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We propose a novel porous-core photonic crystal fiber (PCF) consisting of asymmetrical

rectangular air holes in the core and six-ring hexagonal lattice circular air holes in the

cladding for achieving low-loss polarization terahertz transmission in a wide frequency

range. By assuming TOPAS as the host material, the finite element method (FEM) is

used to investigate its properties. The near-zero flattened dispersion of −0.01±0.02

ps/THz/cm is achieved over a frequency range of 1.0–2.0 THz, as well as a high

birefringence of 7.1×10−2 which can be useful for polarization-maintaining applications.

Also, critical parameters such as mode field distribution, effective material loss,

confinement loss, and effective mode area are discussed in detail. Further, fabrication

possibilities are discussed briefly by comparing recent work on similar waveguide

structures.

OCIS Codes: 040.2235 (Far infrared or terahertz), 060.4005 (Micro-structured fibers),

060.2420 (Fibers, polarization-maintaining), 160.5470 (Polymers).

Keywords: fiber optics, far infrared or terahertz, microstructured fibers, fibers, polarization-maintaining, polymers

INTRODUCTION

For the past few decades, Terahertz (THz) radiation or waves, which lie between microwave
bands and infrared rays with a frequency range from 0.1 to 10 THz [1, 2], have intrigued
researchers and pioneers because of its extensive applications ranging from security-sensitive areas
to medical imaging, sensing, and spectroscopy [3–7]. Nowadays imaging [5, 8–10], sensing [11],
communication [11, 12], astronomy [13], and biomedical engineering for diagnosis and detection
[14–17] are largely dependent on the THz waveguide. The new generation 6G communication
technology requires highly integrated THz systems, which will further boost the research attention
of a compact THz waveguide with higher birefringence, ultra-flattened dispersion, and low loss
[18, 19]. Especially, various novel properties can be exploited in ultrafast optics by exploring the
peculiar dispersive properties of the THz waveguide [20–22]. Several devices such as optical delay
lines, dispersion compensators for short pulse generation, and white light generators have been
developed. Recently, various types of waveguides have already been proposed, such as metallic wire
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[23], dielectric metal-coated tube [24], plastic fiber [25],
polymer Bragg fiber [26], polystyrene foam [27], hollow core
fiber [28], and solid core fiber [29]. However, these all are
problematic due to their undesirable narrow band operation,
higher material loss, high bending loss, and strong coupling with
the surrounding environment.

Therefore, greater attention is now focused on porous core
fibers [2, 30–40] where the waveguide parameters such as
core diameter, pitch size, air filling fraction, air hole radius,
and frequency can be determined by design. Furthermore, it
is possible to achieve low effective material loss (EML), low
confinement loss, low dispersion variation, high birefringence,
and high core power fraction in a PCF by selecting the
geometrical parameters [41]. A number of PCFs with high
birefringence and low dispersion variation have been proposed
in recent years [35–43]. For example, M. R. Islam et al. proposed
a novel fiber with a honeycomb-like cladding structure and a
hexagonal slotted core, which had a high birefringence of 0.083
and a low confinement loss and an effective material loss of 10−8

cm−1 and 0.095 cm−1 at an operating frequency of 1.5 THz,
respectively [42]. A slotted porous-core circular THz waveguide
was proposed, which achieved an ultra-high birefringence of
0.075 and a dispersion value of 1 ps/THz/cm between 1 and
1.3 THz [35]. In 2016, a porous-core polarization-maintaining
spiral photonic crystal fiber (PCF) with a birefringence of 0.0483
and a dispersion value of 0.57 ± 0.09 ps/THz/cm was proposed
in the range of 1.2–1.8 THz [36]. R. Islam et al. proposed a
double asymmetrical fiber that achieved a birefringence of 0.045
and a dispersion value of 0.9 ± 0.26 ps/THz/cm between 0.5
and 2 THz [37]. More recently, Islam M. S. et al. proposed
a high birefringence of 6.3 × 10−2 and flattened dispersion
PCF based on Zeonex [43]. K. Paul and K. Ahmed suggested a
highly birefringent ultra-low material loss PCF based on TOPAS,
which have a birefringence of 1.34 × 10−2 and a low material
loss of 0.053 cm−1 at a frequency of 1THz [44]. Jakeya Sultana
et al. reported an ultra-high birefringence of 0.086 and an
ultra-flattened near zero dispersion of 0.53 ± 0.07 ps/THz/cm
in a broad frequency range in 2018 [45]. However, given the
excellent properties of the proposed waveguides, it is found
that THz transmission efficiency can be limited by either low
birefringence and high dispersion or high birefringence and high
confinement loss. So, there is large scope for PCF improvement
in the parament optimization of dispersion, birefringence,
and loss.

In this paper, based on a TOPAS cyclic-olefin copolymer as
the substrate, we propose a novel porous-core PCF consisting
of asymmetrical rectangular air holes in the core and hexagonal
circular air holes in the cladding. The aim is to increase
birefringence and reduce confinement loss while flattening the
dispersion. In addition, other crucial optical properties for
the proposed PCF, such as effective material loss (EML), core
power fraction, and effective mode area are also discussed
under optimized structural parameters. The greatest advantage
of the proposed PCF is its simple structure, which will make
the fabrication feasible by using existing fabrication techniques,
such as extrusion, sol-gel casting, 3D printing, and in-situ
polymerization [46–49].

DESIGN PRINCIPLE OF THE FIBER
STRUCTURE AND THEORETICAL MODEL

The proposed THz-PCF is composed of asymmetrical
rectangular air holes in the porous core and hexagonal
lattice-formed circular types of air holes in the cladding,
whose cross-section view is shown in Figure 1, along with an
enlarged view of the porous-core region. Here, a simple cladding
is adopted with a six-ring layer hexagonal lattice structure
consisting of rounded-corner air holes to flatten dispersion and
facilitate manufacturing. The pitch3 is the distance between two
adjacent air holes, d is the diameter of air holes. In our simulation,
the ratio of d/3 is kept at a large value of 5/6 based on the fact
that a larger d parameter tends to better confine the light in the
core [50]. To increase the birefringence, 17 rectangular air holes
are introduced in the porous core to induce asymmetry in the
structure. The length and width of the rectangular air holes are
denoted by b and a, and the pitches 3x and 3y are the distances
between two adjacent rectangular air holes in the horizontal and
longitudinal directions, respectively. Core porosity in the porous
core is defined as the ratio of the area of the rectangular air holes
to the total area of the core, which is labeled as P. The diameter
of the porous core area along the horizontal direction is defined
as Dcore. The host background material of the entire THz-PCF
is selected as TOPAS (scientifically known as a cyclic-olefin
copolymer) because of its unique and useful characteristics,
such as insensitivity to humidity, decency for bio-sensing, and
the flexibility in fabrication to achieve high glass transition
temperatures [39]. In addition, the bulk material loss of TOPAS
is 0.06 cm−1 at 0.4 THz and increases at a rate of 0.36 cm−1/THz,
which has a nearly constant refractive index of 1.525 over a broad
frequency range of 0.1 to 2 THz with a lower material absorption
loss and dispersion [37]. The frequency-dependent character of
the absorption coefficient of TOPAS is considered throughout
the simulation.

The main concern of the proposed THz-PCF is to increase
its birefringence and flatten its dispersion performance. To
achieve this goal, it is important to optimize porous core
parameters of core porosity (P) and core diameter Dcore. The
electric distributions of the proposed THz-PCF for different core
diameters Dcore at f = 1.5 THz are shown in Figure 2. Here, core
porosity is fixed as 30% because any further increment in core
porosity may result in overlapping air holes, making fabrication
a great challenge. It can be seen from Figure 2 that the mode
power distribution is well-confined in the core region, and the
y- polarized mode is better than the x-polarized mode, which is
essential for high birefringence as well as low dispersion in the
transmission of THz waves. It worth noting that the mode power
flow distribution is best constrained in the porous core area when
the diameter of the porous core is 378 um.

Here, the key propagation properties of the proposed PCF-
THz waveguide are numerically simulated to calculate the
effective indices of the electromagnetic modes based on FV-FEM.
An antireflective layer that is also known as a perfectly matched
layer (PML) is used at the outer boundary of the waveguide to
reduce the effect of the surrounding environment and materials
to the confinement loss [51]. The thickness of the PML is set
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FIGURE 1 | Cross-section of the PCF THz waveguide, and an enlarged view of the porous-core area.

FIGURE 2 | The mode field distribution of the proposed THz-PCF for (A) x-polarized modes and (B) y-polarized modes for different Dcore at the frequency of 1.5 THz

when P = 30%.

to 12.5% of the total fiber radius to easier meet the fabrication
possibilities. Here, according the functional relationship between
the effective refractive index (RI) and the PML thickness as
shown in Figure 3, the influence of PML thickness on the real
part of RI can be ignored, while the influence on the imaginary
part of RI cannot be ignored. The variation of dispersion and
birefringence depends directly on the real part of RI, but the
confinement loss depends on the imaginary part of RI, thus the
change of PML thickness has almost no effect on dispersion
and birefringence, the effect on the confinement loss cannot be
ignored. For all the optimum parameters, we found 5, 12.5, and
20% of PML thickness show a lower imaginary part of RI. As 5%

of PML thickness creates fabrication complexity and 20% of PML
thickness makes the fiber bulky. Therefore, we chose 12.5% of
PML thickness for our proposed fiber.

SIMULATION RESULTS AND DISCUSSION

Birefringence and dispersion are two kinds of crucial properties
that limit the quality of signal transmission in high speed
THz communication systems. One of our design goals is to
make the PCF operate with high birefringence and ultra-low
flat dispersion. Therefore, it is more important to check the
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FIGURE 3 | Effective refractive index as a function of PML thickness for the

proposed THz-PCF.

influence of different parameters such as core diameter (Dcore)
and core porosity (P) on birefringence and dispersion in THz
waveguide design.

Firstly, to obtain higher birefringence for the proposed THz-
PCF, the level of birefringence should be significant. Here, the
mode birefringence (B) is first analyzed, which is defined as
the difference of the real parts of RI for the two fundamental
orthogonal polarization modes and can be expressed as [36]:

B =
∣

∣nx − ny
∣

∣ (1)

where, nx and ny are RI of x- and y- polarized modes,
respectively. The birefringence (B) on Dcore and core porosity
are demonstrated in Figure 4, with higher birefringence on the
level of 10−2. Figure 4A depicts the birefringence as a function
of frequency for different Dcore at P = 30%. It can be seen
from Figure 4A that the birefringence of the proposed THz-PCF
increases gradually with the increase of the core-area diameter
and presents a flat trend in a frequency range of 1.2–1.8 THz.
The reason for this can be understood as the fact that the ratio
of length to width of the rectangular air holes in the porous
core increases when Dcore is increased. Therefore, the asymmetry
induced in the porous-core area becomes stronger and leads to
an enhancement of birefringence. When Dcore = 378 µm, the
birefringence values locate above 7.0 × 10−2 over the frequency
range of 1.2–1.8 THz, and an ultra-high birefringence of 7.1 ×

10−2 is obtained at f = 1.5 THz. Then, with a fixed Dcore =

378µm, the birefringence as a function of frequency for different
core porosity is shown in Figure 4B, in which it is observed that
the birefringence increases when the core porosity is decreased.
When the core porosity is 30%, birefringence higher than 6.0 ×

10−2 is obtained over the frequency range 0.9–2.0 THz, with the
highest birefringence of 7.1 × 10−2 at 1.5 THz. The vital unique
feature of the proposed THz-PCF presents a nearly constant
birefringence over a wide frequency region from 1.2 to 2 THz,

which is very significant for a polarization-maintaining THz
transmission application.

Secondly, dispersion is another important property in the
application of THz-PCF, which should be as low as possible to
reduce the bit error rate and avoid optical signal overlap due to
pulse broadening. Near-zero ultra-flat dispersion is particularly
suitable for the effective transmission of broadband waves [36].
In general, dispersion can occur either for the used bulk material
(material dispersion) or for the waveguide structure (waveguide
dispersion). Here, we consider only the waveguide dispersion
because the material absorption loss is negligible for TOPAS [37],
which can be expressed by [13]:

β2 =
2

c

dneff

dω
+

ω

c

d2neff

dω2
, ps/THz/cm, (2)

where, ω indicates the angular frequency, and neff is the RI of the
fiber. Obviously, dispersion mainly depends on the change of the
RI of the waveguide with frequency.

The dispersion profile of the proposed THz-PCF as a function
of frequency for different core-diameter Dcore and core porosity
are shown in Figure 5. Figure 5A describes β2 as a function
of frequency for different Dcore at P = 30%. It can be seen
that the dispersion is decreasing and the corresponding flattened
region becomes broader gradually when Dcore increases. There
is a visible difference of dispersion values between the x- and
y-polarized modes, the dispersion value of x-polarized is higher
than that of y-polarized, which is consistent with the fact that the
mode power flux is tightly confined in the core for y-polarized
modes than x-polarized modes because of the asymmetrical
PCF structure. It is worth noting that the flattened dispersion
range nearly covers the interesting frequency range from 1.1
to 2.0 THz when Dcore = 378µm, which coincides with the
frequency range of high birefringence. The variation of the
dispersion value is ±0.02 ps/THz/cm for the y-polarized mode
and ±0.05 ps/THz/cm for the x-polarized mode. Furthermore,
the dependence of β2 on core porosity is shown in Figure 5B

with a fixed Dcore = 378µm. It is obvious that the dispersion
value is decreasing and getting closer to zero with the reducing
values of core porosity, which is the fact that more mode power
flux is confined in the core for lower core porosity. In addition, we
can also see that the y-polarized mode exhibits a lower dispersion
than the x-polarized mode in the flattened dispersion region.
Also, a near-zero ultra-flattened dispersion value of−0.01± 0.02
ps/THz/cm for the y-polarized mode and 0.2 ± 0.05 ps/THz/cm
for the x-polarized mode can be obtained in the whole interesting
frequency range from 1.1 to 2.0 THz for P = 30%. Compared
to the reported THz-PCF in the literature [35–46, 50–53], the
proposed THz-PCF presents a near-zero ultra-flat dispersion
over the widest frequency range of 1.1–2.0 THz with two zero-
dispersion points (1.06 THz and 1.74 THz). So Dcore = 378µm
and porosity= 30% is selected as optimal design parameters.

Then, it is well to know that waveguides with low absorption
loss and high-power fractions at a higher frequency would be a
good candidate for the application in broadband transmission
in the THz regime. The losses will arise when light propagates
through the whole length of the fiber. Effective material loss
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FIGURE 4 | Birefringence vs. frequency of the proposed fiber (A) for different Dcore at P = 30%, (B) for different core porosity at Dcore = 378 µm.

FIGURE 5 | Dispersion vs. frequency of the proposed PCF (A) for different Dcore at P = 30%, (B) for different core porosity at Dcore = 378µm.

(EML, αeff) is one of the major issues that causes operating signal
energy dissipation, which can be numerated by Equation (3) [13]:

αeff =
( ε0
µ0
)
1
2
∫

Amat
nαmat |E|

2 dA

2
∫

All SzdA
(3)

where ε0 is the permittivity and µ0 is the permeability of the
vacuum. N = 1.525 is the refractive index of the material,
and Sz is the z-component of the Poynting vector, which is
defined as Sz = 1

2 (E × H) · ẑ, where E and H are the
electric and magnetic field components of the transmitted power,
respectively. The integration in the numerator of Equation (3)
covers the material regions of TOPAS, and in the denominator
covers all regions. Confinement loss is also a critical factor that
limits the propagation length of the transmitted signal through
the THz waveguide, which has a direct relationship with the
number of air holes used, the spacing between adjacent air holes,

and the number of rings in the cladding. In practice, confinement
loss should be as low as possible to obtain a longer propagation
length for the THz signal, which can be calculated from Equation
(4) [40, 50]:

αCL = 8.686(
2πf

c
)Im(neff), (4)

where f is the operating frequency, Im(neff) represents an
imaginary part of the refractive index. Figures 6A,B gives EML
and confinement loss as a function of frequency for different
core porosity.

It is observed that EML increases with an increase of frequency
for both x- and y-polarized modes, and the x-polarized mode
exhibits lower absorption loss than the y-polarized mode (see
Figure 6A). It could be explained by the fact that the majority
of the light is propagated through the porous-core area in
the y-polarized mode, which is consistent with the power flow
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FIGURE 6 | (A) EML and (B) confinement loss vs. frequency for the proposed THz-PCF at different core porosity and fixed Dcore = 378µm.

distributions shown in Figure 2. Also, EML decreased with the
increase of core porosity at a fixed frequency, with the reason
being more light is propagated through the air holes in the core
rather than through the material. Note that, for the optimal
parameters (Dcore = 378 µm and P = 30%), EML is found as
0.141 cm−1 and 0.201 cm−1 for x- and y-polarized modes at
1.5 THz, respectively. Confinement loss is decreased for both
x- and y-polarized modes with the increase of frequency (see
Figure 6B). Confinement loss in the y-polarized mode is less
than the x-polarized mode due to better mode constraint for
y instead of x. As a result, less mode power leaks out to the
cladding, and confinement loss decreases. It is worth noting that
the confinement loss is found to be 7.08 × 10−12 cm−1 and 5.74
× 10−9 cm−1 for the y- and x-polarized modes at 1.5 THz under
the optimal parameters, respectively.

The mode power fraction presents the amount of
electromagnetic power propagating through different regions
of the fiber, which can be calculated by Equation (5) [31, 45].
Achieving a higher core power ratio is our goal.

Fraction of Power =

∫

X SZdA
∫

All SZdA
, (5)

where x in the numerator defines the area of the region of interest,
and the denominator defines the total area. The effective mode
area (Aeff) is measured quantitatively by the distributed electric
field energy inside the waveguides, which can be expressed
by [40]:

Aeff =

[∫

I(r)rdr
]2

[∫

I2(r)dr
]2
, (6)

where I (r) = |Et|
2 is called the transverse electric field intensity

in the proposed fiber. Figures 7A,B show mode power fraction
and effective mode area as a function of frequency for different
core porosity.

The mode power fraction increases with the increase of
core porosity when the frequency is constant, and the core
power fraction in the y-polarized mode is smaller than the x-
polarized mode, which corresponds to the result of the EML
(see Figure 7A). It was found the power fraction remains
unchanged over a wider frequency range from 1.2 to 2 THz,
which is very necessary for broadband THz transmission by
minimizing confinement loss. More than 52% of the power
fraction is produced at 1.5 THz for the optimum THz-
PCF structure. In addition, the effective mode area (Aeff)
decreases with the increase of frequency and increases with
the increase of core porosity (see Figure 7B). Therefore, the
transmission quality of the light beam could be improved
markedly by decreasing core porosity. Meanwhile, the modes
would be more confined in the fiber core region. When Dcore

= 378µm and P = 30%, Aeff are 5.13 × 10−8 m2 and
6.95 × 10−8 m2 for the x- and y-polarized modes at 1.5
THz, respectively.

From the above discussions, it can be clearly expressed
that the proposed THz-PCF presents a near-zero ultra-flattened
dispersion value of −0.01 ± 0.02 ps/THz/cm and an ultra-high
birefringence of 7.1 × 10−2 over broader frequency ranges of
1.1–2.0 THz, while it has lower confinement loss of 7.08× 10−12

cm−1 and a higher power fraction of 52%, which will be effective
for broadband THz transmission systems. Table 1 represents
the comparisons among several fundamental properties of the
proposed THz-PCF with Ref. [35–38, 40, 42, 43, 45, 51–53]. It is
obviously that it has excellent performance in the fields of high
birefringence, ultra-low flat dispersion, and low confinement
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FIGURE 7 | (A) Power fraction in core air holes, (B) Effective mode area vs. frequency for the proposed THz-PCF at different core porosity and fixed Dcore = 378µm.

TABLE 1 | Comparison among several fundamental properties of the proposed THz waveguide with those reported in the literature.

References THz waveband Birefringence Dispersion (ps/THz/cm) Confinement loss Power fraction

[34] 1.2∼1.7 THz 0.0483 (1 THz) 0.57 ± 0.09 ps/THz/cm 1.91 × 10−3 dB/cm−1 37%

[35] 1∼2 THz 0.045 (1 THz) 0.9 ± 0.26 ps/THz/cm / 33%

[36] 3∼5 THz 0.03 (3 THz) 0.3 ps/THz/cm / 40%

[38] 0.48∼0.82 THz >10−2 2.92 ± 0.55 ps/THz/cm / /

[40] / 0.083 (1.5 THz) 0.49 ± 0.05 ps/THz/cm 10−8 cm−1 52.2%

[41] 1∼1.3 THz 0.075 (1 THz) < ± 0.5 ps/THz/cm 8 × 10−3 dB/cm 40%

[42] 1.1∼1.5T Hz 0.063 (1.1 THz) ± 0.02 ps/THz/cm 5.45 × 10−13 cm−1 /

[43] 0.6∼1.48 THz 0.086 (1.5 THz) 0.53 ± 0.07 ps/THz/cm 10−9 cm−1 /

[49] 0.7∼1.3 THz 0.082 (1 THz) 0.6 ps/THz/cm 10−12 cm−1 /

[50] 0.9∼1.5 THz 0.075 (1.2 THz) 1.05 ± 0.17 ps/THz/cm 7.544 × 10−4 cm−1 47%

[51] 1∼1.4 THz 0.088 (1 THz) <0.6 ps/THz/cm 6.31 × 10−3 cm−1 42%

Proposed PCF 1.1∼2 THz 0.071 (1.5 THz) −0.01 ± 0.02 ps/THz/cm 7.08 × 10−12 cm−1 52%

loss than others reported in the literature. The proposed THz-
PCF with an ultra-low flat dispersion and a birefringence higher
than 7.0 × 10−2 over a wide frequency range of 1.1–2 THz
will play an important role in ultra-wideband polarized THz
transmission system.

The proposed THz-PCF has the possibility to be fabricated
easily due to its simple structure, consisting of a circular air
hole in the cladding and a rectangular air hole in the core.
Especially, more recent technologies, such as extrusion and
3D printing, are demonstrated to fabricate different complex-
shaped asymmetrical air holes [43]. The extrusion technique
developed by J. Wang et al. [47] offers fabrication freedom
for complex structures including crystalline and amorphous
PCFs. The sol-gel casting technique and in-situ polymerization
demonstrated in [48, 49] offers the design freedom to fabricate
micro-structured PCFs where air hole size and spacing can
be adjusted independently. Therefore, it can be anticipated
that the verified techniques should be enough to fabricate the
proposed structure.

CONCLUSION

In conclusion, a near-zero ultra-flat dispersion and high
birefringence porous-core THz-PCF based on TOPAS is designed
for application in broadband THz transmission systems. It is
composed of a porous core of rectangular air holes to induce
high birefringence and cladding with hexagonal lattice circular
air holes to enhance the guided-mode confinement. Its guiding
properties are characterized by various geometrical parameters
including different values of core porosity and core diameters
over frequencies in the THz regime. In a broad frequency range
of 1.1–2.0 THz, a birefringence of higher than 7.1× 10−2 and an
ultra-low flattened dispersion of −0.01 ± 0.02 ps/THz/cm could
be achieved simultaneously. The proposed fiber also has other
advantageous profiles, such as the good mode confinement due
to low EML (<0.2 cm−1), ultra-low confinement loss (∼7.08 ×

10−12 cm−1), and high-power fraction of the core (∼52%). These
excellent guiding characteristics of the proposed THz-PCF can
potentially make it extremely suitable for multi-functions such
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as efficient THz transmission, THz sensing, and other optical
system designs.
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