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Abstract—A polarization splitter is proposed in a photonic
crystal fiber with hybrid guidance mechanisms, i.e., total internal
reflection and antiresonant reflection. High extinction ratios are
achieved in a compact structure over a wavelength range. More-
over, the operating wavelength, splitting length, and bandwidth
can be controlled accurately through control of refractive index
of the fiber. Our research offers a deep physical insight into the
novel light transmission phenomenon and is useful for future
applications of the device.

Index Terms—Antiresonant reflection, beam propagation
methods, finite element methods, photonic crystal fiber, polariza-
tion splitter.

P OLARIZATION splitters, that can split a light signal into
two orthogonal polarizations, have potential applications

in optical fiber communications and sensors. Conventional split-
ters have been realized by utilizing metal overlap, mode evolu-
tion or birefringence in optical waveguides in the past. Recently
the development of photonic crystal fibers (PCFs) offers a new
opportunity for controlling light through arrangement of refrac-
tive indices along the fiber. Various PCF polarization splitters
have been realized in either two-[1], [2] or three-core [3], [4]
configurations. However, all the previously proposed splitters
are based on pure index-guiding structures, which generally in-
duce a long splitting length or a complex composition of large
and small air holes [1]–[4]. In this letter we present a new ap-
proach for attaining polarization splitting through integration of
high-index rods into a typical dual-core PCF. Compared with
other PCF splitters as discussed in [1]–[4], our device has the
advantages of simple design and easy fabrication. Moreover, the
device’s properties can be controlled accurately through control
of refractive index of the structure. Although infiltration of PCFs
with extra materials has attracted increasing attention [5], so far
no suggestion has been made for the polarization splitting func-
tion, to the best of our knowledge.
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Fig. 1. (a) Cross section of the polarization splitter based on a dual-core PCF;
(b) fibers A and B corresponding to the left and right cores in (a).

Fig. 1(a) depicts the cross section of the proposed polariza-
tion splitter. Circular air holes are arranged in a triangular array
in a solid background with refractive index of 1.45. Dual iden-
tical cores are formed by removing the two adjacent air holes.
The structure is basically an index-guided directional coupler.
Different from the commonly used method with deliberately in-
creased or decreased air holes in PCFs for polarization opera-
tion, four high-index rods are introduced, as indicated by the
dark circles in Fig. 1(a).
The coupling of the structure in Fig. 1(a) can occur between

the two isolated cores, corresponding to the independent fibers
A and B as shown in Fig. 1(b). It is seen that fiber B is sim-
ilar to fiber A except that there are four high-index rods re-
placing the air holes along the y-axis near the core. In the outer
cladding of the two fibers, the holey structure provides the fun-
damental space-filling mode (FSM) with an effective refractive
index lower than the background index, so that light can be con-
fined in the vicinity of cores through total internal reflection.
Fig. 2(a) plots the dispersion diagram for both fibers A and B,
with the lattice constant m, the air-filling fraction

, and the refractive index of rods 1.70. Below the
FSM curve is the region of radiation modes. Above the FSM
curve, the shaded areas correspond to discrete wavelength bands
for a lattice of high-index rods in the solid background. All mode
curves must be present above the FSM curve to be guided by
the structure. We obtain the guided modes with finite element
method [6] and the wavelength bands with plane-wave expan-
sion method [7]. As shown in Fig. 2(a), fiber A supports the
fundamental modes HE and HE for both the and polar-
izations, respectively. They are polarization degenerate thanks
to the sixfold-rotational structural symmetry. But fiber B can
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Fig. 2. (a) Dispersion diagram for the fibers A and B shown in Fig. 1(b), where
the wavelength bands are obtained with a lattice of high-index rods in the solid
background; (b) field profiles for the modes HE and HE at m.

support a bunch of dissimilar modes, which are obviously polar-
ization dependent due to the two-fold symmetry of the structure.
To fully understand themodal properties of fiber B, we should

note that each high-index rod can support modes as a normal
index-guiding waveguide, with the mode indices larger than that
of background. When four rods are closely placed in fiber B,
each mode of an individual rod will be split into four modes,
which are packed within a particular wavelength band [8]. As
shown in Fig. 2(a), fiber B supports eight modes within the first
band, sixteen modes within the second band, and so on. The first
several mode orders are listed at right of the diagram as refer-
ence. Below the background index, light can be confined by the
solid core as well as the high-index rods, so that the mode curves
may be present in band gaps. The high-index rods, however, can
provide antiresonant reflection for modes within band gaps [9].
As shown in Fig. 2(a), the modes HE and HE are within
the fundamental band gap with wavelength ranges (1.307 m,
2.100 m) and (1.342 m, 2.047 m), respectively. Fig. 2(b)
plots the field profiles for the modes HE and HE at wave-
length m. Thanks to the presence of total internal
reflection along the direction and the antiresonant reflection
along the direction, the modes are confined well in the fiber
core, in contrast to the cases in conventional cylindrical waveg-
uides. More importantly, the fields are almost linearly polarized,
with the field of HE along the y direction and the field of
HE along the x direction. We can in fact regard these modes
as the first two antiresonantly-reflected modes [9]. In a coupling
system, one polarization can be expected to couple between the
two cores with almost identical mode indices, while the other
polarization is mainly entrapped in the launched core due to
the large index difference. Large polarization discrimination in
mode indices is therefore necessary for the purpose of polariza-
tion splitting. From Fig. 2 we obtain a distinct index difference
of at m in fiber B, which is crucial

Fig. 3. Field distributions at different propagation distances (a) 0, (b) ,
(c) , (d) , and (e) mm , for both the - and -polar-
ized modes at m.

for our splitter. From Fig. 2(a), the fundamental modes HE
and HE of fiber A cross through the band gap with a wave-
length range (1.387 m, 2.015 m). Two index-matching points
of modes between fibers A and B emerge at m
and m . We can thereby expect the -polariza-
tion-related coupling at while the -polarization-related cou-
pling at for the structure in Fig. 1(a). In the following anal-
ysis, we simply use and to represent these two kinds of
coupling states.
The splitting length, defined as the coupling length that a

single-polarization power is completely transferred from one
core to another, is expressed to be , with
and the effective indices for the -polarized even and odd

modes, respectively. By means of a full-vectorial beam propa-
gation method [10], we perform a further analysis on the trans-
mission characteristics of the splitter in Fig. 1(a). The splitting
lengths are 4.02 mm at m and 1.48 mm at

m , respectively. To visualize the splitting ef-
fect, Fig. 3 gives the snapshots of field distributions at different
propagation distances 0, , , , and

mm , respectively. After two polarizedmodes are launched
into the left core at m and as the light propagates, the
-polarized mode remains only in the through core, while the
-polarized mode goes smoothly into the cross core, resulting in
two polarizedmodeswell separated in the two cores. The extinc-
tion ratio, defined as the power ratio between the undesired and
the desired polarization, is used to measure the level of the noise
disturbance from the unwanted signal. From Fig. 4, we obtain
theminimum extinction ratios 19 dB for the polarization and
36.6 dB for the polarization at m. Such values are

as good as those achieved in pure index-guiding PCF structures
[1]–[4]. The degradation of extinction ratio in the present case is
induced by the presence of some unexpected coupling between
the cores [1], which can be improved by increasing the struc-
tural asymmetry, e.g. increasing the refractive index of rods, as
discussed in the following paragraph. Fig. 4 plots the spectral
characteristics for normalized powers of both the - and -po-
larization at the through and cross cores, respectively, with a
fixed length of 1.48 mm. The maximum power at the cross core
is smaller than unity since some small fraction of light power
extends into the high-index rods as shown in Fig. 2(b), and the
remaining fraction is larger than 85% in the fiber core. Simi-
larly, for the fiber length 4.02 mm at m, we ob-
tain the extinction ratios 32.3 dB and 16.4 dB for both the
and polarizations, respectively. The operating bandwidths,
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Fig. 4. Spectral characteristics for - and -polarized normalized powers at the
through and cross cores with a fixed length of 1.48 mm.

defined as the full widths at an extinction ratio of 15 dB, are
estimated to be 7.6 nm around m and 2.3 nm around

m for the two polarizations.
The splitter’s properties can be controlled accurately through

control of the refractive index of rods, of which the study is cru-
cial for designing or optimizing polarization devices. Fig. 5(a)
plots the variations of operating wavelengths with the refrac-
tive index at and , respectively. As the refractive index
is increased, the operating wavelengths increase continuously
owing to the redshifts of the index-matched points in Fig. 2(a)
and simultaneously, the gap between the wavelengths becomes
slightly wider due to the improvement of the structural asym-
metry in this process. The average sensitivities of the wave-
lengths at and are given by 2.34 m and 2.70 m, respec-
tively, for each refractive index unit. The variation of the split-
ting length with the refractive index, as shown in Fig. 5(b), can
be explained by the difference of slopes between the two disper-
sion curves when they are index matched. The larger the differ-
ence is, the longer the splitting length (i.e. the coupling length)
becomes. From Fig. 2(a), increasing the refractive index can
shift the -polarized mode curve towards the left-side band gap
edge so that the curve becomes steeper and hence the splitting
length at is increased. On the other hand, the longer wave-
lengthmay correspond to a strongermode-field overlap between
the two cores and thus the splitting lengths can be shortened. As
shown in Fig. 5(b), the variations of splitting lengths with the re-
fractive index are caused by these two effects together. As the
refractive index is increased, the splitting length at first de-
creases and then increases gradually, while the splitting length
at decreases monotonically. From Fig. 5(b), the minimum
splitting length at emerges around the refractive index 1.70.
The behavior of operating bandwidth at extinction ratio 15 dB,
as shown in Fig. 5(c), is closely related to the splitting length as
previously demonstrated. In general, the shorter splitting length
corresponds to the broader bandwidth and vice versa. It is seen
from Fig. 5(c) that to widen the operating bandwidth, a facili-
tated way is to increase the refractive index of the filling mate-
rial at . In particular, at the refractive index 1.85, we obtain
largely different splitting lengths 18.5 mm and 0.72 mm, with
corresponding bandwidths 0.2 nm and 14.2 nm, at and ,
respectively. For a device length as short as 0.72 mm, the po-
larization splitting at approximately ceases while only the
splitting at is available.
In conclusion, we propose an approach for achieving polar-

ization splitting through integration of different refractive in-

Fig. 5. Variations of (a) operating wavelengths, (b) splitting lengths, and
(c) bandwidths with the refractive index, at and , respectively.

dices in a dual-core PCF. The distinct polarization discrimina-
tion is achieved by combining two guidance mechanisms, i.e.
total internal reflection and antiresonant reflection, around the
fiber cores. Good extinction ratios and compact device lengths
are achieved. Moreover, the splitter’s properties including the
operating wavelengths, splitting lengths, and bandwidths can be
controlled accurately through control of refractive index of the
fiber. Our research provides a physical insight into the light-
transmission mechanism and is useful for future applications of
the proposed device.
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