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Insertion Extinction Experimental or
Reference FSR/nm Q . Crosstalk/dB )
loss /dB ratio/dB Theoretical
[16] 7.18 6.36 5700 More than 20 —8 Experimental
Our work 0.66 8.28 3692 More than 20 —11 Theoretical

3 REWIE

J T RAE R G AR T AT S T — A R AR WDM-MDM R 4, 1% R 40K P MRR 1R A &
# P MRRAE R i 52 2% 0T — MR D S 8 .

& 6Ca) 7~ , 1 550 nm B TE,Fl TE B2 & A %% (Multiplexer, MUX) B9 %8 il s 40 A o PO AP 20
TET5ER S 2 it 5 b3l ok 4B I 25 6 L SR A% i B 52 1T 4% (Demultiplexer, DEMUX) o 7Efif# &2 JHI 4% 1, [
i MRR 35 3R 25 00 A ) A el 308 s 380 A0 02 14 08 1 o 11 o TE A TE, ff &2 MIRR 22 [ (% 4 T2 5 54 0 B
REE g K M 10 wm , 9 35 58 22 43 ) 4 0.88 wm 1 0.6 pum , i A FE K 0.05 dB. & 6(b) >y WDM-MDM
WAk RGBS A . TERG T, TE M XA TE, 8 2X /Y S4H A AL 5128 2.3 dBF 1.8 dB, 4 & 6 (c) ir
o BT TEME A LR B A S A o B TE B ot T B 3 295 — 11 dB, 2 0] #2532 (1 15 36 5
oo L b TR A MMR Z5 49 7] LA SE 3 WDM-MDM # D1 6E

0
—TE
g 10 —TE,
=
2
2 0
g
f =
E 20 0.4 nm
1549.5 1550.0 1550.5
730 A
1545 1550 1555

Wavelength/nm

(c) Transmission response of WDM-MDM validation system

6 WDM-MDM &L % 5t th# X 2 & 5 K # %
Fig. 6 Mode splitter and wavelength selection of WDM-MDM validation system

1113002-7



4 HIEBFIFIR

MRR B9 #3251 iR 22 AWK 7 s, R T

o R 2 BB LW B R o T 2 7R ’ E——
M BEE R W, = W+ AW, W, = W,+ AW, “10} — Through
g=g— AW, s=s5—AW., BIRAW==21nm.E=3nm 8

T B B T 20K OF T o 52 8002 T B 1k :

2 B /MR 22 555 4 1 nm 3 nm, B A WS X g0p

JUA SIS B . M AW B3 nm 41 nm i, 15 |

S0 i 10 7 AW =0 et e L A A2 i 0 125 i

AR /N 0T, B 7 R0 S A T A AW = BT 0 5 R
O 08 Hy 38 115 — 0.66 dB, £ T AW=3 nm It AWinm
—0.8dB,AW=-+1nm i —0.81dB 5 AW= H7 TR #ERZT TE MK A 1550 nm 4 i B

] B —0.86 dB, AW=0 /5 J2: K fi s Fig.7 Response of TE, mode at 1 550 nm with different
‘nm 89 G RS fabrication error

et B 7oAl UR £ i8S 2 22 AW AE — 10 nm

B+ 15 nm 15 R AR T 3252 B4 G PR A i i 10 B9 A% B A B2/ T — 1.0 dB 8t 35 11 B A% S 13/ T — 20 dB.

5 #ie

P T — MR TR B S EOMR RS KBRS EH A% . AE MRR JE i AL R &
X3l e, it — Ak 4 i T 0 S o0 B AR R R OCEEER A . X A WDM A1 MDM B IR A 7 U K2 & T 4K
PEAL S % B . PR G0 KB AR B 48, I B LU in 31 XUEL 2 MRR 5 & X 8, 7T LLA5 2187 19 MRR 45
Mo A EA TE M TE A B BI6E 1 o X 02—~ fi [F] B 52 SR =0 i K e 5 2 9 OA 4540 , i T
2 MRR B E A Z R Die, I aT LLSEE— /M B30 WDM-MDM R%48 . f 45 R R, 76 3 dB A
Yi 4 52 GHz Q1 3692 FYAH L T , MRR 7 1§ 1 %y F 4 fie K AL Hi i )i 4 — 0.66 dB . A SCHE 9 MRR 7E
— 10 nm F] -+ 15 nm i [ P9 0 2 B0 B4 00 5 VR 16 225 o T B s I AU IR & 2% MDM. & St e % A R 70
B TE M TE R, I B AWK EHGE T . 38 o o # 4 XCA5 0 R i fgoA 5o, i WDM-MDM & 48 7] DU
P 2 RN K A
S % ik
[1] JANZS. Silicon-based waveguide technology for wavelength division multiplexing[J]. Silicon Photonics, 2004: 323-360.
[2] TANY, WU H, WANG S, et al. Silicon-based hybrid demultiplexer for wavelength-and mode-division multiplexing[J].

Optics Letters, 2018, 43(9): 1962-1965.

[3] CUNNINGHAM D G, WHITE I H. Advances in local area optical data communication systems[J]. Reports on Progress

in Physics, 2020, 83(7): 075101.

[4] WU S, MU X, CHENG L, et al. State-of-the-art and perspectives on silicon waveguide crossings: a review [J].

Micromachines, 2020, 11(3): 326.

[5] DAID, BOWERS J E. Silicon-based on-chip multiplexing technologies and devices for Peta-bit optical interconnects[J].

Nanophotonics, 2014, 3(4-5): 283-311.

[6] ZHANG Y, HE Y, ZHU Q, et al. On-chip silicon polarization and mode handling devices [J]. Frontiers of

Optoelectronics, 2018, 11(1): 77-91.

[7] YAN X, CHEN J, DAI D, et al. Polarization multiplexing silicon-photonic optical phased array for 2D wide-angle optical

beam steering[ J]. IEEE Photonics Journal, 2021, 13(2): 1-6.

[8] YANG Z, YU W, PENG G, et al. Recent progress on novel DSP techniques for mode division multiplexing systems: a

review[ J]. Applied Sciences, 2021, 11(4): 1363.

[9] SABITU R I, KHAN N G, MALEKMOHAMMADI A. Recent progress in optical devices for mode division multiplex

transmission system[J]. Opto—Electronics Review, 2019, 27(3): 252-267.

[10] BERDAGUE S, FACQ P. Mode division multiplexing in optical fibers[ J]. Applied optics, 1982, 21(11): 1950-1955.

[11] DAID, ZHU Z, ZHAO W, et al. Silicon photonic devices for wavelength/mode-division-multiplexing[ C]. Integrated Optics:
Design, Devices, Systems and Applications V1. International Society for Optics and Photonics, 2021, 11775: 117750E.

[12] MARCATILIE A J. Bends in optical dielectric guides[ J]. Bell System Technical Journal, 1969, 48(7): 2103-2132.

1113002-8



HREAR A5 R T R0 B I BRI IR A 1 KBRS T R B

[13] LIU D, XU H, TAN Y, et al. Silicon photonic filters[J]. Microwave and Optical Technology Letters, 2021, 63(9) :
2252-2268.

[14] ALIMONTI G, AMMENDOLA R, ANDREAZZA A, et al. Use of silicon photonics wavelength multiplexing
techniques for fast parallel readout in high energy physics [J]. Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 2019, 936: 601-603.

[15] LI C, ZHANG H, ZHOU G, et al. Hybrid WDM-MDM transmitter with an integrated Si modulator array and a
micro-resonator comb source[ J]. Optics Express, 2021, 29(24): 39847-39858.

YE M, SUNC, YUY, etal. Silicon integrated multi-mode ring resonator[ J]. Nanophotonics, 2021, 10(2): 1265-1272.
LIAO J, ZHANG L, LIU M, et al. Mode splitter without changing the mode order in SOI waveguide [J]. IEEE
Photonics Technology Letters, 2016, 28(22): 2597-2600.

Hybrid Wavelength— and Mode-division Multiplexing System Based on
Microring Resonators with Mode Splitters

HAN Xilin"?, ZHANG Lingxuan'’, XUE Jintao"*, BAO Shenlei"*, WU Jinyi'*, MI Lei'
(1 State Key Laboratory of Transient Optics and Photonics, Xi'an Institute of Optics and Precision Mechanics,
Chinese Academy of Sciences, Xi'an 710119, China)

(2 University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: The applications of silicon photonics in data bearer networks, data centers and other scenarios
will support high—speed data transmission. In order to meet the demand, lots of technologies in silicon
photonics have emerged, such as Wavelength Division Multiplexing (WDM) , Polarization Division
Multiplexing (PDM) and Mode Division multiplexing (MDM). To further increase the channel capacity,
the hybrid multiplexing technology is studied based on the technologies above. Our work is such a hybrid
WDM-MDM multiplexer.

This paper focuses on the design of a microring resonator with mode splitter. First of all, the effect of
mode splitting is better at a longer length, but we need to put the mode splitter into the microring
resonator, and such a high mode separation efficiency and coupling efficiency will lead to low efficiency of
microring resonance. So, we take the appropriate length. Secondly, an asymmetric structure for the
geometry of the mode splitter is designed. One side of the structure is a waveguide with a width of
0.88 nm, allowing high order mode transmission, and the other side is a slot waveguide with a width of
0.86 nm, with an air gap of 50 nm in the middle. The advantage of this structure is that it can effectively split
TE,and TE, modes. In addition, for microring resonators, we can select the desired resonant wavelength by
designing appropriate parameters such as radius, waveguide width, coupling region length and gap.

By simulating the proposed structure with the finite difference time domain method, the multiplexer
and demultiplexer can realize ultra—compact WDM-MDM structure at C band. The microring resonator has
a response of —0.66 dB to TE; mode input, a Q value of 3 692, and an optical bandwidth of 52 GHz. Its
free spectral range is 1.03 THz, and the crosstalk generated by TE, mode is —11.0 dB. The insertion loss
of the microring resonator is as low as — 0.66 dB. Based on this, we also propose a transmitter—receiver
MDM system with dual mode input. The simulation results show that the dual-mode input MDM system
based on microring resonator can effectively separate TE, and TE, modes, and the microring also has the
ability of wavelength selection. In addition, the through ports with fabrication tolerance from — 10 nm to
-+ 15 nm have responses of less than — 20 dB, while the response of the drop ports remains within — 1 dB.
Compared with other devices, our design has advantages in insertion loss, crosstalk and FSR.

In conclusion, proposed system using wavelength—-mode multiplexing mircroring can effectively
separate the TE, and TE, modes and has the ability of wavelength selection, which may be the main device
for ultra-compact hybrid multiplexing technology in near future.
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