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Abstract: Hollow-core negative-curvature fibres have been the focus of current research,
but how to reduce the loss of hollow-core negative-curvature fibres is a serious problem.
This paper proposes a new structure of hollow-core negative-curvature fibres, that is
numerically simulated using the finite-element method, and compared with the simulation
results of hollow-core conjoined-tube negative curvature fibres (CTNCFs) and hollow-core
nested anti-resonant nodeless fibres (NANFs). The results show that, the LPy; mode loss
can reach 0.003694 dB/km with a transmission wavelength of 1.06 um, the LP;; mode loss
can be as low as 0.28423 dB/km, and the bending loss is 0.4405 dB/km with a bending
radius of 5 cm and a transmission wavelength of 1.06 um. The loss is reduced by an order
of magnitude compared to CTNCFs and NANFs.

Index Terms: Hollow-core negative-curvature fibres, anti-resonant, ultralow loss.

1. Introduction

The first kind of hollow-core fibres was hollow-core photonic band gap fibres (HC-PBGFs), which
are divided into two-dimensional photonic bandgap fibres [1] and omniguide photonic bandgap
fibres [2]. The laser will be transferred without nonlinear effects and dispersion in the quasi-vacuum
optical environment [3], and HC-PBGFs have a wide range of applications in nonlinear optics [4],
[5], ultrafast optics [6], and high power lasers [7]. However, due to the defect of the HC-PBGF itself,
the basic loss called surface scattering cannot be eliminated [8], thus, it is not worth continuing to
research, and any kind of high-performance hollow-core fibres must effectively reduce the spatial
overlap between the mode field and the glass surface [9]. Based on these two considerations,
academia has turned to hollow-core negative-curvature fibres as the research object [10].
Hollow-core negative-curvature fibres are based on the HC-PBGF, in which the cladding structure
in the HC-PBGF is simplified to one cladding structure [11], the fibres can still transfer the laser,
and the transmission mechanism is the anti-resonant reflection optical waveguide (ARROW) [12],
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[13]. Unlike the complex cladding structure of HC-PBGFs, the hollow-core negative-curvature fibres
have a simple cladding structure, and the transmission loss is low, thus, they have huge application
potential in power transmission [14], data communication [15], and fibres lasers [16].

In 2011, Pryamikov A D et al. first proposed a glass hollow-core fibre. The curvature of the
core wall is negative, and the transmission loss is 11 dB/m with a transmission wavelength of 10.6
um [11]. In 2012, Yu F of the University of Bath in the United Kingdom proposed a hollow-core
negative-curvature fibres similar to an ice cream structure, and the minimum loss of the fibres at
a transmission wavelength of 3050 nm was 34 dB/km [17], which reduced the loss to less than
100 dB/km.

In 2018, Wang Y Y of the Institute of Laser Engineering of Beijing University of Technology
devised a new structure of hollow-core negative-curvature fibres, when the transmission wave-
length is 1512 nm, its lowest loss reaches 2.0 dB/km [3], which reduces the loss to less than
10 dB/km. In 2020, Debord B of the University of Southampton reduced the loss of hollow-core
negative-curvature fibres to 0.28 dB/km by adding a circular nested tube, which is currently the
lowest loss among hollow-core negative-curvature fibres [18], which reduced the loss to less than
1 dB/km.

Although the loss of hollow-core negative-curvature fibres is gradually decreasing, the cur-
rent high transmission loss is still the main factor limiting the commercialization of hollow-core
negative-curvature fibres. At present, the methods to reduce the transmission loss of hollow-core
negative-curvature fibres mainly include adding nested tubes into the cladding tube [19] and
CTNCFs. In this paper, we combine the virtues of NANFs and CTNCFs, and add a circular nested
tube to the conjoined tube, to study its performance in reducing the loss and bending loss. We
name it a hollow-core connecting-circle negative-curvature fibore (HC-CCNCF or CCNCF). From
the simulation results, it has record-breaking low LPy; and LP;; mode loss, not only is the structure
relatively simple, but also, it is possible to realize drawing. Finally, we calculate the higher order
mode extinction ratio (HOMER), which has a high value, and can provide effective single-mode
operation. Therefore, we believe that the CCNCF will break the record for ultralow loss hollow-core
negative-curvature fibres with the possibility of drawing success.

2. Fibres Structure

Fig. 1, presents the structure of the fibres. The cladding of the fibres is composed of 6 noncontact
connecting circles, which surround the air core with D = 30 um. One of the cladding tubes is
composed of two connecting circles with a small nested circle, and the structure of the cladding
tube from (1) to (7) consists of an anti-resonant wall, a large moon-shaped air hole, an anti-resonant
wall, a circular air hole, an anti-resonant wall, a small moon-shaped air hole, and an anti-resonant
wall.

Because the connecting structure of circle 1 and circle 2 has a node, circle 3 can nest at the node,
which is different from the ordinary nested structure, there is innovative. This is the advantage of
CCNCF over complex nested structures [20].

Next, the fibre structural parameter settings are discussed. Kolyadin AN et al. proved that the
produced extra resonance can be reduced when capillary tubes are separated from each other
[21], so the distance between the circles 2 should be enhanced. The larger the diameter of the
cladding tube relative to the core diameter is, the easier mode coupling occurs [22]. Based on
these two considerations, and using COMSOL to simulate circle 1, circle 2, and circle 3 under
different diameters and distances between the centres of circle 1 and circle 2, finally, the lowest
loss is obtained with diameters d;, d>, and d; and distance / between the centre of circle 1 and
circle 2 of 23 um, 21.5 um, 18.2 um, 13.29 um. When the anti-resonant wall thickness and the
wavelength of the transmitted laser reach the anti-resonant condition, the loss of the fibres will
be lower, and COMSOL is used to calculate the loss of the fibres under different anti-resonant
wall thicknesses, The lowest loss is obtained with a transmission wavelength of 1.06 um and an
anti-resonant wall thickness of 0.35 um.
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Fig. 1. CCNCF structure.

TABLE 1
Parameters of the Sellmeier Equation

B=0.696 166 3 B>,=0.407 942 6 B3=0.897479 4
41=0.068 404 3 42=0.068 404 3 45=0.068 404 3

For the material part of the fibres, the white part is full of air with a refractive index n,;, of 1, and
the black part is silica, whose refractive index n;;.. is determined by the Sellmeier equation: [23]

’ 7. B2
Miica(h) =14 IR
j=1 j

(1)

A is the jth resonant wavelength, B; is the strength of the jth resonant wavelength, and 1 is the

transmission wavelength, generally, we use the first three items. The specific parameters are given
in Table 1.

3. Simulation Results
3.1 Loss

The finite element method is used to calculate the loss of the fibres. Since the simulation result
does not represent the real result, to reflect the superiority of the CCNCF, the NANF and CTNCF
are simulated under the same simulation parameters, and the loss is calculated for comparison.
Fig. 2. and Fig. 3, present the structures of the NANF and CTNCF.

The structural parameters of the NANF and CTNCF were obtained from references [3], [18], in
NANF, DNANF = 37.2 ©um, le =23 ©um, dN2 =10.5 ©um, i = 0.35 ©m. In CTNCF, DCTNCF =
30.5 um, the first layer of D-shaped air holes with the area of S; = 270 um?, the second layer of
D-shaped air holes with the effective area of S, = 335 um?, t- = 0.35 um. The only change is the
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Fig. 3. CTNCF structure.

thickness of the anti-resonant wall, and the thicknesses of all the anti-resonant walls in these two
fibres are all 0.35 um. In terms of material settings, in these two types of fibres, the black part is
silica, and its refractive index nsilica is determined by the Sellmeier equation [17]. The white part is
air, and its refractive index nair is 1.

The CCNCF, NANF and CTNCF are simulated within the transmission band of 0.8~1.6 um.
Since the LPy; mode loss of these three kinds of fibres is very low, the loss of their LP;; mode is
researched here. Fig. 4, presents the loss curves of the LPy; mode and the loss of the LP,; mode
of the three types of fibres.

According to the simulation results, compared with the NANF and CTNCF, the CCNCF reduces
the loss of the LPy; mode by an order of magnitude for the transmission wavelengths of 0.8~1.6
um. Compared with the NANF, the CCNCF reduces the loss of the LP;; mode by an order of
magnitude, and compared with the CTNCF, the CCNCF reduces the loss of the LP,;; mode by
several orders of magnitude. This shows that the performance of the CCNCF in reducing the loss of
the LPy; mode and LP;; mode is better than that of the NANF and CTNCF. When the transmission
wavelength is 1.06 um, the LPy; mode loss of the CCNCF can reach as low as 0.003694 dB/km.
Table 2 shows the comparison of the lowest loss among the CCNCF, NANF and CTNCF.

3.2 Single-Mode Characteristics

The single-mode characteristics of the hollow-core negative-curvature fibres are represented by
the HOMER, and the definition of the HOMER is the ratio of the lowest loss of the higher order
mode to the loss of the LPy; mode under the same structure parameters. In this research, through
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~—— CCNCF LPy,
—— NANFLP,,
—— CINCFLP,,
—— CONCFLP,,
NANF LP,

1000

Loss(dB/km)

0.001 s

08 09 0 L1 12 13 14 15 16
Wavelength(um)
tljig.d4. LPy1 and LP1; mode losses of the CCNCF, NANF and CTNCF in the 0.8~1.6 xm transmission
and.
TABLE 2
Lowest Loss of the LPy; Mode and LP;; Mode of the Three Types of Fibres
Wavelength at Lowest loss in Wavelength at Lowest loss in
Fibres type the lowest loss LPo1 mode the lowest loss LPi1 mode
(um) (dB/km) (um) (dB/km)
CTNCF 1.06 0.31905 1.06 871.61
NANF 1.1 0.5483 1.15 5.9447
CCNCF 1.06 0.003694 1.06 0.28423

the simulation result, we can obtain that the higher-order modes with the lowest loss of the three
structures of the fibres are all the LP;; modes. Fig. 5, presents the HOMER curves of the three
fibres and the mode fields of the LPy; mode and the LP;; mode when the transmission wavelength
is 1.06 um for the three different fibre structures.

Through the curves, we can obtain that the CTNCF has the best single-mode performance, and
the value of the HOMER is much higher than those for the CCNCF and NANF. The single-mode
characteristics of the CCNCF are slightly better than those of the NANF, which is a deficiency of
the CCNCF.

Because CCNCF is designed to obtain lower losses of LPy; and LP;; modes, we calculate
HOMER between another lowest loss higher-order mode and the LP;; mode. As is shown in Fig. 6.

We can obtain that the HOMER between LP;> mode and LP;; mode are higher than 300.
Therefore, we believe that CCNCF has a good inhibitory effect on the other higher-order modes.
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Fig. 5. (a) HOMER curves of the CTNCF, CCNCF and NANF. (b) LPy; mode of the CTNCF, CCNCF
and NANF, and LP1; mode of the CTNCF, CCNCF and NANF.
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Fig. 6. (a) HOMER between LP;2 mode and LP1; mode. (b) LP12 and LP;; modes of the CCNCF.

3.3 Bending Loss

The bending loss is also another important characteristic of fibres. Research has shown that
reducing the core diameter can reduce the bending loss [10], [24], which is also the reason why
the CCNCF core diameter is 30 um. We use the conformal transformation method [25] to calculate
the bending loss, using the formula:

n'(x, y) = n(x. y) exp(x/Rens) (2)

where n'(x, y) is the conformal index distribution, n(x, y) is the index distribution before bending,
Ryenq is the bending radius, and x is the transverse distance from the centre of the fibre.
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Fig. 7. Bending loss curves of the NANF, CCNCF and CTNCF.

Fig. 8. Mode field of the bent CCNCF at a bending radius of 5 cm.

We assume that the fibre is bent in the x direction. We have calculated the bending losses of
the NANF, CCNCF and CTNCEF, the structural parameters of the NANF and CTNCF are both from
references [3], [18], and the structural parameters of the CCNCF are from part 1, which give a
lower loss at the transmission wavelength of 1.06 um. Fig. 7, presents the bending loss curves of
the NANF, CCNCF and CTNCF with bending radii of 5~40 cm. We can obtain that with an increase
in the bending radius, the bending loss of the CCNCF, CTNCF, and NANF is gradually reduced,
because, as the bending radius increases, the offset of the bending mode field decreases. Through
the numerical comparison of the bending losses of the CCNCF, CTNCF and NANF, we can obtain
that the CCNCEF is far better than the CTNCF and NANF in reducing the bending loss. Under the
same simulation conditions, the CTNCF can reduce the bending loss by an order of magnitude.

Fig. 8, presents the mode field of the bent CCNCF at a bending radius of 5 cm, and we can
obtain that the mode field of the curved CCNCF shifts in the bending direction.

4. Discussion

Due to the limitations of the current drawing manufacturing technology, the cladding tube can only
be designed to be a circle, but the elliptical structure of the cladding tube has greater potential
[26], lower loss, and more variable structures. If the drawing technology becomes mature, then
designing the cladding tube into an elliptical structure will further reduce the loss of the fibres. We
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Fig. 9. CCNCF1 structure.

—=— CCNCFI LP,,
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Fig. 10. LPp1 mode and LP1; mode loss change for the CCNCF and CCNCF1 in the transmission band
of 0.8~1.6 um.

slightly change the structure, for example, if circle 3 is changed to an ellipse, where the minor axis
length b is the same as the diameter of original circle 3, and the major axis length a is changed to
19.2 um, then the modified fibres is named CCNCF1. Fig. 9, presents its structure.

Fig. 10, presents the loss of the LPy; mode and LP,; mode of CCNCF1 and the CCNCF at
wavelengths of 0.8~1.6 um.

We can obtain from the curve that although the loss curve of CCNCF1 is close to the loss curve
of the CCNCF, the lowest LPy; and LP;; mode losses of CCNCF1 are both lower than those of
the CCNCF, and the lowest LP;; mode loss reaches 0.001 dB/km. It is proven that the elliptical
structure has great potential in reducing the loss.

We have noticed that there is a 2-bar CTF in paper [3], which is similar to CCNCF. Fig. 11,
presents the approximate structure. In the 2-bar CTF, D, = 30.5 um, the first layer of semicircular
air holes with the area of s; = 278 pm?, the second layer of rectangle air holes with the effective
area of s, = 455 um?2, the third layer of semicircular air holes with the area of s3 = 278 uym?, t; =
0.35 um.

Since the two proposed designs have the same number of antiresonant layer, the 2-bar CTF and
CCNCF are simulated under the same condition, and the loss is calculated for comparison.
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Fig. 11. 2-bar CTF structure.

—=— 2-bar CTF
—e— CCNCF
1 -\
! \\ '
L\ o
—_ e \ _—
g ' \ \\ /////: ¢
@ 01 N\ " /
) \ A /
- \\ )T~
2 \ o
Q \ /
— \
0.01 N\ ﬁ/
"
0001 T T T T T T T 1
0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

Wavelength(pum)

Fig. 12. The losses of the LPy; mode of the 2-bar CTF and the CCNCF at wavelengths of 0.8~1.6 um.

Fig. 12, presents the losses of the LPy; mode of the 2-bar CTF and the CCNCF at wavelengths
of 0.8~1.6 um.

We can obtain from the curve that although the loss curve of the 2-bar CTF is close to the loss
curve of the CCNCF, the lowest LP; loss of CCNCF is lower than 2-bar CTF. It is proved that the
negative curvature antiresonant bar has some advantages.

5. Conclusion

This article introduces a new kind of hollow-core negative-curvature fibres, and uses the finite
element method to simulate and calculate the loss, compared with those of the NANF and CTNCF
under the same conditions. Finally, the LPy; mode loss of the CCNCF is approximately an order
of magnitude lower than those of the NANF and CTNCF. The loss of the CCNCF can be reduced
to 0.003964 dB/km with a transmission wavelength of 1.06 um, the LP;; mode loss can be as low
as 0.28423 dB/km, and the bending loss is 0.4405 dB/km with a bending radius of 5 cm and a
transmission wavelength of 1.06 um. The single-mode characteristics of the CCNCF are slightly
better than those of the NANF but worse than those of the CTNCF. And the HOMER between LP15
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mode and LP;; mode are higher than 300. We provide a solution to reduce the loss of the hollow-
core negative-curvature fibre. More work is needed to increase the loss of LP;; modes without
penalizing the LPy; mode, and to keep the losses of LPy; and LPy; flat in the whole transmission

window.
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