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Abstract
In this study, a photonic crystal fiber (PCF) sensor is proposed for refractometric sens-
ing. The proposed PCF sensor includes a single rectangular core and 32 rectangular air 
holes in the cladding region that have the same width and height as the core rectangle. The 
fiber substance used is Zeonex. The finite element-based COMSOL 5.6 program is used 
to numerically analyze the model. The simulation confirms the suggested PCF capabil-
ity to identify the analyte samples with extremely high sensitivity. A frequency range of 
1.5–3.0 THz was adopted. At an operating frequency of 2.8 THz, many performance met-
rics are calculated. Extremely low effective area (6.3575 × 104 µm2), effective material loss 
(0.00222 cm− 1) and confinement loss (0.52772 × 10− 14) have been obtained with the pro-
posed sensor. Extremely high-power factor (98.128%), birefringence (3.3 × 10− 3), numeri-
cal aperture (0.23319) and relative sensitivity (98.876%) have been also obtained with the 
current PCF sensor. Moreover, the fabrication possibility of the proposed sensor is further 
assured by the PCF design’s simplicity.
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1  Introduction

For optical data processing (ODPG) applications, photonic crystals (PHCs) have become 
more attractive. Recently, PHCs have become one of the most crucial platforms for develop-
ing ODPG applications and making them affordable (Singh et al. 2020). This is performed 
in comparison to well-known photonic-based technologies such as modulators employed in 
optical networks (Mohammed and Mansi 2019), optical communication (El-Wakeel 2016), 
Mach–Zehnder interferometer (Mohammed et al. 2014), fibre Bragg grating (Mohammed 
et  al. 2018) and semiconductor optical amplifiers (Shehata and Mohammed 2016). The 
field of PHCs is promising due to many properties including long-range monitoring, fast 
response, safety in highly flammable environments, immunity to electromagnetic interfer-
ence, safety in highly flammable environments, and immunity to electromagnetic interfer-
ence (Zhang et al. 2015). Structural design flexibility, low power consumption, and high 
sensitivity are further merits (Fegadolli et al. 2013). Because of these properties, a PHC is 
extensively used in a number of ODPG technologies as coupler (Sharifi et al. 2017), reso-
nator (Sun et al. 2020), optical modulators (Li et al. 2020), channel drop filters (Taya et al. 
2021; Almawgani et  al. 2022), switches (Rajasekar et  al. 2019), oscillators (Marty et  al. 
2021), adders (Karkhanehchi et  al. 2017), logic gates (Mostafa et  al. 2019), and sensors 
(Shaheen and Taya 2017; Taya and Shaheen 2018). Among various photonic-based sens-
ing approaches, PHC-based sensors have recently been considered a promising technology. 
PHCs have been applied in the last ten years to provide cost-effective, accurate and real-life 
photonic-based sensors. A direct application that makes use of PHC benefits in optical fib-
ers is photonic crystal fiber (PCF). PCFs are receiving a lot of attention from optical scien-
tists due to their diverse capabilities. The main aspect of a PCF as an optical waveguide is 
characterized by their revolutionary methodology for light propagation (Habib et al. 2021). 
PCFs are preferred to alternative optical channels because of their compact size, durability, 
inexpensive cost and high tensile strength (Habib et al. 2021). Additional advantages for a 
PCF include single-mode propagation, design flexibility, propagation in solid core and air, 
controllable birefringence, and high confinement (Dash and Jha 2014). PCF can be used in 
numerous sensing applications in addition to offering electromagnetic signal propagation 
interactions with liquids and gases. For that reason, a variety of PCFs have been proposed 
and demonstrated as temperature sensors (Liu et  al. 2018), chemical sensors (Rahaman 
et al. 2021), salinity sensors (Vigneswaran et al. 2018), blood component sensors (Hossain 
and Podder 2019), and pressure sensors (Chen et al. 2011).

The terahertz radiation band has received significant interest from the scientific 
community in recent years (O’Hara et  al. 2019). Terahertz emission can be transmit-
ted across PCFs and causes no risk to the health of humans (Habib et al. 2021). As a 
result, terahertz-based optical fiber-based sensors have been suggested and employed in 
a variety of real-world applications. A wide variety of PCF-based biological, chemical 
and biomedical sensors are designed, tested, and occasionally manufactured based on 
the PCF merits listed above. Examples include the detection of glucose concentration 
(Thenmozhi et al. 2017), blood components (Hossain and Podder 2019), protein (Islam 
et al. 2021), malaria (Shafkat et al. 2021), and cancer cells (Eid et al. 2021; Bulbul et al. 
2020a). The most crucial PCF sensing characteristics, also known as performance eval-
uation criteria, are confinement loss (CL), relative sensitivity (RS), operating frequency, 
effective material loss (EML), numerical aperture (NA), effective area (Aeff), and fabrica-
tion feasibility with the available technology.
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Through this effort, a significant attempt is made to satisfy the majority of the afore-
mentioned standards. In this work, a PCF configuration is proposed and simulated as a 
refractometric sensor of three samples: S1, S2 and S3 of refractive indices of 1.333, 1.422 
and 1.430, respectively. The most significant performance evaluation criteria such as con-
finement loss, relative sensitivity, effective area, numerical aperture, and effective material 
loss, are calculated. We have also compared the proposed design with similar PCF-based 
sensors to verify its uniqueness. The manuscript is organized as follows: Sect. 2 presents 
the design and fabrication feasibility of the proposed PCF configuration. The performance 
evaluation criteria for the proposed sensor are outlined in Sect. 3. Section 4 presents the 
findings, numerical results and sensing characteristics. In Sect. 5, a summary of key values 
for the proposed sensor performance is presented.

2 � Sensor model design and fabrication feasibilities

Figure 1 shows a cross-sectional view of the proposed PCF sensor. The most widely used 
backgrounds for terahertz-based PCFs are TOPAS, Silica, Zeonex and Teflon because of 
their superior properties and lower absorption losses compared to other optical materials 

Air

PML

Zeonex

Analyte

(a) (b)

(c)

Fig. 1   a Cross-sectional of the proposed PCF sensor with the yellow rectangle is the core layer. b Sche-
matic diagram of the proposed PCF showing the dimensions. Here we have w = 300�m , h = 500�m , 
Λ = 315�m , R = 1650�m , r = 1518�m. c Meshing output which has 26,670 domain elements and 3018 
boundary elements
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(Habib et  al. 2021). Zeonex offers excellent optical stability after exposure to heat and 
humidity, higher glass transition temperature, good transparency, restricted water absorp-
tion, and a minimum absorption loss of 0.2 cm− 1. It was therefore selected as the sensor’s 
background (Islam et al. 2018). It has a refractive index (RI) of 1.53. It is characterized by 
low dispersion in the terahertz range. The proposed PCF structure has a rectangular core as 
well as rectangular air holes constituting the cladding region. COMSOL Multiphysics soft-
ware (version 5.6) is used to design and simulate the proposed sensor structure. The finite 
element method is employed in analyzing the optical properties of the structure. Com-
pared to other well-known numerical approaches, COMSOL is the most efficient (Dickin-
son et al. 2014). At first, an arbitrary PCF model is designed. Then materials are assigned 
in both the core and cladding regions. Initializing the boundary conditions, mesh setup is 
accomplished. The solutions to the partial differential equations are performed to extract 
performance metrics. These metrics are analyzed and the steps are repeated until standard 
results are attained. We have introduced the three samples (S1, S2 and S3) as analytes in 
the core region. The total fiber radius is taken as 1650 μm. For boundary conditions, the 
perfectly matched layer (PML) has a thickness of 132 μm. Here, the PML is used to absorb 
the electromagnetic signal propagating towards the surface.

In Fig. 1a, the yellow rectangle shows the core area where the analyte is to be injected. 
Figure 1b gives a detailed view of the structure of the proposed sensor along with geo-
metrical characteristics. The width (w) and height (h) are 300 and 500 μm, respectively. 
The cladding region has 32 rectangular air holes. The width and height of the cladding rec-
tangles are the same as the core rectangle. The pitch (separation between two consecutive 
rectangles) is 15 μm. The separation between the centers of two adjacent rectangles is Λ = 
315 μm. A normal mesh is selected to analyze the proposed PCF-based sensor. This mesh 
is found to have 26,670 domain elements and 3018 boundary elements. Figure 1c shows 
the meshing output.

The light propagation through the three analytes is illustrated in Fig. 2 in the x and y 
directions at an operating frequency f = 2.8 THz. Loss is minimal since just a tiny fraction 
of the light travels outside the core area. The maximum amount of light confinement is 
shown in the red area. The intensity gradually decreases towards the boundary of the core. 
The red arrow indicates the direction in which light travels.

The fabrication capabilities of any sensor play a key role in determining its reliability. 
Scientists strive to keep their designs as simple as possible to maintain fabrication capabil-
ity without any damage. Extrusion (Shofner et al. 2003), 3D printing (LuO et al. 2020), 
stack and draw (Ishida et al. 2013), capillary stacking (Atakaramians et al. 2009) and Sol-
gel (El Hamzaoui et al. 2012) are only a few of the commercially available fiber fabrication 
methods used to make PCF sensors today. As the proposed PCF sensor incorporates rectan-
gular air holes, the aforementioned technologies, particularly the extrusion and 3D-printing 
techniques, ensure that the proposed sensor can be constructed.

3 � Method of analysis

The problem is divided into three conditions named main structure, main structure − 2%, 
and main structure + 2%. To obtain these conditions we have altered the core width 
by ± 2%. For the main structure condition, the width and height of the core are chosen 
as 300 and 500  μm, respectively. For the conditions of main structure − 2% and main 
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structure + 2%, the height remains unchanged and the width changes and takes the values 
of 294 μm for main structure − 2% and 306 μm for main structure + 2%.

Different assessment metrics parameters should be employed to analyze the PCF sensor 
performance in order to determine how well the suggested PCF sensor will detect the sam-
ples and how it can match the early detection requirements that were previously mentioned. 
The following parameters are regarded as characteristic of a PCF sensor applications: con-
finement loss (CL), relative sensitivity (RS), operating frequency, effective material loss 
(EML), numerical aperture (NA), effective area (Aeff), and fabrication capability with the 
available technology. These parameters efficiently affect the performance of a PCF sen-
sor. The incident light must propagate primarily in the core region and be tightly restricted 
through the core for PCF-based sensors. Relative sensitivity is regarded as the most crucial 
property.

The power factor (PF), which is used to measure the light extent associated with the 
analytes in the core, has a substantial impact on the relative sensitivity of the PCF sensor. 
It is calculated as

Fig. 2   Light propagation of the proposed PCF at f = 2.8 THz. The analytes used here are S1 (Fig. 2a and b), 
S2 (Fig. 2c and d) and S3 (Fig. 2e and f). The x- and y- polarizations are shown in Fig. (2a, c and e) and  (b, 
d and f), respectively
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Ei and Hi are the electric and magnetic field components in the i direction. The 
amount of light propagating in the core and total cross-sectional regions are represented 
by the numerator and denominator, respectively.

The following equation is used to determine the relative sensitivity (RS) to an analyte 
when nr and neff  are the analyte and the effective modal RI.

Birefringence is the term used to describe the asymmetry between the cladding and 
core region organization. It is regarded as an optical characteristic of the fiber material. 
The birefringence can be impacted by polarization and light propagation. The birefrin-
gence is given by the following equation when the RIs of the fiber in the x and y polari-
zations are described by nx

eff
 andny

eff

Light may occasionally propagate out from the analyte in the core region, depend-
ing on the electric field. The region where analyte sensing is most effective is known as 
the effective area (Aeff). A high-power density in the zone can be created by a lower Aeff 
with a significant nonlinear effect.

The numerical aperture (NA) is the largest permissible angle of incidence of injected 
light. It depends on Aeff, light speed (c), and operation frequency (f). It is believed that 
it will have a higher value because it measures how well a fiber can confine light. It is 
given by

Confinement loss (CL) is the loss that results from the optical confinement decreas-
ing due to the cladding-core structure of the PCF. The amount of light that is collected 
by the air gaps of the cladding area serves as a measure of this loss. When the CL is 
lower, the sensor quality will be higher. When k0 = 2π / λ, λ is the light wavelength, the 
CL is defined as

where Imginary
(
neff

)
 gives the imaginary part of the modal RI.

Effective material loss (EML), which the background substance can cause in consid-
erable amounts, can be reduced by reducing the amount of background substance. It is 
given by

(1)PF =

∫
analyte

Re{ExHy − HxEy}dxdy

∫
total

Re{ExHy − HxEy}dxdy
,%

(2)RS =
nr

neff
PF,%

(3)Birefringence =
|||Re{n

x
eff

− n
y

eff
}
|||

(4)Aeff =

(
∫ ||E2||dxdy

)2

∫ ||E4||dxdy
,�m2

(5)NA = (1 + �f 2Aeff∕c
2)

−1∕2

(6)CL = 8.686 × k0 × Imginary
(
neff

)
× 10−2, cm−1
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where nmat and �mat stand for the RI and bulk absorption parameter ( cm−1 ) for the mate-
rial fiber, respectively. μ0 and �0 symbolize the permeability and permittivity of free space. 
Table 1 lists all the variables that were used in the simulation.

4 � Simulation results

The operating frequency region is considered 1.5–3 THz. The main aim of the current 
work is to detect three samples (S1, S2 and S3). Several optical parameters, including 
birefringence, effective area, numerical aperture, effective material loss, confinement loss, 
power factor, and relative sensitivity are explored for determining the effectiveness of our 
proposed PCF sensor. Both of the polarization directions (x- and y-polarizations) will be 
considered.

The aforementioned optical parameters are all dependent on the effective mode index. 
Figure 3 shows the effective mode index variation of the PCF for both polarization direc-
tions (x and y) in the 1.5–3 THz frequency range. Figure 3a, c, e and b, d, f show the effec-
tive mode index of the PCF when S1, S2 and S3 are used as analytes in the x-polarized 
Fig. 3a, c, e and y- polarized Fig. 3b, d, f, respectively. Generally, the effective mode index 
increases as the frequency increases for all analytes and all polarizations. If we consider an 
operating frequency of f = 2.8 THz, the effective mode index of S1, S2 and S3 are 1.3257, 
1.4123 and 1.4202 in the x- polarized and 1.3239, 1.4115 and 1.4194 in the y- polarized 
for the main structure. For main structure + 2%, the effective mode index of S1, S2 and S3 
are 1.3242, 1.4119 and 1.4199 in the x- polarized and 1.3233, 1.4112 and 1.3281 in the 

(7)EML =

√
�0

�0

∫
mat

nmat�mat|E|2dA

|||||
∫
all

1

2
(E × H∗)zdA

|||||

, cm−1

Table 1   The parameters used for 
the PCF. The radius of PCF (R) 1650 μm

PML 132 μm
Pitch (p) 15 μm
wcladding 300 μm
hcladding 500 μm
wcore (main structure) 300 μm
hcore (main structure) 500 μm
wcore (main structure − 2%) 294 μm
hcore (main structure − 2%) 500 μm
wcore (main structure + 2%) 306 μm
hcore (main structure + 2%) 500 μm
nZeonex 1.53 Bulbul et al. (2020a)
�Zeonex 0.2cm−1 Islam et al. (2018)
nS1 1.333 Taya et al. (2022)
nS2 1.422 Taya et al. (2022)
nS3 1.430 Taya et al. (2022)
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y- polarized, respectively. For main structure − 2%, the effective mode index of S1, S2 and 
S3 are 1.3281, 1.4129 and 1.4207 in the x- polarized and 1.3248, 1.4118 and 1.4197 in the 
y- polarized, respectively.

When the frequency increases, the wavelength decreases, and the effective mode index 
tends to increase in a PCF. This behavior can be attributed to the dispersion properties of 
the PCF structure. Dispersion refers to the dependence of the refractive index on the wave-
length or frequency of light. In PCF, different modes experience different levels of disper-
sion due to the variation in the effective refractive index across the operating frequency 
range.
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Fig. 3   Effective mode index of the PCF structure as a function of frequency. The analytes used here are S1 
(Fig. 3a and b), S2 (Fig. 3c and d) and S3 (Fig. 3e and f). The x- and y- polarizations are shown in Fig. (3a, 
c and e) and (b, d and f), respectively. Different colors correspond to different geometrical configurations as 
shown in the legends
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Table 2 reports the effective mode index at an operating frequency of 2.8 THz for the 
proposed PCF sensor at different geometrical configurations and polarizations. It is clear 
that the effective mode index values in all cases are relatively close to the refractive indices 
of the analyte samples. This is a good indicator for sensor applications which can lead to 
extremely high sensitivity. Table 2 also shows that as the refractive index of the analyte 
increases, the effective mode index increases in all polarizations and PCF geometries.

Figure  4 shows the birefringence of the proposed PCF for the analytes S1 (Fig.  4a), 
S2 (Fig. 4b) and S3 (Fig. 4c). In most cases, the birefringence decreases as the frequency 
increases. At an operating frequency of 2.8 THz, the birefringence values of S1, S2 and 
S3 are 0.0018, 0.0008 and 0.0008, respectively for the main structure. For the main struc-
ture + 2%, the birefringence of S1, S2 and S3 are respectively given as 0.0009, 0.0007 and 
0.0007. For the main structure − 2% configurations, the birefringence of S1, S2 and S3 are 
0.0033, 0.0011 and 0.001, respectively. It’s important to note that the relationship between 
frequency and birefringence in a PCF can vary depending on the specific PCF design, 
structural parameters, and operating conditions. Therefore, while a decrease in birefrin-
gence with increasing frequency is observed in some PCF designs, it may not hold true for 
all cases.

Figure 5 illustrates the effective area in μm2 of the proposed PCF for the analytes of 
S1, S2 and S3 in the x-polarization (Fig. 5a, c, e) and y-polarization (Fig. 5b, d, f). The 
effective area of S1, S2 and S3 are 87,761, 93,928 and 93,880 μm2 in the x-polarization 
and 83,635, 90,924 and 91,240 μm2 in the y- polarization for the main structure. For the 
second geometrical configuration of main structure + 2%, the effective area of S1, S2 
and S3 are 81,290, 91,725 and 91,940 μm2 in the x- polarization and 99,811, 94,950 and 
94,658 μm2 in the y- polarization, respectively. For main structure − 2%, the effective 

Table 2   Effective mode index 
at an operating frequency of 2.8 
THz.

Analyte Polarizations PCF structure Effective 
mode index

S1 x-polarization Main structure − 2% 1.3281
Main structure 1.3257
Main structure + 2% 1.3242

y-polarization Main structure − 2% 1.3248
Main structure 1.3239
Main structure + 2% 1.3233

S2 x-polarization Main structure − 2% 1.4129
Main structure 1.4123
Main structure + 2% 1.4119

y-polarization Main structure − 2% 1.4118
Main structure 1.4115
Main structure + 2% 1.4112

S3 x-polarization Main structure − 2% 1.4207
Main structure 1.4202
Main structure + 2% 1.4199

y-polarization Main structure − 2% 1.4197
Main structure 1.4194
Main structure + 2% 1.3281
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area of S1, S2 and S3 are 96,595, 96,882 and 96,461 μm2 in the x- polarization and 
63,575, 84,393, 85,618 μm2 in the y- polarization, respectively.

The effective area of a PCF decreases as the frequency increases. At higher frequen-
cies (shorter wavelengths), the dispersion properties of a PCF can cause the effective 
mode to be more tightly confined within the core region of the fiber. This tighter con-
finement leads to a decrease in the effective area of the mode.

Table  3 presents the effective area of the proposed PCF for different analytes and 
geometries. For a PCF, the effective area should be as low as possible to have an effi-
cient sensor. As can be seen, the effective area, for x-polarization, decreases when the 
PCF shape changes from main structure − 2% case to main structure ans then to main 
structure + 2%, respectively. This means that the main structure + 2% is recommended 
for x-polarization. The situation is different for y-polarization as the main structure 
− 2% geometry is preferred since it corresponds to the lowest effective area.

Numerical aperture as a function of frequency is illustrated in Fig. 6 for the three ana-
lytes in x-polarization (Fig. 6a, c, e) and y-polarization (Fig. 6b, d, f). In x-polarized, the 
numerical aperture of S1, S2 and S3 samples are 0.19998, 0.19356 and 0.1936, respec-
tively, whereas in the y-polarized it is given by 0.20465, 0.19661 and 0.19628, respec-
tively, for the main structure. When we consider the main structure + 2%, the numerical 
aperture of S1, S2 and S3 are 0.20746, 0.19578 and 0.19556 in the x-polarized and 
0.18797, 0.19255 and 0.19284 in the y-polarized, respectively. For the main structure 
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− 2%, the numerical aperture of S1, S2 and S3 are 0.19097, 0.19069 and 0.19109 in the 
x-polarized and 0.23319, 0.20377 and 0.20237 in the y-polarized, respectively.

The numerical aperture of a PCF decreases as the frequency increases. At higher fre-
quencies (shorter wavelengths), the dispersion properties of PCF can cause the light to be 
more tightly confined within the core region of the fiber. This tighter confinement leads to 
a narrower angular range of accepted light rays, resulting in a decrease in the numerical 
aperture.

Effective material loss as a function of the frequency is illustrated in Fig. 7 for the three 
analytes in x-polarization (Fig. 7 (a, c, e)) and y-polarization (Fig. 7b, d, f). The effective 
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Fig. 5   Effective area ( μm2 ) of the PCF structure as a function of frequency. The analytes used here are S1 
(Fig. 5a and b), S2 (Fig. 5c and d) and S3 (Fig. 5e and f). The x- and y- polarizations are shown in Fig. (5a, 
c and e) and (b, d and f), respectively. Different colors correspond to different geometrical configurations as 
shown in the legends
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material loss of S1, S2 and S3 are 0.0162, 0.00628 and 0.00585 cm−1 in the x-polarized 
and 0.00831, 0.003 and 0.0028 cm−1 in the y-polarized for main structure, respectively. For 
main structure + 2%, the effective material loss of S1, S2 and S3 are 0.00846, 0.00394 and 
0.00371 cm−1 in the x-polarized and 0.00727, 0.00239 and 0.00222 cm−1 in the y-polar-
ized, respectively. For main structure − 2%, the effective material loss of S1, S2 and S3 are 
0.03093, 0.0098 and 0.009 in the x-polarized and 0.01013, 0.00396 and 0.00371 cm−1 in 
the y-polarized, respectively.

The effective material loss of an efficient PCF sensor should be as low as possible. As 
can be seen, as the refractive index of the analyte increases, the values of effective material 
loss decrease for all geometries and polarizations. It is also observed that x-polarization 
has effective material loss values greater than those appeared in y-polarization for all PCF 
structures.

Figure 8 shows the confinement loss of S1, S2 and S3 samples in the x-polarized mode 
(Fig.  8a, c, e) and y- polarized mode (Fig.  8b, d, f). At an operating frequency of 2.8 
THz, the confinement loss of S1, S2 and S3 samples are 0.60245×10−14 , 4.3743 × 10−14 
and 0.64306 × 10−14 cm−1 in the x-polarized and 0.77872×10−14 , 0.61969 × 10−14 and 
0.52772 × 10−14 cm−1 in the y-polarized, respectively, for the main structure. In the case 
of main structure + 2% geometry, the confinement loss of S1, S2 and S3 is 0.87677×10−14 , 
3.376×10−14 and 6.2001×10−14 cm−1 in the x-polarized and 3.0288×10−14 , 0.61154 × 10−14 , 
6.7545 × 10−14 cm−1 in the y-polarized, respectively. For main structure − 2%, the confine-
ment loss of S1, S2 and S3 is 2.0477×10−14 , 1.1151 × 10−14 and 3.5081 × 10−14 cm−1 in the 
x-polarized and 1.9347×10−14 , 8.3954 × 10−14 and 8.7792 × 10−14 cm−1 in the y-polarized, 
respectively.

The sensitivity of the PCF sensor is one of the most significant parameters that deter-
mine the sensor performance. The sensitivity value is determined by the power factor 

Table 3   Effective area at 
an operating frequency of 
2.8 THz.

Analyte Polarizations PCF structure Effectivearea × 10
4(�m2)

(f = 2.8 THz)

S1 x-polarization Main structure − 2% 9.6595
Main structure 8.7761
Main structure + 2% 8.129

y-polarization Main structure − 2% 6.3575
Main structure 8.3635
Main structure + 2% 9.9811

S2 x-polarization Main structure − 2% 9.6882
Main structure 9.3928
Main structure + 2% 9.1725

y-polarization Main structure − 2% 8.4393
Main structure 9.0924
Main structure + 2% 9.495

S3 x-polarization Main structure − 2% 9.6461
Main structure 9.388
Main structure + 2% 9.194

y-polarization Main structure − 2% 8.5618
Main structure 9.124
Main structure + 2% 9.4658
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which is used for measuring the light extent associated with the analytes in the core. Fig-
ure 9 shows the power factor of S1, S2 and S3 in the x-polarized (Fig. 9a, c, e) and y-polar-
ized (Fig. 9b, d, f). The power factors of S1, S2 and S3 samples are 90.067%, 96.087% 
and 96.35% in the x-polarized and 93.692%, 97.535% and 97.69% in the y-polarized for 
the main structure, respectively. For main structure + 2%, the power factors of S1, S2 and 
S3 are 94.114%, 97.287% and 97.442% in the x-polarized and 94.598%, 97.999% and 
98.128% in the y-polarized, respectively. For main structure − 2%, the power factors of S1, 
S2 and S3 are 82.806%, 94.325% and 94.775% in the x-polarized and 92.212%, 96.852% 
and 97.05% in the y-polarized, respectively.
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Fig. 6   Numerical aperture of the PCF structure as a function of frequency. The analytes used here are S1 
(Fig. 6a and b), S2 (Fig. 6c and d) and S3 (Fig. 6e and f). The x- and y- polarizations are shown in Fig. (6a, 
c and e) and (b, d and f), respectively. Different colors correspond to different geometrical configurations as 
shown in the legends
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As can be seen, the power factor can be enhanced by increasing the refractive 
index of the analyte sample. The case of y-polarization has higher power factors than 
x-polarization.

Figure 10 shows the relative sensitivity of the proposed PCF as a function of the fre-
quency. Both polarizations are considered and the three PCF geometries are illustrated in 
the figure. The relative sensitivities of S1, S2 and S3 are 90.561%, 96.746% and 97.015% 
in the x-polarized and 94.333%, 98.263% and 98.42% in the y-polarized for main struc-
ture, respectively. For main structure + 2% geometry, the relative sensitivities of S1, S2 
and S3 are 94.739%, 97.982% and 98.138% in the x-polarized and 95.288%, 98.747% and 
98.876% in the y-polarized, respectively. For the geometry of main structure − 2%, the 
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Fig. 7   Effective material loss of the PCF structure as a function of frequency. The analytes used here are S1 
(Fig. 7a and b), S2 (Fig. 7c and d) and S3 (Fig. 7e and f). The x- and y- polarizations are shown in Fig. (7a, 
c and e) and (b, d and f), respectively. Different colors correspond to different geometrical configurations as 
shown in the legends
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relative sensitivities of S1, S2 and S3 are 83.11%, 94.935% and 95.397% in the x-polarized 
and 92.784%, 97.554% and 97.757% in the y-polarized, respectively.

Table 4 reports the relative sensitivity of the proposed PCF sensor at 2.8 THz for differ-
ent geometries. As noted in the table, the relative sensitivity obtained to all analyte sam-
ples is extremely high. The proposed PCF seems promising for refractometric applications. 
As the analyte refractive index increases, the relative sensitivity is enhanced. When the 
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Fig. 8   Confinement loss of the PCF structure as a function of frequency. The analytes used here are S1 
(Fig. 8a and b), S2 (Fig. 8c and d) and S3 (Fig. 8e and f). The x- and y- polarizations are shown in Fig. (8a, 
c and e) and (b, d and f), respectively. Different colors correspond to different geometrical configurations as 
shown in the legends



	 A. H. M. Almawgani et al.

1 3

  881   Page 16 of 23

y-polarization is applied to the PCF sensors, the resulting relative sensitivities are higher 
than those obtained when x-polarization is applied. The geometry of main structure + 2% 
corresponds to the highest sensitivity among all geometries considered.

The optical properties of the proposed PCF are investigated for the three config-
urations (main structure, main structure + 2% and main structure − 2%). The results 
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Fig. 9   Power factor of the PCF structure as a function of frequency. The analytes used here are S1 (Fig. 9a 
and b), S2 (Fig. 9c and d) and S3 (Fig. 9e and f). The x- and y- polarizations are shown in Fig. (9a, c and e) 
and (b, d and f), respectively. Different colors correspond to different geometrical configurations as shown 
in the legends
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demonstrate that a small change in the model structure during fabrication will not 
result in a significant change in the optical parameters.

The proposed PCF sensor is compared to the most recent PCF sensors in Table 5. 
It is clear that the proposed sensor is exceptionally effective in refractometric sensing.
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Fig. 10   Relative sensitivity of the PCF structure as a function of frequency. The analytes used here are S1 
(Fig. 10a and b), S2 (Fig. 10c and d) and S3 (Fig. 10e and f). The x- and y- polarizations are shown in 
Fig. (10a, c and e) and (b, d and f), respectively. Different colors correspond to different geometrical con-
figurations as shown in the legends
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5 � Conclusions

In this paper, we have proposed and numerically analyzed a PCF sensor for the detec-
tion of three samples. The cladding zone has 32 rectangular air holes and the PCF core 
is made up of a single rectangle that has the same dimensions as those of the cladding. 
The fiber substance used is Zeonex. Three different PCF configurations have been investi-
gated: main structure, main structure + 2% and main structure − 2%. These configurations 
have been obtained by changing the core width by ± 2%. The essential optical parameters 
have been analyzed for each structure. An operating frequency of 2.8 THz is chosen. The 
effective mode index has been found close to the refractive indices of the analyte samples. 
This is a good sign for sensor applications which can lead to extremely high sensitivity. 
When the y-polarization is applied to the proposed PCF sensor and the geometry of main 
structure + 2% is considered, the highest-power factor (98.128%) and relative sensitivity 
(98.876%) were obtained. Many noteworthy findings related to the performance indicators 
have been found. Extremely low effective area (6.3575 × 104 µm2), effective material loss 
(0.00222 cm− 1) and confinement loss (0.52772 × 10− 14) have been obtained with the pro-
posed sensor. Extremely high birefringence (3.3 × 10− 3) and numerical aperture (0.23319) 
have been also obtained with the current PCF sensor. These values indicate a promising 
and efficient PCF detector. The numerical results of the optical parameters show that only 
little modifications in the fabrication of the proposed PCF will not have a major impact on 
the optical parameters.

Table 4   Relative sensitivity at an 
operating frequency of 2.8 THz.

Analyte Polarizations PCF structure Relative sensitiv-
ity % (f = 2.8 THz)

S1 x-polarization Main structure − 2% 83.11
Main structure 90.561
Main structure + 2% 94.739

y-polarization Main structure − 2% 92.784
Main structure 94.333
Main structure + 2% 95.288

S2 x-polarization Main structure − 2% 94.935
Main structure 96.746
Main structure + 2% 97.982

y-polarization Main structure − 2% 97.554
Main structure 98.263
Main structure + 2% 98.747

S3 x-polarization Main structure − 2% 95.397
Main structure 97.015
Main structure + 2% 98.138

y-polarization Main structure − 2% 97.757
Main structure 98.42
Main structure + 2% 98.876
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