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shape during propagation. This study explores the role and dynamics of solitons
in various optical fiber configurations, including conventional fibers, Fiber Bragg
Gratings (FBG), and gas-filled hollow-core fibers. Through numerical simulations

Published: 30/06/2025 using the Split-Step Fourier Method (SSFM) and Step-Split Method, it is shown
Vol. 3 that a balance between Group Velocity Dispersion (GVD) and Self-Phase
No. 1 Modulation (SPM) allows for the formation of stable soliton pulses. Previous

research highlights the influence of fiber loss, higher-order dispersion, and
structural parameters on pulse stability and symmetry. Furthermore, tecent
advancements in gas-filled hollow-core fibers have enabled broader spectral
coverage and higher propagation intensities, leading to extreme pulse
compression on the sub-femtosecond scale and tunable dispersive wave emission.
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1 Introduction

Education serves as a tool to produce high-quality human resources, Slameto stated that education
is an important component in life. To achieve the level of educational success, it is necessary to create a
learning environment that supports a student. This must provide support for the teaching and learning
process and provide a conducive environment for a learner.(Gare, Lolowang and Polii, 2022).

Physics lessons help students analyze something. In addition, physics education teaches students
about the universe, helps them think and reason, improves their reasoning ability, and enhances their
thinking power. Physics learning should be evaluated because of its importance in the process of analyzing
something.(Cahyono, 2023). Learning is a system that relates to elements of analyzing materials,
evaluation, and learning methods. Therefore, learning modules can be used to guide the learning process.
Learning methods in implementing good physical education and supported by a creative and innovative
student in understanding physics education can be used in this learning approach to analyze problems.
The motivation given by a student is very useful in the learning process, which will be very much in
demand by many people.(Prakoso, Wahyudi and Masykuroh, 2021).

The development of optical communication technology is one of the main pillars in supporting the
need for large-capacity, high-speed data transmission with minimal interference. Fiber-optic
communication systems have proven to be supetior to conventional systems because they have advantages
such as large bandwidth capacity, low attenuation levels, and resistance to electromagnetic interference.
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However, in its application, optical signal transmission still faces major challenges such as dispersion
and nonlinearity effects that can cause pulse broadening and information distortion during the
propagation process. One interesting solution to overcome these problems is to utilize optical solitons—
a form of nonlinear light pulse that is able to maintain its shape stably throughout the propagation path.

Optical solitons were first developed theoretically by Hasegawa and Tappert, which was then proven
experimentally by Mollenauer. This phenomenon arises due to the balance between the Group Velocity
Dispersion (GVD) effect which tends to widen the pulse, and the Kerr nonlinearity effect which causes
phase changes that compress the pulse. In a study conducted by(Zen, Hidayat and Shiddiq, 2002)Zen et
al. (2002), simulated the propagation of solitons in optical fibers by considering factors such as fiber loss,
high-order dispersion (3), and nonlinearity. This study uses the Split-Step Fourier Method as a numerical
approach to solve the Nonlinear Schrédinger Equation (NLS) and proves that soliton pulses can be
formed stably when the dispersion scale length (LD) approaches the nonlinear scale length (LNL).
Furthermore, the simulation results show that the addition of fiber loss reduces the pulse intensity, while
the presence of high-order dispersion affects the symmetry of the pulse shape.

In the development of fiber optic technology, not only the characteristics of the material are
considered, but also the fiber structure such as Fiber Bragg Grating (FBG) which allows the reflection of
certain wavelengths of light and is very useful in controlling dispersion. The study conducted by(Siahaan,
2015)Siahaan et al. (2015) studied the formation of soliton waves in FBGs using the Step-Split numerical
method approach using MATLAB software. This study shows that with variations in the parameters o, j3,
and vy, as well as the use of the Kerr nonlinear effect, solitons can still form stably in FBGs.(Zulfitri, 2022).
The simulations also show that the right configuration of parameter values will produce deeper wave well
potential, high amplitude, and pulse stability even in a medium with high reflectivity. This proves that
solitons can exist not only in conventional optical fibers, but also in complex optical structures such as
FBGs, making it a flexible and adaptive technology in modern transmission systems.(Sukmayadi, 2014).

Furthermore, the utilization of solitons in modern optical communication systems such as Dense
Wavelength Division Multiplexing (DWDM) has also been studied by(Prakoso, Wahyudi and Masykuroh,
2021)Prakoso et al. (2021). In this study, the focus is directed at optimizing the Bit Error Rate (BER) in a
soliton-based DWDM system with a hybrid optical amplifier configuration, namely a combination of
Erbium Doped Fiber Amplifier (EDFA) and Raman Optical Amplifier (ROA).(Ummah, 2019). The
simulation results show that the amplifier placement scenario in the Inline-Preamplifier position is able to
provide the best BER performance of up to 8.97x10723, compared to other scenarios. In addition, this
study also proves that even though the length of the optical fiber increases, a soliton-based system with
proper amplifier can still maintain decent transmission performance up to 60 km. This shows that the use
of solitons is not only important in the context of pulse stability, but also in improving signal quality and
energy efficiency in long-distance optical transmission systems.

Overall, various studies that have been conducted show that optical solitons have a strategic role in
the revolution of modern optical communications. Not only as a solution for dispersion compensation
and signal stabilizer, but also as a technology that can be integrated into various transmission system
architectures, both on conventional and complex scales such as FBG and DWDM. With the support of
accurate numerical approaches such as the Split-Step Fourier Method and Step-Split Method, the design
of soliton-based communication systems can continue to be developed to meet the demands of the
increasingly fast and data-intensive digital era.(Gangwar, Singh and Singh, 2007).

2  Research methods

The type of research used is descriptive. Descriptive research is research that provides a description
of a situation, problem, phenomenon, service, or plan, or provides information about the conditions and
conditions of community life, attitudes, opinions, and life processes, as well as careful measurement of
social phenomena.(Sukmayadi, 2014). Researchers usually conceptualize and collect data, but they do not
test hypotheses. Data collected for descriptive research consists of text, words, symbols, and images.
Therefore, to explain the delivery of the report, the research report will contain data excerpts.(Li et al.,
2024).
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The researcher used a descriptive qualitative research methodology. The researcher used a literature
research method to collect and analyze data from various published journals.(Kivshar, Agrawal and
Agrawal, 2003). To collect data, researchers use the library study data collection method to collect relevant
or relevant data for research from scientific articles, news, and other reliable sources. The collected data
are analyzed in a qualitative descriptive manner. To produce good results, researchers collect data from
journals and other sources that are reliable and factual.(Mukhlis, Lesmono and Nuraini, 2021). By using
experimental methods to analyze the role of optical solitons into a nonlinear pulse shape that is able to
maintain its shape stably throughout the propagation path. And the addition of fiber loss to reduce the
pulse intensity, while the presence of high-order dispersion affects the symmetry of the pulse shape(Kieu,
2011).

This study uses the Split-Step Fourier Method as a numerical approach to solve the Nonlinear
Schrodinger Equation (NLS) and proves that soliton pulses can be formed stably when the dispersion
scale length (LD) approaches the nonlinear scale length (LNL). Furthermore, the simulation results show
that the addition of fiber loss reduces the pulse intensity, while the presence of high-order dispersion
affects the symmetry of the pulse shape.(Saputra, Ripai and Abdullah, 2022).

3  Results and Discussion

Light pulses in optical fibers carry the vast majority of all telecommunications today. Compared to
electrical pulses in cables, fiber-optic transmission is far superior, largely because of two fundamental
advantages: light in fiber experiences very low power loss, and fiber provides very wide
bandwidth.('Soliton_Research_Methods (1)', no date). For losses, a rough figure is 0.2 dB/km. This implies
that even after 100 km, there is still 1% of the launch power remaining, which is unmatched. The available
bandwidth can be estimated as 30 THz (perhaps 50 THz if one accepts slightly higher losses), which is
several orders of magnitude better than anything achievable with electronics.(In and Fibers, 2015).

Further comparison of optical and electrical transmission brings us to the imperfections that both types
of channels have, the group velocity is frequency dependent; Since any signal requires a certain bandwidth,
the transmitted signal suffers from distortion due to group velocity dispersion.(Green, 2010). This is a linear
distortion, which means it can be petfectly compensated for by adding an opposing dispersion element.
However, in one respect, optical fiber is very different from electrical cables.(Hasegawa, 2022).

The response of glass to light is nonlinear, whereas copper to current is not (within reasonable limits).
Therefore, the physics of transmitting data with light pulses through optical fiber is fundamentally different
because it involves the nonlinear response of the material to the signal. Nonlinear distortion is not as easily
compensated for as linear distortion.(Retna Apsari, Noriah Bidin, 2008). This has led to the widely held
conception that the optical power in the fiber must always be kept low enough so that nonlinear distortion
is avoided. To this argument, one can make two responses: One, nonlinearity can actually be put to good
use, even used to advantage, when the soliton concept is adopted. This has been demonstrated even in
commercial settings. Two, the ever-increasing demand for data carrying capacity(Mitschke, Mahnke and
Hause, 2017).

The increasing need for future communications, which have large data capacities and high transmission
speeds, is spurring the growth of various research into improving the performance of telecommunications
systems.(Pebrianti and Kunci, 2006). The prospect was further improved when Hasegawa and Tappert
theoretically demonstrated the possibility of utilizing solitons in fiber optic data transmission. Chromatic
dispersion is a major problem in high bit rate transmission.(Green, 2010). To overcome this problem,
dispersion compensation is performed. Dispersion balancing with Kerr nonlinearity is one of the dispersion
compensation techniques. The result is a soliton pulse(Saputra, Ripai and Abdullah, 2022). The propagation
of solitons in the system with the addition of EDFA devices is explained theoretically by the theory of
guiding center (average) solitons.

This theory applies to bit rates where the amplifier spacing is shorter than the soliton period, and on
the scale of amplifier spacing. During pulse propagation in optical fiber, power loss occurs.(Prabowo KA
and Ambarini, 2022). Several factors that cause loss are absorption, Rayleigh scattering, bending losses,
boundary losses, and splice loss1)(Cundiff et al., 1999). Light absorption occurs due to atomic defects in
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the composition of optical fibers, atomic impurities (extrinsic absorption) for example OH ions, basic
materials that can also absorb light (intrinsic absorption).

In total, the loss calculation also includes losses caused by Rayleigh scattering, bent fiber profiles
(bending losses), due to light scattering at the core-cladding boundary (boundary losses), and losses caused
by optical fiber connections (splice losses).(Erefio and Benavides, 2022). The parameter used to express the
loss or impermanence of physical quantities in fiber is called fiber loss. Mathematically, fiber loss () is
related to the input power (P0), the length of the optical fiber (L), and the power that has been transmitted,
exp() PT = PO —al. . Technically, the unit used for fiber loss is dB/km(Yasin, 2016). The fiber loss value
becomes minimum when using carrier wave at wavelength A=1.55 um, which is represented by the fiber
loss measurement result. The use of EDFA as an amplifier in optical communication system can help
overcome fiber loss.

When the fiber length L<<LD and L<<LNL, the dispersive effect and nonlinear effect do not give
significant influence, so the right side of the equation can be ignored and this means that the wave has a
solution U(Z,7)=U(0,7) meaning the pulse is stable. In this condition if the fiber loss is taken into account
then the pulse experiences intensity reduction. That is why an amplifier is needed so that the pulse continues
to propagate with the same amplitude as the initial amplitude. When the pulse propagates in a fiber system
where L<<LNL but GVD is dominant (L. = LD), mathematically the right side of the equation ignores the
last term and as a result the pulse evolution is dominated by the influence of GVD. Such a system will cause
the pulse to drastically experience attenuation and pulse broadening (due to GVD) and asymmetry of its
profile (due to 83).

The propagation equation for a light pulse in a fiber must contain these two effects, at least in leading
order. An equation that fits this description is known as the nonlinear Schrédinger equation (NLSE).(Retna
Apsari, Noriah Bidin, 2008). It plays a very central role in all nonlinear optical fibers.(Saleh, Hany and Aly,
2010). It describes the evolution of the pulse amplitude (fast oscillations at some central optical frequencies
are omitted) in a reference frame moving along with the traveling light, that is, with the group velocity
at.wg wWo(Sahelay, Ahirwal and Jain, 2012). Written in physical quantities, given by:
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LB 0"
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(1)

Here, A = A(z, t) is the complex amplitude with z the position along the fiber and t the retarded time.
B2 is the group velocity dispersion coefficient, and y is the nonlinearity coefficient.(Shahadatul Aini Binti
Zainudin, 2012). Depending on the situation, it may be necessary to add corrective terms for losses, high-
order dispersion or other nonlinear effects.(Hasanah, 2009). This equation gets its name from its formal
similarity to the Schrédinger equation of quantum mechanical fame: The quantum mechanical version
usually describes how a wave function spreads out in space as time passes; here, the equation describes how
a short pulse broadens temporally as it propagates down a fiber.(Branch, 2011). Therefore, the space and
time coordinates switch roles. The potential, in the nonlinear case, originates from the self-phase
modulation, which is captured in terms of nonlinearity.(Green, 2010).

In the anomalous dispersion regime, NLSE Equation (1) supports stable solutions known as
fundamental solitons:

(z,t) = /Py sech <(t —ts) 0Bz - Zs)>

T, (2)

X exp[ig(z —zs) — it —ts) — %Qﬁz)(z —2¢) + ig] 3)

Here, is the peak power; is the pulse duration; £ is the deviation of the soliton center optical frequency
from the reference frame,. TS, Zs and ®s are the initial values of the center time, initial position and phase
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offset, respectively.po Ty wo(Hasegawa, 2022). As long as a single soliton is considered, the frequency offset
and initial value can be set to zero without loss of generality so that a very simplified version(Green, 2010):

1YPo
d

(z,t] = \/posech (Tlo) Ixp [ > (4)

This shows that in a dispersive medium, nonzero frequencies translate into relative motion, so
frequencies are usually referred to as velocities. The number of solitons is also conserved, even in cases
when there is more than one(Prakoso, Wahyudi and Masykuroh, 2021).

Figure 1. Evolution of solitons of the basic nonlinear Schrédinger equation (NLSE) Radiation and
Higher-Order Solitons

The nonlinear Schroedinger equation can be detived from Maxwell's equations 1)(Pebrianti and Kundi,
20006). By taking into account loss (o), high-order dispersion (33), and high-order nonlinear terms, we
obtain:

0A a« i 224 1 _ A
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T =t7Z{s the retarded time, namely the time Vg is measured in a reference frame moving with group velocity Vg
=1/B1, Z is the propagation distance, o is the fiber loss, y is the nonlinear coefficient defined n200 , TR is related to
the Raman gai(Branch, 2011). The nature of wave propagation based on the influence of GVD and SPM, can be
grouped into 4 categories based on the relative value of the length scale L (fiber length), LD (dispersion length), LNL
(nonlinear length). The LD scale shows the emergence of a significant dispersion effect after the wave passes a distance
of LD, as well as the nonlinear effect on the wave will be dominant after the wave travels as far as LNL.
Mathematically, LD and LNL have a dependence on the initial pulse value, TO (pulse width) and PO (maximum
power/peak power).

4  Conclusion

Optical solitons have been proven to be an effective solution to overcome major challenges in optical
communication systems, especially in compensating for the effects of dispersion and nonlinearity during
signal propagation in optical fibers. Based on the results of numerical studies using the Split-Step Fourier
and Step-Split methods, soliton waves are able to maintain their shape and stability in various media
configurations, such as conventional optical fibers and Fiber Bragg Grating (FBG). The balance between
Group Velocity Dispersion (GVD) and Self-Phase Modulation (SPM) is the main key in the formation of
stable solitons. In addition, recent studies have shown that the development of gas-filled hollow fibers
opens up new opportunities in producing high-energy solitons, extreme pulse compression to sub-
femtosecond scales, and precisely tunable dispersive wave emissions. These advantages make optical

solitons not only relevant in a theoretical context, but also very potential in practical applications, especially
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for high-speed optical communication systems, multi-channel systems, and ultrafast laser technology. With
the flexibility of physical parameter settings and their adaptability to various fiber structures, optical solitons
will continue to be a key element in the development of next-generation optical technologies.
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