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ABSTRACT

applied in optical communication arena.

A novel high sensing circular and elliptical PCF are proposed based on selective glass material incorporation in
the cladding region. By improving the structural parameter such as cladding diameter, pitch, core diameter, semi-
major and semi-minor distance, angle of inclination, and eccentricity on the polarisation characteristics are fully
discussed. A full vectorially 2D FDTD method with PML as boundary condition is applied and investigating guiding
properties of proposed PCFs. Numerical simulations reveals that the proposed PCFs strongly effect on sensing
response at a wavelength equal and greater than 1.55 pm. Additionally Confinement loss, mode field area and
numerical apertures are significantly correlated to enhancing sensing arena. The results indicates that elliptical PCF
has more sensing response over circular one at a wavelength equal to or greater than 1.55 pm, which is better than
other reported literatures. Owing to above mentioned characteristics the proposed novel elliptical PCF can be widely
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INTRODUCTION

Optical sensor devices have been taken as an alternative to
conventional solid-state planar, brittle, less flexible, and rigid
electronic devices [1]. Electronic devices have some major
limitations such as high manufacturing cost, complex procedure,
slower response time and reliability as compared to the optical
sensors. Electronic devices are also affected with Electromagnetic
(EM) and thermal noise or interference [2]. Now a day, physical
sensing based on optical platform used to sense and monitor
complex environment and its surrounding such as temperature,
humidity, strain, stress, pressure, and torsion, etc. having
important applications in wearable sensors, robotics, health and
safety monitoring [3-8]. Therefore optical sensor devices have
been found the suitable alternative for the gas, chemical and oil
sensing applications, due to its advantages of low cost, less noise/
interference, higher sensitivity, fast response, reliability, and
compactness [9-11].

Since last decades, photonic crystal fiber has been shown great
development in optical sensing [12-15]. Due to advance optical
instrumentations, the field of fiber optics is no longer limited to
telecommunication applications. PCF also known as holey fiber
consists of periodically ordered microscopic cylindrical air holes

running through the full length of the fiber. The standard PCF is
made with fused-silica (SiO2) that has a regular pattern of voids
or air holes that run parallel to its axis. Unlike traditional optical
fibers, both the core and cladding are made from the same material.

Due to some inadequacy of conventional optical fibers, PCFs can
be used to act as a sensor. The major shortcomings of conventional
optical fibers are low index contrast narrow design space and high
leakage loss. To control these difficulties, PCFs can be utilized.
Photonic crystal fibers with various outlines of the opening
example i.e. concerning the fundamental geometry of the cross
section, the relative size of the gaps, and perhaps less relocation
can have an exceptionally amazing property, unequivocally relying
upon the configuration points of interest.

The sensing mechanisms of a PCF are absorbance that measured
in a transparent medium, reflectance which is measured in non-
transparent media, Luminescence based on the measurement of
the intensity of light emitted by a chemical reaction in the receptor
system, fluorescence, measured as the positive emission effect
caused by irradiation, refractive index measured as the result of
a change in solution composition, Opto-thermal effect based on
a measurement of the thermal effect caused by light absorption,
Light scattering based on effects caused by particles of definite size
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present in the sample.

A chemical sensor is a device that transforms liquid sample
information, ranging from the concentration of a specific sample
component to the total composition analysis, into an analytically
useful signal. The chemical information, may originate from a
liquid reaction of the analyte or from a physical property of the
system investigated. There are some applications of the chemical
sensor. They are to perform Alcohol Breath Test, to detect toxic
and flammable liquids which may cause fire/explosion and
Environmental monitoring for safety measures [16-18].

Of evolution in 1996 changed fields such as telecommunication
and sensing, leading to the inception of high sensitivity and
restrained systems based on light conveyance. This phenomenal
innate of fiber optics such as geometric adaptability, increased
sensitivity over extant techniques. And inherent amity with fibre
optic communication technology makes them stand out for
sensing application. It is evident that the advantage of photonic
crystal fiber over a conventional optical fiber depends on the
size or geometrical configuration, modelling, band solving and
different parametric properties. In fact sensors are reviewed as per
their sensitivity variables. There is some basic ideas and example
of current trend that can be investigated from this article on to the
other future researches later. Henceforth there are various structural
improvement of PCF sensor diverges from one another. In addition
to this a large number of diverse structures can be assembled and
these PCF sensors have significant criteria as compared to optical
fiber and this can be facilitating the researchers and scientists later.

In this article, effect of sensing response incorporating the two
configuration of PCF working with wavelength equal to or greater
than 1550 nm has been investigated using 2D FDTD technique.
We select typical PCFs in which the cross-section of cladding region
is a solid core surrounded by circular and elliptical air holes of
5 layer hexagon array. In order to improve the sensing response
of the PCF structure, we inserted the three liquid analyte such
as water (n=1.33), ethanol (n=1.354) and benzene (n=1.366) for
three background material PCF. This improved structure allows
the x and y polarized mode to achieve in more distinct separation
at the resonant frequency for sensing response. Furthermore the
other PCF characteristics such as confinement loss, effective mode
field area and numerical aperture can be calculated to enhance
the sensing response at same wavelength range and compare them
strictly between two proposed PCF. Our proposed configurations
of PCF have the advantages of low cost, less noise, high sensitivity,
fast response reliability, compactness in optical communication
area.

MATERIALS AND METHODS

Mathematical analysis

In order to study the electric field profile pattern of proposed
hexagonal PCF structures having elliptical and circular air hole in
cladding region to be investigated and by implementing 2D-FDTD
technique. Considering the material is isotropic, linear, and
lossless, the time dependent Maxwell’s equations can be written as

a—HzLVxE...(l)
or  pu(r)

n+l/2 _ yyn- _C_At n o
H S =H S A [E[,;) E{,,;]]"'(z)

E, H are electric field and magnetic field.
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Where &(r), u(r), o(r) are permittivity, permeability and conductivity
of the material and all are in the function of position.

Equations (1) and (2) can be discredited using Yee's technique.
Considering spatial and time discretization, equations (1 ) and (2)
can be written for TE polarization as follows:

HV2 g2 cAt E _E" (3)
x(i.j) x(ij) ,uAy[ :(i.ﬁ%) Z[‘;j]
cAt
A e g @)
w[ {3) Mf)J

wl LAt il B ik _LAt il B il (5
Edo _Ez(i’j)+eAx(Hy(i‘,f) Hy[iz;j] eAy (Hx[i,z/#;j Hx[lzli)j )
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For stability, the time step

<L— . . . .
At*c o+ a2 Where Ar the time increment, ¢ is the velocity of
light,Ax be the lattice increment in x direction, Ay be the lattice

increment along y direction.

Considering equation (3), (4) and (5), we have calculated the field
distribution of PCFs in TE polarization mode.

For a nonlinear optical waveguide having Kerr-type non-linearity
related permittivity €. depends on electric field E and can be
expressed as

g =¢,, +0¢|Ey|2 ...(6)

Where ¢, is the linear relative permittivity and a is the non-linear
co-efficient. A hybrid implicit FDTD method is used to simulate the
field for 2D PCS with nonlinear rods. The overall stability of this
hybrid FDTD scheme is determined by the stability in the linear
medium regions. Consequently, nonlinearity in the structure does
not affect stability and hence the grid size and time step.

The cladding region consists of finite number of air holes so it
may cause the leakage of light. This leakage of light from core to
exterior material results the confinement loss (dB/km) that can be
expressed as:

Confinement loss = 8.686k I [n_] dB/km ...(7)

Where 1 is the imaginary part, n_, is the effective index of x

eff
polarized and y polarized fundamental mode.

The relative sensitivity coefficient measures the interaction between
the light and the analyte to be sensed. This interaction is measured
through the absorption coefficient at a particular wavelength.
According to the Beer-Lambert law, light is attenuated by the
intensity of absorption of evanescent wave [17].

1(2)= 1) expl ra_1]..(8)

The absorbance of the sample to be detected is defined by the
following equation:

A=log (IL)= ro 1 ..09)

Where I and 10 are the input and output intensities, respectively,
and c is the concentration of absorbing material. The length of the
channel is 1. The function of absorption coefficient is a (1), and
r is the relative sensitivity coefficient, which can be defined by the
following equation [18].

r=2r1..(10)

Ny
where nr refers to the refractive index of the sample to be sensed,
and n_ is the effective index of the guided mode, f is the fraction
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of total power located in the core, and it is also known as a power
distribution function [19] by using Poynting’s theorem which can
be expressed as the following equation:

_ [Re(EH,~E,H,)dxdy
~ [Re(EH, ~E,H,)dxdy

x100...(11)

Where numerator integration for sample and denominator
integration for total. Where E_and H_ are transverse electric field
and respectively; E and H_ are longitudinal electric field and
magnetic field respectively. The f measures the % of energy which
present in the holes.

The effective mode field area A_ (nm?) and the Numerical Aperture
(NA) of the fiber is evaluated as follows:
2
E|” d.
L= M 1)
Jf |E dxdy

A
NA=( +/1—;ﬁ")-”2 ..(13)
PCF design

In order to obtain the chemical sensing response of purposed PCF
structures, the transverse cross-sectional view of such PCF structure
has been illustrated in Figure 1. It consists of an array of circular
and elliptical air hole arranged in a triangular lattice pattern in
different background material PCF.
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Figure 1: The Crosssectional view of proposed circular and elliptical

PCF.

It is very essential that to fabricate number of air holes for maintain
the responsibility of dielectric medium. PCFs having different
background material whose cladding region is composed of air hole
ring constructed with circular, elliptical pattern. Choosing ‘d’ be the
diameter of air hole for circular PCF cladding region and a, b are
the semi major and semi minor axis of elliptical background PCF.
Pitch is set to be & pm and the core segments of proposed PCFs
have been circular and elliptical air holes with 45° orientation.
We set ‘a’ and ‘b’ are the semi major and semi minor distance of
ellipse with eccentricity e=0.6. For liquid infiltration refractive
index of core region are always greater than cladding region and
light propagation through PCFs due to total internal reflection
phenomena.

RESULTS AND DISCUSSION

The effects of the fiber structural parameter on its polarisation
characteristics have been investigated in above section. We compare
the different of circular and elliptical PCF filled with liquid analyte
being estimated. Figure 2 shows the electric field distribution
pattern of X and Y polarisation of proposed PCFs which operated
at a wavelength of 1.55 pm, The simulation picture nicely shown
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that light almost tightly confined in fluoride glass and silica based
PCF structure while light spread out in the vicinity of cladding
region in case of BK7 background based PCF. In addition, it is
seen that circular PCFs may less concern for sensing response over
elliptical PCF even though fabrication of elliptical PCF being very
difficult.

o ab 100 20
¥ values

Figure 2: Field distribution of design for circular and elliptical PCF of
three different background material (Silica Fluoride glass BK7 glass) at
operating wavelength of 1.55 pm for ncore=1.354.

The first and foremost nature of PCF used as sensor is needed to
compute the relative sensitive response. This sensitivity response of
a PCFs denoted that the sensing capacity of the proposed PCFs. For
the first time, we have computed the sensitivity response of various
liquid analyte such as water ethanol and benzene respectively on
the basis of refractive index. The refractive index can be evaluated
based on wavelength range using Sellimeir equation (not shown
here). Figure 3a illustrates the relative sensitivity on wavelength
range for water when the background material are chosen to be
silica Fluoride glass and BK7. it is seen that the relative sensitivity
gradually increase with increasing wavelength in both PCF structure
The result clearly revealed that the available sensitivity values are
60.2%, 61.6% and 61.7% offered by BK7, silica and Fluoride glass
circular PCF while 60.7%, 62.2% and 62.3% by elliptical PCF at
an operating wavelength of 1.55 pm. As illustrated in above figure
the loss of sensing response in circular proposed PCF is greatly
affected by diameter of air hole rings over elliptical PCF. Hence
the sensitive response result is better in elliptical PCF over circular
one. However Figures 3b and 3c predicts that the relative sensitivity
on wavelength range of ethanol and benzene analyte for three
background material PCF. The sensitivity result simultaneously
obtained are 60.8%, 62.3% and 62.4% for ethanol which operated
at a wavelength of 1.55 pm of proposed circular PCF while
61.3%,62.7% and 62.8% for elliptical PCF. At the same time,
benzene analyte offers the sensitivity values are 61.0%, 62.7%and
62.8% for proposed circular PCF however the elliptical PCF shows
relative sensitivity of 61.8%, 63.7% and 64%. From above result, it
concludes that Fluoride glass shows better enhancing their sensing
response over silica and BK7 at an operating wavelength of 1.55
pm. Hence it is most extensively suitable glass material in sensing
arena.
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Figure 3: Sensitivity versus Wavelength for three different PCF
background material for. a) n=1.33 b) n=1.354 ¢ ) n=1.366. Note: (-)
Silica; (=) Fluorlde glass; (=) BK7

While making fabrication of our proposed PCF, the confinement
loss is the most vital key role in optical communication arena.
It occurs due to the leaky nature of the mode and irregular
arrangement of air holes. These air holes are playing the role of
dielectric medium and it depends also on transmitted wavelength,
parameter shape and size, number of air holes rings. It is evident
that, more light energy is confined in the fiber core which produces
less confinement loss, hence it is very essential to evaluate the
confinement loss.

Figure 4 represent the variation of confinement loss on wavelength
of proposed PCF for different sensing liquid analytes. It is noticeable
that, the confinement loss curve gradually increases on increasing
in wavelength for all three liquid analyte of proposed PCF. It is seen
that, Figures 4a-4c confinement loss slightly more for Fluoride glass
and BK7 over the silica while Figure 4a shows that the confinement
loss is more for BK7 over fluoride glass and silica. However from
the Figure 4, we can see clearly from the improved structure that
elliptical PCF structures show better result over circular one.

Mode field area (A ) is one of the most important parameter of
PCF for high bit rate communication at high power transmission.
The main function of mode field area to transmit data in an optical
system. Hence it is very essential to estimate the effective mode field
area for different background material PCF. Figure 5 represent the
variation of effective mode field area on wavelength for different
values refractive index of liquid analyte which potential to allow
enhancing sensing response. It is viewed from Figure 5a that the
value of mode field area of BK7 is more than Fluoride glass below
the operating wavelength of 1.55 pm. But Fluoride glass has more
mode field area above the same operating wavelength. Additionally,
A_, of Silica is reduced value over BK7 and Fluoride glass. On the
other hand in Figures 5b and 5c clearly indicate that, Fluoride glass
is the most prominent glass material which attain maximum A_.
Furthermore, Fluoride glass has somehow more A  value attained
in elliptical PCF than circular one. Henceforth fabrication of
elliptical PCF is very crucial and measure accurate result for optical
communication arena over the circular one.
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Figure 4: Confinement Loss versus Wavelength for three different PCF
background material for. a) n=1.33 b) n=1.354 ¢ ) n=1.366. Note: (-)
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The another characteristics of PCF as NA which is also much more
important for sensing arena, It is a measure of ability of an optical
fiber to collect or confine the incident light inside it and capable
to accept maximum light. In fact, more is the NA; the fiber gathers
more light, so it is quite essential to measure the NA for proposed
PCFs based sensor which initiated in chemical or bio-sensing
purpose. Figure 6 demonstrate the NA on wavelength of different
refractive index based liquid analyte.
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Finally it is clarified that, NA decreases with increasing wavelength,
The NA curve indicates that BK7 glass elliptical PCF has more
value than silica and fluoride glass, e.g NA is more in elliptical PCF
than circular one for all three types of background material. While
it is very interesting result obtained as NA value is almost constant
for all glass material, e.g it has the average value of 2.66 for elliptical
PCF and 2.48 for circular PCF at an operating wavelength of 1.55
pm. However NA increases with increasing wavelength hence the
curve for BK7 is greater than silica and fluoride glass. But now we
measure that BK7 always shows better NA than silica and fluoride
glass which shown in below Table 1.

OPEN aACCESS Freely available online

In this article, the full vectorially 2D FDTD method based
numerical studies have been reported. Our results are expected
to suggest some valuable reference to design the proposed PCF in
sensing application. In fact the fabrication of PCF structure being
comparatively very simple, so several methods like stack and draw,
extrusion, air hole drilling and sol gel technique have offered any
types of structure. However by recent development technology, the
proposed design can be fabricated for technological improvement
in the fabrication of PCFs. In this article, the proposed PCFs can
be fabricated by the air hole drilling method.

Ciroslar PCF
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Figure 6: Numerical Aperture versus Wavelength for three different PCF background material for. a)
n=1.33 b)n=1.354 ¢ ) n=1.366. Note: () Silica; (-=) Fluorlde glass; (=) BK7

Table 1: Analysis of different background material based on circular and elliptical PCF sensor at an operating wavelength of 1.55 pm.

Sensitivity (%) C.L (dB/m) Aeff (um?2) NA
Background  Core (R.I)

CPCF E-PCF CPCF E-PCF C-PCF E-PCF CPCF E-PCF

n=1.33 61.7 62.3 4.43*10-12  4.80*10-12 6.65 7125 0.243 0.26

Fluoride glass ~ n=1.354 62.4 62.8 7.1%10-11 7.42*10-11 6.48 6.95 0.244 0.258
n=1.366 62.8 63.7 4.84*10-10  5.12*10-10 6.45 6.9 0.245 0.26

n=1.33 61.6 62.2 2.89*10-12  5.32*10-12 6.44 6.725 0.24 0.26

Silica n=1.354 62.3 62.7 3.06*10-11 3.4*10-11 6.4 6.8 0.243 0.254
n=1.366 62.7 64 2.60*10-10  2.90*10-10 6.42 6.9 0.244 0.258

n=1.33 60.2 60.7 5.60*10-12  5.64*10-12 6 7 0.248 0.268

BK7 n=1.354 60.8 61.3 3.28*10-11  3.59*10-11 6 6.3 0.247 0.262
n=1.366 61 61.8 1.95*10-10  2.29*10-10 5.57 6 0.249 0.268
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CONCLUSION

We propose a high sensing PCFs based on the introduction of
elliptical and circular air holes with a specific position distribution
around the core. We choose two proposed PCF with three
background material (Fluoride glass, silica and BK7) for their
investigation. In addition, we also investigated that the liquid analyte
such as water (n=1.33), ethanol (n=1.354) and benzene (n=1.366)
are filled in a single layer core for sensing response. The sensing
properties of the specific modes are investigated comprehensively
using 2D FDTD method, such property of circular and elliptical
PCF are also compared and estimated. Moreover the sensing
property can be enhanced by incorporating close approximate to
confinement loss, effective mode field area and numerical aperture
of proposed PCFs. It is seen that, fluoride glass elliptical shows
better performance on sensitive response over circular one than
silica and BK7 PCF even though the fabrication of elliptical PCF
being very difficult. They are in order as SF.g>SSi>SBk7 at a
wavelength equal to or greater than 1.55 um range and is applicable
for optical communication purpose.
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