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Abstract. In this work, a comparative study is made on photonic crystal fibre (PCF) with circular and elliptical
air holes in square lattice for supercontinuum generation. Using finite-element method analysis in COMSOL
MULTIPHYSICS 4.3b software, numerical investigation on optical parameters such as dispersion, confinement
loss, birefringence and nonlinearity has been carried out. Change in each optical parameter is observed by varying
the radius of the circular air hole and the radius of the major axis of the elliptical air hole. The supercontinuum
generation for the proposed PCF is also numerically simulated and studied under different power and pulse width.
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1. Introduction
The flexibility in designing photonic crystal fibre (PCF)
has attracted much attention of optics research groups
all over the world. PCFs or microstructured optical
fibres (MOFs) have numerous geometries depending
on the shape, size, pitch and number of air-hole rings
around the core and positioning of air holes in the
microstructured cladding [1]. Due to this freedom, the
PCF possessed many unique features such as zero dispersion, high birefringence, high nonlinearity, endless
single-mode propagation, etc. [2,3]. Highly nonlinear
fibres are high in demand due to their applications in
supercontinuum (SC) source, fibre optic sensing, optical
coherence tomography (OCT), frequency meteorology,
wavelength division multiplexing (WDM), etc. Varying
the air-hole size, shape and pitch can lead to the shift
of zero dispersion wavelength (ZDW) chosen over a
wide range in the visible and near-infrared spectrum.
This feature will be useful in practical applications such
as dispersion compensation, nonlinear optics, optical
communication etc. [4]. Various studies are performed
on the PCF with air holes of circular [5], elliptical
[6], square shapes [7] and in different air-hole arrangements such as hexagonal [8], square [9], octagonal
[10,11] and circular [12]. A square-lattice PCF preform
has been realised with a standard fabrication process,

stack and draw, in order to study the localisation and
control of high-frequency sound by introducing two
solid defects in the periodic distribution of air holes
[13]. Square-lattice PCFs could be useful if applied as
the pig-tail fibres of the integrated optical devices with a
rectangular or a square transverse section [14]. In 2001,
Ferrando and Miret [15] proposed a supersquare lattice
PCF that can show significant robustness under external disturbances due to its geometrical nature, strong
anisotropy and intraband guidance. Rosa and Tsuji [16]
introduced three core directional couplers to overcome
the coupling issues appearing in a triangular lattice
structure for polarised light. Later, Eguchi and Tsuji [9]
introduced multiple defects into the square-attice PCF
to achieve high birefringence. Employing square-lattice
PCFs, researchers have achieved high birefringence
[14], dispersion compensation [13], low confinement
[17], large mode area (LMA) for data transmission [18]
and so on. Recently, Islam et al [2] have achieved a
square PCF with highly negative dispersion ranging
from about −584.60 to −2337.60 ps/(nm-km) and high
nonlinearity of 131.91–61.40 W−1 km−1 , in the wavelength range of 1340–1640 nm. At the same time, Kumar
et al [19] studied the square-lattice PCF with circular
holes using an analytical field model for the fundamental mode of a square-lattice MOF. In their work,
apart from the study of basic properties, they made a
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comparison between the proposed structure and
conventional fibre SMF-28 for splice loss. They evaluated the fraction of the power associated with the
fundamental core mode of the square-lattice MOF, and
have demonstrated that they possessed strong potential
for enhancing the evanescent field interactions. Later,
so many comparative studies were reported where each
optical parameter is duly investigated. Dabas and Sinha
[20] reported a comparative study on hexagonal and
square-lattice PCFs in which the square-lattice PCF
exhibited a good negative and flattened dispersion coefficient. Later, Maji and Roy Chaudhuri [21] reported
a comparison between the triangular and square-lattice
PCFs for birefringence, single-mode, cut-off behaviour
and group velocity dispersion (GVD) and effective area
properties. Authors analysed all these studies for fibre
device applications.
Studies are also performed on different air-hole
shapes such as elliptical air holes [22] and rhombic
air holes [23] other than the conventional circular air
holes. Usually, highly birefringent PCFs were realised
by introducing elliptical air holes into the cladding structure. This is because asymmetric structure introduces
a difference in refractive indices to both orthogonal
modes and thus birefringence is enhanced. Although
elliptical air holes provide good birefringence, it is also
observed that lattice length needs to be reduced, which
induces high leakage loss. Hence, high birefringence
is usually accompanied by poor confinement. Liao and
Sun [17] studied the introduction of elliptical air holes
in both cladding and core regions. They numerically
obtained modal birefringence up to 5.64 × 10−2 at
1550 nm wavelength. Recently, Zhao et al [24] studied a novel elliptical hole PCF which is gold coated.
They studied resonance strength and impact of the
structural parameters of the PCF on the polarisation
filter characteristics. In numerical investigation, they
achieved a resonance intensity of 906.9 dB/cm in the
y-direction at 1550 nm and thus it is a good choice
for an optical filter. Very recently, Zhanqiang et al [25]
reported a chalcogenide Ge20 Sb15 Se65 -based PCF with
a hexagonal lattice elliptical air hole. They achieved a
high birefringence of 0.1176 and large nonlinearities of
38390 and 49760 W−1 km−1 for x- and y-polarisations,
respectively. The PCF is considered to be one of the
best choices for SC generation due to its ability to vary
dispersion properties over a wide range [3]. In the generation of SC, there are many nonlinear phenomena
such as self-phase modulation (SPM), four-wave mixing
(FWM), stimulated Raman scattering (SRS), modulational instability (MI), soliton fission and so on [26].
Experiments on SC have already been demonstrated
by many researchers for more than a decade [27–31].
Recently, Wang et al [32] experimentally demonstrated
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that ultraviolet and visible SCs are efficiently generated
from 180 to 1100 nm based on the higher-order modes
of PCF with an average power of 750 mW. In [33],
a highly nonlinear PCF with square lattice has been
designed with all normal GVDs to design a SC light
source for the OCT system. They achieved a SC bandwidth of 140 nm at 1310 nm with an input pump power
of 15 W and a pulse width of 1.0 ps. Recently, Xu et al
[34] have demonstrated a square-lattice PCF generated
SC spectrum ranging from 1500 to 1800 nm with a pump
power of 6 W. Although some comparative studies are
made on different lattice structures in the PCF with the
same air-hole shapes, comparative studies on different
air-hole shapes in the same lattice were not yet reported.
Furthermore, no studies were reported on the impact of
different air-hole size in the square-lattice PCF on SC
generations with varying power and pulse width of the
pump. Thus, we investigate the impact of different airhole geometries for the same lattice on different optical
parameters and SC generations.
In this investigation, we propose a PCF with a square
lattice consisting of circular and elliptical air holes
of various diameters. Here, we compare each optical
characteristic such as dispersion coefficient, birefringence confinement loss and nonlinearity in both the
proposed structures. Moreover, we investigate SC generation using these fibres with different pump powers of
5, 10 and 20 kW and for different pulse widths of 20,
100 and 200 fs at 1064 nm in each proposed structure.
We also examine the significance of the air-hole shape
in SC generation for different power and pulse width in
each proposed PCF.
2. Theory and equations
In this work, we used finite-element method (FEM) with
an anisotropic perfectly matched layer (PML) employed
to obtain important properties such as confinement loss,
dispersion coefficient, nonlinear coefficient and birefringence. In a PCF, changing air-hole size and pitch
size can remarkably change each optical parameter,
though physical realisation is still truly a challenge. The
background material chosen here is pure silica and its
refractive index is calculated using Sellmeier’s equation
given as
B1 λ2
B2 λ2
B3 λ2
+
+
,
(1)
λ2 − C1 λ2 − C2 λ2 − C3
where n is the refractive index of the material, λ
is the wavelength, B1,2,3 and C1,2,3 are experimentally determined Sellmeier’s coefficients, where B1 =
0.6961663, B2 = 0.4079426, B3 = 0.8974794, C1 =
0.0684043, C2 = 0.1162414, C3 = 9.896161 and
n 2 (λ) = 1 +
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the effective index is given as n eff = λβ/2π , β is the
propagation constant. Dispersion plays a very important
role due to which the propagating pulse broadens along
the fibre length. Chromatic dispersion is the combined
effect of material dispersion (Dm ) and wave guide dispersion (Dw ). It is calculated using the relation

 in+1 ∂ n
−α
∂
A(z, T ) =
A(z, T ) +
βn
A(z, T )
∂z
2
n! ∂t n
n≥2
 ∞

i ∂
R(T  )|A(z, T − T  )|2 dT  .
+ iγ 1 +
ω0 ∂ T
−∞
(6)

−λ ∂ 2 Re(n eff )
D(λ) = Dm (λ) + Dw (λ) =
,
c
∂λ2

This equation represents the propagation of optical
pulse through the fibre, where A(z, T ) is the electric field envelop, α is the frequency-dependent loss,
βn is the nth-order dispersion at centre frequency ω0
and R(T ) is the Raman response function. The Raman
response is defined as R(T ) = (1 − fr )δ(T ) + fr h r (T )
(for silica, fr = 0.18 fs) and h r (T ) = ((τ12 + τ22 )/(τ1 τ22 ))
(τ1 = 12.2 fs, τ2 = 32 fs) [35]. This equation is solved
using the split-step Fourier transform method, which is
simple and accurate. The NLSE is solved by taking into
account the dispersive and nonlinear effects separately
for a very small step dz. The optical pulse used is of a
hyperbolic secant pulse profile, which is given as
√
A(z, T ) = P0 sech(T /T0 ),
(7)

(2)

where Re(n eff ) is the real part of the complex modal
refractive index. The nonlinear coefficient indicates the
degree of occurrence of nonlinear effects (FWM, SRS,
etc.) in a fibre at higher optical intensities [10]. The PCF
can confine those high intensities and thus can possess
high nonlinearity. The nonlinear coefficient, γ , of the
PCF is calculated using the formula
γ =

2π n 2
,
λAeff

(3)

where n 2 is the nonlinear refractive index of silica
(2.66 × 10−20 m2 /W) and Aeff is the area covered by
light during propagation through the PCF and it is calculated using the equation
∞ ∞

−∞
Aeff = −∞
∞ ∞

[|E(x, y)|2 dxdy]2

−∞ −∞ [|E(x,

y)|4 dxdy]

.

(4)

The modal birefringence, B, can be calculated using the
formula [10]
B = |n x − n y |,

(5)

where n x and n y are effective refractive indices in the x
and y directions.
The generation of white light using high-intensity
pulses ranging from short to ultrashort pulses is technically termed as SC. This process is due to various
nonlinear phenomena such as FWM, stimulated Raman
or Brillouin scattering, SPM, cross-phase modulation
(XPM) and so on. Depending upon the characteristics such as nonlinearity of the fibre, pulse width,
power and centre wavelength of the laser source,
dispersion properties in each physical process dominate [11]. In the femtosecond regime, optical soliton
predominates for the SC generation. The magnitude
of the soliton self-frequency shift is inversely proportional to the fourth power of the width of the
soliton pulse. The propagation of the optical wave
through an optical medium is generally governed by
a nonlinear Schrödinger equation (NLSE) and is given
by

where P0 and T0 are peak power and pulse width of the
input pulse, respectively. SC generation is initially dominated by MI and thereafter it is dominated by SPM for
ultrashort pulses such as picosecond and femtosecond
pulses and at the anomalous dispersion regime it leads
to soliton dynamics. When a pulse with sufficient peak
power breaks up into a series of lower-amplitude subpulses, it is termed as soliton fission [35]. The soliton
order of the input pulse N is determined by both pulse
and fibre parameters and is given by N 2 = L D /L NL ,
where L D is the dispersive length and L NL is the nonlinear length.

3. Design of the proposed structure
Figures 1a and 1b respectively show the proposed PCF
consisting of circular and elliptical air holes arranged
in the square-lattice structure. The square structure is
arranged with five rings of circular air holes of diameter, dc = 0.4, 0.6 and 0.8 μm and for elliptical air holes
with major axis, da = 0.4, 0.6 and 0.8 μm, and minor
= 1 μm as fixed
axis db = 1 μm. Keeping pitch
and changing the air-hole radius of the circular air holes
lead to different air filling fraction (AFF) ratios, d/ . In
later discussions we use for each design with circular as
well as elliptical hole size, in radius (Rc , Re ) instead of
diameter (dc , da ). Therefore, Rc1 = 0.2 μm, Rc2 =
0.3 μm, Rc3 = 0.4 μm, Re1 = 0.2 μm, Re2 = 0.3 μm
and Re3 = 0.4 μm. In the square-lattice structure, the
basic unit is a right-angled triangle with 90◦ vertex angle.
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4.3b software to investigate the mesh and to obtain
effective refractive indexfor further numerical analysis.
The cross-section of the PCF subdivides the structure
into very small triangular elements of very small size;
however, finite-size elements are called meshing. The
software runs the finite-element analysis, together with
adaptive meshing and error control, using a variety of
numerical solvers. Thus, the effective index of the fibre
is computed by solving the eigenvalue equation for each
of the triangular meshes using FEM in COMSOL [36–
38].

4. Result and discussion

Figure 1. Cross-section of the designed PCF (a) with circular air holes of diameter dc = 0.4 μm and (b) with elliptical air
holes of major axis da = 0.4 μm and minor axis db = 0.1 μm.

In order to shape better optical characteristics such as
dispersion, confinement loss and different air-hole
radius are considered. Here, we also considered replacing elliptical air holes with circular air holes to examine
each optical parameter. Anisotropic PMLs are used to
calculate nonlinear refractive index, chromatic dispersion and effective area of the proposed PCF. The PML
conditions are good enough to analyse the leaky mode
of the PCF. The refractive index of the core, silica, is
calculated using Sellmeier’s equation (eq. (1)). Here
we have used FEM solver COMSOL MULTIPHYSICS

The simulation has been performed using COMSOL
MULTIPHYSICS 4.3b software and the minimum quality of the element of each design is found to be 0.4664,
0.4496, 0.5089, 0.3764, 0.3747 and 0.1307 for each
proposed PCF with radius Rc1 , Rc2 , Rc3 , Re1 , Re2 , Re3 ,
respectively. The light propagation through the two proposed PCFs with circular air holes and elliptical air holes
of radius Rc3,e3 = 0.4 μm after simulation is shown in
figures 2a and 2b, respectively. In this work, investigations on the PCF with square lattice of circular air
hole of different radius Rc1 = 0.2 μm, Rc2 = 0.3 μm,
Rc3 = 0.4 μm and elliptical air hole of different
major axis radius of Re1 = 0.2 μm, Re2 = 0.3 μm
and Re3 = 0.4 μm with a fixed minor axis of radius
= 0.1 μm were carried out. Figure 3 shows the variation of confinement loss with wavelength from 1000 to
1600 nm for circular and elliptical air holes under different air-hole radii. The figure shows that, due to the
asymmetry in the structure, the confinement loss is more
in the PCF with elliptical air holes than with circular air
holes. As the radius of the elliptical air hole increases,
the loss is found to reduce and the same is the case with
circular air holes also. At 1300 nm, confinement loss of
1.6 × 10−5 dB/km and 41.3 × 10−5 dB/km for circular
air hole and elliptical air hole of radii 0.4 μm, respectively, is observed.
Figure 4 shows the variation of dispersion
coefficient with wavelength for circular and elliptical
air holes under different air-hole radii. It is found that
the dispersion curve moves to the negative dispersion
region with a decrease in the radius of the circular air
hole, whereas for the elliptical air hole when the radius
increases it moves to the negative dispersion region.
For the circular air hole of radius Rc1 = 0.2 μm
and the elliptical air hole of radius Re3 = 0.4 μm,
a negative dispersion for the entire telecommunication
band wavelength from 1000 to 1600 nm is observed.
During this analysis, only for Rc2 = 0.3 μm and
Rc3 = 0.4 μm the ZDW is found to be at 1055 and
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Figure 3. Wavelength dependency of confinement loss for
different radii for both PCFs with circular and elliptical air
holes.

Figure 2. Light propagation through the proposed structure
with (a) circular air holes and (b) elliptical air holes using a
pump with a wavelength of λ = 800 nm.

1283 nm, respectively. This implies that the change in
radius of the air hole in PCF can shift ZDW and is
thus advantageous for various nonlinear applications.
In this investigation, it is found that the ZDW can
shift to a higher wavelength with the increase in airhole radius. At 1550 nm, the PCF with elliptical air
holes shows a maximum of −204.7 ps/(km nm) for
Re3 = 0.4 μm and with circular air holes shows a
maximum dispersion of −291.9 ps/(km nm) for Rc2 =
0.3 μm.
Figure 5 shows the impact of wavelength on the
nonlinear parameter for both circular and elliptical air
holes under different air-hole radii. As explained above,
nonlinearity is inversely proportional to the effective

Figure 4. The variation of dispersion coefficient with wavelength for different radii for both PCFs with circular and
elliptical air holes.

area. Increase in the radius of the air hole provides good
confinement of light inside the core region and thus the
effective area reduces. This will lead to enhanced nonlinearity of the PCF which can be clearly seen in the
figure. For the calculation, the nonlinear refractive index
of silica used is 2.5×10−20 m2 W−1 [39]. At 1550 nm, a
nonlinearity of 50.8 and 50.1 W−1 km−1 is observed for
elliptical and circular air holes, respectively. The maximum nonlinearity for circular and elliptical air holes
was observed to be 124 and 161 W−1 km−1 at 1000 nm.
The variation of birefringence with wavelength for both
elliptical and circular air holes was depicted in figure 6. It
can be clearly seen that the PCF structure with elliptical
air holes shows higher birefringence than the structure
with circular air holes. It is observed that when the radius
of the elliptical as well as circular air holes increases,
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Figure 5. The variation of nonlinear coefficient with wavelength for different radii for both PCFs with circular and
elliptical air holes.

Figure 6. The variation of birefringence with wavelength for
different radii for both PCFs with circular and elliptical air
holes.

the birefringence also increases with wavelength. The
significance of the air-hole shape in birefringence is
clearly visible in the plot. In the case of PCF with circular air holes, though the graph appears to be zero, it
is so because these values are far less than the PCF with
elliptical air holes. At 1300 nm, the PCF with elliptical
air holes shows 1.228 × 10−2 birefringence whereas the
PCF with circular air holes shows 1.1 × 10−5 birefringence.
Using the above proposed design of length 1 m, we
simulate SC generation for both circular and elliptical air-hole square-lattice PCFs for R = 0.4 μm.
In this simulation, we used a pump at a wavelength
of 1064 nm and at this wavelength the nonlinear

Figure 7. Spectral evolution of the SC generated by the proposed PCF with a pump power of 10 kW and a pulse duration
of 20 fs at 1064 nm wavelength for (a) circular air holes and
(b) elliptical air holes.

coefficient of the PCF with circular air hole is found to
be 115 and 130.1 W−1 km−1 for elliptical holes at Re =
0.4 μm. We solved eq. (6) using the split step Fourier
transform method and the spectral evolution of SC is
shown in figures 7a and 7b for circular and elliptical air
holes, respectively. We used laser pulses with a pump
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Figure 8. Spectral evolution of the SC generated by the proposed PCF with elliptical air holes of pumping (a) 20 fs,
(b)100 fs and (c) 200 fs pulses of 10 kW power at 1064 nm
wavelength.

power of 10 kW and sech pulses of width 20 fs for the
simulation. In figures 8a–8c, we numerically investigated the spectral evolution of the SC for the PCF with
elliptical air holes under different laser pulses of width
20, 100 and 200 fs, respectively, for 10 kW pump power
at 1064 nm. It is observed that the efficiency of the SC
spectrum reduces as the pulse width moves from femtosecond to picosecond with a constant pump power
of 10 kW. If the pump power is constant, both the
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Figure 9. Spectral evolution of the SC generated by the proposed PCF with circular air holes of pumping (a) 20 fs, (b)
100 fs and (c) 200 fs of 10 kW pump power at 1064 nm
wavelength.

input pulse energy and input soliton number N increase
proportional to the input pulse duration [35]. For pulse
durations of 20 and 100 fs, the spectrum seems to be
clear, whereas for 200 fs, the spectral characteristics
appeared to be complex due to the effect of noise, which
increases the bandwidth as well. This is because the sensitivity of the noise increases with increasing pulse width
and the initial broadening will be dominated due to the
FWM or MI.
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Figure 10. Spectral evolution of the SC generated by the
proposed PCF with elliptical air holes of pump power (a)
5 kW, (b) 10 kW and (c) 20 kW for a pulse duration of 20 fs
at 1064 nm wavelength.

Along with FWM, other nonlinear processes such as
SPM, dispersive wave generation, soliton fission, selfsteepening and Raman scattering are also used. The
pulse break up due to modulation instability, which is
seeded from the noise, will affect the SC coherence.
When the pulse duration increases, the SC becomes
more incoherent. Figures 9a–9c show the SC evolution for different laser pulse widths of 20, 100 and
200 fs, respectively, for 10 kW pump power at 1064 nm
for the PCF with circular air holes. The bandwidth for
SC of the PCF with circular air holes is found to be
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Figure 11. Spectral evolution of the SC generated by the
proposed PCF with circular air holes of pump power (a) 5 kW,
(b) 10 kW and (c) 20 kW for a pulse duration of 20 fs at
1064 nm wavelength.

more than SC of the PCF with elliptical air holes. It
is observed to be almost 1380 nm at the 20 dB logarithmic scale for a pump power of 10 kW and a pulse
duration of 100 fs, whereas for the same specification,
it is observed to be almost 450 nm for the PCF with
elliptical air holes. As the pulse width reduces, the SC
spectrum will be clearer with less noise interference.
Figures 10a–10c show spectral broadening of the SC of
the proposed PCF with elliptical air holes for
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different pump powers at 1064 nm for a pulse
duration of 20 fs. With the increase in pump power
there is an increase in the bandwidth of the spectrum
and thus the impact of power on SC evolution is clearly
shown in the figure. Depending on the choice of the
pump wavelength nearer to the ZDW or very close to
the same it is possible to achieve soliton fission and
remove the effect of FWM [40]. It is evident that as the
power increases the spectrum is extended to the long
wavelength region. Due to the effects of Raman, SPM
and FWM, the spectrum is broadened with increased
power. This stimulated spectrum exhibits oscillations
whose number increases with the increase in peak power
of the pulse [3]. In this comparison, the SC spectrum is found to be good in the PCF with circular air
holes than with elliptical air holes which is due to the
positive dispersion exhibited by the circular air holes.
This broadened SC has applications in the fields of
OCT, telecommunications, nonlinear microscopy and
ultrashort pulse generation.
In the case of spectral broadening of the SC for the
PCF with circular air holes for different powers such
as 20, 100 and 200 kW the bandwidth is found to be
wider than the SC for the PCF with elliptical air holes
as shown in figures 11a–11c.

5. Conclusion
In this comparative study, we compared the optical
properties exhibited by a PCF with circular air holes
and elliptical air holes in a square-lattice structure for
different air-hole radii. We achieved a nonlinearity of
131 W−1 km−1 for the PCF with elliptical air holes and
115 W−1 km−1 for the PCF with circular air holes. The
PCF with elliptical air holes shows a flatter negative dispersion at Re3 = 0.4 μm over the telecommunication
wavelength range than the PCF with circular air holes.
However, in the case of confinement loss, the PCF with
circular air holes shows better confinement and consistency for the entire wavelength range of 1000–1600 nm.
Due to this, though PCF with elliptical air holes exhibits
good nonlinearity in short wavelength range, later it
deteriorates with a longer wavelength range. Our results
on birefringence are in agreement with the theory that
the PCF with elliptical air holes exhibits higher birefringence than the PCF with circular air holes. Although the
PCF with elliptical air holes enhances the birefringence
property, it also increases the confinement loss. The SC
spectrum is also investigated for both PCFs with different pulse duration and different pump power. Enhanced
SC spectrum is observed in the PCF with circular air
holes compared to the elliptical air holes for different
pulse durations as well as different peak powers. The
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increase in pulse duration introduces more distortion in
the amplitude of the SC spectrum and thus ultrashort
pulses became significant in the study of SC generation.
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