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Abstract—The effect of core infiltration in the birefringence of
Photonic Crystal Fiber (PCF) is investigated. An elliptical soft
glass rod infiltration is introduced in the core region of the fiber
as it provides greater refractive index contrast between the core
and the cladding. This modification also creates asymmetry in
the core of the fiber which results in a resilient birefringence.
Four structures (Hexagonal, Octagonal, Decagonal and Elliptical)
are investigated and a comparative study is made to observe the
change in birefringence due to the infiltration. It is observed that,
by introducing this infiltration the birefringence is improved up
to the order of 10", The birefringence is increased 4.82 x 10°
times in the hexagonal PCF, 5.38 x 10° times in octagonal
PCF, 546 times in decagonal PCF and about 8 times in the
elliptical PCF at operating wavelength due to the core infiltration.
The numerical investigation of the structure is conducted using
full vector finite element method. The fabrication imperfection
possibility is considered by analyzing +2% tolerance in fiber
dimension.

Index Terms—Photonic crystal fiber; Core infiltration; Bire-
fringence; Refractive index contrast; Full vector finite element
method;

I. INTRODUCTION

Photonic Crystal Fiber, aims to address the challenge of
higher channel capacity with increased data rate [1], has
developed into being a well established area of research and
commercialization. The main reason behind its growth is its
ability to provide extra degrees of freedom in manipulating the
optical properties of fiber such as high birefringence [2], ultra
flattened dispersion [3], high nonlinearity [4], low confinement
loss [5], endlessly single mode [6]. This is achieved by
adjusting its structural parameters like pitch (A), air hole
diameter (d) and shape, air filling ratio (d/A). This control over
the optical properties of the fiber allows it to use in a wide
range of application [7] instead of being limited to optical
communication. One of the major fields of application is its
uses as polarization maintaining fiber.

Polarization maintaining (PM) fibers play a very impor-
tant role in high bit-rate optical transmission [8], fiber optic
sensing [9], interferometry [10] and quantum key distribution
systems [11]. It is also used in telecommunications for the
connection between a source laser and a modulator [12].
Recently, PANDA (Polarization Maintaining and Absorption
Reducing Fibers) [13], bow-tie [14] and elliptical jacket fibers
[15] are used for polarization maintaining applications. These
fibers operate by applying stress in the core region. Their
modal birefringence is due to stress in the core region is up
to 5 x 107% [16]. These stresses impose unpredictable and
uncontrolled birefringence on the fiber [17]. On the other
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hand, a controllable birefringence can be obtained by using
polarization maintaining photonic crystal fibers [18].

To improve this highly growing technology, researchers are
now introducing newer concepts in the design of photonic
crystal fibers like creating various defects in the core or
cladding , use of liquid or gaseous materials and materials with
greater refractive index or lower refractive index than silica
in the core or cladding respectively. In this article, we have
modified the typical photonic crystal fibers with an elliptical
soft glass rod in the core region. The material of this elliptical
glad rod is selected as SF57 as it has greater refractive index
than silica which provides a greater index contrast between the
core and the cladding resulting in asymmetry in the core and
cladding and thus the birefringence is increased significantly.

II. DESIGN AND THEORY

An elliptical soft glass (SF57) rod is proposed in the core
of four typical structures of PCF with circular air holes in the
cladding. The cladding assembles multiple air hole rings. The
background material is fused silica. For hexagonal structured
PCF, the air hole diameters of 15¢, 274, 374 4t" 5th rings are
giVCIl as, d1=d2=d3=d4=d5=0.5 um Where, dl, dg, d3, d4, d5
are the diameter of 1%¢, 274, 37 4h 5" ring respectively.
The pitch, A of the structure is 1 pm and the air filling ratio,
d/A is 0.5. The major and minor axis of the elliptical glass rod
is 0.8 pum and 0.2 pm respectively. For octagonal structured
PCF, the air hole diameters of 1%¢, 274, 374 4th 5th ringg
are given as, di=do=d3=d4=d5=0.665 pm. The pitch, A of
the structure is 0.95 pm and the air filling ratio, d/A is 0.7.
The major and minor axis of the elliptical glass rod is 0.6 um
and 0.2 pm respectively. For decagonal structured PCF, the
air hole diameters of 1%¢, 27¢, 37 4th 5th rings are given
as, di=dso=d3=d4=d5=0.5 pm. The pitch, A of the structure
is 1 um and the air filling ratio, d/A is 0.5. The major and
minor axis of the elliptical glass rod is 0.9 ym and 0.2 pym
respectively. For elliptical PCF, the air hole diameters of 15¢,
ond 3rd_gth 5th gth rings are given as, d,=0.28 um, d2=0.30
um, dz=0.32 ym, dy=0.34 pym, dg=0.36 um, dg=0.4 pwm. The
major axis of the glass rod is 0.8 pm and minor axis is 0.2
pm. In all four cases the central elliptical portion of the core
is filled with SF57 glass rod. Since SF57 has higher refractive
index than silica, this modification improvises the performance
of the fiber by creating asymmetry which leads to an ultra high
birefringence. It also enhances the overall field confinement.
Fig. 1 represents the cross sectional view of the investigated
structures.

The full vector finite element method with perfectly matched
layer is used to solve Maxwell’s equation. The refractive index
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Fig. 1: Cross sectional view of (a) hexagonal PCF (b) octagonal PCF, (c) decagonal PCF, (d) elliptical PCF with proposed infiltration where,

d1, da, ds, d4, ds, dg are air hole diameters.

of the material is investigated over wavelength range from 1.3
pm to 1.7 um covering E, S, C, L, U bands. The wavelength
dependent refractive index of background material silica [19]
and infiltration SF57 found by Sellmeier equation is included
in simulation. The equation is given in (1)
9 B;\?
nW_HZi:(/\LCi) (1)

Here, n = refractive index; A = wavelength; B; (i=1,2,3) and C;
(i=1,2,3) are Sellmeier coefficients for specific material. Solv-
ing the eigenvalue problem by simulation, effective refractive
index n.s; and effective area A,y are obtained. Birefringence
is obtained from the difference between effective refractive
index of both x and y mode using (2)

B = |nefre — negfyl 2)

Here, nesr, and neyyp, are the effective refractive index for
x-mode and y-mode respectively.

The single modeness of the fiber is verified by using Vs
parameter. The parameter is calculated by (3)

(kx Ax+/(A.F)) 5 2

Vv@ff = Y X (neff - nair) (3)

Where, K=27’T; A=Wavelength; A=pitch; A.F=Air filling ratio;
nesr=Real part of effective refractive index; n;.= Refractive
index of air.

It is known that, the fiber is considered as single mode
if the value of Vs is lesser than 2.40 [20]. In this paper,
the proposed four structures satisfy this condition so they are
considered as single mode fiber. The calculated value of Vs
over the wavelength 1.3 pum to 1.7 um is plotted in the Fig.
2
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Fig. 2: V-parameter versus wavelength of the proposed structures
with infiltration.
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Fig. 3: FEM mesh and boundary condition of (a) hexagonal infiltrated core PCF, (b) octagonal infiltrated core PCF, (c) decagonal infiltrated

core PCF, (d) elliptical infiltrated core PCF.

III. RESULTS AND DISCUSSION

The simulation is performed using COMSOL Multiphysics.
The fibers are divided into 53570 triangular elements with
401505 degree of freedom. Fig. 3 shows the corresponding
mesh formation of the simulation.

Investigations were performed on some structures of PCF.
Analysis shows that these structures exerts poor optical prop-
erties and are not suitable for any practical application. It is
found that, if an elliptical soft glass rod of higher refractive
index than silica is inserted in the core region of the fiber,
due to increase of index contrast, light is propagated in a
more confined way through the core. Besides it also introduces
an asymmetry which leads to a higher birefringence. This
enhances the polarization maintenance capability of the fiber
so the fiber can be used in various polarization maintaining
applications. The effect of this core infiltration on birefrin-
gence of different structures of photonic crystal fiber has been
discussed here.

Electric and magnetic fields are distributed in the x-y plane
and the wave propagates in the z direction. Electric field vector
distribution of the two fundamental modes is transversely
related. The difference of effective refractive index between
two fundamental modes is defined as birefingence.

Fig. 4, Fig. 5, Fig. 6, Fig. 7 show the change of birefringence
with wavelength of the investigated structures and the modified
structures. It can be shown from the figures that birefringence
increases gradually when the wavelength increases from 1.3
pm to 1.7 pum as the modal effective area increases with
increasing wavelength. By investigating Fig. 4a, Fig. Sa, Fig.
6a, Fig. 7a it can be observed that the structures without the
infiltration exert very low value of birefringence.

On the other hand, when infiltration is added, the value
of birefringence is increased considerably since electric field
distribution is dominated highly due to addition of the slot
effect as shown in the Fig. 4b, Fig. 5b, Fig. 6b, Fig. 7b.

Birefringence of the hexagonal structured PCF with and
without infiltration is shown in Fig. 4. At operating wave-
length, 1.55 pm, birefringence of the structure without infil-
tration is found to be 5.517 x 10~® and that of with infiltration
is 2.67 x 107! which is about 4.82 x 107% times greater
than before. Birefringence of the octagonal structured PCF
with and without infiltration is shown in Fig. 5. At operating
wavelength, 1.55 pm, birefringence of the structure without
infiltration is found to be 7.779 x 10~ and that of with infil-
tration is 4.0185 x 102 which is about 537987 times greater
than before. Birefringence of the decagonal structured PCF
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Fig. 4: Wavelength response of birefringence with +2%
variation of hexagonal PCF (a) without infiltration, (b) with
infiltration.

with and without infiltration is shown in Fig. 6. At operating
wavelength birefringence of the fiber without infiltration is
found to be 9.16 x 10~° and that of with infiltration is 5 x 1072
which is about 546 times greater than before. Birefringence of
the elliptical PCF with and without infiltration is shown in Fig.
7. At operating wavelength the value of birefringence without
infiltration is reported 6.828 x 103 and that of with infiltration
is 5.244 x 10~2 which is about 8 times greater than before.
It can be observed from these figures that the introduction of
infiltration in the core region highly improve the birefringence.
Since +1% variation may occur while fabrication [21], £2%
tolerance has been taken under consideration for the fibers.
Table I summarizes the birefringence of the four investigated
structures before and after adding the proposed modification.
The comparison table clearly shows that the insertion of
elliptical glass rod of the material SF-57 in the core region
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Fig. 5: Wavelength response of birefringence with +2%
variation of octagonal PCF (a) without infiltration, (b) with

infiltration.
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Fig. 6: Wavelength response of birefringence with +2%
variation of decagonal PCF (a) without infiltration, (b) with

infiltration.
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Fig. 7: Wavelength response of birefringence with +2%
variation of elliptical PCF (a) without infiltration, (b) with

infiltration.

increases all the birefringence significantly.

Fabrication is a challenging issue when we are designing a
PCF. PCF is fabricated using stack and draw process. Preform
is made by stacking silica capillaries and a silica rod into a
silica jacketing tube [22]. The preform is then drawn into fiber.
Recently, significant development of the fabrication process
permits fabrication of various complex structures [23] with
reduced air hole diameter up to 110 nm [24]. Since smallest

TABLE I: Comparison of birefringence of different photonic
crystal fiber without and with infiltration

Birefringence
Structure Without With Increment
Infiltration Infiltration factor
hexagonal 5.517 x 10~8 2.67 x 10~1 4.82 x 108
Octagonal 7.779 x 1078 | 4.0185 x 102 5.38 x 10°
Decagonal 9.16 x 10~° 5x 1072 546
Elliptical 6.828 x 10~3 5.244 x 10~2 8

TABLE II: Comparison of birefringence of different reported
photonic crystal fiber and that of proposed ones

Structures Characteristics | Birefringence Comparison

Reported [27] 1.168 x 102 23 times

Hexagonal — .
Proposed 2.67 x 10 higher
Reported [28] 2.04 x 1072 2 times

Octagonal — .
Proposed 4.0185 x 10 higher

—2 .
Decagonal Reported [29] 1.02 x 192 5 .t1mes
Proposed 5% 10 higher

—2 .
elliptical Reported [30] 10 ; 5 'tlmes
Proposed 5.244 x 10~ higher




diameter used in the proposed design is 280 nm, this structure
can be easily fabricated.

Here SF57 glass is used in the core. A number of works on
the fabrication of a single mode SF57 glass fiber were reported
in the early 2000 [25], [26]. So it is totally feasible to fabricate
the proposed SF57 infiltrated fiber.

Adding this modification in the core not only improves
the birefringence of the investigated fiber but also provides a
higher value than any other reported structure. A comparative
study has been made in Table II with the birefringence reported
in very recent structures with that of proposed ones. The table
helps to conclude that a multiple times higher birefringence
can be ensured with this modification than the current reported
configurations. Not only this, the configuration required to
obtain such high value is comparatively much simpler than
those of reported structures in [27], [28], [29], [30].

All the values in the table are considered at operating
wavelength of 1550 nm.

IV. CONCLUSION

The effect of elliptical glass rod in the core region of a
photonic crystal fiber on birefringence has been demonstrated.
Four basic structures have been investigated by adding this
modification which increases the birefringence of the fiber
considerably. This investigation led to the conclusion that the
birefringence of any fiber can be improved for any polarization
maintaining application. This insertion enhances the polariza-
tion property of the fiber by creating a greater difference
between the two fundamental modes thus birefringence is
increased notably. The birefringence can be improved upto
the order of 1071
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