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Abstract: We present the design of a porous-core PCF with elliptical holes in the core
that achieved low loss, high birefringence, and flattened dispersion for guiding terahertz
waves. The finite element method is used to study the properties of the designed wave-
guide in detail: effective material loss, birefringence, confinement losses, and dispersion.
Simulation results show that the proposed structure exhibits simultaneously high modal bire-
fringence of 1.32 × 10−2 and a flattened dispersion over a broadband of 1.28 THz. Then,
polarization splitters, based on both symmetric and asymmetric porous-core PCF structures,
are designed and evaluated at 1 THz. We show that this kind of device exhibits a strong
polarization-dependent coupling behavior. Numerical results show that the configuration
based on dual-core waveguide with asymmetric cores can achieve a 10.9 cm long splitter
with a broadband of 0.306 THz for x-polarization and 0.23 THz for y-polarization. Finally, this
paper offers an effective method to design an ultrawideband polarization beam splitter to
operate in the THz region, which might be relevant for future applications in technical areas,
such as spectroscopy, sensing, and high-speed data transmission.

Index Terms: Photonic crystal fibers, fiber optics devices, terahertz wave, terahertz polymer
fiber, polarization splitter, polarization-selective devices.

1. Introduction
Terahertz radiation band is the portion of the electromagnetic spectrum from 0.1 THz to 10 THz. This
region of the spectrum has received substantial attention due to the great interest in a large range
of technical areas, such as diagnostic imaging [1], [2], spectroscopy [3]–[5], gaseous sensing [4], [6]
and high-speed data transmission [7]. However, most of THz devices use air to propagate the waves.
Thus, when the radiation propagates in free space, the waves experience many hazards, including
scattering, diffraction, and transmitter-receiver alignment problems [3], [8]. In addition, the THz
waves can experiment high absorption losses because the THz radiation is strongly absorbed by the

Vol. 10, No. 4, August 2018 5900413

https://orcid.org/0000-0001-8769-0718
https://orcid.org/0000-0001-5767-2084
https://orcid.org/0000-0002-2455-9541
https://orcid.org/0000-0003-4211-0948


IEEE Photonics Journal Low-loss and Highly Birefringent Porous-Core PCF

steam present in the surrounding medium. In order to solve these problems, researchers proposed
waveguides instead of free space transmission. In the last decade, THz waveguides have undergone
a series of changes in the research area. The first configurations of THz waveguides were based on
parallel-plates [9], bare metal wires [10], terahertz pipe waveguides [11] and traditional microwave
waveguides [12], but all of them presented high confinement losses. Thus, the next logical step was
to use waveguides made up of dielectric materials, since these materials show obvious advantages
compared with the metallic ones, e.g., it does not have ohmic losses and it uses flexible materials.
However, most of dielectric materials also have a high absorption loss in the THz region. Hence, to
suppress the material absorption in a THz waveguide design, the key strategy is to maximize the
fraction of power guided in dry air, which is almost transparent in the THz frequency range [13].
Then, a new kind of waveguides based on polymer Photonic Crystal Fibers (PCF) were explored
because the air-hole lattice structure provides an additional degree of freedom and offers different
properties of wave propagation. This type of fibers offers the possibility of controlling properties,
such as dispersion, birefringence, and losses through the variation of its geometric parameters
[14]–[18].

On the one hand, several waveguides have been proposed based on polymer PCFs, such
as subwavelength plastic fibers [19], hollow core fibers [20], [21], honeycomb PCF [22], among
others. A more promising configuration is based on sub-wavelength porous-core, which has some
advantages, such as extremely low material absorption loss, small core diameters, low dispersion,
and larger bandwidth compared with hollow core fibers [15]–[17]. These properties are better than
in conventional PCFs because the sub-wavelength diameter of the holes in the core region helps to
confine the modes within smaller air holes surrounded by the large air cladding. Several porous core
configurations have been reported in the past. The porous core PCFs were introduced for the first
time in 2008 by Atakaramians et al. [23]. That work studied the physics of the THz waves propagating
in a porous-core fiber and analyzed the porosity as a key factor in this type of structures. One year
later, the same research group demonstrated that the fabrication of a highly porous THz Fiber with
symmetrical and asymmetrical sub-wavelength air-holes is possible and, they validated the low
dispersion characteristics of the porous fibers [24]. Afterward, in 2011 Nielsen et al. [25] analyzed
a photonic band-gap fiber with honeycomb porous-core and demonstrated that this type of core
allows to reduce significantly the Effective Material Losses (EML). In 2015, Islam et al. proposed a
design based on a slotted porous core and obtained a configuration with a high birefringence equal
to 7.5 × 10−2 at an operating frequency of 1 THz. Simultaneously, their configuration achieved low-
loses [26]. Recently, a porous-core PCF, with elliptical holes in the core, was proposed [27]. In their
study, the authors demonstrated that the ellipses rotation has a strong impact on the birefringence
and the EML because it helps to break the symmetry of the fiber core. However, some crucial
design issues for THz guidance, such as dispersion, confinement losses, and its application on the
design of new compact devices were not considered. Another THz waveguide with elliptical holes
in the core was proposed by Islam et al. [17]. In this work, they demonstrate that the anisotropic
structure of elliptical air holes inside the core offers simultaneously high birefringence and low-
effective material loss. In addition, they take advantage of this structure to design a sensor for
measuring ethanol concentration [6] and a waveguide with potential application as a multichannel
communication system [16].

On the other hand, other THz fiber devices, such as THz fiber filters, THz fiber couplers, and THZ
polarization beam splitters (PBS) have also been proposed [28]–[31]. An all fiber-based polarization
splitter is one of the most important devices in a THz system and, to design it effectively, the
operational bandwidth and transmission loss properties are key considerations. Consequently,
many configurations of PBS have been proposed using structures with rectangular cores with slots
[28], dual-elliptical cores [30], and dual-core photonic crystal fiber with orthogonal microstructure
[32]. All these configurations show the importance of the orientation of one core respect to the
other. For this reason, PBS can be divided into symmetric and asymmetric coupler structures.
In the former, the structure is based on two identical birefringent cores, while in the latter, the
structure does not have identical cores. As expected, the behavior of these devices depends on the
interaction of the field between both cores because both parallel and perpendicular polarizations
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Fig. 1. Cross-section view of the proposed porous-core PCF with Elliptical Holes. The inset shows the
enlarged view of the porous-core with a porosity of 80% when the elliptical holes are oriented at 0◦.

can be coupled totally or partially between them, albeit at different coupling lengths. Thus, with the
manipulation of the transmission length, the two polarizations can be easily separated [28], [30],
[33]. In addition, the implementation of structures based on porous cores can help these devices
to reduce the absorption losses and the dispersion effects.

In this paper, we present two THz polarization beam splitters based on a symmetric and an
asymmetric fiber coupler structure. In the first section, we analyze the guided mode of a polymer THz
waveguide based on a porous-core PCF with elliptical holes. The proposed configuration shows
low-absorption loss and a maximum birefringence of 3 × 10−2 at 1 THz. Likewise, the proposed
waveguide presents a dispersion flattened from 0.72 THz to 2 THz, where the variation of the
dispersion coefficient is 0.37551 ± 0.1281 ps/THz/cm. Then, we use the same core structure to
design a novel polarization beam splitter based on it. Two different configurations (symmetric and
asymmetric) are evaluated to demonstrate that the device exhibits a strong polarization-dependent
coupling behavior. The theoretical results with symmetric cores indicate that a 23 cm long splitter
with a high Extinction Ratio (ER) greater than 90 dB and a narrow-bandwidth of 0.01 THz can
be obtained at an operation frequency of 1.048 THz. We also study a directional coupler with
asymmetric cores to be compared. In this case, the two polarizations can be totally coupled between
the two cores with different coupling lengths. Simulation results shows that a 10.9 cm long splitter
can be obtained with ultra-bandwidth of 0.306 THz (from 0.862 THz to 1.166 THz) and 0.23 THz
(from 0.926 THz to 1.157 THz) for x- and y-polarization, respectively. This work includes details
of the design of the subwavelength-scale air slot core, simulation results on the characteristics of
the two dual-core polarization structures, a comparison between the two structures, as well as a
discussion on the possible fabrication methods.

2. Design of Proposed Waveguide
Fig. 1 shows the schematic cross section of the proposed THz Photonic Crystal Fiber (PCF). The
cladding region structure consists of a hexagonal lattice of circular holes. The diameter of each air
hole in the cladding region is denoted as d, and � is the distance between two adjacent holes. In this
case, the air-filling fraction (d/�), equal to 0.95, is kept fixed throughout all numerical calculations
in order to guarantee a good confinement factor and flat dispersion properties. For the core region,
we propose an arrangement with hexagonal distribution using thirty-seven elliptical holes. The
diameter of the minor and major axes of the elliptical air holes are denoted by a and b, respectively,
and the space between two adjacent elliptical air holes in the core is denoted as �1. The porosity
of the structure is defined as the fraction of the air holes to the core area, which depends on
the distribution and size of the elliptical holes [13]. Then, to obtain the porosity of our waveguide,
the value of �1 is kept constant for each value of Dcor e = 2(�-d/2), while the size of elliptical air-hole
diameter changes to get different values of porosity at a particular value of Dcor e. Fig. 1 evidence
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Fig. 2. Power flow distribution of the fundamental mode of the proposed THz-PCF at 1 THz and the
Dcor e = 400 μm with different orientation of ellipses in the core region: (a), (d) θ = 0◦; (b), (e) θ = 45◦;
(c), (f) θ = 90◦. Red arrows illustrate the directions of transverse electrical fields.

that Dcor e is the diameter of the core. In our design, we are employing a = 19.6 μm, b = 29.4 μm,
�1 = 56.57 μm, � = 380.95 μm and the total diameter of the waveguide was 4.27 mm. Using these
parameters, the initial porosity is 80%. In addition, we perform the whole simulation using five rings
of air holes in the cladding region and three rings of air holes in the core region.

The host material of the whole PCF is COC (Cyclic Olefin Copolymer, commercially known
as TOPAS), as it provides significant advantages over other polymers. It has a refractive index
of approximately 1.53 and material losses of 1 dB/cm, as shown in [34]. We also employ this
material because the bulk material losses (αmat) present a linear behavior from 0.1 THz to 2 THz.
Furthermore, it is insensitive to humidity changes [7], [34].

Numerical analysis of the proposed THz-PCF was performed using COMSOL Multiphysics v.5.1,
which is based on full-vectorial Finite Element Method (FEM). A circular Perfectly Matched Layer
(PML) boundary condition was applied to absorb the scattered electromagnetic waves towards the
surface [35]. The PML is the most efficient absorption boundary condition and its circular shape is
defined in order to improve calculation modes in this type of structures [15], [36].The thickness of the
PML is an important parameter due to its great impact on the simulation results. Therefore, we carry
out the convergence test and found that the optimal results were obtained at a PML thickness above
9% of the total diameter. Fig. 2 depicts the transverse electric field distribution in the proposed THz
fiber. The result shows the behavior of the E-field when the orientation angle of the elliptical holes
is varied from 0° to 90°. This analysis was performed with Dcor e = 400 μm, a porosity of 80% and
f = 1 THz. From these results, it is clear that the orientation of the E-field is aligned with the minor
and major axes of the elliptical holes in all cases. Since there is a high birefringence induced by
the geometric structure, this result could produce waveguides with a specific polarization in this
region of the electromagnetic spectrum. The polarization is maintained all the way through the fiber
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Fig. 3. (a) Birefringence as a function of Dcor e for different porosity values at 1 THz. (b) Birefringence as
a function of frequency with Dcor e = 400 μm for different porosity values.

like a PM optical fiber. Moreover, an increase in the energy density in the air-hole region of the
core can be observed. This occurs as a consequence of the slot effect, which induces an increase
of the electric field in the low refractive index region when the air holes (or slot region) have sub-
wavelengths dimensions. This effect also helps to reduce the losses because energy propagates
mostly in the core region [37].

3. Performance Characterization of the Proposed Terahertz Waveguide
The influence of the porosity on the birefringence for different values of Dcor e was evaluated
to examine the performance of the proposed THz-PCF. The results are illustrated in Fig. 3(a).
In this case, the porosity clearly has a great impact on the birefringence of the PCF, since
the anisotropy of this structure increases as the porosity grows. Besides, we observed that
the birefringence for all porosities remains almost constant with a Dcor e bigger than 350 μm.
The maximum birefringence obtained for this design was 1.32 × 10−2, which is bigger than the
birefringence reported in ref. [16], [38], [39] and it has the same order of magnitude to the re-
ported by [17], [40], [41]. The dependence of the birefringence as a function of the frequency
was also studied from 0.48 THz to 2 THz and the results are illustrated in Fig. 3(b). It is ob-
served that the fiber with larger core porosity provides higher birefringence. Therefore, a maximum
birefringence of 1.32 × 10−2 is reached from ≈0.75 THz to ≈1.5 THz, when the porosity is 80%
and Dcor e is 400 μm. In addition, Fig. 3(b) presents two different regions. In the first region, the bire-
fringence increases with the frequency from 0.48 THz to 1.058 THz (from 625 μm to 283.6 μm).
As it is evident, at 0.48 THz the wavelength is bigger than the Dcor e. Thus, it presents a larger
evanescent field that interacts with the cladding, mainly because the core is virtually negligible.
However, when the frequency increases, the wavelength decreases and the wave is affected by
the anisotropy of the cladding and the core. On the other hand, a second region appears from
1.058 THz to 2 THz (from 283.6 μm to 150 μm). In this region, the results oppose those of the first
one because in this case, the wavelength is always smaller than the Dcor e. As a consequence, the
radiation is well confined in the core. Then, the birefringence only depends on the core asymmetry.
Therefore, a slight decrease is presented. This anomalous behavior is more common in waveguides
with a porous core [2], [41].

Since propagation loss is one of the main issues with waveguides in the THz region, the losses by
absorption of the material and the confinement losses were analyzed in this work. The absorption
losses are determined with the following expression [42]:

αeff =
√

ε0

μ0

(∫∫
mat nmatαmat | �E |2dA

| ∫∫all
�SzdA |

)
(1)
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Fig. 4. (a) Effective material Loss as a function of Dcor e for different porosity cases at 1 THz. (b)
Confinement losses as a function of Dcor e for different porosity cases at 1 THz.

where ε0 and μ0 are the permittivity and permeability in the vacuum, respectively; nmat is the
refractive index of the material; and αmat is the bulk material absorption losses, which depend on
the operating frequency [34], [43]. The results indicate that the EML can be reduced by increasing
the core porosity, as shown in Fig. 4(a). This happens because a smaller portion of the material
interacts with the THz waves in a high core porosity fiber. In addition, the EML depends on the
polarization of the incident beam. The analysis of the EML was performed with θ = 0◦. At this
condition, there is an alignment with the major axis of the elliptical holes, as illustrated in Fig. 2.
In addition, the confinement losses of the proposed waveguides were studied. To perform this
analysis, different values of Dcor e and porosities were considered, while the ellipses orientation
(θ = 0◦) and the operating frequency (1 THz) remained constant. The results are illustrated in
Fig. 4(b). The influence of the core porosity was evaluated, and small values were obtained in all
cases. Additionally, confinement losses smaller than 0.06 dB/m for Dcor e ≥ 250 μm were observed
essentially constant in the studied range. In this case, confinement losses increase with the porosity,
which evidence a strong contrast to the EML. We believe that a high core porosity provides low-
index difference between the core and the cladding of the porous core PCF. Then, the confinement
losses increase as the core porosity grows [15], [23], [40].

Another important parameter in THz-PCFs is the dispersion, because it limits the quality of the
signal transmission on optical links. The dispersion effect can induce a pulse broadening, which
causes inter-symbol interference among the different signals that travel simultaneously on the fiber
[26], [41], [44].In addition, low dispersion and dispersion-flattened profile are particularly suitable for
broadband signal transmission. The background material and the structural geometry might cause
dispersion. In our case, the former is neglected because the refractive index of TOPAS is constant
from 0.1 to 2 THz [43]. The waveguide dispersion can be calculated using the following expression:

β2 = 2
c

dneff

dω
+ ω

c
d2neff

dω2
, (2)

where ω is the angular frequency, c is the velocity of light in vacuum, neff is the effective index and f
is the frequency. Thus, the dispersion as a function of the frequency was evaluated, and the results
are illustrated in Fig. 5. It is clear that changes in the porosity and the polarization do not induce
significant alterations on the dispersion behavior. Furthermore, the dispersion by the configuration
with a porosity of 80% was calculated. In this case, the results suggest that our configuration has a
flattened dispersion from 0.72 THz to 2 THz. To our knowledge, the flattened dispersion band is the
longest reported to date. Here, the absolute variations of values of β2 are less than 0.5 ps/THz/cm.
Table 1 summarizes the results obtained for the different porosities analyzed. The β2 and the flat
band obtained in this work is better than the ones reported recently by other authors [39], [40], [45].

The fabrication process of a PCF is a tough, but a profitable challenge. However, fabrication
precision and accuracy have been substantially improved thanks to the technological breakthrough
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Fig. 5. Dispersion as function of the frequency for x-polarization and y-polarization at different porosities
with Dcor e = 400 μm.

TABLE 1

Dispersion and Bandwidth Comparison at Different Porosities

in recent years, which has made possible manufacturing structures that were very complex in the
past, such as slots or elliptical holes. Due to that the core and cladding regions in our proposed
waveguide have different structures, the best way of approaching the fabrication problem is by the
implementation of different construction methods for each region, as was demonstrated by several
research groups [22], [24], [46], [47]. In our case, we believe that the best approach is the technique
based on stack and draw for the cladding circular lattice region, given that this technique has
demonstrated to be a precise method for an efficient construction of a PCF with a hollow hexagonal
lattice [14], [48], [49]. For the porous core, several proposed and proven techniques have been
developed. Some of them are the extrusion technique [22], [24], [46], [50] and the versatile Sol-gel
technique. Sol-gel is an interesting proposal since several PCF with different size holes have been
constructed with this method [51]. Lastly, a new approach to the problem has appeared in the 3D
printing. This method has proven to be successful in the design of Bragg structures and hollow-
core fibers for THz frequencies [52], [53].Therefore, we believe that the proposed THz-PCF can be
fabricated without major complications.

4. Terahertz Polarization Beam Splitter Based on the Proposed Fiber
In the previous section, we demonstrated that a porous-core PCF with elliptical holes could achieve
high birefringence, flat dispersion, and low losses. Then, by extending the single core structure to
a dual-core one, we can implement this fiber structure as a Terahertz Polarization Beam Splitter
(PBS). Fig. 6(a) shows a schematic of the dual-core fiber with symmetric structure. In this case,
the proposed PBS consists of two identical cores A and B. The structure is characterized because
the cores have a Dcor e = 400 μm, a porosity equal to 80%, � = 380.95 μm and d/� = 0.95; the
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Fig. 6. (a) Cross-section and (b) electric field distributions of the four transmission super modes of the
Polarization Beam Splitter with symmetric structure. (c) Cross-section and (d) electric field distribu-
tions of the four transmission super modes of the Polarization Beam Splitter with asymmetric structure.
(e) Effective material absorption loss for the polarization beam splitters based on symmetric and asym-
metric cores. The parameters of these structures are Dcor e = 400 μm, � = 380.95 μm, d/� = 0.95,
porosity = 80%, a = 19.6 μm, b = 29.4 μm at 1 THz.

distance between the two cores is 2� as it is illustrated in Fig. 6(a). The distance between both
cores allows them to interact, and therefore there is coupling energy between them. Consequently,
the coupling modes of each individual core will superpose into even and odd super modes, which
have symmetric and antisymmetric electric field distributions as is shown in Fig. 6(b). This Figure
shows the electric field distributions of the even and odd super modes for the x- and y-polarizations
at 1.0 THz. Likewise, the PBS with symmetric structure presents a strong interaction for both
polarizations because this structure has two identical cores.

In order to evaluate the influence of the symmetry structure on the performance of the PBS, we
propose a second configuration with asymmetric structure as is illustrated in Fig. 6(c). The PBS
with asymmetric configuration just differs because the air elliptical-holes in the core B are rotated
90 degrees, while the other parameters are fixed. Fig. 6(d) illustrates the electric field distribution
of the even and odd super modes for both polarizations in the PBS with asymmetric structure. As
it is evident, in this case, the coupling between both cores is very weak. Fig. 6(e) shows the EML
as a function of the frequency of both PBS configurations studied in this work. It is clear that the
configuration with asymmetric cores is better because the losses in both polarizations always have
the same value within the study range, while the configuration with symmetric cores presents higher
EML for y-polarization.

The performance and basic properties of the PBS can be analyzed by employing the coupled
mode theory [54]. Therefore, the coupling behavior between both cores can be achieved by using
a super mode analysis [48], [55]. The super modes are formed by modes of the individual cores.
Thus, we can define this theory as the overlap of even and odd field distributions. This analysis
requires that both even and odd super modes be excited simultaneously [54], [56]. Hence, the
coupling length (Lc) is defined as the length of the fiber where a complete power transfer occurs
between core A and core B . It is given by Eq. (3) [33], [55]

L c,i = λ

2(n i
even − n i

odd )
, (3)

where λ is the wavelength of incident light; neven and nodd are the effective refractive indices of
even and odd supermodes, respectively; and i denotes the x- or y-polarization direction. COMSOL
Multiphysics was used to obtain the neff of the four supermodes in both configurations. These
values were employed to obtain the coupling lengths for x- and y polarizations. Usually, Lx and Ly

are not equal. In other words, a complete power transfer for x and y polarization usually occurs
at different lengths as a consequence of the high birefringence. Thus, for example, when it is
analyzed the PBS with symmetric structure at 1 THz, we obtained nx

even = 1.36623, nx
odd = 1.358397,
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Fig. 7. (a) Confinement losses for both polarization beam splitters. Variations of the normalized power
with the propagation distance at 1 THz. (b) Configuration with symmetric cores. (c) Configuration with
asymmetric cores.

ny
even = 1.357085 and ny

odd = 1.349934. Then, the coupling lengths Lx and Ly can be easily obtained,
which in this case, are 19.1472 mm and 20.9724 mm, respectively. Similarly, the coupling lengths by
PBS with asymmetric configuration were Lx = 12.0979 mm and Ly = 13.6907 mm. Now, assuming
that a fundamental mode with power Pi n is launched into the core A, the normalized output power
from core A and core B, Pout,A and Pout,B , can be expressed as follows [28]:

For core A:

P i
out,A = P i

i n Cos 2
(

πZ
2L c,i

)
e−αi

lossZ , (4)

For core B:

P i
out,B = P i

i n Si n 2
(

πZ
2L c,i

)
e−αi

lossZ , (5)

where Z is the propagation length and αi
loss is the confinement loss of the dual core fibers and it

is considered as the average value of the confinement loss of the even and odd modes for the
corresponding i-polarization. Note that the polarized light beam propagates in the fiber through
the super mode coupling. Fig. 7(a) shows the confinement loss as a function of the frequency
of both PBS configurations studied in this work. It is clear that the configuration with asymmetric
cores is better because the confinement losses in both polarizations are aproximatly zero close
to 1 THz, while the configuration with symmetric cores presents higher confinement losses for
y-polarization. Figs. 7(b) and 7(c) show the normalized power at the output end in the core A as
a function of the propagation distance for the PBS with symmetric and asymmetric configuration,
respectively. Fig. 7(b) shows the normalized power for x and y-polarizations when assuming that
the incident radiation is launched into the core A. We can observe in Fig. 7(b) that the power of
each polarization mode changes periodically in core A. Consequently, it demonstrates that core A
is coupling with core B. Moreover, the high birefringence in our design induces a difference between
the coupling lengths. Therefore, the normalized output power of the x-polarization mode is out of
phase with respect to the normalized output power of the y-polarization mode. On the one hand,
both polarizations are effectively separated from each other by a distance of 23 cm (red dashed
line in Fig. 7(b)) in the PBS with symmetric structure. Thus, for example, at 23 cm the output power
for x- and y-polarization are 0.943475 and 2.619 × 10−3, respectively, which is easily validated
because this analysis was carried out at 1 THz. Then, as shown in Fig. 7(a), the confinement
losses approximately are 0.113586 m−1 for x-polarization and 0.664202 m−1 for y-polarization. On
the other hand, the PBS with asymmetric structure presents the maximum difference between both
polarizations at 10.9 cm distance, as illustrated in Fig. 7(c). From these results, it is evident that the
configuration with asymmetric cores has a better performance, since the device length is shorter
than in the PBS based on symmetric cores.
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Fig. 8. Extinction ratio as function of the frequency. (a) PBS with symmetric cores. (b) PBS with
asymmetric cores.

Finally, Extinction Ratio (ER) might be the most important parameter of a polarization beam
splitter. This parameter is defined as the power ratio between the undesired and the desired
polarization mode in each output core [28]. Thus, we can calculate this parameter for core A and
core B by using the following equations [33]:

E R x = 10Log10

(
Pout,y

Pout,x

)
, (6)

E R y = 10Log10

(
Pout,x

Pout,y

)
, (7)

where Pout,x and Pout,y are the output powers of the x- and y-polarization at the output end of the
left core. Only when ER is lower than −10 dB or higher than 10 dB, it is possible to guarantee that
the two different polarization states are completely separated. Fig. 8 shows the variations of the ER
in function of the frequency for the PBS with symmetric cores and asymmetric structures. On the
one hand, Fig. 8(a) shows the results obtained by the PBS with symmetric cores. It presents an ER
higher than 90.8 dB at ≈1.049 THz for x-polarization, while the ER for y-polarization just reached
61 dB at 1.048 THz. Fig. 8(a) evidences that the PBS with symmetric structure has a narrow
bandwidth (≈0.01 THz) for both polarizations. On the other hand, the results obtained by the
PBS with asymmetric structure show a significant increase in the bandwidth for both polarizations
compared with the symmetric one. Fig. 8(b) shows that this configuration has a bandwidth of
0.306 THz (from 0.862 THz to 1.166 THz) in x-polarization and of 0.231 THz (from 0.926 THz to
1.157 THz) in y-polarization. On the other hand, the ER by y-polarization presents two peaks; it
is due to the fact that the output power is zero at 0.9828 THZ and 1.0684 THz, and consequently
ER−→∞ in the PBS with asymmetric cores. The two PBS configurations proposed in this work
present a better performance than others reported in the past [28], [30]–[32]. For example, the
proposed PBS presents a bandwidth 15.3 times higher than the one proposed by Chen et al. [30]
and 1.7 times higher than the proposed by Chen et al. [28].

5. Conclusions
A novel design of a THz-PCF was proposed and analyzed with the full-vector Finite Element Method.
The proposed design was based on the combination of two different structures: one structure had
elliptical holes in the core and the other one had circular holes in the cladding region. The obtained
results demonstrated that this fiber could be used as a waveguide because it had smaller losses than
other proposed configurations. Furthermore, the results indicated that when adjusting the structural
parameters appropriately, a high birefringence, low-losses and low-dispersion properties could
be easily achieved within the frequency range from 0.5 THz to 2 THz. Additionally, the analysis of
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dispersion demonstrated that our configuration with an 80% porosity exhibited a flattened dispersion
in the frequency range from 0.72 THz to 2 THz and the variation of the dispersion coefficient within
this range was 0.37551 ± 0.1281 ps/THz/cm.

Finally, the proposed fiber was used to design two types of THz polarization splitters. Two different
polarization-splitting mechanisms, with symmetric cores and asymmetric cores, were numerically
studied and compared. We found that the configuration with asymmetric cores presented a better
performance because it allowed to operate in an ultra-wide band (from 0.862 THz to 1.166 THz) and
the device length was shorter (10.9 cm) than in the symmetric one. The configuration with symmetric
cores presented a higher extinction ratio (close to 1.049 THz by x-polarization). In conclusion, we
demonstrated that the behavior of the PBS depended on the polarization, the core structure, and
the operation frequency. The proposed fiber could be used in THz sensing, telecommunications,
medical diagnostic images, and spectroscopy applications.
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