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Abstract—Filter Bank MultiCarrier (FBMC) systems are
known for their superior spectral efficiency and flexibility of
the spectral shape. These benefits are challenged by the high
Peak-to-Average Power Ratio (PAPR) and the Complementary
Cumulative Distribution Function (CCDF) of the modulated
signal, degrading power amplifier efficiency and system perfor-
mance, causing spectral leakage and increasing Bit Error Rate
(BER). This paper investigates the possibility of improvement
for clipping-based Active Constellation Extension (ACE) based
PAPR reduction techniques for FBMC systems. A modified
method is proposed, combining iterative clipping and enlipping.
A dynamic Clipping Ratio (CR) selection method is provided
to optimize the iterative process. The method also enhances the
BER performance by leveraging an enlipping step to increase
the transmit signal power. Furthermore, the complexity of
the iterative process is reduced by applying efficient and low
computational FBMC modulation and demodulation schemes.
The simulation outcomes validate that the suggested method
efficiently reduces PAPR, optimizes the CCDF and improves
the BER performance. Furthermore, the proposed system
complexity is also reduced compared to the previous solutions.

Index Terms—FBMC, PAPR, clipping, enlipping, ACE, CR.

I. INTRODUCTION

ILTER Bank MultiCarrier modulation using Offset

Quadratic Amplitude Modulation (FBMC-OQAM) sys-
tem is a multicarrier modulation technology that is a promis-
ing physical layer candidate for 5G and 6G communication
networks. The central concept of FBMC is to boost the time
duration of the symbols in the time domain using a prototype
filter. The symbols are designed so that they overlap both in
time- and frequency-domain. The overlap in the time domain
makes it possible to maintain the original data transmission
rate, and the frequency-domain overlap results in a well-
localized spectral shape [1].

An inherent challenge in MultiCarrier (MC) transmission
schemes like FBMC is the elevated Peak-to-Average Power
Ratio (PAPR). This issue arises due to the unique structure of
the MC signal, in which numerous independently modulated
subcarriers are transmitted in parallel. In certain conditions, the
phases of the subcarriers may align constructively, resulting
in signal peaks that are significantly higher than the average
signal power. While the probability of such extreme peaks is
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relatively low, in practice, such signals exhibit considerably
higher PAPR values than their single-carrier counterparts [2].

Power Amplifiers (PAs) are designed to operate efficiently
near their saturation point, but high PAPR forces them into
nonlinear regions, causing significant distortions; the nonlin-
ear effects include spectral spreading, intermodulation, and
warping of signal constellations, which degrade system per-
formance. A large input back-off is also required to prevent
the PA from operating in its nonlinear region, reducing the
amplifier’s power efficiency [3]. The nonlinearities result in
in-band distortion; the amplified signal experiences different
gains, which degrades Bit-Error Rate (BER) performance by
introducing additive noise and out-of-band distortion, where
intermodulation generates undesired frequency components at
frequencies outside the signal range, which leads to interfer-
ence with adjacent channels [2].

Various studies have explored different aspects of FBMC,
including its implementation challenges and optimization tech-
niques. In [4], a lower bound on the achievable PAPR reduc-
tion using optimization-based approaches is established.

Numerous schemes have been introduced to reduce PAPR
in FBMC systems. These include coding [5], Partial Transmit
Sequence (PTS) [6], Companding techniques [7], Selected
Mapping (SM) [8], Tone Injection (TI) [9], Tone Reservation
(TR) [10] or Active constellation extension [11]. However,
while these methods aim to reduce the high PAPR, they have
drawbacks, such as:

« increased computational complexity,

o reduced data rate,

« required side information for demodulation,
« increased bit error rate.

This paper investigates the optimization possibilities for the
ACE-based PAPR reduction technique for FBMC modulation,
as this technique does not reduce the data rate nor require
any side information for the demodulation process. The only
drawback of this technique is that soft demodulation in the
receiver is not possible, as the constellation points are pre-
distorted. Thus, the decoding gain for complex channel coding
such as Turbo codes, Low-Density Parity Check (LDPC) or
Polar codes is lost [12]. Furthermore, ACE can be jointly
used effectively with an iterative clipping and filtering-based
technique, as presented in [11].

An adaptive Clipping Ratio (CR) optimization approach is
proposed, where the CR values are dynamically tuned across
multiple iterations to effectively minimize the PAPR of the
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signal. Furthermore, a novel hybrid method is introduced,
combining clipping and enlipping [13]. This approach com-
bines the advantages of both techniques and improves BER
performance by amplifying the signal power in the last enlip-
ping process. Furthermore, a signal processing complexity re-
duction of the iterative modulation-demodulation of the FBMC
signal is also proposed to enable a practical implementation.

The proposed method enhances the gain metric, which
balances PAPR reduction and the additional signal power
by significantly reducing PAPR with fewer iterations than
conventional methods. Moreover, the proposed scheme shows
an improvement in complexity by requiring fewer iterations for
a comparable or better performance, which reduces the com-
putational overhead of iterative PAPR reduction techniques.
Therefore, it enhances the proposed technique’s effectiveness
regarding performance and is more computationally efficient,
addressing a critical trade-off in communication system de-
sign.

The primary contributions of this paper are:

1) An optimized CR selection strategy across iterations is

provided.

2) A modified PAPR reduction technique using ACE is

proposed, combining iterative clipping and enlipping.

3) A reduced computational complexity of the iterative

structure is also proposed that requires fewer signal
processing steps.

The paper is structured as follows. In the next section,
the FBMC system model is introduced, and a statistical
analysis of the signal is given, including an evaluation of the
Complementary Cumulative Distribution Function (CCDF) of
PAPR and the kurtosis for various numbers of subcarriers. The
ACE-based PAPR reduction technique, which uses iterative
clipping and filtering, is discussed in Section III. Section IV
introduces the proposed improvements; the results are verified
using simulations. Section V discusses complexity reduction
possibilities of the iterative process, and analytical derivations
are given for the required number of multiplications. Section
VI concludes the paper with key findings and contributions.

II. FBMC MODULATION

FBMC is a multicarrier modulation technique with high
potential for the physical layer of future communication sys-
tems. In this scheme, the binary data is first converted into
complex symbols through Quadrature Amplitude Modulation
(QAM). The resulting symbols are then split into real and
imaginary parts, each undergoing a phase rotation and passing
through a prototype filter. To maintain orthogonality, the real
and imaginary parts are transmitted with a half-symbol time
offset (OQAM). After filtering, the components are modulated
to different subcarriers, and the combined terms form the
final baseband output signal [14]. The resulting FBMC-OQAM
signal can be mathematically described as follows:

oo

N-1
e = Y Y <9k§R(Xk[mD foln — mN]

m=—o0 k=0
+OMHIS(Xy[m)) foln — mN — N/Q})ej Fhn (1)
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where:

e Xi[m]: The complex QAM symbol mapped to subcarrier
k at time instant m,

o R(Xik[m]), S(Xk[m]): The real and imaginary parts of
the complex symbol X[m],

o 0% and 6%*+1: Phase rotation terms: 6 = e’ %.

e fo[n — mN]: impulse response of the prototype filter,

e ¢/ the complex exponential term responsible for
modulating the signal to the k*® subcarrier.

One of the significant issues of FBMC systems is the
high computational complexity, primarily resulting from the
necessity of large-size IFFTs, especially when using the
Frequency Spreading (FS) approach to implement the signal
modulation/demodulation [1]. The PolyPhase Network (PPN)
based transceiver structure eases this problem using polyphase
filterbanks with smaller IFFTs [1]. One of the most efficient
variants of the PPN-based transmitter is the modified PPN
structure presented in [15], which employs a single IFFT
combined with two PPN filters and some signal processing
blocks. This structure is shown in Fig. 1. The structure sig-
nificantly reduces the computational complexity compared to
traditional implementations. In conventional PPN transmitters,
two separate IN-point IFFTs are required to process the real
and imaginary parts of the signal independently. However, the
modified PPN structure leverages a single IFFT to process
both components simultaneously. Using a single IFFT block
in the PPN structure effectively halves the number of complex
multiplications required in the transmitter, making it a compu-
tationally efficient solution. This transmitter structure is used
in this paper.

Similarly, Fig. 2 illustrates the corresponding PPN-FBMC
receiver employing a single FFT. Traditional PPN-based re-
ceivers utilize two parallel FFT blocks to process the received
signal’s real and imaginary components independently. The
enhanced PPN architecture substitutes these two FFTs with
a single full-size FFT and some additional signal processing.
The PPN filtering is initially applied, followed by correcting
for the phase rotation factor from the transmitter using a cir-
cular shift in the opposite direction [15]. The overlapping real
and imaginary segments of the FBMC-OQAM symbols are
divided into even and odd components: the even component
is derived from the real signal. In contrast, the odd components
are received from the imaginary signal. These components are
merged later to create complex time-domain symbols, which
are subsequently processed by a single FFT to retrieve the
transmitted QAM symbols [16]. This receiver structure will
be used in this paper.

The statistical properties should also be investigated, as the
FBMC signal can be considered multicarrier. The significant
dynamic range of the FBMC signal presents a challenge
as the signal at the transmitter goes through a PA, which
may cause nonlinearities or operate inefficiently if not driven
using the entire linear range. Applicable PAs do not preserve
linearity across the entire signal dynamic range, leading to
uneven amplification of various signal sections. This distortion
affects the quality of the signal, resulting in a reduced BER
performance [2].
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Fig. 1: FBMC transmitter using a single IFFT block.
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Fig. 2: FBMC receiver using a single FFT block.

To analyze the behaviour of the FBMC signals in the pres-
ence of such PAs and to investigate possible PAPR reduction
techniques, the statistical metrics such as kurtosis and CCDF
of the PAPR are examined for different numbers of subcarriers.

The kurtosis of these components for different subcarriers is
evaluated to determine the similarity of the real and imaginary
components of the FBMC signal to Gaussian characteristics as
the number of subcarriers increases. The kurtosis is a statistical
indicator of how often outliers appear. It provides a statistical
description of a distribution’s shape and relationship to the
normal distribution [11]. The kurtosis 3 of the random variable
( is defined as:

E[¢*]

T E)

It is the ratio of the variable’s fourth moment to the square
of its average power. A univariate normal distribution has a
kurtosis of 3.
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Fig. 3: Kurtosis of the real and imaginary part of the complex
FBMC signal in function of the number of subcarriers.

The kurtosis of the real and imaginary parts of the complex
baseband FBMC signal in function of the subcarriers can
be seen in Fig. 3. As the number of subcarriers grows, the
kurtosis values approach 3, indicating convergence toward a
normal distribution. Above N = 256 subcarriers, it can be
concluded that the real and imagery parts of the FBMC signal
are Gaussian distributed.
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A further metric of the FBMC signal is the PAPR, which
measures the difference between a signal’s peak and average
power. It can be used to characterize the study of the dynamic
features of FBMC signals. The PAPR for the m'™ FBMC
symbol can be expressed as:

maXpelo,L—1] (|mm [n] |2)
E (Jzm[n][?)

PAPR(x.,[n]) = €)

where L is the length of the prototype filter. Furthermore, the
CCDF is used for the statistical distribution of the PAPR. The
CCDF denotes the likelihood of the PAPR values surpassing
a specified limit PAPR:

CCDF = Prob(PAPR > PAPRy). 4
For the FBMC signal, the CCDF of the PAPR was analyzed
for a different number of subcarriers. The CCDF can be seen
in Fig. 4. It can be seen that a rising number of subcarriers
leads to an increased PAPR due to the signal approaching
a Gaussian distribution with a higher number of independent
variables, consistent with the central limit theorem. This metric
will also be used to assess the efficacy of the clipping-based
PAPR reduction method presented in the next section.
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Fig. 4: CCDF of the PAPR of the FBMC symbols for different numbers of

subcarriers.
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III. CLIPPING-BASED ITERATIVE PAPR REDUCTION VIA
ACE

This section briefly introduces the clipping-based PAPR
reduction combined with ACE and filtering. This method was
introduced and evaluated in [11].

A. Iterative clipping and filtering

Clipping is a non-linear signal processing technique that
lowers the amplitude of peaks in a transmitted signal that
exceeds a pre-defined threshold. It is done to minimize the
signal’s dynamic range and thus make it easier to transmit.
The process entails clipping such high peaks while trying, as
much as possible, to preserve the integrity of the underlying
data. The clipped FBMC signal can be expressed as

o] = {x[n}

if |z[n]| < Amax

if |z[n]| > Apax &

Apaxe?@n)

where z.[n] is the clipped signal, and A,.x is the clipping
threshold. The clipping threshold is determined by a parameter

called the CR, which is mathematically defined as:
CRdB =20 logm(’y) (6)

with

where P, is the signal power.

Clipping is simple to implement and computationally ef-
ficient, so it’s an attractive choice for PAPR reduction. It
can considerably increase the efficiency of power amplifiers
by properly selecting the threshold value. However, clipping
causes both in-band and out-of-band distortions, increasing
BER and introducing unwanted distortion in the spectral shape.
It can eliminate the out-of-band radiation after demodulating
the signal and resetting the unused subcarriers to zero, i.e.
filtering them out. Still, it will also increase the peaks of the
newly generated signal. The in-band distortion can be handled
in several ways; in the case of TR, some carriers are kept so
that they are used for PAPR reduction purposes; in the case
of ACE, the constellation points are allowed to be distorted
as long as the no BER degradation is introduced during
demodulation. This repeated interactive method using clipping
and filtering with TR and ACE can be used effectively to
reduce the PAPR of the FBMC signal. In the next subsection,
the ACE method will be described in more detail.

B. Active constellation extension

The concept of ACE was initially introduced in [17] for
mitigating the PAPR in OFDM systems that employ QAM
constellations. ACE is usually applied along with clipping to
minimize the distortions introduced to the data subcarriers.
ACE modifies the amplitude and phase of some of the con-
stellation values located at the outer points of the constel-
lation of the signal. These points can be shifted outwards,
within permitted regions, to create a new representation of
the same symbols. By using ACE on the subcarriers distorted
by clipping, the QAM values are restored, and in parallel,
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the BER performance is also improved while maintaining the
clipped and distorted values of the given subcarrier for PAPR
reduction.

A 4-QAM modulation is employed to optimize the
constellation-shaping process, where four possible constella-
tion points are evenly distributed across each quadrant of the
complex plane, and constellation points are modified within
the quarter-plane outside the nominal point. The extension
regions for 2-QAM, 4-QAM and 16-QAM are depicted in
Fig. 5. For higher-order modulations, the ACE is less effective
as fewer QAM values can be extended toward outer regions,
thus leading to a smaller improvement in the PAPR reduction
performance of the time domain signal. During our investiga-
tions, we will use the constellation with 4-QAM.

IV. IMPROVEMENTS TO THE CLIPPING BASED ACE
METHOD

A. Improving the clipping-based PAPR reduction scheme

1) Fixed CR: The most straightforward approach involves
maintaining the CR constant over the iterations. To evaluate
the performance, the CCDF of the PAPR is observed at a
specific probability after each iteration. The best CR value that
achieves the smallest PAPR for a given number of iterations
will be selected.

2) Adaptive CR: PAPR reduction techniques and iterative
methods such as clipping combined with ACE are commonly
used to achieve substantial reduction. However, traditional
approaches often rely on a fixed CR across all iterations. While
effective to an extent, this static approach does not leverage the
evolving characteristics of the signal throughout the iterative
process. An adaptive CR approach is also suggested in this
paper to optimize the clipping thresholds across iterations
dynamically. The algorithm optimizes the PAPR reduction
process by systematically evaluating all possible combinations
of CR values across iterations and selecting the sequence
that achieves the minimum PAPR. This exhaustive search
ensures the best possible PAPR reduction with controlled
signal distortion. Similar to the fixed CR case, the CCDF
of the PAPR is observed during the iterative process. During
each iteration, the PAPR Reduction algorithm is implemented
for different CRs. Once the set number of iterations has been
completed, the CR values that achieve the most significant
PAPR reduction are selected. The exhaustive search minimizes
the PAPR by considering all possible combinations. This
ensures better performance than fixed CR approaches.

B. Applying the enlipping technique

The suggested technique presents an innovative way to
reduce iterative PAPR in FBMC systems. It combines conven-
tional iterations of clipping and ACE with a final enlipping
and ACE step. This method is designed to achieve superior
PAPR reduction, minimize signal distortion, and improve BER
performance. Enlipping, introduced in [13], involves adjusting
the amplitude of each signal to its peak value instead of
limiting the high peaks to a predetermined level:

Te [n] = Amaxej(b(zn) )

N

SEPTEMBER 2025 « voLUME XVII « NUMBER 3




INFOCOMMUNICATIONS JOURNAL

Quadrature phase
o
Quadrature phase

s 4

05 0

Improving the Clipping-based Active Constellation
Extension PAPR Reduction Technique for FBMC Systems

Quadrature phase

0.5 1

15 -1 05 0 0.5 1 1.5 1.5
In-phase In-phase In-phase
(a) 2-QAM. (b) 4-QAM. (c) 16-QAM.

Fig. 5: Extension regions of ACE for 2-QAM, 4-QAM and 16-QAM. Red dots mark the ideal cancellation points.

where z.[n] is the enlipped signal, Ay, is the clipping
threshold, and ¢ is the signal phase. Despite the signal samples
exceeding or falling below the clipping threshold Ay, every
signal sample will be modified to align with A, while
preserving its phase value.

The unique feature of this method is found in the adaptive
CR used in the clipping iterations and the enlipping pro-
cess at the end. While clipping reduces the signal peaks to
control PAPR, the final enlipping step increases the signal
power without increasing the signal peaks, thereby improving
BER by improving the SNR. This dual-action methodology
navigates the compromise between PAPR minimization and
overall system performance.

Clipping limits the signal peaks that exceed a given CR
value, effectively reducing PAPR. However, this can distort the
signal and cause constellation points to migrate outside their
valid decision regions. When this happens, the receiver may
misinterpret these points, resulting in significant BER degra-
dation. ACE selectively moves the distorted points back to
their legitimate constellation boundaries to solve this problem.
The restoration process will ensure the modified symbols stay
within acceptable decision regions to maintain the transmitted
signal’s integrity and ensure minimal BER degradation while
maintaining effective PAPR reduction. The iterative method
dynamically lowers PAPR, preparing it for the concluding
stage. In the final step, we apply enlipping, then ACE, enlip-
ping modifies all signal amplitudes to match a specified CR
value, enhancing the average signal power. This stage offsets
the losses caused by clipping in previous iterations.

The block diagram of the proposed modified iterative tech-
nique extended with enlipping is displayed in Fig. 6.

we[n]

Clipping

Xy [m] -] FBMC
! modutation |0,
Zc,ace
.FBMC FBMC -
- : Enl
! Hence i JEXC

Fig. 6: Block diagram of the proposed iterative PAPR reduction
scheme using ACE extended with enlipping for FBMC.
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C. Simulation results

The parameters used throughout the simulation are outlined
in Table I for the applied FBMC system. From the available
256 subcarriers, 170 were modulated, and an oversampling
factor of 4 was applied to ensure that the peaks in the
signal were well approximated. A 4-QAM is selected for the
modulation alphabet so that the ACE can be well utilized while
maintaining a relatively high data rate. During the simulation,
the PHYDYAS filter is applied to the prototype filter with an
overlapping factor (K) of 4. To have a statically large enough
dataset for evaluating the PAPR, 1000 FBMC symbols were
applied.

TABLE I
SIMULATION PARAMETERS.

Parameter Value
Number of subcarriers (IV) 256
Number of data subcarriers 170
Modulation 4QAM
Oversampling 4
Prototype filter PHYDYAS
Overlapping factor (K) 4

Number of symbols 1000

The choice of the CR value over the iterations significantly
influences the overall performance of PAPR reduction. The
first step in the case of fixed CR is to identify which CR values
result in the maximum PAPR reduction of the FBMC signal
[18]. CR values ranging from (CR = 0dB to 8 dB) with steps
of 0.25 dB were tested for 1,2 and 3 iterations to evaluate the
effectiveness of the iterative method in reducing PAPR. The
results are shown for different numbers of iterations in Fig. 7.
The identified optimal CR values for different iterations are as
follows:

e 5.25 dB achieving 9.92 dB PAPR value for 1 iteration,

e 5.25 dB achieving 9.26 dB PAPR value for 2 iterations,

¢ 5.50 dB achieving 8.81 dB PAPR value for 3 iterations.

Further optimization can be done using adaptive CR. Fig. 8
shows the obtained CR values for 3 iterations for different
combinations throughout the iterative process. The results
show that the best combination of CR values (CR;
4.50dB,CRy = 5.50dB,CR3 = 5.75dB) was identified by
exhaustively searching all possible combinations. The iteration
process is also analyzed in details shown in Fig. 9. The
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Fig. 7: Resulting PAPR with fixed CR over the iterations. Optimal CR
values are indicated by dashed guides.

initial PAPR values are depicted with a dashed line, and a
closely linear PAPR improvement throughout the iterations is
shown in a solid line. Furthermore, the CR values used in the
adaptive clipping with blue color show a slight logarithmic
increase through the iterative process achieving a minimum
PAPR of 8.79dB in the target probability, resulting in a slight
improvement of 0.02dB compared to the fixed CR method.
The gain can be increased by utilizing higher iteration counts;
however, the computation complexity increases exponentially
in parallel.
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Fig. 8: The achievable PAPR for adaptive CR values. The optimal PAPR
value is marked with a white cross. Minimum PAPR = 8.7940 dB with
optimal CR values of [4.50,5.5,5.75] dB.

The proposed scheme performs clipping with ACE for three
iterations using the optimized CR values resulting from Fig. 8
followed by a single enlipping operation combined with ACE,
which leads to further improvements in PAPR reduction, BER
performance, and power gain. In Fig. 10, the PAPR CCDF
shows a notable PAPR reduction of the processed signal curve
compared to the original signal. This enhancement is achieved
through iterative clipping combined with ACE, effectively
reducing the signal’s high peaks.
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Fig. 9: PAPR and CR values vs clipping iterations for different numbers of
subcarriers.
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Fig. 10: CCDF of PAPR.

In addition, in Fig. 11a, the BER performance in function
of the SNR is shown, and it can be seen that the proposed
method produces a gain of 1 dB. This enhancement is due to
the enlipping stage, which amplifies the average signal power,
consequently improving the BER performance. Furthermore,
Fig. 11b shows The PSD of the original and processed signals.
The processed signal displayed negligible spectral regrowth,
meeting the necessary out-of-band emission limit, and the
spectral mask of the FBMC signal was kept.

Fig. 12 illustrates the increase in power obtained through
the iterative approach. The gain stays low throughout the initial
three iterations of clipping and ACE, but a significant increase
can be observed after implementing the last step, achieving
3.91 dB power gain. This highlights the technique’s capacity
to preserve signal integrity while boosting power.

The efficacy of the PAPR reduction method is assessed
through a gain metric (©), which considers both PAPR re-
duction and the extra signal power utilized. Following the
formulation in [11], the definition of PAPR gain is as follows:

0= ngx{PAPR(;r[m] JaB}— mT%X{PAPR(xnew [m])as} + AP,
®

where
o max,, {PAPR(z[m])qs}: The maximum PAPR of the
original signal.
o maX;, {PAPR(Zpew[m])ap }: The maximum PAPR of the
processed signal.

« AP, =10-log,, (

Power of processed signal
Power of the original signal / *
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After 3 iterations of clipping and ACE, a PAPR reduction
gain of 2.24 dB is achieved, combining the power gain with
the PAPR gain results in an overall gain metric of 6.15 dB.
The proposed method achieves a higher © than the iterative
clipping and ACE method in [11] as we can see in Fig.
13, requiring fewer iterations to reach superior performance.
Although the traditional approach consistently enhances ©
with an increasing number of iterations, the additional step
in the proposed method dramatically elevates ©, minimizing
the requirement for further iterations and enhancing efficiency
in complexity. This renders the proposed method more robust
and computationally efficient for PAPR reduction.
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Fig. 13: Gain metric.

SEPTEMBER 2025 « voLuME XVII « NUMBER 3

Improving the Clipping-based Active Constellation
Extension PAPR Reduction Technique for FBMC Systems

z ol o Original

2 r —— Processed
Z L ]
3 =50 |- B
T"E L

g —100 |- R
2 L

5 L

E —150 g T T S =
A —-0.4 —0.2 0 0.2 0.4

Normalized frequency

(b) Power Spectral Density (PSD).

Statistical analysis of the proposed scheme.

TABLEII

NOTATION USED IN COMPLEXITY ANALYSIS
Symbol  Description
Mod Number of multiplications in one FBMC modulation
Mgemod  Number of multiplications in one FBMC demodulation
Miotal Total number of multiplications of the proposed scheme
1 Number of iterations
N Number of subcarriers
K Overlapping factor

V. ANALYSIS OF THE COMPUTATIONAL COMPLEXITY OF
THE ITERATIVE PAPR REDUCTION SCHEME

In this section, the computational complexity of the pro-
posed approach is derived; the analysis focuses explicitly on
the number of multiplications required in the FBMC modulator
and demodulator, as other steps introduce negligible overhead.
The proposed method depicted in Fig. 6 include the following
signal processing steps:

1) Initial modulation, generating the original FBMC signal.

2) Iteration steps consisting of clipping, demodulation,
ACE, and modulation operations.

3) A final step for enlipping, demodulation, ACE, and
modulation operations to generate the FBMC signal with
reduced PAPR and enlarged signal power.

The main symbols used in the complexity analysis are

summarized in Table II. Using this notation, the total number
of multiplications required can be expressed as follows:

Mtotal = A{mod + I (Mdemod + Mmod) + Mdemod + Mm0d7
C))
where the required number of multiplications of the modulator
and demodulator can be expressed based on [19] for PPN using
a single IFFT/FFT based on the number of subcarriers [V, the
overlapping factor K, and the number of iterations I as
Myoa = N(logg N —3) +4+4KN,
Memoa = N(logyg N —3) +4+ 4K N.

(10)
an

As a result, the number of multiplications required for the
proposed scheme in the function of the iterations can be given
based on (9), (10), and (11) as

M = (21 + 3)(N(log, N — 3) + 4+ 4KN). (12
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TABLE III
CoMPARISON OF PAPR-REDUCTION METHODS.

Method Side information Bit-rate loss Complexity Power increase
PTS (Partial Transmit Sequences) [20] Yes (phase index) Yes (SI bits) High No
SLM (Selected Mapping) [20] Yes (sequence index) Yes (SI bits) High No
TI (Tone Injection) [21] No No High Yes
TR (Tone Reservation) [10] No Yes (reserved tones) Low Yes
Clipping (+ ACE) [22] No No Low No
Proposed Method No No Low Yes

The required number of multiplications based on (12) for ACKNOWLEDGMENTS

3 iterations is shown Fig. 14. The plot depicts the overall
computational complexity of the suggested approach in the
function of the number of subcarriers. The figure also reveals
the number of multiplications required in the case of the
standard FS- and PPN-based approaches. The analysis shows
a linear growth in complexity with a growing number of sub-
carriers. The results indicate that the FS and PPN approaches
exhibit significantly higher computational complexity than the
suggested PPN approach.

-108

1 I e e e e e e
—=— PPN using single IFFT 4
—a—  standard PPN 4
——  stndard FS

0.8

0.6

0.4

Number of multiplications

0.2

0 0 200 400 600 800

Number of subcarriers (N)

1,000

Fig. 14: Required number of multiplications of the iterative PAPR
reduction method with 3 iterations using FS, PPN, and PPN with single
IFFT as modulator and demodulator.

To provide a structured view of common PAPR-reduction
techniques, Table Il summarizes qualitative trade-offs for side
information, bit-rate loss, complexity, and power increase for
the proposed method and representative baselines.

VI. CONCLUSIONS

In this paper, a statistical analysis of FBMC signals was
conducted, including evaluating the CCDF of PAPR and
kurtosis for different numbers of subcarriers. A novel method
for minimizing PAPR in FBMC systems was presented. The
proposed scheme applies three iterations of (clipping and
ACE) to suppress the most significant peaks, followed by one
iteration of (enlipping and ACE) to increase average signal
power and improve BER performance. The CR values were
optimized for each iteration by searching a range to determine
the CR schedule that minimizes the resulting PAPR. The
introduced enlipping aids improve the BER performance by
raising the average signal power. The proposed scheme per-
formed better in PAPR reduction and BER performance than
the conventional schemes while maintaining computational
efficiency.
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