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Abstract

A variable attenuator is one of the essential components in radio frequency (RF) systems, such as automatic gain control
amplifiers and full-duplex systems. Variable attenuators based on microelectromechanical systems (MEMS) technology
have several advantages over the semiconductor counterparts, including low power consumption and suppressed har-
monics. Attenuation can be realized by disruption of signal propagation, which is induced by moving electrodes placed
next to a signal line. In this work, the effect of the moving electrodes on the RF characteristics of the variable attenuators is
studied via numerical simulation. It is observed that 10 pm of moving electrode displacement can result in 18 dB of
attenuation dynamic range at 20 GHz. The similar type of RF MEMS variable attenuators reported previously showed
substantial nonlinearity in attenuation-voltage characteristics, which becomes a serious drawback for applications where
high-precision attenuation management is required. The main objective of the current study is, therefore, to achieve high
dB-linearity, by employing shaped-finger comb-drive actuators in the moving electrode displacement control. In addition, a
nonlinear relationship between force and displacement in a clamped-clamped beam spring is taken into account for more
accurate device modelling. Through finite element analysis, it is shown that an improvement by a factor of twelve can be
obtained in dB-linearity by using a single-comb shaped-finger actuator, compared to standard straight-finger comb-drives.
The study also shows that the dB-linearity can be further (2.2 times additionally) improved by utilizing dual-comb shaped-
finger actuators.

List of symbols . u Distance from the moving finger tip, drive comb

A Attenuation, equals to —S3; 1% Applied voltage, drive comb

Chias Unit 2-D capacitance, bias comb 1 Distance from the moving finger tip, bias comb

caplin  Coefficient of dB-linearity Vhias Applied bias voltage, bias comb

Cprive  Unit 3-D capacitance, drive comb X Beam center (moving electrode) displacement

Clrive Unit 2-D capacitance, drive comb X Excluded zone length

dpias Finger gap profile, bias comb Xfox Far-side extension length

arive Finger gap profile, drive comb Xmax Maximum displacement range

E Young’s modulus Xnex Near-side extension length

Foloc Electrostatic force

Fech Mechanical restoring force

8me Gap between a moving electrode and a signal line

ki Spring constant, linear term 1 Introduction

k3 Spring constant, cubic term

Lo As-fabricated oveigEgERatgggiveen fingers In radio frequency (RF) systems, a variable attenuator is

St Reflected power at port 1, return loss . .

S P transferred f (1t 0 ’ one of the widely used components. A representative
21 ) ower fransterred froth port 1 10 port 2, insertion example is found in an automatic gain control (AGC)

08s

amplifier. AGC amplifiers are used in receivers to broaden
the input signal dynamic range in various RF systems, such
as mm-wave mobile backhaul transceivers (Destino et al
2017), radiometry systems used for electron cyclotron
emission measurements (Kumar et al 2019), and so on.
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variable gain amplifier or a variable attenuator. In some RF
transceivers, variable attenuators are employed both at the
transmitter and at the receiver to compensate the signal
strength variation and temperature-change-induced gain
variation (Levinger et al 2016). Variable attenuators are
also used for gain control in phased-array radar systems
(Gao et al 2021; Zhao et al 2021). In full duplex systems,
variable attenuators can be incorporated to improve inter-
port isolation, where it is called an RF canceller (Kolodziej
et al 2016; Nawaz and Tekin 2016).

Conventional RF variable attenuators have been imple-
mented by using semiconductor device technologies such
as RF complementary metal-oxide-semiconductor (CMOS)
field-effect transistors (Huang et al 2011), monolithic
microwave integrated circuits (MMICs) (Wang et al 2017)
and p-i-n diodes (Sun et al 2005). Being active compo-
nents, however, these semiconductor-device-based variable
attenuators inherently suffer from high power consumption
and incurrence of harmonics, which make them less
attractive for applications that require high linearity per-
formances. In the place of active semiconductor devices,
passive components such as microelectromechanical sys-
tems (MEMS) devices can become good alternatives,
which consume minimal standing power and do not incur
harmonics. A range of RF MEMS devices have been
reported so far, including switches (Saleh et al 2022; Sra-
vani et al 2022), variable capacitors (Sharaf et al 2022;
Ture Savadkoohi and Margesin 2022), filters (Habbachi
and Besbes 2022), resonators (Workie et al 2022), and
inductors (Chang and Sivoththaman 2006).

Recently, variable attenuators have been added to this
list of RF MEMS devices. The device reported by Khaira
et al (2019) incorporates moving electrodes within copla-
nar waveguides (CPWs). The moving electrodes were
controlled by Chevron actuators, and 15 dB of attenuation
range was obtained at 60 GHz. Iannacci and Tagliapietra
(2022) reported monolithic step attenuators, which employ
five cantilever-based switches to realize fifteen different
levels of attenuation.

There is another kind of linearity desired in variable
attenuators apart from the one related to harmonics. This
linearity is between the control voltage and the attenuation
in dB, which is often called dB-linearity. High dB-linearity
enables precise attenuation control throughout the entire
dynamic range, and hence is required in some systems and
desired in others. It can also prevent system control
instability that is caused by high nonlinearity. The char-
acteristics of the RF MEMS-based variable attenuators
reported by Khaira et al (2019) exhibit substantial dB-
nonlinearity, which mainly stems from the highly nonlinear
relationship between the attenuation and the moving elec-
trode displacement. The main motivation of this study is to
introduce dB-linear RF MEMS variable attenuators. The
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proposed devices utilize shaped-finger comb-drive actua-
tors to improve dB-linearity.

Previously, we have reported a novel shaped-finger
comb-drive design method for a variable capacitor (Hah
2022). Different from the other design methods where
finger shapes were calculated from well-defined force
profiles (Ye et al 1998; Jensen et al 2003; Lee et al 2008;
Engelen et al 2010), the author’s method calculates finger
shapes analytically by solving an objective governing dif-
ferential equation, which is set by the desired device per-
formance outcome. Earlier, the method was used to design
varactors with linear capacitance-voltage relationships. In
this work, the design method is revisited in order to achieve
a dB-linear variable attenuator. In addition, the design
method is further improved by taking the spring nonlin-
earity into account. In the previous work (Hah 2022), the
mechanical spring of the actuator was assumed as a linear
one. This is a reasonable approximation for a small range
of displacement. However, as the travel range increases,
and hence, as the strain/stress experienced by the spring
structure becomes higher, discrepancy between the actual
spring behavior and the linear spring approximation
widens. The modified design method that includes the
spring nonlinearity is further described in Sect. 3. Sec-
tion 2 will present the operation principle and the RF
numerical simulation results of the variable attenuator. The
dB-linearity performance of the proposed devices will be
reported in Sect. 3.

2 Operation principle

Figure 1 illustrates a schematic diagram of the RF variable
attenuator. The input signal is equally divided into two by
the first hybrid coupler, and each of the divided signals
passes through one of the MEMS parts. At this point, the
MEMS parts control the transmission/reflection of the
signals. The transmitted powers are combined by the sec-
ond hybrid coupler, and then, sent to the output port. The
reflected powers are combined by the first hybrid coupler,
and then, sent to the 50-Q matching load on the input side.
The other output port of the second hybrid coupler is also
terminated with a 50-Q matching load to minimize
reflection at that point. The purpose of employing hybrid
couplers is to avoid backward transmission of the reflected
signal to the input port. Each hybrid coupler adds 3 dB of
insertion loss.

Some details of the MEMS parts are also illustrated in
Fig. 1. The key component of the MEMS parts is a moving
electrode that is connected to the electrical ground. The
presence of this moving electrode creates disruption in the
propagation of the RF signal through the CPWs, which
results in reflection. One moving electrode is added on
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Fig. 1 Schematic illustrations of an RF MEMS variable attenuator. (Top) RF circuit, (middle) MEMS part: CPW with moving electrodes,

(bottom) comb-drive actuators: single and dual

each side of the signal line to double the effect. The
locations of the moving electrodes are controlled by comb-
drive actuators, to which they are attached. The levels of
reflection (S;;) and the insertion loss (S,;) depend on the
distance between the moving electrode and the signal line.
Therefore, a close investigation is necessary to understand
the relationship between this distance (g,,.) and the inser-
tion loss (Sz1). Modelling the MEMS parts simply as
variable capacitors turned out to be an oversimplification of
what actually occurs. There are other effects that take place
as well, such as change in inductive coupling. Conse-
quently, in order to understand the effects of the moving
electrodes more accurately, numerical simulation was
carried out by using CST Studio Suite®.

Figure 2 summarizes the flow of the study. First, RF
simulation is carried out to establish the relationships
between the moving electrode distance (g,.) and the
attenuation (A = —S;) in the MEMS part. At the same
time, structural mechanics simulation is conducted to
obtain the relationship between the mechanical restoring

RF simulation
Attenuation vs. moving electrode distance

Structural mechanics simulation
Restoring force vs. beam deformation

2

Shaped-finger comb-drive design

> Finger gap profile calculation
L Governing differential equation )
( : ¥ ST )
Design validation
Electrostatics & structural mechanics simulation
| Attenuatlori vs. voltage )
[ dB-linearity calculation }

Fig. 2 Flowchart of the study
force (F,.ecn) and the beam deformation (x). These two

relationships are used to formulate the governing differ-
ential equation, which is numerically solved to calculate
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the finger gap profile. The next step is the validation of the
design. Electrostatics simulation is performed on the pro-
duced finger design, and its result is combined with the
mechanics simulation result to generate the attenuation-
voltage curve. Finally, the dB-linearity is calculated from
the generated curve.

2.1 RF simulation

As the transmission line of the RF signal, Finite Ground
CPW (FGCPW) was selected, which is most suitable for
the proposed device configuration. In this work, silicon was
chosen as the dielectric substrate and gold as all of the
conductor parts. Air gap was considered under the moving
electrodes. Also considered were the undercuts of the sil-
icon substrate around the edges of the fixed structures,
which are formed during the release step, i.e. substrate
etching. The nominal geometrical dimensions of the key
parts of the device are summarized in Table 1. The
dimensions of the FGCPW were chosen to result in 50-Q
characteristic impedance.

Figures 3a and b show the simulation results of the
return loss (S11) and the insertion loss (S,;) of the MEMS
variable attenuator between 15 GHz and 30 GHz, for var-
ious gaps (gm.) between the moving electrode and the
signal line. The simulation did not include the hybrid
couplers. A general trend is observed; the insertion loss
increases as frequency increases, which can be understood
as the stronger capacitive/inductive coupling occurring at
higher frequency. The relationships between the return/
insertion losses and g, at a specific frequency (20 GHz)
are depicted in Fig. 3c and 3d. The S,;-g,,. relationship is
significantly nonlinear as expected. Moreover, as the
moving electrode approaches very close to the signal line,
the trend is reversed, and the insertion loss starts to
decrease. The reason for this behavior is understood as the
combined effects of capacitive and inductive coupling.

This explanation is further supported by Figs. 3e and f,
which show that the moving electrode gap (g,,.) for the
maximum insertion loss depends on the frequency.

From the RF characteristics obtained for the device with
the dimensions given in Table 1, the region of interest was
defined as between 3.9 pum (g,.1) and 13.9 pm (g,..2) as
indicated in Fig. 3d, considering several factors, such as
attenuation dynamic range, operation voltage, and dB-lin-
earity. With this region of interest definition, the dis-
placement range (x;-) becomes 10 um (= gne2 — &me1), and
the attenuation range is between 1.9 dB and 19.7 dB,
resulting in the dynamic range of 17.8 dB. It will be ideal
to model the relationship between S; and g,,. analytically
for an expedited design flow. Since it was difficult to find
such an analytical relationship, however, it was fitted to an
exponential function within the region of interest, as
follows.

S1(dB) = 0.82 — 108.37 exp (— ﬁg;) —7.9exp (— 1?"162)

(1)

where g, is in pm. (1) is used in the governing differential
equation in the later process. Figures 3c and d also include
the case of a longer (500 pm) moving electrode. Compared
to the case of a shorter (250 um) L,,, the insertion loss
starts to increase at a wider gap, as can be expected due to a
stronger capacitive/inductive coupling effect. However, it
can also be learned that with a longer moving electrode, the
range of the electrode displacement required for the same
dynamic attenuation range (x;) becomes wider to be 19.4
pum, which is disadvantageous. On the other hand, if L, is
too short, its coupling effect becomes insufficient. Based
on these findings, 250 um was selected as an optimum
value for L,,. In the following section, the details of the
shaped-finger comb-drive actuator design method for high
dB-linearity will be provided.

Table 1 Nominal geometrical
dimensions of the device

considered in the study

Description Value Description Value
Signal line width (Wy) 400 pm Ground line width (W) 100 pm
Electrode/'beam/finger thick. (T) 10 pm Moving ground width (W) 20 pm
Signal-to-ground gap (G) 250 pm Moving ground length (L) 250 pm
Substrate thickness (T,;) 500 pm Moving ground gap 1 (g.1) 3.9 um
'Beam length (Lg) 2000 pm Moving ground gap 2 (g.2) 13.9 pm
'Beam width (W3) 5 pm No. comb fingers (Ny) 200
Finger gap @ far end (dy) 21 or 2 pm Moving finger width (W) 2 um
Finger gap @ near end (d,) 21 or 2 pm Displacement range (x4) 10 pm

!Clamped-clamped beam as a spring

“Depending on the comb type (single or dual)
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3 MEMS design and results

As illustrated in Fig. 1, the springs of the device have the
fixed-guided boundary condition. Since the deformation of
the non-spring structures is negligible, the springs can be
modeled as clamped-clamped beams when put together.
The large-deformation nonlinearity of a clamped-clamped
beam due to mid-plane stretching is well documented in
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function of g,,. at 20 GHz. A fitting curve is included in d when L,,, is
250 pm. e S;; and f Sy; as a function of g,,. at various frequencies

(Casals-Terre et al. 2008; Hajati and Kim 2011; Rezaei
et al. 2012), which can be expressed as follows, with the
linear term (k;) and the cubic term (k3).

Fmech (x) = klx + k3x3 (2)

where,
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4 3
n*ETW dS>;
h="12 —— = Cdblin (5)
6L3 av
T ETWp where ¢, 1S a linearity coefficient, defined by the max-
ky = ——5— . .. .
8L3, imum and the minimum values of S,; and V within the

and Fyecn, X, and E are mechanical restoring force, dis-
placement of the beam center, and Young’s modulus (for
gold, 70 GPa), respectively. The definitions of other sym-
bols can be found in Table 1. Figure 4a shows the calcu-
lated F,., (red curve) by using (2) with the dimensions
given in Table 1. In order to obtain more accurate results,
structural mechanics simulation was carried out by using
COMSOL Multiphysics® (version 5.2), as plotted in
Fig. 4a (squares). The simulation results are similar to the
analytical ones. However, due to the slight discrepancy
between the two results, the simulation result was fitted
with a third-degree polynomial as written inside Fig. 4a,
and used in the governing differential equation.

A more straightforward design is to employ a single
comb-drive actuator (see Fig. 1), in which the moving
electrode approaches the signal line as the moving fingers
are more deeply engaged with the fixed fingers when a
voltage is applied between them. However, as will be
explained in the following subsection, it turns out that the
high dB-linearity can be obtained only at the cost of a
potential instability issue in the case of a single comb-drive
device. Therefore, another type of device, i.e. with the dual
comb-drives, was examined in this study as well, which
will be presented in Sect. 3.2.

3.1 Single comb design

Figure 4c shows a unit of the comb-drive, i.e. a half of the
moving finger and a half of the fixed finger. The three-
dimensional (3-D) capacitance of the unit, Cpgjvr can be
approximated as an integral of the unit 2-D cross-sectional
capacitance, Cy;,. along the finger length direction, u.

Cprive(x) = /

—lol

X

Crive (1) du (3)

where [,; is the as-fabricated overlap length between the
fingers. Cgive is calculated by the conformal mapping
method (Johnson and Warne 1995; Hah 2022). The balance
equation between the electrostatic force, F,.. and the
mechanical restoring force can be written as,

1dC,
Foee(x) = 2N; x - —28VE
X

) V2 = Nderive ()C) V2 = Fmech (.X)

(4)

where V is the voltage applied to the comb-drive, and Fecp
is given in Fig. 4a. The objective of the design, i.e. dB-
linearity, can be expressed as,
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region of interest. By taking the first derivative of (4), and
by combining it with (1), (4) and (5), one can obtain the
following governing differential equation.

dCdrive 1 dFmech 2 dS2l
= - C rive 6
dx (F,, cd,,,mV dx ) d ( )

nech dx

(6) was solved numerically by using Euler’s method in
MATLAB® to produce Cgyive as a function of x. Then,
dgrive (x), the finger gap profile, in other words, the shape of
the finger, was found from Cgpe(x).

Figure 4b presents the calculated d ;. for various
design parameter values, x; and x,.,. x; (see Fig. 4d) is a
parameter that is unavoidable in the single-comb devices
because (6) does not have a solution at x = 0. In other
words, x; is a length of an excluded zone, which starts from
x = 0. At low voltage, i.e. between x = 0 and x = x;, the
RF performance of the device is to be excluded and
ignored. x,,,, a near-side extension (see Fig. 4d), is another
parameter that is introduced to improve the dB-linearity
further. The idea is to design the device with an overshoot
in terms of the dynamic range so that there can be an
advantage in the dB-linearity when examined only within
the region of interest (x;,). The relationship between x and
Zme 1S set as

Sme = Gme2 — X + X;. (7)

For example, when x = x;, g, becomes gue> (S21 = —1.9
dB). When x = x; + x4, gme becomes gpe1 (S2; = —19.7
dB). For x > x; + x4, gme 1 less than g,,.;, but this part is
not of interest. Since the extended region is near the signal
line, it is called a near-side extension. For the dual-comb
devices, extensions are considered on both sides, i.e. near
and far. For a single-comb design, d,, the finger gap at the
near end (@ x = X; + X4 + Xpex) Was set as 1 um while d,
the finger gap at the far end (@ x = x;) was set as 2 um.

The finger gap profiles presented in Fig. 4b (see also
Fig. 4d for some examples of the finger shapes) do not
seem to change much for different design parameters. With
a close look, however, several observations can be made. In
all cases, there are regions where the finger gap becomes
smaller than d,, 1 pm. This narrow finger gap does not
incur a serious fabrication problem because the moving
fingers are not deeply engaged with the fixed fingers as-
fabricated as can be seen from Fig. 4d. However, such a
small finger gap can lead to lateral instability and/or
structure rotation when deeply engaged during actuation
(Huang and Lu 2004; Borovic et al. 2006), and hence, is
better to be avoided. Figure 4b shows that as x; increases,
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Fig. 4 Simulation results of RF variable attenuators with single comb-
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and by analytical calculation (red line). (Inset) Snapshot from
structural mechanics simulation, with color map indicating stress
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the narrowest finger gap for a particular design becomes
wider. Therefore, a high value of x; is favorable in this
respect although it requires higher operation voltage.
Another observation is that when x,,, increases, the range
of the narrow finger gap region also increases.
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electrostatics simulation, with color map indicating electric potential.
d Examples of finger shapes. e S»; vs. applied voltage (V) for
exemplary design parameter combinations. Result with a conven-
tional straight-finger comb-drive is plotted as well for comparison.
Data are plotted for a fixed range, from g, = gmer (3.9 pm, A = 19.7
dB) to gue = gmez (13.9 pm, A = 1.9 dB). (f) Linearity for various x;
and x,,., values

Once the shaped-finger designs were obtained, they
were examined through finite-element analysis (FEA)
simulation by using COMSOL Multiphysics® for valida-
tion. The coupling between structural mechanics and
electrostatics was carried out externally due to limited
computational power resources (a general-purpose
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Fig. 5 Simulation results of RF variable attenuators with dual comb-
drive actuators. a Shaped-finger gap profiles, dgv. (1) and dpiqs(v),
and unit 2-D capacitance, Cgrive(#t) and Cpigs(V). Xpex = Xpox = 0. b
Examples of finger shapes, (top) as-fabricated, (bottom) when V4, is

computer). Figure 4c exhibits an example of electrostatics
simulation results, showing electric potential distribution.
The ultimate outcomes, Sp; versus V, for some exemplary
cases are presented in Fig. 4e along with that of a device
with conventional straight fingers (additional S»;-V results
are given in Online Resource 1). It should be noted that the
graph only shows the data for the region of interest. For
each group of the data, points are evenly distributed in
terms of x. As expected, the shaped-finger devices exhib-
ited improved dB-linearity in comparison to the conven-
tional device. In general, the dB-linearity appeared to be
better on the near side (high V) than the far side (low V).

For a quantitative comparison of dB-linearity, it was
defined as the average distance of the normalized data
points from the standard line, either y=x or y =1 —x,
x € [0, 1], depending on the ascending or descending ten-
dency of the data. The smaller this average distance is, the
better the dB-linearity is. The linearity of the conventional
device in Fig. 4e is calculated as 0.1969. The values of the
linearity of the shaped-finger devices for various design
parameters are plotted in Fig. 4f, which range from 0.0166
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applied. ¢ Sy; vs. V for various far-side extension (xz,) values when
Xpex = 2 pm. Data are plotted for a fixed range, from g, = gmer1 (A4 =
19.7 dB) to gme = gme2 (A = 1.9 dB). d Linearity for various x,, and
Xpex values

to 0.0858. When x,,., = 0, i.e. when the near-side extension
is not utilized, the range of the linearity is from 0.0281 to
0.0549. The best overall linearity, 0.0166, was obtained
with x; = x,., = 1 um. This equals to an improvement of
about a factor of twelve from the conventional device. This
result, however, is not so welcoming because the design
with x; = X, = 1 pm requires the finger gaps as narrow as
0.2 um while being operated. In the following subsection,
device designs with dual-combs will be presented.

3.2 Dual comb design

The issue of undesirably narrow finger gaps in the case of
single-comb devices can be addressed by adding a bias
comb, which reverses the trend of the S,; — V relationships
and relaxes the nonlinearity to some degree (Hah
2017, 2020). As illustrated in Fig. 5b, the moving fingers
are more engaged into the drive comb as-fabricated. First, a
bias voltage (Vj,) is applied to the bias comb so that the
moving fingers are drawn to it, and hence, more engaged
with it. The bias comb is placed at the near side of the
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FGCPW so that when V (voltage on the drive comb) is
zero, the variable attenuator is at the maximum attenuation.
As V increases, the moving fingers are drawn towards the
drive comb, reducing the attenuation. The balance equation
now becomes,

Nf [Vlgiu‘cbifls ()C) - V2Cdrive (xmax

A)

- x)] = Fonecn(x) (8)

where X, i1s the maximum displacement range of the
moving fingers, i.e. x4 plus extension lengths (Xuex, Xfex).
The relationship between Cp;,s and Cyyyye is defined as,

- V) = Cbias(o) + Cbias(xmax)~ (9)

The new governing differential equation becomes,

Cbias (V) + Cdrive (xmax

dChiaS _ 2NfVCdrive (-xmax - )C) % + Cdblin dl:;;m (10)

dx caviinNf (Viggs + V?)

As can be understood from (10), the dual-comb design has
a solution at x = O unlike the case of the single-comb
design. Therefore, there is no need to consider an excluded
zone (x;) in the dual-comb device.

The rest of the design and validation processes are
similar to those of the single-comb devices. First, (10) is
numerically solved to find dp;ss(v), and then, dge(u) is
calculated by using (9). Figure 5a shows the calculated 2-D
capacitances, Cgiye and Cpig, and the finger gap profiles,
dgive and dp;,s, Wwhen there is no extension. For a bias comb,
dy, the finger gap at the near end was set as 1 um while dj,
the finger gap at the far end was set as 2 um. For a drive
comb, d,, and dr were 2 um and 1 pum, respectively. It can
be observed that the finger gaps never become narrower
than 1 pm, which is beneficial to mitigate the lateral
instability problem. This is one of the merits of the dual-
comb devices.

Once again, the designs were examined through FEA
simulation. In the case of the dual-comb designs, the
effects of the extension zones were examined on both sides,
i.e. the near side (x,.,) and the far side (xz,). Figure 5c
presents the simulation results of S,;-V for various values
of xf, when x,,., is 2 pm (additional S,;-V results are given
in Online Resource 1). It can be observed that when xy, is
4 pm, the S»;-V characteristic curve looks the straightest.
The linearity values were calculated for various extension
lengths as plotted in Fig. 5d. The linearity turns out to be
the worst when there is no extension on the near side, i.e.
when x,,., equals to 0. The best linearity, 0.0074 is obtained
when X, is 2 pm and X, is 4 pm. This value is 26.6 times
better than that of the conventional single-comb device,
and 2.2 times better than the best linearity obtained from
the shaped single-comb devices. It is also 2.8 times better
than that of the dual-comb device with the conventional
straight fingers.

4 Conclusion

Variable attenuators are key components in RF circuits and
systems. In this work, RF MEMS variable attenuators with
shaped-finger comb-drive actuators were proposed.
Numerical simulation study has shown promising
improvement in dB-linearity, which is attributed to novel
finger shape designs. Two different types of actuators were
examined, and the dual-comb type has shown better dB-
linearity than the single-comb type. Further works include
fabrication and characterization of the proposed devices.
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