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Abstract: An ultra-broadband 3-dB coupler based on a polymer dual-hollow-core anti-resonant
fiber (DHC-ARF) is designed to work in the E+ S+ C+L + U communication band. By
incorporating two elliptical-like cores and modulating the air gap between the two cores, the
wavelength and polarization dependence of the DHC-ARF-based coupler is reduced effectively.
The feasibility of using a 1.46 cm long DHC-AREF as the ultra-broadband coupler for the operating
bandwidth of 400 nm in the range between 1.33 um and 1.73 pm is demonstrated theoretically.
The coupling ratio of each polarized mode stabilizes at 50 + 2% and the coupling ratio difference
between the two polarized modes changes within +0.6%. This DHC-ARF coupler which is
made of a polymer can be fabricated by high-resolution 3D printing. Compared to a silica-based
DHC-AREF coupler, the polymer-based DHC-ARF coupler is easier to manufacture and the total
loss of the latter is only 0.041 + 0.006 dB in the operating bandwidth. The polymer hollow-core
fiber coupler boasting an ultra-broadband, short component length, and low loss is very promising
in next-generation, high-speed, and large-capacity hollow-core fiber communication systems.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Hollow-core fibers (HCFs) have attracted a lot of attention due to their unique properties such as
low latency, extremely low nonlinearity, near-zero dispersion, temperature insensitivity, as well
as high materials damage threshold [1]. Recent technological advances and new knowledge about
the low loss and broadband characteristics of HCFs suggest that they are promising in future
ultrawide-bandwidth, high-speed, and low-latency data communications [2,3]. However, the lack
of adaptable couplers makes it difficult to exploit the advantages of HCFs in telecommunication
systems [4] and therefore, the development of fiber-based couplers adaptable to HCF-based
systems is crucial [5].

Since dual-core fiber components are compact and have broadband and high coupling efficiency
compared with components composed of lenses, prisms, gratings, and silicon wire waveguides,
they are widely used in fiber-based couplers [6—8]. For example, Lee et al. have fabricated a 3-dB
fiber coupler based on a dual-core photonic crystal fiber (PCF) [9]. However, the 3-dB coupler
can only be operated at 1,550 nm because it is difficult to reduce the wavelength dependence. To
widen the operating band of couplers, Laegsgaard et al. have proposed a dual-core PCF coupler
by introducing fluorine-doped cores to reduce the wavelength dependence and achieve a broad
bandwidth of 0.75 um [10], but the fluorine-doped cores introduce polarization dependence to
the coupler. Suppression of the wavelength dependence as well as polarization dependence is
critical to the development of broadband dual-core fiber couplers [11-13]. Most notably, these
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aforementioned couplers consist of solid-core fibers with large Fresnel reflection (>3.5%) at the
silica-air interface when the solid-core fiber couplers are spliced into the HCF-based systems
[14]. In this respect, a coupler based on the dual-hollow-core fiber (DHCF) is more desirable.
However, abatement of the wavelength and polarization dependence for DHCF-based couplers is
challenging. Huang et al. have fabricated a dual-hollow-core anti-resonant fiber (DHC-ARF)
coupler and demonstrated experimentally that the polarization dependence can be reduced [15].
Because the mode coupling in DHC-AREF is more difficult than that in the dual-solid-core fiber
caused by the strong inhabitation of cladding in the DHC-ARF on the mode coupling between
the two cores [16], the component length of the fabricated DHC-ARF-based coupler is as large
as 40 cm. It is noted that research of DHCF-based couplers is still in the beginning stage [15-20].
There is still a long way to go in the development of HCF-based couplers that can be used in
broadband, large-capacity, and low-latency HCF-based systems.

Herein, an ultra-broadband HCF coupler based on a DHC-ARF is designed and analyzed.
By modulating the air gap between the two cores and shape of the two cores, the wavelength
dependence and polarization dependence of the DHC-ARF-based coupler can be reduced with
a short component length. Simulation shows that the 1.46 cm long DHC-AREF is suitable for
the broadband HCF coupler with an operating bandwidth of 400 nm in the wavelength range
from 1.33 pym to 1.73 ym, thus covering the E+ S+ C +L + U telecommunication bands. In
this operating bandwidth, the coupling ratio (CR) stabilizes at 50 + 2% and the coupling ratio
difference (CRD) varies within +0.6%. More importantly, the coupler is constructed with a
polymer thereby making the coupler easy to produce by high-resolution 3D printing compared to
silica HCF-based couplers. The total loss is only 0.041 + 0.006 dB in the operating bandwidth,
suggesting that this polymer HCF coupler with an ultra-broadband, short component length, and
low loss has large commercial potential in next-generation high-speed and large-capacity HCF
communication systems.

2. Structure and principle

The cross-section of the polymer DHC-AREF is depicted in Fig. 1. The two elliptical-like cores
are surrounded by four kinds of circular tubes with diameters of dg, d,, dy, and d; and a wall
thickness of = 0.5 um to ensure a wide transmission band. An air gap with a width of g is placed
between the two hollow cores to form the mode coupling channel for transverse power transfer
between the two cores. The two elliptical-like cores and air gap are the key to the wavelength
dependence and polarization dependence of the fiber. The host material (represented by blue
color) is the polymer IP-Dip and the refractive index is determined by [21]
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where A;=12899, A;=6.0569x1072, A3=1.1844x10°, B;=1.1283x10"2 um?,
By =7.7762 x 1072 um?, B3 =2.5802 x 107 um?, and A is the wavelength.

According to the coupled-mode theory, there are four fundamental supermodes in the DHC-
AREF, namely the y-polarized (y-pol) odd mode, y-pol even mode, x-polarized (x-pol) odd mode,
and x-pol even mode, as shown in Fig. 2(a). The coupling length (L.), a key parameter to evaluate
the coupling performance, is defined as the transmission length over which the light power in one
core can be transferred completely to the other core, and can be expressed as follows:

L = a/20am0) )
where Lﬁ(x) is the coupling length L, of the x or y-pol mode, A, y(x) denotes the difference of the
effective refractive index between a pair of y-pol supermodes (1, and n}) or x-pol supermodes
(n} and n3).
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Fig. 1. Cross-section of the polymer DHC-ARF.
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Fig. 2. Modal fields of the four fundamental supermodes at 1550 nm (a), variations of L. of
the DHC-AREF (b), and variations of CRyA and CRDp of the DHC-ARF-based coupler (c).

To design a broadband, high-performance broadband 3-dB coupler based on the dual-core fiber,
L) and L? of the fiber should remain unchanged and be nearly equal throughout the transmission
window. Smaller wavelength dependence and polarization dependence of DCH-AREF is the
key challenge in designing the 3-dB coupler. CR and CRD are usually utilized to evaluate the
wavelength dependence of a coupler. CR represents the power ratio of one polarized mode at the
two output ends of a coupler and CRD is the difference of the CR between two polarized modes
at the one output of a coupler. Generally, for a 3-dB coupler in optical communication systems,
the CR of the coupler is expected to be in the range of 48% to 52% and the CRD of a coupler is
expected to be within +1%. CR and CRD can be expressed as [12]:

CR™ : CRY = P (P + P x 100% : P /(P + PIY) x 100% 3)
CRD,@) = CR), ) — CRY “)

where CR?X) is the CR of the y(x)-pol mode in core A, CR]yg(x) is the CR of the y(x)-pol mode
in core B, CRD4(g) denotes the difference in the CR between the two polarized modes in core

A(B), PyA(X) is the output power of the y(x)-pol mode in core A, and Pl};(x) is the output power of
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the y(x)-pol mode in core B which can be calculated by [12]:

P}A(x) = Pﬁ(x)cosz(J'cL/ 202y 5)
() _ py(x) /(x)
L A (6)
L = 2max(L}, LY) arccos(V0.52) /7 (7)

where P(y)(x) is the normalized input power of the y(x)-pol mode in core A, L is the component
length of the coupler with CR stablized at 50 + 2%, and max(L}, LY) is the maximum value
between L) and L} in the first anti-resonant window.

Figure 2 shows the results of the DHC-ARF obtained by the finite element method in which a
perfectly matched layer is implemented to accurately calculate the modal characteristics of the
fiber by adopting extremely fine meshes of 1/6, A/4, and A/4 in the polymer regions, air regions,
and perfectly matched layer, respectively. For g=8.5um, dy =13 um, d, = 18 ym, d;, = 12 um,
ds;=9.75 um, and ¢ = 0.5 um, the modal fields of the fundamental modes at 1,550 nm are shown
in Fig. 2(a) and the corresponding L. at 1,550 nm can be calculated by Eq. (2). By simulating the
modal characteristics at different wavelengths, the variations of L. with wavelength are derived
and Fig. 2(b) shows that L. is only several centimeters, while the L and L7 curves exhibit a similar
trend between 1.2 ym and 1.9 ym. To determine the broadband characteristics of the coupler, L,
of the fiber should maintain a flat variation trend over a wide bandwidth. In the wavelength range
from 1.38 um to 1.8 um, L. about 6 cm is conducive to obtaining the broadband coupler. However,
there is a difference between L and L}, which results in a significant polarization dependence
and degrades the broadband characteristics of the coupler. For example, and L7 are 5.84 cm and
6.45 cm at 1,550 nm, respectively. Although the difference between L and is only 0.61 cm, an
evident polarization dependence is observed from the DHC-ARF-based coupler. As shown in
Fig. 2(c), when a 3.14 cm long fiber is used, the CR of the y-pol mode in core A and core B
(CR}, and CRy) is 50 + 2% from 1.38 ym to 1.8 um, but the CRD in core A (CRDy,) is as high as
8.02% at 1,550 nm and CRD in core B (CRDg) is as low as -8.02%. Hence, it is necessary to
reduce the wavelength dependence and polarization dependence of a coupler simultaneously.

3. Wavelength and polarization dependence

The effects of the structural parameters on the wavelength dependence and polarization dependence
are analyzed. The air gap region formed by an air gap (width of g) and cladding tubes (diameters
of d, and d) serves as a mode-coupling channel between the two hollow cores and plays an
important role in the wavelength dependence. Firstly, the effects of g are analyzed by changing
ds. Figure 3 shows the variations of the coupling ratio and component length (CR and L) with g.
When g is varied from 7 um to 12 um while d, is fixed at 8 um (dy changing from 15.5 um to
13 um), Fig. 3(a) shows that CR/y_\ is stable at 50 + 2% in the wavelength ranges from 1.426 um
to 1.917 ym, from 1.375 pm to 1.829 pm, from 1.33 pm to 1.73 um, from 1.293 um to 1.639 um,
from 1.257 um to 1.56 um, and 1.216 pm to 1.488 pum, respectively. The corresponding bandwidth
decreases from 491 nm to 272 nm because a larger g enhances mode coupling between the two
cores, especially at short wavelengths as the coupler is close to the resonant wavelength. It seems
difficult to reduce the wavelength dependence at short wavelengths and thus the CRyA curve shows
a rapid decline at short wavelengths. When g is reduced, the mode coupling between the two
cores weakens, especially at long wavelengths. A smaller g abates the wavelength dependence at
longer wavelengths and widens the bandwidth. The variation of the component length L is shown
in Fig. 3(b). When g increases from 7 pm to 12 pm, L decreases from 3.57 cm to 0.56 cm. As
shown by the modal fields in the insets in Fig. 3(b), when g increases, the electric field strength
increases in the air gap, indicating that a larger g enhances the mode coupling between the two
cores and L, can thus be reduced. Since L is proportional to L., L can be reduced by increasing
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g. However, to improve the broadband characteristics of the coupler, a narrow air gap width g
should be selected.
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Fig. 3. Impact of g on CR (a) and L (b).

The impact of d is assessed by changing d;. Figure 4 shows the variation of CR and L with d,,
when d, increases from 4 um to 12 um while g is fixed at 9 um (d decreasing from 18.5 um to
12.5 um). Figure 4(a) shows that the wavelength range where CR stabilizes within 50 + 2% shifts
to long wavelengths, while the wavelength region is almost unchanged when d,, changes from
8 um to 12 um. When d, increases from 4 um to 12 um, the corresponding bandwidth increases
from 396 nm to 400 nm and then decreases to 393 nm. The variation of d, shows a small effect
on the wavelength dependence. The variation of L with dj is presented in Fig. 4(b). When d,
increases from 4 um to 12 um, L increases from 1.05 cm to 2.24 cm. The electric field strength in
the insets in Fig. 4(b) show that mode coupling between the two cores weakens with increasing
d, and hence, a large d, results in a large L. Meanwhile, when d, is varied from 4 ym to 12 ym,
d, has only a small impact on the wavelength dependence of the coupler.
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Fig. 4. Impact of d; on CR (a) and L (b).

The wavelength dependence of the DHC-ARF-based coupler is also affected by the shape
of the two cores in the fiber. Because the elliptical-like cores are impacted by the diameter of
cladding tubes (d,), the effects of the shape of the two cores on the wavelength dependence of
coupler is analyzed under different d,. Figure 5 shows the variation of CR and L with d, when
d, increases from 12 pm to 20 um (core diameter in the x-direction decreasing from 30 pm to
14 um). Figure 5(a) shows that the wavelength region where CR stabilizes at 50 + 2% is almost
unchanged when d, changes from 12 pm to 18 ym. When d, increases from 12 um to 20 pum,
the corresponding bandwidth decreases from 416 nm to 353 nm. A small d, gives rise to the
broadband, but the bandwidth of CRX within 50 + 2% only increases from 400 nm to 416 nm
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when d, decreases from 18 pm to 12 um. The variation of L with d, is presented in Fig. 5(b).
When d, increases from 12 um to 20 um, L decreases from 3.09 cm to 0.81 cm. The insets in
Fig. 5(b) show that the electric field strength at the air gap increases when d, increases, and mode
coupling between the two cores is enhanced by increasing d,. Hence, d, can be selected between
12 um and 18 pm in order to reduce the wavelength dependence.
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Fig. 5. Impact of d, on CR (a) and L (b).

According to the above analysis, it is evident that smaller g and d, mitigate effectively the
wavelength dependence of the coupler, while changing d, has little effects in suppressing the
wavelength dependence. Furthermore, analysis of the component length reveals that increasing g
or dy decreases L, while a smaller d, only decreases L slightly. Since g, d,, and d, affect not
only the wavelength dependence, but also the polarization dependence, the effects of d,, g, and
d, on the polarization dependence are analyzed. By adjusting d, the elliptical core is formed.
When d, increases from 16 um to 20 um, the impact of d, on the CRD of a coupler is shown in
Fig. 6(a). The grey region indicates CRD4 stabilization within +1%. When d, changes from
16 um to 17 um and then 18 um, the wavelength region in which CRD, stabilizes within +1%
spans the regions from 1,655 nm to 1,900 nm, from 1,250 nm to 1,282 nm and from 1,578 nm to
1,880 nm, and from 1,292 nm to 1,796 nm. CRD, depends strongly on d,. When d; is 18 um,
the polarization dependence weakens, and the wavelength region where CRDy stabilizes within
+1% covers the E+S + C +L + U band.
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Fig. 6. Impact of d, (a), g (b), and dg (c) on CRD.

Next, the impacts of g and d,, are analyzed as shown in Figs. 6(b) and 6(c). When g increases
from 7 pm to 12 um, Fig. 6(b) shows that CRD4 decreases with increasing g. When g changes
from 7 pm, 8 ym, 9 ym, 10 ym to 11 pm, the wavelength region where CRD4 stabilizes within
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+1% covers the ranges from 1,277 nm to 1,340 nm and from 1,566 nm to 1,845 nm, from 1,281 nm
to 1,409 nm and from 1,455 nm to 1,838 nm, from 1,292 nm to 1,796 nm, from 1,319 nm to
1,741 nm, and from 1,376 nm to 1,641 nm. For g =9 pm or 10 um, the wavelength region in which
CRDjy stabilizes at +1% covers the E4+ S + C+L + U band. To obtain the widest wavelength
region, g =9 pm is selected. When d, increases from 6 um to 10 um, Fig. 6(c) shows that CRDp
decreases with increasing d,. When d, = 8 um, the wavelength region in which CRD4 stabilizes
within +1% spans the range between 1,292 nm and 1,796 nm for the E+ S + C+ L + U band.

Besides, we also analyze the impact of dy on the CR, CRD and L of a coupler, and conclude
that the d, shows a little influence on the coupler compared to g, d,, and d,. To reduce the
polarization dependence of the coupler, precise modulation of the cladding tube diameter d, is
crucial in addition to dg, compared to g. Therefore, g, d,, and d, are set to 9 um, 8 um and 18 ym,
while dy and d, are 12 ym and 14.5 um, respectively.

4. Properties of 3-dB coupler based on polymer DHC-ARF

When a 1.46 cm long DHC-AREF are used as a coupler, the properties of the coupler are determined
at 1,550 nm firstly. When light is coupled into core A and propagates by 3 cm, Fig. 7 shows that
the CR curves of the two polarized modes exhibit the same variation trend in core A or core B, in
which CRY” decreases and CRy;" increases with propagation distance. When the two polarized
modes propagate after a distance L of 1.46 cm, CRY, CRZ and CRDy are 51.43%, 51.22%, and
0.21%, while CRyB, CR’E‘; and CRDg are 48.57%, 48.78% and -0.21%, respectively. Therefore,
at the two outputs of the coupler, CR remains at 50 + 2% and CRD stabilizes to within + 1% at
1,550 nm, providing evidence that the 3-dB coupler based on the 1.46 cm long DHC-ARF can be
implemented at 1,550 nm.
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Fig. 7. Variation of CRX’x and with propagation distance at 1,550 nm.

The properties of the coupler are determined between 1.25 um and 1.85 um, as shown in
Fig. 8. In core A, CRi; rises from 48% to 52% and then decreases to 48% from 1.33 um to
1.73 um. CR’, increases initially from 48% to 51.61% and then decreases to 48% from 1.328 um
to 1.762 um, while CRD rises from -1% to 0.41% and then decreases to -1% from 1.294 um
to 1.796 um. In core B, CR% decreases from 52% to 48% initially and then increases to 52%
from 1.33 um to 1.73 um, while CR decreases from 52% to 48.39% and increases to 52% from
1.328 um to 1.762 um. CRDg decreases from 1% to -0.41% and then rises to 1% from 1.294 um
to 1.796 um. The results show that CRZ’X can be stablized at 50 + 2%, while CRD is within
+1% in the wavelength range between 1.33 um and 1.73 ym. Hence, a broadband coupler with a
bandwidth of 400 nm can be developed with the aid of the 1.46 cm long polymer DHC-ARF.

The loss of the coupler is evaluated. The component loss is mainly determined by the total loss
of the DHC-AREF and the component length. The total loss of the polymer DHC-AREF includes
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Fig. 8. Properties of the 3-dB coupler in the wavelength range between 1.25 um and 1.85 pm.

primarily the confinement loss (CL) and absorption loss (@) as shown below:

CL = 8.686koIm(n.) [dB/m] (8)
2
f amat”V£0/ﬂ0|E| dA
polymer
= [dB/m] C)]

Re {z - [Ex H*dA}

all
where ko =27/ is the wave vector, A is the wavelength, Im(n.) represents the imaginary part
of the ngg; g is the absorption coefficient of the materials [21], n is the refractive index
of the polymer IP-Dip, &¢ and yq are the dielectric constant and magnetic permeability in a
vacuum, respectively, E and H are the electric field and magnetic field components, respectively.
Integration of the numerator is performed over the region of the polymer and that of the
denominator is carried out over all the fiber regions.

The total loss, a and CL of the polymer DHC-ARF, and the CL of a silica DHC-ARF are shown
in Fig. 9. Between 1.33 pm and 1.73 um, the total loss of the polymer varies from 0.024 dB/cm
to 0.032 dB/cm the o changes from 0.0019 dB/cm to 0.0083 dB/cm and the CL of the polymer
DHC-AREF varies from 0.021 dB/cm to 0.027 dB/cm, whereas the CL of the silica DHC-ARF
varies from 0.017 dB/cm to 0.023 dB/cm. At 1,550 nm, the total loss of the polymer DHC-ARF,
CL of the polymer DHC-ARF, and CL of the silica DHC-ARF are 0.024 dB/cm, 0.021 dB/cm and
0.019 dB/cm, respectively. The total loss of the polymer DHC-AREF is low and mainly depends
on the CL of the polymer DHC-ARF. The CL of the polymer fiber is comparable to that of silica
DHC-ARF. The component loss of the coupler based on the 1.46 cm long polymer DHC-ARF
is obtained by multiplying the total loss of the fiber with the length of 1.46 cm. The loss of
the coupler ranges from 0.035 dB to 0.047 dB between 1.33 um and 1.73 um and the broadband
coupler shows a low loss of 0.041 + 0.006 dB in the operating band.

Finally, the tolerance of the coupler is assessed. It is important to precisely control the
transverse geometry of the dual-core fiber during manufacturing. Although Bertoncini et al.
[22] have fabricated IP-Dip-based HCFs with complex claddings by high-precision 3D printing,
fabrication of three-dimensional nanoscale structures is still challenging. The thickness of the
cladding tubes ¢ has a nanoscale and ¢ is a key guiding characteristic of the DHC-ARF. Hence, the
tolerance of ¢ is assessed by setting the variation of ¢ as nz. The impact of 1, on the characteristics
of the coupler constructed with the 1.46 cm long polymer DHC-AREF is presented in Fig. 10.
The white solid line and solid line represent CR), =48% and CR’, =52%, the black dot line
represents CRDa =-1%, and the dashed area indicates the E + S + C + L + U band. Stabilized CR
(50 = 2%) has a lower tolerance for # than CRD within +1% and therefore, is mainly determined
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Fig. 9. Loss of the DHC-ARF.
by CR. For 1 in the range between 0% and 1%, the two red lines in Fig. 10(a) shows that the
operating bandwidth of a coupler covers the E+ S + C + L + U band.
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Fig. 10. Impact of on (a) and CRD, (b) of a coupler.

5. Conclusion

An ultra-broadband HCF coupler based on a polymer DHC-AREF is first designed and analyzed.
Adjusting the air gap g and tube diameter d, weakens the wavelength dependence, and the
polarization dependence of the fiber can be reduced by changing the tube diameters d, and d,.
The simulation results show the broadband coupler comprising a 1.46 cm long DHC-AREF has
an operating bandwidth of 400 nm covering wavelengths between 1.33 um to 1.73 um, in which
range CR is stabilized at 50 + 2% and CRD ranges within +0.6%. Although the DHC-ARF-based
coupler is made of a polymer, the component loss remains low at 0.041 +0.006 dB in the
operating bandwidth. This 3-dB HCF coupler with an ultra-broadband, short component length,

and low loss has immense potential in next-generation, high-speed, and large-capacity HCF
communication systems.
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