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In this study, we investigated space division multiplexing technology for
extremely enhancing optical transmission capacity by using multicore fiber technology and mode division
multiplexing technology. For multicore fiber design, a theorz for accurately estimating inter-core
crosstalk in few-mode multicore fibers has been developed. Through detailed numerical simulations, it was
found that the few-mode multicore fibers with a spatial multiplicity of 20 times larger than that of
conventional single-core single-mode fibers can be achieved. In addition, for realizing mode division
multiplexing, a planar lightwave circuit (PLC) based LP11 mode rotator was proposed in order to excite
LP11b mode in the same plane, and the PLC-type 2LP-mode (3 mode) multiplexer/demultiplexer with uniform
waveguide height has been developed.




1000
20

WDM

SDM

SDM

20

1000

TDM

SDM

PLC

PLC
1
2
2LP A A
3
1(®
12
1(b)
r-1 r-2
W
A, A= 0.70% a
a C
1530 nm 1565 nm 2LP
(LPoy Py, LPyy)
2LP LP,,
R=140 mm 1530 nm
1.0 dB/m
LP,,
R=30 mm 1565 nm 0.5 dB/100turns
LPo,
(Aeff _LPy,) 110 p m?
2 LPo, LP,,
DMD
DMD 100
0 100 ps/km

(ry [um], &, D= (9.0,
0.40) (9.5, 0.44) (9.75, 0.46)

rn A, r/r,
Aeff _LP,,
110y m 2
3 (ri,A ) |[DMD] 100
ps/km 2
(r/r=1.3 o =2.2) A =0.40 %
0.46 % DMD
2
A ( 1) (r, A)D=(9.1pn
0.41%) A ( 2) (r; A,)=(9.65
um 0.46 %) 2LP
DMD
W/r,
0.7 0.3 3
DMD C

|DMD] 10 ps/km



XT LPy,
XTll—ll /\
35pum XT  30dB/km
42.5um 1(a)
12
A =43 pm
220 pm
26.5

a1 372

(OXO)
®
®

®
®

OXOXO)
(OJONO}

(a)

1 (a) 12 ®
2.3
(ry [um], 4, [%])
2.25| — (9.0, 0.40)
- (9.5,0.44) .
2.2 . (9.75,046) |
3215 /
2.1 1
A=1550 nm
205/ A4=-07% |
Wi, =1.0
£2 15 13 135
r2/rl
2
100
— Corel
_50 | r=91pm Wr, =0.7
g A,=041%
E o
% — Core2
As0 || r=9.65umWr, =03
A,=0.46 %
-100 ) : :
1530 1540 1550 1560
A [um]
3
-20
— XTo101
=30 F '\"'\7;\ — XT01.11
40 - — XTy1.q1
. — XTll-l]
m-50
=, T
~-60 -
<70 | A=1565nm
|| L=100km
-80 R= 140 mm
_90 L 1 L 1

34 36 38 40 42 44
A [pm]

(LPy )
PLC
5 LPy, ( i
) LPy, ( Ex
) 2 PLC
h
A
1(C 9
W, 2( 2)
Wy
1 LPy,
neff_LP,, 2
LPyy, neff LP,,,
w,=h=7.5 ym A=0.4%
W,=19.3 pm
1550 nm neff_LP,, neff _LP,,,
PLC
5
PLC
(Ell )
Eml
(m>1)
Enn (n>1)
LP.qp ( Ein )
LPy
LPlilb
no e
wREL || %ﬁﬁz
Port1 | Port2
o o\ th
Wy w,
5PLC 2
LPyp
6(a)
LP,,
t
s d ( )

LP;,



45

LP,,

LP11a ( LPyp

) 6(b)

2 LP,,

2 LP,,
B a B b
n/B. By LPysq
LPasp LPysp
LPy1
7 LP1a
A=0.45 % h=11 pm
w=11.3 ym t=2 ym s=1.5pum d=5.4
pm LPisa
1.46 mm
LPyy
8 LPy:,
LPyy
1450 nm 1650 nm
90 %
1450 nm
1650 nm 16 dB

.

Silica

@ Q)
6 LPy,
" L » - B - -
1 T T T
09 o
L 08 R
o
2 07 i
z ;
3 06
S0 Input : LP,,,
=04
g
S 03 -
Z
02 4
0l /
i ;

0 - 02 U‘.J 0.6 08 10 1.2 L3 L6 18 20
Propagation length [mm]

7 Py, LP 1

Normalized power [dB]

145 1.475 L5 1.525 1.55 1.575 1.6 1.625 1.65

Wavelength [ pm]

8
9 LPgy LPysa LPyp
3
Port 1 (CH) 1
LPy,
LP;qp Port
2 (CH2)
LPg,
Port 3
(CH3) 2
LPy,

Port 1

CH1 = V
" Rotator = = CH1

CH2 » ma——. i S * (H2

Port 2
/\ W CH3
CH3 »

Port 3

9PLC 3 (LPyy LPyy, LPyy)

[1] K. Saitoh and S. Matsuo, “Multicore fiber
technology”, IEEE/OSA  Journal of
Lightwave Technology, vol. 34, no. 1, pp.
55-66, Jan. 2016.

[2] J. Tu, K. Saitoh, Y. Amma, K. Takenaga,
and S. Matsuo, “Heterogeneous
trench-assisted few-mode multi-core fiber
with graded-index profile and square-lattice
layout for low differential mode delay”,
Optics Express, vol. 23, no. 14, pp.
17783-17792, July 2015.

Br ; .

E2]

, vol. 33, no. 396, pp.
54-58, Dec. 2014.

[4] K. Saitoh, T. Uematsu, N. Hanzawa, Y.
Ishizaka, K. Masumoto, T. Sakamoto, T.
Matsui, K. Tsujikawa, and F. Yamamoto,
“PLC-based LP;; mode rotator for
mode-division multiplexing transmission”,



(8]

Optics Express, vol. 22, no.
19117-19130, July 2014.

M. Kasahara, K. Saitoh, T. Sakamoto, N.
Hanzawa, T. Matsui, K. Tsujikawa, and F.
Yamamoto, “Design of three-spatial-mode
ring-core fiber”, IEEE/OSA Journal of
Lightwave Technology, vol. 32, no. 7, pp.
1337-1343, Apr. 2014.

J. Tu, K. Saitoh, K. Takenaga, and S.
Matsuo, “Heterogeneous trench-assisted
few-mode multi-core fiber with low
differential mode delay”, Optics Express,
vol. 22, no. 4, pp. 4329-4341, Feb. 2014.

16, pp.

T. Uematsu, T. Kitayama, Y. Ishizaka, and K.
Saitoh,  “Ultra-broadband  silicon-wire
polarization beam combiner/splitter based
on a wavelength insensitive coupler with a
point-symmetrical configuration”, IEEE
Photonics Journal, vol. 6, no. 1, pp.
4500108, Feb. 2014.

K. Saitoh and S. Matsuo, “Multicore fibers
for large capacity transmission”,
Nanophotonics, vol. 2, no. 5-6, pp. 441-454,
Dec. 2013.

M. Kasahara, K. Saitoh, T. Sakamoto, N.
Hanzawa, T. Matsui, K. Tsujikawa, F.
Yamamoto, and M. Koshiba, “Design of
few-mode fibers for mode-division
multiplexing transmission”, IEEE Photonics
Journal, vol. 5, no. 6, pp. 7201207, Dec.
2013.

J. Tu, K. Saitoh, M. Koshiba, K. Takenaga,
and S. Matsuo, “Optimized design method
for bend-insensitive heterogeneous
trench-assisted  multi-core  fiber  with
ultra-low crosstalk and high core density”,
IEEE/OSA  Journal of  Lightwave
Technology, vol. 31, no. 15, pp. 2590-2598,
Aug. 2013.

T. Fujisawa, R. Tojo, S. Saitoh, S. Matsuo,
and K. Saitoh, “Extremely small group
delay spread six-core fiber with air-holes for
mode-division-multiplexing: A  principal
mode analysis”, OFC, W2A.30, Anaheim,
USA, March 20-24, 2016.

T o " UePLC 6
. C-3-45, , Mar
15-18, 2016,
., ) , cr.2
4LP
/
_B-1327, , Mar.
15-18, 2016,
6
B-13-25, , Mar. 15-18,

[10]

[11]

[12]

[13]

[14]

2016.
_’“ 6
B-13-24, , Mar. 15-18, 2016.
5
OFT-2015-72, Feb. 18-19, 2016.
, , 3.6
OFT-2015-71, Feb. 18-19, 2016.
s ’4‘3
PLC 2

2
B

OPE-2015-116, , Oct. 29-30, 2015.

Y. Yamashita, S. Makino, T. Fujisawa, K.
Saitoh, N. Hanzawa, T. Sakamoto, T. Matsui,
K. Tsujikawa, and F. Yamamoto,
“Broadband LPO1/LP11 PLC-based mode
multi/demultiplexer designed by wavefront
matching method”, FiO/LS, FM1F.5, San
Jose, USA, Oct. 18-22, 2015.

T. Fujisawa and K. Saitoh, “Impulse
response analysis of strongly-coupled
three-core fibers”, FiO/LS, FMIE.3, San
Jose, USA, Oct. 18-22, 2015.

Y. Tobita, T. Fujisawa, K. Saitoh, S. Matsuo,
and K. Takenaga, “Comparison of
homogeneous and heterogeneous 2LP-mode
multicore  fibers for high  spatial
multiplicity”, FiO/LS, FMI1E.2, San Jose,
USA, Oct. 18-22, 2015.

T. Fujisawa and K. Saitoh, “A principal
mode analysis of strongly-coupled 3-core
fibres”, ECOC, We.1.4.6, Valencia, Spain,
Sept. 27-Oct. 1, 2015.

> > >

‘PLC  LPII

, C-3-2, , Sep.
8-11, 2015.
6
, B-13-27, , Sep. 8-11, 2015.
12
B-13-21, , Sep. 8-11, 2015.



, B-13-20, , Sep. 8-11,
2015.

[17] K. Saitoh, “Multicore fibers for large space
multiplicity”, ISUPT/EXAT, T2.1, Kyoto,
Japan, July 13-15, 2015.

[18] J. Tu, K. Saitoh, Y. Amma, K. Takenaga,
and S. Matsuo, “Design method of
heterogeneous trench-assisted graded-index
few-mode multi-core fiber with low
differential mode delay”, OECC, JTuC.32,
Shanghai, China, June 28-July 2, 2015.

[19] K. Saitoh, “Multicore Fibers for SDM
Transmission”, PGC, E4-1, Singapore, June
28-July 3, 2015.

[20] , , ,
" PLC 2 ’
C-3-50, . Mar. 10-13, 2015.
[21] , , ,
< pMD " oLp ’
GI-MCF
_B-13-25, . Mar. 10-13, 2015.
[22] , , ,
© o oop
/
. B-13-10, . Mar. 10-13,
2015,
[23] , , ,

113

3

2

OPE-2014-224, , Feb. 19-20, 2015.
[24] K. Saitoh, “Multicore Fiber Technology”,
OFC, Th4C.1, Los Angeles, USA, March
22-26, 2015.
[25] K. Saitoh, “Multicore fiber for space
division multiplexing”, ACP, AW3C.I,
Shanghai, China, Nov. 11-14, 2014.

[26] , , ,
s s (13 3
DMGD
, Oct. 25-26, 2014. ’
[27] , , ,
Sept. 23-26, 2014. o
[28] , , ,
Y
. Sept. 23-26,
2014.
[29] ) ’ E—
9 9 9 b “2

s , Sept.
23-26,2014.
[30] , o 2
DMD
, , Sept. 23-26, 2014.
[31] , , ,
« 12

Sept. 23-26, 2014.
(21, ;¢

,Apr. 17,2014,
33 , ,

> > > >

PLC ”,

18-21, 2014.

[34] T. Uematsu, N. Hanzawa, K. Saitoh, Y.
Ishizaka, K. Masumoto, T. Sakamoto, T.
Matsui, K. Tsujikawa, and F. Yamamoto,
“PLC-type LP;; mode rotator with
single-trench waveguide for mode-division
multiplexing transmission,” OFC/NFOEC,
Th2A.52, San Francisco, USA, Mar. 9-13,
2014.

17-20,2013.
[36] ; , ;

s , Sept.
17-20, 2013.

[38] J. Tu, K. Saitoh, M. Koshiba, K. Takenaga,
and S. Matsuo, “Optimized design method
for heterogeneous trench-assisted multi-core
fiber,” OECC, MSI1.5, Kyoto, Japan, June
30-July 4, 2013.

€Y
SAITOH  KUNIMASA

20333627



