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Abstract—In this paper, the design, concept and experimen-
tal validation of the performances of a piezoelectric resonant
microelectromechanical systems (MEMS) phase comparator is
presented. Compared to traditional integrated circuits, the po-
tential benefits of a MEMS phase comparator include a low
power consumption, higher sensitivity, higher selectivity and
improved robustness. The design and experimental validation
of a resonant MEMS phase comparator are presented along
with characterization recommendations. The operation of this
resonant MEMS phase comparator is experimentally validated
over the first five eigenmodes at 108 kHz, 298.7 kHz, 583.3
kHz, 962.8 kHz and 1.4375 MHz. Calibration of the resonant
MEMS phase comparator is presented, allowing for simple
device operation, which is validated under various waveform
stimulations: sinusoidal, square, and triangular. This work is
expected to lead to the development of new applications for
MEMS resonating devices.

Index Terms—Piezo-eletricity, Phase Comparator, Phase De-
tector, Mode Shape suppression, MEMS, Resonator, Signal Pro-
cessing

I. INTRODUCTION

S IGNAL processing has been achieved using micro-electro-
mechanical systems (MEMS), as various instances have

been proposed, including band-pass, high-pass, and low-pass
filters, as well as resonators [1–3]. Phase comparators, also
known as phase detectors, serve as crucial components in
numerous electronic systems, notably in phase-locked loops
(PLLs) [4]. They can also be encountered in diverse appli-
cations, such as motor control, radar and telecommunication
systems, servo mechanisms, demodulators, and clock and data
recovery circuits (CDRs) [4–7]. Phase comparators also allow
information recovery from sensors, as in the cases of Coriolis
flow meters, and Kelvin probe force microscopy (KPFM). In
the former, the mass flow rate is directly proportional to the
phase difference measured [8] while in the latter the phase
difference between signals allows the measurement of the
work function of surfaces [9], [10].

Since the first phase detectors were presented in the 1960s
[11–13], various phase detector architectures have been pre-
sented in the literature [5–7], [14–16]. From a practical point
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of view, phase detectors can be divided into two main classes:
linear phase detector and binary phase detector (or Bang Bang
phase detector) [4]. In the case of a linear phase detector,
the transfer function is somewhat linear between the output
and the input phase error, while a Bang Bang phase detector
produces an error signal that corresponds to the sign of the
instantaneous phase error [4].

When designing a phase detector, the integrated circuits (IC)
designer is interested in providing a DC output signal which
value varies as a function of the phase difference between the
two inputs signals. This should be achieved within the smallest
possible area, while minimizing power consumption. Another
challenge is raised in reducing the size of the deadzone, which
is the minimum phase difference that can be resolved by the
phase detector [17].

MEMS devices have a high potential for integration with
ICs, either inside, above, or beside the IC die [18–22].
Therefore, a MEMS phase comparator could occupy a minimal
additional footprint, offering significant advantages from an IC
designer’s perspective. Furthermore, using a resonant MEMS
device to execute phase comparison leverages the benefits
offered by resonant sensors: excellent accuracy, sensitivity,
stability [23], [24]. As such, this could lead the way to
more compact, more efficient hybrid MEMS-IC Frequency
Synthesizers [18].

However, to the best of the authors’ knowledge, the litera-
ture on MEMS phase comparators is limited to the work of
Dunk et al. [25], and that of Han et al. [26–30]. Work in [25]
claims a device with the potential for higher sensitivity, higher
selectivity, faster lock time, low power consumption, and im-
proved robustness. It makes use of Huygens Synchronization,
the mechanical phenomenon behind the synchronization of
two hanging pendulums [31]. The work of Han et al. consists
in a power combiner with a thermoelectric power sensor to
achieve a broadband MEMS phase comparator, at a much
higher frequency (i.e. from 8GHz to 12GHz). However, this
comes at the cost of high power consumption (up to 1W)
[26].

This work is an extension of the results presented in
[32], and thus targets a simpler structure to implement a
piezoelectric resonant MEMS phase comparator: a clamped-
clamped beam. The contributions of this work are:

(i) design and experimental validation of a piezoelectric
resonant MEMS phase comparator;

(ii) formulation of recommendations on the characterization
of MEMS phase comparators;
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(iii) experimental validation of the operation of the resonant
MEMS phase comparator over a wide frequency range
and a variety of waveforms;

(iv) presentation of a simple calibration method for the oper-
ation of resonant MEMS phase comparators.

Accordingly, this work explores the use of a MEMS res-
onator to act as a phase comparator. The necessary background
and simulations are presented in Section II, followed by
experimental validation in Section III, which covers design and
fabrication of the devices, experimental test setup and exper-
imental results. Thereafter, Section IV provides a discussion
of the use of a resonant MEMS phase comparator. Finally,
conclusions are presented in Section V.

II. OPERATING PRINCIPLE

It is well known that electrode placement has an impact
on the behavior of a MEMS resonator. Researchers have
proposed methods to improve electrode configuration, thereby
increasing the energy generated by MEMS vibrational energy
harvesters [33], [34]. Likewise, employing dual electrodes has
been shown to enhance the performance of MEMS devices.
Such a configuration has been used in [35] to improve the
performance of piezoelectric micromachined ultrasonic trans-
ducers (PMUTs), in [36] to improve the performance of a
MEMS microspeaker and in [1] to improve the performance of
a MEMS resonator. In this study, the electrode placement has
been designed to emulate methods used in coupling MEMS
resonators. This approach aims to enable measurement of the
phase difference between two different excitation signals. Such
coupled resonators have been proposed in the literature to
improve the sensibility of MEMS resonators for sensing and
timing applications [37–39].

The behavior of clamped-clamped beams has been ex-
tensively studied in the literature [40–43]. Analytically, the
resonant frequency f0 of a clamped-clamped beam depends
on its length, L, thickness, H , equivalent Young’s modulus
Eeq , and material’s density, ρeq . It can be estimated as [43]:

f0 = 1.03
H

L2

√
Eeq

ρeq
(1)

However, this paper does not aim to explore or introduce
new or improved modeling methods for clamped-clamped
beams. Thus, the resonant frequency, mode shape, and simula-
tion of the behavior of the resonant MEMS phase comparator
has been performed using finite element methods (FEM) with
the COMSOL Multiphysics software (version 5.5).

This paper studies a phase comparator that is a clamped-
clamped beam resonator, featuring two electrodes, each cov-
ering one half of the beam. The dimensions of the simulated
MEMS are presented in detail in Table I. The materials
and dimensions are consistent with the ones available in the
commercial PiezoMUMPs process from MEMSCAP (Crolles,
France) since this process is used for the fabrication of the pro-
totypes in this work. The intrinsic properties of the materials
(Si, SiO2,AlN, Al) used in this simulation including density,
Young’s modulus, are obtained from the material library of
the COMSOL Multiphysics software. The damping in the
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Fig. 1: Simulation of the influence of ∆φ on the displacement
of the central point of the resonator.

resonator has been simulated using a straightforward isotropic
factor loss which has been fine-tuned using the experimentally
gathered data to a value of 0.0064.

As the aim of this work is to present the operation of
the resonant MEMS phase comparator, two excitation signals,
using the waveform function of COMSOL, have been defined
(FS1 and FS2) as follows:

FS1(t) =
A

2
sin (2πfet+ φ1) (2)

FS2(t) =
A

2
sin (2πfet+ φ2) (3)

where, A is the peak to peak amplitude of the excitation signal
in V, fe denotes the frequency of the excitation signal in Hz,
and φ1 and φ2 are the phases of each signal in ◦. The phase
difference ∆φ between these two signals is equal to φ2 −φ1.
To simplify and reduce the number of simulations, the value
of φ1 was set to 0◦, and thus ∆φ is equal to φ2 in practice.

Using the parametric sweep feature of the time domain
study, it is possible to extract the effect of ∆φ on the amplitude
of the displacement of the central point of the resonator, as
shown in Fig. 1.

Fig. 2 illustrates the variation of the amplitude of the
displacement of the central point of the simulated MEMS
resonator: if ∆φ is equal to 0 degree, the central point cor-
responds to a local maximum of displacement (see Fig. 2a).
However, if ∆φ is equal to 180 degree, no displacement occurs

TABLE I: Overview of the dimensions of the device.

Type Clamped-Clamped
Beam length (µm) 800
Beam width (µm) 100

Beam thickness (µm) 10
AlN thickness (µm) 0.5

Electrode thickness (µm) 1.02
Separation of the electrodes (µm) 5

Number of electrodes 2
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(a)

(b)

Fig. 2: Simulation of the mode shape of the resonant MEMS
phase comparator, ∆φ is equal to (a) 0◦, (b) 180◦.

at the central point, as it corresponds to a node of the mode
shape (see Fig. 2b).

III. EXPERIMENTAL VALIDATION

A. Design and Fabrication

The fabrication layout of the resonator was scripted in the
SKILL language with the Cadence Virtuoso layout tool. This
parameterized cell (PCell), which describes the devices’ lay-
out, facilitates easy scaling and variation of design parameters
while ensuring compliance with design rules. Fig. 3 shows
both the top view and cross section of the layout of the device.
The prototypes were fabricated using the PiezoMUMPs tech-
nology from MEMSCAP. This process is a piezoelectric-based
MEMS process that provides cost-effective access to MEMS
prototyping. Since its introduction in 2013, this technology
has been used for the creation of several resonators, actuators,
ultrasonic transducers and energy harvesters [44–47]. The
process includes five masks and is carried out on an N-
type double-side polished silicon-on-insulator (SOI) wafer.
The 10 µm-thick silicon (Si) layer is doped to increase its
conductivity. This layer of doped silicon will act as the bottom
electrode. Subsequently, a 0.2 µm-thick insulating layer of
silicon dioxide (SiO2) is grown and patterned on the SOI
wafer. A 0.5 µm-thick piezoelectric layer of aluminum nitride
(AlN) is then deposited and patterned. Subsequently, a layer of
metal consisting of a stack of 0.02 µm-thick chromium (Cr)
and of 1 µm-thick aluminum (Al) is deposited followed by
the patterning of the silicon device layer. Finally, the 400 µm-
thick substrate is etched from the backside to create the bottom
trench of the structure, releasing the proof mass and enabling
movement. For more information on this fabrication process,
[48] comprehensively describes the PiezoMUMPS process and
its design rules.

A micrograph of the fabricated piezoelectric resonant
MEMS phase comparator proposed in this work is shown
in Fig. 4. In the micrograph, three measurement points are
identified, one in the middle of the cantilever (red) and two
at each quarter point (blue and green). The dimensions of the
fabricated MEMS are presented in Table I.

B. Description of the Experimental Test Setup

A laser vibrometer was used for experimental measurement.
This instrument can detect the velocity of any single point of
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Fig. 3: Top view and cross section of the fabrication process
used to implement the resonant MEMS phase comparator.
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Fig. 4: Micrograph of the fabricated resonant MEMS phase
comparator, both electrodes pads are labelled (S1, S2) along
with the central (red), left (blue) and right (green) velocity
measurement points.

the resonant MEMS phase comparator without the need for
mechanical contact, using the test setup depicted in Fig. 5.
This instrument was acquired from Polytec, (Irvine, CA,
USA). Excitation of the resonant MEMS phase comparator
is provided using a function generator type AFG3252 from
Tektronix (Beavertown, Or, USA), which can provide dual
output signals with a controllable phase difference. Channels 1
and 2 are respectively connected to the S1 and S2 pads which
are shown in Fig. 4, with the underlying beam grounded.

Velocity measurements were taken at 3 different points:
right, center, and left as shown in Fig. 4: the central point is
used for odd Eigen modes while the left and right points are
used for even Eigen modes. To satisfy the Nyquist-Shannon
sampling theorem, the sampling frequency Fs was ajusted
for each test. All discussed excitation voltage amplitudes are
reported as their peak-to-peak values.

Considering that a clamped-clamped beam resonator can
behave non-linearly [49], and that the resonant MEMS phase
comparator will be excited by an excitation signal containing
a single frequency, the recommendations made by [50] have
been followed and the resonant MEMS phase comparator has
been characterized using a pulsed sweep type excitation. The
resonant frequency and operating bandwidth for the first five
Eigen modes have been extracted and are presented in Table II.

As stated in section II, the resonant frequency has been
simulated using COMSOL Multiphysics, version 5.5. The
measured resonant frequency corresponds to the frequency
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Fig. 5: Schematic of the test bench using a vibrometer and a
double channel function generator.

at which the maximum velocity of the measured point(s)
was achieved. The operating bandwidth has been defined as
the frequency range in which the amplitude of the measured
velocity is greater or equal to 50% of the maximum velocity.

C. Consideration on the characterization of a resonant MEMS
phase comparator

The goal of this work is to present the operation of a
resonant MEMS phase comparator. As such, the excitation
signal from channel 1 (FS1(t)) has been set as in 2, with
φ1 = 0, and the excitation signal from channel 2 (FS2(t)) as
in 3, thus φ2 = ∆φ. Channel 1 and 2 are applied to pads S1
and S2, respectively.

The behavior of the MEMS is non-linear, hysteresis will
influence the measurement results. To quantify this hysteresis,
the MEMS resonator was excited by using three different
excitation voltage signals, namely:

• pulsed phase sweep (PPS), where the value of ∆φ is
discretely swept,

• continuous phase sweep forward (CPSF), where the value
of ∆φ is swept in a continuously ascending manner,

TABLE II: Summary of the resonance characteristics when
the amplitude of the excitation signal is equal to 10V.

Eigen-
mode Parameter Value

1st
Simulated Resonant Frequency (kHz) 103.4
Measured Resonant Frequency (kHz) 108.6

Operating Bandwidth (kHz) 107.5 — 108.75

2nd
Simulated Resonant Frequency (kHz) 284.6
Measured Resonant Frequency (kHz) 298.7

Operating Bandwidth (kHz) 295.8 — 299.45

3rd
Simulated Resonant Frequency (kHz) 558.3
Measured Resonant Frequency (kHz) 583.2

Operating Bandwidth (kHz) 581.0 — 583.35

4th
Simulated Resonant Frequency (kHz) 922.9
Measured Resonant Frequency (kHz) 962.8

Operating Bandwidth (kHz) 960.4 — 964.80

5th
Simulated Resonant Frequency (kHz) 1378.9
Measured Resonant Frequency (kHz) 1437.5

Operating Bandwidth (kHz) 1433.2 — 1440.8

• continuous phase sweep backward (CPSB), where the
value of ∆φ is swept in a continuously descending
manner,

The nature of these three excitation signals is similar to the
sweep in frequency used in [50]. However, in this case, the
sweep is affecting the value of ∆φ and the frequency of the
excitation signal is kept constant at fe.

When excited with a PPS type excitation, the MEMS device
is excited at a particular value of ∆φ, for a given duration of
Ton; afterwards, the excitation is paused for the duration of
Toff . The value of ∆φ is sequentially swept between ∆φstart

and ∆φend, the lowest and highest targeted phase differences,
respectively. The phase difference is thus discretized with the
PPS excitation resolution of (∆φres) equal to:

∆φres =

∣∣∣∣∆φend −∆φstart

Nbmeas

∣∣∣∣ (4)

where Nbmeas is the number of performed measurements.
It has been experimentally validated that if the duration of
Toff is long enough that the vibration of the resonant MEMS
phase comparator is extinguished between 2 excitations, the
sequence of the excitation of ∆φ does not have an influence
on the experimental results. Ton and Toff are clearly labeled
in Fig. 6(a) for the PPS excitation signal.

An example of the PPS type excitation is shown in Fig. 6(a),
where the amplitude of the excitation signal, A is set to 10V,
the frequency of the excitation fe is 200 kHz, the duration
of Ton and Toff are equal to 10 µs each, while ∆φstart and
∆φend are 0◦ and 180◦ respectively and Nbmeas is set to 5,
resulting in ∆φres = 45◦.

CPSF and CPSB excitations are similar in nature. For both
excitation types, similarly to PPS excitation, the value of
∆φ is sequentially swept between ∆φstart and ∆φend. The
measured phase difference is thus discrete and the resolution
of CPSF excitation (∆φres) is equal to the one of the PPS
type excitation.

Thus, when excited with the CPSF or CPSB excitations,
the MEMS device is subjected to a particular value of ∆φ,
for a given duration of Ton; afterwards the value of ∆φ is
gradually modified at a sweep rate SR for a duration Tvar.
The difference between CPSF and CPSB type excitations lies
in the sweep rate: positive for CPSF excitation and negative
for CPSB excitation. The value of SR is defined as:

SR =
∆φend −∆φstart

Tvar
(5)

An example of the CPSF and CPSB type excitation is
shown in Fig. 6(b) and Fig. 6(c) respectively. In this case,
the amplitude of the excitation signal A is set to 10V, the
frequency of the excitation fe is 200 kHz, the duration of Ton

and Tvar are equal to 10 µs, while ∆φstart and ∆φend are 0◦

and 180◦ respectively, Nbmeas has been chosen to be equal
to 5, thus resulting in ∆φres = 45◦ and the value of SR is
4 500 000 ◦ s−1 and −4 500 000 ◦ s−1 for the CPSF and CPSB
type excitation respectively. Ton and Tvar are clearly labeled in
Fig. 6(b) and Fig. 6(c) and for the CPSF and CPSB excitation
signal respectively.
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Fig. 6: Examples of 3 of the excitation signal types used:
(a) Pulse Phase Sweep (PPS), (b) Continuous Phase Sweep
Forward (CPSF) and (c) Continuous Phase Sweep Backward
(CPSB).

It should be noted that, from a practical point of view, if
there is a difference between the measurements obtained using
the PPS, CPSF and CPSB type excitation, this value of SR is
too high for the frequency of the excitation fe (200 kHz) as it
results in a variation of 22.5◦ per period and would then result
in non-repeatable results. From an experimental point of view,
it is recommended to keep the value of SR low enough so that
the variation of ∆φ is lower or equal to 0.5◦ per period such
that:
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Fig. 7: Influence of the hysteresis of the MEMS resonator on
the RMS velocity at the central point, fe = 108 kHz, when
the amplitude of the excitation signal A is equal to (a) 10V
and (b) 2.5V.

SRTe =
SR

fe
≤ 0.5◦. (6)

For the 1st Eigen mode, the central point has been chosen
as the measurement location. The three types of excitations
(PPS, CPSF and CPSB) have been used to characterize the
influence of the variation of ∆φ, when fe = 108 kHz. This
characterization has first been performed for an amplitude of
10V peak-to-peak, which is shown in Fig. 7a. In this figure,
the impact of the excitation type can be seen. While the results
obtained for ∆φ = 0◦ or ∆φ = 180◦ are the same for all three
excitation types, the same is not true when ∆φ = 90◦. This
same characterization has then been performed with a smaller
amplitude of 2.5V peak-to-peak, as shown in Fig. 7b. In this
case, the results are now consistent with the simulation results
previously shown in Fig. 1.

It is clear that the influence of the type of excitation (CPSF,
CPSB, PPS) on the measured RMS velocity at low excitation
amplitudes is negligible. Nonetheless, in order to reduce the
impact of hysteresis going forward, the characterization has
been performed using PPS type excitation.

It should be noted that a discontinuity in the phase response
of the resonant MEMS phase comparator can be observed,
in Fig. 7a, when ∆φ is equal to 70◦, 90◦ and 10◦ for the
PPS, CPSF and CPSB type excitations, respectively. However,
since such a discontinuity does not appear in Fig. 7b, this
discontinuity is thus attributed to the nonlinearity of the
resonant MEMS phase comparator.

The influence of the amplitude of the excitation signal (A)
on the frequency response of the MEMS resonator is presented
∆φ = 0◦ in Fig.8a. In this figure, the non-linearity of the
resonator for larger amplitudes of actuation is clearly visible,
justifying the choice of pulsed sweep excitation in order to
carry-out subsequent measurements, and also confirming the
non-linear effect observed in Fig. 7a.

D. Operation of the resonant MEMS phase comparator at the
first Eigen mode

Fig. 8b shows the effect of both amplitude (A) of the
excitation signal and variation of ∆φ (PPS excitation) between
0◦ and 360◦ on the RMS velocity of the central point of the
device. In this measurement, the excitation frequency fe is
equal to 108 kHz, close to the first Eigen mode. It is clear that
the RMS velocity of the central point can be used as a proxy
to measure the phase difference between FS1 and FS2. Indeed,
the maximum RMS velocity is reached when ∆φ approaches
0◦ or 360◦, but is minimal when ∆φ approaches 180◦. It is
also apparent that is it impossible to determine which signal
leads the other, as the measured RMS velocity is the same if
∆φ = 90◦ or if ∆φ = 270◦.

To validate the operating principle of the resonant MEMS
phase comparator, the test setup shown in Fig. 5, along
with two positioners and a positioning controller from Physik
Instrumente (PI) (Karlsruhe, Germany), has been used to
acquire heat maps of the RMS velocity of the resonant MEMS
phase comparator. For both measurements, the amplitude A
and frequency of the excitation signal fe are set to 10V and
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Fig. 8: For the 1st Eigen mode, at the central point, (a)
frequency response of the MEMS (∆φ = 0◦), (b) influence of
the variation of ∆φ on the RMS velocity when fe = 108 kHz.
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Fig. 9: Visualization of the heat-map of the RMS velocity of
the resonant MEMS phase comparator, with A = 10V,
fe = 108 kHz and ∆φ is equal to (a) 0◦, (b) 180◦.

108 kHz respectively. For the first measurement, ∆φ is set to
0◦ (see Fig. 9a) while, for the second measurement, ∆φ is set
to 180◦ (see Fig. 9b).

RMS velocity heat maps are coherent with the simulated
mode shape of the beam as shown in Fig. 2. A heat map of
the RMS velocity has been preferred over a visualization of
the mode shape due to the low amplitudes of Fig. 9b which
made the mode shape not a great visualization. To emphasize
the low amplitude of Fig. 9b, scale arrows have been added
to indicate the RMS velocity of the central and left quarter
point.

It should be noted that the maximum RMS velocity, mea-
sured on the right and left measurement points of the beam
(Fig. 9b (0.07m s−1)) is about 16 times lower than the
maximum RMS velocity measured on the beam in Fig. 9a
(1.13m s−1). For ∆φ equal 0◦, the RMS velocity at the central
point is about 190 times greater than when ∆φ is equal to 180◦

(1.13m s−1 vs 0.006m s−1). This validates the operation of
the resonant MEMS phase comparator and also opens the way
to the use of higher Eigen modes of the resonant MEMS phase
comparator.

E. Operation of the resonant MEMS phase comparator for
higher-order Eigen modes

The operation of the resonant MEMS phase comparator is
not limited to the first Eigen mode. As such, its operation
was also experimentally verified using higher order modes.
Table III summarizes the experimental characterization of the
device for the second to fifth Eigen modes. For each mode,
the measurement point considered is indicated along with the

value of ∆φ used to measure the frequency and phase response
of the MEMS phase comparator. It should be noted that,
although the central point corresponds to a local maximum
displacement for odd Eigen modes, this is not the case for
even Eigen modes, where the central point corresponds to a
nodal point. Therefore, for even Eigen modes, the measure-
ment points identified as left and right in Fig. 4 are used.
Experimentally, it has been verified that both measurement
points (i.e., left and right) exhibit similar behavior.

For each Eigen mode number 2 to 5, the mode shape of the
MEMS resonator has been extracted when A = 10V and for
∆φ = 0◦ and when 180◦ and is shown in Table III. It should
be noted that this representation is the actual mode shape of
the device, which differs from from the RMS velocity heatmap
previously shown in Fig. 9a and Fig. 9b. Indeed, the advantage
of a heatmap style visualization is to highlight the symmetry
between the left and right measuring points. However when
dealing with higher order Eigen modes (i.e. 3 to 5), this type
of visualization actually hinders the ability of the reader to
precisely identify the order of the Eigen mode which is being
shown.

In the case of the higher order Eigen modes (i.e. 2 to 5) the
suppressed mode shape is similar to the non-suppressed mode
shape as it can be observed in Table III.

The difference between these mode shapes lies in the
amplitude of the RMS velocity shown. In the case of the even
Eigen mode (i.e. 2 and 4) the amplitude of the RMS velocity
when ∆φ is equal to 180◦ is about 118 and 46 times greater
than when ∆φ is equal to 0◦ for the second and fourth Eigen
mode respectively.

In the case of the odd Eigen mode (i.e. 3 and 5) the
amplitude of the RMS velocity when ∆φ is equal to 0◦ is
about 146 and 103 times greater than when ∆φ is equal to
180◦ for the third and fifth Eigen mode respectively.

As evidenced by the mode shapes shown in Table III , the
electrodes of the current MEMS resonator are not optimal to
excite the mode shapes of the Eigen mode number 2 to 5.

It is interesting to note that the impact of the variation
of ∆φ on the RMS velocity of the resonant MEMS phase
comparator varies as a function of the parity of the Eigen
mode. For any k an integer belonging to Z, for odd Eigen
modes, a maximum RMS velocity is achieved when ∆φ is
equal to 2kπ. Conversely for even Eigen odes, this phase shift
corresponds to the minimum RMS velocity. Similarly, when
∆φ is equal to (2k+1)π, the minimal RMS velocity for odd
Eigen modes is observed, while for even Eigen modes, the
maximum RMS velocity is seen.

As was previously observed for the first Eigen mode, and
regardless of the parity, it is impossible to determine which of
the two electrical signals leads the other, since the measured
RMS velocity is symmetrical over the ∆φ range.

It is also noteworthy that the first two Eigen modes show a
discontinuity in the phase response, these two modes are also
the ones exhibiting a strong non linear frequency response
thus further validating the hypothesis that this discontinuity
is related to the non-linearity of the resonant MEMS phase
comparator.
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TABLE III: Summary of the impact of the phase difference on the measurements at higher Eigen modes (2 to 5).
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F. Calibration of the device

It has been previously noted that the relationship between
measured displacement (or velocity) does not follow a lin-
ear relationship with respect to ∆φ. Still, both simulation
and experimental data show that it is possible to fit the
measured displacement (or velocity). Extrapolating the actual
velocity amplitude of the resonant MEMS phase comparator
(Vpredicted(∆φ)) at a given frequency fmeas, excitation ampli-
tude Ameas and ∆φ only requires the extraction of the velocity
amplitude at fmeas from the frequency response Vfmeas

of
the resonant MEMS phase comparator when the amplitude of
the excitation signal is equal to Ameas which is then denoted
Vfmeas

(Ameas).
Then, the prediction depends on the parity of the Eigen

mode: for odd modes, the estimated velocity for a given
value of ∆φ, and amplitude of the excitation signal denoted
(Vpred(∆φ)) can be estimated as:

Vpred(∆φ) =

∣∣∣∣Vfmeas
(Ameas) cos

(
∆φ

2

)∣∣∣∣ (7)

For even modes, it can be estimated as:

Vpred(∆φ) =

∣∣∣∣Vfmeas
(Ameas) sin

(
∆φ

2

)∣∣∣∣ (8)

Thus, using trigonometric properties, it is possible to define a
global estimation function:

Vpred(∆φ) =

∣∣∣∣Vfmeas
(Ameas) sin

(
∆φ

2
+

kiπ

2

)∣∣∣∣ (9)

where ki is an integer number equal to the order of the Eigen
mode (e.g., k1 = 1, k2 = 2, k3 = 3 , k4 = 4, k5 = 5 for the
first, second, third, fourth and fifth Eigen modes, respectively).

An overview of the accuracy of the fitting function is
presented in Table IV. The necessary parameters to estimate
Vpred(∆φ) are presented along with r2 which is the squared
Pearson product moment correlation. It is apparent that the
prediction function can provide a good estimation for the
velocity.
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TABLE IV: Overview of the fitting function accuracy.

Eigen mode
(ki)

Excitation
Frequency
(fmeas)
(kHz)

Amplitude
excitation
(Ameas)

(V)

Vfmeas
(Ameas)

(ms−1) r2

1 108

2.5 0.28 0.9951
5 0.94 0.9344

7.5 1.07 0.9685
10 1.13 0.92

2 297.4

2.5 1.25 0.9652
5 1.50 0.9297

7.5 1.66 0.8614
10 1.78 0.847

3 581.8

2.5 0.63 0.9996
5 1.20 0.9986

7.5 1.55 0.99
10 1.78 0.972

4 962.8

2.5 0.11 0.9977
5 0.22 0.9993

7.5 0.31 0.9994
10 0.42 0.9995

5 1437.5

2.5 0.16 0.9923
5 0.32 0.9928

7.5 0.48 0.9939
10 0.64 0.9943

As a result, it is possible to estimate in the reverse direction,
i.e. estimate the value of ∆φ from the measured velocity
Vmeasured such that:

∆φ = kiπ ± 2 arcsin

(
Vmeasured

Vfmeas(Ameas)

)
(mod 2π) (10)

Still, it is important to note that a single measured velocity
will output two distinct values of ∆φ and that the current op-
erating setup does not allow any way to discriminate between
them. Nevertheless, from a practical point of view, to calibrate
the operation of the resonant MEMS phase comparator, at a
given amplitude of excitation, it is not necessary to measure all
the values of ∆φ. The application of the current MEMS phase
comparator thus allows the measure of the phase difference
between two different excitation signals with a median r2 of
0.9926 and a standard deviation of 0.0462. Indeed, measuring
the frequency response of the resonant MEMS phase com-
parator is sufficient, thus greatly simplifying the calibration
and potential use of the resonant MEMS phase comparator.

It is also noteworthy that the value of r2 decreases when
the amplitude of the excitation signal increases for the first
two Eigen modes, which can be attributed to the non-linearity
of the MEMS phase comparator.

G. Characterization using other waveforms and frequencies

The operation of the resonant MEMS phase comparator
is not limited to be driven only by sinusoidal signals: other
waveforms can be used. This has been experimentally vali-
dated using different types of excitation signals: a sinusoidal
signal (sin), a triangular signal with 50% symmetry (ramp),
a sawtooth (saw), and a square signal with 50% duty cycle
(square). The influence of the variation of ∆φ on these
waveforms is shown in Fig. 10. For this experiment, the

amplitude (A) and frequency of the excitation (fe) signal were
equal to 10V peak-to-peak and 581.8 kHz, respectively.

Interestingly, although the amplitude of all excitation signals
is identical, the measured RMS velocity of the MEMS varies
depending on the excitation waveform type. This is because of
both the spectrum of the excitation waveform and the method
used to extract the RMS velocity of the resonant MEMS phase
comparator: the RMS velocity extraction involves performing
an FFT operation on the acquired time-domain signal to extract
the amplitude at the excitation frequency. While the amplitude
of each waveform is the same (i.e. 10V peak-to-peak), the
frequency spectrum for each of these waveforms is different
such that the power provided at 581.8 kHz differs.

Further experiments have also been performed to verify the
operation of the MEMS outside of resonance. In this case,
the amplitude of the excitation A has been set to 10V peak-
to-peak. The experimental results are shown in Fig. 11 for
three frequencies. When fe is equal to 10 kHz, ∆φ does
not have an appreciable effect on the RMS velocity of the
resonant MEMS phase comparator. Increasing the value of fe
to 150 kHz or 1MHz allows to detect the influence of ∆φ on
the RMS velocity of the resonant MEMS phase comparator.
However, it must be noted that the scale of the y-axis for
this figure is in mms−1, whereas the scale of the previous
figures (Fig. 7 to Fig. 10) and of Table III are in ms−1.
This behavior is consistent with the estimation given by 9: at
these frequencies, the amplitude of the frequency response is
quite low. As such, while it is possible to get a response from
the resonant MEMS phase comparator when used outside of
its resonant bandwidth, it seems highly unlikely that practical
operation will be possible as the measured RMS velocity is
very low. To get around such limitation, it should be possible
to use devices such as a lock-in amplifier, however this would
come at the price of a significant increase of complexity of
the system.
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Fig. 10: Influence of the waveform type and phase difference
on the velocity, A = 10V at fe = 581.8 kHz.
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IV. DISCUSSION

As stated in the introduction, to the best knowledge of the
authors, the literature on MEMS phase comparators is limited
to the work presented in [25] which presents only simulation
results, and to the work in [26–30] whose MEMS phase
comparator consists of a power combiner with a thermoelectric
power sensor. It should be noted that the work in [26–30],
although operating at much higher frequencies (i.e. from
8GHz to 12GHz), suffers from the same limitation as this
work: a phase difference can only be measured in the interval
from 0◦ to 180◦. Results from that work exhibit a trend similar
to the one shown in 7, and the design is hampered by a very
substantial power consumption (up to 1W). The proposed
device in this work does not consume significant power as
it does not draw DC currents, and responds passively to the
input signal via the piezoelectric effect.

One common limitation of IC phase comparators is the
deadzone, which is defined as the maximum difference in
phase between the two inputs that cannot be detected. Such
a deadzone does not exist in the proposed resonant MEMS
phase comparator. Nevertheless, as discernible from 9, small
fluctuations of ∆φ around 0◦ (180◦) are more challenging to
resolve than small fluctuations of ∆φ around 180◦ (0◦) for
odd (even) Eigen modes.

It must be stated that the current prototype of the proposed
resonant MEMS phase comparator is not yet suitable for
use in applications such as PLLs, because the demonstrated
operating frequencies are too low for typical PLL applications.
Furthermore, during characterization, the excitation frequency
(fe) and amplitude (A) for both signals were identical, which
would not be the case in normal PLL operation. However, the
current performance of the prototype resonant MEMS phase
comparator appears appropriate for use in Coriolis flow meters
or Kelvin probe force microscopy (KPFM), given that the
frequency of the excitation signals remains constant in both
applications [8–10].

Finally, from a practical standpoint, the resonant MEMS
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Fig. 11: Influence of fe and ∆φ on the operation of the
resonant MEMS phase comparator, A = 10V.

phase comparator proposed in this work is not yet usable
in a system, as it requires the use of an expensive external
and bulky instrument to measure the velocity: a vibrometer.
Consequently, future work will aim to implement a sensing
mechanism that measures the phase difference without relying
on optical vibrometry. Such a sensing mechanism could rely
on the piezoresistive properties of silicon, on the piezoelectric
properties of AlN, on capacitive sensing or using coupled
MEMS resonators. Future work will also investigate optimiz-
ing the excitation electrode topology to increase the sensitivity
of the resonant MEMS phase comparator. By exploring these
avenues, significant enhancements in the phase comparator’s
sensitivity and functionality are anticipated, potentially broad-
ening its application scope and improving its performance in
real-world scenarios. It is crucial to consider that in the practi-
cal implementation of such MEMS phase comparator, special
attention has to paid to designing the readout circuit. This
design directly impacts the maximum achievable resolution of
the system.

V. CONCLUSION

This paper has detailed the design, concept and experi-
mental validation of a piezoelectric resonant MEMS phase
comparator. Initially, a COMSOL simulation of the resonant
MEMS phase comparator was introduced, followed by its
design and fabrication using the commercial PiezoMUMPs
MEMS fabrication technology. Furthermore, the experimental
test setup and strategies employed were outlined, accompa-
nied by recommendations for the effective characterization of
MEMS phase comparators.

Experimental results showcasing the first five Eigen modes
were presented, along with a proposed simple calibration
method to facilitate the operation of the resonant MEMS phase
comparator. The study demonstrated that the device exhibits a
specific response to phase differences, enabling the extraction
of phase differences between two signals through its measured
velocity. Additionally, the impact of different waveform types
and frequencies on the device’s behavior was explored.

Looking ahead, future work will focus on enhancing the
device’s integrability within systems, aiming to broaden its
practical use in various technological fields.
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Associate with École de Technologie Supérieure, Montreal, a constituent of
the University of Quebec. He has published more than 40 publications and
holds eight patent applications in the areas of sensors and wearable devices.
His current research interests include the design and modeling of MEMS
transducers and actuators for industrial and biomedical applications and the
design of analog circuits, such as sensor interfaces and power management
systems. He was identified as the Top Reviewer of Applied Physics Letters
in 2018.

Alexandre Robichaud (M) received the B.Eng.
degree (Hons.) in microelectronics engineering from
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