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Fig. 1 Schematic of constructing a synthetic mode dimension via propagation constant modulation. (a)(b) Applying propagation constant

modulation to a J, array and induced coupling between supermodes resulting from the modulation; (c¢)(d) applying propagation

constant modulation to an SSH array and induced coupling between supermodes in the SSH array
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Shen Chengting, Song Wange , Li Tao
College of Engineering and Applied Sciences, Nanjing University, Nanjing 210023, Jiangsu, China

Abstract

Objective Exploring high-dimensional topological photonic states in on-chip platforms provides a promising route for developing
integrated photonic devices and simulating complex physical phenomena. However, conventional on-chip waveguide arrays are
inherently restricted to one-dimensional or quasi-one-dimensional geometries, which limits the implementation and investigation of
higher-dimensional topological phases. Synthetic dimension approaches offer an effective strategy to overcome this dimensional
limitation. This work aims to construct high-dimensional topological photonic states in on-chip waveguide arrays via mode-based
synthetic dimensions enabled by propagation constant modulation, a method compatible with standard fabrication processes. It focuses
on demonstrating feasible device designs and characterizing the transport properties of topological states in synthetic lattices, thereby

establishing a practical framework for realizing high-dimensional topological photonics on chip.

Methods We propose and numerically study a mode synthetic dimension scheme using propagation constant modulation in silicon-on-
insulator (SOI) waveguide arrays. This method introduces controlled perturbations to the propagation constants of individual
waveguides, breaking the orthogonality between the array supermodes and inducing nearest-neighbor coupling in mode space. First,
the scheme is applied to one-dimensional J, and Su-— Schrieffer - Heeger (SSH) arrays to build a synthetic mode dimension. The
synthetic Hamiltonian is derived using coupling-modulated equations and eigenmode analysis. Full-wave simulations based on
COMSOL Multiphysics are performed to verify the design and visualize light evolution in both real and synthetic spaces.
Furthermore, we integrate waveguide supercells with the mode synthetic dimension to construct a quasi-two-dimensional SSH lattice
within a physically one-dimensional array. The inter-supercell coupling is designed to be considerably weaker than intra-supercell
coupling, maintaining the independence of supermodes while extending the synthetic lattice along the real-space dimension. Numerical
simulations based on coupled-mode theory are carried out to analyze the propagation of topological edge states, corner states, and

bulk states in the synthetic lattice.

Results and Discussions In the one-dimensional J, array, propagation constant modulation effectively induces coupling between
supermodes, converting the array into a synthetic mode lattice. Light injected into a specific supermode shows dynamic evolution in
mode space, transitioning to higher-order modes and reflecting at boundaries, which validates the successful construction of the
synthetic dimension. For the four-site SSH array that satisfies the real-symmetric eigenvector matrix condition, modulation generates
a synthetic SSH chain in mode space. When a bulk supermode in the original array is excited, light becomes localized at the edge of
the synthetic lattice, revealing a topological edge state protected by SSH topology. In contrast, exciting an original edge supermode
leads to light propagation within the bulk sites of the synthetic lattice with negligible coupling to the synthetic edges. By combining
SSH waveguide supercells with mode synthetic dimensions, a quasi-two-dimensional SSH lattice is realized in a one-dimensional
waveguide array, supporting various high-dimensional topological states. Exciting a bulk supermode in a boundary supercell produces
a real-space edge state that diffuses rapidly along the synthetic lattice boundary and couples to the opposite edge through the bulk

region. Exciting an edge supermode in a boundary supercell generates a topological corner state that remains strongly localized at the
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synthetic lattice corner with low dispersion. Exciting an edge supermode in a bulk supercell results in a mode-dimension edge state

confined to one boundary of the synthetic lattice due to propagation constant mismatch. Bulk state excitation leads to fast propagation
within the synthetic bulk, isolated from edges and corners. Although the synthetic lattice deviates from an ideal two-dimensional SSH
model, such as exhibiting onsite energy mismatch in the mode dimension and non-uniform inter-supercell coupling, its fundamental

topological properties are preserved, allowing the observation of corner states and robust edge transport.

Conclusions  This work demonstrates the feasibility of constructing high-dimensional topological photonic states in on-chip
waveguide arrays through mode synthetic dimensions based on propagation constant modulation. We successfully realize one-
dimensional synthetic mode lattices in J, and SSH arrays and observe the characteristic dynamics of topological edge states.
Furthermore, by integrating waveguide supercells with the synthetic dimension, we design and numerically validate a quasi-two-
dimensional SSH lattice within a physically one-dimensional array, which supports topological corner states, real-space edge states,
and mode-dimension edge states. The proposed approach offers a practical and fabrication-compatible route to emulate and study high-
dimensional topological phenomena on low-dimensional photonic platforms, with potential applications in robust integrated photonic

circuits and topological photonic devices.

Key words topological photonics; synthetic mode dimension; on-chip waveguide array; waveguide supercell
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