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ABSTRACT The application of orthogonal frequency division multiplexing (OFDM) has become more and
more widespread in recent years. However, the high peak-to-average power ratio (PAPR) problem is still one
of the critical issues in the implementation of OFDM systems. Among the techniques of PAPR reduction,
iterative clipping and filtering (ICF) is widely used due to its easy implement, and many ICF-based methods
have been proposed recently. The optimized ICF (OICF) further has been designed with an optimized
filter and achieves faster convergence rate. And the simplified OICF (SOICF) applies Lagrange multiplier
method to simplify the problem solving as compared to OICF. The approach saves SOICF from using
complicated convex optimization methods. Most recently the clipping-noise compression (CNC) method
is proposed to reduce the required number of Fourier transforms by compressing the clipping noise in the
time domain. Based on SOICEF, this paper adopts clipping and noise compression to replace the calculation
of PAPR-reduction vector in each iteration. Analysis shows that the computational complexity of the
proposed scheme is lower than SOICF. In addition, we have improved the CNC technique and introduced
a compression threshold in the proposed scheme. In each iteration, only the components whose amplitude
exceeds the compression threshold are compressed, while the others remain unchanged. To this end, this
reduces the amount of information lost, resulting in better BER performance. The simulation results show that
the proposed scheme has better BER performance than SOICF, and better PAPR reduction than CNC. When
equal amounts of PAPR reduction by the evaluated methods are actually achieved, the BER performance
of the proposed scheme is better than SOICF and CNC, especially with high-order modulation or lower
clipping ratio.

INDEX TERMS Peak to average power ratio (PAPR), orthogonal frequency division multiplexing (OFDM),
noise compression, computational complexity, iterative clipping and filtering (ICF).

I. INTRODUCTION

Due to the advantages including high spectral efficiency and
strong resistance to multipath fading, orthogonal frequency
division multiplexing (OFDM) has been widely adopted
by many wireless communication standards such as IEEE
802.11, Digital Video Broadcasting (DVB), 4G and 5G
mobile communications [1]-[6]. However, there are still
some challenges on implementing OFDM in communication
equipments. One of the major problems is the high peak-to-
average power ratio (PAPR) of the transmitted OFDM signal,
which requires a correspondingly large dynamic range of
the transmitted signal path [7], [8]. In particular, as one of
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the main components consuming energy in the equipments,
the power amplifier typically operates near its saturation
region to achieve high efficiency, in which case high PAPR
may result in nonlinear distortion [9]. Even though more
power backoff can be taken to reduce the distortion, this
however makes the amplifier inefficient [10], [11]. There-
fore, it is necessary to study the PAPR reduction of OFDM
signals [12].

To solve this issue, many techniques on PAPR reduc-
tion have been proposed in literatures. All these tech-
niques can be categorized as distortionless-based methods
and distortion-based methods [13]-[16]. The distortionless-
based techniques including coding, multiple signaling
and probabilistic, will not cause nonlinear distortion dur-
ing PAPR reducing, but generally involve high
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computational complexity and side-information transmis
sion [17], [18]. In contrast, the distortion-based techniques
usually can be easily implemented and do not require side-
information [19], [20].

Among these existing techniques, amplitude clipping and
filtering is probably the simplest method of the distortion-
based technologies [21]. It is achieved by limiting the peaks
that exceed a predetermined threshold, which leads to in-band
and out-of-band distortions. In order to meet the requirement
of out-of-band radiation of the transmitted signal, a filter
is usually required after clipping. But filtering will cause
the peak regrowth. To address this problem, J. Armstrong
proposed the iterative clipping and filtering (ICF) method
in [22]. However, this method increases the computational
complexity of the amplitude clipping and filtering technique.

The optimized iterative clipping and filtering (OICF) algo-
rithm proposed by Wang and Luo in [23] can accelerate
the convergence of iterations by replacing the rectangular
filter with an optimized filter using convex optimization tech-
niques. However, this method needs to solve the convex opti-
mization problem, which is complicated. Zhu et al. proposed
a simplified approach to OICF (SOICF) by studying clipping
noise instead of clipped signals [24]. The SOICF technique
reduces computational complexity by transforming convex
optimization problems into the Lagrange multiplier method.
Recently, some improved SOICF-based methods have been
proposed. In [25], Anoh et al. applied an adaptive clipping
threshold to SOICF to achieve faster convergence. Liu et al.
proposed the enhanced ICF method which introduces the
time-domain kernel matrix and the optimized corresponding
scaling vector to generate the PAPR-reduction signal, and has
been proved to more efficient than SOICF [26].

Wang and Tellambura proposed the simplified clipping
and filtering technique (SCF) in [27], which requires only
single iteration to achieve the same PAPR reduction as that
of ICF. This thus reduces the number of fast Fourier trans-
form (FFT) and inverse FFT (IFFT). However, since the
clipping noise is scaled in the frequency domain, there are still
three FFT/IFFTs required. And the computational complex-
ity of FFT/IFFT will increase as the number of subcarriers
increases. The neural network (NN) based SCF technique
proposed by Sohn and Kim in [28] reduces the computational
complexity by using only one IFFT module. However, in this
approach, there are two additional NN modules based on
multilayer perceptrons, and they need to be trained first.
In addition, the performance of this method is also limited
by its training samples. In [28], the SCF signals are used
as training data, resulting that the PAPR reduction and bit
error rate (BER) performance of the NN method could not
be as good as SCF’s. The clipping-noise compression (CNC)
method is proposed in [29]. Since CNC carries out the pro-
cesses all in the time domain, there is only one single Fourier
transform needed. This reduces the computational complex-
ity. And simulation results show that CNC also achieves
better PAPR reduction and BER performance compared to
the conventional ICF methods [29].
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In this paper, our research focuses on the noise caused
by clipping as SOICF and CNC. In SOICEF, it is assumed
that the phase of the clipping-noise peak is the same as that
of its adjacent samples, and the suppression operations are
applied to all the peaks and their adjacent samples. However,
we found that as the clipping ratio decreases, the number
of clipping noise peaks gradually increases. This makes the
computational complexity increase and the BER performance
degrade. Based on SOICF, we propose an iterative clipping-
noise compression scheme for PAPR reduction. The proposed
scheme uses the same clipping, clipping-noise calculation
and iteration operations as SOICF. The difference is that the
proposed scheme uses the noise compression technique to
replace the PAPR reduction vector calculation, to reduce the
computational complexity. In addition, the proposed scheme
also improves the original CNC technique by introducing
compression thresholds and iteration operations. Compared
to CNC, the proposed scheme increases computational com-
plexity, but it improves PAPR reduction and BER perfor-
mance. When the same amounts of PAPR reduction are
actually achieved, the proposed scheme has lower computa-
tional complexity and better BER performance compared to
SOICEF, especially in the case that the clipping ratio is low.

The remaining of the paper is organized as follows.
In Section II, we introduce the background of the problem,
including the system model of OFDM, and the involved
previous works in the literatures. In Section III, the pro-
posed iterative noise compression scheme is introduced,
and the performance and computational complexity are ana-
lyzed. In Section IV, simulations are taken to evaluate the
performance of the proposed scheme. Section V gives the
conclusion.

Il. SYSTEM MODEL AND PREVIOUS WORKS

In this section, we first introduce the OFDM system model
and the PAPR problem in our study. Then, the involved
methods proposed in the previous literatures, i.e., ICF, SOICF
and CNC, are introduced and analyzed.

A. SYSTEM MODEL AND PAPR PROBLEM

OFDM is a commonly used multi-carrier modulation tech-
nique. And its wideband transmission can be considered
as simultaneously transmitting several parallel narrowband
signals. These narrowband signals named subcarriers are
orthogonal to each other. In practice, the Fourier transforms
are usually adopted to transform the OFDM signals from
the frequency domain into the time domain to maintain the
orthogonality of the subcarriers.

In practice, the signal is typically transmitted in a frame
consisting of sequences of several time-domain OFDM
symbols. In order to reduce interferences between sym-
bols and conflicts with the multipath channels, cyclic pre-
fix OFDM (CP-OFDM) is proposed and widely used [30].
Recently, based on CP-OFDM, some new post-OFDM
waveforms have been proposed to smooth the transition
between OFDM symbols, such as weighted overlap and add
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based OFDM (WOLA-OFDM), filtered-OFDM (f-OFDM),
filter-bank multi-carrier based on offset quadrature ampli-
tude modulation (FBMC/OQAM) [31], [32]. However, these
waveforms use IFFT on each OFDM symbol separately,
resulting in their amplitude envelope characteristics simi-
lar in each symbol. Therefore, without loss of generality,
the OFDM signal involved in this paper only works on a
single OFDM symbol, as the works in [9]{14].

The data to be transmitted should firstly be modulated by
quadrature amplitude modulation (QAM) or phase shift key-
ing (PSK), and then grouped as vectors with N components,
and it is assumed that N is the number of the subcarriers in
the OFDM systems. The vector is the OFDM symbol in the
frequency domain, and can be described as

X, = [X(0), X(1), ..., X(k), ..., X(N — 1)], (1)

where X (k) is the k-th subcarrier of the OFDM symbol.
Moreover, oversampling is usually used in baseband pro-
cessing to satisfy the Nyquist theorem and better approximate
continuous signals. With L-time oversampling, X; can be
extended to with LN components by zero pading as

X = [X(0), X(1), ..., X(N —1),0,0,...,0]. (2
(L-1N

The frequency-domain signal is usually transformed into
the time domain using IFFT, so the discrete time-domain
signal can be expressed as

LN—1
: 2 nk

1
=—— Y X H, 3
x(n) mg() 3)

where x(n) is a complex signal that can be described as x(n) =
a(n) + jb(n), a(n) is the real part and b(n) is the imaginary
part of x(n), X(k) are random variables of independent and
identically distributed, due to the central limit theorem a(n)
and b(n) being asymptotically independent and identical nor-
mal distributed variables [33]. Therefore, one gets that the
magnitude |x(n)| = /(a(n)? + b(n)?) follows Rayleigh dis-
tribution [34]. That is, the peak power of x(n) is usually much
larger than the average power [35]. A widely used metric
PAPR is proposed to describe the envelope characteristics of
the signal, which is defined as

pomax [

PAPR[x(n)] = —”—LN:I ) )
R 2
IN ngo (Ix(m)1+)

Following (4), in order to evaluate the statistical properties
of PAPR of OFDM symbols, the complementary cumulative
distribution function (CCDF) is often used in PAPR reduction
schemes [12], which is defined as

CCDF[PAPR(x(n))] = prob[PAPR(x(n)) > PAPRy], (5)

where prob[-] is the probability operator and PAPR is the
reference threshold.
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B. ITERATIVE CLIPPING AND FILTERING

In ICF, repeated clipping and filtering operations are ultilized
to achieve the desired performance on PAPR reduction,
while meeting the requirements of out-of-band radiation. The
amplitudes of the signals over the predefined threshold are
clipped, while the phases keep unchanged. This process is
described as

lx(n)] <A
lx(n)] > A,

x(n),

A ©)

3(n) =

where Xx(n) denotes the clipped signal, A is the predefined
clipping threshold, and ¢(n) is the phase of x(n). The thresh-
old A is obtained by

A=y -/ Pa, @)

where y is clipping ratio and P,,, is the average power of x(n).

Since clipping is a non-linear process, it not only causes in-
band distortion, but also leads to out-of-band power emission
that is strictly limited in practical communication systems [9].
Thus, a process of filtering is required following the clipping.
The classical ICF method proposed in [22] employs a rectan-
gle filter, which is defined as

1, 0<k<N-1
H(k) = (®)
0, N<k<ILN -1,

where N equals to the number of OFDM subcarriers, and L
denotes the oversampling factor.

According to (2), this filter removes the out-of-band com-
ponents of the clipped signal while keeping the in-band
components unchanged. The filtering improves spectral effi-
ciency and BER performance, but it degrades the PAPR
reduction due to the regrowth of peak. Therefore, the clipping
and filtering processes should usually be repeated several
times to achieve the expected PAPR reduction.

C. SIMPLIFIED APPROACH TO OPTIMIZED

ITERATIVE CLIPPING AND FILTERING

In the ICF method, the filtering applies a rectangular filter,
which simply eliminates the out-of-band components without
considering the peak regrowth and in-band distortion. To opti-
mize the filtering of each iteration in ICF, OICF therefore was
proposed in [23]. In OICF, the rectangular filter is replaced by
an optimized filter, which aims to minimize the error vector
magnitude (EVM) of the current OFDM symbol subject to
the desired PAPR.

The authors of [24] made an equivalent transformation of
the optimization problem, and solved it by using the Lagrange
multiplier method. SOICF proposes two algorithms with the
same performance. In this paper, we take the algorithm using
FFT as the implementation of SOICF because it has lower
complexity according to [24]. Fig.1 shows the steps of the
SOICF implementation.

Before the signal processing, in a OFDM system with N
subcarriers and L time oversampling, the normalized basic
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FIGURE 1. The implementation of SOICF.
vector D,, needs to be calculated offline as follows
1
D,=—[1,1,...,1,0,0,...,0]. )
n \/]V

N (L—DN

In addition, the clipping threshold A” needs to be recalcu-
lated before the clipping of each iteration as A” =y - /P,
where the superscript m means the m-th iteration and the
total number of iterations is M. It is assumed that P peaks
when signal amplitude exceeds A™, and they are clipped
respectively to obtain the cliping-noise signal ¢, which is

calculated as
Mnp) = (Ix™(ny)| — A™)e?" W), (10)

where it is assumed that the peak occurs at n,, and there are P
peaks exceeding the threshold.

The next step is to use FFT to transform ¢™ into the
frequency domain to obtain C™ = FFT(c"). Then the
PAPR-reduction vector C" in the frequency domain can be
calculated as

C™ = C"D,. (11)

Then, an IFFT is used to transform C™ into the time domain

to get ¢ = IFFT(C™), and the PAPR reduced signal is
calculated as

XML = e, (12)

When m is less than the number of iterations M, clipping
and PAPR-reduction vector calculating are repeated. Other-
wise, x"*1 is transmitted as the output signal .

Overall, we can see that SOICF being an improved method
based on ICF and OICF, it replaces the solution of the
optimized filter problem in OICF with a simplified method.
To this end, the computational complexity of SOICF is
reduced compared to OICF. However, SOICF introduces
a pair of Fourier transforms during the calculation of the
PAPR-reduction vector in each iteration. And this also leads
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to a high computational complexity due to the FFT, which
increases as the clipping ratio decreases because more peaks
are clipped. Therefore, we consider to replace the calculation
of PAPR-reduction vector with a more simplified and effec-
tive method, which is introduced in the next section.

D. CLIPPING-NOISE COMPRESSION

Similar to SOICF, CNC also focus on clipping noise instead
of clipped signals. To reduce the number of FFT/IFFTs, noise
compression and signal modification are performed in the
time domain.

The implementation of CNC is shown as Fig.2. Firstly,
an IFFT is used to transform the frequency-domain signal to
the time-domain signal x. And x is clipped according to (6).
Then, the clipping-noise is calculated as

c(n) = x(n) — x(n). (13)
Then, the compressed noise can be calculated as

e

Ellec@I1” jgen) (14)
In(1 + p) ’

E[lc(m)]In[1 + n
c(n) =

where E[-] denotes the expectation operation, u is the com-
pression factor, and ¢.(n) is the phase of c(n).
Finally, the desired transmitted signal is obtained as

X(n) = X(n) + c(n). (15)

The CNC method reduces the computational complexity,
and the simulation results show that it improves the PAPR
reduction and BER performance compared to the conven-
tional ICF based methods [29]. However, the CNC method
directly compresses all signal amplitudes that exceed the
clipping threshold. This indiscriminate one-time compres-
sion method also compresses some amplitudes, which do not
affect the peak of the transmitted signal even if they are not
compressed. This leads to a drop in BER performance. There-
fore, we consider to introduce the compression threshold and
adopt iterative operations in our proposed scheme.
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lll. THE PROPOSED SCHEME AND THE ANALYSIS
Compared to SOICF and CNC, in this paper we propose a
new method called iterative noise compression scheme for
PAPR reduction. In this section, the description and analysis
of the proposed scheme are presented, followed by an analy-
sis of the computational complexity.

A. DESCRIPTION OF THE PROPOSED SCHEME

According to the analysis in the last section, we consider
combining SOICF and CNC to obtain a new solution for bet-
ter performance. By comparing Fig.1 and Fig.2, we can see
that the clipping and the clipping-noise calculation of CNC
are the same as that of SOICF. And the modules of signal
modification are almost the same, except for that the signal
x™ adopted in SOICF is pre-clipping, while X used in CNC
is post-clipping. Therefore, we consider applying the module
of noise compression in CNC to replace the module of PAPR
reduction vector calculation in SOICEF, i.e., the modules of
FFT/IFFT and the frequency-domain vector C™ calculation.
Furthermore, the iterative operation in SOICF is inherited and
the noise compression technique is improved. The proposed
scheme can be described as follows.

‘We update the clipping ratio for each iteration as
M —m)-y
v
where Y™ is the clipping ratio of the m-th iteration, and M
is the total number of iterations. Equation (16) shows that as
m increases, the clipping ratio ™ gradually decreases. The
value of clipping ratio y™ in the last iteration is equal to the
preset value y to achieve the desired PAPR reduction.

In addition, we can see that the PAPR in (4) is determined
by the maximum and the average power of the signal. Since
the amplitude of the OFDM signal follows the Rayleigh
distribution [35], there are fewer components with amplitude
exceeding the clipping threshold, resulting in little effect on
the average power of the signal. Therefore, in CNC, the max-
imum amplitude of the compressed noise has a critical effect
on the PAPR performance.

The characteristics of the p-law compression algorithm
show that it is a monotonic function [29]. That is to say,
the maximum amplitude of the compressed signal is deter-
mined by the maximum amplitude of the signal before com-
pression. Therefore, we consider keeping the clipping-noise
components whose amplitudes below the compressed max-
imum peak unchanged. This would not degrade the per-
formance of PAPR reduction, but improves the BER per-
formance as the number of compressed noise components
decrease.

Specifically, before the noise compression process,
we firstly find the component c(nm,x) With the largest ampli-
tude in the clipping noise c(n) obtained by (13), and then
calculate its compressed signal ¢(nyax) as follows

y"=y+ (16)

lc(max)|

o e/¢z:(nmax)’ (17)
In(1 + w)

aln(l + p

6'(nmax) =
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FIGURE 3. The implementation of the proposed scheme.

where p is the compression factor, « is the normalization
factor, which is calculated by @ = E[c(n)], and ¢¢(nmax) 18
the phase of c(71max)-

According to the previous analysis, in CNC, ¢(npax) iS
with the maximum amplitude of the compressed noise, which
almost determines the PAPR of the transmitted signal. There-
fore, in our study, the amplitude of ¢(nyax) is taken as the
compression threshold

Acr = |e(nmax)|- (18)

Then, the process of noise compression is described as
follows

c(n), lem)| < Act
&) = | aln(l + pl<2) (19)
Mé]¢c(n)’ lc(n)] > Aer,
In(1 + 1)

where ¢(n) is the compressed noise, and ¢.(n) is the phase
of c¢(n). As shown in (19), in the proposed compression
algorithm, c(n) is compressed only when |cn| > A, oth-
erwise remains unchanged. And, A.; is calculated according
to (17) and (18), which equals to the peak amplitude of the
compressed noise obtained by using CNC.
In summary, the implementation of the proposed scheme
is shown in Fig.3. The specific steps are as follows.
1) Use IFFT to obtain the time-domain OFDM signal x.
It is assumed that the total number of iteration is M, and
the superscript m denotes m-th iteration. Setm = 1, and
let x™ = x be used as the input for the first clipping.
2) Calculate the clipping threshold A™ of the OFDM sig-
nal as A" = p" . \/I% where y™ is calculated
according to (16), and P}, is the average power of x™.
3) Clip x™ and obtain X" as

x"(n),
Ameid" )

X" (n)| = A™

Ix"(n)| > A™, 0

x"(n) = {
where ¢™(n) is the phase of x"(n).
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4) Calculate the clipping-noise as
"(n) = x"(n) — x"(n). (21)

5) Find the component with the largest amplitude in the
clipping noise, and calculate its compressed signal. The
compression threshold can be obtained as

" (nmax)|
Azzaln(l—i—u o ), 22)
In(1 + )
where p is the compression factor, « is calculated
by @« = E[c"(n)], and ¢"(nmax) is with the largest
amplitude of ¢*(n).
6) The components with amplitudes greater than the com-
pression threshold A”} are compressed, and the others
keep unchanged, as follows

c"(n), [c™(n)| < AG;
&) = { aln(1 + pl<@ly
M@% ™ emn)| > A™,
In(1 + )
(23)
where ¢'(n) is the phase of ¢"(n).
7) Modify the clipped signal as
X" () = T"(n) + &"(n). (24)

8) If m < M, set m = m + 1 and repeat Steps 2)-7).
Otherwise, output x*! as the transmitted signal X.

B. ANALYSIS OF THE PROPOSED SCHEME

In this subsection, we first analyze the PAPR reduction of the
proposed scheme compared with CNC, as well as the BER
performance via EVM analysis. Then, we give the analysis
of BER performance of the proposed scheme comparing to
SOICF with lower clipping ratio.

The proposed scheme adopts an iterative approach by
which PAPR is reduced during each iteration. At the last
iteration, the clipping ratio equals to the predefined threshold,
while the signal’s PAPR is smaller than the original signal due
to the performed iterations. This leads to a lower peak ampli-
tude, resulting in a better PAPR reduction for this scheme than
CNC.

In each iteration of the proposed scheme, the compres-
sion threshold A7} is calculated before noise compression.
The threshold is defined as the maximum amplitude of the
compressed noise signal. According to (20),(23) and (24),
the largest amplitude of x*! depends on the compression
threshold, which is equals to the largest amplitude obtained
by CNC. That is to say, the proposed scheme introduces a
compression threshold, and does not change the peak power
of the modified signal. According to (23), the noise compo-
nents with amplitude below A7} are not compressed, resulting
in the average power of the modified signal being larger than
that of the CNC. According to the definition of PAPR, when
the peak power of the signal keeps the same, the larger the
average power, the smaller the PAPR. Therefore, even with
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FIGURE 4. An example of the process of clipping and noise compression.

one iteration, the proposed scheme has better PAPR reduction
than CNC.

An example of the process of clipping and noise com-
pression is shown as in Fig.4. We can see in the upper
subfigure that there are three peaks exceeding the clip-
ping threshold, and P, is with the largest amplitude. Then,
the compressed peak P, is used as the compression thresh-
old A.;. From the bottom subfigure of Fig.4, we can see
that P is larger and P, is smaller than A.. All the three
peaks are compressed in CNC, while only P, and P}, are
compressed in the proposed scheme. It can be seen that
in both methods the largest peak power of the compressed
signal is determined by P,, while the averge power of the
proposed scheme is higher because the peak P, is kept
uncompressed. This leads to better PAPR reduction and BER
performance.

EVM is a commonly used metric for signal distortion and
it can be applied in the analysis of BER performance [23].
It is defined as

X —Xll2

EVM = ———, (25)
X112

where X is the original frequency-domain OFDM signal, and
X is the frequency-domain signal with PAPR reduced. By
using the Parseval’s theorem, we can rewrite the numerator
of (25) as

I1X — X|l2 = LN|]x —X|]>. (26)

where it can be seen that the difference between the orig-
inal and the modified signals is proportional to EVM.
According to the previous analysis, in the proposed
scheme, only components whose amplitude exceeding the
threshold are compressed. That is to say, compared to
CNC, the proposed scheme compresses fewer compo-
nents of the clipping noise and thus has better EVM
performance.

In SOICEF, it is assumed that the peak and its adjacent
samples have the same phase. However, when the clipping
ratio is lowered, a clipping segment lasts longer and the
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phase difference is not sufficiently small. In addition, as lower
clipping ratio, the number of clipping segments increases.
Since the PAPR reduction vector calculation involves not
only the peak but also its adjacent samples, when the num-
ber of clipping segments increases, some samples may be
excessively suppressed, resulting in a decrease in BER perfor-
mance. Unlike SOICF, the proposed scheme only compresses
samples whose amplitude exceeds the compression threshold,
while the other samples remain unchanged. This allows for a
lower total amount of information lost during signal process-
ing, leading to better BER performance.

In summary, the above analysis shows that the proposed
scheme has better PAPR reduction and BER performance
than CNC, and better BER performance than SOICF when
lower clipping ratio adopted. This conclusion will be verified
by simulation in the next section.

C. COMPLEXITY ANALYSIS
As the computational complexity depends on the number of
subcarriers of OFDM symbols, the big-Oh notation is used
for complexity analysis [23].

ICF requires a pair of FFT/IFFTs with O(2LNlog,(LN))
complexity for each iteration [36]. The complexity required
for A™ calculation and clipping is O(2LN). To convert the
signal from the frequency domain to the time domain before
the first iteration, an additional IFFT is required. Therefore,
the total complexity of the ICF for M iterations is O((2M + 1)
LNlog,(LN) + 2MLN).

In SOICF, the complexity required for A” calculations
and clipping is O(2LN) in each iteration. To calculate
the frequency-domain PAPR-reduction vector C™ in (11),
the complexity is O(LN). An pair of FFT/IFFTs results in
O(2LNlog,(LN)) complexity. The calculation of "™+ in (12)
requires O(LN ). Therefore, the complexity required for each
iteration is O(2LN1og,(LN)+4LN), and the total complexity
of M iterations is O((2M + 1)LNlog,(LN) + 4MLN).

In CNC, the number of FFT/IFFTs required is one,
resulting in the complexity of O(LNlog,(LN)). The clip-
ping requires O(2LN) complexity, and the compression
in (14) requires the complexity of O(2LN). Since the algo-
rithm does not require iteration, its total complexity is
O(LNlog,(LN) 4 4LN).

In the proposed scheme, only one IFFT is needed to trans-
form the OFDM signal from the frequency domain to the time
domain, resulting in the complexity of O(LNlog,(LN)). The
same as that in CNC, the clipping and compression process
requires O(4LN) complexity in each iteration. In addition,
(22) requires O(LN) complexity due to the need to calculate
the noise compression threshold. Therefore, the total com-
plexity required for M iterations is O(LN1og,(LN)+5MLN).

The computational complexity comparison of the evalu-
ated schemes is shown in Table.l. We can see that CNC
has the smallest algorithm complexity. The complexity of the
proposed method is higher than that of CNC, but lower than
that of other schemes.
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TABLE 1. Computational complexity comparison.

[ Scheme [ Computational complexity |
ICF O((2M + 1)LNlog,(LN) + 2MLN)
SOICF O((2M + 1) LNlog,(LN) + 4MLN)
CNC O(LNTog,(LN) + ALN)

The proposed scheme | O(LNlog,(LN) +5MLN)

IV. SIMULATION RESULTS

In this section, we firstly evaluated the PAPR reduction and
BER performance of the proposed scheme, with clipping
ratio high, medium, and low, respectively. Then, we took the
evaluation of the out-of-band radiation. At last, we carefully
adjusted the clipping ratios of the evaluated methods respec-
tively so that they have the same amount of PAPR reduction.
In this case, we evaluated the BER performance like [24].

A. PAPR REDUCTION AND BER

PERFORMANCE EVALUATION

In the simulations, number of the subcarriers is set to
N = 128, and the modulation of the subcarriers is quadrature
phase shift keying (QPSK) in the OFDM system. The over-
sampling factor is set to L = 4. The number of iterations
is set to M = 3 for the schemes requiring iteration. The
compression factor p is set to 3 for CNC and the proposed
scheme.

The simulations were taken to evaluate the PAPR reduction
of the evaluated schemes with a specific clipping ratio, and
the BER performance with the signals through an additive
white Gaussian noise (AWGN) channel. Without loss of gen-
erality, y is set to 2.1, 1.8, and 1.5 as high, medium, and low
clipping ratios respectively in the simulations.

Fig.5 shows the CCDF and BER curves of the evaluated
signals with y = 2.1. It can be seen from the figure that
compared with the unclipped signal, all the PAPR-reduced
signals have obvious reduction of PAPRs, and their BER
curves are all close to the unclipped signal’s curve. This is
mainly because the higher clipping ratio causes the fewer
number of peaks clipped, resulting in lower total amount of
information lost. Specifically, among the schemes, SOICF
has the best PAPR reduction, but also has the worst BER per-
formance. The PAPR reduction of the CNC and the proposed
scheme is better than that of ICF. The BER performance of the
proposed scheme and CNC is very similar, while the PAPR
reduction of the proposed scheme is better than that of the
CNC.

Fig.6 shows the CCDF and BER curves of the transmitted
signal with y = 1.8. We can see that, as the clipping
ratio decreases, the PAPR reduction of the signals in all
schemes are improved, while the BER performances become
worse. As can be seen from the figure, the SOICF signal
has the lowest PAPRs and the worst BER performance. The
ICF’s PAPR reduction and BER performance are worse than
that of the CNC and the proposed scheme. As can be seen
from Fig.6-(b), the proposed scheme and CNC have similar
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FIGURE 5. The CCDF and BER curves of the evaluated signals with QPSK,
y=2.1.

BER performance, which is better than SOICF and ICF.
At the same time, according to Fig.6-(a), the proposed scheme
has a better PAPR reduction compared to CNC at the CCDF
probability of 1073,

Fig.7 shows the CCDF and BER curves of the transmitted
signals with y = 1.5. We can see that the smaller clipping
ratio leads to the PAPR reduction of the evaluated schemes
more obvious, and the BER performance difference becomes
larger. Specifically, as can be seen from Fig.7-(b), the BER
performances of the proposed scheme and CNC are very
similar, and significantly better than that of ICF and SOICF
(at a BER of 1073, about 2dB better than ICF, and more than
3dB better than SOICF). Furthermore, as can be seen from
Fig.7-(a), at a CCDF probability of 1073, the PAPR reduction
of the proposed scheme is about 0.4dB better than that of the
other schemes.

The simulation results show that with a specific clipping
ratio, SOICF has acceptable BER performance and better
PAPR reduction when y is larger, while the proposed scheme
also has significant PAPR reduction and BER performance.
When y is small, the PAPR reduction and BER performance
of the proposed schemes are better than that of the other
schemes.
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FIGURE 6. The CCDF and BER curves of the evaluated signals with QPSK,
y =1.8.

B. OUT-OF-BAND RADIATION EVALUATION

The PAPR-reduced signals are passed through a solid-state
power amplifier (SSPA) to evaluate the out-of-band radiation
performance. The commonly used AM/AM conversion of
SSPA model is adopted in the simulations [37]. The input and
output signal of the model can be given as

|$in(0)] 90,

1+ (\Sins(t)\)Zp)l/Zp @7

Sour (1) =
where s;,(#) and s,,:(#) are respectively the input and out-
put signals of the SSPA, and ¢(¢) is the phase of s;,(¢).
The parameter s indicates the input saturation level and p
indicates the AM/AM sharpness [37]. We set s to 2.4 and
p to 3 in the simulations. The power spectral densities
of the PAPR-reduced signals with y = 1.8 are shown
in Fig.8.

As can be seen that all the evaluated PAPR reduc-
tion schemes have significantly improved the out-of-
band nonlinear distortion of the amplifier. Among them,
SOICF has the lowest out-of-band radiation distortion,
and the proposed scheme has similar performance as
CNC.
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C. BER PERFORMANCE WITH SIMILAR

PAPRS ACTUALLY ACHIEVED

Since the clipping ratio indicates the desired PAPR perfor-
mance, the actually achieved PAPR performance depends on
the method used. Here the simulations were taken to compare
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FIGURE 9. The CCDF and BER curves of the evaluated signals with 16QAM
and higher y when similar actually PAPRs achieved.

the BER performance of the proposed method and other
schemes in the case that the actually equal amounts of PAPR
reduction are achieved.

We consider an OFDM system with 16QAM modula-
tion and 128 subcarriers. The oversampling factor L is set
to 4. The number of iterations is set to 3 (if needed). The
compression factor is set to 3 for CNC and the proposed
scheme.

First, we set a fixed clipping ratio y for the proposed
scheme, and take simulations to obtain the actually achieved
PAPRs. Then, we carefully adjust the values of y for the other
schemes untill they achieves the same PAPRs that obtained
using the proposed method. Finally, we compare the BER
performance of the methods with an AWGN channel when
the same PAPRs actually achieved.

Fig.9 compares the BER performance of the evaluated
methods. The clipping ratio y is set to 1.84, 1.98, 2.1, 2 for
ICF, CNC, SOICF and proposed scheme, respectively. Their
CCDF curves are shown in Fig.9-(a), and it can been seen
that they have similar PAPR performance when the CCDF
is 1073, Fig.9-(b) shows their BER comparison. It can be seen
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FIGURE 10. The CCDF and BER curves of the evaluated signals with
16QAM and lower y when similar actually PAPRs achieved.

from the figure that the BER of SOICF is better than ICF,
and the BER performance of the proposed scheme and CNC
is similar. When the BER is 107>, the required signal to noise
ratio (SNR) of the proposed scheme is about 5dB better than
ICF, and about 2dB better than SOICFE.

Fig.10 compares the BER performance of the evaluated
methods. The clipping ratio y is set to 1.5, 1.55, 1.7, 1.6 for
ICF, CNC, SOICF and the proposed scheme, respectively.
Their CCDF curves are shown in Fig.10-(a), and it can been
seen that they have similar PAPR performance when the
CCDF is 1073. Fig.10-(b) shows their BER comparison.
It can be seen from the figure that the BER performance of the
proposed scheme and CNC are significantly better than that
of SOICF and ICF. And furthermore, when the BER is 1072,
the required SNR of the proposed scheme is about 1dB better
than CNC.

The simulation results show that the proposed scheme
and CNC provide better BER performance than ICF and
SOICF when similar PAPRSs is actually achieved. Further-
more, the BER performance of the proposed scheme is better
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than the case of CNC, especially when clipping ratio y is
small.

In addition, the simulations of this subsection adopts
16QAM instead of the QPSK used in Subsection A of
this section. According to the comparison of Fig.5-(b) and
Fig.9-(b), and the comparison of Fig.7-(b) and Fig.10-(b),
it can be found that as the modulation order increases,
the BER performance of ICF and SOICF degrades dra-
matically, while the BER performance of CNC and
the proposed scheme changes smoothly. When clipping
ratio y is low, the BER performance of the proposed
scheme is significantly better than the other evaluated
methods.

Therefore, we can conclude that the proposed scheme
has better BER performance than SOICF, and better PAPR
reduction than CNC. Both PAPR reduction and BER per-
formance of the proposed scheme are better than the
case of ICF. When equal amounts of PAPR reduction are
actually achieved, the BER performance of the proposed
scheme is better than that of the other evaluated methods,
especially with high-order modulation or lower clipping
ratio.

V. CONCLUSION

In this paper, we firstly investigated two clipping based
methods of PAPR reduction — SOICF and CNC. Then,
we proposed the new scheme by using the clipping-
noise compression technique in CNC to replace the
PAPR-reduction vector calculation in SOICF. In addition,
we have improved the clipping-noise compression technique
in the proposed scheme by introducing a compression thresh-
old. Analysis shows that the computational complexity of the
proposed scheme is lower than that of SOICF. Compared to
CNC, the proposed scheme has higher computational com-
plexity, but improves the PAPR reduction and BER perfor-
mance. At the end, we have carried out simulations to evaluate
the performance of the proposed scheme. Simulation results
show that the proposed scheme has better BER performance
than SOICF, and better PAPR reduction than CNC. When
equal amounts of PAPR reduction are actually achieved,
the BER performance of the proposed scheme is better than
SOICF and CNC, especially with high-order modulation or
lower clipping ratio.

In future work, we intend to apply the proposed scheme
to different OFDM systems with particular waveforms
for PAPR reduction. In addition, we plan to combine
the proposed scheme with the distortionless methods,
such as coding, multiple signaling & probabilistic tech-
niques, etc., to form a hybrid technology having more
advantages.
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