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I. INTRODUCTION

HILE THE consumer market forecasts for single-
parameter microelectromechanical systems (MEMS)
inertial sensors begin to flatten, the forecasts for multiparameter
inertial measurement units (IMUs or combo sensors) are still
indicating a large growth for the next years [1]. This implies
that issues like the cointegration of different sensors within the
same industrial process and package will become more and
more relevant, particularly in consumer applications where area
and assembly cost play a major role in the competition.
Cointegration of MEMS accelerometers and gyroscopes in
the same package was made possible through different strate-
gies in scientific researches [2]-[4] and industrial products
[5], [6]. However, ten-axis IMUs—integrating a three-axis ac-
celerometer, a three-axis gyroscope, a three-axis magnetometer,
and a pressure sensor—are still based on different production
processes for the different sensors. In particular, for the case
of magnetometers, technologies other than micromachining are
widely adopted, including, for the specific case of consumer
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applications, Hall effect [7], anisotropic magnetoresistance
(AMR) [8], magnetic tunnel junction (MTJ) [9], and recently
also giant magnetoresistance (GMR).

MEMS magnetometers based on the Lorentz force principle
and operating at the resonance frequency have been under
scientific investigation since a decade [10]-[14]. This mode of
operation shows, however, a clear tradeoff between attainable
maximum sensing bandwidth and resolution, as both terms
depend on the value of the damping coefficient b, but with
opposite effects: a lower b implies lower thermomechanical
noise but limits the —3 dB width of the transfer function
peak. It is thus hard to reach the bandwidth required by future
applications (>50 Hz) with this approach.

In a recent work, Lorentz force MEMS magnetometers oper-
ated slightly off-resonance were proposed [15], [16], following
the basic working principle of mode-split operation used for
low-power large-bandwidth gyroscopes [17]-[19].

This paper recalls and deepens the theoretical aspects behind
this off-resonance mode of operation for magnetometers and
gives an experimental verification of its advantages in the
following way: two identical magnetometers, built and pack-
aged using the STMicroelectronics industrial process [20], are
encapsulated at different pressures to obtain different damping
coefficients. The sample packaged at high pressure satisfies the
50-Hz bandwidth requirement. The sample packaged at low
pressure has twice better intrinsic noise performance, owing to
the lower damping coefficient, but a limited sensing bandwidth.
It is demonstrated that operating it off-resonance by 300 Hz
results in an ~10x bandwidth extension with respect to res-
onant operation, with no worsening in the resolution per unit
bandwidth.

II. OFF-RESONANCE OPERATION

A schematic view of the device used for the tests of this paper
is shown in Fig. 1(a), and it is representative of the operation
of several Lorentz force magnetometers previously proposed in
the scientific literature [10]—[12], [14]. The structure is formed
by a seismic frame, suspended through springs and forming
a set of capacitive sensing means with suitable fixed stators,
typically of the differential parallel-plate type (not shown in the
figure for sake of simplicity). If a current i(¢) is flown through
the springs as indicated, in the presence of a magnetic flux
density along a direction orthogonal to the bulk surface (i.e.,
along the Z-axis), a Lorentz force F', linearly determines a
displacement of the suspended mass, which, in turn, determines
a linear (for small displacements) change AC in the differential
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Fig. 1. (a) Schematic view of a Z-axis Lorentz force magnetometer driven
by an ac current i(¢). The force is orthogonal to both the current density
vector and the magnetic flux density vector. (b) Normalized transfer function
modulus between Lorentz force and displacement for two identical devices
having different damping coefficients. A low damping corresponds to a high
quality factor and a correspondingly low —3-dB bandwidth. Operating the
devices off-resonance results in a residual gain (Qg) with a large bandwidth
extension.

capacitance. The intrinsic linearity of the Lorentz force princi-
ple is a great advantage over AMR, GMR, and MTJ devices.

In [15], it was shown how the displacement x under a given
magnetic flux density B can be written as

7chf.
T = 2leL (D)

where k is the stiffness of the device in the x direction, L is the
suspended length of the current path, and the factor 1/2 is de-
rived from the force being distributed along the springs. Finally,
Qe 1s the effective quality factor, which can be understood
by looking at Fig. 1(b): if the ac current i(¢) is at the device
resonance frequency f, then Qg is equal to the device quality
factor Q = wsm/b (m being the effective mass and w, =
2** fs). If the ac current is at frequencies much lower than f,
then Q). is equal to unity (no gain with respect to dc operation).
If the ac current is at a frequency fy, slightly lower than f (e.g.,
fs — fa = 300 Hz with f, on the order of 20 kHz), Q.g is equal
to theratio f/[2(fs — fa)] = [s/(2Af),i.e., there is aresidual
amplification with respect to dc operation [15], [17]. For @ > 1
and Af > f,/(2Q), the amplification given by Qg is almost

independent from the damping coefficient [see the left part of
the curves in Fig. 1(b)].

It follows that, for the same device, the intrinsic signal-to-
noise ratio (SNR; i.e., considering the thermomechanical noise
only, at a temperature 7") and the minimum measurable field
can be written as

SNR = Gei B L (2a)
VAR To- S B
Bmin . 4
on= B = pV/RT D (2b)

whether the device is operated at- or off-resonance (k; is
the Boltzmann constant). Equation (2b) is derived from (2a),
by putting the SNR equal to 1, and represents the minimum
measurable field normalized to unit bandwidth and current con-
sumption. Note that the sensing bandwidth BW will be likely
an electronic filtering bandwidth BW g for off-resonance op-
eration. On the contrary, it will be determined by the transfer
function peak for resonant operation, with a value

Jo b

@ = m (3)

BW = BW,es =

As a consequence, by comparing (2b) and (3), the band-
width cannot be extended without losing in resolution when
operating at resonance. On the contrary, when operating off-
resonance, this tradeoff is eliminated, and the +3-dB bandwidth
is extended to > Af/3, whatever the damping coefficient;
this means that a packaging at a lower pressure allows better
noise performance (owing to the lower b) with further gain in
maximum sensing bandwidth. Fig. 1(b) shows this tradeoff for
resonance operation (low —3-dB bandwidth for low damping
coefficient) and the elimination of the tradeoff for off-resonance
operation (£3-dB bandwidth independent from the damping
coefficient).

To be more precise, the analysis reported previously neglects
the effects of the resonance peak on the overall noise for off-
resonance operation. The (natively white) thermomechanical
noise is indeed shaped through this transfer function, so unless a
very sharp filter is used, one cannot say that the noise amplifica-
tion by the resonance peak can be completely neglected when
operating off-resonance. Therefore, for more accurate predic-
tions of the minimum measurable field than in (2b), an approach
based on the numerical integration of the thermomechanical
noise multiplied by the device transfer function and the true
shape of the low-pass filters after the signal demodulation was
considered in this paper.

III. DEVICES AND EXPERIMENTAL SETUP

The experimental results of this paper refer to the device
shown in Fig. 2(a). The length of the springs (anchor point to
anchor point) is 1060 pm, and the overall width is 150 pm.
The process height is 22 pm, the same as the one used for
accelerometers and gyroscopes in this industrial process. The
sensing cells [Fig. 2(b)] are implemented through eight differ-
ential parallel plates, each formed by pairs of capacitors having
a 330 pum length and a nominal gap at rest of 2.1 pm.
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Fig. 2. (a) Top view of the optical photograph of the Lorentz force magne-
tometer used in this paper. The suspended frame area takes up 1060 pm x
150 pm. The capacitive sensing cells are formed by eight differential nested
parallel plates, four of which are shown in (b).

TABLE 1
DESIGN PARAMETERS FOR THE MAGNETOMETERS OF THIS PAPER

Symbol Quantity Value
m device mass 122107%kg
k device stifthess 19 N/m
b; damping coefficient at 1 mbar 8.1107kg/s
by o5 damping coefficient at 0.25 mbar 2.0 107kg/s
0, predicted quality factor at 1 mbar 167
Qp.25 predicted quality factor at 0.25 mbar 668
fo resonance frequency 19860 Hz
s resonance frequency at 6V bias 17650 Hz
OB, resolution at 1 mbar (numerical integral) 265 nT'mA/VHz
OB.0.25 resolution at ¥ mbar (numerical integral) 160 nT-mA/VHz
Af mismatch for off-resonance operation 300 Hz
BWes, 1 -3dB bandwidth (at resonance, 1 mbar) 53 Hz
BWyes,025 -3dB bandwidth (at resonance, 0.25 mbar) 14 Hz
BWegr +3dB bandwidth (off resonance) >100 Hz

In order to validate the operation described in the previous
section, two wafers were packaged at two different pressures,
nominally 1 and 0.25 mbar [20], using wafer—wafer glassfrit
bonding and a getter material [21]. Even if more pressure levels
and/or a more marked pressure difference would have been
desirable, these values were the ones made available by (and
thus representative of) the industrial manufacturer.

Using theoretical predictions for the damping coefficient as
discussed in [14] for similar devices, the values of b in the
two situations are nominally by = 8.1 - 107 kg/s and by 05 =
2 - 1077 kg/s, linearly related to pressure in this molecule flow
regime. Therefore, a factor 4 in the quality factors between the
two packaging pressure is expected as well. Table I summarizes
the device design parameters and predicted performance.

The board-level readout electronics developed for this paper
is schematically shown in Fig. 3. It is formed by two charge
amplifiers (AD8065 by Analog Devices) whose virtual grounds
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Fig. 3. Block scheme of the driving/readout circuit; the magnetometer (mod-
eled by the spring resistances R;;) is driven by a Howland current pump
whose reference ac voltage is provided by the lock-in amplifier. The MEMS
stators are connected to virtual grounds of charge amplifiers, whose positive
input is connected to the bias voltage. The amplifier outputs are fed to an
instrumentation amplifier. Demodulation and filtering are done by the lock-in.
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Fig. 4. Simulated contributions to noise spectral densities at the INA output,
due to the amplifiers, the feedback resistances, and the Brownian noise.

are connected to the stators of the magnetometer and whose out-
puts are fed to an instrumentation amplifier (INA129 by Texas
Instruments). A charge amplifier solution was preferred to
transimpedance stages due to the lower obtainable noise, which
is dominated by the feedback resistance. The resistance (Rp =
600 M) in this situation serves for the continuous-time re-
set of the amplifier, while the gain is set by the capacitance
(Cr = 500 fF). Fig. 4 compares the different contributions to
the noise power spectral density at the INA output (for the
amplifier noise calculations, a parasitic capacitance of 1 pF was
considered between each amplifier input and ground). From
such an analysis, one can conclude that, with the proposed
readout electronics, the MEMS Brownian noise is the dominant
contribution up to several hundred hertz below resonance. The
readout chain is completed by a lock-in amplifier (SRS830 by
Stanford Research Systems) for demodulation and filtering of
the INA output.
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Fig. 5. Photograph of the MEMS magnetometer mounted on the readout
board inside the Helmholtz coil setup. Note that the magnetometer is directly
wire-bonded to the board with no carrier in order to minimize the effects of
parasitic capacitances.

The driving current is provided by a differential balanced
Howland current pump [22], which delivers to the magnetome-
ter a known current at the reference frequency of the lock-in
amplifier. In this way, the suspended mass of the magnetometer
is ideally at O V if the resistive paths determined by the
springs are balanced and if the device is perfectly centered
(no mechanical offsets). Any nonidealities in the resistive paths
of the springs can result in a small varying voltage on the
magnetometer rotor, inducing a current through the stators.
If the suspended mass were perfectly centered between the
stators, this would imply a common-mode signal. However, due
to fabrication tolerance, this is not true, and the combination of
all of these electrical and mechanical tolerances may result in
an output signal even in the absence of magnetic fields, which
represents an offset. Note that this offset is in quadrature with
the signal if the device is operated at resonance, while it is in
phase with the signal if the device is operated off-resonance.

The dc and ac magnetic fields for the tests are generated by a
Helmbholtz coil setup (from Micromagnetics Inc.). It is capable
of calibrating the Earth’s field through an auxiliary reference
magnetometer and of generating magnetic flux densities up to
6 mT, with an accuracy of 300 nT. Fig. 5 is a photograph of a
MEMS magnetometer under test, mounted on the readout board
inside the coils.

IV. EXPERIMENTAL RESULTS

Measurements of this paper were mostly performed at res-
onance for the device packaged at a pressure of 1 mbar and
both at-resonance and off-resonance (by Af = 300 Hz) for
the device nominally packaged at 0.25 mbar. For all of the
measurements, the positive input of the charge amplifiers was
set to Vpiag = 6 V, and the peak current generated by the
Howland current pump was set to ipeak = 50 tA. The offset (on
the order of <2 mT) was subtracted in the elaboration process.

A. Sensitivity Measurements

First, measurements of the sensitivity (in terms of output
voltage per unit magnetic flux density change) were obtained
by sweeping the magnetic flux density with a slowly varying
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Fig. 6. Sensitivity of the device in the four different testing conditions. The
red (dash-dot) curve corresponds to operation at resonance at a pressure of
1 mbar (@1 = 155). The blue (dash) curve corresponds to resonant operation
at 0.25 mbar (Qo.25 = 607). The green (solid) and orange (dot) curves cor-
respond to off-resonance operation at 0.25 at 1 mbar, respectively (Qog = 29
in both cases). The ratio of the measured sensitivities is in line with the ratio
between the quality factors.
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Fig. 7. Output noise of the circuit in the three different testing conditions.

The red (top) curve corresponds to operation at resonance at a pressure of
1 mbar and the whole mechanical bandwidth (~53 Hz). The blue (center)
curve corresponds to resonant operation at 0.25 mbar and the whole mechanical
bandwidth (~16 Hz). The green (bottom) curve corresponds to off-resonance
operation at 0.25 mbar with a lock-in filtering bandwidth of 16 Hz. The large
noise amplification at resonance indicates that the measured noise is Brownian.

ramp from O T to 6 mT. Fig. 6 reports the obtained results,
showing a peak value for the device operated at resonance
at low pressure (1.4 V/mT). The sensitivity for the device
operated at resonance and at high pressure is roughly four times
lower, as expected from the nominal ratio in the pressure and
damping coefficients. The sensitivity for both devices operated
off-resonance is similar and around 0.07 V/mT. The nominal
sensitivity for the devices operated off-resonance can be es-
timated from the ratio between the effective quality factor at
300 Hz of mismatch Qcg 300 and the nominal quality factor at
resonance (for instance, for the low-pressure device) (¢ .25

Qesoo  fo/(2-Af) 17650 Hz/(2 - 300 Hz)
Qo2 Qoas 668

= 0.037.
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Fig. 8. Magnetic flux density measurements in the three different operating conditions for the devices and at three different frequencies of the Helmholtz coils

generated field (5 or 2, 16, and 50 Hz).

The measured ratio in the sensitivities is (0.072 V/mT)/
(1.4 V/mT) = 0.051, in line with the previously predicted
value. One therefore can conclude that off-resonance operation
gives an output signal which is ~19 times lower than that
for resonant operation at 0.25 mbar. If the dominant noise
contribution is Brownian noise, one can, however, expect that
the same ratio is found when measuring noise, and therefore,
the SNR should not be affected by the operating mode, as
shown by (2).

B. Noise Measurements

In order to verify this, the output signal from the setup was
measured consecutively for 2 s, with the readout board placed
inside a 0-G chamber to avoid disturbances from the environ-
ment. Fig. 7 reports the measurement results for the same three
situations as discussed previously. The top curve refers to the
operation at 1 mbar, where the mechanical bandwidth is limited
at roughly 53 Hz by the transfer function peak. The measured
noise is 14.9 mV,,,s, which, divided by the sensitivity and
normalized to the mechanical bandwidth and driving current,
turns into a resolution of o 1mbar,r = 293 nT - mA/\/Hz.
For comparison, the prediction of (2b) is 218 nT - mA/ - Hz;
the prediction with the numerical integration gives 265 nT -
mA//Hz.

For the device packaged at 0.25 mbar and operated at reso-
nance (middle curve), the measured noise is 17.8 mV ¢, corre-
sponding to 05 0.25mbar,r = 159 nT - mA/\/Hz. As expected,
as the dominant noise contribution is of the Brownian type, a

reduction in the damping coefficient by a factor 4 turns into a
noise reduction by a factor of about 2.

Finally, for the device packaged at low pressure and oper-
ated off-resonance with a lock-in filtering bandwidth set equal
to the MEMS mechanical bandwidth, the measured noise is
980 14V ms, lower by a factor of 18 than the value at resonance
so quite in line with the sensitivity ratio found previously.
As a consequence, the measured resolution turns out to be
0B,0.25mbar,o—r = 170 0T - mA/,/Hz, almost identical to what
is found for resonant operation. It was therefore demonstrated
that, if a suitable readout electronics is used, the SNR and the
resolution do not change for either resonant or off-resonance
operation.

C. Measurements With AC Magnetic Flux Densities

The further expected advantage of operating at low pressure
and off-resonance is a sensing bandwidth extension. In order to
verify this, the devices were subject to time-varying field in the
range of a few Hz to 50 Hz, with a sine-wave profile with a peak
amplitude of 4 mT.

Fig. 8 reports the obtained experimental results. The top row
refers to the device at high pressure, driven at a frequency of
5 and 50 Hz. One can observe that, effectively in the latter
situation, the amplitude is diminished by a factor /2 (from
1.25t0 0.9 V), symptomatic of the predicted —3-dB mechanical
bandwidth limit.

The middle row refers to operation at resonance at low
pressure. In this situation, the —3-dB bandwidth is confirmed
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low-pass filter.

(from the /2% amplitude decrease) to be on the order of 16 Hz.
Going to higher frequencies (50 Hz of ac flux density) implies
a strong decrease in the signal amplitude. This simply confirms
that using a low pressure at resonance implies limited sensing
bandwidth.

Finally, the bottom row reports the measurements for off-
resonance operation, with the electronic demodulation band-
width at a very high value (530 Hz). In this situation, no visible
amplitude decrease can be observed even at 50-Hz frequency.
Measurements appear slightly more noisy because of the large
filtering bandwidth.

Data similar to those shown in Fig. 8 were collected for a
large number of frequencies of the magnetic flux density, for
the off-resonance operation mode. With the present coil setup,
the maximum obtainable frequency of the ac flux density is
200 Hz; for this frequency, the maximum flux density value is
limited to ~1.1 mT; therefore, this amplitude was used for these
measurements. Fig. 9 reports the obtained results for two dif-
ferent demodulation bandwidths (530 and 160 Hz). The +3-dB
limits are shown as well in the figure.

With the largest filtering bandwidth (blue squares), an in-
crease of the response toward the resonance peak can still be
appreciated, even if lower than the +3-dB limit up to more than
200 Hz.

With the lowest bandwidth, the response does not show any
strong increase toward the resonance peak, and the —3-dB
frequency is 135 Hz with a two-pole filter (light-blue triangles).

V. CONCLUSION

This paper has demonstrated the advantages of a new mode
of operation for Lorentz force MEMS magnetometers. By using
adriving frequency lower by 300 Hz than the electromechanical
resonance frequency, both a large increase in the sensing band-
width and an improvement in the resolution (owing to the lower
pressure allowed by this mode of operation with no bandwidth
degradation) are simultaneously obtained with respect to reso-

nant operation at higher pressure. The same operating principle
here shown for a specific Z-axis sensitive device can be applied
to several other structures of MEMS magnetometers sensitive
either to out-of-plane or in-plane magnetic flux densities, for
all-MEMS nine-axis IMU development in several applications
[23], [24].

A future key point to enforce the effectiveness of the pro-
posed methods is the design of a MEMS resonator (in the
same die area) that can serve as the reference element for the
frequency generation. The possibility of tuning the resonator
frequency or the magnetometer frequency should be considered
to effectively obtain the desired mismatch. With this strategy,
the structure of the resonator (which is the frequency reference
for the drive current) combined to the magnetometer (which is
the sensing element) somewhat resembles the structure formed
by the drive resonator and the sense resonator in a mode-split
gyroscope.

One can take further advantages from this dual-element
approach because the resonator and the magnetometer can be
designed as separate devices. Therefore, each of them can be
optimized for its specific goal (e.g., the resonator will embed
comb drives and not parallel plates, so that the quality factor
will be as high as possible in order to lower the power con-
sumption of the driving electronic circuit).

A readout integrated electronics based on the same principle
as those used for low-power consumer gyroscopes will be
explored to address the severe constraints on maximum power
consumption and electronic noise set by the decreased signal
amplitude in off-resonance operation mode. The offset origin
and compensation techniques will be investigated as well.
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