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Abstract: Optical phase change materials (O-PCMs) are emerging as promising active materials
for exploitation in silicon photonics platforms, due to their compatibility with CMOS fabrication
technology and the tunability of their optical characteristics via external excitation. Despite their
advantages, O-PCMs suffer from relatively high insertion loss hindering efficient modulation.
Also, the change of the imaginary part of the refractive index in O-PCMs is large and the realization
of a Mach-Zehnder modulator (MZM) based on O-PCM materials becomes challenging. To
overcome these issues, we consider the variation of both real and imaginary parts of the refractive
index, facilitated by a GSST-based MZM design. To achieve this, we design an active waveguide
that is constructed via depositing an ITO layer (as the microheater) surrounding the pre-fabricated
GSST layer on a silicon rib-waveguide. The active length of the proposed MZM is designed
∼4.3 µm at the wavelength of 1.55 µm. The simulations indicate that a compact MZM can be
achieved by eliminating the S-bends in the MZM structure without affecting the modulation. The
proposed bend-less MZM demonstrates an insertion loss less than 1.7 dB and an extinction ratio
greater than 35 dB over the entire optical C-band.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photonics has emerged a leading technology in recent years and this is escalating via the
introduction of modern optical applications [1,2], and its compatibility with electronic fabrication
technology [3]. Standard active devices based on silicon-on-insulator (SOI) platforms have a
large footprint and relatively high power consumption due to a very low variation of the real
part of the refractive index of the active region [4,5]. Hybrid SOI platforms based on a range
of materials such as graphene [6], indium tin oxide (ITO) [2], zinc oxide [7], and zinc sulfide
(ZnS) [7] have overcome the abovementioned issue. Optical phase change materials (O-PCMs)
such as VO2 [8,9], Ge-Sb-Te (GST) alloys [1,3], and Ge2Sb2Se4Te1 (GSST) [4,10–12], Sb2Se3
[13,14], and Sb2S3 [14,15] have become quickly attractive as an alternative option for hybrid SOI
structures due to their desired characteristics [4]. Many O-PCM applications employ a reversible
phase transition between opaque and transparent states via a source of actuation that can be
induced, thermally [5,8,16], electrically [8,9], or optically [17]. As a result, a range of optical
devices based on O-PCM materials including modulators [9,18–20], switches [4], memories
[21], metasurfaces [22], Bragg gratings [23], phase shifters [13], and light manipulation devices
[1] have been introduced recently. Note that O-PCM materials generally benefit from a high
extinction ratio (ER), while they suffer from high insertion loss (IL) [24], and relatively low
operating speed [18,24]. Among O-PCMs, GSST is chosen as a promising material due to its
lower IL [25] over a broad range of wavelengths from 1 µm to 18.5 µm [10]. Here, GSST shows
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a significant change in both real and imaginary parts of the refractive index and this feature is
used for fabricating high-performance devices such as switches [4,11,26] and memories [21].
Mach-Zehnder modulators (MZMs) based on O-PCM have been seldom reported in the literature
due to the lack of an appropriate solution to the high variations in both real and imaginary parts
of the O-PCM refractive index [1,3,21]. Employing the variation of both real and imaginary
parts at the same time is expected facilitate the design of a GSST-based MZM with a shorter
active length and efficient modulation.

The paper is organized as follows. In section 2, a GSST/Si active waveguide is introduced to
act as the arms of an MZI structure. A designed compact-modulator using a GSST-based MZM
operating at the communications wavelength of 1.55 µm with the use of an ITO microheater for
the excitation mechanism is simulated in section 3 that contains the calculations of the geometric
parameters of the active waveguide followed with the design and characterization of the proposed
GSST-MZM using an innovative approach to carry out the calculations. The electro-thermal
simulations have been performed where the proper specifications including phase-transition
delay, actuating signal properties, and power consumption are determined.

2. Proposed modulator

The GSST/Si-based modulator is depicted in Fig. 1. A thin layer of GSST material is deposited
on a silicon waveguide. An ITO layer is placed on the GSST region as a heater for tailoring the
refractive index via the Joule heating mechanism [10,11]. The height and width of the silicon
waveguide are labeled with H and W, respectively (Fig. 1(b)). Also, the thickness of the GSST
layer is represented as t, and the thickness of the ITO layer is considered to be 50 nm. Here, W
and H are chosen to be 480 nm and 220 nm, respectively for the waveguide to support just the
transverse-electric (TE) mode at the wavelength of 1.55 µm. Two metallic contact pads are used
for applying voltage to actuate the modulator. The distance between the metallic pads and the
GSST region should be far enough to avoid excess optical loss.
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Fig. 1. (a) Bird’s eye view schematic diagram of the active waveguide based on GSST/Si
platform, (b) cross-section of the active waveguide with geometrical parameters.

With these dimensions, the effective refractive index of the silicon waveguide is simulated to
be 2.343 at a wavelength of 1.55 µm. The refractive index of GSST will be substantially modified
when the temperature of the GSST layer exceed the temperature of ∼523 K which is known as
the critical temperature [4]. This intense variation of refractive index in GSST is due to a phase
transition in which the phase is altered from a low-loss amorphous phase to a lossy crystalline one
[26]. The phase transition occurs when the current passes through the microheater by applying
sufficient voltage to the ITO layer. It causes the underlying GSST to be heated up via the Joule
heating mechanism. The corresponding refractive indices of the GSST in the amorphous and
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crystalline phases are 3.3258+ j1.8× 10−4 and 5.0830+ j0.350, respectively at the wavelength of
1.55 µm [4].

Note that transparent conducting oxides including fluorine-doped tine oxide (FTO) and ITO
is the commonly reported material for fabricating microheaters for GSST-/GST-based devices
[4,16,16,27,28]. However, materials such as graphene [8,9,29], doped silicon [30], and gold
microheater [31] have been considered for heaters, but their fabrication suffers from relatively
high complexity. Herein, ITO is considered as the material choice of the heating-device. In
the simulations, the carrier concentration of ITO is considered to be 1× 1019 cm−3 results in
the refractive index of 1.9615+ j0.0059 at the wavelength of 1.55 µm that is calculated by
Drude-Lorentz model.

Since the refractive indices of the amorphous GSST and silicon are almost equal, and also, due
to the thin-basis of the GSST layer, the optical mode is mainly confined in the silicon waveguide.
This is denoted as the OFF-state of the modulator while no voltage is applied to the heater as the
imaginary part of the refractive index of GSST is negligible. On the other hand, the refractive
index of crystalline GSST is greater than the that of silicon. Therefore, a noticeable fraction of
the optical mode is confined in the GSST layer where the large imaginary part of the refractive
index of GSST causes a significant loss in the optical mode. This state is called the ON-state of
the modulator established by applying sufficient voltage to the heater.

However, Mach-Zehnder interferometers (MZI) as GSST optical switches have been previously
reported [4,25,26] due to the high variation of real part of the refractive index of GSST, and its
low insertion loss. Here, an MZI structure has been introduced for a high-performance GSST
modulator. Such modulator is expected to show low insertion loss, high extinction ratio, and a
small footprint. In the next section, we find the appropriate thickness of the GSST layer to be
used in the MZI structure. Next, the Mach-Zehnder modulator (MZM) will be introduced and
the geometric properties will be calculated through simulation. Finally, the simulation results
of the heating process of GSST will be determined in terms of power consumption and phase
transition delay.

3. Design and characterization of optical and electrical properties of the MZM

3.1. Calculation of GSST layer thickness

The optical properties of the introduced modulator are highly dependent on the GSST active
layer with a direct relation to the layer thickness (t). In order to find the appropriate value for
t, it is swept from 0 to 50 nm. At each step, for the first four modes of the modulator, the real
part of the effective refractive index at the wavelength of 1.55 µm in both ON- and OFF-states
are simulated and the results are shown in Fig. 2. At ON-state, the modulator supports two
distinct TE-polarized modes for t > 24 nm. In the presence of the second propagating mode, a
portion of the incident light from the silicon access-waveguide will be coupled into the second
TE-mode. This will degrade the performance of MZM. On the other hand, a thicker GSST layer
causes a greater difference between the refractive indices of ON- and OFF-states. It results in
a shorter MZM with modified functionality. Herein, t is determined to be 20 nm to fulfil both
abovementioned criteria.

The effective refractive indices in ON- and OFF-states are calculated to be 2.732+ j0.0464
and 2.551+ j2× 10−5, respectively at the wavelength of 1.55 µm. The amount of total coupling
loss, CL, from silicon access-waveguide to the modulator and vice versa as a function of t at the
wavelength of 1.55 µm is shown in Fig. 3.

Note that although the modulator supports a second mode for t= 20 nm, it is TM-polarized that
is weakly coupled to the TE-polarized mode of the silicon access-waveguide (coupling efficiency
is in the order of 10−13).

By taking t= 20 nm, the refractive indices for the ON-state are 2.732+ j0.0464 (TE) and
2.1391+ j0.0545 (TM), and for that of OFF-state to be 2.551 (TE) and 1.903 (TM). The dominant
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Fig. 2. The variation of real part of the effective refractive index of the modulator for
the first four modes as a function of t at the wavelength of 1.55 µm in (a). OFF-state, (b).
ON-state. Shaded area represents the weakly confined modes which are not considered to be
propagating modes.
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Fig. 3. The total coupling loss from silicon waveguide to the modulator as a function of t at
the wavelength of 1.55 µm for the ON- and OFF-states.

components of the electric field for each mode of the modulator at the wavelength of 1.55 µm in
both ON- and OFF-states are plotted in Fig. 4.

Fig. 4. The dominant components of the electric field of the modulator for the TE (Ex) and
TM (Ey) modes in (a, b) the OFF-state, and (c, d) for that of ON-state.

As an electro-absorption modulator with the designed dimensions, the insertion loss (IL)
and the extinction ratio (ER= ILOFF – ILON) are calculated 1.4× 10−3 dB/µm and of 2.034
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dB/µm, respectively. Also, it can be considered as a phase-modulator with the efficiency of 0.733
rad/µm. To ensure realistic results, all optical simulations are performed by considering the
wavelength-dependency of refractive indices of the exploited materials.

In brief, the fabrication process for the designed modulator can be described as follows.
Starting with the silicon rib-waveguide on an SOI platform. For fabricating the GSST region
surrounding the Si-waveguide, a standard lithography and the lift-off procedure can be performed.
The GSST layer can be deposited using the atomic layer deposition (ALD) method [11,32], and a
similar process would be utilized for fabricating the ITO microheater.

3.2. Propose and design of MZM

The finite loss in the crystalline phase makes it challenging for realizing a GSST-based MZM.
Although, a few MZI-based O-PCM devices have been reported previously [1,3,21], but it
appears these designs are not based on insightful physical and optical calculations. For example,
a GSST-based device proposed in [21] exploited a neural network method to determine an
appropriate amount of GSST material on a portion of MZI arm to act as the active arm. As a
result, there was no insight into how the physical theories behind their design can be considered.
On the other hand, it seems that the device arms are balanced by compensating the excess loss of
the crystalline state by adding a lossy region on the passive arm that causes an increase in the
total insertion loss. To address these issues, we have proposed a MZI structure for the active
materials that the variation of real part of the refractive index comes with that of the imaginary
part. The proposed MZM structure is shown in Fig. 5.

Fig. 5. The designed MZM structure consisting of power splitter at the input, the π-phase
shifter arms, and the phase mismatch compensator.

The proposed MZI structure consists of three main parts including a power splitter at the input,
π-phase shifter arms, and a phase mismatch compensator illustrated in Fig. 5 that are explained
as follows. The arm core basically is used for establishing the π-phase-shift using active and
passive arms. A power splitter has been utilized to inject the input light unevenly into the active
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and passive arms. This can compensate the loss of the active arm in the crystalline phase by
choosing an appropriate power split ratio of the input light. The power splitter comes with a phase
difference (∆ϕ) between the two divided lights into the arms. To achieve a high-performance
MZM, it is vital to use a phase compensator to reject the mentioned phase difference. The passive
and active arms, and the phase compensator are based on the proposed waveguide in section 2.

A three-waveguide tapered directional coupler structure is considered for designing the power
splitter. The power ratio of the two power splitter outputs can be determined by spacing of the
waveguides. The waveguides in the coupling region are considered to be tapered instead of
being uniform. This will increase the mode size of the waveguides, results in an increased modal
overlap of the waveguides. In turns, the coupling length would be reduced and lead to a compact
device.

The active length of the MZM arms (Lπ) can be calculated by the following formula:

Lπ =
λ

2Re(neff,C − neff,A)
(1)

where neff,C and neff,A are the effective refractive indices for the crystalline and amorphous phases.
λ is the operating wavelength which is considered to be 1.55 µm. Here, Lπ will be determined to
be ∼4.3 µm by substituting the calculated values for neff,C and neff,A in section 2. The loss in the
crystalline phase (Γ) is calculated by having the value of Lπ as follows:

Γ = Lπ
40πIm(neff,C)

λln(10)
(2)

where Γ is calculated to be ∼7.2 dB by substituting the corresponding values in (2). The loss in
the amorphous phase is low enough to be considered negligible. The divided portion of power
light injected into the passive and active arms are denoted as T1 and T2, respectively in (3). It
is aimed to calculate the ratio of T1/T2 to ensure the amplitude of the electric field at the end
of arms core will be the same where is calculated as follows by substituting the corresponding
values: The coupling loss, CL, for the amorphous phase is very low and it is neglected. The
following formula is hold for unity power input in (4):

T1
T2
= 10−(Γ+T2CL)/10. (3)

The coupling loss, CL, for the amorphous phase is very low and it is neglected. The following
formula is hold for unity power input in (4):

T1 + T2 = 10−SL/10 (4)

where the total insertion loss of the power splitter is denoted as SL. By having T1 from (4), a
formula for calculating T2 is as follows:

T2 =
10−SL/10

1 + T1/T2
(5)

where T2 can be calculated by the iteration method by having SL. As mentioned earlier, the
power splitter is based on directional couplers with tapered waveguides as similar structures have
been reported previously [33–35]. The geometric properties of the power splitter are depicted
in Fig. 6(a). The total length of the coupling region is considered to be 5 µm and the distance
between the access-waveguide and the power splitter output connected to the active-arm assumed
to be 150 nm. Also, the distance between the access-waveguide and the power splitter output
connected to the passive-arm is denoted by g. A finite difference time domain (FDTD) simulation



Research Article Vol. 12, No. 8 / 1 Aug 2022 / Optical Materials Express 2988

is conducted to find the appropriate value of g by sweeping it from 150 nm to 750 nm to satisfy
the uneven division of power between the two arms. At each step of sweep, the portion of the
optical power for both arms, T1/T2, SL, and ∆ϕ are calculated at the wavelength of 1.55 µm, and
the results are depicted in Fig. 6 (a-c).

An approach is deployed for determining g. For this purpose, T2 must be known for specifying
the appropriate amount of g using Fig. 6(a), while (5) implies that T2 is basically dependent on
SL and g itself (Fig. 6(c)). Therefore, the iteration algorithm should be utilized for finding the
mentioned parameters as follows. Initially, SL should be considered in a range of -0.8 dB and
-0.4 dB, and T1/T2 is calculated using (3) and (5). Then, the correspondent g with the calculated
T1/T2 ratio can be found from Fig. 6(b), and it will be followed with specifying the corresponding
SL from Fig. 6(c). Finally, the T1/T2 ratio is calculated again having found SL. This process is
repeated sufficiently for convergence of g, SL, and T1/T2 ratio to their final values, accurately.
Here, T1, T2, and the ratio of T1/T2 using the initial value of SL= -0.5 dB are determined to be
0.135, 0.764, and 0.1767, respectively. Now, g is found to be 340 nm with the corresponding
SL= -0.52 dB and ∆ϕ of 29°.
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Fig. 6. (a) T1 and T2 in the term of g. The inset figure shows the geometric properties of
the power splitter. (b) T1/T2, (c) SL and ∆ϕ as a function of g at the wavelength of 1.55 µm.

It is not necessary to perform other iterative calculations around g= 340 nm due to a tiny
difference of the calculated SL (0.52 dB) with the initial value of SL (0.5 dB). The phase shift
compensator consists of a Si-waveguide on the MZM passive arm, while the proposed passive
waveguide is placed into the active arm. The difference of refractive index between these two
waveguides can be exploited to compensate the phase difference introduced by the power splitter.
To do so, the length of the phase compensator region (Lϕ) is calculated to be 600 nm at the
wavelength of 1.55 µm by the following formula:

Lφ =
λ∆ϕ

2πRe(neff,A − neff,C)
. (6)

The design of the proposed MZM structure has been concluded by calculating Lϕ. Note
that the phase mismatch can be compensated by changing the length of one of the two arms
or the width of the waveguide locally to modify the effective index. We exploited a passive
amorphous layer of GSST due to its compatibility with the device fabrication process without any
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further requirements (e.g. lithography process). Also, it can open up a new horizon for extended
applications of GSST.

Note that MZMs basically suffer from large footprint since the input/output S-bends are
considered to be inseparable components. Elimination of the S-bends potentially leads to a
much more compact device. In following, it will be demonstrated that the optical properties of
the designed active waveguide combined with very short arms (4.3 µm) of the MZM can be
considered for realizing a high-performance bend-less device. The schematic of the bend-less
structure can be obtained by eliminating the bends of the proposed MZM (Fig. 5) which is
depicted in Fig. 7(a). As it is apparent, instead of conventional Y-junctions, the output power
combiner structure is the same as the input power splitter. The difference is the spacing of the
arms and the output waveguide (d) that are assumed to be equal. It seems that the reduction
in the distance between arms of this structure may cause an unwanted light coupling between
them. This could cause a disturbance in the modulation process. To examine this issue, the
coupling efficiency between the arms in both ON- and OFF-states are calculated. To do so, the
perturbed super-modes established by the vicinity of the arms in the bend-less structure must be
calculated in both operating states. The dominant component electric field (Ex) profiles of these
super-modes in the OFF-state are shown in Fig. 7(b), c. The percentage of the optical power that
couples from one arm to the other can be estimated using P(Lπ) = 100sin2(πLπ∆neff /λ) where
∆neff is the difference of the effective refractive indices of the super-modes. For the OFF-state,
P(Lπ) is calculated to be ∼7.5× 10−6% (with ∆neff = 3× 10−5) confirming a very low coupling
between arms can be neglected.
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g5 μm
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neff = 2.55430

neff = 2.55427

(b)

(c)

Fig. 7. (a) The proposed bend-less MZM. Dominant component electric field (Ex) profiles
for (b) even (c) odd super-modes at OFF-state.

The comparison between the MZM arm length with their coupling length (LC) (the requisite
length for total power transfer from one arm to another) is an additional measure that can be used
to determine the coupling efficiency of the bend-less MZM arms. Note that LC can be estimated
by λ/2∆neff to be ∼26mm. It reveals a negligible optical power coupling between bend-less
MZM arms due to the required coupling length of 26 mm to be compared with the arm length
of ∼4.5 µm. It can be concluded that the coupling issue at the OFF-state between arms of the
bend-less MZM is insignificant. On the other hand, at the ON-state, simulations show that none
of the arm optical modes are perturbed at the distance of 970 nm between arms due to a very
high difference in the effective refractive indices in crystalline and amorphous phases. Thus, no
super-mode will be established in the structure based on two arms. It can be interpreted as no



Research Article Vol. 12, No. 8 / 1 Aug 2022 / Optical Materials Express 2990

optical coupling between arms of the bend-less MZM at the ON-state. A similar case has been
reported earlier [4,25] in designing a high-performance optical switch based on GSST.

This discussion addressed no disturbance in the modulation performance by reducing the
distance between arms to ∼1 µm (by eliminating the S-bends from the MZM). The optical
properties of the designed bend-less MZM within the FDTD simulations including optical power
output spectrum and the electric field distribution of the propagating light are represented in
Fig. 8 and Fig. 9 respectively. The insertion loss of the bend-less MZM is simulated to be less
than 1.7 dB at the entire simulated wavelength range shown in Fig. 8. Note that the unbalance
input power of the arms introduces an excessive insertion loss to the device which is a portion
of total insertion loss of 1.7 dB. Also, the extinction ratio of the bend-less device is calculated
∼50 dB at the wavelength of 1.55 µm and remains greater than 35 dB at 1.5 µm < λ < 1.6 µm.
This deigned bend-less MZM with the modified optical characteristics can be introduced as a
compact-device for the future applications in silicon photonic platforms.
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Fig. 8. The output optical power of the bend-less MZM as a function of wavelength in the
range of 1.5 µm < λ< 1.6 µm.

3.3. Thermal characterization of the device

Here, the feasibility of phase transition of the GSST layer inserted to the active arm of the
proposed bend-less MZM designed in section 3.2. is investigated. The thermal excitation for
the phase transition is induced by Joule heating mechanism. The multiphysics electro-thermal
simulations using the finite element method (FEM) have been performed based on material
parameters including material density, thermal conductivity, and heat capacity. These parameters
for those of ITO are reported [36]. It should be noted, the thermal characterization of the GSST
material is not found in the literature as the same issue is experienced in [4] and their approach
has been used to define the thermal parameters of the GSST layer based on those of GST material
[36–38].

A passivation layer of SiO2 with the thickness of 1000 nm over the simulation regions has
been considered to provide much realistic results. Note that ITO is considered as the conductive
material of choice for the heater and electrodes. The electrical properties of ITO, particularly
the electrical resistivity (ρ) required for the simulations are determined by its free carrier
concentration. Specifically, for a given carrier concentration of 1× 1019 cm−3, ρ is reported as
0.0016 Ω.cm according to experimental measurements [39]. An appropriate voltage pulse with
sufficient amplitude and duration is applied to the ITO heater for the amorphous to crystalline
phase transition. Our simulations demonstrate that the phase transition from crystalline to
amorphous can be obtained with a 10 V pulse. The duration of the pulse required for the
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Fig. 9. The dominant optical electric field distribution at the wavelength of 1.55 µm at (a)
OFF-state, (b) ON-state.

amorphization process is considered to be the time consumed for raising the temperature of the
entire 4.3 µm GSST layer above the melting temperature (∼900 K). The simulations are kept
processing until the coolest regions become at least 900 K to ensure a complete amorphization.
The result determines the pulse width of ∼1.8 µs capable of a complete phase transition of the
GSST layer from amorphous to the crystalline as is depicted in Fig. 10(a). Also, the temperature
distribution profile of the bend-less MZM in the active region at the end of amorphization process
is shown in Fig. 10(b). Also, the simulation results have demonstrated that the passive arm is
unaffected by the temperature variation of the active arm (Fig. 10(b)). The passive arm will stay
in its amorphous phase by the phase transition of the active arm. The total power consumption
for the amorphization process is simulated to be 43.6 nJ by considering a voltage pulse width of
1.8 µs.

The phase transition from the amorphous to crystalline is a challenging process in comparison
with the amorphization since the GSST layer must be kept at a temperature between the critical
temperature (523 K) and the melting temperature point of the GSST material (∼900 K) for a
specific amount of time (τC).

The crystallization can be carried out by maintaining the temperature of the coolest regions at
600 K for a duration of τC. To do so, a sequence of voltage pulses is applied to the heater with
the amplitude of 10 V, and the appropriate time span. The approach adopted for determining
each pulse width of the pulse train is switching “OFF” the heater when the temperature reaches
600 K, and it will be “ON” again when the temperature drops by 10 K. The results are plotted in
Fig. 11 that τC is reported to be 80 µs [4]. The initial pulse width is calculated to be 2 µs in order
to increase the temperature from 300 K to 600 K. It can be resulted from Fig. 11(b) that after
initiating the crystallization, the time duration of the following pulses are almost equal to 30 ns to
maintain the temperature of the active layer at a crystallization temperature (590 K to 600 K),
while the duty cycles are started to be decayed from ∼50% to ∼10%. Also, the power consumed
by the ITO microheater is calculated to be 72.4 nJ.
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Fig. 10. (a) The excitation signal for the amorphization and the lowest temperature of the
GSST layer as a function of time, (b) temperature distribution for the arms of the bend-less
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Fig. 11. The required temperature and excitation signal for maintaining the crystallization
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Simulations record an excellent phase transition through a complete amorphization and
crystallization by providing an appropriate amount of thermal energy by applying 10 V pulses to
the ITO heater to the active arm. This section is closed by indicating the calculated VπLπ that is
determined to be 43 V.µm.

4. Conclusions

We have proposed an MZI structure to realize modulation using GSST-based waveguides as the
arms. The device is consisting of a power splitter and a phase shifter designed based on FDTD.
The properties of the designed active waveguide facilitate designing a much compact bend-less
device based on the proposed MZM. The VπLπ of 43 V.µm and the insertion loss of ∼1.7 dB
are calculated for the introduced bend-less MZM with the active length of 4.3 µm. The ITO
heater provides the thermal requirements and the electro-thermal characterization including the
properties of the actuating voltage signal, power consumption, and phase transition delay of the
modulator have been performed using FEM simulations.
Disclosures. The authors declare no conflicts of interest related to this paper.
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