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Abstract
A vertical photonic crystal fiber (V-PCF) and a horizontal PCF (H-PCF) are designed for the detection of sulfur dioxide 
 (SO2) in this paper. A demanding numerical investigation is carried out in a wider range of wavelengths from 0.8 to 1 μm. 
 SO2 is a major contributor to air pollution, which is responsible for asthma and cancer. The optical parameters are analyzed 
by using the finite element method (FEM) which consumes a completely circular isotropic perfectly matched layer (PML). 
The designed V-PCF sensor test is performed with different PML radius values, different elliptical constants for the inner 
cladding, the outer cladding layer, and the core. The higher relative sensitivity of 59.34% makes this proposed V-PCF a 
good design for  SO2 detection.
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Introduction

Sulfur dioxide  (SO2) is an incomprehensible gas, with a 
pungent smell. Approximately 99% of airborne  SO2 origi-
nates from human resources. In the USA, where the popu-
lation is larger, a study was carried out on 20,472 children 
and adults. Respiratory diseases are found to be diagnosed 
because of  SO2. Areas that have produced this  SO2, such as 
the Salt Lake Basin and Rocky Mountain, cause lower res-
piratory disease in children [1]. Photonic crystal fiber (PCF) 
is a fast-growing field that, since the last eras, has attracted 
incredible attention. By attaching and limiting air holes at 
regular intervals, the PCF guides the light, and these holes 
run along the length of the fibers. By varying the size of 

holes in the core and cladding, the propagation of light can 
be regulated. Because of its ability to control light in hol-
low bodies, the loss of blockage is very low and the contact 
of light is increased, resulting in increased fiber sensitivity 
[2]. A number of reported works [3–16] have been devel-
oped to investigate the performance of optical sensors based 
on PCF. In several applications, PCF is used, such as gas 
detection [3, 4], chemical detection [5, 6], pressure detection 
[7], bio-medical and temperature sensing, etc. Conventional 
fibers suffer from limited design flexibility in the core and 
increased complexity in finding lower value containment 
loss and sensitivity, limited core size, and difficult selection 
of materials [8, 9]. For gas sensors and liquid sensors, the 
hollow-core PCFs are more suited.

Hollow-core fiber is an optical fiber that guides light in 
the hollow region [10, 11]. As a result, only a minimum 
amount of light will spread to the solid fiber material (typi-
cally a glass). These fibers are called photonic band gap 
fibers. The unique feature of the hollow core is that it will 
allow the control of the gas compositions and provide long 
interactions between the light and the gas. Hollow-core fiber 
reduces non-linearity as only a small amount of light prop-
agates in silica; the effect of non-linearity will be greatly 
reduced compared to concrete core fibers. These bio-sensing 
and chemical senses play an important role in medical sci-
ence. As a result, most researchers keep an eye on the detec-
tion of fluid, chemical, and gas sensitivities [12–16]. Several 
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numbers of research studies on gas detection were reported. 
Micro-structured [17]  GeO2-doped silica PCF achieved a 
relative sensitivity of 16.88%. The hybrid PCF gas sensor 
generates 15.67% relative sensitivity to 1.33 μm wavelength.

The index guiding [19] PCF was projected for gas detec-
tion applications and achieved a relative sensitivity of 
32.99%. Hexagonal, porous PCF sensor produced a relative 
sensitivity of 42.27% for a wavelength of 1.3 μm [20], fol-
lowed by 53.07% for a PCF-based gas sensor [21]. Sensitiv-
ity of 55.10% to the 1.33 μm wavelength for spiral PCF [22] 
was also achieved. In the porous core PCF sensor [23], the 
gas was detected in the terahertz region and a propagation 
loss of 0.013 dB/m was achieved. This sensor detects toxic 
gases, with a sensitivity of 0.268%/ppm. Highly sensitive 
hydrogen sulfide  (H2S) gas sensor using a combination of 
graphene properties was proposed. The relative sensitivity 
of 1.2 × 104 nm/RIU for  H2S gas [24] was achieved with this 
method.  H2S gas was detected by the PCF Mach–Zehnder 
interferometer [25]. Titanium dioxide/amino-functionalized 
graphene quantum dots are coated over the PCF surface to 
detect  H2S. The relative sensitivity of 26.62 ppm − 1 was 
achieved using this method.

The hexagonal shape PCF sensor is investigated for 
H-PCF and V-PCF gas sensors, and it plays a significant 
role in the COMSOL environment. For chemical sensing, 
a hexagonal shape sensor produces the best results [26]. 
The cladding air hole [27] was hexagonal in shape, limiting 
light in the core region. The V-PCF structure with different 
elliptical core and cladding is investigated in this proposed 
work. Elliptical air holes in the cladding with an additional 
elliptical constant are high sensitivity and low confinement 
loss. To understand the properties of elliptical air holes, con-
figurations of vertical and horizontal air holes are analyzed. 
The relative sensitivity and confinement loss of the proposed 
V-PCF structures against accurate gas analysts are examined 

and precisely compared. In addition, the sensitivity of the 
proposed gas sensor is compared to other PCF sensors.

Design Methodology

The outer and inner elliptical sheaths are designed vertically 
and horizontally in PCF structures, and then the elliptical 
core is shaped, as shown in Fig. 1a, b. In the cladding and 
core region, the elliptic holes are constructed to achieve high 
relative sensitivity and low confinement loss at the same 
time. COMSOL Multiphysics software examines the features 
of the V-PCF and H-PCF with FEM.

V‑PCF Sensor Design

Figure 1a illustrates the proposed V-PCF gas sensor. The 
V-PCF consists of two outer cladding layers and one inner 
cladding layer, and the core surrounds the center circle. The 
outer cladding, inner cladding, and core are elliptical. The 
elliptical shape of these different layers is denoted by an ellipti-
cal constant η and is represented as = db

da
 , where da and db are 

the a-semi-axis and b-semi-axis, respectively [6]. The number 
of air holes in the outer cladding layers is 24 and 18, respec-
tively. The third inner cladding layer has 16 air holes. The 
elliptical constant of third cladding layer is 0.625 [a-semi-
axis=0.8µm and b-semi-axis=0.5µm]. The size of the elliptical 
core is 0.71 [a-semi-axis=0.7µm and b-semi-axis=0.5µm]. The 
center air hole is circular and a refractive index (RI) of 1. The 
lattice pitch period amid two neighboring holes of the pro-
posed gas sensor is symbolized as and is about 1.8µm. This 
design aims to confine the light in the core area. An active 
boundary setting is done by adding the PML at the geometry’s 
outer area, which is required to avoid scattering loss.

Fig. 1  PCF gas sensor diagram. 
a Structure of V-PCF sensor. b 
Structure of H-PCF sensor
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H‑PCF Sensor Design

The elliptical outer cladding air holes are placed horizon-
tally on the H-PCF sensor design, as shown in Fig. 1b. 
The structure consists of three elliptical cladding layers 
and one elliptical core layer. The two exterior cladding 
layers with a horizontal elliptic air hole have an elliptical 
constant of 1.33. The elliptical constant of the third clad-
ding layer and the core are 0.625 and 0.714, respectively. 
If the pitch value is increased or decreased in this struc-
ture, the result is significantly less, and the pitch value 
of this H-PCF is 1.8 µm. Three different PML values are 
analyzed, and the best one is compared to the best verti-
cal PML. The outer two elliptical constants of V-PCF and 
H-PCF are compared with the different elliptical constant 
values shown in Fig. 2a, b. It is inferred from the fig-
ures that the V-PCF and H-PCF sensors produce a high 

sensitivity of 0.75 and 1.33 elliptical constants. Differ-
ent readings are analyzed for the outer cladding above 
and below 0.75 and 1.33 elliptical constants for V-PCF 
and H-PCF sensors respectively; from the analysis, it was 
found that the elliptical constant 0.75 and 1.33 for V-PCF 
and H-PCF sensors produces the best result. Considering 
the best elliptical constant outer cladding for the V-PCF 
and H-PCF sensors, different elliptical constants for inner 
cladding and core are analyzed. Figure 2c, d show that the 
elliptical constant of 0.625 and 0.71 for internal cladding 
and core produces the best sensitivity. The structure of the 
gas sensors is designed to detect  SO2.

To analyze the proposed gas sensor’s performance with 
a wavelength of 0.8 to 1 µm, the parameters such as rela-
tive sensitivity, effective area, attenuation, and confine-
ment loss are significant. The relative sensitivity can be 
expressed as follows:

Fig. 2  Comparison graph for different elliptical constant. a V-PCF outer cladding. b H-PCF outer cladding. c Inner cladding. d Core layer
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where nr the RI of the material to be sensed, neff  is the effec-
tive RI of the model, and f  is the power ratio in percent. The 
power ratio is defined in the Eq. (2):

Hy,  Hx and  Ey,  Ex are transverse magnetic and electric fields 
in the y- and x-axis, respectively. The confinement loss is 
calculated using the imaginary part of the good RI values 
shown in Eq. (3):

The RI of  SO2 at 25 °C is 1.3396, which is placed in 
eight elliptical cores. When the sensor senses the gas, the 
light will confine in the 0.8- to 1-µm wavelength, and the 
sensitivity is improved from the minimum wavelength. In 
this proposed gas sensor, the output is obtained, where the 
light is confined in the core area and produces the best result. 
The light which is not contained in the core area is called 
confinement loss. The light confinement in the core area for 
the V-PCF sensor and H-PCF sensor is shown in Fig. 3a, b.

The simulated output of both the horizontal and vertical 
PCF gas sensors is compared in Table 1. An extremely low 
confinement loss of 5.93E − 04 dB is attained for the V-PCF 
sensor and 8.94E − 04 of H-PCF. The attenuation for the 
V-PCF sensor is only 1.1865 dB/km, and the H-PCF sensor’s 
value is 4.18 dB/km. Comparatively, the attenuation of the 
V-PCF sensor is good. The V-PCF sensor’s relative sensitiv-
ity is 59.34%, and it is better than the horizontal sensitivity 

(1)r =
nr

neff
× f

(2)f =
∫

Sample
Re

(

ExHy − EyHx

)

dxdy

∫
total

Re
(

ExHy − EyHx

)

dxdy
× 100

(3)Lc = 8.686k0xIm
(

neff
)

× 106

k0 =
2�

�

of 58.53%. The value of the effective area is nearly equal 
for the vertical and H-PCF sensor. This table concludes that 
when compared to the H-PCF sensor, the results of the V- 
PCF sensor are good.

Results and Discussions

To investigate further, different PML values for V-PCF and 
H-PCF are analyzed. The different PML values are 0.5 µm, 
1 µm, and 1.5 µm. The purpose of the PML is to avoid the 
scattering of light away from cladding. In the second stage, 
the V-PCF gas sensor’s elliptical constant is compared with 
a different elliptical constant. In the third stage, the core 
of the V-PCF sensor is compared with other core elliptical 
constant.

Effect of Change of PML in the V‑PCF 
and H‑PCF Gas Sensor

The proposed V-PCF gas sensor has the 1st and 2nd clad-
ding elliptical constant of 0.75; the inner cladding has an 
elliptical constant of 0.625 and the core elliptical constant 
of 0.714. Different PML values such as 0.5 µm, 1 µm, and 
1.5 µm are used, and these PML values are compared with 
the PML of the V-PCF gas sensor as shown in Fig. 4a–f. The 
PML value of the proposed method is 0.5 µm. The relative 
sensitivity and useful mode for these different PML values 

Fig. 3  Light confinement of a 
V-PCF b H-PCF gas sensor

Table 1  Comparison of the proposed vertical and H-PCF sensors

Proposed sensors Confine-
ment loss 
(dB/m)

Attenua-
tion (dB/
Km)

Relative 
sensitivity 
(%)

Effec-
tive area 
(µm2)

V-PCF sensor 5.93E − 04 1.1865 59.34 4.61
H-PCF sensor 8.94E − 04 4.18 58.53 4.62
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are analyzed. Different PML values such as 0.5 µm, 1 µm, 
and 1.5 µm are used in vertical and horizontal cladding outer 
two layers, respectively.

The sensitivity in percentage for V-PCF and H-PCF with 
the PML of 0.5 µm, 1 µm, and 1.5 µm is given in Table 2 for 
the wavelength ranges from 0.8 to 1 µm. In this PCF gas sen-
sor, the light confinement takes place only between 0.8 and 
1 µm, and above 1 µm, the light will be scattered, and it is dif-
ficult to confine light above 1 µm. In this paper, three different 

PML values such as 0.5 µm, 1 µm, and 1.5 µm are considered. 
Among this three PMLs, the V-PCF and H-PCF produce the 
best result for 0.5 µm PML. If the PML is increased above 
0.5 µm, there is a dip in the sensitivity. The confinement loss 
for different PML depths is investigated [28]. This investiga-
tion result clearly reports that the confinement loss is compar-
atively high for high PML depth and less for low PML depth.

From Fig. 5a, it is found that the relative sensitivity curve 
for V-PCF of 0.5 µm PML is increasing with increasing 

Fig. 4  Structure of a V-PCF sensor with 0.5 µm PML, b V-PCF sensor with 1 µm PML, c V-PCF sensor with 1.5 µm PML, d H-PCF sensor 
with 0.5 µm PML, e H-PCF sensor with 1 µm PML, f H-PCF sensor with 1.5 µm PML

Table 2  Relative sensitivity for 
V-PCF and H-PCF sensors

Wavelength 
(µm)

Sensitivity for PML layer thickness in V-PCF 
sensor

Sensitivity for PML layer thickness in 
H-PCF sensor

0.5 µm 1 µm 1.5 µm 0.5 µm 1 µm 1.5 µm

0.8 29.26 28.67 28.77 28.90 28.73 28.06
0.82 29.51 29.80 29.54 29.07 29.27 29.53
0.84 30.63 30.20 29.74 29.77 30.07 29.76
0.86 37.63 36.89 37.53 36.58 37.12 36.49
0.9 48.87 48.82 48.47 48.90 48.95 48.78
0.92 49.13 49.55 49.12 49.34 49.45 49.37
0.94 54.25 54.11 54.18 54.21 54.15 54.15
0.96 56.77 57.29 56.64 56.70 56.41 56.49
0.98 57.84 58.35 57.88 57.67 58.07 57.89
1 59.34 0.11 0.00 58.53 0.11 0.01
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wavelength. For this 0.5 µm PML, the maximum relative sensi-
tivity of 59.34% is achieved at 1 µm wavelength. Further, differ-
ent PML values for the horizontal outer cladding are analyzed. 
For horizontal 0.5 µm, the relative sensitivity curve is drawn, 
and it is increasing concerning wavelength. The maximum sen-
sitivity of 58.53% is achieved for the wavelength of 1 µm. For 
1 µm and 1.5 µm PML, the relative sensitivity decreases at 1 µm 
wavelength. It happens because the light is not confined to the 
core region, and it is scattered over the cladding layer. As the 
PML value increases, the relative sensitivity decreases. The 
maximum sensitivity of 59.344% and 58.53% at 1 µm wave-
length is achieved for V-PCF and H-PCF with 0.5 µm PML.

From the relative sensitivity curve, it is analyzed that the 
V-PCF’s sensitivity of 0.5 µm PML is high compared with the 
H-PCF of 0.5 µm PML. The sensitivity curve for V-PCF for 
0.5 µm PML is linear, and it is far better than the H-PCF of 
the 0.5 µm PML curve. For V-PCF of 0.5 µm, the effective 
area increases with increasing wavelength. From Fig. 5b, it 
is inferred that the effective area for V-PCF and H-PCF outer 
cladding for 0.5 µm PML is growing linearly. The effective area 
reaches its maximum at 4.61 µm2. Using the V-PCF sensor with 
0.5 µm PML as a base, further analysis is done, and they are 
explained in “The Effect of Changing the Inner Cladding (Layer 
3)” and “The Effect of Changing the Core Elliptical Constant.”

Fig. 5  a Sensitivity profile of V-PCF 0.5 µm PML. b Effective-area of V-PCF 0.5 µm PML

Fig. 6  Light confinement for the 
two different 3rd layer (inner) 
cladding
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The Effect of Changing the Inner Cladding (Layer 3)

In this analysis, the two best values of the inner cladding 
elliptical constant are 0.75 (a-semi-axis of 0.8 μm and 
b-semi-axis = 0.6 μm) and 0.64 (a-semi-axis = 0.85 μm, 
b-semi-axis = 0.55 μm), and Fig. 6 shows light confine-
ment of the electromagnetic signal in the design of two 
different 3rd (inner) cladding. These two elliptical con-
stants are compared to the proposed V-PCF gas sensor 
with an elliptical constant of 0.625 (a-semi-axis = 0.8 μm, 
b-semi-axis = 0.5 μm). The sensitivity of the V-PCF gas 
sensor is observed to be the best. The elliptical constant 
of 0.625 produces the best result when compared to oth-
ers, because its size is small and places it correctly in 
the center between the core and the outer layer. In order 

to achieve the best result, two things need to be consid-
ered: the size of the inner cladding should be larger than 
the outer cladding, and the inner cladding value should 
be placed in the center between the core and the outer 
cladding. If the size of the inner cladding increases or 
decreases, the sensitivity decreases.

The relative sensitivity and sufficient area for the differ-
ent inner cladding layers are drawn as given in Fig. 7 and 
compared to the proposed gas sensor. The sensitivity and 
functional area of the proposed V-PCF gas sensor has been 
found to increase to the maximum wavelength. It is analyzed 
that as the wavelength increases, the attenuation level is sig-
nificantly lower and reaches almost zero as the wavelength 
increases to its maximum value. The confinement loss is 
considerably less for the proposed gas sensor and is almost 

Fig. 7  Analysis of various sensor parameters for the different inner cladding. a Sensitivity. b Effective area. c Attenuation. d Confinement loss
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Fig. 8  Light confinement for 
different core values in V-PCF

Fig. 9  Graph for the different core elliptical constant. a Sensitivity. b Effective area. c Attenuation. d Confinement loss

2162 Plasmonics (2021) 16:2155–2165
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zero as the wavelength propagates to full value. Confine-
ment loss decreases due to an increase in the Core-Cladding 
Index. The relative sensitivity and mode area for different 
inner cladding layers are 38.551%, 37.942%, 2.54 µm2, and 
2.47 µm2, respectively.

The Effect of Changing the Core Elliptical Constant

Two different elliptical cores are considered in this design. 
For this core, the elliptical constant is 0.83 and 1.75. This 
value is compared to the proposed V-PCF gas sensor with 
an elliptical constant of 0.714. The light confinement for the 
two designs is shown in Fig. 8. If this value is increased, the 
sensitivity will decrease, and if the core elliptical constant 
decreases, the sensitivity will be almost 0. The sensitivity 
of the proposed V-PCF gas sensor is increasing linearly. It 
reaches a maximum of 1 μm, and the remaining two val-
ues are compared to a maximum sensitivity of 52.523% 
and 35.38%, which is lower than the proposed V-PCF gas 

sensor. The proposed sensor’s effective mode area is 4.61 
µm2, which is greater than 3.60 µm2 and 1.56 µm2. Attenua-
tion is reduced and limited, resulting in reduced confinement 
loss for the proposed V-PCF gas sensor.

In the first stage, different PML values for V-PCF and 
H-PCF are considered. For these different PMLs, the V-PCF 
gas sensor of 0.5 µm gives the best result. The 0.5-µm PML 
V-PCF gas sensor is compared with the inner cladding layer 
elliptical constant and different vertical core elliptical con-
stant. In Fig. 9, the comparison of the sensitivity, useful 
mode, attenuation, and confinement-loss concerning wave-
length is drawn using the software. It is found that the pro-
posed method produces good sensitivity, less attenuation, 
and confinement loss for  SO2 at 25 °C, and the comparison 
table of this best design is shown in Table 3.

The comparative graph shown in Fig. 10 shows a clear pic-
ture of the sensitivity and the mode area. The proposed V-PCF 
gas sensor achieves a sensitivity of 59.34% and a mode area 
of 4.61 μm2. Table 4 shows the comparison of the proposed 

Table 3  Analysis of the 
proposed V-PCF gas sensor for 
0.5 µm PML

The core, inner, and outer cladding layers are represented in terms of elliptical constant

S.No Structure Core diam-
eter (µm)

Cladding diameter (µm) Sensitivity at 1 µm Effective 
area (µm2)

Outer cladding 
layers 1 and 2

Inner clad-
ding 3rd layer

1 V-PCF sensor 0.71 0.75 0.625 59.344% 4.61
2 V-PCF sensor 0.71 0.75 0.75 38.551% 2.52
3 V-PCF sensor 0.71 0.75 0.64 37.942% 2.47
4 V-PCF sensor 0.83 0.75 0.625 52.523% 3.6
5 V-PCF sensor 1.75 0.75 0.625 35.380% 1.56

Fig. 10  Wavelength vs. a relative sensitivity of different cladding and core. b Effective area of varying cladding and core
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sensors (V-PCF & H-PCF) with the different existing gas sen-
sors, and it is understood that the sensitivity of the proposed 
V-PCF sensor is correct to detect  SO2 using a hexagonal sys-
tem. The proposed V-PCF structure is analyzed for the  SO2 
gas at 20 °C which is the RI of 1.3047. The sensitivity of 
this gas is varying from 21.01 to 36.46% for the wavelength 
ranges from 0.75 to 0.9 μm. The sensitivity of this gas is very 
less compared with the gas which is proposed in this design. 
The RI of the proposed V-PCF is 1.3396. The attenuation and 
confinement loss for 1.3047 RI gas sensor is nearly close to 0 
as the wavelength reaches its maximum value.

Conclusion

The primary focus of this paper is to investigate the rela-
tive sensitivity, user mode, and confinement loss of the pro-
posed V-PCF gas sensor for  SO2 detection applications. In 
this method, different cladding and a single core layer are 
used. The V-PCF gas sensor is analyzed for different PMLs, 
other cores, and additional claddings. The proposed V-PCF 
provides the best relative sensitivity of 59.344%.  SO2 can 
be detected with high sensitivity using this proposed PCF 
sensor.  SO2 is released from volcanic activity and eruptions 
into the air. If a vapor at 25 °C is released into the air,  SO2 
will only exist as a gas in the atmosphere. These  SO2 in the 
air will cause asthma and even cancer, so this proposed PCF 
is highly useful in biomedical applications.
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