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ABSTRACT

In intensity-modulated direct detection optical orthogonal frequency division multiplexing (IM/DD-OOFDM) communication
systems, a lower peak-to-average power ratio (PAPR) is essential for improving system performance. In order to reduce the high
PAPR, a discrete forest optimization algorithm (DFOA) is integrated with the classical selective mapping (SLM) method in IM/
DD-OFDM system. This approach successfully optimizes the values of phase factors, minimizes the search numbers, and re-
duces computational complexity. To evaluate the impact of the DFOA-SLM method on PAPR reduction, the parameters of the
DFOA-SLM method play a crucial role in decreasing the PAPR in an IM/DD optical OFDM system. The DFOA-SLM method
demonstrates improved bit error rate (BER) performance, power spectral density (PSD), and power saving performance com-
pared with other PAPR reduction methods. Numerical results indicate that the proposed PAPR reduction method outperforms
existing other methods for optical OFDM signals. Specifically, by implementing this technique in the IM/DD optical OFDM com-
munication system, we achieved a decrease in PAPR from 10.68 to 4.88dB at a complementary cumulative distribution function
(CCDF) of 1073, resulting in a reduction of 5.8 dB. Additionally, the computational complexity of the DFOA-SLM method shows
a 73.63% improvement over the classical SLM method when the search number is set to 512.

1 | Introduction

Optical communication systems are developing and improving
with time to support high data rate transmission and provide
more capacity. Nowadays, wired and wireless communication
systems are still suffering from very low security, signal dis-
tortion and scattering, and limited bandwidth. Optical com-
munications systems are the best choice for providing these
advantages instead of wired and wireless communications.
Additionally, orthogonal frequency division multiplexing
(OFDM) technology is a popular and attractive technique that

© 2025 John Wiley & Sons Ltd.

supports high data rate transmission by reducing the effects
of interference and noise [1]. The OFDM function first divides
a high-input information stream into various low informa-
tion rate streams and then transmits signals by orthogonally
placing the sub-carriers. An OFDM is a modulation method
used in optical communication topologies to minimize the
impact of inter-symbol interference (ISI) while maintaining
high data communication speeds and bandwidth. Optical
OFDM systems includes a high peak-to-average power ratio
(PAPR), which causes the LED source to clip the optical sig-
nal, resulting in significant distortion. Various solutions have
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been suggested to minimize PAPR, including partial trans-
mit sequence (PTS), clipping and filtering, selective mapping
(SLM), and coding [2]. The clipping technique causes in-band
distortion by reducing the signal's amplitude to a specified
level. Transmitting side information (SI) decreases bandwidth
efficiency in the SLM method, while coding techniques sig-
nificantly reduce PAPR without negatively impacting BER
performance [3].

Visible light communication (VLC) technology uses visible
LEDs for real-time information transmission at very high
speeds. According to [4], it can provide solutions for an extensive
range of applications, such as indoor navigation and localization
(in situations where current GPS is unavailable) and under-
ground and underwater networks.

Extensive research has been conducted on optical OFDM modu-
lation for VLC systems to facilitate high-speed transmission [5].
An OFDM offers resistance to frequency selective fading chan-
nels, power efficiency, a noteworthy high spectral efficiency,
and multipath delay spread tolerance. A VLC system relies on
IM/DD, requiring both positive and real-valued transmitted
signals. VLC systems utilize various types of O-OFDM, such as
DC-biased O-OFDM (DCO-OFDM), ACO-OFDM, Flip-OFDM,
and ADO-OFDM. A DCO-OFDM network applies a DC bias to
the optical OFDM signal to generate a unipolar signal. In ACO-
OFDM, data symbols are only carried on odd subcarriers, while
even subcarriers are set to zero. In the Flip-OFDM transmission
method, the negative and positive halves of the bipolar OFDM
signal are transmitted independently over two separate frames.
ADO-OFMD combines the features of both DCO-OFDM and
ACO-OFDM. Briefly, the subcarriers are categorized as even
and odd. ACO-OFDM uses the odd subcarriers, whereas DCO-
OFDM uses the even subcarriers [6]. In [7], the authors devel-
oped and simulated a 100 Gbps long haul IM/DD OFDM system
using Optisystem software, ensuring high data rate for down-
stream signals.

The transmitted signal must be clipped to zero to create a real
and positive signal in ACO-OFDM [8]. However, designing
OFDM systems still presents challenges. One of the most signif-
icant difficulties is the high PAPR of optical OFDM signals. The
PAPR, determined by the total of orthogonal subcarriers gener-
ated by the IFFT process at the transmitter, is the maximum to
average power ratio. The non-linear characteristics of the LED
in the transmitter cause the OFDM signal to shift, requiring
a reduction in PAPR to prevent signal cutting and poor BER
performance. Numerous PAPR reduction strategies have been
described for optical OFDM signals [9]. In [10], the researchers
presented a PAPR minimization strategy for clipping that suffers
from BER. In [11], the authors reduced the PAPR of the transmit-
ted OFDM signal by recurrent clipping and filtering methods.
Some PAPR reducing methods were investigated as amplitude
clipping and filtering, SLM, and PTS by Rana et al. in [12]. The
authors in [13] studied PTS, SLM, TR, and PI as PAPR reduction
methods. The authors in [14] conducted a comparison of PAPR
reducing strategies in FBMC and OFDM topologies. In [15], the
researchers introduced a machine learning (ML) strategy to re-
duce PAPR. In [16], the authors applied a modern swarm intelli-
gence optimization algorithm based on the PTS technique to an
optical CO-OFDM communication system, and they found that

DIWO based on PTS achieved the best performance in reducing
PAPR in terms of the BER performance.

Prasad and Arun [17] developed a Hanowa matrix-based ap-
proach that improved the performance of the C-SLM method
for reducing PAPR. Researchers in [18] have suggested an en-
hanced PTS PAPR reduction method that decreases BER and
power spectral density (PSD) based on moth flame optimiza-
tion. The authors in [19] have offered a method for reducing PTS
PAPR based on m-arrangement. In [20], a two-step (TR) method
for reducing PAPR was proposed.

In 2022, fuzzy neural networks were used to propose an adaptive
PTS strategy to decrease PAPR in an OFDM system [21]. The ICF
method [22] was simulated using three ways to minimize PAPR
in an OFDM communication system. Sivadas [23] analyzed
PAPR reduction in OFDM systems using the Hadamard-SLM
approach. Authors in [24] have proposed using the SLM method
with new symmetric Hankel matrices as phase factor series for
PAPR minimization in OFDM networks. In [25], the proposed
improved PTS technique with Mu-Law companding for PAPR
minimization in OFDM systems improves performance in divi-
sion and phase rotation stages. Mayakannan et al. [26] propose
a neural network and linear regression method for PAPR reduc-
tion, achieving 84.1% reduction for 16QAM and 82.9% minimi-
zation for 64QAM-OFDM, without compromising BER.

An improved PAPR reduction method has been suggested in
2021 using a quantum GA and PTS, resulting in a 64% reduc-
tion in computational complexity [27]. Zou et al. reported a
technique using neural networks for PAPR reduction, which is
based on simplified clipping and filtering (SCF) techniques [28].
In [29], a method was presented for reducing the PAPR using a
combination of mixed companding and clipping techniques. In
[30], the authors provide an overview of PAPR reduction tech-
niques for three popular modulation schemes in optical and
wireless communication systems: O-OFDM, optical-filter bank
multicarrier (O-FBMC), and optical non-orthogonal multiple
access (O-NOMA), emphasizing their importance in improv-
ing system efficiency. In [31], the integration of OFDM with 5G
radio waveforms is gaining attention for VLC systems. However,
high PAPR can negatively impact system performance. The au-
thors investigate PAPR reduction algorithms for optical OFDM
in VLC systems, analyzing techniques like clipping, SLM, PTS,
and companding to ensure efficiency and signal integrity.

In [32], the authors propose a scheme that combines DCO-OFDM
with index modulation and convex optimization algorithms to
address nonlinear distortion in systems with high PAPRs. This
method uses partially activated subcarriers to transmit constel-
lation modulated symbol information and a dither signal.

In [33], the authors explores O-OFDM approaches in VLC sys-
tems, focusing on factors like constellation size, data arrange-
ment, power efficiency, computational complexity, BER, and
PAPR. The study aims to reduce PAPR in VLC systems by pro-
posing a non-distorting technique called the Vandermonde-
like matrix (VLM) precoding technique. This technique is
implemented across various O-OFDM approaches, including
DCO-OFDM, ADO-OFDM, ACO-OFDM, Flip-OFDM, ASCO-
OFDM, and LACO-OFDM.
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The SLM technique is a popular PAPR reduction algorithm due
to its user-friendly structure and efficient performance with-
out signal distortion. In SLM method, a set amount of phase
sequences is generated at random. These sequences are then
multiplied by the original data, which is modulated over QAM.
The best phase sequence is selected based on the transmis-
sion signal with the lowest PAPR [34, 35]. The SLM algorithm
requires one IFFT procedure for each randomly generated
phase sequence, with the amount of searches increasing as
the number of randomly produced phase sequences increases.
As a result, SLM's computational complexity approaches ex-
tremely high values. Minimum search numbers must be used
to find reasonable solutions in order to avoid this undesirable
scenario. In order to achieve this, we applied an advanced new
method for the optical OFDM system known as a DFOA with
SLM (DFOA-SLM). This technique uses DFOA-based phase
factors optimization iteratively to achieve better solutions
with fewer search values [36].

The primary contributions of our research are:

1. An improved DFOA-SLM was applied to our proposed
IM/DD optical OFDM system for the PAPR minimization
procedure.

2. The DFOA algorithm has been used to decrease PAPR in
the optical OFDM system for the first time.

3. Comparison of PAPR reduction techniques through simu-
lation: classical SLM, GA, MBO, and DFOA based on SLM.

4. The influence of DFOA-SLM parameters was examined on
our suggested IM/DD optical OFDM system.

The structure of the rest of the paper is as follows:

« Section 2 outlines the fundamental operating principles of the
O-OFDM system and discusses the importance of PAPR.

 Section 3 explains the PAPR reduction method including
DFOA-SLM.

» Section 4 describes the modified DFOA algorithm, and
Section 5 discusses the DFOA-SLM technique.

« Section 6 presents the simulation results and discussion.

« Section 7 analyzes the computational complexity of each op-
timization method, and Section 8 includes the conclusion.

The definitions of the abbreviations can be found in Table 1.

2 | System Description and PAPR Analysis

O-OFDM types can be classified as CO-OFDM or DDO-OFDM,
depending on the method of detection. DDO-OFDM can be clas-
sified into two types: LM-DDO-OFDM and NLM-DDO-OFDM.
NLM-DDO-OFDM systems are intensity-modulation optical
OFDM topologies, where the intensity of the transmitted optical
signal represents the electrical signal. Examples of this method
include optical wireless systems, plastic optical fiber systems,
and multimode optical fibers. The IM/DD approach ensures in-
tensity modulation without information loss by requiring a true

TABLE1 | Abbreviations.

ACO-OFDM Asymmetrically clipped O-OFDM

ADO-OFDM Asymmetrically clipped
DC-biased O-OFDM

BER Bit error ratio

CCDF Complementary cumulative
distribution function

CO-OFDM Coherent detection OFDM

DFT Discrete Fourier transform

DFOA Discrete forest optimization

algorithm

FFT Fast Fourier transform

FT Fourier transform

GA-SLM Genetic algorithm-SLM

GSC Global seeding changes

IM/DD Intensity modulation/direct detection

IFFT Inverse fast Fourier transform

LM-DDO-OFDM Linearly mapped DDO-OFDM
LSC Local seeding changes
MBO Migrating birds optimization
NLM-DDO-OFDM Nonlinearly mapped DDO-OFDM
NFC Number of fitness calculations

OFDM Orthogonal frequency

division multiplexing

OSNR Optical signal-to-noise ratio
PTS Partial transmit sequence
PAPR Peak-to-average power ratio

PI Peak insertion

QAM Quadrature amplitude modulation
SCF Simplified clipping and filtering
SLM Selective mapping

TI Tone reservation

VLC Visible lighting communication

and positive input signal. The IFFT block's input is subject to
limitations such as Hermitian symmetry.

Figure 1 illustrates the block diagram of optical IM/DD OFDM
system. The IFFT/FFT block plays a critical role in processing sig-
nals for both the transmitter and the receiver, serving as the cen-
tral component of the system. Traditional FT transmits continuous
signals in the time/frequency domain, simplifying signal process-
ing by sampling them in the traditional transformation.

Fast algorithms FFT and IFFT are widely used in digital signal
processing applications to get the DFT and IDFT. Optical OFDM
systems utilize IFFT for modulation at a transmitter and FFT
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FIGURE1 | Block diagram of IM/DD optical OFDM communication system.

for demodulation at a receiver. The IFFT is a method that uses
a complex input vector as X= (X)), ..., X ), where X represents
the modulated input information sequence, and N represents
the total amount of sub-carriers [37].

The modulating signal must be positive and real, so the IFFT
block's output is a complex sequence, which is unsuitable for in-
tensity modulation. To satisfy this criterion, the input vector X
must be restricted to have Hermitian symmetry. Therefore, the
input sequence X is represented as follows [38]:

X, =X;

. N
; N_i,0<1<5 D)

where the complex conjugate of X is denoted by X".

The used subcarriers transposed-conjugate duplicates are in-
serted into complete the IFFT frame, denoted as X.

Xy =[Xp Xyt X oo Xyt o2 X )
and the DC element is X, =X,y =0. The transmitted OFDM
symbol generates a 2N-point IFFT output. The discrete OFDM

symbol vector outputs, x;, from the IFFT algorithm in the time
domain are given by

N-1
%=~ 3 X k= {0,..,N—1) 3)
Nh:O

h represents the hth sub-carrier symbol of Xj;.

Here, x, is the transmitted OFDM symbol with a period T, = é,

where Af = % is the subcarrier spacing and B is the band-
width of signal. As a result, a high PAPR remains present in the
envelope of the positive and real valued OFDM signal in the time
domain [34].

The PAPR of an OFDM signal is the ratio of its peak power to its
average power in the time domain as follows:

2
max|x;|

PAPR(dB) = 10log, 4
E { |xk|2 } ( )

In this context, max|xk|2 represents the highest power value
of the OFDM signal, while E[.] represents the average of these
values. The complementary cumulative distribution function
(CCDF) of PAPR is a common statistic that shows a reduction
in PAPR. It measures how likely it is that the PAPR of an OFDM
frame will exceed a certain threshold called PAPR [39, 40].

CCDF = Prob (PAPR > PAPR,) ©)

3 | PAPR Reduction Based on the DFOA-SLM
Method in the Optical Transmitter

Figure 2 illustrates the schematic diagram of the optical OFDM
transmitter after integrating the DFOA-SLM method.

Firstly, the information bits are transformed to different sym-
bols by using any QAM modulation, and the QAM symbols are
represented below:

X(k) = [X(0), ... ,X(N-1)] 6)

After that, the vector of X(K) is multiplied by the opti-
mized N length different phase rotation factor vectors
b* ™ (k) = [b*(o)(O), bW - 1)] generated randomly, which
b*™(k) including — 1 and 1,u=1, ..., U. The variable U represents
the number of phase factor combinations that are randomly
generated. Following the multiplication step, the optimized
phase-rotated data sequence symbolized by X® (k) is expressed
as below:

XYW (k)= [X©0)xb*™(0), ..., X(N-1)xb* ™ (N-1)]

= [x"(0),, ...... X" (N-1)| @

The IFFT operation is applied to the optimized phase-rotated
data vector to obtain the following time domain signal:

xW(m)=[x"(0), ....,x"(N-1)| =IFFT(X™(k))

1 = s(U) j 22k (8)
=— Y X(k).b"™ k).~ ",0<n<N-1Lu=1,..,U

N k=0

Then, the candidate OFDM signal with the minimized PAPR is
selected to be sent.
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FIGURE2 | Block diagram of an OFDM transmitter using DFOA-SLM method.

x*(n) = 1g;ligU{x(“)(n)} ©)

The receiver should find the data with the appropriate opti-
mized phase rotation sequences b*" (k) to recover the transmit-
ted OFDM signals. The simple method involves transmitting the
appropriate SI to the receiver for signal recovery.

4 | DFOA

The DFOA comprises five stages, which will be discussed in de-
tail below:

4.1 | Initialization of the Forest

The algorithm is started by producing random trees in a speci-
fied quantity. The solution sequences, denoted by trees, are set
with random values of 1 or 0, resulting in a total of (n + I) dimen-
sions for each tree in an n-dimensional solution space, with the
first age values determined as 0.

4.2 | Local Seeding Process
In the local seeding phase, a zero-aged tree produces a speci-

fied amount of neighbor solutions with the age equal to 0. These
solutions are inserted into the forest. The process involves

selecting a random tree dimension and reversing its value multi-
ple times. Local seeding changes (LSCs) determine the amount
of solutions generated from every tree. After the local seeding
step, the age value of every solution, eliminating newly merged
population individuals, increases by 1.

4.3 | Population Control Process

The population-limiting process involves reducing the dimen-
sion of the population to which new individuals are inserted
in the local seeding step by neglecting some members of the
forest. Two FOA limits, lifetime and area limit, are decisive in
this process. The procedure comprises two elimination steps.
The first step is to remove trees older than the lifetime param-
eter set for the forest. A distinct solution group, named the
candidate population, is formed with these elderly individuals
for global seeding. The second stage organizes the remaining
members of the population based on their fitness values and
includes trees that exceed the area limit into the candidate
population.

4.4 | Global Seeding Process

The global seeding step involves choosing a percentage of the
candidate population from the prior step, adjusted by the trans-
fer rate in the FOA. A random number of dimensions is selected
for every tree, controlled by the parameter GSC. The values of
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the chosen sizes are varied from 0 to 1 or vice versa. New trees
are added to the forest with their age values set to 0.

4.5 | Current Best Tree Updating

The current best solution is determined by sorting population
members based on fitness qualities. The tree with the best fit-
ness value is chosen as the current best solution, and its age
value is set to 0 to prevent discard due to its age. The procedures
from 4.2 to 4.5 are reiterated cyclically until the termination
condition is satisfied.

5 | DFOA-SLM Technique

The DFOA proposed in [41] for a continuous optimization al-
gorithm was adapted by Ghaemi and Derakhshi in [42] for
feature selection. DFOA was adopted to the classical SLM to
represent the digital values as positive and negative ones [36]. In
the DFOA-SLM method, phase vectors were not generated ran-
domly to get the optimum solution; DFOA was used to optimize
the phase factor sequences that are denoted by the tree locations
as below:

FO>)=[b(0), ....,b" (N—1), Age®]
t=[1,...,T]

(10)

The variable parameter T, which represents the present total
amount of trees in the forest, might change during algorithm
rounds. In the tree population, Age® represents the age of tth
tree F®(k). A detailed description of how to use the DFOA to
optimize the phase factor sequences in the SLM method is pro-
vided in the following step-by-step manner:

Step 1: Firstly, Equation (10) defines the area limit amount of
random trees that are generated to initiate the tree popu-
lation, where b (k)=1 or —1. The first value of T equals
area limit. The value of Age® takes a value of zero for every
of the beginning trees.

Step 2: The following formula is used to determine the initial
trees' fitness values:

O (I0) =, max,

Step 3: For every FO(k), if Age® equals zero, the tree is
treated with a local seeding method outlined below:

Le(k)= flip

0<k<N-1

[FO®)1],a=1, ... ,LSC;t =1, ..., T
12)

To create a new tree from Equation (12), flip
0<k<N-1

verts the mark of F(k). The flipping technique is performed
LSC times on every zero-aged tree, producing LSC-unique new

[F(k), 1] con-

trees. The overall amount of new trees that must be produced
during the local seeding step for Y parent trees that are ageless is
equal to LSC+Y. The a th seed of the tth tree is represented by
LY (k) in Equation (12).

Step 4: The following procedure is used for evaluating new

young trees' fitness:

N-1
j2nkn

1
— ) X(k).L@Y(k).e ~
v &

Sit(L'Y(k)) = max

0<n<N-1

13)

a=1, ...,LSC;t=1, ...,T

Step 5: The young trees that are produced and identified by
L@Y(k) are added to the overall population. The total
sum of trees is given by T=LSC*Y + (area limit). The
ages of the remaining population elements are then
raised by one, while those of the young trees are made
Zero.

Step 6: Older individuals whose ages exceed the lifetime con-
straint are selected from the existing tree population to
create a subset of the candidate population.

Step 7: The elements of the rest population with ages less than
or equal to the lifetime restriction are arranged according
to their fitness. Trees that exceed the area limits are re-
moved from the forest during sorting, resulting in a can-
didate population that complies with the area restriction.
This ensures that the amount of trees is limited to T less or
equal to area limit.

Step 8: A selected group of candidates is chosen, and a pre-
defined parameter transfer rate determines the portion
involved. Each selected tree undergoes a global seeding
process to produce new trees in remote areas of the for-
est. The process is applied to the G (k) sequences, with
the chosen trees indicated by G (k) and their total num-
ber as B.

GPk)= flip

[cPk),GSC],p=1, ....B  (14)
0<k<N-1

where  flip

0<k<N-1

(GSC) various sizes in the Bth candidate tree denoted by
cPk) =[P, ... .bP(N-1),Age®] In the range
0 < k <N —1, the associated dimensions are chosen at random.
The fth new solution produced during the global seeding phase
is denoted by GP (k). The main population is then supplemented
with the newly created trees. The highest amount of trees is T
less or equal to (B + (area limit)). The age of the recently added
B trees is set to 0 in Stage 8.

[C®(k), GSC| converts the marks of variable

Step 9: The final population is arranged by fitness rankings.
The best tree's age is reset to 0 to ensure it remains a focus
in future optimization iterations.

Step 10: The DFOA-SLM method terminates the al-
gorithm if the maximum amount of fitness evaluations
(NFC) is reached, while the optimization procedure con-
tinues from Step 3.
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FIGURE3 | IM/DD optical OFDM system schematic at OptiSystem software. (a) Transmitter; (b) optical channel; (c) receiver.
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6 | Simulation Results and Discussion

Figure 3 illustrates the block diagram of our proposed system.
The OptiSystem software was used to simulate the optical sys-
tem architecture and visualize the results of simulation. As seen
in Figure 3, the proposed IM/DD optical OFDM network con-
sists of three basic components: RTO transmitter at CO, optical
fiber channel, and OTR receiver at the end user. The global pa-
rameters of Optisystem were summarized in Table 2.

The BER test component, with a reference bit rate of 40 Gbps,
is used at the transmitter to generate and compare transmitted
and received digital bits. It utilizes 128 FFT points and 80 sub-
carriers. A cyclic prefix of 5 is added after IFFT operation for
each OFDM symbol to prevent ISI as summarized in Table 3.

The QAM sequence generator converts generated bits into
QAM symbols, which are modulated into several orthogonal
subcarriers in an OFDM modulator. However, the subcarriers
and FFT point numbers are set to 80 and 128, respectively.
The I-Q OFDM signals will be processed through a low pass
filter with a cutoff frequency of 12.4 GHz. Quadrature mod-
ulators increase the frequency of transmitted OFDM signals
to 12GHz. The transmitted RF electrical signal is converted
to the optical field using Mach-Zehnder modulator (MZM).
The CW laser and PIN photodetector parameters are listed in
Tables 4 and 5, respectively.

Following MZM, the optical signal is sent over ((20+ 10)Xno.
loops) of single-mode fiber (SMF). DCF reduces the dispersion
caused by the primary optical fiber and enhances communica-
tion performance. The transmitted signal is amplified by an-
other amplifier within the loop, compensating for any loss. The
amplified optical signal is filtered using a filter with a central
frequency of 193.1 THz and a BW of 50 GHz. In the receiver, the
optical signal is converted into an electrical signal by the pho-
todetector. The electrical signal that is received is amplified by
an electrical amplifier. The amplified received signal is demod-
ulated and recovered by a quadrature demodulator. The OFDM
modulator and demodulator must have the same parameters to
accurately recover QAM symbols. The QAM sequence detector
converts these symbols into bits per symbol, and the BER test set
evaluates the BER and its logarithm.

The proposed optical OFDM system is designed, analyzed,
and simulated for 4-QAM and 16-QAM using Optisystem soft-
ware, as shown in Figure 3. Figure 4 illustrates the transmit-
ted and the received 4 and 16 QAM symbols at a propagation
length of 30km. The received symbols are correctly recov-
ered because of the short propagation length, as illustrated in
Figure 4b.

Figure 5 illustrates the electrical OFDM spectrum of the op-
tical system at 12GHz after the quadrature modulator and
photodetector, respectively. The electrical OFDM signal has a
bandwidth of 20GHz (4-QAM) and 10GHz (16-QAM), which
is determined by the number of bits per symbol, as shown in
Figure 5. A quadrature modulator comprises three main param-
eters to be set up: gain, frequency and bias. The bias is increased
to 2 to remove the negative values of the transmitted OFDM
signal. In the optical OFDM systems, the transmitted OFDM

TABLE 2 | The primary parameters of the simulation.

Global Parameters of

Optisystem Value
Sequence length 262,144
Samples per bit 4
Bit rate 40Gbps

1,048,576 (4-QAM)
2,097,152 (16-QAM)
20e” symbols/s (4-QAM)
10e° symbols/s (16-QAM)

Number of samples

Symbol rate

TABLE 3 | The primary parameter values of an OFDM modulator.

Name Value
FFT points 128
Number of used subcarriers 80
Cyclic prefix 5
TABLE 4 | The parameters of a CW laser.
CW laser parameter Value
Optical frequency 193.1THz
Output power 1.25mW
Line width 0.01MHz
TABLE 5 | Parameters of the PIN photodetector.
PIN photodetector parameter Value
Dark current 10nA
Responsivity type InGaAs

signal should be positive and real due to the increasing bias of
the quadrature modulator.

Figure 6a shows the OFDM optical spectrum after the LiNb MZ
Modulator, with fundamental values like 30dB extinction ratio,
4V switching RF voltage, and 2V bias voltage. MZM converts
the modulated electrical signal to the optical domain after in-
jecting a CW laser with a frequency of 193.1 THz. The optical
OFDM signal is transmitted via an optical fiber with two fiber
lengths and one optical amplifier. Figure 6b illustrates the re-
ceived optical OFDM spectrum before passing through the PIN
photodetector. The Gaussian optical filter, which helps to reduce
noise in the optical channel, is located between it and the re-
ceiver. The frequency of a Gaussian optical filter is 193.1THz,
and its bandwidth is 50 GHz.

In Figure 7, we visually analyze the performance differences
among three techniques for reducing PAPR by presenting the
PAPR,[dB]-CCDF curves for each method. The results indi-
cate that both the GA and the MBO methods based on the SLM
technique improve PAPR minimization performance compared
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FIGURE4 | The constellation diagram of (a) transmitted and (b) received symbols.

with the classical SLM technique. However, the most signifi-
cant enhancement is achieved with the DFOA-SLM strategy.
At a CCDF of 1073, the DFOA-SLM method outperforms the
MBO-SLM by 0.09dB and provides PAPR improvements of 0.5
and 0.68dB over the traditional SLM and GA-SLM methods,
respectively.

In Table 6, the search complexity equations obtained for each of
the SLM-based PAPR minimization techniques and the PAPR
values reached at CCDF of 1073 if the search complexity of the
techniques is equal to 512, are given in the second and third
columns, respectively. The parameters for each optimization
method are detailed in Table 7, based on an SN of 512.

Figure 8 examines the impact of various modulation orders on
the performance of DFOA-SLM and other PAPR minimization

techniques, analyzing the PAPR curves for 4 and 16 QAM, re-
spectively. Figure 8 shows that the modulation scheme decreases
from 16 to 4-QAM results in minimal improvements in DFOA-
SLM, MBO-SLM, GA-SLM, and the traditional SLM scheme.
The PAPR reductions in DFOA-SLM, MBO-SLM, GA-SLM,
and classical SLM techniques at CCDF 1073 are 0.029, 0.0404,
0.012, and 0.007dB, respectively.

Additionally, various high-order M-QAM modulation was
tested, including 32-QAM, 64-QAM, 128-QAM, and 256-QAM,
utilizing various PAPR reduction methods applied to our pro-
posed IM-DD optical OFDM system to illustrate the CCDF of
the PAPR performance under the DCF-SMF channel. Figure 9
shows the CCDF performance of the optical OFDM for 32-QAM
in the DCF-SMF channel. At a CCDF of 1073, the DFOA-SLM
approach has a minimum PAPR of approximately 4.84dB,
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FIGURE5 | Transmitted and received electrical OFDM signal for (a) 4-QAM and (b) 16-QAM.

followed by MBO-SLM (5.02dB), GA-SLM (5.36dB), SLM
(5.53dB), and optical OFDM, with no PAPR reduction, reaching
up to almost 10.10dB.

Figure 10 shows the CCDF performance of the optical OFDM for
64-QAM in the DCF-SMF channel. At a CCDF of 1073, the pro-
posed DFOA-SLM algorithm has a minimum PAPR of around

4.86dB, followed by MBO-SLM (5.03dB), GA-SLM (5.38dB),
SLM (5.55dB), and optical OFDM, with no PAPR reduction,
reaching up to almost 10.22dB.

Figure 11 illustrates the CCDF performance of optical OFDM
for 128-QAM in the DCF-SMF channel. At a CCDF of 1073, the
proposed DFOA-SLM algorithm achieves a minimum PAPR of
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FIGURE 6 | The transmitted optical OFDM signal before (a) the optical channel and before (b) the PIN photodetector.
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FIGURE 7 | Comparison of the DFOA-SLM technique with the considered optimization methods regarding their PAPR reduction performance.

approximately 4.87dB, followed by the MBO-SLM at 5.04dB,
GA-SLM at 5.39dB, SLM at 5.56dB, and the optical OFDM,
which exhibits no PAPR reduction, reaching nearly 10.77dB.

Figure 12 presents the CCDF performance of optical OFDM
for 256-QAM in the DCF-SMF channel. Ata CCDF of 1073, the
proposed DFOA-SLM algorithm achieves a minimum PAPR
of approximately 4.88dB, followed closely by MBO-SLM at
5.05dB, GA-SLM at 5.4dB, and SLM at 5.57dB. In contrast,

the optical OFDM exhibits no reduction in PAPR, reaching
nearly 10.79dB.

After applying various M-QAM orders to our proposed IM/
DD optical OFDM system, we observed that the performance
in reducing PAPR showed minimal variation via the same
optical fiber channel as shown from Figure 8 to Figure 12.
The effectiveness of PAPR reduction can be influenced by
the number of subcarriers and the parameters of each PAPR
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TABLE 6 | Search complexity analysis of the considered PAPR
reduction schemes.

reduction algorithm. A lower PAPR improves power amplifier
efficiency, reduces non-linear distortion, and increases system
reliability.

Methods Search number (SN) PAPR (dB)
Original 0 10.68 Figure 13 provides a detailed depiction of the measured received
power for 4 and 16-QAM OFDM signal, both with and with-
SLM U=512 5.56 . ) .
out the implementation of the DFOA-SLM technique, under
GA-SLM P*G=32*16=512 5.40 two distinct scenarios: back-to-back (BTB) connections and a
MBO-SLM ([(W-H)+W. (F-1)]. T. 497 30-km DCF-SMF communication system. Ig this exp'erlment,
C)=512, F=5 H=1: the power of the CW laser (P,) was systematically varied from
; ’ ’ 0 to 10dBm to evaluate the impact of the proposed optimiza-
W=4;T=4;C=8 . . . .
tion algorithm on the received power. The results illustrated
DFOA-SLM NFC=512 4.88 in Figure 13 indicate a notable improvement in power perfor-
mance following the application of the proposed DFOA-SLM
technique. Specifically, an impressive improvement of up to
TABLE 7 | The parameters of every optimization algorithm when 8dBin power.peflalt.y'was recorded at a transmitted power level
the SN =512 of 5dBm. This significant advancement demonstrates that the
i DFOA-SLM technique plays a critical role in boosting the over-
Methods Parameter and its value all performance of the IM/DD optical OFDM system, primarily
by effectively reducing the PAPR.
GA-SLM Crossover rate=0.6
Mutation rate =0.01 . . .
Figures 14-18 illustrate how different parameters of the DFOA
MBO-SLM Number of initial solutions (F)=5; impact the PAPR reduction performance of the DFOA-SLM
Number of neighboring solutions technique. Each figure focuses on a single DFOA parameter
to be assumed (W) =4; within a specified range, while the other parameters are held
Number of neighboring solutions to be constant. Detailed values for the fixed parameters can be found
shared with the following solution (H)=1; in the explanation section of Table 6. In Figure 14, we examine
Number of tours (T) =4; the effects of changing the field limit parameter on the perfor-
Number of cycles (C)=38 mance of the DFOA based on SLM technique. Three different
DFOA-SLM Lift time =2 farea limit weights wer.e tested to identify which ones .resulted
Transfer rate =20 in better PAPR reduction performance. The results, displayed
B in Figure 14, show that increasing the area limit parameter
GSC=1 . L ;
LSC=2 from 5 to 25 led to a consistent decline in the PAPR reducing
. performance of the proposed technique (DFOA based on SLM).
Arealimit=5 . .
Specifically, when the area limits were set to 5, 15, and 25, the
10° I I 7]
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FIGURE 8 | PAPR reducing performance of the DFOA-SLM, MBO-SLM, GA-SLM and the classical SLM technique for 4 and 16-QAM orders.
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FIGURE9 | PAPR performance of optical OFDM on the DCF-SMF channel for the 32-QAM modulation.

10° I ]
—4A—Original ]
—#—SLM 1
GA-SLM i
—=—MBO-SLM
—+—DFOA-SLM| |
S 10 i
I 10 ]
& ]
o ]
A
I 4
% ]
e,
S 4
S
L %
Q -2 x 5 -
O 10 c ]
o % ]
b b 1
:‘L/ ,1; 4
L L & i
‘ \
L ! & ]
\ |
| |
107 il | I 1 I I 1
4 5 6 7 8 9 10 1"

PAPRO [dB]

FIGURE 10 | PAPR performance of optical OFDM on the DCF-SMF channel for the 64-QAM modulation.

resulting PAPR values at a CCDF of 1073 were 4.92, 4.96, and
5.04dB, respectively.

In Figure 15, the lifetime parameter is varied from 1 to 8 to
evaluate its effect on the DFOA-SLM strategy's performance.
Testing across this range revealed that, except for the values of
1 and 2, lifetime values from 3 to 8 had little impact on PAPR
reduction performance.

For instance, when the lifetime parameter was set between 3
and 8, the maximum variation in PAPR at a CCDF of 10~ was

only 0.04dB. In contrast, the poorest and best PAPR reduction
performances were achieved with the lifetime parameter values
of 1 and 2, respectively.

In Figure 16, the proposed reduction technique is evaluated
at five different transfer rate values, which increase in incre-
ments of 5 up to a maximum of 40. The PAPR [dB]-CCDF
curves shown in Figure 16 indicate that the most effective
PAPR reductions were achieved with transfer rates of 15, 20,
and 30. Among these, the optimal transfer rate that maximizes
the performance of the proposed method (DFOA-SLM) is 20.
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FIGURE 11 | PAPR performance of optical OFDM on the DCF-SMF channel for the 128-QAM modulation.
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FIGURE 12 | PAPR performance of optical OFDM on the DCF-SMF channel for the 256-QAM modulation.

For example, at a CCDF=1073, the PAPR values observed
were 4.93dB for a transfer rate of 5, 4.95dB for 15, and 4.91dB
for 30. Conversely, transfer rates higher than 30 resulted in a
significant decline in the DFOA-SLM strategy's performance.
Specifically, for a transfer rate of 40, the PAPR found by the
proposed method (DFOA based on SLM) at a CCDF of 1073
was 5.21dB.

In Figure 17, the performance of the DFOA-SLM method in
decreasing PAPR is evaluated for different LSC values. Upon
careful examination of the figure, it becomes apparent that the
PAPR curves for six various (LSC) values can be categorized
into two distinct sets based on the horizontal axis. The first
group, corresponding to LSC values of 1, 2, and 3, shows one
pattern of PAPR reduction, while the second group features
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FIGURE 13 | Transmitted power versus the received power of the optical OFDM signal with and without DFOA-SLM technique.
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FIGURE 14 | Performance of the DFOA based on SLM technique in reducing PAPR for different area limit.
LSC values of 4, 5, and 6, demonstrating a different perfor- performance of the proposed algorithm. Notably, the most

mance trend. The results indicate that assigning an LSC value effective PAPR curve within the first set is achieved with an
greater than 3 significantly deteriorates the PAPR reducing LSC value of 2. When examining the PAPR values obtained at
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FIGURE 15 | PAPR curves obtained by the DFOA based on SLM technique for different values of the lifetime variable.
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FIGURE 16 | The effect of transfer rate on the performance of the suggested PAPR reduction method.

a CCDF of 1073 in Figure 17, the DFOA-SLM technique yields
PAPR values of 5.08, 4.96, and 4.90dB for the (LSC) variable
values of 1, 2, and 3, respectively.

In Figure 18, a sequence of (GSC) values starting from 1 to 6
were applied to examine how different (GSC) variable values

impact the PAPR decreasing performance of the suggested
reduction method (DFOA based on SLM). Six distinct PAPRO
[dB]-CCDF curves were generated, each corresponding to a
different GSC value. The results, as shown in Figure 18, in-
dicate that increasing the GSC value from 1 to 6 results in a
consistent decline in the PAPR decreasing performance of the
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FIGURE 17 | Performance analysis of the proposed method (DFOA-SLM) for various LSC values.
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FIGURE 18 | Effect of various GSC values on PAPR reduction performance of DFOA-SLM algorithm.

suggested algorithm (DFOA based on SLM). Notably, while the
GSC variable is rising from 1 to 2, the deterioration in PAPR
reduction performance is significantly more pronounced. For
instance, when the GSC parameter values are set to 1, 2, 5,
and 6, the PAPR values accomplished by the proposed method

(DFOA based on SLM) at a CCDF of 1073 are 4.85,4.91, 4.95, and
5.01dB, respectively.

The overall PSD of the signal is calculated by summing the
PSDs of all individual subcarriers. Because the subcarriers are
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FIGURE 19 | PSD analysis of optical OFDM spectrum after using PAPR reduction methods for the 4-QAM modulation.
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FIGURE 20 | PSD analysis of optical OFDM spectrum after using PAPR reduction methods for the 16-QAM modulation.

orthogonal, their power contributions combine constructively,
leading to a flat overall PSD across the frequency range they oc-
cupy. The flat PSD shows a uniform power distribution across
the subcarriers, effectively utilizing the available spectrum.
Figure 19 illustrates the PSD of the O-OFDM waveform, along
with the applied PAPR methods for 4-QAM modulation. The
increase in sidebands results in significant spectrum leakage
within the O-OFDM waveform. It has been observed that PAPR
reduction algorithms effectively reduce the spectrum leakage in
optical OFDM systems. The spectrum leakage values indicated
in the graph are approximately —57dBm/Hz for SLM, —58 dBm/
Hz for GA-SLM, —61dBm/Hz for MBO-SLM, and —65dBm/Hz
for DFOA-SLM, respectively.

Figure 20 shows the PSD performance of the proposed and clas-
sical PAPR techniques for 16-QAM on the optical fiber channel.
The spectrum leakage values indicated in the graph are ap-
proximately —56.6 dBm/Hz for SLM, —57dBm/Hz for GA-SLM,
—59dBm/Hz for MBO-SLM, and —60.22dBm/Hz for DFOA-
SLM, respectively.

Figure 21 shows the PSD performance of the proposed and
classical PAPR techniques for 32-QAM on the optical fiber
channel. The spectrum leakage values indicated in the graph
are approximately —49.3dBm/Hz for SLM, —51.3dBm/Hz for
GA-SLM, —52.6dBm/Hz for MBO-SLM, and —55dBm/Hz for
DFOA-SLM, respectively.
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FIGURE 21 | PSD analysis of optical OFDM spectrum after using PAPR reduction methods for the 32-QAM modulation.
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FIGURE 22 | PSD analysis of optical OFDM spectrum after using PAPR reduction methods for the 64-QAM modulation.

Figure 22 shows the PSD performance of the proposed and clas-
sical PAPR techniques for 64-QAM on the optical fiber channel.
The spectrum leakage values indicated in the graph are approx-
imately —47.5dBm/Hz for SLM, —48.3dBm/Hz for GA-SLM,
—49.4dBm/Hz for MBO-SLM, and —53dBm/Hz for DFOA-
SLM, respectively.

Figure 23 shows the PSD performance of the proposed and
classical PAPR techniques for 128-QAM on the optical fiber
channel. The spectrum leakage values indicated in the graph
are approximately —37dBm/Hz for SLM, —45dBm/Hz for

GA-SLM, —46dBm/Hz for MBO-SLM, and —52dBm/Hz for
DFOA-SLM, respectively.

Figure 24 shows the PSD performance of the proposed and classical
PAPR techniques for 256-QAM on the optical fiber channel. The
spectrum leakage values indicated in the graph are approximately
—34dBm/Hz for SLM, —43dBm/Hz for GA-SLM, —45dBm/Hz for
MBO-SLM, and —51dBm/Hz for DFOA-SLM, respectively.

It is concluded that the DFOA-SLM demonstrated significant
spectral performance within the O-OFDM system. The proposed
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FIGURE 24 | PSD analysis of optical OFDM spectrum after using PAPR reduction methods for the 256-QAM modulation.

PAPR reduction method effectively reduces interference with
adjacent channels, improving spectral efficiency. Additionally,
lower sidelobes enhance signal integrity and decrease the likeli-
hood of data errors, resulting in better overall performance and
reliability in optical communication systems.

Figure 25 illustrates the BER evaluations of the four methods
over various OSNR values from 10 to 45dB for 4-QAM. While
the OSNR value will be fixed, the BER of the optical OFDM sig-
nal based on SLM method is the maximum; but the BER of the
GA-SLM method is less than that of the conventional the SLM
method. While the BER equals 107, the DFOA-SLM technique
needs about 0.98 dB fewer OSNR compared with the MBO-SLM

technique, about 1.68 dB fewer OSNR compared with the MBO-
SLM technique, and about 2.39dB fewer OSNR compared with
the conventional SLM technique. The DFOA-SLM technique
provides better BER performance than other techniques. Table 8
summarizes the OSNR values for each SLM-based techniques at
BERas107.

In comparing methods for PAPR reduction, it is essential to con-
sider power-saving performance. This performance is defined

by the following:
Original PAPR value — Reduced PAPR value

P ing (%)= 100
ower saving (%) Original PAPR value X
@15)
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FIGURE 25 | BER performance results for each of the considered SLM-based techniques.

TABLE 8 | OSNR values for each of the considered SLM-based
techniques at BER=10"*.

Technique OSNR (dB)
SLM (U=512) 43.46
GA-SLM 42.75
MBO-SLM 42.05
DFOA-SLM 41.07

TABLE 9 | Power saving performance of PAPR reduction methods
for 4-QAM.

PAPR reduction method M-QAM (10.68dB)
SLM 47.94%
GA-SLM 49.44%
MBO-SLM 53.46%
DFOA-SLM 54.31%

Table 9 summarizes the power saving performance of differ-
ent PAPR reduction methods on the optical OFDM signal. The
proposed DFOA-SLM approach show the best power savings
with a maximum of 54.31% for 4-QAM. Other PAPR reduction
methods show little power savings with a minimum of 47.94%
for the classical SLM method. The results demonstrate that the
proposed DFOA-SLM approach provides significant increases
in energy efficiency for optical OFDM systems, surpassing other
PAPR reduction methods.

7 | Evaluation of the Computational Complexity
of the Considered Schemes

The computational complexity of each utilized optimization
algorithm was evaluated to show the PAPR minimization

TABLE 10 | Computational complexity of each PAPR reduction
method to achieve a 5.56dB at CCDF=1073.

Computational Improvement in
Methods complexity percentage (%)
SLM 512 0
GA-SLM 352 31.25
MBO-SLM 336 34.37
DFOA-SLM 135 73.63

performance at a certain CCDF = 1073. Firstly, the search com-
plexity of the SLM method (Qg;,,), denoted as U, is directly
proportional to the amount of IFFT processes achieved during
the optimal phase sequence search, and it is represented as
follows:

Qgy =U. N. log,N (16)

It is easy to get the computational complexity of modified SLM
strategies by taking out the search complexity of SLM given by
U from the SLM complexity expression in Equation (16) and re-
placing it with the search complexity of SLM strategies based
on intelligence swarm optimization algorithms. The computa-
tional complexities of three optimization methods are evaluated
accordingly as below:

Qproa-stm = NFC. N.log,N a7)
Qupo_siy =W+ (W -H).(F-D].T. C). N. log,N (18)

Qga_simy =P. G. N. log,N (19)

The computational complexity of any technique, as out-
lined in Equations (16)-(19), is primarily influenced by its
search complexity. This research standardizes the computa-
tional complexities of the assumed methods by setting their
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search complexities to a common value of 512. The phase
optimization process has enabled intelligent PAPR reduc-
tion schemes to achieve a PAPR value of 5.56 dB, surpassing
that of the conventional SLM for U equals 512 at a CCDF of
1073, SN=G. P=11. 32=352 for GA-SLM, SN =([W + (W-H).
(F-D]. T. O=([4+@-1). (5-1)]. 4. 3)=336 for MBO-SLM,
and SN=NFC =135 for DFOA-SLM. The computational loads
required by GA, MBO, and DFOA based on SLM to achieve
similar PAPR results as the classical SLM are evaluated as
(315,392), (301,056), and (120,960), respectively. The computa-
tional complexity of the SLM method is (458,752) for SN=512,
with GA-SLM, MBO-SLM, and DFOA-SLM achieving im-
provements of 31.25%, 34.37%, and 73.63%, respectively. The
proposed DFOA-SLM demonstrates a significant advancement
in computational complexity, resulting in a 73.63% reduction
in computational load compared with the conventional SLM
scheme. The computational complexity of each PAPR reduc-
tion method is summarized in Table 10.

8 | Conclusion

This research first analyzed and simulated a low cost-effective
IM/DD OFDM communication system with 4 and 16-QAM
modulation using MATLAB and OptiSystem software. The con-
stellation diagrams of 4 and 16 QAM, the spectra of the optical
signal, and the electrical OFDM signal of the proposed IM/DD
OFDM system were analyzed and discussed at a propagation
length of 30km. For PAPR reduction, DFOA-SLM was proposed
and applied to the IM/DD optical OFDM system. DFOA-SLM
effectively reduced the PAPR of the original optical OFDM sig-
nal, achieving significant improvements over the three simu-
lated methods. The proposed PAPR reduction method achieves
a PAPR reduction gain of 5.8dB compared with the original
OFDM signal at a CCDF of 1073 while the search number is
512. The proposed PAPR reduction methods show only a slight
improvement when the modulation scheme changes from 16 to
4 QAM. For instance, after the modulation scheme changed,
the PAPR reductions in DFOA-SLM, MBO-SLM, GA-SLM,
and classical SLM techniques at CCDF 1073 are 0.029, 0.0404,
0.012, and 0.007 dB, respectively. The proposed PAPR reduction
method improved the transmission power in our IM/DD OFDM
system, resulting in an 8 dB improvement. The parameters of the
DFOA-SLM algorithm, such as area limit in the forest, lifetime,
transfer rate, LSCs, and global seeding changes affect the PAPR
performance of our proposed OFDM system. Increasing the area
limit parameter from 5 to 25 resulted in a consistent decline in
the PAPR reduction performance of the proposed technique.
Specifically, when the area limits were set at 5, 15, and 25, the
corresponding PAPR values at a CCDF of 103 were 4.92, 4.96,
and 5.04dB, respectively. When the lifetime parameter was set
between 3 and 8, the maximum variation in PAPR at a CCDF
of 1073 was only 0.04dB. In contrast, the best and worst PAPR
reduction performances were observed with lifetime parameter
values of 1 and 2, respectively. The PAPR values were observed
at transfer rates of 5, 15, and 30, with a significant decline in
performance at transfer rates higher than 30, with the proposed
method showing a PAPR of 5.21dB at a CCDF of 1073. The most
effective PAPR curve in the first set is achieved with an LSC
value of 2, and the DFOA-SLM technique yields PAPR values of
5.08, 4.96, and 4.90dB for the LSC variable values of 1, 2, and 3,

respectively. When the GSC parameter values are set to 1, 2, 5,
and 6, the PAPR values achieved by the proposed method, which
is DFOA based on SLM, at a CCDF of 1073 are 4.85, 4.91, 4.95,
and 5.01dB, respectively. The proposed PAPR reduction method
enhances spectral efficiency, signal integrity, and reduces data
errors, thereby improving overall performance and reliability
in optical communication systems. The DFOA-SLM technique
offers superior BER performance compared with other tech-
niques, with a lower OSNR of 0.98dB compared with MBO-
SLM, 1.68dB compared with GA-SLM, and 2.39dB compared
with conventional SLM. Finally, the computational complexity
of the DFOA-SLM method shows a 73.63% improvement over
the classical SLM method when the search number is set to 512.
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