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Fig. 1. Cross sectional structure of few-mode HC-NCF with

symmetrically double ring nested tube structure.
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Fig. 2. When the core radius R = 16 pm and k = 0.4, the impact of changing g on mode transmission characteristics: (a) Effective

refractive index; (b) CL.
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Bl 3 /D HC-NCF h£F =t i s 43 #ii 1
Fig. 3. Mode field distribution of guided core modes in the few-mode HC-NCF.
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Fig. 4. Impact of changing k on mode transmission characteristics for R = 16 pm and g = 0.5 um: (a) Effective refractive index;

(b) difference of effective refractive index of adjacent modes; (c) CL; (d) DGD between adjacent modes.
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Fig. 5. Mode field distribution of LP3;, modes at k = 0.25: (a) 2D plane diagram; (b) 3D stereo diagram.

2

(a) LPo LPy == LPy
1t LP[]z = LP31a """" LPSlb
0 -

(Tes—1)/103

_6 . . . .
16 18 20 22 24 26
R/pm
10!
(C) LP[H LP11 —— LP21
100 F LPg2 =-=- LP31q LPs1

CL/(dB-m~1)

6 . . . .
10 16 18 20 22 24 26

B 6 2g=05pum, k=040, BASF NN R XA 15 00

LR 5X E] 9 DGD

15
(b)
LPoi-LP1y LPy;-LPy; === LP2;-LPg2
LPg2-LP31p =-=- LP31,-LP314
10
<+
(e}
- I~.
= | e
I
a | Tl
5t T
o
0 .
16 18 20 22 24 26
R/pm
6
(d)
5 LPg-LPqy LPq1-LPg; ===- LP5;-LPgo
LPo2-LP31p === LP315-LP314
Toaf
g
n
£ 3
< Moo
>
A o T
0 1 1 1 1
16 18 20 22 24 26
R/pm

(a) AR, (b) AP RATH 22 (¢) CL; (d) H

Fig. 6. Impact of changing R on mode transmission characteristics for ¢ = 0.5 pm and k = 0.4: (a) Effective refractive index; (b) dif-

ference of effective refractive index of adjacent modes; (c) CL; (d) DGD between adjacent modes.
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Fig. 7. Variation of changing wavelength on mode transmission characteristics for ¢ = 0.5 pm, k = 0.4 and R = 16 pm: (a) Effect-

ive refractive index; (b) difference of effective refractive index of adjacent modes; (c¢) CL; (d) DGD between adjacent modes.
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Fig. 8. Variation of changing bending radius on mode transmission characteristics for ¢ = 0.5 um, & = 0.4: (a) Expected baseline;

(b) effective refractive index; (c) difference of effective refractive index of adjacent modes; (d) BL.
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Fig. 9. Variation of changing wavelength on mode transmission with bending radius R, = 7 cm: (a) Difference of effective refractive

index of adjacent modes; (b) BL.
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Fig. 10. With nested tube wall thickness parameter ¢ deviation +1%, the change of effective refractive index difference of adjacent
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Fig. 11. With nested tube wall thickness parameter ¢ deviation ~1%, the change of effective refractive index difference of adjacent
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Fig. 12. With parameter k deviation +1%, the change of effective refractive index difference of adjacent mode and CL.
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Fig. 13. With parameter k deviation -1%, the change of effective refractive index difference of adjacent mode and CL.
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Table 1.  Performance comparison of few-mode HC-NCF.
4t HUDR fum SRFRRRE SRR ARRR ML/ (AB-m ) TARHI % /nm 25 MF4E /em 25 HBHFE/ (AB-m )
Wang Z, et al. (2020)] 1.55 2 1.7x10* @1.53 um 340 10 6.6x107 (200 nm)
Goel C, et al. (2021)17 1.00 5 1.4x10°@1 pm — 20 5x1073
Ou J, et al. (2022)* 1.55 2 7.4x10 "@1.06 pm 800 — —
Liu H, et al. (2022)1) 1.55 5 3.4x10 "@1.38 pm 300 6 3x10* (210 nm)
Our work 1.55 6 4.3x107@1.4 pm 330 7 4.5%x10* (420 nm)
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Abstract

Few-mode optical fibers have played an increasingly important role in breaking through the transmission
capacity limitations of single-mode optical fiber and alleviating the bandwidth crisis in optic fiber
communication systems in recent years. Nevertheless, traditional solid core few-mode optical fibers usually
suffer optical fiber nonlinearity and mode coupling, leading to mode crosstalk between channels. Hollow core
negative curvature fibers (HC-NCF) have attracted widespread attention due to their advantages, such as low
latency, low nonlinearity, low dispersion, low transmission loss, and large operating bandwidth. In this work, a
novel low-loss few-mode HC-NCF with symmetrically double ring nested tube structure is designed, which
supports six core modes including LPy;, LP;, LPy;, LP(,, LP3;,, and LP3;;. The designed optical fiber is based
on silica dioxide substrate and adopts a unique symmetrical double ring nested cladding structure, which can
effectively suppress the coupling between the core mode and the cladding mode. The finite element method
(FDE) is used to numerically analyze the properties of the proposed few-mode HC-NCF and optimize the
structural parameters of the few-mode HC-NCF. Moreover, the confinement loss and bending loss of all core

modes are investigated. The simulation results show that the proposed few-mode HC-NCF can support the
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independent transmission of six weakly coupled core modes (with the effective refractive index difference greater
than 1x10* between the adjacent core modes, which greatly avoids the coupling between the adjacent modes in
the fiber core). In the 400 nm bandwidth (1.23-1.63 um, covering the O, E, S, C, and L bands), all six modes in
the fiber core maintain low loss transmission. Moreover, in the range of 1.3-1.63 pm, the confinement loss (CL)
of LPy;, LPy; and LPy; mode are all less than 1x10? dB/m, and the CL of LPg, and LP3;, mode are both less
than 3x10 3 dB/m. The CL of each mode reaches the lowest value at 1.4 pm, and the LPy; mode has the lowest
CL of 4.3x107 dB/m. In addition, for a bending radius of 7 c¢m, each mode maintains the low bending loss
characteristic in a certain operating wavelength range. In the range of 1.23-1.61 um, the BL of LP; is less than
4.5x10* dB/m, and the BL of LP;; is less than 1.3x10® dB/m. The tolerance analysis shows that even with
the deviation of structural parameters of +1%, the few-mode HC-NCF can still maintain the characteristic of
low-loss and weak coupling. The designed few-mode HC-NCF has ultra-low CL and bending-insensitive
characteristics while supporting independent transmission of six modes, which will find huge potential

applications in future high performance mode division multiplexing systems.
Keywords: hollow-core negative curvature fibers, few-mode fibers, confinement loss, bending loss
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