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Abstract—The optical properties of birefringent Bragg fiber with a
fiber core of 2-dimension (2D) elliptical-hole photonic crystal structure
has been studied. Elliptical air holes are introduced into the fiber
core to form a normal 2D photonic crystal structure with a hole pitch
(center-to-center distance between the air holes) much smaller than the
operation wavelength of the Bragg fiber. The elliptical-hole photonic
crystal structure acts as an anisotropic medium with different effective
indices for transmission light of different polarization, which inevitably
results in high birefringence (up to the order of magnitude of 0.01) of
the Bragg fiber. The proposed Bragg fiber possesses different band-
gaps for differently polarized mode. Besides the periodic alternating
layers of high/low refractive indices, the bandwidth of the band-gap is
also dependent on the effective index of the fiber core, which can be
controlled by the area of the elliptical air holes.

Corresponding author: J.-J. Wu (jjwu@chu.edu.tw).



88 Wu et al.

1. INTRODUCTION

Photonic crystal fibers (PCFs) [1-4] which also include Bragg
fibers [5-8] have attracted increasing interest over the past decade
because of their unique property, such as high birefringence, high
nonlinearity, endless single-mode operation, single-polarization single-
mode operation, and tailorable chromatic dispersion. Highly
birefringent PCFs are one kind of extremely important PCFs which
have promising applications in e.g., fiber sensors [9], fiber lasers [10, 11],
and fiber filters [12]. So far, various highly birefringent PCFs have
been proposed [13-17]. Meanwhile, Bragg fibers have recently received
much attention for their interesting dispersion and modal properties
and for advances in fabrication techniques [18]. However, so far there
is no report about birefringent Bragg fibers. As the birefringent Bragg
fiber is based on band gap effect; it will be more suitable for bending
operation with lower loss. Thus, a combination of Bragg fiber with
birefringence is a good trying for the design of novel fibers.

In this paper, we propose a highly birefringent Bragg fiber
with a fiber core of 2-dimension elliptical-hole photonic crystal (2D-
EH-PhC) structure surrounded by a multilayer cladding with the
suitable designed alternating layers of high /low refractive indices. High
birefringence (up to the order of magnitude of 0.01) has been achieved
and other characteristics of the proposed Bragg fiber have also been
investigated.

Toon

Figure 1. Cross section of the proposed Bragg fiber.
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2. SIMULATION RESULTS AND ANALYSIS

Figure 1 shows a quarter of the cross section of the proposed Bragg
fiber with a fiber core of 2D-EH-PhC structure. In the fiber core, the
hole pitch I' (the center-to-center distance between the two adjacent
air holes) is 200nm, which is much smaller than the operating
wavelength of the Bragg fibers in this paper. The elliptical air holes
are characterized by the normalized area S = mab/T'? and ellipticity
n = b/a, where a,b are the radius in x and y directions, respectively.
The fiber core is encompassed by fifty periodic structures of alternating
layers of high and low refractive indices in the fiber cladding. The
thickness of the periodic structure formed by one high and one low
refractive index layer is A = 387.5nm. In this paper, we choose
high/low refractive index of 4.6/1.6, with thicknesses of d; = 0.2176A
and dg = 0.7824A (forming a quarter wavelength waveguide stack for
the wavelength within the optical fiber communication window) [19].
The refractive index of the fiber core is set to be 1.45 (considering
the silica materials). A full-vector finite-element method (FEM) and
anisotropic perfectly matched layers [20] are employed to simulate the
guided modes of the proposed Bragg fibers. The calculated results are
expressed in terms of the normalized frequency v = A/\, where A is
the operation wavelength in free space. The phase-index birefringence
(PIB) is defined as [21]

An =ny —ng (1)

where n; (i = x,y) is the phase modal index.

To understand the characteristics of the Bragg fiber, band
structure of the planar dielectric mirror which consists of suitable
designed alternating layers of high and low refractive indices with
the same parameters as those of the periodic structures of the Bragg
fiber mentioned above is shown in Fig. 2. The surface-parallel wave-
vector component 3 and the frequency w are expressed in the unit
of 2e/A and 27 /A, respectively. The heavy gray regions correspond
to the situations where light can propagate in the planar dielectric
mirror. Hence, for the Bragg fiber with a fiber cladding of the periodic
structures, guided modes appear in the white regions in Fig. 2 which
are so called bang gap regions. The dashed curve represents the light
line (w = ¢3). The solid curve and red dotted curve in Fig. 2 show the
dispersion characteristics of z- and y-polarized modes for the Bragg
fiber with 15 periodic two-layer structures and a fiber core of 2D-EH-
PhC structure, respectively. The gap between the two curves indicates
the high birefringence of the proposed Bragg fiber.

It is well known that the Bragg fiber with a hollow fiber core
(or filled with uniform media) will not be birefringent because of the
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Figure 2. Band structure of the planar dielectric mirror and disperion
property for y-polarized (dotted curve) and x-polarized (solid curve)
modes of the Bragg fiber.
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Figure 3. (a) Effective index of the 2D-EH-PhC structure for the
y-polarized (solid curve) and z-polarized (dotted curve) light waves
(propagating in the z direction). (b) Effective index difference of the
2D-EH-PhC for the y-polarized and x-polarized light waves. Insets of
(a) shows the cross section of the array of elliptical-hole in fused silica.

symmetry. The fiber core of 2D-EH-PhC structure results in the high
birefringence. To understand the birefringence induced by elliptical
air holes in the fiber, the effective indices of the 2D-EH-PhC material
should be investigated carefully. The parameters of the 2D-EH-PhC
structure considered here are n = 2 and S = 0.2, as illustrated in the
inset of Fig. 3(a). The refractive index of the fused silica is set to
be 1.45. A plane-wave expansion method [22] is used to calculate the
effective indices for the wave propagation along the z direction in the
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photonic crystal material, and the results are shown as a function of
the normalized frequency v = A/X in Fig. 3(a), where the solid and
dotted curves represent the effective indices for the y- and z-polarized
light waves, respectively. Large difference between the effective indices
for differently polarized light waves is observed. Inset of Fig. 3(a)
shows the cross section of the array of elliptical-hole in fused silica.
Fig. 3(b) shows the index differences when the normalized areas of
the elliptical air holes are 0.1 (short dashed curve), 0.2 (solid curve)
and 0.3 (dotted curve), respectively. For the photonic crystal material
with a normalized area of 0.2, the birefringence reaches its maximum
of about 0.0277 as the normalized frequency approaches zero (namely,
A tends to zero for a given wavelength). This indicates the photonic
crystal material can act as an (dispersive) anisotropic medium.

A full-vector finite-element method is employed to analyze the
whole guided wave structure. Figure 4(a) shows the birefringence
of the proposed Bragg fibers when the ellipticity of the elliptical air
holes is 2 and the normalized areas of the elliptical air holes are 0.1
(dashed curve), 0.2 (dotted curve) and 0.3 (solid curve), respectively.
Fig. 4(b) shows the birefringence of the proposed Bragg fibers when
the normalized area of the elliptical air holes is 0.3 and the ellipticities
of the elliptical air holes are 1.5 (dashed curve), 2 (solid curve) and
3 (dotted curve), respectively. Note that the different lengths of the
curves in Fig. 4 are due to the fact that different Bragg fibers have
different band gap regions. To illustrate the typical field patterns of
the modes guided in such Bragger fibers, the major components of the
electric fields of the z- and y-polarized modes at A = 1.5 wum are plotted
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Figure 4. (a) Birefringence of the Bragg fibers when the normalized
areas are 0.1 (dashed), 0.2 (dotted) and 0.3 (solid), respectively. (b)
Birefringence of the Bragg fibers when the ellipticities are 1.5 (dashed),
2 (solid) and 3 (dotted), respectively.
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in Figs. 5(a) and 5(b), respectively, where the normalized area of the
elliptical holes is .S = 0.3 and the ellipticity n = 2.

We also study the confinement loss of the proposed Bragg fibers.
Confinement loss can be deduced from the value (imaginary part) of
the complex effective index by the expression [16],

407
Wlm(neﬁ) (2)

where, n.g is the complex effective index. Fig. 6 shows the
confinement loss of the proposed highly birefringent Bragg fibers when
the normalized area of the elliptical air hole 0.1 (dotted curve for y-
polarized mode and dased curve for z-polarized mode) and 0.2 (solid
curve for z-polarized mode), respectively. The different effective index
of the fiber core for x/y-polarized light wave results in different loss
spectra. Fig. 6 shows the loss for the z-polarized light wave is much
higher than that for the y-polazied light wave which results in different
band gaps for the Bragg fiber with 2D-EH-PhC structure for z/y-
polarized light wave. In addition, when the normalized area of the
elliptical air holes increases, the effective index of the fiber core media
decreases resulting in lower loss of the Bragg fiber. We have also noted
that there are some resonance peaks for the loss curve, which may be
due to the optical scattering [23] of the air holes in the fiber core but
need to be further investigated.

(a) (b)

Figure 5. Modal profile of the major component of the electric field
of the fundamental mode at A = 1.5 um for the normalized elliptical-
hole area 0.3 and ellipticity 3. (a) X-polarized mode, (b) Y-polarized
mode.
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Figure 6. Loss of the Bragg fibers. Dotted and dashed lines represent
the results for the y- and x-polarized modes, respectively, when the
normalized elliptical-hole area is 0.1. Solid line is the results for the
z-polarized mode when the normalized elliptical hole area is 0.2.

3. CONCLUSION

In conclusion, 2D-EH-PhC structure with a hole pitch much smaller
than the operation wavelength is investigated and introduced in the
fiber core of the Bragg fiber. High birefringence (up to the order
of 0.01) of the Bragg fiber has been achieved since the 2D-EH-PhC
structure can act as an anisotropic medium with different effective
indices for transmission light of different polarization. Birefringence
property of the proposed Bragg fiber has been fully investigated for
differently normalized areas or ellipticities of the elliptical air holes in
the fiber core. We have also shown the interesting loss characteristics
of the proposed Bragg fibers.
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