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Abstract
In this research, we have suggested an umbrella-shaped cladding and slotted core photonic crystal fiber (PCF). The aimed 
PCF has been quantitatively inquired employing the full vectorial finite-element method (FV-FEM) at a broader span of 
frequency of 0.8–2.4 THz. The core region is arranged by rectangular slots and elliptical slots. Where rectangular slots 
are conformed to high-resistivity silicon (HRS) material and elliptical slots filled with epsilon near zero (ENZ) material. 
Cyclic olefin copolymer (TOPAS) was applied as the background material. PCF shows enormously eminent birefringence 
of 6.10 ×  10–1, low confinement loss of 3 ×  10–9 dB/m, low effective material loss (EML) of 0.129  cm−1, power fraction of 
65.1% and scattering loss of 1.23 ×  10–10 dB/km at a frequency of 1 THz. The effective area of 9.20 ×  10–9  m2, the nonlinear-
ity of 9.56  W−1  km−1 and the V-parameter have also been investigated at 1 THz. A lower dispersion was achieved where the 
value of X-Axis is near zero and the value of Y-Axis is also near zero and flattened. The aimed PCF can be used for different 
optical communication systems under the terahertz regime.

1 Introduction

The frequency range of terahertz waves or radiation is 
0.1–10 THz, which is between the microwave band and 
frequency span. Due to diverse applications of terahertz 
waveguides such as astronomy [1], imaging [2], communi-
cation [3], sensing [4], biomedical applications [5, 6], 6G 

Communication [7], milk purity [8], salinity [9] and tem-
perature monitoring [10] researchers gives focus on tera-
hertz-based devices. THz-based photonic crystal fiber has 
also been used nowadays for vast optical applications such 
as higher birefringence, lower confinement loss, high non-
linearity, and low dispersion properties [11, 12]. The organi-
zation of the architecture of photonic crystal fiber contains 
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tiny holes through the cylindrical cross-section of the fiber 
with background material. The holes are filled with air or 
liquids or different materials. Photonic crystal fiber (PCF) 
has design flexibility than the conventional fiber with better 
optical properties such as birefringence [13], nonlinearity 
[14], dispersion [15], confinement loss [16], sensitivity [17], 
biosensor applications [18], and terahertz applications [19].

PCF may be categorized into index guiding (IG) PCF and 
photonic bandgap (PBG) PCF. PCF with high birefringence 
and low confinement loss may be employed in a wide range 
of applications, including fiber lasers [20], fiber sensors [21], 
and gyroscopes [22]. Besides different novel structures of 
core and cladding, both core and cladding of PCF can be 
used for better optical properties. In [23], elliptical core and 
in [24], elliptical cladding has been used for higher bire-
fringence. Rectangular holes have been used in [25] which 
shows higher birefringence of  10–3.

A high birefringence of 2.1 ×  10–2 and dispersion com-
pensation octagonal PCF with a high negative dispersion 
of -562.52 ps/nm km at wavelength 1550 nm has been 
achieved [26]. A photonic crystal fiber with a hexagonal 
structure and rhombic air pits demonstrated impressive bire-
fringence of 0.041 and nonlinearity of 4375  W−1  km−1 and 
3960  W−1  km−1 for both the X-Axis and Y-Axis, respectively 
[27]. Honeycomb cladding and slotted hole core PCF were 

suggested by the authors in [28], which have better optical 
properties such as lower confinement loss of 10–8  cm−1, a 
lower material loss of 0.095  cm−1, and higher birefringence 
of 0.083. In [29], Sultana et al. suggested a PCF with near 
zero flattened dispersion of 0.53 ± 0.07 ps/THz/cm and ultra-
high birefringence 0.086. The proposed PCF was organized 
with hexagonal cladding and elliptical hole-based slotted 
core where background material was used TOPAS.

In this paper, we proposed the optical characteristics of a 
new umbrella-shaped slot core photonic crystal fiber (US-
PCF) and investigated them numerically. The proposed US-
PCF simultaneously exhibits very high birefringence and 
very low inclusion loss. Besides, our suggested PCF also 
shows low dispersion properties as well as low scattering 
loss. Moreover, this photonic crystal fiber also shows poten-
tial results such as EML, effective area, nonlinearity and 
power fraction. The detailed structure has been described in 
the PCF architecture section and results have been illustrated 
in the results section. The results of the V-parameter of the 
suggested US-PCF show multimode properties from 0.9 to 
2.4 THz frequency range. Our suggested US-PCF shows bet-
ter results as well as various optical better properties in the 
terahertz regime compared to the previously suggested PCF.

Fig. 1  Cross-sectional view and structure of the suggested UE-PCF



Extremely high birefringent slotted core umbrella‑shaped photonic crystal fiber in terahertz…

1 3

Page 3 of 12 148

2  The proposed US‑PCF architecture

Figure 1 shows a cross-section of the proposed umbrella-
shaped slotted core PCF (US-PCF). The core region is 
shown in an enlarged view on the right side of the suggested 
structure. The suggested photonic crystal fiber is a hybrid 
structure with different core and clad arrangements. The 
cladding region is umbrella-shaped having eight sectors. The 
cladding region is filled with air. The core region is a slot-
ted structure with both rectangular and elliptical holes. Four 
rectangular holes are arranged horizontally. The major axis 
is signified by da = 100 µm and the minor axis is referred to 
by db = 15 µm of the rectangular holes. The distance from 
the rectangular hole center to the center is denoted as the 
pitch and is indicated by Ʌ = 30 µm. Rectangular holes are 
filled with HRS whose refractive index is (nHRS = 3.47). Four 
elliptical holes are formatted in such a way that it is sur-
rounded by the rectangular holes. The elliptical holes’ major 
and minor axes are implied by dm = 40 µm and dn = 8 µm, 
respectively. Later in the results section, we used the term 
optimum. All the parameters given in this architecture sec-
tion are the parameters of optimized structure PFUS-PCF. 
We have optimized these parameters and fixed the optimized 
structure of US-PCF by comparing it with porosity variation 
which has been shown in the results section. Epsilon near 
zero (ENZ) material with a refractive index of (nENZ = 0.1) is 
used to fill elliptical holes. The proportion between the major 
and minor axis is named ellipticity. The ellipticity for rec-
tangular and elliptical holes is signified by η1 (da/db) and η2 
(dm/dn). The background material is TOPAS, with a refrac-
tive index of nTOPAS = 1.53. TOPAS has a stable refractive 
index over a wide wavelength range. A perfectly matched 
layer (PML) is kept at 10% of the overall fiber cross-section 
to meet the boundary constrain of the recommended PCF.

3  Numerical analysis

Numerical analysis of the suggested PCF has been inquired 
using FEM. Optical properties have been numerically 
looked into at a larger range of frequency from 0.8 to 2.4 
THz in the terahertz regime. First, the difference between 
the major and minor axis is denoted as Birefringence B. In 
Eq. 1, nx and ny are called the effective mode index along 
with X-Polarization and Y-Polarization of the suggested 
PCF. In terahertz wave guidance, EML is an important 
property for photonic crystal fiber. Using Eq. 2, EML can 
be calculated for the suggested photonic crystal fiber [30]. 
In the equation, αmat and E, are bulk material absorption 
loss and the electric field component, while ε0, μ0, and 
n are the permittivity in a vacuum, the permeability in 
vacuum, and the background material refractive index. 

Leakage or confinement loss is caused by light scattering 
through the cladding area. Equation 3 can be used to calcu-
late the confinement loss [29] where f, c, and Im[neff] are 
the functioning frequency, the light speed, and the effec-
tive refractive index component. Equation 4 is used for the 
calculation of dispersion. Here, in the equation, c denotes 
the light velocity which is 3 ×  108 m/s. neff denotes the 
mode effective refractive index for which the light passes 
through the core region.

The entire quantity of power blowing over the suggested 
fiber is referred to power fraction which can be computed 
by Eq. 5. Here, integral of the region such as core, clad-
ding, and holes has been taken by the numerator, whereas 
the integral of the whole fiber cross-section is taken by the 
denominator [31]. For the proposed US-PCF, the power 
fraction is defined as the ratio of the total power of the 
core, cladding and holes with total PCF power. Those pow-
ers are calculated by integration:

Equation 6 can be used to calculate the effective area 
Aeff, where E is considered the electric field. Equation 7 
is used for calculating nonlinearity (γ). In Eq. 7, f is the 
operating frequency, the material’s nonlinear coefficient 
is n2, and Aeff is the effective area of the suggested fiber. 
Nonlinearity has a relation with the effective area, which 
is inversely proportional [32, 33]:
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Scattering loss (αR) can be computed by Eq. 8, where CR 
is the scattering constant, f is the functioning frequency, 
and c is the light speed [34]. Numerical aperture can be 
computed by Eq. 9, where Aeff is the effective region and f 
is the controlling frequency [35]:

Equation 10 can be used to calculate the value of the V 
parametric quantity, where f, c, and r are the operating fre-
quency, the light speed, and the core area radius of the sug-
gested PCF while, nco and ncl are the core refractive index 
and the cladding refractive index [33]. V parameter is used 
to measure the mode of the fiber whether it is multimode or 
single-mode. If the measurement of the v parameter is to a 
lesser extent of 2.405 then its mode is single mode. If the 
value is higher than 2.405 then it is called multimode fiber.

4  Results and discussion

To examine the optical attributes, FV-FEM along with per-
fectly matched layer (PML) is employed. The numerical 
investigation has been done using famous simulation soft-
ware for optics COMSOL Metaphysics V5.5. Figure 2a and 
b illustrates the modal intensity of the suggested PCF at 
core territory. The convergence error of the suggested fiber 
is significantly depleted. The birefringence of the suggested 
umbrella-shaped slotted core PCF (US-PCF) and porosity 
variation of the fiber has been shown in Fig. 3. Porosity 

(8)�R = CR ×

(
f

c

)4

(dB/Km).

(9)NumericalAperture(NA) = sin � ≈

[
1 +

�Aeff

f 2

]−1∕2
,

(10)V =
2�rf

c

√
n2
co
− n2

cl
.

means the ellipticity of both rectangular slots and elliptical 
slots. In the investigation, we have decreased porosity by 
10% and 15% where the optimized porosity was fixed. A 
decrease of porosity means the decrease of both the major 
axis and minor axis concurrently of both elliptical holes. 
But the decrease in porosity of elliptical holes makes holes 
more circular than elliptical ones. But these elliptical holes 
or increase of ellipticity makes higher birefringence. As 
we get higher Birefringence, we have fixed the optimum 
structure. From the figure, it is authorized that for optimized 
PCF we get higher birefringence. The birefringence curve 
alters with respect to the frequency. The Birefringence is 
increasing at a slow rate from 0.8 to 1.8 THz and then the 
birefringence curve is nearly flat from 1.8 to 2 THz, and after 
that the birefringence decreases up to 2.4 THz. We get the 
highest birefringence for optimized UC-PCF of 6.78 ×  10–1 
at 2 THz. The birefringence curve for different pitch values 
has been shown in Fig. 4. The birefringence curve changes 
as the frequency changes. The figure illustrates that the bire-
fringence increases with respect to frequency up to 1.8 THz 
and decreases after the 2 THz at rate. Pitch is the distance 
between the center to the center of the rectangular slots. We 
have varied the pitch for optimized 5 μm, 10 μm and 15 μm 
to investigate the birefringence. Birefringence decreases 
largely at 15 μm whereas the birefringence is quite the same 
at 5 μm and 10 μm. Although from Fig. 4, it is clear that we 
get higher birefringence for 10 μm than 5 μm. We have opti-
mized 5 μm for optimum PCF structure to keep the structure 
in proper organization and proper air filling proportion.

Effective material loss is a substantial attribute of the 
suggested UC-PCF structure. Figure 5 shows the effec-
tive material loss with respect to the different frequencies 
in terahertz where porosity also varied to fix the optimum 
structure. The EML curve shows that for optimum PCF we 
get higher EML than 15% porosity less but it is a bit high. 
Although the suggested PCF shows higher EML at optimum 
structure, for porosity 15% less the rule of air filling frac-
tion will be broken and also causes fabrication problem of 

Fig. 2  The suggested PCF mode 
field distribution along a X-Axis 
and b Y-Axis at f = 1 THz
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the suggested fiber. Therefore, we have fixed optimum PCF. 
The EML curve gains at a fixed rate from 1 to 1.6 THz and 
then decrease from 1.7 to 2.4 THz which has been shown 
in Fig. 5. We get EML of 0.215  (cm−1) for both 1.6 and 1.7 
THz for optimum structure.

For the proposed umbrella-shaped cladding slotted core 
photonic crystal fiber (US-PCF), we acquire exceedingly 
lower confinement loss which has been shown in Fig. 6. 
The confinement loss curve we computed both for effec-
tive refractive index along X-Axis and Y-Axis. It can be 
illustrated that the confinement loss curve is almost flat for 

Fig. 3  Birefringence vs frequency for the suggested PCF according to porosity variation

Fig. 4  Birefringence vs frequency for the suggested PCF according to pitch variation
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both X-Axis and Y-Axis up to 2 THz. Then, both of the 
curves increase with respect to frequency. Lower confine-
ment loss/leakage loss of 1.15 ×  10–9 dB/m has been gained 
with X-Axis for 0.8 THz.

Figure 7 illustrates the dispersion curve for both X-Axis 
and Y-Axis. For the Y-axis, the dispersion is very low near 

zero and the curve is almost flat. For X-Axis, the dispersion 
also is very low but varies from 2 to − 1.25 ps/THz/cm.

Figure  8 shows the power fraction of the suggested 
US-PCF for both X-Axis and Y-Axis. The power fraction 
increases at a small rate from 0.8 to 2.4 THz.

Fig. 5  Effective material loss vs frequency for the suggested PCF according to porosity variation

Fig. 6  Confinement loss vs frequency for the suggested PCF according to X-Axis and Y-Axis
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The effective area is demonstrated in Fig. 9 along the 
X-Axis and the Y-Axis. The effective area diminishes with 
the enhancement of frequency. For the X-Axis, we get fre-
quencies the effective area of 9.70 ×  10–9  m2 and for the 
Y-Axis of 9.20 ×  10–9  m2 at frequency 0.8 THz. The rela-
tion between nonlinearity and effective area is reciprocally 
proportional (Fig. 10).

Figure 11 shows the numerical aperture of the suggested 
US-PCF for both X-Axis and Y-Axis. The quantity of light 

accepted or emitted is called numerical aperture (NA). The 
NA curve is slightly increasing at a flat rate according to 
the frequency. The higher value of NA is good for PCF as 
it means that the higher quantity of light accepts at the core 
area. The more light passes through the core region the 
lower the scattering loss which has been shown in Fig. 12. 
The scattering loss increases with the frequency from 0.8 
to 2 THz. The lowest scattering loss has been gained at 0.8 
THz, which is 5.05 ×  10–11 dB/km.

Fig. 7  Dispersion aperture vs frequency for the suggested PCF according to X-Axis and Y-Axis

Fig. 8  Power fraction vs frequency for the suggested PCF according to X-Axis and Y-Axis
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V-parameter is an important optical property for pro-
posed PCF. If the V-parametric quantity measurement is 
smaller than the value of 2.405 then the suggested PCF is 
single-mode and if the value is more than 2.405 then the 
proposed PCF is multimode. Figure 13 illustrates clearly 
that our suggested US-PCF shows single-mode properties 
at only a V-parameter value for 0.8 THz but at the fre-
quency range from 0.9 to 2.4 THz, the suggested US-PCF 
is multimode.

A comparative study of the proposed PCF and anterior 
PCFs is demonstrated in Table 1. This table illustrates that 
the aimed PCF depicts better results for different optical 
properties. We have investigated more optical properties 
than the previous PCFs. Although some characteristics 
like EML other PCFs show better results but our suggested 
PCFs show very high birefringence as well as better EML, 
confinement loss, the fraction of power, NA, effective area, 
scattering loss, etc. at the same time for a wider frequency 
range.

Fig. 9  Effective area vs frequency for proposed PCF according to X-Axis and Y-Axis

Fig. 10  Nonlinearity vs frequency for proposed PCF according to X-Axis and Y-Axis
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5  Fabrication issue

Fabrication of photonic crystal fibers is a critical issue for 
the proposed photonics system. In comparison to previ-
ously proposed PCFs, our proposed umbrella-shaped slot-
ted core PCF is not as complicated [5, 7, 10, 12]. As the 
proposed PCF is a microstructure fiber, the main challenge 
is to design it. As a result, micrometer-scale fabrication is 
possible. One more problem is maintaining hole-to-hole 
distances in photonic crystal fiber in addition to creating 
holes. Drilling [41], die extraction [42], drawing and fill-
ing schemes [43], chemical vapor deposition scheme [44], 

and stacking [45] are examples of recent advanced fabrica-
tion technology that can easily facilitate the proposed PCF 
fabrication. Furthermore, in the new era of 3-D printing 
technology, scientists have been drawn to it for the fabrica-
tion of microstructures such as optical fibers or photonic 
crystal fibers [45].

In the research [46], a single polarization single-mode 
(SPSM) PCF has been proposed. The structure of this PCF 
is formed with an array of air holes in a hexagonal forma-
tion. So for fabrication, a lot number of holes are needed to 
be made at cladding. Besides in the core region, there are 
rectangular slots of different shapes. Moreover, the operat-
ing frequency of this research is 1.10–1.74 THz. Another 

Fig. 11  Numerical aperture vs frequency for proposed PCF according to X-Axis and Y-Axis

Fig. 12  Scattering loss vs fre-
quency for proposed PCF
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single-polarization SPSM has also been proposed in [47]. In 
this PCF, the cladding region is formed with lots of circular 
holes in a hexagonal formation with circular holes at the 
core. The operating wavelength is 0.9–1.4 THz. Fabrica-
tion of PCF with lots of holes is challenging, whereas our 
US-PCF contains only umbrella sectored holes at the clad-
ding and similar types (elliptical and rectangular) holes at 
the core. Besides our operating wavelength is 0.8–2.4 THz. 
Moreover, long-distance communication systems, special 
laser systems such as fiber gyroscopes and polarization-
sensitive optical modulators, and optical fiber sensing can 
all benefit from high birefringence [48, 49].

6  Conclusion

A slotted core (rectangle and elliptical slots) and umbrella-
shaped cladding founded PCF has been suggested and 
numerically inquired at a broader range of frequency from 
0.8 to 2.4 THz. The aimed PCF demonstrates extremely high 
birefringence as well as very low confinement loss than the 
previous suggested PCF. Besides low EML, high effective 
area, high power fraction, numerical aperture, nonlinear-
ity, and scattering loss have also been investigated which 
also shows better results. Dispersion properties have also 
been investigated as our suggested PCF also shows near zero 
and flattened dispersion of ± 0.15 ps/THz for the Y-Axis 
and close zero dispersion of 0.7 ± 1.2 ps/THz for X-Axis. 

Fig. 13  V-parameter vs frequency for proposed PCF

Table 1  Comparability of the 
suggested PCF and prior PCFs 
at f = 1 THz

Birefringence EML Conf loss Power 
fraction 
(%)

NA Effective area Scattering loss

Suggested PCF 6.10 ×  10–1 0.129 3 ×  10–9 65.1 1.18 ×  10–2 9.20 ×  10–9 1.23 ×  10–10

[36] – 0.076 8.96 ×  10–1 53 – 9.77 ×  10–8 –
[37] – 0.038 2.35 ×  10–1 56 – 6.75 ×  10–5 9.64 ×  10–10

[38] – 0.07 1.14 ×  10–3 – – 1.07 ×  10–9 –
[39] – 0.089 1 ×  10–2 37 – 9.77 ×  10–8 –
[40] 3 ×  10–2 0.098 5 ×  10–11 – – – –
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TOPAS was used as background material whereas at the 
core both HRS and ENZ materials have been used for the 
suggested PCF. The intended PCF shows better results and 
many optical properties than the prior PCFs.
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