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Abstract

MEMS magnetometers have been under research for more than a
decade. A wide range of options have been explored: differ-
ent physical principles - embedded magnetic materials, Lorentz-

Force, parametric amplification - as well as different sensing techniques
- optical, capacitive, piezoresistive. Despite this strong interest in the re-
search world and the huge request of inertial sensors of the last years,
particularly from the consumer world, nowadays there are no commercial
products based on MEMS magnetometers.

Their most limiting features with respect to the current commercial tech-
nologies such as AMR, GMR and Hall, are a marked bandwidth-noise den-
sity trade-off and large area occupation. Consumer applications, which are
the target of this work, are based on battery-powered objects, thus requiring
the smallest and the less consuming devices possible.

This work aims to solve the presented issues - combining new tech-
niques with refined existing ones - in order to bring Lorentz-Force based
MEMS magnetic field sensors beyond the state of the art and towards their
integration, as a commercial product, into a 6-axis eCompass (3-axis ac-
celerometer + 3-axis magnetometer) for portable devices.

The most relevant technique exploited to enhance the performance of
these sensors are:

• Design of multi-loop structures: in this work three 1-axis 10-loop
structures are presented. Making the driving current recirculate within
the three devices - in series - a 30-fold improvement is gained in terms
of power dissipation required to obtain the desired resolution;

I



i
i

“thesis” — 2017/1/21 — 11:50 — page II — #6 i
i

i
i

i
i

• This can be achieved, together with the stability with temperature
and the solution of the bandwidth-noise density trade-off typical of
Lorentz-Force MEMS magnetometers, thanks to:

– Off-resonance operation: injection of a driving current at a fre-
quency slightly lower than the resonance one;

– MEMS resonator fabricated within the same package of the sen-
sor. As a side but not negligible effect, this enables the possibility
of re-using electronic stages well refined for MEMS gyroscopes,
which have been deeply investigated in the last decades;

• The area issue is addressed in the last part of this work through the
design of an innovative 3-axis monolithic structure, which guarantees
a 15-fold saving in terms of area occupation with respect to the 3-axis
solutions based on three uniaxial structures.

The industrial orientation of the work is also underlined by two addi-
tional factors:

• The extensive characterization performed on the sensor: aspects as the
stability with temperature and vibration rejection have been taken into
consideration. Usually in the research field these second order effects
are not characterized, but they are essentials for the correct operation
of a MEMS device as a commercial product;

• They are fabricated in a standard industrial technology (ThELMA by
STMicroelectronics), respecting all its design rules and constraints.
This potentially makes the sensor ready to be fabricated and put into
the consumer market with strong guaranteed reliability and repeata-
bility.

II
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Summary

AN overview of literature, theory and issues of MEMS Lorentz-Force
magnetometers is given in chapters 1 and 2. A complete sensing
system based on a Lorentz-Force 3-axis device composed by three

different 1-axis structure, together with its detailed characterization, is pre-
sented in chapter 3 and 4. In chapter 5 is finally presented a monolithic
3-axis structure which promises performance beyond the state of the art.
It is also compatible with standard MEMS process (currently used for ac-
celerometers and gyroscopes) and thus with the realization of 6- and 9-axis
inertial combo sensors.
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CHAPTER1
Magnetic field sensing: an eye on MEMS

magnetometers

1.1 Magnetic field sensing in consumer application

Magnetic field sensing has always been important for humankind. It all
started more than 2000 years ago [1] with the invention of the first com-
passes for gems finding and direction finding in navigation. Nowadays
magnetic field sensors are used in a very broad range of applications: from
the military to the aerospace, automotive, consumer ones and many others.
This has progressively led to the adoption of different technologies to sense
different magnetic field ranges [2].
An overview of the most important applications is shown in figure 1.1,
where a comparison between most diffused technologies for the consumer
market, which is the target of this work, is also present. The aim is indeed to
conceive and develop a 3-axis magnetic field sensor fabricated with MEMS
technology, that would allow to build up - together with accelerometer and
gyroscope - a single-chip, single-process, multi degrees of freedom (DOF)
inertial measurement unit (IMU) with performance suitable for inertial nav-
igation.

1
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Chapter 1. Magnetic field sensing: an eye on MEMS magnetometers

Figure 1.1: Magnetometers applications and magnetic field ranges covered by the most
important technologies for consumer application. The lighter bars stand for the poten-
tiality of the technology that could be reached overcoming technological limitations.
Squid is not a competitor for consumer application, but it is the most sensitive existing
magnetometer.

Table 1.1 reports the most important parameters used to characterize
magnetic field sensors, together with the target values needed to achieve
e-compass application.

An overview of the most diffused commercial products is given in table
1.2, with all the associated relevant parameters:

• AMR (Anisotropic Magneto Resistance) sensors [3] have been around
for more than 50 years. They are characterized by a good resolution,
but they exhibit limited FSR (due to linearity issues), and need for a
set-reset procedure, which raises their power consumption. They are
also based on magnetic materials, carrying with them problems related
to hysteresis and magnetic domains flipping [4];

• Hall effect sensors are very cheap, compatible with CMOS technol-
ogy and have a wide FSR. They are however characterized by poor
resolution and high offset [5];

2
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1.1. Magnetic field sensing in consumer application

Parameter Unit Target

Sensitivity
(scale-factor)

V/T -

Resolution nT/
√
Hz 100

Bandwidth Hz 25

FSR mT ±5

Linearity FSR % 1

Power consumption
(sensor + ASIC)

mW 1

Package footprint mm2 2× 2

Table 1.1: Key parameters for the characterization of magnetic field sensors

• GMR (Giant Magneto Resistance) and TMR (Tunneling Magneto Re-
sistance) sensors [6] are based on magnetic materials, as AMR ones.
They have a good resolution, but can be permanently damaged by high
magnetic fields. They also exhibit high offset and temperature depen-
dence [6];

• Fluxgate sensors [7] have a very good resolution, but need for mag-
netic materials. Their fabrication process is complex, they are bulky,
have a limited bandwidth and exhibit a high power consumption and a
limited FSR. In the end, they are not compatible with portable appli-
cations;

• Magnetoinductive sensors [3] are simple to design, low cost and low
power. Nevertheless, they are bulky, difficult to align in the assembly
process, and have a limited temperature range.

3
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Chapter 1. Magnetic field sensing: an eye on MEMS magnetometers

Product Sensing
Principle

FSR
[±mT]

Current
[µA]

Resolution
[nT/

√
Hz]

BW
[Hz]

FOM
[µTµA
/
√
Hz]

Size
[mm2]

3-axis magnetometer

AKM [8]
AK8963

Hall 4.9 280 - 4 - 1.6x
1.6x
0.5

AKM [9]
AK09911

Hall 4.9 2400 - 50 - 1.2x
1.2x
0.5

Bosch [10]
BMM150

Fluxgate
+ Hall

1.3 4900 95 10 155 1.56x
1.56x

0.6

Freescale [11]
MAG3110

MTJ
(TMR)

1 900 64 40 19 2x2x
0.85

Honeywell [12]
HMC5883

AMR 0.8 100 200 3.75 6.6 3x3x
0.9

MEMSIC [13]
MMC3316

AMR 1.6 100 107 3.5 3.5 2x2x1

STM [14]
LIS3MDL

AMR 1.6 270 101 10 9 2x2x1

Yamaha [15]
YAS537

GMR 2 4000 300 - 400 1.2x
1.2

Alps [16]
HSCDTD008

GMR 2.4 600 50 50 10 1.6x
1.6x
0.7

6-axis eCompass

Bosch [17]
BMC156

MEMS +
Fluxgate
+ Hall

1.3 4900 95 10 155 2.2x
2.2x
0.95

Freescale [18]
FXOS8700

MEMS +
MTJ

(TMR)

1.2 150 85 50 4.2 3x3x
1.2

Kionix [19]
KMX62

MEMS +
MI

1.2 295 43 25 4.2 3x3x
0.9

mCube [20]
MC6470

MEMS +
GMR

2.4 600 50 50 10 2x2x
0.95

STM [21]
LSM303AGR

MEMS +
AMR

4.9 300 95 10 9.5 2x2x1

Table 1.2: Most diffused commercial products for consumer application. For 6-axes
eCompass the values (besides the size) are referred to magnetometers only; the other
3 axes are made up by a 3-axis MEMS accelerometer.

4
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1.2. MEMS magnetometers as a real option

1.1.1 Compassing and navigation specifications

Compassing and navigation deal with Earth magnetic field: for this reason
a little of background on it becomes compulsory. In a first approxima-
tion, Earth can be seen as a magnetic dipole, whose orientation differs by a
certain angle (declination angle) from the north-south geographic axis. De-
pending on geographical position, it also forms a certain angle with respect
to the Earth surface (inclination angle).
For compassing the information of interest is the orientation of the magnetic
field vector in the plane of the Earth surface, which, depending on the po-
sition, has an intensity between 20 and 70 µT. In commercial eCompasses
an accelerometer is usually integrated near the magnetometer, in order to
compensate for the different orientation of the sensor with respect to the
surface (dip angle).
For navigation, it is instead necessary to detect magnetic fields much smaller
than the Earth one. The accuracy is usually defined in terms of rotation de-
grees the sensor is able to resolve. Looking at the sensor, this stands for the
change in magnetic field intensity that corresponds to the relative rotation
of sensor and magnetic field of a certain angle.

It is possible to define three main ranges of sensor accuracy [2], each one
allowing to target a different application. Considering a 50 µT magnetic
field intensity:

• Cardinal Points: 22◦ resolution, which leads to a minimum detectable
field of 13 µT;

• Heading: 2◦ resolution, which leads to a minimum detectable field of
1.2 µT;

• Navigation: 0.2◦ resolution, which leads to a minimum detectable
field of 120 nT.

1.2 MEMS magnetometers as a real option

MEMS magnetic field sensors have been studied for more than a decade
[22], [2], but they are not yet available as commercial products in con-
sumer application. Nevertheless the research in this field is very active as
they have many potential advantages with respect to competing technolo-
gies.
Most of them are directly related to MEMS technology itself, that is nowa-
days the leading one for accelerometers and gyroscopes in the consumer
field:

5
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Chapter 1. Magnetic field sensing: an eye on MEMS magnetometers

• Multi-DOF IMU could be fabricated in a single chip, leading to area
and again cost saving. Indeed companies do not have to own more
than one fabrication technology, also saving in terms of needed equip-
ment and maintenance;

• Almost perfect alignment of accelerometer, gyroscope and magne-
tometer axes comes naturally, avoiding alignment and calibration prob-
lems typical of multi-DOF hybrid IMUs. This guarantees in a simpler
way a better precision of the measurement, as it also depends on the
misalignment between different sensors [23], [24];

• Unlike other technologies, they show an almost unlimited full-scale-
range (FSR), and the sensing of magnetic field along all the three axes
can be achieved with all planar structures.

• It is avoided the need for magnetic flux concentrators, used instead
by AMR, GMR, TMR, Hall sensors to change the direction of the
external field to a sensible one, or to mitigate the 1/f noise [25]. In
this way there is no risk to incur in problems related to the thinning
trend of packages for the next future.

Different approaches for building up MEMS magnetometers have been
developed and tested during the past years, two of which turned out to be
of particular interest:

• MEMS magnetic sensors exploiting the deposition of magnetic mate-
rials on top of the silicon structure

• MEMS magnetic sensors based on the Lorentz-Force principle

• MEMS-CMOS hybrid devices based on magnetoelectric effect [26]

For what concern the Lorentz-Force based MEMS magnetometers, an
extensive treatise is presented in the following sections and chapters.
MEMS sensors with magnetic materials exploit the force generated by the
response of the ferromagnetic material to the external magnetic field to cre-
ate a torque on a MEMS structure. Interesting results have been achieved
with this approach, such as in [27], the 0.3nT/

√
Hz resolution reached by

DiLella et al. [28], or the work of Ettelt et al. in [29].

Being the force generated by the magnetic material itself in presence of
an external magnetic field, this approach has the advantage - in terms of
power consumption - of not requiring a current flowing through the device.

6
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1.3. Lorentz-Force MEMS magnetometers

On the other hand, the presence of magnetic material is exactly the main is-
sue of these devices. First of all it carries all problems related to hysteresis,
and the consequent trade-off between sensitivity and maximum detectable
field. Magnetic materials could also be permanently damaged if a large
magnetic field occurs, unless reset coils are present, involving more area
and power consumption. Moreover, unless modulating the external field in
some way [25], the operation frequency of these kind of devices is the one
of the external magnetic field, around DC. This could cause problems in
terms of 1/f noise, if it turns out to be the dominant noise contribution as
in [29].

1.3 Lorentz-Force MEMS magnetometers

1.3.1 Operating principle

Lorentz-force based MEMS magnetic sensors exploit the Lorentz force act-
ing on one or more current-carrying beams to cause a movement of a sus-
pended mass. This could be sensed in multiple ways: the most common
ones are capacitive, piezoresistive and optical [22].

Figure 1.2: Operating principle of a simple capacitive Lorentz-Force based MEMS mag-
netic sensor, sensitive to magnetic field along the z direction.

Figure 1.2 shows an example of a Lorentz-Force MEMS magnetome-
ter based on capacitive readout and sensitive to magnetic field along the
z-direction (out-of-plane, OOP). In its simplest implementation, it is com-
posed of two springs with both ends anchored to the substrate (clamped-
clamped beams) through which a current is made flow. Their mid points
hold a suspended frame (rotor), through which ideally no current flows and

7
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Chapter 1. Magnetic field sensing: an eye on MEMS magnetometers

that is suitably shaped to include nested anchored stators. In presence of
an out-of-plane magnetic field, a Lorentz Force (FL) arises on the springs.
For a current carrying beam of length L, the force can be written as:

FL = Ne · q · v ×Bext = L · i×Bext (1.1)

where Ne represents the number of electrons inside the beam, q is the
elementary charge and v is the electrons velocity. This causes the springs
to deform, giving place to a rigid displacement of the rotor. As the stators
do not move, the capacitance value between rotor and stators changes in
a way proportional to the external magnetic field. Being able to read the
capacitance variation means thus being able to know the external applied
magnetic field.

The first problem to face when dealing with Lorentz-Force magnetometers
is Lorentz force itself. Considering typical dimensions of MEMS devices,
Lorentz force generated by a typical value of magnetic field FSR (≈ 5 mT)
turns out to be approximately two orders of magnitude lower than Coriolis
forces obtained for a typical rate gyroscope FSR (≈ 2000 dps), and three
orders of magnitude lower than the inertia one for a typical accelerometer
FSR (≈ 20 ĝ). This difference directly affects the displacement (x) of the
moving mass and thus the sense capacitance variation to be measured.

This led to the research of a way to improve the movement of the mass
without increasing the current. The current increase would be the easiest
way to boost the Lorentz-Force, but would also cause a directly propor-
tional increase in power consumption.

Being MEMS devices modeled as second order spring-mass-damper
[30], it is well known that their force-to-displacement transfer function is
not constant in frequency: in particular a mechanical resonance frequency
(f0) exists for the structure. An excitation at that frequency amplifies the
motion amplitude by a quantity dependent on the quality factor (Q) and on
the device stiffness (k).

∣∣∣ x
F

∣∣∣
f=f0

=
Q

k
(1.2)

In a Lorentz-Force MEMS magnetometer this could be achieved by in-
jecting a driving current at the structure resonance frequency [31]. In this
way the force would be modulated and the displacement amplified.
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1.3. Lorentz-Force MEMS magnetometers

1.3.2 Phenomenological system overview

Figure 1.3 shows a phenomenological overview of a magnetic field sensing
system based on a Lorentz-Force MEMS magnetometer.

Figure 1.3: Phenomenological overview of a magnetic field sensing system based on a
Lorentz-Force MEMS magnetometer.

The driving electronics (presented in section 3.3.3) allows to inject into
the structure a current at its resonance frequency (fm). An external magnetic
field causes an amplitude modulation (AM) of the resonant displacement
of the mass, which is also amplified by the Q factor, as stated by equation
1.2. This means that for the same external magnetic field - and thus for
the same arising Lorentz-Force - the displacement of a resonance-operated
device is greater with respect to a static-operated one of a factor Q/k, which
is generally much higher than one. Modulation has also the advantage of
putting the working condition of the system at a frequency typically in the
order of 10 to 100 kHz, so that 1/f noise contribution can be neglected.

The displacement is capacitively transduced into an electrical signal, and
read by means of the sense front-end electronics presented in section 3.3.2.
At the output of the front-end stage, a voltage signal, whose frequency
is equal to the one of the driving current (fm) (summed to possible low-
frequency components of the external field (fB,L)) and whose amplitude is
proportional to the magnetic field intensity, is obtained. In the frequency-
domain, these low-frequency components appear as carrier sidebands, at
frequencies fm + fB,L and fm − fB,L.

A demodulation is then performed through a Lock-In amplifier, in order
to recover the signal amplitude information, and thus the magnetic field in-
tensity in which the sensor is plunged in. After the first demodulation step
- a multiplication of the reference signal (fm) by the signal at the output of
the front-end electronics - these carriers are brought back to the baseband,
at frequencies fB,L and −fB,L. The second stage of the demodulation pro-
cess, which is a low-pass filter, keep this baseband signal only, providing

9
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Chapter 1. Magnetic field sensing: an eye on MEMS magnetometers

a system output directly proportional to the external magnetic field, which
follows all its time variations.

Performing this operation on all the three X-, Y- and Z- axes enables the
continuous reconstruction of the intensity and direction of the 3D magnetic
field vector.

1.3.3 Resonance operation issues

This resonance operation has some drawbacks though:

• Bandwidth-Noise density trade-off : in capacitive amplitude-modulation
(AM) devices, resolution and bandwidth are both dependent on qual-
ity factor. Naming b the damping coefficient, the input referred rms
magnetic field spectral noise density, which in this work is defined
as Intrinsic Noise Equivalent Magnetic Density (INEMD) and whose
origin is better explained and derived in section 2.2.2, can be written
as:

b =
ω0m

Q
(1.3)

INEMD =
2

iL

√
4 · kB · T · b

[
T√
Hz

]
(1.4)

where m is the device mass, kB is the Boltzmann constant, and T is
the temperature in which the device is plunged, which is generally the
ambient temperature (≈ 300K). Being the system bandwidth BW de-
fined by the resonance peak of the device, also this parameter depends
on quality factor. Comparing the two relations

INEMD ∝
√
b BW =

f0

2Q
=

f0b

2ω0m
∝ b (1.5)

it is clear that with a smaller damping coefficient both the resolution
and bandwidth decrease, and while it is an improvement for the for-
mer, it represents a worsening for the latter. This leads, depending on
application requirements, to the impossibility to simultaneously match
bandwidth and resolution requirements;

• Drive current generation is not trivial, as the current frequency must
always match the exact resonance frequency of the device. An oscil-
lator circuit is needed, and two options are available for the resonant
item:

10
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1.3. Lorentz-Force MEMS magnetometers

– External resonant item: this option is not viable because of the
strong dependence of the MEMS resonance frequency on tem-
perature, aging and process variance.

– MEMS itself as resonant item: the motion induced by Lorentz-
Force superposes to the motion caused by the oscillation for the
generation of the frequency reference. This turns into a very huge
offset in the output signal, lowering the dynamic range of the
sensor. Additional electronics stage would also be needed for the
compensation of the eventual phase error. Furthermore, the area
needed for the electrodes responsible for the oscillation decreases
the sensing area for the magnetic field induced motion, making
this option hardly viable.

Moreover, because of process spreads and environmental factors, and
independently of the resonant item choice, in case of a 3-axis device
three different oscillator circuits would be necessary.

• Quality factor strongly depends on temperature. This causes problems
in terms of sensitivity and resolution long-term stability

• In capacitive amplitude-modulation (AM) devices with parallel-plate
based readout, growing the number of parallel-plate cells (NPP), the
sensitivity does not improve while the resolution worsens. Indeed
the damping coefficient increases linearly with NPP. Being barea the
damping coefficient per unit area, mainly dependent on pressure, and
A1P the area of a parallel-plate cell:

b = barea · A1P ·NPP (1.6)

Sensitivity (scale-factor) expression is derived and explained in details
in section 2.2.1. Evaluated in terms of capacitance variation corre-
sponding to an external magnetic field variation (SFC), it turns out to
be independent on N:

SFC =
∂C

∂B
=

ε0 i L

2 ω0 g2 barea
(1.7)

where g is the capacitance gap at rest. The only ways for boosting the
sensitivity without acting on the damping coefficient are increasing
either the current i or the spring length L, incurring in an increasing of
power consumption and area occupation respectively.

11
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Chapter 1. Magnetic field sensing: an eye on MEMS magnetometers

In order to compare sensors fabricated in different technologies, a figure
of merit (FOM), firstly introduced in [32] is used in this work for perfor-
mance evaluation. FOM is defined as resolution per unit bandwidth times
unit driving current, and its measurement unit is:

FOM =
INEMD · i√

BW

[
µT · µA√

Hz

]
(1.8)

The smaller this value, the better the sensor performance in terms of
resolution-dissipation trade-off.

1.3.4 State of the art

Starting from the end of nineties [33], [34], almost all the works in litera-
ture exploit the Q-amplification of resonance operation in order to get the
hugest achievable mass displacement. Furthermore, innovative methods,
some of which are based on different readout topologies, have been devel-
oped in order to push up the sensitivity even more. Two of the most rele-
vant examples are parametric amplification (PA) [35] and internal thermal-
piezoresistive amplification [36], [37]. These two solutions deal with the
increase of quality factor: in the former it is achieved through a modulation
at twice the device frequency of the spring stiffness, which directly acts on
Q, yet requiring a huge power consumption due to several added electronic
blocks; in the latter through a positive feedback involving mechanical, elec-
trical and thermal domain 1. This leads to a high improvement in quality
factor (1.1·106) and resolution (2.76pT/

√
Hz), at the expense of a very low

bandwidth (0.02 Hz), FSR (3.5 nT) and huge power consumption (several
mA).
With the same purpose of amplifying the mass displacement, Kyynäräi-
nen [38] proposed an approach based on the recirculation of the driving
current inside a spiral loop. This solution had the advantage of amplifying
the displacement without the needing of increasing the quality factor, but
the fabrication process was costly and complicated, and the device occupies
a huge area (3.4× 3.4µm2).

Other techniques have been proposed for offset and associated drifts re-
duction [39], which is still one of the most relevant issue of Lorentz-Force

1Based on piezoresistive sensing, the alternating compressive and tensile stress on the sensing element mod-
ulates its electrical resistance. With a constant bias current, this reflects in a modulation of its Joule heating. This
turns the beam into a thermal actuation force generator, which can change the resonator vibration amplitude at
resonance frequency, depending on the polarity of the material piezoresistive coefficient, which has to be negative
to let this feedback work.
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1.3. Lorentz-Force MEMS magnetometers

based MEMS devices. Force-rebalance principle applied to MEMS mag-
netometers has recently been investigated [40], showing promising results
in terms of bandwidth and sensitivity stability with temperature.

A selection of the most relevant work, together with the related key parame-
ters, are reported in table 1.3. Different devices are presented, with both dif-
ferent sensing topologies (capacitive, piezoresistive), and techniques (am-
plitude modulation, AM and frequency modulation, FM). Frequency mod-
ulated (FM) Lorentz-Force based magnetometers were firstly proposed [41]
as a solution to overcome bandwidth-noise density trade-off typical of res-
onance operation in AM devices. These kind of technique was recently
deeply investigated [42], [43], also giving good results in terms of sensitiv-
ity stability with temperature [44]. Performance are still not yet compatible
with consumer applications: resolution performances are not good enough
(1÷ 20µT/

√
Hz) and power consumption highly overcomes power budget

limit (3÷ 12mW considering a 3V voltage supply).

1.3.5 Considerations on power consumption

One of the most important parameters for inertial navigation is power con-
sumption. Indeed, during navigation, all sensors should be kept always on
at their maximum resolution.

Figure 1.4: Real power consumption in MEMS magnetometers is dependent on the driving
current and on the supply voltage, which is application-constrained. It necessarily
takes into account also the electronics in series with the MEMS device.

13
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Chapter 1. Magnetic field sensing: an eye on MEMS magnetometers

Often, in the literature, the sensor power consumption is only ascribed
to the driving current (i) and the resistance of the MEMS beams (RMEMS)
in which this current flows (PMEMS = i2 · RMEMS). As shown in figure 1.4,
electronic circuits - at least for driving current generation - are unavoid-
ably present in series with the magnetometer. The supply voltage VDD is
application-constrained, and in particular, for consumer application, is gen-
erally in the range 1.8 ÷ 3.3 V. The total power consumption of the driving
current has thus to be computed as PTOT = VDD · i, which is higher (of-
ten much higher) than PMEMS. The calculation of power consumption as
PMEMS only could lead to consider some devices suitable for consumer ap-
plication when in practice they are not. Tables 1.2 and 1.3 report driving
current instead of power consumption as a key parameter because, while
the former is necessary for the correct device operation, the latter is conse-
quently defined once the supply voltage VDD has been chosen.
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1.3. Lorentz-Force MEMS magnetometers

Name Sensing FSR
[±mT]

Current
[µA]

Resolution
[nT/

√
Hz]

Pressure
[mbar]

BW
[Hz]

FOM
[µTµA
/
√
Hz]

Size
[mm2]

Kyynäräinen
* [38]

Capacitive
AM

0.2 100 70 0.006 2.5 2.3 > 3.4 x
3.4

Emmerich
[34]

Capacitive
AM

5 1000 5000 1 6 5000 > 1.5 x
0.8

Ren [45] Capacitive
AM

0.1 30000 59 0.1 0.26 1770 3 x 2

Kadar
[33]

Capacitive
AM

3 30000 - 0.05 25 - 1.4 x 3.8

Langfelder
[46]

Capacitive
AM

6 50 2000 0.25 160 100 1.1 x
0.15

Sung
* [47]

Capacitive
AM

1.2 4300 13800 26.7 2 19780 1 x 1

Chang
* [48]

Capacitive
AM

1.2 5900 403 1000 - 792 0.6 x
0.58

Thompson
[35]

Capacitive
AM PA

0.18 2670 87 1000 1 232 > 2.5 x
1.5

Li [42] Capacitive
FM

8 4000 20000 - - 80000 1.2 x 0.7

Li [44] Capacitive
FM

3.6 900 500 - 50 450 0.4 x 0.4

Sonmezoglu
[40]

Capacitive
FM

0.4 5000 360 - 38 1800 1 x 1

Zhang
[43]

Capacitive
FM

100 1000 9000 0.006 1 9000 > 0.8 x
0.6

Bahreyni
[41]

Capacitive
FM

25 10000 200 0.002 1.33 2000 > 0.52 x
0.5

Mehdizadeh
[37]

Piezoresistive
AM

9 28000 10 1000 25 280 > 1.5 x
1.5

Kumar
[36]

Piezoresistive
AM

3.5
nT

7245 2.76pT 1000 0.02 0.02 > 1.5 x
1.5

Herrera-
May [49]

Piezoresistive
AM

2 30000 43 1000 120 1290 0.7 x
0.45

Table 1.3: * = Three axial device. Comparison of the most important bibliography works
on Lorentz-Force MEMS magnetometers
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CHAPTER2
Theoretical analysis of Lorentz-Force

MEMS Magnetometers

2.1 Off-Resonance operation

Section 1.3.1 clearly shows that it is hardly possible to rely on a MEMS
Lorentz-Force magnetometer based on resonance operation for consumer
application, especially when considering a 3-axis sensor, which is required
for navigation. Apart from the strategies listed in section 1.3.4, another
technique has been recently proposed [32] and patented [50] to overcome
all the limitations peculiar to resonance operation. This technique, called
off-resonance or mode-split operation, is further developed adding new
ideas, and fully exploited in this work.

Off-resonance operation is defined as the operation of a sensor with an ex-
citation force at a frequency (fd) slightly different from the mechanical res-
onance (f0). The mismatch or split between the two frequencies is defined
as:

∆f = |f0 − fd| (2.1)
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Chapter 2. Theoretical analysis of Lorentz-Force MEMS Magnetometers

It is a well known technique used in gyroscopes, creating a mismatch
between sense and drive mode natural frequencies, in order to make the
sensor robust to environmental changes and increase its bandwidth [51].
For Lorentz-Force MEMS magnetometers this is accomplished by the in-
jection of the driving current with a frequency mismatch ∆f with respect to
f0. The frequency split must be much lower than f0, and at the same time
much higher than the mechanical bandwidth of the resonant peak, as given
by equation 1.5. For a typical device operating around 20 kHz with a Q of
1000, acceptable values of ∆f could be within 100÷ 2000Hz.

Figure 2.1: Bandwidth comparison between resonance and off-resonance operation for
two different devices with f0 = 17kHz, the first featuring a Q of 600 (resonant peak
BW ≈ 15Hz) while the second with a Q of 150 (resonant peak BW ≈ 50Hz). In
the hypothesis of off-resonance operation with a frequency split ∆f = 300Hz, the
bandwidth turns out to be independent of the quality factor (≈ 90Hz), and higher
than the one obtained for resonance operation.

As shown in the sample plot of figure 2.1, in this condition the force-to-
displacement transfer function turns out to be almost insensible to a change
in quality factor. This leads to the definition of a constant gain, called
effective quality factor (Qeff), that is dependent on ∆f but very poorly on
Q. Indeed, if the the force-to-displacement transfer function of a MEMS
device is considered:
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2.1. Off-Resonance operation

TxF (jω) =
x(jω)

F (fω)
=

1

m
· 1

(jω)2 + ω0

Q
jω + ω2

0

(2.2)

it is possible to evaluate it at the operation frequency fd substituting ω
withωd = 2πfd:

|TxF (jωd)| =
∣∣∣∣x(jωd)

f(jωd)

∣∣∣∣ =
1

m
· 1√

(ω2
0 − ω2

d)
2

+
(

ω0

Q
ωd

)2
(2.3)

In typical operation conditions of a device with f0 ≈ 20kHz, Q ≈ 1000
and ∆f ≈ 300Hz, the following requirements are respected:

• Q� 1

• ∆f � f0

• ∆f � f0
2Q

The force-to-displacement transfer function can be thus simplified in the
region around fd:

|TxF (jωd)| =
∣∣∣∣x(jωd)

f(jωd)

∣∣∣∣ =
1

m
· 1√

ω4
0 + ω4

d − 2ω2
0ω

2
d +

�
�

�
�

��(
ω0

Q
ωd

)2
(2.4)

and expressing the operating frequency in terms of frequency splitωd = ω0 −∆ω,
it is possible to obtain an even more compact expression:

|TxF (jωd)| =
∣∣∣∣x(jωd)

f(jωd)

∣∣∣∣ ≈ 1

m
· 1

2ω0∆ω −���∆ω2
=

1

k

ω0

2∆ω
(2.5)

An effective quality factor Qeff can thus be defined

Qeff =
ω0

2∆ω
→

∣∣∣∣x(jωd)

f(jωd)

∣∣∣∣ =
Qeff

k
(2.6)

It represents the amplification obtained, with respect to DC operation,
when driving the device with a mismatch ∆f from its mechanical resonance
frequency f0.
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Chapter 2. Theoretical analysis of Lorentz-Force MEMS Magnetometers

2.1.1 Advantages with respect to resonance operation

Operating off-resonance with a frequency mismatch ∆f and a resulting
residual amplification Qeff independent of Q inherently minimizes all the
issues related to resonance operation.

• Bandwidth-Noise density trade-off is solved.

– Bandwidth is no more dependent on b. As shown in figure 2.1, for
different Q (and thus b) values the bandwidth does not change. It
is always defined as the±3dB value of the force-to-displacement
transfer function, and choosing a suitable frequency split value
∆f, BW turns out to be much higher than the one defined by the
resonance peak. In real applications it is easy to obtain a ±3dB
BW value higher than the application requirements, therefore the
bandwidth will be is generally selected by the front-end acquisi-
tion electronic chain [46].

– Intrinsic resolution (INEMD) still depends on b, being its expres-
sion the same as in resonance operation (equation 1.4). Indeed
it does not depend on the device motion but, besides the driving
current, only on geometrical and environmental parameters.

In principle it could be possible to improve sensor intrinsic resolution,
even in resonance operation, acting on i or L, but it would violate
the two most critical constraints of consumer application, respectively
being power consumption and area.

Exploiting off-resonance operation it becomes possible to improve
resolution acting on the damping coefficient b, either lowering pack-
age pressure or acting on the stator geometry [52], without any impact
on the bandwidth.

• Drive current generation problem is made easier to solve.
It becomes compulsory the use of an external resonator for the oscilla-
tor circuit selecting the drive current frequency. Opposite to resonance
operation, drive current frequency has not to exactly match the device
resonance frequency: the Qeff value is tolerant to resonance frequency
variations. Consider the typical case already presented in section 2.1
of a device with f0 = 20 kHz, Q = 1000 and ∆f = 300 Hz. For an f0
variation of ∂f = ±5Hz, sensitivity (or scale-factor, SF) varies respec-
tively:
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2.1. Off-Resonance operation

– Resonance operation:

SFf0±∂f =
SFf0√

2
≈ 0.707 · SFf0 (2.7)

– Off-resonance operation:

SFf0±∂f =
f0 ± ∂f

2(∆f ± ∂f)
≈ 0.984 · SFf0 (2.8)

In the hypothesis of a 3-axis device, this enables the use a unique
drive frequency for all the three devices, allowing the implementation
of only one oscillator circuit, providing about 3-fold saving in power
consumption.

• Sensitivity long-term stability problem is solved.
Indeed, being the sensitivity less dependent on Q, off-resonance oper-
ation minimizes the effects on the former due to variations of the latter
with temperature or other environmental parameters.

• Sensitivity improves with parallel-plate cells number increase.
In resonance operation the NPP term was present both in the expres-
sion of Q and in the C0 one, so it was canceled out. In off-resonance
operation, instead, having Qeff in place of Q, NPP is only present in the
C0 expression. As visible in equation 2.14, sensitivity is directly pro-
portional to C0, and thus to NPP. Compatibly with the area occupation
requirement for the specific application, this gives a term of freedom
for increasing the sensitivity without acting on power consumption.

• Intrinsic SNR is the same as resonance operation.
In terms of mass displacement, indeed, considering the bandwidth to
be application-constrained and thus equal for the two operating con-
ditions, the SNR can be written as:

SNRresonance =
FL ·

�
�
�Q

k√
4kBTb

�
�

�
�(

Q

k

)2

BW

(2.9)

SNRoff−resonance =
FL ·

�
�
�Qeff

k√
4kBTb

�
�
�

�
��(

Qeff

k

)2

BW

(2.10)
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Chapter 2. Theoretical analysis of Lorentz-Force MEMS Magnetometers

2.1.2 Critical points of off-resonance operation

The main issue in off-resonance operation is related to a marked decrease
in sensitivity:

SFoff−resonance

SFresonance

=
Qeff

Q
(2.11)

This means smaller capacitance variation, and a consequent lower elec-
tric signal at the MEMS output, which may lead to higher power consump-
tion in the front-end electronics chain to guarantee the same input-referred
resolution. It is thus necessary to increase the Lorentz Force acting on the
device with a geometrical approach.

� The solution adopted in this work is based on the recirculation of the
driving current inside the device, which will improve the sensitivity
in a way directly proportional to the loop number. All the beneficial
effects of this solution are detailed in section 2.2.

Even if the issue related to drive frequency generation is partially solved,
it is still a critical point also in off-resonance operation. The deviation
from the theoretical sensitivity is indeed not compatible with navigation
application.

� In the following a solution to this issue is proposed (chapter 3) and val-
idated (chapter 4). A MEMS resonator, built within the same package
of the sensor, is chosen as frequency-selector element. Provided that
both sensor and resonator are well-designed, a self-tracking between
reference and magnetometers frequency changes versus temperature
is achieved, so to keep frequency mismatch ∆f, and thus sensitivity,
well stable.

2.2 Key parameters evaluation

In figure 2.2 a structure illustrating the principle of multi-loop geometry
is presented. Its operating principle is similar to the one of figure 1.2:
the main difference is given by the presence of a certain number of loops
(Nloop) in which the same driving current flows. It is thus clear that the total
Lorentz force acting on the structure, for the same external magnetic field,
is higher with respect to the simple case of figure 1.2 by a factor Nloop.
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2.2. Key parameters evaluation

Figure 2.2: Simplified example of a multi-loop Lorentz-Force MEMS magnetometer ge-
ometry sensible to magnetic field in z-direction (OOP). In the presented case the loop
number Nloop is 5.

2.2.1 Sensitivity (scale-factor, SF)

In a more rigorous way, the sensitivity, or scale-factor (SF), of a capaci-
tive Lorentz-Force MEMS magnetometer based on a structure as the one
presented in figure 2.2 could be written as the variation of the capacitance
relative to a variation of the external magnetic field:

SFC =
∂C

∂B
=
∂FL

∂B
· ∂x
∂FL

· ∂C
∂x

(2.12)

Operating the device off-resonance, the injection of a driving current
with frequency fd causes a Lorentz force at the same frequency to act on
the structure springs. This force is amplified by a factor Nloop with respect
to the case of figure 1.2:

FL = B · i · L ·Nloop (2.13)

As seen in section 2.1, the force-to-displacement transfer function (∂x/∂FL)
in this operating condition is Qeff/keff . keff is the effective stiffness of the
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Chapter 2. Theoretical analysis of Lorentz-Force MEMS Magnetometers

device in terms of N/m, which also takes into account the distributed na-
ture of Lorentz-Force acting on the springs. The capacitance transduction
factor ∂C/∂x = 2 · C0/g is the typical one of differential parallel-plate
readout architecture [30], where C0 and g are the rest capacitance and gap
respectively. The derived expression for differential sensitivity ends up to
be directly proportional to the loop number Nloop:

SFC =
∂C

∂B
= Nloop i L ·

Qeff

keff
· 2C0

g
(2.14)

2.2.2 Resolution

As in all sensor-based systems, two are the main noise contributions: the
intrinsic sensor one and the electronics one. This is true also for MEMS-
based systems:

• Sensor Noise: the main noise contribution for a MEMS device is the
intrinsic Brownian one, which is generated by gas particles-MEMS
rotor walls interactions [53]. Its power spectral density in terms of
force [N2/Hz] is:

SF,M = 4kBTb (2.15)

where the damping coefficient b is mainly dependent on pressure and
on the structure geometry. For the magnetometer case it is conve-
nient to write all noise contributions in terms of input-referred mag-
netic field, thus obtaining the system resolution (INEMD) in terms
of
[
T/
√

Hz
]

(i.e. in terms of magnetic field noise density). For the
Brownian contribution:

INEMD =
√
SB,M =

√
SF,M

∂F
∂B

=
2

Nloop i L

√
4kBTb (2.16)

The factor 2 arises because the noise, dominated by squeeze-film damp-
ing phenomena in parallel-plates cells, directly acts on the suspended
frame, and not distributed along the springs like Lorentz force does.

• Electronic noise: supposing an operational-amplifier based front-end
stage with a feedback resistance and capacitance [54], the main elec-
tronics noise contributions are due to equivalent voltage and current
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2.2. Key parameters evaluation

noise of the op-amp and to the Johnson noise contribution of the feed-
back resistance.

Figure 2.3: Main electronics noise contribution of a front-end electronics based on an
operational-amplifier with feedback resistance and capacitance.

Referring to figure 2.3, a parasitic capacitance including i.e. pads
and interconnections is always present at the op-amps virtual ground.
Naming Sn,V and Sn,I the voltage and current equivalent noise genera-
tors of the operational amplifier, and Sn,R the current equivalent noise
generator of the feedback resistance, it is convenient to write all their
contributions in terms of input-referred magnetic field. This makes
them comparable to intrinsic device noise, and directly gives informa-
tion about total system resolution. Supposing to use the stage as an
integrator:

– Voltage noise of the operational amplifier can be written, in terms
of voltage noise density at the output, as:

Sv,V ≈ Sn,V ·
(

1 +
CP

CF

)2

(2.17)
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Chapter 2. Theoretical analysis of Lorentz-Force MEMS Magnetometers

neglecting the MEMS capacitance C0, being this typically much
lower (of an order of magnitude or more) with respect to the par-
asitic capacitance CP.
The transfer function between capacitance variation and output
voltage variation is:

∂V

∂C
=
Vbias
CF

(2.18)

thus leading to a single-ended sensitivity in terms of voltage for
an external magnetic field variation of:

SFV =
∂V

∂B
= SFC ·

∂V

∂C
= Nloop i L ·

Qeff

keff
· C0

g
· Vbias
CF

(2.19)

Considering the two stages shown in figure 2.3, operational am-
plifier total voltage noise can finally be brought back to the system
input, in terms of magnetic field noise density:

SB,V =
2 · Sv,V

SFV

=

= 2 · Sn,V ·
(
CP

Vbias

g · keff
C0 Qeff i L ·Nloop

)2

(2.20)

where the factor 2 is due to the presence of the two identical front-
end stages.

– Current noise of the operational amplifier is directly transferred
as a current noise at the output. In order to bring back this con-
tribution at system input, it is useful to define a transfer function
between the external magnetic field and the current at the opera-
tional amplifier output. At one stator output, the current can be
written as:

iout =
d

dt
[C · V ] = V · ∂C

∂t
+ C · ∂V

∂t
(2.21)

where C and V are respectively the single-ended capacitance and
voltage difference between rotor and stator. Being the voltage
difference constant and equal to Vbias, this expression can be sim-
plified:
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iout = V · ∂C
∂t

= V · ∂C
∂x
· ∂x
∂t

= V · ∂C
�x
·�xωd (2.22)

This defines the sensitivity between external magnetic field and
output current:

SFi = SFC ·
∂iout
∂C

= Nloop i L ·
Qeff

keff
· C0

g
· ωd · Vbias (2.23)

This leads the current noise of the operational amplifier to be ex-
pressed in terms of magnetic field density at the system input as:

SB,I =
2 · Sn,I

SFi

=

= 2 · Sn,I ·
(

g · keff
C0 Vbias Qeff ωd i L ·Nloop

)2

(2.24)

– Johnson noise of the feedback resistance is also directly trans-
ferred as a current noise at the output. Bringing it back to the
system input as the current noise of the operational amplifier:

SB,R =
2 · Sn,R

SFi

=

=
8kBT

RF

·
(

g · keff
C0 Vbias Qeff ωd i L ·Nloop

)2

(2.25)

From these calculations is possible to write an expression for the total
input referred rms magnetic field spectral noise density of the system,
which in this work is addressed as Noise Equivalent Magnetic Density
(NEMD)

[
T/
√

Hz
]
:

NEMD =
√
SB,tot =

√
SB,M + SB,V + SB,I + SB,R =

=
1

iLNloop

·

√
4 (kBTb)

2 +

(√
2 · Sn,V ·

CP

Vbias
· g · keff
C0 Qeff

)2

+

+

(√
8kBT

RF

+ 2 · Sn,I ·
g · keff

C0 Vbias Qeff ωd

)2

(2.26)
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Chapter 2. Theoretical analysis of Lorentz-Force MEMS Magnetometers

Multiplying the obtained noise by the square root of the chosen band-
width, the minimum measurable magnetic field for a given bandwidth
is finally obtained.

Adding re-circulation loops improves all noise contributions, being de-
vice intrinsic or electronics one, leading thus to a beneficial effect both in
terms of sensitivity and resolution of the system.

The only limitation to Nloop increase is the area occupation of the device,
which is an important parameter of merit when speaking of consumer appli-
cation. Devices targeting consumer applications should also be low power
consuming. Even if the increase of the loop number could seem an issue
from this point of view, because of the resistance increase, in chapter 3 it
is shown that it is not, thanks to a particular technological implementation
involving low resistance metal layer for the current path definition.

2.2.3 Bandwidth

As stated in section 2.1, the bandwidth of off-resonance operated devices is
reasonably independent on the quality factor. Provided to correctly set the
frequency mismatch ∆f, this gives more freedom in the bandwidth choice.
Referring to figure 2.1, as an empiric rule, the ±3dB bandwidth can be
considered to be BW ≈ ∆f/3. Indeed, in order to avoid the amplification
of harmonics at frequency f = ∆f, and to control the minimum measurable
field (Bmin = NEMD ·

√
BW), it is generally preferred to electronically

filter the bandwidth. To guarantee this possibility, resonance peak has not
to occur before electronic filtering: using as an example a ∆f of 300 Hz, a
BW of 50 Hz is readily achievable [46].

2.3 Offset

Offset is a common issue when dealing with MEMS devices. In several
case, as accelerometers [55], due to stresses and typical low stiffness, and
in gyroscopes, due to quadrature error [56], it reaches magnitudes even
larger than the FSR. This is also the case of MEMS magnetometers. Taking
into account the simplified structure of figure 1.2, whose resistive model is
pictured in figure 2.4, the current signal at each stator output can be written
as in equation 2.21. It shows that two are the terms which could generate an
undesired, non-zero signal: a capacitance (C) variation or a voltage (VSR)
variation between rotor and stators. Two are thus the typical offset sources:

• Electrical: assuming the structure to be perfectly symmetric from a
mechanical point of view, the voltage on the rotor is ideally con-
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2.3. Offset

Figure 2.4: Simplified resistive model of the structure of figure 1.2.

stant in all its points. Nevertheless, due to fabrication process non-
uniformities, the four ideally identical resistances (Rs,1,Rs,2,Rs,3 and
Rs,4) turn out to be different. In this condition a residual voltage on
the rotor, which is time-varying at the drive current frequency, appears
(Vrot(t)).

– C · ∂VSR
∂t

is not null, but exactly equal for the two stators of the
differential parallel-plate cell. The two signals would be thus au-
tomatically canceled out in any differential readout;

– VSR ·
�
�
�∂C

∂t
is always null: in the hypothesis of a mechanically

balanced structures, C1 = C2, so the two electrostatic forces are
always equal, holding the rotor in its rest position.

If only this contribution exists, no offset signal is visible at the output.

• Mechanical: so far it has been assumed that, in absence of magnetic
field, the rotor is ideally in the middle between the two stators. Also
assuming the structure ideally symmetric from an electrical point of
view, due to residual stresses, in the release fabrication step the rotor
could be displaced from its ideal position of a quantity xos, as shown
in figure 2.5.

– C ·
�
�
��∂VSR

∂t
is null. In the ideal case of perfectly balanced resis-

tances Rs, the voltage difference between rotor and stators is con-
stant;

– VSR ·
∂C

∂t
is, initially, not null. The two electrostatic forces are

indeed not equal because of the different gap between rotor and
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Chapter 2. Theoretical analysis of Lorentz-Force MEMS Magnetometers

Figure 2.5: The rotor is displaced by its ideal rest position of a quantity xos toward one
stator. This is called mechanical offset.

stators. This leads to a movement of the rotor toward an equi-
librium position, causing a capacitance variation in time and a
consequent offset signal. As shown in the simulation result pre-
sented in figure 2.6, once equilibrium has been achieved, no more
offset signal is observed at the output if no external magnetic field
is applied.

Figure 2.6: Time response of system output in presence of mechanical offset. The rotor
oscillates at the start-up, but once the equilibrium position has been reached, no offset
signal is observed at the output.

Provided to wait for the initial transient, if only this contribution is
present, no offset signal is visible at the system output.

• Real case: unfortunately, in a real case, electrical and mechanical off-
set contributions are simultaneously present. Both capacitances and
electrostatic forces are thus different:

30



i
i

“thesis” — 2017/1/21 — 11:50 — page 31 — #47 i
i

i
i

i
i

2.3. Offset

C1 =
ε0A

g − xos − x(t)
C2 =

ε0A

g + xos + x(t)
(2.27)

Fel1 =
ε0A(Vbias −Vrot(t))2

2(g − xos − x(t))2
Fel2 =

ε0A(Vbias −Vrot(t))2

2(g + xos − x(t))2

(2.28)
Electrostatic forces are indeed DC unbalanced due to the presence of
mechanical offset, with an AC component due to the presence of a
residual rotor voltage Vrot(t). This causes a sinusoidal displacement
x(t) to arise and persist also after the settling of the transient caused
by the presence of xos.

– C · ∂VSR
∂t

is not null. In this case it is also different for the two
stators, being C1 6= C2 due to the presence of mechanical offset;

– VSR ·
∂C

∂t
is not null. Due to the rotor movement x(t) it is of

opposite sign for the two stators, as when the rotor approaches
stator one C1 increase while C2 decreases, and viceversa.

This leads the system offset to be a sinusoidal signal, with frequency
equal to the one of the drive current (fd) and in phase with the rotor
displacement. For a sample device with resonance frequency f0 of
20 kHz and Q of 1000, the simulated residual offset signal due to
the simultaneous effect of a mechanical offset xos of 50 nm and an
electrical offset Vrot of 5 mV is shown in figure 2.7. Comparing it
with figure 2.6 - where no offset was present once the equilibrium
condition had been reached - in the inset is highlighted the residual
sinusoidal voltage due to the presence of both offset sources at the
same time, without any external magnetic field applied. This offset
signal features an amplitude comparable with the one of the desired
signal relative to an external magnetic field of about 1 mT.

2.3.1 Offset in multi-loop architectures

Because multi-loop architectures require a spiral path, they are intrinsically
asymmetric. Looking at figure 2.2, if the resistance of the structural link
connecting two springs is Rlink and the resistance of a half spring is RP,
much lower than Rlink thanks to springs metalization, the simple resistive
model of figure 2.8 is obtained.
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Chapter 2. Theoretical analysis of Lorentz-Force MEMS Magnetometers

Figure 2.7: Output offset voltage for a device with f0 of 20 kHz, Q of 1000, a mechan-
ical offset xos of 50 nm and an electrical offset Vrot of 5mV. The peak voltage of the
undesired signal is comparable to the one of an external magnetic field of about 1mT .

Figure 2.8: Resistive model of the multi-loop structure of figure 2.2. RP represents the re-
sistance of a half spring, Rlink represents the resistance of the structure links between
the springs. RP is a lot lower than Rlink thanks to metalizations, which decrease
springs resistances.
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The rotor is no more ideally at the same (null) voltage as in the simple
case of section 2.3, but it has structure-dependent voltages (Vrot,A, Vrot,B),
which are time-varying with the drive current. Being mechanical offset
technology dependent, and electrical offset both technology and structure
dependent, a sinusoidal offset signal is unavoidably present at the output of
these structures.

Figure 2.9: Voltage waveform at the system output in absence of external magnetic field.
While all the offset phenomena are visible, it is clear that the dominant one is the
feed-through contribution.

2.3.2 Feed-through offset contribution

A third offset contribution may be present. Being of the same shape of the
drive signal, it is caused by a direct coupling between drive and sense sig-
nals. As visible in figure 2.9, where the device is driven through a square-
wave current, this coupling effect turns out to be the dominant contribution.
It is directly related to the layout of structures and electrical interconnec-
tions used to bring signals in and out from the package. Being a layout-
dependent offset, it is not significantly drifting with environmental changes,
as the coupling capacitances should be stable with temperature.

Neglecting the structure link resistances of figure 2.8, it is possible to
obtain the model shown in figure 2.10, where this last offset contribution
is modeled with two feed-through capacitances directly coupling drive path
and sense electrodes.

All the simplifying assumption made through this section to explain dif-
ferent offset contributions are directly derived from a more accurate anal-
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Chapter 2. Theoretical analysis of Lorentz-Force MEMS Magnetometers

Figure 2.10: Simplified resistive model for the multi-loop structure of figure 2.2 with the
presence of feed-through capacitance to model the feed-through offset contribution.
Rrot is the resistance between the two rotor ends, while R1 and R2 represent the
equivalent resistances respectively between the input pad and the rotor and the output
pad and the rotor.

ysis of the offset phenomenon through a Simulink model, shown in figure
2.12, in which the three dominant offset contributions are put in evidence.

2.3.3 Offset compensation

Compensation of such offsets is needed at a rough level to avoid satura-
tion, at a higher level to guarantee the possibility to fully exploit the whole
electronic dynamic range, and at the highest level to compensate also pos-
sible offset drifts. Options for offset compensation in MEMS are in general
split into two categories: electronic compensation and electro mechanical
compensation. The former is usually based on the injection of a signal
equal and opposite to the offset at a certain point in the electronic chain,
before signal saturation [57]. The latter, instead, generally compensates for
mechanical anomalies, as the Tatar quadrature-compensation scheme for
gyroscopes [56].

The chosen offset compensation technique for this work is an electro me-
chanical one. The technique (a similar one was proposed in [58]) consists
in the application of a small DC voltage difference to the two stators of the
differential capacitive cell. This puts the rotor in a position such that the
differences in the capacitive gains of the two stators compensate the dif-
ferences in crosstalk between drive and sense electrodes. This avoids the
addition of more electronics stages, which would increase the power con-
sumption in view of an integrated implementation. Indeed, a trimming of
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the DC bias applied to the stators would only be required during the calibra-
tion phase, which is however mandatory for any commercial product. Any
change in total power consumption of the system would thus be required.

Figure 2.11 shows simulation results for a test structure respectively adding
and subtracting a voltage ∆V to the two stators. In the first case (figure
2.11a) xos and Vrot are varied, while in figure 2.11b offset compensation
dependence on the feed-through capacitance is shown.

Figure 2.11: Offset compensation unbalancing stator voltages of a quantity ±∆V with
respect to the initial Vbias value of 6 V. Dependences of the ∆Vopt value on different
offset contributions are shown.

Dependence of the voltage needed to minimize offset (∆Vopt) are then
clear:

• Mechanical Offset: ∆Vopt increase with increasing values of xos;

• Electrical Offset: ∆Vopt is independent on the amplitude of the resid-
ual voltage on the rotor Vrot;

• Feed-through Offset: ∆Vopt varies with the variation of the crosstalk
between drive and sense electrodes. The direction of the variation
depends on the relative intensity of the couplings for the two sense
electrodes.

From simulations it is visible that a reduction of more than two orders
of magnitude could be achieved with the right value of voltage unbalancing
∆V, and that the more precise is the voltage regulation, the lower becomes
the offset.
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Figure 2.12: Simulink model comprising device and readout behaviors together with all
the offset phenomena.
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CHAPTER3
A 3-axis MEMS magnetic field sensing

system

3.1 Fabrication Process Challenges

All the devices designed to integrate the innovative elements described
in chapter 2 are fabricated with the 22-µm-thick ThELMA technology by
ST Microelectronics. ThELMA - Thick Epitaxial Layer for Microactua-
tors and Accelerometers - is a surface micro-machining process similar to
other industrial fabrication technologies, featuring deep reactive ion etch-
ing (DRIE) for structural parts definition, and hydrofluoric acid attack for
device release. The process is currently used for mass production of ac-
celerometers and gyroscopes. More informations about it can be found
in [59] and [60].

In order to exploit current recirculation, it is compulsory to control the
current path, which is not trivial in the used MEMS technology. Figure
3.1 shows that, without any additional layer, the current, flowing through
polysilicon, would not follow the desired path. It would indeed choose the
less resistive way to flow from the input to the output, which is not the spiral
one, loosing all the benefit related to current recirculation. As the sensors,
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Chapter 3. A 3-axis MEMS magnetic field sensing system

Figure 3.1: Current paths on multi-loop Lorentz-Force magnetometer architecture. In
black the desired spiral paths allowing the current recirculation with consequent force
amplification; in red the less resistive path, that the current would follow without any
additional layer to the poly-silicon one.

in their final applications, require full compatibility with the industrial pro-
cess, it is necessary to evaluate the options available on ThELMA process
to create a controlled low-resistive path which can be followed by the driv-
ing current.
The only available option is to exploit the metal deposition step, already
available for creation of pads and electrical interconnections. Following
this guideline, two options were investigated: (i) the deposition of metal
paths isolated from the structural layer through an insulating material (SiC)
and (ii) the deposition of metal paths directly on the polysilicon layer. The
former option has the obvious advantage of allowing an optimum definition
of the current paths, completely decoupling the electrical domain from the
mechanical one. However, it proved to be technologically challenging due
to residual stresses on the different materials forming the stack. The sec-
ond option was therefore selected. The challenge in the design of multiple
loops within a standard industrial process is thus represented by the absence
of an insulating layer between the metal forming the loops and the heavily
doped polysilicon layer. This allows the current to more easily follow leaky
paths which could be created by the direct contact between structural and
metal layers. The effective current trajectory depends (i) on the resistivity
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of the two materials, (ii) on the contact resistance between the two materials
(2.7kΩ · µm2), and (iii) on the structure geometry. The former is defined
by the process: Aluminum square resistance is 0.04 Ω/�, PolySi square
resistance is 20 Ω/�.

Figure 3.2: Schematic representation of the resistive model of a generic multi-loop mag-
netometer. The desired current trajectory is a long spiral of low-resistivity Aluminum,
which follows the Rp resistnaces. Lekage trajectories, as the one presented with a
dashed line, arise from short paths of high-resistivity polysilicon (Rlink). The contact
resistance between the layers was estimated to be 2.7 kΩ · µm2.

Referring to the resistive model of figure 3.2, even if the Al square re-
sistance is much lower, the aspect ratio of its path, due to the adopted recir-
culation loops, can be orders of magnitude longer than for parasitic paths
through polysilicon. Along the desired spiral path there are contributions
Rp given by the Al resistance; along parasitic paths there are contributions
Rlink given by the polysilicon resistance. These links between adjacent spi-
ral loops are unavoidable to keep them rigidly connected, so to obtain a
single mechanical resonant sensing mode, as will be shown in the follow-
ing. As part of the current flows through these undesired leaky paths, lower
amount of current will contribute to the Lorentz force generation, resulting
in a reduction of sensitivity. This leads to the definition of an effective loops
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Chapter 3. A 3-axis MEMS magnetic field sensing system

number Nloop,eff , which is lower than the structural loop number Nloop and
takes into account the current losses in the polysilicon parasitic path. Due
to the fact that loops are nested one another, and more in general to the
complexity of the geometry, the calculation of the coefficient Nloop,eff will
be carefully performed via finite element simulations.

Figure 3.3: Metal layer on structural poly-silicon: (a) layout for masks fabrication (b)
3D CAD expected result (c) real fabrication result. The etching on the structural layer
is the expected one, while the width of the metal layer is 3.3µm instead of the expected
5.7µm.

A further effect contributing to the reduction of the effective loops num-
ber is shown in figure 3.3, where the layout for masks definition is visible,
together with the 3-D CAD expected result and the real fabrication result
of the metal layer above the polysilicon one. Though the expected geom-
etry had a rectangular section metal layer 5.7 µm wide and 600 nm thick,
the obtained one is a roughly triangular section metal layer 3.3 µm wide
and 500 nm thick. This excessive Aluminum etching both in width and
thickness makes the metal path more resistive, increasing the amount of
current flowing in the structural leaky paths. The effective loops number
Nloop,eff , and thus the sensitivity, are consequently decreased with respect
to theoretical values.

3.2 Device Design

3.2.1 Module at a glance

The module, sensitive to 3-axis magnetic field, is composed by four differ-
ent structures:

• One device for the sensing of out-of-plane magnetic field;

• Two identical devices, rotated by 90◦, for the sensing of in-plane field;

• One resonator, used as frequency-selector for the drive current.
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3.2. Device Design

Figure 3.4: SEM image of the complete 3-axis module, composed by one Out-Of-Plane
(OOP) field sensitive device, two In-Plane (IP) field sensitive device and a Tang res-
onator to select the drive frequency. White arrows indicate the current path.

In figure 3.4 a SEM image of the entire module is presented, with the
whole current path highlighted. The drive current not only flows within
each device itself, but also from one device to another. This feature is
achievable thanks to off-resonance operation. In this case only one oscilla-
tor circuit is needed, and the total current contributing to the MEMS power
consumption is the one flowing into the three devices. Referring to figure
3.5, in case of off-resonance operation a 3-fold saving in terms of drive
circuit power dissipation - actuation current included - is guaranteed with
respect to resonance operation. The full, ready-to-use module, including
the design area, the sealing area and the pad area, can be sized to a single
chip with square dimensions of about 4mm2.

Even if it is not necessary to reach the same precision as in the hypoth-
esis of resonance operation, also for off-resonance operation a good match
of the mismatch ∆f is required, and thus a good control of the relative dis-
tance between the drive frequency fd and the sense frequency f0. Referring
e.g. to equations 2.7 and 2.8, in the hypothesis of a device with the in-
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dicated parameters, a mismatch variation of ± 5 Hz induces a sensitivity
variation of 1.6%, that is better than the 29.3% which would be obtained
with resonance operation, but is still not negligible. All devices have hence
to be equipped with tuning electrodes, in order to give the possibility to
shift their resonance frequency f0 to the desired value. The module will
then operate with all the devices frequencies set at fX, fY, fZ = f0, and the
drive frequency fd at a mismatch ∆f from f0.

All the shown finite element simulations (FEM) of this work are performed
using the full 3-D geometries in Comsol Multiphisics, with at least five el-
ements within the smallest dimension of every structural part.

Figure 3.5: Power consumption comparison between off-resonance and resonance oper-
ation. In off-resonance operation the same current can be exploited to drive all three
sensors, leading to a power consumption saving of a factor three.
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3.2.2 Project criteria

All the design choices presented in the following, concerning both single-
axis devices and the Tang resonator, have been made to comply with the
following criteria:

• Resonance Frequency: the target resonance frequency has to be at the
upper limit of the audio band (≈ 20 kHz), in order to avoid audio
disturbances and to obtain the lowest stiffness possible, increasing the
Lorentz-induced displacement;

• Overall size: all the structures and their connections have to fit within
a 2.5× 2 mm2 active area;

• Loops number: there is no trade-offs for the loops number but the
one with the device dimension. The bigger the loops number, the
higher the displacement, but the bigger is also the area occupation.
The choice for all the device has then been of 10 loops each;

• It is not possible ato fit more than one metal loop onto a single polysil-
icon spring, because of the absence of an insulator between the two
layers.
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Chapter 3. A 3-axis MEMS magnetic field sensing system

Figure 3.6: SEM image showing the top view of the magnetometer sensible to the out-
of-plane magnetic field. Current inlet and outlet, together with its spiral path and the
arising Lorentz forces are put in evidence.

44



i
i

“thesis” — 2017/1/21 — 11:50 — page 45 — #61 i
i

i
i

i
i
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3.2.3 Out-Of-Plane magnetic field sensing device

The device sensitive to the out-of-plane magnetic field, following the right
hand rule, performs a translational planar movement. Its structure is shown
in figure 3.6, where also its working principle is put in evidence. Its me-
chanical part is made of two springs, each formed by ten beams of length
L of 1400 µm, holding a suspended frame (rotor). The beams of each
spring are rigidly connected one another through thin links at their cen-
ter. The frame suspends a battery of nested cells for in-plane capacitive
motion sensing. A diamond-shaped tuning fork, first presented in [61], is
suspended at its end by 410-µm-long clamped-clamped beams, connecting
the two halves. Looking at the electrical domain, all along the 20 beams,
a 30-mm-long Al path is deposited in order to create the 10-loops current
recirculation spiral. As visible in figure 3.3 each beam has a width of 6 µm,
covered by a 3.3-µm-wide Aluminum strip, leading to a total resistance of
the current path of 480Ω. According to section 3.1, the smaller than ex-
pected width for the metal paths generates a non-negligible leakage current
through the straight links connecting the beams. Their overall resistance
along the most critical parasitic path turns out to be in the order of 1.5 kΩ:
this lowers the improvement in sensitivity and resolution.

Figure 3.7: Simulation for the Lorentz current flowing through the device. The curves refer
to different metal widths and cross-sections or to different link geometries. The partial
current loss in the first loop decreases if the resistance of the Al path is decreased (wide
metal), or when the links resistance increases (serpentines).
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Chapter 3. A 3-axis MEMS magnetic field sensing system

As shown in figure 3.7, this brings the effective number of loops to be
Nloop,eff = 5.1 instead of the ideal Nloop = 10. It is worth notuce that there
is not a trade-off for the loop number increase in the structure design but the
area occupation, which is the reason why the presented structure features
10 recirculation loops. They become Nloop,eff = 6.4 with triangular metal
layer 3.3µm wide and 500 nm thick. If the metal layer were fabricated as
it was drawn by layout, the loss in equivalent number of loops would have
been lower, featuring Nloop,eff =8.1. Moreover, if a non-straight link were
used - as the serpentine one shown in the inset and exploited in the in-plane
device - a further improvement would be obtained, leading to an almost
ideal situation, with only a 7% current loss.

One option to improve Nloop,eff could be to place the sensing cells in
between the springs, in order to increase the length of the thin links. This
would reduce the current loss, but the sensing cells would always be at
different voltages, due to the absence of the insulating layer between metal
and polysilicon, making this strategy not pursuable.

Looking at figure 3.6, in operation, the AC current flows through the
two springs in opposite directions, so that an out-of-plane component of
magnetic field gives rise to in-plane, opposite Lorentz forces FLor. The
presence of the tuning-fork determines the existence of both an in-phase
and an anti-phase in-plane translational modes. The opposite direction of
the Lorentz current excites the anti-phase mode, whose shape is indicated
in the eigen-frequency FEM simulation of figure 3.8a: the readout of its
movement gives information about the external magnetic field.

On the contrary, an external acceleration causes concordant forces for
the two sub-frames, as shown in the in-phase mode FEM simulation of fig-
ure 3.8b. In this way, the action generated by the magnetic field results in
a differential signal, while external accelerations are ideally rejected as a
common mode and, to first order, do not provide any differential capaci-
tance variation. This approach is to be pursued because the Lorentz force,
as stated in section 1.3.1, can be orders of magnitude smaller than inertial
forces. Moreover, the particular tuning-fork shape allows to push the in-
phase mode at a frequency nearly doubled with respect to the anti-phase
mode one.

Indeed - as visible in the insets of figure 3.8 and in figure 3.9 - while the
anti-phase motion excites the first mode of the holding bars, the in-phase
motion of the sub-frames excites their second mode, shifting upward the
corresponding mode of the whole structure. This makes the device more
tolerant to higher order effects induced by the presence of accelerations and
vibrations. Further experimental details on the tolerance to accelerations
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3.2. Device Design

Figure 3.8: Results of FEM simulations for (a) the anti-phase mode, excited by the Lorentz
current flowing in opposite directions through the springs, and for (b) the in-phase
mode, excited by external accelerations. The insets show how the tuning-fork geometry,
coupled to the holding bars, helps in shifting the in-phase mode to frequencies higher
than for the anti-phase mode.

are shown in section 4.2.6.
The nominal frequency of the anti-phase mode is fZ = f0 = 18.3 kHz

in operation, including the softening caused by electrodes biasing. Like in
gyroscopes, this value is at the margin of the typical acoustic disturbance
bandwidth [62], which generally ends around 20 kHz. This anti-phase dis-
placement is readout through a special geometry of sensing electrodes, con-
nected as in figure 3.10 in order to sense the differential motion of the de-
vice with the stators that see the rotor approaching to them all connected to
the same front-end stage, and the other half of the stators all connected to
another front-end stage.

Each fixed stator features interspersed apertures that act as escape paths
for squeezed gas [52], thus reducing, with respect to a classical parallel-
plates scheme, the damping coefficient and in turn the thermomechanical
noise. According to electrical FEM simulations and to Montecarlo test
particle damping simulations [63], this approach guarantees about the same
capacitance variation per unit displacement and 45% lower damping with
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Chapter 3. A 3-axis MEMS magnetic field sensing system

Figure 3.9: Schematic representation of the effect of the tuning fork holding bars on the
structure vibrational modes.

Figure 3.10: Connection scheme of the electrodes for the sensing of the structure motion.

respect to continuous stators [64]. The penalty of this solution is the larger
area occupied by each differential stator (the number of sensing cells fitting
in the same overall area is roughly 85% lower). Details of these electrodes
(holed stators), whose optimization was itself part of this thesis, are visible
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3.2. Device Design

Figure 3.11: Holed stators sensing architecture, featuring interspersed escape paths for
squeeze-film damping reduction.

in figure 3.11: a 5.4 µm aperture is provided every 28.8 µm of plate length.
The former dimension is sized to be well larger than the gap, while the
latter dimension is sized to be comparable to the structural thickness. The
nominal gap between the rotor and the stators is 2.1 µm. The overall device
area, including the anchor points, is 1600 µm×850 µm, while in Table 3.1
the most relevant parameters of the structure are listed.

Parameter Unit Value

Area µm2 1600 x 850

Effective stiffness N/m 59

Quality factor - 790

Single-ended rest capacitance fF 445

Average Lorentz length µ m 1400

Natural (untuned) frequency (BZ mode) (f0) kHz 19.34

Natural (untuned) frequency (ay mode) (f0,2) kHz 41.77

Table 3.1: Most relevant parameters for OOP device.
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Chapter 3. A 3-axis MEMS magnetic field sensing system

Figure 3.12: SEM image showing the top view of the magnetometer sensible to the in-
plane magnetic field along X direction. The structure for the sensing of the Y field is
identical but rotated by 90◦. Current inlet and outlet, together with its spiral path and
the arising Lorentz forces are put in evidence.
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3.2.4 In-Plane magnetic field sensing device

The device to sense an in-plane field along the X-direction is shown in
figure 3.12 (the device to sense the IP field along the Y-direction is a replica,
rotated in plane by 90◦). In presence of a magnetic field in the sensible
direction, as schematically shown in figure 3.13, the structure performs a
torsional movement. The information about external magnetic field is read
in a differential way by means of a couple of electrodes placed beneath the
structure, visible in figure 3.13b and c.

Figure 3.13: Schematic working principle of the in-plane field sensing structure. It is a
torsional structure, shown (b) at rest, and (c) under the effect of an external magnetic
field in x direction.

The real device (figure 3.12) is formed by four torsional beams, suspend-
ing a frame constituted by a 10-loop spiral, where individual loops are con-
nected one another via two couples of thin links, to form the unique rigid
frame. Maximization of the electrical resistance Rlink in between parallel,
adjacent paths of the spiral is achieved by using serpentine links instead of
direct links. This turns into a 4-fold larger resistance value along each link
with respect to a direct connection, and thus minimizes leakage of Lorentz
current between adjacent loops. The structural frame is also anchored at
the center, and nominally balanced along the rotation axis, so to minimize
effects of accelerations along the sensing mode. On top of the frame, the
Aluminum layer is deposited so to define - though the thin links - the effec-
tively desired spiral trajectory of the Lorentz current. Suspending torsional
beams have a width of 6.3 µm and a length of 21.7 µm.
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Chapter 3. A 3-axis MEMS magnetic field sensing system

In operation, an AC current is made flow through the device from the an-
chor point labeled ‘in’ in figure 3.12. The current follows the 27-mm-long
spiral path (as indicated by i and the arrows for the first two loops and for
the final one) and exits from the anchor point labeled ‘out’. In presence of
a magnetic field Bx along the X-direction, a pair of Lorentz forces will act,
on average, as schematically indicated in the figure, determining a differ-
ential, out-of-plane, torsional motion. This is shown by the finite element
method (FEM) simulation of figure 3.14.

Figure 3.14: Results of FEM simulations for (a) the anti-phase mode, excited by the
Lorentz current flowing in opposite directions through the springs, and for (b) the
in-phase mode, excited by external accelerations

Such a current recirculation directly generates a 9.5× improvement in
sensitivity and resolution. According to SEM measurements, the width of
the spiral polysilicon path is 6 µm (as expected by design, accounting for
nominal polysilicon over-etch predictions), while the width of deposited Al
strips, as already mentioned in section 3.1, is 3.3 µm. Out-of-plane mo-
tion is detected via capacitance variation between the frame (which forms
the top electrode) and two planar differential electrodes designed beneath
the structure. The nominal vertical gap at rest between the rotor and the
underneath planar electrodes is 1.8 µm. In the area corresponding to these
bottom electrodes, the frame geometry is defined to increase the rest capac-
itance and the capacitance variation per unit displacement: figure 3.15 is a
detail that shows how this is accomplished by adding rectangular blocks.
The blocks are suitably holed not to impair the damping coefficient (and in
turn thermomechanical noise) via extra squeezed-film damping.

Using SEM measured dimensions, the overall resistance of the 27-mm-
long Al path is estimated to be 350 Ω, while the resistance along the short-
est leaky path is about 5.5 kΩ. The device is designed to have the torsional
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3.2. Device Design

Figure 3.15: IP magnetic field sensing structure detail, showing the serpentine links con-
necting the spiral loops and the top-electrode frame right above one bottom electrode

mode (the first mode, to sense the Lorentz force as described above) at
about fx = f0 = 18.3 kHz, already including effects of electrostatic soften-
ing in operation. The mode sensitive to Z-axis accelerations and vibrations,
as well as all other high-order modes, us pushed up at frequencies larger
than 32 kHz, thanks to the system of springs designed and anchored at the
device center. In this way, immunity to mechanical vibrations induced by
e.g. acoustic speakers is maximized even if the sensing frequency f0 is
not strictly above the audio range. The overall device area, including the
anchor points, is 1300 µm×640 µm, while in Table 3.2 the most relevant
parameters of the structure are listed.

Parameter Unit Value

Area µm2 1300 x 640

Effective stiffness N/m 83.3

Quality factor - 1060

Single-ended rest capacitance fF 487

Average Lorentz length µm 1100

Natural (untuned) frequency (Bx mode) (f0) kHz 19.25

Natural (untuned) frequency (az mode) (f0,2) kHz 34.82

Table 3.2: Most relevant parameters for IP device.
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Chapter 3. A 3-axis MEMS magnetic field sensing system

Figure 3.16: 3-D CAD geometry of the Tang resonator. A detail of drive and sense comb-
fingers is shown in the inset.

3.2.5 Tang Resonator

The same module also features a Tang resonator [65], which is used to
generate the single reference frequency for simultaneous off-resonance op-
eration of the three magnetometers, and whose geometry is shown in figure
3.16. The resonator structure is implemented as a 3-port configuration (see
the top view of the device in the SEM image of figure 3.17), with motion
actuation and detection based on symmetric comb-driven ports, each fea-
turing 113 fingers with a nominal 8 µm overlap length and a nominal 2.1
µm gap.

The resonance frequency of the first mode (in-plane translational mode,
shown on figure 3.18 is designed at fR = fd = 18.1 kHz, in order to oper-
ate with a ∆f = (f0 − fd) = 200 Hz nominal mismatch with respect to the
resonance frequency of the biased magnetometers.

Suspending springs are designed through four 2-fold beams of identi-
cal length (details can be seen in 3.19): such first expedient, as described
in [66], has the purpose to guarantee that frequency changes under tem-
perature variations are only due to Young’s modulus changes rather than
to temperature induced stress effects. Further, these beams are designed
exactly with the same width as for the beams of the three magnetometers,
so that local effects of under or over-etching affect the frequencies of the
resonator and of the magnetometers in the same way. This second expedi-
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Figure 3.17: SEM image showing the top view of the Tang resonator, used as closing
element for the oscillator loop, responsible for the drive frequency selection.

Figure 3.18: Results of FEM simulations for (a) the in-plane desired mode, used to se-
lect the drive frequency within the oscillator circuit (b) the out-of-plane mode, at a
frequency more than double with respect to the first mode one.

ent should ensure a constancy of the frequency difference from part to part.
The overall area taken up by the resonator is 290 µm×840 µm.

3.3 Drive and sense electronics

3.3.1 Electronics overview

Thanks to off-resonance operation, the three magnetometers can share the
same driving current. They are also read out by the same front-end elec-
tronics topology, as the signal to be processed is a current flowing out the
stators for all the devices.

The discrete-components characterization PCB, schematically shown in
figure 3.20 would then be composed by one driving and three identical
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Chapter 3. A 3-axis MEMS magnetic field sensing system

Figure 3.19: Detail of temperature-induced stress effects tolerant springs and comb-
fingers for driving and sensing of the Tang resonator.

Figure 3.20: Diagram representing the functional blocks of the whole characterization
PCB for a 3-axis MEMS Lorentz-Force based magnetometer with capacitive readout.

sensing blocks. The possibility to identically replicate the same circuit is
only guaranteed by the non-trivial achievement of obtaining well-matched
sensitivities for all the devices, along the different sensing axes. This also
enables the possibility for the output signals of the three front-end circuits
to be sequentially directed, through a multiplexer driven by suitable digital
logic, to a single gain, demodulation and filtering chain, implemented using
lock-in (LIA) techniques. Multiplexing can occur at a frequency up to 300
Hz, compatible with a system output data rate of 100 Hz per channel, and
thus - according to the sampling theorem - with a maximum theoretical
bandwidth of 50 Hz for the entire system. This bandwidth value is set by a
tunable low-pass filter after the demodulation stage.
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3.3.2 Sense electronics

Front-end stage

The front-end stage for the device readout needs to convert the current flow-
ing out from the stators to a voltage signal to be processed.

Figure 3.21: Front-end stage for the conversion in a voltage signal of the current flowing
out the MEMS stators.

The chosen configuration, also described in [46] and [67], is the one
shown in figure 3.21, where one stage is connected to the corresponding
stator of the differential parallel-plate cell through its virtual ground. The
half of the device stators seeing the rotor approaching at a given time instant
is all connected together, as well as the other half which in the same instant
sees the rotor going away. In this way the amount of charge flowing into
the two front-end stages is doubled with respect to the single-ended config-
uration. The two pairs of stators are biased through the virtual ground by a
constant voltage Vbias applied to the positive input of the operational ampli-
fiers. The same circuit topology could be used both as a trans-impedance
amplifier (TIA) and a charge-amplifier (CA) configuration, depending on
the pole frequency:

|T (s)| =
∣∣∣∣Vout(s)Iin(s)

∣∣∣∣ =
RF

1 + sCFRF

fp =
1

2πCFRF

(3.1)

Noise analyses [68] show that working with a charge-amplifier configu-
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ration, which means dimensioning the pole frequency well before the sys-
tem operating frequency, shows better performance in terms of noise while
the signal behavior is not altered. This gives more freedom in the feed-
back component choice: the capacitance has to be the lowest possible, as
it is responsible for the signal gain (1/sCF). Looking at equation 2.26,
the resistance has instead to be high enough to make its noise contribution
negligible and to push the pole at a low enough frequency. Indeed the op-
eration frequency of ≈ 20 kHz of the system puts a constraint on the pole
frequency, which has to be at least lower than 2 kHz. This led to the choice
of a feedback capacitance CF of 0.5pF and a feedback resistance RF of
600MΩ. Such a high resistance value, in the perspective of an integrate im-
plementation, could be reached by means of transistors in off-state. Indeed
it is not needed a precise resistance value, being the feedback dominated by
the capacitance from a certain resistance value on. A very low-noise opera-
tional amplifier has also been chosen: AD8065 from Analog Devices [69],
which features an equivalent input voltage noise of 7 nV√

Hz
and an equivalent

input current noise of 0.6 fA√
Hz

.

A sinusoidal MEMS capacitance variation directly induces a current into
the charge amplifier virtual ground:

Iin(t) = Vbias ·
∂C

∂t
+

�
���

��
C · dVbias

dt
= Vbias · ∂C · ω · sin(ωt) (3.2)

leading to a transfer function between capacitance variation and output
voltage:

Vout = Vbias ∂C ω sin(ωt) · 1

jωCF

→ ∂Vout
∂C

=
Vbias
CF

(3.3)

The voltage at each CA output is thus a signal at the same frequency of
the rotor displacement (thus of the drive current) with an amplitude which
is directly proportional to the capacitance variation. Referring to equation
2.14 it turns out to be also proportional to the external magnetic field. The
only difference between the signals at the two charge amplifier outputs is
the phase: as one stator sees the rotor approaching while the other sees it
going away, a phase shift of π is present between the two signals.

Amplifier stage

These two signals are then high-pass filtered - in order to remove any un-
desired DC component, e.g. generated by offsets in the op-amp, which has
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no meaning in terms of magnetic field - and sent to the differential inputs
of an instrumentation amplifier (INA 129 from Texas Instruments [70]), as
visible in figure 3.22.

Figure 3.22: Complete uni-axial readout chain with an high-pass filtering stage at each
charge amplifier output and an INA stage to amplify the signals difference.

As the two inputs are sinusoidal signals with a phase shift of π, the
output signal will be again a sinusoidal signal at the drive frequency, whose
amplitude is amplified according to the chosen gain GINA = 1 + 49.4kΩ/RG.
With an RG of 2.54kΩ, the selected gain of the amplifier stage is GINA =
20.45.
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3.3.3 Drive electronics

The driving electronics is composed by two blocks: (i) the oscillator circuit
to select the frequency of the drive current and (ii) the current generator.

Oscillator Circuit

The resonant element of the oscillator circuit is the Tang resonator shown in
section 3.2.5. It is well known [65], [60], [66] that a MEMS resonator can
be modeled with an RLC series network, where each electrical parameter
is directly related to a mechanical device parameter:

Req =
b

η2
Ceq =

η2

k
Leq =

m

η2
η = VDC ·

∂C

∂x
(3.4)

where η is an electromechanical transduction factor between the rotor-
stator applied voltage and the resulting electrostatic force. MEMS res-
onators are also characterized by the presence of a feed-through capaci-
tance (Cft) directly coupling the drive and sense port. This ends up in a cir-
cuital model as the one shown in figure 3.23, adding a contribution growing
withω which becomes eventually dominant for large frequencies.

Figure 3.23: Electrical model and transfer function of a MEMS resonator.

This could cause the oscillator circuit to have more than one point which
satisfies the Barkhausen conditions, resulting in more than one possible
oscillation frequency, as visible in figure 3.24. This effect can be avoided, in
a first approximation, adding low-pass filtering stages at frequencies higher
than the resonance, but lower than the operational amplifier intrinsic one.

In the circuital model of figure 3.23 the resistances connecting drive
and sense ports to ground (RP) are so big that can easily be neglected, and
the parasitic capacitances related to drive and sense stages and other para-
sitisms ((CD + CP) and (CS + CP)) are between ground and another low
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Figure 3.24: Effect of the feed-through capacitance on the MEMS resonator transfer func-
tion. A second resonance frequency appears, and it needs to be filtered out.

impedance - being it the output impedance or a virtual ground of an op-
erational amplifier. Therefore, almost no current flows through them, and
they can easily be neglected. The oscillator circuit, depicted in figure 3.25
is based on a trans-impedance amplifier front-end (40MΩ feedback resis-
tance), because it induces a different phase shift on the signal with respect
to the charge amplifier configuration, and in this implementation high per-
formance as in the sense front-end stage are not needed. This is followed
by an inverting high-gain stage that (i) provides the -180◦ phase shift to
satisfy the Barkhausen criterion on the phase, and (ii) leads to saturation,
thus providing the nonlinearity that lowers the loop gain down to 1 after the
start-up, so to satisfy also the Barkhausen condition on the modulus [71]. A
voltage divider is then used to lower the driving voltage waveform to values
compatible with the desired resonator motion (about 3 µm). The oscillator
does not need amplitude control (AGC [72]), as its goal is solely to provide
a reference frequency.

A 160 kHz low-pass filter has been added to each stage in order to com-
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Figure 3.25: Complete schematic of the oscillator circuit.

pensate for the feed-through capacitance effects.
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Current Generator

The saturated square wave of the oscillator circuit (VOSC in figure 3.25),
as well as the external wave in case of this choice, is sent to the input of a
differential amplifier (AD8276 from Analog Devices [73]) through a buffer
stage.

Figure 3.26: Schematic of the current generator circuit which receives the saturated
square wave from the oscillator as input.

The circuit, visible in figure 3.26, applies the input voltage directly on
the reference resistance RREF, which has to be a very low tolerance resistor
of a value chosen in order to obtain the desired current. The generated driv-
ing current I0, with a frequency selected by the oscillator circuit, directly
flows into the MEMS module as depicted in figure 3.4.

Complete schematic and picture of the 4-layer fabricated PCB are visi-
ble in figure 3.27 and 3.28 respectively.
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Figure 3.27: Complete schematic of the designed PCB for the drive signal generation and
readout of capacitive 3-axis Lorentz-Force based MEMS magnetic field sensor.

Figure 3.28: Up and bottom view of the 4-layer fabricated PCB.
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3.4 Key parameters prediction

3.4.1 Sensitivity

Consider the differential capacitive magnetometers presented in section 3.2,
with a nominal resonance frequency f0 = 18.3 kHz, driven off-resonance by
a quantity ∆f = 200 Hz through an AC current with peak amplitude i. The
sensitivity (scale-factor) in terms of system output voltage variation ∂Vout

per unit magnetic field change ∂B can be written, referring to equation 2.14
and 3.3:

SFV =
∂Vout
∂B

= SFC ·
∂Vout
∂C

·Geln (3.5)

In off-resonance operation the displacement along the sensing direction,
caused by the AC Lorentz force FL = B · i · Leff · Nloop,eq (Leff being the
average spring length), is amplified by Qeff . It is thus possible to derive the
sensitivity expression per unit current consumption:

SFV

∂i
=

∂Vout
∂B · ∂i

= Nloop,eq Leff ·
Qeff

keff
· 2C0

g
· Vbias
CF

Geln (3.6)

In the equation above, keff is the effective device stiffness, in units of
N/m. For the in-plane field sensing device, this corresponds (for small tilt-
ing angles) to the torsional stiffness divided by the square of the average
torque arm, d (see figure 3.12). For the out-of-plane sensing magnetome-
ter, it corresponds to the stiffness of one half of the device (anti-phase mo-
tion), pre-multiplied by a factor 2 due to the distribution of the Lorentz
force across the springs. Geln represents the gain of all electronic stages
beyond the CA. With the nominal parameters given in tables 3.1 and 3.2,
the nominal sensitivity per unit Lorentz current for a 200 Hz mode-split
(∆f) turns out to be nominally identical for the IP and OOP devices, and
independently of the quality factor value, equal to:

∂Vout
∂B · i

= 5.56
µV

µT µArms

(3.7)

3.4.2 Electronic noise

With the front-end electronics described in section 3.3.2, all the noise con-
siderations of section 2.2.2 directly apply. The electronic noise, in terms
of V2/Hz at the CA outputs, is independent of the device. Considering
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the components described in section 3.3.2 (AD8065, featuring
√

Sn,V = 7
nV/
√

Hz and
√

Sn,I = 0.6 fA/
√

Hz, as operational amplifier and 600 MΩ
as feedback resistance), the op-amp current noise contribution turns out to
be negligible in the system working frequency fd (see figure 3.29). The
feedback resistance RF is dimensioned in such a way that its noise contri-
bution is comparable to op-amp voltage noise, if a parasitic capacitance of
5pF is assumed.

Figure 3.29: Sense electronics noise contributions, expressed in terms of V/
√
Hz at the

charge-amplifier outputs.

3.4.3 Damping coefficient and total noise estimation

Recalling the intrinsic thermo-mechanical noise formula for MEMS de-
vices at a certain temperature T, which is the ambient temperature, and
being kB the Boltzmann constant:√

SB,M =
4

i L Nloop,eq

·
√
kBTb

nT√
Hz

(3.8)

the noise contributions of the two different devices can be estimated.

MEMS magnetometers (like gyroscopes) operate at pressures in the 1mbar
range. With typical operating frequencies slightly above the audio band and
typical gap dimensions, the Knudsen number turns out to be higher than
10. Working conditions hence fall within the free-molecule regime, where,
according to standard classifications of rarefied gas-dynamics, collisions
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between molecules themselves can be neglected [74], [75], [76]. Valida-
tions of this hypothesis can be found e.g. in [77], [78]. For this operating
conditions, a small number of models are present in literature, and they are
most concentrate on parallel-plates squeeze damping. Some examples can
be found in [79], [80], [81]. An innovative approach using integral equa-
tion techniques based on the collisionless Boltzmann equation by Frangi et
al. [82] has been validated on a bunch of simple test structures, implement-
ing the most used drive and sense architectures in MEMS devices [83], and
then used to estimate the total dissipation of the complex structures pre-
sented in section 3.2.3 and 3.2.4.

Looking at figure 3.30, in which all the noise contributions are con-
sidered at the system input (in terms of T/

√
Hz), for a 6V biasing volt-

age Vbias of the devices stators and a parasitic capacitance of 5pF, the
MEMS thermo-mechanical noise turns out to be the dominant contribu-
tion. For a technology-limited package pressure of about 0.5mbar, the es-
timated damping coefficients for IP and OOP devices are 6.8 · 10−7Ns/m
and 6.5 · 10−7 Ns/m respectively. Knowing the structures resonance fre-
quencies, their Q values turn out to be about 1000 for the IP magnetometer
and 800 for the OOP one. The intrinsic noise of the two devices is thus
similar (145 nT/

√
Hz and 165 nT/

√
Hz for IP and OOP respectively),

leading to a total system noise, at its operating frequency (18.1 kHz), of
150 nT/

√
Hz for IP and 169 nT/

√
Hz for OOP devices, coupled with their

readout electronic chain.
This means that performance in line with the state of the art can be the-

oretically obtained for Lorentz current values of 100 µArms only. Noise
continues to be dominated by the Brownian contribution up to parasitic ca-
pacitances in the order of 15pF.

In the presented noise analysis it has not been taken into account the
phase noise of the oscillator circuit. It has been initially roughly estimated
to be negligible with respect to the other noise contributions of the system,
an assumption which is confirmed by the performed experimental measure-
ments, presented in 4.

3.4.4 Considerations on power consumption

The system is on the whole compatible with low-power electronics based
e.g. on the integrated readout presented in [64]. More in general, from
an integrated circuit perspective, using only 100 µArms leaves as much as
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Chapter 3. A 3-axis MEMS magnetic field sensing system

Figure 3.30: System noise contributions in terms of T/
√
Hz at the input. All the contri-

butions are thus shaped by the MEMS transfer function, well visible in particular in
the electronic ones.

150 µArms for the electronics to be competitive with state-of-the-art overall
current consumption of multi-DOF IMUs, in the order of 250 µArms [84].
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CHAPTER4
Performance characterization

4.1 Measurement Setup

Experimental characterizations are performed using a 3-axis Helmholtz coil
magnetic field generator from Micromagnetics Inc., which accommodates
the driving and readout PCB described in section 3.3 (see figure 4.1). The
setup provides a field generation accuracy of 300 nT, with maximum appli-
cable field in the order of 5.5 mT per axis.

As shown in figure 4.2, the biasing voltages for all the electronics stages
(±12V) are provided by a laboratory DC voltage supply, while the volt-
age references for sense and tuning electrodes, together with digital signals
for output selection, are provided by an analog/digital output generation
board (MCC USB-3105 from Measurement Computing). The output of the
selected magnetometer channel is sent as an input to a Lock-In Amplifier
(HF2LI from Zurich Instruments), which, using as a reference the signal
coming from the driving oscillation circuit, demodulates the signal. The
output of the tunable low-pass-filter which is embedded after the demod-
ulation is sent to a 16-bit ADC (MCC USB-1608GX from Measurement
Computing), which is connected to a PC. A LabVIEW interface have been
designed to program the measurement conditions and the characterization
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Chapter 4. Performance characterization

Figure 4.1: Picture of the setup, with the MEMS mounted on a carrier, plugged into a
socket on the driving/readout board within the Helmholtz coil setup.

routine, to acquire and elaborate the data. This completely customized soft-
ware is able to generate almost any kind of space-and-time-varying mag-
netic field shape: it is thus used to perform all the measurements presented
in the following.

4.2 Performance Evaluation

4.2.1 Sensitivity

Two types of sensitivity characterizations are performed. The first one is
obtained by sweeping the magnetic field from -5 mT to +5 mT along every
axis, one at a time. The choice of this range is motivated by a continuous
demand of extended FSR in consumer IMUs. The results are reported in
figure 4.3, where (a) shows a measured scale-factor of 5.8 µV/(µTµArms)
for the Z-axis device and a cross-axis rejection of 33dB and 42dB for the
other two axis under Z-axis field (likely limited by manual alignment). Sim-
ilarly, (b) and (c) show sensitivities for the twin X- and Y-axis devices in the
order of 6.4 µV/(µTµArms). This value is slightly larger than predicted:
a possible motivation is in an underestimation of the vertical capacitance
between the rotational frame and the underneath stators, in particular when
accounting the effect of perforating holes. The matching between the sen-
sitivities along the three sensing axes is anyway quite good, and the cross-
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4.2. Performance Evaluation

Figure 4.2: Complete characterization setup.

axis rejection for IP devices is always larger than 39 dB. The linearity error,
calculated as a percentage of the FSR assumed as 5 mT, is lower than 0.3%
along the tested magnetic field range (see figure 4.4).

The second type of sensitivity characterization consists in generating a
sphere through a magnetic field vector of constant amplitude which rotates
in the 3-D space quasi-stationarily in time (see figure 4.5b). This is re-
peated for different field modulus values. One purpose is to verify that the
FSR of the proposed MEMS magnetometers shows no intrinsic limits re-
lated to cross-axis effects. This is on the contrary a typical limitation in
devices based on magnetic materials: e.g. the FSR of a given axis of an
AMR device is not limited by its linearity errors but it is rather limited by
the flipping mechanism occurring when a field along an orthogonal direc-
tion occurs [4]. Figure 4.5a shows the obtained result for spheres having a
growing field radius up to 5.5 mT. After correcting for the small sensitivity
differences in the digital domain, the spherical shape is well kept up to the
maximum applicable field.
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Chapter 4. Performance characterization

Figure 4.3: Output voltage of the three different sensing channels versus an input magnetic
field applied along (a) the Z-axis, (b) the Y-axis and (c) the X-axis. Corss-axis rejection
is always larger than 33dB and 39dB for Z-axis device and X- Y- devices respectively.

Figure 4.4: Linearity error for X- Y- and Z-axis devices. All the structures show a very
good linearity, lower than ±0.3% on the whole magnetic field range.

4.2.2 Bandwidth

As stated in section 2.2.3, the bandwidth in off-resonance operation can
be set up to large fractions of the frequency difference ∆f. The required
precaution is to avoid that the response peak occurring for an AC field fre-
quency exactly matching the value ∆f (200 Hz in this work) is amplified by
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4.2. Performance Evaluation

Figure 4.5: The spheres of different 3-D magnetic field modulus in (b) are captured by
the system while slowly sweeping (a) the tip of the magnetic field vector in space, so to
describe a spherical path.

the quality factor. This goal is achieved by using a filter at the LIA output,
whose pole has a low-pass frequency of 50 Hz. Figure 4.6 reports the ob-
tained results for all the devices when sweeping the field between 0.5 Hz to
500 Hz. The -3dB value is selected by the low-pass-filter cut-off frequency
and thus it is the same for all the sensing axes. The peaks at about 200 Hz
are visible and well filtered below the -3dB value.

4.2.3 Noise

Noise characterization, is performed by measuring the Allan deviation while
the Lorentz current is serially injected into the three devices, biased as in
operating conditions.

Allan variance, first proposed in 1966 [85] for the study of oscillators
stability, is a currently used method for the noise evaluation of inertial
MEMS sensors, particularly gyroscopes [86]. It represents a comprehen-
sive method for the noise characterization of the sensor: besides the reso-
lution, indeed, other contributions, such as the bias stability, are important
for the evaluation of the goodness of a device.

Considering a signal y(t) acquired for a time T with a sampling fre-
quency fs, the total number of acquired samples is N = T · fs. Subdivid-
ing the total time T in observation intervals (clusters yk) of length τ, with
M = T/τ the number of cluster for each chosen τ value, the Allan variance
is the variance of the difference of the mean values of two adjacent clusters.
In the time and frequency domain respectively, it can be expressed as:
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Chapter 4. Performance characterization

Figure 4.6: Measured system bandwidth for all the magnetometers of this work. Note the
-3 dB value matching about 50 Hz for all the devices. Beyond 200 Hz, the accuracy in
the field generation by the Helmholtz coils setup degrades differently for the different
axis.

σ2(τ) =
1

2(M − 1)
·
M−1∑
k=1

(yk+1 − yk))2 (4.1)

σ2(τ) = 2 ·
∫ ∞

0

Sy(f) · sin
4(πfτ)

(πfτ)2
df (4.2)

where the 4.2 represents the relation between the Allan variance and the
Noise Power Spectral Density (Sy(f)) of the device. The processing per-
formed by the Allan variance method is thus a band-pass filtering of multi-
ple frequencies. The most common way to represent the Allan variance is
a log-log graph as the one presented in figure 4.7, with τ on the x-axis and
the Allan standard deviation on the y-axis.

Figure 4.7 also shows the most important noise contributions:

• White noise is represented by a -1/2 slope in the σ(τ) − τ plot: for
increasing values of τ both the passing frequency and the bandwidth
decrease, thus decreasing the passing noise. The amount of white
noise is computed multiplying σ(τ) by τ.
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4.2. Performance Evaluation

Figure 4.7: Allan variance example plot, in which the three principal noise contributions
of interest are highlighted: the white noise, the 1/f noise (bias stability) and the 1/f2

noise, corresponding to the -1/2, 0, 1/2 slope respectively.

• 1/f noise is a plateau in the σ(τ) − τ plot: to an increase of τ cor-
responds a reduction of the bandwidth and an increase of the noise,
both proportional. The overall area is thus constant with the observa-
tion time variation. The bias stability is the lowest value of the Allan
deviation graph, which is mainly representative of the offset drift.

• 1/f2 noise is represented by a +1/2 slope in the σ(τ) − τ plot: it cor-
responds to the effect of temperature and related frequency changes,
stresses, and in general any slow variation of the baseline.

The results of this characterization on the structures of sections 3.2.3
and 3.2.4, reported in figure 4.8, demonstrate a white noise density per
unit current consumption of 20.3 µTµArms/

√
Hz for the Z-axis device,

including the electronic noise contribution. Results are obtained at a 100
µArms AC driving current. This value is in line with the predictions, if
a parasitic capacitance of 17pF is considered, a value which is compatible
with the used CLCC68 carrier/socket combination. This is confirmed by the
fact that noise for the X- and Y-axis devices is quite similar to the Z-axis
device, just improved to 18.5 µTµArms/

√
Hz by the sensitivity difference.

The matching between noise performance along all the axes is quite good.
For an input current of 100 µArms, a FOM of 6.6 µTµArms/

√
Hz per axis

is thus obtained, and a 70 nT stability is reached at about 30s for both IP
devices. For the Z-axis device, stability is poorer by roughly a factor 2 (160
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Chapter 4. Performance characterization

Figure 4.8: Allan variance for the magnetic field density, for the three devices. Results
are obtained at a 100 µArms AC driving current

nT) at about half the observation time. Hypothesis to explain this behavior
are presented in the following sections.

4.2.4 Offset

In section 2.3.3 the used offset compensation technique has been presented.
Without any added stage and any added power consumption, a small DC
voltage difference has been applied between the two stators of the differen-
tial capacitive cells of each magnetometer. As shown in figure 4.9, the ini-
tial offset, in the order of 5-6 mT for both IP and OOP devices, is trimmed
down to the µT range, through a difference in the applied voltage between
differential stators in the order of ±0.2V. As a consequence of the achieved
compensation, the electronic FSR is now fully matched with the magnetic
field sensing range.

This approach just compensates the offset without eliminating its source
at the origin. This means that offset drifts - e.g. with temperature - will
not be compensated via this technique. It is worth reminding that the bias
instability observed in figure 4.8 can be likely ascribed to this issue.
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4.2. Performance Evaluation

Figure 4.9: Offset compensation of IP and OOP devices via the application of a small DC
voltage difference at the virtual ground of the two charge amplifiers. The compensation
is linear with the applied difference, as shown by the inset, and reaches values down
to the µT range, as shown in the log-scale in the whole figure.

4.2.5 Temperature behavior

Bias instability, likely due to offset drifts, has been measured in section
4.2.3. This parameter is mainly limited by temperature effects, which af-
fect the structures resonance frequency, and in turn the frequency split
∆f. Given the temperature coefficient of frequency for the magnetometer
(TCFm) and for the MEMS resonator built inside the same module (TCFr),
the Qeff (see eq. 2.6) dependence on temperature variation ∆T = T− T0

with respect to a reference temperature T0 can be written as:

Qeff =
1

2

fm,0 [1 + TCFm∆T ]

fm,0 [1 + TCFm∆T ]− fr,0 [1 + TCFr∆T ]
(4.3)

where fm,0 and fr,0 are the resonance frequency at temperature T0 of the
magnetometer and the resonator respectively.

Two are the major sources of frequency variation against temperature in
MEMS devices: the first, as already seen, is related to temperature, while
the second is related to structure geometry. The former is the unavoid-
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Chapter 4. Performance characterization

able dependence of poly-silicon Young modulus on T, with a TCF of about
-30ppm/K, which is called TCE [87]. The latter is related to the possi-
ble presence of residual stress after the fabrication process, whose value
changes with temperature: in this case, the TCF value depends on whether
the specific geometry allows a relief of the residual stress on the springs or
not.

TCF =
2

βCC

· ∂βCC

∂σ
· ∂σ
∂T

+
TCE

2
+
α

2
(4.4)

βCC is the modal constant of the specific excited mode of the structure,
σ represents the applied stress and α is the thermal expansion coefficient.

In the optimum situation, TCE dominates both for resonator and mag-
netometers: the temperature drift of all the frequencies involved in the op-
eration of the 3-axis magnetometer shows in this case the same coefficient
TCF0 = TCFm = TCFr:

Qeff =
1

2

fm,0 [1 + TCF0∆T ]

(fm,0 − fr,0) [1 + TCF0∆T ]
=

1

2

fm,0

fm,0 − fr,0
(4.5)

An identical TCF for fr and fm indicates stability in the Qeff , and in turn
the sensitivity versus temperature.

To verify this, the magnetometer frequencies were measured through
an electromechanical characterization platform [88], with the 3-axis mod-
ule kept inside a climatic chamber. The temperature was swept between
5◦C and 95◦C, by 10◦C steps. Figure 4.10 reports the measured results,
where the frequency of the Y-axis magnetometer (diamond markers) and of
the Tang resonator (triangle markers) show a temperature coefficient of fre-
quency (TCF) of−0.55Hz/K. The overall variation in the ∆f, shown in the
inset, turns out to be in the order of ±1 Hz in a range of 90 K, correspond-
ing to about -30 ppm/K at a mode-split value of 200 Hz. The frequency
of the Z-axis magnetometer showed a ≈30% larger TCF: this is probably
caused by the presence of clamped-clamped springs, without chances of
stress-relief. As shown in figure 4.10, however, a simple linear correction
(applied to the scale-factor in the digital domain), brings the values (square
markers) quite close to what obtained for the X- and Y-axis devices. The
presence of a MEMS resonator built in the same module of the sensors is
thus effective in the precise tracking of the frequency split ∆f.

4.2.6 Accelerations rejection

An important parameter for magnetometers used in consumer application
is rejection to both DC and AC accelerations. In its final application indeed
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4.2. Performance Evaluation

Figure 4.10: Frequency behavior vs temperature for the magnetometers and the Tang
resonator. The TCF for X- and Y-axis sensors perfectly matches the resonator one.
The TCF for the Z-axis device well matches the resonator one after linear compen-
sation. The inset indicates the frequency difference between magnetometers and res-
onator modes (i.e. the variation in the ∆f term) versus temperature.

the sensor will be mounted either within a smartphone or other mobile de-
vice, and will be constantly subject to different kinds of acceleration. If the
acceleration induces a signal which could be read as a magnetic field effect,
the measurement would be unequivocally altered. In order to highlight the
harmfulness of accelerations, in the particular case of off-resonance oper-
ation, a numerical example is first given. Considering the effect of a = 1ĝ
acceleration on a device resonating at about 18 kHz, the corresponding dis-
placement can be derived by:

xacc =
a

ω2
0,2

=
a

(2πf0,2)2
= 0.75nm (4.6)

whereω0,2 is the resonance frequency of the acceleration sensitive struc-
ture mode (see tables 3.1 and 3.2). On the other side, the displacement xmag

occurring when measuring a 100 nTrms magnetic field change at 100 µTrms

driving current - i.e. the best stability situation obtained in the Allan vari-
ance graph of figure 4.8 - considering the spring length and the stiffness
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Chapter 4. Performance characterization

value of the proposed devices, and off-resonance operation with loop recir-
culation, is:

xmag =
B · i ·Nloop · Leff ·Qeff

2 · keff
= 75fm (4.7)

There are therefore 4 orders of magnitude between the displacement
caused by an even small acceleration and the target field to measure. Even
if vibrations usually occur at frequencies lower than the modulation fre-
quency fm, and even in presence of a good electronic filtering, canceling
out such a huge difference remains challenging. The fact that accelerations
represent a critical issue is, by the way, testified also by typical gyroscopes
architectures based on tuning forks: it is indeed a parallel situation, where
forces to be sensed are very small compared to those caused by accelera-
tions. The strategy here adopted to improve robustness against these effect
is the use, for all the axes, of an architecture that implements a capaci-
tive sensing configuration which inherently rejects accelerations as a com-
mon mode, differing from most of previous works, especially for Z-axis
devices [35], [46], [39], [44]. The strategy is further completed by shift of
the mode sensitive to accelerations to high frequency.

Figure 4.11
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In particular, for device sensitive along the X- or Y-axis:

• accelerations along the Z direction (orthogonal to the substrate sur-
face) are the most critical ones. Their effect is minimized because the
structure is balanced around the mass center: this implies that an ac-
celeration does not excite the first, differential mode but a high-order
mode. This wing-like, in-phase torsional mode, presented in figure
3.14 and here reported in figure 4.11a, occurs at about 32 kHz, as
experimentally demonstrated through an electromechanical character-
ization of the modes shown in figure 4.11b. Upward shifting the ac-
celeration sensitive mode by a factor ≈2 turns into a ≈4-fold larger
immunity, as suggested by equation 4.6. Besides, the excitation of
such a mode gives rise to a common-mode capacitance variation, in-
herently rejected by the differential readout;

• the effects of accelerations along the X direction, parallel to the tor-
sional beams, are minimum as the device is very stiff along this direc-
tion;

• accelerations along the other in-plane (Y) direction give rise to lat-
eral in-plane displacements. The corresponding mode falls at about
43 kHz. Thanks to a 5 µm enclosure distance of the bottom electrodes
mask within the frame mask, such lateral motions does not cause ca-
pacitance variations, as the electrodes facing area does not change.

For devices sensitive to the Z axis:

• accelerations along the X direction, parallel to the substrate surface,
are the most critical ones for this device. Their effect is minimized
by design thanks to the diamond-shaped geometry of the tuning fork,
with clamped-clamped beams at its ends. This geometry is known to
shift the in-phase mode to a frequency larger than the anit-phase mode.
This is predicted by FEM simulations of figure 3.8, here reported in
figure 4.11c, and experimentally verified in the modes electromechan-
ical characterization of figure 4.11d. The upward frequency shift, in
this case, gives a 5.5-fold larger immunity to accelerations than in a
situation (like all those referenced above), where the mode sensitive
to the accelerations is the same as for the magnetic field. Once more,
for the proposed geometry, the effects of such a motion is a common
mode, rejected in the differential readout;

• effects of accelerations along the order in-plane direction (Y), as well
as of vertical (Z-axis) accelerations, are minimum as the device is very
stiff along both these axes.
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To proof the goodness of the design in terms of acceleration rejection,
the sensitivity measurements described in section 4.2.1 were repeated un-
der different conditions of accelerations. These include 1ĝ (DC) along the
Z-direction (repeated 6 times), ±1ĝ (DC) along the X-direction (repeated
3 times each), ±1ĝ (DC) along the Y-direction (repeated 3 times each),
and ±3ĝ (AC) random-direction accelerations (repeated 3 times). To ob-
tain these different accelerations while measuring the sensitivity, the whole
setup was tilted or subject to shakes and shocks. The acceleration ground
truth was obtained through a reference accelerometer rigidly mounted on
the setup. The frequency of the applied AC accelerations is limited to
< 10Hz due to the bulky setup (figure 4.1).

Figure 4.12: (a) example of applied AC acceleration modulus profile; (b) deviations of the
measured sensitivity from the average value, when operating measurements under DC
and AC accelerations as indicated at the top of each column. Each row corresponds
to a different device, as indicated to the right. For all the measurements, a sensitivity
change lower than 1% is observed.

82



i
i

“thesis” — 2017/1/21 — 11:50 — page 83 — #99 i
i

i
i

i
i

4.2. Performance Evaluation

Figure 4.12 reports a summary of the results: every column corresponds
to a different type of applied acceleration, and every row to a different type
of device. In each graph, the percentage deviation of each measurement
with respect to the average sensitivity measurement from all these collected
data is plotted versus the applied magnetic field. The number of curves in
each graph corresponds thus to the number of repetitions of the measure-
ment under that specific acceleration. One can note that deviations are al-
ways lower than 1%, thus indicating a good tolerance of the whole magnetic
field sensing unit to such actions.

No significant offset change was found while tilting the device: the DC
value (for no applied field from the Helmholtz coils) changed by few to
few tens µT according to the change in the orientation with respect to Earth
magnetic field.

4.2.7 Tolerance to magnetic field disturbances

Almost all the actual commercial magnetic field sensors requires to be
mounted in a specific PCB location within the final system, far from mag-
netic field disturbances that can alter the magnetic domains behavior. The
devices presented in chapter 3, and in general Lorentz-Force MEMS capac-
itive magnetometers, do not show inherent full-scale range limitations, due
to the high linearity of the capacitive sensing architecture. In order to show
the robustness of the sensor in presence of huge DC magnetic field offsets,
an adjustable permanent magnet has been mounted within the Helmholtz
coil magnetic field generator.

Figure 4.13: (a) Sensitivity curves with different magnet positions. Their spread is in
the order of the repeatability tolerance of the measurement; (b) 5-mT-magnetic field
spheres, measured with different offsets due to different permanent magnet positions.
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Chapter 4. Performance characterization

As visible in figure 4.13a the sensitivity of the three axes does not change
with different positions of the permanent magnet. The magnet position has
thus been changed, providing constant offsets up to 20 mT. Magnetic field
vectors, describing spheres with a 5 mT modulus, have then applied to the
MEMS magnetometer. The results in figure 4.13b show how the spherical
shape is maintained without noticeable distortion, even under huge mag-
netic offsets, making the sensor robust against high field disturbances typ-
ical of harsh environments. A dedicated software correction would allow
the identification of the disturbance, its compensation and the continuation
of the sensor operation [89].

4.2.8 Performance summary

The presented structures eventually demonstrate overall performance be-
yond the MEMS Lorentz-Force devices presented in literature and in line
with the state-of-the-art commercial products. The most relevant parame-
ters, to be directly compared with tables 1.3 and 1.2, are reported in table
4.1.

FSR
[±mT]

Current
[µA]

Resolution
[nT/

√
Hz]

Pressure
[mbar]

BW
[Hz]

FOM
[µTµA
/
√
Hz]

Active
Area

[mm2]

Die Size
[mm2]

OOP device

2.5x2 4x4
>25 33 203 0.5 >50 6.6

IP device

>25 33 185 0.5 50 6.6

Table 4.1: Most relevant parameter of the designed devices.

The comparison with other MEMS magnetometers shows that, looking
at each parameter individually, some works seem to be better with respect
to the one presented, in some cases leading also to a better FOM. FOM is
a parameter of merit but it can not take into account all the key parameters
for consumer application. As an example, [38] and [36] push on resolution
performance, which is one of the parameter evaluated by FOM, yet sacri-
ficing FSR and bandwidth. The same is true also for commercial devices,
moreover they are built in different technologies, which inherently have ad-
vantages on some parameters while disadvantage on others. Looking at the
overall performance, thus, the presented sensor is beyond the state of the
art of MEMS magnetometers, and it is in line with the actual commercial
devices.

84



i
i

“thesis” — 2017/1/21 — 11:50 — page 85 — #101 i
i

i
i

i
i

CHAPTER5
An innovative single-mass 3-axis

Lorentz-Force MEMS Magnetometer

5.1 Motivations and constraints

The last limiting parameter of Lorentz-Force MEMS magnetometers to-
wards the integration in commercial IMUs for consumer application is the
area occupation. Performance shown in previous chapters are better than or
comparable with state of the art commercial magnetometers, both in terms
of full-scale-range, linearity, resolution, bandwidth and power consump-
tion. However, an active area of about 2.5×2 mm2 is not compatible with
consumer packages dimensions. As a representative example, in order to be
competitive they must fit into a 2×2 mm2 finished product, together with
a 3-axis accelerometer to form a 6-axis eCompass. Looking at figure 5.1
it means that a 3-axis magnetometer has to fit into about a 700×500 µm2

active area, which is about a 15-fold improvement.
Pursuing the way of three single-axis structure is therefore not possi-

ble: it is mandatory to find a way to integrate all the three sensing axes
into one mechanical structure, a strategy exploited nowadays for almost all
consumer gyroscopes.
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Chapter 5. An innovative single-mass 3-axis Lorentz-Force MEMS
Magnetometer

Figure 5.1: Schematic package layout illustrating the required dimensions the 3-axis mag-
netometer has to fit in order to obtain a 2×2 mm2 6-axis eCompass. The cavity sep-
aration is required as the accelerometer needs a pressure of about 50÷70 mbar, while
the magnetometer operates at pressure in the mbar range.

5.2 Structure design

5.2.1 Mechanical design

The monolithic mechanical structure - designed to be fabricated with 24-
µm-thick ThELMA technology from STMicroelectronics - needs to be sen-
sitive to the three magnetic field components individually, and at the same
time it has to guarantee the spiral path for the current. As stated in chapter
2, indeed, the loop number is the key feature to boost both sensitivity and
resolution at the same time. The structure needs thus three resonant modes,
well decoupled in terms of mechanical movement and very close one an-
other in terms of resonance frequency. A possible implementation of such
a structure, presented in figure 5.3, is composed by an external frame sus-
taining the spiral loops. These loops are all connected by serpentine links -
as in the 1-axis devices presented in chapter 3 - and sustain a parallel-plate
sensing frame for the in-plane motion sensitive to a Z-axis external mag-
netic field. The structure needs also to perform two torsional motions, in
order to be sensitive to the two X- and Y- magnetic field directions. For
this reason, a torsional spring to decouple the out-of-plane motion of the
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5.2. Structure design

loops and the parallel-plate frame is needed. When torsional modes are ex-
cited, indeed, the parallel-plates sensing frame has ideally to remain still in
its rest position. This is easily achieved on the X- torsional mode, thanks
to the inner anchor points which decouple the motion of the loops and the
sensing frame, while it is more difficult to obtain on the Y- torsional mode.
The most important functional blocks of the structure, shown in the insets
of figure 5.3, are described in details in the following:

• external frame: to decouple the motion of the two torsional modes,
shown in figure 5.5. Thanks to the six torsional springs - two between
the frame and external anchor points along the Y- symmetry axis, and
four connecting the loops with the frame and the inner anchor points
(along the X- symmetry axis) - the frame plays a role in the X-sensitive
mode (see figure 5.5a), remaining unexcited in the Y-sensitive one (see
figure 5.5b). This makes the two torsional motions well independent
one another, allowing the X- and Y- magnetic field components to be
detected without any intrinsic cross-axis effect;

• tuning fork: as shown in the inset labeled "tuning fork" of figure 5.3,
the structure features a particular kind of tuning fork. It does not con-
nect to the structure along its Y-direction symmetry axis, as a standard
one, but it is splitted along that axis and each half is mirrored 1 .
The two halves, connected to the parallel-plate frame at its end points,
are linked through a central double-folded spring 2 , in order to cou-
ple but not fix them one another. Two thin straight springs 3 connect
the two mid points of the tuning fork to a fixed structural part, giving a
high stiffness to the out-of-plane translating motion, at the same time
adding a negligible stiffness to the in-plane translating mode. This
allows the rejection of undesired out-of-plane modes of the parallel-
plate sensing frame, without playing any role in the in-phase in-plane
Y-acceleration-sensitive mode (figure 5.4a). This allows to make this
mode resonate about 10 kHz away from the anti-phase in-plane de-
sired mode (see figure 5.4b);

• central decoupling spring: it is necessary to decouple the movement
of the parallel-plate sensing frame and the Y-torsional mode. This is
achieved by means of a folded spring 4 which is connected, through
thick straights links 5 , to the loops on one side and to the parallel-
plate frame on the other side. The folded spring is designed to be as
close as possible to the structure center, thus exhibiting a low torsional
stiffness. This allows the parallel-plate frame to remain in its rest
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position while the loops performs the torsional motion shown in figure
5.5b. Being the folds relatively short, their stiffness in the in-plane
motion is instead high enough to avoid them playing any role in the
determination of the anti-phase in-plane translational mode, as visible
in figure 5.4b.

As visible in figure 5.5, the resonance frequencies of the two torsional
modes are dimensioned to have, in operation, a 600 Hz mismatch one an-
other. Depending on the electrostatic softening caused by the stator biasing,
the three natural resonance frequencies are designed at three different ap-
propriate values. As visible in figure 5.4 and 5.5, indeed, the Z-sensitive
mode is designed to resonate at about 48.5 kHz without any bias, in order
to make it resonate at 48 kHz with 6V voltage difference between rotor
and stators. X- and Y- sensitive modes are instead designed to naturally
resonate at about 49 kHz and 50 kHz respectively. As the electrostatic
softening is different for the two movements, they end up to resonate, in
operation, at 48.1 kHz and 48.7 kHz respectively. The in-plane Z-field sen-
sitive mode frequency fZ will thus be matched with the X-sensitive mode
one fX, so that a drive frequency fd of 48.4 kHz would allow to operate
with a frequency split of 300 Hz for all the three modes. The frequency
reference fd is provided by a Tang resonator similar to the one presented
in section 3.2.5, designed, in this implementation, to resonate at 48.4 kHz.
The frequency increase with respect to the structures presented in chapter
3 is due to the dimensional constraints shown in section 5.1 coupled with
technological constraints on the minimum metal width, resulting in an in-
crease of the structure stiffness (k). On one side, thus, the stiffness increase
lowers the structure performance, while on the other side the higher fre-
quency increases the Qeff value for the same frequency split, allowing to
obtain comparable performance both in terms of sensitivity (see equation
2.14) and resolution (see equation 2.26).

As visible in figure 5.2, in order to maximize the output signal, the
sensing area for the two torsional modes is maximized. Sense electrodes
(SENSE X and SENSE Y) cover indeed the largest possible area under-
neath the structure parts which perform differential motion for the corre-
sponding mode. In-plane movement detection is instead performed through
nested parallel-plates cells. All the movements feature differential sensing,
in order to reject common mode movements due e.g. to accelerations along
the three axes. Tuning electrodes have also been designed for all the three
sensing modes: they are used to correct imperfections due to over- or under-
etch, or residual stresses after fabrication, bringing back the resonance fre-
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Figure 5.2: Schematic view of electrodes for the sense and tuning of all the three modes.

quencies to the desired ones. Electrodes area are designed to obtain a span
∆fTUN of at least about 500 Hz for each axis, as reported in table 5.1.

Axis fmin[Hz] fop[Hz] fmax[Hz] ∆fTUN[Hz]

X 47268 48100 48374 1106

Y 46696 48700 49350 2654

Z 47686 48100 48237 551

Table 5.1: Resonance frequency tuning ranges for the three modes.
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Figure 5.3: Structure of the designed single-mass 3-axis Lorentz-Force MEMS magne-
tometer. Constitutive elements are put in evidence: parallel-plate sensing frame to
detect the anti-phase in-plane movement caused by a Z-axis field, spiral path for the
current recirculation, decoupling frame for the two torsional modes responsible for the
detection of X- and Y-axis field, and the particular tuning fork shape.
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Figure 5.4: In-plane modes: (a) in-phase movement sensitive to an acceleration along the
Y-axis. It is designed to have a resonance frequency about 10 kHz lower than the (b)
desired anti-phase mode, excited by the presence of an out-of-plane magnetic field.
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Figure 5.5: Torsional modes: responsible for the detection of an external magnetic field
(a) along the X-axis, (b) along the Y-axis.
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5.2.2 Electrical design

Though the structure is symmetric from a mechanical point of view, the
spiral current path is still guaranteed by a metal layer deposited on top of
the polysilicon one. The current flows through the low-resistive aluminum
path as shown in figure 5.6.

It is worth notice that it has also been studied the possibility of design-
ing a spiral (asymmetric) polysilicon structure, so to avoid the need for the
metal layer to be deposited on top of the serpentine links. This implementa-
tion turned out not to be feasible because the intrinsic mechanical asymme-
try makes the two torsional mode shapes to be the more cross-coupled the
more their resonance frequencies become closer one another, thus making
indistinguishable the two in-plane magnetic field components.

As no insulator layer is present between the sustaining polysilicon and
the metal one, some expedients have been adopted to minimize the cur-
rent leaky paths. In the two insets of figure 5.6 are indeed shown the two
different implementations of the links connecting the springs. Ideally they
would have to be as resistive as possible, which means as long and as thin
as possible. However, there are two trade-offs:

• the serpentine-links connecting the longer springs need to be very
rigid to transfer all the Lorentz force to the parallel-plate sensing frame,
so to maximize its in-plane movement. This means they ideally have
to be as short and as thick as possible, which is in contrast with what
stated above. The adopted compromise is a 2 µm wide and 30 µm
long link.

• the serpentine-links connecting the shorter springs need to let a metal
layer be deposited on top of them, so to guarantee the spiral path of
the current. This happens only if the resistance of the corresponding
spring part not covered by metal is large enough to maximize the re-
sistance of the polysilicon leaky path with respect to the resistance of
one metal loop. This means a serpentine as long as possible, which
have a negative impact on the stiffness and shape of the X- and Y-
torsional modes. The adopted compromise is a 6 µm wide and 100
µm long link.

The 23-mm-long metal path features a total nominal resistance of 185Ω,
while the small serpentines and the leaky paths on the springs are about
300Ω each. This leads to a resistive model similar to the one of figure 3.2,
with Rlink also connecting the shorter springs, and 10 loops. The improved
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ThELMA process in which this device would be fabricated feature a differ-
ent etching technique for the metal layer, allowing to obtain a rectangular
section 700nm thick and 5 µm wide. Current flow FEM simulation has thus
been performed. Whose result, visible in figure 5.7, shows that polysilicon
leaky paths are responsible for a current loss of 9% only, leading to an
effective loop number Nloop,eff of 9.1.

Figure 5.6: Metal layer and corresponding current path for the monolithic 3-axis struc-
ture. In the insets the two serpentine-link implementations are shown.

Figure 5.7: Current density along the whole 23-mm-long aluminum path. The peaks cor-
respond to the serpentine links. These leaky paths cause a 9% loss in terms of current
concurring to generate Lorentz-Force, leading to an equivalent number of loops of
Nloop,eff = 9.1
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Parameter Unit Value

Area µm2 1000 x 546

Biasing Voltage V 6

Driving Current µArms 100

X-field mode

Effective stiffness N/m 320

Quality factor - 4000

Vertical gap µm 1.2

Single-ended rest capacitance fF 408

Average Lorentz length µm 367

Natural (untuned) frequency (BX mode) (f0,Nx) Hz 48925

In-operation frequency (BX mode) (f0,OPx) Hz 48100

Y-field mode

Effective stiffness N/m 353

Quality factor - 4000

Vertical gap µm 1.2

Single-ended rest capacitance fF 389

Average Lorentz length µm 795

Natural (untuned) frequency (BY mode) (f0y) Hz 49957

In-operation frequency (BY mode) (f0,OPy) Hz 48700

Z-field mode

Effective stiffness N/m 260

Quality factor - 3000

Gap µm 1.8

Single-ended rest capacitance fF 394

Average Lorentz length µm 795

Natural (untuned) frequency (BZ mode) (f0z) Hz 48549

In-operation frequency (BZ mode) (f0,OPz) Hz 48100

Table 5.2: Most relevant parameters for all the three resonant modes of the presented
structure.
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5.3 Key parameters evaluation

5.3.1 Sensitivity

In order to better evaluate the sensitivity of the device, reliable capacitance
estimation is required. As the monolithic structure features an high electro-
mechanical complexity, capacitive simulations have been carried out ex-
ploiting Comsol Multiphisics, which also allows to accurately take into ac-
count electric field fringe effects. The extracted values, together with other
significant parameters for all the three axes, are reported in table 5.2.

With sensing stators biased at 6V and using a 100 µArms driving current,
in case of off-resonance operation with a 300 Hz frequency split (∆f) all
the three axes exhibit sensitivity values in line with the one presented in
chapter 3, with a 10-fold saving in terms of area occupation. The estimated
values are reported in table 5.3.

Axis SFC ∆CFSR SFV

[aF/(mT)] [fF] [µV/(µTµArms)]

X 80 0.4 1.92

Y 150 0.75 3.65

Z 136 0.68 3.3

Table 5.3: Estimated value for the sensitivities of the three axes.

5.3.2 Resolution

With an estimated quality factor (see section 3.4.3) of about 3000 for the
anti-phase in-plane Z-sensing mode, and about 4000 for the two torsional
modes, all the noise contributions of the three axes and related front-end
electronics are reported in figure 5.8 at the charge-amplifier outputs.

The figure shows the noise around the system operating frequency fd,
that is exactly where the different contributions have to be compared each
other: it is clear that the thermo-mechanical noise dominates for all the
three axes. In order to evaluate the noise in terms of magnetic field at the
system input, each noise contribution has to be scaled by the sensitivity
of the related axis. This means that the electronics noise has a different
weight, in terms of input equivalent magnetic field, for the three sensing
modes, even if in terms of voltage at the charge amplifier outputs it has a
unique value. The values of all the noise contributions are reported in table
5.4 both in terms of nT/

√
Hz and in terms of minimum detectable magnetic

field for a 25 Hz bandwidth.
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5.3. Key parameters evaluation

Figure 5.8: Noise contributions at the charge amplifiers output. At the system working
frequency (fd), intrinsic thermo-mechanical noise is the dominant contribution for all
the three axes.

Axis Thermo-
Mechanical
[nT/

√
Hz]

Op-Amp
Voltage
[nT/

√
Hz]

Feedback
Resistance
[nT/

√
Hz]

Total
[nT/

√
Hz]

FOM
[µTµArms

/
√
Hz]

Resolution
@ 25 Hz

[nT]

X 201 114 28 233 7.6 1150

Y 96 60 15 114 3.7 550

Z 136 66 16 152 5.0 750

Table 5.4: Estimated noise contributions and minimum detectable magnetic field for a 25
Hz bandwidth for the three axes.

Even for the noise, the performance of the device are in line with, or
better than, the device of chapter 3, but they are obtained with a 10 times
smaller structure.

The obtained resolution performance are well suitable for compassing
application, and with the improvements depicted in the following section,
Lorentz-Force MEMS magnetometers could become suitable commercial
devices, allowing navigation in consumer applications.
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5.4 Future perspectives of the research

5.4.1 Future work on the presented device

At the time of this writing the presented structure and its working principle
are under patenting process. In order to effectively validate the proposed
design, together with its predicted performance, it is necessary to fabricate
and test it. This step will be carried out by STMicroelectronics, thanks to its
24-µm-thick ThELMA technology, in the next months. Figure 5.9 shows
the 2D CAD layout of the polysilicon, metal and anchor layers designed
for masks definition.

Figure 5.9: 2D CAD layout for masks definition of polysilicon (blue), metal (green) and
anchor (gray) layers

Figure 5.10 shows the layout of the complete designed module. The
presented layers are used to define all the masks needed for the device fab-
rication. All the electrical interconnections between MEMS structures and
external pads are also put in evidence. The complete module features two
3-axis monolithic magnetometers and one Tang resonator, which is very
similar to the one presented in section 3.2.5, with dimensions and springs
modified in order to target the new driving frequency (48.4 kHz). The two
magnetometers have the following characteristics:

• The first (3AX MAG 1) is exactly the one presented in this chapter;

• The second (3AX MAG 2) is nearly identical to the previous one, but
it does not feature the tuning electrodes. This in order to maximize
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Figure 5.10: 2D CAD layout for masks definition of all the relevant layer for its fabrica-
tion with ThELMA process of STMicroelectronics. In red is shown the heavily-doped
polysilicon layer used to create sensing electrodes for the torsional modes and all the
electrical interconnections between the structure and the external pads.

the sensing capacitances of all the three axes, and thus the sensitivity
of the device (which is needed to make the electronics noise negli-
gible). It also targets slightly different resonance frequencies for the
three modes: in particular they are about 200 Hz higher with respect to
the first implementation. The lack of tuning electrodes, indeed, forces
the resonance frequencies to be directly tuned by means of the sensing
electrodes voltages. An increase of these voltages affects both the res-
onance frequencies (decreasing them) and the sensitivities (increasing
them) of the three axes. For this reason - due to possible process vari-
ations that could affect in a different way sensor and resonator - it has
been preferred to risk of obtaining sensor frequencies higher than the
target value for the correct mismatch. In this way, even in the worst
case, the target frequency mismatch could be obtained increasing the
electrodes voltages, thus not decreasing the device sensitivity.
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At the time of this writing the masks layout have been sent to STMicro-
electronics and the devices are under fabrication process.

In the next months the drive and sense electronics should be adapted
(e.g. changing the filters for the feedthrough compensation of the oscillator
circuit) for the higher working frequency of the new system.

A complete characterization of the device have then to be carried out,
exploiting the same setup and routines presented in chapter 4, with the pur-
pose of experimentally validating its working principle and performance.

Possible issues of the presented device, or possibly improvements to it,
should be identified or developed in order to enhance its performance and
make it become more and more closer to commercialization.

5.4.2 Further performance improvements

As visible in figure 5.3, the designed device does not fit the area constraints
of section 5.1. Exploiting the same process presented in section 3.1, with-
out an insulating layer between aluminum and polysilicon, and comply-
ing with the dimensional constraints on the minimum metal width, perfor-
mances would not be maintained with a smaller structure. The purpose of
this device is indeed the demonstration of the 3-axis single-mass structure
for Lorentz-Force based magnetic field detection, with a 10-fold improve-
ment in terms of area occupation with respect to the previous implementa-
tion of chapter 3.

Referring to figure 5.11, in future designs, with smaller metal widths and
the presence of an insulating layer, more than one metal strip could be de-
posited on the same poly-silicon block. Therefore, even better performance
could be achieved with a very similar, but smaller, structure. The isolation
of the two layers also opens the possibility to bias the moving mass instead
of the stators. This technique, already exploited in gyroscopes [51], allows
to provide about 15V to 20V to the polysilicon layer, enhancing the charge
flow through the stators, which in turn need no bias (or a very small one).
The possibility of biasing the moving mass with a constant voltage would
also eliminate some offset sources (as the electrical one described in section
2.3) and attenuate some others, as the feed-through one described in section
2.3.2. Moreover, in the hypothesis of a stack of insulator-metal layers, per-
formance, both in terms of sensitivity and noise, would be increased with-
out any impact on area occupation and power consumption. The process
implementation which would allow the feasibility of this enhanced struc-
ture is under development, and some concrete possibilities have already
been proposed.
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Figure 5.11: With smaller minimum metal width, more than one strip can be deposited on
top of the same polysilicon block, if covered by an insulating layer. This would enhance
the performance of the device without impacting neither on the area occupation nor on
power consumption.
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Conclusions

The work deeply analyzed strengths and issues of consumer-grade Lorentz-
Force MEMS magnetic field sensors. It gave design and operation criteria
to be followed, showing that performance beyond the state of the art of
commercial (not MEMS) magnetometers can be reached exploiting a stan-
dard industrial process, opening the way to the fabrication of all-MEMS
multi-axis IMUs.

Validation of the innovative design concepts and operation techniques,
as well the achievement of performance beyond the state of the art, have
been demonstrated on a 3-axis prototype composed by three different uni-
axial structures, which however does not fit the requirements for small area
occupation of consumer application.

A solution to this point has been proposed in chapter 5 by designing a
monolithic 3-axis structure, which allows a 15-fold saving in terms of area
occupation, and it is estimated to perform even better than the one presented
and fully characterized in chapter 3 and 4.

Moreover, the possibility of inserting an insulating layer between the
metal and the structural one would guarantee a huge performance increase.
It enables the possibility to directly bias the moving mass, a technique al-
ready exploited in gyroscopes, which allows both to improve the sensitivity
and to reduce the offset. It also makes possible to put more than one metal
path onto the same polysilicon block.

In the hypothesis of using the same structure as the one of chapter 5,
with isolated metal layer with smaller minimum width and 20 V applied
to the moving mass, 30 and 40 current loops becomes available for Y- and
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Z-axis, and X-axis respectively, as the latter can also exploit the external
frame motion. In these conditions, navigation-grade performance can be
obtained, as shown in tables 5.5 and 5.6, which can easily be doubled (or
even more) if a stack of insulating-metal layer could be fabricated.

Axis SFC ∆CFSR SFV

[aF/(mT)] [fF] [µV/(µTµArms)]

X 465 2.3 37.6

Y 740 3.7 59.8

Z 511 2.6 41.3

Table 5.5: Estimated value for the sensitivities of the three axes in the hypothesis of an
insulating layer between metal and polysilicon.

Axis Thermo-
Mechanical
[nT/

√
Hz]

Op-Amp
Voltage
[nT/

√
Hz]

Feedback
Resistance
[nT/

√
Hz]

Total
[nT/

√
Hz]

FOM
[µTµArms

/
√
Hz]

Resolution
@ 25Hz

[nT]

X 39 6 2 40 1.3 265

Y 24 3 1 24 0.8 120

Z 39 5 1 39 1.3 195

Table 5.6: Estimated noise contributions and minimum detectable magnetic field for a
25Hz bandwidth for the three axes in the hypothesis of an insulating layer between
metal and polysilicon.

From one side it is clear that the performance achieved by this sensor
satisfy the target required for the state of the art consumer applications (e.g.
navigation). From the other side technological progress, which could allow
the 3-D fabrication of insulator-metal layer stack, would open the doors
for Lorentz-Force based MEMS magnetometers to other applications (e.g.
medical) which require better performance with respect to consumer field.

Despite thousand of research years, magnetic field sensing is still an
open field, with more applications as much technology makes it progress.
Even in consumer application, the way towards miniaturization and reso-
lution enhancement is never ending, and MEMS devices represent a very
promising alternative. Concurrent technologies have been under research
for more than five decades, but MEMS magnetometers have already almost
reached their performance, giving a superior advantage in the view of in-
tegration of multi-sensing platforms in devices that will definitely continue
to dwindle.
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