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A single-polarization hollow-core anti-resonant fiber (HC-ARF) with an asymmetric cladding and double-layer
nested elliptical tube is designed and analyzed. Along the X-axis, the outer elliptic tube with gradually vary-
ing wall thickness and the inner elliptic tube with a uniform wall thickness enhance the loss of the X-polarized
fundamental mode (FM). In the Y-axis direction, the double-layer elliptic tube with a uniform wall thickness

suppresses the loss of Y-polarized FM to improve the polarization loss ratio (PLR). Theoretical analysis reveals
that the losses of X-polarized FM and Y-polarized FM at 1 THz are 9.07 dB/m and 2.59 x 10~> dB/m, respec-
tively, and PLR is 349,318 and greater than 100 between 0.98 and 1.02 THz. The HC-ARF with properties better
than similar filters reported recently is a new design for high-performance terahertz-band single-polarization
fibers with great application potential.

1. Introduction

Terahertz waves have garnered interest in imaging [1], sensing [2],
communication [3], security monitoring [4], medical examination [5],
drug detection [6] and military applications [7]. Optical fibers play a
significant role in terahertz wave transmission and sensing, especially
hollow-core anti-resonant fibers (HC-ARFs) which have desirable
properties such as low loss, low nonlinearity, small dispersion, and high
damage thresholds [8]. HC-ARFs, which make use of the coherent
reflection between tubular glass films of the fiber cladding to confine
light to the air core, are used in high-power laser transmission [9,10],
optical communication [11], optical fiber gyroscopes [12], pulse
compression [13,14], and optical fiber sensing [15]. However, the
transmission quality of optical signals must be improved to cater to
commercial applications, and it is important to design single-
polarization optical fibers that can control light polarization.

To design high-performance single-polarization fibers, two methods
are commonly used. The first technique is to coat or fill the cladding tube
in a certain direction with high refractive index materials [16] to
enhance the coupling between the cladding mode and FM without

affecting the other orthogonal direction. The second method is to adopt
an asymmetric cladding structure [17], in which the cladding tube sat-
isfies the resonance condition in one direction and enhances the FM loss
of the polarized direction. The cladding tubes of the other orthogonal
direction satisfy the antiresonance condition to confine the FM mode in
the fiber core and reduce transmission losses. The properly designed
single-polarization fiber can avoid polarization crosstalk and polariza-
tion mode dispersion caused by the fundamental mode in both polari-
zation directions [18]. For example, S. Yan et al. [19] have proposed a
single-mode, single-polarization fiber with six double-ring node-free
structures with different wall thicknesses in the two orthogonal di-
rections to achieve a polarization loss ratio (PLR) of 17,662 at 1,550 nm
and two single-polarization transmission bands of 1,545-1,553 nm and
1,591-1,596 nm. S. Yan et al. [20] have reported a double-ring cladding
in which the inner layer in the Y-axis direction is coated with a layer of
high refractive index silicon to enhance the coupling between the Y-
polarized FM and cladding mode, resulting in a PLR of 14,232 at 1,520
nm. Y. Gong et al. [21] have proposed an asymmetric five-tube nested
double C-type structure, which breaks the axisymmetric distribution of
refractive indexes by covering a layer of high-refractive-index silicon on
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Fig. 1. Cross-sectional schematic of the HC-ARF.

the inner surface of the X-axis cladding tubes. The PLR is 162,486 at
1,550 nm, and the single-polarization bandwidth is 150 nm. However, in
the terahertz band, the fiber absorbs terahertz waves more strongly,
rendering it difficult to enhance the PLR. The single-polarization fiber
reported by Ankan et al. [22] has a four-tube nested semi-elliptical
structure with a single semi-elliptical tube in the Y-axis direction and
a double semi-elliptical tube in the X-axis direction. The loss is 4.8 dB/m
at 0.9 THz, and the PLR is 2.5. Mollah et al. [23] have reported a four-
tube nested structure based on Zeonex showing a minimum loss of 0.34
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dB/m and PLR of 13 at 1.1 THz. L. Xue et al. [24] have designed a ter-
ahertz HC-ARF with four tubes nested in a semi-elliptical tube. The X-
axis cladding tubes have the resonant wall thickness, and the Y-axis
cladding tubes have the anti-resonant wall thickness showing a PLR of
156 at 0.5 THz. Q. Liu et al. [25] have reported a polarization filter
based on HC-ARF with a double-connected tube cladding structure,
showing a polarization extinction ratio of 100 dB at 1 THz, and the
insertion loss of Y-polarized FM at 1 THz is less than 0.66 dB. The
existing single-polarization fibers are mostly made of polymer materials,
such as Zeonox, TOPAS which have higher absorption coefficient of
0.276 cm ™! at 1THz [22,24]. The absorption and scattering losses of the
polymer materials are large, which result in higher loss, lower PLR.

Herein, an asymmetric double-layer nested semi-elliptical tube HC-
ARF is designed and analyzed. High-resistivity silicon (HRS) with
lower absorption coefficient is used to form the fibers. The X-axis clad-
ding has double-layer nested semi-elliptical tubes with gradually
changing wall thickness on the outer tube and uniform wall thickness for
the inner tube. In the structure showing enhanced X-polarized FM losses,
the Y-axis double-layer nested semi-elliptical tubes with a uniform wall
thickness reduce the Y-polarized FM loss to realize single-polarization
and ultra-high PLR. The losses of X-polarized FM and Y-polarized FM
at 1 THz are 9.07 dB/m and 2.59 x 10> dB/m, respectively. The PLR is
349,318, and the PLR is greater than 100 in the range of 0.98-1.02 THz.
Our results reveal a novel strategy for designing terahertz polarization
filters and polarization-maintaining fibers.

2. Structure
Fig. 1 shows the HC-ARF with the asymmetric double-layer nested

elliptic tube. In the X-axis direction, the two double-layer semi-elliptical
nesting structures with gradient wall thickness in the outer layer and
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Fig. 2. Cross-sections of HC-ARF with different nesting structures and mode field diagrams of X-polarized FM and Y-polarized FM at 1 THz.
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Fig. 3. CL, EML, and total loss of three double-layer nested structures: (a) ARF-A, (b) ARF-B, (c) ARF-C, and (d) PLR.

uniform wall thickness in the inner layer enhance the loss of X-polarized
FM and reduce the loss of Y-polarized FM. The maximum thickness of
the outer semi-elliptical tube is t; = 0.1 mm, the minimum wall thick-
ness is tp = 0.039 mm, the major axis r, = 3.05 mm, and the ellipticity u
=r1p/rq = 0.61. The wall thickness of the inner semi-elliptical tube is t; =
0.1 mm, the major axis r, = 1.1 mm, and the ellipticity v =r4/r. = 0.8. In
the Y-axis direction, the six double-layer nested semi-elliptic tubes with
a uniform wall thickness are adopted. The major and minor axes of the
outer elliptical tubes are the same as those of the X-axis elliptical tubes,
and the wall thickness is t; = 0.035 mm. The major axis of the inner
elliptic tube is r, = 2.3 mm and the ellipticity w = ry/r, = 0.4. The
thickness of the jacket tube and the perfectly matched layer are JT = 0.3
mm and T = 0.5 mm, the core diameter is D, = 6.2 mm, and the inner
radius of the jacket tube is R = 6.15 mm.

3. Results and discussion

According to the basic principle of HC-ARF, the fiber core mode at
the resonant frequency will generate high transmission loss, while the
fiber core mode in the anti-resonant frequency region transmits with low
loss. The resonant frequency and anti-resonant frequency can be
calculated by Eq (1) [26-28]:

mc
c = 1
J 2tvn? — 1 ®

where c is the speed of light in vacuum, m is the resonance order, n is the
refractive index of the HRS material, which is 3.417 in the range be-
tween 0.5 and 4.5 THz [29], and t is the wall thickness of the cladding
tube. The initial parameters of the structure are calculated by inputting
fe =1THz, m = 1 and 2 into formula (1). The resonant wall thicknesses
are 0.045 mm and 0.09 mm respectively. In order to control the Y-

polarized FM in the anti-resonant region, the wall thickness of the Y-axis
should avoid above values. By continuous optimizing the wall thick-
nesses t; = 0.035 mm of the Y-axis is chosen as the optimal value.
Meanwhile X-polarized FM should satisfy the resonant condition, the
wall thicknesses of the X-axis should be near 0.045 mm or 0.09 mm.
Finally the loss of the X-polarized FM reaches maximum as t; = 0.1 mm,
the corresponding resonant frequencies is 0.92 THz.

The transmission loss of ARF includes the confinement loss (CL) and
effective material loss (EML), as shown in Egs. (2) and (3), respectively
[30,31]:

CL = 8.686 (Z%f) Im (nyy), [dB/m] 2
[ NOma|Ef*dA
_ €0 Anat
EML = 4.34\/;0 s ,[dB/m] 3
All

where f is the operating frequency, Im (n.) is the imaginary part of the
effective refractive index, and ey and po are the permittivity and
permeability in vacuum, respectively. apnq, is the absorption coefficient
of the HRS and less than 0.015¢ m~! in the range of 0.1-1.5 THz[32],
and S, is the Poynting vector along the z-direction.

The PLR of a single polarized fiber is defined as the loss ratio of the X-
polarized FM to the Y-polarized FM as shown by Eq. (4):

PLR = Xp055/ YL oss- (C))

Three double-layer nested semi-elliptical tube structures with a
uniform wall thickness (ARF-A), asymptotic wall thickness (ARF-B), and
mixed uniform and asymptotic wall thickness (ARF-C) are analyzed, as
shown in Fig. 2(a), (b), and (c). The corresponding mode field
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Fig. 4. (a) CL, EML, and total loss and (b) PLR for different r, at 1 THz.

distributions of X-polarized and Y-polarized FMs at 1 THz are also
shown. The uniform semi-elliptical tubes of ARF-A with a wall thickness
tz = 0.1 mm cause the X-polarized FM to couple to the outer and inner
cladding tube, as shown in Fig. 2(d). It increases the X-polarized FM
transmission loss because the wall thickness is near the resonant fre-
quency at 1THz.It produces Y-polarized FM coupling to the cladding,
although the wall thickness of the six double-layer nested semi-elliptic
tubes in the Y-axis direction is t; = 0.035 mm, which corresponds to
the anti-resonance region. Therefore, the Y-polarized FM also generates
losses, and the ARF-A structure shows a lower PLR.

Fig. 3(a) shows the CL, EML, and total loss of the structure in the
range of 0.7-1.3 THz. The EMLs of both X- and Y-polarized FMs are
lower than CLs due to the small material absorption coefficient of the
HRS. Therefore, CLs play a major role in the total loss. The CLs of the X-
polarized and Y-polarized FMs increase near 1 THz due to the resonance
effect of the X-axis cladding tube, and the PLR is smaller, as shown by the
red solid line in Fig. 3(d). It means that a simple double-layer nested
cladding tube with a uniform wall thickness in the X-axis direction
cannot effectively enhance PLR. The double-layer nested semi-elliptical
tube structure with gradual wall thicknesses is analyzed, as shown in
Fig. 2(b). The maximum wall thickness of the outer and inner layers of
the two nested cladding tubes in the X axis is t; = 0.1 mm, while the
minimum wall thicknesses are tp = 0.039 mm and t3 = 0.035 mm,
respectively. Since the gradual wall thickness changes the resonance
conditions of the X-polarized and Y-polarized FMs, the mode fields of the
X-polarized and Y-polarized FMs are better confined in the fiber core at 1
THz, as shown in Fig. 2(e) and (h). Compared with the ARF-A structure,
the transmission loss of the ARF-B structure decreases overall, and the
resonant frequency region shifts, as shown in Fig. 3(b). The PRL is shown
by the green solid line in Fig. 3(d), the PLR is not better near 1 THz.

The hybrid double-layer nested structure with gradual wall thickness
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of the outer layer and uniform wall thickness of the inner layer is shown
in Fig. 2(c). Since the wall thickness of the inner cladding tube satisfies
the resonance condition and the X-polarized FM is strongly coupled to
the cladding, as shown in Fig. 2(f), the loss increases significantly
compared to ARF-A and ARF-B. Meanwhile, the gradual wall thickness
of the outer cladding tube confines the Y-polarized FM in the core re-
gion, as shown in Fig. 2 (i). Fig. 3(c) shows the loss spectra of ARF-C in
the range of 0.7-1.3 THz. Compared with ARF-A and ARF-B, the EML
changes less. The total loss of X-polarized FM increases significantly, and
the maximum of 9.07 dB/m appears at 1 THz. At the same time, the total
loss of the Y-polarized FM is only 2.59 x 10~° dB/m near 1 THz. Fig. 3
(d) shows that the maximum PLR near 1 THz is 349,318. The PLR values
are bigger than 100 in the range between 0.98 and 1.02 THz indicating
excellent single polarization properties.

The effects of the major axis r, of the outer cladding semi-elliptical
tube on the PLR are investigated. Fig. 4(a) shows the loss spectra
when rg is 2.50-3.15 mm. When r, = 2.5 mm, the outer layer tube with
the resonant wall thickness plays a major role in coupling the X-polar-
ized FM with the outer layer tube, as shown in the inset i in Fig. 4(a).
With increasing rg, the distance between the outer and inner cladding
tubes increases, causing the X-polarized FM to couple to the uniform-
wall-thickness inner cladding tube, as shown in inset ii of Fig. 4(a),
which reveals an increase in CL. When ry is increased to 3.05 mm, the X-
polarized FM is further coupled to the cladding, as shown in inset iii in
Fig. 4(a), and CL further increases to 9.07 dB/m. Meanwhile, r, also
affects the loss of Y-polarized FM. When r, = 2.5 mm, inset iv in Fig. 4(a)
shows that a small portion of the Y-polarized FM couples to the outer
cladding tube, but only produces a small loss. When r, gradually in-
creases, the Y-polarized FM is gradually coupled to the outer cladding
tube, as shown in inset v in Fig. 4(a), and the loss peak appears at r, =
2.7 mm. However, the Y-polarized FM is no longer affected upon further
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Fig. 5. (a) CL, EML, and total loss and (b) PLR for different ellipticity u at 1 THz.
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Fig. 10. (a) Effect of the thickness t; on the total loss and (b) PLR.

increasing r, and is rather confined in the fiber core region, as shown in
inset vi in Fig. 4(a). The Y-polarized FM loss is the smallest of 2.59 x
1075 dB/m at rq = 3.05 mm. The maximum PLR is 349,318 as shown in
Fig. 4(b). Therefore, r, = 3.05 mm is selected as the optimal value.
The influence of the ellipticity u of the cladding tube on the PLR is
studied. The loss spectra are shown in Fig. 5(a) for u being 0.58-0.69.
The X-polarized FM is coupled to the cladding, as shown in insets i, ii,
and iii in Fig. 5(a), resulting in larger CL. However, the variation of loss
is smaller. The Y-polarized FM is better bound within the fiber core, as
shown in insets iv, v, and vi in Fig. 5(a). A small portion of the Y-
polarized FM couples to the outer cladding tube when u is about 0.66,
giving rise to a slightly larger loss. This indicates that the ellipticity u in
the range of 0.58-0.69 has a smaller influence on X-polarized and Y-
polarized losses, and PLR changes slightly, as shown in Fig. 5(b). The
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best PLR corresponds to u = 0.61.

The effects of the major axis r. of the inner semi-elliptical tube nested
on the X-polarized and Y-polarized FM losses are shown in Fig. 6(a).
When r, is between 0.8 and 1.4 mm, the total loss of the X-polarized FM
increases initially and then decreases. This is because the spacing be-
tween the inner nested tubes and the outer nested tubes determines the
coupling between the core mode and the cladding mode. The strongest
coupling appears at r, = 1.1 mm, as shown in insets i, ii, and iii in Fig. 6
(a). Meanwhile, r. has smaller effects on the Y-polarized FM. The Y-
polarized FM is better confined in the core region as shown in insets iv,
v, and vi in Fig. 6 (a). Fig. 6(b) shows that the largest PLR is observed at
r. = 1.1 mm. Subsequently, the effects of the ellipticity v is analyzed, as
shown in Fig. 7(a). The ellipticity v has no effect on the loss of the Y-
polarized FM, and only affects the coupling of the X-polarized FM to the

10* : T T . .

(b)

10°F 4

102

10!

HOMER

10°

107!

1

12

10-3 1 1 1 1
0.8 0.9 1.0 1.1

Frequency[THz]

Fig. 11. (a) The total losses of the Y-polarized LPy; and LP,; and (b) HOMER.
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Table 1
Properties of single-polarization HC-ARFs.

References Frequency [THz] X-Loss [dB/m] Y-Loss [dB/m] PLR
[22] 0.9 12 4.8 2.5

[23] 1.1 4.42 0.34 13

[24] 0.5 153 0.98 156
[25] 1 1802 1.18 1527
Our work 1 9.07 2.59 x 107° 349,318

cladding mode. The PLR reaches the maximum when v = 0.8.

The effects of the major axis r, and ellipticity w of the six inner nested
semi-elliptical tubes in the Y-axis direction on the PLR are investigated.
Fig. 8(a) shows the loss spectra for r, between 1.6 and 2.8 mm, and r,
hardly affects the loss of the X-polarized FM, while the total loss remains
constant. However, it affects the loss of Y-polarized FM, which can
further reduce the loss of Y-polarized FM, resulting in a large fluctuation
of the Y-polarized FM loss. The strongest constraint on the Y-polarized
FM is obtained at r, = 2.3 mm, which corresponds to the largest PLR, as
shown in Fig. 8(b). Therefore, r, = 2.3 mm is selected as the optimal
value. The effects of ellipticity w on the X-polarized and Y-polarized FMs
are shown in Fig. 9(a). It only influences the loss of Y-polarized FM in the
range of 0.25-0.8. The CL of the Y-polarized FM decreases first and then
increases. As shown in insets iv, v, and vi in Fig. 9(a), a larger or smaller
w leads to a leakage of the mode field. A proper ellipticity can better
limit the Y-polarized FM. The total loss of Y-polarized FM reaches the
minimum, and the PLR is maximum for w = 0.4, as shown in Fig. 9(b).

In the actual processing process the fabrication error of the HC-ARF
is unavoidable, therefore the fabrication tolerance is discussed. The wall
thickness of the cladding tube is the key factor. Fig. 10 (a) compares the
change of total loss as t; changes + 3 %. It can be seen that the + 0.3 %
change of the wall thickness has little effect on the loss of X-polarized FM
and Y-polarized FM. At 1THz the PLR slightly reduce but still maintain a
higher value, as shown in Fig. 10(b). The result shows that the designed
HC-ARF can reach the fabrication tolerances.

Higher order mode extinction ratio (HOMER) is commonly employed
to assess the single-mode performance of HC-ARFs. A fiber with a
HOMER value exceeding 10 can effectively operate as a single-mode
fiber [33]. The Y-polarized losses of the LP11 and LP01 modes are
calculated and compared as shown in Fig. 11(a). The loss of the HOM
LP11 is significantly greater than that of LPO1 mode. Meanwhile, the
HOMER is also calculated as shown in Fig. 11(b). In the range of 0.98-1
THz the HOMER are greater than 10. It means that the HOM will leakage
and has little influence on the FM. The designed HC-ARF can maintain
single-mode transmission.

Table 1 compares the properties of recently reported single-
polarization HC-ARFs for the terahertz band. It can be seen that the
transmission loss of the Y-polarized FM of our HC-ARF is much lower
than the previous reported results. The lowest Y-polarized transmission
loss of 2.59 x 10> dB/m and the X-polarized transmission loss of 9.07
dB/m mean that the designed HC-ARF can be adopted to design single-
polarization fiber. Meanwhile the ultra-high PLR of 349,318 at 1 THz
exhibits excellent polarization filtering performance and has great
application prospects.

4. Conclusion

A single-polarization HC-ARF with ultra-low loss and ultra-high PLR
is designed and analyzed. The HC-ARF adopts a double-layer nested
semi-elliptic tube structure. In the X-axis direction, the outer and inner
layer tubes have gradually changing wall thicknesses and a uniform wall
thickness, respectively. The structure increases the loss of the X-polar-
ized FM but reduces the loss of the Y-polarized FM. At 1 THz, the losses
of X-polarized FM and Y-polarized FM are 9.07 dB/m and 2.59 x 107>
dB/m, respectively. The PLR is as large as 349,318, and it is greater than
100 in the range between 0.98 and 1.02 THz. The properties of the HC-

Optical Fiber Technology 94 (2025) 104313

ARF are much better than those of similar filters reported recently
boding well for many THz applications. Meanwhile, the design concept
of the gradually changing wall thicknesses provides a new method to
study different types of HC-ARF. Although the novel structure brings a
challenge to the fabrication of HC-AREF, it is believed that the similar HC-
ARF can be achieved with the development of the optical fiber manu-
facturing technology and applies in the fields of communication and
sensing.
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