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Abstract: Some magnetoelectric sensors require predefined
external magnetic fields to satisfy optimal operation depend-
ing on their resonance frequency. While coils commonly gen-
erate this external magnetic field, a microelectromechanical
systems (MEMS) resonator integrated with permanent mag-
nets could be a possible replacement. In this proof-of-concept
study, the interaction of a MEMS resonator and the ME sen-
sor is investigated and compared with the standard approach
to achieve the best possible sensor operation in terms of sensi-
tivity. The achievable sensor sensitivity was evaluated experi-
mentally by generating the magnetic excitation signal by a coil
or a small-sized MEMS resonator. Moreover, the possibility
of using both approaches simultaneously was also analysed.
The MEMS resonator operated with 20Vpp at 1.377 kHz has
achieved a sensor sensitivity of 221.21mV/T. This sensitiv-
ity is comparable with the standard approach, where only a
coil for sensor excitation is used. The enhanced sensitivity of
277.0mV/T could be identified by generating the excitation
signal simultaneously by a coil and the MEMS resonator in
parallel. In conclusion, these MEMS resonator methods can
potentially increase the sensitivity of the ME sensor even fur-
ther. The unequal excitation frequency of the MEMS resonator
and the resonance frequency of the ME sensor currently limit
the performance. Furthermore, the MEMS resonator as a coil
replacement also enables the complete sensor system to be
scaled down. Therefore, optimizations to match both frequen-
cies even better are under investigation.
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1 Introduction

This work presents a novel magnetic field (MF) modulation
strategy for future magnetic measurements. Bulky coils have
significant advantages for resonance adjustment and can be
adapted to new applications. The microelectromechanical sys-
tems (MEMS) resonator has excellent potential in small-scale
applications. Therefore, the effects when MEMS resonator is
placed close to a magnetoelectric (ME) sensor should be ex-
plored to develop low-noise and small-area alternatives for fre-
quency conversion with ME sensors.

MEMS MF cantilevers consist of piezoelectric resonators
that are excited by interactions between integrated permanent
micromagnets, thus generating an MF [1]. Nevertheless, simi-
lar to the current source required for a statically driven coil, the
disadvantage of the MEMS resonator is that a voltage source
is required for its operation.

An optimal direct current (DC) bias MF on an ME sen-
sor helps optimize the magnetic operation point of the sensor
independent of the resonance frequency [2]. The application
of alternating current (AC) signals for frequency conversion
(sometimes also referred to as “modulation”) exploits the non-
linear behaviour of ME sensors and their improved resonance
sensitivity [3]. The presented study compared achievable ME
sensor sensitivity values in single modulation by generating an
AC magnetic excitation signal using a bulky coil or a MEMS
resonator. In addition, how the overlapping magnetic fields im-
pact the sensitivity of the ME sensor using double modulation
was examined.

Thus, ME sensors maximize the ME coefficient through
output voltage conversion and low-noise preamplifiers, result-
ing in the lowest possible noise contribution [4]. Although
the nonlinear response of ME sensors is still under investiga-
tion, frequency conversion and enhanced low-frequency signal
driving strategies could be applied to improve the magnetic
sensitivity, which is required for some applications [5].
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Fig. 1: Proof-of-principle by investigating the interactions between

a MEMS resonator and an ME sensor.

Fig. 2: (a) Experimental setup. (b) Top and (c) side views; the

left object is the MEMS resonator (length 0.2mm) integrated with

powder-based permanent magnets (NdFeB), and the right object

is the ME sensor (length 20mm). The height of 2mm in the y-axis

and the distance of 0mm in the x-axis are set by overlapping the

top and avoiding mechanical contact.

2 Methods

As shown in Fig. 1, the alternating position of the magnet
placed at the MEMS resonator tip induces a sinusoidal force
on the ME sensor operating in the first resonance mode, which
can be attributed to the dimensions of the cantilever ME sensor
[1, 2, 6]. Thus, the ME sensor deflects and produces voltage
signals because of the magnetic sensitivity. The following ap-
proximation defines the MF induced in the ME sensor by the
MEMS resonator without considering the nonlinearities of the
ME sensor or the two-dimensional distance as follows:

B(vin(t), d) ≈ β(vin(t))

d3
[T ] (1)

The AC excitation voltage (vin(t)) of the MEMS resonator
affects the intrinsic constant MF generated by the MEMS res-
onator (β) and its hysteresis behaviour. The operation principle
measures the output signal of the ME sensor while keeping the
distance d as small as possible in a known value and maintain-
ing the neglectable deflection angle of the cantilever beams
[1]. The ME sensor does not necessarily follow the MEMS

Fig. 3: Testing diagram with switches. Case 1 (SMMR): S1 and

S3 closed, S2 open. Case 2 (SMBC): S1 and S2 closed, S3 open.

Case 3 (DM): all closed.

resonator deflection directly. Nevertheless, the ME sensor still
depends on the MF generated by the MEMS resonator, which
affects the magnetostriction of the ME sensor. For the con-
figuration shown in Fig. 2, the x-component and y-component
could be influenced by nonlinear behaviours of the ME sensor,
even if the sign does not change.

Fig. 2(a) shows the experimental setup when both can-
tilevers are placed in the centre of the coil, which results in a
precise and reproducible test MF [4]. The equipment includes
one current source per coil (Keithley 6221), while the MEMS
resonator is powered by a voltage source (Agilent 33250A).
The ME sensor is connected to an electrically shielded low-
noise charge amplifier (aluminium box) that is powered by bat-
teries to amplify the output voltage signal. The cantilevers and
coils are placed in a shielded environment, namely, a wooden
box equipped with acoustic absorbers and a highly conduc-
tive mat, for electrostatic shielding and to prevent mechanical
vibrations. Two unique holders were 3D ABS printed, one for
the MEMS resonator and another for the ME sensor. Addition-
ally, foam was added to improve the stability of the holders
and ensure that the cantilevers were mechanically decoupled.
The preamplified signal was measured using a signal analyser
(model SR785) that acquired five root mean square (RMS)
average measurements and 400 fast Fourier transform (FFT)
lines with a span of 12.5Hz. Sections (b) and (c) represent
the positions of the ISIT MEMS resonator and the ME sensor
[1, 2].

The evaluation of a sensor system with ME sensors typ-
ically requires two coils because static and dynamic test
fields must be generated (reproducible magnetic flux density)
[1, 7, 8]. As presented in Fig. 3, the nonlinear response of the
ME effect is sufficient for frequency conversion. Hence, three
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MF sources were considered: the application (app) coil as an
input MF test signal, the bias coil for a single modulation bulk
coil (SMBC), and the MEMS resonator field for a single mod-
ulation MEMS resonator (SMMR). Test cases define whether
the ME sensor operates with single or double modulation. A
double modulation technique (DM) uses the SMBC and the
SMMR simultaneously to modulate the input signal. Sensitiv-
ity and limit-of-detection (LOD) disadvantages arise because
the employed cantilevers have different resonance frequencies,
limiting the performance. Preliminary experiments have anal-
ysed potential improvements in signal detection by DM.

3 Results

The MEMS resonator behaviour was verified by changing its
AC excitation voltage from 0Vpp to 20Vpp at a resonance
frequency of 1.377 kHz. An FM 302 teslameter (uniaxial probe
AS-LAP) connected to the SR785 was used to measure the
MF at d = 0mm. Fig. 4 shows the hysteresis curve for the
MEMS resonator, and the hysteresis effect is noticeable for
input excitation voltages between 5Vpp and 8Vpp.

Then, the results when d was varied between 0mm and
9mm are displayed in Fig.5. The figure illustrates model devi-
ations because of the assumptions in the mathematical approx-
imation and that the MF had the greatest magnitude near the
tip of the MEMS resonator. Thus, the subsequent tests main-
tain the ME sensor at d = 0mm to ensure that both the MEMS
resonator and the ME sensor are covered.

The coils used for modulation and MF generation were
characterized using an FM 302 teslameter and the steps de-
scribed by Durdaut et al. [4]. The bias coil was excited at
1.377 kHz and the current source was set to 46mAp, yielding
296.4 μTrms. Similarly, for the application coil, the frequency
of the current source was set to 2Hz and the current amplitude
was 5mAp, yielding 66.05 μTrms.

The MEMS resonator was supplied with a power of
20Vpp, generating an MF of approximately 27.16 μTrms. The
noise density shown in Fig. 6 was predominantly due to the
ME sensor, which was connected to the charge amplifier and
limited by the unmatched resonance frequencies. The frequen-
cies near the carrier (1.377 kHz) were set to ± 2Hz based on
the frequency of the application coil. The noise density was
2.87 μVrms/

√
Hz when a modulation was employed, similar

to all the cases. Despite the high noise density, the application
input signal led to an output signal of 15.26 μVrms; however,
there was an LOD of approximately 10.6 μTrms/

√
Hz.

Case 2 in Fig.7 depicts the SMBC, and case 3 shows the
DM. These results present output magnitude responses simi-
lar to the input amplitude at 2Hz. Case 2 (SMBC) includes a

Fig. 4: MEMS resonator hysteresis curve for forwards to back-

wards input excitation at d ≈ 0mm.

Fig. 5: MEMS resonator calibration, showing the normalized MF

versus d.

symmetrical response at ± 2Hz; however, case 1 (SMMR) or
case 3 (DM) affects the maximum value achieved by the car-
rier, which becomes larger and wider. Additionally, at 2Hz,
the responses of the two cases are similar, but a nonlinear ef-
fect is observed at −2Hz, which could be related to the MF
distribution. Finally, the ME sensor sensitivity shown in Fig.
8 represents the relationship between the ME sensor output
voltage and the applied MF. In case 1 (SMMR), the sensitiv-
ity increases as the MEMS input AC voltage amplitude in-
creases; however, in case 3 (DM), the sensitivity tends to be
stable and independent because of the bias coil MF, similar
to case 2 (SMBC). After the voltage reaches 18Vpp in case
3 (DM), the MEMS resonator MF overwhelms the sensitivity,
similar to case 1; this effect reduces the noise and causes the
sensitivity to increase slightly to 277.0mV/T.

4 Conclusions and Outlook

The capability of the MEMS resonator to serve as a sin-
gle modulation was tested with an ME sensor, achieving
a readable value of 66.05 μTrms and a noise density of
2.87 μVrms/

√
Hz near the carrier.
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Fig. 6: Noise density and output signal of the ME sensor using the

SMMR.
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Fig. 7: Effects of the carrier generator on the modulation. Case 1

(SMMR). Case 2 (SMBC). Case 3 (DM).

For the double modulation, once the MEMS resonator ex-
citation voltage reaches a dominant value, it enhances the sen-
sitivity due to interactions with the bias coil, but this effect
is limited by the increased carrier magnitude because of the
MEMS resonator.

As the sensitivity also depends on mechanical resonance,
future work should optimize the cantilever dimensions to ob-
tain the resonance frequencies in a desirable range of compat-
ibility and work with more reliable magnetic field measure-
ments. Thus, if the resonance frequencies are matched, the
limit-of-detection and sensitivity should approach state-of-the-
art ME sensors and allow finding possible applications based
on quantitative measures.
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Fig. 8: ME sensor sensitivity versus the MEMS resonator excita-

tion voltage outside the hysteresis region.
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