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Topas based high birefringent and low loss single mode hybrid-core porous fiber
for broadband application
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We present a through numerical analysis of a low loss and highly birefringent hybrid porous core with octagonal
cladding structure for terahertz (THz) wave guidance. The proposed photonic crystal fiber (PCF) offers simultaneously low
effective material loss (EML) as well as high birefringence in the frequency range of 0.8-1.05 THz with single mode
operation. To attain high birefringence we introduce asymmetry in the core using both elliptical and circular air holes
(hybrid). The numerical results obtained from the finite element method (FEM) which confirms low EML of 0.044 cm ! as
well as a high birefringence of ~0.043 at 0.73 THz operating frequency. Therefore, the fiber is likely to be useful in different

THz polarization maintaining applications.
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1 Introduction

Towards achieve the higher channel capacity for
guided channel particularly the porous core, photonic
crystal fiber for terahertz applications attract much
attention to researcher. Terahertz waves (0.1 to 10
THz), share the properties of both of its neighboring
bands, millimeter waves and infrared rays in the
electromagnetic frequency spectrum. This spectrum
has clearly been attracting researchers' interests for
the last decades due to its numerous applications in
the areas of sensing', biotechnology?, spectroscopy’,
imaging®®, and communication’®. One of the most
promising applications photonic crystal fiber (PCF)
concepts is associated with noninvasive, minimally
invasive and intraoperative medical diagnosis. It
could be used for noninvasive early diagnosis
of skin cancer, minimally invasive diagnosis of
colon tissue cancers and intraoperative diagnosis of
breast tumors.

Although THz source and detector have been
commercialized, the development of the THz
waveguide is yet to be commercialized due to the
material absorption property of the optical waves in
THz region. Wireless transmission requires precision
alignment and maintenance, due to the lack of low
loss transmission waveguides. Most of the THz
system uses free space for its propagation. However
the propagation through free space experiences
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undesirable problems such as tough alignment
with additional components, path loss, uncertain
absorption loss influenced by the nature of
atmosphere and many others.

At the early stages of development, metallic
waveguides”'’, hollow dielectric metal coated tubes
were used''. The transmission medium showed higher
loss and bulky properties. Then the research was
shifted from dielectrics to polymers and after that
photonic crystal fiber'*"?, hollow core Bragg fiber'?,
polymer porous fibers"”, sub-wavelength fibers'e,
polystyrene foams'’and hollow core Bragg fibers'*'®
being introduced subsequently. The micro-structured
photonic crystal fiber'™*” (PCF) with numerous
number of air holes in the core and cladding follows
the principle of modified total internal reflection
(MTIR) or photonic band gap (PBG) effect for light
confinement. In the proposed fibre, the light is guided
using MTIR as the effective refractive index of the
core is higher than that of cladding.

In a porous core octagonal’’ PCF having Topas as
the base material for THz wave guidance was
proposed. The research showed an EML of 0.076 cm™
but they ignored the analysis of dispersion and core
power fraction properties. Later in a porous core
fiber” having rotated hexagonal structure in core and
regular hexagonal structure in cladding was proposed.
The research showed a reduced EML of 0.066 cm’
and showed at the power fraction of 40%. However,
EML still remained high.
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Later, a proposal” was made for porous fiber
having octagonal structure in both core and cladding.
The researchers were able to reduce the EML further
to 0.058 cm™, but they did not mention the dispersion
property. Recently, a fiber having circular structure in
core and octagonal structure in cladding has been
designed®. They have showed comparatively lower
EML of 0.056 cm™ without testing the single mode
properties of the fiber. In recent times, more advanced
work has been proposed® with circular structure in
both core and cladding. They showed a lower EML of
0.053 cm™. High birefringence can be achieved by
either introducing asymmetry to the fiber-core or
breaking the symmetry of the fiber cladding.
Following this methodology, some remarkable works
have been reported to date. For example, in design
and fabrication®® of a porous fiber with rectangular
air-holes showed a high birefringence of ~0.012 at
0.65 THz. A squeezed lattice elliptical-hole THz
fiber with a birefringence of the order 107 was
proposed in the work?’. A plastic based”® PCF showed
high birefringence of ~0.021, but the reported
propagation loss was very high.

For further improvement, a Topas based porous
fiber having hybrid core composed of both elliptical
and circular air hole along with unique oOctagonal
cladding structure is presented in this paper. The
proposed PCF has shown an extremely lower EML of
0.044 cm’, birefringence of 0.043 and power fraction
of 40.04% at the frequency of 0.73 THz which is
better than the other proposed fibers. In our proposed
fiber, as transmission of THz waves is based on
MTIR, the effects of external environment can totally
be neglected. Thus it is expected that the fiber can
efficiently be applied for the transmission of
broadband THz waves.

2 Geometry of the Proposed Design

Figure 1 depicts (a) cross section of the proposed
PCF and (b) enlarged view of the core. In the
cladding, the distance between the air holes on two
adjacent rings is denoted by A and the distance
between two adjacent air holes in the same ring is
denoted by A; The relation between them is
expressed by A;=0.765A. Two-sized air holes of
diameter d and d1 are used to fill the five layered
cladding region. Diameter d1 is 0.91 times of d. The
core with diameter Do = 2(A - d/2) is filled with air
holes of elliptical and circular shapes. 4 air holes of
diameter d1. have been accumulated in the core. 8
circular air holes of diameter d2. have been

accumulated. 6 circular holes of diameter of d3. and
4 holes of diameter d4, have been accumulated with
the 4 circular air holes and 15 elliptical air holes in the
core. The core diameters d2, d3.and d4. are related to
dl. 0.75 times, 0.1 times and 0.075 times. The length
of the major axis of the ellipse is twice that of the
diameter of the largest circular core air hole denoted
dl.and the length of the minor axis is equal to dl.. A
larger air filling fraction (AFF) 0.76 is used to reduce
the EML significantly. A further increase of AFF will
result in overlapping of air holes which will make
fabrication processes difficult. Thus we have kept
AFF value constant at 0.76 for the entire simulation.
The size of air holes at the core determines the
porosity that can be defined as the ratio of air hole
area to the total cross-section area of the core. The air
holes in octagonal cladding are 1.32 times larger than
the hexagonal core. This results higher confinement
of the fiber whereas the effective material loss is

d4c

d3c

Fig. 1 — (a) Cross section of the proposed PCF and (b) enlarged
view of the core.
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significantly reduced”®. Topas is used as the
background material for the proposed fiber. The
reason for using Topas over other polymer materials
includes; lower material absorption loss, constant
refractive index n=1.53 in the frequency range" of
0.1-1.5 THz. Besides, zero dispersion and humidity
insensitivity of Topas facilitates the fiber.

3 Resultsand Discussion

Finite element modeling (FEM) package,
COMSOL v4.2 has been used to simulate and
establish the propagation properties of the proposed
PCF. Perfectly matched layer (PML) used outside the
computational domain is about 9% of the total fiber
radius. The power flow distributions at the porosity of
76% at the diameter of 320 um for both X and Y
polarizations have been showed in Fig. 2. It is
observed from Fig. 2 light is well confined in the core
for both of the polarization schemes when simulated
at 0.73 THz.

Fig. 2 — Electric field distributions of the proposed PCF at 76%
for (a) X polarization and (b) Y polarization.

In the beginning of simulation, V-parameter of the
proposed PCF was analyzed to ensure single mode
propagation of THz signal. Parameter is calculated by

using the following equation®":

V=27 fn?—ng? < 2405 (D)

where 7 is the core radius, ¢ (= 3 X 108 ms™1) is the
light speed in vacuum and n, and n, are the refractive
indices of core and cladding respectively. ny is
considered to be 1 because the cladding mainly
consists of large number of air holes and the refractive
index of air’” is 1. The core refractive index n, is
considered to be effective refractive index (nes)
because of the porous core. To ensure single mode
propagation V-parameter must be less than or equal to
2.405. For single mode, although launching of optical
power into fiber is difficult due to the reduced core
radius research suggests the single mode operation for
power propagation.

V-parameter as a function of core diameter is
shown in Fig. 3. It highlights the fact that for a long
range of diameters the proposed PCF shows single
mode properties. Best results for birefringence, power
flow and EML values were obtained when the
proposed fiber was simulated for the diameter of
320 um at the frequency of 0.73 THz. It is evident
from Fig. 3 that the fiber will operate in single mode
as the V-parameter value at the given diameter is
1.38 which is well below 2.405.

The birefringence which is defined as the absolute
value of the differences of n.s between X and Y
polarizations of the proposed PCF is calculated using
following equation’":
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Fig. 3 — V parameter versus core diameter at /' =0.73 THz and
42% porosity.
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B=|nx—ny| ... (2

where n, and n, are the refractive indices of
two orthogonal components of the polarization
maintaining wave. Birefringence as a function of
frequency at the porosity of 42% is shown in Fig. 4.
It is observed from figures that the birefringence
has shown a gradual rise and fall with the variation
of frequency within the range of 0.5 to 1.05 THz.
The best result of 0.043 was obtained at the
frequency of 0.73 THz when the diameter of 320 um
was considered.

Birefringence as a function of D, at different
porosities is shown in Fig. 5. It is observed that the
reduction in birefringence is due to the increase of
porosity. The reason is that at a higher porosity, the
mode field is delocalized from the core and spread
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Fig. 4 — Birefringence as a function of frequency at core diameter
of 320 um.
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Fig. 5 — Birefringence as a function of core diameter for different
porosities at 0.73 THz.

into the cladding. As a consequence, less power is
controlled by the air hole of the core and
birefringence is reduced.

The main concern of the PCF is the reduction of
EML, which can be calculated by the following
equation™:

a = 8_0 (fmat nmallElzamat dA) (3)
eff Ho | far Sza4| .

where, & and p, are the permittivity and the
permeability of free space, npn, is the refractive index
of the material, o, is the bulk material absorption
loss and S, is the z component of the poynting vector

S: = (E x H).z where E and H are the electric and

magnetic field components. The reduction of porosity
in the context of increasing the birefringence has
resulted in the increase of EML. In Fig. 6, EML for
both X and Y polarization at the porosity of 63%
and 76% has been showed. The increased porosity of
76% has produced the lowest EML 0.044 cm™ in
X-polarization. Increase of diameter increases the
EML because the increase of diameter causes the
increased scattering of light. In the graph it is
observed that EML has increased gradually with
the increase of diameter; thus the design has justified
the fact.

As the highest birefringence of 0.043 was obtained
at the diameter of 320 um and porosity of 42%, Fig. 7
was generated at a wide range of frequencies to
determine the lowest EML at the particular frequency
in which the birefringence is the highest. Lowest
EML of 0.044 cm™ has been obtained at the frequency
of 0.73 THz when the porosity is 42%.
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Fig. 6 — EML as a function of core diameters for 63% and 76%
porosities at the frequency of 0.73 THz.
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Besides EML, another important property called
core power fraction can be expressed by the following
equation®:

o JyS.dA

n= ..

fall S,dA

where X represents the area covered by the core air
holes. As the volume of the core air holes increases
with the increase of porosity, power fraction also
increases. As noted above, increase of power fraction
decreases the birefringence in the proposed model
power fraction which was simulated at a lower EML
to facilitate the model with increased birefringence.

In Fig. 8, core power fraction at the porosity of
42% and diameter of 320 um has been plotted against
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Fig. 7 — EML as a function of frequency at 320um with the
porosity 42%.
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Fig. 8 — Core power fraction at different frequencies at the
porosity of 42% and at core diameter of 320 pm.

frequencies ranging from 0.5 THz to 1.1 THz. Best
result of power fraction for both X polarization and Y
polarization was obtained at 0.73 THz which are
41.52% and 39.11%, respectively. Another important
parameter which is often considered in PCF designing
is confinement loss. It depends upon the core porosity
and the number of air holes used in cladding. It can be
calculated by taking the imaginary part of the
complex refractive index. The confinement loss can
be calculated by*:

Le = 8.686 (2L )m (nerr) (4B /) . (5)

where f is the frequency of the guiding light, ¢ is
speed of light in vacuum and Im(n.s) symbolizes the
imaginary part of the refractive index.

The confinement loss as a function of frequency is
shown in Fig. 9 from where it is observed that as the
frequency increases, the confinement loss is scaling
down. In the proposed designed fiber, at f=0.73 THz,
Deore= 320 um and 42% porosity, a confinement loss
of 6.30 x 10* cm” is obtained which is negligible
compared to the calculated EML. Table 1 shows
the comparison of effective material loss and
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Fig. 9 — Confinement loss as a function of frequency at 320 um
with the porosity of 42%.

Table 1 — The comparison of effective material loss and birefringence
of our proposed PCF with other design in the literature.

Literature EML (cm™1) Birefringence
Hasan et al.’’ 0.085 0.0483

Islam et al.*® 0.070 0.018

Islam et al.* 0.100 Not mentioned

Islam et al.*° 0.066
Revathi et al.*!
Present work

Not mentioned
0.034
0.043

Not mentioned
0.044
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birefringence of our proposed PCF with other design
in the literature.

Finally, we explored the fabrication possibility of
our proposed design. The proposed PCF core contains
air holes with different dimensions. The fabrication of
PCF will be challenging. As technology is developing
every day, the challenge of designing the PCF is
accordingly realized. The capillary stacking®*® and
sol-gel’>?® techniques are the best choice to fabricate
where the dimensions of the proposed PCF can be
adjusted freely.

4 Conclusions

A new PCF with hybrid core is being proposed
which is important for polarization maintaining
applications in the THz regime. It has been shown
that asymmetry of air holes in the fiber core leads to
low EML of 0.044 cm™ and high birefringence of
~0.043. The proposed design is expected to be
fabricated using the concurrent fabrication technology
combining the capillary stacking and sol-gel
techniques. Therefore, the proposed design may be
the potential candidate for higher channel capacity
network, coherent communication and sensing
application in THz regime.
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