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Abstract—Electro-optic (EO) modulators with ultra-high speed
and low driving voltage are essential for high-performance opti-
cal computing, optical communication, and broadband microwave
photonic links. In this work, we have proposed an electrode opti-
mization method for periodic structures, based on the RGLC trans-
mission line model and exemplified by sawtooth traveling-wave
electrodes (STWEs). We have established analytical expressions
for characteristic parameters including the resistance, inductance,
capacitance, as well as the slot depth and width of STWEs for
the first time, achieving synchronous optimization of microwave
loss minimization and velocity matching. Validated through sim-
ulations on thin-film lithium niobate modulators, the approach
achieves an ultra-high EO bandwidth of up to 290 GHz and a low
voltage-length product of 2.5 V·cm. The optimized STWEs feature
a minimum linewidth of 5 µm and a metal thickness as thin as
500 nm, which are compatible with deep ultraviolet lithography and
suitable for large-scale, low-cost fabrication. This work would pave
the way for developing scalable ultra-high-speed EO modulator
arrays.

Index Terms—Electro-optic modulators, integrated photonics,
lithium niobate, traveling-wave electrodes.

I. INTRODUCTION

E LECTRO-OPTIC (EO) modulators are fundamental com-
ponents in modern optical communication and signal pro-

cessing systems, playing a critical role in high-performance
computing, optical phased arrays, and broadband microwave
photonic links. With the increasing symbol rates in digital com-
munications and carrier frequencies in analog systems, there is
a growing demand for EO modulators that simultaneously offer
ultra-high-speed operation and CMOS-compatible low drive
voltages.

Over the past few decades, EO modulators based on III–V
compound semiconductors [1], [2] and silicon [3], [4] have
been extensively investigated. Though these platforms offer
relatively high modulation efficiency, they typically suffer from
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considerable optical insertion loss and microwave absorption.
In contrast, lithium niobate (LN) has emerged as a promising
material for high-performance EO modulation, thanks to its
large EO coefficient (30.8 pm/V), low optical loss, excellent
thermal stability, and wide transparency window (350 nm–5μm)
[5]. However, conventional bulk LN modulators rely on weakly
confined waveguides with low index contrast (∼0.02), resulting
in bulky devices that are not suitable for large-scale integration
[6]. The development of thin-film lithium niobate (TFLN) has
substantially improved the field confinement and compactness
of EO modulators, owing to the high index contrast (>0.7)
between the LN core and the cladding layers [7], [8]. Since
2018 [9], TFLN modulators have witnessed rapid advancements,
enabling sub-3 V half-wave voltage (Vπ) and over 100 GHz
EO bandwidth on low permittivity substrates such as quartz,
which allow for larger electrode gaps and more uniform cur-
rent distribution, thereby reducing radio-frequency (RF) losses
readily [10], [11]. Compared with quartz and other traditional
low permittivity substrates, TFLN modulators on silicon sub-
strates offer significant advantages, including excellent thermal
conductivity, mechanical strength, and high compatibility with
CMOS fabrication processes [12].

Nonetheless, the performance of current TFLN modula-
tors on silicon substrates remains limited, typically exhibiting
bandwidth-to-voltage ratios below 35 GHz/V [13], [14], far
below those demonstrated on quartz [10], which severely hinders
scaling on silicon-on-insulator (SOI) platforms. In traditional
coplanar waveguide (CPW) electrode designs, there is a trade-off
between the Vπ and bandwidth. For example, a narrower elec-
trode gap can enhance modulation efficiency but also increase
microwave loss. For traditional straight-strip CPW electrodes,
the degrees of freedom are limited, hindering further perfor-
mance optimization. To address these limitations, capacitively-
loaded traveling-wave electrodes (CL-TWEs) have been pro-
posed and have become one of the most widely adopted designs
[15], [16]. Recent demonstrations have shown that a 7 mm TFLN
modulator achieves a 3-dB EO bandwidth exceeding 110 GHz
and a voltage-length product (VπLt) of 1.33 V·cm, while simula-
tions predict a 6.4-dB electrical bandwidth up to 218 GHz [17].
While CL-TWEs enable high-speed operation with low Vπ , their
fine T-rail features with minimum linewidths of approximately 1
μm require costly electron beam lithography (EBL) [18]. Addi-
tionally, CL-TWEs tend to increase the microwave refractive
index significantly, necessitating further design interventions
such as introducing low-k dielectric layers (e.g., BCB) [19],
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thickening silicon dioxide (SiO2) buffer layers [20], or even
undercutting the silicon substrate to restore velocity matching
between the optical and microwave signals [21], [22]. These
solutions would increase fabrication complexity and hinder
large-scale manufacturability. In contrast, sawtooth traveling-
wave electrodes (STWEs) offer several compelling advantages,
including greater design flexibility, wider minimum feature sizes
(∼4 μm), and compatibility with standard optical lithography,
thereby enabling cost-effective wafer-scale fabrication. Previ-
ous studies have leveraged the slow-wave effect induced by
inductive loading in STWEs to demonstrate a 5 mm hybrid
silicon–lithium niobate EO modulator that achieved beyond 110
GHz 3-dB EO bandwidth and a VπLt of 3.1 V·cm [23]. However,
whether employing CL-TWEs or STWEs, previous studies have
primarily focused on demonstrating device-level performance,
without providing detailed analysis or optimization of the fine
structural geometry of the electrodes. To address this gap, we
conduct a systematic analysis of STWEs based on the RGLC
model, which represents the equivalent transmission line circuit
incorporating resistance (R), conductance (G), inductance (L),
and capacitance (C). Although the structure of STWEs is not
novel, we have provided the analytical expressions linking the
RGLC model parameters with the key structural parameters of
STWEs for the first time, and establish a theoretical framework
to explain how key geometrical features of the STWEs influence
the corresponding electromagnetic behavior.

In this work, we break the voltage-bandwidth trade-off limit in
TFLN modulators on silicon substrates with optimized STWEs
that simultaneously minimize microwave loss and achieve opti-
mal velocity matching. Our design achieves a simulated 3-dB EO
bandwidth of approximately 290 GHz, while maintaining a low
VπLt of only 2.5 V·cm. Moreover, the optimized STWEs, with
a thickness of only 500 nm and a minimum linewidth of 5 μm,
enable simplified fabrication and lower cost, making scalable
ultra-high-speed modulator arrays possible.

II. DEVICE DESCRIPTION

A. Device Model

Fig. 1 shows the schematic diagram of the TFLN modulator
with STWEs. The optical unit is a conventional Mach–Zehnder
interferometer (MZI) configuration, with a multimode inter-
ferometer (MMI) serving as the combiner. Edge couplers are
employed at both the input and output ports to improve mode
matching with standard optical fibers. The modulator employs
an x-cut TFLN layer bonded onto a SiO2 buffer grown on a
high-resistivity silicon substrate. The TFLN layer is patterned
into single-mode rib waveguides, which are further cladded with
SiO2 to reduce optical propagation loss as well as enhance
EO interaction efficiency. The structural parameters of the LN
rib waveguide and the thickness of the SiO2 upper cladding
will be discussed in Section III. An electric field is applied
along the z-axis, allowing full exploitation of the largest EO
coefficient r33 of the LN crystal. The electrical unit of the
modulator is considered as a ground-signal-ground (G-S-G)
configuration with STWEs, forming the CPW structure and
naturally enabling push-pull modulation. Here, gold (Au) is
considered as the electrode material due to the exceptionally low

Fig. 1. (a) Top view, (b) cross-sectional view, and (c) three-dimensional
schematic diagram of the TFLN modulator with STWEs.

surface resistance and small microwave loss, particularly at high
frequencies beyond 200 GHz, as well as its excellent thermal
and chemical stability. Compared with the normal straight-strip
CPW electrode design, the sawtooth electrodes could offer more
tunable structural parameters, including signal electrode width
w, electrode thickness he, electrode gap g, sawtooth period p,
as well as the width ws and depth Ds of the air slot between
adjacent teeth. Thus, more flexible and broad-band tunability
could be obtained for optimizing the microwave characteristics
of the transmission line. From a fabrication and cost-efficiency
perspective, we aim to leverage the large feature size afforded
by the sawtooth design, targeting relatively large w. Simulta-
neously, we would minimize he to lower metal consumption
without compromising performance. The values of g, p, ws, and
Ds would determine the ultimate performance of the modulator
and thus careful optimization is required.

To comprehensively assess the performance of the modulator,
several key metrics are typically considered. First, the 3-dB
bandwidth is defined as the frequency at which the EO response
H(f) drops by 3 dB from its DC value, serving as a direct indicator
of high-speed modulation capability. H(f) is given by [24]:

H(f) = 20log10

∣∣∣∣ 1Lt

∫ Lt

0

H(f, z)dz

∣∣∣∣ , H (f, z) = e(−α+jb)z,

(1)
where Lt is the length of the transmission line, H(f, z) is the
electrode transfer function, which primarily depends on the
intrinsic parameters of the TWE. H(f) can then be obtained by
integrating H(f, z) along z. The propagation of continuous-wave
(CW) microwave signals is affected by certain losses and phase
changes associated with the complex propagation constant for
a certain frequency, which are reflected in the parameters α and
b in the expression of H(f, z). α is the microwave attenuation
coefficient, and b is the velocity mismatch parameter between
the optical and microwave signals, defined as:

b =
2πf

c0
(np − ng) . (2)
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Here, np and ng are the microwave phase refractive index and
the optical group refractive index, respectively, and c0 is the light
speed in vacuum. Taking the reflection caused by the impedance
mismatch at the input port into account, H(f) can be calculated
by:

H(f) = 20log10

×
⎧⎨
⎩2

√
Z0Zin

Z0 + Zin
e−

αLt
2

[
sinh2

(
αLt

2

)
+ sin2

(
bLt

2

)
(
αLt

2

)2
+
(
bLt

2

)2
] 1

2

⎫⎬
⎭ ,

(3)

where Z0 is the characteristic impedance of the transmission
line, Zin is the input impedance of the RF system, generally
standardized at 50 Ω. The EO bandwidth is primarily deter-
mined by the velocity matching and microwave attenuation
[5]. Specifically, the velocity matching refers to minimizing
the difference between the microwave phase velocity in the
electrodes and the optical group velocity in the waveguide, i.e.,
np≈ng. For electrodes without specific structural optimization,
np is typically smaller than ng. The microwave attenuation is
quantified by the attenuation coefficient α, where lower values
correspond to reduced microwave loss along the electrodes.
Impedance matching is also crucial, requiring that the char-
acteristic impedance Z0 closely match the standard RF port
impedance. Under ideal velocity-matched conditions (np = ng,
b = 0), the 3-dB EO bandwidth can be approximated by the
6.4-dB electrical bandwidth of the TWE.

Second, the half-wave voltage Vπ refers to the voltage re-
quired to induce a π phase shift. A lower Vπ , or smaller voltage-
length product VπLt, indicates higher modulation efficiency and
better device compactness. Lastly, the insertion loss, comprising
coupling loss and on-chip transmission loss, plays a critical role
in determining the overall energy efficiency and the optical link
budget.

Based on these three key metrics that characterize the perfor-
mance of modulator, the remaining parameters of the STWEs
can be independently optimized. Concretely, electrode gap g is
a critical determinant of Vπ and the on-chip transmission loss,
while sawtooth period p, slot width ws, and depth Ds primarily
influence the modulation bandwidth. Among these, Ds is par-
ticularly important, as it enables tuning of both the microwave
loss and the microwave refractive index np, which are crucial
to achieve larger 3-dB EO bandwidth and ultra-high-speed EO
modulators. All structure parameters in the modulator would be
optimized through simulations in Section III.

B. RGLC Model

The core modulation region of the modulator can be modeled
as a transmission line, providing a reliable basis for optimizing
the structural parameters that critically influence the device
performance. The transmission line is an integrated electromag-
netic system composed of the electrodes, surrounding dielectric
materials, and the substrate, while the TWE serves as the core
elements. The transmission line can be modeled by employing
an RGLC lumped-element circuit, as shown in Fig. 2(a). The
parameters R, G, L, and C represent the resistance, conductance,

Fig. 2. (a) Equivalent circuit of the transmission line. (b) Straight-strip CPW
electrodes. (c) STWEs.

TABLE I
RGLC MODEL PARAMETERS

TABLE II
RF TRANSMISSION CHARACTERISTICS

capacitance, and inductance per unit length of the conductors
and dielectric, respectively. For brevity, the “per unit length”
qualifier will be omitted in subsequent discussions. The values
of these parameters are governed by the electrode geometry, the
materials of the metal electrode and dielectric waveguide, all of
which would determine the overall electromagnetic character-
istics of the transmission line. Based on the RGLC model, the
characteristic impedance Z0 and complex propagation constant
γ of the transmission line can be expressed as:

Z0 =

√
R+ jωL

G+ jωC
, (4)

γ =
√

(R+ jωL) (G+ jωC) = α+ jβ (5)

where α is the microwave attenuation coefficient with units
of nepers per meter (Np/m) and β is the phase propagation
constant with units of radians per meter (rad/m). The RGLC
model parameters can be extracted from Z0 and γ, as shown in
Table I.

Under high-frequency and low-loss conditions, i.e., R �
ωL,G � ωC, the microwave phase refractive index np, attenua-
tion coefficientα, and characteristic impedance Z0 can be further
expressed by using the RGLC model parameters as shown in
Table II.

The microwave refractive index np and characteristic
impedance Z0 of the transmission line are jointly determined
by the inductance L and capacitance C. By properly tuning L
and C, the microwave phase velocity and impedance can be
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effectively manipulated, thereby enabling improved velocity and
impedance matching. The microwave attenuation coefficient α
is governed by both the conductor loss coefficient R/(2Z0) and
the dielectric loss coefficient GZ0/2. The former arises from the
resistive energy dissipation due to the current flow in electrodes,
which typically constitutes the dominant contribution, while
the latter results from polarization-induced energy loss in the
dielectric material. Optimizing the values of R, G, and Z0 could
minimize microwave propagation loss. A comprehensive tuning
of the RGLC model parameters enables broader modulation
bandwidth and more flexible control over the operating fre-
quency of the modulator.

C. Equivalent Circuit Parameters of STWEs

In straight-strip CPW electrodes, the key tunable parameters
are typically limited to the signal electrode width w and the
electrode gap g, as shown in Fig. 2(b). This results in highly
constrained control over the RGLC model parameters and poses
challenges in resolving the intrinsic trade-off between half-wave
voltage and bandwidth. To overcome this limitation, it is es-
sential to increase the structural degrees of freedom, thereby
enabling finer tuning of the RGLC model. The employed STWEs
are shown in Fig. 2(c), which could increase the number of
independently tunable structural parameters and thus provide
additional structural degrees of freedom for performance op-
timization. The periodic rectangular features of the STWEs
increase the effective length of the microwave transmission
path, forming a slow-wave electrode structure that facilitates
improved velocity matching. Moreover, the introduction of air
slots would reduce the microwave loss. These periodic features
also induce a meandering and elongated current path, which
not only alters the current distribution and the spatial energy
distribution of the electric field, but also enhances the local con-
centration of the magnetic field. As a result, the sensitivity of the
RGLC model parameters to geometric variations is significantly
increased so that the structure could be designed more flexibly.

Given the periodicity of STWEs, each elementary unit com-
prises a rectangular metal tooth and an adjoining rectangular
air slot oriented in the signal transmission direction. When the
sawtooth period p is not particularly small (especially in our de-
sign with large-size electrodes) the electromagnetic interactions
between adjacent unit cells can be neglected. This assumption
will be validated in the subsequent analysis of the RGLC model
parameters for the STWEs. In this regime, the RGLC model pa-
rameters of a single STWEs unit cell are theoretically equivalent
to those of the entire transmission line, and p can be considered
equivalent to the transmission line length and treated as a fixed
parameter, since its variation does not affect the field distribution
within the unit cell. Therefore, we can perform a quantitative
analysis on a single electrode unit cell at a fixed microwave
frequency to investigate how the RGLC model parameters vary
with the slot width ws and depth Ds.

1) Resistance: We begin with the resistance of STWEs. The
fundamental definition is R = ρl/S, where ρ is the resistivity of
the electrode material, l is the length of the current path and
S is the effective cross-sectional area through which the current

flows. For metallic electrodes, the effective cross-sectional area S
must account for both the skin depth and the equivalent electrode
width. Accordingly, R can be expressed as:

R≈ ρ

heff

p+2ds
pw−2wsds

(
heff =

∫ he

0

J(δ)dx, δ=
√

2ρ/ωμ

)
,

(6)
where ρ is the resistivity of the electrode material, he is the
electrode thickness, heff is the effective height of the cross sec-
tion. heff is obtained by integrating the actual current distribution
J(δ) along the vertical direction x, where J(δ) typically follows
an exponential decay profile and δ is the skin depth calculated
by ρ, microwave signal angular frequency ω and magnetic
permeability μ of the electrode material. The product of heff
and the calculated equivalent width pw−2wsDs of the signal
electrode yields the effective cross-sectional area for uniform
current flow. Since wsDs is typically one order of magnitude
smaller than pw, the variation of R induced by the slot width ws

can be neglected. Therefore, R can be regarded as a function of
the slot depth Ds. By performing a Taylor expansion of R at Ds

= 0, the resulting Taylor polynomial is given by:

R =
ρ

heffw

(
1 +

∞∑
i=1

AiDs
i

)
. (7)

Since Ds is relatively small compared to signal electrode
width w and sawtooth period p, the Taylor expansion can
be approximated. The conditions for the validity of first- and
second-order approximations of Ds are:

A2Ds
2 +A3Ds

3

1 +A1Ds
≤ εtol,

A3Ds
3

1 +A1Ds +A2Ds
2 ≤ εtol. (8)

εtol represents the error tolerance. Ai(i = 1, 2, 3) are the
coefficients of the Ds

i terms, which depend on w and p, and
are given by:

A1 =
2

p

(
1 +

ws

w

)
, A2 =

4ws

p2w

(
1 +

ws

w

)
,

A3 =
8ws

2

p3w2

(
1 +

ws

w

)
. (9)

As Ds increases, the current path becomes more tortuous
and the conductive channel continuously narrows, leading to
a significant increase in local current density. Consequently, R
may exhibit accelerated growing behavior, making higher-order
terms in the Taylor expansion non-negligible. The appropriate
truncation order of the expansion depends on specific structural
parameters.

2) Conductance: The conductance of STWEs is primarily
determined by the electric field distribution within the dielectric
material, which can be expressed by the field-theoretic expres-
sion:

G ∼ ωε0

∫
V

|Elocal|2 tan δdV, (10)

where ω is the angular frequency of the signal, ε0 is the vac-
uum permittivity, |Elocal|2 is the local electric field intensity
distribution within the dielectric, and tan δ is defined by the
ratio of the imaginary to the real part of the permittivity of the
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materials. Since the variation of tan δ is much smaller than that
of |Elocal|2, the fluctuations of G are mainly controlled by the
local electric field. G is particularly sensitive to localized field
enhancements and nonlinear field modulations introduced by the
sawtooth geometry. Such modulations can lead to strong spa-
tial inhomogeneity in the dielectric loss distribution, especially
near sharp features or high curvature regions of the electrode
profile. When the geometric parameters of STWEs (e.g., the
slot depth Ds and width ws) change, the spatial distribution of
the electric field changes accordingly, leading to non-monotonic
variations of G and making analytical prediction challenging.
Consequently, numerical simulations have to be employed to
obtain the complex interplay between geometry-induced field
distortion and the corresponding dielectric response.

3) Inductance: The inductance of STWEs can be considered
as comprising two components. The dominant contribution to
the inductance arises from the magnetic field confined between
the signal and ground electrodes with a spacing g, and can
be approximated by the inductance of the straight-strip CPW
electrodes with the same spacing, denoted as L0. The secondary
contribution originates from the magnetic field within the rectan-
gular air slot. Assuming uniform magnetic field distributions in
both regions and a relative field strength ratio of r, the inductance
can be estimated based on the definition L = Φ/I, where Φ is
the magnetic flux associated with the current loop and I is the
current through the conductor.

We begin by fixing the slot width ws and exploring the
relation between L and the slot depth Ds. Theoretically, when
Ds varies, the structure along the propagation direction remains
unchanged, resulting in minimal disturbance to the magnetic
field distribution. Hence, the nonlinear magnetic response can
be neglected, and Φ can be assumed to be directly related to
the uniform magnetic field strength and the current loop area.
To validate this, we construct HFSS models of STWEs with
varying Ds, and plot the surface current paths and magnetic field
distributions, as shown in Fig. 3(a) and (b). As Ds increases, the
surface current paths would increase accordingly. The magnetic
field is predominantly distributed in the region between the
signal and ground electrodes, leading to field enhancement at
the edges of the electrodes. It can be seen that the magnetic
field near the edges of the air slots remains nearly uniform and
constant across different Ds, indicating a stable and uniform field
distribution within the slots. Meanwhile, the transverse magnetic
field distributions exhibit high stability with varying Ds. In this
case, Φ increases linearly with Ds, and L can be expressed as:

L ≈ L0 +BwsDs, B =
2rL0

pg
, (11)

where the coefficient a depends on the magnetic field strength
ratio r, the inductance L0 of conventional electrodes, the saw-
tooth period p and the electrode gap g. L0 and B are constants
when other structural parameters are held fixed, indicating a
linear dependence of L on Ds.

In contrast, when Ds is fixed and ws is varied, the lateral
boundary conditions are altered. In particular, the alternation
between metal teeth and air slots may cause field lines to jump
or reconfigure, leading to localized enhancement or reduction of

Fig. 3. (a) Surface current paths and (b) magnetic field distributions for
different Ds (5 μm, 8 μm and 12 μm) on the STWEs with ws/p = 0.3. (c)
Surface current paths and (d) magnetic field distributions for different ws/p (0.1,
0.3, 0.5) on the STWEs with Ds = 8 μm.

the magnetic flux. Fig. 3(c) and (d) show the surface current paths
and magnetic field distributions of the STWEs under different
ws. It can be observed that although the surface current path
length remains nearly unchanged with varying ws, the transverse
magnetic field undergoes a redistribution, especially in the air
slot region highlighted by the red ellipse. As a result, the field
strength can no longer be approximated as constant. Under these
conditions, the coefficients L0 and B in (11) would depend on
ws. To account for these effects, we introduce a fluctuation term
εL(ws) to modify (10), yielding the complete expression L:

L ≈ L0 +BwsDs + εL(ws), B =
2rL0

pg
. (12)

4) Capacitance: The fundamental definition of capacitance
is C = Q/V, where Q is the total stored charge and V is the
potential difference between the signal and ground electrodes.
In CPW structure, the charge distribution is predominantly con-
centrated along the edges and surfaces of the electrodes adjacent
to the gap region between electrodes. The region of charge
accumulation is defined as the effective coupling area Aeff. We
constructed STWEs models in HFSS by varying the slot depth
Ds and width ws, respectively, and the corresponding electric
field distributions are shown in Fig. 4(a) and (b). In Fig. 4(a),
the transverse electric field on the tooth surface is uniformly
distributed, while the longitudinal electric field is concentrated
at the edges of the teeth, forming the effective coupling region.
Within approximately 2μm from the tooth edge, a high-intensity
field region is observed, beyond which the field intensity drops
sharply, creating a discontinuity. The air slots of STWEs reduce
the charge within this effective coupling region. As Ds increases,
a larger portion of charge becomes non-contributing, as indicated
by the red ellipse in Fig. 4(a). In our design, the electrodes have
relatively large dimensions with Ds values typically greater than
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Fig. 4. (a) Electric field distributions for different Ds (5μm, 8μm and 12μm).
(b) Electric field distributions for different ws/p (0.1, 0.3, 0.5), Ds = 8 μm.

2 μm, which implies that the high-field region near the edge can
be effectively disregarded. As a result, the total stored charge
decreases approximately linearly with Ds. Therefore, C can be
approximated as:

C ≈ C0 − kwsDs, k =
2C0

Aeff
, (13)

where C0 is the capacitance of the straight-strip CPW electrodes
with the same gap spacing as STWEs, and the coefficient k
quantifies the sensitivity of the capacitance to the slot geom-
etry, depending on C0 and the effective coupling area Aeff. C0

and k are constants when other structural parameters are held
fixed. This linear approximation provides a first-order model
for the impact of slot-induced charge depletion on the overall
capacitance.

As with the analysis of L, the influence of ws on C is complex.
Variations in ws would not only affect the amount of charge
reduced by the air slots but also vary the spatial distribution of
the electric field along the propagation direction and modify the
effective coupling area Aeff, potentially leading to modal field
hopping and abrupt non-linear changes in energy distribution. As
shown in Fig. 4(b), the air slot region is marked by the red ellipse.
Increasing ws causes more electric field energy to leak toward
the edges of the air slots, thereby reshaping the transverse field
distribution. This necessitates the introduction of a fluctuation
term εC(ws) to modify (13). Consequently, the final expression
for C can be expressed as:

C ≈ C0 − kwsDs + εC(ws), k =
2C0

Aeff
. (14)

Moreover, it can be found that the magnetic and electric field
distributions shown in Figs. 3(d) and 4(b) for two adjacent
electrode unit cells exhibit high consistency. It confirmed the
effectiveness of the utilized unit-cell-based approach to simplify
the analysis of the transmission line.

Based on the above analysis, the slot depth Ds is identified as a
key parameter that determines the RGLC model of the STWEs.
R can be expressed as a polynomial function of Ds, while L and
C exhibit approximately linear but opposite trends with respect
to Ds. According to the expressions of the microwave refractive
index np and the microwave attenuation coefficient α provided
in Table II, there exists a specific range of Ds in which np reaches
either a maximum value or becomes closest to ng, while α
attains a minimum. Our objective is to identify a value of Ds that

enables both optimal velocity matching and minimal microwave
loss through simulation-based optimization. Before this, it is
necessary to determine reasonable values for sawtooth period p
and the slot width ws to ensure stable electromagnetic wave
propagation to the output port without excessive microwave
reflection within the structure, while minimizing microwave
loss.

III. SIMULATION AND OPTIMIZATION

The modulator utilizes x-cut TFLN with a thickness of
400 nm, bonded on a 2-μm-thick SiO2 layer grown on a high-
resistivity silicon substrate. Based on the single-mode transmis-
sion condition, the waveguide has a top width of 1 μm and an
etch depth of 200 nm. The transverse electric (TE) mode optical
field distribution is simulated by Lumerical MODE Solutions,
as shown in Fig. 4(a). The mode is well confined within the
etched waveguide region. The group refractive index of the
optical mode is found to be ng = 2.22. It should be noted that
the wavelength range considered in this study is approximately
1530–1565 nm (C-band), and the group refractive index within
such range is 2.22 ± 0.0025 according to the simulation results.
Thus, the impact of the group refractive index on the modula-
tor bandwidth is negligible. The electrostatic field distribution
between the STWEs is simulated by COMSOL Multiphysics,
as illustrated in Fig. 4(b). It can be seen that the electric field is
strongest near the electrode edges and effectively overlaps with
the LN waveguide, enabling efficient refractive index modu-
lation. The modulation efficiency, characterized by half-wave
voltage Vπ , is primarily determined by the SiO2 upper cladding
thickness hu and the electrode gap g. A thicker cladding layer
or a wider electrode gap would reduce the optical propagation
loss caused by metal absorption. However, both configurations
would weaken the overlap between the optical and electric fields,
resulting in a larger Vπ or voltage-length product VπLt. Thus,
there is a trade-off between minimizing optical loss and maxi-
mizing modulation efficiency. VπLt and the optical propagation
loss of LN ridge waveguide can be estimated using the following
expression:

VπLt =
neffλg

2ne
4r33Γ

, (15)

Loss = abs

(
40π

ln (10) λ
Im(neff )

)
, (16)

where neff is the effective index of the optical mode, λ is the op-
eration wavelength of the optical signal, ne is the extraordinary
refractive index of LN, r33 is the EO coefficient of LN along the
z-axis, and Γ represents the overlap integral between the optical
and electric fields. Parameters including neff, ne, and Γ can be
extracted through COMSOL Multiphysics simulations.

To obtain the proper value for hu and g, the optical loss and
VπLt need to be calculated for a wide range of combinations
of these two values. We have simulated them with various
structural parameters, where hu ranged from 0 to 500 nm and
g spanned 3–8 μm. As shown in Fig. 5(c), VπLt exhibits a
positive correlation with both hu and g. The reason is that
the increased SiO2 thickness in the waveguide structure would
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Fig. 5. (a) The optical field of the transverse electric (TE) mode. (b) The
electrostatic field of STWEs. (c) Two-dimensional colormap plot of the VπLt

(d) and optical loss versus different gaps g and upper cladding thickness hu.

weaken the electric field interaction with the LN, necessitating
higher driving voltages for effective modulation. Larger elec-
trode spacing reduces the inter-electrode electric field intensity,
thereby decreasing the optical modulation efficiency. In contrast,
hu and g exhibit an opposite influence on optical loss, as shown
in Fig. 5(d), which presents the propagation loss in dB/cm. This
inherent trade-off between low VπLt and low propagation loss
requires careful parameter optimization. Considering practical
fabrication constraints, particularly photolithographic alignment
challenges, we selected hu = 100 nm and g = 5 μm (marked by
pentagrams in Fig. 5(c)–(d)). Under such arrangement, the VπLt

is approximately 2.5 V·cm while maintaining an exceptionally
low electrode absorption loss of 0.005 dB/cm, which can be
neglected. Based on our design at the wavelength of 1550 nm,
the loss introduced by a single MMI is approximately 0.5 dB,
the coupling loss is about 0.5 dB per facet, and the empirical
transmission loss during fabrication is 0.2 dB/cm. Therefore, the
total insertion loss of the modulator is estimated to be ∼2.4 dB.

The RF properties of the STWEs were simulated through
HFSS. As discussed in Section II, our aim is to design the elec-
trodes with relatively wide width and thin thickness. Therefore,
the STWEs is designed as a signal electrode width w of 45 μm
and a thickness of 500 nm. The arm length Lt of the MZI is
set to be 5 mm. Before optimizing the slot depth Ds to achieve
both optimal velocity matching and minimal microwave loss, the
sawtooth period p and the slot width ws should be optimized at
first. In theory, the field distribution inside each STWEs unit cell
remains unaffected by p. However, if p is too large, the sawtooth
would become too sparse within a fixed modulation length,
thereby diminishing the effectiveness of geometric modulation
on the RGLC parameters. Conversely, if p is too small, the
metal edges would be too dense, which may lead to magnetic
field crosstalk between adjacent slots. It would not only increase
microwave loss but also increase the fabrication complexity and
cost. We have simulated the STWEs with different p ranging
from 20μm to 150μm and extracted the transmission coefficient
S21 to evaluate the microwave transmission performance, as
shown in Fig. 6(a). For comparison, we also simulated the
straight-strip CPW electrodes, which can be regarded as the
limiting case where p = �. When p = 20 μm, the microwave
transmission is even worse than that of the straight-strip CPW
electrodes, indicating that the metal teeth are too densely packed.
It leads to frequent geometric discontinuities, which enhance

Fig. 6. Simulated microwave S21 of the STWEs with (a) different sawtooth
period p (Ds = 9 μm, ws/p = 0.1) and (b) different slot width ws (Ds = 9 μm,
p = 90 μm).

microwave reflections between adjacent teeth and hinder effi-
cient propagation. For p = 30, 50, and 60 μm, the structural
perturbation still introduces noticeable microwave reflection,
particularly in the high frequency range of 160–200 GHz. The
S21 curves for these cases are plotted as dashed lines. When the
period increases to 80, 90, and 100 μm, S21 remains above −4
dB, with the best performance observed at p= 90μm, indicating
stable and low-loss microwave transmission. However, further
increasing p to 150 μm results in noticeable degradation around
180 GHz, suggesting that the periodic modulation becomes
too weak to effectively tailor the RGLC model parameters.
Therefore, p=90μm is identified as the optimal sawtooth period
for achieving high transmission performance.

The slot width ws plays a critical role in determining the
modulation efficiency of the device. If ws is too large, the air
slot would occupy too much of one period so that the modulation
efficiency would be degraded. Since the electric field in the air
slots is very weak, its impact on the Vπ is generally considered
negligible when the duty cycle is below 10%. Conversely, if ws

is too small, the magnetic field tends to localize near the slot
edges, leading to thermal accumulation. Moreover, a narrower
slot would also increase the fabrication complexity. Therefore,
ws is chosen within the range of 5–9 μm for a period p =
90 μm. Given the narrow variation range of ws, the induced
fluctuations in L and C are negligible. Thus, we directly examine
the transmission coefficient S21 to identify the optimal value
of ws that minimizes microwave loss. The simulated microwave
S21 for ws = 5–9 μm (step = 1 μm) are shown in Fig. 6(b). The
best performance is achieved at ws = 8 μm, which is therefore
selected as the optimal slot width.

The slot depth Ds serves as the key parameter in determin-
ing the RGLC model of the STWEs. An excessively large Ds

substantially increases the current path length, leading to higher
ohmic losses. Conversely, if the slot is too shallow, the current
concentration near the slot edges cannot be avoided, which vio-
lates the assumptions of the established RGLC model and also
poses challenges for device fabrication. With a signal electrode
width of 45 μm, Ds is considered within the range of 5–9 μm,
with a step size of 0.5 μm. Then, TFLN modulator models are
considered at four representative microwave frequencies: f =
50, 100, 150, and 200 GHz. We first focus on optimizing the
velocity matching. According tonp = c0

√
LC, we extract the L

and C, as shown in Fig. 7(a) and (b), respectively. The results



6602412 IEEE PHOTONICS JOURNAL, VOL. 17, NO. 6, DECEMBER 2025

Fig. 7. Variation of (a) the inductance L, (b) the capacitance C, and (c)
the microwave refractive index with slot depth Ds. (d) Simulated microwave
refractive index at Ds = 6.5 μm, and optical refractive index. (e) Simulated
characteristic impedance Z0 of the bend and modulation section ports at Ds =
6.5 μm.

indicate that L increases linearly with Ds, which can be well-
fitted by a line with a positive slope. Conversely, C decreases
linearly with increasing Ds, which can be fitted by a line with a
negative slope. These trends are consistent with our theoretical
predictions. Notably, this linear relation persists across multiple
frequencies, demonstrating the robustness of our analysis over a
broad microwave bandwidth. Based on the fitted values of L and
C, we calculated the actual and fitted values of the microwave
refractive index, as shown in Fig. 7(c). The microwave refractive
index initially increases and then decreases with increasing Ds.
To achieve high EO bandwidth, velocity matching at relatively
low frequencies (below 150 GHz) is prioritized. Therefore, the
range of Ds = 6–7 μm is considered as the optimal interval.
Taking Ds = 6.5 μm as an example, the frequency-dependent
curves of microwave and optical refractive indices, as well as
the characteristic impedance Z0, are shown in Fig. 7(d) and
(e). Nearly perfect velocity matching is achieved across the
entire 0–300 GHz bandwidth (ng = 2.22). The characteristic
impedance of the modulation section port is approximately 34Ω,
which deviates from the standard 50 Ω impedance commonly
used in RF systems. In practical device designs, a bend section is
typically introduced to route the electrode terminals onto a sep-
arate plane, enabling independent electrical and optical probing.
Therefore, it is sufficient to achieve impedance matching only
at the bend section port. As shown in Fig. 7(e), a characteristic
impedance of 50 Ω is achieved by designing the electrode gap
in the bend section as 50 μm and the signal electrode width
as 50 μm, thereby ensuring perfect impedance matching. The
schematic diagram of the bend section port and modulation
section port are shown in Fig. 9(a).

Based on the previous theoretical analysis, the relation be-
tween R and the slot depth Ds can be expressed by (7). The
conditions for first- and second-order Taylor approximations

Fig. 8. Variation of (a) the resistance R, (b) the conductance G, and (c)
the conductor loss coefficient R/(2Z0) with slot depth Ds; (d) Calculated total
microwave loss, conductor loss, and dielectric loss at Ds = 6.5 μm.

Fig. 9. (a) Schematic diagram of the complete TFLN modulator with the
optimized STWEs (Lt = 5 mm). (b) Simulated microwave S-parameters and (c)
calculated EO response of the modulator.

are (8) and (9). By setting the error tolerance εtol to 0.5% and
substituting the optimized values of signal electrode width w,
sawtooth period p, and slot width ws, we find that the conditions
for the validity of the first- and second-order approximations are
Ds ≤ 7.38 μm and Ds ≤ 21.53 μm, respectively. This confirms
that (7) can be approximated up to the second order as:

R =
ρ

HW

(
1 +A1Ds +A2Ds

2
)

(17)

Fig. 8(a) shows the variation of R with Ds at 50, 100, 150,
and 200 GHz. It is observed that R increases nonlinearly with
Ds, and the data can be accurately fitted by a quadratic function,
in good agreement with our theoretical prediction. This fitting
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behavior remains robust across different f. As shown in Fig. 8(b),
with increasing slot depth Ds, the fluctuation amplitude of the
conductance G increases. The reason is that a larger slot depth
would enhance the local electric field concentration at the slot
bottom and the sharp edges of the slot walls, resulting in a more
complex spatial distribution of the local electric field |Elocal|2.
Meanwhile, the microwave field inside the slot produces local
interference, which further increases the fluctuation amplitude
of the integral value. This observation is consistent with the
analysis in Section II-C-2 regarding the origin of G fluctuations.
We also note that G would increase with the microwave signal
frequency, consistent with (10). These results further refine the
RGLC model of the STWEs, indicating that the non-monotonic
behavior of G arises from the increased complexity of the local
electric field distribution due to geometric parameter variations,
rather than from simulation noise.

As previously discussed, the conductor loss dominates the
total microwave attenuation and is key to reducing overall mi-
crowave loss. The actual and fitted values of the conductor loss
coefficient R/(2Z0) as a function of Ds are plotted in Fig. 8(c).
With increasing Ds, the conductor loss initially decreases and
then increases, reaching a minimum around Ds = 5.5–6.5 μm
across all simulated frequencies. Therefore, selecting Ds = 6.5
μm enables simultaneous optimization of velocity matching
and microwave attenuation, leading to enhanced EO bandwidth
performance of the modulator. Fig. 8(d) further illustrates the
frequency-dependent behavior of the total microwave loss, con-
ductor loss and dielectric loss at Ds = 6.5μm. Simulation results
indicate that the total microwave loss remains below 5.5 dB/cm
at 300 GHz. The dielectric loss stays below 0.2 dB/cm across
the 0–300 GHz frequency range and is negligible compared to
the conductor loss, thereby validating the rationale of focusing
the optimization on conductor loss alone.

Then, we constructed the TFLN modulator model with the
optimized STWEs and performed simulations to obtain the
microwave S-parameters, as shown in Fig. 9. Fig. 9(a) shows the
complete TFLN modulator with optimized STWEs, including
the modulation and bend sections. The radius of the arc that
connects to the signal electrode is 300 μm. It is noted that the
electrodes directly cover the waveguide in the bend regions,
which could lead to significant optical absorption. Therefore,
the SiO2 upper cladding in the bend regions is designed to be
1 μm thick, while the modulation region has a thinner cladding
of 100 nm. During fabrication, an electrode ramping process is
applied, which can be realized by controlling the etching angle
of the SiO2. Under this design, the absorption loss induced
by the metal electrodes can be considered negligible. Within
the 0–300 GHz frequency range, the return loss S11 remains
below –10 dB, satisfying the impedance matching requirement.
The simulated transmission coefficient S21 accounts for both
impedance matching and microwave attenuation. As shown in
Fig. 9(b), S21 is better than −6.4 dB across the entire band,
theoretically supporting a 6.4-dB electrical bandwidth over 300
GHz. Based on all the results, the EO modulation response
can be calculated using (3), which takes the effects of slight
velocity mismatch and impedance mismatch into consideration.
The calculated 3-dB EO bandwidth can be as high as 291 GHz,

TABLE III
PERFORMANCE COMPARISON OF TFLN MODULATORS WITH RECENT

MAINSTREAM ELECTRODE DESIGNS

as shown in Fig. 9(c). Table III lists the performance metrics of
TFLN modulators with existing mainstream electrode designs
at a light wavelength of 1550 nm, including EO bandwidth
and VπLt. It can be seen that our design exhibits a significant
advantage in EO bandwidth, which is attributed to the analyt-
ical expressions linking the RGLC model with the electrode
structural parameters, while simultaneously achieving optimal
velocity matching and minimal microwave loss. The results in
the table could validate the effectiveness of our optimization
method.

IV. DISCUSSIONS

A. Extension to Arbitrary Periodic Electrodes

In this work, we take the STWEs as an example to demon-
strate an optimization method for TWEs based on the RGLC
equivalent transmission line model. This method relies on the
fundamental definitions of the circuit parameters to analyze the
electromagnetic field evolution, and is general and independent
of the specific metal or dielectric materials utilized. Moreover,
this optimization method is not restricted to STWEs. It can
be extended to a broad class of CPW electrodes with periodic
structural features. Taking CL-TWEs as an example, the effec-
tive geometric parameters of the CL-TWE unit cell, including
the length, width, duty cycle, and spacing of the T-rails, are
determined at first. By simulating the electric field within the
unit cell structure, the analytical relation between the RGLC
parameters and geometric parameters can be derived, which is
similar to the procedure of determining the sensitivity of RGLC
parameters to geometric features in STWE units. Subsequently,
numerical simulations can be performed in HFSS to adjust the
distributed C and L for velocity matching, while controlling
R and G to minimize electrode loss. Through fine-tuning of
geometric parameters, a bandwidth enhancement can be realized
as that achieved in this work. This generality enables rapid
parametric exploration and physical insight into how electrode
geometry influences signal propagation characteristics, thus
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Fig. 10. Comparison of the simulated inductance, capacitance, and microwave
refractive index between the STWEs and the straight-strip CPW.

offering a powerful tool for the design of high-performance EO
modulators across a wide frequency range.

B. How to Achieve Larger EO Bandwidth

The linear EO effect (Pockels effect) in LN involves no
participation of free carriers and exhibits a femtosecond-scale
response time. As a result, the intrinsic bandwidth of TFLN
modulators is not limited by the material itself, but rather
by the device structure [28]. Velocity mismatch between mi-
crowave and optical signals is the primary bandwidth-limiting
mechanism in EO modulators and is particularly critical for
achieving ultra-high-speed operation [29]. In straight-strip CPW
electrodes, significant velocity mismatch emerges at high fre-
quencies, leading to a rapid roll-off in modulation response.
The STWEs address this challenge through geometric loading
and control of inductance and capacitance, which suppresses
the increase in microwave effective index at high frequencies.
Fig. 10 compares the unit-length inductance L, capacitance C,
and microwave refractive index of the two electrode types. As
shown, for microwave frequencies above 150 GHz, straight-strip
CPW electrodes exhibit a sharp increase in L due to the skin
effect and current crowding at the conductor edges. Meanwhile,
the electric field in the straight geometry spreads and leaks
significantly at high frequencies, resulting in a rapid decrease in
C, which causes the microwave index to deviate from the target
value. In contrast, the optimized STWEs alleviate current crowd-
ing through tailored geometry, thereby flattening the frequency
dependence of L. At the same time, local field enhancement
in the air slots helps to confine the field and enhance energy
storage, leading to a stable capacitance. As a result, both L and
C remain nearly constant across the 0–300 GHz band, effectively
suppressing the increase in microwave index.

However, it should be noted that velocity matching in the
STWEs would be deteriorated at frequencies above 200 GHz

Fig. 11. Calculated EO response of the 5 mm long modulator with the
optimized STWEs when Δn = 0.01, 0.03, 0.05, and 0.1.

(Δn = np − ng > 0.02), and reaches approximately Δn ≈
0.08 at 300 GHz. It is attributed to the rise in capacitance caused
by local electric field enhancement. The increase in Δn beyond
200 GHz corresponds well with the accelerated decline in EO
response observed in Fig. 9(b), providing preliminary evidence
that velocity matching plays a critical role in determining mod-
ulation bandwidth. To further evaluate the impact of velocity
mismatch on modulation bandwidth, we consider an idealized
scenario where microwave loss and impedance mismatch are
neglected. Under this assumption, the theoretical bandwidth
limit of a TFLN modulator can be expressed by [29] :

H(f) =
2c0

πΔnLt
. (18)

Assuming perfect velocity matching (Δn = np − ng =
0.01) and a modulation length Lt = 5 mm, the maximum
achievable bandwidth is calculated to be 3.8 THz. However,
in practical devices, microwave loss is inherently present, and
slight impedance mismatch is inevitable due to fabrication tol-
erances. Therefore, we further analyze the EO response of the
designed TFLN modulator under various Δn conditions (0.01,
0.03, 0.05, and 0.1), taking microwave loss and impedance
mismatch into account. Given that our design has already min-
imized microwave loss and optimized impedance matching,
using the simulation results from this work provides a reasonable
and representative assessment of bandwidth performance under
realistic operating conditions. The simulation results are shown
in Fig. 11. When velocity matching is perfect (Δn = 0.01),
the modulator can achieve a terahertz-level bandwidth (>1.2
THz). WhenΔn increases to 0.03, 0.05, and 0.1, the correspond-
ing bandwidths significantly drop to approximately 600 GHz,
400 GHz, and 200 GHz, respectively, which highlights the sub-
stantial impact of velocity mismatch on bandwidth performance.
Notably, the relation between Δn and bandwidth degradation
is nonlinear. The most pronounced deterioration occurs as Δn
increases from 0.01 to 0.03, while further increases in Δn
result in progressively smaller reductions in bandwidth. This
trend indicates that the modulation bandwidth is particularly
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sensitive to small deviations in Δn. Therefore, in the design of
ultra-high-speed EO modulators, it is essential to meticulously
control Δn to maximize the achievable bandwidth.

To achieve a stable per-unit-length capacitance across a wide
frequency range (e.g., 0–300 GHz), we can consider optimizing
the substrate configuration and electrode material selection.
Previous studies on CL-TWEs have shown that introducing a
low-permittivity buffer layer between the electrodes and the
substrate helps achieve velocity matching. Inspired by this ap-
proach, a similar low-k dielectric, such as thickened SiO2 [30],
BCB [19], or fluorinated polymers, can be introduced beneath
the electrodes to stabilize the electrostatic field distribution and
reduce capacitance variation over a broad frequency spectrum.
In addition, increasing the electrode metal thickness helps to
confine the current distribution and maintain quasi-TEM mode
propagation, which improves the high-frequency stability of
the capacitance. The current metal thickness is only 500 nm;
increasing it to 1–2 μm is compatible with the present electrode
design. However, for large-scale modulator arrays, the cost
associated with thick gold electrodes can be prohibitive. As a
trade-off, low-cost alternatives such as copper [31] or aluminum
[12] may be considered, provided that suitable passivation or
diffusion barrier layers (e.g., TiN, TaN [32]) are applied to ensure
long-term device reliability. These approaches are currently
under investigation in our ongoing work.

C. Bandwidth-Length Trade-Off

The modulation arm length Lt is one of the key parameters
influencing the EO bandwidth of modulators. In TWE based
EO modulators, the modulation efficiency increases propor-
tionally with Lt, while the bandwidth tends to decrease with
increasing length. This is primarily due to enhanced conductor
loss and cumulative velocity mismatch effects along longer
propagation distances. In this work, we systematically inves-
tigate the impact of different Lt values (5, 7, and 10 mm)
on the 3-dB EO bandwidth through numerical simulations, as
shown in Fig. 12. The results reveal that increasing the mod-
ulation length to 7 mm reduces the bandwidth to 262 GHz,
while further increasing to 10 mm results in a bandwidth of
234 GHz. This trend highlights the intrinsic inverse relations
between bandwidth and modulation length and confirms that
longer electrodes weaken high-frequency modulation perfor-
mance. Nonetheless, it is noteworthy that even with a modulation
length up to 10 mm, the EO bandwidth remains above 200
GHz, which validates the effectiveness of our optimized STWEs
design.

Although larger Lt can improve modulation depth and reduce
the half-wave voltage Vπ , it imposes greater limitations on sys-
tem bandwidth, especially in the high-frequency regime beyond
200 GHz. For applications targeting terahertz-speed modulation,
blindly increasing Lt is therefore not advisable. Our simulations
suggest that maintaining the modulation length within the range
of 5–7 mm offers an optimal trade-off between modulation
efficiency and bandwidth, enabling a 3-dB bandwidth exceeding
260 GHz while keeping the Vπ below 5 V. This satisfies the de-
mands of emerging applications in ultra-high-speed, short-reach

Fig. 12. Calculated EO response of the 5mm, 7 mm, and 10 mm long TFLN
modulator with the optimized STWEs.

optical interconnects and terahertz signal processing. These
findings offer valuable guidance for the future development of
high-performance, broadband EO modulators.

V. CONCLUSION

We have demonstrated an electrode optimization method
for periodic structures based on the RGLC transmission line
model, using STWEs as a representative example. Based on
the fundamental electrical characteristics of the electrodes, we
have derived, for the first time, analytical expressions that relate
the equivalent circuit parameters of STWEs to their geometric
design. This establishes a direct link between structural param-
eters and electromagnetic response. We further validated the
method using TFLN modulators that show an ultra-high EO
bandwidth of approximately 290 GHz, while maintaining a low
voltage-length product of 2.5 V·cm, enabling both low power
consumption and ultra-high-speed modulation.

In addition, the optimized STWEs feature large dimensions
with a minimum linewidth of only 5 μm and a metal thickness as
thin as 500 nm, making them highly compatible with low-cost
and mature fabrication techniques such as deep UV lithography.
This fabrication-friendly design significantly reduces process
complexity and manufacturing cost, while enabling large-scale
integration. The integration of STWEs with the TFLN platform
further leverages the intrinsic advantages of TFLN, including
low propagation loss, high modulation speed, and excellent
thermal stability, thus offering critical support for scalable EO
modulator arrays [33]. Moreover, by integrating TFLN modu-
lators with on-chip silicon-based lasers and photodetectors, it
becomes feasible to construct a complete monolithic photonic
processing chain, paving the way toward future on-chip opti-
cal computing systems and reconfigurable optical interconnect
platforms. The next step will be to verify the simulation results
through experimental preparation. Moreover, the influence of
electrode structure on temperature stability would be further
investigated in order to improve the practical application of the
proposed device.
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