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Abstract. We emphasize the ability to control the nonlinear properties of silica-based circular solid-core

photonic crystal fibers (PCFs) with a new design. In this fiber, the diameter of the air hole in the rings is

different, and the lattice constant is ununiform in the cladding. The simulation results show that a

near-zero ultra-flattened chromatic dispersion over a wide wavelength range and low attenuation in
these PCFs is achieved. Two structures with the lattice constant, A, of 0.7 and 0.9 pm and filling factor,
di/A, of 0.45 in the first ring were selected and investigated in detail. These structures are capable of

generating broad-spectrum supercontinuum.

Keywords: photonic crystal fiber, circular lattice, supercontinuum generation, near-zero ultra-flattened

chromatic dispersion, low attenuation

1 Introduction

Photonic crystal fibers (PCFs) are a class of optical
fiber based on the properties of photonic crystals.
It was first announced in 1996 at the Optic fiber
conference by Russell and his colleagues [1]. Since
then, PCFs have attracted the attention of
scientists because of the fiber special and unique
properties in design and construction that are not
present in conventional optical fibers. They can be
flexibly by

parameters, such as lattice shape (circle, square or

designed changing  structural
hexagonal), shape and size of air holes, and solid
or hollow core. This allows PCFs not only to have
applications like conventional optical fibers but
also to have special applications in various fields,
such as lasers,

amplifiers,  dispersion

compensators, nonlinear processing, optical
devices [2], electrically tunable [3, 4], ultra-

flattened dispersion [5, 6], optofluidic devices [7],
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dispersion compensation [8], and high-sensitivity

sensing and supercontinuum generation [9-17].

The most commonly used types of lattice

are circular, square, and hexagonal lattices
published in the last few years, including new
designs of the large mode area circular lattice [18],
the circular lattice with high negative dispersion
[19], the low confinement loss in hexagonal lattice
[20], the square lattice with an ultra-broadband
and compact [21], and the most recently
published studies [22] for all three types of
lattices. All these publications only focused on
studying the characteristic quantities of fibers but
did not apply to supercontinuum generation.
Besides, the difference in air-hole diameters of the
lattice rings and the distance between air holes in
the cladding have not been emphasized in those

publications.
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In this paper, we present circular lattice
solid-core PCFs that have a difference in the
stomatal diameters of the first ring near the core
compared with other rings in the cladding. In
addition, the heterogeneity in the distance
between two air holes in the structure is also
emphasized. Specifically, the centre of the air
holes in the first ring is 1.095 times the lattice
constant (A) from the centre of the circular lattice,
while the distance between the centre of the
second-ring air holes and that of the lattice ring is
kept constant at twice of the lattice constant (2 x
A). The air holes in the remaining rings are
equally spaced with A. With these differences, the
structures are designed to improve the optical
properties of the PCFs. We investigated the effect
of key structural parameters, including filling
factor, di/A, and lattice constant, A, on the
nonlinear characteristics of PCFs. Hence, we
proposed two optimal fibers (A = 0.7 um; di/A =
0.45 and A = 09 pm; di/A = 0.45) for super-

continuum generation.

2 Numerical modeling

The solid-core PCFs used in the numerical
analysis of this paper are in the form of a circular
lattice. The circular PCF structure was chosen for
investigation because it has outstanding
advantages compared with other lattices. With its
high symmetry, this lattice restricts the light
entering the core and increases its nonlinearity,
providing a higher super-continuum generation
efficiency and, thus, a higher bandwidth than
other lattices. The base material is fused silica that
creates a large difference in the refractive index of
the core and the mantle to enhance light
restriction in the core. Fig. 1 shows the geometry
of the PCF in our design. The fiber consists of
eight air-hole rings arranged in an orderly manner
in the shell. These structures were designed with

the Lumerical Mode Solution software [23].
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Fig. 1. Geometrical structure diagram (a) and intensity
distribution (b) in the silica-based PCF with circular
lattice

Saitor et al. [24]
characteristic quantities of PCFs are strongly

proved that the

influenced by the difference in the size of air holes
in the lattice rings. The hole size in the first ring
has a direct effect on dispersion, including the
flatness and normal or anomalous properties of
dispersion, even the shift of the zero dispersion
(ZDW).

attenuation is dominated by the remaining loops.

wavelength In contrast, the mode
Hence, we designed a PCF structure with air holes
in the first ring (near the core) with a diameter, 41,
corresponding to the filling factor, di/A, where
di/A changes from 0.3 to 0.75 with an increment of
0.05. The air-hole diameters, d2, of the remaining

lattice rings is constant (0.9 x A). Furthermore, in
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previous studies, the PCF has a distance between
the centre of the air holes equal to A; however,
there is a difference in these parameters in our
design. Specifically, while the centre of the
circular lattice is 1.095 x A from the centre of the
first ring air holes, the spacing to the centre of the
air holes in the second ring remains the same at 2

x A. The air holes in the remaining rings are at an

equal distance apart. The core diameter,
depending on di and A, is determined according
to the formula Dc = 2 x 1.095 x A — di. In the
simulation, we use the lattice constant of 0.7, 0.9,
and 1.4 pm. The structural parameters of the PCFs
are presented in Table 1. New features of our
design result in minimal attenuation, controlling

chromatic dispersion for optimal dispersion.

Table 1. Parameters of PCFs structures for simulations

A=0.7 um
di/A 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
d1 0.21 0.245 0.28 0.315 0.35 0.385 0.42 0.455 0.49 0.525
D. 1.323 1.288 1.253 1.218 1.183 1.148 1.113 1.078 1.043 1.008
A=0.9 um
di/A 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
d1 0.27 0.315 0.36 0.405 0.45 0.495 0.54 0.585 0.63 0.675
D. 1.701 1.656 1.611 1.566 1.521 1.476 1.431 1.386 1.341 1.296
A=14 pm
di/A 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
d1 0.42 0.49 0.56 0.63 0.7 0.77 0.84 091 0.98 1.05
D« 2.646 2.576 2.506 2.436 2.366 2.296 2.226 2.156 2.086 2.016

3  Simulation results and analysis

The refractive index of fused silica as a function of
the wavelength is described with the Sellmeier
formula (Eq. 1) [25].

0.6694226.42

A% —4.4801x107 (1)
0.4345839.4° 0.8716947 12

A2 -1.3285x102 1?2 —95.341482

2
nFused silica( ) =

Fig. 2 presents the effective refractive index
(netf) of the fundamental modes calculated for the
structures with the first ring filling factor varying
from 0.3 to 0.75 and the lattice constants of 0.7, 0.9,
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and 1.4 um. In our cases, the effective refractive
index of the PCFs changes with the wavelength,
lattice constant, and filling factor and has a similar
shape. It can be seen that as the wavelength
increases, the effective refractive index decreases
significantly. The reason is that light penetration
into PCF cladding at longer wavelengths is
stronger than at shorter ones [26]. An increase in
di/A of the PCFs at a particular wavelength
reduces the effective refractive index, but it
increases with an increase in A. It can be observed

that the change in effective refractive index is

15



Tran Tran Bao Le et al.

mainly influenced by di/A and A. To see this
difference clearly, we determined the real value of
the effective refractive index of the fibers with

different values of A and di/A at a wavelength of

1.46
1.44 Ty
1421
14}
138
— o7 pm .
E 1.34 ff—a1n= 03 L
S qazf= maunmoas| N e T,
{ semedlif= 04 | W, o el TG
B 13 —dun= a5 -
1.28 diin= 0.8
- dlif = 0.55
1.28 diif e 0.6
1.24 diin = 0.65
diin= 0.7
1220 - oms |
1.2
05 06 07 08 05 1 11 12 13 14 15 16 17 18 18 2
a) Wavelength (;z:m)

1.55 pum, presented in Table 2. The effective
refractive index of PCF has the largest value, with
a filling factor of 0.3 and the smallest, with di/A

being 0.75 in the same lattice constant.
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Fig. 2. Real part of effective refractive index as function of wavelength of PCFs with various di/A when (a) A=0.7
pm, (b) A=0.9 pm, and (c) A=1.4 um

Table 2. Real part of the effective refractive index of silica-based PCFs at 1.55 um wavelength with various lattice
constants and linear filling factors of the first ring

Relnes]
A (um) di/A
A=0.7 pm A=0.9 um A=14 pum
0.3 1.354 1.381 1.411
0.35 1.348 1.376 1.408
0.4 1.34 1.37 1.405
0.45 1.332 1.363 1.401
0.5 1.324 1.356 1.398
1.55
0.55 1.314 1.349 1.394
0.6 1.304 1.34 1.389
0.65 1.292 1.332 1.385
0.7 1.28 1.322 1.38
0.75 1.267 1.312 1.375
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Dispersion is an important factor of PCFs in
supercontinuum generation. The ZDW values and
the flatness of dispersion are governed by the
structure and composition of PCF. The total
dispersion (D) as a function of wavelength
depends on the effective refractive index of the
propagation mode and is determined according to

the following formula [27].

_ _é d? Re[nefJ

c di? @

where Re[ner] is the real part of the effective
refractive index and c is the speed of light in the

vacuum.

The dependence of dispersion on
wavelength and variation of the filling factor and
the lattice constant of PCFs are shown in Fig. 3.
From these data, we can see that the dispersion of
PCFs is strongly influenced by the change in the
filling factor and the lattice constant. The obtained
dispersion is quite diverse, with normal and

anomalous dispersion with one ZWD and two

_ Dispersion (ps/inmfkm)
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ZWDs achieved in the studied wavelength region.
This is one of the advantages of our study
compared with previous works [19, 28] that only
achieve anomalous dispersion. In addition, the
change in these structural parameters leads to a
shift in ZWD to longer wavelengths. At the lattice
constant of 0.7 um (PCFs with the smallest core
diameter of the three studied lattice constants),
the dispersion is quite diverse, with normal and
anomalous dispersion with one ZWD and two
ZWDs (Fig. 3a). The normal dispersion curves
were obtained for the filling factor of 0.45-0.65
and anomalous dispersion curves with one ZWD
begin to appear with di/A being 0.3. In contrast,
the dispersion curves of the remaining fibers
intersect the zero-dispersion line at two points, i.e.
anomalous dispersion with two ZWDs in this
case. In particular, the PCF with di/A being 0.45 at
the lattice constant of 0.7 um exhibits all-normal
dispersion, and its curve is asymptotic to the zero-
dispersion in the wavelength range of 1.1-1.4 um,
which gives a high efficiency of super-continuum

generation in the near-infrared region.
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Fig. 3. Dispersion as function of wavelength of PCFs with various di/A for (a) A=0.7 um, (b) A =0.9 um,
and () A=1.4 pm
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Varying the lattice-constant values results
in a change in the core diameter, D., which causes
the dispersion profile to change, including the
shift of the ZWD. At a large lattice constant (0.9
um, Fig. 3b), all-normal dispersion curves are no
longer present; instead, there are anomalous
dispersion curves with one ZWD and two ZWDs.
The dispersion at the filling factor of 0.45 is very
flat over a wide wavelength range from 1.1 to 1.6
um despite the transition from all-normal
dispersion to anomalous dispersion. Furthermore,
only anomalous dispersion curves with one ZWD
are obtained when A = 1.4 um (larger core). It can
be seen that the dispersion characteristics in our
design can be controlled with the variation of the

filling factor, di/A, and the lattice constant, A.

From the simulation results, we propose
two PCFs with excellent dispersion, #F1 and #F>, to
analyze for supercontinuum generation. Their

structural parameters are presented in Table 3.

Fig. 4 presents the dispersion characteristics
of the proposed PCFs. The #F1 fiber with the all-
normal ultra-flat dispersion curve is very close to
the zero-dispersion line and can produce a wide
SC spectrum. In contrast, the #F2 fiber has a flat
anomalous dispersion curve with one ZWD at
0.863 um. The pump wavelengths chosen for
fibers #F1 and #F2 are 1.24 and 0.86 um. The
characteristics of the proposed PCFs are
compared with those of previous publications
(Table 4). The dispersion values at the pump
wavelength of the #F1 and #F: fibers are —2.944

and -0.8 ps-nm-km-'.

The effective mode area of the proposed
PCFs is shown in Fig. 5. It can be seen that the
effective mode area of the two fibers increases
linearly with increasing wavelength. Because of
its larger core diameter, #F. always has a larger
effective mode area than #Fi. At the pump
wavelength, fibers #F1 and #F2 have an effective
mode area of 1.879 and 1.908 um?.

The

proportional to the effective mode area according

nonlinear coefficient is inversely
to the formula y =2 x ©w x n2/A x Aett [29], so it tends

to decrease linearly with an increase in
wavelength (Fig. 6). Fiber #F1 always has greater
than #F2, and at the pump
wavelength, the former has a nonlinear value of
90.415 W-.km-!, while that of the latter is 63.654

W-Lkm-1.

nonlinearity

The attenuation of fundamental mode
according to the wavelength is shown in Fig. 7. In
the proposed fibers, the attenuation value of #F2
almost coincides with the horizontal axis in the
entire investigated wavelength range. While the
attenuation of the two fibers is similar at
wavelengths less than 1.7 um, we observe a
significant increase in the attenuation of #F1 when
the wavelength increases from 1.7 to 2 um. At the
pump wavelength, the attenuation values of #F1
and #F2 are 1.884E-09 and —9.931E-20 dB-m. A
very small attenuation is the advantage of our
model. Therefore, it can be seen that the
characteristic quantities of the analyzed fibers are

suitable for super-continuum generation.

Table 3. Structural parameters of proposed PCFs

# A (um) di/A Dec (um)
#F 0.7 0.45 1.218
#F> 0.9 0.45 1.566
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Fig. 7. The attenuation properties of the proposed PCFs

Table 4. Characteristic values of proposed PCFs in comparison with previous publications

Photonic Pump .
D« D Attenuation At Y
crystal Year wavelength
. (pum) (ps'nm~'-km-1) (dB/m) (um?) (W-t-km™)
fibers (um)
[30] 2011 — 1.8 <50 <0.038 1810 —
[14] 2017 3.34 1.55 -9.46 192 7.8 1200
[7] 2020 2.34 1.56 -2.2 240 4.73 2000
#F1 this work ~ 1.218 1.24 -2.944 1.884E-09 1.879 63.654
#F> this work  1.566 0.86 -0.8 —-9.931E-20 1.908 90.415

4 Conclusion

In this paper, we designed circular lattice
photonic crystal fibers with the difference in the

first-ring air-hole diameter and the distance of the

DOI: 10.26459 /hueunijns.v131i1D.6685

air holes in the cladding. With this difference, the
characteristic properties of PCFs can be controlled
via the variation of the filling factor, di/A, and the
lattice constant, A. The photonic crystal fibers give
diverse results,

dispersion including ultra-

flattened near-zero all-normal dispersion curves
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in a wide wavelength range as well as an
anomalous dispersion regime with one and two
ZWDs. Two structures were proposed for detailed
analysis. They have optimal dispersion, high
nonlinearity and low attenuation, which are the
strong points of our design. These advantages are

essential factors for super-continuum generation.
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