
Received: 8 September 2024 | Revised: 7 November 2024 | Accepted: 7 March 2025 | Published online: 2 April 2025

RESEARCH ARTICLE
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Switches with Lower Phase Shift Voltage
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Abstract: Optical switches that effectively isolate outputs are crucial for precisely and efficiently directing and controlling optical signals. This
study presents the design and characterization of a 1× 2 electro-optic (EO) switch utilizing few-modewaveguides on a lithiumniobate on insulator
(LNOI) platform. Simulations conducted with the beam propagation method revealed equal splitting between outputs at 0 volts. When 1 volt was
applied, the output switched to the bar port of the MMI, and at 3.5 volts, the output switched to the cross port of the MMI at a wavelength of 1.55
μm. The device, measuring 6.56mm in length, exhibits a voltage efficiency of 1.66 V·cm. The switch showsminimal insertion loss of 1.85 dB for
output 1 and 1.87 dB for output 2, ensuring efficient signal transmission. Additionally, it maintains low crosstalk levels of−30 dB and−27.72 dB
for output 1 and output 2, respectively, indicating effective isolation between output channels.
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1. Introduction

Optical switches are essential components in modern
communication networks and optical systems, enabling rapid and
precise control over the transmission of optical signals. To meet the
increasing demands of telecommunications and data communication
systems, various optical switches have been developed, focusing on
compact size, low-power consumption, and high-speed switching
[1–6]. These switches are generally classified into electro-optic
(EO) and thermo-optic (TO) switches based on their operating
principles. TO switches function by leveraging the temperature
dependence of the refractive index in optical waveguides. Known
for their robustness and stability, these switches utilize guided light
waves and feature simple circuitry, making them suitable for small-
to-medium-scale optical switching applications. However, their
switching speeds range from 100 microseconds to several
milliseconds [7]. In contrast, EO switches exploit the EO effect,
where the refractive index of a material changes in response to an
applied electric field, to redirect or modulate light signals within
optical fibers or integrated photonic circuits [8]. EO switches offer
several advantages, including high-speed operation, low insertion
loss (IL), compact size, and compatibility with existing optical
infrastructure [8–10]. Their versatility and efficiency make them
indispensable in telecommunications, data centers, sensing systems,
and other applications.

Lithium niobate (LiNbO3) is a highly advantageous material for
EO switching technology due to several compelling reasons. Its
exceptional EO properties [10–13] enable efficient modulation of
light signals through the application of an external electric field.
This characteristic is ideal for developing EO devices, such as
modulators and switches [14–16], where fast and precise control of

optical signals is essential. Additionally, LiNbO3 boasts a high
nonlinear optical coefficient [13, 17, 18], facilitating the generation
of nonlinear optical effects [19] such as frequency doubling and
parametric amplification, critical for advanced photonic applications
[19–21]. Its wide transparency range, extending from ultraviolet to
mid-infrared [11], enhances its versatility for various applications.
Furthermore, LiNbO3 is noted for its excellent optical damage
resistance, thermal stability, and compatibility with integrated optic
technologies [16, 22], making it a preferred material for advancing
optical communication systems and integrated photonic circuits.

Compared to other EO switches, those based on Mach-Zehnder
interferometers (MZI) and multimode interferometers (MMI) receive
significantly more attention. This is due to their exceptional
performance features, including low IL, high extinction ratio, and
fast switching speeds. Their unique design leverages interference
effects and multimode properties, making them versatile for various
telecommunications and data center applications. Researchers have
explored multiple configurations of EO switches in MMI and MZI-
assisted MMI structures [15, 20, 23–27]. Chen et al. [20] introduced
an EO switch employing an MMI-MZI configuration with thin-film
LiNbO3, showing a switching voltage of approximately 7.3 V and
an extinction ratio of about 16 dB. However, this setup still exhibits
high energy requirements and performance limitations concerning
polarization states. Yu et al. [24] reported an EO polymer MMI
waveguide switch with tapered access waveguides, showcasing
promising features such as controlled changes in refractive index, a
significant switching effect, and low crosstalk. However, this device
requires an extended length of 5355 × 40 μm2. Li et al. [26]
presented a polymer-based EO switch in an MZI-assisted MMI
configuration, which required a driving voltage of ±10 V and a
highly sensitive MMI width. Masuda et al. [27] reported an EO
switch within an MMI-MZI structure using lead zirconate titanate
films, demonstrating a reduced switching voltage of 4.8V and an IL
of 2–3 dB. While this indicates lower energy consumption than
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previous reports, further optimization is needed to achieve lower
operating voltages, compact footprint, and higher extinction ratios
for enhanced device performance.

In this paper, we present a 1 × 2 EO switch integrated into a
lithium niobate on insulator (LNOI) platform using few-mode
waveguides within an MZI-assisted MMI splitter. Utilizing few-
mode waveguides addresses key limitations in previous EO switch
designs by providing a compact, efficient, and low-power solution.
The proposed switch features a compact MMI structure measuring
419 × 22 μm², facilitating integration into densely packed photonic
circuits and meeting the need for scalable and practical optical
components in advanced communication systems. Our EO switch
demonstrates equal splitting between outputs at 0 volts; when 1 volt
is applied, the output switches to the bar port of the MMI, and at
3.5 volts, the output switches to the cross port, showcasing lower
switching voltages than earlier models. The switch exhibits minimal
crosstalk of −30 dB, indicating effective isolation between input
and output channels. This achievement highlights the potential of
the proposed design in overcoming the limitations commonly
encountered in EO switch implementations, thereby enhancing the
performance and scalability of optical communication systems.

2. Design and Optimization

2.1. Structural design

The operation of the EO switch relies on the modulation of a
material’s refractive index via an external electric field, thereby
controlling the transmission of light signals. This functionality is
pivotal for enhancing the reliability and flexibility of optical
communication networks. In our study, we introduce and design a
1 × 2 EO switch utilizing a MZI-assisted MMI configuration,
illustrated in Figure 1(a). The switch incorporates a ridge waveguide
structure comprising LiNbO3 as the core material, silicon dioxide as
the cladding, and air as the cover material. Our device features two
electrodes, employed to apply an external electric field to the arms of
the MZI. This modulation of the refractive index enables precise
control of light transmission into output 1 and output 2, thereby
facilitating the switching functionality. MMI devices exploit self-
imaging within a multimode waveguide, where an input field profile
is replicated in single or multiple images at regular intervals along
the guide’s propagation direction. For an in-depth examination of
the self-imaging principle, particularly focusing on full-modal
propagation analysis, readers are referred to [28]. Within the context

of a multimode waveguide, the beat length of the two lowest-order
modes is expressed by Equation (1) as follows:

Lr ¼
π

β0 � βi
¼

4W2
eff nf
3λ

(1)

where β0 and βi are the propagation constants of the fundamental and
first-order modes, respectively, nf is the ridge effective index, λ is the
free-space wavelength, and Weff is the effective waveguide width
given by Equation (2) demonstrated in [28]:

Weff ¼ W þ λ

π

� �
nx
nf

 !
2z

n2f � n2x
� ��1=2

(2)

where nx andW are the surrounding effective index and MMI wave-
guide width, respectively. For our proposed device, the beat length,
Lr is calculated to be 418.72 μm, and the effective width,Weff is cal-
culated to be 22.05 μm.

The output field distribution emerging from the MMI
waveguide is given by Equation (3a) and (3b) following matrix
equation [26]:

Eoutput 1ð Þ ¼ 1ffiffiffi
2

p Einput þ Einpute
ir
2

� �
(3a)

Eoutput 2ð Þ ¼ 1ffiffiffi
2

p Einpute
ir
2 þ Einput

� �
(3b)

where Einput is the optical fields at the input port and Eoutput 1ð Þ and
Eoutput 2ð Þ are the optical fields at the output ports 1 and 2. A cross-
sectional view of the device is depicted in Figure 1(b), with the core
width set at 6 μm and a slab height of 4.2 μm.

The proposed fabrication process of the EO switch involves
multiple steps of lithography and material deposition, as illustrated
in [21, 29, 30]. Initially, a thin layer of SiO2 is deposited onto the
substrate through chemical vapor deposition to serve as the
cladding material. Subsequently, a layer of LiNbO3 is deposited
on top of the SiO2 to form the core of the waveguide structure.
Lithography techniques are then used to define the ridge structure.
The LiNbO3-coated substrate is coated with a photoresist layer,
which is exposed to UV light through a mask that defines the
desired ridge pattern. Following exposure, the unexposed regions
of the photoresist are removed, leaving behind the patterned resist
layer. Next, a dry or wet etching process selectively removes the
LiNbO3 layer in areas not shielded by the patterned resist, thereby
forming the ridge structure. This etching exposes the underlying
SiO2 substrate in non-ridge areas. Finally, any residual photoresist
is stripped away, leaving the fabricated ridge waveguide structure
with LiNbO3 as the core and SiO2 as the cladding.

2.2. Structural parameter optimization

Optimizing the core width of an optical waveguide improves
performance and reduces transmission errors by minimizing
modal dispersion and enhancing signal integrity [16, 31]. As
shown in Figure 2(a), we varied the core width of this device
from 3 μm to 8 μm, finding that a 6 μm core width yields the
highest output efficiency compared to others. Thus, we choose 6
μm as optimum core width. In the optimization process of the
MMI device within an MZI-assisted MMI EO switch, careful
consideration of its length and width is paramount, as they
profoundly influence performance by regulating light transmission
between device outputs [32]. Through meticulous adjustment of

Figure 1
Overview of the EO switch (a) 3D representation

and (b) cross-sectional view
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the Length (LMMI) and Width (WMMI) parameters of the MMI, we
can precisely tailor its optical characteristics. Visual aids in
Figure 2(b) offer schematic representations to aid in understanding
the geometric dimensions under scrutiny. The color-coded
illustration depicts the intensity distribution, with the red region
signifying the highest intensity and the black-marked area indicating
a high-intensity zone. To systematically explore and optimize the
MMI device, we conducted investigations by varying LMMI within
the range of 300 μm to 500 μm, while simultaneously adjusting
WMMI between 15 μm to 35 μm. This endeavor aimed to pinpoint
the optimal values for LMMI and WMMI that would yield the most
uniform intensity distribution across the MMI output. Following
exhaustive exploration, the tolerance range was determined to be
382 μm to 465 μm for LMMI and 18 μm to 24 μm for WMMI,
within which the MMI exhibited maximum intensity uniformity.
We also calculate the individual output power at the two ports of
the MMI, namely the Bar port and the Cross port. Our goal is to
achieve maximum uniformity between these two output ports, as
illustrated in Figure 2(c). By varying the wavelength from 1.3 μm
to 1.7 μm, we observe that the maximum output intensity occurs at
1.55 μm, which aligns with the device’s primary optimization at
this wavelength. Additionally, we illustrate the light propagation
within the MMI at 1.55 μm in terms of the power distribution
across the two output ports in Figure 2(d). The graph shows that
both the bar port and cross port exhibit maximum output
uniformity, resulting in overlapping lines.

Upon completing the thorough optimization of the MMI,
attention turned towards identifying the optimum taper length, a
critical parameter influencing the performance of optical
waveguides. The role of tapper waveguide is pivotal in ensuring the
efficient insertion of the maximum amount of light into the
waveguide. In this study, the taper length was systematically varied
from 50 μm to 450 μm, as depicted in Figure 2(e). Graphical
representation reveals that the lowest transmission loss occurs at a

taper length of 250 μm. Consequently, we selected this value as
optimized for our EO switch. We selected the range of LMMI

starting from 300 μm, as this length is necessary to produce the first
fold of multimode interference. The WMMI was set at 15 μm; below
this value, the outputs tend to overlap, merging into a single output.
This width helps maintain a proper gap between outputs and
reduces crosstalk during optical switching. For the taper length, we
started at 50 μm to minimize coupling losses associated with abrupt
changes in core diameter, ensuring a more gradual transition. Our
main goal is to use this arbitrary range for length and width
optimization to achieve the most efficient output in the most
compact component size.

It is imperative to optimize the height andwidth of the electrode to
facilitate efficient switching through the EO effect. We optimized the
electrode as depicted in Figure 3. Initially, we focused on optimizing
the height of the electrode concerning the disparity between the ON
and OFF states’ output power, as illustrated in Figure 3(a).
Differences in output powers indicate optimum switching. We
varied the height from 900 μm to 1500 μm to determine the
optimum height. The figure shows that the optimal tolerance range
falls within 1100 μm to 1300 μm, where the maximum output
power is achieved. Figure 3(b) displays the variation of the applied
voltage corresponding to the height obtained from the tolerance
range. The figure demonstrates that a height of 1200 μm exhibits
the lowest first-phase shift voltage at 1 V and second-phase shift
voltage at 3.5 V, with the voltage range varying from 1 V to 1.6 V
and 3.5 V to 3.9 V, respectively.

After determining the electrode’s optimum length, we
optimized the electrode’s width relative to the output power (the
difference between the output power of the ON and OFF states),
as depicted in Figure 3(c). The electrode width varied from 3 μm
to 8 μm, and the tolerance range was identified between 5.8 μm to
6.1 μm. Similarly, we evaluated the effect of voltage on our
proposed device with this width variation, as shown in

Figure 2
Parameter optimization. (a) Core width. (b) LMMI along with WMMI. (c) Light propagation into the MMI.

(d) Uniform light propagation at 1.55 μm. (e) Taper length in terms of transmission
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Figure 3(d). This figure illustrates that an electrode width of 6 μm
exhibits the lowest applied voltage to induce first- and second-
order phase shift, with the voltage range varying from 1 V to
1.8 V and 3.5 V to 4.8 V.

3. Results and Discussion

3.1. EO switching

An EO switch is a critical element in optical communication
systems, offering precise control over the phase modulation of
optical signals [33]. This study highlights the sophisticated
integration of electrodes into a MZI structure, as depicted in
Figure 1. In our investigation, we vary the voltage of electrode 1
while electrode 2 is kept grounded. Since electrode 1 is symmetric
to electrode 2 in terms of material, dimension, and separation gap
from the arms of the MZI, the same results are obtained if electrode
1 is kept grounded and voltage is applied to electrode 2. We varied
the voltage range from 0 V to 6 V to determine the phase shift
voltage of our proposed switch, as depicted in Figure 4(a). The
graph shows that at 1 V, the switch starts phase shifting, resulting
in output 1 being in the ON state while output 2 is in the OFF state.
At 3.5 V, output 1 transitions to the OFF state while output 2
transitions to the ON state. The separation gap between the
electrode and the voltage interaction arm is crucial in achieving
practical EO switching. We analyzed the tolerance range of this gap
for the MZI. By varying the electrode gap from 0 μm to 4 μm, we
determined the optimal electrode gap, as shown in Figure 4(b). The
figure illustrates that the tolerance range lies between 1 μm and 2.5
μm. We calculate the phase shift voltage by varying the electrode
gap within this tolerance range to identify the most optimized
voltage effect, as demonstrated in Figure 4(c). The first-phase shift
voltage varies within the range of 1 V to 1.3 V and second-phase

shift voltage varies from 3.5 V to 3.75 V. Notably, the electrode
gaps of 1.5 μm and 2 μm exhibited the most minimal voltage for
both phase shift for this EO switch. In our simulation process, we
defined the electrodes and specified the EO parameters of the
materials as follows: r13= 9.6 pm/V, r22= 6.8 pm/V, and
r33= 30.9 pm/V, d31 = −4.8382 pm/V, d33 = −25 pm/V [34].

Reducing phase shift voltage depends upon interaction length
between the light and the electric field and reducing the electrode
gap between the electrodes and waveguides which results electric
field overlap with the optical mode [16, 20]. The phase shift Δ;
induced in an optical signal passing through an EO material can
be described by the equation:

Δ; ¼ 2π
λ
ΔnL (4)

where λ is the wavelength, Δn is the change in the refractive index
due to the applied electric field, L is the effective length of the optical
path throughwhich the light travels in the EOmaterial. The change in
refractive index Δn is related to the applied electric field E through
the Pockels effect, which can be expressed as:

Δn ¼ r:E (5)

where r is the EO coefficient of the material, typically expressed
in units of pm/V. The electric field E in the region between the
electrodes is given by the relationship:

E ¼ V
d

(6)

where V is the applied voltage and d represent the distance between
the electrodes. By substituting E into the expression forΔn, it can be
written as:

Figure 3
Electrode optimization. (a) Height optimization for output power. (b) Effect of the voltage within the tolerance range.

(c) Width optimization along with output power. (d) Effect of voltage within the tolerance range
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Δn ¼ r:
V
d

(7)

Substituting this expression for Δn back into the phase shift
equation gives:

Δ; ¼ 2π
λ
r :

V
d

: L (8)

Rearranging this equation allows us to express the required voltage V
for a given phase shift Δφ as follows:

V ¼ Δφ λ d
2πrL

(9)

The dimensions of the electrodes play a pivotal role in determining
the effective electric field E, which is given by E ¼ V

d . When the elec-
trode height andwidth are optimized, the distance d between the elec-
trodes is effectively reduced, allowing for a stronger electric field for
a given applied voltage. This enhancement in electric field strength
leads to a more substantial change in refractive index, thereby reduc-
ing the voltage required to achieve the desired phase shift.

Table 1 provides encapsulates the parameters governing the phase-
shifting properties within this EO switch. Vπ1 and Vπ2 represent the
applied voltage for inducing phase shifts between output 1 and
output 2, respectively. This comprehensive approach showcases the
intricacies of EO switches and underscores their potential
significance in advancing optical communication technologies.

The parameters calculated above were applied to investigate the
switching operation of our proposed EO switch, as depicted in

Figure 5. Initially, a voltage of 1 V was applied, producing the
simulation shown in Figure 5(a), where the x coordinate represents
the transverse direction (the horizontal position across the width of
the waveguide or MMI structure), while the z coordinate represents
the longitudinal or propagation direction along the length of the
waveguide or MMI structure. This figure illustrates that output 1
(O1) is in the ON state, while output 2 (O2) is in the OFF state. The
intensity distribution along the output power is displayed in
Figure 5(b), with the red line representing output 1 and the blue line
representing output 2. The result confirms that output 1 is ON,
while output 2 is OFF. Subsequently, a voltage of 3.5 V was
applied, leading to the simulation result shown in Figure 5(c). In
this case, output 2 is in the ON state, while output 1 is in the OFF
state. The corresponding intensity distribution and output power for
this voltage are depicted in Figure 5(d), indicating that output 2 is
ON, while output 1 remains OFF.

This device has been optimized for operation at a wavelength of
1.55 μm. Consequently, we investigate the performance of the switch
across a wavelength range from 1.3 μm to 1.7 μm, as depicted in
Figure 6. In Figure 6(a), the output power of the optical switch is
varied within the wavelength range of 1.3 μm to 1.7 μm at 0 V.
The figure illustrates a gradual increase in output power up to 1.5
μm, after which it remains relatively stable within the range of 1.5
μm to 1.7 μm. Similarly, in Figure 6(b), we analyze the output
power variation at 1 V. The graph demonstrates that for the ON
state, the output power gradually increases until reaching 1.55 μm,
which begins to decrease. The output power varies within the
range of 0.4 a.u. to 0.68 a.u. For the OFF state, the output power
gradually decreases until 1.55 μm, then starts to increase again.
The output power varies within the range of 0.1 a.u. to 0.0006 a.u.

Furthermore, we examine the output power variation at 3.5 V
demonstrated in Figure 6(c). In this scenario, for the ON state, the
output power increases until 1.55 μm and then decreases again,
with a variation range of 0.4 to 0.67 a.u. For the OFF state, the
output power decreases with increasing wavelength until 1.55 μm,
then rises again, with a variation range of 0.12 a.u. to 0.001 a.u.
These investigations provide valuable insights into the behavior of

Figure 4
Change of response with applied voltage. (b) Optimized electrode gap. (c) Effect of applied voltage in various electrode gap

(a) (b)

(c)

Table 1
The parameters for the phase-shifting voltage

Voltage, Vπ (Volt) Outputs

1 Output 1 ON Output 2 OFF
3.5 Output 1 OFF Output 2 ON
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the switch across different wavelengths and voltage settings,
facilitating a comprehensive understanding of its performance
characteristics in practical applications for real-world
applications, particularly in high-speed optical communications
and integrated photonic circuits [18, 35]. Lowering the phase
shift voltage minimizes power consumption, which is essential

for energy-efficient operation in dense photonic systems [4, 12,
14]. Additionally, the ability to achieve significant phase shifts
with such low voltages allows for more compact designs, where
integration of multiple optical functionalities becomes feasible
without excessive power draw or thermal management
challenges.

Figure 5
Switching operation (a) Simulation result as 1 V. (b) Intensity distribution at 1 V.

(c) Simulation result at 3.5 V. (d) Intensity distribution at 3.5 V
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Output power variation in terms of different wavelengths (a) at 0 V, (b) at 1 V, and (c) at 3.5 V
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3.2. Loss calculation

3.2.1. IL analysis
IL is crucial for EO switches as it quantifies the amount of signal

attenuation during switching [36], aiding in assessing signal integrity
and overall switch performance in optical communication systems.
We carefully calculate the excess loss by using the following
equation [37]:

IL ¼ �10 log 10

P
n
i¼1 Pout
Pin

� �
(10)

In this set of equations, Pout denotes the output power, while Pin

stands for the input power of the switch. The research investigates
the optical switch’s performance across a range of wavelengths
spanning from 1.3 μm to 1.7 μm, as illustrated in Figure 7. In

Figure 7(a), the IL is depicted alongside the wavelength variation.
Notably, when a voltage of 1 V is applied, the excess loss
gradually decreases until reaching 1.55 μm, where it almost
stabilizes across the remaining region. However, upon application
of 3.5 V, the excess loss follows a decreasing trend until 1.5 μm,
beyond which it starts increasing again. At the critical wavelength
of 1.55 μm, the IL measures 1.85 dB for 1 V and 1.87 dB for 3.5 V.

In Figure 7(b), we observe the variation of IL concerning applied
voltage. The black line represents Output 1, while the red line
corresponds to Output 2. The graph illustrates that the IL ranges
from 1.85 dB to 19.15 dB for output 1, showing a lower IL at 1 V
when output 1 is ON. In this scenario, the IL of output 2 is 21.18
dB as it is in the OFF. Conversely, the IL ranges from 1.87 dB to
21.18 dB, with a lower IL observed at 3.5 V when output 2 is in
the ON, while output 1 exhibits a 19.15 dB IL when it is in the OFF.

3.2.2. Crosstalk analysis
Crosstalk refers to unwanted interference or signal leakage

between channels in a communication system [38]. In an EO
switch, measuring crosstalk is crucial as it indicates the extent to
which switching operations affect adjacent channels, ensuring
signal integrity and minimizing errors in data transmission. In this
study, we determine the crosstalk by analyzing different
wavelengths with the equation demonstrated in [39]:

Crosstalk ¼ 10log10
PUnwanted
PDesired

� �
(11)

where PUnwanted and PDesired indicate the unwanted and desired optical
power of the outputs. The variation of crosstalk is depicted in Figure 8.
The black line indicates the crosstalk of output 1, and the red line
indicates the crosstalk of output 2.

Figure 7
(a) Insertion loss along with the wavelength variation and (b) insertion loss along the applied voltage
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Crosstalk for the wavelength
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Table 2
Comparison of this work with existing EO switch

Configuration
Half wave
voltage (V)

Insertion
loss (dB) Crosstalk (dB) Footprint (mm2) Material Method References

MMI-DC 4.1 0.64 −13.66 4.09 × 0.05 LNOI Simulation [15]
MMI-MZI 7.3 ∼13 ∼−16 — LNOI Experimental [20]
MMI 1 — −30 4.3 × 0.04 Polymer Simulation [24]
MMI-MZI ± 10 1.8 −25 11.96 × 0.04 Polymer Simulation [26]
MMI-MZI 4.8 2–3 — 6.50 × 0.03 PLZT Experimental [27]
MMI-MZI 2.5 1.85 −30 6.57 × 0.04 LNOI Simulation This work

*LNOI = Lithium Niobate on Insulator, PLZT = Lanthanum-modified Lead Zirconate Titanate
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We varied the wavelength of the EO switch from 1.3 μm to
1.7 μm and calculated the crosstalk. Crosstalk gradually decreases as
the wavelength increases until it reaches its lowest point at 1.55 μm,
then rises again. Thus, the crosstalk ranges from −4.51 dB to −30 dB
for output 1, and from −3.62 dB to −27.72 dB for output 2. The
minimal crosstalk is obtained at −30 dB for output 1 and −27.72 dB
for output 2 at 1.55 μm for this EO switch. Table 2 presents the
performance comparison of different EO switches with this proposed
EO switch.

4. Conclusion

In conclusion, we have introduced a novel 1 × 2 EO switch
integrated within a MZI-assisted multimode interference (MMI)
splitter on the LNOI platform. This switch enables precise control
of optical signals through external voltage-induced phase shifts by
leveraging a compact MMI structure. These switches exhibit a
low phase shift voltage for the first-phase shift at 1 V, and a
subsequent phase shift is at 3.5 V (specifically at a wavelength of
1.55 μm). Notably, the switch demonstrates minimal IL (1.85 dB
for output 1 and 1.87 dB for output 2) and effectively isolates
input and output channels (crosstalk levels of −30 dB for output 1
and −27.72 dB for output 2). These promising results highlight
the potential of our proposed switches to address the voltage and
crosstalk limitations, thereby enhancing the performance and
scalability of future high-speed communication systems.
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