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1. Introduction

Terahertz (THz) technology, spanning 100 GHz to 10 THz,
bridges the microwave-infrared gap and offers unique features
such as deep penetration, high spatial resolution, and ultra-wide
bandwidth, enabling emerging applications like high-speed
wireless communications, nondestructive sensing, security im-
aging, and biomedical diagnostics'' ™. However, practical
THz deployment is hindered by bulky, discrete optical and elec-
tronic components, e.g., couplers, lenses, and splitters, which
restrict system scalability and integration. Silicon based THz
integrated circuits (THz ICs) offer a compelling solution.
High-resistivity silicon (HR-Si) exhibits low THz propagation
loss and is fully compatible with CMOS fabrication, enabling
monolithic integration of complex photonic-electronic sys-
tems>"*). Among THz photonic components, silicon ridge
waveguides are notable for their low-loss confinement, small
footprint, and CMOS compatibility. Demonstrated applications
include on-chip THz ridge resonators with Q factors up to 2839
at 218 GHz!"*), differentiators for signal processing!'>'®), sen-
sors for particle distance estimation!'”), vortex beam emitters
for radar detection'®), and isolators!"®). Yet, achieving broad-
band, fabrication-tolerant THz power coupling remains a major
challenge. Conventional evanescent and adiabatic couplers are
highly sensitive to dimensional variations, which is problematic
at THz frequencies where tolerances exceed tens of micrometers.
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Extending the terahertz (THz) silicon based ridge waveguide platform to THz asymmetric topological pumping remains unex-
plored due to theoretical deficiency and severe coupling inefficiency, which hinder practical deployment for potential THz
on-chip 66 applications. Here we experimentally demonstrate asymmetric topological pumping in a silicon based terahertz
ridge waveguide array operating over 159-171 GHz. A four-channel Rice-Mele (RM) configuration with modulated waveguide
widths and spacings enables robust unidirectional transport with over 15 dB contrast across 12 GHz. The device established a
CMOS-compatible, broadband, and robust platform for integrated THz photonic circuits.
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Topological photonics, leveraging invariants such as Chern
numbers and Zak phases, provides a promising path to robust
light transport immune to disorder'®~"), In particular, Thouless
pumping supports quantized adiabatic edge-state transport via
dynamic modulation***?), Microwave experiments recently
showed that nonparaxiality can induce asymmetric pumping
via next-nearest-neighbor coupling®’’, a mechanism beyond
standard coupled-mode theory. However, extending this
approach to THz frequencies on CMOS-compatible silicon plat-
forms remains unexplored due to theoretical deficiency, severe
coupling inefficiency, and fabrication sensitivity, which hinder
practical deployment for potential THz on-chip 6G applications.

In this work, we demonstrate asymmetric topological pump-
ing in a silicon THz ridge waveguide array and experimentally
verified this effect. A four-waveguide structure based on the RM
model with periodic modulation of widths and spacings intro-
duces controlled asymmetry. Coupled-mode theory and full-
vector Helmholtz modeling reveal that nonreciprocity originates
from nonparaxial CW coupling. Experimental results from 159-
171 GHz show > 15dB directionality, < —2 dB insertion loss,
~12 GHz bandwidth, and tolerance to +50 pm fabrication devi-
ations. We note that the existing topological transmission in
THz range suffers from large ohmic loss induced by metals
(spoof SPPs platform)®! and sensitive transmission and
manipulation due to defects™ (silicon photonic crystals
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platform). The advantage of this work is that we demonstrate
low-loss, scalable, robust asymmetric topological pumping in
a silicon THz ridge waveguide array. The Thouless pump
mechanism can further be used in the design of a power splitting
and splitting device in THz IC Systems, offering a path toward
scalable, robust, and functionally diverse integrated THz pho-
tonic circuits.

2. Methods
2.1. Model

To capture the topological pumping mechanism, we adopt a
multi-scale approach bridging effective Hamiltonian theory.
The RM model offers a canonical framework for realizing
one-dimensional Thouless pumping. To model the system, we
start from the Helmholtz equation

op 1 d%¢
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where H is the Helmholtz Hamiltonian, ny =1 (air), k=w/c,
and ¢ is the electric field amplitude. This leads to the effective
Hamiltonian form

1
Hes~ H——H?, (2)
2K1’l0

where the second term accounts for nonparaxial effects and
introduces the cross waveguide (CW) coupling. For a width-

modulated ridge waveguide array, the effective Hamiltonian
reads!>”!

N N-1
— i il
Hes = [Zﬁi calai+ Y K- al ai+1]
i=1 i=1
N-2

+ ZKI',H-Z : aiTaiJrz +HC, ©)
=1

where /3 and k; j are modulated sinusoidally along x. This creates
a closed loop in parameter space, whose winding number char-
acterizes the topological pumping behavior.

For a constant-width array, the CW coupling is negligible, and
the Hamiltonian simplifies to the near waveguide (NW) cou-
pling only:

N N-1
H= XI:'B’ : ajai + Xl:Ki,H-l . ajai.t,_l + H.C. (4)
= =

This simplified model serves as a control to isolate the role of
nonparaxial effects and CW coupling in enabling asymmetric
topological transport. Detailed derivation can be found in
Supplement 1 Section 1.
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2.2. Device designs

Based on the RM model, we designed and fabricated a silicon
ridge waveguide array with periodic modulation of waveguide
width along the propagation direction, as illustrated in Fig. 1(a).
The four-waveguide configuration represents the minimal lat-
tice capable of supporting a topologically nontrivial edge mode,
while allowing clear spatial separation between input and output
channels. This compact design facilitates direct observation of
asymmetric edge-to-edge transport, minimizes fabrication com-
plexity, and enhances simulation accuracy in the THz regime.
The modulation was implemented by varying both waveguide
width W, and inter-waveguide gap G,, enabling investigation
of their impact on light propagation. A reference array with con-
stant waveguide width and identical geometric layout (except for
the width modulation) was also fabricated, as shown in Fig. 1(b),
to isolate the influence of width variation. Both arrays share the
same waveguide height (420 pm), base thickness (80 pm), array
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Fig. 1. Schematic diagrams of silicon ridge waveguide structures, with wave-
guides labeled 1to 4 from top to bottom. (a) A four-channel waveguide array
with periodically varied widths and spacings based on the RM model. (b) A
constant-width waveguide array with identical bending trajectories as in
(a), serving as a control configuration. (c] A conventional straight waveguide
array with two uniform-width channels and fixed spacing. Insets depict the
corresponding cross-sectional geometries and dimensional parameters for
each configuration.
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width (6.6 mm), and total length (50 mm), with input/output
ports defined at waveguides 1 and 4. Each port connects to a
5 mm straight section to ensure efficient coupling. In addition,
a conventional waveguide pair with straight channels, uniform
width, and fixed spacing, shown in Fig. 1(c), was implemented as
a baseline without curvature or modulation.

In both arrays, the first and third waveguides follow a cosine
trajectory along the x-direction, with their y-position defined as
y=A4A, cos(2nz/t), where Ay =120 pm is the amplitude. The
second and fourth waveguides are phase-shifted by = :y=
Ay cos(2nx/t + 7). In the modulated-width array [Fig. 1(a)],
the widths of waveguides 1 and 3 vary as W,; =W, —a-
sin(2zx/t), and waveguides 2 and 4 follow W,, =W, +a -
sin(2zx/t), where W = 300 pm, and a = 100 pm. This modu-
lation results in periodic variation of the inter-waveguide gaps:
G, =G+ 24, cos(2rx/7), G, = G — 24, cos(2xx /), where
G =300 pm and G,; = G,;, as shown in Fig. 1(a). These varia-
tions enable controlled study of spatial modulation effects
on coupling and propagation. In the constant-width array
[Fig. 1(b)], all waveguides retain fixed width W, while the
gap modulations G,; and G,, follow the same expressions.
This serves as a reference for isolating the impact of width
modulation.

The propagation constant (f) is sensitive to the waveguide
width (w), with the propagation constant increasing as the wave-
guide width grows. Detailed discussion can be found in
Supplement 1 Section 2. By introducing a sinusoidal modulation
to the waveguide width, we can load the potential energy term
onto the propagation constant f, allowing for an explicit control
of light transport within these waveguides. We model this rela-
tionship as fi(x) & By + (~1)'84 sin(2zx/7), where Sy~
0.0078 pm™" represents the base propagation constant, and 65 =
0.001 pm™! accounts for the variations due to structural changes.
We also compare two silicon ridge waveguides: one with con-
stant width and one with spatially varying width along a curved
trajectory. Both waveguides exhibit high transmission efficiency.
The coupling coefficient x between two ridge waveguides of
width W, =300 pm is also analyzed. Increasing G reduces x
due to weaker evanescent field overlap. Both waveguides main-
tain transmission losses around 0.001 dB/mm. The curved wave-
guide’s gradual width varjation does not degrade performance
and can be utilized to control mode evolution, reduce backscat-
tering, and suppress higher-order modes. Detailed discussion
can be found in Supplement 1 Section 3.

Figure 2(a) (left) shows a four-waveguide array with spatially
varied widths along the propagation direction, while the right
panel presents the calculated coupling coefficients: k; / cw (x)
for center waveguides and k; ,(x) for neighboring waveguides.
The CW coupling is consistently weaker due to reduced mode
overlap caused by the width modulation. For comparison,
Fig. 2(b) depicts a uniform-width array and the corresponding
k;,(x), which follows a similar trend in both cases, indicating
that NW coupling is mainly determined by waveguide spacing.
In contrast, the spatially modulated CW coupling introduces a
tunable asymmetry, acting as a synthetic gauge potential. This
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Fig. 2. (a) (left) Ridge waveguide array with varying width, showing propaga-
tion constants 3, B(x), NW coupling coefficients k, » (x), and CW coupling
coefficient ki cwlx). (right) Variation of ki, &, (x) and ky2.cw () with respect to
the waveguide position x. (b] (left) Ridge waveguide array with constant width,
showing propagation constants B, B (x, and NW coupling coefficients &,
k, (x). (right) Variation of k, k, (x) with respect to the waveguide position x.

enables directional coupling and supports nontrivial transport
phenomena such as adiabatic mode steering and topological
pumping via engineered variations in waveguide width or index.

The band structure analysis reveals distinct spectral
differences between the constant-width Hamiltonian H and
the effective Hamiltonian H.g for the varied-width configura-
tion. As shown in Fig. 3(a), H exhibits a symmetric eigenvalue
spectrum with two boundary bands embedded in the central
bandgap, corresponding to edge-localized states. In contrast,
Fig. 3(b) shows that Heff yields an asymmetric spectrum: the
conduction band expands, the valence band compresses, and
the red boundary band merges with the valence band. This indi-
cates a breakdown of the adiabatic separation between edge and
bulk states, leading to asymmetric topological transport. The
spatial modulation of waveguide width alters band coupling
and overlap, causing the originally localized boundary states
to hybridize with bulk modes and disrupting the spectral sym-
metry essential for ideal topological pumping.

3. Simulation Result

To evaluate the transmission characteristics of the periodically
modulated four-waveguide array, we conducted a comparative
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Fig. 3. Energy spectrum of RM model for (a) constant-width and (b) varied-
width waveguides as a function of spatial modulation phase p (p = 27z/7). The
parameters used are N = 4, B ~ 0.0078 pm™", 85 = 0.001 pm~', ky ~
0.00045 pm~", &, ~ 0.00035 pm~", = = 50 mm.
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study with two baselines: a constant-width array and a conven-
tional straight waveguide pair. All three structures share identi-
cal geometries to ensure consistency. Simulations were done by
using COMSOL. THz waves were injected from either crossl
(waveguide 1, topologically favored) or cross2 (waveguide 4,
topologically suppressed). At 164 GHz, simulations reveal dis-
tinct field distributions in the varied-width array. Excitation
at crossl leads to directed transport toward waveguide 4, while
excitation at cross2 results in localization within waveguides
2-4, without reaching waveguide 1. This asymmetry indicates
clear nonreciprocal behavior. The transmission spectra [Fig. 4(a)]
show directional contrast over 159-171 GHz, absent in the con-
stant-width and conventional arrays [Figs. 4(b) and 4(c))], which
display symmetric field patterns and reciprocal transmission. As
shown in Fig. 4(d), the varied-width array maintains a stable
insertion loss around —1dB (min —0.22dB), outperforming
the other configurations that show higher loss and greater
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Fig. & Normalized electric field distributions at 164 GHz (left) and correspond-
ing transmission spectra (right) for two observation points cross': input to
waveguide 1 (topologically favored injection site) and cross 2: input to wave-
guide 4 (topologically suppressed site) in waveguide arrays comprising (a) var-
ied-width curved waveguides, (b) constant-width curved waveguides, and
(c) conventional straight waveguides. (d) Transmission spectra of cross]
for all three structures across 159-171 GHz. (€] Transmission of cross1 versus
initial gap distance G. (f) Transmission of cross! as a function of waveguide
width tolerance, demonstrating robustness against fabrication tolerance.
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variation. Robustness under fabrication perturbations was evalu-
ated by varying the gap (250-350 pm) and waveguide width
(250 pm). The modulated array retains performance under both,
as shown in Figs. 4(e) and 4(f), unlike the controls. To further
demonstrate scalability, we have extended frequency range to
350-390 GHz. Detailed results are presented in Supplement 1
Section 4.

L. Experiment

To experimentally verify unidirectional transport induced by
asymmetric topological pumping, we fabricated two types of sil-
icon ridge waveguide arrays: one with periodic width modula-
tion and one with constant width as a reference. Both were
patterned on 4 inch, 0.5 mm thick high-resistivity silicon wafers
using standard photolithography and DRIE, achieving submi-
cron accuracy and smooth sidewalls for low-loss THz propaga-
tion. As shown in Figs. 5(a) and 5(b), input and output tapers
(3.635 mm, 6°) enable adiabatic mode conversion. Each array
is 67.25 mm long and housed in a custom copper enclosure
(90mm X 20 mm X 4 mm) with an internal height of 820 pm.
Each device includes four waveguides with two input/output
ports (crossl and cross2). Transmission was measured using
an R&S ZNA26 vector network analyzer with WR-5 frequency
extenders. During measurement, one input and one output were
connected, while the other ports were isolated using THz
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Fig. 5. Photographs of silicon ridge waveguide arrays with (a) varied width
and [b) constant width. Insets on the right show corresponding microscope
images highlighting the structural details of the waveguide channels.
(c) Photograph of the fabricated metal-coupled packaging structure integrat-
ing the silicon ridge waveguide array. The magnified inset shows the tapered
waveguide facet with a 6° angle and a width of 3.625 mm, as observed under
an optical microscope.
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absorptive materials to prevent reflection. Control experiments
confirmed minimal influence from the open ports.

Due to the unavailability of WR-2.2 extension modules,
experimental validation was conducted in the WR-5 band
(159-171 GHz). The underlying physics of nonparaxial CW
coupling and topological pumping depends on normalized
waveguide dimensions relative to the operational wavelength.
In our design, waveguide widths (300 pm), gaps (250-
350 pm), and modulation amplitude (100 pm) are significantly
larger than the wavelength (4 ~ 1.8 mm at 165 GHz), ensuring
strong nonparaxial effects. The normalized parameters (4, 5,)
are comparable to those at higher THz frequencies on the same
platform. Furthermore, high-resistivity silicon exhibits negli-
gible dispersion across the sub-THz range!*”, making the
159-171 GHz band a valid regime for demonstrating the pro-
posed mechanism. The measurement setup [Fig. 6(a)] used an
R&S ZNA26 vector network analyzer with WR-5 extension
modules (140-220 GHz) and precision WR-5 waveguide adap-
tors. Efficient coupling between the metallic WR-5 and silicon
ridge waveguides was achieved using a two-stage mode con-
verter: a metallic funnel taper (6°) followed by a dielectric taper
etched into the silicon chip (3.6 mm length, 3.625 mm width).
While simulations predict < —1 dB loss, measured loss reaches
5 dB [Fig. 6(b)], which includes both transmission loss
(~0.15dB) and insertion losses [~4.85dB, originates mainly
from (i) coupling inefficiency at the metal-silicon taper,
(ii) packaging and alignment errors, (iii) scattering induced
by sidewall roughness]. A detailed breakdown of the measured
loss components is provided in Supplement 1 Section 5. Despite

Varied-width cross 1
= Varied-width cross 2

Constant-width cross 1
Constant-width ¢ross 2

160 165 170
Frequency(GHz)

P
=)
=
N’
=
=
»
»n
.-
£
w
=
=
=
=

Fig. 6. (a) Experimental setup for transmission measurements using a WR-5
waveguide and a VNA. The device under test is coupled via a designed metal
waveguide structure, with observation points labeled as cross! and cross2.
(b) Measured transmission spectra at cross! and cross2 for both varied-
width and constant-width waveguide arrays over the frequency range of
159-171 GHz.
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these factors, the measured results validate the simulated topo-
logical behavior, with preserved directionality and bandwidth.
Optimizing taper design and fabrication could further reduce
total insertion loss. Frequency-domain transmission measure-
ments were performed with 0.01 GHz step size. As shown in
Fig. 6(b), the constant-width reference device exhibits fluctuat-
ing output (—8 to —25 dB) at both ports, with no clear direction-
ality. In contrast, the width-modulated array shows robust
asymmetric transport: —5dB at crossl and —20 to —30dB at
cross2 across the band. This confirms adiabatic pumping from
one edge to the opposite side while suppressing backward
flow—consistent with RM-type lattice dynamics and a photonic
analogue of the Thouless pump. Unlike traditional directional
couplers sensitive to fabrication tolerance, the modulated array
shows stable broadband response and clear directionality.
Despite system-level losses not captured in simulation—
e.g., coupling inefficiencies, sidewall roughness, and packaging
misalignment—the experimental results validate the topological
transport mechanism under practical conditions. In addition,
the reflection coefficients for both varied-width and constant-
width structures under excitation from ports crossl and cross2
were also measured, indicating efficient forward transport and
minimal backscattering—characteristic of topological protec-
tion. Detailed derivation can be found in Supplement 1
Section 6. Additional experiments with intentionally introduced
tolerances (waveguide width is 250 pm) were performed in
Supplement 1 Section 7. The device still maintains > 10dB
directionality, consistent with the robustness predicted by
simulations.

5. Conclusion

In conclusion, we demonstrated the first experimental realiza-
tion of asymmetric topological pumping in a CMOS-compatible
silicon platform at THz frequencies (159-171 GHz). By spatially
modulating a four-ridge waveguide array based on the RM
model and leveraging nonparaxiality-induced CW coupling—
a vectorial effect beyond conventional theory—we achieved
robust, nonreciprocal signal transport. The device exhibits
>15dB directionality contrast, <—2dB insertion loss, back-
scattering suppression below —15dB, and a 10 GHz operational
bandwidth. Crucially, it tolerates waveguide width variations
(50 pm). This work translates nonparaxial topological pumping
into a practical, scalable, and fabrication-resilient silicon THz
platform, addressing a key bottleneck in integrated THz photon-
ics. Our design is essential in integrated THz devices for power
coupling and splitting by introducing the Thouless pump
mechanism into the coupling process, that is to say, the power
coupling device that employs the waveguide array configuration
of the Thouless pump system can accomplish a complete power
transfer from the input port to the cross port. In the future,
increasing the number of channels in a THz topological
Thouless pump system can enable massive single-input
multiple-output and multiple-input and multiple-output sys-
tems for multi-link terahertz 6G communications'”. On the
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other hand, the introduction of phase-change material in a THz
topological Thouless pump system will enable dynamic modu-
lation for stable, nonvolatile, and programmable terahertz topo-
logical integrated chips!'2°),
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