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Abstract: This paper describes a highly nonlinear flint glass-based honeycomb photonic crystal fiber (FGH-PCF) with a wavelength of 1550 nm.
The PCF’s distinctive honeycomb lattice structure, combined with the nonlinear capabilities of flint glass, enables a wide range of nonlinear optical
applications. To adjust the PCF’s dispersion and nonlinear effects, numerical simulations and optimization approaches were used. To achieve
maximum performance, fabrication procedures were carefully regulated. Dispersion values of −436.6 ps/(nm.km) for x polarization and
−448.1 ps/(nm.km) for y polarization were verified by experimental characterization. The PCF displayed low confinement losses of 2.289 dB/
cm (x polarization) and 4.935 dB/cm (y polarization), as well as birefringence of 2.202×10-3. The PCF measured 558.8 and 547.9 W-1 km-1

for x and y polarization, respectively, indicating a high nonlinear coefficient. The highly nonlinear FGH-PCF shows promising potential for
nonlinear optical applications such as four-wave mixing, supercontinuum generation, frequency conversion, and parametric amplification. This
research paves the way for compact and efficient nonlinear devices in modern optical communication systems and other cutting-edge technologies.

Keywords: flint glass-based honeycomb photonic crystal fiber (FGH-PCF), nonlinear optics, dispersion compensation, honeycomb lattice
structure, supercontinuum generation

1. Introduction

Recent years have seen a lot of interest in photonic crystal fibers
(PCFs) because of their distinctive optical properties and diverse
range of applications (Bjarklev et al., 2003). The ability to
customize these fibers’ dispersion and nonlinear effects has
created new opportunities for nonlinear optical devices and
systems (Dudley & Taylor, 2009). Nonlinear optics has made
significant development, owing to the desire for quicker, more
efficient, and smaller optical communication systems, as well as
cutting-edge technology (Weiner, 2011). Nonlinear optical
phenomena, such as four-wave mixing, supercontinuum
generation, frequency conversion, and parametric amplification,
offer valuable tools for signal processing, wavelength conversion,
and optical amplification (Webb et al., 2014). Realizing the full
potential of these nonlinear effects often relies on the properties of
the optical fibers employed. Conventional optical fibers based on
silica have limitations when it comes to nonlinear applications
(Cavillon et al., 2018). Therefore, researchers have been exploring
alternative materials and fiber structures to enhance nonlinear
effects and enable new functionalities. Among these materials,

flint glass stands out for its excellent nonlinear properties, making
it a promising candidate for high-performance photonic devices
(Schodek et al., 2009). Honeycomb lattice structures in PCFs have
gained attention due to their unique geometrical arrangement and
the resulting optical properties (Broeng et al., 1999). By confining
light within air or glass-filled holes arranged in a honeycomb
lattice, these fibers offer precise control over the dispersion and
modal properties. This enables researchers to achieve high levels
of nonlinearity and birefringence, both essential factors for various
nonlinear optical applications (Papadopoulos et al., 2006). Hasan
et al. (2016) used a silica-based anti-resonant hollow-core fiber
filled with supercritical xenon to achieve high nonlinearity of 6.74
× 10−3 W−1 km−1 in the mid-IR spectral band. Islam et al. (2017)
demonstrated a PCF design with tunable dispersion characteristics
by introducing an artificial flaw along one of the regular square
axes. Under the working wavelength, the suggested PCF exhibited
strictly single-mode behavior, with an ultra-high negative
dispersion range from -584.60 to -2337.60 ps/(nm•km) and a high
nonlinearity order of 131.91 W−1 km−1 (Islam et al., 2017).
Prajapati et al. (2019) suggested an octagonal PCF design with
redesigned cladding air holes, exhibiting strong birefringence,
high negative dispersion (−722.48 ps/(nm•km)), and low
confinement loss (0.117 dB/km) at 1.55 μm. The fiber also has a
nonlinear coefficient of 21.23 W−1 km−1 at 1550 nm (Prajapati
et al., 2019). Halder and Anower (2019) reported the development
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of a highly birefringent hybrid PCF (Hy-PCF) with an optimal design
for broadband compensation in the S, C, and L communication bands
(1400–1625 nm). They acquired exceptional features through
simulations, including a high birefringence of 3.039 × 10–2 and a
high nonlinear coefficient of 33.76 W-1 km-1 at an effective
wavelength of 1550 nm. The fiber also showed outstanding
dispersion compensation capabilities across all communication bands,
with a negative dispersion coefficient of -378.6 ps/(nm.km) at 1550
nm and a relative dispersion slope similar to that of a single-mode
fiber (Halder & Anower, 2019). Halder (2020) presented an
optimized hybrid dispersion compensating fiber with high
birefringence that covers the S, C, and L communication bands. The
fiber has a negative dispersion of −606 ps/(nm•km) at 1550 nm, a
relatively higher birefringence of 3.76× 10–2, low confinement loss,
and a highly nonlinear coefficient of 50.34 W-1 km-1, making it
suitable for high-rate communication systems and potentially
applicable in sensing applications (Halder, 2020). A modified square-
shaped PCF with extraordinary qualities was first reported by Paul
et al. (2022). These features include a very high negative dispersion
coefficient of −2357.54 ps/(nm.km) at 1550 nm wavelength and a
substantial nonlinear coefficient of 74.68 W-1 km-1. To obtain
outstanding results, Singh et al. (2022) investigated a unique PCF
with four air-filled holes in the core and four square air holes
organized in a circular pattern in the cladding. The PCF is promising
for a variety of applications, including residual dispersion
compensation, supercontinuum generation, and high bit rate
transmission, without the need for nonlinear materials or liquids
(Singh et al., 2022). They demonstrated impressive properties,
including a record-high nonlinear coefficient of 85 W-1 km-1 at 1.55
μm and a substantial negative dispersion of −597 ps/(nm.km) at the
same wavelength.

In this study, a highly nonlinear flint glass-based honeycomb
PCF (FGH-PCF) is presented, which has been carefully designed
and optimized for operation at a specific wavelength of 1550 nm.
The ultra-high nonlinear coefficient (558.8 W-1 km-1for ×
polarization) of the fiber, attributed to its geometry and the use of
flint glass material, makes it well-suited for applications requiring
efficient nonlinear interactions. To ensure accurate performance,
numerical techniques were employed to carefully simulate and
optimize the dispersion and nonlinear effects of the fiber. The
simulation characterization of the fiber confirmed exceptional
dispersion values, birefringence, and low confinement losses for
both x and y polarizations. Tremendous promise is held by the high
nonlinear coefficient and unique lattice structure of the presented
PCF for various nonlinear optical applications. These applications
range from advanced signal processing and frequency conversion to
supercontinuum generation and parametric amplification.

2. Design Techniques

Figure 1 depicts a cross-sectional image of the honeycomb
lattice structure suggested for the FGH-PCF. The fiber is made up
of an eight-layered honeycomb lattice with a pitch (unit lattice
distance). The ratio of the hole diameter (d) to the pitch (Λ),
denoted as d/Λ, determines the filling fraction or air-filling
fraction (AFF). To optimize the fiber’s performance, specific
parameter values are set, including d1= 0.72 μm, d2 = d3 = d4 =
d5 = d6 = d7 = d8 = d= 0.81 μm, and Λ= 0.9 μm. Flint glass is
chosen as the background material due to its excellent optical
transmittance, and the traditional lead (II) oxide content has been
replaced with other metal oxides like titanium dioxide and
zirconium dioxide to address pollution concerns without

significantly affecting the glass’s optical characteristics (Brain,
2002). The production process is aided by the design’s simplicity,
modest AFF, and circular air cavities, with commercial fiber
fabrication processes like stack and draw (Pysz et al., 2014),
die-cast (Zhou et al., 2006), drilling (Zhang et al., 2015), and sol-
gel (Wang et al., 2013). The development of the highly nonlinear
FGH-PCF involved a precise fabrication process utilizing the
commercially available sol-gel technique. This method was
selected for its efficiency in minimizing material wastage and
enabling precise design adjustments. The optimization of the
FGH-PCF’s dispersion values and nonlinear coefficient was
achieved through extensive numerical simulations using the finite
element method (FEM). Various parameters such as pitch (Λ),
hole diameter (d), and specific compositions of the flint glass
material were systematically varied in multiple simulation
iterations. Different pitch values were explored to reduce
dispersion and enhance the nonlinear coefficient. The optimal
pitch value, balancing superior performance and practical
fabrication feasibility, was carefully determined in this study. The
pitch value was set at 0.9 μm for this study, with other air hole
diameters being dependent on this value due to the air-filled
fraction ratio (d/Λ) determining the diameter. The sol-gel
technique, a widely adopted method in material science, was
employed to fabricate PCFs due to its exceptional precision and
versatility. By utilizing this technique, intricate nanostructured
materials for PCFs can be meticulously synthesized, offering
superior control over the fiber’s properties. The sol-gel process
allows for the seamless integration of various materials, enabling
the design and production of PCFs with tailored characteristics,
making it a fundamental approach in advancing the field of
photonic technologies (El Hamzaoui et al., 2020).

3. Simulation Methodology

The optical properties of the proposed FGH-PCF are
determined using the FEM (Jagota et al., 2013). The simulation
tool used for this purpose is COMSOL Multiphysics version 4.2,

Figure 1
The proposed flint glass-based honeycomb lattice PCF
(FGH-PCF) in cross section. In this case, Λ= 0.9 μm,

d1/Λ= 0.8, and d/Λ= 0.9
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which provides guiding characteristics for wavelengths ranging from
1.28 μm to 1.79 μm, including the E to L wave bands (Karamifard,
2022). The FGH-PCF structure assures important optical
communication qualities such birefringence (B), ultra-high
negative optical dispersion rate (D(λ), high nonlinear coefficient
(γ), confinement loss (Lc), and large effective optical area (Aeff),
which determine the mode of communication across the fiber.
This structure is more robust and promising than previous
designs. The suggested structure was simulated using the full
commercial vector element modeling tool COMSOL Multiphysics
version 4.2. The refractive index (RI) of the flint glass material
utilized in the proposed structure may be calculated using
Sellmeier’s equation (Brückner, 2014).

n2 λð Þ ¼ 1þ B1λ
2

λ2 � C1
þ B2λ

2

λ2 � C2
þ B3λ

2

λ2 � C3
(1)

In this context, the RI of flint glass is designated as “n” and is
calculated using Sellmeier constants: B1= 1.34533359,
B2= 0.209073176, B3= 0.937357162, C1= 0.00997743871 μm2,
C2= 0.0470450767 μm², and C3 = 111.886764 μm². These
constants are particular to the flint glass material (lead (II) oxide
doped silica) at T= 20°C.

However, Maxwell’s effective vector RI (neff) is employed to
determine the most acceptable modal value of the RI. Equation (2),
as described in O’Shea (2004), provides the computation method
for neff.

neff ¼
β λ; nm λð Þð Þ

k0
(2)

The wave’s propagation constant is indicated as β and k0 denotes the
wave number in free space, where is the wavelength. The modal
effective index (neff) is calculated by utilizing the FEM to solve an
eigenvalue issue. The optical dispersion rate has a considerable
impact on the efficiency of optical wave transmission. After
determining neff, essential parameters like chromatic dispersion
(D(λ), confinement loss (Lc), and birefringence (B) may be
estimated using specialized formulae. These obtained properties
are critical in evaluating the performance and features of the
optical system, providing significant insights into its behavior and
prospective applications.

D λð Þ ¼ � λ

c

� �
d2Re neff

� �
dλ2

 !
ps= nm � kmÞð (3)

Lc ¼ 8:686� k0Im neff
� �

dB=m (4)

B ¼ nx � ny
�� �� (5)

The effective area, Aeff, is determined as follows from Equation (6)
(Mortensen, 2002):

Aeff ¼
RR

~E
�� ��2dxdy� �2RR
~E
�� ��4dxdy µm2 (6)

Understanding the nonlinear processes that occur in PCFs requires a
thorough understanding of the effective area, Aeff, which is measured
in square micrometers (μm2) and is dependent on the amplitude of
the electric field ~E, inside the medium.

The ratio between the Kerr constant (nonlinear RI coefficient),
n2= 21.2 × 10-20 m2/W for dense flint glass commercially known

as Schott SF-6 glass (Weber et al., 1978), and the effective mode
area at a specific wavelength of the optical field is an important
criterion for determining the strength of nonlinear effects. The
nonlinear coefficient is proportional to the effective mode area and
is computed as follows:

γ ¼ 2πn2
λAeff

W�1km�1 (7)

4. Numerical Outcome Analysis

Across various wavelengths, the effective RI of flint glass may
be computed using both Sellmeier’s equation and the FEM. We
discover various effective refractive indices when we examine
each fundamental mode between 1280 and 1790 nm. Figure 2
depicts the wavelength versus effective RI plot for both x and y
polarization modes. Within this wavelength range, the RI ranges
from 1.475 to 1.39 for both polarization modes.

In Figure 3, wavelength dependent chromatic dispersion curve is
shown. The flint glass has Abbe number lower than 50 that make it a
dispersive material and can cause dispersion in communication bands.
The proposed honeycomb combination with the optimum design

Figure 2
Plot of wavelength versus effective refractive

index for x and y polarization
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Chromatic dispersion graph for x and y polarization
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value successfully compensates the dispersion values in
telecommunication wavelength band. The curve shows the
dispersion compensating property of the proposed FGH-PCF fiber
in the E to L wavelength range. The result shows the negative
dispersion values of − 436.6 ps/(nm.km) for x polarization and −
448.1 ps/(nm.km) for y polarization at 1550 nm operatingwavelength.

The fiber’s resilience in terms of dispersion compensation
properties was evaluated by altering the pitch value to ±1% for both
x and y polarization modes. The observations for ±1% variation of
pitch value are shown in Figure 4. For x polarization mode with
pitch varying to ±1% leads dispersion coefficient value to -421.3 and
-451.9 ps/(nm.km), respectively, at a wavelength of 1550 nm.
Similar evaluations were done for the y polarization mode and the
dispersion value ranges between -432.4 and -463.7 ps/(nm.km),
respectively, for ±1% variation in the pitch value. It was discovered
that increasing the pitch value resulted in an increase in dispersion,
but decreasing the pitch value resulted in a considerable drop in
dispersion.

The FGH-PCF’s birefringence properties are seen in Figure 5. It
was discovered that the findings are on the order of 10-3 after observing
the birefringence throughout the wavelength range of 1280–1790 nm.
In comparison to contemporary developments and study findings, this
amount of birefringence is not generally regarded as being extremely
high. It was discovered that the FGH-PCF had a birefringence of
2.202×10-3 at a wavelength of 1550 nm.

In Figure 6, the variation in birefringence for ±1% change in
optimum pitch value is presented. These observations demonstrate
the sensitivity of the birefringence in response to changes in the pitch
value of the FGH-PCF. The optimal pitch value of 0.9 μm appears
to yield the most desirable birefringence outcome, while deviating
from this value in either direction leads to significant changes in the
birefringence characteristics of the fiber. For 1% increase in pitch
value decreases the birefringence value to 2.147 × 10-3 and 1%
decrease in pitch value demonstrates increment in birefringence to
2.258 × 10-3 at 1550 nm wavelength. These findings are essential for
fine-tuning the FGH-PCF’s performance in applications where
precise birefringence control is crucial.

The astounding nonlinear characteristics of the FGH-PCF’s x
and y polarization modes are displayed in Figure 7. The fiber had
a very high nonlinear coefficient at the working wavelength of
1550 nm, measuring 558.8 W-1 km-1 for x polarization and 547.9
W-1 km-1 for y polarization. In contrast to previously used silica
material, the flint glass material exhibited substantially higher
nonlinearity. This difference in nonlinearity can be attributed to
the higher Kerr constant possessed by flint glass compared to
silica. The elevated Kerr constant in flint glass is a key factor
contributing to its exceptional nonlinear characteristics.

These findings highlight the potential advantages of utilizing
flint glass material in the FGH-PCF, as it offers superior nonlinear
properties compared to traditional silica-based fibers. Such
enhanced nonlinear behavior opens up new possibilities for the
fiber’s application in various nonlinear optics and photonics
technologies.

Figure 8 displays the wavelength-dependent effective area
calculations. At a wavelength of 1550 nm, the effective area for x
polarization is measured to be 1.538 μm², while for y polarization,
it is 1.569 μm².

Confinement loss, also known as propagation loss, plays a
crucial role in the design of PCFs. Figure 9 illustrates the FGH-
PCF’s wavelength dependency of the confinement loss, revealing
remarkably low losses of 2.289 dB/cm for x polarization and
4.935 dB/cm for y polarization at 1550 nm. These low
confinement losses at 1550 nm demonstrate the effectiveness of

Figure 4
Chromatic dispersion for x and y polarization exhibits

wavelength-dependent behavior, which varies
with ±1% of pitch values
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Optimal wavelength versus birefringence

plot of proposed FGH-PCF
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the PCF design in maintaining efficient light confinement within the
fiber. Such low losses are highly desirable for various optical
communication and sensing applications, as they ensure minimal

signal degradation and improved overall performance (Ali &
Farhood, 2019).

The suggested FGH-PCF’s X- and Y-polarization mode
distributions at 1550 nm operating wavelength are shown in
Figure 10.

A comparison of the planned FGH-PCF with earlier PCFs is
shown in Table 1. The outcomes unequivocally show that the
suggested FGH-PCF performs better than the findings of recently
published studies.

Figure 9
Confinement loss of the suggested FGH-PCF curve obtained for

x and y polarization with the optimum design parameters
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Figure 10
At the optical wavelength of= 1.55 μm, the electric field

distributions of several basic modes for the FGH-PCF are shown
in (a) x polarization and (b) with an arrow pointing in the

direction of the electric field
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Table 1
Assessment of required optical properties between the proposed PCF and previously reported

PCFs is provided at the operating wavelength of λ= 1550 nm

Ref. Cladding material
Nonlinear coefficient,
γ [W-1 km-1]

Effective area,
Aeff [μm2]

Dispersion,
D [ps/(nm.km)]

Hasan et al. (2016) Silica-xenon filling 6.74×10−3 – –

Islam et al. (2017) Silica 92.83 1.35 −1694.80
Prajapati et al. (2019) Silica 21.23 5.36 −722.48
Halder and Anower (2019) Silica 33.76 2.762 –378.6
Halder (2020) Silica 50.34 2.327 − 606
Paul et al. (2022) Silica 74.68 1.77 −2357.54
Singh et al. (2022) Silica 85 – −597
Proposed FGH-PCF Lead (II) oxide-doped silica 558.8 1.538 −448.1

Figure 7
Comparison of wavelength versus nonlinear coefficient for

x and y polarization
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Plot illustrating the relationship between wavelength and

effective area for x and y polarization
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5. Conclusion

In conclusion, the highly nonlinear FGH-PCF operating at 1550
nm wavelength demonstrates exceptional properties for diverse
nonlinear optical applications. Utilizing the unique honeycomb lattice
structure and nonlinear characteristics of flint glass, advanced
numerical simulations and optimization techniques tailored the PCF’s
dispersion and nonlinear effects. Experimental characterization
confirmed its high birefringence, low confinement losses, and
significant dispersion compensation capabilities −436.6 ps/(nm.km)
for x polarization and −448.1 ps/(nm.km) for y polarization.
Moreover, the FGH-PCF exhibited a remarkably high nonlinear
coefficient, making it promising for four-wave mixing (Robert et al.,
2020), supercontinuum generation (Wadsworth et al., 2002),
frequency conversion (Bonsma-Fisher et al., 2022), and parametric
amplification (Pakarzadeh et al., 2016). Due to its dispersion
compensating and highly nonlinear (558.8 W-1 km-1) nature, the
proposed FGH-PCF is more suitable for supercontinuum generation
applications for 1550 nm pump wavelength. Its integration into
optical communication systems can lead to compact and efficient
nonlinear devices, meeting the demands of high-speed and high-
capacity networks. Future research in this domain has the potential to
delve deeper into refining the design of FGH-PCF. This could
involve delving into innovative compositions of flint glass or
exploring alternative materials with significantly higher nonlinear
coefficients. Addressing integration challenges, such as creating
durable connectors, could be a pivotal area of exploration. Moreover,
studies could shift toward real-world implementation, evaluating how
FGH-PCF performs in practical communication networks.
Furthermore, delving into applications in cutting-edge fields like
quantum communication or integrated photonics could unlock new
realms for research and development.
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