 EVM Curves versus SNR for Gaussian channels (IBO = −2dB)



Page 14 of 20Aimer et al. J Wireless Com Network         (2021) 2021:40 

code’s effects promoting the 3rd medium energy sub-constellation (see constellation 
mapping in Fig. 5). As we can see, there is an increase in the number of medium symbols 
of this sub-constellation during transmission. So, the shaping code allows a change in 
the constellation and improves the decision process during decoding.

In Table 5, we give the upper and lower ACPR values of the PA output for different 
input power such as
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B
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Fig. 15 BER Curves versus SNR for Gaussian channels (IBO = −2dB)
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Table 5 ACPR results

Original DCT Proposed method

IBO (dB) ACPRL
dB

ACPRU
dB

ACPRL
dB

ACPRU
dB

ACPRL
dB

ACPRU
dB

−4dB −21.67 −21.78 −22.39 −22.46 −23.01 −22.93

−2dB −24.71 −24.86 −25.86 −25.95 −26.50 −26.61

0dB −28.20 −28.38 −29.58 −29.69 −30.25 −30.39

2dB −31.84 −32.03 −33.29 −33.41 −33.94 −34.10

4dB −35.39 −35.57 −36.78 −36.90 −37.36 −37.53
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where R denotes the lower (noted L) or upper (noted U) first adjacent channel frequen-
cies of 20MHz bandwidth. Mc is the primary channel frequencies, Y (ω) is the DFT of the 
output signal.

For different IBO values, we can note a reduction of about 2 dB by applying the pro-
posed method, compared to the original signal, this is mainly the effect of the DCT 
method, known for its good frequency compaction and spectral efficiency  [36]. Com-
bined with the shaping technique, it allows significant PAPR reduction while maintain-
ing the spectrum in the standard specification.

We can conclude that applying the proposed method makes it possible to reduce the 
fluctuations of the signal and consequently reduce the nonlinear distortions generated 
by the power amplifier.

3.2  Experimental validation on 20 W power amplifier

In order to validate the effectiveness of the proposed method, experimental tests have 
been carried out using a 20 W test bench Fig. 17. The IQ baseband signals are generated 
and uploaded from the PC Workstation to the RF Agilent N5182A MXG Vector Signal 
Generator. The stimulus signal is an OFDM signal in WLAN 802.11y standard, 16-QAM 
modulation with 20 MHz bandwidth for experiments. Output signal is injected to a two-
stages RF PA 20 W class-AB 3.7 GHz in LDMOS technology from NXP society, oper-
ating in the 3.4–3.8  GHz range. Output signals are measured in an RF format with a 
four-channel oscilloscope at a sampling rate of 40GHz (LeCroy SDA820Zi-A) and an 
Agilent N9020A MXA X-Series Signal Analyzer. All equipment communicates through 
Local Area Network connector (LAN).

In Fig. 18, we present the gain (AM/AM) and phase (AM/PM) characteristics of the 
used PA, defined, respectively, by the output signal magnitude and phase, for a 3.7 GHz 
carrier frequency. From the amplitude conversion (blue curve), we can see the linear, 
compression and saturation regions. We can also define the 1 dB compression point cor-
responding to an input power of 12dBm. As in Sect. 3.1, this point is taken as reference 
for 0 dB of IBO.

(8)ACPRR
dB = 10 log10

(

∑

ω∈R |Y (ω)|2
∑

ω∈Mc
|Y (ω)|2

)

RF signal generator
(Agilent N5182A)

RF Output

High Power Amplifier

Baseband
signal RF Carrier

Attenuator
RF Spectrum Analyzer

(Agilent N9020A)

Ultrafast Oscilloscope
(LeCroy SDA820Zi-A)RF Output

SMA connectorLAN cable

Switch
commutateur

RF Power
Divider

Fig. 17 Test bench for experimental validation
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3.2.1  Experimental results

To evaluate the effectiveness of the proposed method, we show in Figs. 19, 20 the EVM 
and BER results with and without the PAPR reduction.

For the overall input power range, the proposed method improves the transmission 
quality with a decrease in the EVM and the BER over PA nonlinearities. If we operate in 
compression region (at 0 dB of IBO for example), the improvement in EVM is up to 6%.

The BER reaches 4 · 10−3 compared to 10−2 for the PA without PAPR reduction. Also, 
if the operating point is chosen in the linear region (at IBO = 6 dB for example), we can 
see an improvement of EVM up to 8% and by a factor of 6 to 19 for the BER.

Figure  21 presents the symbols distortion with and without PAPR reduction for 
an IBO of −2dB, i.e., PA operating in saturation. As we can see, the proposed method 
reduces the dispersion on the constellation points and makes easier the decoding pro-
cess from mapping symbols to a binary stream.

The PAPR reduction methods can be evaluated according to their ability to respect the 
specification criteria like the used standard’s frequency mask. Figure 22 addresses this 
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issue and illustrates the proposed method’s impact on the frequency response at IBO 
= −2dB. As we can see, the PA introduces additional components in the adjacent bands 
due to its high nonlinearities in the studied region. However, the proposed method 
allows a reduction of the out of band spurious and maintains the output spectrum in the 
specification mask of the defined standard.

3.2.2  Comparative study

Table 6 presents the proposed technique performances compared to the TR, DCT and 
shaping techniques [34, 37]. This study is performed using essential criteria like PAPR 
reduction, the increase in the average power and the power efficiency enhancement. 
Notice that the power efficiency enhancement results are obtained using the efficiency 
curves versus input power of the used PA.

We can observe that the TR presents the best improvement in term of PAPR reduc-
tion. Like other techniques based on adding signal (see Table 1), the main drawback is 

-4 -2 0 2 4 6
IBO (dB)

10-4

10-3

10-2

10-1

B
E

R

Original
Proposed method

Fig. 20 Measured BER versus IBO

−5 −3 −1 1 3 5
−5

−3

−1

1

3

5
Original

I

Q

−5 −3 −1 1 3 5
−5

−3

−1

1

3

5
With proposed method

I

Fig. 21 Measured constellation diagrams



Page 18 of 20Aimer et al. J Wireless Com Network         (2021) 2021:40 

an increase in the average power, around 0.9dB. Also, Shaping code and the DCT are 
complementary in their results with a better reduction of the average power for the first 
one due to the mapped digital symbols’ concentration on the low energy sub-constella-
tion [sub-constellation (1) in Fig. 5]. The proposed method combines their performances 
and ensures a trade-off between reducing the PAPR and increasing the average power. 
Note that the power efficiency of the proposed method is greater than that of the TR 
method [37]. However, it is worth mentioning that it introduces minor modifications in 
the system’s coding and decoding schemes, making it not fully downward compatibility, 
unlike the TR.

4  Conclusions
In this paper, we proposed and applied a PAPR reduction method for multicarrier sys-
tems based on the conjunction of the DCT and the shaping technique. This study shows 
the existence of shaping codes to simultaneously reduce the PAPR and out-of-band 
interferences, by giving priority to low and medium energy symbols. We also showed 
that the combined scheme (DCT + shaping code) provides better performances than 
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Fig. 22 Impact of nonlinear PA model on frequency responses with the proposed method (IBO = −2dB)

Table 6 Comparative study

Performance effects

PAPR Average Power efficiency

power improvement (%)

TR −4.2dB +0.91dB 6.5

DCT only −2dB 0dB 2

Shaping code only 0dB −3dB 9.5

Proposed technique −3.3dB 0dB 17
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each technique alone, by combining their benefits. In this cascaded structure, the DCT 
block allows an improvement of ACPR, even in the presence of nonlinear PA with mem-
ory and a noisy channel.

The cascaded method usefulness is illustrated by nonlinear simulations using a mem-
ory polynomial model and a noisy channel with different SNR and IBO. From these 
results, we observed an improvement in EVM and BER of about 7.5 % and one decade 
and a half, respectively. In this case, the power amplifier can be used in its nonlinear 
region ( −2 dB of IBO), with better efficiency and without loss in quality of service.

The experimental results on a 20 W–3.7 GHz class AB power amplifier show also that 
the proposed method can significantly improve the system performances (EVM and 
BER) and attenuate the PA undesirable consequences on adjacent channel regrowth. 
From these results, we observed an EVM improvement of 6 to 8% and about one decade 
on the BER. We can conclude that the new technique is a good candidate to enhance 
power efficiency on RF transmitters for a given distortion level.
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