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In this paper, a microstructured optical fiber with dual core was proposed which is known as photonic
crystal fiber. Specific optical properties of a dual-core photonic crystal fiber were used to obtain
high birefringence, small beat length, flattened dispersion, for different values of structural param-
eters varied over a wide range of wavelength and analyzed for application such as temperature and
pressure sensors. The sensitivity of the temperature sensor is calculated as 20 pm/°C for 6 cm fiber,
the sensitivity of the pressure sensor for a range from 0 to 1000 kPa is calculated as —10.5 nm/MPa.
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1. Introduction

A new type of microstructured optical fiber is known as a photonic crystal fiber (PCF).
It consists of very small and closely spread out air holes. In the PCF the lights are con-
fined inside the silica tubes. Due to special properties of the PCF, they have attracted
an attention which resulted in a number of researchers in the recent years. In [1] a new
type of fiber to carry the light signal in a hollow core by photonic band gap cladding has
been introduced. In [2] another type of PCF with a cladding structure of periodic air
holes in silica has been proposed. The main parameters considered in designing a PCF
are the diameter d of air holes and the distance between the centers of the two adjacent
air holes D, and are shown in Fig. 1. Photonic crystal fibers are produced by a stack
and draw method.

The PCF coupler is one of the important elements in the future optical networks
[3—6]. Realization of a dual-core PCF allows us to design efficient PCF couplers, wave-
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Fig. 1. Photonic crystal fiber structure.

length multiplexers and demultiplexers, splitters, filters and sensors [7—11]. When com-
pared to conventional optical couplers, a dual-core PCF coupler has more advantages.
That is, it is easy to design, is flexible and has small coupling wavelength. The important
physical properties of a dual-core PCF are coupling length and birefringence. The main
feature of this dual-core PCF is that it can be used as a temperature and pressure sensor
in some applications.

For temperature measurements in basic metals and glass productions, in critical tur-
bine areas, power generation operations, ovens, sintering operations rolling lines in
steel furnaces, and in automated welding equipment (having large electrical fields),
fiber optic sensors can be used. In applications as high temperature processing opera-
tions in cement and chemical industries, optical fibers based temperature measurement
has proved to be quite efficient. Accordingly, temperature-based PCF sensors were de-
veloped to produce new sensors with improved characteristics, sensibility and stability.
Studies influencing the geometry and the material quality in the high birefringent PCF
sensitive to temperature were developed [12]. A polarimetric examination of this kind
of high birefringent PCF confirmed a sensitivity of 0.136 rad/°C at 1310 nm [13].

The most recent approach to temperature measurements using PCFs is by inserting
them in a hollow core of a PCF and filling them with liquid to attain a sensitivity of
70 pm/°C [14]. Solid core PCFs, air holes of the cladding are filled with nanoparticle
fluid, and depending on the length of the fiber (from 5 to 10 cm), a temperature sen-
sitivity of 0.045-0.06 dB/°C was achieved [15]. By filling 10 cm of solid-core PCFs
with a less expensive liquid, like ethanol, a sensitivity of 0.315 dB/°C was reported [16].
On infiltrating one of the air holes of a solid-core PCF having a refractive index of
1.46, the sensitivity to temperature has been proved to be ~54.3 nm/°C [17].

In many industries with oil and gas exploitations, turbine engines, compressors,
power plants and material processing systems, pressure measurements are required.
Due to the high temperatures, corrosive agents or electromagnetic interference present
in harsh environments conventional sensors are difficult to apply. Fiber optic pressure
sensors have been proved to be effective in such environments as they possess high
operation temperature, wide bandwidth, lightweight, high sensitivity, long life and are
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immune to electromagnetic interference. Hydrostatic pressure up to 180 bar with a pres-
sure sensitivity of 11.2 pm/bar can be measured using periodically tapered LPGs writ-
ten in an endlessly single-mode PCF [18].

Polarimetric measurement is a popular technique for pressure sensing. Several au-
thors reported the polarimetric studies and measurements leading to the development
and application of pressure sensors based on the commercial Hi-Bi PCF, at three different
temperatures. The study of pressure sensing with this PCF portrayed its temperature
insensitivity, at the same time measuring pressure variations [19]. Intensity measure-
ment of pressure with a sensitivity of 2.34 x 107° MPa™! was later illustrated [20] and
wavelength measurements of pressure variation showed a sensitivity of 3.38 nm/MPa
at an operating limit of 92 MPa [21] which led to practical applications. Tsunami sens-
ing, as the high pressure sensitivity along with temperature insensitivity, makes the sen-
sor apt to work in a harsh environment such as the ocean bottom [22].

The main objective of this paper is to analyze physical properties of the dual-core
PCF to obtain high birefringence, small beat length, and flattened dispersion for dif-
ferent values of structural parameters varied over a wide range of wavelength and ana-
lyzed from the point of view of potential applications like temperature and pressure
Sensors.

2. Proposed dual-core PCF design

The proposed dual-core PCF structure is shown in Fig. 2. Here, D represents the distance
between the centers of two adjacent air holes and d represents the diameter of an air
hole. The proposed structure consists of 1.40 um diameter of air holes and 2.2 pum dis-
tance between the centers of the air holes.

In a dual-core PCEF, the two cores are surrounded by 10 air holes. The proposed struc-
ture is analyzed for two different situations. First, the proposed PCF is analyzed by
keeping an air hole diameter of 1.40 um as constant and changing the D value. In the
second case, the distance between the center of air holes D is constant and changing

Fig. 2. Dual-core photonic crystal fiber.
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the diameter d value. Different d/D values are considered for analyzing the proposed
dual-core PCF structure in the two cases. Figure 2 shows the light captivity electric
field x-polarized even mode. The proposed dual-core PCF is made up of silica material
with a refractive index value of 1.45. Figure 3 shows the light captivity electric field
x-polarized even mode. Also Fig. 3 shows the two- and three-dimensional light cap-
tivity diagrams.

The light gets confined into two cores for each wavelength. The effective indices
for wavelength in the range from 0.85 to 1.65 um are noted for x-polarized light even
and odd modes and y-polarized light even and odd modes from the simulated structure.
The polarized lights are differentiated based on the direction of the electric field.

Fig. 3. Simulated structure of PCF. Two-dimensional (a) and three-dimensional (b) representation of sim-

Fig. 4. Field distribution: y-polarized (even mode) (a), x-polarized (even mode) (b), x-polarized (odd
mode) (¢), and y-polarized (odd mode) (d).
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Table 1. Parameter values for different structures in two cases.

Case 1: constant d, different D Case 2: constant D, different d
d/D d [um] D [pm] d [pm] D [pm]
0.5 1.40 2.71 1.0 2.0
0.6 1.40 2.55 1.2 2.0
0.7 1.40 2.13 1.4 2.0
0.8 1.40 1.82 1.6 2.0
0.9 1.40 1.54 1.8 2.0

Figure 4 shows four different modes for the electric field profile of x- and y-polar-
ized mode. Two arrows pointing in opposite directions denote the odd mode and in the
same direction even mode. The structure is simulated for different structural parame-
ters. The structure is simulated using a finite element method for different d/D values
0f 0.5, 0.6, 0.7, 0.8 and 0.9 and the properties are analyzed.

Effective index, birefringence, beat length and chromatic dispersion are discussed
for a broad wavelength range from 0.85 to 1.65 um. The structure with d/D of 0.7 is
considered as common in both scenarios and discussed. Table 1 shows the structural
parameters for two different cases to be discussed. Case 1 with constant d and varied
D and case 2 with constant D and varied d.

3. Analysis of optical properties of dual-core PCF
3.1. Effective index

The proposed PCF structure produces a strong wavelength and it is different from silica
material. It permits to design a new PCF with new features differing from the existing
methods. Figures 5 and 6, explain the first and second case, respectively, which indi-
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Fig. 5. Variation of effective index with wavelength for case 1.
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Fig. 6. Variation of effective index with wavelength for case 2.

Table 2. Effective index for case 1 and case 2 at 1.55 pm.

Effective index (n, even)
d/D=0.5 d/D=0.6 d/D=0.7 d/D=0.8 d/D=0.9
Case 1 (d=1.40 um) 1.429356 1.425397 1.408345 1.391286 1.349371
Case 2 (D =2.0 um) 1.421751 1.417419 1.409392 1.388571 1.352859

cates the changes in the effective mode index with wavelength. Itis observed that, when
the wavelength is increased, the value of the effective index decreases because at higher
wavelength light confinement is weak. In Fig. 5, D is varied and diameter d is kept
constant for different values of d/D, and Fig. 6 shows the variation of the effective in-
dex with wavelength for different d/D ratios when the diameter d is varied and D is
kept constant.

At a wavelength of 1.55 um, when d/D value is increased, the effective index is
decreased. At 1.55 um, the effective index for x-polarized light is 1.408345 and for
y-polarized light is 1.409392 for d/D of 0.7. Table 2 shows the effective index for case 1
and case 2 at 1.55 um for different d/D values.

3.2. Birefringence

Birefringence is defined as the difference between the propagation constants or mode
indices of the slow and the fast polarization modes. Birefringence is the difference be-
tween the mode indices of the orthogonally polarized modes

B = |Re(n¥,) - Re(n2))| (1)

where n7; and nl; are effective indices in the x- and y-polarized directions, respec-
tively. Figures 7 and 8 explain the proposed dual-core PCF birefringence for the two



Numerical analysis of dual-core photonic crystal fiber based... 255

x1078
7 r—F T T T
Case 1: constant d, different D 5-dD=05
6 ~-d/D=06
-e-d/D=0.7
5 d/b=0.8
3 == d/D = 0.9
S 4
9]
2 |+
£ 3 P,r-f"'
& |+

1.8

Wavelength [um]

Fig. 7. Birefringence varying with wavelength for case 1.

different cases with different wavelength. In Fig. 7, the birefringence decreases with
an increase in the D.

When D increases, the core area of fiber gets increased and the contact between inner
holes and mode fields gets reduced. As D increases with a fixed air holes diameter,
birefringence decreases with corresponding d/D ratio. For any specific d/D ratio, bi-
refringence increases with wavelength.

Figure 7 shows that, by increasing the diameter of the air holes, the leaping capa-
bility of cladding becomes strong and the control of inner holes irregularity on light
field rises, therefore the birefringence also increases. When d of air holes increases
with constant D, d/D ratio increases and also increases the birefringence. At 1.55 um,
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Fig. 8. Birefringence varying with wavelength for case 2.
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Table 3. Birefringence for case 1 and case 2 at 1.55 pm.

Birefringence
d/ID=0.5 d/ID=10.6 d/iD=0.7 d/D=0.8 d/D=0.9
Case 1 (d=1.40pum) 2.19x107%  6.15x107* 1.59x107°  299x10° 6.0l x1073
Case 2 (D =2.0 um) 458 x107%  798x107%  1.73x10°  221x10°  3.17x107°

the birefringence is in the order of 107 for d/D of 0.7 which is good as compared to
birefringence [23]. From Figs. 7 and 8, it is very clear that when d/D ratio is increased,
birefringence also gets increased. For higher d/D ratio, high birefringence is obtained.
If birefringence is higher, then the x- and y-polarized light splits from each other at
a certain length of fiber and it can be realized as a splitter. Table 3 shows the birefrin-
gence for case 1 and case 2 at 1.55 pum.

3.3. Beat length
The beat length of the fiber is calculated by using the following equation:
Ly =A/B [pm] (2)

where A and B represent the wavelength and birefringence of the fiber [24]. Beat length
variations with wavelength for two different cases are shown in Figs. 9 and 10.

High birefringence can eliminate the fluctuation in polarization state and hence the
coupling from one polarization to other is difficult. Lesser value of beat length indicates
the larger value of birefringence and therefore, the fiber having high polarization hold-
ing ability. As polarization holding ability is measured in terms of beat length, at higher
birefringence, smaller beat length is obtained which results in no significant effect on
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Fig. 9. Beat length varying with wavelength for case 1.
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Fig. 10. Beat length varying with wavelength for case 2.

Table 4. Beat length for case 1 and case 2 at 1.55 um.

Beat length [mm)]
d/D=0.5 d/D=0.6 d/D=0.7 d/D=0.8 d/D=0.9
Case 1 (d=1.40 pm) 7.5801 2.7529 1.1052 0.6001 0.3173
Case 2 (D =2.0 pm) 3.0586 1.9052 1.1052 0.8085 0.5194

polarization state. The fiber with high birefringence has a typical value of beat length
in the range from 1 to 2 mm. As birefringence is high and of the order of 10~3, smaller
beat length at 1.55 pm is observed.

For d/D = 0.5, the beat length is 7.508 mm for the first case and 3.0586 mm for
the second case at 1.55 pm. But when we increase the d/D ratio to 0.7, we get a very
small beat length of 1.1052 mm at 1.55 um wavelength as birefringence is high, i.e.
1.43 x 107 Table 4 shows the beat length for the case 1 and case 2 at 1.55 pm.

3.4. Chromatic dispersion

Chromatic dispersion plays an important role in governing the pulse width and peak
intensity evolving along the fiber length. Chromatic dispersion includes material disper-
sion and waveguide dispersion [25]. Material dispersion refers to the wavelength de-
pendence of the refractive index of a material caused by the interaction between the light
and ions, molecules or electrons in the material. Chromatic dispersion curves for different
d/D values are plotted and shown in Figs. 11 and 12. This includes material dispersion.
The dispersion centered near 1.55 pm has positive dispersion of +54.15 ps/nm - km for
case 1 and flattened dispersion of —0.887 to +31.05 s/nm-km for case 2 within the
wavelength range of 1.20—1.70 pm for d/D = 0.5 at 1.55 pm. It increases as d/D value
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Fig. 12. Chromatic dispersion for d (different) and D (constant).

increases and reaches to a flattened dispersion of —4.8780 to +76.0165 ps/nm - km over
awide wavelength range 0f 0.80to 2.1 pm when d/D is 0.7. It can be seen from Figs. 11
and 12 that two zero dispersion is obtained for most of the cases.

Table 5. Dispersion value for case 1 and case 2 at 1.55 um.

Dispersion [ps/nm - km)]
d/D=0.5 d/D=0.6 d/D=0.7 d/D=0.8 d/D=0.9
Case 1 (d =1.40 um) 54.15 65.31 76.0165 81.98 80.94
Case 2 (D =2.0 um) 31.05 55.06 76.0165 92.29 105.01
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When the size of the air holes increases, two zero dispersion is observed for all
d/D ratios. The non-zero flattened dispersion is obtained at a lower value of d = 0.8 pm
over awavelength range from 1.20 to 1.70 pum but as the diameter of air holes increases,
flattened dispersion is obtained with a higher value, as shown in Fig. 12. While D in-
creases in the first case, two zero dispersion occurs at d/D ratio of 0.7 as shown in
Fig. 11. When D is varied with constant diameter of air holes, flattened dispersion is
noticed but with a higher value. Table 5 illustrates the dispersion value for case 1 and
case 2 at 1.55 um.

4. Dual core PCF based temperature and pressure sensor

When pressure or air is applied on the silica fiber, it changes the refractive index of
the fiber. Variations in the refractive index is given by

Ny =MNo—=CVy— CZ(Vy - vz) (3)
nb:no_clvy_CZ(Vx_vz) (4)

Here v,, v, and v, are the variables used to define the pressure; ¢; = 6.5 % 10783 m?/N
and ¢, =4.2 x 10712 m?/N are pressure coefficients of the silica material. FEM analysis
is used to find the pressure in the silica material. When pressure is applied on the dual
core PCEF, it leads to changes in the refractive index difference An,;. When pressure is
applied on the dual core PCF, due to the strain optic effect, it will change the refractive
index of the fiber and it will lead to variations in the spectrum transmission [26].

When fiber is subjected to temperature, it changes the refractive index of the fiber
because of the thermo-optic effect [27, 28]. The silica material thermo-optic coefficient
is 107°/°C. When temperature ¢ is applied, the refractive index of the fiber is given by
n=15+ 107¢. That is, based on the temperature, the refractive index of the dual core
PCF will get varied. When temperature is applied on the fiber, it leads to variation in
the refractive index difference An,,. Hence, there is a change in the dual core PCF and
transmission spectrum depends on the applied temperature.

The dual core PCF spectral variation depends on the applied temperature which is
shown in Fig. 13. The spectral variation is observed when the dual core PCF is subjected
to different temperature values. At very high temperature, there is a spectral variation
in the longer wavelength due to the small refractive index difference. When the fiber
surrounding temperature increases, the fiber transmission curve moves to the right side.
It gives the full spectra for general operation.

There is a change in the peak wavelength under different temperature values from
0 to 1000°C. When temperature increases, there is a large variation in the peak wave-
length and it is shown in Fig. 14. From Fig. 14, it is observed that the transmission
curve of the fiber gets varied by 5 nm for every 200°C. Therefore, the sensitivity of
the fiber sensor is calculated as 20 pm/°C for 6 cm fiber.
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Fig. 13. Dual core PCF transmission spectra for different temperatures.
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When fiber is subjected to different temperature values, the size and properties of
the fiber are changed. These changes are observed in birefringence. Variations in bi-
refringence for different temperature values at 1550 nm are shown in Fig. 15. It is ob-
served that there is a linear variation in birefringence with respect to the increase in
temperature. The transmission spectra of the dual core PCF for different pressure levels

1.45

1.44 4

1.43 A

Birefringence

Birefringence vs. temperature at 1550 nm

1.42 T T T T T
0 200 400 600 800 1000

Temperature [°C]

Fig. 15. Birefringence changes for different temperatures at 1550 nm.
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Fig. 16. Dual core PCF transmission spectra for different pressure values.

are shown in Fig. 16. The transmission curve moves to the left when applied pressure
increases.

When fiber is subjected to different pressure levels, there is a change in the peak of
transmission curve. When pressure is applied to both sides of the fiber, the transmission
curve of the fiber moves to a lower wavelength. From Fig. 17, it is observed that the
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Fig. 17. Peak wavelength changes for different pressure values.
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Fig. 18. Birefringence changes for different pressure values at 1550 nm.
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Table 6. Comparison of the proposed dual-core PCF based temperature and pressure sensor with
existing works.

Sensitivity of Sensitivity of

Method Method

pressure sensor temperature sensor
Pandey’s scheme [29] 5.3/MPa Yu Yongoin’s scheme [16] 8.17 pm/°C
Pandey’s scheme [30] 3.0 x 10° Pa Ju’s scheme [13] 42.4 pm/°C
Shinde’s scheme [22] 3.24 nm/MPa Geng’s scheme [27] 71.5 pm/°C
Proposed scheme —10.5 nm/MPa Proposed scheme 20 pm/°C

peak transmission curve moves to a lower wavelength of 2.0 nm for every 200 kPa pres-
sure value. Hence, the sensitivity of the fiber sensor is calculated as —10.5 nm/MPa.
Figure 18 explains the variations in the birefringence for different pressure values. It
is observed that there is a linear decrease in birefringence values with respect to dif-
ferent pressure values from 0 to 1000 kPa at 1550 nm. From these results it is clear
that the proposed dual-core PCF based temperature and pressure sensor perform well
as compared with existing works [27-30]. The comparison of the proposed dual-core
PCF based temperature and pressure sensor with the existing works is shown in Table 6.

5. Conclusion

A dual-core PCF was designed in this study. In addition, its physical properties were
analyzed to obtain high birefringence, small beat length, and flattened dispersion for
different values of structural parameters varied over a wide range of wavelength and
analyzed for applications such as temperature and pressure sensors. The sensitivity of
the temperature sensor was calculated as 20 pm/°C for 6 cm fiber, and the sensitivity
of the pressure sensor was calculated as —10.5 nm/MPa. The proposed dual-core PCF
structure was found to have more pressure sensitivity and less temperature sensitivity.
Hence, the proposed fiber structure can be used in oceanic applications.
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