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a b s t r a c t

A novel ultra-bandwidth polarization splitter based on soft glass dual-core photonic crystal fiber
(DC-PCF) is designed in this paper, which is analyzed through the finite element method (FEM). The cou-
pling characteristics of the designed DC-PCF can be enhanced by a high refractive index As2S3 core.
Numerical results show the ultra-bandwidths of the x- and y-polarization modes can reach to 86 nm
and 60 nm as the extinction ratios better than �20 dB and �30 dB at the vicinity of the wavelength of
1.31 lm. The length of the designed soft glass DC-PCF is 52.29 mm and the extinction ratios of the x-
and y-polarization modes are �85.57 dB and �56.81 dB at the wavelength of 1.31 lm, respectively. In
addition, the designed splitter has a tolerance of ±10 nm in its all structure parameters, which make
the design not sensitive to the perturbation during the fabrication process.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

The fiber coupler plays an important role in the optical commu-
nication systems, which can transfer, divide or combine the optical
power. It has been reported in Ref. [1] that it is possible to use a
dual-core photonic crystal fiber (DC-PCF) as an optical fiber cou-
pler, which has several advantage compared with conventional
fiber-coupler. The PCF coupler has vast design possibilities [2],
short coupling length and large index contrast. For these reasons,
some research groups have proposed that the designed PCF coupler
is likely to be used as a polarization splitter [3], wavelength divi-
sion multiplexer [4], polarization filters [5], all-optical switching
device [6] and directional coupler [7]. Saitoh et al. [8] simulated
coupling characteristics of DC-PCF couplers by using the FEM and
successfully applied to a multiplexer–demultiplexer (MUX–
DEMUX) based on PCF. Hameed and Obayya [9] proposed and ana-
lyzed a novel polarization splitter based on index-guiding soft glass
nematic liquid crystal (NLC) PCF, which can provided low crosstalk
of better than �20 dB with great bandwidths of 30 nm and 75 nm
for the quasi TE and TM modes.

Various types of PCF splitting-structures rely their polarization
splitting performance on the coupling between the x-polarization
and y-polarization modes. However, the FEM [10] has been devel-
oped to accurately calculate the modal solution of input waveguide

by means of flexible triangular and curvilinear meshes. Since a new
fabrication technique to define the input waveguide into
silica-material PCF has been developed successfully, the
polarization-dependent coupling [11] and polarization-indepen
dent splitting [12] operations were implemented to use a
dual-core PCF based on silica material at the 1.31 lm and
1.55 lm wavelength bands. In addition, the task to design
single-polarization single-core PCF for wavelength splitter having
polarization-independent propagation characteristics, and allow-
ing wavelength multiplexing at two different wavelength bands.
It was an important break-though from the design, fabrication
and functionality point of view [13]. Furthermore, as the soft glass
has much lower softening temperature of �520 �C [14] than
�1500–1600 �C of silica glass, the extrusion approach as a practical
technique has been recently extended to extrude the PCF preform
directly from the bulk glass.

In this paper, we propose a novel polarization splitter based on
soft glass DC-PCF. The polarization coupling properties of the x-
and y-polarization modes is analyzed by the FEM. As the refractive
index of SF57 is less than that of As2S3, the polarization dependant
coupling of the designed soft glass DC-PCF is enhanced by the high
index chalcogenide glass core. Numerical results show that the
polarization splitting can be obtained by the coupling ratio of 2:1
for x- and y-polarization modes. From the viewpoint of fabrication,
as the softening temperature of SF57 and As2S3 glass is almost
equal, the extrusion approach as a practical technique can be used
to draw the designed soft glass DC-PCF with a As2S3 core.
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2. Structure and operation principle of the polarization splitter

Fig. 1. shows the cross section of the designed splitter. All circu-
lar air holes are arranged in a triangular lattice with the lattice con-
stant of K ¼ 2:2818 lm. Two cores of A and B are formed by taking
out two air holes and the eight smaller air holes with the diameters
of d1 = 0.5 lm are placed in around this two cores, which can
enhance the birefringence property of the designed DC-PCF. The
conventional holes with the diameters of d0 = 0.6 lm are used to
confine the energy in two cores, and the black air hole with the
diameter of da = 0.6 lm is infiltrated with chalcogenide glass of
As2S3 in the center of DC-PCF. The refractive index of the air is
set as 1. So far, most of the proposed wavelength splitters [15]
are based on the two core structure, and two inner cores distance
is very small. In our paper, the polarized coupling of the x- and
y-polarization modes is enhanced by the central high-guide rod
with the As2S3.

The background material and the central functional material of
the designed DC-PCF splitter are two types of soft glass of SF57 and
As2S3, respectively. The refractive index of As2S3 is larger than that
of SF57 [16], while the softening temperature of SF57 and As2S3 is
almost equal. The material dispersion of SF57 material can be
defined by the Sellmeier equation:

nSF57ðkÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where nSF57ðkÞ is the wavelength-dependent refractive index of SF57
material, B0 ¼ 3:24748, B1 ¼ �0:00954782 lm�2,
B2 ¼ 0:0493626 lm2, B3 ¼ 0:00294294 lm4, B4 ¼ �1:48144� 1
0�4 lm6, and B5 ¼ 2:78427� 10�5 lm8. The Sellmeier equation of
the Chalcogenide glass is given by [17]:

nAs2S3 ðkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where i = 5, A1 ¼ 1:898367, A2 ¼ 1:922297, A4 ¼ 0:87651,
A5 ¼ 0:95699, C1 = 0.15 lm, C2 = 0.25 lm, C3 = 0.35 lm, C4 = 0.45
lm and C5 = 27.3861 lm.

3. Numerical results and analysis

The electric field distributions of four guided modes of the
designed DC-PCF at the operating wavelength of 1.31 lm are
shown in Fig. 2. The mode formed on the high refractive-index

rod can be provided in this simulation, which is very similar with
the 2nd-order SPP mode formed on the surface of the metallic gold
from Ref. [18]. It is a major discovery that this mode can occur on
surface of high refractive index of As2S3 rod. From Fig. 2(b) and (d),
we can observe that the phase matching between the mode on the
rod and the odd core-guided modes can be satisfied, the energy of
the core-guided odd mode can couple into the surface of the
high-index rod. However, Fig. 2(a) and (c) shows the phase match-
ing between the mode on the rod and the odd core-guided modes
in x- and y-polarization is not met at the operating wavelength of
1.31 lm.

The coupling length, defined as the minimum fiber distance
where the maximum power transfer occurs between two cores,
is considered as one of the key characteristics of the directional
coupler. The refractive indexes of the x, y-odd and even modes of
the design DC-PCF are evaluated by the FEM. The perfect matched
layer with several micrometer is set in the outmost layer, which
can reduce the numerical error. Coupling length LC can be calcu-
lated by Eq. (3).

LC ¼
k

2ðnx;y
even � nx;y

oddÞ
ð3Þ

Fig. 3 shows the coupling lengths and coupling ratios of x- and
y-polarization modes as functions of the hole pitch of K for the
designed soft glass DC-PCF with a As2S3 core and conventional soft
glass DC-PCF at the operating wavelength of 1.31 lm. It is very
obvious that the designed soft glass DC-PCF is always shorter than
that of conventional soft glass DC-PCF. As shown in Fig. 3, the cou-
pling lengths of x- and y-polarization modes of the conventional
soft glass DC-PCF shows monotonic decrease with the increasing
of K, but the coupling ratio maintains a low value of about 1.30.
However, due to introducing a high refractive index of As2S3 core
which increases the birefringence between x-polarization mode
and y-polarization mode, and polarization dependence of the
designed soft glass DC-PCF with a As2S3 core is enhanced.
Therefore, the coupling lengths of the designed soft glass DC-PCF
with a As2S3 core shows an increasing trend with the increasing
of the hole pitch of K, although the coupling lengths is much
shorter than that of the conventional soft glass DC-PCF. The cou-
pling ratio of designed soft glass DC-PCF with the As2S3 core can
reach to the optimal of 2, when the stature parameters are the
diameters of d0 = 0.6 lm, da = 0.6 lm and d1 = 0.5 lm and the hole
pitch of K ¼ 2:2818 lm.

In order to achieve a polarization splitter based on the soft glass
DC-PCF with a As2S3 core, the beam propagation method (BPM) is
used to research the transmission characteristics along this fiber.
Initially, at the propagation distance of Z ¼ 0 lm, a beam polariza-
tion light achieved using the FVFDM [19] at the wavelength of
1.31 lm are launched into the left core A of this designed
DC-PCF, the x- and y-polarization modes can be separated along
the fiber transmitted over a fixed length. Fig. 4 shows the variation
of normalized powers of the x- and y-polarization modes for the
left core A and the right core B at the operating wavelength of
1.31 lm, respectively. It is obvious from Fig. 4 that the x- and the
y-polarization modes can be separated well into the core A and
core B after a propagation distance of Z ¼ 52:29 mm. As shown
in Fig. 5, the normalized powers of the x- and y-polarization modes
at core A and core B as periodic function of the propagation dis-
tance at the wavelength of 1.31 lm for the conventional soft glass
DC-PCF, respectively. It is very obvious that the x- and y-polariza-
tion modes can be separated well into the two core A and core B,
respectively, when the propagation distance is 1148 mm.

The impact of chalcogenide glass core on the performance of the
polarization splitter is further studied by comparing with the con-
ventional soft glass DC-PCF polarization splitter. The fiberFig. 1. Cross section of the designed soft glass DC-PCF splitter with a As2S3 core.
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