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Fig. 2 Schematic of air hole-assisted elliptical hollow optical fiber preform fabrication process

3 A SET
3.1 BEHEEZESIHRTMALE

e A )2 T B 28 AL A RS R B % A58 5K
R R EEERE M M . B SRR RN o By 1 BB 2
AR d, W5, PRRE R 25 S AL A B R, /)
d,=14.5 pym, d, =13 pm, HA G S 508 0 [H &
Hid,=T7.6 pm,c,=7.2 pmsa,/a,=1.4,c,/c,=
l.4va,/c,=0.36, KN 1550 nm, K 3 HHT
LT A 2 A R SR g BE o b 1) BB 25 <AL
Nt d, By g, ik RE 5 AL AR X
WSS AL ER RN T 7.3 pm. R 3Ca) AT, B
Hody WK AR ng HRID T H 10 A
d, MHEUREAZ A K, B 34T B A 4B
B B A R 9 R Ang M2, h T 7 8 W%,
3COPEA LG Angy FRT 1.0X10 " HAL ]

Mgk, Hay i 780 LPy, 5 LP, . LP, 5 LP..
LPy, 5 LPj,, LP;y, 5 LPy, Z A8 A 3 4 R %
Ang HZE . B 3 A LA L BL LPY,, 5 LP,
ZIEM Ang VWS LP3,, 5 LPs,, Z B Ang #X 4,
bR, mE 3o LA LP), 5§ LPj, . LPy,
5 LPy, Mong Z2EKK. X EZEREMH LPL, 5 LP,
PhJe LPy, 5 LPs, B 0 i AWl S B,
B3R LA .Y 4, #InE] 6. 85 pm B, 11 5X
LP;, 5 LP;, ZEM Ang FHKT 1.0X10 ',
LP;, 5 LPY,.LP},, 5 LP{,,.LP;, 5 LP3, ZIH 1
Ang B ESHEBEBAMEHEL KT 1.0oX10 ', 4
d, 78 6. 85~7.2 pm U [FH N W, B 7E & 3 (b) I
Kl 3Ce) T 4518 1 R 48 X i L OB SR 10 A4
R 1 An g FBRT 10X 10", AT LA SZ A =X 1 fhs
AR OR 22 4~10 [W B R BRI . )R &
MRFER d, =7 pm,

1706001-2



MR E49% F 17 H1/2022 £ 9 A/ EEN

(a) 1453 —=—LP}. (b) —=—LP;, and LP4,
1.452 M —— LPfi —e—LP};, and LP%,,
1.451 ——LPi» —+— LP4y, and LPY,

- 1.450 D e +LP€“’ p —»— LP{1, and LPz),
£ L [RR e e ==Lt = ——LP{, and LPy,
1.448 i e i —'_LPI,"’ < ——LP?%, and LP%,
1.447 —— LPiL. < 10 —— 77— =y y”‘ -
1.446 H_.—._._.—.—._H""-H —e— LP}. 5 - —O—LPi-la and LI:lla
1.445 | -9 | ——LP} f——t—t—9——4—9—¢ —e —O—LPmandLP;;a
1.444 N " . . " _._.LPl;J1 0 } —— LPjiand LPg
60 62 64 66 68 70 7.2 6.0 62 64 66 68 70 7.2
dl /},lITl dl /pm
(©

—4&— 1P, and LP%y
~»—LP}, and LP{1,
—o—LP;; and LP{,

——LP# and LPg

ANers /1074

10
0.8 / :
0.6 ) z

6.0 62 64 6.6 6:8 ' 7.0 7.2
di /um

B3 BERRERE d, B, (OB BT v B d) 7B (DB BT A2 An gy BE o, BIZEAL 5 (o) TR AM R 2 ] B9 A 2

Yo H2% Ano B ) WAL

Fig. 3 Variations of mode characteristics with d,. (a) Variation of effective refractive index n. with d,; (b) variation of

effective refractive index difference An. with d,; (c) variation of effective refractive index difference An.; of partial

modes with d,
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Fig. 5 Variations of mode characteristics with d,. (a) Variation of effective refractive index n.; with d,; (b) variation of

effective refractive index difference An. with d,; (c¢) variation of effective refractive index difference An . of partial
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Table 1 Comparison between proposed fiber and fibers reported in other references
Reference M eore An Quantity of fiber mode Bandwidth /nm Dispersion /(psenm '+km ')

This research 1. 460 >10"" 10 80 17.6 to 51.3

[29] 1.455 >10"* 10 35 18 to 21

[30] 1. 457 >10" 10 75 —32.6 to 35.3

[28] 1. 457 >10"" 7 75 24.5 to 36.3

[26] 1.478 >10"" 14 75 —70 to —10

[27] 1.478 >10"" 16 55 —55 to 22
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Air Hole-Assisted Polarization-Maintaining Few-Mode Fiber Supporting
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Institute of Lightwave Technology, Beijing Jiaotong University, Beijing 100044, China

Abstract

Objective With the emerging social media age, mobile communications, and cloud computing, the ever-increasing
consumer demand for network capacity has exploded, which has brought enormous challenges to optical fiber
communication systems. To enhance data transmission and all-optical network switching capabilities, an upgrade of the
optical fiber is imperative. Multiplexing technologies like wavelength-division multiplexing and time-division multiplexing
are currently being employed to expand the capacity of traditional single-mode fiber (SMF) based optic-transmission
systems. However, the SMF has merged all degrees of freedom of light (including amplitude, phase, frequency, and
polarization), achieving the nonlinear Shannon limit’s maximal capacity. To solve the capacity barrier, space-division
multiplexing (SDM) transmission has been studied in the recent decade. SDM technology has two efficient solutions:
multicore fiber (MCF) and few-mode fiber (FMF). The MCF integrates numerous independent cores into a single fiber
for parallel transmission and the multicore design increases manufacturing costs. Due to the intermode coupling, it is
challenging to attain high core density. For FMF, each mode is a channel for independent signal transmission, which
increases the single fiber’ s transmission capacity. In particular, polarization-maintaining FMF supporting several
orthogonally polarized modes with a large separation of effective indices would realize low-crosstalk high-capacity
communications. In this study, we report an air hole-assisted polarization-maintaining FMF, where high birefringence is
attained using air holes assisted structure. The numerical simulation results revealed that a low-index core fiber can
realize 10 polarization-maintaining modes. In the future, the proposed fiber can find applications in large-capacity SDM
communication technology.

Methods The numerical model, i.e., the FMF’ s cross-sectional structure, was established by exploiting COMSOL
Multiphysics based on the complete vector finite element approach. The perfectly matched layer, which matched the fiber
cladding’s wave impedance was placed to the periphery of the fiber to absorb electromagnetic waves at a boundary,
simulating an infinite cladding size. In determining the size of the grid unit for a fiber cross-sectional structure’s
discretization, comprehensive consideration of factors like solution accuracy, calculation time, and hardware conditions
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were required. To achieve accurate simulation results, the fiber cross-sectional area was divided into triangular mesh
units with the maximum size of the mesh unit of one-fifth of the wavelength. Furthermore, Sellmeier’s dispersion formula
was included in the numerical model to analyze the proposed fiber’ s frequency-dependent performance, like, the
dispersions over S, C, and L communication bands.

Results and Discussions An air hole-assisted FMF model was proposed (Fig.1), in which an elliptical air hole was
inserted in the center of the elliptical ring core, and four circular air holes of various sizes were placed in the horizontal
and vertical directions, respectively. When appropriate values for structure parameters (the size and position of circular
air holes, the size and ellipticity of ring-core, and the size and ellipticity of elliptical air hole) are selected at 1550 nm,
numerical simulations shows that 10 modes can be transmitted with effective refractive index differences between two
adjacent modes up to 10 ', resulting in polarization-maintaining ( Fig. 3-Fig. 10 ). Regarding the transmission
performance in the S, C, and L communication bands (Fig.12), the dispersions for 10 modes range from 17.6 ps/(nme+km) to
51.3 ps/(nmekm), and the effective refractive index differences between 1520 nm and 1600 nm are no less than 10 *(the
bandwidth is 80 nm). Furthermore, compared with other fibers reported in relevant literatures (Table 1), the proposed
fiber has a larger bandwidth and the same level of dispersion. Further simulations showed that the high refractive index
core would inevitably lead to a significant increase in the core doping cost while having less influence on the effective
refractive index differences in the low-order modes (Fig.13). Consequently, to balance the number of modes and the
manufacturing cost, a low refractive index core is employed.

Conclusions In this study, an air hole-assisted polarization-maintaining FMF was proposed. The influences of the size
(d,, d,) and position (d,., d,) of circular air holes, the size (c¢,.) and ellipticity (c¢./c,) of ring-core, and the size
(a./c,.) and ellipticity (a./a,) of elliptical air holes on transmission performance were investigated exploiting numerical
model. According to the simulation results, when d, =7 pm, d,=7.6 pm, d,=14.5 pm, d,=13 pm, ¢, =7.2 pm,
c./c,=1.4, a/c.=0.36, a./a, =1.4, the proposed FMF supports 10 mode transmission between 1520 nm and
1600 nm (the bandwidth is 80 nm), and the effective refractive index differences between two adjacent modes are greater
than 10™* to attain polarization-maintaining transmission. Meanwhile, the dispersions for 10 modes range from
17.6 ps/(nme+km) to 51.3 ps/(nm<km). The proposed FMF may find applications for large-capacity SDM communication
technology in the future.
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