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Abstract

Mode converters are the core components of on-chip mode-division multiplexing (MDM) systems,
SEAEE

SCES|F: AU, SO, Rt BT IR S = BRI s ], RS, 2026, 15(9): 89-
100. DOI: 10.12677/mo0s.2026.159136


https://www.hanspub.org/journal/mos
https://doi.org/10.12677/mos.2026.159136
https://doi.org/10.12677/mos.2026.159136
https://www.hanspub.org/

T 2

and their performance directly affects the system’s transmission capacity and integration density.
This paper presents the design of a reverse three-mode cyclic converter based on a silicon-on-in-
sulator (SOI) platform, which enables cyclic conversion between TEO-TE2, TE2-TE1, and TE1-TEO.
Using a boundary-deformation reverse-design framework, the core innovation lies in the introduc-
tion of a two-step differentiated weight optimization strategy, which achieves a balanced improvement
in mode conversion efficiency and crosstalk. Simulation results show that the device’s functional area
measures only 7 um x 1.65 pm and exhibits excellent performance in the 1530~1570 nm wavelength
band. At the center wavelength of 1550 nm, both transmission efficiency and mode purity exceed 97 %,
and off-target crosstalk across the entire wavelength band is below —15 dB. Process error analysis
indicates that, under dimensional deviations of 10 nm and local random errors, device performance
variation is less than 0.8%, demonstrating good process tolerance.
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Figure 1. Schematic diagram of inverse-designed triple-mode cyclic converter and deformation evolution of the functional region
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Figure 2. Geometric shapes and coordinates of the functional regions for the inverse-designed triple-mode cyclic converters
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Figure 4. Optimization convergence and FEM simulation results of the inverse-designed triple-mode cyclic converter. (a) Con-
vergence diagram of the inverse-designed triple-mode cyclic converter: Within each optimization stage, the objective function
value at each iteration step is normalized by dividing it by the absolute value of the objective function value at the 1st iteration
step of the corresponding stage. (b)~(d) Power flux distributions along the x-direction: Power flux distributions of (b) TEO-
TE2, (c) TE2-TEI, and (d) TE1-TEO mode conversions
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Figure 5. Mode conversion efficiencies and magnetic field distributions in the inverse-designed triple-mode cyclic converter. (a)
Magnetic field distributions for TEO-TE2, TE2-TE1, and TE1-TEO mode conversions. (b)~(d) Conversion efficiencies for different
input modes: Conversion efficiencies for (b) TEO input mode, (c) TE2 input mode, (d) TE1 input mode to all three output modes
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Table 1. Performance comparison between this work and previously reported mode cyclic converter devices

# 1. A TESERERABEIAEIRFHAOMERERILL

Device Insertion Conversion Crosstalk
Functionality Size Loss Efficiency (dB)
(um?) (dB) (dB)
TEO-to-TE1/TE1-to-TEO
(DMCC) 7.0 x 1.48 0.028/-0.017 0.053/—0.043 <—31.8/<-31.8
Ref[16]
TEO-to-TE1/TE1-to-TE2/
TE2-10-TEO (TMCC) 7.0%x1.65 -0.51/-0.85/-0.59 —0.67/—1.13/-0.67 <—15.3/<—13.7/<—20
This Work TEO-to-TE2/TE2-to-TE1/ 7.0%x1.65 -0.26/-0.90/-0.44 —0.34/-1.01/-0.57 <-22/<—15/<-15
TE1-to-TEO
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Figure 6. Mode conversion efficiencies of TEO-TE2, TEO-TEO, and TEO-TE1, and magnetic field distribution of TEO-TE2 for
the inverse-designed triple-mode cyclic converter under geometric deviations
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Figure 7. Mode conversion efficiencies of TE2-TE1, TE2-TEO, and TE2-TE2, and magnetic field distribution of TE2-TE1 for
the inverse-designed triple-mode cyclic converter under geometric deviations
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Figure 8. Mode conversion efficiencies of TE1-TEO, TE1-TE1, and TE1-TE2, and magnetic field distribution of TE1-TEO for
the inverse-designed triple-mode cyclic converter under geometric deviations

E 8. JLiiRE T m = 4532840 TE1-TEO. TE1-TEl. TE1-TE2 #X##8%E 5 TEI-TE0 #5504

Table 2. Mode conversion efficiencies and transmission efficiencies under different structural deviations at 1550 nm wave-
length (unit: dB)
2 2. 1550 nm K T A EEMBENIRNERBERSEREREA: dB)

TEO-to-TE2 TE2-to-TE1 TEl-to-TE0O TEO-to-TE2 TE2-to-TE1 TEl-to-TEO

(CE) (CE) (CE) (T (M (T
Perfect —0.34 —-1.01 —-0.57 94.1% 81.5% 90.2%
Expand 10 nm —0.41 —-1.18 —-0.75 93.6% 81.4% 90.0%
Shrink 10 nm —0.34 —1.04 —0.60 94.4% 81.2% 90.5%
Random 50% & Random +10nm (#1) —-0.34 —-1.02 —0.58 94.1% 81.3% 90.2%
Random 50% & Random +10nm (#2) —0.34 —-1.01 —-0.56 94.1% 81.5% 90.4%
Random 50% & Random +10nm (#3) —0.34 —-1.02 —-0.58 94.1% 81.4% 90.3%

S L ERZRB YR Frdevt A3 a =B IR R a8 1E y J7 17 _E+10 nm JUT RS 22 2 R 6
BENLA IR ZE T, R AMRCR SR Ao R 54k, IR I T 2R 2 5 bRl ]
&V, MRS S RS ERIR O 1 SRR

5. B&

ACER B PR S R Gh 2 S S SR BT R, BT SO P& it T — kil ] =1
IS . IS ER SR T T ) BT AE 2R rp ) N0 22 A B AR AL SR B, 1B 7E 7 pm % 1.65 pm 1)
K@ RPN ST TEO-TE2. TE2-TE1. TEI-TEO =R (1) s s E PR e 4 . 1 45 SRR 1550 nm H
Do AL = 3 T B 4 R 5 i N—0.33 dBY —1.0dB. —0.57 dB, 4L ST 97%; 4ilfE i BIE B R
BHACT 15 dB. LZAEZEMEHTRY], 410 nm R 22 &R ERENLRZE N, S8 RE 80/ T 0.8%.
5O A B BAT L, AR AFT0 T B ek AT e il = BB A R, 3 1 T MDM R G451

DOI: 10.12677/m0s.2026.159136 98 e RSE TR


https://doi.org/10.12677/mos.2026.159136

T 2

T EAR A, AV SAAAELL T RIRME: 35—, SRR X H(TEO, TEL, TE2)RE, R e

FETMYBEC 4 S5 e LI R, 7ESKBR MDM R GeHh 4 A A7 72 TM BEAE i, T g2 SIS
B B, SEIEHHRACRIMAE — € MAIMT, TE2-TEL il RO K, 22 5 AR 5 ng B
OB EARERHRIX —ER; =, AL TAfRISIE, MARETIR A H% 55858 .

AR TAERT LR I7 R R IT: — i Bt Ha e 2 T™ B, SRR R AU =R a4 07 5%

TR A 2 AR SR AL S BRI, SR IR R AR e T =R IT R SR
Fr il e S SEBat, BE DT A RIVATEEVE . BRAh, PR I D 22 S (B A AL SR BAT I Ak, T
7 BAEE 2R A B VR BE T, v AR MDM R SR AT i R I i T i .

SE

(1]

(2]

(3]
(4]

(5]
(6]

(9]

[10]

(1]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

Dai, D. (2018) Advanced Passive Silicon Photonic Devices with Asymmetric Waveguide Structures. Proceedings of the
IEEE, 106, 2117-2143. https://doi.org/10.1109/jproc.2018.2822787

Liu, Z., Xia, F., Yan, R., Wang, P. and Jiang, Y. (2025) Multi-Dimensional Reconfigurable Optical Add/Drop Multiplexer
for WDM-MDM Systems. Optics Express, 33, Article 15532. https://doi.org/10.1364/0e.555827

IR, BRSNS, BT, ARG A SR G AL AR RS PR[T]. De 1A, 2023, 52(2): 258-269.

SENH, AROCHT, Eam, A B KRR DG 2T AE v AR (R [7]. Db2A2E4k, 2025, 45(13): 75-
86.

oo, FERUR, FAf, & BTSRRI AT AR DGR IT R[], D622, 2021, 41(17): 124-134
Yi, X., Li, C., Zhao, W., Zhang, L., Shi, Y. and Dai, D. (2023) On-Chip Mode-Selective Manipulation Based on the

Modal-Field Redistribution Assisted with Subwavelength Grating Structures. Nanophotonics, 12, 1809-1821.
https://doi.org/10.1515/nanoph-2023-0111

Liao, J., Huang, D., Lu, Y., Li, Y. and Tian, Y. (2024) Low-Loss and Compact Arbitrary-Order Silicon Mode Converter
Based on Hybrid Shape Optimization. Nanophotonics, 13, 4137-4148. https://doi.org/10.1515/nanoph-2024-0301

Li, Z., Cao, L., Wu, H. and Shen, W. (2017) Sensitivity Analysis for the Weighting Factor in the Least-Square Method
for the PWR On-Line Power-Distribution Monitoring. Annals of Nuclear Energy, 109, 675-683.
https://doi.org/10.1016/j.anucene.2017.06.008

Cheng, Z., Wang, J., Yang, Z., Zhu, L., Yang, Y., Huang, Y., et al. (2019) Sub-Wavelength Grating Assisted Mode Order
Converter on the SOI Substrate. Optics Express, 27, Article 34434. https://doi.org/10.1364/0e.27.034434

An, J., Chen, L., Ye, H., Liu, Y. and Chen, Z. (2024) Digital Metamaterials with Nanoscale Silicon/Sb2Se; Pixels for
Reconfigurable Integrated Mode Converters. Optical Materials, 148, Article 114835.
https://doi.org/10.1016/j.optmat.2024.114835

Tk, mH, AR, % TR SR R RR A S ER[]. SRR, 2023, 43(16): 322-329.
Yu, Y., Guo, Z., Zhang, L., Zhang, J., Zhu, M., Wu, S., et al. (2025) Compact and Fabrication Tolerant Polarization

Insensitive Mode-Order Converter for MDM Systems. Optics & Laser Technology, 181, Article 111780.
https://doi.org/10.1016/j.optlastec.2024.111780

Li, J., Wang, M. and Ye, H. (2023) Heuristic Inverse Design of Integrated Mode Converter by Directly Reshaping Silicon
Waveguide. Optics & Laser Technology, 165, Article 109573. https://doi.org/10.1016/j.optlastec.2023.109573

Zhou, M., Lan, M., Chen, L., Ye, H. and Liu, Y. (2024) Reshaping Compact Waveguide Bend for Mode Transmission and
Conversion. Optics Express, 32, Article 37758. https://doi.org/10.1364/0e.538820

Luo, X., Ye, H., Zhou, M., Zhang, S., Sun, Y., Wang, X., et al. (2023) Inverse Design of Deformed Sb2Se; Stripes in Silicon
Waveguide for Reconfigurable Mode Converters. Optical Materials Express, 13, Article 2834.
https://doi.org/10.1364/ome.498883

Zhang, S., Ye, H., Chen, L., Li, J., Liu, Y. and Chen, Z. (2024) Integrated Hybrid Mode-Wavelength Demultiplexers Based
on Cascaded Digital Metamaterials. Advanced Photonics Research, 5, Article 2300264.
https://doi.org/10.1002/adpr.202300264

Yang, S., Jia, H., Niu, J., Fu, X. and Yang, L. (2022) Guided-Mode Based Arbitrary Signal Switching through an Inverse-
Designed Ultra-Compact Mode Switching Device. Optics Express, 30, Article 15446. https://doi.org/10.1364/0e.457842

Hu, Z., Liu, S., Lan, M., Wang, Y., Chen, L. and Ye, H. (2026) Inverse Design of Deformed Silicon Waveguides for
Multimode Cyclic Conversion. Optics Express, 34, Article 4092. https://doi.org/10.1364/0e.581899

DOI: 10.12677/m0s.2026.159136 99 e RSE TR


https://doi.org/10.12677/mos.2026.159136
https://doi.org/10.1109/jproc.2018.2822787
https://doi.org/10.1364/oe.555827
https://doi.org/10.1515/nanoph-2023-0111
https://doi.org/10.1515/nanoph-2024-0301
https://doi.org/10.1016/j.anucene.2017.06.008
https://doi.org/10.1364/oe.27.034434
https://doi.org/10.1016/j.optmat.2024.114835
https://doi.org/10.1016/j.optlastec.2024.111780
https://doi.org/10.1016/j.optlastec.2023.109573
https://doi.org/10.1364/oe.538820
https://doi.org/10.1364/ome.498883
https://doi.org/10.1002/adpr.202300264
https://doi.org/10.1364/oe.457842
https://doi.org/10.1364/oe.581899

T 2

[19] Wang, Y., Li, J., Wang, M., Zhang, S., Liu, Y. and Ye, H. (2021) Waveguide-Integrated Digital Metamaterials for Wave-
length, Mode and Polarization Demultiplexing. Optical Materials, 122, Article 111770.
https://doi.org/10.1016/j.optmat.2021.111770

[20] Ye, H., Wang, Y., Zhang, S., Wang, D., Liu, Y., Wang, M., ef al. (2021) Topology Design of Digital Metamaterials for
Ultra-Compact Integrated Photonic Devices Based on Mode Manipulation. Nanoscale Advances, 3, 4579-4588.
https://doi.org/10.1039/d1na00198a

it

DOI: 10.12677/m0s.2026.159136 100 e RSE TR


https://doi.org/10.12677/mos.2026.159136
https://doi.org/10.1016/j.optmat.2021.111770
https://doi.org/10.1039/d1na00198a

	基于边界变形的硅波导逆向三模式循环转换器
	摘  要
	关键词
	Inverse Triple-Mode Cyclic Converter of Silicon Waveguide Based on Boundary Deformation
	Abstract
	Keywords
	1. 引言
	2. 三模式循环转换器的结构与参量设计
	2.1. 三模式循环转换器结构
	2.2. 理论模型
	2.3. 逆向设计算法

	3. 数值模拟
	4. 工艺误差模拟分析
	5. 总结
	参考文献

