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Abstract
We have designed a Photonic Crystal Fiber (PCF) to achieve high birefringence optical property in the terahertz (THz) 
frequency region. Air holes look like rectangular shape in cladding area and elliptical air hole in the center zone are 
considered for the proposed PCF. To identify loss characteristics of the proposed PCF, effective material loss (EML) and 
confinement loss also have been studied in this paper. The commercial optical properties analyzer, COMSOL Multiphysics 
5.3a software has been used for numerical analysis of the designed PCF. To obtain the optimal PCF structure properties, 
we have varied the elliptical shaped air holes major axis length and adjacent ellipse pitch distance. Numerical analysis 
shows the maximum birefringence of 0.0921 and minimum confinement loss of 1.36 × 10−4 cm−1 for the proposed PCF. 
We hope that this highly birefringent PCF will contribute in the field of polarization filter, bio-sensing and terahertz 
communication devices.
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1 Introduction

Photonic crystal fiber (PCF) includes a variety of orienta-
tions and tiny air pores that extend through the whole 
fiber [1]. Due to the extensive benefits of PCF over conven-
tional optical fiber, the use of PCFs in the field of commu-
nications, sensing, waveguide, polarization filter is increas-
ing day by day. Research on PCF designing also improving 
by considering various important optical properties like 
birefringence, dispersion, confinement loss and effective 
materials loss etc.

Recently, the PCF sensor that can work on terahertz fre-
quency region and other wavelengths has been able to 
attract many researchers to design PCF based liquid sen-
sor, gas sensor, temperature sensor [2–8]. Maintaining the 
polarization effects of those sensors are also important as 
well as high sensitivity. Polarization effects of an optical 

system can be reduced by introducing highly birefringent 
fiber [9]. The birefringence properties of an optical device 
is defined as the maximum difference between x and y 
polarization refractive indices exhibited by the material 
[10].

There are several research on designing and perfor-
mance analysis of birefringent PCF with considerable 
confinement loss in terahertz frequency region. But, 
before terahertz wave-guide research, in mid-infrared 
frequency region there are also some study to analy-
sis the birefringence of PCF. Saha et al. [11] designed 
two different PCF structures for analyzing the ellipti-
cal air hole effects on birefringence on their study and 
they have obtained maximum birefringence of 0.0275 
at 1.55 μm wavelength. A circular shaped core area has 
been studied in [12] where the obtained birefringence is 
about 0.03. To get higher birefringence, Hasan et al. [13] 

 * Md. Ekhlasur Rahaman, ekhlaseceku@gmail.com | 1Electronics and Communication Engineering Discipline, Khulna University, Khulna, 
Bangladesh.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03210-2&domain=pdf
http://orcid.org/0000-0003-0881-1134


Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:1435 | https://doi.org/10.1007/s42452-020-03210-2

proposed a spiral structure based PCF to maintain the 
polarization in the wave guide propagation with birefrin-
gence value of 0.048 at 1 THz operating frequency but a 
noticeable EML of 0.08  cm−1 is also found. Again, Habib 
et al. [14] proposed a single mode PCF to improve the 
birefringence value of 0.051 with slightly lower material 
loss presented in [13]. But, there is still scope to improve 
the birefringence and reduce the material loss, confine-
ment loss with fabrication friendly PCF proposal.

In this study, a rectangular shaped PCF has been 
proposed to achieve high birefringence along with low 
EML and confinement loss. The core area is considered 
with three elliptical shaped air holes with same major 
axis but different length of minor axis. The asymmetri-
cal structure in core and cladding region helps us to 
achieve an ultra high birefringence in the THz operat-
ing frequency region. Topas optical glass has been used 
in our designed PCF as cladding material. We strongly 
believe that the considerable width and height of the 
rectangular air hole will make the fabrication process 
more flexible. The manuscript is organized as follows: 
Sect. 2 outlines the design methodology where geo-
metrical structure of the proposed PCF will be discussed. 

Section 3 addresses the result and discussion and, finally, 
this will be followed by a conclusion section.

2  Design methodology

Figure 1a shows the cross section vision of the suggested 
PCF for THz applications. The total dimension of the pro-
posed PCF without PML layer is 2040 μm and the thick-
ness of PML layer is 122 μm . The proposed PCF has two 
vertically oriented rectangular shaped air holes and six 
horizontally oriented rectangular shaped air holes in the 
cladding region with a strut distance of 10 μm . In the core 
area there are three horizontally oriented elliptical shaped 
air holes. The height and width for both vertical air holes 
are denoted by H1 and W1 respectively. Air holes on the 
upper part and lower part of the core has a same height 
and width which is denoted as H2 and W2 respectively. 
Air holes inserted in the left side and right side of the core 
area also have same height and width which is denoted as 
H3 and W3 respectively. Free triangles are used to mesh 
the computational domain where sequence type was 
physics-controlled mesh. The proposed PCF has 12,592 

Fig. 1  a The cross section view 
of the proposed PCF. where, 
H1 = 1040 μm , W1 = 200 μm , 
H2 = 200 μm , W2 = 920 μm , H3 
= 200 μm , W3 = 240 μm , b The 
mesh details of the proposed 
PCF
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domain elements and 1385 boundary elements. Number 
of degrees of freedom solved for using the software was 
94,243. In this study, we have considered the TM mode for 
calculating all the optical parameters.

During simulation and numerical analysis of the pro-
posed PCF, the height and width of cladding air holes are 
kept constant. On the other hand, major axis length of the 
elliptical air holes is varied to find out the optimal condi-
tion with maximum birefringence by keeping the minor 
axis as constant. The major axis length of the center ellipse 
is denoted by L. The major axis length of Upper ellipse and 
lower ellipse is denoted by L1. Center to center distance 
of adjacent ellipse is called pitch. To find optimal struc-
tural conditions of the proposed PCF, the pitch among the 
adjacent ellipse and strut distance among the rectangular 
air holes are also varied along with the major axis length.

There are several optical glasses for designing PCF but 
we have decided to use Topas glass as a background mate-
rial because of its 0.2 cm−1 material absorption coefficient. 
The Topas glass also exhibits a steady RI of 1.53 from 0.1 
to 1.5 THz  [15, 16]. For this reasons we have choose the 
operating frequency of our proposed PCF from 0.5 to 1.5 
THz so that by changing the frequency hasn’t any effect on 
the refractive index of Topas glass. The numerical analysis 
of the proposed PCF carried out by COMSOL Multiphysics 
5.3a software with a perfectly matched layer (PML) that 
absorbs boundary conditions during the simulation pro-
cess. The effective mode indices were determined by using 
FEM to resolve a proper value resulting from the Maxwell 
equation [17]. The PML boundary layer like an anti-reflec-
tive surface which absorbs the PCF’s outgoing waves [18].

3  Results and discussions

Figure 2a–f shows the light absorption of the fundamen-
tal mode in x and y directed light propagation for the pro-
posed PCF. Figure 2a, b show x-polarized effective mode and 
y-polarized effective mode when the major axis length of 
center ellipse is greater than upper and lower ellipse major 
axis length. Figure 2c, d show x-polarized effective mode and 
y-polarized effective mode when the major axis length of the 
center ellipse is equal to the upper and lower ellipse major 

axis length. Figure 2e, f show x-polarized effective mode and 
y-polarized effective mode when the major axis length of 
center ellipse is less than the upper and lower ellipse major 
axis length.

Depending on these three phenomena, we have calcu-
lated the birefringence of the proposed PCF and find out the 
optimal conditions for which the birefringence is maximum. 
There is a great impact on electric field distributions due to 
x-polarized and y-polarized mode for different lengths of 
ellipse. For these reasons, there is a large margin difference 
between effective mode indices of x-polarized and y-polar-
ized mode which led to get high birefringence. The obtain 
effective mode index from COMSOL simulator is presented 
in Fig. 3 along with frequency change for different length 
combinations of ellipse as mentioned previously. The solid 
line represents the x-polarized effective mode index and 
dash line represents the y-polarized effective mode index. 
Birefringence is a positive subtracted value of x and y polari-
zation effective mode index and its mathematical expression 
is showing in the following equation [19]

where rx denotes real part of x-polarized effective mode 
index and y-polarized effective mode index the real part 
is ry.

(1)Birefringence (B) = |rx − ry|

(a) (b) (c) (d) (e) (f)

Fig. 2  Electric field distribution for a x-pol mode when L > L1 , b y-pol mode when L > L1 , c x-pol mode when L = L1 , d y-pol mode when 
L = L1 , e x-pol mode when L < L1 , f y-pol mode when L < L1,

Fig. 3  Effective mode index of the proposed PCF along with fre-
quency change for x and y polarization mode
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By inserting the real part of x and y polarization effec-
tive mode index value into Eq. 1, we have calculated the 
birefringence and plotted in the Fig. 4a at different major 
axes length variation by keeping the pitch among the 
ellipses as constant of its optimum value. It can be seen 
that the birefringence of the proposed PCF is increasing 
along with operating frequency increment. The maximum 
birefringence of 0.0921 is obtained when the length of the 
major axis of all three ellipses is equal and the equal length 
is 200 μm . For L > L1 condition, length of center ellipse was 
kept 200 μm and the length of L1 decreased by 50% of L. 
Similarly, for L < L1 , length of L1 was 200 μm and the center 
ellipse length decreased by 50% of L1 . For higher major 
axis length of upper and lower ellipse than the center 
ellipse produces the lowest birefringence of 0.0732 at 1 
THz operating frequency. Because, when the center ellipse 
length is less than the other two ellipses in the core region 
it produces more confinement loss in the fiber. For these 
reasons, the real part of effective mode indices difference 
between the x and y polarization modes is significantly 
lower than the equal major axis length.

Again, we kept the major axis and minor axis length 
constant during the pitch variation among the ellipse. 

Figure 4b shows the birefringence characteristics at dif-
ferent pitch variations of ellipse and strut variations of 
rectangular air hole slots along with frequency. We varied 
the center to center distance of the ellipse by 5 μm started 
from 40 μm . When the pitch distance is increased by 5 μm 
from 40 μm , the birefringence of the proposed PCF is 
decreased. But, When the pitch distance is decreased by 
5 μm from 40 μm , the birefringence of the proposed PCF is 
increased. This phenomenon leads the scenario that when 
the ellipses in the core region are closer it allows produc-
ing more light confinement through the core region. But, 
when the ellipses are so close to each other it will arise 
the fabrication complexity. Again, we varied the strut 
distance among the rectangular air hole slots from 10 to 
30 μm where strut distance is denoted as q on the Fig. 1a. 
We found that for minimum strut distance of 10 μm the 
proposed PCF produced high birefringence. So, to make 
our proposed PCF as fabrication friendly, we have chosen 
the pitch distance among the adjacent ellipse as 35 μm and 
strut distance among the air hole slots as 10 μm.

Another important factor to consider for designing a 
PCF is effective material loss calculation. Using the follow-
ing calculation, EML of the suggested PCF is estimated [20]

where nmat and �mat represents the refractive index and 
bulk material absorption loss of Topas glass respectively. 
�0 is relative permittivity and μ0 is the relative permeabil-
ity in the free space. E and H represents the electric field 
and the magnetic field accordingly. Effective material loss 
is calculated per centimeter length of the proposed PCF 
and TM mode propagation is considered during calcula-
tion. Figure 5a shows the dependency of effective material 
loss on ellipse major axes length variation as a function 
of frequency. EML is less when the length of the center 
ellipse major axis is equal with rest ellipses’ major axes 
lengthuntil 0.95 THz. As we described in the Eq. 2, EML 
is mostly depending on the electric field distribution on 
the PCF. When the operating frequency increase the, the 
electric field distribution reduce from the core region area 
and increase on the cladding region. The EML change due 
to pitch variation is showing in Fig. 5b. Effective material 
loss of 1.49 × 10−4cm−1 has been achieved at 1 THz operat-
ing frequency when the pitch distance is 35 μm with equal 
major axis length of all core ellipses.

After observing the birefringence and effective material 
loss calculations, the optimal major axis length is found 
200 μm and center to center distance among the ellipse 
is 35 μm . Using these optimal conditions, we have also 
investigated the confinement loss of the proposed PCF. 
Confinement loss defines the ability of light confinement 

(2)EML (�eff ) =

√
�0

μ0

(
∫
mat

nmat|E|2�matdA

1

2
| ∫

all
(E × H.z)dA|

)
, cm−1

(a)

(b)

Fig. 4  Birefringence characteristics of the suggested PCF a with 
various length combination ( L > L1, L = L1, L < L1 ), b with vari-
ous pitch and strut combination ( pitch = 35μm , pitch = 40μm , 
pitch = 45μm , strut = 10μm , strut = 20μm , strut = 30μm)
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into a PCF core rather than the cladding region. The less 
confinement loss indicates better light confinement into 
the center part of the PCF. In PCF, light isolation within its 
central area increases significantly when air-holes or slots 
rise in the cladding. As per the theoretical explanation, the 
confinement loss should be zero if an infinite number of 
air holes used in PCF [21]. Nevertheless, within a PCF, the 
countable air holes are required for real-life applications 
and feasible to produce. The confinement loss of a PCF can 
be defined by the following equation [22]

where f, c and Im(neff ) represents operating frequency 
in THz, velocity of light and imaginary part of effective 
mode index respectively. At optimum conditions, we have 
investigated the effects of PML layer thickness variations 
on confinement loss in Fig. 6a. For numerical analysis of a 
PCF, researchers are chosen PML thickness from 2 to 10% 
of its total fiber diameter [13, 20, 23, 24]. The Fig. 6a shows 
that there is a less significant effect of PML thickness vari-
ation on confinement loss. We have varied the PML thick-
ness from 2 to 8% of the total fiber diameter. If we increase 
the PML layer more than 10% then PML will overlap with 
cladding rectangular air slots. At optimum conditions and 

(3)Confinement loss (L) =

(
4�f

c

)
Im(neff ), cm

−1

1 THz operating frequency, 6% PML thickness of the total 
fiber diameter shows the best results for the proposed PCF. 
Confinement loss characteristics of the suggested PCF 
with 6% PML is presented in Fig. 6b along with frequency. 
At 1 THz operating frequency, we obtained confinement 
loss of the PCF is 1.36 × 10−4 cm−1 which is comparable 
with recently proposed PCF [13, 14, 25, 26].

In Fig. 7, black and blue line represents the disper-
sion and effective mode area ( Aeff  ) of the proposed PCF 
respectively at optimal conditions. The dispersion of the 

(a)

(b)

Fig. 5  Effective material loss characteristics of the suggested PCF a 
with various length combination ( L > L1, L = L1, L < L1 ), b with vari-
ous pitch combination ( pitch = 35μm , pitch = 40μm , pitch = 45μm)

(a)

(b)

Fig. 6  a Effect of PML thickness on Confinement loss, b  Confine-
ment loss of the proposed PCF at optimal conditions

Fig. 7  Dispersion and Effective mode area of the proposed PCF at 
optimal conditions
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proposed PCF is calculated by Eq. 4 at which � is the 
angular frequency, neff  real part of effective refractive 
index and c is the speed of light in vacuum [27]. At 1 THz 
operating frequency, we found a very low dispersion of 
0.041 ps/THz/cm for the proposed PCF which is compa-
rable with recently reported research [27, 28].

At lower THz frequency, the light confined into the PCF 
closely which tends the guiding waves to spread largely 
[23]. So, with increasing frequency the Aeff  are decreasing 
that reflects on the Fig. 7. At 1 THz frequency with optimal 
conditions the obtained effective mode area for the pro-
posed PCF is 7.33 × 104 μm2. Effective mode area ( Aeff  ) of 
the proposed PCF is calculated by the Eq. 5 at which E is 
the propagating medium’s electrical field vector[20].

The distinction of our suggested PCF with recently 
reported THz-based PCF is shown in Table 1. Our proposed 
PCF is well ahead of the reported PCF in terms of bire-
fringence, effective material loss and confinement loss. 
The proposed PCF will be very effective for polarization 
maintaining devices and other applications as it exhibits a 
simple geometric structure than other reported PCF. There 
are several fabrication technology, but the extrusion and 
3D printing fabrication technology are potentially able to 
fabricate any types of asymmetrical PCF structure[20, 29, 
30] . By employing the existing PCF fabrication technolo-
gies, we hope the proposed PCF is feasible to fabricate.

(4)d =

(
2

c
×

dneff

d�

)
+

(
�

c
×

d2neff

d�2

)
ps/THz/cm

(5)Aeff =

(∫ ∫ |E|2dxdy)2

∫ ∫ |E|4dxdy
, μm2

4  Conclusion

In this study, a highly birefringent PCF has been designed 
that will be able to maintain the polarization during prop-
agation by its high birefringence characteristics in THz 
frequency region. Moreover, the designed elliptical core 
based PCF has lower effective material loss and confine-
ment loss compared to recently proposed PCF. To get the 
asymmetric conditions, rectangular shaped air holes in the 
cladding region has been considered along with ellipti-
cal air holes in the core region. Numerical analysis shows 
that high birefringence of 0.0921, effective material loss of 
1.49 × 10−4 cm−1 and confinement loss of 1.36 × 10−4 cm−1 
at 1 THz operating frequency along with effective mode 
area of 7.33 × 104μm2 has been achieved for the proposed 
PCF. Dependency of core major axis length, pitch among 
the core air holes, strut distance within the cladding has 
been considered to characterize birefringence of the pro-
posed PCF. Moreover, geometrical parameters of the PCF 
has been fully optimized and used only three elliptical air 
holes in the core region in order to increase the manufac-
turing efficiency. We strongly believe that, the proposed 
PCF will contribute to the practical applications of polari-
zation filter, sensing and terahertz communication systems 
and polarization preserving fibers.
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