Pre-print version (generated on 25.02.2021)
This and other publications are available at:
http://www.acin.tuwien.ac.at/publikationen/ams/

AIC] I[N

A Mechatronic Lock-In Amplifier:
Integrating Demodulation in Sensor Electronics for
Measuring Mechanical Oscillations

Mathias Poik, Dominik Kohl, Mario Mayr, Christoph Kerschner, Georg Schitter Senior Member, IEEE
Automation and Control Institute (ACIN), Technische Universitdit Wien
Vienna, Austria
poik@acin.tuwien.ac.at

Abstract—The demodulation of mechanical oscillations is es-
sential for the operation of micro -and nanometer scale trans-
ducer systems, such as resonant MEMS mirrors and cantilever-
based sensors. The use of external demodulators, such as lock-in
amplifiers and spectrum analyzers is not always desired due to
their large size, complexity and cost. The method presented in
this paper enables a simplified demodulation of the oscillation of
mechanical oscillators with integrated deflection sensors. By con-
figuring two deflection sensors in separate bridge circuits, which
are supplied with in-phase and quadrature sinusoidal signals, the
amplitude and phase of the mechanical oscillation can directly
be measured without additional demodulation. The method is
implemented and experimentally verified by demodulating the
oscillation of a self-sensing Atomic Force Microscopy cantilever
with integrated piezoresistive elements.

Index Terms—Demodulation, Lock-In Amplifier, Resonant sen-
sor, Cantilever, AFM

I. INTRODUCTION

Mechanical oscillators are crucial components in micro -and
nanometer scale transducer applications. For instance, resonant
MEMS mirrors enable high speed laser beam steering, which
is essential for modern optical scanning systems, such as
Light Detection and Ranging (LIDAR) [1], photoacoustic
imaging [2] and optical endoscopy [3]. Micro-machined can-
tilevers are used in a variety of sensor applications, such as
biosensing [4], chemical and environmental detection [5], as
well as the local measurement of surface properties by Atomic
Force Microscopy (AFM) [6].

The ability to measure and control the laser spot position
typically defines the accuracy of optical scanning systems.
Resonant MEMS mirrors used for beam steering therefore
require an accurate measurement of their oscillation ampli-
tude and phase [7]. On the other hand, resonant cantilever-
based sensors detect the variation of the resonance frequency
caused by changes of the cantilever mass or stiffness due
to its interaction with the environment [8], [9]. To this end,
the cantilever is typically excited by an external stimulus,
provided by acoustic, thermal or electrical actuators [10], and
the resonance frequency is measured by analyzing the fre-
quency spectrum of the resulting oscillation [11]. To enhance
the selectivity of the measurement, i.e. to reduce unwanted
influences such as temperature or humidity, the resonance
frequency can be tracked by adjusting the excitation frequency

in a feedback loop. To this end, the oscillation phase is
measured and the excitation frequency is controlled such that
the phase difference between excitation signal and oscillation
is kept constant [12]. Similarly, in various dynamic AFM
measurement modes the oscillation amplitude and/or phase are
typically measured using lock-in amplifiers and controlled in a
feedback loop [13]-[15]. For instance, in intermittent contact
mode the amplitude is kept constant and the sample position
is adjusted to determine the surface topography, while the
phase can be simultaneously recorded to determine additional
mechanical properties of the surface [16]. The measurement
of amplitude and phase, which requires the detection and
demodulation of the mechanical oscillation, is therefore a
crucial part of micro -and nanometer scale transducer systems.

For the detection of the mechanical oscillation, which can
range from the sub-nm to the pm range, different methods
are applied [17]. The optical lever method is most commonly
applied for measuring the oscillation of cantilever-based sen-
sors [18]. It enables a highly sensitive and reliable mea-
surement of cantilever deflections down to a few angstroms.
A disadvantage of the method is that laser and detector
are usually mounted outside of the measurement chamber
containing cantilever and its surrounding fluid or gas, which
requires the laser to pass through several boundary interfaces.
In the case of resonant mirrors, the optical path is needed by
the laser scanning application. Additionally, the measurement
method requires a cumbersome laser alignment process and the
entire measurement system is bulky and not suited for mass
production. Piezoresistive and capacitive detection schemes
convert the deflection to a change of the electrical impedance,
which is detected by an electrical read-out system [19], [20].
A disadvantage of these detection schemes is the typically
lower sensitivity with respect to the optical detection [21].
An advantage is the possibility to miniaturize and integrate
the piezoresistive or capacitive elements directly on the me-
chanical oscillator. It therefore enables a compact detection
system which can be mass-produced at low cost, and enables
an easy extension to parallel probing systems [22] or cantilever
arrays [23].

The detection methods provide an electrical signal pro-
portional to the harmonic oscillator motion, which has to
be demodulated to determine the oscillation amplitude and
phase. Wide-band demodulation techniques, such as peak-hold
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detectors [24] or RMS-to-DC converters [25], enable a simple
amplitude measurement with low implementation complexity.
However, these methods are sensitive to measurement noise
at other frequency components, and do not enable a phase
measurement. Due to their selectivity, narrow-band demod-
ulation methods, such as lock-in amplifiers [1], [26], [27],
impedance analyzers [28] and spectrum analyzers [11] are
therefore most widely used for the demodulation. However,
the high resonance frequencies in the mentioned transducer
applications, which are ranging from several kHz for MEMS
mirrors to tens of MHz for cantilever-based sensors, lead
to a high implementation complexity of such demodulators.
Today’s lock-in amplifiers are implemented on digital signal
processors requiring sampling rates which are 10 to 100 times
higher than the oscillation frequencies [29]. Additionally, fast
ADCs with 14 to 16-bit resolution are typically needed for a
high resolution measurement of the oscillation. The size, cost
and complexity of the demodulator can therefore by far exceed
those of the micro-machined oscillator itself, which presents
a severe limitation of the overall transducer or sensor system.

The contribution of this paper is an efficient method for
the demodulation of mechanical oscillations integrated with
the sensor electronics, which can eliminate the need for
bulky and costly external demodulation techniques in many
applications. The presented method enables a simultaneous
and independent measurement of amplitude and phase of
mechanical oscillations by integrating the lock-in technique
in the sensor electronics. This paper is an extension of our
previous work [30], which only allowed the measurement of
the oscillation amplitude under the condition that the phase
remains constant. The proposed method is demonstrated by
demodulating the oscillation of a self-sensing AFM cantilever.
The paper is organized as follows. Section II presents a system
description and a review of the conventional demodulation
by a lock-in amplifier. The proposed method is described in
Section III. The experimental implementation and the mea-
surement results are presented in Section IV and Section V,
respectively. Section VI concludes the paper.

II. SYSTEM DESCRIPTION

In this work, the oscillation of a self-sensing AFM cantilever
(PRSA-L300-F50-Si-PCB, SCLSensortech, Vienna, Austria)
with integrated piezoresistive elements is measured to demon-
strate the proposed demodulation method. The first mechanical
resonance frequency of the cantilever equals wy = 27 -
92.3kHz. As illustrated in Figure 1 (left), the piezoresistive
elements are placed at the base of the cantilever and connected
in a half bridge circuit to detect the small changes of their
resistance due the cantilever deflection. As shown in the mi-
croscope image in Figure 2, the passive resistors in the bridge
circuit are integrated on the chip of the AFM cantilever, such
that the bridge is thermally compensated. All resistors have
an identical nominal resistance (without cantilever deflection)
of R = 1.07kQ. The chip is vibrated by a piezoelectric
actuator (PhysikInstrumente, Karlsruhe, Deutschland) at the
first resonance frequency wy of the cantilever. For a cantilever
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Fig. 1: Conventional demodulation of the cantilever oscillation.
The piezoresistive element is connected in a DC bridge circuit
and the resulting differential voltage is applied to a lock-in
amplifier.

Fig. 2: Microscope image of a self-sensing AFM cantilever
with integrated piezoresistive elements at its base (right circle),
and two additional piezoresistive elements on the chip (left
circle). The piezoresistive elements are connected in a half
bridge circuit.

oscillation at wp, the resulting variation AR of the resistance
can be expressed as

AR(t) = KA sin(wot + ¢0) s (€))]

where Ay and ¢ denote oscillation amplitude and phase, and
K denotes the piezoresistive sensitivity [31]. The output of
the bridge circuit is connected to an instrumentation amplifier.
Assuming AR < R, which is typically valid for the small
deflections of the cantilever, the voltage uy at the output of
the instrumentation amplifier equals

UK | |
wit) & e Aosin(wot + do) ®

with the supply voltage Uy.

In an AFM application the interaction forces between the
tip and the investigated surface lead to a modulation of
the cantilever oscillation and therefore to a time-dependent
amplitude Ay and/or phase ¢g. In order to determine A, and
¢o, the voltage ug has to be demodulated.

A. Conventional Demodulation by Lock-In Amplifier

In this section, the working principle of a lock-in amplifier is
reviewed as conventional method. The proposed demodulation
method is presented in the following Section III.
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Figure 1 (dashed box) shows the working principle of
the demodulation by a lock-in amplifier. The instrumentation
amplifier output voltage wuq (2) is multiplied by in-phase
(sin(wot)) and quadrature (cos(wot)) sinusoidal signals. The
resulting voltages ugr and ugg after the multiplication

war(t) = S5 A feos(o) — cos(unt +60)] . )
uag(t) = 4—;A0 [sin(eo) + sin(2wot + ¢o)] 4)

are applied to low-pass filters with a —3 dB bandwidth of f.
to suppress the spectral components at 2wy and obtain the
in-phase and quadrature voltages I and Q:

I= MAO cos(¢o) , ()

Q= Ao sin(¢y) - (©)
The amplitude Az of the voltage ug can be calculated by

Apra =21+ Q?* =

which enables a direct computation of the oscillation ampli-
tude. The oscillation phase can directly be calculated by

)

¢ria = arctan <Q> =¢o. (8)

The lock-in amplifier enables a simultaneous amplitude
and phase measurement of the cantilever oscillation which is
insensitive to noise components outside the frequency range
defined by the bandwidth of the low pass filters. However,
in order to implement the multiplication with in-phase and
quadrature sinusoidal signals on a digital signal processor
(DSP), the sampling rate of the ADC needs to be 10 to
100 times higher than the oscillation frequency [29]. For
micro-machined transducers with resonance frequencies of
tens of MHz the required sampling rate can therefore exceed
100 MHz which leads to a high implementation complexity of
the demodulator.

ITII. PROPOSED DEMODULATION

In this section, the proposed simplified demodulation
method is described. In a first step, our previously presented
demodulation method for determining the oscillation ampli-
tude is presented [30]. Then, the method is extended to enable
simultaneous amplitude and phase measurement.

A. In-Phase Demodulation

Figure 3 shows the previously presented method for a
simplified demodulation of the oscillation amplitude. The
bridge circuit is supplied by an AC-voltage with amplitude Uy,
frequency wy and an adjustable phase ¢.. The bridge circuit
output voltage is applied to an instrumentation amplifier and
the resulting output voltage ug 4c equals

— ¢¢) — cos(2wot + o + ¢c)] -
)]

UK
ug,ac(t) = WAO [cos(¢o
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Fig. 3: In-phase demodulation. By supplying the bridge cir-
cuit with an electrical signal of the same frequency as the
mechanical oscillation, the oscillation amplitude can directly
be measured at the output of the bridge circuit [30].

Deflection

Uger sin(wot)

Supplying the bridge circuit by an electrical signal of the
same frequency wy as the mechanical oscillation leads to a
multiplication of the two electrical and mechanical oscilla-
tion. The instrumentation amplifier output voltage therefore
contains a DC component proportional to the amplitude of the
mechanical oscillation, as well as a component at frequency
2wp. The amplitude A 4¢ of the voltage uq 4c can be obtained
after removing the 2wy component by a low-pass filter with a
—3dB bandwidth of f.:

Ao = 28 Agcos(go — ) (10)

For a constant phase ¢ the oscillation amplitude A, can
therefore directly be obtained from (10). By comparing (10)
with (7), it can be seen that the measurement of A o with the
phase adjusted to ¢. = ¢ corresponds to the upper branch
of the lock-in amplifier demodulation, i.e. only the in-phase
component of the oscillation is demodulated. Alternatively, if
Ay is constant and the phase is adjusted to ¢. = ¢o + 7/2,
(10) enables a measurement of ¢g.

As pointed out in Section I, in many applications a simulta-
neous and independent measurement of oscillation amplitude
and phase is required. However, if the oscillation amplitude is
determined using (10), it is not possible to distinguish between
a variation of amplitude and phase. The lack of a simultaneous
amplitude and phase measurement is therefore a significant
limitation of this method.

B. In-Phase and Quadrature Demodulation

Figure 4 shows the proposed demodulation method for
simultaneous amplitude and phase measurement. The piezore-
sistive elements at the base of the cantilever are connected in
two separate bridge circuits, which are supplied by in-phase
(sin(wot)) and quadrature (cos(wot)) sinusoidal signals with
amplitude Uy and frequency wy. The piezoresistive elements
experience the same variation (1) of their resistance. The
bridge circuit output voltages are applied to two instrumenta-

Pre-print version of the article: M. Poik, D. Kohl, M. Mayr, C. Kerschner and G. Schitter, ” A Mechatronic Lock-In
Amplifier: Integrating Demodulation in Sensor Electronics for Measuring Mechanical Oscillations”,
Instrumentation and Measurement, vol. 70, 2020. DOI: 10.1109/TIM.2020.3047208

(© 2020 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in
other works.

IEEFE Transactions on


http://www.acin.tuwien.ac.at/en/publikationen/ams/
https://doi.org/10.1109/TIM.2020.3047208

Pre-print version (generated on 25.02.2021)
This and other publications are available at:
http://www.acin.tuwien.ac.at /publikationen/ams/

AIC] I[N

Uy sin(wot) Lo
Arg.ac
1Q,AC

Uy COS(WI)?‘/)

Fig. 4: Proposed in-phase and quadrature demodulation. Two
piezoresistive elements at the base of the cantilever are con-
nected in separate bridge circuits supplied with in-phase and
quadrature sinusoidal signals. Amplitude and phase of the
mechanical oscillation can be computed from the bridge circuit
output voltages without external demodulator.

tion amplifiers with a gain G. Therefore, the resulting voltages
Udr, AC and UdQ,AC equal

warac(t) = 205 A0 feos(0) — cos(2wot +60)] (1)

S8R
UK .
ugQ,ac(t) = g—RAU [sin(¢o) + cos(2wot + ¢o)] . (12)
Comparison of (11) and (12) with (3) and (4) shows that
supplying the bridge circuits with in-phase and quadrature si-
nusoidal voltages leads to the same result as the multiplication
with that voltages by a lock-in amplifier. After removing the
2wy components by low-pass filters the voltages [4¢ and Q a¢
are obtained. The oscillation amplitude A, and phase ¢g can
therefore be determined in the same way as for the lock-in

amplifier:
UK
Argac =2\ BBc + Q%4c = 407140 (13)
¢1Q,ACc = arctan (%) = ¢ - (14)
AC

Since the piezoresistive elements are now implemented in two
quarter bridge circuits instead of a half bridge circuit, the
sensitivity is reduced by a factor of 2. Another disadvantage of
the quarter bridge circuits is that nonlinearities of the piezore-
sistive elements, as well as drift due to temperature variations
are not compensated within the bridge circuit. However, by
integrating 4 or 8 piezoresistive elements on the cantilever,
two half bridge or full bridge circuits could be implemented
to improve the sensitivity and to compensate for nonlinearities
and temperature variations.

The connection of piezoresistive elements in two separate
bridge circuits enables in-phase and quadrature demodulation
and therefore a simultaneous measurement of amplitude and
phase of the cantilever oscillation. The implementation re-
quires no cumbersome external multiplications of electrical

signals, and the low-pass filter could be easily integrated
onto the chip. As in the lock-in amplifier, the computation of
amplitude (13) and phase (14) is still required. However, the
variation of the signals [4¢ and Q¢ is defined by the low-
pass filter bandwidth, as well as the speed of the amplitude
variation defined by the measurement application, which is
typically at least 10 to 100 times lower than the cantilever
resonance frequency. Therefore the requirements for the digital
implementation of the mathematical operations is significantly
relaxed with respect to the demodulation by a lock-in amplifier.

IV. EXPERIMENTAL IMPLEMENTATION

Figure 5 shows a block diagram and photograph of the
experimental setup. The self-sensing AFM cantilever and its
connector can be seen in the top left image of Figure Sa.
The connector is glued to a piezoelectric actuator which is
connected to a function generator (Agilent 33500B, Santa
Clara, US).

To implement the proposed method, the piezoresistive el-
ements at the base of the cantilever have to be connected
in two independent quarter bridge circuits. To this end, the
electrical connections to the piezoresistive elements on the
AFM chip (left circle in Figure 2) are opened by a focused
ion beam, which allows the piezoresistive elements at the base
of the cantilever (right circle in Figure 2) to be connected
to two independent quarter bridge circuits implemented on
an external PCB. The PCB is shown in the bottom image of
Figure 5a with an annotation of the individual parts. The can-
tilever connector is inserted on the top of the PCB. Below the
connector the two bridge circuits including trimmer resistors
and capacitors for bridge circuit balancing (see Section IV-A)
can be seen. They are supplied by in-phase (Uj sin(wpt)) and
quadrature (Uy cos(wot)) sinusoidal signals with an amplitude
of Uy = 0.5V and frequency wy, which are generated by
a second function generator (Agilent 33500B, Santa Clara,
US). The function generators are synchronized to ensure that
the cantilever excitation frequency matches the frequency of
the bridge supply voltages. The bridge supply voltages are
applied via single-ended to differential converters to prevent
any interaction between the two bridge circuits due to the
common ground connection of the function generator. The
bridge circuit output voltages are amplified by instrumentation
amplifiers (AD8429) with a gain of 750. Offset compensation
circuits for the instrumentation amplifiers are implemented as
recommended in the datasheet, to eliminate any DC offset
which would lead to a measurement error in the proposed
method. The resulting voltages uqr ac and uqg ac are ap-
plied to analog fourth-order low-pass filters with a crossover
frequency of 500 Hz. The voltages [4¢c and Q a¢ are applied
to an STM32F4 microcontroller operating at sampling rate of
1kHz, which performs the mathematical operations (13) and
(14) to obtain amplitude and phase of the cantilever oscillation.

For the implementation of the conventional method, the
piezoresistive elements are configured in a half bridge circuit
which is supplied by a DC voltage of Uy = 0.5V and
the output voltage ug is amplified by an instrumentation
amplifier (AD8429) with a gain of 750. The resulting voltage
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(@ sistive bridge circuits as shown in Figure 4, a significant
imbalance and cross-talk between the two bridge circuits can
be observed. For instance, a bridge circuit which is balanced
at DC, becomes unbalanced when operated at frequency wy.
Additionally, a variation of the amplitude of the supply voltage
in one bridge circuit leads to a change of the output voltage
of the second bridge circuit.

The imbalance and cross-talk can be explained by parasitic
capacitances between the closely spaced connections of the
piezoresistive elements on the AFM chip. Since the bridge
circuits are operated with AC voltages with a relatively high
frequency of wg, parasitic capacitances in parallel to the
piezoresistive elements and the resistors on the PCB can
not be neglected. As illustrated in Figure 6, there are four
parasitic capacitances (Cp1 to Cp4) between the connectors
of the piezoresistive elements. The capacitances Cp1 and Cpa
lead to the described imbalance when changing the operation
frequency from DC to wy, while Cp,3 and Cpy4 lead to coupling
and therefore a cross-talk between the two bridge circuits.

Adopting the approach proposed in [32], the influence of
the parasitic capacitances can be compensated by integrating
additional trimmer capacitors with a range of 8 pF to 40 pF, as
shown in Figure 6. The capacitances C; and C compensate
for the imbalance due to C); and C)p, while the capacitances
C3 and C4 compensate for the cross-talk due to Cp3 and
Cpa. The compensation procedure is carried out prior to
the demodulation and without cantilever oscillation. First,
the two supply voltages with frequency wy are subsequently

Fig. 5: (a) Block diagram of the experimental setup and close-
up images of cantilever mount and PCB. (b) Photograph of the
experimental setup.

is applied to a lock-in amplifier (Ametek 7270, Pennsylvania,
US) with a selected fourth-order low-pass filter with a cross-

over frequency of 500 Hz.

To verify the proposed method, the signals w4, Apra and
¢r1a of the conventional method, as well as uqr, ac, A1Q,Ac
and ¢rg ac of the proposed method, are recorded by an
oscilloscope (Agilent DSO-X 2004A, Santa Clara, US).

turned on and the bridge circuits are balanced independently
by manually adjusting the capacitances Cp; and Cp such
that the output voltages are nullified. Then, the cross-talk is
removed by switching on both supply voltages simultaneously,
and nullifying the output voltages of both bridge circuits by
adjusting the capacitances Cp3 and Cpy.
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Fig. 7: Demodulation with Lock-In Amplifier: (a) Waveforms
of the instrumentation amplifier output voltage u4 and the
demodulated amplitude Az ;. Spectral components of (b) ug
and (¢) Apra at DC, wg and 2wy.

V. EXPERIMENTAL RESULTS

To verify the working principle of the proposed demodula-
tion method, the cantilever is excited at wp by the piezoelec-
tric actuator. The spectral components of the instrumentation
amplifier output voltages and the demodulated amplitudes are
analyzed to verify the equations derived in Section III.

Figure 7a shows the voltage u, and the amplitude Ay ;4 for
the demodulation by the lock-in amplifier. The corresponding
spectral components of u4 and Az;a at DC, wy and 2w, are
shown in Figure 7b and Figure 7c, respectively. As expected
from (2), ug only shows a component at frequency wy.
After demodulation by the lock-in amplifier the oscillation is
converted to a DC value equal to the amplitude of u,.

Figure 8a shows the voltage w47, 4c and the amplitude
Arq,ac obtained with the proposed demodulation method.
Figure 8b and Figure 8c the corresponding spectral compo-
nents at DC wg and 2wq are shown. The voltage uqr ac in
Figure 8a contains two main components at DC and 2wy,
which is in accordance with (11). The oscillation amplitude
can directly be obtained by low-pass filtering of u4r ac. The
resulting DC voltage A;g ac in Figure 8a and Figure 8c is
equal to A;74/2 (note the different scales of the vertical axes
in Figure 7b-c and Figure 8b-c). The difference of a factor of 2
between A;g ac and Ar;4 can be explained by the different
sensitivities of the two demodulation methods (compare (7)
and (13)).
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Fig. 8: Proposed demodulation: (a) Waveforms of the instru-
mentation amplifier output voltage uqr, ac and the demodu-
lated amplitude A;g ac. Spectral components of (b) w4r ac
and (¢) A7, ac at DC, wy and 2wq. The DC component of the
instrumentation amplifier output voltage is proportional to the
cantilever oscillation amplitude, which can therefore directly
be obtained by low-pass filtering.

The non-zero component of uqr, ¢ at wp, which can be seen
in Figure 8b can be explained by an imperfect compensation of
the parasitic capacitances. Due to the discrete implementation
and the manual adjustment of the small capacitance values the
bridge circuit compensation described in the previous section
shows drift due to temperature variations. Any imbalance or
cross-talk between the bridge circuits causes a feed-through of
either the mechanical oscillation or the bridge supply voltage
to the output, which leads to the spectral component at wy. It is
expected that the compensation can be significantly improved
by replacing the used capacitors with electrically adjustable
capacitors, or by integrating compensation capacitors directly
on the AFM chip, which is part of future work.

To demonstrate the capability to determine oscillation am-
plitude and phase by the proposed demodulation method, the
amplitude and phase of the excitation voltage of the piezo-
electric actuator is varied. Figure 9a shows the demodulated
oscillation amplitudes Arr4 and Arg ac depending on the
piezo excitation. The demodulated amplitudes are normalized
by the measured oscillation at the maximum piezo excitation
of 20 Vpp to eliminate the influence of different magnifications
of the lock-in amplifier and the microcontroller output. The
demodulation by the proposed method closely matches the
results of the lock-in amplifier, which shows a linear depen-
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Fig. 9: (a) Comparison of the demodulated amplitudes A4
and A;qg, ac, depending on the piezo voltage Uy. (b) Differ-
ence between A;g ac and Apra.

dence between excitation amplitude and measured oscillation.
Figure 9b shows the difference between the amplitude demod-
ulation by the conventional and the proposed method. The
deviation is < 1% for the entire range of piezo excitation
voltages applicable by the used function generator.

In Figure 10a, the phase of the excitation voltage is varied
and the resulting demodulated phases are shown. In order to
enable a comparison between the proposed method and the
lock-in amplifier, the reference phase of the lock-in amplifier
is manually adjusted such that ¢r,74 and ¢rg ac are equal at
an excitation phase of 0°. As expected, the demodulation by
the proposed method closely matches the results of the lock-in
amplifier, which is in accordance with (8) and (14). Figure 10b
shows the difference between the phase demodulation by
the conventional and the proposed method. The deviation is
< 5°, which is < 1.4% of the total range of 360°. The
results show that the proposed method enables an accurate
demodulation which can be implemented with low-cost off-
the-shelf electronic components.

In summary, it has been shown that the proposed method
omits the need for an external demodulator by integrating the
lock-in technique in the sensor electronics, and thus enables a
simplified measurement of amplitude and phase of mechanical
oscillations.

VI. CONCLUSIONS

The presented demodulation method enables a simplified
demodulation of the mechanical oscillations. It is analytically

20 T T . T !
—— Lockin amplifier (¢g;.4)
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PR |
:d:
~ 100 .

200 . . . . . . .
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Fig. 10: (a) Comparison of the demodulated phases ¢4 and
¢1Q,4c, depending on the piezo phase. (b) Difference between

¢1Q,ac and ¢rra.

derived that the configuration of piezoresistive elements in
AC bridge circuits which are operated at the mechanical
oscillation frequency leads to a direct demodulation at the
bridge output voltage. By connecting two piezoresistive el-
ements in independent bridge circuits which are supplied
with in-phase and quadrature sinusoidal signals, the proposed
method enables a simultaneous measurement of amplitude
and phase of the mechanical oscillation, thus integrating
the lock-in technique in the sensor electronics. To verify
the analytic analysis, the oscillation of an AFM cantilever
with integrated piezoresistive elements is demodulated. The
proposed method only requires low-pass filters which can
easily be integrated on micro-machined oscillators and enables
the development of cost-efficient and highly integrated sensors
and transducers. The method is not limited to the detection of
mechanical oscillations by piezoresistive sensors. For instance,
the impedance variation of capacitive sensors could be demod-
ulated by configuring the capacitances in AC bridge circuits
in a similar way. Ongoing work is focused on the integration
and application of the method in resonant MEMS mirrors and
cantilever-based resonant sensors.
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