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A Mixed-Signal Control System for Lorentz-Force
Resonant MEMS Magnetometers

Josep Maria Sanchez-Chiva, Juan Valle, Daniel Ferndndez, and Jordi Madrenas

Abstract— This paper presents a mixed-signal closed-loop con-
trol system for Lorentz force resonant MEMS magnetometers.
The control system contributes to 1) the automatic phase control
of the loop, that allows start-up and keeps self-sustained oscil-
lation at the MEMS resonance frequency, and 2) output offset
reduction due to electrostatic driving by selectively disabling it.
The proposed solution proof-of-concept has been tested with a
Lorentz force-based MEMS magnetometer. The readout elec-
tronic circuitry has been implemented on a printed circuit board
with off-the-shelf components. Digital control has been imple-
mented in an FPGA coded with VHDL. When biased with 1 V
and a driving current of 300 uA s, the device shows 9.75 pA/uT
sensitivity and total sensor white noise of 550 nT/+/Hz. Offset
when electrostatic driving is disabled is 793 uT, which means a
40.1% reduction compared when electrostatic driving is enabled.
Moreover, removing electrostatic driving does not worsen bias
instability, which is lower than 125 nT in both driving cases.

Index Terms—MEMS, magnetic sensor,
Lorentz force, offset suppression, digital control.

magnetometer,

I. INTRODUCTION

N THE last years, the rise of smartphone market and other

hand-held devices have made researchers to focus their
efforts in the design of low-cost, low-power and low-area
inertial sensors. Accelerometers and gyroscopes are examples
of these research outcomes as they were the first sensors based
on MEMS technology massively introduced in the market
[11, [2]. In contrast, to the best of our knowledge, it still
does not exist a commercial MEMS-based magnetometer
even though Lorentz force based MEMS magnetometers were
first proposed in the late 90’s [3], [4]. Current commercial
magnetometers in high volume applications are mostly
Hall sensors [5], Anisotropic Magnetoresistors (AMR) [6],
Tunnel Magnetoresistors (TMR) [7] and Giant Magnetore-
sistors (GMR) [8]. However, their main disadvantages is the
need of materials not compatible with standard manufacturing
processes and their high current consumptions [9], [10].

Manuscript received March 11, 2019; revised April 15, 2019; accepted
April 15, 2019. Date of publication April 29, 2019; date of current version
August 6, 2019. This work was supported in part by the Spanish Ministry of
Science and Innovation and in part by the European Social Fund (ESF) under
Project TEC2015-67278-R. The work of J. M. Sanchez-Chiva was supported
by the Secretaria d’Universitats i Recerca del Departament d’Empresa i
Coneixement de la Generalitat de Catalunya and in part by ESFE. The associate
editor coordinating the review of this paper and approving it for publication
was Prof. Boby George. (Corresponding author: Josep Maria Sdnchez-Chiva.)

J. M. Sanchez-Chiva, J. Valle, and J. Madrenas are with the
Department of Electronic Engineering, Universitat Politecnica de Catalunya,
08034 Barcelona, Spain (e-mail: jose.maria.sanchez.chiva@upc.edu;
juan.valle.fraga@upc.edu; jordi.madrenas @upc.edu).

D. Fernandez is with Nanusens, 08290 Cerdanyola del Valles, Spain (e-mail:
daniel.fernandez @nanusens.com).

Digital Object Identifier 10.1109/JSEN.2019.2913459

Given their good sensitivity and low power consumption,
Lorentz force based MEMS magnetometers have become
a hot topic with numerous publications in the last years
[11]-[23]. Moreover, taking advantage of the Back-End-Of-
Line (BEOL) metal layers in a CMOS technology [24], it is
possible to integrate Lorentz force magnetometers together
with accelerometers and gyroscopes in the same die area of the
electronics [25], [26], thus, reducing fabrication cost and area.

Current advances in the literature of MEMS magne-
tometers can be divided into two groups. On one hand,
new MEMS devices in different technologies have been
proposed [11]-[14]. On the other hand, in order to gen-
erate the Lorentz force, AC current driving is needed,
which upconverts the measured baseband magnetic field
into a double-sideband signal around the driving current
frequency. Then, an electrostatic drive may be applied,
whose phase respect to current driving can make the
output signal to be amplitude [15] or frequency modu-
lated [11]. For this reason, new modulation techniques are
an important part of the literature. Also, the technique
used to drive the sensor, either using open- or closed-loop
has received researchers interest [11], [12], [16]-[23].
This work is focused in two important aspects to take into
account if MEMS magnetometers are to be introduced in
the market. First, phase locking of the closed-loop to get
self-sustained oscillation at the device resonance frequency,
and second, offset minimization.

A. Phase Locking

Given that the modulation is normally done at the mechani-
cal resonance frequency, and that it changes with temperature,
it is of utmost importance to track it in order to get maximum
and constant gain. To do so, various strategies have been found
in the literature. In [15] and [27] digital lock-in amplifiers
are used to close the loop. This solution has been used as a
proof-of-concept of the modulation strategies proposed, but
it requires bulky commercial devices. In [20] an off-chip
resonator has been used to track the resonance frequency, but
it does not provide this tracking with temperature variations.
Similarly, in [21] an on-chip resonator was especially designed
for this purpose. Even though it proved to track the resonance
frequency with temperature variations, it requires extra design
effort and the use of important chip area. Another approach is
to set the MEMS magnetometer in a self-sustained oscillation
by placing it in a closed loop with an overall 0° phase.
In this case, the MEMS resonator works as an LC tank, setting
the loop oscillation frequency to its resonance frequency.
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This strategy is used in [11] and [12] with low phase-noise
and good frequency stability. However, manual phase adjust-
ments are required, which are not acceptable for high-volume
applications.

In this work, a robust self sustained oscillation loop imple-
mented in the digital domain is proposed. This adds flexibility
to the signal processing and provides a low power consumption
compared with analog strategies given that digital circuits may
be driven with a lower supply voltage. Moreover, phase adjust-
ment has been implemented, which allows to automatically
tune the phase for each device, making it Process-Voltage-
Temperature variation tolerant.

B. Offset Minimization

When magnetic field is amplitude modulated (AM), electro-
static driving feedthrough introduces an important amount of
offset that must be removed [15], [27]. In order to avoid this
offset, some works do not drive the MEMS electrostatically
and track frequency with on- and off-chip oscillators [20],
[21], but requiring extra area consumption and design time.
In [15], current chopping is proposed to get rid of this offset,
but magnetic field requires an extra modulation step, which
increases power consumption. Given that electrostatic driving
is not necessary to perform an AM, it may be disabled when
the output signal is large enough to sustain oscillation. For
example, when the sensor suffers hard iron effects or when it
is measuring large magnetic fields. Then, when this signal is
low, such as when measuring small magnetic fields, it could
be enabled again.

In this work, an electrostatic driving control system is
proposed, enabling it when sensor output is dangerously low
to sustain oscillation, and disabling it when hard-iron effects
are present or large magnetic fields are measured. Doing so,
offset can be greatly minimized in some cases and the range
of maximum measurable field is increased.

II. MEMS SENSOR WORKING PRINCIPLE

The MEMS magnetometer uses the Lorentz force to detect
magnetic fields. This force principle states that a moving
charged particle suffers a force under the presence of a
magnetic field. In the case of MEMS magnetometers, those
moving charged particles are the current electrons flowing
through the MEMS structure. Given that a current I flows
through a structure of length L, the resulting Lorentz force
(Fp) is

Fp=LIxB (1)

where B is the magnetic field being measured. When elec-
trostatically driven, the sensor response can be described with
the second order mass-spring-damper function

mZ +bz+kz =Fg+ FL (2)

where, for our device, m ~ 0.2 ug is the device rotor mass,
b ~ 1.5-107% Ns/m is the damping coefficient, and k ~
175 N/m is the spring constant. These parameter have been
derived from wafer level measurements. Fg =~ V-v-Cs/g is the
electrostatic driving force that is a function of the device DC
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Fig. 1. Simplified MEMS and readout electronics diagram with the device
electromechanical model.

voltage V, the electrostatic driving v, the sensor capacitance
Cs and its gap g. Finally, Fp is the resulting Lorentz force
when a magnetic field orthogonal to the current direction
is applied to the device. More details about the MEMS
parameters are given in section III. In the case of an amplitude
modulated magnetometer, the electrostatic and current driving
are in phase, and so are Fg and Fj. The electromechanical
model of the device is shown in Fig. 1. When the MEMS
is subject to harmonic excitations at the device resonance
frequency f. = w,/2x, the vibration amplitude A, can be
derived from (2).

C
A(fr) = g(FLJrFE) ~2 I-L-B+Vo—= 3)
k k g
where Q = +/km/b is the device quality factor. Then,
the capacitance variation ACy due to the displacement in (3)
can be obtained.

A A
AC, = €0 €r€o @

¢ g+ f(1 LBV

where A is the device equivalent capacitor area, €, is the air
relative permittivity, and €p is the absolute permittivity. When
the MEMS sensor has a non zero DC voltage, the variation
of the device capacitance due to both the current / and
electrostatic v drivings generates a current iy = dq(t)/dt
in (5) as a consequence of charge movement that is sensed
by the readout electronics connected to the stator electrode as
depicted in Fig. 1.

A c
iswaw,(I-L-BJrvU—s) (5)

gk g

signal offset

whose sensitivity to magnetic field is
S = % _ Vaw,e.6gALQ
0B 2%k
that is proportional to driving current and DC voltage, para-
meters that can be tuned on the manufactured MEMS.

Trms (6)

III. DEVICE DESCRIPTION

The Lorentz-force magnetometer used in this study was built
using the BEOL metal and oxide layers of a 6-Metal 0.18 wm
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Fig. 2.

CMOS-MEMS process [28], [29]. Vapor hydrofluoric (vHF)
acid, which provides both good metal to silicon oxide selec-
tivity [30] and uniformity [29], was used to release the MEMS
structures by etching the sacrificial oxide at wafer-level. The
passivation layer was modified by the foundry to be VHF
resistant by increasing its silicon content [29], [31]. It was then
used as a masking layer during the release process, protecting
the regions that were not to be etched. Passivation windows
were open in the MEMS areas to allow VHF penetration
and subsequent sacrificial oxide removal. After the release,
the devices were vacuum sealed at 1 — 10 mbar approximately
using a thin Aluminium sputtered layer that covered the
MEMS magnetometers. Finally, the wafers were diced and
the devices wire-bonded in QFN packages.

Many Lorentz-force magnetometers have a single current-
carrying wire. However, the Lorentz-force magnetometer
tested in this study is formed by 20 parallel current-carrying
wires, so the current needed to achieve a given sensitiv-
ity is significantly reduced. A simplified diagram of the
current-carrying wires is depicted in Fig. 2a. Firstly, ten
clamped-clamped cantilevers are mechanically coupled so
they resonate at a single frequency. Secondly, two parallel
current-carrying wires run along each cantilever. In addition,
in order to further improve sensitivity, the clamped can-
tilevers are designed as long as possible (600 wm), without

MEMS magnetometer Wire structure sketch in (a), stack of designed PCBs in (b) and system block-level schematic in (c).

jeopardizing their mechanical reliability. This allows to both
minimize the system stiffness and to maximize the Lorentz-
force, linearly dependent on cantilever length. The sensing
electrodes are disposed on the side of the clamped-clamped
cantilevers, so the capacitance changes only when there is
lateral movement in first approximation. Lateral displacement
is only caused by an out-of-plane magnetic field, which is
perpendicular to the Lorentz current. Therefore, the tested
magnetometer is single-axis as it detects magnetic field only
in the out-of-plane direction.

The sensing gap between rotor and stator is g = 0.5 wm
and the total sensing area is around A ~ 30000 gm>. The
approximate system stiffness is k ~ 175 N/m, referred to an
uniform load and the displacement at the central part of the
cantilever. The resonating bridges were made of a combination
of oxide and metal layers 2, 3, 4, and 5.

Finally, it is important to note that the current-carrying
Lorentz wires were completely surrounded by a single metal
electrode which acts as an electrical shield and as the external
part of the clamped-clamped cantilever. This way, the changing
electrical potential of the Lorentz wires can be isolated from
the sensing electrodes, greatly simplifying interference filter-
ing. In the electronic domain, depicted in Fig. 2c, it means that
Wire and Sense nodes parasitic capacitance is virtually 0 fF,
even though it was measured to be 30 fF after packaging.
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As depicted in Fig. 2c, the sensing electrode connected
to the driving circuitry has been named Shield because it
is also connected to the shielding structure of the current
carrying wires. Sensing electrode connected to the amplifier
is referenced as Sense. Finally, the electrodes giving off-chip
access to the sensor current carrying wires will be named
Wire+ and Wire-.

IV. SENSING ELECTRONICS

The proposed system block diagram is shown in Fig. 2c.
A series of printed circuit boards (PCB) has been designed in
order to implement a modular system and perform the mea-
surements. The boards have been designed with the same form
factor of the microcontroller board that provides connectivity
with the host computer: Arduino Due [32]. The stack of boards
is shown in Fig. 2b and it consists of: 1) Arduino Due, that
communicates with the FPGA using I2C protocol, 2) Supply
board, that contains DC-DC converters and linear regulators
to generate the needed voltage rails, 3) FPGA, used to read
the ADC, control the DACs that generate the electrostatic and
current drivings and the loop necessary digital blocks, 4) the
main board, where the MEMS under test has been placed
within a clamp-type socket, as well as the readout circuit,
and 5) an interface board, that is used to separate the Arduino
and FPGA boards from the sensor in order to minimize digital
noise.

A. Half Bridge

In order to allow single-ended to differential conversion of
the sensor signal, as well as reducing feedthrough from the
electrostatic driving, a half Wheatstone bridge has been used.
This bridge capacitance has been implemented with precision
capacitor trimmers. Even though the sensor was designed
and packaged to have a very low Wire to Sense parasitic
capacitance, socket and PCB routing are expected to create
some parasitics. For this reason, a capacitive network has also
been designed and implemented in order to reduce feedthrough
due to the current driving. Both compensation nets have been
connected as the sensor differential capacitance, as depicted
in Fig. 2¢ and further detailed in Fig. 3. Adjusting capacitance
Cw—_c allows to compensate the feedthrough due to the current
driving. It is worth to mention that CMOS-MEMS integrated
designs having the sensor and the readout electronics in the
same die area may make this trimming unnecessary: Wire to
Sense parasitic capacitance may be importantly reduced by
having shorter and shielded nodes.

B. Amplification and Filtering

A Transimpedance Amplifier (TTA) has been used to sense
and amplify the sensor output current

Vo TIA(t) = be(is + ioff - icomp)
= be(S -B + ioff - icomp) (7
where Ry is the TIA feedback resistance, i is the sensor cur-

rentin (5), i,ry is the offset due to current driving feedthrough
depicted in Fig. 2c¢, and icomp is the current from the bridge
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capacitor and the current feedthrough compensation network
in Fig. 3. The expression is also shown as a function of
sensitivity S in (6) and the magnetic field B. Next, the signal
is filtered using a bandpass filter with 20 dB gain. Finally,
an ADC working at 5.55 MHz sampling frequency digitizes
the signal and sends it to the FPGA.

C. Electrostatic and Current Driving

Sense node voltage is set by the TIA common-mode voltage
at mid-supply and Shield voltage is set by a digital poten-
tiometer. A DAC has been used to generate the AC part of the
electrostatic driving. AC driving has been designed to be much
lower than DC driving in order to make the MEMS device to
work in the linear region. Both AC and DC voltages are then
added with an opamp and driven to the sensor Shield node,
as shown in Fig. 4. An improved Howland floating current
source driven by a high speed DAC has been implemented
to perform the MEMS current driving, allowing a maximum
output current of 5 mA, s [33]. It has been implemented with
floating load in order to minimize supply rails noise, and to
control the center DC voltage of the signal [17].

V. NOISE ANALYSIS

Implementing the electronics with off-the-shelf components
does not allow the best performance due to the various
parasitics that appear in the sensor connection with the TIA.
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From all the components that introduce noise to the system,
the following have been considered: the TIA, the Howland
current source and the ADC quantization noise as well as the
MEMS sensor Brownian noise. Given that the sensor resonates
well beyond the noise corner frequency, only white noise has
been considered in the analysis.

A. Sensor Thermomechanical Noise

Spectral noise density equivalent force for MEMS sensors
was described in [34], where MEMS noise is associated with
its damping coefficient b. In order to obtain an equivalent
output noise current for a force noise, first, sensitivity to a
force has been obtained by deriving (5) as a function of force

_ Oig _ €-€0AQ0V w,
OF g2k
Then, (8) is multiplied by the noise force

- €-60AQV

P = rofiwr\/éthTb ~133 pA/NH: (9

8

where kp is the Boltzmann constant, 7 = 300 K the device
temperature, sensing area A ~ 30000 wm?, gap g = 0.5 um,
spring constant k ~ 175 N/m, damping coefficient b ~ 1.5 -

107% Ns/m, quality factor Q = 1500, resonance frequency
fr=146 kHz,and V =1 V.

Sk ®)

B. Amplifier Noise

The opamp used to implement the TIA is the low noise, low
bias current Texas Instruments THS4121 [35]. Only opamp
input-referred noise and feedback resistors’ noise have been
considered. First, from its equivalent input voltage noise v 4,
the equivalent current noise referred to the sensor is

iy 04 = V20040, (Cs + Cp + Cy—w—c) (10)

where C, is the parasitic capacitance between Sense node
and ground, Cy_w—c is the resulting parasitic capacitance
between Wire and Sense after compensation by circuit
in Fig. 3, and C; is the sensor capacitance. Note that the /2
factor corresponds to the translation of the differential noise
into a single ended noise referred to the MEMS. In this work,
C, is expected to be in the order of tens of pF [21] due to the
chip pad, packaging, through-hole socket pin, PCB routing and
the opamp input capacitance. Considering a rough estimate of
C, = 50 pF results in a noise of iy g4 = 0.368 pA/+/Hz.
Moreover, this is a high impedance node, so even tough PCB
tracks have been shielded and accurately routed, through hole
socket pads and wire bonding are still prone to noise pick up.

The second important noise source in the TIA are feedback
resistors Rypp =1 MQ noise (11).

[4ksT
is Ry =2 R—I;b = 0.257 pA/vHz

C. Howland Current Source Noise

Y

Howland current source resistors have been set to low values
in order to match resistors and opamp noise [36]. Doing so,
the dominating noise sources of the circuit in Fig. 5, which
are Uly, U3y opamps and Ry3, Ry4, Rys, Rye resistors
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Fig. 5. Current-driving block for the MEMS Wire, based on an improved

floating Howland current source [33] (“Current driving” block in Fig. 2c).

are below 70 pA/+/Hz at the output of the Howland circuit.
As a consequence, total output current noise of the improved
Howland current source is iy = 163.1 pA/+/Hz. This current
noise is translated in two ways to the sensor output current.
First, it is converted to sensor output current noise by means of
Lorentz force as described in (5), which results in a negligible
noise. Second, this noise is coupled to the sensor output current
through the parasitic capacitance between Wire and Sense
nodes which results in a noise feedthrough directly to the
Sense node. Even though the exact value of this capacitance is
unknown, a rough estimate of Cy_w_c < 2 pF, together with
MEMS current carrying wires resistance of around Ry, =
3 kQ, results in an output noise of

Is Hpar = ERWireZEfCU—W—C <0.90 pA/vHz (12)

D. Quantization Noise

Quantization rms noise due to the analog to digital conver-
sion [37] can be expressed as sensor equivalent output noise
by dividing it by the gain stages of the amplification chain.
In this case, gain is a transimpedance Z¢ = 10 MQ which
accounts for the TIA transimpedance and the filters gain.
V2Viss

o= —— LB _ 133 fA/VH:
YT 12 Ze NBW fA/

where Vysp = 54.3 uV is the voltage of one LSB and BW =
2.775 MHz is the ADC bandwidth.

13)

E. Total Expected Noise

With the noise figures obtained for each sub-circuit, and
the measured sensor sensitivity, total noise is expected to
be around 171 nT/\/Fz. It must be taken into account,
though, that various approximations have been done during
the process, such as Wire to Sense, and Sense parasitic capac-
itances which have been described throughout the section.

VI. DIGITAL IMPLEMENTATION

The block diagram of the digital part has been included
in Fig. 2c. Once the signal is in the digital domain, it is filtered
again with a 120 kHz bandwidth finite-impulse response (FIR)
band-pass filter. Doing it in the digital domain allows the use
of more selective filters. Then, the signal follows two paths:
the path to demodulation and the path to close the loop. In the
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first one, the signal is demodulated with an envelope detector
followed by four FIR low-pass filters of 50 kHz, 1 kHz, 100 Hz
and 10 Hz. The purpose of applying four filters is twofold.
First, by decimating the signal, the filters can be designed
to have a lower set of coefficients, being more area efficient.
Second, the 1 kHz filter output is used by the phase control
block, while the 10 Hz filter output is stored in the registers
of an I*C slave block before being sent to the processor.

In the second path, i.e. the path to close the loop, the signal
is used to generate a clock at the same frequency that is
injected back into the device to achieve phase locking in
the loop and sustain oscillation. After the bandpass filter,
the signal is interpolated with three cascaded linear interpo-
lators. These interpolators have two objectives. First, given
that during zero crossing, signal is expected to have the
highest slope, each interpolator improves the resolution of
the zero-crossing detector by a factor of two, improving time
resolution of zero-crossing detector from 180 ns (sampling
period) to 22.5 ns when assuming a linear signal. Second,
increasing the number of samples per period also increases the
resolution of the phase adjustment by reducing the minimum
phase step.

Next, a zero-crossing detector is implemented by taking the
sign bit of the two’s complement signal. Zero-crossings of the
signals are used to generate a square signal that tracks the
MEMS resonance frequency. This square signal is introduced
to the phase control block, a 1024-bit shift register that is used
to adjust the signal phase prior to using it to drive the sensor.
The phase control block points to a shift register position.
Changing the register position read changes the output signal
phase, and thus the overall loop phase. This strategy to adjust
phase and close the loop, though, has a drawback. Given
that oscillation frequency changes with temperature, so does
the phase step between two consecutive shift register bits.
As an example, consider that the MEMS resonates around
fres = 146 kHz at 35°C while having a temperature frequency
coefficient of —200 Hz/°C. With a sampling frequency of
Ssampt = 5.55 MS/s and three interpolators (x8 interpolation),
a single period uses 8 fsampi/fres = 304 consecutive bits of the
register, having a phase resolution of 360°/304 = 1.184°/bit.
Now, if temperature decreases 10°C, resonance frequency
would increase 2 kHz and use 300 consecutive register bits.
This means that phase resolution would be 1.200°/bit. As a
consequence, if the shift register bit read is kept unchanged,
in this case of a 1024-bit shift register, in the worst case (this
is, reading the 1024h bit), phase error can be up to 16.4°,
that would be observed with an important reduction of the
output signal. Possible solutions may be reducing the length
of the shift register in order to allow space only for a single
period. However, in order to allow measurements in all the
temperature range of, for example, automotive applications
(—40°C - 125°C), register may only be reduced to 512 bits,
being the higher temperature (with the lowest resonance fre-
quency of 128 kHz) the limit. On the other temperature limit,
this is, when resonance frequency is maximum, the number of
samples per period would be minimum and hence the phase
step would be maximum. In this case, a small temperature
variation will have an increased impact in phase. The phase
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|wait: 1

wait =0
+

compare = 1
compare

error |¢.| associated with a variation in temperature if the
register bit reading remains unchanged can be expressed as
360°NTCy
|¢e| = 72 M
Is
where N is the read shift register position, 7C s is the reso-
nance frequency temperature coefficient, fs is the sampling
frequency, M is the number of interpolators and AT is
the temperature difference. For this reason, a periodic phase
adjustment is necessary. This phase issue may not be found
in systems implementing a PLL instead. However, in case of
using a PLL other difficulties such as complexity, design time
and power consumption would arise.

MEMS phase at resonance frequency is 0°, while at lower
frequencies it approaches to 90° and at higher frequencies it
goes to —90°. If the phase of the other loop blocks is also 0°,
the entire loop, comprising the electronics and the MEMS,
would be locked at that phase and the device would work
at resonance. In this situation, output amplitude is maximum.
If loop phase deviates from the ideal value of 0°, the device
would work at a shifted phase and its amplitude would
decrease. For this reason, the phase control block operates with
the principle that when the correct phase is set, output signal
is maximum. This block has two modes of operation: 1) Burst
mode and 2) normal mode. In the burst mode, the phase is not
locked (for example, during startup) and the phase adjustment
is performed at high speed. In normal mode, the phase is
already locked but it is checked anyway in case some thermal
or mechanical variation has made the loop phase to change.
In both cases, the same algorithm is run, depicted in Fig. 6.
The states in the diagram are:

wait =1

wait =1

Fig. 6.

Phase control state diagram.

[AT| (14)

o wait: the system is measuring and phase adjustment is
stopped.

« read: in this state, 8 samples of the filter output data are
read, averaged and stored. In order to provide a trade-off
between noise data and phase adjustment speed, the signal
read by the algorithm is the 1 kHz LPF output signal.
Doing so, after each data change settling time is much
shorter than taking signal from the 10 Hz output filter.

e +phase: increments output phase and waits until filter
output signal settles. The increment is made by increasing
the shift register read address. In normal mode, steps are
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Fig. 7. Raw data output in LSB after digital processing but before offset

compensation. Each value is the average of 8 measurements. It is possible to
observe the offset added when electrostatic driving is enabled.

unitary while in burst mode the increment is 8 register
positions.
o —phase: same as the previous state but in the other
direction.
« compare: this state compares the three stored samples and
decides which phase provides the higher output.
o set phase: new phase is set.
In burst mode, phase is checked every 20 ms and no averaging
is performed as a fast phase locking is preferred over accuracy.
Here, the main time limiting factor is the filter settling time.
In normal mode, phase adjustment is made every 30 ms, even
though slower adjustment can be made.

A. Inversion and Amplitude Control

To the best of our knowledge, articles found in the literature
with closed-loop sensing permanently drive the sensor with
both current and electrostatic driving. While the first is indis-
pensable to generate the Lorentz force and detect magnetic
field, the second can be disabled if signal at the output of
the bandpass filter is large enough to allow the zero-crossing
detector to work properly. In this work, electrostatic driving
is selectively enabled when signal is dangerously low to
keep oscillation working, while it is disabled if output signal
increases, resulting in an offset reduction and range increase.
This electrostatic driving control has been implemented dig-
itally with some hysteresis as shown in Fig. 7. Furthermore,
it is depicted in Fig. 2c named as “Amplitude detect”.

VII. EXPERIMENTAL RESULTS

In order to perform the measurements, the sensor was placed
inside a custom Helmholtz coil. Sensor voltage biasing was set
to 1 V and electrostatic driving rms amplitude, when enabled,
was set to 6 mV,,. Temperature has not been controlled
during measurements, but few hours have been left between
startup and measurements in order to allow temperature
to settle.

A. Sensor Sensitivity and Offset

Sensor offset for the cases where electrostatic driving is
enabled and disabled is shown in Fig. 8. Offset is shown
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Fig. 8. Sensor offset as a function of current driving in pA (a) and uT
(b). Offset with electrostatic driving enabled (red line) is much higher than
when disabled (blue line). Electrostatic driving only offset is represented by
the orange line.

in sensor output current units (pA) and in magnetic field
units (uT"). Showing the offset in both units helps to identify
the offset source and behaviour as a function of driving current.
In Fig. 8a offset with electrostatic driving enabled and disabled
increases with the same slope, which suggests that this offset
is a consequence of parasitic feedthrough between Wire and
Sense nodes. This is demonstrated by the fact that, when offset
due to current driving only is suppressed from the offset when
electrostatic driving is enabled, it results in an approximately
flat line representing the offset due to electrostatic driving only.
Given that this driving is constant, so is the offset in current
units. Analysing offset in magnetic field units in Fig. 8b
shows that offset due to current feedthrough is 793 uT' in
all cases, being constant along current driving because both
current feedthrough offset and sensitivity depend on current
driving, a dependence that cancels out. Moreover, most offset
is due to electrostatic driving. In the best case analysed, i.e.
with 300 @A, and sensitivity S = 9.75 pA/uT, offset due to
electrostatic driving is only 1324 uT.

B. Bias Instability and Noise

In order to analyse offset instability, Overlapping Allan
deviation has been used due to the smoother curve it provides
compared with Allan deviation [38]. The Overlapping Allan
deviation obtained with the sensor data is shown in Fig. 9 with
measurements made at a sampling frequency of 10 Hz. Offset
instability has been obtained from the region where the Allan
deviation is flat [39]. When electrostatic driving is enabled,
offset instability is 125 nT', with an integration time of 23.4 s.
On the other case, when electrostatic driving is not used, offset
instability is 104 T’ with an integration time of 15.5 5. As it



7486

IEEE SENSORS JOURNAL, VOL. 19, NO. 17, SEPTEMBER 1, 2019

TABLE I
COMPARISON OF MAGNETOMETERS IN THE LITERATURE

Device Offset Current Biasing FSR Noise Nonlinearity Type
(L) (HArms) W) (ml) (ril’'/ v Hz) %
LIS3MDL [43] +100 270 n/a +1,6 3200:¢ +0.12 AMR
MAG3110 [42] +100 137.5% n/a +1,0 2500 +0.3 MTJ
AK®8963 [9] +75 5000¢ n/a +4,912 n/a n/a Hall sensor
BMC150 [40] +40 4900% n/a +2.5 300° 1.0 Flip Core and Hall sensor
[17] 307 100 n/a 0.3 10 1.0 MEMS AM
[19] n/a 300 1 +2,0 10 n/a MEMS off-resonance
[15] 31 (25000°) 900 4 +0.4 400 n/a MEMS Current chopping
[20] n/a 107 2 +2,4 380 2.0 MEMS multi-loop
[21] 2 100 6 +5.5 200 <0.2 MEMS multi-loop off-resonance
[27] 15 (310°) 4600 8 +0.4 70 n/a MEMS bias chopping
This work 1324 w/, 793 wo/ 300 1 +1.0 550 +1.5 MEMS with digitally closed loop
@ Current for highest resolution mode.
b Noise is in rms units.
¢ Noise for X/Y axis. For Z axis it is 410 tIrms
d Extrapolated from article Fig. 13.
¢ Initial offset.
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Fig. 9. Overlapping Allan deviation and noise spectral density (inset) of  Fjg 10. Sensor measured magnetic field versus applied magnetic field (red)

output signal with (red) and without (blue) electrostatic driving.

can be seen, in both cases bias instability is similar, and
removing electrostatic driving does not worsen this figure.

Noise spectrum density has been used to analyse sensor
noise, shown in Fig. 9 inset. In both cases noise spectrum
is almost flat, although in the case when electrostatic driving
is enabled, there is some low frequency noise increase. This is
thought to be caused by a slow temperature drift during
the measurement. In both cases, dominant white noise is
550 nT/«/F, which is larger than the estimated noise in
section V. It must be taken into account, though, that various
approximations are done during the noise estimation which
may be the cause of this 2-3 times mismatch. This is rea-
sonable given that some parasitic capacitances can not be
measured, either at the device packaging level and at the
chip-PCB interface.

C. Sweep and Measurement Error

Finally, a magnetic field sweep between £1 mT with 35 uT
steps has been performed in order characterize the sensor.
The result is shown in Fig. 10. Along the measured range,
there is a transition around —400 uT between measurements

and relative error (blue) for a driving current of 300 wA;;s. Data shown is
an average of 4 samples.

made with the electrostatic driving enabled and disabled. As it
can be seen, the nonlinearity at this point is —1.5%. Some
nonlinearity is observed when electrostatic driving is disabled.
Its main source is thought to be a combination of ADC gain
error and MEMS nonlinearity.

In principle, MEMS measuring range is unlimited if current
driving is conveniently reduced. A wider magnetic field sweep
has been performed with a driving current of 25 uA, s with a
maximum measurement range of 13 mT, being the Helmoltz
coil maximum magnetic field the limiting factor, not the
Sensor.

VIII. COMPARISON WITH PREVIOUS WORKS

In table I the most relevant figures to evaluate state-of-the-
art magnetometers have been included from both commer-
cial devices and academic MEMS magnetometers. In order
to allow comparison, only MEMS magnetometers with AM
output have been included.

Offset is one of the main concerns in any sensor output.
For this reason, commercial devices offer offset removal
capabilities [40]-[42], but its offset tends to be large
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and unpredictable. Some works [15], [27] propose strategies to
reduce offset and improve biasing instability. Such strategies,
though, require the use of electrostatic driving, which is an
important source of offset itself. Our work presents an analysis
of the driving offsets. This knowledge will be very useful
during the integration of the MEMS and the electronics in
the same die area. Similarly, some works [19]-[21] do not
quantify offset, and when they do, it is very low. This is a
consequence of not using electrostatic driving, which is the
same approach proposed in our work. However, these works
use bulky lock-in amplifiers or other instruments to drive
the sensor in closed loop, or drive it in open-loop. Hence,
our work explores the benefits and disadvantages of using
different driving strategies while, at the same time, proposing a
resonator loop.

In terms of noise, the best figures in the literature are those
in [17] and [19]. In both cases, an accurate design of the
device results in excellent sensitivities and the lowest noise
figures to the best of our knowledge. However, commercial
instruments were used to close the loop and perform the
measurements, meaning that there is still work to be done
until the total integration of the system. Our work shows
noise higher than most works, but using relatively low current
driving and DC voltage across the MEMS device. This is
important because most works use high biasing voltages
from 4 V up to 8 V [15], [21], [27]. While this is a way
to increase device sensitivity and SNR without increasing
power consumption, maximum voltages that the technology
can safely withstand must be taken into account. Hence,
biasing voltage should be compatible with 3.3 V and even
1.5 V supplies.

As briefly presented above, most works make use of lock-in
amplifiers to close the loop and only a few close the loop
either on-chip or using electronics on a PCB [11], [12], [23].
Moreover, no previous works have been found where the loop
control and data processing are performed digitally, which is
one of the key advantages presented in this work and the first
step for the introduction of MEMS magnetometers into the
market.

IX. CONCLUSION

In this work a Lorentz force based resonant MEMS
magnetometer has been presented. A mixed-signal process-
ing chain has been proposed to keep the MEMS device
in a self-sustained oscillation loop at its resonance
frequency.

Doing so, loop phase locking is achieved and correct locking
can be periodically controlled. Moreover, a strategy to reduce
sensor offset has been proposed which allows the system to
keep oscillation when the measured magnetic field is low by
selectively enabling and disabling electrostatic driving.

The proposed digital system has been coded in VHDL
and implemented in an FPGA as a proof of concept prior
to its integration in a System-on-Chip. A 550 nT//Hz total
output noise has been obtained with an offset of 793 xT when
electrostatic driving is disabled, which represents a 40.1%
reduction. However, a better offset figure is expected to be
achieved in an integrated implementation.
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