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ABSTRACT
This paper reports a novel capacitive detection method

which is robust to variations of such critical parameters as the
nominal capacitance, frequency and amplitude of the probing
voltage, and gain of the trans-impedance amplifier. The ap-
proach constructively utilizes inherent nonlinearity of parallel
plate sense capacitors in order to measure amplitude of sinu-
soidal motion. In the case of parallel plate detection signal, mul-
tiple harmonics exist and carry redundant information about the
amplitude of mechanical motion. The amplitude of motion can
be extracted from the ratio of two simultaneously measured har-
monics. The paper presents details of a real-time measurement
algorithm. Functionality of the algorithm is confirmed by simu-
lations and experiments. The technique is especially valuable for
capacitive detection and self-calibration in resonant structures,
such as gyroscopes, resonant microbalances, and chemical sen-
sors.

1 INTRODUCTION
Several important classes of MEMS devices, such as res-

onators [1], gyroscopes [2], and chemical sensors [3] rely on res-
onance phenomenon in their operation. In these devices, reso-
nant motion needs to be actuated, sensed, and controlled. This
paper focuses on capacitive detection of vibratory motion. Con-
ventional capacitive detection schemes produce a signal propor-
∗Address all correspondence to this author.
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tional to such system parameters as nominal sense capacitance,
carrier voltage amplitude and frequency, and gain of the current
amplifier. These dependencies constitute a need to calibrate indi-
vidual MEMS devices to address fabrication imperfections, and
fluctuation of the parameters due to changing environment and
aging. A detection technique independent of these system pa-
rameters can be of great advantage.

Capacitive detection of sinusoidal motion is often based on
measuring the current induced by the relative motion of the ca-
pacitive electrodes. The variable sense capacitor is formed be-
tween a mobile mass and anchored electrodes. This capacitor is
biased by a certain known DC or AC voltage [4–6]. The mo-
tion induced change in capacitance results in the flow of current,
which is converted to voltage. This output voltage is detected
and related to the motion of the resonant structure.

Electromechanical Amplitude Modulation (EAM) is a
widely used capacitive detection approach. It is based on mod-
ulation of motional signal by an AC probing voltage (carrier),
and allows for frequency domain separation between the infor-
mational signals and feed-through of the driving voltages [4, 7].
Conventional linear EAM can be used for either lateral comb
sense capacitors or small displacement parallel plate capacitors.
In the linear case only one pair of modulated sidebands exist and
active calibration of the pick-up signal is needed.

Nonlinear nature of the parallel plate capacitive detection
was introduced in [8]. Based on these results, in this paper we
report a novel capacitive detection method with inherent self-
Copyright c© 2007 by ASME



calibration. We first describe a general electro-mechanical model
of a resonator with parallel plate capacitive detection in Sec-
tion 2. The parallel plate EAM pick-up signal is studied in Sec-
tion 3. Based on the nonlinear features of the nonlinear pick-up
signal, a novel multi-sideband measurement approach is formu-
lated in Section 4 and verified experimentally in Section 5. A
complete real-time multi-sideband measurement algorithm is re-
ported in Section 6 along with simulation results. Applications
of the method to differential EAM and pure DC detection are
discussed in Section 7. Section 8 concludes the paper.

2 ELECTROMECHANICAL MODEL
Figure 1 shows a general schematic of a capacitive micro-

resonator, a basic element of various dynamic micro-sensors
and micro-actuators. The electro-mechanical diagram includes
the mechanical resonator, the electrostatic drive and sense elec-
trodes, and a signal processing block which measures the am-
plitude of motion. The suspended mass of the resonator is con-
strained to move only along the horizontal x-axis. The variable
sense capacitance is defined as Cs(x), and the drive capacitance
as Cd(x), where x is the displacement. Typically in MEMS de-
vices, drive and sense terminals are not completely isolated, but
are electrically coupled by stray parasitic capacitors and resis-
tors [6]. In this paper we assume, without loss of generality, that
the parasitic circuit consists of a single lumped capacitor Cp. An
AC driving voltage Vd(t) = vd cos(ωdt) is applied to the drive
electrode (voltage values are referenced with respect to a com-
mon ground) to actuate a sinusoidal motion. The sense capac-
itor Cs is formed between the mobile mass and the fixed sense
electrode. The sense electrode is connected to the inverting in-
put of an operational amplifier which is configured as a trans-
impedance amplifier, [9].

The oscillatory motion at the drive frequency ωd is excited
by a combination of Vdc and Vd driving voltages across the drive
capacitor. Without discussing further details of the actuation
scheme, resonator’s displacement x(t) can be expressed as

x(t) = ‖x‖sin(ωdt +φ), (1)

where φ = φ(ωd) represents a phase lag in the transfer function
of the resonator.

Due to the harmonically excited motion the sense capaci-
tance Cs(x) changes, causing a flow of motional current Is =
d(CsVs)

dt , where Vs is the sensing voltage across the sense capac-
itor. The total pick-up current I(t) = Is(t)+ Ip(t) consists of both
the motional and the parasitic currents, and is converted to the fi-
nal output voltage V (t) with trans-impedance gain −R. Parasitic
current is induced by the drive voltage Vd and therefore has the
same frequency ωd . In this work we assume that the total sensing
voltage Vs(t) = Vdc +Vc(t) is composed of a DC component Vdc
2
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Figure 1. Schematic of a capacitive MEMS resonator with parallel plate
detection of motion.

and an AC component Vc = vcsin(ωct), called carrier. Particular
cases when either DC or AC component of the sense voltage is
zero are discussed later in this paper. Use of an AC carrier volt-
age results in an amplitude modulation of the motional signal,
known as Electromechanical Amplitude Modulation (EAM).

According to laws of electrostatics, the total pick-up voltage
on the output of the current amplifier is

V (t) =−R
d
dt

[Vd(t)Cp +(Vc(t)+Vdc)Cs(t)]. (2)

In Section 3 we expand the pick-up current for the case of
parallel plate sense capacitor without using a small displacement
assumption.

3 MOTION DETECTION WITH PARALLEL PLATES
This section studies the nonlinear properties of parallel plate

EAM pick-up signal. Details are presented in [8] and are summa-
rized here for completeness of the discussion. Consider a vari-
able sense capacitor Cs(t) formed by a pair of mobile and an-
chored parallel plate structures. Let us denote media permittivity
by ε, the initial gap between plates at rest by g, individual paral-
lel plate pair overlap length by L, and plate height (i.e. structural
layer thickness) by y. The total overlap area in the sense capac-
itor is given by A = NLy, where N is a number of parallel plate
pairs in the capacitor. The total variable sense capacitance for the
Copyright c© 2007 by ASME



harmonic mode of motion (1) is

Cs(t) =
εA

g− x(t)
=

εA
g

1

1− ‖x‖
g sin(ωdt)

, (3)

where the phase of motion φ is omitted without any loss of gen-
erality.

We introduce nominal sense capacitance Csn = εA
g and di-

mensionless amplitude of motion x0 = ‖x‖/g < 1 (normalized
with respect to the initial gap between parallel plates). From (3),
the sense capacitance is

Cs(t) = Csn
1

1− x0 sin(ωdt)
. (4)

As shown in [8], the Fourier series representation of the par-
allel plate capacitance Cs(t) for a given amplitude of motion x0
is

Cs(t) = Csn

∞

∑
k=0

p2k(x0)cos(2kωdt)+ (5)

+Csn

∞

∑
k=0

p2k+1(x0)sin((2k +1)ωdt),

where functions pk(x0) define the amplitudes of the multiple har-
monics in the capacitance Cs(t) and are given by

p0(x0) =
∞

∑
n=0

C(2n,n)
22n x2n

0 , and for k=0,1,2...∞ (6)

p2k+1(x0) = (−1)k
∞

∑
n=k

{
C(2n+1,n− k)x2n+1

0
22n

}

p2k(x0) = (−1)k
∞

∑
n=k

{
C(2n,n− k)x2n

0
22n−1

}
,

where C(n,k) = n!
k!(n−k)! are the Newton’s binomial coefficients.

Equation (5) shows that when parallel plates are used to
sense the harmonic motion, the time varying sense capacitance
contains an infinite number of drive frequency harmonics. In or-
der to calculate the total output signal, we consider modulation
of each capacitive harmonic individually. Following [8] we com-
bine the sense capacitance in (5) with (2) to calculate the total
3
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output current:

I(t) =−Cpvdωd sin(ωdt)+Csnvcωc p0(x0)cos(ωct) (7)

+CsnVdcωd

{
∑∞

k=0(2k +1)p2k+1(x0)cos((2k +1)ωdt)
−∑∞

k=1 2kp2k(x0)cos(2kωdt)

}

+
1
2

Csnvc

{
∞

∑
k=0

p2k+1(x0)
[

ω(2k+1) sin(ω(2k+1)t)−
−ω−(2k+1) sin(ω−(2k+1)t)

]}

+
1
2

Csnvc

{
∞

∑
k=1

p2k(x0)
[

ω(2k) cos(ω(2k))t)+
+ω(−2k) cos(ω(−2k))t)

]}
,

where ωk = ωc + kωd is the frequency of the k order sideband
(left or right, depending on the sign of k). The equation gives the
Fourier series for the total pick-up signal for the case of parallel
plate capacitive detection of harmonic motion. Figure 2 shows
the frequency domain representation of a typical parallel plate
EAM pick-up signal and illustrates its important features. The
signal contains an infinite number of harmonics corresponding
to the drive frequency and multiple informational sidebands.

Let Vω denote harmonic component of frequency ω of the
total output voltage V =−RI. According to Eqn. (7), the ampli-
tudes of the right and left sidebands in the total output voltage
are given by

‖Vω±k‖=
1
2

RCsnvc ||(ωc± kωd)pk(x0)|| . (8)

In practice, a high frequency carrier is usually used [4], [7], so
that ωc À kωd for several first orders k = 1, 2,3...K. For these
Copyright c© 2007 by ASME



sidebands,

‖Vω±k‖=
1
2

RCsnvc(ωc± kωd) ||pk(x0)|| ≈ (9)

≈ 1
2

RCsnvcωc ||pk(x0)|| .

The amplitudes of the multiple sidebands are proportional to
functions pk(x0), which we call the normalized sidebands ampli-
tudes. It can be shown that a simple closed form expressions for
normalized sidebands amplitudes can be derived from Eqn. (6):

||pk(x0)||= 1√
1− x2

0


 x0

(1+
√

1− x2
0)




k

= (10)

= 2p0(x0)


 x0

(1+
√

1− x2
0)




k

.

According to this equation, for a fixed motional amplitude
x0, normalized amplitudes of multiple sidebands form a geomet-
ric progression with ratio

r = ||pk+1(x0)||/||pk(x0)||= x0

1+
√

1− x2
0

. (11)

Section 4 discusses how simultaneous demodulation of the
multiple sidebands can be used to produce a self-calibrated mea-
surement of the motional amplitude x0. Section 5 provides ex-
perimental confirmation of Eqn. (11).

4 MULTI-SIDEBAND DEMODULATION OF PARALLEL
PLATE EAM SIGNAL
In this section we discuss how the ratio of the parallel plate

EAM sidebands can be used to robustly detect the motion. First,
we review the conventional approach to EAM detection follow-
ing [4, 7].

4.1 Conventional Linear Approach
In the conventional linear approach (i.e., for lateral comb

sense capacitor or parallel plate sense capacitor with small am-
plitude) only main (k = 1) sidebands are considered. Also, the
amplitudes of these main sidebands are assumed to be linear
with respect to the amplitude of motion, ||Vωc±ωd || ∝ x0. In the
conventional approach, the extraction of the motional amplitude
from the EAM pick up signal consists of amplitude demodulation
and scaling steps:
4

1. Mixing V (t) with phase shifted carrier signal (i.e., multipli-
cation V (t)

N
sin(ωct)) to map the sidebands from ωc±ωd

to ωd frequency.
2. Low-pass filtering to attenuate at frequencies higher than

ωd .
3. Mixing the resulting signal with sin(ωdt + α) to map the

signal from ωd to DC. Phase α needs to be controlled to
match the phase of motion; alternatively, a dual phase I/Q
demodulation can be used.

4. The obtained DC signal is scaled by (RCsnvcωc)−1 to calcu-
late the amplitude of mechanical motion.

Consider a resonant MEMS device in which amplitude of
motion in certain vibrational mode needs to be detected precisely.
In the case of parallel plate sense capacitor, the amplitudes of the
informational sidebands are not linear with respect to the am-
plitude of motion. This nonlinearity introduces significant error
if large amplitude of motion is measured. As shown in [8], the
amplitude of motion can be measured precisely by adding an ad-
ditional step to the described demodulation procedure:

x0(p1) =

(
w2−12+ p2

1− p1w
)(

w2−12+ p2
1 +2pw

)

18p1 w2 ,

where w =
(
72p1− p3

1 +6(48+132p2
1−3p4

1)
) 1

6 . (12)

Both the conventional approach and Eqn. (12) produce the
measurement based on the assumed values of such system pa-
rameters as trans-resistance gain, nominal capacitance, and car-
rier voltage. In this case, each device needs to be calibrated to
identify these mechanical and electrical parameters. Moreover,
during operation, some of these parameters are prone to drifts,
causing a loss of the calibration. Approaches based on only the
first order sidebands do not provide a robust solution.

4.2 Multi-Sideband Approach
In the case of parallel plate sense capacitors, it is possible

to detect arbitrary amplitude of motion without using R, Csn, ωc
and vc. The approach is based on simultaneous processing of
multiple sidebands and produces measurement of x0 by using the
ratio r of magnitudes of two different order sidebands.

According to Eqn. (8) and Eqn. (11), the ratio of amplitudes
of any two successive low order sidebands depends only on the
amplitude of motion x0, while all other parameters cancel out:

||Vω−(k+1) ||+ ||Vω(k+1) ||
||Vω−k ||+ ||Vωk ||

=
||pk+1(x0)||
||pk(x0)|| = (13)

= r(x0) =
x0

(1+
√

1− x2
0)

.

Copyright c© 2007 by ASME
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Figure 3. Detection of the amplitude of motion based on the measured
ratio of two sidebands amplitudes.

According to Eqn. (9), the same is approximately valid for a
ratio of low order single-side sidebands:

r(x0)≈
||Vωc±(k+1)ωd ||
||Vωc±kωd ||

. (14)

There is a simple one-to-one relationship between the am-
plitude of motion and the amplitude ratio of the two successive
parallel plate EAM sidebands. Solving Eqn. (11) for the ampli-
tude of motion yields

x0 =
2r

r2 +1
. (15)

This relationship can be linearized in order to provide a very
simple method of x0 estimation:

x0 ≈ x̃0 = 2r, (16)

with the relative error given by

ex̃0 =
x0− x̃0

x0
= r2. (17)

According to this equation, the relative error of linearization x̃0
is very small for small amplitudes of motion.

Figure 3 illustrates Eqn. (15), Eqn. (16), and Eqn. (17). In
the case of parallel plate EAM detection, normalized amplitude
of motion x0 can be precisely calculated as in Eqn. (15) or esti-
mated by Eqn. (16) based on a single parameter – amplitude ratio
of two successive sidebands r(x0). Feasibility of the proposed
measurement technique is demonstrated using experimental data
in Section 5.

A real-time detection of motion based on the ratio of side-
bands can be performed by the following procedure:

1. Detect amplitude of the first order sidebands at frequencies
ωc±ωd .

2. Detect amplitude of the second order sidebands at frequen-
cies ωc±2ωd .

3. Calculate the ratio of amplitudes r =
||Vω−2 ||+||Vω2 ||
||Vω−1 ||+||Vω1 ||

, or es-

timate using a single side pair of sidebands r ≈ ||Vω−2 ||
||Vω−1 ||

≈
||Vω2 ||
||Vω1 ||

.

4. Calculate normalized amplitude of motion x0 = 2r
r2+1 .

The first two steps – the demodulation procedures – are per-
formed simultaneously. Demodulation of the first and second
order sidebands can be done similarly to the conventional case,
described in Section 4.1. A complete real-time signal process-
ing algorithm based on two single side sidebands is presented in
Section 6 along with simulation results.

5 EXPERIMENTAL DEMONSTRATION
In order to verify the relationship in Eqn. (15) between am-

plitude of motion and the ratio of sidebands, test structures were
designed, fabricated, and characterized. The devices were capac-
itive MEMS resonators with lateral comb drive capacitors, and
lateral comb and parallel plate sense capacitors. The fabrication
was done using an in-house wafer-level SOI process. SOI wafers
with a highly conductive 50 µm thick device layer were used.
AZ4620 photoresist was spin-coated onto the wafers and pat-
terned using a chrome-on-glass mask and a Karl Suss MA6 ex-
posure system. After photoresist development, the wafers were
subjected to a Deep Reactive Ion Etching (DRIE) using a Sur-
face Technology Systems (STS) tool. Minimum gap feature of
the process was 5 µm and minimum structural feature was 8 µm.
Nominal capacitive gap in the parallel plate sense structure was
25 µm for feasible optical control of the experiments using a
microscope. An SEM image of the fabricated test resonator is
shown in Figure 4.

During the experiment, the test device was driven into linear
vibrations using a lateral comb drive capacitor with a combina-
tion of 30 V DC bias with a 3.5 Vrms AC at 555 Hz. An AC
carrier voltage of 5 Vrms at 20 kHz was applied to the mobile
mass. A parallel plate sense capacitor was connected to a trans-
resistance amplifier, as shown in Figure 1. The voltage output
of the amplifier was fed into a dynamic signal analyzer for data
capturing and spectral measurements.

5 Copyright c© 2007 by ASME
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Figure 5 shows the spectral profile of the generated pick up
signal at three different amplitudes of motion, which were visu-
ally estimated using a microscope. As expected, multiple side-
bands are present in the spectrum, and their amplitudes form a
geometric progression (which is seen as a linear decay of ampli-
tudes in the logarithmic scale). Table 1 summarizes these spec-
tral measurements based on sidebands ratio of Eqn. (15). As pre-
dicted by the theoretical analysis, the amplitudes of motion are
easily obtained from the ratio of subsequent sidebands without
using any other system parameters.

6 COMPLETE REAL-TIME ALGORITHM
A real-time measurement algorithm based on Eqn. (14) and

Eqn. (15) was developed and simulated using Simulink software.
Table 1. Experimental demonstration of the multi-sideband demodula-
tion: detection of the normalized amplitude of motion x0 based on the
measured sidebands ratio r (see Fig. 5).

visually detected x0 sidebands ratio r x0 calculated by (15)

≈ 0.05 29.2 dB = 28.8 0.07

≈ 0.25 17.5 dB = 7.5 0.26

≈ 0.5 12 dB = 4 0.47
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Figure 6. Simulink model of a resonator with parallel plate multi-
sideband detection scheme.

Figure 6(a) shows the overall view of the Simulink model. It
consists of the following high level blocks. The “Signals” block
generates drive and carrier voltages. The “Resonator” block rep-
resents a capacitive resonator. The outputs of this block are the
displacement x(t) and the parallel plate EAM pick up voltage
Vs(t). The “Robust Detection” block extracts the amplitude of
motion from the ratio of parallel plate EAM sidebands.

Figure 6(b) shows the demodulation procedure, which con-
sists of two steps: amplitude demodulation of two successive
sidebands, and calculation of the motional amplitude from the
ratio of sidebands amplitudes. The “Robust Detection” block
includes dual phase mixing at frequencies of the first and sec-
ond left sidebands, Fig. 8(a). Extraction of the amplitude of mo-
tion according to Eqn. (15) is done by the “x amp calc” block,
Fig. 8(b).

Figures 7(a) and 7(b) show content of the “Signals” and the
6 Copyright c© 2007 by ASME
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“Resonator” blocks of the Simulink model, discussed in Sec-
tion 6. The “Signals” block generates drive Vd(t) and carrier
Vc(t) voltages and a common time reference for the system. In
the “Resonator” block, input drive voltage is converted into elec-
trostatic force, which excites the motion. Displacement x(t) is
used to calculate the total charge of the parallel plate sense ca-
pacitor. The total output current is calculated as a sum of the
parasitic and the sense currents. The block outputs the amplified
voltage.

The described Simulink model was used to verify feasibil-
ity of the proposed real-time detection method. Figure 9 shows
7
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Eqn. (15), simulation results. The bottom figure is a zoom-in of the top
plot. The gray sinusoidal line is the actual normalized motion, and the
black envelope line is the result of the multi-sideband demodulation algo-
rithm.

the results of the simulation for a resonator with quality factor
Q = 100 and natural frequency 555 Hz. The carrier voltage was
2 Vpk at 10 kHz. Other simulation parameters include nominal
sense capacitance Csn = 1 pF, and trans-resistance amplifier gain
of 0.5 MΩ. During the simulation the driving AC voltage was
switched between 1 V and 2 V amplitudes, causing changes of
the motional amplitude. The results of the simulation confirm
feasibility of the detection algorithm based on the ratio of side-
bands.

7 DISCUSSION

In this section we show how the proposed multi-sideband
detection method can be applied to differential EAM and pure
DC detection schemes.

7.1 Differential EAM

In the case of differential EAM, even order sidebands can-
cel out from the total pick-up signal, while odd order sidebands
double in amplitude. Similarly to the regular case, the amplitude
of motion x0 is calculated using Eqn. (15); parameter r can be
Copyright c© 2007 by ASME
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calculated from the ratio of third and first sidebands according to

r(x0) =

√
||Vω−(k+2) ||+ ||Vω(k+2) ||
||Vω−k ||+ ||Vωk ||

= (18)

=

√
‖pk+2(x0)‖
‖pk(x0)‖ ≈

√
||Vω±(k+2) ||
||Vω±k ||

.

7.2 Detection with Pure DC Voltage
In some cases the effect of parasitics is negligible and ca-

pacitive detection is done with a purely DC biased sense capac-
itor [10]. This configuration does not involve any carrier and is
described by Eqn. (7) with vc = 0. In this case the total output
voltage is given by

V (t) =−RCsnVdcωd

∞

∑
k=1

(−1)k+1kpk(x0)cos(kωdt). (19)

The information on the amplitude of motion is carried by
the harmonics of the drive frequency. In conventional linear ap-
proach only the first harmonic is considered and is assumed to be
proportional to the amplitude of motion. In the complete nonlin-
ear case, the amplitude x0 can be calculated based on the ratio of
the subsequent harmonics Eqn. (15). In turn, the ratio r is easily
obtained from the pick up voltage:

r(x0) =
‖pk+1(x0)‖
‖pk(x0)‖ =

k‖V(k+1)ωd‖
(k +1)‖Vkωd‖

=
‖V2ωd‖
2‖Vωd‖

. (20)

In the commonly used case of differential detection with DC
biased parallel plate sense capacitors, only odd order sidebands
are present; the ratio r can be calculated from the total pick up
voltage as

r(x0) =

√
k‖V(k+2)ωd‖

(k +2)‖Vkωd‖
=

√
‖V3ωd‖
3‖Vωd‖

. (21)

For instance, the ratio of the first and third third drive frequency
harmonics can be used.

8 CONCLUSIONS
We presented a novel robust method of motion detection in

capacitive resonant devices. Feasibility of the proposed multi-
sideband approach is supported by experimental results. In the
case of parallel plate sense capacitor, the pick-up signal contains
multiple nonlinear harmonics of the motional frequency. All

8

these harmonics carry information about the amplitude of mo-
tion. The proposed method constructively utilizes nonlinearity of
the parallel plate detection signal in order to precisely measure
the amplitude of motion without the need for calibration. Unlike
conventional approaches, the proposed measurement procedure
does not depend on values of such system parameters as nominal
capacitance, modulating carrier voltage, and gain of the current
amplifier.

The method precisely detects arbitrary amplitude of motion
and is applicable to both single-sided and differential schemes
with either DC or AC sensing voltages. The method can be
implemented using regular operational components, as demon-
strated by the simulation results. The proposed algorithms can
be used for capacitive detection and automatic self-calibration in
resonators, gyroscopes, and other vibratory MEMS.
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