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In this paper, we present the design and analysis of a novel hybrid porous core octagonal lattice photonic crystal
fiber for terahertz (THz) wave guidance. The numerical analysis is performed using a full-vector finite element
method (FEM) that shows that 80% of bulk absorption material loss of cyclic olefin copolymer (COC),
commercially known as TOPAS can be reduced at a core diameter of 350 μm. The obtained effective material
loss (EML) is as low as 0.04 cm−1 at an operating frequency of 1 THz with a core porosity of 81%. Moreover, the
proposed photonic crystal fiber also exhibits comparatively higher core power fraction, lower confinement loss,
higher effective mode area, and an ultra-flattened dispersion profile with single mode propagation. This fiber can
be readily fabricated using capillary stacking and sol-gel techniques, and it can be used for broadband terahertz
applications. © 2017 Optical Society of America
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1. INTRODUCTION

The past few years have witnessed a growing interest in the
terahertz spectral range (1011 to 1013 Hz). Lying between mi-
crowaves and infrared bands, the terahertz band has a wide
range of application in the fields of pharmaceutical drug testing
[1], biotechnology [2], spectroscopy [3], sensing [4], imaging
[5–7], and communication [8], among others. There are three
major parts of a terahertz system: terahertz sources and terahertz
detectors are commercially available, but terahertz waveguides
still remain a challenge as dielectric materials absorb most of
the useful power. Hence, present terahertz developments are
limited to free-space applications, which are susceptible to chal-
lenges such as alignment difficulties, path loss, and uncertain
absorption loss [9].

The main obstacle in designing a terahertz waveguide is the
high material absorption loss of the background material. It is
possible to reduce the loss by increasing the core power fraction
and maintaining tight confinement between the air holes of the
core. Keeping this in mind, various kinds of waveguide struc-
tures, such as sub-wavelength dielectric plastic fibers [10,11],
metallic ribbons [12], hollow core fibers [13–16], porous core
bandgap fibers [4,17], and porous fibers [18,19], among others,

were proposed. Dupuis et al. [20] demonstrated a low-loss THz
transmission system using various sub-wavelength polyethylene
fibers. They also showed that fibers with much larger diameters
and higher porosity can have a similar transmission spectrum
as smaller diameter fibers with lower porosity. Roze et al. [21]
demonstrated the fabrication and characterization of two differ-
ent types of suspended core polymer fibers. One featured a sub-
wavelength solid core fiber and another featured a large porous
fiber; in both cases, the cores were suspended inside a much
larger diameter tube. Atakaramians et al. [22] proposed several
classes of non-planar metallic and dielectric waveguides in the
literature of terahertz (THz) wave guidance. They focused on
the development of dielectric waveguides with reduced loss
and dispersion. Ma et al. [23] proposed a graded index micro-
structured fiber to reduce intermodal dispersion for applica-
tions in the terahertz range.

To improve the field confinement and reduce the EML,
photonic crystal fiber (PCF), a micro-structured optical wave-
guide with a finite number of air holes in the core and cladding,
has been proposed [24–26]. Kaijage et al. were the first to
propose such a PCF that was constructed from TOPAS [27].
The porous octagonal core design demonstrated an EML of
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0.076 cm−1, but they did not investigate the dispersion and
core power fraction properties of the proposed fiber. Later,
Islam et al. [28] proposed a rotated hexagonal lattice and dem-
onstrated an EML of 0.066 cm−1 with a core power fraction of
40%, yet the EML remained high. Then, an octagonal lattice
structure with EML of 0.058 cm−1 was proposed by Rana et al.
[29] but the dispersive properties of the fiber were not consid-
ered. Islam et al. [30] proposed a diamond core porous fiber
with an EML of 0.07 cm−1. However, the proposed fiber had
a higher loss than previously proposed fibers. Later, Hasan et al.
[31] proposed a slotted core kagome lattice terahertz fiber with
an EML of 0.05 cm−1. However, the problem is that loss re-
mains higher and that the fabrication of the slotted core is dif-
ficult. Recently, more advanced work has been proposed by
Islam et al. [32] where the EML has been decreased to
0.047 cm−1 with a core power fraction of 49.1% and flattened
dispersion properties. The above mentioned studies suggest
that there is a vast scope of PCF development in consideration
of EML, core power fraction, confinement loss, effective area,
dispersion, and other relevant properties.

In this paper, a hybrid core PCF incorporating an octagonal
cladding structure is presented. The research objectives are
to acquire lower EML, higher core power fraction, an ultra-
flattened dispersion, lower confinement loss, and higher
effective mode area over increasing frequency. Modified total
internal reflection (MTIR) will be used to guide the light
throughout the fiber so that the detrimental effects of the
external environment can be totally overcome. Thus, it is an-
ticipated that the presented fiber can be efficiently applied to
the transmission of long distance broadband terahertz signals.

2. DESIGN METHODOLOGY

The cross-section of the proposed hybrid porous core fiber is
shown in Fig. 1. The hybrid core is surrounded by an octagonal
lattice structure comprised of five rings of circularly shaped air
holes. The complete mesh of the fiber consists of 10,804 boun-
dary elements and 652 vertex elements. In the cladding region,
the spacing between two adjacent air holes on two adjacent
rings is denoted by Λ, and the spacing between the air holes
lying on the same ring is Λ1. Here Λ is related to Λ1 by
Λ1 � 0.765Λ. In the core region, the spacing is denoted by
Λc . Four additional air holes forming a rectangular structure

in the core are used in addition with the rotate hexagonal struc-
ture. The core is called hybrid in the sense that it comprises
both a rotated hexagonal and a rectangular structure. The ad-
dition of four air holes reduces the amount of material from the
core and thus reduces EML. The air filling fraction (AFF) d∕Λ
was fixed at 0.76 throughout the whole period of numerical
analysis for a good confinement factor. AFF cannot be further
increased, as this will result in overlapping the cladding air
holes, which will cause fabrication issues.

Meanwhile, the AFF of the core is varied intentionally, and
it is mostly determined by the core porosity. Porosity is defined
as the ratio of the air hole area to the total cross-section area
of the core. We choose TOPAS, which is classified as a cyclo-
olefin, as the background material for our proposed fiber for
excellent inherent characteristics, such as constant refractive
index (n � 1.53) between 0.1 and 2 THz, very low bulk
material absorption loss (0.2 cm−1 at f � 1 THz), negligible
material dispersion [33], and insensitivity to humidity [34]. It
can be manufactured to have high glass transition temperature
and high transparency. Additionally, it does not absorb water
vapor, which is helpful in manufacturing THz waveguides
[35], and it is also negligibly hygroscopic [36].

The main objective of our proposed waveguide is to signi-
ficantly reduce the effective material loss (EML). The EML,
especially for a PCF, can be calculated by [34]

αeff �
ffiffiffiffiffi
ϵ0
μ0

r �R
mat nmatjE j2αmatdA�� R

all SzdA
��

�
; (1)

where ϵ0 and μ0 are the relative permittivity and permeability
in vacuum, respectively, αmat is the bulk material absorption
loss of TOPAS, nmat is defined as the refractive index of
TOPAS, E is the modal electric field, and Sz is the z compo-
nent of the Poynting vector Sz � 1

2 �E ×H� · ẑ where E and H
are the electric and magnetic fields, respectively.

Confinement loss is another important parameter that must
be considered in PCF design. It depends on the core porosity
and the number of air holes used in the cladding. It is calculated
by taking the imaginary part of the complex refractive index
and follows the following equation [32]:

LC � 8.686

�
2πf
c

�
Im�neff �

dB

m
; (2)

where f is the frequency of the guiding light, c is the speed of
light in vacuum, and Im�neff � represents the imaginary part of
the refractive index.

In addition to the EML and confinement loss, another im-
portant parameter that needs to be considered for PCF design is
the amount of useful power passing through the core air holes.
Our design goal is to achieve a higher core power fraction,
which can be calculated from [32]

η 0 �
R
X SzdAR
all SzdA

; (3)

where η 0 represents mode power fraction and X represents the
area covered by air holes.

Next, the dispersion property of the proposed fiber needs to
be observed. In this research work, only waveguide dispersion
has been considered because the refractive index of TOPAS is

Fig. 1. Cross-section of the proposed fiber with an enlarged view of
the core.
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constant between the frequency ranges of 0.1–1.5 THz [34]
where material dispersion can totally be neglected. Our design
goals are to obtain the flattest dispersion possible, which can be
calculated by [32]

β2 �
2

c
dneff
dω

� ω

c
d 2neff
dω2 : (4)

Finally, we characterize the effective mode area (Aeff ) of the
proposed fiber, which can be calculated by [37,38]

Aeff �
�R

I�r�rdr�2�R
I 2�r�dr�2 ; (5)

where I�r� � jEt j2 is defined as the transverse electric field
intensity distribution in the cross-section of the fiber.

As for the realization of our proposed PCF, due to the ex-
cellent progress in PCF fabrication technology, it is straightfor-
ward to fabricate PCFs. Stack and drilling, capillary stacking,
and sol-gel techniques are most commonly used for PCF fab-
rication. The stack and draw method cannot easily generate a
circle. In addition, drilling methods are not suitable for the pro-
posed PCF as the methodology is limited to a small number of
air holes. As our proposed waveguide is only comprised of a
large number of micro-structured circular air holes, capillary
stacking [39] and sol-gel [40] techniques are the best choices
to fabricate where the dimension of the designed PCF can be
adjusted freely.

3. SIMULATION AND RESULTS

To compute the key propagation properties of the proposed
fiber, finite element method (FEM)-based commercially avail-
able software, COMSOL version 4.3b, was used. An artificial
absorbing layer, known as the perfectly matched layer (PML) is
applied outside the proposed structure to limit the computa-
tional domain and to act as an anti-reflective layer. In our de-
sign, the thickness of the PML is about 9% of the total fiber
radius. The power flow distribution at different core porosities
is shown in Fig. 2, from which it is observed that light is well
confined inside the core of the fiber.

First, it has to be ensured that the single mode condition of
the proposed fiber is not hampered with the modification of
parameters like core diameter and frequency. Keeping this fact
in mind, single mode properties were carefully analyzed. The
normalized frequency, or V-parameter, can be calculated by [32]

V � 2πrf
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2co − n2cl

q
≤ 2.405; (6)

where f is the operating frequency, r is defined as the core ra-
dius, and c is the speed of light in vacuum. The core refractive
index nco is considered to be the effective refractive index (neff )
because of the porous core. For theoretical purposes, we can con-
sider the cladding refractive index ncl to be 1 [27–32], but practi-
cally the value of ncl must be greater than 1, as cladding is a
combination of air and material. Figures 3 and 4 show the varia-
tion of the V -parameter at 81% porosity for various values of ncl
as a function of core diameter and frequency, respectively. A key
feature shown in these figures is that as ncl increases, the single
mode operating range is broadened. This is because as ncl in-
creases, the difference between the refractive index of the core
and cladding decreases which consequently decreases the value
of V -parameter. This is beneficial for long distance terahertz sig-
nal transmission.

Figures 3 and 4 show the variation of normalized frequency,
V , with respect to different values of core diameter and fre-
quency at 81% porosity. It is clearly observed that as the core
diameter and frequency increase, the value of the V -parameter
also increases. It is also observed that our proposed fiber meets
the criteria to operate in the single mode condition.

The EML as a function of core diameter with different core
porosities is shown in Fig. 5. Here, EML mainly depends on
the amount of material used in the core. The amount of
material in the core depends on core porosity. Higher porosity
values reduce the amount of material from the core and con-
sequently reduce the EML.

For the same porosity values, the obtained EML is almost
linear. The value of porosity decreases as the EML increases
because as the porosity decreases, the size of air holes in the
core decreases, which increases the amount of material in
the core, and thus EML increases. From Fig. 5, a minimal

Fig. 2. Power flow distribution of the proposed PCF for (a) 61%,
(b) 71%, and (c) 81% porosity.
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EML of 0.04 cm−1 is obtained at a core diameter of 350 μm
with 81% core porosity and 1 THz frequency. Note that the
obtained EML is 80% less than the bulk absorption material
loss of TOPAS, which is also less than the previously reported
PCFs [27–32].

The confinement loss as a function of frequency with 81%
core porosity is shown in Fig. 6. The figure shows that the con-
finement loss is negligible compared to the obtained EML,
which is reduced as frequency increases. This is because as
the frequency increases, the amount of mode power starts to
constrict the porous core region. To reduce the confinement
loss further, the number of air holes in the cladding can be in-
creased, but this leads to fabrication difficulties.

At different core porosities, the fraction of power in the core
as a function of core diameter is shown in Fig. 7. As the core
porosity increases, the fraction of core power also increases.
This is because increasing the core porosity increases the air
volume in the core region. Thus, most of the mode power
propagates through the air hole area, which consequently in-
creases the core power fraction. It can be observed from Fig. 7
that at 81% core porosities, the maximum power of 51.2% is
obtained at a core diameter of 340 μm, and 50.4% power is
obtained at 350 μm. We choose the power fraction of 350 μm
because EML is higher at 340 μm than 350 μm.

It is important to mention that in TOPAS, the bulk material
absorption loss is not constant over the frequency range of
0.65–1.3 THz. Rather, it increases linearly with frequency
[4]. Using the values of αmat obtained from the empirical for-
mula in Ref. [27], that is, α�ν� � ν2 � 0.63ν − 0.13 �dB∕cm�,

as the value of normalized frequency v increases, the EML also
increases (see Fig. 8).

The frequency response of both EML and core power frac-
tion is shown in Fig. 9. With the increase of frequency from
1 THz, the EML increases and the core power fraction de-
creases. This is because the electromagnetic wave frequency is
proportional to the EML [4], and therefore, as the frequency
increases, the EML also increases. Alternatively, as the fre-
quency increases, some of the useful power starts to penetrate
through the cladding, which consequently reduces the core
power fraction [30]. Furthermore, from Fig. 9, it is clear that
the EML is minimum and core power fraction is higher at
f � 1 THz frequency. That is why we choose f � 1 THz,
Dcore � 350 μm, and 81% porosity as the optimal parameter
of our proposed fiber. The obtained core power fraction is
clearly greater than the previously reported PCFs [27–32].
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Figure 10 characterizes the behavior of EML and core
power fraction for different values of cladding air hole radii with
fixedDcore, f , and porosity. We can define it as cladding poros-
ity; hence, the radius of cladding air holes is varied. It can be
concluded from Fig. 10 that as the air hole radius increases, the
value of EML decreases and the core power fraction increases.
As the air hole radius increases, the amount of air increases
while the amount of material decreases, which causes EML re-
duction. In our proposed waveguide, we choose 107.26 μm as
the optimum cladding air hole radius because at that point, the
obtained EML is as low as 0.04 cm−1 and the core power frac-
tion is as high as 50.4%. Further increase of the air hole radius
will overlap the air holes with one another and cause fabrication
difficulties.

The calculated dispersion as a function of frequency is shown
in Fig. 11. The flattened dispersion of 1.25� 0.10 ps∕THz∕cm
is achieved within the frequency range 0.95–1.15 THz.

Aeff as a function of frequency is shown in Fig. 12. It is
observed that as the frequency increases from 0.9 THz, the
Aeff decreases. As the frequency increases, less light is being
confined in the core region, which causes the decrease of Aeff .
It is also observed that at operating parameters, the calculated
Aeff is very much comparable to that in Refs. [27,37,41].

The figure of merit (FOM) is also an important parameter
to be considered when designing an optical waveguide. It can
be calculated by [27]

FOM � αeff
Aeff

; (7)

where αeff determines the normalized value of EML and Aeff

symbolizes the obtained value of modal effective area.

For an overall evaluation, it is necessary to consider the
FOM, as higher modal effective area generally corresponds to
larger values of EML. In Fig. 13, the characteristic of FOM
with the variation of porosity is shown where it is observed that
as the porosity increases, the FOM is scaled down to lower val-
ues. Therefore, FOM largely depends on the values of αeff , and
as observed in Fig. 5 that, increased porosity values decrease the
EML. So, there is no significant control of Aeff on the FOM.

4. CONCLUSION

A simple TOPAS-based hybrid core PCF with ultra-low
material loss of 0.04 cm−1 at 1 THz frequency has been pro-
posed. In addition, a higher core power fraction of 50.4%,
low confinement loss, high effective mode area, and an ultra-
flattened dispersion profile of 0.10 ps/THz/cm are achieved.
Therefore, if the proposed fiber is utilized with the state of
the art technology, it can potentially open a new window for
efficient, flexible, and long distance transmission for many
applications of broadband terahertz radiation.
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