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Abstract: Channel crosstalk is one important feature of multi-core fiber communication based on space division
multiplexing technology, which could affect the signal quality and transmission distance of the broadband fiber ampli-
fication system. This paper is focused on the crosstalk problems of a 19-core weak coupling optical fiber, as that can
benefit much to develop high-volume communicating fiber based on fiber extrusion technology. Then, the optical cou-
pling theory and finite element method are adopted to complete the numerical simulation of fiber performance, here,
key parameters of groove size, core refractive index distribution and their influence on the crosstalk of the fiber are
optimized wholly. The simulation results show that the optimized fiber has a low crosstalk of =156 dB/100 m at 1 550

nm, which could meet the requirements of future long-distance high-capacity optical fiber communication.

Key words: low crosstalk; 19-core fiber; trench assisted; multicomponent tellurite glass

W B : 2022-10-18; fEIT H A : 2022-11-06

EEWA: HKARFFIE4(61705091,61875097) 5 Wil A AF KR AA T AT
Supported by National Natural Science Foundation of China(61705091,61875097) ; Zhejiang Provincial Ten Thousand Plan for
Young Top Talents



5 4 kOB, %19

AT PR R B TR G 27 (40K BR DR 25 40 B0 B M fE 1 695

13l

FE 1 B8 e SR e T B K A 28 ST,
W o3 S5 PR B R A 25 5 A OG2F i {5 A AN
Wi 4™ K, 1% e B B 2T (SM-SCF) il 75 2 4%
i 100 Th/s 9 & R AL B AL FR o Btk i 17 50 IR 24
IO EF 38 {5 2 40 I 09 25 o S5k 9 () 8, 25 40 &
R BN FE 0 . %5 40 B R (SDM) FI I 25 1]
YR T A I8 B G 0ok B i ARG A I AL B 2
LA LAY R D BE T (FMF) AL 56 £F (MCF) .
FMF 32 #5280 )20 4 6 B 5 T il 1 H )2
A7 7E B[] 52 400 2 5 A 2 it (Multiple-input-
multiple-output, MIMO) & 7% £ {5 55 [0] {8 ; MCF I
S 3E A E [ A2 DI B AR A R R
RS, HA 250 %5 R SEMm% . R,
T 7E R — 2 X b & 2420000, g iR
AR 7 ) o3 1 G R R A (XT) o XT A TE S S 3L
R AN T NDNE R R o RSNV
MCF 5 %5 f2 1% i (9 32 2 n) 1802 —— 2 {a] 7 38 Jn
LR B A [A) IR R R B9 XT, DL SR £ 5 18
BERAGHEEY, TS mSDM A &, U
ZRAR T T 2 AT N A5 A L S B R 4
960 4 Sl Bh 280 45 K B MCF e 0 4R XT3k 2 4%
B A7 AR AT LA A AR P S R i 3 T B, 1Y
P, 1 B i RN T A o2 2 e 2 VIO WD
2R, FEOGET Hl £ e B 2R B ;<AL Bh 7
Z AT R GBI G R AR G 1 1
5[] R 5 ) A A B 78 465 K 1 MLCF AF X o8 106 i 45 T
2L AR EA R XT O T A A R, 2013 4,
Sakaguchi 48 £ Hy T 4% G2 19 19 305 [R] 5T £F 565 45 #4 o
BB LF  HAL i 78 it ik 8] T 305 Th/s, (A FEAT VA Al
Bl B AT R B MR A AR AR B T -42 dB/km™s
2017 4F , BJ B2 NIT #1) FH v 1 5 B AL 9 .86 £F R 5%
TICEF 4 A S50 2 B0 XT B 520, 500 B 00 1
=50 dB/100 km AU B A", 2018 4F , 4] X 48
T DU FR A [ A R 5 R Y 12 008 5-LP A 1) MCF,
5 45 S 3% W ) A Al B R0 56 7 30 o 0 A S HE B
757 5 XT HEFE K 2 -138 dB/100 km"”, {H 1 Hr iy
/DA By 3 A A A ] R 4 ) A

P66 EF L5 3 B 5 1, H T 200G R
T FEF A TAL", BRI MC-EDFA
AT LU Bl O EE 4 15 B R A L (H R
g AP Jey B 7 B BEY, JE VA W) IR B A C+L R

nu\4

B e KA s . 5 At e e
P, 24 3 BRSO A B B s 20 43 T R 1 1B e
i =TI o N R VAR N e L I T A
SRR 5 G St R s SAH DURR
BRI, Z 4 5 B3 i T 2450 52 5% Fae 1k 22
A5 R JC VR KR R O A A H RS
I, 1 AR A LU R #h S A 36 1Y 22 20 73 358 MCF il
B SRR REPE T T R (H R AR K il R AR
BB LR B FE IR T CBE K 1 dB/m BL R
WA, AR A A A SE 86 % JF & T AR T 0. 38
dB/m [ 7 5P 13505 B R B B R AR {H O
KT R T 22 2F 85 1 Sl 22 20 43 B OB 2F

BEOXF LA b Ta) B0, AR SCR HTHE & 2 2R 3R F A
BT 45 5T B PR ER BB 19 06 4 1y M
PR IERIATEI ) B Py B — @ 3 B 5 T
il 2 0 78 R A B AL G R AT RIS . S T ARG I &F
SO HCE (1) [ B Ol /N A 2 2R 088 B XT, R 0 £F 45 44 i
17 TR eAk I 58 )5 43 B T V6 R 0 47 7F e %5 A~
SR AR AR XT (520 o BUE 07 BLR B i Al
AL 19 56 EF B XTAE 1 550 nm Ab ik 5] 7 -156
dB/100 m FO K HR PEAH -

2 SR A ikt

2.1 SHAE

BTG B MU A T R B E 1T MCF
55 A BUE 07 B S/ Iz R T k. X
AR £F 506 B /Y MCF, 2425 il 242 /N F 10 m i
S-S ] HR P LT SR B Ry, 1 15 T e 1 1
PRI 2 3y 20 S R B A, W] LART A ™

_ 2(k, )R,

%=—E7—, (1)
ot by REF S p H 4 g Z A B R & R4k,
T HE A B B MCF (9 k4 5 3k 20 SCk (23] B,
SR LT 0 p AL B W B A AR SB LT 0 22 18] 1Y B
Ry M4, — RIS G LF Se 4k B B AR I
K14 emo BCBTGEF A BE R LW S AH AR 478 2
] XT (A& X) i) LR R =Y

X = 10lg[ tanh (h, L) 1. (2)

2.2 HRAEMIEIT
WA (2) T LU Y XT BG4 14 i K B i 745
ALTE: NS N S R R =R SR SR 2L A
MRS FE R XT. 596 2 064 1 XT il H /b T
=30 dB/100 km"™", A 5% o A4 B AU 5k B R 1Y
FLIN 7S 108 (9 £F 0 HE S, 3 02 B B A T 3t o 7



696 K b/

1l 44 &

3

A G R UE G A A R R M. T i LR
1(a) . (b) FT 7R B 15 Bl 19 7856 2F A A5 70 Sy LRk, 43
BIHRE FEOC LA T I A B XT X e B 76 1 550 nm 4b
BN SE(LF MR L2 R 78R v
LT R 22 IR IR AR AR ) X XT 5%
M), DT 8 £ A0 i 2540 S 80, DL BIC R P K
PR B AR5 0K P o A SO B TAERY B Y 52 3
B MCF AH 4B 2F 25 (4 £ 48 I iX 77 -60 dB/100 m.
P 1 (b)) oA 960 4 4ty B 78 19 85 B4 i g P, JH o 4 e
Gy RABERER RS, AR A AR YT R IR, A ]
W (N2 ) 542 M B E , ¥4 70Te0,-
15Zn0-5La,05-10W 05, & 1(c) 45 T 18 # ffy
TH) R PR ] BTG 2R AT S R R R . AL LA, )
Sy T S R 2 VAR VR BE L ny ongno 53 50 R £F
O L JZE VAR T R AR AR, W o
R S8 BE, ro—ry SR DAL JEE A AH AR 2F 008 22 ] 1Y
. St S E N :A=0.35%, A=
~0.35%,n0=2.033 7,r1=4.5 pm, W,=4. 5 pm, ry—r,=
4.5 pm,A=40 pm,

(a) (b)

e o o o ® @ & @
] A (
e o o &4 200 C
e o o o 300 C
e o o 0 C
(c) Core
A m
Clad| i ‘ Clad '
_L n,
n 1
’ i Trench

BT 198G 2F B Ta ] : (a) B BRAL, (b) VA R 4 B AL 5 (o)
Pr 5ok A3 A1

Fig. 1 Profile and refractive index distribution of 19-core fi-

ber: (a)step type, (b)trench-assisted type. (¢) Re-

fractive index distribution.

2.3 RAMEEMERRL
2.3.1 A AE Y BB LG FE AT XT 8 % vk

E 24 T ri=4.5 pm . W,=4. 5 pm.A,=0. 35% .,
n,=2. 033 7.A,=-0. 35% 551~ , 43 16 F% A1 JC 74 1%
JCET 0 XT R G £ R ARk, nTLUE B
25 S TA]BE B 3G K, XT 2 Bk T Ry %, fF B
TH) Al B 435 K S £ i XTI L HE I VA G £F IR 25
dBZE £ o I, 7E 220 wm (A FRALJZE X SR, 78
PRAE S 2 27 88 B4 )2 i1 2 19 BE B 230 pm /Y A

=50

’
)
—-60F*~ =i == Without trench

=COm= W\=4.5 pm

70k
O
90 N
-100f -
-110f N
-120f N
-130f i N

1 1 1 1
30 32 34 36 38 40

XT/(10%dB-m™)

Core pitch/pm
B2 A I REDGE B XT BELT &R 59 28 1k
Fig. 2 XT as a function of fiber core pitch with and without

trench

WEPR AT ARG A A B £F S B B A=40 pm

i ik COMSOL {5 FLER 443 BT 1 Kl 2 H A=30
pm A A 5E 9 DL C 22 (9 1 Bl MCF £F 385 b (1 fE it
A X LA R 3 s . B 3(a) ((b) 43 Hh
ST T & B 1 JC T A R YA R 19 OB £F h 54
FHABEF T W e AL F Ll . AR 3(a) W) LU 0
A B TC I Al 19 86 £ By Hrp — A 4R e A

we | | |

600

400

Intensity/a. u.

200+

0
-80 -60 -40 -20 0O 20 40 60 80

Core radius/pm

() 1000

]

600

400

EFAVAVAVAUA!

—8'0 —6'0 —liO —2'0 0 20 40 60 8‘0
Core radius/pm
B3 DL ef i B & PSR A . (a) T
(b) A A
Fig.3 Energy distribution in the fiber core. (a) Without trench.
(b)With trench.

Intensity/a. u.




%4

w O, S 19U R ER R OO AT B AR BB S BT RO RED A 697

AR LF e g B L 400 5 1 3(b) R A I A 25
(9 19 565 6 2F 2F 305 1 fig 12t T JL-F- 9 ¢ 4 o 4 75
() 25505 v [) B 3k o ) A 23 /) AT 250 i 3 Al T R
LR R BB LA A o S5 S VAR Y AE AR T L
e A by /N A 408 48 505 1) B ek 58 & 0 T /) XT
2.3.2 AQEREFAHTENXT MR

B 4858 T ri=4. 5 pm A,=0. 35% .n,=2. 033 7.
A,=0.35% . A=40 pm [} 5515 T, AL )2 & BE S 4
FEEREXT XTI . B 4(a) 5 RERT, N
JZIEEAE 0. 5~6 wm 8 fL BT, XT 5 80 208 T B/
BEHEITAE 4 pm JF AT A, IWE4(b) 7] L
Fh B & VAR SR BB, XT 2L TR
BB T AR R 2 B RT3
pm' ™, 3 A BRI P T8 R T R P ) R
PEMLE L W=4. 5 pm B B 3 2 OGLF B9 A% & 3

(a) -128
-129F
B -130f
=
<
° -131F
=
>
-132F
—09—0—0—0—0
~133 I I I 1 1 1
1 2 3 4 5 6
Inner-cladding thickness/pm
(p) —L1I5
-120+
o 1251
=
£ -130F
E
= -I35F
>
-140
—1451L1 1 1 1 1
2 3 4 5 6

Trench width/pm
K4 XTRA P ALJZ S BE Ca) R RE 52 B2 (b) 1Y 22 4k
Fig.4 Variation of XT with inner cladding thickness(a) and

trench width(b)

2.3.3 A HEEARAEEEANXTH
EAC)

B 5(a)  (b) 4 M58 T 1E ri=4.5 pm ., W,=

4.5 um.np=2.033 7MW 5 F T ORTE A, FT A, 19 XT

(a) =20

40 _M
-

-60}
=80 “m

‘7 f\ ‘
O
~100 | e
-120 e :
B \g\:
140k == 0.13%
= 0.35%

“160F e 0 499,

— 1 80 1 1 1 1
30 32 34 36 38 40

Core pitch/pm

XT/(107 dB-m™)

(b) 90
-100 + -

=110
=120
-130
-140
-150

XT/(107 dB-m™)

-160 -

== —0.35%
“170F == _().549

-180 L

1 1 1
30 32 34 36 38 40
Core pitch/pm

5 AF A (a) F1A,(b)F XT Bl £F 05 8] #E Y 722 Ak
Fig. 5 Variation of XT with core pitch under different A,(a)
and A,(b)

Wi 5 £F 0 (B BE A AR A 0 o 181 5 (a) R BH , #E A8 [F]
B LR T R4 T A R XT /. X2 T
JNER AL KT I SRS BE T 55, QA EOGBE T R
I8 £ A,=0. 49% 1Y 15 LIk R 56 B 38 /E M 47015 .
EI5(b) R WY, Ay BRI, XT B/, RIS O 3 il % 3 ]
DL XT, R e A,=-0. 54% 115 5 Tk 1R £ %
iR (S0 2 S = I NS D O R A D = VO £ DG i R
FEORA B2 2 U, 21 305 B B X 14 5% e B 2K
2.3.4 HFELFEAXTHH W

Klo(a) R TIEW=4.5 pm . A=40 pm A=
0.49% .Ay=-0.54% 1Y 551 T XT Rl & £F 552 A2 1
Afl . W LLE W BB SRS AR AR K XT B
SEsl /NG B K, HAES wm B B i /ME
L 6 (b) i U — A 2% 3 B it B ' 28 28 /0 48 4%
i, KH SR ZF 20 [R] A7 7E 0 T 53 8 1Y [ Bof ik A 485 ) 2
. Ke(b)hBRahZRY,r<2.9 pm B IH—
A 2 V<2. 405, £F & SRR A5 1k o DRI e %
r=2. 9 pm VE R I AER LR B S50, I Y R 4
{6 5-156 dB/100 m.



698 K b/

¥R 44 &

(a) ~135

-140

~145}1
-150

-155

-160

XT/(107 dB-m™)

-165

=170

-1751=
2 3 4 5 6 7 8 9 10 11

Core radius/pm

(b) —140 3.0

-145

-150

-155

-160

XT/(107 dB-m™)

-165

-170

1 1 1 1 1 1 1 1 1 1 1
25 2.6 2728 29 3.0 3.1 3233 3435
Core radius/pm

6 (a)XTREE SFARMA; (b)V,
Fig. 6 Variation of XT with core radius(a) and V(b)

2.3.5 T HFEFXTH A

Bl 7898 T A6 r=3.4 pm . W=4.5 wm.,A=40
pwm A,=0. 49% . A,=-0. 54% Y 5 £ F 25 il 2 42 %)
XT 520, N E AT LU Y, XT BEE S 242 R,
F18) 348 R T 328 T /)

-150
_ —155F
E
=)
S
12 -160
=
>~
-165F
-170L1 1 1 1 1 I
0 100 200 300 400 500

R /pm
Bl 7 XTRE? 42 p 28 1k
Fig. 7 Variation of XT with bending radius
3 AR T a4k F R
3.1 8%
BRI G Dk e w1 B A, 2 IR DG 7
0125 fi 25 A% i e MG S B B . &I 8 S e

e G IR AL 1 2 2 T 3 I 9 Rl 4 ) € Tt
LA T ARV R 254 R 2 OB 2R iy G R
. (LR BT LU AR A TR

/\d2Re(neff)
e, (3)

Horr, Re(n) 9 A BT S R G IEHR , ¢ Ty B =
TR E T o

D =

-18
To-19f
£
i
' -20F
=
o
(="
= 21F
N
z
Z 22
a .
.7 w==== With trench
23+ 7 = =« Without trench
1 1 1

1.52 1.54 1.56 1.58 l.éo l.éZ 1.64
Alpm
K8 ik
Fig. 8 Dispersion

3.2 THGE

JGEF A 2 25 8 b BE e 2L A
A2 3 B R I 38 ik 22 S ECXT 8 . 1819
TR T ANZEF A RANZ LR M AL 278 1S il
AL (BL) Ly BEEF S5 IR BE A 28 4k o T LURE B, A1 2
ZF U Y Ly B 2T 585 0] B A 38 K A8 AL fe WA J L 72 A=
40 pm Z i AR BRI 40 wm 19 £F 58 1)
B2 1A 2 B B B SR BN AT S B |
J2 31 % 0 BE BS T5 EE >30 pom A RE W) AN E AT E g
A EE . AP RS L 2 S R A,
P ORFFEAR Y Ly (i 25 i 40UFE AT LA 7R

107

107 == (Center core

== Secondary outer core

107
== Quter core

Ly/(dB-m™)
=
T T T T T |||||||m| T T T T T T T

1
8 40 42 44 46 48 50

1 1 1
28 30 32 34 36 3

Core pitch/pm
519 725 ity 45 4% Bifi 21 .o [R] R 1) 722 Ak

Fig. 9 Variation of bending loss with core pitch



4 gk 5, S 190 R SR B RS L KOG AT R BB A S M B R R B 699
_ 20 ﬁlm(n ) (4)  MBAEC+L BB iy B P43 KT ~60 dB/100 m , A
In10 A WA ARG E B A i 1 R

FLrp Tm () SR A5 36 25CHT 50238 04 R3S

3.3 C+LiEEMXT
10 0 XT Rl 3% K i 28 1k . il 2 3% B Rl O K S S 1) 4% TR0 T 9 £ B B 19 50596 27 19 XT
AYHE R XT B WK W XT Z R R o i 30 SR T 5 T 6 2F 1000 (1 34 48 2 oy 700 2%
1"3%& ﬁ»ﬁcﬂﬁ%#ﬁcﬁﬂ%ﬂﬁxﬁ%%éﬁigﬁ%ﬁz_

4% #

o TR RI AL RIS SRR W] 5 27 K 4% =2
T um\{’]TE. FEPE Wi=4. 5 pm ZF 8 BE A=40 pm
TOr 4T 4 5 22 A,=0. 49% H. V5 B BE A,=-0. 54%
= st %6416 1550 nm 3% K AL H A -156 dB/100 m
2 sl BB s LT 4 A5 T A S 60 5 S o 4
<l SRl Ao 3 T T 10 o 4R 19 2 B MR
e HEAT LT 4 , AT 2 A% Ok B 22 B 945 D 27
e 5 SR
716? 52 ‘ 1 ;4 1 ;6 1‘;8 1 (I>O 1 é2 1.64
A AR S0 5 R L B A T N R R
P10 XTREW A 22 http://cjl. lightpublishing. en/thesisDetails#10. 37188/
Fig. 8 Variation of bending loss with wavelength CJL. 20220371.
s % X

[ 1 ] SAKAMOTO T, SAITOH K, SAITOH S, et al. Six-mode seven-core fiber for repeated dense space-division multiplexing
transmission [ J]. J. Lightwave Technol. , 2018, 36(5): 1226-1232.

[ 2 ] WANG LY, LISG, MENG X J, et al. Low cross talk homogeneous seven-core five-LP mode fiber based on a high and
low refractive index double ring [J]. J. Opt. Soc. Am. B, 2021, 38(12): 3849-3857.

[ 3 ] XIEY H, PEI L., ZHENG J J, et al. Impact analysis of a dense hole-assisted structure on crosstalk and bending loss in
homogeneous few-mode multi-core fibers [J]. Opt. Express, 2020, 28(16): 23806-23819.

[ 4 1] TUJJ, SAITOH K, TAKENAGA K, et al. Heterogeneous trench-assisted few-mode multi-core fiber with low differential
mode delay [11. Opt. Express, 2014, 22(4): 4329-4341.

[ 5] XIA C, AMEZCUA-CORREA R, BAI N, et al. Hole-assisted few-mode multicore fiber for high-density space-division
multiplexing [J]. IEEE Photonics Technol. Lett. , 2012, 24(21): 1914-1917.

L6 ] ey, FHBE. S0 EADEAIGILEE [T]. £ F 54, 2021, 41(1): 0106003-1-18.
TU JJ, LI Z H. Review of space division multiplexing fibers [J]. Acta Opt. Sinica, 2021, 41(1): 0106003-1-18. (in
Chinese)

[ 7 ] LIZH, WANG LY, WANG Y, et al. Manufacturable low-crosstalk high-RCMF 13-core 5-LP mode fiber with graded-in-
dex core and stairway-index trench [J]. Opt. Express, 2021, 29(17) : 26418-26432.

[ 8 ] SAKAGUCHI J, PUTTNAM B J, KLAUS W, et al. 305 Tb/s space division multiplexed transmission using homogeneous
19-core fiber [ J]. J. Lightwave Technol. , 2012, 31(4): 554-562.

[ 9 ] KUMAR D, RANJAN R. Crosstalk suppression using trench-assisted technique in 9-core homogeneous multi core fiber
[C]. 2017 14th IEEE India Council International Conference , Roorkee, 2017 : 1-4.

[ 10 ] KUMAR D, RANJAN R. Optimal design for crosstalk analysis in 12-core 5-LP mode homogeneous multicore fiber for dif-
ferent lattice structure [ J]. Opt. Fiber Technol. , 2018, 41: 95-103.

[11] JAIN S, MIZUNO T, JUNG Y, et al. 32-core inline multicore fiber amplifier for dense space division multiplexed trans-
missionsystems [ C]. Post Deadline Paper; 42nd European Conference on Optical Communication , Dusseldorf, 2016: 1-3.

[12] PUTTNAM B J, RADEMACHER G, LUIS R S, et al. High data-rate and long distance MCF transmission with 19-core



700 x Jt 2% Eivd 844 B

C+L band cladding-pumped EDFA [J]. J. Lightwave Technol. , 2020, 38(1): 123-130.

[13] ABEDIN K S, FINI J M, THIERRY T F, et al. Seven-core erbium-doped double-clad fiber amplifier pumped simultane-
ously by side-coupled multimode fiber [J]. Opt. Lett. , 2014, 39(4): 993-996.

[14] # R, B4, FZ &, F. T LI BOCE Y m Pri 5 22 i b 1) il 52 308 FO 27 ) 4 KOGk Atk [
KR FIR, 2022, 43(6): 851-861.
XU C Y, CULJ, XU Y T, et al. Fabrication and spectroscopic properties of heavily Pr'" doped selenide chalcogenide
glass and fiber for mid-infrared fiber laser [J]. Chin. J. Lumin. , 2022, 43(6): 851-861. (in English)

[ 15] HAMIDA B A, CHENG X S, NAJI A W, et al. Optical amplifier with flat-gain and wideband operation utilizing highly
concentrated erbium-doped fibers [ J]. J. Nonlinear Opt. Phys. Mater. , 2012, 21(1): 1250005-1-7.

[16] JIAZ X, LI H, MENG X W, et al. Broadband amplification and highly efficient lasing in erbium-doped tellurite micro-
structured fibers [J]. Opt. Lett. , 2013, 38(7): 1049-1051.

(17 ] =4k, BAE, X B, F. PriBdk Ge-Ga-Se-CsI i i BLHE TERE KOG LT il & [J]. A KSR, 2020, 41(11) : 1343-
1350.
WANG J, FENG Z, WU G L, et al. Pr’” doped Ge-Ga-Se-Csl chalcohalide glass and fiber preparation [J]. Chin. J. Lu-
min. , 2020, 41(11): 1343-1350. (in Chinese)

[ 18 ] EBENDORFF-HEIDEPRIEM H, KUAN K, OERMANN M R, et al. Extruded tellurite glass and fibers with low OH con-
tent for mid-infrared applications [J]. Opt. Mater. Express, 2012, 2(4): 432-442.

[19] EVRARD M, COMBES T, MALDONADO A, et al. Te0,-Zn0-La,0; tellurite glass purification for mid-infrared optical
fibers manufacturing [J]. Opt. Mater. Express, 2022, 12(1): 136-152.

[20] WANG X G, JIAO K, SI N, et al. Extruded seven-core tellurium chalcogenide fiber for mid-infrared [J]. Opt. Mater.
Express, 2019, 9(9): 3863-3870.

[21] XIAO J, WANG J J, XU TS, et al. Large mode-area chalcogenide multicore fiber prepared by continuous two-stage ex-
trusion [ J]. Opt. Mater. Express, 2021, 11(3): 791-800.

[22] TUJJ, SAITOH K, KOSHIBA M, et al. Design and analysis of large-effective-area heterogeneous trench-assisted multi-
core fiber [J]. Opt. Express, 2012, 20(14): 15157-15170.

[23] YEFH, TUJJ, SAITOH K, et al. Simple analytical expression for crosstalk estimation in homogeneous trench-assisted
multi-core fibers [J]. Opt. Express, 2014, 22(19): 23007-23018.

[24 ] XIE Y H, PEI L, ZHENG J J, et al. Low-DMD and low-crosstalk few-mode multi-core fiber with air-trench/holes assisted
graded-index profile [J]. Opt. Commun. , 2020, 474 126155-1-9.

[ 25 ] KANESHIMA K, NAMIHIRA Y, ZOU N Y, et al. Numerical investigation of octagonal photonic crystal fibers with
strong confinement field [J]. IEICE Trans. Electron. , 2006, E89-C(6): 830-837.

SKE(1998-), 2, INARZR 2N A+ B
FEA, 2021 4F T L AU R 2 4R A5 2
e, E BN FE ROLE & K
P RE D 55 TR BFSE

E-mail: zhangmin20220205@163. com

FUNEEC1979-) , Y, I EEH A, 1
+ WFSE I R 0, 2007 4R F R
R BR 2 Bg 1 37 06 5 K 2 HLAMIE 5 9T 3
(ESL R ANE S YN RAR 513
LT AN G ET 5 1 Ry T 35 i T 9 0 6 4
ENORT

E-mail: wangxunsi@nbu. edu. ¢n




