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For the purpose of satisfying the demands of polarization-maintaining fibers for fiber optic gyroscopes, this article proposes a
semicircular cladding birefringent hollow-core anti-resonant fiber. &e influence of structural parameters on the birefringence,
loss, and bending loss of the fiber is studied. &e simulation results demonstrate that at 1550 nm, the ultimate loss of the
fundamental mode of x and y polarization is 1.76 dB/m and 0.93 dB/m, respectively. &e birefringence can reach 1× 10−4, and the
wavelength range of birefringence greater than 10−4 can reach 60 nm. &is indicates that it has excellent bending properties. &e
proposed optical fiber has excellent performance in polarization maintenance and can supply ideas for the research of high-
precision fiber optic gyroscopes and other optical devices.

1. Introduction

High-precision fiber optic gyroscopes have extremely
important military and commercial application values
[1, 2], and high-birefringence fiber as a core element has
always been the focal point of scientific research. &e
sensitive ring is the core component of the fiber optic
gyroscope made of polarization-maintaining fiber. &e
traditional polarization-maintaining fiber has a compli-
cated manufacturing process, and Ge ion needs to be
added to the fiber core. In the high-radiation environ-
ment, Ge ion will diffuse outwards which will result in a
decrease in the refractive index of the fiber core, causing
the loss of the fiber to increase greatly. &us, the fiber
optic gyroscope cannot work for a long time in the ra-
diation environment [3]. Compared with traditional
polarization-maintaining fibers, the microstructure fibers
(MOFs) obtain birefringence through the asymmetry of
structure. &erefore, it solves the problem of environ-
mental adaptability under high-radiation working con-
ditions from the source. Additionally, large bending loss
and small birefringence are the serious shortcomings of

traditional polarization-maintaining fibers, while polar-
ization-maintaining MOFs can reduce bending loss and
increase birefringence by changing the structure [4–6].

In recent years, MOFs have become a research hotspot
due to their flexibility in design. According to the light-
guiding mechanism, MOFs can be divided into hollow-core
MOFs and solid-core MOFs. &ere are two kinds of light-
guiding mechanisms of hollow-core MOFs: hollow-core
photonic band gap fiber (HC-PBGF) and hollow-core anti-
resonant fiber (HC-ARF); light propagates by suppressing
the coupling between core and cladding modes [7]. HC-ARF
has the advantages of extremely low transmission loss, low
bending loss, low dispersion, and large bandwidth which has
aroused great interest [8–10]. &ese advantages make it have
broad application prospects in pulse compression, ultrashort
pulse transmission, data communication [11], super-
continuum generation [12], quantum optics, etc.

At present, the main issue of research is the influence of
the core diameter of the hollow fiber on the total loss.
Transmission loss decreases as the core diameter increases;
however, the larger core will cause multimode operation.
&erefore, careful engineering design of the geometry and

Hindawi
International Journal of Optics
Volume 2021, Article ID 5520142, 10 pages
https://doi.org/10.1155/2021/5520142

mailto:liushuo@hebut.edu.cn
https://orcid.org/0000-0002-3092-7638
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5520142


size of the fiber is indispensable to achieve low loss in the
single-mode working area [13]. For the purpose of adjusting
the modal properties and reducing the total loss, several
types of HC-ARF have been reported, including circular
anti-resonant tubes [14, 15], ice cream cone-shaped negative
curvature anti-resonant tubes [16], hexagonal structures
[17], nested tubular structure [18], elliptical anti-resonant
tube [19], and non-nested anti-resonant node [20]. Among
them, the HC-ARF proposed by Mousavi et al. can simul-
taneously improve the birefringence and reduce the loss.&e
maximum birefringence of the HC-ARF is 1.5×10−4, and
the loss is less than 1 dB/m [21].

In terms of polarization-maintaining fibers and optical
devices, solid-core fibers can achieve high birefringence
easily through asymmetric cladding structure. HC-ARF
achieves high birefringence in a way different from solid-
core fibers, and due to the light-guiding mechanism of HC-
ARF, single-mode single-polarization can be achieved
through mode coupling. In addition, HC-ARF has less
nonlinearity, negligible dispersion, and low loss [22].
Compared with HC-PBGF, HC-ARF has an uncomplicated
cladding structure, wider transmission passband, more
flexible design freedom, and lower loss. &erefore, HC-ARF
can be applied as a polarization-maintaining fiber to supply
ideas for the research of high-precision fiber optic gyro-
scopes and other optical devices.

2. Structure and Methods

&e cladding structure of HC-ARF is simple. In the commu-
nication band, it is generally composed of quartz ring and
elliptical ring. &e design structure of HC-ARF is shown in
Figure 1. &e cladding is a double semicircle ring structure.
&ere are two asymmetric semicircles in the x direction and the
y direction, and the arrangement is also different. In the x
direction, the first layer is the orange area near the core with
thickness th1, and the second layer is the purple area with
thickness th2. &ickness arrangement in the y direction is
opposite to that in the x direction.Z1 is the distance between two
semicircles in the x direction, andZ2 is the distance between two
semicircles in the y direction. R1 and R2 are the radii of two
semicircles in the x direction, and R3 and R4 are the radii of two
semicircles in the y direction. Ra and Rb are the radii of the
rectangular-like core in the x and y directions. Compared with
double circle ring, double semicircle ring can change Z1 in the
same radian because the core of the semicircle can be the same
one. And the change range of the parameters of the semicircle
ring will be wider than the circle ring. &e birefringence was
caused by asymmetric semicircles in x and y directions. And the
different arrangements of thickness in x and y directions will
generate birefringence according to reference [21]. So, the
structure can achieve high birefringence.

With the advancement of optical fiber manufacturing
technology, especially the development of technology for
hypocycloid-core Kagome fiber [23, 24] and negative cur-
vature fiber [25, 26], it should be feasible to draw multilayer
ARF. Similar hollow fibers have been made by stacking and
stretching processes [27]. We only need to use different sizes

of rods and capillaries for proper stacking design. During the
fiber draw process, the tension is effectively controlled to
improve the bending loss of the fiber.

In the numerical simulation, the perfectly matched layer
is used as the outer boundary condition, as shown in Fig-
ure 1. Assume that the light incident on the interface be-
tween the perfectly matched layer and the optical fiber outer
layer is completely absorbed and there is no reflection. Silica
with a refractive index of 1.444 is used as the optical fiber
material. &e structure parameters are th1 � 1.37 μm,
th2 �1.18 μm, R1 � 13 μm, R2 � 20.1 μm, R3 �11.5 μm, and
R4 �17 μm.&e semirings are distributed in the center of the
fiber tube wall.

&e optical phase difference through the high refractive
index area with or without reflection can be expressed by the
following formula:

ΔΦ � Φ1 −Φ0 � (2m − 1)π, (1)

where m is any positive integer. When the core mode and
cladding mode are uncoupled or weakly coupled, the loss of
the fiber is small, and the limiting loss of the fiber can be
calculated:

Loss � 8.686k0Im neff( , (2)

where k0 � 2π/λ and Im(neff) is the imaginary part of the
effective refractive index of the desired mode. When the
thickness is determined as th1 � 1.37 μm and th2 �1.18 μm,
the fiber resonance wavelength can be determined to be
1427 nm and 1229 nm according to formula (1). A high loss
area is formed near the resonant wavelength. As shown in
Figure 2, the gray region is a resonant region formed by two
resonant wavelengths. In the resonant region, the light loss is
large and light cannot be transmitted. Figure 2 shows the
limiting loss curve from 1000 nm to 1700 nm, and the
limiting loss is calculated by formula (2).
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Figure 1: Structure of the proposed fiber.
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As shown in Figures 3(a) and 3(b), in the first resonance
region, when the light wavelength is 1.21 μm, the x-polarized
fundamental mode has diffused into the cladding in the y
direction, and the y-polarized fundamental mode has been
coupled with the cladding wall mode into the cladding.
&erefore, the light leaks into the cladding in the y direction
in the first resonance region. As shown in Figures 3(c) and
3(d), in the second resonance region, when the light
wavelength is 1.42 μm, both the x polarization fundamental
mode and the y polarization fundamental mode diffuse in
the x direction. &erefore, in the second resonance region,
light diffuses from the x direction to the cladding. As shown
in Figures 3(e) and 3(f ), when the wavelength of light is
1.55 μm, in the anti-resonant region, the light in either the x
direction or the y direction is confined in the core.

As shown in Figure 3, the transmission of fundamental
mode in optical fiber is actually the transmission of de-
generate mode in two polarization directions. &e refractive
index of these two degenerate modes is extremely close and
easy to couple. &is phenomenon is not allowed in optical
systems with polarization requirements. For the purpose of
suppressing this phenomenon, increasing the propagation
constant difference between the two lights is necessary. As
shown in formula (3), increasing the propagation constant
difference means increasing the mode birefringence of the
fiber. &e mode birefringence B is defined as

B �
βx − βy





k0
� nx − ny



, (3)

where βx and βy are the propagation constants of x and y
polarization modes, k0 is the wave number, and nx and ny are
the effective refractive indices of x and y polarization modes.

&e birefringence in the anti-resonant region is
shown in Figure 4. In the first anti-resonant region, the

birefringence is small and does not satisfy the require-
ments. In the second anti-resonant region, the bire-
fringence can reach 10−4. However, according to Figure 2,
the loss in the second anti-resonant region is relatively
large, which does not satisfy the requirements. In the
third anti-resonant region, the birefringence first de-
creases, then increases, and then decreases. &e bire-
fringence is greater than 10−4 near the wavelength of
1550 nm. According to Figure 2, in this region, the loss of
the fundamental mode of the x polarization and y po-
larization of the fiber is very small. &erefore, the region
of high birefringence and low loss appears near the
wavelength of 1550 nm.

3. Results and Discussion

&e full-vector finite element method is used to explore the
influence of the change of fiber structure parameters on the
performance of the fiber. It mainly includes the effects on
fiber birefringence, loss, and bending loss. &e optimal
structural parameters are obtained by changing some
structural parameters. &e discussion of structural param-
eters in this section selects a fixed wavelength of 1550 nm.

3.1. 1e Influence of the Distance between Semicircular Rings.
First of all, keep the other parameter values unchanged and
change the spacing Z1 of the double-layer semicircular ring
in the x direction, as shown in Figure 5; when the distance Z1
between the semicircular rings increases, the birefringence
increases, and the highest can reach 6×10−5.&e loss of the x
polarization fundamental mode first decreases and then
increases, reaching a minimum of 0.86 dB/m when
Z1 � 5.73 μm. &e loss of the y polarization fundamental
mode also decreases first and then increases. When Z1
changes in the early period, the loss of the y polarization
fundamental mode is not obvious. When the distance of Z1
increases, the loss of the y polarization fundamental mode
increases significantly. Compared with the loss of the fun-
damental mode of x polarization, the loss of the fundamental
mode of y polarization has little change when Z1 � 4 μm and
6 μm. When Z1 � 4.5 μm, the smallest loss of the y polari-
zation state is 0.72 dB/m. In the following analysis,
Z1 � 5.73 μm is selected as the optimal parameter; at this
time, the losses of the y-polarized and x-polarized funda-
mental modes are 0.75 dB/m and 0.86 dB/m, respectively,
and the birefringence is 5.3×10−5. Under this condition,
although birefringence is not enough to satisfy the re-
quirements of PMF, the loss of x and y polarization state is
less than 1 dB/m.

It can be seen from Figure 5 that changing the distance Z1
of the two semicircles in the x direction has a great influence
on the birefringence and x polarization fundamental mode
loss of the fiber, but compared with the loss of the x polar-
ization fundamental mode, the influence on the loss of the y
polarization fundamental mode is not obvious.&is is because
the distance Z2 of y-direction semicircle is fixed which only
changes the distance Z1 of x-direction semicircle ring,
resulting in the influence on x-polarization fundamental
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Figure 2: Loss of x polarization mode and y polarization mode as a
function of wavelength.
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mode inevitable more than the y-polarization fundamental
mode.&e rectangular core region is necessary to improve the
birefringence. &e radius of two semicircular rings in the y
direction is smaller than that of the two semicircular rings in
the x direction; as a result, the influence on the fundamental
mode of y polarization is relatively small. &erefore, in the
following discussion on parameter changes, only the influence
of the change of the structural parameters in the x direction
on the fundamental mode of the x polarization is discussed
and then the change of birefringence is discussed, so as to
obtain the HC-ARF with high birefringence.

3.2. 1e Influence of the Size and Position of the Semicircle.
&rough the discussion of the distance Z1 of the cladding
semicircle in the x direction in the previous section, it is

determined that Z1 � 5.73 μm. &is section mainly discusses
the influence of the size and position of the double semicircle
in the x direction on the fundamental mode loss and bi-
refringence. First, keep the position of the double-layer
semicircle in the x direction of the cladding unchanged, and
then change the radius R2 of the semicircle in the x direction
to obtain the optimal R2 of the double-layer semicircle.&en,
ensure that R2 is unchanged and change the position of the
center of the semicircle to obtain the optimal position of the
double semicircle.

As shown in the schematic diagram of Figure 6(a),
ensure that the center of the semicircle in the x direction
remains unchanged and then change the size of the semi-
circle by changing R2. As shown in Figure 6(b), with the
increase of R2, the loss of the x polarization fundamental
mode gradually increases, and the loss of the y polarization
fundamental mode only increases slightly. However, the
increase is small compared to the x polarization fundamental
mode loss. &e birefringence between the x and y polari-
zation fundamental modes increases significantly with the
increase of R2. When R2 � 21.8 μm, the x and y polarization
fundamental mode losses are 1.76 dB/m and 0.93 dB/m,
respectively, and the birefringence is 1.0×10−4. At this time,
the loss is lower and the birefringence can also satisfy the
requirements. When R2 � 22.8 μm, the maximum birefrin-
gence can reach 1.6×10−4, but the losses in the basic modes
of the x and y polarization are increased to 3.98 dB/m and
1.31 dB/m, respectively. &is shows that in pursuit of
maximum birefringence, partial loss of the fundamental
mode must be sacrificed.

As shown in Figure 7(a), keep the radius R2 of the
semicircular ring unchanged, change the position of the
center of the semicircle, and define the distance from the

(a) (b) (c)

(d) (e) (f )

Figure 3: (a) x-polarized mode at 1.21 μm. (b) y-polarized mode at 1.21 μm. (c) x-polarized mode at 1.42 μm. (d) y-polarized mode at
1.42 μm. (e) x-polarized mode at 1.55 μm. (f) y-polarized mode at 1.55 μm.
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Figure 4: Birefringence as a function of wavelength.
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center of the semicircle to the core as Zc. As shown in
Figure 7(b), when Zc increases, the fundamental mode loss of
x polarization decreases significantly, the fundamental mode
loss of y polarization also decreases slightly but basically
remains unchanged, and birefringence shows a significant
reduction trend. When Zc � 28.7 μm, the center of the circle
is just right on the outer tube wall of the optical fiber, the x
and y polarization fundamental mode losses are 1.76 dB/m
and 0.93 dB/m, respectively, and the birefringence is
1.0×10−4. At this time, the loss of the optical fiber is low and
the birefringence is high, which can satisfy the requirements.

Actually, both the increase of R2 and the increase of Zc
change the shape of the core region. Comparing Figures 6(b)
and 7(b), it can be seen that when R2 increases or Zc de-
creases, the x direction area of the core decreases. &is in
turn leads to an increase in birefringence, a significant in-
crease in the loss of the fundamental mode of x polarization,
and a slight increase in the loss of the fundamental mode of y
polarization. &e difference between these two changes is
that the curvature in the x direction of the core is different,
but from the results, this difference cannot be reflected in
Figures 6(b) and 7(b). &erefore, in the next section, we will
only consider the influence of curvature change of semicircle
ring in x direction on fiber performance.

3.3. 1e Effect of Ellipticity. In this section, we study the
change of the ellipticity (e) of the semicircular ring in the x
direction when the other parameters remain unchanged.&e
ellipticity can be defined as

e �
ra

rb

. (4)

As shown in Figure 8(a), ra and rb, respectively, are the
semimajor axis and semiminor axis of the elliptical semi-
circular ring of the cladding. When the other parameters
remain unchanged, the ellipticity e can be changed by
changing rb. As shown in Figure 8(b), when the ellipticity e

increases, the birefringence of the fiber decreases rapidly,
indicating that the change of ellipticity e will greatly in-
fluence the birefringence. At the same time, it can be seen
from Figure 7(b) that when the ellipticity e increases in the x
direction, the loss of the x-polarized fundamental mode first
decreases and then increases. When e� 1.6, the lowest loss
obtained for the fundamental mode of x polarization is
0.67 dB/m.&e ellipticity e also has the great influence on the
y polarization fundamental mode loss. As e increases, the y
polarization fundamental mode loss keeps growing. &is
illustrates that when the ellipticity e increases, the constraint
on the y polarization fundamental mode decreases, resulting
in an increase in the y polarization fundamental mode loss.
And the birefringence decreases as the ellipticity increases.
When e� 0.9, the fundamental mode loss for the x polari-
zation is 1.87 dB/m and that for the y polarization is 0.88 dB/
m, and the birefringence is 1.05×10−4. When e� 1, the
fundamental mode losses of the x and y polarizations are
1.76 dB/m and 0.93 dB/m, respectively, and the birefringence
is 1.0×10−4. Compared with the result of e� 0.9, when e� 1,
the loss of the y-polarized fundamental mode is higher, but
the loss of the x-polarized fundamental mode is reduced
more. &erefore, it can be obviously seen that when ra is
unchanged, increasing rb appropriately can increase the
birefringence and reduce the loss of the y polarization
fundamental mode, so that the fiber has better polarization-
maintaining performance. However, considering that the
manufacturing process of the elliptical tube is more difficult,
e� 1 is selected in the following analysis.

3.4. Fiber Bending. In the fiber optic gyroscope, the polar-
ization-maintaining fiber can be applied as the sensitive ring,
and the sensitive ring is the core component of the fiber optic
gyroscope. &e better the bending performance of the
designed fiber is, the smaller the volume of the fiber optic
gyroscope can be and the more fields it can be applied to.
&erefore, it is essential to analyze the bending loss of HC-
ARF.
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&e equivalent refractive index method is generally used
to analyze the bending loss of the fiber. When the optical
fiber is bent, the refractive index distribution of the optical
fiber changes according to the change of the bending di-
rection, the bending radius, and the angle. &erefore, when
an optical fiber is bent, it can be considered that the re-
fractive index of the ordinary optical fiber changes, and it
only requires to calculate the refractive index of the bent
fiber for numerical analysis. &e equivalent refractive index
model can be expressed as

neq(x, y) � n(x, y)

��������������������

1 +
2(x cos θ + y sin θ)

Rb



, (5)

where neq(x, y) is the equivalent refractive index of the bent
fiber, n(x, y) is the refractive index of the straight fiber, Rb is
the bending radius of the fiber, and θ is the angle formed by
the bending direction of the fiber and the x axis. Because the
designed fiber is asymmetric in both the x direction and y
direction, different bending directions, as shown in
Figure 9(a), will also affect the bending performance of the
fiber. As shown in Figure 9, the intensity distribution of the
fundamental mode is related to the bending direction of the
fiber. So, the bending performance of the fiber is not quite
the same.

As shown in Figure 10(a), when the fiber is bent in the x
direction, the wavelength is 1550 nm, the bending radius is
10 cm and 5 cm, the loss of the fundamental mode of the x
polarization has a small change, and the loss is 1.81 dB/m
and 1.96 dB/m, respectively, which is almost the same as
1.76 dB/m of straight fiber. However, when the bending
radius continues to decrease to 2 cm, the x polarization
fundamental mode loss will suddenly increase to 3.32 dB/m,
an increase of 1.56 dB/m. In Figure 10(b), when the wave-
length is 1550 nm and the bending radius is 10 cm and 5 cm,
the fundamental mode loss of the y polarization and the loss

of the straight fiber are 0.934 dB/m, 0.938 dB/m, and
0.948 dB/m, respectively, showing a very small growth trend.
But when the bending radius is reduced to 2 cm, the y
polarization fundamental mode loss increases to 1.03 dB/m.
When the fiber is bent in the x direction and the bending
radius is greater than 5 cm, the bending loss of the optical
fiber is relatively small and less than 1 dB/m, indicating that
the optical fiber has superior bending performance when
bending in the x direction.

As shown in Figure 11(a), when the wavelength is
1550 nm, the fiber is bent in the y direction, the bending
radius is 10 cm, 5 cm, and 2 cm, the x-polarized fundamental
mode loss and the straight fiber loss hardly change, and the
loss is 1.76 dB/m, 1.76 dB/m, 1.76 dB/m, and 1.77 dB/m,
respectively, which is almost unaffected by fiber bending. In
Figure 11(b), when the bending radius is 10 cm and 5 cm, the
y polarization fundamental mode loss and the straight fiber
loss change very little, and they are 0.93 dB/m, 0.95 dB/m,
and 1.02 dB/m. But when the bending radius is reduced to
2 cm, the y polarization fundamental mode loss increases
significantly to 1.51 dB/m. It can be found that when the fiber
is bent in the y direction and the bending radius is greater
than 5 cm, the bending loss of the optical fiber is relatively
small, indicating that the optical fiber has superior bending
performance when bending in the y direction.

Comparing Figures 10(a) and 11(a), it can be found that
when the fiber is bent in the x direction, it greatly influences
the bending loss of the x polarization fundamental mode.
But when the fiber is bent in the y direction, the fundamental
mode bending loss of the x polarization is basically un-
changed. Comparing Figures 10(b) and 11(b), it can be
found that when bending in the x direction, with the change
in the bending radius, the bending loss of the y polarization
fundamental mode changes less than the bending loss when
bending in the y direction. &erefore, if the optical fiber is
made into a sensitive ring, when the light in the sensitive ring
is x-polarized light and the fiber is bent in the y direction, the
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Figure 6: (a) &e center of the circle is fixed and R2 is changed. (b) x and y polarization mode loss and birefringence as a function of R2.
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loss is smaller. When the sensitive ring is y-polarized light
and the fiber is bent in the x direction, the bending loss will
be smaller.

Fiber bending will also affect the birefringence. As shown
in Figure 12(a), when the fiber is bent in the x direction, the
birefringence of the fiber will increase as the bending radius
decreases. However, as shown in Figure 12(b), when the fiber

is bent in the y direction, the birefringence of the fiber tends
to decrease, but the change is relatively small. When the
bending radius is 5 cm, the birefringence is still greater than
1.0×10−4. &is means that when the bending loss is within a
reasonable range, the change of birefringence caused by
bending is relatively small, which suffices the index
requirements.
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Figure 8: (a) Diagram of e change. (b) x and y polarization mode loss and birefringence as a function of e.
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Figure 9: (a) Bending directions, fundamental mode in the wavelength of 1550 nm at (b) x and (c) y bending direction.
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Figure 10: Fiber bends in x direction, the bending loss of (a) x polarization mode and (b) y polarization mode curve at different bending
radius.
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4. Conclusions

We propose the structure of HC-ARF with high birefringence
and analyze the change of fiber loss and birefringence in the
resonance region and anti-resonant region of the structure.&e
transmission state of the fundamental modes at the wavelengths
of 1210nm and 1420nm in the two resonance regions in the
fiber is given.&ese twowavelengths have been diffused into the
cladding, while the fundamental mode at the wavelength of
1550nm in the anti-resonant region is well bound by the optical
fiber. On the other hand, through adjusting the spacing, size,
and position of semicircle rings and ellipticity, we discuss the
changes of birefringence, loss, and bending loss and realize the

optimization of fiber structure. &e simulation results indicate
that the maximum birefringence is 1.2×10−4 when the
wavelength is 1490nm, and the minimum loss is 0.70dB/m
when the wavelength is 1620nm. In the wavelength range of
1490nm∼ 1550nm, the birefringence is more than 10−4, where
the birefringence at the wavelength of 1550nm is 1.01× 10−4,
and the loss of y polarization is 0.93dB/m. If the fiber loss at
1550 nm is not considered, the maximum birefringence can
reach 1.6×10−4. Additionally, when the bending radius is more
than 5 cm, regardless of whether the fiber is bent in the x di-
rection or the y direction, the bending loss does not increase
significantly, indicating that it has superior bending
performance.
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Figure 12: Birefringence of fiber in (a) x polarization and (b) y polarization as a function of wavelengths at different bending radii.

Lo
ss

 (d
B/

m
)

Straight
10cm

5cm
2cm

1.0

1.5

2.0

2.5

3.0

1500 1525 1550 1575 1600 16251475
Wavelength (nm)

(a)

Lo
ss

 (d
B/

m
)

Straight
10cm

5cm
2cm

0.8

1.2

1.6

2.0

2.4

2.8

1500 1525 1550 1575 1600 16251475
Wavelength (nm)

(b)

Figure 11: Fiber bends in x direction, the bending loss of (a) x polarization mode and (b) y polarization mode curve at different bending
radius.
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