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Dependence of birefringence on elliptical-hole orientation
in photonic crystal fibers
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In this paper, the dependence of birefringence on the orientation of elliptical holes in triangular-lattice elliptical-hole
photonic crystal fibers (PCFs) is investigated numerically. A resonant enhancement of birefringence between the anisotro-
pic lattice arrangement and oriented elliptical holes is observed, and the birefringence varies periodically with the elliptical-
hole orientation. When the major axes of adjacent elliptical holes are parallel, the birefringence approaches the maximum.
Based on the numeric analysis, a novel highly birefringent PCF is proposed, and the maximum modal birefringence of 0.086
is achieved.
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In recent years, photonic crystal fibers (PCFs) have attracted
great attentions for their unique features, such as endless
single-mode operating[1], tailorable dispersion[2,3], high
nonlinearity[4] and high birefringence. One possible use of
highly birefringent (Hi-Bi) PCFs is as polarization-maintain-
ing fibers, which can eliminate the influence of polarization
mode dispersion and stabilize the operation of optical de-
vices in high bit rate communication systems and fiber loops
for gyroscopes. However, in conventional polarization-main-
taining fibers, such as PANDA[5] and bow-tie fibers[6], the
modal birefringence induced by stress near the core region is
about 5×10-4, which can not satisfy the potential uses in novel
optical devices.

As for PCFs, benefiting from the design flexibility and
higher index contrast, the modal birefringence of 10-2 can be
reached, which is roughly two orders of magnitude larger
than that of the conventional fibers. To date, many approaches
have been explored for achieving Hi-Bi PCFs. Moreover,
the Hi-Bi PCFs using soft and silica glasses were success-
fully developed[7,8]. Besides imposing an external stress to
induce an asymmetric transverse index profile[9, 10] by elasto-
optical effect, especially in large-mode-area PCFs, the most
typical method is to break the regular geometry of the fiber
core or the air-hole cladding, which can lead to much larger
birefringence than the stress-induced ones[11]. As for the asym-

metric fiber cores, various Hi-Bi PCFs have been proposed,
for example, using two enlarged central holes around the cen-
tral core[12] and adding large air holes outside the cladding[13].
Another effective way is to replace the circular holes with
anisotropy shape ones, such as elliptical holes[14]. Most often,
combination of the two mechanisms can also lead to high
modal birefringence[15]. In Ref.[15], a rectangular lattice ellip-
tical-hole fiber was proposed, which used an asymmetric core
and elliptical holes in the whole region, and it exhibits a great
promise to realize ultrahigh birefringence. However, in these
literatures, elliptical holes were typically placed along a fixed
direction, and few reports have put on the dependence of
birefringence on the orientation of elliptical air holes. So in
this paper, we restrict our concentration to this issue and ana-
lyze it by fundamental space-filling modes (FSMs) indirectly.
Moreover, based on the analysis, a novel microstructured
optical fiber (MOF) with the maximum modal birefringence
of 0.086 is proposed, to the best of our knowledge, which is
the highest value now.

The cross section of Hi-Bi PCF and triangular-lattice ar-
rangement of elliptical holes are shown in Fig.1. It is charac-
terized by the following parameters. The ellipticity is  =b/a,
where b and a are the lengths of the semi-major axis and
semi-minor axis, respectively. The lattice pitches along hori-
zontal and vertical directions are Ëx and Ëy, respectively, and

       *      This work has been supported by the Ningbo Natural Science Foundation (No. 2011A61090) , and the K. C. Wong Magna Fund in Ningbo University.
     **     E-mail: zhanglingfen@nbu.edu.cn



  Optoelectron. Lett.  Vol.9  No.1

for this regular hexagonal lattice, the relationship of Ëy =
2Ëxcos(ð/6) exists between the two lattice pitches. The air-
filling factor is A=2ðab/ËxËy. è is the rotated angle from ma-
jor axis to the vertical direction, that is, when è = 0, the ar-
rangement of the elliptical holes is the typical schematic of
PCFs without squeezed effect as mentioned before. In
addition, the refractive index of background silica is taken to
be n=1.45, and the material dispersion is neglected for
convenience.

Fig.1 Schematic diagrams of (a) cross section of Hi-Bi
PCF and (b) triangular-lattice arrangement of elliptical
holes with rotated angle 

In an elliptical-hole PCF, the modal birefringence results
from the anisotropy of cladding in two orthogonally polar-
ized directions, and strongly depends on the degree of mode
penetration into cladding. In this case, the birefringence of
FSMs indirectly indicates the maximum possible modal
birefringence. So it is convenient to analyze the birefringence
of FSMs for different rotated angles regardless of the core
shapes. The birefringence of FSMs is expressed by BFSM=
|ny

FSM nx
FSM|, where ny

FSM and nx
FSM are the effective indices

of y-polarized and x-polarized FSMs, respectively. A free
software package of the plane-wave expansion method is em-
ployed to calculate BFSM for the periodic-structured cladding.
At a given propagation constant, FSMs refer to the lowest
Bloch states at the point of , so the effective indices of FSMs
can be obtained conveniently by the calculation of only one
k-point (0, 0, kz), and enough accuracy is guaranteed by set-
ting a resolution of 512 512 in an elliptical-hole unit cell.
Moreover, as we know, BFSM increases with wavelength for
asymmetric cladding. Therefore, we only examine the value
of BFSM at the normalized wavelength ë/Ëx=1.55.

Fig.2 shows the birefringence of FSMs as a function of
rotational angle of è at three different ellipticities of 2, 2.5
and 3 when A = 0.2. We find that the birefringence of FSMs
varies periodically with the elliptical-hole orientation, and
the period of 60° can be observed. The maximum BFSM oc-
curs when è = 30° and 90°, and it is easy to predict the other
four maximum points according to the six-fold rotational sym-
metry of triangular lattice. At these rotational angles, the major
axes of adjacent elliptical holes are parallel, while at the angles

of è = 0° and 60° where the minimum BFSM occurs, the minor
axes of adjacent elliptical holes are parallel. In addition, it
exhibits that the maximum increase of BFSM varies with air-
hole ellipticities, i.e., the larger the ellipticity is, the more
obvious the increase becomes. Seen from Fig.2, the maxi-
mum increase of BFSM is 0.97 10-3, 1.73 10-3 and 2.84 10-3

for ç = 2, 2.5 and 3, respectively.

Fig.2 Birefringence of FSMs as a function of air-hole ro-
tated angle  when A=0.2

Besides the enhanced birefringence of FSMs changing
with air-hole ellipticity, we also investigate it for different
air-filling factors. Fig.3 shows the holes-oriented dependence
of BFSM at different ellipticities ( =2, 2.5 and 3) when A=0.1
and 0.3, respectively. The increase of BFSM is more obvious
with air-filling factor increasing. For example, BFSM increases
by 1.5 10-2 for ç = 3 and A = 0.3, which is approximately
two orders of magnitude larger than that of A = 0.1. Fig.4
exhibits the absolute magnetic field distribution |H| corre-
sponding to the minimum and maximum values of BFSM, i.e.,
at è=0° and 90°, respectively. It is clearly seen that the am-
plitude of |H| at è =90° increases much larger than that of
è=0o with the increase of BFSM correspondingly. Finally, the
modal birefringence is checked again at / x=1.55 for the
typical structure of elliptical-hole PCFs, where the core is
also formed by an absence of an elliptical hole. The modal
birefringence is enhanced to 2.45 10-2 at è=90° from 1.67
10-2 at è = 0o.

From the above analyses, we know that BFSM varies peri-
odically with the orientation of elliptical air holes regardless
of ellipticities or air-filling factors, and the maximum BFSM

occurs when the major axes of elliptical holes are parallel.
For the triangular-lattice PCFs, as the conventional circular
air holes are replaced by elliptical holes and the six-fold ro-
tational symmetry degenerates to C2V, the structure of the
triangular-lattice arrangement is asymmetric in two orthogo-
nal major-axis and minor-axis directions. So the birefringence
of FSMs is influenced by both intrinsic lattice asymmetry
and anisotropy of elliptical holes. When the major axes of
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Fig.3 Birefringence of FSMs as a function of air-hole ro-
tated angle  at different ellipticities

elliptical holes are parallel, a resonant enhancement appears
between the two effects induced by lattice asymmetry and
anisotropy of elliptical holes, therefore, BFSM reaches the maxi-
mum value. However, in some rotated angles (e.g., è = 0o), the
two anisotropic effects counteract each other, and BFSM

reaches the minimum value.

Fig.4 Magnetic field distributions of FSMs when =3 and
A=0.3

In order to verify our view further, we break the relation-
ship of Ëy = 2Ëxcos( /6) to make the lattice squeezed or
elongated. The squeezed ratio between horizontal and verti-
cal lattice pitches is expressed by Ç=Ëy / Ëx. Fig.5 plots the
variation of BFSM with normalized wavelength of ë/Ëx when
è=0° and è=90°, and the ellipticity and air-filling factor are
fixed at 2.5 and 3, respectively. From the comparison of the
two typical elliptical-hole orientations, it indicates that the
enhancement effect of BFSM becomes more obvious as the
squeezed ratio increasing. It should be noted that when Ç =1,
BFSM for the two orientations overlap each other, that is to
say BFSM at è = 90° isn’t enhanced any more. Actually, in this
case, the triangular-lattice arrangement of air holes  evolves
into square-lattice arrangement, and structural asymmetries
caused by two lattice arrangements are the same, so the en-
hancement of BFSM at è = 90° isn’t observed (although coun-
teraction effect maybe happen for other directions). Furth-
ermore, owing to the existence of the counteraction effect at
è=0°, BFSM decreases slightly as the squeezed ratio increases,
which can be clearly seen from the comparison in Fig.5, while
it greatly increases with squeezed ratio increasing at è=90°,
which also reflects the existence of oriented enhancement
and counteraction between two asymmetric geometries from
a view of the other side.

Fig.5 BFSM versus normalized wavelength of / x at dif-
ferent squeezed ratios of 1, 1.732 and 2 for PCFs with
elliptical holes arranged at  = 0 and /2

From the above analyses, we know that the difference in
two orthogonal directions reaches the maximum value when
the major axes of elliptical holes are parallel, and in this case,
we also find that BFSM increases with squeeze ratio reducing
when elliptical-hole shape is kept the same. Therefore, a novel
Hi-Bi microstructured optical fiber (MOF) using flat ellipti-
cal holes as fiber cladding is proposed. Its schematic dia-
gram of cross section is shown as Fig.6, where the cladding
of MOF is composed of two kinds of tightly flat elliptical air
holes. Eight larger elliptical holes are arranged along verti-
cal direction, and two small elliptical holes are horizontally
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placed around the fiber core. This MOF is characterized by
the following parameters. For larger air holes, holes space is
Ëy, the lengths of major axis and the minor axis are L and S,
respectively, ellipticity is L/S=14, and L=13Ëy. For two small
elliptical air holes, holes space is Ëx=8Ëy, the lengths of ma-
jor axis and the minor axis are L’ and S’, respectively, ellip-
ticity is L/S=10, and L’=5Ëy. The solid fiber core is defined by Ë =
3Ëy. The squeezed ratio can be considered as H=Ëy / L=1/13.

Fig.6 Cross section of the flat elliptical-hole microstruc-
tured optical fiber

Fig.7 shows the modal birefringence of the two orthogo-
nally polarized fundamental modes HEx

11 and HEy
11, respec-

tively. The maximum B of 0.086 is achieved at ë/Ë=1.17. The
intensity distributions of the two orthogonally polarized fun-
damental modes are plotted in Fig.8, and they are confined
well in the fiber core. Moreover, it is confirmed that the con-
finement loss can be reduced significantly by adding more
air holes around the highly flat elliptical holes, and the modal
birefringence can be increased further using smaller Ëy based
on this kind of flat elliptical-hole MOFs.

Fig.7 Modal birefringence and effective index of the two
orthogonally polarized fundamental modes of HEx

11 and
HEy

11, respectively

Fig.8 Intensity distributions of the two orthogonally po-
larized fundamental modes for / =1.17

In this paper, the dependence of birefringence on the ori-
entation of the elliptical holes in triangular-lattice elliptical-
hole PCFs is investigated numerically, and a resonant en-
hancement of birefringence is observed. For PCFs with el-
liptical-hole cladding, the birefringence varies periodically
for the enhancement or counteraction effect between the
anisotropic lattice arrangement and orientation of elliptical
holes in some directions. When the major axes of adjacent
elliptical holes are parallel, birefringence of fiber cladding
approaches the maximum. Moreover, the larger the ellipti-
city and air-filling ratio are, the larger the birefringence is.
Finally, we propose a novel MOF with highly flat elliptical-
hole cladding, and the modal birefringence of 0.086 is
realized. However, we believe that the modal birefringence
could be enhanced further based on our analysis.
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