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Abstract: A petrol adulteration sensor based on a rectangular shaped hollow-core photonic crystal
fiber is proposed and numerically analyzed in the terahertz regime. The performance of the proposed
sensor was evaluated when it is employed to characterize different kerosene mixtures. In this research,
the adulterated fuel sample is filled in the rectangular hollow channel and the electromagnetic
signal of the terahertz band is also driven through the same channel. The received signal after the
interaction of fuel with the terahertz signal will advise the refractive index of the fuel oil inside the
core, which will also bear the information of how much extrinsic component is present in the fuel.
The finite element method based simulation shows that the proposed sensor can reach a high relative
sensitivity of 89% and presents low confinement losses at 2.8 THz. The reported sensing structure is
easily realizable with the conventional manufacturing techniques. Consequently, this proposed fiber
may be treated as an essential part of real-life applications of petrol adulteration measurements.

Keywords: hollow core fiber; photonic crystal fiber; terahertz; fiber optic sensor; high birefringence;
petrol adulteration

1. Introduction

Since its introduction in 1996, photonic crystal fiber (PCFs) has opened new alternatives to improve
photonic devices for sensing and telecommunications applications [1]. This kind of optical fiber offers
many degrees of freedom in its design to achieve a variety of peculiar optical properties, such as
endlessly single-mode operation, larger effective core area, high nonlinearity, design flexibility, and low
losses [2–5]. These unique characteristics have led to the creation of new devices for solving traditional
problems in telecommunications, such as attenuation and dispersion [3,6,7]. Likewise, the PCFs
had been employed to design a new generation of either passive and active photonic devices for
telecommunications [8–12]. On the other hand, the PCFs had also been implemented in sensor devices
with high sensitivity and compact size in diverse and promising real-life applications [10,13–18].

Lately, a narrow band of the electromagnetic spectrum (0.1 to 10 THz) has become a topic of great
interest worldwide due to numerous promising applications [19,20]. This radiation band falls between
the microwave and infrared region of the electromagnetic spectrum. So, this band can be used without
any harmful effect on the human being and the environment [21]. At the early stage, the air was used
as the propagating medium for the terahertz signals because it does not show absorbent characteristics
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into this spectrum band. Nevertheless, some serious problems were raised at the time of transmitting
terahertz signals to large distances such as scattering, diffraction, and transmitter-receiver alignment
problems [21,22].

Several waveguides were proposed to achieve efficient signal transmission in this spectrum region,
as for example parallel plate waveguide, metallic waveguide, hollow-core waveguide, photonic crystal
fiber (PCF), etc. [23–29]. Among them, THz PCF waveguide offers better transmission characteristics,
as it absorbs low energy in comparison to the other waveguides [28,30]. Therefore, PCFs have become
an essential part of terahertz signal propagation. Besides, these waveguides had been proposed as
sensors for different applications, like chemical sensing [31–33], biomedical sensing [34], cancer cell
detection [35]. Based on the structure of the core, the PCFs can be broadly classified into three different
categories: solid core PCF [36], porous core PCF [14,37–39], and hollow-core PCF [26,40]. However,
the hollow-core PCF is the best option for sensing applications because it provides the maximum area
of interaction between the analyte and the radiation. Then, any change in the refractive index (RI)
induces variation in the propagating modes of the waveguide, which can be used to detect changes in
the composition, chemical properties, and physical properties of liquid and gases [41,42].

Recently, several alternatives based on waveguides have been proposed and analyzed to determine
changes in liquids in the THz region because terahertz components are easier to manufacture compared
to those in the optical regime [28]. For example, Sultana et al. presented a sensor device based on a
porous-core PCF [38]. This configuration demonstrates a great capability to detect changes in ethanol
mixtures into the terahertz frequency range. The numerical analysis reveals that the PCF sensor shows
a high relative sensitivity of 68.87% and a negligible confinement loss of 7.79 × 10−12 cm−1 at 1 THz.
In 2018 Islam et al. presented a hollow core PCF for chemical analyte detection in the terahertz frequency
range [26]. The Zeonex based asymmetrical hollow-core is filled with an analyte and surrounded
by several asymmetrical rectangular air holes. Then, the numerical analysis of this configuration
shows a high relative sensitivity of 96.69%, 96.97%, and 97.2% when the sensor is employed with
water, ethanol, and benzene respectively. In addition, Islam et al. employed a porous core PCF with
rectangular air holes in the core and a kagome structured cladding for the detection of chemical analytes
in the terahertz frequency range [43]. The results reveal that this configuration can reach a maximum
relative sensitivity of 85.7% and low confinement losses at 1.6 THz. Moreover, they analyze other
optical properties such as birefringence, numerical aperture, and effective area. Similarly, Bellal et al.
propose and analyze a hollow-core PCF to detect blood components in 2019 [41]. The waveguide is
designed using Zeonex material with rectangular slots in the core and cladding region. The obtained
results demonstrate that this sensor provides high relative sensitivity. They analyzed the capability
of this configuration to measure water, plasma, white blood cells, hemoglobin, red blood cells at
2 THz. Likewise, Rakibul et al. proposed and numerically analyzed a novel hollow-core PCF with
a high level of asymmetry, which is introduced in the cladding of brick-like structure with identical
square-shaped air cavities [42]. They claimed very high sensitivity of 98.9% and a least confinement
loss of 5.5 × 10−10 cm−1 at 2 THz.

On the other hand, liquid fuel is one of the most widely used sources of energy around the
world. The produced energy from oil burning has many applications in our daily life such as energy
generation of buildings and industries, powering vehicles, household cooking, etc. [44]. Thereby,
the monitoring of the quality of petroleum and its derivatives is important to avoid adulteration.
The most commonly used liquid petroleum oils are petrol, diesel, octane and kerosene, being the
petrol and kerosene the most used and demanded liquid fuel oils to the industrial, commercial and
residential applications [44]. Additionally, the huge demand for gasoline oil has caused its price to
rise rapidly in recent years. For this reason, some dishonest dealers supply adulterated petrol to the
consumers by mixing kerosene oil at a certain percentage due that the kerosene price is lower than the
petrol price. The kerosene oil is slightly yellow or colorless in nature and can produce a homogenous
mixture easily when adulterated with petrol. It is quite impossible to distinguish pure petrol and
adulterated petrol by normal eyesight. Then, it is necessary to use some measurement technique that
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allows detecting the adulteration levels with high precision, high sensitivity, and accuracy. we propose
and numerically investigate a hollow-core PCF that allows us to measure the petrol adulteration in the
terahertz regimen. To the best of our knowledge, this type of technique has never been used in the field
of measurement of adulteration of fuel oil. The proposed fiber offers a very high relative sensitivity of
89% to 86% for different adulteration levels in petrol oil. Moreover, the proposed fiber shows a very
low confinement loss in the range of 10−8 dB/m and a high numerical aperture of 0.37 at an optimal
geometric condition. All air holes around the rectangular core have a circular shape which will make
the fiber fabrication easy, and we hope this PCF will become an essential part in the measurement of
fuel adulteration techniques.

2. Design of the Proposed Sensor

The proposed hollow-core PCF contains a single rectangular shaped air-hole in the center of its
structure as shown in Figure 1. The length (L) is three times larger than the width (W) to increase the
asymmetry of the structure, thus the hollow-core PCFs provide high birefringence like polarization
maintaining (PM) fiber and these can be used in polarization maintaining applications. The cladding
region of the proposed structure was designed using an array of circular holes. The diameter of each air
hole in the cladding region is denoted as D, and the distance between two adjacent holes is denoted as
p. To guarantee a flat dispersion and a good radiation confinement factor, the air-filling fraction (AFF)
is kept fixed at 0.95 throughout all numerical analysis. To ease of fabrication, all design parameters
(D = W = L/3) in the core and the cladding relate to p as it is difficult to maintain different parameters
at the same time during fabrication. The host material of the whole proposed sensor is Zeonex due that
this polymer offers several advantages in comparison with other commonly used polymers [14,20].
It has an almost constant refractive index of 1.53 in the study range and its bulk material loss is 0.2 cm−1

in that spectrum also [14,20]. Likewise, Zeonex material is high temperature-insensitive, it has a
high chemical resistivity and it is highly biocompatible, which is desirable in sensing applications.
On the other hand, the refractive index of the petrol oil changes as a function of the variation of
adulteration level. In this case, the RI of petrol depends on the kerosene concentration. Table 1 shows
the refractive index of adulterated petrol for several kerosene oil mixtures at room temperature [45].
Likewise, the material attenuation for pure kerosene and pure gasoline was previously reported
by Ikeda et al. [46]. As demonstrated in that study, the absorption of these liquids is very low in
the THz region, especially for kerosene due to its main component is paraffin, while pure gasoline has
appreciable quantities of aromatic hydrocarbons, thus the absorption coefficient of pure gasoline is
between 0.87 and 1.48 at 35 cm−1 [46].



Fibers 2020, 8, 63 4 of 17

Fibers 2020, 8, x FOR PEER REVIEW 3 of 17 

petrol and adulterated petrol by normal eyesight. Then, it is necessary to use some measurement 
technique that allows detecting the adulteration levels with high precision, high sensitivity, and 
accuracy. we propose and numerically investigate a hollow-core PCF that allows us to measure the 
petrol adulteration in the terahertz regimen. To the best of our knowledge, this type of technique has 
never been used in the field of measurement of adulteration of fuel oil. The proposed fiber offers a 
very high relative sensitivity of 89% to 86% for different adulteration levels in petrol oil. Moreover, 
the proposed fiber shows a very low confinement loss in the range of 10−8 dB/m and a high numerical 
aperture of 0.37 at an optimal geometric condition. All air holes around the rectangular core 
have a circular shape which will make the fiber fabrication easy, and we hope this PCF will become 
an essential part in the measurement of fuel adulteration techniques. 

2. Design of the Proposed Sensor 

The proposed hollow-core PCF contains a single rectangular shaped air-hole in the center of its 
structure as shown in Figure 1. The length (L) is three times larger than the width (W) to increase the 
asymmetry of the structure, thus the hollow-core PCFs provide high birefringence like polarization 
maintaining (PM) fiber and these can be used in polarization maintaining applications. The cladding 
region of the proposed structure was designed using an array of circular holes. The diameter of each 
air hole in the cladding region is denoted as D, and the distance between two adjacent holes is denoted 
as p. To guarantee a flat dispersion and a good radiation confinement factor, the air-filling fraction (AFF) 
is kept fixed at 0.95 throughout all numerical analysis. To ease of fabrication, all design parameters (D 
= W = L/3) in the core and the cladding relate to p as it is difficult to maintain different parameters at 
the same time during fabrication. The host material of the whole proposed sensor is Zeonex due that 
this polymer offers several advantages in comparison with other commonly used polymers [14,20]. It 
has an almost constant refractive index of 1.53 in the study range and its bulk material loss is 0.2 cm−1 
in that spectrum also [14,20]. Likewise, Zeonex material is high temperature-insensitive, it has a high 
chemical resistivity and it is highly biocompatible, which is desirable in sensing applications. On the 
other hand, the refractive index of the petrol oil changes as a function of the variation of adulteration 
level. In this case, the RI of petrol depends on the kerosene concentration. Table 1 shows the refractive 
index of adulterated petrol for several kerosene oil mixtures at room temperature [45]. Likewise, the 
material attenuation for pure kerosene and pure gasoline was previously reported by Ikeda et al. [46]. 
As demonstrated in that study, the absorption of these liquids is very low in the THz region, 
especially for kerosene due to its main component is paraffin, while pure gasoline has appreciable 
quantities of aromatic hydrocarbons, thus the absorption coefficient of pure gasoline is between 0.87 
and 1.48 at 35 cm−1 [46]. 

 
Figure 1. The 2-D cross-sectional view of the proposed hollow core photonic crystal fibers (PCF). Figure 1. The 2-D cross-sectional view of the proposed hollow core photonic crystal fibers (PCF).

Table 1. The refractive index of petrol oil for the presence of different concentration of kerosene oil [45].

Concentration of
Kerosene (% v/v)

0
(Pure Petrol) 20 40 60 80 100

(Pure Kerosene)

Refractive index 1.418 1.421 1.427 1.43 1.435 1.44

Numerical analysis of the proposed petrol adulteration sensor is based on a rectangular shaped
hollow-core PCF was performed using COMSOL Multiphysics 5.1. This commercial software makes
the numerical analysis using full-vectorial finite element method (FEM). In addition, a rectangular
perfectly matched layer (PML) boundary condition was introduced just at the outside of the cladding
to absorb the electromagnetic signals propagating towards the core [37,47]. The PML is the most
efficient absorption boundary condition, which helps to improve the numerical analysis and avoid
possible sources of error [47,48]. The thickness of the PML is an important parameter due to its
great impact on the simulation results. Therefore, we carry out the convergence test and found that
proposed sensor provides the optimal results at a PML thickness above 10% of the total size of the
sensor structure [37,49].

The electric field distribution of the proposed waveguide is evaluated using the FEM to demonstrate
that the core is the best place to fill with the sample under test (SUT). In this case, the simulation results
were obtained with a D = 93.33, W = 93.33, L = 280, and p = 98.25 µm while the core is filled with
pure petrol and kerosene. Figure 2a,b show the electric field distribution for the fundamental mode
for x- and y-polarization, respectively, when the proposed sensor is filled with petrol. The electric
field distribution for kerosene is shown in Figure 2c,d for both polarization modes. The obtained
results show that in the proposed structure the radiation is well confined into the core, for this reason,
this region is more sensitive to any changes of the SUT. Likewise, the analysis allowed us to corroborate
that the proposed waveguide is a single mode up to 2.8 THz.
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3. Operating Principle

The sensitivity of the petrol adulteration sensor depends on the intensity of radiation-matter
interaction (the Beer–Lambert law). The proposed sensor uses this operating principle; thus, it makes
the measurements based on the changes in the absorption coefficient at a specific frequency as can be
seen from Equation (1). This physical principle is defined as:

I( f ) = I0( f )e−rαmlc (1)

where I(f ) is the intensity of the radiation when the THz waveguide is filled with the SUT, I0(f )
is the intensity without the presence of SUT, r is the relative sensitivity of the sensor, αm is the
absorption coefficient, lc is the THz-waveguide length filled with the SUT and f the operating frequency.
The relative sensitivity is a key parameter because it indicates the capability of the sensor to detect
changes in the SUT. The relative sensitivity of this kind of sensor can be determined from the expression
in Equation (2) [20]:

r =
nr

ne f f
χ (2)

where, nr and neff are the real part of RI of the analyte targeted to be sensed and the effective RI of the
guided mode respectively. Note that the effective RI of the guided mode is a term that is very sensitive
to changes in the SUT characteristic. In addition, the amount of radiation signal that interacts with the
testing analytes is denoted by χ (power fraction), thus, it is possible to quantify in an easy way how
much power travels through the central region to interact with the SUT. The power fraction can be
easily calculated using Equation (3) [20]:

χ =

∫
sample Re

(
ExHy − EyHx

)
dxdy∫

total Re
(
ExHy − EyHx

)
dxdy

× 100 (3)

where, E and H represent the electric field and magnetic field of the propagating signal respectively.
The subscript x and y indicate the polarization towards x- and y-axis. In Equation (3), the denominator
performs the integration of real part (Re) of the total power over the total fiber dimension and the
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numerator performs the same operation for only the portion of the fiber where the sample exists, i.e.,
in the core region.

4. Simulation Results and Discussions

The performance of the proposed petrol adulteration sensor is analyzed as a function of the
geometry of the THz structure, the air filling fraction, the frequency, and polarization. Firstly, the relative
sensitivity of the sensor is evaluated as a function of the length of the rectangular core, where the length
is varied from 220 to 320 µm. The analysis is carried out with the frequency fixed at 2.8 THz, while the
kerosene concentration (Refractive index of SUT) is changed from 0% to 100%. Figure 3 indicates
that the relative sensitivity increases very slowly with the increase of core length. The reason behind
this is that the amount of sensing analyte inside the core rises with the rise of the core dimension,
thus more radiation interacts with the analyte which increases the relative sensitivity of the proposed
sensor device. In addition, Figure 3 indicates that the sensitivity is almost constant after L = 280 µm,
so that this core length is considered as the optimum core length. Further increase of the sensor
dimension will not increase the sensing capability too much, but the sensor will be bulkiest. Now the
characteristics of the proposed hollow-core sensor at the different core length conditions with fixed
core width and p is shown in Figure 4 as a function of a (a = L/W). Figure 4 indicates that the relative
sensitivity increases with the increase of a. This happens because the lower value of a restricts a fraction
of the radiation signal to propagate through the core due to lower length. This occurs because the
interaction between radiation and analyte is less and the relative sensitivity decreases. On the other
hand, a higher core length-width ratio permits more radiation to travel within the core, which helps
to increase the sensitivity of the proposed sensor. However, in the proposed sensor, the maximum
relative sensitivity occurs when a is equal to 3.1, but the optimum condition is considered as a = 3.
Due that if a is higher than 3.0 the rectangular air hole is very close to the cladding air holes; thus,
the fabrication complexity of the proposed structure increases significantly. For the above, L = 3 ×W
is considered as the optimal ratio between the core dimensions in our case. After that, the variation
of relative sensitivity of this hollow-core sensor is investigated at different AFF. The obtained results
are summarized in Figure 5. The results reveal that the relative sensitivity rises when AFF increases.
A high AFF permits low solid material at the cladding and the refractive index difference between
core and cladding increases, so more radiation opts to propagate through the core. This phenomenon
increases the relative sensitivity with the increase of AFF. According to Figure 5, this proposed fiber
will offer maximum relative sensitivity when AFF = 0.97 but to reduce fabrication complexity optimum
AFF is selected as 0.95. This AFF provide high relative sensitivity as well as enough space between
two adjacent air holes. Finally, the characteristics of relative sensitivity of the reported oil adulteration
sensor for different operating frequencies are reported in Figure 6, while the length of the rectangular
core remains constant at L = 280 µm. These results show that the relative sensitivity increases rapidly
from 1.6 to 2.8 THz, and after that, it remains constant. The electromagnetic signals at high frequencies
tend to travel across the higher refractive indexed area so that more radiation propagates through the
higher refractive indexed oil instead of lower refractive indexed air at higher f. That’s why the relative
sensitivity increases at higher operating frequencies. When the operating signal frequency is 2.8 THz
or higher, the amount of radiation inside the core will be saturated which in turn keep the relative
sensitivity unchanged. The reported relative sensitivity of the proposed sensor with a core length of
280 µm and operating frequency 2.8 THz is shown in Table 2.
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Table 2. Relative sensitivity of the proposed oil adulteration measurement sensor at L = 280 µm and
f = 2.8 THz.

Percentage of Kerosene
(% v/v) in Petrol

Relative Sensitivity
(%) for x-pol

Relative Sensitivity (%)
for y-pol

0 86.30 83.85
20 86.90 84.30
40 87.50 84.77
60 88.15 85.21
80 88.85 85.67
100 89.40 86.10

It is evident from Figure 1 that the proposed sensor presents high asymmetry due to the
asymmetrical structure along the horizontal and vertical axis. When travels through the z-direction,
the THz radiation will be polarized along the x and y-axis. Then, the birefringent exists when the
refractive index in both directions are not equal. Birefringence is the absolute difference between the
effective refractive index in x and y direction and it can be obtained using Equation (4) [14,49]:

B =
∣∣∣nx − ny

∣∣∣ (4)

where nx and ny represents the actual refractive index of core in x and y directions when the radiation
propagates through the z-direction. This property is important in sensing application due that the
waveguide can split the maximum amount of power in one specific direction (either x or y) so that
the received signal can be analyzed more accurately with lower-powered incident THz radiation.
As birefringence is dependent on the asymmetry of the core so the variation of birefringence at different
core length (L variable, W fixed) is reported in Figure 7. This figure indicates that the birefringence
rises with the increase of core length-to-width ratio because the increased a ensures higher asymmetry
and the birefringence increases. The birefringence of the proposed sensor as a function of the length of
the device is shown in Figure 8, while the frequency remains fixed at 2.8 THz. From the numerical
results, the birefringence decreases when the length of the core increases. The birefringence is higher
for smaller core lengths due to a larger part of the evanescent field interacts with the cladding,
which induces an extra asymmetry for the presence of the circular holes of cladding region. On the
other hand, the radiation is well confined into the core for larger core length, thus the THz radiation
only is propagated into the central zone, and the difference between the refractive index of two
directions decreases, which slows down the birefringence. Once more, the relationship between the
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birefringence and the operating radiation signal frequency at a fixed core dimension is reported in
Figure 9. The obtained results show that the birefringence decreases with the frequency. In fact,
the birefringence is lower at higher frequencies owing to the wavelength of the wave is smaller and
therefore the radiation is well confined into the core of the proposed structure. In the other sense,
at lower frequencies the wavelength of the wave is larger, and radiation can interact with the cladding
region, which adds an extra birefringence factor. Thus, at f = 2.8 THz and L = 280 µm the birefringence
is 6.9 × 10−3 for all percentages of adulterated fuel.Fibers 2020, 8, x FOR PEER REVIEW 9 of 17 
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due to the presence of background material in the core. The confinement loss of any kind of optical
waveguide can be quantified by using the following expression [14]:

αCL = 8.686
(

2π f
c

)
Im

(
ne f f

)
dB/cm (5)

where, the operating terahertz signal frequency is expressed by f, Im(neff ) stands for the imaginary part
of the effective refractive index and c is the velocity of light in free space. The confinement loss of the
proposed fiber as a function of the frequency is shown in Figure 10. As stated earlier, the radiation
always tries to travel through the higher refractive index area so that the amount of radiation in the
cladding decreases at higher operating frequencies, which reduces the confinement losses. Again,
at a fixed frequency, the refractive index increases due to the adulteration level of kerosene, so the
confinement loss also decreases. At optimum core length condition, the confinement losses are very
low, and it is around 10−8 dB/m for both x- and y-polarization modes. Now, effective material loss
(EML) or bulk material loss is investigated. A fraction of the radiated signal is trapped in the material
of the core, which is responsible for this type of loss. This loss can be calculated by using the following
mathematical expression [14,49]:

αe f f =

(
ε0
µ0

) 1
2
∫

Amat
nαmat|E|2dA

2
∫

All
SzdA

cm−1 (6)
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where, the permittivity and permeability in free space are symbolized by ε0 and µ0 respectively.
The effective refractive index of the light is expressed as n and the bulk material coefficient is
represented by αmat. In Equation (6), the electric field intensity is expressed as E, Sz stands for the
pointing vector in the z-direction and A represents the area over which the integration will be performed.
The above expression is the ratio of energy captured by the material present in the path of radiation
propagation and the total radiation energy inside the fiber. The graphical representation of EML at a
fixed core length condition of the proposed THz waveguide is shown in Figure 11. There, the EML is
analyzed as a function of the operating frequency. The reported figure indicates that the EML decreases
with the increase of operating signal frequency from 1.6 to 2.6 THz and after that, the EML is almost
constant. At 2.8 THz the EML is 0.022–0.025 cm−1 and 0.026–0.029 cm−1 for x- and y-polarization mode
respectively at different adulteration level when L = 280 µm.
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Now, the total loss (confinement loss + EML) characteristics of the proposed HC-PCF is analyzed
for different frequencies, air filling fraction, and core length. The graphical representation of total
loss for different operating frequencies is shown in Figure 12 for the optimum designing conditions.
This loss decreases with the increase in operating frequency as both losses show the same characteristics.
At 2.8 THz, the proposed fiber offers very low loss (less than 0.1 dB/cm) which enriches its guiding
properties. Moreover, the variation of total loss as a function of AFF is reported in Figure 13 for
L = 280 µm, which reveals that the loss is lower for higher AFF. For higher AFF the solid material is
reduced so the loss is lower for all percentages of adulterated fuel. After that, the relationship between
the total loss and a is shown in Figure 14 which indicates that the loss is higher for lower a and reduces
with the increase of a. At optimum geometric conditions, the proposed sensor offers very low loss
which highlights the sensor’s superiority.
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Likewise, the numerical aperture of the proposed sensor is investigated. This parameter is the
measure of the angular acceptance of incoming radiation for an optical system which is dependent on
the geometric structure of the waveguide. The numerical aperture of an optical fiber-based system can
be calculated by using the following expression [40]:

NA =
1√

1 +
πAe f f f 2

c2

(7)

where, Aeff is the effective area which indicates the real area through which the total radiation
propagates, and f is the frequency of the terahertz signal. A high NA is desirable in this kind of
sensors due that more radiation travels through the waveguide. The relationship between the NA
and operating radiation signal frequency is shown in Figure 15. The reported figure indicates that NA
decreases when the operating frequency increases owing to the radiation is tightly confined at higher
frequencies and the effective area decreases. At optimum core length, the numerical apertures are 0.36
and 0.34 for x and y-polarization mode at 2.8 THz.
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Another important parameter to analyze is the spot size of the proposed oil adulteration sensor.
For sensing application, it is desirable to have a large spot size in order to increase the interaction
between the radiation and the sample under test. The spot size can be calculated by using the following
expression [43,50]:

We f f = R× (0.65 + 1.619×V−1.5 + 2.879×V−6) (8)

where, R is the radio of the hollow core and V is the value of normalized frequency parameter [50].
The graphical representation of the spot size of that proposed sensor is shown in Figure 16 as a function
of frequency. The obtained results show that the spot size decreases with the increase of operating
signal frequency due to the more confinement of radiation in a small area until 2.8 THz and after
that, the spot size is almost constant. At optimum core length condition, the average spot size is
170 µm for all concentrations of kerosene when the operating frequency is 2.8 THz. From the obtained
results, we can conclude that the proposed structure presents a great potential to be used as petrol
adulteration sensor.Fibers 2020, 8, x FOR PEER REVIEW 14 of 17 
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Finally, the possible fabrication methodology is proposed to make the sensor in real life. In the last
decade, many technological breakthroughs in manufacturing techniques of optical fibers specifically
PCFs have been developed around the world, which help to fabricate complex structures such as
slotted air-holes and circular air-holes with high precision and accuracy [51–53]. From the above,
we believe that the proposed structure could be manufactured using two different techniques as it
presents different structures in cladding and core regions. Then, the best approach to construct the
cladding region is the technique based on the stack and draw due that it has demonstrated to be
a precise method for efficient construction of a PCF with circular holes [3,54]. On the other hand,
the extrusion technique could be used to obtain the rectangular core because this method has already
proven to be very accurate in this type of geometries. Actually, some recent works provide experimental
evidence of the fabrication of THz waveguides with rectangular holes [52,55,56].

5. Conclusions

A petrol adulteration sensor in the THz band based on hollow-core photonic crystal fiber
(PCF) was proposed and numerically analyzed. To investigate the performance of the proposed
sensor configuration, the finite element method was employed. Thus, we demonstrated that the
proposed petrol adulteration sensor achieves extremely high relative sensitivity of 89%, and ultra-low
confinement loss of 10−8 dB/cm at 2.8 THz when it is employed to characterize kerosene samples
at different concentrations. Besides, other characteristics of the proposed THz waveguide were
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analyzed and evidenced that this configuration presents high birefringence, low effective material
loss, large effective modal area, and high numerical aperture, which make it suitable to be used in real
applications. Likewise, the proposed sensor has a simple structure which makes viable its fabrication
with the current manufacturing technology. Then, the proposed alternative could be interesting in the
petrol industry because it could be used to detect and quantify the adulteration of petrol derivatives
when petrol is mixed with other solvents like alcohol or similar substances.
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