Pre prints.org

Article Not peer-reviewed version

Low Loss and High Polarization-
Maintaining Single-Mode Hollow-Core
Anti-Resonant Fibers with the S+C+L+U
Communication Bands

Hongxiang Xu, Yuan Yang, Jinhui Yuan , Dongxing WU, Yilin Huang , Shengbao Luo, Zhiyong Ren

Jiantao Liu , Changming Xia , Guiyao Zhou , Zhiyun Hou i

Posted Date: 8 July 2025
doi: 10.20944/preprints202507.0714.v1

Keywords: low CL,; high birefringence; hollow-core anti-resonant fiber

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4371845
https://sciprofiles.com/profile/1311440
https://sciprofiles.com/profile/4581712
https://sciprofiles.com/profile/4066955
https://sciprofiles.com/profile/678918
https://sciprofiles.com/profile/4575834

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 July 2025 d0i:10.20944/preprints202507.0714.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from
any ideas, methods, instructions, or products referred to in the content.

Article

Low Loss and High Polarization-Maintaining Single-
Mode Hollow-Core Anti-Resonant Fibers with the
S+C+L+U Communication Bands

Hongxiang Xu 12, Yuan Yang 2%, Jinhui Yuanc 3, Dongxing WU 2, Yilin Huang 12,
Shengbao Lou 2, Zhiyong Ren 2, Changming Xia !?2, Jiantao Liu 12, Guiyao Zhou '? and
Zhiyun Hou 2*

! Guangdong Provincial Key Laboratory of Nanophotonic Functional Materials and Devices, South China
Normal University, Guangzhou 510006, China

2 Guangzhou Key Laboratory for Special Fiber Photonic Devices and Applications, South China Normal
University, Guangzhou 510006, China

3 State Key Laboratory of Information Photonics and Optical Communications, Beijing University of Posts
and Telecommunications, Beijing 100876, China

* Correspondence: houzhiyun@163.com

Abstract

In this paper, a low loss and high polarization-maintaining single-mode hollow-core anti-resonant
fiber (PM-HC-ARF) is designed. The elliptical core in the PM-HC-ARF is formed by strategically
enlarging selected cladding air holes along the y-axis. Additionally, the variations in the wall
thickness in both the x and y directions generate the distinct surface modes. We have effectively
enhanced the birefringence performance of the fiber structure design by introducing the combined
effect of the two. Theoretical analysis results show that the proposed PM-HC-ARF achieves a
transmission loss of 0.82 dB/km at wavelength 1450 nm, along with a birefringence of 1.38 x 10, it
demonstrates CL levels an order of magnitude below state-of-the-art polarization-maintaining HC-
ARFs. Moreover, within the S+C+L+U communication bands, it achieves a bandwidth exceeding 380
nm(1420-1800nm) while maintaining a birefringence of greater than1.45 x 10. Especially, this PM-
HC-ARF demonstrates a maximum higher-order mode extinction ratio of over 32,070, the single-
mode transmission characteristics are excellent. along with exceptional bending resistance
characteristic. When the bending radius exceeds 3 cm, the impacts on the loss and birefringence are
negligible, this also demonstrates that the fiber structure shows good robustness when subjected to
harsh environment interference. The proposed PM-HC-ARF is believed to have important
applications in the fiber optic gyroscopes, optical amplifiers, and hydrophones.

Keywords: low CL; high birefringence; hollow-core anti-resonant fiber

1. Introduction

Polarization-maintaining (PM) fibers play a crucial role in many optical technology fields, such
as fiber optic gyroscopes (FOGs) [1-3], fiber optic sensors [4,5], and fiber lasers [6-8]. Researchers
have developed various types of solid-core PM fibers (PMFs) [9]. Currently, solid-core PMFs exhibit
the birefringence of higher than 10+ and transmission loss of lower than 0.36 dB/km, respectively
[10]. However, the solid-core PMFs have some inherent limitations, such as high material absorption
loss, low damage thresholds, and high nonlinearity [11,12].

Hollow-core fibers (HCFs) have offered the breakthrough solutions to the technical bottlenecks
faced by traditional solid-core fibers. The light-guiding mechanisms of HCFs include the photonic
bandgap guidance [13] and anti-resonant guidance [14]. Hollow-core photonic bandgap fibers (HC-
PBGFs) [15,16]can introduce high birefringence by adjusting the quartz walls around the core, leading
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to anti-cross coupling between the core mode and surface mode. However, for the HC-PBGFs, narrow
guidance bandwidth, poor mode purity, and high surface scattering losses limit their application
potential [17-19]. In contrast, hollow-core anti-resonant fibers (HC-ARFs) have larger design
flexibility, wider transmission bandwidth, and lower transmission loss [20]. Although the HC-ARFs
achieve a certain degree of mode overlap between the core and cladding region, the coupling between
the fundamental mode and the cladding region is crucial for the fiber performance. However, due to
the characteristics of the air core, it does not exhibit the photo elastic effect, which means that we
cannot introduce the birefringence within the core structure by using traditional methods [21].
Therefore, the HC-ARFs face the challenges in achieving high birefringence (>10). Most of works on
the HC-ARFs focuses on the birefringence enhancement, which can be achieved by changing the core
shape, constructing the wall thickness differences, and modifying the cladding tube materials.

As is known to all, given the established efficacy of elliptical core geometries in inducing high
birefringence (Hi-Bi) within conventional solid-core fibers [22]. Drawing inspiration from this
principle, a direct method to introduce an effective refractive index difference in HCFs is to modify
the core shape, such as by increasing the ellipticity of the core. This modification leads to differences
in the fundamental mode profiles in the x and y directions, thereby achieving high birefringence of
HC-ARF [23]. In 2013, Vincetti et al. conducted the theoretical simulations to investigate the
influence of the elliptical aspect ratio of the HC-ARF core on its birefringence characteristics [24].
The theoretical results revealed that as the elliptical aspect ratio of the core increases, the birefringence
also increases. The optimized fiber design achieved a maximum birefringence value of 7x10-.
However, the elliptical core constructed by the arrangement of cladding glass tubes could not
introduce higher birefringence. In 2022, Wei et al. [25] proposed a quasi-elliptical core HC-ARF. By
introducing an asymmetric polarization mode field in the elliptical core, a birefringence of 1.33x10
and a transmission bandwidth of 460 nm were achieved at 1.55 pm. However, this structure supports
few-mode transmission, and the proposed fiber structure, which features an elliptical cladding tube,
presents significant challenges in fabrication. In 2023, Wang et al. [26] introduced a crescent-shaped
core AR-HCF with excellent birefringence performance, achieving a bandwidth of 300 nm and a loss
limit of less than 1 dB/km at a birefringence level of 10 Only the fundamental mode purity is
relatively low, Although the performance is superior, the fabrication of the glass cladding wall of this
structure cannot be effectively realized through conventional pressure control methods.

Additionally, using tubes of varying thicknesses in orthogonal directions has been proven to be
an indirect yet effective method for achieving high birefringence, as demonstrated by numerous
studies. In 2016, Mousavi et al. [27] proposed to achieve high birefringence by constructing resonant
and anti-resonant tubes in orthogonal directions. Although this design achieved a high birefringence
of 1.5x107* at 1.55 um, the loss was as high as 43 dB/km, but the higher-order mode suppression ratio
(HOMSR) was not discussed. Subsequently, in 2018, Wei et al. [28] introduced the nested rings into
a six-hole anti-resonant structure. Although this design simplified the fiber structure, the loss at 1.55
pum was as high as 20 dB/km, and the birefringence was only at the 10-° level. In 2020, Yerolatsitis et
al. [29]achieved a maximum loss of <1000 dB/km at 1.55 um and a phase birefringence of 2.5x10-
by introducing differences in cladding tube thickness in a six-hole HC-ARF. In 2022, Ding et al.
designed and fabricated a novel four-hole nested anti-resonant fiber with a semi-circular cladding
tube structure [30]. By constructing a thickness difference in the glass walls in orthogonal directions
of the HC-ARF, an asymmetry in mode profiles was introduced, resulting in high birefringence. The
fiber achieved a transmission loss of only 4.8 dB/km at 1.52 um, but the phase birefringence was only
1.8x10°%, with a bandwidth of 154 nm. But the mode purity value of this fundamental mode is not
theoretically specified. In 2024, Wang et al. [31] proposed a crescent-shaped nested HC-ARF with
four-fold rotational symmetry. By designing thickness differences in the walls in orthogonal
directions and utilizing the anti-crossing effect between core modes and glass modes, high
birefringence was achieved. The fiber achieved a birefringence of 3.62x10- and a loss of 8.5 dB/km at
1.06 pm. Similarly, the high-order mode transmission loss is not mentioned. However, the use of this
semi-tube structure imposes extremely stringent requirements on precise pressure control
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technology, and the fabrication process is highly demanding. Because most of the reported designs
have a certain level of complexity or low feasibility in drawing processes, Meanwhile, the current
birefringent anti-resonant fiber (ARF) cannot simultaneously achieve a higher higher-order mode
suppression ratio and low-loss polarization-dependent transmission, To solve these questions, there
is an urgent need to design a kind of polarization-maintaining PM-HC-ARF) which has good optical
transmission characteristics while ensuring the practicality and operability of the structure.

In this paper, a PM-HC-ARF with different wall thickness and six-cladding holes is proposed.
Unlike the mentioned single-solution designs, This fiber takes into account the combined effects of
geometric polarization maintenance and surface mode polarization maintenance by combining the
characteristics of an elliptical core and different wall thickness. Theoretical calculations indicate that
within the wavelength range of 1420 to 1800 nm, the phase birefringence is greater than 1x104,
reaching a maximum of 1.45x10. In the S+C+L+U communication band (~380 nm), the transmission
loss is less than 8.8 dB/km. The higher-order mode suppression ratio is greater than 241 within the
considered wavelength band, The purity of the fundamental mode transmission is satisfactory.
Moreover, the PM-HC-AREF also exhibits excellent resistance to bending. Even with a bending radius
as small as 3 cm, the x-polarized (x-pol) light loss is only 0.0078 dB/m, and the y-polarized (y-pol)
light loss is only 0.0052 dB/m.

2. Structure Design and Principle

In this work, the cross-section of the proposed PM-HC-ARF that supports two polarization
modes of the fundamental mode LPoi is shown in Figure 1. From Figure 1, the cladding structure
includes a double-layer nested configuration with six holes, which is used to minimize the
confinement loss. In the x-direction and y-direction, two kinds of cladding tubes are utilized.
Specifically, in the y-direction, two larger cladding tubes are used to couple one polarization state of
the core mode into the cladding mode, thereby enhancing the birefringence through an asymmetric
core profile, which facilitates large birefringence while reducing differential loss between the
fundamental core modes of the two polarizations. To achieve larger birefringence, it is crucial to
ensure that the coupling between the core mode and cladding modes of the two polarization states
occurs. Therefore, the wall thicknesses of the cladding tubes are carefully calculated, ensuring that
the wall thickness of the four cladding tubes in the x-direction approaches the anti-resonant
condition, while the wall thickness of the two cladding tubes in the y-direction approaches the
resonant condition. The designed PM-HC-ARF structure exhibits a left-right symmetrical
configuration, demonstrating strong feasibility for manufacturing. Additionally, the PM-HC-ARF
structure is characterized by the following dimensions: in the y-direction, the radius of the first
cladding tube is denoted as Ri, with a wall thickness of t1; the radius of the first nested cladding tube
is Ro, with a wall thickness of t2; the radius of the second nested cladding tube is Rs, with a wall
thickness of 3. In the x-direction, the radius of the first cladding tube is R4, with a wall thickness of t4;
the radius of the second nested cladding tube is Rs, with a wall thickness of ts; the radius of the
internal region of the outermost sleeve is Ro. The long and short axes of the elliptical core in the
horizontal direction are designated as @ and bo.The angle of deviation 0=25°.

All simulations were performed using the finite element method. In the simulation, the
maximum mesh size in the silica glass region should not exceed A/5.8, while for air region it should
not exceed A/4. Perfectly Matched Layer (PML) boundaries were applied to the outermost layer of
the geometry. The effective refractive index of the silica material was calculated using the following
Sellmeier equation [32].

0.6961663- 1 0.4079426-1>  0.897479-4°
Hgiea (A) = 4 [1+ 7 5 3 # (1)
’ A*-0.00684043 A*-0.1162414 A°-9.896161

where A represents for the wavelength of the incident light. According to the resonance principle of
HC-AREF, the light loss in the m-th anti-resonant frequency band is minimized when the resonance

equation is satisfied [33].
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Figure 1. The cross-section of the proposed PM-HC-ARF.

/1:%\]”;1@ _n:i: £
m—0.5
where nsiia is the refractive index of the silica glass, nair is the refractive index of air, and m is the order
of resonance. When the light wavelength meets the specific anti-resonant condition, the light field
energy is effectively confined within the core region, significantly reducing the confinement loss.
Phase birefringence refers to the effective refractive index difference between the fundamental modes
of the x and y-pol lights. This birefringence can be calculated using the following formula.

Birefringence = lﬂ’k_i =n, - n, | # (3)

where the effective refractive indices for the fundamental modes in the x and y directions are
represented by nx and ny, respectively. The propagation constants for the modes in the two
perpendicular directions are denoted as fpx and fy, respectively. For the HC-AREF, this confinement
loss (CL) can be calculated using the following formula [34].
407Im(n
) = m(lo()ﬂiﬁ) ()

The higher-order mode extinction ratio (HOMER) plays a critical role in communication
transmission. Typically, the single-mode characteristic is determined by the HOMER, which can be
expressed as [35].

HOMER = —SLuon

#(5)

(x.y)-pol

where Ciuom represents the minimum confinement loss of the HOM, and CL y) -pol denotes the
confinement loss of the x-pol and y-pol fundamental modes, respectively. Generally, when the
HOMER is greater than 100, good single-mode transmission characteristics can be achieved. The
initial structure parameters of the PM-HC-ARF are set as follow, R; = 15.6um, R, = 10.2um, a, =
15.5um, by = 6.5um, t; = 0.67um, t, = 0.35um, t30.35um, t, = 0.35um, ts = 0.35um, k; = R, /R, =

0.74,k, = R3 /Ry = 0.4,k; = Rs/R, = 0.4.According to Eq.(2), the value of ¢ is chosen to achieve the
first anti-resonance band at an incident wavelength of 1550 nm. In the following, we aim to optimize
the structure parameters to achieve the good transmission performances at specific wavelengths.

3. Results
3.1. Effect of R1 on Performance

In this section, we investigate the impact of the geometric parameter R1 on the confinement loss
(CL) and birefringence of the designed PM-HC-ARF to optimize its performance. Simulations are
conducted using the parameters established in the previous section, with the incident wavelength
fixed at 1550 nm. Figure 2a,b show the dependence of CL on Ri for the x-pol and y-pol fundamental
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modes (FMs) within the wavelength range of 1420 to 1750 nm. When R is varied from 13.6 to 15.6
um, the CL for both x-pol and y-pol FMs fluctuates between 3.82x10~* dB/m and 8.05x10- dB/m for
R1<14.4 pm. However, as Ri increases, the CL for both x-pol and y-pol FMs increases, reaching a
maximum value at Ri =15.6 um. This increase is attributed to the reduced distance between the inner
and outer layers of the nested tubes, leading to additional resonances. The initial lower CL for the y-
pol FM is due to the smaller distance between the core and cladding tube in the y-direction, resulting
in weaker coupling. Figure 2c shows the variation of birefringence with wavelength for six different
values of Ri: 13.6 um- 15.6 um. When Ri increases from 13.6 to 15.0 um, the birefringence fluctuates
within the range of 0.2x107 to 107, failing to achieve the desired high birefringence. However, the
further increase of Ri leads to a significant increase in birefringence above 10~ This enhancement is
attributed to the increased coupling between the core and cladding modes. Figure 2d shows the mode
field distributions of x-pol and y-pol FMs at 1.55 um wavelength for different Ri values. The increase
of Ri enhances the core ellipticity, which breaks the symmetry of the core’s polarization mode field,
transforming it from a Cev to a Cov structure. This structural modification leads to a significant increase
in the effective refractive index difference between x-pol and y-pol modes.

At R1=15.6 um, while the x-pol FM remains well confined, the y-pol FM shows partial cladding
leakage due to enhanced coupling, corresponding to peak birefringence of 1.62x10~* with x-pol and
y-pol CL values of 3.56x10- dB/m and 1.52x10- dB/m respectively. Across the 1420-1750 nm range,
Ri values exceeding 15.2 um consistently yield birefringence >1.45x10~* while maintaining CL <102
dB/m. This demonstrates that our elliptical-core design with specialized cladding achieves superior
performance compared to conventional circular-core ARFs, with birefringence exceeding 1.6x10~ at
higher core ellipticity. The enhancement stems from geometric tuning of core ellipticity that breaks
polarization symmetry, selectively strengthening coupling for specific polarizations. These results
establish Ri = 15.6 um as the optimal parameter for high birefringence. This section may be divided
by subheadings. It should provide a concise and precise description of the experimental results, their
interpretation, as well as the experimental conclusions that can be drawn.
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Figure 2. (a) The effect of changes in Ri on the CL of the x-pol M, (b) the effect of changes in R1 on the CL of the
y-pol EM, (c) the effect of changes in Ri on the birefringence and (d) the FM field patterns calculated at
wavelength 1550 nm for R1 values of 13.6 um, 15 pm, and 15.6 pum, respectively.

3.2. Effects of ki, k2, ks and Ra, on Performance

The effects of ki, k2, k3, and Rson the CL and birefringence are shown in Figure 3a-d. In the
following discussion, the regions with a yellow background in the figure indicate areas where the
confinement loss is below 0.01 dB/m. From Figure 3a, as ki increases, the CLs for both x-pol and y-
pol fundamental modes gradually decrease, along with polarization loss fluctuating between
7.34x102dB/m and 4.36x10° dB/m. Meanwhile, the birefringence generally exhibits a downward
trend, and it fluctuates within the range of 1.09x10* to 1.83x10-% These results indicate that when
k1>0.67, the loss performance improves, but the birefringence performance deteriorates. However, for
ki1<0.67, both the x-pol and y-pol and CLs exceed 0.01 dB/m, and the birefringence remains above
1.77x10*. This is primarily due to the relatively small R in the vertical direction, which results in a
larger air layer area between the inner and outer cladding, limiting the coupling of the fundamental
mode into the cladding air layer. At k1=0.74, the fiber achieves the x-pol CL of 0.00484 dB/m, y-pol CL
of 0.00797 dB/m, and birefringence of 1.636x10-. Therefore, k1=0.74 is selected as the optimal value.
From Figure 3b, when k2=0.56, the y-pol CL increases sharply due to severe compression of the second
air cladding layer and the proximity of the second nested tube wall to the first one, which enhances
the energy coupling. The birefringence decreases slightly with the increase ng k2, but the change is
gradual. For k2<0.52, the x-pol CL remains below 0.00486 dB/m, the y-pol CL remains below
0.00834 dB/m, and the birefringence generally exceeds 1.634x10-4. The variation in k2 has a negligible
effect on birefringence, and thus k2=0.45 is chosen as the optimized value.

1
10 [ ~pol 1.9 10 ol 13
Teal —s—y-pol 188 b . —2-ypol____._ 1+ ~
- 3
Seo = = = Birefringence { 1.7 = = = Birefringence L6 =
o ~~ < o L s =
10 S L6 10 X
—_ ‘~~ é ~ 414 ~
= - {155 g @
-~ . S = 113 E
g o] A {14 = == ] o
= 10° . ) AU 12 &
~ N 113 En 2 411 g
rg ‘\ o - =
@) . = Q ";
2 L2 o 2 41 2
1024 . Z 107 £ et A H
4._...—‘: 11 m : ] 0.9 m
10° T T T T T T 1 10° ; t t ; ; 0.
0.60 0.65 070 075 080 085 0.90 030 035 040 0“"5( 050 055 060
k, )
(@) (b)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202507.0714.v1


https://doi.org/10.20944/preprints202507.0714.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 July 2025 d0i:10.20944/preprints202507.0714.v1

7 of 17
10! - 18 10° 18
“pol

; [I:::l 117 —s—x-pol Ju7
B —— y-pol ~

A 1164 Jy-po. J16
-~ - Birefringence, 1 <"‘c - - - - Birefringence |; 5 B
10° F e < — '1 . —
"‘ dJ1iuw |  Peecssssacaccmsssasmmscc-e--===" J1. x
£ Pl 14X CRUS z
= ot 130 = 13 9
= - .-
= 107 12 5 = 12 5
- 11 g d . / At E
C . 10° =
~ 1 £ %3
10 g =
0.9 2 Joo M

103 . . L L L log 103 4— T T T T T T —0-8

8.4 8.8 92 2.6 10.0 10.4 045 0350 055 060 0.65 070 075 0.80
R, (um) ks
© (d)

Figure 3. (a) The effect of k1 on the CL and birefringence, (b) the effect of k2 on the CL and birefringence, (c) the
effect of R4 on the CL and birefringence, and (d) the effect of ks on the CL and birefringence.

From Figure 3c, when R« varies from 8.4 to 10.6 pum, the birefringence gradually increases, while
the CL initially decreases and then rises. For R«<8.8 um, the x-pol CLis slightly higher due to the large
spacing between the cladding tubes, which reduces the light suppression effect. When R4 increases,
the confinement of the core mode strengthens, leading to the increased birefringence. However, R4
should not be excessively large to avoid inducing the Fano effect, which would increase loss. The
results indicate that selecting R+=10 um can achieve a balance between the loss and birefringence,
along with the x-pol CL of 4.05x10-* dB/m, y-pol CL of 5.67x10- dB/m, and birefringence of 1.368x10-.
Finally, from Figure 3d, for 0.42< k3<0.82, the birefringence increases slightly, but the overall variation
is minimal. For k3<0.725, the x-pol CL remains at a low level, the y-pol CL shows a flat trend, and the
x-pol CL is always lower than the y-pol CL. Notably, at ks=0.65, the fiber achieves the x-pol CL of
4.6x10* dB/m, y-pol CL of 10-2dB/m, and birefringence of 1.425x10-. Thus, ks=0.65 is selected as the
optimal value.

3.3. Influence of t on Performance

High birefringence arises near the anti-crossing point of effective refractive indices, where
asymmetric cladding structures or variations in silica wall thickness break the polarization
degeneracy between core and cladding modes - a phenomenon known as the “anti-crossing effect”.
before exploring the influence of differential wall thickness on fiber performance, a thicker tube with
a uniform thickness of t was initially introduced. Subsequently, a parameter scan was conducted, and
ultimately, f was optimized to provide the highest birefringence. The wall thicknesses ti=tz=ts=ts=ts=t
were optimized. Figure 4a shows the effect of t on the fundamental mode loss (indicated with wine
red background). From Figure 5a, in the cyan region, as t increases from 0.42 to 0.68 pm or from
1.2 um to 1.45 um, the birefringence reaches ~1.2x10 at t=0.67 um and t=1.41 um, while the CLs for
both x-pol and y-pol fundamental modes remain below 1 dB/m. However, when t exceeds 0.74 um,
the CLs for both x-pol and y-pol fundamental modes increases significantly. Figure 4b shows the
influence of f on the effective refractive index of the fundamental mode.
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Figure 4. (a) The effect of t on the CL and birefringence, and (b) the effect of f on the effective refractive index

and birefringence.
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Figure 5. (a) The effect of f4 on the CL and birefringence, and (b) the effect of 1+ on the effective refractive index

and birefringence.

From Figure 4b, two distinct regions of strong resonance phenomena are observed in the
uniform wall thickness t variation range of 0.6-0.68 pm(as shown by the cyan background), where
anti-crossing occurs between the effective refractive indices of the core and the cladding silica
material. This anti-crossing effect enhances the coupling strength between the x-pol and y-pol
fundamental modes and the silica material, leading to abrupt changes in the effective refractive index.
Notably, this phenomenon can induce resonance between the core mode and the cladding mode,
resulting in substantial energy leakage. It is worth noting that Figure 4a also reveals a region of
interest, namely the wide high birefringence (Hi-Bi) area near ¢ = 0.65 um and 1.41 um within the first
and second resonance bands (highlighted with a burgundy background). Ultimately, the strategy of
selecting f1 as the thicker outer glass wall in the vertical direction and the subsequent thinner glass
walls enables the potential high birefringence bandwidth covering the communication spectrum
range, a conclusion further confirmed by the research in the following chapters. At this point, all
cladding tube walls share a uniform thick wall thickness, which is located in one of the two high
resonance zones corresponding to the 1.55 um band. Despite the Hi-Bi characteristics of this region,
the loss is relatively high due to its proximity to the resonance edge of electric field leakage f. The
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next section will focus on optimizing and improving the loss in this region. To achieve high
polarization maintenance and low loss, £1=0.67 um is selected as the optimized value.

3.4. Orthogonal Differentiated Wall Thickness of ts, t1, and t

As clearly demonstrated in Figure 5a (highlighted by burgundy backgrounds), three
characteristic anti-resonant regions with both low loss and high birefringence are observed. It shows
the dependence of the CL on ts. the high birefringence is primarily induced by the variation in the
thickness of the outer tube +1. However, since t1 is positioned at the edge of resonance, it exhibits a
lower reflectivity, leading to inevitable electric field leakage for the y-polarization mode.

To mitigate the loss in the first anti-resonant band, an anti-resonant cladding tube f4 oriented in
the horizontal direction is introduced. under ideal anti-resonant operating conditions, the t1 tube
significantly suppresses electric field leakage in the horizontal direction by enhancing reflectivity
along this axis. the minimum y-pol fundamental mode loss is effectively reduced to 0.0012 dB/m at
£4=0.45 um, while the fundamental mode losses for both x-pol and y-pol remained below 0.01 dB/m.
Additionally, the birefringence is enhanced to 1.51x10-4. Figure 5b shows the variation of the effective
refractive indices of the fiber x-pol and y-pol modes as functions of ts. According to the Kramers-
Kronig relationship, strong anti-crossings of the 1st and 2nd modes occur near the resonant bands at
£t=0.72um and 1.52um (as shown by the cyan background). These anti-crossings lead to mode
conversion, resulting in abrupt changes in the effective refractive index. This phenomenon is
attributed to the reduced anti-resonant reflection of the glass wall at the edge of the resonant band,
which increases the loss in this region.

Figure 6a,b show the two-dimensional color maps to illustrate the relationships between the x-
pol and y-pol fundamental mode losses and ti1 and t: for x-polarization and y-polarization,
respectively. The figures distinguish the x-pol and y-pol CLs by using different color regions. It can
be observed that within the ranges of 0.55pym <1 <<0.74pm and 0.35um < f4<<0.65um, the deep blue-
purple regions indicate that the CLs for the two polarizations are below 7x10-® dB/m, demonstrating
that the structure exhibits broadband low-loss guiding characteristics. Additionally, from Figure 6c,
there is a small area where the birefringence value exceeds 1x10~, respectively, as is shown in Figure
6c. it shows that the fiber achieves higher birefringence by properly increasing #1 and decreasing ts.
Considering that it does not increase the birefringence significantly with the expense of FM loss. Thus,
£1=0.67um and £ =0.45 pm are selected as the optimal values.
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Figure 6. (a) The x-pol fundamental mode CL and (b) y-pol fundamental mode CL as functions of f1 and ts, and

(c) the birefringence as a function of f1 and #s at wavelength 1.55 pm.

The implementation of nested cladding tubes with uniform thickness enables phase-matched
optical confinement through a cascaded anti-resonance mechanism, effectively overcoming the
inherent light confinement limitations of single-layer cladding structures. So that the nested tube
parameters were optimized. we further investigated the influence of the inner nested cladding wall
thicknesses t=t>=ts=t" on the fiber loss and birefringence characteristics. Figure 7a presents the
calculated results of the x-pol and y-pol CL, birefringence, and effective refractive index. The results
show that as t’ the wall thickness increases, the fiber's CL has significant periodic variations,
corresponding to different resonance orders. From the electric field distributions at +’=0.45 pm and
0.75 um shown in Figure 7b, the fiber structure effectively confines the optical power within the anti-
resonance window of the core. Notably, when #'~0.75 um, the fiber operates under resonance
conditions, leading to a sharp increase in the fundamental mode loss and birefringence. Specifically,
in the region around #'=0.45 um, the fiber satisfies the anti-resonance confinement condition for the
coupled leakage light caused by the differential ' while maintaining excellent birefringence
performance. When #'=0.45 um, the fiber exhibits optimal transmission characteristics: the minimum
loss for x-pol is 3.2 dB/km, and the loss for y-pol is 1.2 dB/km. Ultimately, we select £1=0.67 pm,
£+=0.45 um, and #'==0.45 um to achieve the enhanced birefringence and optimal CL characteristics.
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Figure 7. (a) The effect of t' on the CL and birefringence, and (b) the electric field distributions of the x-pol and
y-pol fundamental modes calculated at wavelength 1.55 pum, along with #'=0.45 um and #'=0.75 pum.

3.5. Transmission Performance

In this section, we analyze the transmission performance of the fiber over the wavelength range
of 1.4-1.85 um. The optimal parameter combination is selected as follows: R; = 15.6um,R, =
10.2um, ay, = 15.5um, b, = 6.5um,t; = 0.67um, t, = 0.45um,t; = t, = ts = 0.45um, k; = 0.74,k, =
0.45,k; = 0.68, As illustrated in Figure 8a, within the wavelength range of 1.4-1.8 um, the
fundamental mode losses for both x-pol and y-pol exhibit a monotonically increasing trend with
wavelength. At wavelength 1.45 um, the minimum x-pol and y-pol fundamental mode losses are
0.0013 dB/m and 0.00082 dB/m, respectively. In the range of 1.42< A <1.75 um, the fundamental mode
losses for both x-pol and y-pol remain consistently below 8.8 dB/km. Figure 8b shows the
relationships between the effective refractive index and birefringence and wavelength. The effective
refractive indices for the x-pol and y-pol fundamental modes decrease monotonically with the
increasing wavelength, but the difference between them increases, leading to an initial rise and
subsequent decline in the birefringence. Nevertheless, the birefringence remains generally above
1.1x10. Figure 8c shows the electrical field distributions at wavelengths 1380 nm and 1550 nm,
demonstrating that the fiber confines the optical power well within the anti-resonance window at
wavelength 1550 nm. At wavelength 1380 nm the optical power is located at the edge of the resonance
band, and the mode field distribution undergoes the deformation.

1.5

0.9995 - - x-pol 1 1as
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Figure 8. (a) The x-pol and y-pol fundamental mode CLs as functions of wavelength, (b) the effective refractive
indices of the x-pol and y-pol fundamental modes, and birefringence as functions of wavelength, and (c) the
electrical field distributions of the x-pol and y-pol fundamental modes calculated at wavelengths 1380 nm and
1550nm.
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In addition, we calculated the higher-order mode (HOM) characteristics of the structure. As
shown in Figure 9a, the x-pol and y-pol fundamental mode losses are below 8.8 dB/km in the
wavelength range of 1.42 um to 1.8 um. In contrast, the HOM losses are significantly higher,
exceeding 100 dB/km. This is attributed to the similarity between the effective refractive indices of
the HOMs and the cladding modes, resulting in the increased coupling leakage losses. Figure 9b
shows the variations of HOMER and birefringence with wavelength. By carefully adjusting the ratio
between the inner and outer cladding dimensions, The higher-order mode suppression ratio reaches
21926 at 1.55um. HOMER > 241 is achieved over a broad wavelength range of 1.42 um to 1.8 pm,
HOMER > 1103 is achieved over a broad wavelength range of 1.46 um to 1.7 um, along with a
maximum HOMER of 32,079 observed within this communication band. This indicates that the fiber
maintains excellent HOM suppression performance across the wide wavelength range of 1.42 um to
1.8 um, while the birefringence remains above 1.1x10* throughout the operational wavelength range,
reaching a maximum value of 1.55x10™. Figure 9c shows the mode field distributions of the two
fundamental modes and different HOMs at wavelength 1.55 um. It reveals that the LP11, LP21, LPs,
and LP22 modes exhibit significant leakage into the cladding tubes. In contrast, the fundamental mode,
which has different effective refractive index from the cladding modes, is tightly confined within the
core region. Briefly, the designed PM-HC-ARF shows low loss, broad bandwidth, excellent single-
mode transmission characteristics, and high birefringence across the operational wavelength range

Il HOMER@x-pol
I 1 HOMER@y-pol

i Ii @ Birefringence
o %90
B - Il N R e

— 1100
10° - L

104 1 1 1 1 1 1 1 100 |
1400 1450 1500 1550 1600 1650 1700 1750 1400 1450 1500 1550 1600 1650 1700 1750 1§

Wavelength (nm) Wavelength (nm)

Figure 9. (a) The CLs of the FM and the HOMs (LP1, LP21, LP31, LP2), (b) the corresponding HOMER and
birefringence, and (c) the mode field distributions of the FM and HOMs.

Table 1 shows the comparison of the performances of the designed PM-HC-ARF with other
reported results. From Table 1, the proposed PM-HC-ARF exhibits excellent bend resistance, with a
loss of only 1.8 dB/km at 1.55 um when the bending radius exceeds 6 cm. Moreover, it achieves high
birefringence (1.45x10-*) and low loss (0.82-8.8 dB/km) over a bandwidth of Exceeding 380 nm. This
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structural optimization offers new insights for the theoretical design and manufacturing of high-
birefringence fibers. The fabrication process involves precision laser cutting of capillaries, combined
with a stacking and drawing method for preform manufacturing, and pressure regulation in the core
and cladding regions to ensure structural stability [36]

Table 1. Comparison of the performances of the designed PM-HC-ARF with other reported results.

Bendi
Ref. CL Birefringence Bandwidth n ding HOMER
resistance
185.0 dB
[37] 85.0 dB/km 9.1 x 10° 133nm >10cm No report
@1.589um
[38] 30dB/km @1.55pum; >1x10+4 460nm(<103dB/km) >4cm No report
[39] 460dB/km @1.55um >2.5%10"° 150nm - No report
[40] 4.8 dB/km@ 1.522pum >1.8x105 154nm >25cm No report
8.5dB/km@1.06pum:; 3.62x105; 172nm;
>
M1 5041dB/kme155um  9.83x10° 216nm 10em — No report
This 1.5dB/km@1.55um ~3em
work ‘ ZLAA0T 1 05x104, -380nm  (4.25 32,070
: : ‘ a ‘ >
0.82dB/km@1.45um dB/km) (>241)

3.6. Bending Performance

In the field of optical communication, the bending characteristics of optical fibers significantly
affect their performance. Notably, bending can induce the changes in the effective refractive index,
which may lead to interactions between different polarization modes, thereby impacting the stability
and quality of optical signals. For instance, the originally independent x-pol and y-pol modes may
couple due to bending, altering the polarization state of light and adversely affecting signal
transmission. To assess the loss of bent fibers, an equivalent model can be employed, where the bent
fiber is replaced with a straight fiber having the same refractive index distribution. In this model, the
equivalent refractive index n, of the bent fiber can be calculated [42].

n, =n(x,y)[1+ = J# ©)

bend
where n(r,y) represents the refractive index distribution of the straight fiber, Roend is the bending
radius of the fiber, and (x, y) denotes bending in the x or y direction. With these parameters, we
analyzed the optical performance before and after bending, as shown in Figure 8a. Under ideal
conditions, for 1.55 um, the straight fiber exhibits x-pol and y-pol CLs, and birefringence values of
0.0034 dB/m, 0.0015 dB/m, and 1.59x10, respectively.

Figure 10a,b present the variations in fundamental mode loss, effective refractive index, and
birefringence as a function of bending radius at wavelength 1.55 pm. From Figure 10a, it is evident
that the bending losses decrease as the bending radius increases in both the x-pol and y-pol directions.
When the bending radius exceeds 6 cm, the polarization-dependent loss stabilizes. Figure 10c show
how the electrical field distribution of the fundamental mode evolves as the bending radius changes
from 1 cm to 10 cm. From Figure 10c, as the bending radius decreases, the proportion of the electric
field coupled into the cladding region increases, leading to higher polarization losses. Notably, when
the fiber is bent in the x-direction, the x-pol and y-pol modes shift toward the right half of the
transmission path at smaller bending radii. This shift occurs due to the increase in curvature, which
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causes a sudden change in the propagation trajectory of the fundamental mode. Figure 10b indicates
that for the x-direction bending, the effective refractive indices of both polarizations remain nearly
constant, and the birefringence stays almost unchanged, with only a slight increase compared to the
ideal straight fiber. In contrast, for the y-direction bending, the effective refractive indices of the x-
pol and y-pol fundamental mode decrease as the bending radius increases, while the birefringence
increases as the bending radius decreases. This results in a consistently elevated birefringence level,
which gradually stabilizes as the bending radius increases. when the bending radius exceeds 6 cm,
the mechanical perturbations on the mode coupling become negligible. For a y-direction bending
radius of 6 cm, the x-pol loss is 0.0041 dB/m, the y-pol loss is 0.0022 dB/m, and the birefringence is
approximately 1.608 x 10 In comparison with other reported fibers, the proposed PM-HC-ARF
demonstrates significant advantages in terms of high birefringence and enhanced resistance to
bending-induced losses.
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Figure 10. (a) and (b) The impact of bending radius on various parameters, and (c) mode diagrams with bending
of 1 cm and 3 cm, respectively, in the x-direction and 6 cm in the y-direction. ( R=74.25um, Ri=15.6 um, R>=10.4
um, R3=5.62 um, Rs=10.2 uym, R5=6.93 um, f, = t3 = ty = t5 = 0.45um, and £=0.67 um.).

5. Conclusions

In summary, a novel PM-HC-AREF is proposed. The design integrates geometric polarization
maintenance and surface mode suppression, while a nested multi-layer structure is employed to
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further reduce the losses and enhance the transmission performance. Numerical simulation results
show that the proposed PM-HC-ARF achieves an ultra-low loss of 8.2x10* dB/m at 1.45 um, a
birefringence exceeding 1.45x107, and a polarization-maintaining bandwidth of 380 nm with x -pol,
y-pol loss below 8.8 dB/km within the communication wavelength range. Moreover, this fiber
demonstrates a maximum HOMER of over 32,070, The single-mode characteristics are excellent,
along with exceptional bending resistance characteristic. When the bending radius exceeds 3 cm, the
impacts on the loss and birefringence are negligible. It is believed that the proposed PM-HC-ARF
holds significant promise for polarization-sensitive applications, including fiber optic gyroscopes,
optical amplifiers, and hydrophones, etc.
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