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ABSTRACT Lorentz-force MEMS magnetometers are interesting candidates for the replacement of
magnetometers in consumer electronics products. Plenty of works in the literature propose MEMS mag-
netometers, their readout circuits and modulations. However, during the standalone characterization of
such MEMS devices, a great variety of instruments and strategies are used, making it very complex
to compare results from different works in the literature. For this reason, this article proposes a test
setup to characterize Lorentz-force MEMS magnetometers. The proposed setup is based around the use
of an impedance analyzer for the driving of voltage and Lorentz-current of the MEMS in-phase and
in quadrature, which allows the device Amplitude Modulation and Frequency Modulation characteriza-
tion. The proposed solution is validated by using the designed circuit to characterize two CMOS-MEMS
magnetometers with very different characteristics.

INDEX TERMS Microelectromechanical systems, MEMS, magnetic sensor, magnetometer, Lorentz-force,
device characterization, test setup, MEMS measurement.

I. INTRODUCTION

IN THE last decade the technological advances present
in consumer electronic products have seen an impor-

tant boost. A good example of it is the consolidation of
smartphone market. Nowadays, wearables, activity trackers,
and smartwatches are following the same path to commer-
cial success. Moreover, automotive companies are working
to offer customers vehicles including Advanced Driver-
Assistance Systems (ADAS), and self-driving cars meeting
all safety requirements. Such technological advances have
been partly possible due to the tremendous improvement
in sensor integration: smartphones and wearables usually
include 9-Degrees-of-Freedom (9-DoF) combos, integrat-
ing 3-axis gyroscopes, accelerometers, and magnetometers,
while modern electric cars include up to 30 magnetometers
per car, a list that is importantly increased by other types of
sensors [1], [2].

While accelerometers and gyroscopes are manufactured
using MEMS technologies, popular magnetometers are Hall,
magnetoresistive (xMR), and Fluxgate sensors [3]. The
problem of such magnetometers is the impossibility of inte-
grating them on the same die area of the MEMS sensors,
neither on the same die of the electronics. The result of
achieving such milestone would mean an important manu-
facturing cost reduction. In current commercial products, low
dimensions are achieved by using System-in-Package: chips
consist in a stack of multiple dies containing the MEMS
sensors, the magnetic field sensors, and the processing
electronics [4].
In order to address the important cost and volume of

such products, MEMS magnetometers were proposed as
a promising solution that could allow the integration of
the magnetometer on the same die of accelerometers and
gyroscopes [5]. As a result, the development of Lorentz-force
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MEMS magnetometers is currently being developed by
several research groups. In a similar direction, CMOS-
MEMS [6], [7] devices have been proposed as a solution
to not only integrate MEMS magnetometers together with
accelerometers and gyroscopes, but to manufacture all
these devices on the same electronics die. Following such
approach, our research group has developed CMOS-MEMS
accelerometers [8], [9], pressure sensors [10], [11], and
Lorentz-force magnetometers [12], [13] using the oxide and
metal layers available in the Back-End-Of-Line (BEOL) of
standard CMOS processes. Like in micro-lithography, the
passivation layer is used as a mask that protects the die while
a passivation window over the MEMS devices allows the
etching acid to etch away the surrounding oxide and release
the structures. As a result, the feasibility of manufacturing
the MEMS transducers in the same die of the processing
electronics has been demonstrated, where the device and the
signal processing circuitry are manufactured side by side,
which reduce the final product volume, as well as parasitic
capacitances.
However, the measurement and characterization of

Lorentz-force MEMS magnetometers is challenging. These
are resonant sensors that may be driven with a current and
voltage biasing, whose phase alignment make the device
to work under different modulations. The two most rele-
vant ones are Amplitude Modulation (AM), and Frequency
Modulation (FM). In the former, in-phase voltage and current
AC drivings are applied at the device’s resonance frequency
for maximum sensitivity. As a result, the MEMS rotor vibra-
tion oscillates proportionally to the magnetic field. Such
strategy shows better performance than FM, but requires
a more complex demodulation. Moreover, phase deviations
make the device to be partly Frequency Modulated, distort-
ing the measurement [14]. FM characterization consist in
applying voltage and current drivings that are in quadra-
ture. As a result, the device’s resonance frequency changes
proportionally to the magnetic field. This strategy is easy
to digitize, but has been demonstrated to achieve lower
resolution [15], [16].
When it comes to the characterization of devices using AM

strategy, a wide variety of measurement setups and sensi-
tivity units may be found in the literature. In this article,
a flexible and comprehensive test setup is proposed for the
standalone characterization of Lorentz-force MEMS mag-
netometers in a wide range of driving currents, resonance
frequencies and sensor characteristics by using an impedance
analyzer. The contribution of this article is multi-fold. First,
it proposes a simple yet useful strategy to characterize
MEMS magnetometers using an impedance analyzer. As
a result, the time consumed by developing measurement
setups may be importantly reduced. Second, two sensitiv-
ity units are proposed that are not dependent on specific
setup characteristics in order to ease comparison with other
works on the topic. The sensitivity units are only func-
tions of device parameters and their relationship is disclosed.
Third, a comprehensive modification of the presented circuit

FIGURE 1. Simplified diagram of the MEMS magnetometer with the biasing and the
second order electromechanical model included.

is proposed for device characterization using frequency
modulation.
The article is organized as follows: first, Section II

describes the working principles of Lorentz-force MEMS
magnetometers. Next, Section III reviews Lorentz-
force MEMS magnetometers characterization strategies.
Section IV describes the proposed setup, while its experimen-
tal validation is in Section V. The necessary modifications
that allow the proposed circuit to drive the MEMS mag-
netometer under FM operation are proposed in Section VI.
Finally, the conclusions are presented in Section VII.

II. WORKING PRINCIPLES OF LORENTZ-FORCE MEMS
MAGNETOMETERS
Lorentz-force MEMS magnetometers consist of a movable
structure, or rotor, that contains a path for a current to flow.
Under the presence of a magnetic field, the current inter-
acts with the field and the structure suffers the so-called
Lorentz force. Such force, displaces the rotor, changing its
position as a function of the magnetic field intensity. In order
to readout such displacement, piezoresistive and capacitive
readouts have been proposed, being the latter the most pop-
ular. In this work we use capacitive sensing: the two-plate
MEMS consists of a movable plate (rotor) and a fixed plate
(stator). A simplified diagram is shown in Figure 1.
The Lorentz equation describes the force that a current

carrying conductor suffers under the presence of a magnetic
field:

�FL = I�L× �B (1)

where I is the current, �L is the MEMS device rotor length,
and �B is the magnetic field. When the current flows through
the MEMS plate, the generated force creates a displace-
ment of the plate. If this driving is done at the resonance
frequency fr, so is the Lorentz force, which multiplies the
plate vibration amplitude Az by the device quality factor Q

Az(fr) = Q

k
(FL + FE) ≈ Q

k

(
I · L · B+ Vv

Cs
g

)
(2)
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where k is the spring constant, FL is the Lorentz force, FE
is the electrostatic force due to the device voltage driving,
I is the Lorentz current, L is the device rotor length, B is
the sensed magnetic field, V is the DC voltage, v is the
AC voltage, Cs is the MEMS device capacitance, and g is
the nominal gap. Electrostatic force is a result of driving
the magnetometer with a voltage and does not have any
dependency neither improve the device performance. In fact,
it adds some amount of offset to the readout signal. On
the contrary, it is used for a more practical reason: when
the device operates in a self-sustained oscillation readout
circuit, electrostatic driving allows to maintain oscillation at
the device resonance frequency when there is no magnetic
field or it is so weak that it is masked by noise [12].
As described by eq. (2), vibration amplitude is amplitude

modulated only if I and v terms are in phase as in this
situation the electrostatic and Lorentz forces are in phase,
adding up and creating a larger rotor oscillation. This is
better explained if the second order model of the resonator
is observed

mz̈+ bż+ kz = FE + FL (3)

where m is the rotor mass, b is the damping coefficient,
k is the spring constant, FE and FL are the electrostatic
and Lorentz force respectively, and z, ż and z̈ are the rotor
displacement, velocity and acceleration respectively. If the
forces are in phase (this is, voltage and current drivings are
in phase), they are both in phase with the rotor velocity ż.
Otherwise, when some phase mismatch is present, a pro-
portional fraction of the force is in phase with the rotor
displacement z. As a result, the spring coefficient k suffers
a variation proportional to the Lorentz force, which changes
the devices resonance frequency and, thus, modulates the
device frequency. In this situation, eq. (2) does no longer
hold as thoroughly explained in [14].
If amplitude modulation is correctly applied, there is

an equivalent capacitance variation proportional to such
vibration amplitude Az

�Cs = εrε0A

(
1

g
− 1

g− Az

)
(4)

where εr = 1 is the relative permittivity of air, ε0 ≈
8.854 · 10−12F/m is the absolute permittivity, and A is the
rotor area. The result of such capacitance variation and volt-
age driving is the movement of charge q(t) that can be
translated to current flowing out the magnetometer capac-
itance by considering that charge depends on capacitance
variation in eq. (4) with dq(t) = dCs(t)V . At the same time,
capacitance variation in eq. (4) is a function of the gap
variation in eq. (2). By introducing eq. (2) into eq. (4), the
expression of charge can be obtained. If the AC voltage
v and current I drivings are considered sinusoidal, and the
charge is derived as a function of time dq(t)/dt, the device
output current is obtained:

is = dq(t)

dt
= εrε0AQVωr

g2k

(
I · L · B+ Vv

Cs
g

)
(5)

where ωr = 2π fr is the angular resonance frequency. The
second part inside parenthesis in eq. (5) is the output cur-
rent due to the electrostatic driving, which contains no
information of the sensed magnetic field. The first half, on
the contrary, is the result of the Lorentz force and is the one
of interest. Device output current sensitivity as a function of
magnetic field may be derived from eq. (5)

Sis(B) = ∂is
∂B

= εrε0AQVωrIL

g2k
(6)

Such output current is sensed by the impedance analyzer and
is translated into admittance units or equivalent. In this article
we used the conductance (G). Hence, the higher the magnetic
field, the higher is the Lorentz force, which is translated into
a greater conductance peak. Device conductance sensitivity
can be derived from current in eq. (5) if we consider that
G(fr) = is/v

SG(B) = ∂G(fr)

∂B
= εrε0AQVωrIL

g2kv
. (7)

III. LORENTZ-FORCE MEMS MAGNETOMETERS
MEASUREMENT: STATE-OF-THE-ART
In the literature there exist a wide variety of strategies to
characterize MEMS magnetometers. As a result, it is not
always straightforward to translate the reported figures in
order to compare the performance of the proposed device
with similar works.
The most popular characterization strategy is probably

the use of a lock-in amplifier. The use of this instrument
varies depending on the work. In [17], [18], [19] the lock-
in amplifier is used to put the device in a closed loop,
whose voltage and current biasing references are generated
by the instrument as well as to demodulate the signal. The
measurement setup is similar in [20], [21], [22] with the dif-
ference that no voltage driving is used. Next, [5], [23] use
the lock-in amplifier only to demodulate the output of the
sensor, as the current reference is generated by an oscillator.
Finally, the works in [24], [25] use the lock-in amplifier to
close the loop and generate the voltage driving, but not the
current biasing, which is performed at DC as a result of a
different device design approach: the device under test does
not use capacitive readout but thermal-piezoresistive ampli-
fication. The main disadvantage of using a lock-in amplifier
is the need of an amplification circuit to interface the device
with the instrument, as well as to translate the lock-in ampli-
fier output to the desired biasing. As a result, custom circuits
are needed for each device, making it difficult to reuse them.
Furthermore, in such works the device sensitivity is provided
in units of voltage over Tesla V/T , sometimes without dis-
closing the amplifier gain nor the circuit parameters, making
it difficult to know the final figures of the standalone device.
The Vector Network Analyzer (VNA) is also a popular

instrument used to characterize Lorentz-force MEMS mag-
netometers. The VNA provides information on the spectrum
of the output signal and it is sometimes used as a reference
to generate some [26] or all the biasing [27], [28] in some
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sort of closed loop. In [29] the VNA is only used to char-
acterize the device resonance, while a spectrum analyzer is
used to obtain the sensitivity when the device is driven with
a waveform generator. In this case, unfortunately, interfacing
amplifiers are still needed. Moreover, the device character-
ization is usually given in units of V/T , from the interface
circuit, and dB, from the VNA.
Laser Doppler Vibrometers (LDV) are generally used

in works where the characterization of the mechani-
cal performance of the device is disclosed, as it pro-
vides information on the rotor displacement in units of
meters [30], [31], [32], [33]. This instrument, though, is
usually combined with other strategies that provide elec-
trical characterization: in [30], a LDV is combined with a
differential amplifier that provides a capacitive sensing char-
acterization, and [32] combines the LDV with a VNA. The
work in [33] deserves a special mention, as it uses a lock-
in amplifier to filter the noisy LVD output. Moreover, it
uses two capacitive readout circuits followed by two lock-
in amplifiers to read out the device output and generate its
biasing.
The spectrum analyzer is another of the instruments that

has been used in the literature of Lorentz-force MEMS
magnetometers [29], [34], [35], [36]. In [34] a processing
electronic circuit is followed by such instrument, and a sim-
ilar approach is followed in [35], where a function generator
is used to perform the biasing. In [36] the spectrum analyzer
is used to perform a frequency sweep around the device res-
onance. Its output is used to generate the reference for a
Howland current source that creates the device current bias-
ing. Again, the device sensitivity is usually given in V/T
units.
Finally, it is worth to mention [37], where a custom

readout circuit is used to interface the device with an oscil-
loscope, and [38], where a commercial capacitive to digital
converter chip is used.

IV. PROPOSED MEASUREMENT SYSTEM
The proposed testing setup is based around an impedance
analyzer for various reasons: availability in laboratories
doing research on MEMS devices, ease of use and steep
learning curve, and the convenient measurement and data
processing automation by using scripts. Most importantly,
though, is the fact that an impedance analyzer allows the
characterization of standalone devices in electrical units
directly related to the device: capacitance change under a
DC voltage sweep (commonly known as C-V curve), and
resonance measurement in conductance (G) and susceptance
(B) or impedance (Z) [10], [11], [13], [39]. From such mea-
surements, together with the device geometry information,
other parameters can be derived, such as gap (g) and
gap variation (Az), quality factor (Q), device output cur-
rent (is), and sensitivity in different units (as shown in
Section II) to name some. The proposed testing setup has
already been successfully used to characterize Lorentz-force
magnetometers [13], [40].

FIGURE 2. Proposed characterization setup for Lorentz force MEMS
magnetometers.

FIGURE 3. Schematic of the proposed circuit to drive the MEMS magnetometer.

The Keysight 4990A (Keysight Technologies, Santa Rosa,
CA, USA) impedance analyzer, has been used to character-
ize the capacitive output of the Lorentz-force magnetometer.
The instrument performs 4-wire measurements by driving
the device with DC and AC voltages that can be selected by
the user. These have been used to generate the v and V in the
equations derived in Section II. From these four outputs, it
has been observed that, from the two ports driving voltage,
there is one that provides a low impedance voltage driving,
while the other performs a higher impedance voltage sensing,
similar to an oscilloscope input. Given these characteristics,
it was observed that the instrument signal driving could be
buffered and used as a reference for the Lorentz current driv-
ing without affecting the measurement given the capability
of the instrument to calibrate the wiring parasitics. Then, the
buffered signal is processed by the in-phase driving circuit
shown in Figure 2. The detailed schematic is depicted in
Figure 3.
The processing circuit works as follows. The impedance

analyzer signal is band-pass filtered with a high-pass filter
and a DC-blocking capacitor. The latter is used to replace
the input DC by the board mid-supply voltage. Next, the
signal is compared with the board mid-supply voltage with
the AD8561 (Analog Devices, Norwood, MA, USA) [41].
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FIGURE 4. In (a) the output signal from the impedance analyzer (in red) and its fitted
signal (in green). In (b) the generated driving voltage (in blue) is compared with the
offset-less fitted version of the instrument output (in green).

Doing so a square signal in phase with the input voltage
is created. Alternatively, the comparator positive output can
be fed back to the negative input with a low-pass filter
to automatically set the mid-supply operating point. The
potentiometer at the comparator negative input is placed in
order to allow comparator offset compensation in case it
is necessary. Then, the positive and negative outputs of the
comparator may be selected with a switch to provide in-phase
or 180◦ signals to the next stage. By default, the in-phase
output is selected so that the final Lorentz current is in
phase with the impedance analyzer electrostatic driving. The
possibility of out-of-phase driving has been implemented as
it has the same effect as inverting the sensed magnetic field.
Next, a potentiometer is used to adjust the output voltage
amplitude, and unity gain buffered with a BUF634 (Texas
Instruments, Dallas, TX, USA) [42] to provide good Slew
Rate (SR).

V. EXPERIMENTAL VALIDATION
A. STANDALONE VALIDATION
To experimentally validate the proposed circuit, first it has
been characterized standalone. Its ability to generate in-phase
Lorentz current driving out from very weak input voltage
from the instrument has been tested as depicted in Figure 4.
Here, a 100 kHz low amplitude output voltage from the
impedance analyzer, depicted in Figure 4(a), is driven to the
proposed circuit. As a result, it generates a driving signal,
shown below in 4(b). As it can be seen, even with very weak
instrument output voltages, the board can generate a low-
noise, fast rising- and falling-edge, output voltage in phase
with the input signal. In order to quantify the quality of the
generated signal, the output from the impedance analyzer
has been fitted to a sinusoidal signal using the least-squares
strategy. Then, the offset has been removed and the zero

crossings have been compared with the ones in the gener-
ated signal, as shown in Figure 4(b). It has been found that
the delay of the generated signal compared with the reference
one is td = 150±50 ns. The error is obtained by the sampling
period of the oscilloscope, which is 50 ns. This is equivalent
to a phase error of ε = 5.4 ± 1.8◦. Such an error of only
1.5% generates a negligible effect on the device sensitivity.
The generated signal is squared, which is not problematic
for the device characterization if some considerations are
taken into account. A square signal has theoretically infi-
nite odd harmonics. Hence, it must be taken into account
that 2n+ 1 harmonics have a small but not negligible effect
on the total Lorentz force generated on the MEMS rotor.
Moreover, given the signal decoupling performed by the
comparator, the circuit output signal remains the same when
the input voltage driving is changed by the user. Second,
the proposed solution working frequency range is measured
by loading the circuit with the input of an Agilent N9320A
(Agilent Technologies, Santa Clara, CA, USA) spectrum ana-
lyzer 50 � load with a 100 mVrms amplitude signal. The
resulting plot is depicted in Figure 5. The attenuation at
lower frequencies is due to high-pass DC-blocking capac-
itor, while the 1 dB peaking before roll-off is due to the
buffer frequency response, which can be removed with minor
circuit improvements [42]. Nevertheless, the −3 dB cutting
frequency is around 10 MHz, which is half the bandwidth of
the impedance analyzer, even though the buffer allows larger
bandwidths with minor circuit adjustments [42], but such
frequencies were not targeted as the circuit was designed to
characterize devices operating at frequencies no higher than
200 kHz. Two main limitations, related to the frequency
characteristic, can be identified from the proposed circuit.
First, a circuit optimization should be performed to allow
the characterization of very low frequency devices, as in the
current version the DC blocking limits the lower working
frequency. Second, the limited driving buffer SR must be
taken into account if high current driving is to be performed
to high frequency devices. Otherwise, higher harmonics of
the Lorentz current may be attenuated, providing a lower
sensitivity.

B. VALIDATION BY MEASURING LORENTZ-FORCE
MEMS MAGNETOMETERS
Next, the proposed circuit is used to characterize two dif-
ferent CMOS-MEMS Lorentz-force magnetometers: a 2-axis
lateral [13], and a Z-axis magnetometer [12]. A picture of the
experimental setup for the Z-axis magnetometer is depicted
in Figure 6. Coincidentally, the Lorentz wire resistances of
the devices are 45 � and 4.6 k� respectively, which allow
the verification of the circuit performance for a wide range
of loads. For characterization, the MEMS device is placed in
a PCB socket connected with coaxial connectors. The board
is placed inside a custom Helmholtz coil that generates an
adjustable uniform magnetic field. Moreover, in the case of
the device in [13] the board and the coil are placed inside a
vacuum chamber. The device in [12] is vacuum packaged.
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FIGURE 5. Proposed circuit relative output power when driving a 50 � with
100 mVrms at 100 kHz.

FIGURE 6. Experimental setup for the measurement of MEMS magnetometers using
the proposed circuit. The board with the sample is placed inside a custom Helmholtz
coil. On the lower right corner, the proposed circuit can be seen.

Applying vacuum is done in order to boost the device qual-
ity factor and sensitivity, as usually done in this type of
devices [20], [22]. The proposed circuit and impedance ana-
lyzer are connected as described previously and depicted in
Figure 2.
First, conductance (G) for various magnetic fields is mea-

sured around the devices’ mechanical resonance, where the
sensitivity to magnetic field is boosted by the effect of Q
and thus, it is easier to distinguish. Measured conductances
are shown in Figure 7(a) for the lateral and in Figure 7(b)
for the Z-axis device.
Next, these measurements have been performed for various

magnetic fields and the conductance values at the resonance
frequency have been obtained and used to plot the conduc-
tance sensitivity to magnetic field in Figure 8(a) for the
lateral and in 8(b) for the Z-axis device, showing the possi-
bility to characterize the devices using the proposed circuit.

FIGURE 7. Conductance around the mechanical resonance for the lateral (a) and
Z-axis (b) CMOS-MEMS magnetometers under the presence of various magnetic
fields. The devices have been voltage biased with the impedance analyzer while the
injected current is generated with the proposed circuit.

As in can be seen in such figures, the larger dispersion
of values for the lateral axis device is due to its lower Q
and Signal-to-Noise Ratio (SNR). The conductance peak for
each resonance measurement is obtained with the method
explained in [13].
In order to assess that the sensitivity obtained using the

proposed circuit is correct, the data from the Z-axis device
is compared against the sensitivity obtained in [12]. In that
article, the device was amplitude modulated using a self-
sustained oscillation, closed-loop circuit that ensures that the
device is always driven at its resonance frequency and that
total loop phase is 0◦. There the sensitivity was measured to
be 9.75 pA/μT while driving the device with a DC voltage of
VDC[12] = 1 V , an AC voltage of v = 6 mVrms and a Lorentz
current of IL[12] = 300 μArms. Contrarily, in this article
the parameters used are VDC = 0.5 V , VAC = 10 mVrms,
and IL = 50 μArms and the sensitivity is 0.103 nS/μT .
Both sensitivity units are equivalent, as it is demonstrated in
eq. (6) and (7). In order to allow a comparison, the sensitivity
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FIGURE 8. Lateral axis (a) and Z-axis (b) devices conductance as a function of
magnetic field.

in [12] is converted into nS/μT units

S[12] = 9.75
pA

μT
· 1 nA

1000 pA︸ ︷︷ ︸
(1)

· VDC
VDC[12]︸ ︷︷ ︸

(2)

· IL
IL[12]︸ ︷︷ ︸
(3)

· 1

v
√

2︸︷︷︸
(4)

= 9.75
pA

μT
· 1 nA

1000pA︸ ︷︷ ︸
(1)

· 0.5 V

1 V︸ ︷︷ ︸
(2)

· 50 μArms
300 μArms︸ ︷︷ ︸

(3)

· 1

v
√

2︸︷︷︸
(4)

= 0.095 nS/μT (8)

where current units are translated from pA to nA in (1),
the different DC voltage biasing and Lorentz currents are
translated in (2) and (3) respectively, and (4) translates
the peak voltage into rms and the AC voltage is included
to finally convert units of current into conductance as
SG(B) = Sis(B)/v. Both sensitivities are very similar, demon-
stration the equivalence of both methods and the correctness
of the standalone method proposed in this article. The 7.8%
difference between sensitivities is though to be a conse-
quence of the limited bandwidth of the injected current

FIGURE 9. Schematic of the proposed circuit for FM operation. Note the high-pass
filters at the input providing the required 90◦ phase shift.

in [12], which is though to limit the Lorentz force higher
order harmonics that add up to force at the fundamental
frequency

FLn = 4

π

(
sin(ωt) + 1

3
sin(3ωt) + 1

5
sin(5ωt) + · · ·

)
(9)

where FLn is the normalized Lorentz force. If sinusoidal
current driving is needed, a quite selective filter should be
placed at the buffer output in order to filter out the higher
harmonics without attenuating the fundamental component.

VI. OPERATION IN FM
In order to operate the Lorentz-force magnetometer in FM
mode [14], the proposed setup can be easily modified to
generate a Lorentz current driving in quadrature with the
voltage driving of the impedance analyzer.
In order to do so, we can add an additional high-pass

filter to the comparator input, as depicted in Figure 9. First-
order high-pass filters provide a predictable way to generate
a phase shift as a function of the frequency. Their cutoff
frequency and phase shift follows the equations:

fc = 1

2πRC
� = tan−1

(
fc
f

)
(10)

where fc is the cutoff frequency of the filter, f is the input
frequency and R and C the resistor and capacitor values,
respectively. Beware, however, that the input frequency can-
not be much smaller than fc, otherwise it will be heavily
attenuated and the comparator will not trigger. If we have
two first-order filters in cascade, we can easily obtain a 90◦
phase shift by making their respective cutoff frequencies
equal to the resonant frequency, that is fc = fr, hence each
one providing a phase shift � = 45◦ and an overall system
response in quadrature while only attenuating the voltage in
half.
In order to prevent loading effects of the second filter

stage on the first one, thus deviating the phase response
from the theoretical calculations, it is recommended that
R2A‖R2B > 10 R1 and C2 < 10 C1, while keeping the ratios
of R1/C1 = R2A‖R2B /C2, otherwise some filter components
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FIGURE 10. Simulation of the proposed setup response for quadrature operation in
FM. Output signal from the impedance analyzer is on top (red), and the generated
driving voltage is on the bottom (blue). Note the 90◦ phase shift between the two.

would need to be experimentally adjusted in order to obtain
a phase response near 90◦. A simulation of the transient
response of the setup in FM mode can be seen in Figure 10.
The advantage of this solution is its easy implementation
requiring only passive components. Unfortunately, it suffers
from attenuation and its working frequency range is limited,
only useful for devices with a known and stable resonance
frequency.
Another alternative for implementing the phase shift for

FM operation is using an opamp-based differentiator. Given
that the circuit input signal is a sinusoidal wave following
vi = v sin(2π ft), a differentiator would provide at the output

vo = 2π fv cos(2π ft) = 2π fv sin
(
2π ft − 90◦) (11)

where v is the input voltage amplitude. The advantage of
this circuit over the high-pass filter is the higher output
amplitude as well as the capability of working over a larger
frequency range. The price to pay, though, is the need of
an active circuit that has to be supplied, as well as potential
amplifier output saturation due an excessive gain at higher
frequencies.

VII. CONCLUSION
In this article, a comprehensive strategy for rapid and accu-
rate characterization of Lorentz-force MEMS magnetometers
has been proposed. The objective of the work is an attempt to
unify the various strategies found in the literature in order to
get easy to compare devices. Due to its availability and ease
of use, the proposed circuit is designed around an impedance
analyzer. The proposed circuit has been demonstrated to
accurately buffer the instrument output voltage and to drive
it, in-phase, to the MEMS magnetometer in order to gener-
ate the Lorentz current. Doing so, MEMS characterization
has been demonstrated when operated under AM operation
mode. We have also presented two alternative and simple
changes to apply to the proposed circuit that would allow
the characterization under FM operation mode. Finally, the

proposed circuit has been used in two very different devices,
demonstrating the ability to drive Lorentz wires within two
different order of magnitude, as well as being capable to
be used for devices with resonance frequencies as high as
10 MHz.
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