5 52 B4 7 1) T o Vol.52 No.7
2023 4E 7 H ACTA PHOTONICA SINICA July 2023

51 #% 3 . SHEN Licui, HUANG Sujuan, CHEN Wei, et al. Inter-core Differential Group Delay Measurement of Seven Core
Fiber Based on Spatial Interference Imaging[ J]. Acta Photonica Sinica, 2023, 52(7):0706002
TEAL AL BRI BRAR A T S T 05 AR LU G £ S DR A I 2 I 5 [T ). %254, 2023, 52(7) : 0706002

BT 2 [ 3 R BB G 2T T
TR SIE R 22 0]

WL R RFAR, AR, E R, R K
CEHMERS: S 15 (5 L TR B ARG 5O AR TS 92005 , 15 200444)

W ERETATEEATIRBGY ZELEL AL 209N T F %k, HCCODREIRRKKTFTHHE
BT8R T B P AL E ST A2 M = e ) Tk aE SF il i b 5 AT T A3 % ) B
a2, BETATERAFTIRGEG ZERGGAHFLENZMNSEREE,MNFT AMHE BHE
LG RAGA BN £, ZA RN FEE WL, M FHETE L0 ps/m, RALT R F L ] 6 5E AF
EE TR BN ZAEFANAR S AGE G RIE R £, M F LR Z AT & e CCD 89 2045 47 A5 ) 2F
R R FRE Eom R, N BT SRR RN EG T IR, ERET, EET B ER
RO NINE S T W LI 0 N - A O

KB TR T & RAL; RS A; B A LNR haA R £ T WAR MM

FE4 %S TN253 XHERARIZED : A doi: 10.3788/gzxb20235207.0706002

0 355

fifi H 2 5 96 2F (Multicore Fiber, MCF ) By A i) £ 55 VE S 2 37 I 47 ) 45 18] 388 38 O A% 5 A [R5 2., vl i ple
& 48 LB 2F (Single Mode Fiber, SMF ) B % i 25 15 FR i [] 8 . 47>k, MCF © £ iR %5 43 2 (Space—
Division Multiplexing, SDM) £& 4t" " F I ¢ T 2% (Microwave Photonics, MW P ) 45 38" ) 8 S 8F 28 47 4
MCF B85 8] B 2E iif 22 ( Differential Group Delay, DGD)J&— 4 C# A B S 8. 7£ SDM & 4t b MCF #4%
7 AE 6 22 K K S5 P ICTT S B0 A0 A5 5 S % AL S BE B, R R i R i T S S A B Y T
MWP {55 b #i o, 8 T MCF 18 4 T i3 R £ ( True-Time Delay Line, TTDL) T{E, &4~ £F i 75 2 A A
{4 FHE SIE BRI €8 ORI DA SE B I A T R

H AT MCF (4705 (8] 3 22 Ao 2 4 0 £ J7 0k 35 B0« ok oo 02 7% L F106 0635 T 90 ik L 25 0 A RS 1k DA O s T
Wik. 20144, HAM SAKAMOTO T & bk infr 1 325 30 2 1 PO 6 21 114 005 ) B 8 B 2% 3%y k) i
R BEAIK % Bk b A5 5 B R oK, TR AR KR E K, — B LA B EUL AR . Fob i Tk
Ji 3 T I - 0 R T AR A B ik o 2015 4F  LEE H JAE A 23 186 98 ) 26 SME Ay 2 45
5 MCF 2400 BB AT BN T8, LA R S o — 05 /R 80 22 4 1 95 A3, 38 o 0 3 A o D6 % 9 T 9 2 80
S0 AT S TR ES ) B 5 R 25 e AT K R A Y MICF (1 m) , {H S92 5020 B 52 A%, o 16 6 9 3% o) 0 2 22
RAR R o 20204, SASAKIY S5 FH 22 43 AR 1000 it 1 DU RSO 2F Ay 0 ) o A0 B 2% , 2% vk AT L 4 L A
1 25 AR R S 22 8] Y 2 ) 2 (FE 5 B X5 5 R AT 08 D R DA R R Ak 3L 0 A v, LB A
U Z% . 20194, GARCIA S %5 F O 33— #5050 8 AFF 5% 1 257 ply X6 - S0 Y £ 0 ) B 2 1 25 1) B2 ) L 3% )y
HEEHZ TR FIEN T WAL, AT B EE 20T WAL, AR PP mE s 28 b i gE (B Xt

ESTH: HE A KRB 4 (Nos. 62075125, 62275148), LiF TR0 H (Nos. 19DZ2294000, 20DZ2204900) , V1. 75 4 7 M. 5 b 5 K dk
AR - A1 H (No. BE20222055-4)
E—1EE L #, slicui@l163.com
BIEE 8T R I8, sjhuang@shu.edu.cn
Y fE HH3:2022-10-17; R A B #:2023-03-15
http: // www. photon.ac.cn

0706002-1


https://dx.doi.org/10.3788/gzxb20235207.0706002
mailto:E-mail:slicui@163.com
mailto:E-mail:sjhuang@shu.edu.cn

P/ R 4

JCTE AN R 73 H AR BESR vy , ELN i I 5 2l DG 27 B A B A R 52 BB £ 55 22 8O 21 Z 18] B TR
B BT I A B g A7 AE AT i, 43 00 S A5 R iR 2%

ASCAR Y T RE TS (8] 3 AR 0 22 08 6 T 0N ] A S I 22 0 4 7 vk . 22 BT rh R [ ) Y 25 4 22 S
S A 2 5 RS AN [R] 6RO AR S I A7 A 22 57, S BOR AL OE T AEZS | B R AT A CCDE AR 3
KT B 25 8] T8 PR, IF T8 AR v B2 3502 8] BT A5 ) T 8 068, 3 2 6 1% 0 A AT 40 AS 22 8O 21 6 18]
FEMS 22

1 M=EFEIE

T 0 0 L5 4 25 5 T L B K T 22 S R AL R S R
5 mCom 47 35 00 50 5 ) v M 48, T 4R

(1)

ﬂm =k Meff,m —

a,
K, by MBS AU EC, 0, R0 m P PR B AT S SR 0, R m BT SR @, M m AR, U By
BRHT 55 S8 5 2F 114 5 — A 1] A (57 2 50, AT 28 R i 6 SR B 0 R E 7 FR AR A5 . WAL 3 3 B sk ST A

KRN L 2 056 48 v A 2008 Y A A ok
g, L., dn,  2x dU
T”I:diwllza kon,, — ZTm,,IH ﬁﬁ
FE-L OB ER 2 O HOR G 2 b ) 27085 55 A0 [P A AR A £ i R TS IR0 B O R R AE L AR
R (2, ) =A S TSN ELE T, S Ergms R0, MEHREA, (2, y)(n=1,
2, 60 H ]S 5 A BT R0 n B4 H 37 S B s AT A
E.(x,y,0)=A,(x,y)E\(x,y, w)exp(iwAr,) (3)
A, ERE, 43590 A o ] s A A AR 08 n B9 HL 3 43 4, A, J2& LSS 5 40 B 008 (08 TR B B 25, rh
(i) 365 55 7 A A 9 1 21 FELES p FILES o A 2 0y S i 3 3 A AT 3R R
Eoa=FE(z,y,0)[1+ A, (2,y)explivAr,)+ A, (x, y)exp(iwAz,) ] (4)
WL T e ] 2R
Loo=EwuEwa=1I(x,y,0){1+ A+ Al + 2A, cos(wAzr,)+
2A, cos(wAz, )+ 2A,A, cos [w(Ar,— Ar,) ]}
K1 (e, y, ) R R 2R 8 B S PR 68 40 A o NS (5) Hh T & 7 2005 6 2F B o, 25 ) P AR B — o
(z, y) b T 5 5 B A0 2 9 A8 Al & A R T PE 28 Ak, BRIk, 53X (5) 56 1 A 400 %8 o B0 B it AR e n] 15
22 0 G EF 0[] B A ) 2%
F(x,y,t)=F(x,y,c )1+ A+ A+ A [F(x,y,c— Ar,)+ Fo(x,y,t+ Ar,) |+
AJFo(x,y,t— At,)+ Folx,y,c+ Ar) [+ A, AL Fo(a,y, . — (A7, — Az,) |+ (6)
Folx,y,t+(Ar, — Az) 1}
XL Fo(a,y, o) L (x, y, o) 098 B 28 46 5 55 00 1055 350 rp )5 5 40 FLEs p 9 T3 000, 24 o= £ Ar,
If 25 77 A — AN R, S RS S R BB B 56 2741 5 B =Ty rp LS 5 A FLES q B9 T I AR o = = A A —
AU HY B 55 DU I A A FELES p AES q GRS TR I, 7E © = (A, — Ar ) BF & B — AR . BT DL 2 (R i 3
R 22 0 LT I = AN I T 95 ' 3 40 4 T ot A e RUASE (R 0 S AT A = 0 TR SE B 2 Y Q0 T >
HUMOR WA, B — R i 91
22 05 AT TP O ) B A 1) 22 AN S G EF AR B A 45 0 O 38 32 34 i A 52 o o R A T R 2 il I A £ S
AT S | R B £F A BT S R A T R o
m
Ny, A ne“,m( 1+ = cosﬁ,,,) (7)

b

(2)

(5)

A me, K m 25 B T AL R A AR, (r, 0)J2 ] 1(a) R (e, y ) BT AR 2 AR A 28508 BOE ) A3 A8 A
F o W) ATE SR8 m F 2 EO6EF b 9 2 5 it R TP B M 0= ke, k€ Z I, 125 il 5158

0706002-2



TRSLAR A5 B T2 ] T 9 WG AR A L D 2T S0 i) S sk 2 0

B AT BT S R AR R R, T 25 0 = /2 + e, k€ ZI0F p 25 1T 51 RS B9 3T S R AR A O 2 RIS il 5 B AT AT S R
5 ORI A A AT B AR o 2O T U B 5 1 2 e 2 SR R 25 3 B R AR e an ]
BioR o ARG CT) AL, 1 Ca) AL 45 — AR DU 2 BR A9 27 05 B9 A 2T 3B R 2 A8 R T 28 S =R IR
4 1 305 09 A 5T S R 25 A8 /I o T 1(b) J 7R T 4005 0.2 R 5 78 25 il B oA 25 iy Bef () 47 8 2% 43 A %k L, Pl b
éﬂ%i‘%mE@E*%Hﬂﬁﬂ‘l@l‘]éﬁuiﬁﬁi%ﬁ?ﬁ N5 E N L DT FITI I = i A e el D I A
TSR BRAER S BT RN AL T — (U R BRAY LR S 2 BT SR AR R

— Straight refractive index
- Bent refractive index

lzi M

b Core 5 Core 0 Core 2
(a) End face of straight and bent 7-core fiber (b) Bent refractive index profile of cores 0, 2 and 5 as compared
to the straight condition

X R

A1l Tt s G EHagE20Tmn
Fig. 1 Influence of bending on refractive index of multi-core fiber
LR A BT AR R A AR AN £F R A I 2 B 2 AR A R S (7) A S (2) RIS 25 I A 27 R R
TS Hy
Th,m = z'm( 1 + % Ccos ﬁm) (8)

PRI ol 25 i 51 S ) £ 6 S I8 e T 3R Ty

DGDcom -

m!’m
Th,m T T R Ccos 6/11 (9)

1 ECCO) AT H, h 25 5 | ) £ B 0 S I 2 A 15 25 i~ A A0 L DRI R 25 > A2 A B T e 0 257 )
Z B S ER B9 o 5 (7)) i B 2R 85 m M2 8 O6EF bl 1 1 H 2 5 il AR TDE ) e
0= kr, k& Z I 25 il 51 0 27 0 A8 AR AL e R, T2 0 = /2 + ke, k€ Z 1N i 25l 5 1SR A 2T 0N T A
AR

2 XWEE

FE T 23 (0] T V5 IR Y 22585 016 21 00 T i AEE Aof 22 000 o 52 06 26 B &1 2 B, 35 AT R IOG 2% (Santec
TSL-710, 1480-1 640 nm) 5 4F (Corning SMF-28e) (i B %5 (1 550 nm) (&5 =4k 77 & I £ .80
J6LF W85 (60X) A & CCD(Hamamatsu C10633-23, 950~1 700 nm) 2 . AT 3838 06 25 & o6, 8 i
TCEF V% HE AR AR A HE PR AT |, 200 ELAR U B S8 B R AR R A BRI AR v o o AR RS B
B 3 AR R BN A SO R B BB RR EEBUR RO IR M R AR A AR . H R 2O
i 45 e U1V J5 3 0 8 78 =48R & 1R 2 B 2050640 1Y i o 4 AOG RS T, 4 — D 2O £F ik

ﬁ@—ﬁ =

Colllmator

Switch Objective lens
I ml
CCD
o T——

I

LE

Translation stages

B2 ETEETHREGEHZEATEEBRERZNELREE

Fig. 2 Experimental setup for the measure of the DGD in a multi—core fiber
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Table 1 Measurement results of the inter—core DGD of 7—core fiber

Cores 0-1 0-2 0-3 0-4 0-5 0-6
At/(pssm™ ") 0.399 4 0.559 2 0.439 4 0.159 8 0.439 4 0.679 0
Two cores
Cores 1-2 2-3 3-4 4-5 5—6 6-1
At/(psem ') 0.159 8 0.1197 0.279 6 0.279 6 0.2397 0.279 6
Cores 0-1-2 0-2-3 0-3-4 0-4-5 0-5-6 0-6-1
Ary/(psem ') 0.159 8 0.1197 0.159 8 0.159 8 0.2396 0.279 6
Three cores .
Az,/(psem ') 0.399 4 0.439 4 0.279 6 0.279 6 0.439 4 0.399 4
Ary/(psem™") 0.559 2 0.559 2 0.439 4 0.439 4 0.679 0 0.679 0
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Table 2 Measurement results of bending dependence of the inter—core DGD of 7-core fiber

Cores
Bending radius
0-1 0-2 0-3 0-4 0-5 0-6
5 mm 0.479 4 0.918 6 1.198 2 0.319 6 0.958 6 1.1184
75 mm 0.399 4 0.559 2 0.4394 0.159 8 0.439 4 0.679 0
110 mm 0.239 6 0.319 6 0.199 6 0.079 9 0.279 6 0.239 6
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Inter—core Differential Group Delay Measurement of Seven Core Fiber
Based on Spatial Interference Imaging

SHEN Licui, HUANG Sujuan, CHEN Wei, YAN Cheng, ZHAO Xinpeng
(Key Laboratory of Specialty Fiber Optics Access Networks, School of Communication and Information Engineering,
Shanghai University, Shanghai 200444, China)

Abstract: Using different cores of a Multi-Core Fiber (MCF) as independent parallel spatial paths to
transmit different information simultaneously offers cost, space and energy savings. The inter—core
Differential Group Delay (DGD) is a key parameter of the multi—core fibers, and its accurate measurement
is of great importance. In the multi—core fibers, errors in the preparation process or bending of the fiber
caused by external forces can result in inter—core differential group delay in various cores. When light is
transmitted in a multi-core fiber, the outgoing light from different cores will interfere with coherent
superposition in space due to different group delays. According to this character, this paper proposes a
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spatial interferometric imaging—based method for measuring the inter—core differential group delay of multi—
core fibers, and building an experimental measurement device. At the input of the multi-core fiber, the
laser is shifted and injected by adjusting the three—dimensional adjustment table to excite different cores,
and the output light of the excited cores will interfere in space. The computer controls the CCD to scan the
wavelength of the input light in one dimension and records the spatial interferogram at different wavelengths
in real time. The interferometric information of all pixels in the interferogram is used to construct a three—
dimensional spatial interferometric spectrum, and the inter-core differential group delay of the multi-core
fiber can be obtained by spectral analysis of the interferometric spectrum. The inter—core differential group
delay of the weakly linked trench assisted seven core fiber is measured in this paper. We measured the
inter—core differential group delay between the central and six outer cores respectively. When two cores are
excited at the same time, a peak will appear at the delay difference between the two cores through the
Fourier transform of the interference information. Subtracting the-inter core differential group delay
between the central core and two adjacent outer cores yields the inter—core differential group delay between
the two outer cores, which is only 10" dissimilar from the actually measured inter—core differential group
delay of two adjacent outer cores. When three spikes are excited simultaneously, two adjacent spikes will
interfere with each other. By Fourier transforming the interference information obtained by CCD containing
the differential group delay, a plot of differential group delay versus interference intensity containing three
spikes can be constructed. The values of the horizontal coordinates of the three spikes in the plot are the
differential group delay between the three cores, and they correspond to the measurement results when only
any two of the three cores are excited, respectively. Simultaneously, the bending dependence of the
inter—core DGD of the multi—core iber is measured and researched. The inter—core differential group delay
was measured for three bending radii of 5 mm, 75 mm, and 110 mm. The results reveal that the inter—core
DGD decreases as the bending radius increases, which is consistent with the theory. This method's
measurement instrument is simple, and the measuring precision can reach 10~ '. It can measure the delay
difference not only between two cores, but also between any nearby cores at the same time. In addition,
the outgoing light from the end face of the multi-core fiber to be measured is focused through the objective
lens and connected to the CCD and adjust the three—dimensional adjustment table, the excitation state of
the cores in the multi—core fiber and the degree of coupling of optical energy can be observed on the CCD,
which makes the selection and excitation of the cores to be measured easier. The spatial interference
imaging approach suggested in this study has the characteristics of simple, fast, high accuracy. It can be
widely used to measure inter-core DGD of the multi—core fiber in SDM systems, MW P signal processing
and other application circumstances.

Key words: Spatial interference imaging; Spectrum analysis; Weakly—coupled seven core fiber; Inter—core
difference group delay; Bending dependence
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