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Geometrical birefringence in circular- and elliptical-hole square-lattice holey optical fibers having a core con-
sisting of a multiple defect is investigated. The effect of unidirectional extension of the core area on the bire-
fringence of these holey fibers (HFs) is discussed. We demonstrate that, as expected, a high birefringence can
be induced in circular-hole HFs by unidirectional extension of the core area. In contrast, the maximum bire-
fringence of elliptical-hole HFs, the holes of which have their major axes parallel to the long axis of the core, is
achieved in a core structure that has a single defect. We also found that for elliptical holes having their major
axes orthogonal to the long axis of the core, an exchange of the fast and slow modes occurs between the two
orthogonally polarized fundamental modes by birefringence compensation. © 2007 Optical Society of America
OCIS codes: 060.2310, 060.2400, 060.2420.
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. INTRODUCTION
hotonic crystal fibers (PCFs), often referred to as micro-
tructured fibers, are currently one of the most active re-
earch areas in the field of fiber optics. This is because
CFs exhibit a variety of unique guiding properties, in-
luding anomalous waveguide dispersion at short
avelengths,1,2 large mode area,3 high nonlinearity,4,5

nd endlessly single-mode behavior.6 A PCF is a single-
aterial optical fiber having a periodic pattern of air

oles in the cladding and was developed by the authors of
ef. 7. The PCFs can be generally classified into two types
ccording to their guidance mechanism. These are holey
bers (HFs) (frequently referred to as index-guiding fi-
ers), in which light is guided by total internal reflection,
nd photonic bandgap fibers, in which light is guided by
hotonic bandgap effects. These HFs can also be made
ighly birefringent by using high index contrast, and
arious highly birefringent HFs have recently been
roposed.8–15 Highly birefringent fibers are attractive for
heir implementation in fiber-optic sensing systems, fiber
evices, and coherent optical communication systems.16

irefringent circular-hole HFs having a core consisting of
multiple defect have already been reported. To our

nowledge, however, there have been no systematic inves-
igations of the geometrical birefringence of HFs having a
ore consisting of a multiple defect, including birefrin-
ence factors in such structures. In this paper we focus on
ndex-guiding square-lattice HFs having a core consisting
f a multiple defect. We investigate the effect of unidirec-
ional extension of the core on the geometrical birefrin-
ence of the fiber and discuss the dominant factors that
0740-3224/07/040750-6/$15.00 © 2
etermine the birefringence in such structures. Although
t is expected that the results for square-lattice fibers will
e approximately similar to those for triangular-lattice fi-
ers, we evaluate the square-lattice structure. This is be-
ause there have been no reports on square-lattice HFs
aving a core consisting of a multiple defect. Moreover,
hese structures are closer to planar (or rectangular)
aveguides having high index contrast that have en-
anced birefringence due to a large geometrical aniso-
ropy. Recently a lamellar-core fiber having a very high bi-
efringence, caused by artificially induced anisotropy in
he core, has been fabricated.17 The polarization proper-
ies of elliptical-hole square-lattice HFs having a core con-
isting of a single defect have already been reported,18,19

nd square-lattice HFs were fabricated in Ref. 20. So far,
variety of numerical approaches have been adopted to

nalyze HFs.21 We use a finite-difference frequency-
omain (FDFD) method22,23 to obtain the dispersion prop-
rties of square-lattice HFs having a core consisting of a
ultiple defect. The FDFD method is a full-vector finite-

ifference mode solver that directly discretizes the Max-
ell’s equations by making use of Yee’s mesh.24 The valid-

ty of this approach for HFs was demonstrated in Ref. 22.
n addition, in Ref. 22, the electric-wall boundary condi-
ion is used for the computation window edges, which are
eferred to as artificial or virtual boundaries. However,
he boundary conditions on the artificial boundaries sig-
ificantly affect the FDFD solutions in the low-frequency
ange. Therefore, we used an improved virtual-boundary
ethod (IVBM)25 to reduce the influence of these artificial

oundaries. The IVBM imposes appropriate electric or
007 Optical Society of America
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agnetic wall conditions on the virtual boundaries, which
o not restrict the dominant components of each polariza-
ion mode there.

First, in Section 2, we demonstrate the polarization
ode properties of circular- and elliptical-hole square-

attice HFs having a core consisting of a multiple defect,
nd we discuss the dominant factors that determine the
irefringence in such structures. Section 3 is devoted to
lliptical-hole HFs whose holes have their major axes
ligned orthogonal to the long axis of the core.

ig. 1. Elliptical-hole square-lattice HF with a core consisting of
triple defect.

ig. 2. Birefringence of circular-hole square-lattice HFs ��=1� w
efects. The second-order cutoffs are marked on the horizontal-a
. SQUARE-LATTICE HFs HAVING A CORE
ONSISTING OF A MULTIPLE DEFECT
. Circular Air Holes

n this section, we consider circular-hole square-lattice
Fs having a core consisting of a multiple defect. The

chematic design of our HFs is indicated in Fig. 1. The HF
n Fig. 1 represents an elliptical-hole HF having a core
onsisting of a triple defect and is characterized by an el-
ipticity �=dy /dx, and a lattice pitch �. The refractive in-
ex of fused silica is 1.45. Figure 2 shows the birefrin-
ences predicted by theory for a series of circular-hole
Fs, which correspond to �=1 or dx=dy in Fig. 1, having
ifferent hole sizes. Here, B represents the polarization
odal birefringence of the two orthogonally polarized fun-

amental modes defined as the difference �neff,x−neff,y� in
he effective index of the two modes, � /� is the normal-
zed frequency, and �=dx /�. In the case of a circular-hole
tructure, the two orthogonally polarized modes in HFs
aving a core consisting of a single defect are degenerate.
igures 2(a)–2(d) correspond to cores consisting of double,

riple, fourfold, and fivefold defects, respectively. The
olid, dashed-dotted, and dashed curves in Fig. 2 denote
ole sizes of �=0.7, 0.5, and 0.3, respectively. The second-
rder cutoffs are indicated on the horizontal axes by ar-
ows. The second-order cutoff represents the cutoff of the
econd-order mode (frequently referred to as the first
igher-order mode) that has a high effective index next to
he two orthogonally polarized fundamental modes, des-
gnated HE11

x and HE11
y in the Marcatili notation.26 For

he structures mentioned in this section, the second-order
ode corresponds to the x-polarized HE21 mode. High bi-

efringence is achieved at low frequencies (approximately
��), because light confinement becomes stronger as

es consisting of (a) double, (b) triple, (c) fourfold, and (d) fivefold
arrows.
ith cor
xes by
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/� increases, reducing the effect of geometric anisotropy.
n addition, the birefringence increases greatly with hole
ize.

. Elliptical Air Holes with Their Major Axes Parallel to
he Long Axis of the Core
ext, we discuss square-lattice HFs having elliptical air
oles ��=0.5� the core shapes of which approach a planar
hape with increasing ellipticity of the holes. Here the
ajor axis of each hole is aligned along the x axis. The bi-

efringences of elliptical-hole HFs having different hole
izes are shown in Fig. 3, and the solid, dashed-dotted,
nd dashed curves denote hole sizes of �=0.7, 0.5, and 0.3,
espectively. Figures 3(a)–3(e) correspond to cores consist-
ng of single, double, triple, fourfold, and fivefold defects,
espectively. The thick curves in Fig. 3 denote the funda-
ental space-filling mode (FSM) birefringences for �
0.7, 0.5, and 0.3. The second-order cutoffs are indicated
n the horizontal-axes by arrows. Additionally, the
-polarized modes are leaky modes with respect to the

ig. 3. Birefringence of elliptical-hole square-lattice HFs ��=0.
nd (e) fivefold defects. In the frequency range until triangles, t
SM. The second-order cutoffs are marked on the horizontal axe
-polarized FSM for frequencies less than those indicated
y the triangles on the plot. At relatively low frequencies,
he birefringence of elliptical-hole HFs results from the
ifference between the equivalent refractive-indices for
he x- and y-polarized light in the cladding, which is re-
erred to as the anisotropy, since the birefringence asymp-
otically approaches that of the FSM.

. Discussion
s can be seen from Figs. 2 and 3, a high birefringence
an be induced by unidirectional extension of the core
rea for circular-hole HFs, whereas the maximum bire-
ringence of elliptical-hole HFs is achieved in a core struc-
ure consisting of a single defect. This is because the geo-
etric anisotropy of the core area produces birefringence

n circular-hole HFs. In elliptical-hole HFs, on the other
and, as mentioned above, the cladding that behaves as
n anisotropic medium is the dominant factor of birefrin-
ence, and the extension of the field into the cladding pro-
uces high birefringence. For the same reason, it is pre-

cores consisting of (a) single, (b) double, (c) triple, (d) fourfold,
olarized modes are leaky modes with respect to the x-polarized
rrows.
5� with
he y-p
s by a
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icted that the birefringence of circular-hole HFs is
trongly influenced by hole size compared with that of
lliptical-hole HFs. Additionally, we observed that, in the
ase of a core consisting of a single defect, the birefrin-
ence for a hole size of �=0.3 [the dashed curve in Fig.
(a)] exceeds that for �=0.7 (the solid curve) as � /� in-
reases. The reason for this is that, for low � /� the field
enetrates deeply into the cladding, so that a cladding
aving large elliptical holes ��=0.7� produces large
nisotropies. By contrast, for high � /� the light confine-
ent becomes strong and the light propagating in a HF

ig. 4. Intensity distributions of dominant component in the (a)
- and (b) y-polarized modes for the elliptical-hole HF ��=0.7�
ith a core consisting of a single defect at � /�=0.4.
aving small holes ��=0.3�, whose light confinement is
eaker than that of a HF with large holes, is affected by

he anisotropy of the cladding more strongly.
The mode field becomes highly elliptical when multiple

efects are introduced. This would be incompatible with
tandard fibers, which have a circular mode field, in
erms of splice loss. Fortunately, however, the maximum
irefringence of elliptical-hole HFs occurs when their
ode fields are comparable with those of standard fibers,

.g., in single-defect cores. It can also be noticed that the
econd-order cutoff of elliptical-hole HFs shifts toward
igh frequency compared with that of circular-hole HFs.
his shift extends the single-mode operation range so

hat high birefringence of fundamental mode is realized
n the single mode operation region, as seen from Fig. 3.

Figures 4(a) and 4(b) show the intensity distributions
f the dominant components of the x- and y-polarized fun-
amental modes, respectively, for an elliptical-hole HF,
hich results in a maximum birefringence. The HF has a

ore consisting of a single defect and corresponds to the
olid curve at � /�=0.4 in Fig. 3(a). A difference in the
enetration of the field into the anisotropic cladding is ob-
erved between the two polarized modes.

In the low frequency range, HFs having even- and odd-
old defects exhibit different properties. This is particu-
arly remarkable for HFs having small circular holes ��
0.3�, as seen from Fig. 2. There are no holes in the y di-
ection of the core center, where the peak of the mode field
f the fundamental mode is located, for HFs having even-
old defects. In the low frequency range, when the hole
ize is reduced, it functions as a thin slab waveguide. The
lab waveguide, which includes a defect area, produces
roperties that resemble those of a rib waveguide weakly,
n which the y-polarized mode is dominant. This effect
ancels out the birefringence produced by core asymmetry

ig. 5. Birefringence of elliptical-hole square-lattice HFs ��
2� with cores consisting of triple, fourfold, and fivefold defects.

a) �=0.7. (b) �=0.5 and 0.3.
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ith the x-polarized mode being the dominant mode and,
n the low frequency range, the birefringence of circular-
ole HFs having small holes decreases rapidly for even-

old defects, as shown in Fig. 2.

. HOLEY FIBERS HAVING ELLIPTICAL AIR
OLES WHOSE MAJOR AXES ARE
RTHOGONAL TO THE LONG AXIS OF
HE CORE
inally, we examine the birefringence of HFs having ellip-
ical air holes ��=2� whose major axes are parallel to the

ig. 6. Intensity distributions of dominant component in the (a)
- and (b) y-polarized modes for the elliptical-hole HF ��=0.7�
ith a core consisting of a fivefold defect at � /�=1.3046.
axis. The calculated birefringences for HFs with �=0.7,
nd 0.5 and 0.3 are illustrated in Figs. 5(a) and 5(b), re-
pectively. In Fig. 5, the solid, dashed-dotted, and dashed
urves denote cores consisting of fivefold, fourfold, and
riple defects, respectively. In these structures, the geo-
etric anisotropies of core and cladding areas, which are

wo factors that exert a strong influence on the birefrin-
ence, tend to cancel each other out. As a result, the bire-
ringence of these HFs decreases drastically with increas-
ng � /� and eventually becomes positive. This means that
n exchange of the fast and slow modes occurs between
he two orthogonally polarized fundamental modes by bi-
efringence compensation when the elliptical holes have
heir major axes aligned orthogonal to the long axis of the
ore.

Figures 6(a) and 6(b) show the intensity distributions
f the dominant component in the x- and y-polarized fun-
amental modes, respectively, for a HF that has B=0. The
F has a core consisting of a fivefold defect ��=0.7� and

orresponds to the solid curve at � /�=1.3046 in Fig. 5(a).
he two polarization modes have similar intensity distri-
utions and the light is tightly confined within their core
egions.

. CONCLUSION
e have investigated the effect of unidirectional exten-

ion of the core area on the polarization mode properties
f square-lattice HFs by using the FDFD method. Our
nalysis reveals that unidirectional extension of the core
s effective in increasing the birefringence for circular-
ole HFs, but it is not effective for elliptical-hole HFs.
his implies that the anisotropy of cladding is the domi-
ant factor for producing birefringence in elliptical-hole
Fs whose holes have their major axes aligned parallel to

he long axis of the core. Furthermore, for elliptical holes
aving their major axes orthogonal to the long axis of the
ore, we found an exchange of the fast and slow modes oc-
urs between the two orthogonally polarized fundamental
odes by birefringence compensation.
In this paper, we have focused on the geometrical bire-

ringence of HFs. However, group velocity walk-off and
hromatic dispersion are other important characteristics
n birefringent fibers that need to be considered. We in-
end to investigate these characteristics in the future.
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