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We propose a holey fiber design to achieve single-polarization single-mode (SPSM) guidance. The photo-
nic crystal fiber (PCF) has a triangular-lattice with elliptical airholes in themicrostructured cladding and
circular airholes in the core. The SPSM guidance can be obtained by designing the PCF structure such
that the fundamental space-filling mode (FSM) of the core region is positioned between the indices of
the two nondegenerate orthogonally polarized FSMs of the microstructured cladding. © 2009 Optical
Society of America

OCIS codes: 060.0060, 060.5295.

1. Introduction

A single-polarization single-mode (SPSM) fiber
guides only one polarization mode and thus elimi-
nates mode coupling between the two orthogonally
polarized fundamental modes. This is an important
feature for polarization-sensitive applications such
as high-power fiber lasers, fiber-optic gyroscopes,
current sensors, and superluminescent sources [1].
Compared with polarization-maintaining (PM) fibers
that support two orthogonal polarization states, a
SPSM fiber offers several advantages including a
high extinction ratio, no polarization mode disper-
sion, and polarization-dependent loss issues. To
achieve SPSM guidance, the fiber is designed with
the effective index of the desired polarization above
the effective index of the cladding, and the effective
index of the undesired polarization is well below that

of the cladding. SPSM fibers have been designed and
used by conventional optical fibers with an elliptical
core or a bow-tie structure or different polarization-
dependent loss along the two orthogonal axes [2–6].
With the development of photonic crystal fibers
(PCFs) that have periodic arrays of airholes running
along the fiber axis, a remarkable design freedom on
waveguiding properties is exploited such as broad-
band single-mode operation [7], unusual dispersion
properties [8], and high birefringence [9,10]. For
PCFs with a triangular lattice of airholes, by break-
ing the sixfold symmetry [11], e.g., having different
airhole diameters along the two orthogonal axes,
high birefringence is easily produced. Recently, it
has been demonstrated that SPSM guidance can
be achieved by use of hole-assisted fibers and high-
birefringent PCFs [12–22]. It has been numerically
studied [21,22] that the SPSM can be achieved by
designing the FSM for a circular-hole holey structure
to lie between the anisotropic FSM for the elliptical-
hole core.

0003-6935/09/204038-06$15.00/0
© 2009 Optical Society of America

4038 APPLIED OPTICS / Vol. 48, No. 20 / 10 July 2009



We report a novel triangular-lattice PCF-based
structure to achieve SPSM operation and numeri-
cally study its waveguiding properties by using a
full-vector plane-wave expansion (PWE) method
and finite element method (FEM). The core region
contains a circular-hole holey structure and the clad-
ding region consists of an elliptical airhole triangular
lattice structure. The FSM of the circular-hole core is
designed between the anisotropic FSMs of the ellip-
tical-hole cladding so that SPSM guidance is sup-
ported. We theoretically investigate the influence
of the PCF structural parameters such as the geome-
try of the core and the cladding on the properties of
SPSM operation. The single polarization regions
and cutoff conditions for higher-order modes are
discussed.

2. Design and Analysis

The schematic design of the PCF structure is de-
picted in Fig. 1. The core consists of multiple defects
of circular airholes surrounded by a triangular-lat-
ticed cladding with elliptical airholes. The structural
parameters of the PCF are as follows. The lattice
pitch is denoted asΛ, the circular airholes in the core
region have a relative diameter of dc=Λ, and the el-
liptical airholes in the cladding regions have a rela-
tively long axis length of dy=Λ and ellipticity of
η ¼ dy=dx. The background medium is fused silica
with refractive index nSiO2

¼ 1:45. It should be noted
that in a typical index-guiding PCF in which the de-
fect core is missing an airhole [7], the guidance is
found in the wavelength region where the core index,
i.e., the silica refractive index, is higher than that of
the FSM of the microstructured cladding. However,
because of the sixfold symmetry of the structure,
two polarizations of the fundamental mode, HEx

11
and HEy

11, are degenerate and therefore the PCF is
not truly single mode. Comparatively, the sixfold
symmetry of the proposed PCF is broken by the ellip-
tical airholes in the cladding that behave like an an-
isotropic medium. The two orthogonally polarized

FSMs of the cladding become nondegenerate, and
they provide the cutoff of guided modes in the infinite
lattice. The FSM of the core region can be designed
with suitable airhole geometry so that it is positioned
between the two FSMs of the cladding, i.e., only one
polarization can be guided in the core.

We use the full-vector PWE method to calculate
the effective index of the FSMs of the microstruc-
tures. As shown in Fig. 2, the effective index neff of
the FSMs for the circular airhole lattice (denoted
as FSMc) at dc=Λ ¼ 0:62 (dotted curve), 0.64 (solid
curve), and 0.66 (dashed curve), and the elliptical air-
hole lattice (the FSM curve for the y-polarized clad-
ding mode denoted as FSMy

e and the FSM curve for
the x-polarized cladding mode denoted as FSMx

e ) are
calculated versus the normalized wavelength λ=Λ.
The other parameters of the PCF structures are as
follows: dy=Λ ¼ 0:9 and η ¼ 2. As dc=Λ increases,
the neff of the FSMc curve decreases to lower values
versus normalized wavelength λ=Λ. In addition, the
intersecting points with the FSM curves of the clad-
ding, which are important parameters to define the
single polarization operating range, also change. In
the wavelength range where the FSMc curve lies be-
low the FSMy

e curve and above the FSMx
e curve, only

the x-polarized mode is guided in the core region by
the PCF structure. The corresponding normalized
cutoff wavelengths for the HEx

21 mode are 1.01,
0.3, and 0.75, respectively. In Fig. 3, the operating
map shows the wavelengths of the single-
polarization guidance as a function of dc=Λ. The
single-polarization region is defined by the area
within the solid curve. Moreover, the SPSM opera-
tion is achieved by cutting off the higher-order mode,
i.e., the next higher-order mode is HEx

21, and its cutoff
wavelength is represented by a dashed curve.

Next we examine the influence of ellipticity η on
the SPSM operating properties. We use dc=Λ ¼
0:63 and dy=Λ ¼ 0:9, and η varies from 1.9 to 2.1.

Fig. 1. Cross section of the proposed PCF with elliptical airhole
cladding and a circular hole core.

Fig. 2. Effective index of the FSM curves of the circular airhole
core FSMc at dc=Λ ¼ 0:62, 0.64, 0.66 and the two orthogonal non-
degenerate FSM curves of the elliptical airhole cladding, FSMx

e

and FSMy
e . The other structural parameters of the PCFare dy=Λ ¼

0:9 and η ¼ 2.
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As shown in Fig. 4, the neff of the FSMs for the ellip-
tical airhole lattice at η ¼ 1:9 (dotted curve), 2.0 (so-
lid curve), and 2.1 (dashed curve) increase to higher
values when η increases. Effective index neff of the
FSMs for the circular airhole lattice at dc=Λ ¼ 0:63
is represented as the solid dot line. The correspond-
ing normalized cutoff wavelengths for the HEx

21 mode
are 1.28, 0.17, and 0.38, respectively. In Fig. 5, the
operating map shows the wavelengths of the sin-
gle-polarization guidance as a function of η. Single
polarization is permitted in the area within the solid
curve; the dashed curve represents the normalized
cutoff wavelength for the HEx

21 mode.
The structural parameter dy=Λ also plays a role in

determining the SPSM operating range. By setting
dc=Λ ¼ 0:63 and η ¼ 2, we calculate the effective
index of the FSM curves for the core and cladding re-
gions while altering dy=Λ. As shown in Fig. 6, the neff
of the FSMs for the elliptical airhole lattice at dy=Λ ¼
0:88 (dotted curve), 0.9 (solid curve), and 0.92
(dashed curve) decreases to lower values when dy=Λ

increases. Effective index neff of the FSMs for the cir-
cular airhole lattice at dc=Λ ¼ 0:63 is represented as
the solid dotted curve. The corresponding normalized
cutoff wavelengths for the HEx

21 mode are 0.35, 0.17,
and 0.94, respectively. In Fig. 7, the operating map
shows the wavelengths of the single-polarization gui-
dance as a function of dy=Λ. The permitted single po-
larization is within the solid curve; the dashed curve
represents the normalized cutoff wavelength for the
HEx

21 mode.
It is observed from Figs. 3, 5, and 7 that the single

polarization operating region expands when λ=Λ in-
creases, which is due to higher birefringence of the
elliptical hole at longer wavelengths [22]. We calcu-
late the fundamental mode of the single-polarization
state with PCF structural parameters: dy=Λ ¼ 0:63,
η ¼ 2, and dy=Λ ¼ 0:9. The full-vector FEM is used to

Fig. 3. Single-polarization guidance region as a function of dc=Λ.
The SPSM operation is possible above the cutoff wavelength of the
HEx

21 mode (dashed curve) in the single polarization range. The
other structural parameters of the PCF are dy=Λ ¼ 0:9 and η ¼ 2.

Fig. 4. Effective index of the FSM curves of the elliptical airhole
cladding FSMe at η ¼ 1:9, 2, 2.1 and the FSM curve of the circular
airhole core at dc=Λ ¼ 0:63. The other structural parameter of the
PCF is dy=Λ ¼ 0:9.

Fig. 5. Single-polarization guidance region as a function of η.
The SPSM operation is possible above the cutoff wavelength of
the HEx

21 mode (dashed curve) in the single-polarization range.
The other structural parameters of the PCF are dy=Λ ¼ 0:9 and
dc=Λ ¼ 0:63.

Fig. 6. Effective index of the FSM curves of the elliptical airhole
cladding FSMe at dy=Λ ¼ 0:88 (dotted curve), 0.9 (solid curve), and
0.92 (dashed curve) and the FSM curve of the circular airhole core
at dc=Λ ¼ 0:63 (solid dot line). η ¼ 2 was used in the simulation.
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calculate the effective index of the x-polarized funda-
mental mode HEx

11 and is represented as the filled
circles curve between the FSMc curve and the
FSMx

e curve in Fig. 8. At long wavelengths, the effec-
tive index curve of HEx

11 approaches the FSM
x
e curve.

The single-mode operation is achieved by cutting off
the higher-order mode, and its cutoff wavelength for
the HEx

21 mode is found at λ=Λ ¼ 0:57. Therefore,
broadband single-polarization guidance is obtained,
and the SPSM operation is supported by this PCF
structure at a λ=Λ wavelength range greater than
0.57. The field distribution of the Ex component of
the x-polarized fundamental mode HEx

11 is plotted
at λ=Λ ¼ 0:5 and 1.4 wavelengths in Fig. 9.
We used 18 rings of elliptical airholes around the

core region with a perfectly matched layer absorbing

boundary conditions to simulate the infinite micro-
structured cladding. Because of this finite thickness
in the calculation, the fundamental guided mode is
leaky. We estimated the confinement loss of the
guided mode by using

lossðdB=mÞ ¼ 2π
λ

20
ln 10

Imðneff Þ:

Figure 10 presents the calculated confinement loss of
the guided HEx

11 mode that increases drastically over
a long wavelength range. We used Λ ¼ 1 μm for the
calculation. The confinement loss is of the order of
(dB/m), which is high compared with the transmis-
sion fiber. To improve the confinement, we increased
the number of circular airholes in the core region,
e.g., from the current structure to more rings of air-
holes. The effective reduction of confinement loss
especially at long wavelengths can be seen in Fig. 10.
The minimum loss for the x-polarized fundamental
mode is 3:9dB=m for the PCF structure with one ring
of circular airholes in the core region and approxi-
mately 0:48dB=m for the PCF structure with two
rings of airholes in the core region. For a fiber

Fig. 7. Single-polarization guidance region as a function of dy=Λ.
The SPSM operation is possible above the cutoff wavelength of the
HEx

21 mode (dashed curve) in the single-polarization range. The
other structural parameters of the PCFare η ¼ 2 and dc=Λ ¼ 0:63.

Fig. 8. Effective index of the x-polarized fundamental core of the
HEx

11 mode (filled circles curve), the FSM curve of the circular air-
hole core FSMc (solid curve), and the two orthogonal nondegene-
rate FSM curves of the elliptical airhole cladding FSMx

e and FSMy
e

(dotted and dashed curves, respectively). The structural para-
meters of the PCF are dc=Λ ¼ 0:63, dy=Λ ¼ 0:9, and η ¼ 2.

Fig. 9. (Color online) Field distribution of theEx component of the
x-polarized fundamental mode HEx

11 at (a) λ=Λ ¼ 0:5 and
(b) λ=Λ ¼ 1:4.

Fig. 10. Confinement loss of the HEx
11 mode in the proposed PCF

structure with one ring of airholes in the core region (dotted curve)
and two rings of airholes in the core region (solid curve).
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structure with two rings of airholes in the core
region, we used 17 rings of elliptical airholes in
the fiber cladding so that the whole microstructured
structure is the same size. Moreover, the bandwidth
for confinement loss less than 5dB=m is significantly
broadened with two rings of airholes, and the wave-
length corresponding to the lowest loss value moves
to longer wavelengths, i.e., from 1.35 to 1:6 μm. It
should be noted that the proposed fiber structure
can be fabricated by the stack-and-draw method or
multicapillary drawing method [23]. In solid core
PCFs, absorption and Rayleigh scattering in the bulk
glass can be the main sources of loss. In the proposed
structure where the airholes are introduced to the
core region, the air–silica interface roughness also
causes scattering loss. The surface roughness could
result from the fiber drawing process.
The bending property of the holey fiber is investi-

gated by the FEM in which the bent fiber is repre-
sented by a straight fiber with an equivalent index
profile [24]. We evaluated the bending loss as a
function of bending radius for the proposed PCF
structure as shown in Fig. 11. The solid curve repre-
sents the bending loss calculated for the PCF struc-
ture with one ring of circular airholes in the core
region at λ ¼ 1:35 μm; the dotted curve represents
the PCF structure with two rings of airholes in the
core region at λ ¼ 1:6 μm. The wavelength values
were chosen to represent where minimum confine-
ment loss occurs for the structure. The bending loss
decreases by approximately 1 order of magnitude at
the same bending radius from a one-ring core to a
two-ring core with better confinement. Figure 12 pre-
sents the bending loss of the fiber with a one-ring
core and a two-ring core as a function of wavelength
with the same bending radius of 5mm. We also de-
termined that the two-ring core PCF performs better
than the one-ring core PCF in terms of the minimum
bending loss value at the same bending radius and
the wavelength range below a fixed bending loss.

3. Conclusions

We have proposed a novel PCF structure with ellip-
tical airholes in the cladding and circular airholes in
the core region to achieve single-polarization single-
mode operation. The structural geometry can be
carefully designed to guide only one polarization
state of the fundamental mode. The effects of struc-
tural parameters on cutoff wavelength and single-
polarization operating range were discussed. The
confinement loss can be reduced by the addition of
more airholes to the core region. We also studied
the bending properties of the PCF structure. The
results proved that additional airholes in the core
region could significantly suppress bending loss.

This research was supported in part by the Agency
for Science, Technology and Research (A*STAR),
Singapore.
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