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Fig. 1 Multicore optical fibers with centrosymmetric core distribution. (a)-(d) Diagrams of fiber structure; (e)-(h) micrographs of end
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Fig. 2 45° cone frustum at seven-core fiber end and its simulation results (¢=38 pm). (a) 3D diagram of 45° frustum; (b) axial section

of 45° frustum along fiber core a and b; (¢) 3D simulation model; (d)-(h) optical field distributions obtained by monitor M1-M5
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Fig. 3 Optimized 45° arc cone frustum at seven-core fiber end and its simulation results (d=38 pm). (a) 3D diagram of 45° arc

frustum; (b) axial section of 45 arc frustum along fiber core a and b; (¢) 3D simulation model; (d)-(h) optical field distributions
obtained by monitor M1-M5
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Fig. 4 Simulation results of 45° frustum and parabolic optimized frustum with d==42 pm. (a) 3D simulation model and optical field

distributions obtained by monitor M1-M5 before optimization; (b) 3D simulation model and optical field distributions obtained

by monitor M1-M5 after optimization

3 AR AR A A

3.1 45°EamH&

45°15 5 1 I A AR AN 5 (a) R, B35 AR 34
HRE

LWL MER L . LB s — B
JEEF I, DI EICEF IR B8 J0 64 MK BE A 40 pwm, 0
FES5(h) s o JGEF ity i A U0 50 A B3 B /N B i, PR R 35
K ) E) fa B 4l 15 A5 R & AE BIF 5 AR v AR e X
PR o

ARR 2B B 0B . G i R 0 B R Y T AR
JRERE 5Ce) s . B R RDLA R EE —1
AL TR A e s ) e EL | 3E e  ORAR AR e T Ok £F
55 5 2 6] 0 e o, TR R L 5] 45° 5 8R F5 L F R
T B 5 4, LR 2 48 R () b e EL [ B e e, 7 Lt e 2F
[ £T vt AIF IS 1 ASTHE AR B & o AR 4 S0 PR 5 22 B 4 K [
WUk A RS ARk B AR 4578 5 e R OB . B 5(c)
JIT 7 Ay ol 4 G 14 TR 5 65 4 1 S SR B

B3 RMPER ., £t RASHERA
FM R 2 RS HE AR BR T AL, 7 B0 1 4

S A
0>0C=arcsin(m>, (6)
n.

KA n WA 3 n N TSP 588 00 A gt
1,0 M ERAIE R, MM AR TR n=1,
n=1.457,0.=43.34°, {EASR AR T LR A
B 0=a=45" B W TG A A . R T I8 N AS [ AT 4
R EREE B a0 K PR BT, AT 7E 45° (R 5 25 b 3% i 9% T —
J2 & WO A R 6 R 58 4 AT . B S8 I £F i 45° TR 5
RN 5(d) frs .
3.2 455 B &RH &

I IR 5 0 i 45 2 a0 7 6 () BT s , B4 an T 4
T B

LR MER L . LA i % — B
HEF 5, VIEDCER IO B JC B £F 1 B 40 pm

A2 ZMEVER G . 7 & IO R &0
R W B G T ah A AR 1A 6 (b) T 7R 1 22 # B [
S LR RS O S TR S R S i nl K ey i WO
T4 . BT AR, T RO R TR B JF 4 08
Jo T8 B F5 32 108 B AR RS, 0 0K R B (A VB R 8

1306001-4



243 % F 13 /2023 £ 7 B/RFZEH

monitor

KI5 45718 & Ryl A o Ca) 125 20 R B L (b) 3% — B 40 pm JEE 4R 1Lt 641 o 5 (o) WF S 5 M 27 3 4518 &5 5 (d) R 1 9E IR 5
M 45715 £ 5 (e ) £F s BIF JE5 25 i Jo 341 %]
Fig. 5 Fabrication of 45° cone frustum. (a) Schematic of preparation procedure; (b) seven-core fiber end fused with a 40 pm coreless
fiber; (c) 45° cone frustum after grinding; (d) 45° cone frustum with metal film; (e) schematic of fiber end grinding device
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Fig. 6 Fabrication of 45" arc cone frustum. (a) Schematic of preparation procedure; (b) schematic of multi-angle cone frustum;

(c) micrograph of multi-angle cone frustum after grinding; (d) micrograph of arc cone frustum after arc optimization and metal filming
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Table 1 Insertion loss of each channel for seven-core fiber fan-in/fan-out device

Core number 1 2 3

4 5 6 7(CC)

Insertion loss /dB 0.78 0.67 0.83

0.98 0.73 0.74 0.51
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Table 2 Insertion loss test results of optimized and unoptimized diagonal core reflection couplers of 45° cone frustum

Core number 1-4 4-1 2-5 52 3-6 6-3 Average
Insertion loss of 45° cone frustum /dB 2.05 2.09 2.16 2.12 2.20 2.23 2. 14
Insertion loss of arc cone frustum /dB 1.32 1.35 1.40 1.44 1.42 1. 39 1. 39
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Fig.9 Coupling efficiency tolerance analysis of multi-core fiber diagonal reflection coupler. (a)(b) Offsets of fiber core in & and y

directions; (¢) variation curves of coupling efficiency with fiber core deviation error; (d)(e) base angle preparation error of 45° cone

frustum and arc cone frustum; (f) variation curves of coupling efficiency with base angle deviation error
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Abstract

Objective  The popularization and application of multi-core fiber cannot be realized without integrated devices with
various functions. Therefore, how to build micro-optical devices with higher integration, better performance, and richer
functions in a single multi-core fiber has become a research hotspot in recent years. This paper proposes a diagonal core
reflection coupler based on multi-core fiber, which can connect the optical path of the diagonal core with an arcuate shape

frustum on the multi-core fiber tip.

Methods

distribution (Fig. 1). With seven-core fiber as an example, after the end of the fiber is fused with a short coreless fiber, a

The proposed diagonal core reflection coupler is suitable for multi-core fibers with centrosymmetric core

45° frustum is prepared by precision grinding, as shown in Fig. 2 (a). The frustum can realize the connection of three pairs
of diagonal core optical paths. For example, the light in the fiber core a can be reflected twice through the surface of the

frustum with a base angle of 45 and then transmitted in reverse to the fiber core b, and vice versa. When the beam leaves
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the core a and enters the coreless fiber, diffraction diffusion will occur. Then a large part of the beam cannot be coupled

into core b after it is reflected twice by the 45° frustum. To illustrate the diffraction divergence of the beam during
reflection, this paper builds a three-dimensional optical model as shown in Fig. 2 (c¢) through the finite-difference time-
domain method for core spacing d=38 pm, and five key monitors are constructed along the beam propagation path. The
monitor can provide feedback related to the optical field distribution of the section at this position, and the results are
respectively displayed in Fig. 2 (d)-(h). The monitor M3 shows the light field distribution of two symmetrical side core
profiles in Fig. 2 (b). Serious diffracted beam does occur during transmission and reflection. The light field is matched as
much as possible with the fundamental mode field of core b, the coupling efficiency when the beam is transmitted to core b
is improved, and the 45° frustum at the fiber end is optimized by an arc melt-shaping method to improve the divergence
effect of the beam in the xoz plane. As shown in Fig. 3 (a) and (b), if the reflecting interface of the frustum is arcuate, the
beam emitted from core a will have a focusing effect after being reflected at point A. Since cores a and b are symmetrical,
when the focusing and divergence effects offset each other, the beam can be efficiently coupled into core b after the second

reflection. Paraboloid is selected as the optimized shape, and the general shape function Eq. (1) is obtained.

Results and Discussions The 45° frustum is prepared by precision grinding of the fiber end, and the arcuate shape
frustum is prepared by the arc melting shaping method. Then the shape outline of the arcuate shape frustum is extracted
and compared with the theoretical design. The tests indicate that the reflection coupling efficiency of the arcuate shape
frustum is improved from 61.1% of the 45° platform before optimization to 72. 6%, showing an obvious optimization
effect. Finally, this paper discusses two important factors that affect the coupling efficiency in the preparation of a diagonal
core reflection coupler, including the core shift of the multicore optical fiber and the base angle shift of the frustum. The

results reveal that the arcuate shape frustum can provide greater tolerance in the preparation.

Conclusions In this paper, a diagonal core reflection coupler on multi-core fiber tip is presented and optimized to realize
the low loss connection of the optical path of multi-core fiber symmetric core. The device is designed to fabricate a
reflection frustum at the end of a multi-core fiber by the precision grinding method. The surface shape of the 45° frustum is
optimized by an arcuate shape frustum to improve the coupling efficiency of the diagonal core and reduce the insertion loss.
Through the finite-difference time-domain method, the three-dimensional models of the 45° frustum and the arcuate shape
frustum are built respectively. The results show that the optimized arcuate shape frustum has better preparation tolerance
and performance than that before optimization. By precision grinding and arc melting optimization, the 45° frustum and the
arcuate shape frustum are fabricated successfully, and the insertion loss test results are basically consistent with the
simulation results. This kind of device realizes low loss connection of multi-core fiber diagonal fiber core, and the whole
device is prepared on the fiber end of the fiber with a compact structure, which can be employed in Raman distributed

temperature measurement, especially in the case of narrow space such as oil field and oil wells.

Key words fiber optics; multi-core fiber; reflection coupler; insertion loss; optical fiber end grinding
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