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Abstract

Photonic crystal fiber coupler (PCFC) is one of the remarkable devices that contribute a key responsibility in passive optical networks and
enormous optical systems. This paper presents a dual-core liquid filled PCFC with rectangular and hexagonal geometry for analyzing
different guiding properties from 1200 to 1800 nm wavelength range by finite difference time domain (FDTD) method with transparent
boundary condition (TBC). In the proposed design, the background material (Silica and BK7) and the liquid (water, chloroform, benzene) in
the dual-core are varied. Results imply very small confinement loss with low coupling length for wide wavelength range. At 1.55 um
wavelength, hexagonal PCFC (Silica) shows 0.00025, 0.00051, and 0.00095 m coupling length for water, chloroform, and benzene infiltrated
dual-core, respectively. As well, the confinement loss of 1.655x 1078, 0.84x 1078, and 0.739x 108 dB/km and the birefringence of
3.08 x 10*4, 1.48x 10*4, and 0.801 x 10~* are obtained in water, chloroform, and benzene filled dual-core, correspondingly. Furthermore, at
1.55 um wavelength benzene exhibits the maximum polarization-insensitivity for the both the PCFC structures. In addition, the proposed

PCFCs demonstrate high coupling coefficient with ultra flattered dispersion for broad wavelength range.
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1. Introduction

Photonic crystal fiber (PCF) is a special class of optical fiber that
has a great impact on communication field with high-speed data
transmission [1,2]. It is well known that telecommunication window
(approximately 1.55 um) is the key area in optical communication,
dispersion compensation fiber (DCF) and nonlinear optics. This
is due to the minimum transmission loss of the fiber in this area
[3-5]. PCFs have explored novel traditions to control the light due
to its new guiding characteristics like splitters, twin-core couplers,
de-multiplexers, and ring-laser cavities [6-9]. Moreover, it has
different potential applications [10]. PCFs based on pure Silica show
amazing modal characteristics like single mode operation at a small
operating wavelength, remain single mode for large-scale fibers,
achieve high birefringence, and convenient dispersion characteristics
which cannot be achieved with conservative optical fibers [11-13].

Nowadays, PCFs have exhibited a broad range of important optical
properties which was not possible to attain by traditional fiber tech-
nology [2]. A conventional PCF having Silica core with numerous
air-holes arranged periodically in cladding region shows high non
linearity [9]. In conventional optical fiber, light propagates through
it using total internal reflection (TIR) concept and the core material
has larger refractive index than the cladding material to create the
situation of TIR. However, this is not the scenario for the propagation
of light in PCFs [7]. The cladding region is changed by creating
micro-structures to prevent light not to propagate there. The effective
refractive index is an important property for PCF which has related
to the calculation of different parameters of optical communication.
This index is varied with the wavelength of light in PCF and this vari-

ation is important for defining optical properties such as dispersion,
confinement loss, coupling length, birefringence etc. [14].

The dominant wavelength reliance on the refractive index and nat-
urally great design suppleness of the PCFs have a great effect with
inventive properties [11]. Also, the variation of PCFs structure show
significant effect on the optical properties. In addition, within a fixed
wavelength range the effective refractive index is changed [15-17].
By changing its internal structure of PCFs, the confinement loss,
coupling length, coupling coefficient, and birefringence can be re-
engineered [17]. PCF couplers (PCFCs) support a lot of stimulating
light-guiding features when compared to the traditional optical fiber
coupler [18]. Different internal structural parameters like air hole
diameter, lattice pitch, inter-core separation, and radius have shown
significant impact not only on the coupling length but also birefrin-
gence, confinement loss, and dispersion [19-21]. The propagating
evanescent mode of light is moved to the adjacent core in a dual-
core PCFC [22]. Dual-core PCFCs have numerous benefits further
than traditional optical couplers for example extra supple design
and smaller coupling length. Recently, a hexagonal lattice PCFC
presented coupling length of 0.0006, 0.0008, and 0.007 m respec-
tively for silica, chloroform, and benzene filled dual-core at 1.55 um
wavelength [18]. However, to reduce the coupling length the air-hole
diameter is optimized which introduces fabrication complexity and
also polarization effect that are not analyzed.

To optimize the PCFC guiding properties, the operating wavelength,
PCF geometry, and liquid in the dual-core is varied. As a result,
the effective refractive index varies accordingly. Thus, the coupling
length and coefficient, dispersion, birefringence, and confinement
loss is changed [18]. To understand the effect of changing the struc-
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Figure 1: Design layout of rectangular and hexagonal PCFCs (a) rectangular
PCFC, and (b) hexagonal PCFC.

ture parameters, background materials, and liquids through the core
region on the coupling length and others properties can be analyzed
and compared. As a result, better PCF coupler can be developed.
In this paper, the coupling length along with the birefringence and
confinement loss for liquid-filled PCFs are investigated. There are
small number of published papers which analyze the different optical
properties of different PCFC geometries by inserting liquid in the
dual-core [23]. Therefore, there is still scoping to design new struc-
ture of PCFC with different background materials individually and
analyze their light properties by inserting different types of liquid
through the core region. In the proposed design, four rings of rectan-
gular and hexagonal geometry PCFC are considered for analyzing
coupling length and coefficient, effective refractive index, propaga-
tion constant, confinement loss, dispersion, and birefringence from
1200 to 1800 nm wavelength range applying finite difference time
domain (FDTD) through transparent boundary condition (TBC).

2. PCF Coupler Design and Theory

In this report, a dual-core rectangular and hexagonal PCFC is pro-
posed. The desire of the proposed study is to get wide-band wave-
length dullness, polarization insensitive, and low confinement loss
which can be spliced through single-mode fiber in a small inserted
loss. Though the main goal is reducing the coupling length. Two
different materials like Silica (n = 1.46) and BK7 (n = 1.506) are
used as background material separately. Also, the core region is
filled with different liquids such as water (1.33), chloroform (1.445)
and benzene (1.501). The cross-section of the proposed dual-core
PCFCs are exposed in Figure. 1. The cores are recognized through
intentionally absent air-hole on the Silica or BK7 substrate. In the
proposed design, four rings of air-holes are used to form the cladding
with each air-hole diameter is taken d;=0.6 um. Moreover, the dis-
tance between two air-hole which is usually called lattice pitch is, A
=2.3 um. In addition, each hole diameter of dual-core, dc = 0.4 um
is considered where inter-core separation is 4.6 um (2A) . A point
source is used as a light source in the core which has wide-band
wavelength range. The rectangular and hexagonal PCFC optical field
confinement is observed in Figure. 2.

The optical field distribution and effective refractive index of the pro-
posed PCFCs are computed applying FDTD method. The cladding
layers are shaped with allocating the circular air-holes in a hexagonal
or rectangular lattice. After simulating these proposed PCFC models
the effective refractive index is obtained. The effective mode index
is calculated using the eigenvalue problem of Maxwell’s equation.
Moreover, effective refractive index is derived by solving Maxwell’s
vectorial equations [24]

V x ([s| 7'V x E) —ign*[s|E = 0 €))

where s and s~ ! are scattered and inversely scattered matrix accord-
ingly, ko is the free space wave number, A is wavelength, n is the
effective refractive index and E is electric field vector. The propa-
gation constant of an electromagnetic signal is the variation of the
amplitude spreads in a given direction. Therefore, the propagation

(a) (b)

Figure 2: Field confinement of rectangular and hexagonal PCFCs (a) rectan-
gular PCFC (x-polarization), (b) hexagonal PCFC (y-polarization).

constant of an electromagnetic wave is given by the equation [18]

2
B=nes 5 @)

where n, sy is the effective refractive index. The dispersion coeffi-
cient is calculated by [25]

A d?
== gaaelt 3)

where c is the speed of light. Also, confinement loss which is related
with the imaginary part of effective refractive index and can be
computed [4]

CL = 8.686 x 10°(2/A)Im(n.f¢)dB/km “)

Here, Im(n,sy) is the effective refractive index (imaginary). Cou-
pling length is the space that supports the transfer of light from one
guided mode to the further by evanescent waves. However, coupler
length generally depends on the inter-core separation, transmitting
wavelength and core diameter. The coupling length is given by [18]

L.= A/(z | Neven — Nodd D ©)

Neyven and n,z4 are the effective refractive indexes of even and odd
polarization modes, correspondingly. Moreover, coupling coefficient
is calculated by [25]

ko=2L./% (6)

The birefringence is obtained through the real part of effective re-
fractive index difference of two vital polarization modes which can
be written as [23]

B=|mypr—my| O

where 1 ff and n’: if is the effective refractive index for x and y-
polarization, respectively.

3. Results and Discussion

It is well known that the speed of light through any material increases
with the raising of wavelength. So, with the increase of wavelength,
the refractive index of any material decreases. Figure. 3 shows the
effective refractive index with respect to wavelength with different
background materials like Silica and BK7 for rectangular PCFC
structure. Again, for each background material the liquid for example
water, chloroform, and benzene are filled in the dual-core. Generally,
increasing wavelength the effective refractive index is decreased.
Moreover, benzene shows the highest index for both the background
materials. Figure. 4 represents the effective refractive index with
respect to wavelength for hexagonal PCFC model. In this proposed
model, similar background materials and liquids in the dual-core are
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Figure 3: Variation of the effective refractive index with respect to wave-
length for rectangular PCFC geometry (x-polarization). Solid line presents
BK7 where dashed line shows Silica.
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Figure 4: Variation of the effective refractive index with respect to wave-
length for hexagonal PCFC geometry (y-polarization). Solid line presents
BK?7 where dashed line shows Silica.

applied. Silica exhibits the higher rate of reduction of the effective
refractive index compared to BK7. Moreover, among the three
materials, the refractive index is comparatively small when core
region is filled with water.

Figure. 5 and 6 show the variation of the propagation constant
with respect to wavelength for rectangular and hexagonal PCFCs
geometry. Propagation constant decreases with the increasing of
wavelength for both structures and for all the three liquids filled
in the core region. For smaller wavelength, the propagation con-
stant is straightly relative to the effective mode index and found
to be highest. Increasing wavelength, the propagation constant re-
duces with respect to the effective mode index. For both structures,
propagation constant is seemed high for BK7, comparatively. Prop-
agation constant is approximately 7.89 (rad/mx 10°) for BK7 and
7.48 (rad/mx 10°) for Silica glass material at 1200 nm. However, at
1800 nm wavelength these constant is reduced to 5.25 (rad/mx 10°)
and 5.01 (rad/mx 10°) for BK7 and Silica, respectively. The rate of
reduction of the propagation constant is 7.33% and 6.86% for BK7
and Silica, accordingly for every 100 nm wavelength. The highest
propagation constant is observed for benzene and lowest for water.
However, the variation of propagation constant of these three liquids
is shown very small.

Figure. 7 (a) and (b) represent the variation of confinement loss
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Figure 5: Variation of the propagation constant with respect to wavelength
for rectangular PCFC geometry. Solid line presents BK7 where dashed line
shows Silica.
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Figure 6: Variation of the propagation constant with respect to wavelength
for hexagonal PCFC geometry. Solid line presents BK7 where dashed line
shows Silica.

with respect to wavelength for rectangular PCFC geometry with two
different background materials. It is noted that confinement loss
enhances with the increasing of wavelength. Also, confinement loss
behaves approximately similar tendency for both of the background
materials. In addition, Figure. 8 (a) and (b) show the variation of
confinement loss with respect to wavelength for hexagonal PCFC
geometry. High confinement loss is shown when core region is filled
with water and low confinement loss is found when the core is filled
with benzene. Also, low confinement loss is observed for BK7 and
Silica material for rectangular and hexagonal PCFC, accordingly.
At 1.55 um wavelength and BK7 background material, the lowest
1.128x 1078 and 1.383x 108 dB/km confinement loss are obtained
for rectangular and hexagonal PCFC, respectively with benzene
liquid. For the similar condition, at Silica-based background material,
benzene exhibits the lowest loss for rectangular PCFC model.
Table. 1 shows the comparison of confinement loss at 1.55 um
wavelength for both the PCFCs. Results imply that when Silica
is used as the background material then hexagonal PCFC presents
lowest confinement loss for each type of liquids filled in the dual-
core. Moreover, the lowest confinement loss 0.739 x 10~ dB/km
is observed for benzene at 1.55 um wavelength with hexagonal
geometry. These results also demonstrate that the electric field
is strongly confined in the core region for hexagonal PCFC. In
addition, Silica-based PCFC with hexagonal geometry shows the
lowest confinement loss from the broad wavelength range.

Figure. 9 (a) and (b) show the variation of coupling length with
respect to wavelength for rectangular PCFC geometry. Also, Figure.
10 (a) and (b) represent the variation of coupling length with respect
to wavelength for hexagonal PCFC geometry. The coupling length is
shown to be large for small wavelength for both PCFC structures. It
is expected that as the wavelength increases, the mode field expands
and the coupling between the dual-core is decreased. Therefore, the
coupling length reduces with the increase of wavelength. However,
in Figure. 10 one can see that this behavior is not fully met. For
benzene (Si), the coupling length at 1500 nm is smaller than the
coupling length at 1600 nm. Coupling length decreases by increasing
the effective core area, due to enhancing the inter-core separation
[26]. Generally, increasing wavelength the field confinement is
scattered. As a result, the effective core area is increased which
confirms small coupling length. It is reported that d. /A has a great
impact on coupling length and when this ratio is less than 0.42
then coupling length is decreased with increasing wavelength [27].
When core is filled with water then coupling length is comparatively
small for both the background materials. Chloroform and benzene
show higher coupling length than water due to higher refractive
index. Moreover, using Silica as the background material the rate
of reduction of coupling length for water is comparatively smaller
than the other liquids. The similar tendency is observed for the
PCFC model. However, the rate of reduction of coupling length
is severed for benzene. For hexagonal BK7 PCFC structure, the
rate of reduction for every 100 nm wavelength is 13.33%, 7%, and
3.03% for benzene, chloroform, and water liquid filled in the dual-
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Figure 7: Variation of the confinement loss with respect to wavelength for
rectangular PCFC geometry (a) BK7, and (b) Silica.

core. Noted that, this reduction rate is almost similar to other PCFC
structure (rectangular).

In Table. 2, the comparison of coupling length is given at 1.55 yum
wavelength range. The lowest coupling length 0.00025 m is found for
hexagonal PCFC at Silica background material when the dual-core is
infiltrated by water. Again, at 1.55 um wavelength rectangular PCFC
model with BK7 background material shows 0.00040, 0.00046, and
0.00052 m coupling length. Also, the minimum coupling length of
water, chloroform, and benzene are 0.00025, 0.00046, and 0.00052
m, accordingly for different geometry and background materials. In
addition, Silica-based PCFC (hexagonal) model exhibits 0.00025,
0.00051, and 0.00095 m coupling length for water, chloroform, and
benzene, respectively. So far, this is the lowest coupling length
compared to existing work [18].

Figure. 11 (a) and (b) show the variation of coupling coefficient
with respect to wavelength for rectangular PCFC geometry. Also,
Figure. 12 (a) and (b) represent the disparity of coupling coefficient
with respect to wavelength for hexagonal PCFC geometry. Coupling
coefficient is observed usually short to the lower wavelength for
both PCFC structures. However, with the increasing of wavelength,
this coefficient is enhanced. When the core is filled with water then
coupling coefficient is maximum for both the background materials
due to minimum coupling length. Chloroform and benzene show
comparatively small coupling coefficient than water due to higher
refractive index. In Table. 3, the comparison of coupling coefficient
is given at 1.55 um wavelength range. The highest coupling co-
efficient 3748.5, 4354, 2187, and 5979 m~! is observed for water
filled dual-core PCFC for both the background materials and struc-
tures. Again, at 1.55 um wavelength hexagonal PCFC model with
Silica background material and water infiltrated dual-core shows the
maximum coupling coefficient with minimum length. In addition,
Silica-based PCFC (hexagonal) model exhibits 5979, 3026, and 1599
m~! coefficient for water, chloroform, and benzene, respectively.
Figure. 13 (a) and (b) show the variation of birefringence with
respect to wavelength for rectangular and Figure. 14 (a) and (b)
represent hexagonal geometry. As shown in these figures, birefrin-
gence increases with the raises of wavelength. Water shows large
birefringence for all these PCFC model except rectangular PCFC
with Silica background material. Figure. 13 (b) illustrates that the
birefringence is decreased after 1600 nm for benzene and 1700 nm
for chloroform. In Table. 4, the comparison of birefringence is
shown at 1.55 um wavelength. At 1.55 um wavelength, the highest
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Figure 8: Variation of the confinement loss with respect to wavelength for
hexagonal PCFC geometry (a) BK7, and (b) Silica.

birefringence is obtained 3.08x107%, 1.62x 1074, and 1.87x10~*
for water, chloroform and benzene, respectively. The condition to
get high birefringence is the difference of effective refractive in-
dex between two fundamental modes polarized in x and y-direction.
Among the three different liquids, chloroform shows the minimum
value of birefringence. A slight change of birefringence confirms the
polarization insensitivity, thus it may be conclude that chloroform
shows the polarization independence. To intricate the polarization
insensitive uniqueness, the refractive index difference between x
and y-polarization is introduced. As the proposed PCFC shows ul-
tra small index difference and also the changing rate for every 100
nm wavelength is approximately 0.13x10~* which confirms the
polarization insensitivity. Moreover, benzene exhibits the maximum
polarization independence behavior.

In Table. 3, the comparison of coupling coefficient is given at 1.55
pm wavelength range. The highest coupling coefficient 3748.5,
4354, 2187, and 5979 m~! is observed for water filled dual-core
PCEFC for both the background materials and structures. Again, at
1.55 um wavelength hexagonal PCFC model with Silica background
material and water infiltrated dual-core shows the maximum coupling
coefficient with minimum length. In addition, Silica-based PCFC
(hexagonal) model exhibits 5979, 3026, and 1599 coefficient for wa-
ter, chloroform, and benzene, respectively. Results depict significant
improvement of coupling coefficient from the existing literature [25].
In Table. 4, the comparison of birefringence is shown at 1.55 um
wavelength range. Chloroform exhibits the minimum birefringence
for different PCFCs model and bacground material. However, rectan-
gular PCFC with Silica background material presents the minimum
birefringence when the core is filled any types of liquids.

The calculation of the dispersion for proposed PCFC models requires
vast well-organized numerical techniques. As the dispersion is de-
pendent on the second derivative of the effective refractive index
with respect to the wavelength, thus the accuracy of n. sy with re-
spect to wavelength is vital. Figure. 15 (a) and (b) represent the
variation of dispersion with respect to wavelength for rectangular
PCFC geometry. Also, Figure. 16 (a) and (b) exhibit the variations of
dispersion with respect to wavelength for hexagonal PCFC geometry.
Generally, dispersion value decreases minutely for rectangular PCFC
with the two materials and liquids filled in the dual-core. However,
hexagonal PCFC shows almost stable dispersion values from 1200
to 1800 nm wavelength range. In Figure. 16 (b), water demonstrates
the constant dispersion from large wavelength range. The dispersion
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Table 1: Comparison of the confinement loss (dB/km) at 1.55 um wavelength of the proposed PCFC

Rectangular PCFC (BK7) Hexagonal PCFC (BK7) Rectangular PCFC (Si) Hexagonal PCFC (Si)

Water 22x1078 3.602x1078 3.05x10°8 1.655%x10~%
Chloroform 1.455x10°8 2x10°8 2x1078 0.84x1078
Benzene 1.128x1078 1.383x10°8 1.419%x10°8 0.739x10°%

Table 2: Comparison of coupling length (m) at 1.55 um wavelength of the proposed PCFC

Rectangular PCFC (BK7) Hexagonal PCFC (BK7) Rectangular PCFC (Si)  Hexagonal PCFC (Si)

Water 0.00040 0.00035 0.00068 0.00025

Chloroform 0.00046 0.00064 0.00090 0.00051

Benzene 0.00052 0.00095 0.00091 0.00095
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Table 3: Comparison of coupling coefficient (m~') at 1.55 um wavelength of the proposed PCFC

Rectangular PCFC (BK7) Hexagonal PCFC (BK7) Rectangular PCFC (Si) Hexagonal PCFC (Si)
Water 3748.5 2187 5979
Chloroform 3322.5 1606.5 3026
Benzene 2295.5 1591.5 1714 1599
Table 4: Comparison of birefringence at 1.55 um wavelength of the proposed PCFC
Rectangular PCFC (BK7) Hexagonal PCFC (BK7) Rectangular PCFC (Si)  Hexagonal PCFC (Si)
Water 1.8 x10 —* 2.10x10~% 1.09x 104 3.08 x10~%
Chloroform 1.62 x10~% 121x107% 0.75x10% 1.48x107%
Benzene 1.87 x10~* 0.78x107% 0.95%x10~% 0.801x10~%
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Figure 15: Variation of dispersion with respect to wavelength for rectangular
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variation is only 10 ps/nm.km for wide wavelength range. So, the
proposed PCFC can be utilized in broadband wide-division multi-
plexing (WDM). The reason behind these characteristics is the slight
variation of the effective index (real) with respect to wavelength. In
addition, chloroform shows the similar behavior at the same wave-
length range with slightly better dispersion value. However, the
dispersion variation is observed smaller than water (5 ps/nm.km). In
addition, Table. 5 shows the comparison of dispersion at 1.55 ym
wavelength. Structure variation does not affect the dispersion prop-
erty when water is infiltrated in the dual-core. However, chloroform
and benzene show the dispersion shifting behavior due to structure
variation. As dispersion is significantly related to effective refractive
index then it is increasing positively by changing the liquids in the
dual-core.

Furthermore, PCFC with BK7 (background material), chloroform
shows extremely low dispersion variation for large wavelength range.
Result demonstrates only 1 ps/(nm.km) dispersion variation from
1200 to 1800 nm wavelength range. Therefore, from this dispersion
analysis, it is noted that the proposed PCFC shows small dispersion
variation which is very much essential for long distance data trans-
mission. Likewise, these PCFCs through virtually ultra-flattened
dispersion have a comparatively low effective mode area and also
can be applied to the super-continuum generation, soliton pulse
transmission, and so on [28]. As the lattice pitch is 2.3 pm and
fill fraction ratio (0.26) is very small then it is attainable to get a
closely ultra-flattened positive dispersion PCF in the telecommuni-
cation window. The previous study proved the positive dispersion is
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Table 5: Comparison of dispersion (ps/nm.km) at 1.55 pm wavelength of the proposed PCFC

Rectangular PCFC (BK7) Hexagonal PCFC (BK7) Rectangular PCFC (Si) Hexagonal PCFC (Si)
Water 8.72 8.72 13.46 13.07
Chloroform 32.89 43.64 37.29 50.27
Benzene 43.79 58.30 25.22 40.96
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Figure 16: Variation of dispersion with respect to wavelength for hexagonal
PCFC geometry (a) BK7, and (b) Silica glass.

achieved when the fill fraction ratio is 0.26 [29]. However, one of
the reasons behind of positive dispersion is the very low effective
refractive index difference as shown in Figure. 3 and 4. Some reports
illustrated the reason for positive dispersion due to the maximum
curvature of the effective index [30]. On the other hand, lattice pitch
has significant effects on positive dispersion [29].

4. Conclusion

Instantaneous attainment of low coupling length and confinement
loss, small birefringence changes for wide wavelength range and
flat normal dispersion for PCFC would offer a novel podium for
optical fiber communication and sensing system. In this report, four
rings dual-core PCFC for both rectangular and hexagonal geometry
is proposed. Also, two different background materials and three
different liquids (filled in dual-core) are used from 1200 to 1800
nm wavelength range. Various guiding properties like propagation
constant, confinement loss, birefringence, coupling length and coef-
ficient, and dispersion are investigated and compared. The proposed
PCEFC structures show ultra small confinement loss and coupling
length at 1.55 um wavelength. Moreover, at this particular wave-
length, the birefringence value is very small which confirms the
polarization insensitivity. It may conclude that the dual-core Sil-
ica based hexagonal PCFC shows lowest coupling length than the
existing literature which has hopeful potential in polarization inde-
pendence sensing applications. However, it is required to optimize
the structure parameters to further decreasing of the coupling length.
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