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A kind of improved high birefringence photonic crystal fibre (PCF) is proposed in this paper. The characteristics

of birefringence, dispersion and leakage loss are studied by the multipole method. Numerical results show that the

improved PCF possesses the properties of a flat dispersion and single mode operation. Moreover, with the operating

wavelength λ = 1.55 µm, the modal birefringence increases greatly in comparison with that of the original PCF, and the

leakage loss is about 104 times smaller than that of the original PCF because the modification gives rise to the strong

confinement of guided modes. It is expected that the improved PCF can be used as high birefringence and dispersion

flattened fibres.
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1. Introduction

Optical fibres with silica-air microstructures,
called photonic crystal fibre (PCF),[1,2] have at-
tracted a considerable amount of attention in re-
cent years,[3−7] because of their unique proper-
ties that are not realized in conventional opti-
cal fibres. The PCF possesses numerous unusual
properties such as high nonlinearities,[8,9] high
birefringence and polarization-maintaining,[10−12]

large effective mode area,[13,14] singular disper-
sion characteristics,[15,16] surface-enhanced Raman
effect,[17] and so forth.[18−23] High-performance-
polarization-maintaining fibres have an extremely
wide range of applications in high-speed optical com-
munication systems, polarization-maintaining of pho-
tonic devices, couplers, polarization-maintaining of
fibre gyroscope, fibre optic ring and so on. The PCF
with a flat dispersion profile, which is essential for
wavelength division multiplexing (WDM) systems[24]

and supercontinuum (SC) generations,[25] has at-
tracted lots of interests. Many designs have been
proposed to achieve broadband flattened dispersion in
PCF.[26−28]

In this paper, we propose a kind of improved
high birefringence PCF, using the multipole method
to study optical properties. Numerical results show
that the improved PCF has three crucial properties
such as high birefringence, flat dispersion and sin-
gle mode operation. Furthermore, the leakage loss is
about 104 times smaller than that of the original PCF.

2. Theory and modeling

Multipole method is a simulation method which
is based on the principle of electromagnetic scatter-
ing properties for PCF. The method was first pro-
posed by White et al.[29] and Kuhlmey et al.[30] for the
simulation of PCF. The multipole method expresses
the electric field components and the magnetic field
components in cylindrical coordinate system each as
a Bessel function, using boundary conditions to solve
the Helmholtz equation. It is suitable for analysing
the PCF with circular holes. Another advantage of
multipole method is that the output propagation con-
stant is a function of input angular frequency and it
can take into account the material dispersion.
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The multipole method can expand the mode field
into the form of Bessel function, in the interior of sec-
tion l air hole, the longitudinal electric field in polar
coordinates can be expanded into

Ez =
∞∑

m=−∞
a(l)

m Jm

(
ki
⊥rl

)
exp(imφl) exp(iβz). (1)

In the adjacent medium of the section l air hole, the
longitudinal electric field can be expressed as

Ez =
∞∑

m=−∞

[
b(l)
m Jm (ke

⊥rl) + c(l)
m H1

m (ke
⊥rl)

]

× exp(imφl) exp(iβz), (2)

where ki
⊥ = (k2

0n
2
i − β2)1/2, ke

⊥ = (k2
0n

2
e − β2)1/2, the

refractive index of air ni= 1, ne is the refractive index
of silica, k0 = 2π/λ is the wave number of free space,
and β is the modal propagation constant. Magnetic
field component Hz may be expressed as the expres-
sion similar to the above expression. We can obtain
the expressions of a

(l)
m , b

(l)
m and c

(l)
m by the electro-

magnetic field boundary conditions and further ob-
tain the modal effective refractive index neff through
β = neffk0.

Figure 1 shows the structures and fundamental
mode field distributions of the original and improved
PCF, where the hole-pitch Λ = 1.4 µm and the air
hole diameter d = 0.45 µm. Original PCF is a kind
of birefringence PCF. The purpose of this paper is to
improve the original PCF so as to obtain a more opti-
mized property. The improved approach is that with
keeping the air hole spacing and the hole diameter of
the original PCF unchanged, an extra air hole is in-
serted between the two certain adjacent air holes. The
PCF obtained using this method is called improved
PCF.

The mode field distribution corresponds to the
fundamental mode when the incident light at the op-
erating wavelength λ = 1.55 µm propagates in the
PCF. In order to optimize the birefringence, disper-
sion and leakage loss of original PCF, the structure
of the improved PCF is proposed in Fig. 1(b). The
structure of the original PCF in which three neigh-
bouring air holes are removed from the core is shown
in Fig. 1(a). On the one hand, the improved PCF
makes the distance between air holes shorter and op-
timizes the dispersion properties. On the other hand,
compared with the original PCF, the index contrast
between core and cladding of the improved PCF turns
higher, thereby achieving the higher birefringence. In
addition, it can be seen clearly that the mode confine-
ment of the improved PCF is stronger than that of

the original PCF, which can give rise to higher bire-
fringence and lower leakage loss.

Fig. 1. Cross-sectional structures and fundamental mode

field distributions of (a) original PCF and (b) improved

PCF.

3. Optical properties of improved

PCF

The modal birefringence, chromatic dispersion
and leakage loss can be determined according to the
following formulations:

B = |Re(ny
eff)− Re(nx

eff)| , (3)

D = −λ

c

∂2 |Re(neff)|
∂λ2

, (4)

L =
20

ln 10
2π

λ
Im (neff)× 106, (5)

where nx
eff and ny

eff are the effective refractive indices
of fundamental mode in x and y polarization modes,
respectively, Re denotes the real part, λ and c are the
wavelength and the velocity of light in a vacuum, re-
spectively, Im denotes the imaginary part.
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Figure 2 shows the modal birefringences, disper-
sions and leakage losses of the original and improved
PCF, where Λ = 1.4 µm and d = 0.45 µm. By
modifying the original PCF, the modal birefringence
achieves a greater increase than that of original PCF
and the dispersion curve presents a flat dispersion
property in the band of wavelength division multiplex-
ing (WDM) of optical communications (from 1.260 µm
to 1.675 µm). In order to demonstrate the enhance-
ment of mode confinement in the improved PCF, the
leakage losses of the original and the improved PCF
are calculated separately. From Fig. 2(c) the leakage
loss of the improved PCF is significantly reduced from
2.32×103 dB/m to 0.194 dB/m at 1.55 µm compared
with that of the original PCF.

Fig. 2. (a) Birefringences, (b) dispersions and (c) leakage

losses of the original and improved PCF.

It is comprehensible that the improved PCF
shows properties of higher birefringence and flatter
dispersion than those of the original PCF. For the
improved PCF, the special structure leads to the light
field restricted in the core areas, thereby enhancing the
impaction of the clad air holes to light field. Therefore,
the birefringence of improved PCF increases. The spe-
cial structure of the improved PCF is required not only
to control the high birefringence and obtain a flat dis-
persion, but also to increase the index contrast with
maintaining the single mode operation. The advan-
tage of the improved PCF is that it possesses all the
three crucial properties of optical fibre such as high
birefringence, flat dispersion and single mode opera-
tion.

Fig. 3. Birefringences of (a) improved PCF by varying

d/Λ from 0.2 to 0.45 when Λ = 1.4 µm and (b) varying Λ

from 1.0 µm to 2.0 µm when d = 0.45 µm.

We also investigate the effects of geometric pa-
rameters air-filling fraction d/Λ and Λ on the birefrin-
gence and dispersion for the improved PCF, where op-
erating wavelength λ = 1.55 µm. Figure 3(a) shows
the birefringence value by varying d/Λ from 0.2 to
0.45 when Λ = 1.4 µm. The birefringence increases
with the increase of d/Λ. Figure 3(b) shows the bire-
fringence value by varying Λ from 1.0 µm to 2.0 µm
when d = 0.45 µm. The birefringence decreases with
the increase of Λ. Therefore, in order to obtain higher
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birefringence, we should increase d/Λ or decrease Λ
with keeping d/Λ unchanged. Figure 4(a) shows the
dispersion of the improved PCF by varying d/Λ from
0.2 to 0.45 when Λ = 1.4 µm. The dispersion value
increases with the increase of d/Λ for a certain wave-
length and it presents a flat dispersion property in the
band of the WDM of optical communications. Figure

4(b) shows the dispersion of the improved PCF by
varying Λ from 1.0 µm to 2.0 µm when d = 0.45 µm.
The dispersion value increases with the increase of Λ
before λ = 1.66 µm and decreases with the increase of
Λ after Λ = 1.66 µm. Moreover, with the increase of
d/Λ, the wavelength of the zero-dispersion wavelength
(ZDW) shifts toward the short wave band.

Fig. 4. Dispersions of (a) improved PCF by varying d/Λ from 0.2 to 0.45 when Λ = 1.4 µm and (b) by varying

Λ from 1.0 µm to 2.0 µm when d = 0.45 µm.

4. Conclusion

A kind of improved high birefringence PCF with dispersion flattened and single mode operation has been
proposed in this paper. For the improved PCF, it is found that with Λ = 1.4 µm and d = 0.45 µm, the dispersion
curve presents a flat dispersion property in the band of the WDM of optical communications. Besides, the modal
birefringence increases greatly and the leakage loss is about 104 times smaller than that of original PCF. The
special structure of the improved PCF is required not only to control the high birefringence and obtain a flat
dispersion, but also to increase the index contrast with maintaining the single mode operation. Therefore, the
properties of high birefringence, flat dispersion and single mode operation are combined in the improved PCF
perfectly.
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