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Abstract

High peak-to-average power ratio (PAPR) has been a major
drawback of Filter bank Multicarrier (FBMC) in 5G system.
This research aims to calculate the Peak to Average Power
Ratio (PAPR) reduction associated with the FBMC system.
This research uses four techniques to reduce PAPR. They are
classical tone reservation (TR). It combines tone reservation
with sliding window (SW-TR). It also combines them with
active constellations extension (TRACE) and with deep
learning (TR-Net). TR-net decreases the greatest PAPR
reduction by around 8.6 dB compared to the original value.

Keywords Filter Bank Multi-Carrier (FBMC), Pg

(TRNet), Deep Learning (DL), Complementary Cumulat
Distribution Function (CCDF).

1. INTRODUCTION

in the upcoming 5G Radio
This advanced modulatio
advantages, including excellent f localization, very
low side lobes in its Power Spect ensity (PSD), and
robustness to phase noise and freqdency offsets, making it
more suitable than OFDM for 5G RAT [2].

The research interest of this work lies in OQAM/FBMC
system, which is deemed as a potential technology for 5G
owing its spectral efficiency and the ability to eliminate ICI
and ISI. FBMC, on the other hand, employs pulse shaping
filters as opposed to rectangular window filters, significantly
reducing spectral leakage and enhancing spectral efficiency
compared to Orthogonal Frequency Division Multiplexing
(OFDM). But this improvement comes at the cost of added
complexity to the system from filtering.

implementation[13]. The structure includes a bank of filters—
synthesis filter bank at the transmitter and analysis filter bank at the
receiver. These filters verlapping symbols effectively while
maintaining the same tion, ensuring efficient spectral
usage.

ticularly advantageous for high-
a strong candidate for 5G networks. The
hrough advanced filtering techniques and
yclic prefix, unlike OFDM. Despite its
's overlapping subcarrier structure, as shown in
s better utilization of available bandwidth.
se of a prototype filter ensures proper reconstruction
signals, achieving perfect reconstruction (PR) conditions under
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Fig. 1 FBMC/OQAM single-input single-output (SISO) transceiver
structure

However, the high peak-to-average power ratio (PAPR) in FBMC
systems can cause the transmitted signal to enter the nonlinear region
of the high-power amplifier (HPA), resulting in signal distortion.
Previous research has proposed various methods to address the PAPR
issue, with the tone reservation (TR) technique receiving considerable
attention [3]. This technique involves reserving a minimal number of
subcarriers to create a peak-canceling signal that reduces the PAPR of
the transmitted signal. The peak reduction tones (PRT) can be directly
removed at the receiver side; hence the TR method can reduce PAPR
without causing any additional signal distortion.

Figure 2 depicts the single-input single-output (SISO) transceiverThis paper proposes a joint algorithm based on classical tone
structure of the FBMC/OQAM system based on the PHYDYASreservation with sliding window, active constellations
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extensions, and deep learning respectively to reduce PAPR
in FBMC/OQAM 5G candidate systems, where the hybrid
of the previously mentioned techniques can compute better
PAPR reduction results.

towards the above background, the major contributions of
this paper are as follows.

e  Description of filter bank multi-carrier (FBMC)
system. Furthermore, a comparison of FBMC and
OFDM is discussed.

e High PAPR problem

e  Description of Selected PAPR reduction technique
and analysis of PAPR using CCDF.

e  The results and simulations of using hybrid joint
methods of tone reservation with Sliding Window,
tone reservation with Active Constellations
Extensions, and tone reservation with deep
learning are displayed and analyzed.

e conclusion and future of this work.

2. Filter Bank Multi-Carrier

FBMC is essentially an advanced version of OFDM that does not
use a cyclic prefix, resulting in better performance and efficiency
compared to OFDM [4]. Because of this, using FBMC increases
the system's capacity and spectral efficiency. Each subcarrier of
the multicarrier signals is filtered in FBMC, which Iowers the
frequency domam S|delobe Ievels Flgure 2 descr b
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Figure 2. TMUX configuration of filter bank multi-carrier.

2.1 Difference between FBMC and OFDM

Orthogonal Frequency Division Multiplexing (OFDM) is a
multi-carrier modulation scheme [21]. Data streams are
carried by many orthogonal sub-carrier signals. In the last
few decades, an increasing number of systems in the sector
have adopted this scheme, including Long-Term Evolution
(LTE) and Asymmetric Digital Subscriber Line (ADSL).
Unfortunately. OFDM has two main drawbacks. The first is
that it restricts the use of OFDM-based systems in dynamic
spectrum environments. It requires a Cyclic Prefix (CP),
which reduces spectral efficiency. This issue is exacerbated
when the symbol length is very small. The second drawback

is related to the high sidelobes in the OFDM signal, as
presented in Figure 3. These sidelobes will then result in
strong adjacent channel interference (ACI), but also a strong
inter-carrier interference (ICI). In contrast, FBMC
implements a sidelobe that is minimized and does not need
a CP [13]. FBMC is an advancement of OFDM by
accompanying the IFFT/FFT with a polyphase structure plus
simple multiplier [19].
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he Peak-t0-Average Power Ratio of s(t) signal is distinct as the
i0 of the peak power of s(t) given signal to its average power [5].
of the high PAPR, the selection of power amplifiers and

amplifier and up converters is essential to avoid nonlinear distortion,
which reduces the power efficiency of the power amplifier. As
specified in the IEEE 802.11a standard, increasing the PAPR from
0dB to 17dB reduces the maximum power efficiency of a Class B
power amplifier from 78.5% to 4.6% [20].

The PAPR of the complex envelope s(t) of a continuous
baseband signal transmitting complex symbols with duration
can be written as [6], [7]:
max(,1,)Is(I?
PAPR(s(t)) = —olal 7L
(s0) 721y CIso)2dt (1)

The PAPR definition [8] ,of discrete time FBMC signal with
N sub-carriers is :

— maxocnenlsinl®
PAPR (s(n)) = E[ls[n]|2] 1)

Where;

0<n< &Ry kN
Where;
M: number of symbols

K: filter overlap factor.
N: subcarrier numbers.



CCDF Prob(PAPR>PAPRO)

CDF[PAPR(s(n))] = Pr(PAPR(s(n)) > k)

(1.2)

Equation 1.2: This equation defines the Cumulative Distribution
Function (CDF) of the PAPR. It represents the probability that
the PAPR of the signal exceeds a certain threshold value K. The
CDF is important for evaluating the occurrence of PAPR values
above specific limits in communication systems [6-7].

CCDF(y) = Pr(PAPR(s(n)) <y) =1 —e™M"
Equation 1.3 Provides the Cumulative Distribution Function
(CDF) of the PAPR for FBMC signals under a threshold value y
It represents the probability that the PAPR is less than or equal
to v, calculated as(1 — e¥)V, where N represents the number
of subcarriers [22].
CCDF(y) = Pr(PAPR(s(n)) >y) =1—-(1—e "V (1L4)

4.

PAPR Reduction Techniques.

(1.3)

Several approaches have been proposed for PAPR reduction,
with the tone reservation (TR) technique standing out for its
simplicity and strong performance. Moreover, TR is distortion-
free and does not require any side information [9]. TR method
generates a peak-canceling signal by utilizing a small group of
subcarriers known as peak reduction tones (PRTs). This signal
has the potential to reduce the PAPR of a transmitted signal. The
remaining subcarriers are used to transmit data. Nevertheless, its
performance is still insufficient. To achieve greater outcomes,
we integrated tone reserve with other techniques.
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reservation in FBMC 5G Systems

Figure 4 shows the traditional method of tone reservation
technique in FBMC which shows CCDF between the original
and TR where the PAPR of TR is at 9.4 dB when has clipped at
0.001 [10].

4.1 Hybrid sliding window with
reservation technique

tone

A combination of two PAPR reduction strategies is used in that
section: sliding window and tone reservation. The techniques are
methods presented for lowering the PAPR in
FBMC/OQAM. Furthermore, to reduce the peak re-growth
induced by undesirable signal clipping. As a result, we suggest

two

the overlapping sliding window approach as it helps in PAPR
reduction. The fundamental steps of the proposed SW-TR
technique are as follows:

First, the PRTs of multiple consecutive data blocks are used to
cancel the peaks of the FBMC-OQAM signal within a window.
Second, the window slides once the peak threshold is reached or
the maximum number of iterations is achieved.

the (|—1 )th window the Ith window

threshold

Figure 5(b) wi (K)
the (I-1)th window

the Ith window
|

1 O ' ' 1 X(k)
Figure 5(c) Out-of-window

peak—cancelling signal

pre—window regrowth
post-window regrowth

Figure 5(d) Overlapping window SW-TR
Fig.5 Decomposition of SWTR hybrid technique
Figure 4 is illustrated in detail in the following steps:

Step 1: Once the (1 — 1)t" window has been properly
processed, extract the signal in the 1" window from x(k)
shown in (Fig. 5(a)), and denoted the following sequence.



x(K), —1DW<k<IwW-1
w1 (i) = { else )
Step 2: Clip the amplitude of the signal with a previously
defined threshold B as shown in Fig. 5(b))

wi 0 = wi (), lwy (1] < B
! ei®, |w, (k)| > B ®3)
where 2w, (k). represents the phase of w; (k). The threshold
B influences the PAPR reduction performance and always
determined through simulation results. The expected

clipping signal shows in equation (3)
lw; (K)Delw189, lw (K)| < B

_(B-
fulo = { 0, lwy (K)| > B 4

Although f;(k) can reduce the signal’s peak to the
previously defined threshold, it introduces interference to the
data tones, degrading the system’s bit error rate
performance. So, it is better to approximate the clipping
signal f; (k) to f; [K], which only has nonzero signal on the
reserved tones. Like the approach in [11], several iterations
are needed CG(l), CG(1)+1, ...., CG()+P —1 that bring f;
[K]. this iterative process is similar to that in the OFDM
system [11], with the main difference being that the TR
method of the FBMC-OQAM system uses reserved tones of
several data blocks instead of just one. The iteration stops
when the maximum number of iterations is reached or the
threshold level B is achieved. Then, the signal after peak-
cancelation is:

I{G(l)+P—1
. Cpn(K), (Gl —
(k) = { m=G(l)

t 0, otherwise
where cm[K] is the time domain signal equivalent to

Step 3: replace x[k] with x(k) = x(k)+ f; (K).

DF<k<(GQ) + P

Step 4: Slide the window, i.e., let] &=1+ 1, and got to Step

uses. The SW-TR parameters ar
Table 1. Parameter and Values

Hybrid SW-TR

Parameter V
Modulation Technique OQAM
Selected tone 768 tones
Reserved tone 256 tones
Iteration 1000
Length of prototype filter 64

A 4 sec

Over sampling Factor (F) 8

Fig. 6 shows the PAPR performance of the Hybrid SW-TR
technique with different thresholds. The curve
“FBMCOQAM original PAPR” represents the performance
of the FBMC-OQAM system without TR. Sliding window
length is W = 3F, and the overlapping length is setas V =
0, F and 2F respectively.

=== (Overlapping V=2F
= 1Qrignal PAPR FBMC
=4 10verlapping V=0

vueniQverlapping V=F

CCDF Prob(PAPR>PAPRO)
S
S
T

e SW-TR FBMC method with
= 3F and different V

uction of the proposed SW-TR technique is
different window sizes. The overlapping part’s
=W — F. It is obvious that the best performance is
Iargest W, W 4F and V = 3F among all S|mulated

= 1Orignal PAPR FBMC
== hybrid SW-TR W=F V=0
hybrid SW-TR W=4F V=3F
===hybrid SW-TR W=3F V=2F
vennthybrid SW-TR W=2F V=F

PAPRO(dB)

Fig. 7. PAPR performance of the Hybrid SW-TR FBMC method
with different window size W &different Overlapping V

4.2. Hybrid Active Constellations Extensions
with Tone Reservation technique



The hybrid TRACE technique combines Tone Reservation (TR)
and Active Constellation Extension (ACE) to reduce PAPR. TR
reserves non-data subcarriers [12] for adjustments, while ACE
extends outer constellation points to lower PAPR. For 16-QAM
modulation, ACE limits point extensions to four specific directions
to avoid increasing BER [13]. Figure 8 illustrates the constellation
patterns before and after applying TRACE hybrid technique for
PAPR reduction. The original constellation diagram (Fig. 8a)
exhibits a conventional 16 QAM modulation scheme with symbol
points positioned at normalized coordinates on the complex plane.
The constellation points are symmetrically distributed across the I-
Q plane, maintaining equal Euclidean distances between adjacent
symbols to ensure optimal decision boundaries. Fig. 8b
demonstrates the effect of the TRACE hybrid technique, where the
original constellation points undergo controlled extension and
clustering. The TRACE hybrid methodology leverages the
complementary advantages of both techniques. ACE facilitates the
extension of outer constellation points, providing degrees of
freedom for PAPR reduction while maintaining minimum distance
properties. Simultaneously, TR utilizes reserved tones for
optimization of the signal envelope, resulting in enhanced PAPR
reduction capability compared to individual implementation of

either method.
Original constellations
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Fig. 8 Constellation diagram with ACE method using
16-QAM, N = 1024
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Select the clipping FBMC modulated signal S[n]
until reach to & level as in equation

l‘ NO

Make demodulate signal Cp,[n] to be Cp,,[K]

{

Set oversampling for all subcarrier >N

Obtain time domai dulate Cp, ,, [K] for
lipped frame CjJn]

[n]8Y 1 then add the original signal
time domain Sl [n].

|

If original PAPR
TRACE >PAPR ACE —
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Yes ‘

Transmit S;[n]to compute minimum p[n]<OPAPR
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And make iteration = 1000

!
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the iteration number, and set a signal threshold B

!

Fig. 9. Flow Chart of the Proposed Hybrid TR-ACE
PAPR reduction Method in FBMC 5G system




Figure 9 establishes the flow chart of Hybrid TR-ACE
algorithm, which improves the outcomes over simple tone
reservation and upgraded SW-TR algorithms. The flow chart
illustrates the following:

Make the FBMC modulated base band frame S;[n] clipped
until reach thed amplitude such as:

. seelnl |S[n]| > 6

Sin] = {

= s sl <6
(6)
Which is applying the condition of:
osn<s ™y

After the clipped signal occurred, select the negative portion
of clipped frame which has known as C;[n] such that:

_ (809l —Si[n]  [S[n]| > 6
Glnl = {Zero l ISll[n]I <é
(M

Demodulate the negative portion part of the clipped signal
C[n] and C, , [K] where m and k are symbol and subcarrier
of frequency domain respectively, which is used to obtain
the extension of FBMC frame.

Select the real components of symbols
Cm[K] which fall in allowable extension region and set
the oversampling for all null subcarrier C;[k]which must be
greater than N

Obtain time domain signal by modulate C, , [k]
clipped frame which is known as Cj[n]

Multiply C,[n] by p then add it to the original signa

yields
—

Siln] = si[n] + wCnl,

The term of 1 In eq
value of p= min(p

After referring to equation 14

f,(0)
(G(l)+P—1

B @, (GI-DF<t£(GA) +P — 1+ AF
- im:G(l)

0, otherwise 9
Where CI,(t) is the time domain sequence corresponding to

Ch, hence,
STRACE = STRACE 1 £, (¢) (10)

To obtain the minimum value of PAPR in TRACE algorithm
Transmit the value of S/RACE Hence the PAPR equation that
represent the result of the hybrid ACE and TR scheme will
be

max (M-DN 1S1[t]* pracE
0sns——5——+L-1
2 11)

EISi[t]12rrace

PAPR(S[t]) = 1010g(

if equation (11) doesn't meet minimum PAPR
requirement so, refer to equation 6 again then repeat the
procedure with several number of iterations, which is used
to minimize the between the tones, also used to keep away
from BER performance degradation, utilize useful signal
to reduce the peak power, which only has nonzero signal
on the reserved tones to produce. Table 2 shows the
parameter setting used in the Hybrid TR-ACE algorithm.

Table 2. Parameter and Values used in Hybrid TRACE

Parameter Label Setting
Number of carriers N 1024
Number of used carriers Nd 512
Number of unused carriers Nz 512
Number of reserved carriers Nr 12 (5%)
Number of symbols M 10000

Modulation type FBMC O-QAM

= 1(rignal PAPR FBMC
\ |V 'TRACEFBMC

=

\
\

=

\ ]

APR>PAPRO)

CCDF Pr:

\J

"' \

' =
\i

| \\ | | | ‘
0 2 4 6 8 10 12
PAPRO(B)

Fig. 10 PAPR reduction in FBMC system using
Hybrid TR-ACE.

Figure 10 Shows maximum perfect PARR reduction result
using proposed TRACE algorithm at approximately 3.5 dB
which is decrease around 6.7dB compared with original
FBMC PAPR value 10.3 dB, using ACE and TR equations
and the distribution of the resulting extended FBMC/OQAM
modulation type.

4.3. Hybrid tone reservation technique with

deep learning
In recent years, artificial intelligence (Al), particularly deep
learning, has achieved significant success in the fields of
computer vision, natural language processing, and speech
recognition [15-16]. The fundamental concept of intellectual
communication is the integration of Al at several levels of
wireless communication systems in order to enhance the



performance of wireless communication systems. Deep
learning is now doing well in end-to-end wireless systems,
channel estimation, signal detection, channel decoding, and
modulation recognition.

In terms of the PAPR reduction, an innovative tone
reservation network (TRNet) is what we suggest that is
based on deep learning to further enhance the PAPR
performance of the conventional TR technique.

x(n)
4QAM
modul [— 1FFT (O ASS S b T

ation

Serial
to
parallel

,.

x(n) + c(n)

FFNN

enco [ IFFT <A f\\/
der it

Fig. 11 TRNet structure

The baseband signal is copied to obtain two duplicates. 4-
QAM modulation method and the IFFT operation are used
to generate the upper path time domain signal of data x(n)
in a one duplication. The other duplicate is sent into the
FFNN encoder together with the frequency domain reserved
symbol vector C to create the peak-canceling signal
c(n) in the lower path.

C is then input to the IFFT module. The formula for the
PAPR-reduced FBMC signal is X(n) = x(n) +c(n) i
figure 11.

FFNN

;.0 htL 0 U_{
ne-no 0 0
g || o [ A EE
——encoding —— 2

Block? Output

Fig. 12 Feed forward neural ne

The neural network in figure 12 part of the TRNet consists
of five layers: one input layer, three hidden layers and one
output layer .Each layer is linked to the others. Each hidden
layer consists of a fully connected (FC) layer, batch
normalization (BN), dropout [17], and the hyperbolic
tangent (tanh) function.

The FFNN encoder is trained to generate the reserved
symbol vector C and further reduce the PAPR of the
composite transmitted signal. The training objective is to
minimize the loss function by updating the parameters,
which is expressed as:

Loss = PAPR{(X} = PAPR{x + c} = PAPR{Q(X + O)} (12)

where {X} is the transmitted signal that obtained by adding
the peak-canceling signal ¢, produced by the FFNN encoder
to the data signal x generated from python program. Table 3

shows the parameter setting used in the Hybrid TRNet
algorithm.

Table 3. Parameter and Values used in TRNet

Parameter Setting
Number of subcarriers 256
Number of reserved tones 8
Learning rate 0.001
Number of epochs 90
Modulation type 4-QAM
&
Ell lID
PAPR in db

13 PAPR reduction in FBMC system using TRNet.

THhe training process consists of 90 epochs. The network is
optimized using the Adam algorithm with a learning rate
of 0.001 and a batch size of 400. Here, the batch size
indicates the number of training samples needed to update
the model in one step. Figure 13 Shows maximum perfect
PARR reduction result using proposed TRNet at
approximately 1.7 dB which is decreased around 8.6 dB
compared with original FBMC PAPR value 10.3 dB.

Table 4. Comparison of the results obtained of the
four algorithms used from the point of view CCDF
PAPR reduction values achieved.

PAPR reduction CCDF for PAPR
techniques values[dB]
Conventional tone 9.4
reservation
Hybrid SW-TR 55
Hybrid TRACE 3.5
TRNet 1.7

Figure 14 presents the Bit Error Rate (BER) performance
comparison for the proposed hybrid PAPR reduction techniques
(TRnet-FBMC, TRACE-FBMC, and SWTR-FBMC) against the
original signal without PAPR reduction. The results show that
all hybrid techniques outperform the original signal,
demonstrating improved BER performance. This improvement
is primarily due to the reduction in PAPR, which mitigates



BER

nonlinear distortions caused by high-power amplifiers in SWTR-FBMC, the most efficient among the three methods,
communication systems. exhibits the lowest multiplication complexity. By optimizing
Among the hybrid techniques, TRnet-FBMC achieves the best its algorithm to reduce the impact of subcarrier processing,
BER performance, closely followed by TRACE-FBMC and SWTR-FBMC achieves superior performance in minimizing
SWTR-FBMC. The superior performance of TRnet-FBMC is computational demand. This efficiency makes it the most

attributable to its more effective PAPR reduction, which practical choice for scenarios requiring real-time
enhances signal robustness and reduces susceptibility to noise. implementation or energy-efficient processing.
TRACE-FBMC also performs well but demonstrates a slightly o ) ) o
h|gher BER Compared to TRnet-FBMC’ ind|cat|ng a trade-off 18 %102 Multlpllcatlon‘s Complexity Comparlson for PAPR Reduction in FBMC

between computational complexity and BER improvement. 16
SWTR-FBMC shows the least improvement among the hybrid
methods but still provides a noticeable reduction in BER
compared to the original signal.

S
T T

Multiplications Complexity
3
T

ol |
Overall, the figure illustrates the effectiveness of the hybrid s
techniques in improving BER performance, with TRnet-FBMC 4 ]
standing out as the most robust approach for error mitigation, 2

despite its higher computational complexity. 0

SWTR FBMC
eduction Method

(multiplication) of the

107

===TRnet
—4—TRACE
=8=SWTR

— original iti ity, as depicted in Figure 16,

107

10-3 L
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complexity, but the absence of iterative steps ensures that it
remains significantly less demanding compared to TRnet-
FBMC.

10°

SWTR-FBMC, as with its multiplication complexity,
maintains the lowest additions complexity. The algorithm’s
design focuses on simplifying operations by minimizing
unnecessary computations and adopting efficient processing
techniques. Consequently, SWTR-FBMC emerges as the
lightweight option for additions, making it a compelling choice
for power-constrained or latency-sensitive applications.

proposed PAPR red
TRACE-FBMC, and

its iterative nature, where the it rocedure scales
linearly with the number of iterations. Combined with a 12219 Additions Complexity Comparison for PAPR Reduction in FEMC
relatively smaller number of subcarri€rs (256), this results in
more computations per iteration. Specifically, the
multiplication complexity in TRnet-FBMC is influenced by
both the logarithmic growth of subcarrier processing and the
linear growth due to iterations.

® °

Additions Complexity
)

In contrast, TRACE-FBMC, designed with an alternative
approach, requires fewer multiplications. Here, the
algorithm operates over a higher subcarrier count (1024) but
avoids the iterative processing step, leading to a significantly

reduced complexity compared to TRnet-FBMC. This makes ’ TRnet-FBMC TRACE-FBMC SWTR FBMC

. T - PAPR Reduction Method
TRACE__FB_MC s_u_ltable for s_ystems where multiplication Fig. 16 Computation complexity (Addition) of the proposed
complexity is a critical constraint.

methods
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