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In this paper, we conducted numerical simulations of the supercontinuum generation characteristics using a

femtosecond fiber laser source. The research focused on analyzing the output characteristics of the supercontinuum

generated in different types of optical fibers. The primary objective of this work was to optimize the output pulse

parameters of the laser and the characteristics of highly nonlinear fibers to achieve a supercontinuum with the

broadest spectral bandwidth and high coherence. To accomplish this, we developed and employed a mathematical

model that describes the evolution and propagation of ultrashort pulses in optical fibers. The study examines

key processes contributing to spectral broadening, including self-phase modulation, stimulated Raman scattering,

four-wave mixing, and group velocity dispersion. Our findings demonstrate that hybrid-structure fibers with tailored

dispersion profiles enable significant spectral broadening of the supercontinuum while requiring lower peak input

pulse power and shorter fiber lengths. Additionally, we investigated the effects of critical factors on supercontinuum

formation, which allowed us to propose strategies for improving the performance of such light sources in various

applications, including spectroscopy, medicine, metrology, and telecommunications.
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Introduction

A broad spectral range and a variety of applications in

fundamental and applied research fields make supercontin-

uum (SC) generation a key direction in the development

of modern optical technology [1]. Supercontinua are used

widely to detect industrial toxic gases [2], in medicine

for optical coherence tomography [3], in metrology [4],
and in multiplexed data transmission systems [5]. The

unique properties of a supercontinuum, such as its broad

spectrum and high spatial coherence, make it indispensable

in applications requiring precise spectral analysis [6,7] or in
the field of high-precision optical measurements [8,9].

The use of femtosecond fiber lasers is one of the most

efficient ways to generate a supercontinuum [10–12]. These
lasers provide an opportunity to generate ultrashort pulses

with high intensity, which establishes the conditions for

excitation of nonlinear effects in highly nonlinear fibers. The

high intensity of pulses promotes such nonlinear effects as

self-phase modulation (SPM), stimulated Raman scattering

(SRS), and four-wave mixing (FWM), which leads to

significant broadening of the emission spectrum.

Highly nonlinear fiber (HNLF), which is used to form

a broad spectrum due to nonlinear effects, is an important

element in supercontinuum generation. Highly nonlinear

fibers with different dispersions allow one to form a broader

spectrum with lower energy expenditure, which makes

them an efficient solution for the design of high-power stable

supercontinuum sources [13].

Numerical modeling plays an important part in the

optimization of parameters of such systems. It provides an

opportunity to predict the behavior of nonlinear processes

in the fiber and adjust the laser and fiber parameters to

achieve the best supercontinuum characteristics. Simulations

serve as a substitute for complex and expensive experiments,

revealing efficient ways to improve the performance of

optical systems.

In the present study, numerical simulations of super-

continuum generation were performed for a femtosecond

fiber laser and highly nonlinear fiber. The main objective

was to examine the system parameters and output SC

characteristics.

Method of numerical simulation of
supercontinuum generation

The numerical simulation of supercontinuum generation

characterized the generation of output pulses obtained with

the use of an all-fiber femtosecond laser with passive mode

locking (ML) based on the effect of nonlinear polarization

evolution and highly nonlinear fiber. The structural diagram
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Figure 1. Diagram of the mathematical model of supercontinuum generation.

of the mathematical model of the SC generator is shown

in Fig. 1. The characteristics of passive fibers Nos. 1,

2, and 3 in the mathematical model of the SC generator

corresponded to those of standard telecommunication fiber

SMF-28. The test signal was modeled as spontaneous

emission that initiated lasing. The saturating absorber

combined the functions of polarization controllers and a

polarizer isolator. Germanosilicate fiber HNLF Ge-225

was used for supercontinuum generation. The active fiber

corresponded to the laboratory equivalent of erbium fiber

Er3+. The coupler and the fiber multiplexer (WDM)
had the parameters and characteristics of devices from the

experimental setup discussed in [14].
The method for modeling the generation of the output

optical SC spectrum presented in this paper is based on the

results reported in [15], where the efficiency of nonlinearity

and dispersion control in generation of ultrashort pulses and

ultrawide output optical SC spectra with highly nonlinear

germanosilicate fibers was demonstrated experimentally.

The solution of the Ginzburg−Landau equation, which

characterizes the balance between nonlinear effects,

medium dispersion, losses, and gain in fiber cavities with

passive ML was used for numerical simulations. This equa-

tion allowed us to model the dynamics of pulse propagation

with account for the key features of interactions of various

nonlinear effects inside the laser system cavity. It was

solved using the split-step Fourier method (SSFM), which

made it possible to model linear and nonlinear interactions

efficiently. The convergence condition was enforced by

monitoring the relative change in pulse amplitude at each

Nth cavity pass, which confirmed the stability of calculations

and the accuracy of the proposed model [16].
One feature of the mathematical model was the potential

for parameter optimization, which made it possible to

establish efficient control over the generation process and

form an ultrawide output optical spectrum within the

wavelength range from 1200 to 2400 nm.

Simulation results

At the first stage of numerical modeling, stable generation

in the form of similaritons was obtained. This is consistent

with the earlier data reported in [17,18]. Specifically, the

investigation of conditions of self-similar propagation and

amplification of parabolic pulses in optical fibers in [17]
laid the foundation for the analysis of similariton dynamics.

The studies conducted in [18] demonstrate the evolution of

similariton pulses in erbium fiber lasers with hybrid ML,

verifying the applicability of this approach to generation of

stable pulses under the considered conditions.

The obtained single pulse energy was as high as 411 pJ,

and the average output power was 10.57mW. These pulses

with a duration of 73 fs were introduced into a Ge-225

HNLF with nonlinearity coefficient γ = 0.009W/m and

second-order dispersion β2 = −2.1 ps2/km at a wavelength

of 1560 nm. Figure 2 shows the output optical SC spectrum

plots corresponding to the highly nonlinear fiber 3m in

length. The obtained output optical SC spectrum was

extended from 1228 to 2001 nm with a width of 773 nm

at the level of −20 dB. This spectral range confirms the

efficiency of application of highly nonlinear fibers with high

nonlinearity and small core diameter.

Figure 3 presents the evolution of the output optical

spectrum and the pulse in the course of propagation within

a 3-m-long Ge-225 HNLF. At the initial stage of pulse prop-

agation (within the first 0.15m), the similariton pulse was

subjected to temporary compression, inducing symmetric

broadening of the optical spectrum. Under the influence

of SRS and higher-order dispersion, the pulse then started

to split, which led to asymmetric broadening of the optical

spectrum. The split pulse shifted to the long-wavelength

region under the influence of SRS, gradually moving away

from the residual signal pulse due to differences in group

velocity.

The primary spectral broadening was largely confined to

the first 0.5m; further broadening of the optical spectrum

was associated with the red shift of the newly formed pulse,

while the short-wavelength SC region remained virtually

unchanged.

The peak power of pulses introduced into the highly

nonlinear fiber also had a direct effect on the width and

structure of the output optical SC spectrum. It can be seen

from Fig. 4 that the influence of such nonlinear effects as

SPM and SRS increases significantly with an increase in

peak power of the input pulses from 2.79 to 6.70 kW, which

contributes to significant broadening of the SC spectrum.

Numerical simulation data revealed that the output optical
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Figure 2. Output optical SC spectrum obtained in numerical simulations.

spectrum may be expanded to 1126 nm at the −20 dB level

at a pulse power of 6.70 kW.

For further analysis, the spatial coherence of the output

optical SC spectrum was examined at different values of

second-order dispersion. The supercontinuum coherence

was estimated using the ensemble averaging method, which

made it possible to determine quantitatively the degree of

first-order coherence in the output optical spectrum and take

the influence of modulation instability on the formation of

the output signal into account. Figure 5 shows the coherence

plots for the output optical SC spectrum with HNLFs with

positive and negative dispersion.

The simulation results revealed the presence of chaotic

processes, which are caused by modulation instability and

splitting of similaritons, in the case of application of highly

nonlinear fibers with negative dispersion β2 = −2.1 ps2/km.

These processes had a negative effect on coherence of

the output optical spectrum. The generation of sub-pulses

induced by nonlinear effects made the process of broadening

of the output optical spectrum sensitive to external noise and

changes in initial conditions.

In contrast, highly nonlinear fibers with positive dis-

persion β2 = 2.1 ps2/km demonstrated a more stable SC

generation process. The SPM effect provided symmetrical

spectrum broadening and minimum influence of external

noise on spatial coherence. The simulation results confirmed

that positive-dispersion fibers ensure high spatial coherence

of the output optical spectrum and uniformity of phase

characteristics, which makes them preferable in applications

requiring stable SC generation.

However, despite the high spatial coherence, the spectral

broadening in positive-dispersion fibers was limited com-

pared to negative-dispersion ones. This made it necessary

to combine the advantages of both dispersion types in one

structure. At the final stage of simulation, the influence of

the hybrid fiber structure [19] with alternating dispersion on

the output supercontinuum characteristics was investigated.

An iterative method for adjusting the values of quadratic
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Figure 3. Pulse propagation in highly nonlinear fiber: (a) evolution of the output optical spectrum; (b) pulse evolution in the time

domain.
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dispersion was used to choose the optimum parameters

of the hybrid HNLF structure. The dispersion parameters

of fiber segments were varied in the course of numerical

simulation in order to maximize spectrum broadening and

maintain high coherence. The values of β2 = 2.1 ps2/km

and −2.1 ps2/km were determined by searching through the

possible combinations and provided the best results in terms

of spectral broadening and supercontinuum generation

stability.
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In this structure, segments with negative dispersion

β2 = −2.1 ps2/km alternated with segments with positive

dispersion β2 = 2.1 ps2/km, which made it possible to

combine the advantages of both types of fibers: in segments

with negative dispersion, a pulse was compressed and

its peak power was increased; in segments with positive
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dispersion, the pulse was expanded, which contributed to

stability and coherence of output emission. This approach

is consistent with the data obtained in [20], where the

use of a hybrid HNLF consisting of several segments with

alternating dispersion was proposed. The results of the

study demonstrated that such a structure allows one to form

an output optical SC spectrum within the wavelength range

from 900 to 2200 nm, which is significantly better than the

parameters achieved in fibers with uniform dispersion.

At the same time, the concept of highly nonlinear fibers

with a hybrid structure (fibers with alternating dispersion)
featuring alternating segments with positive and negative

dispersion was presented in [21]. It was found that the

correct choice of fiber parameters and length allows for an

exponential increase in width of the SC spectrum, confirm-

ing that hybrid fibers are highly efficient in generation of

ultrawide optical spectra.

Figure 6, a shows the evolution of spectral broadening of

the supercontinuum in the frequency domain, while Fig. 6, b

illustrates the changes in shape of a pulse in the time domain

occurring as it propagates through a 43-cm-long hybrid

HNLF structure. In the course of pulse propagation, the

output optical SC spectrum broadened under the influence

of SPM in the section with positive dispersion, while a

Optics and Spectroscopy, 2025, Vol. 133, No. 4
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compression of the pulse in the time domain, which led

to an increase in peak power and further broadening of the

SC spectrum, was observed in the section with negative

dispersion.

It can be seen from Fig. 6, c that an increase in peak

power and a reduction in pulse duration are observed

after the passage through each segment with negative

dispersion. This enhanced the action of nonlinear effects

and contributed to effective broadening of the output

optical spectrum in the process of propagation through the

subsequent segment with positive dispersion. The peak

pulse power increased by a factor of 6 relative to the initial

level as a result of passing through the 43-cm-long hybrid

HNLF structure.

In addition, Fig. 6, d makes it clear that the hybrid

structure prevents pulse splitting, allowing one to obtain an

ultrashort output pulse with a duration of 12 fs and a wide

spectral coverage of 1204 nm at the −20 dB level. The inset

in Fig. 6, d presents a width comparison of the output optical

spectra obtained using the hybrid highly nonlinear fiber

structure. When fibers with positive and negative dispersion

were used for SC generation, the rate of broadening of the

output optical spectrum plateaued at a level of 400 and

800 nm, respectively. At the same time, the hybrid HNLF

structure 43 cm in length ensured further broadening of the

optical spectrum. The output optical SC spectrum spanned

from 1087 nm to 2291 nm, exceeding an octave in width

(1204 nm) at the −20 dB level.

Thus, the hybrid HNLF structure combined the advan-

tages of fibers with positive and negative dispersion, making

it possible to reduce significantly the length of the highly

nonlinear fiber used and increase the peak power of the

output pulse to 2 kW without additional amplifiers. The

simulated SC source featured not only a wide spectral

coverage, but also pulse shape stability in the time domain.

Conclusion

Numerical modeling of supercontinuum generation with a

femtosecond fiber laser with passive ML based on nonlinear

polarization evolution and highly nonlinear fibers with

different dispersion was performed. The main objective

of the study was to optimize the parameters of the laser

system and highly nonlinear fiber to obtain a wide spectral

coverage and a stable pulse shape in the time domain.

The parameters of SC generation in fibers with positive,

negative, and hybrid dispersion were examined. Simulations

revealed that fibers with negative dispersion provide a

significant broadening of the output optical spectrum due

to the development of nonlinear effects, such as SPM and

SRS. However, the processes of modulation instability and

pulse splitting caused a reduction in coherence of the output

optical spectrum. In contrast, positive-dispersion fibers

demonstrated high spatial coherence and optical spectrum

stability, but the spectral width was limited.

A hybrid highly nonlinear fiber structure with alternating

segments with positive and negative dispersion was pro-

posed and investigated as a design capable of overcoming

the identified limitations. This structure provided an

opportunity to combine the advantages of both types of

fibers. In segments with negative dispersion, the pulse

was compressed, which enhanced its peak power and

intensified the influence of nonlinear effects; in segments

with positive dispersion, the pulse was expanded, which

ensured stabilization of the shape and coherence of the

optical spectrum.

The results of numerical simulation demonstrated that

the 43-m-long hybrid HNLF structure provided an optical

spectrum width of 1204 nm (1087–2291 nm) at the −20 dB

level. The peak pulse power did also increase by a factor

of 6 to 2 kW, while the pulse shape and duration (12 fs)
remained stable. In addition, the hybrid HNLF structure

prevented pulse splitting, which made it the optimum choice

for generating stable ultrawide supercontinuum spectra.

This approach is promising for various scientific and en-

gineering SC applications.
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