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Abstract: In this paper, we propose a modified design of a hexagonal circular photonic crystal fiber
(HC-PCF) which obtains a large negative dispersion and ultrahigh birefringence simultaneously.
The optical properties of the proposed HC-PCF were investigated using the finite element method
(FEM) incorporated with a circular perfectly matched layer at the boundary. The simulation
results showed large negative dispersion of —1044 ps/nm.km and ultrahigh birefringence of 4.321
x 1072 at the operating wavelength of 1550 nm for the optimum geometrical parameters. Our
proposed HC-PCF exhibited the desirable optical properties without non-circular air holes in the
core and cladding region which facilitates the fabrication process. The large negative dispersion
of the proposed microstructure over the wide spectral range, i.e., 1350 nm to 1600 nm, and high
birefringence make it a suitable candidate for high-speed optical broadband communication and
different sensing applications.
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1. Introduction

Photonic crystal fiber (PCF) [1] is a new class of optical waveguide that guides the electromagnetic
field by a periodic arrangement of dielectric medium that goes down the entire length of the fiber. In
general, a PCF microstructure involves lattice of air holes which appear on a background material,
usually, silica. Fundamentally, the confinement and propagation of the light takes place in the fiber
core due to the existence of the periodic low-index air hole. The physical mechanism for which the
light guidance takes place in the optical waveguide due to the difference in the refractive index is
known as total internal reflection (TIR) or index guiding [2].

Photonic crystal fibers, in recent years, have drawn significant attention as these microstructures
exploit extraordinary optical properties which are unlikely to be achieved by the conventional optical
fibers. Photonic fibers are being employed in many optical devices such as telecommunication sensors [3],
polarization sensitive devices [4], wavelength de-multiplexer [5], sensors [6], filters [7], and splitters [8].

The fundamental drawback of high-bit-rate conventional optical transmission systems is the
broadening of optical pulses due to group velocity. The spreading of the optical pulses needs to be
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compensated for long-distance transmission. Therefore, dispersion compensating fibers (DCFs) which
show negative dispersion characteristics are widely employed to mitigate the broadening effect [9].
The negative dispersion properties should be distributed throughout the broad spectral range in order
to compensate the accumulated dispersion in the conventional optical fibers. However, it is difficult to
obtain large negative dispersion by using conventional DCFs for broadband application. Moreover,
single mode operation in DCFs needs to be ensured in order to avoid signal degradation. On the other
hand, PCFs ensure single mode operation and allow flexibility in tuning dispersion properties [10].
Several designs have been proposed to obtain large negative dispersion coefficients over a wideband.
For example, a design of an octagonal PCF with six air hole rings is proposed in Reference [11] that
obtains a negative dispersion of —239.5 ps/nm.km at 1550 nm. Selim habib et al. proposed a design
based on holey fibers in [12] which exhibits negative dispersion coefficient of —470 to 850 ps/nm.km
over S to L-bands. Furthermore, a design of a spiral microstructure fiber is proposed in Reference [13]
that obtains —327 ps/nm.km at 1550 nm. Mejbaul Haque et al. [14] proposed a single mode circular
PCF design which demonstrates a negative dispersion of —790.12 ps/nm.km at 1550 nm wavelength.

It is possible to obtain novel optical properties such as high birefringence, non-linearity, and low
confinement loss with different geometrical designs of PCF. Different sizes and shapes (e.g., square,
elliptical, circular) [15,16] of the air holes near the asymmetric core region [17] result in birefringence
at different levels which can be employed in different sensing applications. By exploiting high
birefringence, PCF refrains cross coupling of the optical power between two polarization modes and
can be employed as polarization maintaining fiber (PMF) [18]. Different designs of PCF have been
proposed to obtain high birefringence characteristics. For instance, a novel PCF with rectangular
air holes in the core region is proposed by Wang et al. in Reference [19] that obtains a birefringence
of 1.83 x 102 at 1550 nm. Rashid et al. [20] designed a dodecagonal shaped five-ring PCF which
has reported a birefringence of 2.05 x 1072. A spiral PCF was developed in Reference [21] which
obtains a birefringence of 1.16 x 10~2. Moreover, Agarwal et al. [22] showed a PCF which achieved
a high birefringence of 2.2 x 1072 at 1550 nm with non-circular air holes arranged in a golden spiral
pattern. Furthermore, Chen et al. [23] proposed a design of a hexagonal PCF with non-circular core
and circular cladding which attains a birefringence of 1.5 x 10~2. However, different geometrical
shapes of the air hole, usually non-circular, around the solid core lead to difficulties in the fabrication
process. The fabrication process becomes much easier by using a drilling method [24] or stack and
draw technique [25] when the design of the PCF is limited to circular air holes. Recently, a design of a
hexagonal PCF with all circular air holes was proposed in Reference [26] which was able to achieve a
high birefringence of 3.87 x 1072 at the excitation wavelength of 1550 nm.

In this work, we propose a modified design of hexagonal circular photonic crystal fiber (HC-PCF)
of five air hole rings. We only used circular air holes in the design of the photonic structure which
makes the fabrication easier. The proposed structure consists of an asymmetric core region where one
air hole is missing from the first ring and the opposite one with a reduced diameter. The diameter of the
horizontally located circular air holes in the second ring is reduced which results in mirror-symmetry
refractive index profile in the design. The simulation results show that the proposed structure exhibits
a large negative dispersion over a wideband and —1044 ps/nm.km at an operating wavelength of
1550 nm. Furthermore, the proposed HC-PCF has a birefringence of 4.321 x 1072 at the operating
wavelength which is till now the highest achievable birefringence using all circular air holes in the fiber
structure. The exploitation of large negative dispersion and ultrahigh birefringence of our proposed
HC-PCEF structure makes it a potential candidate for high-bit-rate optical broadband communication
and various sensing applications.

2. Design Structure of the Proposed HC-PCF

Figure 1 depicts the distribution of the air holes on the cross-section of the proposed single mode
HC-PCE. The design structure contains only circular air holes since it makes fabrication process more
feasible. The PCF structure has a distribution of five air hole rings on a single material, i.e., silica.
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The air hole at the center is missing which makes the inner core of the proposed structure. The first
ring consists of five circular air holes where one air hole is reduced in diameter d, and the opposite
air hole along the same axis is missing (shown in dotted lines). Therefore, the unequal diameters,
i.e., dy > dp, and asymmetric distribution of the circular air holes at the inner core makes it possible to
obtain high birefringence. The second ring consists of sixteen circular air holes of unequal diameters,
i.e., dq > dp, as well. The reduced diameter d; air holes located in the second ring results in an increase
of the local refractive index which makes a portion of the ring act as an outer core. The cladding
area, i.e., from ring three to five, contains the periodic distribution of the air holes of the same
diameter d;. The spatial distance between the centers of the two adjacent holes is called pitch and
denoted as A. Our proposed HC-PCF has a total number of three geometrical parameters, i.e., d1, dy,
and A which can be chosen as degrees of freedom. Therefore, by performing parametric studies
on the geometrical design parameters, it is possible to obtain promising optical modal properties,
e.g., dispersion, birefringence, and non-linearity of the proposed HC-PCF for particular frequency
regime and application. The variation in the optical characteristics of the proposed HC-PCF due to the
lenient precision in the fabrication process was also investigated.

Cladding (air hole)

PML

Missing air hole

Figure 1. Cross-sectional view of the proposed hexagonal circular photonic crystal fiber (HC-PCF).
3. Numerical Method

Numerical simulation was carried out in order to investigate the guiding properties of the
modified HC-PCEF. Since the proposed PCF is a microstructure-design, finite element method (FEM)
was employed to carry out the electromagnetic investigation, i.e., field distribution and effective mode
indices. Commercially available, FEM-based software package COMSOL Multiphysics, version 5.3,
was used. A circular perfectly matched layer (PML), with a thickness of 10% of the cladding radius,
was applied at the boundary of the design to avoid reflection and back scattering. The thickness of the
uniformly employed PML around the proposed HC-PCF was 1 um with a scaling factor of 1. Finer
mesh was applied to the entire structure. By solving Maxwell’s equations in the microstructure design,
FEM derives the propagation constant § through mode analysis. The refractive index n(A) of the
background material, i.e,, silica, is a function of wavelength and can be estimated using the Sellmeier
equation [27] as follows:

N 42 \?
n(A) — (152 ji:) , M

where 11(\) is the wavelength-dependent refractive index of the material, A is the wavelength in um,
and B; and C; are sellmeier coefficients for the material which can be determined experimentally.
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Usually, for glass material N equals 3. Once the propagation constant § is obtained, the effective
refractive index 7, can be estimated from the following expression [28]:

gy = B0, @

where ky equals 27” is the wave number of free space and n,s; is the effective refractive index.
The effective refractive index n,f is not only wavelength-dependent but also depends on the mode.
Therefore, it is called modal index as well. Since the guiding properties such as dispersion, modal
birefringence, numerical aperture, non-linearity, and confinement loss of the PCF are investigated,
the formulations for the corresponding optical parameters are discussed in this section. Chromatic
dispersion D(A) of the PCF is wavelength-dependent and can be estimated from the effective refractive
index n,¢5 of the fundamental mode using the following expression [28]:

& dZRe {neff}

P = - —r

®G)
where the unit of the dispersion in ps/(nm.km), A is the wavelength in um, c is the velocity of light
in vacuum, and Re [ne ff} is the real part of the modal refractive index n,s;. Chromatic dispersion
of the PCF can be manipulated by changing the geometrical parameters, e.g., pitch A, diameter d,
and distribution of the air holes in the PCF structure. The modal birefringence B depends on the
polarization-dependent effective refractive indices and is calculated by the following equation [28]:

B = neff,x_neff,y ’ (4)

where 7,77, and n,¢r, are effective refractive indices of two orthogonal polarization modes: x
polarization and y polarization, respectively. However, the non-linearity of the PCF largely depends
on the optical parameters of the core, i.e., effective mode area A, Ff- The effective area A, ff of the core
is defined as follows [28]:
2
2
o (WIEPday) 5
off = 1 ‘
JJIE[ dxdy

where the unit of the mode effective area is um? and E is the electric field. The non-linearity v is
inversely proportional to the effective mode area A, ff [28] and can be defined as follows:

y =Ty 12
A Aeff,

(6)

where the unit of non-linearity is W~'km~! and n, is the Kerr constant of the material with a unit of sz
In PCEF, the optical power is mostly confined in the core area due to the higher refractive index in
contrast to the cladding, i.e., surrounding air holes. However, since there is a finite number of air holes
around the core, the portion of the optical energy penetrates inevitably into the cladding area and
results in confinement loss or leakage loss. The confinement loss L. can be estimated by the following
expression [29]:
Le = 8.686 x kolm [megg] x 10°, %

where the unit of the confinement loss is dB/km and Im {ne f f} is the imaginary part of the effective
refractive index n,¢.
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The amount of optical power collection in PCF is quantified by numerical aperture N4, a
dimensionless parameter. The expression for numerical aperture N4 can be given by as follows [30]:

N|—

TA -
Ny = [1+ A;ff]

4. Simulation Result and Discussion

®)

In this section, the guiding properties such as dispersion, birefringence, non-linearity, and

numerical aperture of the proposed HC-PCF are investigated by changing the geometrical parameters
of the microstructure. Figure 2a,b show the field distribution of the fundamental mode of the proposed
HC-PCF for both x and y polarization at wavelength of 1550 nm respectively. The simulation results
demonstrate that the electric field is strongly confined in the asymmetric core region of the HC-PCF
for two orthogonal polarizations. The convergence of the simulated results is also investigated in

order to determine the accuracy of the approximated solution. Figure 2c shows that the error meets an

acceptable error tolerance of 10~ after every iteration and finally reaches to 10~!2 at 16th iteration.
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Figure 2. (a) Electric field distribution of the fundamental mode at wavelength of 1550 nm for x

polarization; (b) electric field distribution of the fundamental mode at wavelength of 1550 nm for y
polarization; (c) convergence plot of the numerical simulation.

Figure 3 shows the chromatic dispersion properties of the proposed HC-PCF as a function of
wavelength for the optimized geometrical parameters. The result shows that the dispersion values



Photonics 2019, 6, 19 6 of 14

for y polarization mode are much more promising than x polarization over a broad spectral range of
1350 nm to 1600 nm. The dispersion coefficient is obtained around —1044 ps/nm.km at 1550 nm for y
polarization for the optimum parameters.

-300
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-400 =@=X polarization | |
g 00
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a -700 - |
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2 9000 S 1
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~
-1000 | S~ o - |
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1.35 1.4 1.45 1.5 1.55 1.6
Wavelength, A (xm)

Figure 3. Wavelength-dependent dispersion coefficient of the proposed HC-PCF for both x and y
polarization for optimum geometrical parameters: A = 0.76 um, d;/A = 0.97,andd,/A = 0.45..

We have investigated the effect on the dispersion coefficient due to changes in the geometrical
parameters, i.e., A, d1, and dy. Figure 4a shows the changes in the wavelength-dependent dispersion
coefficient from 1350 nm to 1600 nm for different values of A with fixed d; and d,. The dispersion
coefficient has been estimated —1044 ps/nm.km, —1015 ps/nm.km, and —972.10 ps/nm.km when the
pitch is changed to 0.76 um, 0.78 pm, and 0.80 pm, respectively for 1550 nm. This is due to fact that
as the pitch A increases (with fixed d; and d;) the optical field in the core region for the fundamental
mode is no longer strongly confined which apparently changes the dispersion coefficient D(A).
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Figure 4. Cont.
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Figure 4. Dispersion properties due to (a) d1 /A =0.97,dy /A =045,and A = (0.76 um, 0.78 pm, 0.80 pm);
(b) A = 076 pm, dy/A= 045, and di/A = (093095097); (¢) A= 076 um, di/A = 097, and
dy/ A = (040 0.43 0.45) of the proposed HC-PCE

The effect of the change in the diameter d; on the dispersion properties of the proposed HC-PCF
has been investigated. Figure 4b shows that with a fixed A and dy, the calculated dispersion is
respectively —1044 ps/nm.km, —983.3 ps/nm.km, and —925.8 ps/nm.km when d; /A is changed
t0 0.97, 0.95, and 0.93 at A = 1550 nm. This is due to fact that, as d; increases with a fixed A, the
local average refractive index around the core region decreases. Therefore, the confinement of the
optical energy in the core region becomes strong which results in high negative dispersion at operating
wavelength of 1550 nm. The dispersion properties have been further investigated with the variation
of dy of the proposed HC-PCF in Figure 4c. It shows that with a fixed A and d;, the dispersion of the
proposed HC-PCF at 1550 nm is about —1044 ps/nm.km, —1050 ps/nm.km, and —1042 ps/nm.km
when dy/ A equals 0.45, 0.43, and 0.40, respectively. The simulation result shows that the change in d;
causes a small change in dispersion coefficient at the excitation wavelength of 1550 nm.

The birefringence characteristics of the proposed PCF have also been investigated. Figure 5a
reports the changes in the modal birefringence of the proposed HC-PCF as a function of wavelength
for different values of the pitch A with fixed d; and d;. The difference between the effective refractive
index of two polarization modes can be increased by introducing spatial asymmetry in the index
profile near the core area. Figure 5a shows that the modal birefringence of the PCF structure increases
as function of wavelength from 1350 nm to 1600 nm. The birefringence of the HC-PCF is estimated to
be 4.321 x 1072,4.292 x 1072, and 4.249 x 10~2 when the pitch A is changed to 0.76 pum, 0.78 um, and
0.80 um, respectively at 1550 nm. Figure 5b,c represent the effect of the di and d; on the birefringence
characteristics of PCF, respectively. Figure 5b shows significant changes in the modal birefringence
over the broad spectral range from 1350 nm to 1600 nm due to the variation in d;. The simulation
result clearly shows that with an increase in d;, the birefringence strongly increases as a function of
wavelength for fixed A and d,. This is due to the fact that larger d; with fixed d; results in strong
asymmetry in the refractive index profile. The birefringence estimated for the PCF structure are
3.613 x 1072,3.95 x 1072, and 4.321 x 1072 when d; / A is changed to 0.93, 0.95, and 0.97, respectively
at 1550 nm. However, Figure 5c illustrates that the effect of the change in d; on the modal birefringence
is pronounced at longer wavelengths from 1500 nm to 1600 nm.
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Figure 5. Birefringence properties of HC-PCF with (a) A = (0.76 pm, 0.78 um, 0.80 um) and fixed
d1/N=097,dy/A=045; (b)dy /A =(0.930.950.97) and fixed A =0.76 um, d / A = 045; (c) A = 0.76 pm,
d1/A=097,and dy /A = (0.40 0.43 0.45).

The optical non-linearity of the proposed structure has also been studied by changing the
geometrical parameters. Figure 6a shows the non-linearity of the proposed HC-PCF for two orthogonal
x and y polarizations. The non-linear characteristic of the proposed microstructure was strongly
pronounced at higher frequencies. The optimum result for the non-linearity was obtained for x
polarization and was 77.85 W~ 'km . Figure 6b shows the variation in the non-linearity of the PCE
with fixed diameters and changes in the pitch A. However, insignificant change in the non-linearity was
observed over the wideband due to the change in the pitch. Figure 6¢,d shows the effect of changing
the diameters d; and d; on the non-linear properties of the proposed HC-PCF. As d; increased with rest
of the design parameters were kept fixed, the light confined strongly in the core region and exhibited
high non-linearity. The measured non-linearity for the PCF were 77.85 W~ 'km™!,76.46 W~ 'km ™!,
and 74.97 W~ km ! when d; / A was changed to 0.97, 0.95, and 0.93, respectively at 1550 nm. Figure 6d
also reported an enhancement in the non-linear properties of the proposed HC-PCF as d; increased.
This is due to fact that as d; increases the effective area for the fundamental mode confined in the core
decreases which results in high nonlinearity.
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Figure 6. Non-linear characteristics of the proposed HC-PCF for (a) both x and y polarization modes;
(b)d1/A=097,dy/A =0.45,and A = (0.76 um, 0.78 pm, 0.80 pm); (¢) A =0.76 um, d» /A = 0.45, and
dy/A=(0930.95097) (d) A=0.76 pm, d; /A =0.97,and dp / A = (0.40 0.43 0.45).

Figure 7a represents the numerical aperture of the proposed HC-PCF as function of wavelength.
The highest numerical aperture is obtained for x polarization mode for the optimized geometrical
parameters is about 0.5607 at A = 1550 nm. However, the value of the numerical aperture for both
polarization modes enhances proportionally with the wavelength. We also studied the confinement or
leakage loss as a function of wavelength for the optimized design parameters. The confinement loss is
calculated and found to be in order of 10~2 dB/cm at the operating wavelength of 1550 nm, as shown
in Figure 7b. However, the confinement loss can be reduced significantly by increasing the number of
air hole rings in the structure. Figure 8a,b show the wavelength dependence dispersion properties and
birefringence of the proposed structure for variation in the pitch from +1% to +2%. It is to be noted
that for the broad spectral range from 1350 nm to 1600 nm, the chromatic dispersion for the proposed
design gradually decreases, i.e., gets more negative, and birefringence increases with the increase in
the wavelength. However, the change in both dispersion and birefringence due to the variation in the
pitch becomes less significant at longer wavelength from 1550 nm to 1600 nm.
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Figure 7. (a) Numerical aperture for two orthogonal polarization modes and (b) confinement loss of
the proposed HC-PCF for optimum geometrical parameters.
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Figure 8. Effect on the (a) dispersion properties and (b) birefringence for £1% to +2% variation in
the pitch.

Furthermore, we have studied the changes in the dispersion characteristics and birefringence
of the proposed structure for the variation in d; /A from £1% to £2%. Figure 9a,b show that the
change in both dispersion and birefringence characteristics due to the variation in d; is relatively more
pronounced than the variation of the pitch A at longer wavelength.

Finally, we have performed study on the effect on the dispersion and birefringence of the proposed
HC-PCF due to the variation in d, /A. Figure 10a,b illustrate that both the optical properties of the
photonics structure changes as function of wavelength. As the wavelength increases the dispersion
coefficient becomes more negative and birefringence of the proposed structure enhances gradually
and very much distinguishable over the wide band. However, the result indicates that change in d»
leads to smaller variation in the dispersion coefficient and birefringence compared to change in d;.
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Figure 9. Effect on the (a) dispersion properties and (b) birefringence properties of the proposed
HC-PCF for +1% to +2% variation in dy / A.

-980 T T 0.0435
= =Optimum

_ 9% —o—+1% of d /A | |
£ -1000 ) —e—-1%of d/A | _
g 1010 ——t+2% 0fd2/A | g 0.043
!m" i -2 %0 ofd2/A S
2 )
=-1020 £
s 2 = =QOptimum
=] L o
£ -1030 B 0 0425 | ——+1% of d /A | |
3 1040 - — = -1% ode/A
S
a —a—+2% of d /A

-1050 1 —a—-2% of d /A

-1060 : : 0.042 : .

1.45 1.5 1.55 1.6 1.45 1.5 1.55 1.6
Wavelength, A (um) Wavelength, A (zm)
(a) (b)

Figure 10. Effect on the (a) dispersion properties and (b) birefringence properties of the proposed
HC-PCF for +1% to +2% variation in d / A.

The modal properties of the proposed modified HC-PCF were compared with the contemporary
PCF designs in Table 1. The comparisons are discussed in terms of chromatic dispersion and
birefringence at the operating wavelength of 1550 nm for different shapes of the air hole in the PCF
structure. Table 1 shows that the highest dispersion coefficient was achieved in Reference [31] which
involves both circular and elliptical air holes in the PCF structure and makes the fabrication process
challenging. Our modified HC-PCF only involves circular air holes and shows highest dispersion
coefficient at 1550 nm among all the circular PCF designs. It is also clearly evident from the table
that the proposed HC-PCF achieves the highest birefringence among all circular and non-circular
PCF designs. One of the primary goals of our design is to ensure the feasibility of the fabrication
process. There are few techniques which can be employed to fabricate PCF design such as conventional
drilling, stack and draw method [25,32], and sol-gel casting [33]. The shape of the core along with
the refractive index profile of the cladding can easily be controlled using stack and draw method [32].
Sol-gel casting allows a broad range of design flexibility which can be employed to fabricate PCF at
a large scale. Fabrication of several complex structures of PCFs using straw and draw methods and
sol-gel techniques have been reported in References [33,34]. Since our proposed design only involves
circular air holes in the core and cladding region, both of these fabrication techniques can be used to
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manufacture the proposed PCF structure which will be comparatively easier than the PCFs which
contain non-circular air holes.

Table 1. A comparison table on the contemporary PCF structures with the proposed HC-PCF in terms
of modal properties for corresponding air hole nature at 1550 nm wavelength.

Prior Reference Air Hole Shape Dispersion D(A), ps/nm.km Birefringence B
[26] Circular —753.20 3.87 x 1072
[31] Circular and elliptical —1694.80 -
[35] Circular —578.50 2.640 x 1072
[36] Circular and elliptical —544.70 2.20 x 1072
[371] Circular and elliptical —650.00 2.10 x 1072
Proposed HC-PCF Circular —1044 4321 x 1072

5. Conclusions

In this paper, design of a single-mode hexagonal PCF structure was presented. The microstructure
was able to obtain both a large negative dispersion coefficient and a high birefringence at the excitation
wavelength of 1550 nm. Numerical studies illustrate that a negative dispersion of —1044 ps/nm.km
was achieved with the optimum geometrical parameters. Moreover, it was also possible to attain a
high birefringence of 4.321 x 10~2. Parametric studies on the optical properties such as chromatic
dispersion, birefringence, non-linearity, and numerical aperture of the proposed HC-PCF were also
carried out with the variation in the geometrical design parameters. Finally, the deviation in the
guiding properties were analyzed due to the imprecision in the fabrication process. This modified
PCF design with large negative dispersion coefficient and ultrahigh birefringence can be a potential
candidate for high-bit-rate long distance optical transmission and optical fiber sensing.
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