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Linear frequency tuning in an
LC-resonant system using a C-V response
controllable MEMS varactor
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Abstract

This paper proposes a device level solution to achieve linear frequency tuning with respect to a tuning voltage (V,,,,.)
sweep in an inductor (L)—capacitor (C) resonant system. Since the linearity of the resonant frequency vs. tuning volt-
age (V) relationship in an LC-resonant system is closely related to the C-V response characteristic of the varactor, we
propose a C-V response tunable varactor to realize the linear frequency tuning. The proposed varactor was fabricated
using microelectromechanical system (MEMS) surface micromachining. The fabricated MEMS varactor has the ability

frequency, Voltage-controlled oscillator (VCO)

to dynamically change the C-V response characteristic according to a curve control voltage
control Was increased from zero to 9V, the C-V response curve was changed from a linear to a concave form (i.e, the
capacitance decreased quickly in the low tuning voltage region and slowly in the high tuning voltage region). This
change in the C-V response characteristic resulted in a change in the -V relationship, and we successfully demon-
strated almost perfectly linear frequency tuning in the LC-resonant system, with a linearity factor of 99.95%.
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Introduction

Today’s multi-band wireless communication devices and
systems use various frequencies, and therefore require fre-
quency tunable modules, which have been the subject of
continuous study. Among them, the voltage-controlled
oscillator (VCO) is one of the key components for changing
the output frequency in wireless communication systems.
Among its various characteristics, the linearity of the VCO’s
output frequency tuning is a critical figure-of-merit in most
applications. For example, the linearity of the output fre-
quency sweep is directly connected to the range accuracy of
the frequency modulation continuous wave (FMCW) radar
system [1]. In phase-locked loop circuits, it is known that the
nonlinear frequency tuning characteristic in a VCO is one of
the main sources affecting phase noise degradation [2].
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In the common VCO, which uses inductor (L)—capaci-
tor (C) resonant systems (LC-VCO), a varactor is the
main device for changing the output frequency ([3].
Solid-state varactors based on semiconductors, however,
produce a fixed C—V response curve that is not suitable
for a linear f~V response, and it is not changeable once
it is fabricated. As a result, it is difficult to linearize the
output frequency response with conventional varactors.
Accordingly, there have been notable efforts to linearize
the f~V response by employing specifically designed cir-
cuits [4—6]. However, these complicated circuits tend to
increase the cost of the system design and consume more
electrical power, which are undesirable features.

To address these problems, this study focused on the C-
Vresponse of the varactor itself, to achieve linear frequency
tuning in the LC resonant system without any circuit based
support. First, we sought the kind of C-V response char-
acteristic necessary to achieve the linear frequency tun-
ing. Then a MEMS varactor satisfying the required C-V
response characteristic was designed and fabricated using

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,


http://orcid.org/0000-0002-9447-3807
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40486-017-0059-5&domain=pdf

Han et al. Micro and Nano Syst Lett (2017) 5:25

surface micromachining. At this step, the core concept for
this kind of varactor was adopted from the previous paper
[13]. However, since the capacitor needs to be connected
with an inductor to demonstrate linear f~V tuning in this
paper, the design and fabrication process were fully modi-
fied to achieve the goal. The fabricated MEMS varactor
was then integrated with a monolithically fabricated spiral
inductor to verify its effect on frequency linearization.

Proposed concept and design

Required C-V response

Figure la represents the basic LC-VCO circuit. Since
the oscillation occurs at the resonant frequency of the
connected inductance (L) and the effective capacitance
(Cyp) at the node of x or y, the oscillation frequency is
described as follows:

1 1
o= or JlCy ~ I Cam ¥ Gy )
where, C,,,, is the capacitance of the varactor and C, is

the parasitic capacitance, if any, at the node of x or y.
The ideal linear output oscillation frequency response
with respect to the tuning voltage (V,,,.) is hypothetically

plotted in Fig. 1b. The straight line in Fig. 1b is expressed
as follows:

f(Lideal = o Viune + P (2)

where, a is the gradient of £, ;;,,; vs. Vy,,. graph, and f is
the intercept value of the vertical axis (f, ;o at Ve is
zero). By plugging f; in (1) into f} ;4,,; in (2), the following
relationship is deduced: .

1
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Next, a reasonable boundary condition is set to deter-
mine a and B. The minimum and maximum tuning
voltages (V,,,.) are set as 0 and 15 V, respectively, and
the capacitances for each voltage are set to be 900 fF
(V=0V) and 400 fF (V = 15 V), respectively, for opera-
tion at frequency ranges of several GHz. According to
(3), the L value does not affect the C-V response shape,
and in this work it is set to 2 nH to obtain several GHz
output oscillation frequencies.

Figure 1c represents the required C,,,.—V,,,. response
in (3) in order to achieve the linear output frequency tun-
ing characteristic shown in Fig. 1b for several parasitic
capacitances (Cp). As can be seen in Fig. 1c, we need a
concave shape in the C—V response of the varactor, and
more importantly, the C-V response characteristic
should be changeable (tunable), since the C, might be
unknown or vary from system to system.

Crune = Cp (3)
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Fig. 1 Ideal linear frequency tuning in LC-VCO. a Basic components
of the LC-VCO circuit, b ideal linear output frequency tuning char-
acteristic, c required Cy,,,_V;,0 response to achieve linear frequency
tuning, with various parasitic capacitances, C,

Proposed MEMS varactor

There have been a lot of works on RF MEMS capaci-
tors to acquire a unique property that is not easily
achieved by the conventional semiconductor-based
technology [7-11]. These works tell that the MEMS
capacitors have much more flexibility in the design that
determines the C-V response. Therefore, we made use
of the MEMS technology to satisfy the specific C-V
response. Although, it has integration issues, the MEMS
variable capacitor provides two main benefits: a possi-
bly high Q-factor from its high conductive metal signal
path, and variable tuning characteristic even adaptive to
unknown parasitic components.
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Figure 2a describes the proposed MEMS varactor, which
can realize the required C-V response discussed in the
previous section. The capacitance is formed between the
top and bottom plates in the capacitor section. When the
tuning voltage (V,,,.) is applied to the V,,,, electrode, the
tuning plate in the actuator section (electrically grounded)
moves down due to the electrostatic force. Then, the top
plate in the capacitor section is lifted up by the seesaw
mechanism, making the capacitance smaller. This increas-
ing-gap actuation can give us a linearly decreasing C-V
characteristic, shown as a dotted line in Fig. 2b [12].

The proposed MEMS varactor shown in Fig. 2a has an
another electrode, which is a curve-control electrode, to
control the C-V response curve shape. The initial posi-
tion of the top plate in the capacitor section is closer to
the bottom plate as we apply V,,,..c_conmror 1his results in
an increase in the initial capacitance (at V,,,, = 0 V) in
the C,,,.— Vi curve, as shown in Fig. 2b (solid line),
while the final capacitance (at the maximum tuning volt-
age) is preserved, since the V... .oumor lOSes its attrac-
tive effect as the control plate moves up. Therefore, as
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Fig. 2 Proposed MEMS varactor employing a levering actuator. a
Perspective view, b tunable C-V,,. characteristic with respect to
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we increase V.. onor the shape of the C-V,,, . curve
becomes a more concave form [13]. In this way, we can
control the C-V response characteristic of the varactor
to accommodate the parasitic capacitance, to eventually
achieve the linear output frequency tuning discussed in
Fig. 1.

Design of the structural parameters

This section details the process of designing dimensional
parameters. Therefore, the author suggests that readers
who are not interested in the designing process skip this
section.

To achieve the linear f~V response, it is beneficial to
set the initial C—V response curve to be linear when the
curve control voltage is zero (V,,,..c.conzror = 0 V). Accord-
ing to previous works, the linearity of the C—V response
is mainly determined by the ratio of /, and /; [12, 13]
shown in Fig. 2a. When /; increases leaving /, unchanged
from the optimal length showing a linear C—V response,
the C-V curve is changed to a concave form. On the
other hand, as /; decreases without changing /,, the C-
V response is turned into a convex shape. In addition,
another variable exists in this work: The ratio of the gap
height between the capacitor section and the actuator
section. In other words, the length of /; (which deter-
mines the total length of the varactor) can be shortened
by reducing the gap in the capacitor section so that it is
smaller than that of the actuator section. Taking these
points into account, the capacitance in the capacitor sec-
tion can be described as follows:

C _ / eb ~ 8(13 — 12)]) 4
cap = S (13312)9+g (4)

Iy cap

where, ¢ is permittivity and 6 is a rotational angle that has
positive value as the capacitor plate moves up. Since the
rotational angle of the proposed device is small enough,
the additionally increasing height in the capacitor section
can be simply expressed as [ x 6.

For simpler calculation, it can be assumed that the
rotational movement of the capacitor section is a paral-
lel plate actuation [13]. Therefore, the integral form can
be re-written as the right hand side of (4). As a result, the
expression for the capacitor section can be arranged by 6,
as follows;

0 (8b(13 —1)

2
- — = Cm ’ 71 ,1
Ccap gcap) (13 +12) I( p gcap 2 3) (5)

Next, in the actuator section, the well-known equation
that models the rotational movement with respect to the
input voltage is adopted, as follows [13, 14]:
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where, T}, is an electrostatic torque generated by the tun-
ing VOltage input’ Y is lO_tune/ll_tune’ and emax is gtune/ll_tune’
Here, we separate the variable for the gap of the tuning
electrode (g,,,.) from the one in the capacitor plate (g,,)
to increase the freedom of design while the previous
model used one fixed variable for those two values [13].
Therefore, as a result, we can reduce total length of the
capacitor by controlling the rate of g, and g, with high
C-Vresponse tunability.

By expanding (6) with n = 2, the following equation is

ebVy,. <1 (1 _ yz) I 2 (1—y3)0 (1—y*)e?

deduced:
1— %Jﬂ 1 0
T — gbvguneliftune 1 1 l(z)itune 2 li:tune 1_tune
tune = 5 i — E 5 + g
thune ll_tune Stune
14 une
1- % l%,tunee2
+ 3 llitune
4 g%une
= fH (6’ Stune Vtune) (7)

By relating (7) to the rotational restoring force gener-
ated from the levering beam, the model for the actuation
section is described as follows:

fi1(6, Spuner Veune) = K ®)

Table 1 Dimensional parameters

Parameters Values

Yeap 1 um
Yiune T4um
I3 560 pm
I, 360 pm
10 um
80 um
50 um
100 pm
500 pm
10 ym

100 um

b
w
t 11T um
/
G 10 GPa
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Fig. 3 Analysis of parameters that determine the linearity of C-V
response. a 3D plot for the coefficient of second order term in Taylor
series. b Top view of (a) showing the cross points with C, = 0 plane
are the same in every case. ¢ /3 and pull-in voltage in the case of
Geap = Tum

where, K, is a rotational mechanical spring constant
determined by the geometry of the levering beam [15].

As the final step, the C—V response can be expressed
by plugging (5) into (8). Logically, it can be expressed as
follows:

fiy (fl (Ccap: 8eapr 125 13), Stuner thme)

= I(mfl (Ccap, gmp, 12; l3> (9)



Han et al. Micro and Nano Syst Lett (2017) 5:25

Page 5 of 12

Oxide layer

High resistive connection

!E!"‘{

—— = v

High resistive Si Sub.

High resistive Si Sub.

(1) Ti (500 A) / Au (2000 &) / Ti(50 A)
evaporator, Bottom patterning

[ 1

(2) Ti/ Au patterning for high resistive
connection (H.R.C)

B

I —

High resistive Si Sub.

(3) Bottom bonding area patterning (2 {m)
covering H.R.C (BCB)

High resistive Si Sub.

(4) AZ4330 : AZ1500 =2 : 1 (1 pm) pattering,
150°C hard bake (5 min)

High resistive Si Sub.

High resistive Si Sub.

(5) AZ4330 : AZ1500=1 : 1 (0.5 pm)
pattering, 150°C hard bake (3 min)

Etch
holes

I

Inductor lines

'\
[N

(6) Seed Cu deposition & electroplating
(levering beam, 10 pm)

High resistive Si Sub.

High resistive Si Sub.

(7) Cu electroplating (actuator body &
inductor, 20 Lm)

Fig. 4 Fabrication process of the proposed linear frequency-tuned LC resonator

(8) Cu seed removal, Release (EKC 800)
followed by CPD

The structural parameters which do not affect the lin-
earity of C—V response are pre-determined, as shown in
Table 1 (parameters that are out of the solid-lined box).
Regarding fabrication burden and measurable capaci-
tance range, [;—/, is fixed as 200 pm. Therefore (9) can be
arranged as follows (the detailed equation is written in
the appendix section at the end of this paper):

Ceap = fn (Vtune: Stune’ Bcap’ 13)' (10)

Now that the C-V response equation is developed,

the relationship among the variables can be analyzed by

plotting the coefficient of the second order term in C,,
after expanding (10) in the Taylor series.

1(d%c Vol
Cy = ( Cap>|vmne=vt; Vt:$

2\ av? (11)

tune

where, C, means the coefficient of the second order term
of the Taylor series expansion. The linear shaped C-V
response is realized when C, is zero, otherwise, a concave
or convex shape is achieved when C, has positive or neg-
ative values, respectively [13].



Han et al. Micro and Nano Syst Lett (2017) 5:25

Ti high resistive
connection under BCB

Capacitor plate ‘ ﬁ- ‘1-:_

Bisp | L
B 1 Spiral inductor

-“‘_— Levering beam

500 pm

— 200 pm \
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Figure 3a represents the three dimensional plot of C,
obtained by calculating (10) using (11) with several g,
cases. Since the length of [, is determined once /5 is
selected, we focused on the gap difference between the
capacitor (g,,,) and actuator section (g,,,,.). Therefore, C,

is depicted with respect to /3 and g4, (Quume/Eeap)- In the
case of g, = 1 pm, it can be seen that the slope is higher
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than in the case of g.,, = 1.2 and 1.5 pm as /; changes.
This means that the linearity of the C-V response
becomes more sensitive as the actuator length changes
when the capacitor plate is closer to the bottom elec-
trode. Another noticeable point is that all three g, cases
show the same values of g,,;,, and /5, which make C, zero,
as shown in Fig. 3b. This tells us that the absolute value of
8ap a0d gy, is nOt important, however, the ratio of the
two is the determining factor for making the initial C-V
response (V. ...conror = 0) linear. Figure 3¢ shows /; mak-
ing C, zero and the corresponding pull-in voltages when
8cap is 1 pm. The pull-in voltage is derived from (8), and it
is determined only by g,,,,. (the other geometrical dimen-
sion is already fixed in this work, and 6 or V,,,, are not
determinant factors for the pull-in voltage). As depicted
in Fig. 3c, [; can be shortened as g, gets larger for the
same result, which reduces the burden of fabricating a
long suspended actuator beam. However, the increment
of g, results in an increase of the pull-in voltage. There-
fore, a compromise point should be chosen considering
the fabrication burden and available voltage level in the
desired system. In this work, we chose g, to be 1 pm and
l; to be 560 pm, and therefore, g, is determined to be
1.4 pm. The calculated C-V response is compared with
the measured result in appendix section of this paper.

Results and analysis

Fabrication

The fabrication process for the proposed LC resonator
starts with a bottom metal patterning as shown in Fig. 4,
step (1). The upper Ti layer (50 A) acts as an adhesion
layer for the BCB. Since the device is supposed to han-
dle an RF signal, the electrical pad for the DC voltage
application must be isolated using a highly electrically
resistive material, which is formed by leaving the bot-
tom thin Ti film (500 A) in this work (step 2). Then, BCB
(Benzocyclobutene) is spin-coated, cured, and patterned
using a polymer etcher to keep the high resistive connec-
tion from oxidizing, which would excessively increase the
electrical resistance.

A photoresist (PR) is patterned two times as a sac-
rificial layer. The first PR is patterned and additionally
cured at high temperature for hardening (150 °C, step
(4)) because the second PR is patterned on top of the first
PR to form the capacitor section. The high temperature
treatment changes the molecular structure of PR so that
it is insensitive to UV light. In this way, a different thick-
ness of PR sacrificial layer can be achieved, as shown in
step (5). This difference realizes the desired gap ratio
(€yazio) between the capacitor section and actuator sec-
tion discussed in Fig. 3. After thermally evaporated Cu
is deposited as a seed layer, the levering beam is formed
by electroplating in step (6). In step (7), the capacitor and
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Fig. 6 Capacitance measured results. a Measurement setup. b C-V response of the capacitor device with respect to tuning voltage in several

inductor are formed, simultaneously. As the last step,
the seed Cu layer and PR sacrificial layer are removed by
respective wet etchants, followed by a critical point dryer
(CPD) release process.

Figure 5 shows the final LC resonator device. From
the top view, it can be seen that the capacitor and spiral
inductor are serially connected through one end of the
levering beam (upper image in Fig. 5a). The lower lever-
ing beam is connected to the electrode, P, that is used to
measure only the C—V response of the capacitor.

The difference in gap heights between the capacitor
section and the actuator section was verified by scanning
electron microscope (SEM) images, as shown in Fig. 5b.
In the middle of the actuator beam, there is a specific
point where the gap height is differently formed, so that
it is 1 pm in the capacitor section (left direction) and
1.4 um in the actuator section (right direction). The seri-
ally connected spiral inductor is suspended from the bot-
tom with the same height as that of the actuator section
(1.4 um).

Measurements and analysis

First, the C-V response was measured to verify that the
capacitor device had the desired tuning performance.
Following the measurement setup shown in Fig. 6a, the
C-V response could be measured solely by tipping the
points, P; and P,. Figure 6b represents the measured

result. When we consider the V,,,, range from 6 to 18 V,
which is designated the actual usage region (depicted
with sky blue colored dotted vertical lines), the C-V
response changes from convex to concave form as the
curve control voltage (Ve conro) inCreases from 0 to
9 V. When V,,,, is applied over 18 V, the capacitance
decreases abruptly due to the pull-in phenomenon in the
actuator section.

Having the result of the C-V response tuning perfor-
mance, RF measurement was conducted using a vec-
tor network analyzer, as shown in Fig. 7a. Figure 7b
represents the measured result of return and insertion
loss when V., conror i 9 V. The case of V,,,, = 20 V
is overlapped with the case of V,,,, = 22 V due to the
pull-in phenomenon, which happened at V,,,, = 19 V,
as shown in Fig. 6b. It can be seen that the return loss
of the LC resonator changes its resonant points (the
lowest value of return loss) as V,,,, changes. By extract-
ing the frequency that makes the return loss lowest, the
f~V response is finally acquired, as shown in Fig. 7c. The
resonant frequency is tuned more and more linearly as
Vurve-control iNNCreases to 9 V in the actual usage region
(Vyme = 6-18 V).

These results are well matched to the relationship
between the C-V response and f~V response that we
discussed previously. As expected from Fig. 1c, the lin-

ear f~V response is achieved when the capacitor shows
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a concave C-V response. This is the first experimental
demonstration that the concave C—V response results in
a linear f~V response in an LC resonator module. In view
of Q-factor, the proposed device did not show a high
Q due to the fact that the RF signal should pass though
the relatively narrow levering beam. This can be solved
by changing the signal path by splitting the bottom elec-
trode [16]. Additionally, increasing the thickness of the
bottom plate would be an effective solution for the high
Q-factor [17].

Two commercial products were compared in terms of
the linearity of the f~V response and their tuning range.
Figure 8 shows the plots of the frequency tuning with

respect to tuning voltage (Fig. 8a) and a summary table
of their performance (Fig. 8b) [18]. As shown in Fig. 8a,
the two commercial semiconductor based VCO have
convex f—V responses. It is assumed that the MOS varac-
tors used in those products have severely concave C-V
responses [19, 20]. Consequently, to achieve linear fre-
quency tuning, those two VCOs must inevitably be con-
nected to other extra circuits referred in the introduction
section [4—6].

In contrast, the proposed LC resonator has the capac-
ity to control the shape of the C—V response within the
module, so that the resonant frequency can be linearly
tuned without any external circuital supports. Since the
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oscillation frequency of the VCOs is the resonant fre-
quency of the inductor and varactor connected in parallel
as discussed in the ‘proposed concept and design’ sec-
tion, this high f~V linearity is obviously expected to be
shown even in the form of VCOs.

In addition to managing the frequency linearity, the
proposed device is able to cover much wider range of res-
onant frequencies. This results in a much higher figure of
merit, as shown in Fig. 8b.

Conclusion

In this paper, a device level approach was conducted to
achieve linear output frequency tuning in an LC resonant
system. The proposed concept was successfully demon-
strated using a developed C-V response tunable MEMS
varactor and a monolithically-integrated spiral induc-
tor. The fabricated LC module exhibited almost perfect
linear frequency tuning characteristics, from 3.125 to
4.175 GHz with a linearity factor of 99.95%. Integration
of the proposed MEMS capacitor with the VCO circuits
could require an extra fabrication cost. However, since

this device-level solution can reduce the complexity of
RF circuits as well as relative power consumption, this
development can be favorably considerable in multi-band
RF system design.
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Appendix

Equation (9) is expressed as (12). After applying the
structural parameter values shown in table I, except the
parameters surrounded by the solid line (/, is expressed
with /; according to the pre-determined relationship that
[;—l, = 200 pm) (12) is simply re-written with only four
variables as (13).

ebV? 2

13 b(l3-1
1 — Qe (M _ )1 31—
1 — llg_tune é ( li"”’”) Ceap gctlp e

Page 10 of 12

decreases radically according to the increase in V,,,
when beam length (/;) is longer. Otherwise, g, controls
the effect of BH to C,,,, which means that when g, is
high, the rate of capacitance change (C,,,) to V,,,, is low.
This analytical model properly describes our structural
intuition.

The proposed device is expected to have the
mechanical resonance at several kHz. Figure 10
shows the simulated result of the proposed device,
which represent the mechanical resonant frequency
is 2.545 kHz. This result roughly means that it takes
about 0.4 ms to move the capacitance back and forth
between two values.

Igﬁtune Eb(lg —12) 212
Ceap - gcap 1_tune

4
llitune

tune~1_tune +
2g%m,e 2 2 l%_tune 3 (I3 + 12)8ue (s + lZ)Zg%,mg

b(3—1
2Km (8 (C:zap 2 gcap)
I3+1

142 x 1072V2, 049 +

2
gtune

(12)
—4 ( 8.85x1071° —8(8.85x10"1 2
106 x 1074 (8852102 g ) | 1e2x10 B(as0 g )
(213 —2X 10_4)gtune (213 —2X 10_4)2g%une
_ —-19
6.74 x 10 7(7&855;3 - gwp)
o 213 —2 x 104 (13)

For the Taylor expansion, (13) should be arranged by
C,qp as shown in (14). According to (14), C,,, is catego-
rized in the capacitor section (g,,,), actuator section (H:
Zume and V), and actuator beam length related param-

tune.
eter (B: [,).

8.85 x 10712
Ceap = fm (Vtune» Stuner Beap’ 13) T BH+tg,,

BH+g.,,

1.26 x 10%* g3
H= gmne{ (Xv2 Buune _ 379 x 103>

tune

1.26 x 10%* g3 ’
- (Vng"e —2.79 x 103> — 258 x 107

tune

B=1I5+1, =2l3 — 200 x 10°°
(14)

According to Fig. 9, g,,,,. determines the sensitivity of

HtoV,,, As g, becomes smaller, the rate of change

of H becomes greater with respect to the change of V..

It is also notable that /; affects the sensitivity of H; C,,,

Figure 11a represents the calculated result of the pro-
posed capacitor’s C—V response using the model in the
‘design of the structural parameters’ section and the meas-
ured result. By adding the parasitic capacitance compo-
nent on the capacitor plate and the tuning electrode, those
two values are well matched as shown in Fig. 11b. To com-
pensate the initial capacitance (value at V,,,,, = 0 V), the
structural parameter, b was increased by 45 pm represent-
ing the parasitic capacitance. In terms of the tuning plate,
since there exists two triangle shaped stopper at the end
of the plate, the attractive force between the tuning plate
and the tuning electrode is increased due to the increased
parasitic capacitance. Therefore, we increased /; ... by
6.5 um. Although this modification is well matched in the
initial and the end of the tuning region, there is still a mis-
matched region in the middle. We consider this is because
the levering beam sinks down a little when the control
and the tuning voltages are applied simultaneously, which
is not included in the model.

See Figs. 9,10 and 11.



Han et al. Micro and Nano Syst Lett (2017) 5:25 Page 11 of 12

Fig.9 3D plot of H with respect to V; .. and g; e

une
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Fig. 10 CoventorWare™ simulation result of mechanical resonance. It occurs at 2.545 kHz
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Fig. 11 Comparison of the calculated and measured C-V response of the proposed capacitor. a Pure comparison. b Modified comparison result
including optimization factor (parasitic capacitance)
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