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Abstract

The fast and accurate detection of the blood components is very necessary before initi-
ating the treatment of patients. In this article, a decagonal Solid Core Photonic Crystal
Fiber (SC-PCF) sensor with very high sensitivity and low confinement loss for efficiently
detecting the blood cells is proposed. The solid core with air hole ring gives an extra edge
for sensing the biomedical analytes due to the easy infiltration of liquid in the holes of the
core. The material used in the background of the PCF is TOPAS. A Perfectly Matched
Layer (PML) is used as boundary condition in outer layer of cladding. The Full-Vectorial
Finite Element Method (FV-FEM) is used for solving the Maxwell equation and numerical
analysis of the model in the THz regime. In results, the highest sensitivity in the terahertz
spectrum for glucose, plasma, WBC and RBC are 84.55%, 85.09%, 85.62% and 87.68%
respectively. Specifically, more than 85.09% sensitivity for all the blood components makes
this sensor very useful for rapid blood sensing. This paper also analyzes the low confine-
ment loss (CL), high effective mode area, low birefringence and beat length at operating
frequency in the terahertz spectrum (1THz—4THz) for all the blood components.

Keywords SC-PCF - Blood cells sensor - Sensitivity - Confinement loss - Birefringence -
Terahertz spectrum

1 Introduction

In the past few decades, optical biosensors have attracted researcher’s interest because of
its higher sensitivity, design flexibility, scalability and long-lasting capability. The PCF
based biosensor is a methodical device used to detect various biological stuff like cancer
tissues, antibodies, enzymes and acids. Because of the different refractive indices of the
different components. The PCF based sensors can also be used for sensing the blood com-
ponents like glucose, plasma, water, hemoglobin, WBC and RBC, etc.

The health of the human body is largely dependent on the composition of the blood
cells. The blood is a combination of plasma and blood corpuscles in the ratio of 11:9
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respectively. The plasma contains water and protein in the ratio of 9:1 and blood corpuscles
consist of leukocytes and thrombocytes and erythrocytes in the ratio of 1:99 (Chopra et al.
2016). The Erythrocyte also contains RBC, which is rich in hemoglobin. These blood com-
ponents can be analyzed by using optical sensing technology, in which photons are allowed
to interact with the different blood components. The intensity of light changed according
to the refractive indices of different blood cells like RBC, WBC, Glucose and Plasma (Jin
et al. 2006; Obayya et al. 2016), etc. The correct blood cell composition makes the body
healthy and ambiguities in these cell compositions may create some ailment diseases. So,
the early detection of these diseases can save many lives. The PCF based sensors are used
to detect the disorders of blood cell with high sensitivity, low cost, small size and more
reliability.

Photonic Crystal Fiber (PCF) is an optical fiber with periodically arranged microstruc-
tures air holes through the entire length of the fiber (Knight 2003). The special property
of the PCF such as Endlessly Single Mode (ESM), Single Silica Material (SSM) and flex-
ible air hole array design makes it a smart device in optical sensing technology. The lig-
uid or gas infiltration within the air holes adds the extra sensing capability of the PCF. In
solid core PCF, the propagation of light through the core of the fiber is accomplished by
the Index Guiding (IG) mechanism (Zhang et al. 2017). These properties of PCF make it
useful for sensing the chemical or biochemical substances like Glucose, Cholesterol, Red
Blood Cells and White Blood Cells, Hemoglobin, Plasma and water content in the blood.
The PCF based sensors can also be used for sensing physical parameters such as tempera-
ture, strain, force, etc.

In literature, Knight et al. in 1996 reported the first hexagonal PCF based gas sensor
(Knight et al. 1996). Later on, the octagonal (Ademgil 2014), decagonal (Abdur Razzak
et al. 2007), hybrid cladding (Ademgil and Haxha 2015) and honey comb structure (Hou
et al. 2013) have been reported but with low sensitivity. Thereafter, chemical and bio-
chemical sensors have also been reported for detecting the components like alcohol (Etu
Podder et al. 2018), salinity (Vigneswaran et al. 2018), pH (Li et al. 2013), DNA (Sun
et al. 2014), cholesterol (Soylemez et al. 2015) and glucose (Luo et al. 2014) using PCF. In
biomedical applications, PCF based sensors can be very useful for detecting and diagnos-
ing diseases in the initial stage. P. Sharan et al. reported a circular SC-PCF blood sensor to
detect the various blood components and obtained the maximum sensitivity of 66.47% for
hemoglobin at optical wavelength (Sharma and Sharan 2015). V. Kaur et al. (2019) have
reported a SC-PCF with sensing ring in 2019 and obtained the high sensitivity for RBC
(66.47%) and WBCs (62.72%) in near infrared region. The PCF based sensor in near infra-
red region could not achieve the sensitivity more than 70% as per the results reported. To
overcome this problem, Terahertz sensors have shown a great potential. At high frequency,
the interaction between photons and liquid molecules is enhanced which leads to improv-
ing sensing performance.

There are several THz optical sensors have been reported for biomedical applications
such as protein analysis (Cheng et al. 2020; Mobasser et al. 2020), DNA analysis (Fischer
et al. 2002), and skin cancer detection (Rahman et al. 2013). The review of the sensing
performance of the PCF based THz sensor is given as: A quasi-PCF based chemical sen-
sor have reported in 2018 (Paul et al. 2018). In this article, TOPAS has been used as a base
material of the quasi-PCF structure. The porous core of PCF was infiltrated with chemical
liquid and observed the maximum sensitivity of 78% at 1.3 THz frequency. VS Chaudhary
et al. in 2020 (Chaudhary and Kumar 2020) have reported a porous core chemical sensor
with TOPAS as base material. The different pattern and different hole size in the clad-
ding and porous core are increasing the complexity of the proposed PCF structure. The
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low sensitivity (70%) and complex structure were the major drawbacks of this proposal.
Recently, the authors have proposed a novel liquid infiltrated PCF based sensor for cocaine
sensing (Awadah et al. 2020). The large size of the ellipse in core increases the overall
size of the PCF, which leads to the complex structure and increased cost of the sensor.
Later, Shuvo Sen et al. reported a novel structure PCF based liquid sensor having hexago-
nal cladding with rotated hexacore (Shuvo Sen et al. 2020). In this, the authors have been
obtained the maximum sensitivity of 82% at 1 THz frequency for the refractive index range
of 1.33-1.36, the low refractive index range limits the application of the proposed sensor.
A rectangular porous core PCF based sensor was proposed for a low refractive index range
in (Al-Mamun Bulbul et al. 2020). The proposed structure has been analyzed in terms of
a maximum power fraction of 65%, which means the sensitivity will never cross the 80%
mark. K. Ahmed et al. in (2019) have reported a refractive index based blood components
sensor and investigated the sensitivity, confinement loss and other parameters. The relative
sensitivity response of 80.93%, 80.56%, 80.13%, 79.91% and 79.39% is achieved for the
targeted analytes RBCs, hemoglobin, WBCs, plasma and water respectively at a frequency
1.5 THz but the complex design structure is a major drawback of this sensor.

To the best of our knowledge, the maximum sensitivity with porous core or solid core
PCF is around 82% for chemical and 81% for biochemical analytes till date. Although,
there are many of articles available for sensing the blood components, still there is a need
to upgrade the performance of PCF based biosensor with fabrication friendly structure that
can detect the biomolecules like a cancer cell, diabetes (glucose), blood cell compositions
and other diseases in the early stages.

In this research paper, a highly sensitive solid core decagonal PCF with air hole ring
is proposed for sensing the blood components. The blood components such as Plasma,
Glucose, RBC and WBC are taken as analytes for filling in to the porous core. TOPAS is
used as a base material for the proposed sensor. The proposed paper promises for enhanced
results like high sensitivity, low CL, etc. The proposed sensor has the simple geometrical
structure as compare to discussed sensor which is easier to fabricate with the existing fab-
rication techniques. This paper is further organized as follows: Sect. 2 elaborates the struc-
tural design in detail, Sect. 3provides the numerical analysis in terahertz spectrum, Sect. 4
provides the simulation results and Sect. s5 concludes of the paper.

2 Structural design

The cross-sectional view of the proposed decagonal PCF sensor is shown in Fig. 1a. The
four decagonal circular air hole rings are in the cladding region helps to polarize the light in
to the core region. The pitch of air hole is selected optimally to confine the optical energy
into the core and for reducing the leakage of optical energy. The solid core consists of sens-
ing the air hole rings, which can be infiltrated with the sensing analytes for providing better
interaction of the evanescent field with the analytes. This contributes to the increase in the
effective area resulting in better sensitivity.

In the described structure, the radius of air hole R=40 pm, diameter d=2R =80 pum
in both core and cladding. The same diameter of the air holes in the core as well as in
cladding makes the fabrication uncomplicated. The distance between the center of one
hole to the center of another hole is called pitch (A) and A=86 um. The air filling ratio
d/A=0.93 is maintained in hole layers in cladding as well as in the core of the PCF. The
distance between each layer in the cladding region is 248 um. The core radius is taken as
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Fig. 1 a Crossectional view of proposed PCF b Block diagram of the proposed sensor

R.=178 um, the large radius of core accentuates the light to confine into the core running
through the entire length of the fiber and the width of the sensing ring is considered as
98 um. A perfectly matched layer (PML) is used as the boundary condition to absorb the
radiation in the outer surface of the PCF sensor. The material used in the background of the
PCF is TOPAS instead of silica as it has exceptional optical transparency, biocompatibility
and high resistance to alkalis and acids. The Refractive index of the infiltrated sample like
Glucose, plasma, WBC and RBC are 1.34, 1.35, 1.36 and 1.40 respectively (Jin et al. 2006;
Kaur and Singh 2019; Natesan et al. 2019). The proposed THz sensor has a compact size
structure as compare to previously reported THz sensors.

Figure 1b shows the practical implementation of the proposed refractive index (RI) sen-
sor; the laser light is launched into the designed PCF with the help of single mode fiber
(SMF) and fiber couplers. The blood cells can infiltrate into the sensing holes by the selec-
tive filling method (Zhao et al. 2018). When the optical power is transmitted through the
fiber, the RI of the blood cells modulates the intensity of light, the intensity modulation can
be analyzed by the optical spectrum analyzer (OSA). The output of the OSA can be investi-
gated by the computer to obtain the performance parameter like sensitivity, CL, etc.

Fabrication Possibilities There are many techniques available for the fabrication of PCF,
out of these the most suitable techniques are sol-gel, stack and draw, 3D printing, extru-
sion and capillary stacking to fabricate circular shaped air holes (Bise and Trevor 2005;
Ebendorft-Heidepriem et al. 2014; Ghazanfari Li et al. 2017). The proposed decagonal SC-
PCF based bio-sensor contains only circular shaped air holes both in the core as well as in
the cladding region. So, the proposed decagonal SC-PCF is more feasible to fabricate by
employing sol-gel and capillary stacking fabrication technique due to their equal radius
circular holes.
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This type of fabrication friendly decagonal shaped SC-PCF structure as RI sensor is
proposed for the first time for detecting the glucose, plasma, WBC, RBC with high sensi-
tivity. The structure of this sensor is compact in size and easy to fabricate as compare to
previously reported sensors. The optical behavior through the mathematical analysis of the
proposed sensor is discussed in the next section.

3 Numerical analysis at THZ frequency

For numerical analysis of the proposed PCF sensor, FEM is the most popular method
(Prabhakar 2012). FEM is used to solve Maxwell’s equation in wave propagation, less
complexity and computational time are the main advantages of this method and it is best
suited to analyze the photonic devices. For a given material, the Effective mode index (n,4)
is the ratio of the velocity of light in a vacuum (c) to the velocity of light in the guided
medium (v,,) in the direction of propagation. Mathematically, the effective mode index
can be evaluated by the following expression (Liu and Salemink 2014)

n _ ¢ ﬁpm (1)
f = T T

me KO
Here f,,, is the propagation constant and K, is the wavenumber in free space, it can be

derived as,

2r  2=xf

Ky=—=— 2

0= - )

And the cladding holes are filled with air and the core holes are infiltrated with sens-

ing analytes such as RBC, WBC, plasma and glucose with RI of 1.40, 1.36, 1.35 and 1.34

respectively. On the basis of the RI of the sensing analytes, the intensity of light is mod-

ulated. The intensity modulation can be offered by the following equation (Biswas et al.
2019),

Iy
A= log7 =relLC 3)

where I denotes the Intensity of light for incident wave and I denotes the intensity of light
for transmitted wave, r denotes the relative sensitivity, € denotes the molar absorption coef-
ficient, L denotes the path length, and C denotes the concentration of absorbing material.
The relative sensitive (r) can be defined as (Biswas et al. 2019),

~f )

where n, and n,; denotes the RI of the sensing analyte and real value of effective mode
index of the propagating modes, f is the fractional power which can be derived as (Biswas
et al. 2019),

S/ (EXHy - E),Hx)axay (sample)

%) =
s S (ExH\ —EyHX)axay (total)

100 (5)
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Here E and H denote the transverse Electric and Magnetic fields. The sensitivity of the
PCF sensor relates to the parameter known as confinement loss; these are the leakage of
optical power from the core confinement region. At any wavelength, the confinement loss
is due to the imaginary part of the complex effective refractive index Im(neﬁ-)' The confine-
ment loss (Lc) of the fundamental mode is described by the following equation (Aoni et al.
2013),

L.(dB/m) = 8.686K,Im(n,; ) ©6)

Here K, is the wavenumber and it is inversely proportional to the wavelength and
Im(neﬁf) denotes the imaginary value of the complex effective RI. The confinement loss can
be controlled by the parameter variation like hole size, pitch, and design of geometry.

Another important parameter is the Effective mode area and it is generally known as the
light carrying region. For the propagation of the fundamental mode, electric-field (E) dis-
tribution should be inside the core, and the effective mode area of a PCF can be expressed
as (Ahmed et al. 2019),

([ 1B y)Pdxdy)’ -
T (1EG, y)*dxdy)

Here E is the electric field distribution in x and y direction, for the sensing application,
the EMA should be high.

Birefringence is an essential optical property of the PCFs. It is generated by some geo-
metric asymmetry depending on the position of air holes and highly influential for polari-
zation-maintaining fiber (PMF). The first ring of the PCF has highly structural asymmetry
and produces higher order of birefringence and the structural symmetry of the PCF does
not influence the birefringence. Mathematically it can be expressed as (De et al. 2017),

X

_ y
B = or ~ Mofr

n

®)

One more significant parameter is the Beat length. It is an extensive argument to deter-
mine the PCF birefringent. Beat length derives the light transmission length along with the
fiber when the phase variations of two orthogonal polarization states vary 360 degrees or
2x radians and derive the periodic power exchange between two orthogonal components.
This period is known as beat length and mathematically it can be derived as (Xin et al.
2016),

Ly =~ (€))

Here Ly is the beat length, A denotes the wavelength and B is the birefringence.

4 Results and discussion

For the simulation of the proposed PCF, the COMSOL Multiphysics software has been
employed. This software is best for design and analysis the photonics or optical devices
with less computational time and complexity. The optical behavior of the proposed model
is analyzed by the FEM method (Bise and Trevor 2005). It is used to find the real world
working of the model by meshing or breaking down the model into a number of finite
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elements. With equation no. 1-9, numerical analysis has investigated the effect of each
finite element. The workflow of COMSOL software for the proposed PCF based sensor is
first design the model structure of the PCF, add the material property of the design struc-
ture and define the electromagnetic physics as a waveguide. All the propagation modes are
analyzed by the mode analysis.

The holes in the sensing ring can be easily filled with the sensing analytes for the direct
interaction with light propagating through the fiber. This enhances the capability of sens-
ing of the proposed sensor. Figure 2 shows the distribution of the electric field in the core
of the proposed fiber. The light confinement when analytes are not infiltrated is shown in
part (a), the polarization of light is shown in part (b), (c), (d) and (e) for the blood cells
RBC, plasma, Glucose and WBC respectively. The light travels through the entire length of
the PCF at the terahertz spectrum. The figure clearly differentiates the electric field of the
polarized light for each components of the blood. The light confinement for the different
blood component and air in the core shows the different behavior of light guided through
the core. The main attraction of this paper is to attain high relative sensitivity and that leads
to a very low confinement loss. Figure differentiate the electric field of the polarized light
for each and every component of the blood which clearly shows the behavior of light in the
proposed sensor.

Figure 3 shows the relative sensitivity variation with THz frequency ranging froml to
4THz for distinct components of the human blood. The sensitivity is obtained with the
help of Egs. 4 and 5. It is directly proportional to the fractional power, higher the fractional
power in the core or sensing region leads to the higher sensitivity. The sensitivity of all the
blood components is higher in the lower range of the terahertz spectrum for the proposed
design. The components like glucose, plasma, WBC and RBC shows that the sensitivity is
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higher for higher RI at one terahertz frequency, the sensitivity values are 84.55%, 85.09%,
85.62% and 87.68% respectively. The best part of this paper is that at 1THz frequency,
the plot indicates the sensitivity of all the blood Components are more than 85%, which is
more than the sensor has been reported in the literature review.

Figure 4 shows the variation of confinement loss at different frequency values of the
THz range. It is calculated by equation no. 6, very less leaky radiations are observed in
this PCF based RI sensor. This work achieves very low values of confinement loss for
glucose, plasma, WBC and RBC, mentioning7.92 x 10 dB/m, 6.66x10™%° dB/m,
3.14x10™% dB/m and 1.86x 10 dB/m respectively. The lower value of the confine-
ment loss increases the sensitivity of the sensor. The very low value of confinement loss
enhances the performance of this sensor. The figure also shows that for a low value of RI
(1.34) the plot shows the maximum value of CL and for a high value of RI (1.40) the plot
shows the minimum value of CL. The sensitivity is decreasing with frequency increases,
while the confinement loss increases with frequency.

Figure 5 shows the effective mode index variation as a function of frequency from 1 to
4THz. The effective mode index of the fundamental modes slightly varies in accordance
to the refractive index of the different blood components. The effective mode index also
depends on the frequency of the fundamental modes, here it is calculated by equation no.
1. The n.z is inversely proportional to the frequency and the plot shows the mathematical
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behavior for the proposed sensor. The n,; have shown the average value near the respective
RI of the different blood cells.

The effective area vs. frequency plot of the proposed PCF structure is shown in Fig. 6.
It is numerically analyzed by equation no. 7 which describes the light carrying capac-
ity of the fiber core. The maximum obtained value through simulation for the effective
area is 1.86 x 107'm?/1.86 x 10° um® and in design structure, the core area is around
1.04 x 10° um?, which is around 56% of the simulated effective area, it means the opti-
mum design parameters have been opted to design the proposed sensor structure. The
plot depicts that the maximum value of the effective area at 1THz frequency and slightly
reduced as frequency varied to 4THz. The plot for sensitivity and effective area depicts that
the sensitivity is high when effective area is maximum. The effective area should be large
for sensing and data transmission and small for nonlinear applications. It has also shown
the linear relation with RI of sensing analytes like RBC has maximum value and glucose
has a minimum value of effective area at all the frequencies.

Birefringence is one of the crucial optical property of the PCF to evaluate the perfor-
mance of the proposed blood sensor. Figure 7 shows the variation of birefringence with
frequency and it is calculated by equation no. 8. The proposed PCF structure shows the
controlled birefringence over the entire range of frequency. The cell RBC has the low-
est birefringence as their RI is maximum and glucose has the highest value as their RI is
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Table 1 Optimum sensitivity with variation of R by + 1% and +2% at 1 THz frequency

Radius variation (%) Sensitivity (%)
Glucose (%) Plasma (%) WBC (%) RBC (%)
2 82.11 82.03 83.09 85.76
1 82.77 84.23 84.33 86.28
Optimum 84.55 85.09 85.62 87.68
+1 84.81 85.60 85.79 87.97
+2 85.15 86.01 86.09 88.02

minimum among all blood components. It describes the polarization changes of the trans-
mitted light in the x and y-direction. Another important parameter is Beat length. The beat
length is a birefringence dependent parameter the variation of beat length with terahertz
frequency is shown in Fig. 8. The beat length shows the highest peak at 1 THz and then it
reduces linearly with frequency reaching 4 THz. RBC shows the high value of beat length
and the blood substances like WBC, plasma, glucose have almost same values from this
discussion it is cleared that the beat length follows the RI of sensing analytes.

The sensitivity variation with radius of air hole is optimized in Table 1. The perfor-
mance of the proposed sensor in terms of sensitivity and confinement loss, effective area,
birefringence and beat length at 1THz frequency is presented in Table 2. The performance
comparison of this paper with the previous work is tabulated in Table 3.

5 Conclusion

In this article, a new design of the PCF sensor for sensing blood components has been pro-
posed and analyzed. The sensing ring holes are used as a blood cell cavity, which is filled
by the blood cells. When the optical power is transmitted through the fiber core, the inten-
sity of light is modulated by the refractive index of the blood cells. The sensitivity obtained
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Table 2 Performance of the proposed PCF based sensor at THz frequency

Blood Cells  Refractive index  Sensitivity (%) EMA Confinement loss(dB/m)  Birefringence
(um?)

Glucose 1.34 84.55 1.11x10°  9.92x107% 1x107°%

Plasma 1.35 85.09 1.14x10° 8.66x107" 1x107%

WBC 1.36 85.62 1.66x10°  6.14x107% 1x107%

RBC 1.40 87.68 1.86x10° 3.09x107% 6x107%

Table 3 Performance comparison between previous and proposed research at THz frequency

References Year  Back- Sensing parameters
ground - - 3
material Maximum Confinement  Effective area (um~)
sensitivity loss (dB/m)
(%)
Kaur and Singh (2019) 2019  Silica 66.42 8.13x1078
Paul et al. (2018) 2018 TOPAS 78.90 1.23x107° 1.10x10°
Al-Mamun Bulbul et al. (2020) 2019  TOPAS 80.93 8x 10712 1.85x10°
Chaudhary and Kumar (2020) 2020 TOPAS 70.00 1x1071° 1.39%10°
Shuvo Sen et al. (2020) 2020 TOPAS 82.26 5.84x1078 1.44%10°
Proposed work - TOPAS 87.68 1.4x107° 1.86x10°

for the various components of the blood is as follows: RBC-87.68%, WBC-85.62%, Glu-
cose-84.55% and Plasma-85.09%. To the best of our knowledge, to date, no other sensor
has been able to obtain such a high value of sensitivity. The small value of birefringence
and large effective area adds to the advantages of this sensor. The high sensitivity, a low
value of the confinement loss and simple geometry makes this sensor unique for biomedi-
cal real time sensing applications.
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