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Abstract: Low-loss, high-birefringence, bend-resistant hollow-core anti-resonant fibers for infrared
wavelengths have important applications in the fields of precision interferometric sensing, laser
systems, and optical communications. In this paper, an eight-tube cladding quasi-symmetric hollow-
core anti-resonant fiber is proposed, and two other anti-resonant fibers are designed based on this
fiber structure. The finite element analysis method is used to numerically analyze the limiting loss,
birefringence coefficient, bending resistance, and other properties of the three optical fibers after the
optimized design. The results show that the limiting loss of the three optical fibers at A = 1.55 um is
lower than 10~ magnitude, and all of them obtain a birefringence coefficient of 10~* magnitude; at
the same time, the three optical fibers have their own characteristics and advantages, and the first
optical fiber can reach a birefringence coefficient of 9.25 x 10~* at A = 1.52 um.The limiting loss at
A =155 um is 3.42 x 10~° dB/km. The minimum bending radius of the three types of anti-resonant
fibers is less than 40 mm, which represents good bending characteristics, and the eight-tube cladding
quasi-symmetric optical fiber has a bending loss of less than 2.10 x 10~% dB/km when the bending
radius is 28 mm. The three types of optical fibers have obtained good results in improving the mutual
constraints between low limiting loss and high birefringence, with better results than the other two
types. The obtained results have high development potential.

Keywords: hollow-core anti-resonant fiber; high birefringence; low loss; bending characteristics

1. Introduction

Hollow core anti-resonant fiber (HC-ARF) has a light-conducting mechanism by
using air (or other gases) as the transmission medium, which has the characteristics of
large transmission window, low loss, low dispersion, low nonlinearity, and high damage
threshold [1-3].Coupled with the advantages of its simple structure, flexible design, and
easy compatibility of the preparation technology, it has an attractive application prospect
in the fields of optical communication [4], fiber optic sensing [5], etc., and the HC-ARF can
also be structurally adjusted to constitute a high-birefringence fiber with good performance,
which can provide multifaceted contributions in the fields of broadening signal transmission
modes, high-power pulsed laser output, and fiber sensing. It belongs to the new generation
of optical fibers with great development potential [6]. The current preparation process of
microstructured optical fiber is more mature, and the hollow core anti-resonant fiber can be
realized by adopting the commonly used stacking and pulling method. In order to avoid
the collapse of the embedded elliptical tube, the nitrogen access method is used to control
the air pressure in each part of the quartz glass tube, and the pulling is realized by adjusting
four parameters, namely, the pulling temperature, the pulling speed, the rod feeding speed,
and the air intake speed [7,8]. For birefringent fibers, solid-core fibers can introduce high
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birefringence (stress birefringence) either by asymmetric structure (shape birefringence) or
by constructing a non-uniform stress distribution in the fiber cross-section. However, the
nonlinear and thermal effects of solid-core materials limit the improvement of birefringence
performance, while hollow-core anti-resonant fibers can avoid such problems. The design
of birefringent anti-resonant optical fiber mainly considers the arrangement of air cladding
tubes, tube wall thickness, diameter and other factors. Proper layout of the cladding tube
can increase the effective refractive index difference between the transmission mode of
the core and the cladding mode, suppressing the coupling between the core mode and the
cladding mode, which is one of the important elements of the design of the key to reduce
the limiting loss of the air core anti-resonant fiber. In addition to reducing the limiting
loss, a good fiber structure should also have strong bending resistance. Current research
focuses on two aspects: designing simple, highly birefringent hollow-core anti-resonant
fibers to address the challenge of increasing the birefringence coefficient while reducing the
loss; and designing ultra-low-loss birefringent hollow-core anti-resonant structures with
reasonable structures and feasible preparation processes. In 2015, the Institute of Physics of
the Chinese Academy of Sciences (IOPCAS) introduced different wall-thickness cladding
tubes to achieve high birefringence for THz waveguides [9]; the University of Southampton
in 2015 [10] and 2016 [11] achieved high birefringence on the order of 10~* and 10 with
the lowest loss of 0.076 dB/m and 43 dB/km (1550 nm), respectively; in 2018 WEI Cheng-li
et al. put forward the idea of introducing birefringence in node-less negative curvature
hollow-core antiresonant fibers to achieve at 1550 nm birefringence of 1.3 x 107> with a
minimum loss of 20 dB/km [12]; the University of Bath, UK, reported an optical fiber with
a birefringence of 2.35 x 107> at a wavelength of 1550 nm, with a transmission loss of
0.46 dB/m, and completed the pulling work in 2019 [13]; and in 2020, YING HAN et al.
proposed a bias-preserving antiresonant optical fiber with a transmission loss of 0.46 dB/m
at 2.94 um, which can obtain a limiting loss of 2.8 x 1072 dB/m and a birefringence
of 1.4 x 107 for the x-and y-direction polarization modes [7]; in 2022, Zhangiang Hui
et al. proposed an ultra-low-loss hollow-core antiresonant terahertz photonic crystal fiber
with birefringence greater than 2.12 X 105 at 1.12 THz [14], where the characterization
of birefringence took place. The birefringence coefficient, which characterizes the key
performance of HC-AREF, reached the order of 10~% and the corresponding minimum
confinement loss was reduced to the order of 10~2 dB/km. Although some progress has
been made in solving the mutual constraints of birefringence and limiting loss, the problem
of balancing the improvement of the birefringence coefficient with the high quality of
the loss still exists. The high birefringence and low-loss HC-ARFs are still in the stage of
structural exploration and fabrication test, and the improvement of the mutual constraints
of birefringence and limiting loss through structural design still needs to be further explored,
and there is still a lot of room for improvement [15]. Both designs are based on the first
eight-tube hollow-core anti-resonant fiber structure with different auxiliary structures,
mainly aiming at exploring new ways to reduce the limiting loss while improving the
birefringence coefficient. Among them, according to the fact that photonic crystal cladding
has a better effect in reducing the limiting loss, a kind of photonic crystal outer cladding
anti-resonant fiber named P-EHAREF is designed; Another one is also based on the eight-
tube hollow-core anti-resonant fiber structure, and an elliptical capillary is embedded in
each of the four large-diameter resonances named N-EHARE, which is aimed at exploring,
through the formation of the multilayered anti-resonance cascade, to improve the anti-
resonance efficiency, reduce optical leakage, inhibit the cladding and core coupling and so
on, to carry out new exploration.

2. Working Principle
2.1. Anti-Resonant Fiber Light Guide Principle

There are two views on the principle of air-core anti-resonant fiber light conduction:
one believes that the coherent phase-canceling interference resonance formed at the inter-
face between the cladding tube region and the core light field localization makes the fiber
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form an anti-resonant light conduction in the air core [16]. In Figure 1, f is the light wave
propagation constant, k; is the longitudinal component of the light wave vector k, and k7 is
the transverse component of the light wave vector k. @4 is the phase of the direct transmis-
sion of kt through the glass, and @, is the phase of the secondary transmission of kt through
the glass after reflection, and when A® = ¢, — P, satisfies the Equation (1), resonance is
formed, and the light passes through the resonance cavity; and when A® = @1 — &, satis-
fies the Equation (2), anti-resonance is formed, and the light is reflected back to the empty
core to propagate. When the glass thickness t and wavelength satisfy Equation (3), the
anti-resonance can be formed to realize the long-distance transmission of light wave in the
empty core.
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Figure 1. Schematic diagram of resonance and anti-resonance conditions.

Another view, based on the theory of suppressed mode coupling, suggests that in
addition to satisfying the anti-resonance condition, in the HC-ARF hollow core with
negative curvature (dashed line in Figure 1), the surface normal vector of the core boundary
is in the opposite direction of the radial unit vector, which reduces the leakage of optical
signals from the hollow-core anti-resonance fibers, thus suppressing the coupling between
the core modes and the cladding modes, resulting in the propagation of optical signals of
the modes in the core. This requires an increase in the effective refractive index difference
between the transmission mode of the core and the mode in the cladding capillary.

2.2. Anti-Resonant Hollow Core Fiber Design

The cladding tube wall thickness ¢ is one of the key structural parameters of a hol-
low core anti-resonant fiber. Matching the appropriate £, the fiber operates at an anti-
resonant wave at low-loss operation. According to the matching relationship when the
anti-resonance effect occurs, the thickness of the cladding tube wall corresponding to the

low point of loss is:
. (m—05)A

/.2 2
2 ny —ng

(where m =1, 2, 3, 4 is the order of the mode field). n; is the refractive index of the cladding
tube wall glass material at the incident wavelength A, n;: refractive index of a gas.

®)

2.3. Birefringent Hollow-Core Anti-Resonant Fiber Design Conditions

Calculating the fiber birefringence coefficient B can be performed using the following
equation [17]:

ﬁ x /3 ‘

Y
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= s @
where B, and B, denote the mode propagation constants in the x and y polarization
directions, respectively, and n, and n, denote the effective refractive indices of the two

polarizations. When the cladding tube is introduced, with the change of the wall thickness
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of the cladding tube, the inverse cross-coupling phenomenon occurs between the fiber core
modes and the modes in the glass tube, and this coupling will change the local effective
refractive index. Optical fibers with high birefringence and single polarization transmission
characteristics can be obtained in this way. Theoretically, it is required to design the HC-
AREF structure with a wall thickness ¢ that satisfies the anti-resonance condition and also
facilitates the suppression of coupling between the core modes and the cladding tube
modes to prevent core mode leakage. Therefore, while introducing the tiny asymmetric
structure of the transverse cladding tube, the thickness ratio ¢  of the wall in the orthogonal
direction should also be considered, which can be referred to in the following equation [9]:

-1
c(m —1) <f< cm 5)
21’1,2 T‘l% — Tl% 2f1,2 I’Z% — I’l%

where c is the speed of light in vacuum, m is the mode order, n; and n; are the refractive
indices of the air and the anti-resonance layer, respectively (11 = 1, np = 1. 444). t; » denotes
the ratio of the thickness of the anti-resonance layer along the two orthogonal directions.

According to the above analysis, in this paper, the symmetry of the fiber cross-section
is destroyed mainly by changing the parameters of the fiber cladding wall thickness and
diameter, the embedded tube wall thickness, and the core diameter, which cause the internal
stress to increase An unevenly and interfere with the base mode’s polarization state simplex,
and achieve the birefringence phenomenon in which the propagation constants of the two
polarization states are unequal.

2.4. Limit Loss Analysis of Anti-Resonance Fiber

The design of anti-resonance optical fiber should try to consider reducing the overlap
between the mode field of the core and the quartz microstructure, which can effectively
reduce the scattering loss on the overlap surface of the mode field and the microstructure
of the cladding material, and at the same time, it can also obtain a wider light-conducting
passband, and one of the measures is to reduce the number of cladding tubes [18]. For
hollow-core fiber, the light energy is concentrated in the low refractive index of the hollow
core transmission, the absorption loss of the material is negligible, and its loss is mainly
expressed through the fiber structure of the core energy limiting ability, corresponding to
the limiting loss of [19]:

407104
cL= A-In(10) ©)

Nimag is the imaginary part of the effective refractive index of the mode, A is the free air

core wavelength in m, and the limiting loss is in dB/m.

3. Results
3.1. Design Principles and Basic Structure

( Basic compliance with the current fiber optic standards; (2) The principle of achiev-
ability of the drawing process to achieve a simple structure and to ensure the basic
symmetry; 3 Reference to Equations (3) and (5) to meet the structural characteristics
of birefringence. According to the structural characteristics of birefringence generated
by anti-resonance hollow core optical fiber, the structural parameters designed in this
paper focus on the order of cladding tube wall thickness ¢, the degree of symmetry of the
tube arrangement, the diameter of each cladding tube, etc. Based on the comprehensive
consideration of the design principles, this paper adopts the quasi-symmetric arrangement
of eight air tube air core cladding as the basic structure. The eight cladding tubes are
quartz glass tubes with air refractive index n; = 1 and glass tube wall refractive index
1y taken as 1.444. The birefringence of the conventional anti-resonance band of the air-
core anti-resonant fiber is achieved by optimally adjusting the thickness of the four main
cladding tube walls in the orthogonal direction. At the same time, a pair of small-diameter
cladding tubes are arranged in each of the +45-degree diagonal directions, which can play
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a role in reducing mode leakage and limiting loss, and also reduce the overlap between
the core mode field and the microstructure of the cladding tubes, which does not affect
the birefringence generation. Taking this as the basic structure, this paper expands the
design of two other structure types, One is the photonic crystal outer cladding combined
with the inner cladding structure of eight tubes; the other is the structure of elliptic tubes
nested in orthogonal cladding tubes, which forms a multilayered cascade and improves the
anti-resonance efficiency and reduces the energy loss. The finite element method is used
for numerical analysis, and the maximum cell and minimum cell divisions of the mode
field grid are specified as 1/5 A and 1/6 A. Three kinds of optical fibers are designed, the
boundary is circular, the electromagnetic wave mode field propagates along the radial di-
rection, the light is incident vertically on the boundary surface, and the scattering boundary
condition is adopted, the light does not easily form the reflection at the interface, and this
form of “absorbing” the light energy is the same as that of the perfect matching layer.

3.2. Optimized Design of Quasi-Symmetric Eight-Tube Hollow-Core Anti-Resonant Fiber
Structure (S-EHARF)

Figure 2 shows the S-EHARF structure with an arrangement of equal diameters of
cladding tubes in orthogonal directions. Firstly, considering that the curvature of the reso-
nant tube has a large influence on the quantum spacing of the anti-resonant transmission
band, through numerical simulation, dj, d», d3 are determined as 24.00 pm, 24.00 um,
13.80 um, respectively, then the corresponding core diameter is determined as 38.70 um,
and the wall thicknesses of t1, t;, and t3, respectively, are selected, which should ensure that
it is possible to produce the first anti-resonance band centered at approximately 19.35 pm.

d

Figure 2. Eight-tube hollow-core anti-resonant fiber structure and fundamental mode mode field. D
and d are the fiber diameter and core diameter, respectively; dy, dy, d3 are the diameter of the vertical
tube, the horizontal tube diameter and the 45° axis diagonal cladding tube diameter, respectively; ¢,
ty, t3 are the thickness of the vertical tube to the tube wall, the horizontal tube wall thickness and the
45° axis diagonal cladding tube wall thickness, respectively.

In order to enhance the birefringence effect, this experiment takes three values of
t1, such as 1.10 um, 1.13 pm, 1.15 um, etc, given that t, and f3 are 1.50 um and 2.00 um,
respectively. Numerical analysis is carried out using the finite element method to com-
prehensively examine the effects of the cladding tube wall thickness and the size of the
inner diameter of the tube on the fiber loss and birefringence, and the results are shown in
Table 1.

Table 1. Optimized data of structural parameters of S-EHAREF series (A = 1.55 um) Unit: um.

Modelnumber 1 ) 73 t1 tr t3 B/10—4 Attenuation Constant (dB/m)
S-EHARF-A 12 12 6.8 1.10 1.50 2.00 1.18 38.10, 7.61
S-EHARF-B 12 12 6.8 1.13 1.50 2.00 1.17 35.90, 6.80
S-EHAREF-C 12 12 6.8 1.15 1.50 2.00 1.17 39.00, 6.71
S-EHARF-D 12 12 8.6 0.16 0.74 1 0.70 5.01, 1.60
S-EHARF-E 12 12 8.6 0.16 0.76 1 1.20 6.60, 5.25
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The attenuation constants in Table 1 are finite element method ad hoc solution
terms whose physical units are defined as: optical signal attenuation per extended me-
ter of fiber, and the same units as those defined for the limiting loss CL, but with a
different characterization.

(1) When t; and t3 are 1.50 um and 2.00 um, respectively, and t; is taken as 1.10 um,
1.13 um, and 1.15 pm, respectively, it can be seen that the birefringence coefficient B is
larger and basically unchanged, which indicates that the effective refractive indices
in the tube modes and in the core maintain a larger degree of transmission phase
difference between them, which inhibits the coupling of the two modes and improves
the birefringence efficiency, but the corresponding attenuation constant is larger.

(2) When t; and t3 are 0.16 um and 1 pm, respectively, the birefringence coefficient B
increases with tp, both due to the increased thickness difference between the two
pairs of orthogonal resonance tube walls, which results in the enhanced asymmetry
between the x-and y-directions.

(3) The data in Table 1 show that among the S-EHAREF series of structures, the optimal
structure is SSEHARF-D with B = 0.7 x 10~* and an attenuation constant of 5.01 dB/m.

3.3. Optimized Design of Photonic Crystal Cladding Eight-Tube Quasi-Symmetric Empty Core
Anti-Resonant Fiber (P-EHARF) Structure

Due to changing the photonic crystal structure parameters to form different lattice
structures, the effective refractive index magnitude in the fiber cross-section space can
be modulated to achieve low-loss and high-efficiency mode power output [20-22]. The
photonic crystal is considered as an outer cladding layer to be incorporated into the design
of the hollow-core anti-resonant birefringent structure, see Figure 3. The design idea follows
the aforementioned basic principles.

Figure 3. Photonic crystal cladding-octatube symmetric hollow-core anti-resonant fiber structure and
fundamental mode mode field. D and d are the outer diameter and inner cladding diameter of the
fiber, respectively; dy, dy, d3 are the diameter of the tube in vertical direction, the diameter of the tube
in the horizontal direction and the diameter of the cladding tube diagonally at 45° axis, respectively;
t1, by, t3 are the thickness of the wall of the tube in the vertical direction, the thickness of the wall
of the tube in the horizontal direction and the thickness of the cladding tube diagonally at 45°axis,
respectively; and ! is the diameter of the outer cladding small circle.

The performance optimization design data of the fibers are provided in Table 2, from
which it can be seen that the birefringence orders of magnitude of the four P-EHAREF struc-
tures are up to, indicating that all four structures are high birefringence anti-resonant fibers.

(1) The attenuation constant of P-EHARF-D is lower, when the diameter of the fundamen-
tal mode increases and the energy leakage decreases, and the symmetry of the struc-
ture is changed by fine-tuning t,, which has a greater impact on the loss performance.

(2) The r3 and t, of P-EHARF-D are reduced, but the birefringence performance and
attenuation constant are also reduced. Due to the reduction in the two parameters, the
inner cladding tube core mode overlap is reduced and the symmetry of the structure is
changed, resulting in the improvement of the birefringence coefficient, and the mode
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coupling between the resonant tube and the core is strongly suppressed, reducing
the loss.

Table 2. Optimized data of structural parameters of P-EHAREF series (A = 1.55 um) Unit: um.

Modelnumber 1 2 3 t1 tr t3 B/10—4 Attenuation Constant (dB/m)
P-EHARF-A 16 16 11.04 0.135 0.75 0.95 1.20 8.12,7.34
P-EHARF-B 16 16 11.04 0.135 0.75 0.955 1.20 7.65,8.21
P-EHARF-C 16 16 11.08 0.135 0.75 0.955 1.20 8.80, 8.62
P-EHAREF-D 16 16 11.04 0.135 0.74 0.955 1.23 6.39,4.53

3.4. Optimized Design of the Structure of Embedded Elliptical Tube Hollow Core Anti-Resonant
Fiber (N-EHARF)

Adopting the arrangement of unequal diameters of resonant tubes in the orthogonal
direction, considering that the curvature of the resonant tubes has a large influence on the
quantum spacing of the anti-resonant transmission bands, r1, rp, and r3 are determined to
be 19.00 pm, 28.00 pm, and 10.00 um, respectively, and the corresponding wall thicknesses
of the respective tubes are t1, t, and t3, respectively, to ensure that the first anti-resonant
transmission band centered around 19.35 pm can be produced, as shown in Figure 4.

d

Figure 4. Eight-tube embedded elliptical tube hollow core anti-resonant fiber structure and funda-
mental mode mode field. D and d are the outer and inner cladding diameters of the optical fiber,
respectively; di, dp, d3 are the diameters of the tube in the vertical direction, the diameter of the
tube in the horizontal direction, and the diameter of the cladding tube diagonally at the 45° axis,
respectively; t1, t, t3 are the thicknesses of the wall of the tube in the vertical direction, the thickness
of the wall of the tube in the horizontal direction, and the thickness of the wall of the cladding tube
diagonally at the 45°axis, respectively; and a1, a, are the lengths of the elliptical tubes in the vertical
direction and the lengths of the elliptical tubes in the horizontal direction in terms of the lengths of
the long axes of the elliptical tubes. by, by are the length of the short axis of the vertical direction
elliptic tube and horizontal direction elliptic tube, respectively.

In order to ensure the generation of birefringence effect and to reduce the fiber limiting
loss. N-EHAREF series of anti-resonant birefringent fibers, in addition to changing the
structural parameters of the circular tube, the structural parameters of the nested ellipsoid
have to be changed. The nested structure is established to obtain good single-mode
characteristics in addition to increasing the anti-resonant layer to reduce optical leakage
and suppressing cladding and core mode coupling. In this experiment, 1.10 um, 1.13 um,
and 1.15 pm are taken for #; under the optimization of ¢, and ¢3 of 1.50 um and 2.00 um,
respectively. Numerical simulations were carried out using the finite element method and
the results are shown in Table 3.
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Table 3. Optimized data of structural parameters of N-EHARF series (A = 1.55 um) Unit: um.
Ellipticity _a Attenuation
Modelnumber 1 2 r3 t1 tr t3 Value B/10 Constant (dB/m)
N-EHARF-A 19 28 10 1 1.43 2.11 1.67,1.82 0.4 0.64,0.034
N-EHARF-B 19 28 10 1 1.43 2 1.67,1.82 0.5 8.13,0.099
N-EHARE-C 19 28 10 1 1.45 2 1.67,1.82 0.6 0.13,1.22
N-EHARF-D 205 28 10 0.33 1.43 2 1.67,1.82 0.7 0.22,1.12
N-EHARF-E 20 28 10 0.33 1.43 2 1.67,1.82 0.8 0.29,3.29
N-EHARF-F 20 28 10 o033 VA3 (Theelliptical wall 1.67,1.82 0.9 (1.2) 1.12,0.22

thickness is 1.52)

(1) N-EHARF-A~N-EHAREF-C are all transverse long semiaxis embedded ellipsoids, and
the long semiaxis of the embedded ellipsoids of the orthogonally oriented circular
tubes are all transverse. And the ellipticity is 0.5 and the wall thickness is 1.43 pm.
Among them, N-EHARF-A has the best birefringent system performance and N-
EHAREF-C has the best loss limiting performance.

(2) N-EHARF-D and N-EHAREF-E are orthogonal embedded ellipsoids, both with el-
lipticity e = 0.45 and wall thicknesses of t,. When other parameters of the two
N-EHAREFs are kept constant and only the ellipsoid wall thicknesses are varied to
1.14, the B is reduced to 0.4 x 10~% but the attenuation constant is reduced to 102
order of magnitude.

(3) The N-EHARE-F parameters are the same as in (2), and the wall thickness of this
ellipse is 1.52 um, at which time B = 1.20 x 10~ and the attenuation constants are
1.12dB/m and 0.22 dB/m, respectively. Comparing the results, the N-EHARF-F
structure is the optimal structure.

4. Simulation Experiments and Discussion
4.1. Effect of Transverse Cladding Tube Wall Thickness t,, Wavelength A on Limiting Loss CL

Figure 5 shows the loss profiles of the three optimized fibers with ¢, at A = 1.55 um.
Figure 5a shows that S-EHARF-D exhibits fluctuating changes in CL with increasing t,
in the range of 1.49 um-1.63 um, and the lowest loss is found at f; = 1.52 um, which is
1.04 x 1073 dB/km; Figure 5b shows that P-EHARF-D exhibits an overall increase in CL
when increasing in the range of ¢, of 0.65 um-0.80 um The lowest loss occurs at f; = 0.66 um,
which is 5.53 x dB/km, indicating that t,/t; is larger when t; is fixed, at which time the
anti-resonance effect is stronger, and the structural forbidden-band effect of the outer
cladding layer of the photonic crystal suppresses the mode coupling between the core
and the cladding layer. Figure 5c shows that the fluctuation of the loss of the N-EHARF-F
structure within ¢, = 0.10 um is obvious, indicating that this structure is sensitive to t;, and
the CL is the lowest at f, = 1.28 um, which is 5.33 x 10~* dB/km, due to the resonator tube
multilayer reflective cascade effect.

Figure 6 shows limiting loss maps of the three optimized optical fibers operating at
wavelengths in the range of 1.00 um-2.00 um. Table 4 lists their losses at A = 1.31 pm,
1.55 um, and 1.80 um. Figure 6a reflects a large loss peak at A = 1.48 um for S-EHARF-D,
indicating a significant resonance in the cladding tube here. Other than that, the other
bands are in the smooth anti-resonance guiding band, and the losses are all less than
10~2 dB/km, but with a slight increase in wavelength, and the lowest loss is at A = 1.22 um,
which is 1.36 x dB/km; Figure 6b shows that the loss of the P-EHARF-D structure with
the wavelength increase basically shows a fluctuating upward trend, and the loss in the
low wavelength band is less than 10~® magnitude, and the lowest loss is at A = 1.12 pum
with a CL of 2.86 x 10~° dB/km. Figure 6c shows that the limiting loss of the N-EHARF-F
structure is less than dB/km in several major operating windows, indicating that the the
elliptical inner sleeve can suppress the coupling between the tube mode and the core
mode, resulting in lower confinement loss, and the lowest loss is 6.80 x 1078 dB/km at
A =1.09 um.
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Figure 6. Limiting loss maps of three optical fibers: (a) SSEHARE-D limiting loss-A curve; (b) P-
EHARF-D limiting loss-A curve; (¢) N-EHAREF-F limiting loss-A curve.

Table 4. Limiting loss of three optical fibers in O + S + L + U communication bands.

S-EHAREF-D Limit P-EHARF-D Limit N-EHAREF-F Limit

Wavelength (um) Loss (dB/km) Loss (dB/km) Loss (dB/km)
1.31 5.73 x 1074 5.66 x 10~° 1.59 x 104
1.55 1.10 x 1072 2.32 x 1074 342 x 107°
1.80 2.20 x 1072 1.80 x 1074 2.68 x 1074

The data in Table 4 show that the three fibers in this paper produce anti-resonance at
1.31 um and 1.55 um, and the CL is less than 10~2 dB/km order of magnitude, which is
close to or even better than the results of the current research in this field.

4.2. Effect of Transverse Resonant Tube Wall Thickness t,, Wavelength A on the Birefringence
Coefficient B

Figure 7 shows the variation of birefringence coefficient B with ¢, for the three opti-
mized fibers at A = 1.55 um. As can be seen from Figure 7a, the birefringence coefficient of
S-EHAREF-D stays in the order of ¢, in the range of 1.49 um-1.59 um at t,, indicating that the
relative change of f; is small, at which time the structural asymmetry is more stable, and
the B reaches 7.15 x 10~% at t, = 1.58 pum; Figure 7b shows that the birefringence coefficient
of P-EHARF-D is in the ¢, of 0.64 um-0.8 pm range, the birefringence shows one significant
fluctuation, and the tight air-hole arrangement of the photonic crystal cladding leads to
an increase in the spacing rate of change, resulting in the asymmetry of the local structure,
which excites the increase in the birefringence coefficient, and the birefringence reaches
a maximum of 1.25 x 10™* at t, = 0.75 um; Figure 7c shows the N-EHARF-F structure
reaches a maximum of 7.15 x 10~# at t; of 1.27 um~-1.37 um range, the birefringence is
more variable with the magnitude of B between 10~6-10~* orders of magnitude, and the
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birefringence coefficient is increased compared with that of the P-EHARF-D structure. At
ty = 1.34 um, the birefringence reaches a maximum of 1.60 x 1074, Overall, among the
three optimized fibers, the highest birefringence coefficient is found in S-EHARF-D.
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Figure 7. Effect of t; on the birefringence pattern of three optical fibers at A = 1.55 um: (a) SSEHARF-D
bire fringence-t, curve; (b) P-EHAREF-D birefringence with-t; curve; (c) N-EHARF-F birefringence
with-f, curve.
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Figure 8 shows the wavelength effect pattern on the birefringence performance of the
first and third optimized fibers in the wavelength range of 1 um—-2 pm and the second
optimized fiber in the wavelength range of 0.6 um-2 um after optimizing f; and ;. The
plots show that the birefringence of all three structures is obviously fluctuating, reflecting
the periodicity of the coherent phase cancellation of the interference between the cladding
and the empty core of the anti-resonant fiber. Figure 8a reflects that S-EHARF-D has all
B below in the 1.20 pm-1.30 pm band, and the birefringence fluctuation is the largest in
the 1.31 um~-2.00 pm band, indicating that the birefringence of this structure is the most
sensitive to the wavelength change, and B is all higher than 10~* and reaches the maximum
value of 9.25 x 10~* at the wavelength of 1.52 um. The birefringence for the wavelength of
1.55 um has a birefringence coefficient of 2.24 x 10~*%; Figure 8b shows that the birefringence
of P-EHARF-D is more stable in the near-infrared (NIR) band, which is between the orders
of magnitude of 10~°~10~*, with a birefringence of 1.12 x 10~* at a wavelength of 1.55 pum;
Figure 8c shows that, in the NIR band of 1.00 um-1.85 um, both B are higher, and the
birefringence at a wavelength of 1.75 um reaches a maximum value of 4.87 x 1074 A has a
birefringence coefficient of 1.35 x 10~% at 1.55 pum.
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Figure 8. Effect of wavelength on the birefringence law for the three fibers with the optimum ¢, kept
constant: (a) B-A curve of S-EHARF-D; (b) B-A curve of P-EHARF-D; (c¢) B-A curve of N-EHARF-F.

4.3. Bending Characteristics of the Three Structures

Opttical fibers often cannot avoid the problem of bending in the actual application
process. Fiber bending affects the coupling of each mode in the fiber, which in turn causes
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Bend loss(dB/km)

107
T

the core mode leakage. At the same time, due to the change in the effective refractive index
of the modes, which in turn generates bending loss. The bending characteristics of optical
fibers are usually characterized by the following equation [14]:

ny = n(x,y)exp(P/ Ry) )

Ry is the bending radius, P is the bending direction of the fiber, n(x, y) is the effective
refractive index of the straight fiber, and ny, is the effective refractive index after bending.

Figure 9 shows the bending loss spectra of the three fibers, while the bending funda-
mental mode mode field diagrams of the three anti-resonance structured fibers are inserted
separately. The bending direction of the first two structures is in the x-axis direction, and
the bending direction of the third structure is in the y-axis direction. The polarization
direction is shown in the mode field inset within the figure; n;, and the bending radius are
approximated as a linear incremental function; Figure 9a shows the bending loss charac-
teristics of the S-EHARF-D structure, presenting a kind of symmetric curve centered at
Ry = 30 mm, which shows that at R, = 30 mm, the core mode and the tube mode undergo a
strong coupling of the anticrossover type, and the loss peak occurs in the loss spectrum of
the fiber [20], which is 5.80 dB/km and at bending radius of 28 mm, the bending loss is
2.10 x 1073 dB/km, and the fiber core maintains single-mode low-loss transmission, which
indicates that the SSEHAREF-D structure has a strong bending resistance. Figure 9b shows
that the P-EHARF-D bending loss is greatly affected by the bending radius, which is influ-
enced by the photonic crystal cladding, and there are multiple peaks, and the bending loss
is basically stabilized in the order of 10~3. At a bending radius of 35 mm, the bending loss is
3.10 x 1072 dB/km. The lowest bending radius of this structure is relatively large, and the
advantage of the photonic crystal cladding structure is that it is suitable for improving and
enhancing the bending resistance of the internal resonator when the bending radius is large
by flexibly regulating the cladding structure. However, the complex cladding structure
tends to affect the deformation of the internal structure, so the bending radius is limited.
This is also consistent with the structural characteristics of hollow-core anti-resonant fibers
with photonic crystal cladding. Figure 9c shows that the core energy is basically not leaked
after bending of the N-EHARF-F fiber, and the bending loss is stabilized at the order of
10~* with the increase in the bending radius, which is superior to that of the previous two
structures, and the bending loss is 1.10 x 10~ dB/km at 35 mm.
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Figure 9. Bending loss-bending radius curves for three fibers: (a) BL-R; curve of S-EHARF-D;
(b) BL-Ry, of P-EHARF-D; (c) BL-R,, curve of N-EHARF-F.

4.4. Comprehensive Performance Analysis of Three Optimized Optical Fibers

According to the above simulation experiments and numerical calculations, the com-
prehensive performance of the three optimized structure anti-resonant optical fibers is
shown in Table 5. A brief analysis is as follows:
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Table 5. Performance data of three hollow-core anti-resonant birefringent fibers designed in

this paper.
Structural Birefringence Limit Loss Minimum Loss Bendu}g . Studies by cher
Structure Type ‘e o Characteristics Scholars in
Characteristics B/10 dB/km dB/km
dB/km Recent Years
Quasi-symmetric wavelength = wavelength = wavelength = R, = 28 mm B=1x10"*
S-EHARF-D octa-hollow core 1.55 um 1.55 um 1.22 pm BL E; 1x10°3 CL =20dB/km
tube cladding B=224 x107* CL=110x10"2 CL=1.36 x 107* - [12]
Photonic crystal B=12 x 10-*
outer cladding Wavelength = wavelength = wavelength = R = 35 mm CL_ - '2 dB/k
P-EHAREF-D combined with 1.55 pm 1.55 um 1.12 pm BL E; 1% 10-3 1 ;dB/k m
octal hollow core  B=1.12x10"%  CL=232x10"%* CL=286x10"° e T3] m
inner cladding )
Orthggonal 4 wavelength = wavelength = wavelength = B=9.1x 107
cladding tubes Ry =35mm
N-EHARF-F embedded in 1.55 um 1.55 um 1.09 pm BL=46 x 104 CL =185dB/km
- B=1.35x10"* CL=342x10"° CL=6.80x 1078 o [15]
elliptical tubes

1. The three kinds of optical fibers meet the high birefringence while the limiting loss
is lower than 102 dB/km order of magnitude, and the lowest loss of N-EHARF-F
reaches 3.42 x 107° at A = 1.55 um, which indicates that the elliptical inner-tube
anti-resonant optical fiber realizes the ultra-low loss;

2. The birefringence coefficients of the three fibers at the wavelength of 1.55 um reach,
and the birefringence coefficient of SEHARF-D reaches 2.24 x 10—%, which is valuable
for the development of long-distance communication fibers;

3. The three fibers show good bending characteristics, the minimum bending radius is
lower than 40 um, and the bending radius of S-EHARF-D is 28 mm, and its structure
is simple, which represents a good performance of low-loss high birefringence anti-
resonance fiber.

5. Conclusions

In this paper, three kinds of low-loss, high-birefringence hollow-core anti-resonant
fibers are optimally designed based on the eight-tube hollow-core anti-resonant structure,
by focusing on regulating the transverse tube wall thickness t;, and numerical analyses
of the performance of the three optimized optical fiber modes are performed using the
finite element method. The results show that the birefringence coefficients at 1.55 um are
all up to, and the birefringence coefficient of SSEHARF-D is up to 2.24 x 10~%; the limiting
losses are all lower than 10~2 dB/km, and the lowest loss of N-EHARF-F is 3.42 x 10~5;
and the three kinds of optical fibers with a bending radius of more than 35 mm have losses
lower than 1072 dB/km, and the bending loss of S-EHARF-D is 2.1 x 10~3 dB/km when
the bending radius is 28 mm. The three hollow-core birefringent anti-resonant fibers have
their own characteristics and advantages, showing good low-loss and high-birefringent
fiber performance. New development ideas and solutions are provided for low-loss bias-
preserving mode transmission and corresponding polarization devices.

Due to the complex structure of the three structures of air resonator tubes designed in
this paper, difficulties and limitations may be found in the current practical preparation
techniques; however, with the emergence of various new structures of optical fibers, there
have been many innovative preparation techniques effectively practiced, for example, in
2021, Julie Carcreff and others from the University of Rennes, France [24], printed for the
first time, by using 3D printing technology, hollow-core vulcanized glass PCF preforms. It
seems that 3D printing may be a trend in the future for PCF preform fabrication, and the
advantage of 3D printing is that it can produce any complex structure, which is beneficial
to the future development of fiber optics.
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