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ABSTRACT

A single-polarization (SP) coupler based on a dual-hollow-core anti-resonant fiber (DHC-ARF) by polarized mode
filtered method is proposed. The DHC-ARF is composed of ten cladding tubes with each core surrounded by five
cladding tubes. By introducing cladding tubes with two different thicknesses along the two orthogonal directions,
one polarized mode can be filtered out due to its high confinement loss caused by the mode coupling with the
dielectric mode in the cladding wall, while another polarized mode with a low confinement loss can be main-
tained. By optimizing the structural parameters of the DHC-ARF, the confinement loss of the high-loss polarized
mode is 50.44 dB/cm and that of the low-loss polarized mode is only 0.24 dB/cm at a wavelength of 1550 nm. By
using a 1.52 cm long DHC-ARF, the SP coupler can be implemented with an operational bandwidth of 11 nm
spanning the wavelength range between 1545 nm and 1556 nm, in which the polarization extinction ratio (PER)
is less than —20 dB, the coupling ratio (CR) stabilizes to 50 & 0.6 %, and the loss of the coupler is less than 0.44
dB. At the wavelength of 1550 nm, the lowest PER of —91.7 dB is achieved, while the CR and loss are 50 % and
0.37 dB, respectively. Furthermore, empirical formulas are derived for the structural parameters and wavelength,
making it possible to predict the structural parameters of a DHC-ARF in the development of SP couplers for the
expected wavelength. High-performance hollow-core SP coupler is significantly important to develop high-
precision resonant HCF gyroscopes.

1. Introduction

frequency difference between the clockwise and counterclockwise
modes of an eigenstate of polarization (ESOP) in the FRR and therefore,

The resonator fiber optic gyroscope (RFOG) has immense potential
as a high-accuracy inertial rotation sensor for navigation [1]. Compared
to the interferometric fiber-optic gyro, the RFOG has a smaller size,
lower cost, and excellent linearity over a broad dynamic range [2,3].
Hollow-core fibers (HCFs) have been proposed for use in the fiber ring
resonator (FRR) of the RFOGs to reduce the thermal polarization
instability, backscattering, Kerr effect, Shupe effect, and Faraday effect
in conventional solid-core fibers [4-8]. Despite the great promise of
HCFs in RFOGs, the lack of HCF-based components has hampered wider
applications and commercial development of HCFs [9,10].

The rotation rate of an RFOG is linearly proportional to the resonant
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a primary ESOP is purposely excited in most RFOGs [11]. However, in
practice, it is difficult to avoid occasional power coupling to the sec-
ondary ESOP due to environmental perturbations like uneven stresses,
bending, and twisting [12]. To suppress the secondary ESOP caused by
the unwanted coupling, polarization-maintaining fibers have been
developed and implemented in RFOGs [13-15]. Owing to the absence of
HCF-based couplers, solid-core fiber couplers are usually used to close
the HCF-based FRR, thus giving rise to large Fresnel reflection (>3.5 %)
at the silica-air interface between the solid-core fiber coupler and HCFs.
An HCF-based single-polarization (SP) coupler that only permits the
primary ESOP propagation is considered the ultimate solution in this
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respect [16].

Dual-core fibers provide an attractive and powerful platform to guide
and manipulate polarizations. Various fiber components can be made
from dual-core fibers, for instance, polarization-maintaining couplers,
polarization splitters, and polarization-insensitive couplers [17-23]. To
develop an SP coupler based on the dual-core fiber, there is only one
allowed polarized mode to couple between the two cores of dual-core
fiber, whereas the other polarized mode is either forbidden from the
coupling or suffers from a high loss. The coupling mechanism of dual-
hollow-core fibers (DHCF) including dual-hollow-core photonic
bandgap fibers (DHC-PBGFs) and dual-hollow-core anti-resonant fibers
(DHC-ARFs) has been studied theoretically and experimentally. Ma et al.
have demonstrated that the mode coupling of one polarized mode can be
suppressed by exploiting the decoupling phenomenon in the DHC-PBGF,
while the other polarized mode couples efficiently between the two
cores [16]. Consequently, an SP coupler comprising the decoupled DHC-
PBGF with a polarization extinction ratio (PER) greater than 30 dB at
1550 nm has been proposed. The DHC-PBGF-based SP coupler shows an
obvious wavelength dependence as the high PER is only obtained at
1550 nm. Recently our group has demonstrated the decoupling phe-
nomenon in DHC-ARFs [24] and designed an SP coupler based on the
decoupled DHC-ARF with a high PER of —64.12 dB at 1550 nm, but the
SP coupler shows a narrow bandwidth of only 4.4 nm [25]. The two
aforementioned decoupled DHCF-based SP couplers show an operating
bandwidth of only a few nanometers because the decoupling phenom-
enon in DHCFs depends on the core diameter, cladding wall, and peri-
odic cladding structure of the fibers, consequently presenting some
manufacturing challenges as well [26]. In contrast, the property of SP
has been studied by filtering the polarized mode in single-core HCFs
[27-30]. There are several designs of SP-HCFs and polarization filters
based on HCFs. For instance, V. Serrao et al. have designed an SP hollow-
core photonic bandgap fiber with a bandwidth of 11 nm by introducing a
high air-filling fraction into the lattice of the fiber, so that the unwanted
polarized mode experiences a high loss [27]. We have also introduced
different cladding walls to filter one polarized mode of a single-core HC-
ARF and proposed an SP HC-ARF with an operating bandwidth of up to
8 nm [29]. Recently, Zang et al. have fabricated an HCF-based polari-
zation filter with a bandwidth of 14 nm by controlling the cladding tube
thickness of the single-core HC-ARF [31]. However, although the
simulation and experimental results have verified the feasibility of HC-
ARF-based SP components by filtering one polarized mode in the fiber, it
is still a challenge for the DHC-ARF-based component to filter effectively
a polarized mode.

Herein, an SP coupler based on a DHC-ARF is designed and analyzed.
By introducing two kinds of cladding tubes with different wall thick-
nesses along two orthogonal directions, one polarized mode can be
filtered due to its high confinement loss (CL), while another polarized
mode is maintained with a low CL. Numerical result shows that the CLs
of two polarized mode are 50.44 dB/cm and 0.24 dB/cm at 1550 nm,
respectively. By using a 1.52 cm long DHC-ARF, an SP coupler can be
implemented with an operational bandwidth of 11 nm covering the
wavelength range between 1545 nm and 1556 nm, in which the PER is
less than —20 dB, the coupling ratio (CR) stabilizes within 50 + 0.6 %,
and the loss of the coupler is less than 0.44 dB. At a wavelength of 1550
nm, the lowest PER reaches —91.7 dB with the CR stabilizing at 50 %
together with a loss of 0.37 dB. By analyzing the impact of the wall
thicknesses and diameter of the cladding tubes on the CL of the fiber,
empirical formulas are generated to predict the structural parameters of
a DHC-AREF to aid the design and development of SP couplers. This high-
performance hollow-core SP coupler is significantly important to
develop high-precision resonant HCF gyroscopes.

2. Fiber structure and operation principle

Fig. 1(a) illustrates the cross-section of the DHC-ARF. The fiber
comprises ten cladding tubes, in which the two cores are formed by eight
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Fig. 1. Cross-section of the DHC-ARF (a) and modal fields of the four funda-
mental supermodes (b).

cladding tubes with a diameter of d, and the other two cladding tubes
with a diameter of d, are used to support the two cladding tubes between
the two cores. Among the ten cladding tubes, two cladding tubes located
in the y-direction have a thick wall with a thickness of t; and the wall
thickness of the other eight cladding tubes is denoted as t. The thick
cladding wall t4 is aimed to filter the secondary ESOP. The two cores
have the same diameter D. The DHC-ARF is made of pure silica and its
refractive index is obtained by the Sellmeier formula. The initial pa-
rameters tg, t, d, D, and d; are set as 0.83 pm, 0.5 pm, 12.5 pm, 25 pm, and
6.8 pm, respectively.

The modal characteristics of the DHC-ARF are investigated by the
finite-element method. A perfectly matched layer boundary is placed
outside the fiber domain to accurately derive the fiber modal charac-
teristics. The simulations are performed by using extremely fine mesh
sizes of 1/6, A/4, and 1/4 in the silica walls, air regions, and perfectly
matched layer, where 1 is the wavelength. Two pairs of fundamental
supermodes exist in the DHC-ARFs, namely the y-polarized (y-pol) odd
mode, y-pol even mode, x-polarized (x-pol) odd mode, and x-pol even
mode. The electric field distributions of the four fundamental superm-
odes are presented in Fig. 1(b). In this way, the coupling length (L) is
defined as a propagation length over which the light power in one core
can be completely transferred to the other core. The confinement loss
can also be obtained. For the x- and y-pol modes, L**) and CLy, are
expressed by the following equations:

L) = 2/ (2| ARe(if)) ) &)
CL,,) = 20lge™® (2)

where ARe (n’e()g,y ) ) denotes the difference of the real part of the effective

refractive index (nef) between a pair of x(y)-pol supermodes, ayy) is the
average attenuation constant of a pair of x(y)-pol supermodes, and «a is
calculated by kolm(nes), where ky and Im(neg) are the wave vector and
imaginary part of neg, respectively.

The x- and y-pol modes are set as the primary ESOP and secondary
ESOP, respectively. To obtain a DHC-ARF that can be used to develop
the SP coupler, the key is to increase the confinement loss of the y-pol
mode (CL,) while maintaining a low confinement loss for the x-pol mode
(CLy). As the wall thickness of HC-ARFs greatly affects the air-guiding
characteristics of the fiber, we first investigate the effect of the wall
thickness tg on CLy and CLy at 1550 nm. Fig. 2(a) shows that the CL, and
CL, change with t4. The loss peaks over 20 dB/cm appear from the CL,
and CLy curves at t; = 787.6 nm and tg = 830 nm, respectively. At t; =
787.6 nm, the CL, is 11.36 dB/cm and the CL, increases to 32.76 dB/cm.
At tg = 830 nm, the CL, increases to 50.44 dB/cm, while the CL, is only
0.25 dB/cm, indicating that the x-pol mode can be maintained and the y-
pol mode is suppressed effectively. The loss peaks are caused by the
impact of the dielectric modes on the core modes. As shown in the Re
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Fig. 2. Variations of CL, and CL, with t4 at the wavelength of 1550 nm (a), and Re(n.g) of the x-pol mode, y-pol mode, and dielectric modes with the modal fields of
the dielectric modes shown in the insets (b); variations of CL, and CL, with t at the wavelength of 1550 nm (c).

(nefp) curves of the x-pol, y-pol and dielectric modes (TE4 2, TMo 2, and
TMoy o) in Fig. 2(b), the dielectric modes will be excited and coupled with
the x- or y-pol modes by varying t;. At t = 787.6 nm, the x-pol mode
couples with the TE4 > mode to produce a high CL, of 32.76 dB/cm.
Additionally, even if the TMy 2 mode couples with the y-pol mode, the
resulting CLy of 12.54 dB/cm at tg = 789.2 nm is still lower than CLy at tq
= 787.6 nm. At ty = 830 nm, the mode coupling between y-pol and TMj »
modes causes CLy to increase to 50.44 dB/cm, while the CL, exceeds CLy
of 0.25 dB/cm. Therefore, by adjusting the cladding wall thickness tg,
the x-pol mode can retain the low loss, but the y-pol mode can be
filtered.

In addition, the effect of the wall thickness t of cladding tubes in the
x-direction on CLy and CLy is analyzed. When the t; is 830 nm, variations
of CLy and CL, with the change in t are shown in Fig. 2(c). It can be
observed that the CL, is significantly higher than CL, in the range of t
from 350 nm to 550 nm. With the increase of t, the CL, decreases from
57.5 dB/cm to 45.8 dB/cm, whereas the CL, remains almost constant
around 0.26 dB/cm. It is evident that the t; has a much greater impact on
the polarization filtering characteristics of the fiber than the t.

3. Numerical analysis

According to the analysis presented above, the wall thickness t; of
the fiber plays an important role in determining the modal character-
istics of the DHC-ARF for the SP coupler. In particular, the high CL
primarily depends on the mode coupling between the core modes and
dielectric modes in the fiber. However, the core diameter D and cladding
tube diameter d also affect the mode coupling and therefore, the influ-
ence of D, d, and t4 on the two polarized modes is analyzed at 1550 nm.

3.1. Impact of D, d, and tq on the y-pol mode

Because the primary aim of designing the DHC-AREF is to filter the y-
pol mode, the influence of D, d, and t; on CL, is first assessed. Fig. 3

shows that the CLy varies with d and t4 for D = 20 pm, 25 pm, and 30 pm.
The CLy can be increased for different D by adjusting d and t4 and ex-
hibits a similar trend when d increases from 10 pm to 16 pm and t4
decreases from 0.86 pm to 0.80 pm. In order to analyze the variation of
the high CL,, for different D, we mark the high CL, with the black curves
for different D in Fig. 3. The highest CL, lies in the black curves and is
marked by “+”. For D = 20 pum, the largest CL, is 81.82 dB/cm at d =
10.75 pm and tq = 0.845 pm. For D = 25 pm, the largest CL, is 50.44 dB/
cm at d = 12.5 pm and t; = 0.830 pm. For D = 30 pm, the largest CL, is
30.71 dB/cm at d = 14.25 pm and t; = 0.818 pm. The largest CL, de-
creases with the increase of D because the mode coupling between y-pol
mode and dielectric mode weakens as D increases. To obtain the DHC-
ARF with a high CL,, a smaller core diameter D should be selected.

3.2. Impact of D, d, and t4 on the x-pol mode

As the x-pol mode is set as the primary ESOP, the influence of D, d,
and tg on the x-pol mode is evaluated. Fig. 4 shows the influence of d and
tg on CLy for D = 20 pm, 25 pm, and 30 pm. As it is necessary to reduce
CLy under a high CL,, the variations of CL, with d and t4 for different D as
well as the high CL, marked by the black curves are given. The white line
represents CL, = 0.5 dB/cm. The region of low CL, below 0.5 dB/cm
expands with increasing D, while the high CL, curve crosses the region of
low CLy for different D. The highest CL, marked by “+” is located in the
region of low CLy. The low CLy corresponding to the highest CL, is also
marked by “+” in Fig. 4. From Fig. 3 and Fig. 4, it can be concluded that
the highest CLy is 81.82 dB/cm and the corresponding CLy is 0.40 dB/cm
for D = 20 pm; the highest CL, is 50.44 dB/cm and the corresponding
CLy is 0.24 dB/cm for D = 25 pm; the highest CLy is 30.71 dB/cm and the
corresponding CLy is 0.17 dB/cm for D = 30 pm. Therefore, CL, de-
creases with increasing D because a larger D suppresses the leakage of
the x-pol mode into the cladding tubes leading to the reduced CL,. The
results show that a low CLy and a high CL, can be maintained for
different D, but to reduce CL, further, a larger core diameter D should be

Fig. 3. Variations of CL, with t; and d for D = 20 pm, 25 pm, and 30 pm.
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Fig. 4. Variations of CL, with t; and d for D = 20 pm, 25 pm, and 30 pm.

selected.

The component length of the coupler based on the dual-core fiber is
usually proportional to the L of a fiber and affects the characteristics of
the coupler such as loss and CR. Therefore, the influence of D, d, and ty
on LY is analyzed. Fig. 5 shows the variation of L¥ with D, d, and t4. The
high CL, curve and the highest CL, marked by “+” are also shown in
Fig. 5, in which the white line indicates LY = 5 cm. The highest CL,
marked by “+” lies in the area where LY is less than 5 cm, indicating that
the coupler with a short component length can be developed. At the
highest CLy, the corresponding L is 2.29 cm for D = 20 pm, the corre-
sponding Lt is 3.05 cm for D = 25 pm, and the corresponding L} is 3.92
cm for D = 30 pm. The L at the highest CLy increases with the increment
of D mainly because a larger D increases the distance between the two
cores. To reduce the component length, a smaller core diameter D is
preferred.

4. DHC-ARF-based SP coupler

According to the above analysis, ty, t, d, D, and d; are set to be 0.83
pm, 0.5 pm, 12.5 pm, 25 pm, and 6.8 pm, respectively. To obtain an SP
coupler with a CR of 3 dB, the PER of the coupler is supposed to be less
than —20 dB to ensure the SP operation, while the CR of a coupler is
expected to be limited in the range from 48 % to 52 %. The PER denotes
the suppression of the secondary ESOP at the output end of the SP
coupler, and the CR is the power ratio of the primary ESOP at the output
end of the SP coupler. Because the x-pol mode and y-pol mode are set to
be the primary ESOP and secondary ESOP, the PER and CR are expressed
as shown in the following:

PER = 10Ig(P}/P}) (3)
P P
CRA:CR = A 100%: B 100%
A B PX+P§X %P'/X\+Pl§>< 0 (4)

where PXM is the output power of the x(y)-pol mode in the incident core

A, PEO') is the output power of the x(y)-pol mode in the coupled core B,
CR, is the CR of the x-pol mode of core A, and CRg is the CR of the x-pol

mode of core B. PZU) and Pgm can be calculated by [32]:

2

P = p) [cos (zL/2L:0)) e %0t ] 5)

Pg"') = }75("') [sin (JrL/ZL':,(y))e’“*“‘?L } ? 6)

where Pé(y) is the input normalized power of the x(y)-pol mode and L is
the propagation length.

The variations of CL, and CL, with wavelength are displayed in Fig. 6
(a). CLy exceeds 20 dB/cm in the wavelength range between 1547 nm
and 1553 nm with a peak value of 50.44 dB/cm at 1550 nm. In contrast,
CL, is lower than 0.27 dB/cm between 1547 nm and 1553 nm. Fig. 6(b)
shows the change of L. of x-pol mode of the fiber with wavelengths.
Because the x-pol mode is the primary ESOP, only the LY is given. The LY
decreases from 3.15 cm to 2.95 cm in the wavelength region between
1530 nm and 1570 nm and hence, LY exhibits a weak dependence on
wavelengths. Owing to the high CL,, low CL,, as well as weak wave-
length dependence of LY in the wavelength range between 1547 nm and
1553 nm, the DHC-ARF is promising for the SP coupler.

To illustrate the operation of an SP coupler composed of the DHC-
ARF, the properties of the DHC-ARF at 1550 nm are determined as

x-pol
N

CL (dB/cm) =
= = =
L

=
o
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Fig. 6. Variations of CL, and CL, (a) and L; (b) with wavelength.

Fig. 5. Variations of L} with t; and d for D = 20 pm, 25 pm and 30 pm.
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shown in Fig. 7. When light is coupled into core A, Fig. 7(a) shows the
normalized propagation power of the x- and y-pol modes in incident core
A and coupled core B for a propagation length of 6 cm. The normalized
power is calculated by Egs. (5) and (6). It is evident that both the x- and
y-pol modes can be coupled between the two cores, but the power of the
y-pol mode decays rapidly with increasing propagation length. To
analyze the filtering effect on y-pol mode during transmission, the
variation of PER with propagation length L is shown in Fig. 7(b). PER
declines with the increment of L and when the L is bigger than 0.05 cm,
PER is less than —20 dB. Consequently, the fiber can effectively filter the
y-pol mode when the fiber length is over 0.05 cm. Fig. 7(c) shows the
variations of CRa and CRp with the propagation length L and the grey
solid line indicates that CR is 50 %. When the L is 1.52 cm or 4.58 cm,
CRa = CRg = 50 % can be obtained at 1550 nm. Therefore, by using the
DHC-ARF with a length of 1.52 cm or 4.58 cm, an SP coupler with a CR
of 50 % can be obtained at 1550 nm. To reduce the component length,
the fiber length is selected to be 1.52 cm.

The characteristics of the SP coupler comprising the 1.52 cm long
DHC-ARF are determined for different wavelengths together with PER,
CR and loss. Fig. 8(a-1) shows the variations of PER with the propaga-
tion length L between 1530 nm and 1570 nm. PER decreases with
increasing L and the lowest PER is observed at 1550 nm for different L.
The dashed line denotes a coupler length of 1.52 cm. The change of PER
with wavelength of the 1.52 cm long coupler is shown in Fig. 8(a-2). In
the wavelength range from 1545 nm to 1556 nm, PER is less than —20
dB and the lowest PER of —91.7 dB is obtained at 1550 nm. The change
of CR with the propagation length L and wavelength is presented in
Fig. 8(b-1). CRp is taken as an example to analyze the CR of an SP
coupler. The two white solid lines indicate the CR of 48 % and 52 %,
respectively, and the dashed line represents a coupler length of 1.52 cm.
In the L between 1.2 cm and 1.8 cm, CR increases monotonically with
increasing L in the wavelength range from 1530 nm to 1570 nm. The
changes of CRs and CRp with wavelengths of the 1.52 cm long coupler
are shown in Fig. 8(b-2). In the wavelength range between 1545 nm and
1556 nm, CRa decreases from 50.5 % to 49.4 %, and CRp increases from
49.5 % to 50.6 %. At the wavelength of 1550 nm, CR, and CRg are 50 %.
The loss of the coupler is also shown in Fig. 8(b-2). Since the x-pol mode
is the primary ESOP, the loss of the coupler is mainly determined by the
CL,. In the wavelength range between 1545 nm and 1556 nm, the loss of
the coupler decreases from 0.44 dB to 0.34 dB. Consequently, when the
1.52 cm long fiber is used as the SP coupler, the operational bandwidth
is 11 nm between 1545 nm and 1556 nm, where PER is less than —20 dB,
the loss is lower than 0.44 dB, and CR stabilizes to 50 + 0.6 %. The
smallest PER of —91.7 dB is observed at 1550 nm, in which shows a CR
of 50 % and loss of 0.37 dB.
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Fig. 7. Variations of the normalized power of the x(y)-pol mode in cores A and
B (a), PER (b) and CR (c) with a propagation length L at 1550 nm.
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5. Empirical formula

The development of a high-performances SP coupler hinges on the
high CLy and low CL, of the DHC-ARF and the structural parameters are
optimized for the wavelength of 1550 nm. High CL, originates from the
mode coupling between y-pol mode and dielectric mode. The dielectric
mode is closely related to the wall thickness t; and the diameter d of
cladding tubes located in the y-direction, and is slightly affected by the
core diameter D. Therefore, we focus on investigating the impact of the
tg and d on the CL of the fiber for different wavelengths and derive the
empirical formulas to predict the structural parameters of the DHC-ARF
for the SP coupler.

5.1. Empirical formula for A

Since t; is important to CL at the expected wavelength, we first
analyze the impact of t; on CL at different wavelengths for D = 25 ym
and d = 12.5 pm. According to the analysis in subsection 3.2, CLy is
lower than CLy in the high-loss region of CLy and therefore, we analyze
the effect of t; on CL through the difference between CL, and CLy (CLy -
CL,). When the wavelength A changes from 1.05 pm to 2.0 pm with a step
of 0.05 pm, the variation of CLy - CLy, with tg is shown in Fig. 9(a).
Because the high PER of an SP coupler mainly benefits from the high CL,,
only the curves of CLy - CLy over 0 dB/cm are shown in Fig. 9(a). A high
CLy - CLy can be obtained at different wavelengths by tuning ts. For
example, to obtain the highest CLy - CLy at 1.4 pm or 1.9 pm, t4 for the
DHC-ARF with D = 25 pm and d = 12.5 pm should be 0.7388 pm or
1.0518 pm, respectively.

Next, we study the relationship between t4 at the highest CLy - CLy
and wavelength. The simulation results of t4 at the highest CLy - CLy for
different wavelengths are denoted by the discrete points as shown in
Fig. 9(b). It can be seen that t; increases approximately linearly with
wavelength except in the resonant region. By fitting the discrete points,
the empirical formula t; = 0.6174 — 0.126 is derived in order that t4 can
be predicted at the highest CL, - CLy for different wavelengths. At the
wavelength of 1.4 pm, the predicted t4is 0.7378 pm and the simulated t4
is 0.7388 pm. At the wavelength of 1.9 pm, the predicted t4is 1.0463 pm
and the simulated t4is 1.0518 pm. Hence, the predicted t4 is very close to
the simulated t; and t4 at high CL, - CL, at different wavelengths can be
predicted by this empirical relationship.

We then evaluate the performance of two kinds of SP couplers, one of
which is based on the DHC-ARF with t; obtained from the empirical
formula t; = 0.6174 — 0.126 and the other based on the DHC-ARF with
simulated t4. At 1.4 pm, the predicted and simulated t4 values are 0.7378
pm and 0.7388 pm, respectively. By using the 1.53 cm long DHC-ARF
with t; = 0.7378 and a 1.53 cm long DHC-ARF with t; = 0.7388 pm,
the two couplers are analyzed as shown in Fig. 10(a-c). For the predicted
tg = 0.7378 pm, the PER, CRp, CRp, and loss are —27.85 dB, 49.71 %,
50.29 %, and 0.31 dB at 1.4 pm, respectively, while for the simulated t4
= 0.7388 pm, the PER, CRp, CRp, and loss are —67.44 dB, 50 %, 50 %,
and 0.33 dB at the same wavelength, respectively. By comparing the
characteristics of the SP coupler with the predicted t; = 0.7378 pm with
those of that one with the simulated t; = 0.7388 pm, the properties of the
former degrade, but PER is still lower than —20 dB and the SP charac-
teristics can be maintained at 1.4 pm. We then evaluate the performance
of the SP couplers for the predicted t; = 1.0463 pm and simulated t; =
1.0518 pm at the wavelength of 1.9 pm as shown in Fig. 10(d-f). For the
predicted t; = 1.0463 pm, the PER, CRa, CRp, and loss of the 1.41 cm
long DHC-ARF-based coupler are -23.18 dB, 50.58 %, 49.42 %, and
0.48 dB at 1.9 pm, while for the simulated t; = 1.0518 pm, the PER, CRy,
CRg, and loss of the 1.41 cm long DHC-ARF-based coupler are —63.36
dB, 50 %, 50 %, and 0.49 dB at the same wavelength, respectively.
Therefore, the SP coupler can be analyzed by the same empirical for-
mulaat 1.9 pm. For D = 25 pm and d = 12.5 pm, t4 of the DHC-ARF at the
expected wavelength can be derived.



D. Hou et al.

-160

(8-2) 20 7755 nm =—— 1556 nm
@ -20
=
o -60- Y
Ll
& .100 : x :
1530 1540 1550 1560 1570

Wavelength (nm)

ER (dB)

Optical Fiber Technology 84 (2024) 103776

(b-1) 18 70
— 4 60 =&
£ 115'g<__ MEZmmaee s
S 50 o
2 14 48 24

400

=

N
w
o

0\ 54 1.2
(b:') 524 . 09 5
& 50 e o-tos 2
% 48 Ry 103 &
46 - Loss qf SP coup]er 0.0 -
1530 1540 1550 1560 1570

Wavelength (nm)

Fig. 8. Variations of PER (a-1), and CR (b-1) with L and wavelength; variations of PER (a-2), and CR,, CRg, and loss (b-2) with wavelength for the 1.52 cm long-DHC-

ARF-based SP coupler.

(a) D=25pum d=12.5 um

CL,-CL, (dB/cm)

Wavelength (um)

e e gy
— N W huhoaaxos

08 09

t (um)

05 06 07 1.0 1.1

(b)1.2
1.14
1.0
0.94
0.8

0.74

0.6 1

0.5 T T T T T T T T T T
1.1 12 13 14 15 16 1.7 1.8 1.9 20

= Simulated
— Fitting

(nm)
Resonant region

t,=0.6171-0.126

Wavelength (um)

Fig. 9. Variations of CL, - CL, with t, for different wavelengths (a), and t; at the
highest CL, - CL, (discrete points) for different wavelengths with the fitted
curve (b).

5.2. Empirical formula for A and d

According to Section 3, it is evident that CLy, and CL, not only depend
on tg, but are also influenced by the diameter of the cladding tubes d and
we further analyze the impact of t;, d, and wavelength 4 on CL, - CLy for
D = 25 pm. When the wavelength changes from 1.25 pm to 2.0 pm with a
step of 0.15 pm and d varies from 11 pm to 17 pm with a step of 1 pm, the
variations of tg at the highest CL, - CL, with 1 and d are derived and
presented in Fig. 11, in which t; at the highest CL, - CL, is denoted by
discrete points. By fitting the discrete points, the empirical formula of t;
= 0.728d / (d-1.53) + 0.6174 — 0.956 can be derived. Hence, t; at the
highest CL, - CLy can be predicted for different 1 and d. For example, for
A=1.25pmandd=11 pm,1=1.55pm and d = 14 pm, A = 1.70 pm and
d=14pm,1=2.0pmandd =17 pm, 1 = 2.0 pm and d = 11 pm, as well
as A = 1.25 pm and d = 17 pm, the six predicted t;5 are 0.6609 pm,
0.8177 pm, 0.9102 pm, 1.0780 pm, 1.1236 pm, and 0.6152 pm, which
are labeled with red “x” in Fig. 11. The six simulated t; values are

0.6605 pm, 0.8170 pm, 0.9080 pm, 1.0644 pm, 1.1490 pm, and 0.6326
pm. It can be seen that the six predicted t; obtained by the empirical
formula are very close to the six simulated ¢g.

Next, we compare the properties of the two SP couplers, one of which
is based on the DHC-ARF with predicted t; and the other based on the
DHC-ARF with simulated t3. The characteristics of the two SP couplers
based on the predicted fiber and simulated fiber are given in Table 1 for
A=1.25pymandd=11pm,1=1.55pmandd =14 pm, A = 1.70 pm and
d=14pum,A=2.0pmandd =17 pm, A = 2.0 ym and d = 11 pm, as well
as A = 1.25 pm and d = 17 pm. The corresponding component lengths
derived by simulation are 1.06 cm, 2.25 cm, 2.21 cm, 4.69 cm, 0.96 cm,
and 4.07 cm, respectively. For the first four sets of A and d (A = 1.25 pm
andd =11 pm, A =1.55pmand d = 14 pm, A = 1.70 pm and d = 14 pm,
and 4 = 2.0 pm and d = 17 pm), the SP coupler with PER below —20 dB
and CR stabilizing around 50 % can be developed by using the formula
at the expected wavelength, even if the SP characteristics degrade
compared to the SP coupler based on the simulated fiber. However, for
the last two sets of 1 and d (A = 2.0 pm and d = 11 pm, and 4 = 1.25 pm
and d = 17 pm), the SP coupler based on the predicted fiber shows a PER
over —20 dB and a CR deviating from 50 %, indicating that the prop-
erties of the SP coupler based on predicted fiber degrade when d de-
creases and /A increases, or when d increases and 1 decreases. To obtain
the SP coupler at the expected wavelength using the empirical formula, a
smaller d should be selected at short wavelengths and a larger d should
be selected at long wavelengths. By using the empirical formula, ¢4 of the
DHC-AREF for different d and 4 can be predicted to aid the development
of the DHC-ARF-based SP coupler.

6. Fabrication tolerance

The fabrication tolerance of structural parameters can characterize
the impact of small changes of the structure during manufactured pro-
cess on the performance of an SP coupler. The thickness t and diameter
d of the cladding tube have significant deviations during the
manufacturing process, so the performance of an SP coupler is analyzed
within the + 1 % fabrication tolerance of t and d (At and Ad). The
cladding tube in the y-direction has a relative thick wall thickness tq,
which undergoes a relative small deformation during the manufactured
process. Therefore, the impact of fabrication tolerances of ¢t and d on the
performance of the SP coupler is summarized in Table 2. The results
show that the bandwidth, the lowest PER, and CR are all within
acceptable ranges at the t and d with + 1 % change, which indicates that
the SP coupler exhibits high-performance in stability.

7. Conclusion
An SP coupler based on a DHC-ARF is designed and analyzed. By

using cladding tubes with two different wall thicknesses along the two
orthogonal directions, one polarized mode can be filtered out due to its
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high CL caused by the mode coupling with the dielectric modes in the
cladding wall, while another polarized mode with a low CL is main-
tained. Numerical results shows that the CL of the high-loss polarized
mode is 50.44 dB/cm, but that of the low-loss polarized mode is only

d with + 1 % change, the SP coupler exhibits high-performance in
stability.
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Performance of the SP coupler at different fabrication tolerance.
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By using a 1.52 cm long DHC-ARF, the SP coupler shows an operational g
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0.6 %, and the loss is less than 0.44 dB. At the wavelength of 1550 nm, 0.7 %
the lowest PER of the coupler is —91.7 dB, while the CR and loss are 50
% and 0.44 dB, respectively. By analyzing the structural parameters of Ad 1% 1544-1553 nm 9nm 77.9 dB 50 4+
the fiber, empirical formulas are derived for the structure and wave- 0.6 %
length, and based on the empirical formulas, the SP coupler composed of +1% 1547-1556 nm 9nm 72.5 dB 50 &
the DHC-ARF can be predicted at the expected wavelengths. At the t and 0.6 %
Table 1
Characteristics of the SP couplers based on the six DHC-ARFs with predicted t; and simulated t4
d and A (pm) Couplers based on predicted fibers Couplers based on simulated fibers
tg (pm) PER (dB) CR, (%) Loss (dB) tg (pm) PER (dB) CRj (%) Loss (dB)
A=125andd =11 0.6609 -23.95 50.11 0.32 0.6605 —51.86 50 0.32
A=155andd =14 0.8177 —73.82 50.16 0.46 0.8170 —78.14 50 0.48
2=170andd = 14 0.9102 —45.16 50.398 0.61 0.9080 -101.06 50 0.58
A=200andd=17 1.0780 —28.63 53.130 3.08 1.0644 —196.00 50 8.14
A=200andd =11 1.1236 —-2.76 60.086 0.54 1.1490 -21.31 50 0.59
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