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Terahertz (THz) polarization beam splitters (PBS) are valuable for applications in areas such as wireless high-
speed communications and terahertz imaging. In this paper, a dual-core terahertz photonic crystal fiber (PCF)
polarization beam splitter is proposed to achieve short length, high extinction ratio and wide bandwidth. This
PBS has a cyclic olefin copolymer (COC) as the base material, and the dual-core structure is realized by intro-
ducing a central air hole. Performance analysis, conducted using the finite element method, reveals that the

proposed PBS achieves a minimum length of 29.50688 mm, a bandwidth of 0.19 THz between 0.47 THz and 0.66
THz, and a maximum extinction ratio of —324.257 dB at an incident light frequency of 0.54 THz, where the two
polarization modes are nearly completely separated. In addition, the PBS exhibits good manufacturing tolerances
with a structural error of + 1 %. These excellent properties indicate that THz PCF-PBS has great potential for
applications in terahertz-band optical communication, optical sensing and optoelectronic detection.

1. Introduction

The terahertz (THz) band refers to frequencies between 0.1 terahertz
and 10 terahertz [1], and is widely used in fields such as communica-
tions, imaging, and information technology [2-7]. Optical devices such
as polarization control devices, polarization beam splitters, and polari-
zation converters are also being developed for this band [8-10]. Among
them, polarization beam splitters (PBS) have attracted much attention
because of their ability to be integrated with a variety of terahertz de-
vices, such as terahertz waveguides, terahertz filters, and terahertz
communication devices [11-13]. Polarization beam splitters can
decompose an incident beam into two mutually orthogonal beams of
linearly polarized light propagating along different paths [14], which is
very important for improving the accuracy and quality of signal trans-
mission. Traditional polarization beamsplitters, such as Wollaston prism
polarization beamsplitters, use birefringent crystals, which can achieve
the modulation of polarized light at a specific angle, but they are large in
size, not easy to be integrated, and have high requirements on the
environment in which the materials are used [15]. In contrast, photonic
crystal fiber (PCF) based PBS solves the shortcomings of traditional PBS.
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PCF not only has a flexible and adjustable structure and a wide range of
communication [16,17], but also has the advantages of low loss and low
dispersion in the terahertz wavelength band, which is conducive to
miniaturization and integration with the optical path [18-20].
Currently, researchers have mainly studied PCF-PBS in the near- or mid-
infrared wavelength band and achieved considerable results. For
example, Chen et al. proposed a compact all-fiber polarizing beam
splitter based on a dual-core photonic crystal fiber and an elliptical gold
layer with a minimum length of 0.122 mm, a maximum extinction ratio
of —65 dB at 1.55 pm, and an operating bandwidth of 100 nm [21]. Zou
et al. proposed a silver-plated Zou et al. proposed a silver-plated dual-
core photonic crystal fiber PBS with extinction ratios of 67.4 dB and
67.1 dB at wavelengths of 1.14 and 1.57 pm, respectively, and a length
of only 17.17 pm [22]. However, in the study of THz-band PBS, there are
still problems such as low precision of the micro-nano fabrication pro-
cess, low material suitability, and limited bandwidth expansion.
Therefore, designing a THz polarization beam splitter with excellent
performance has been a hot research topic in recent years.

A number of PCF-PBSs in the THz band have been proposed. a novel
cyclic olefin copolymer-based TPBS with a cascaded hexagonal porous
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Fig. 1. (a) Cross-section of the THz PCF- PBS and (b) PBS operation principle.

dual-core structured photonic crystal fiber with maximum extinction
ratios of 114.5 dB and 72.3 dB, and bandwidths of 227.8 and 147 GHz
for the x- and y-polarized fundamental modes, respectively, have been
proposed by Miao et al., and the length of the proposed PBS is 11.655
mm [23]. Sun et al. demonstrated a terahertz wave polarization beam
splitter using a full bandgap photonic crystal. This structure splits the
Transverse Electric (TE) and Transverse Magnetic (TM) polarization
modes into different propagation directions with extinction ratios
greater than 20 dB in the frequency range of 1.225 to 1.260 THz [24].
Although these PBSs have a wide bandwidth, they require high precision
of the structure and are prone to dimensional deviations during pro-
cessing [25]. To address this problem, some researchers have also made
improvements. Esam A.A. Hagras et al. designed and analyzed a
compact terahertz dual-core photonic crystal fiber (THz-DC-PCF) po-
larization beam splitter. This PBS uses easy-to-machine periodic circular
air holes with birefringent liquid crystals (NLCs) of type E7 permeating
the double core, allowing high birefringence between the two polari-
zation modes. The maximum extinction ratio is —62 dB, the bandwidth
reaches 58 GHz, and the device length of the proposed PBS is 3.848 cm
[26]. Saleki et al. proposed a tunable TPBS, this PBS employs graphene
nanolayers and achieves an extinction ratio of > 200 dB for TM waves
with frequency f < 2 THz [27]. A microstructured birefringent gradient-
core polyethylene photonic crystal fiber polarizing beamsplitter was
presented by Vikas Kumar et al. Their numerical analysis showed
extinction ratios of —38 to —49 dB and —15 to —23 dB for x-polarization
and y-polarization, respectively, for lengths ranging from 1.96 cm to 60
cm and frequencies ranging from 0.4 to 1.0 THz. The transmission loss at
1 THz is 0.05 dB/m when the bending radius is 1 cm [28]. These PBSs
have simpler structures, but employ less adaptable materials and device
lengths are typically centimeter-scale. Although the above PBSs show
their respective advantages, there is still less research in realizing de-
vices with both structural simplicity and high performance. Therefore, it
is important to design a high-performance polarization beam splitter
with short length, high extinction ratio, and wide bandwidth with
simple structure.

In this paper, a dual-core PCF-PBS based on cyclic olefin copolymer
(COCQ) is proposed. The structure employs periodically arranged air
holes, and the effects of the structural parameters of the TPBS on the
performance are analyzed in depth using the finite-element method,
focusing on the coupling length, extinction ratio and bandwidth. The
numerical results show that the extinction ratio reaches —324.257 dB
when the device length is 29.50688 mm, and the operating frequency
ranges from 0.47 THz to 0.66 THz, obtaining a bandwidth of 0.19 THz.
The proposed PBS not only meets the requirements of short length, high
extinction ratio and wide bandwidth, but its simple periodic arrange-
ment of air holes significantly reduces the fabrication complexity
compared with compact structures. It has important application

prospects in terahertz-band optical communication, optical sensing and
Internet information technology.

2. Structure and principle of the THz PCF-PBS

Fig. 1(a) depicts the cross-section of the PCF-PBS, where the light
blue area is made of TOPAS, the white area is the air holes, and the outer
dark blue ring is the perfectly matching layer. The air holes inside the
fiber are periodically arranged in a diamond shape, and the two ellip-
tical air holes in the center divide the PBS into two cores, resulting in a
double-core structure. This design increases the asymmetry of the
structure and improves the birefringence. The two cores are denoted by
A and B, respectively. TOPAS cyclic olefin copolymer has low material
dispersion in the 0.1-1.5 terahertz range with a constant refractive index
of 1.525, small material loss, low water absorption, and high chemical
resistance to common solvents [29]. Therefore, TOPAS is used to
fabricate the PBS. The relationship between the refractive index and
wavelength of COC is described by the Sellmeier equation [30]:

(A2A?)

n?(1) = A, +m

@

where 1 is the wavelength of the incident light, A; = 2.045, A; = 0.266,
and A; = 0.206.

The coupling length (CL) describes the shortest transmission distance
over which energy exchange occurs between the two cores of the beam
splitter. When the energy of polarized light from one core is coupled
with another, the optical energy in that core changes from maximum to
minimum, while the corresponding optical energy in the other core
changes oppositely. The transmission distance of the polarized light in
the fiber is defined as the coupling length of the fiber, and the coupling
lengths for x-polarized light and y-polarized light are expressed as fol-
lows [31]:

A
A
— _ (2)
T 2Angy) — 1y
where the denominator shows the effective refractive index difference
between the pair of super modes for x and y-polarization. The coupling
length ratio (CLR) is described by the ratio of L, to Ly [32]:
L
CIR=2="(m=1,2.n=1,2) 3
L, n
where m and n are positive integers. The optimal properties of the PBS
are achieved for L = mLy, = nL, and CLR is equal to 2 or 1/2 with
complete separation of the x and y polarization directions.
When x-polarization and y-polarization are coupled to the A-core,
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the output power of A-core is shown in the following [33]:

z L
P} = Pycos (i Q)
L @
z
P}, = P)cos® (5 L_{)

where P% and P}, are the input powers for the x-polarized and y-polarized
modes, P¥ and P’ are the output powers for the x-polarized and y-
polarized modes, and L is the length of the transmission device. Simi-
larly, the output power of B-core is [34]:

Py =P P
6))
Py~ P - P,
By normalizing the incident optical power, whenP, = 1, the
normalized power (NP) is [35]:
Py
NP = ﬁ =P 6

In order to objectively evaluate the performance of the PBS, an
extinction ratio (ER) parameter is defined to describe the degree of
separation of the two orthogonally polarized components at the PBS
output. It is expressed as the logarithmic ratio of the optical power of the
two polarization states at the output of the PBS to gauge the ability to
suppress the optical signal in different polarization states [36]. Com-
plete separation of the two different polarization states can be attained
when the absolute value of ER is greater than 20 dB:

PX

ERy = 1010gm})4;
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The finite element method (FEM) based on COMSOL Multiphysics
combined with perfectly matching layers (PML) is adopted to analyze
the properties of the PCF-PBS [37]. Because the fineness of the grid
dissection affects the accuracy of the calculation and runtime, the grid
size needs to cater to the specific situation. In order to ensure the
convergence of the simulation results, the grid size and PML parameters
are optimized. A grid size of 1/6 is used for COC and PML, and a fine grid
size of 1/4 is used for all the pores.

In the terahertz band, the main transmission losses in photonic
crystal fibers are the effective material absorption loss and confinement
loss. The material absorption loss is caused by the absorption of light by
the high refractive index substrate during transmission as shown in the
following [38]:

1 =) fAmmnamat|E‘2dA

Qneff = 5 (8)
72 Ho fAllSZ|dA

S; = % x Re(E x H")z ©

where ¢ and i, are the dielectric constant and magnetic permeability in
vacuum, respectively, aq is the bulk material absorption loss with a
value of 0.06 cm ™ for the cyclic olefin copolymer COC at 0.4 THz, with
an increase of 0.36 /(cm-THz), S; is the z-component of the Poynting
vector expressed in equation (9), E is the electric field, and H is the
magnetic field [39]. Integration of the numerator is performed over the
region of COC, and that of the denominator part is performed over the
entire region. A portion of the light propagating in a photonic crystal
fiber leaks into the cladding. Since the cladding cannot be infinite, some
of the energy will inevitably be lost during transmission, resulting in a
confinement loss [40]:
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Fig. 2. (a) x polarization odd mode, (b) x polarization even mode, (c) y po-
larization odd mode, and (d) y polarization even mode.
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Fig. 3. Radii of circular hole versus CLR and coupling lengths.
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where f is the operating frequency and Im(n.) is the imaginary part of
the effective refractive index.

3. Simulation and analysis

According to the mode coupling theory, there are four modes in the
dual-core PCF, x odd mode, x even mode, y odd mode, and y even mode.
The odd mode has opposite electric field directions in the two cores,
while the even mode has the same electric field direction in the two
cores, as shown by Fig. 2(a) and 2(b) for the odd-even modes in the x-
polarization direction and Fig. 2(c) and 2(d) for the odd-even modes in
the y-polarization direction. It can be seen that most of the optical field
energy is confined within the fiber core.

The inner air hole radius (R), large air hole radius (R;), and inner
elliptical air hole to core distance (d) affect the mode field distribution of
the core base mode and the PBS properties. Here, we focus on the effects
of these three important parameters and perform optimization, because
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Fig. 4. Large circular hole radii versus CLR and coupling lengths.
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Fig. 5. Stomatal spacing as a function of CLR and coupling length.

the other parameters, such as the size and spacing of the cladding pores,
have little influence. The initial parameters are R = 0.162 mm, R; =
0.1927 mm, d = 0.12 mm, A = 0.383 mm, a = 0.161 mm, b = 0.035 mm,
a; = 0.176 mm, and b; = 0.108 mm.

While the other parameters are kept constant, Fig. 3 shows the
relationship between the inner layer circular aperture R and the
coupling lengths Ix, ly, and CLR at 0.54 THz. Since the optical field
energy leaks easily into the cladding layer when the circular hole R is
smaller than 0.148 mm, and the air hole spacing is too small for
manufacturing when it is larger than 0.17 mm, we choose to optimize R
between 0.148 ~ 0.17 mm and obtain the result of CLR infinitely close to
2. The blue line in Fig. 3 indicates the coupling length in the x-polari-
zation direction, the black line indicates the coupling length in the y-
polarization direction, and the red line indicates the coupling length
ratio. It can be observed that Ix is larger than ly, revealing that the y-
polarization direction exhibits a better coupling effect. As R increases, Ix
and ly decrease gradually, and CLR is improved, indicating that the
larger the radius of the circular aperture, the easier light gathers in the
fiber core and the better the coupling effect. When R is 0.162 mm, CLR is
close to 2 and the properties of the PBS is better. Consequently, R =
0.162 mm is the optimal radius of the circular hole.

Fig. 4 shows the relationship between R; and the coupling lengths Ix,
ly, and CLR for a large circular hole on both sides at a frequency of 0.54
THz. By optimizing R; between 0.178 ~ 0.202 mm, Ix decreases from
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Fig. 6. Ellipse distance from the center versus CLR and coupling lengths.

31.34 mm to 28.38 mm and ly from 16.02 mm to 13.99 mm with
increasing R;. Ix and ly decrease with increasing R;, and the CLR rises.
When R; is 0.1927 mm, CLR is close to 2 and the properties of the PBS
are better. Therefore, R; = 0.1927 mm is the optimal radius of the large
circular hole.

Fig. 5 shows the stomatal spacing A versus the coupling lengths Ix, ly,
and CLR at 0.54 THz. By optimizing A between 0.373 ~ 0.395 mm, Ix
increases from 26.29 mm to 33.53 mm and ly from 13.11 mm to 16.84
mm with increasing A. Ix and ly increase with increasing A, and CLR
shows a decreasing trend, disclosing that as the stomatal distance in-
creases, the distance of stomata from the center increases and the
coupling effect decreases subsequently. When A is 0.383 mm, CLR is
close to 2 and the properties of the PBS are better. Therefore, A = 0.383
mm is the optimal stomatal distance.

Fig. 6 shows the ellipse-to-center distance d versus the coupling
length Ix, ly, and CLR at 0.54 THz. By optimizing d between 0.108 ~
0.13 mm, Ix decreases from 32.8 mm to 26.71 mm and ly from 16.33 mm
to 13.05 mm as d increases. Ix and ly decrease with increasing d, and CLR
shows a decreasing trend. Hence, as the center distance d increases, the
distance between the elliptical air holes and the center increases. Light
cannot be confined well in the core, and the coupling effect decreases.
When d is 0.12 mm, CLR is close to 2 and the characteristics of the PBS
are better. Therefore, d = 0.12 mm is the optimal air-hole spacing.

The elliptical air holes break the asymmetry of the structure and
enhance the birefringence. Fig. 7(a) shows the central elliptical long axis
a versus the coupling lengths Ix, ly, and CLR at 0.54 THz frequency. By
optimizing between 0.149 ~ 0.171 mm, Ix increases from 27.14 mm to
37.53 mm and ly from 14.09 mm to 15.29 mm. Ix and ly increase with
increasing a. The coupling length in the x-polarization direction in-
creases significantly with the increase in the long axis a, but the increase
in the y-polarization direction is very small, implying that the long axis a
does not have a significant effect on the birefringence in the y-polari-
zation direction. When a is 0.161 mm, CLR is close to 2 and the prop-
erties of the PBS are better. Hence, a = 0.161 mm is the optimal stomatal
spacing. Fig. 7(b) presents the relationship between the short axis b of
the central ellipse and the coupling lengths Ix, ly, and CLR at 0.54 THz.
By optimizing b between 0.03 ~ 0.041 mm, Ix increases from 26.72 mm
to 34.32 mm and ly from 13.07 mm to 17.05 mm with increasing b,
while Ix and ly show an increasing trend with increasing b, indicating
that the elliptical air holes are closer to the core. Light is confined tightly
within the core, and coupling is enhanced. When b is 0.035 mm, CLR is
close to 2 and the PBS characteristics are. Therefore, b = 0.035 mm is the
optimal air-hole spacing.

The variation of CL with frequencies of the optimized PBS is shown in
Fig. 8(a). As the frequency rises from 0.42 THz to 0.66 THz, Ix and ly
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Fig. 7. (a) Long axis of the ellipse versus CLR and coupling length and (b) Short axis of the ellipse.
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Fig. 9. (a) A-core x-polarized and y-polarized states normalized output power versus fiber length and (b) B-core.
increase. The increase of Ix is larger than that of Ly, because the larger the four super models are different, indicating that the y parity mode is
frequency, the smaller the difference of effective refractive indexes be- larger than the x parity mode and approaches unity with increasing
tween the odd and even modes. As shown in Fig. 8(b), the effective frequencies.
refractive indexes of the four super modes increase with frequencies due Fig. 9(a) and (b) show the variation of the normalized power versus
to the asymmetry of the PCF-PBS. The effective refractive indexes of the transmission distance for the dual-core x-polarized and y-polarized
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modes, respectively. The normalized power between the x-polarized and
y-polarized modes varies periodically with the transmission length.
However, the normalized power between x-polarization and y-polari-
zation is not synchronized due to birefringence caused by the structural
asymmetry. According to Fig. 9(a), the two polarization modes are
almost completely separated when L = 29.50688 mm = 2 Ix = ly, while
the same conclusion is observed from Fig. 9(b), showing that B-core is
the same as A-core. That is, L = 29.50688 mm is the shortest length that
satisfies the beam-splitting condition. By separating these two polari-
zation modes periodically, the cycle length is consistent with the mini-
mum working length of the PBS.

Fig. 10 shows the extinction ratios versus frequencies for the polar-
izing beam splitter with a length of 29.50688 mm. The extinction ratio is
as high as —324.257 dB at 0.54 THz. At this time, the polarized light in
the two directions is almost separated completely, and the output power
of y-polarized light is smaller than that of x-polarized light. When |ER| >
20 dB, the bandwidth is 0.19 THz (0.47 THz ~ 0.66 THz).
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4. Discussion

The confinement losses and effective material losses with frequencies
for the four polarization modes are shown in Fig. 11(a). The confinement
losses of all four polarization modes decrease with increasing fre-
quencies and level off after 0.5 THz. At 0.54 THz the total loss is 0.3051
x 10 dB/cm because the effective mode area increases with fre-
quencies and more power leaks into the cladding. Fig. 11(b) depicts the
relationship between EML and frequency. The EML values of the four
polarization modes are not the same at the same frequencies, but are
within a small range. The EML in the frequency range of 0.47 ~ 0.58
THz is neglected because a smaller loss can be obtained in the low-
frequency region (0.1 ~ 1 THz).

Since different air pore arrangements affect the PBS properties,
different air pore arrangements are studied, as shown in Fig. 12(c), in
which I to III are air pores with different numbers of layers, IV is a
compact air pore, and V is a sparser circular arrangement. Fig. 12(d)
shows the four super modes with different structures, in which the
circularly arranged sparse air holes cannot completely separate the two
polarized beams and fail to achieve the basic beam-splitting function,
because the optical energy leaks into the cladding part. As shown in
Fig. 12(a), the blue line presents the optimal structural parameters, and
the rest of the ER is far from the optimal —324.257 dB at the center
frequency of 0.54 THz. Fig. 12(b) compares the coupling length ratios of
different structures. The CLR of IV is as high as 2.06, and the ERs of [ and
III are very small. The bandwidth is short, although their coupling ratios
are closer to two. The CLR after optimization is equal to 2. ER is high and
the bandwidth is large. Therefore, I to V are not optimal structures, and
the structure of the outer air holes is determined.

It is necessary to determine the tolerances in actual manufacturing.
By taking into account the various engineering factors in the actual
production and fabrication, the effects of + 1 % variations of the optimal
parameters (a, b, d, and A) on the PBS characteristics are shown in
Fig. 13. Fig. 13(a) shows the relationship between different long and
short axes a and b of the ellipse with respect to ER and bandwidth. The
blue line is the ER curve under ideal conditions. It can be seen that a and
b maintain a wide bandwidth of 0.019 THz (0.47 THz ~ 0.66 THz) with
an error of = 1 %, so the effect of the preparation tolerance on the
bandwidth is minimal. When it is increased to 1 + 1 %, the maximum ER
is —280.549 dB as shown by the red line in the figure, which is about
13.46 % lower than that of the ideal ER. The maximum ER is much less
than —20 dB at 0.54 THz when b is varied at 1 &+ 1 %, as shown by the
green curve and the yellow dashed line, still reflecting good beam-
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Fig. 11. (a) Constraint loss versus frequency for x-polarized and y-polarized odd and even modes and (b) Effective material loss versus frequency for x-polarized and

y-polarized odd and even modes.
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Fig. 12. (a) ER versus frequency for different aperture arrangements, (b) Comparison of CLR for different aperture arrangements, (c) Fiber cross-section for different
aperture arrangements, and (d) Four super modes with different aperture arrangements.
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Fig. 13. (a) a, b + 1 % manufacturing tolerance and (b) d, A + 1 % preparation tolerance.

splitting characteristics. Fig. 13(b) shows the effects of the ellipse dis-
tance from the center spacing d and stomatal spacing A on the ER and
bandwidth. The bandwidth remains constant. When d has a1l £+ 1 %
error, the maximum ER is —280.874 dB, as indicated by the red and
black dashed lines. Similarly, the maximum ER is obtained when A is
varied at + 1 % at 0.54 THz. Although the variation of the structural
parameters during manufacturing affects the extinction ratio, |ER| at
0.54 THz is still much larger than 20 dB, and the bandwidth is almost

unaffected. All in all, the results show that the PCF-PBS has good
fabrication tolerances.

Table 1 compares the performance of the THz PCF-PBS with that of
the current state-of-the-art TPBS by listing the device length, maximum
extinction ratio, and bandwidth. It shows that our PBS achieves not only
an ultra-wide bandwidth of 0.19 THz from 0.47 THz to 0.66 THz, but
also an extinction ratio of —324.257 dB.
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Table 1
Comparison of the properties of our PCF-PBS and those of similar state-of-the-art
beam splitters.

Structure Beam Splitter Maximum ER Bandwidth  References
Length(mm) (dB) (THz)
45.16 107.7 0.02 [41]
53.88 114.5 0.0217 [42]
12.7 -20 0.046 [43]
109 65 0.015 [44]
23.51 —324.257 0.19 This work

5. Conclusion

In this paper, a COC-based THz dual-core PCF-PBS is proposed. This
PBS enhances the structural asymmetry and improves the device bire-
fringence by introducing two elliptical air holes in the fiber core. By
optimizing the size and spacing of these air holes, the PBS achieves an
ultrashort length of 29.50688 mm, a wide bandwidth of 0.19 THz be-
tween 0.47 THz and 0.66 THz, and an exceptional extinction ratio of
—324.257 dB at 0.54 THz, where the polarization modes are effectively
separated. In addition, in order to demonstrate the high preparation
tolerances, the performance of the PBS was analyzed with a + 1 %
change in the structural parameters, and it was found that the band-
width of PBS is almost unaffected and the ER remains good.Compared
with other THz-PBSs, the proposed PBS simultaneously satisfies the
three key requirements of ultrashort length, high ER, and wide band-
width, which provides a new idea for realizing miniature polarization
devices in the terahertz field.
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