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(57) ABSTRACT

The accelerometric sensor has a suspended region, mobile
with respect to a supporting structure, and a sensing assem-
bly coupled to the suspended region and configured to detect
a movement of the suspended region with respect to the
supporting structure. The suspended region has a geometry
variable between at least two configurations associated with
respective centroids, different from each other. The sus-
pended region is formed by a first region rotatably anchored
to the supporting structure and by a second region coupled
to the first region through elastic connection elements con-
figured to allow a relative movement of the second region
with respect to the first region. A driving assembly is
coupled to the second region so as to control the relative
movement of the latter with respect to the first region.
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ACCELEROMETRIC SENSOR IN MEMS
TECHNOLOGY HAVING HIGH ACCURACY
AND LOW SENSITIVITY TO
TEMPERATURE AND AGEING

BACKGROUND

Technical Field

[0001] The present disclosure relates to an accelerometric
sensor in MEMS technology having high accuracy and low
sensitivity to temperature and ageing.

Description of the Related Art

[0002] As is known, an accelerometric sensor or acceler-
ometer is an inertial sensor that converts an acceleration into
an electrical signal. An accelerometric sensor in MEMS
(Micro-Electro-Mechanical System) technology is basically
formed by a mobile structure and a detecting system,
coupled to the mobile structure and generating a correspond-
ing electrical signal (for example, a capacitive variation)
supplied to a processing interface.

[0003] FIG. 1 is, for example, a schematic illustration of
the structure of a known MEMS acceleration sensor for
detecting in-plane accelerations. Here, the sensor, desig-
nated as a whole by 1, is a uniaxial sensor and has the
function of detecting an acceleration, indicated by the arrow
a,.,, parallel to a Cartesian axis (here axis X of a Cartesian
system XY7).

[0004] The sensor 1 comprises a suspended region 2,
typically of monocrystalline or polycrystalline silicon,
eccentrically anchored to a fixed region 3 (only a portion
surrounding the suspended mass 2 being visible in FIG. 1)
via an anchorage 13 and elastic suspension elements, also
referred to as “springs 14”. In the example illustrated, the
suspended region 2 has a rectangular shape in top plan view
(in plane XY), with sides parallel to axes X and Y, and a
thickness in direction Z, perpendicular to the drawing plane,
smaller than its dimensions in directions X and Y.

[0005] The anchorage 13 is substantially formed by a
column, extending in a perpendicular direction to the draw-
ing plane (parallel to axis Z) from a substrate (not visible),
which forms part of the fixed region 3 and extends under-
neath the suspended region. The anchorage 13 defines a
rotation axis O for the suspended region 2. Here, the rotation
axis O is eccentric with respect to a center of mass (centroid)
B of the suspended mass 2. Specifically, the rotation axis O
is shifted along axis Y with respect to the centroid B by an
arm b. The anchorage 13 extends in an opening 6 in the
suspended region 2. The springs 14, coplanar to the sus-
pended region 2, extend through the opening 6, here parallel
to axis Y, between the anchorage 13 and two opposite points
(along axis Y) of the opening 6. The springs 14, in a per se
known manner, are shaped so as to allow rotation of the
suspended region 2 only about the rotation axis O.

[0006] Mobile electrodes 7 are formed by, or fixed with
respect to, the suspended region 2 and face fixed electrodes
8, in turn fixed to, or formed by, the fixed region 3. The
number, position, and shape of the mobile electrodes 7 and
of the fixed electrodes 8 may change. In the example
illustrated, four fixed electrodes 8 are arranged on the sides
of the suspended region 2, parallel to axis X, and face
respective four mobile electrodes 7 so as to form four
electrode pairs 10a, 105, 10¢, and 104. Furthermore, here the
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electrode pairs 10a-10d4 are arranged, two by two, in two
half-planes defined by a plane parallel to the plane XZ, of
trace R, passing through rotation axis O. All fixed electrodes
8 are equidistant from rotation axis O (r being the distance
between the center of each fixed electrode 8 and rotation axis
0O). Each electrode pair 10a-104 defines a capacitive ele-
ment, the capacitance C whereof depends upon the distance
between the respective fixed and mobile electrodes 8, 7,
which face each other, and thus upon the position of the
suspended region 2, as discussed in detail hereinafter.
[0007] By virtue of the eccentricity of the rotation axis O
with respect to the centroid B, in presence of an external
acceleration a,, directed or having a component directed
along axis X, the mobile mass 2 turns about the rotation axis
O, as indicated in the figure by the arrow D, causing a
relative movement of the mobile electrodes 7 away from the
corresponding fixed electrodes 8 of two electrodes pairs
arranged diametrally opposite (in the drawing, pairs 105,
10d), and a corresponding approaching of the mobile elec-
trodes 7 to the corresponding fixed electrodes 8 of the other
two pairs (here, the pairs 10a, 10¢). It follows that the
electrode pairs 105, 104 undergo a reduction of capacitance,
and the electrode pairs 10a, 10¢ undergo a corresponding
increase of capacitance.

[0008] The law that links the rotation angle 6 of the
suspended region 2 to an external acceleration a_,, in the
direction X (or to the component in direction X of a generic
external acceleration) can be calculated on the basis of the
harmonic motion equation for a rotating body, neglecting the
damping components.

[0009]

KO=M_ =F o rb=m
k 0=M_ =F_  b=m-a_ b where M_ , and F_, are, respec-
tively, the moment and force exerted by the external accel-
eration a_, on the suspended region 2, m is the mass of the
suspended region 2, b is the arm or distance between the
rotation axis O and the centroid B, and k is the elasticity of
the springs 14.

In particular,

b

[0010] The rotation angle 6 is thus given by
_m'aexr'b _m-am-b (9]
0= X 0= X
[0011] Furthermore, indicating by €, the vacuum permit-

tivity, A the facing area between the fixed electrodes 8 and
the mobile electrodes 7 of each electrode pair 10a-10¢, g,
the rest distance between each mobile electrode 7 and the
respective fixed electrode 8, r the distance between the
center of each fixed electrode 8 and rotation axis O, C1 the
capacitance associated with electrodes 7, 8 that are moving
away from each other (here the pairs 10q, 10c¢), and C2 the
capacitance associated with electrodes 7, 8 that are getting
closer to each other (here the pairs 105, 104), and by
approximating r sin 6 by r0, it results:

A 2
€ = &0 2)
(8o —70)
£oA
Cl=—
' (go-10)
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-continued
£oA (3)
Cr=——
P (g0 -10)
[0012] Subtracting capacitances C, and C,, a capacitive

variation AC caused by the external acceleration a_,, is
obtained:

AC=C,-C\AC=C,~C, @

[0013] By combining Egs. (1)-(4), it is possible to derive
the external acceleration a,,, as a function AC AC in the case
of small angles rf<g,

A MGy b
Ac =22 ilen
80 k

[0014] Thus, by appropriately biasing the mobile and fixed
electrodes 7, 8, and connecting them electrically to a down-
stream  processing  circuit  (for example, an
ASIC’ Application-Specific Integrated Circuit) it is possible
to obtain, after possible amplification and filtering, an output
voltage signal AV proportional to the sought acceleration
value a_,,.

[0015] With this technique, it is not possible, however, to
electronically distinguish the effects due to the external
acceleration from the spurious ones due, for example, to
stresses caused by variations of environmental conditions,
such as temperature and humidity, or by structural modifi-
cations (such as bending) caused by external structures (for
example, by the package enclosing the sensor) or by ageing
phenomena of the materials. The above phenomena may
cause low-frequency or dc capacitive variations that cannot
be electronically distinguished from the useful signal.

[0016] In fact, in presence of stresses, Eq. (2) and Eq. (3)
become
_ £oA B oA 2"
€= (g0 —ré +Ay2) €= (go —rf+ Ay2)
£oA oA 3"

C, = C, =
2 (go +ré + Ayl) 2 (go +r0+ Ayl)

where Ay, and Ay, are the distance variation, along axis y,
between each mobile electrode 7 and the corresponding
fixed electrode 8, due to the displacement caused by spuri-
ous stresses.

[0017]
becomes

It follows that the measured capacitance variation

AC'=AC+AC,

stress

AC'=AC+AC,, 4)

AC

stress

where AC,,,...
spurious stresses.

[0018] To prevent errors due to stresses, solutions have
been proposed based upon different spatial configurations of
the sensor aimed at reducing the causes of the spurious
signals or at reducing the structure sensitivity to stresses,
without, however, eliminating them completely or eliminat-
ing their effects.

is the capacitance variation due to
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BRIEF SUMMARY

[0019] According to the present disclosure, an accelero-
metric sensor and a corresponding method for detecting an
accelerometric signal are provided.

[0020] In practice, a solution is proposed that is able to
frequency modulate the useful signal due to external accel-
erations so that it has a frequency other than zero and is thus
distinguishable from the dc signals due to mechanical defor-
mations or more in general to spurious stresses.

[0021] To this end, the present accelerometric sensor has
a geometrically variable configuration of the suspended
region such as to allow modulation of the sensing arm
(distance between the rotation axis and the centroid of the
suspended mass). The variable or modulated configuration
of the accelerometric sensor is obtained by dividing the
suspended region into two parts: a first region, supported to
be mobile, for example to turn about the anchorage axis, and
at least one second region, which is mobile, for example,
translatable, with respect to the first region, so as to modu-
late the centroid of the suspended region. The variable
geometry of the suspended mass allows a discrete-time or
continuous-time signal to be obtained, at a frequency that
can be set, such as to allow elimination of the signal due to
stresses.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0022] For a better understanding of the present disclo-
sure, preferred embodiments thereof are now described,
purely by way of non-limiting example, with reference to the
attached drawings, wherein:

[0023] FIG. 1 is a schematic view of a known accelerom-
eter, for detecting in-plane accelerations;

[0024] FIG. 2 is a schematic top plan view of an embodi-
ment of the present accelerometer, for detecting in-plane
accelerations, in a first operating position;

[0025] FIG. 3 is a schematic top plan view of the accel-
erometer of FIG. 2, in a second operating position;

[0026] FIG. 4 is a schematic top plan view of the accel-
erometer of FIG. 2, in a different operating position;
[0027] FIG. 5 is a representation in the frequency domain
of signals obtainable with the accelerometer of FIGS. 2-4;
[0028] FIG. 6 is a flowchart of a possible processing of the
signal supplied by the present accelerometer, in case of
discrete-time detection;

[0029] FIG. 7 shows a block diagram of a possible pro-
cessing of the signal supplied by the present accelerometer,
in case of continuous-time detection;

[0030] FIG. 8 shows a circuit equivalent of a component
of the block diagram of FIG. 7;

[0031] FIG. 9 is a top plan view of a different embodiment
of the present accelerometer, for detecting out-of-plane
accelerations, in a first operating position;

[0032] FIG. 10 is a schematic top plan view of the
accelerometer of FIG. 9, in a second operating position;
[0033] FIG. 11 is a cross-section taken along section plane
XI-XI of FIG. 10;

[0034] FIG. 12 is a top plan view of a different embodi-
ment of the present accelerometer, for detecting in-plane
accelerations;

[0035] FIG. 13 is a top plan view of another embodiment
of the present accelerometer for detecting out-of-plane
accelerations; and
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[0036] FIG. 14 shows a block diagram of an electronic
apparatus including the present accelerometer.

DETAILED DESCRIPTION

[0037] FIG. 2 is a schematic illustration of the structure of
an embodiment of an accelerometer 20 designed for detect-
ing external in-plane accelerations, made in MEMS tech-
nology. In the example illustrated, the accelerometer 20 is
configured to detect accelerations directed parallel to an axis
X belonging to a Cartesian reference system XYZ.

[0038] In detail, the accelerometer 20 is formed in a die of
conductive material, typically of monocrystalline or poly-
crystalline silicon, comprising a supporting region 24 (typi-
cally fixed with respect to the die and is thus defined
hereinafter also as “fixed region”), represented schemati-
cally in FIG. 2 and carrying a suspended region 21.
[0039] The suspended region 21 is here formed by three
parts: a central region 22 and two lateral regions 23. The
central region 22 and the lateral regions 23 are provided in
a same semiconductor material layer, are monolithic with
each other, and are suspended over a substrate (not shown)
forming part of the supporting region 24. The lateral regions
23 are connected to the central region 22 through respective
elastic connection regions 25 monolithic with the central
region 22 and with the lateral regions 23, also suspended
over the substrate (not shown). The suspended region 21 has
a uniform thickness in direction Z, perpendicular to the
drawing plane; moreover, the thickness of the suspended
region 21 is much smaller than its dimensions in directions
X and Y.

[0040] The central region 22 is anchored to the substrate
(not shown) through an anchorage 27 and elastic suspension
elements, also referred to as “springs 28”.

[0041] The anchorage 27 is basically formed by a column
extending perpendicularly to the drawing plane (parallel to
axis Z) and terminates within an opening 29 in the central
region 22. The anchorage 27 is connected to the suspended
region 21 through the springs 28 and defines a rotation axis
O1 for the suspended region 21.

[0042] Also the springs 28 extend through the opening 29,
here parallel to axis Y, between the anchorage 27 and two
opposite points (along axis Y) of the opening 29. The springs
28, in a per se known manner, are shaped so as to allow
rotation of the suspended region 21 only about the rotation
axis O1, as indicated by the arrow D.

[0043] In FIG. 2, the central region 22 has a rectangular
shape in top plan view (in the plane XY), with a pair of first
sides 30 parallel to axis X and a pair of second sides 31
parallel to axis Y.

[0044] In the accelerometer 20 of FIG. 2, the central
region 22 has a symmetrical structure with respect to planes
X7, YZ passing through the rotation axis O1, the traces
whereof in FIG. 2 are represented by a first axis S1 (longi-
tudinal symmetry axis at rest) and by a second axis S2
(transverse symmetry axis). Consequently, the central region
22 has a centroid B1 arranged along rotation axis O1.
[0045] Each elastic connection region 25 extends from a
respective second side 31 of the central region 22, starting
from median portions of these sides and extend, at rest,
along first axis S1. The elastic connection regions 25 have
the same shape; in particular, they have the same dimensions
in directions X and Y.

[0046] Lateral regions 23 thus extend on the two second
sides 31 of the central region 22 opposite to the second axis
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S2. Lateral regions 23 have the same shape and size. Here
both of them have a rectangular shape and are connected to
the elastic connection regions 25 so that, in the rest position
of FIG. 2, they are arranged symmetrically to both axes S1,
S2.

[0047] Consequently, at rest, the centroid B1 of the entire
suspended structure 21 is the same as the centroid of the
central region and lies along the rotation axis O1.

[0048] The central region 22 carries, on the second sides
31, mobile sensing electrodes 35, facing corresponding fixed
sensing electrodes 36. As in FIG. 1, the mobile sensing
electrodes 35 and fixed sensing electrodes 36 form capaci-
tive sensing elements 37 whose capacitive variation is used
for measuring external accelerations, as discussed in greater
detail hereinafter.

[0049] Furthermore, the lateral regions 23 are each
coupled to a respective driving assembly 40 designed to
control displacement of the lateral regions 23 parallel to axis
Y. In the illustrated example, each driving assembly 40
comprises mobile driving electrodes 41, which are fixed
with respect to a respective lateral region 23, and fixed
driving electrodes 42, which are fixed with respect to the
supporting region 24. The mobile driving electrodes 41 and
the fixed driving electrodes 42 are comb-fingered with
respect to each other and extend parallel to the plane YZ.
However, other driving modes are possible.

[0050] In addition, the elastic connection regions 25 are
configured to allow a displacement of the lateral regions 23
substantially parallel to axis Y with respect to the central
region 22.

[0051] By controlling the lateral regions 23 through the
respective driving assemblies 40, it is possible to bring the
suspended structure 21 from the rest position of FIG. 2,
where, as said, the entire suspended structure 21 is arranged
symmetrically with respect to the first axis S1 and has a
centroid B1 on the rotation axis O1 (zero-arm position), into
a first modulated-arm position, visible in FIG. 3 or in FIG.
4, where the lateral regions 23 are no longer in a symmetrical
position with respect to the first axis S1, and thus the
suspended structure 21 has a centroid B2 shifted with
respect to the rotation axis O1 by an arm b.

[0052] Displacement of the lateral regions 23 allows dis-
crimination of the capacitance variation associated with the
capacitive sensing elements 37 and due to stress phenomena
from the capacitance variation of the capacitive elements
due to an external acceleration.

[0053] In particular, according to a sensing mode, the
displacement of the lateral regions 23 is controlled in a
discrete time mode, and an external processing system, via
a capacitance/voltage converter interface, reads the signals
generated by the capacitive sensing elements 37 in two
distinct positions, for example, in the rest position (shown in
FIG. 2) and in a measure position (for example, in the
position of FIG. 3).

[0054] Specifically, with a reading of the signals generated
by the capacitive sensing elements 37 in the rest position of
the suspended region 21, since the centroidal axis coincides
with the rotation axis, an external acceleration a, , does not
bring about any rotation of the suspended region 21 about
the rotation axis O1, and possible rotations thereof are only
due to stress and cause a first capacitive variation AC_; given
by AC,,

AC,17AC sy ACH1=AC s ®
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where AC,,,. AC,,.... is the capacitive variation due only to
stress.
[0055] In the measure position of FIG. 2 or 3, instead, due

to eccentricity of the centroidal axis B2 with respect to the
rotation axis O1, the suspended region 21 turns both as a
result of the external acceleration a_,, and as a result of the
stresses. In this situation, the capacitance variation associ-
ated with the capacitive sensing elements 37 AC_,AC, is
given by

ACHACAHNC yess AC =ACAHAC s Q)

(second capacitive variation), where AC, is the capacitive
variation due to the external acceleration a,,,.

[0056] By subtracting Eq. (5) from Eq. (6), a processing
stage downstream of the accelerometer 20 is thus able to
isolate just the capacitive variation AC, due to the external
acceleration a__, and, from this, in a known manner, to obtain
the value of the external acceleration a_,,.

[0057] Detection of the external acceleration a,,, may thus
be made in two steps, as shown in FIG. 6. In a first step (step
100) a first biasing voltage (for example, 0V) is applied, and,
step 102, the first capacitive variation ACol is measured. In
a second step (step 104), a second biasing voltage is applied,
and (step 106) the second capacitive variation AC_, is
measured. Then, step 108, the first and second capacitive
variations are subtracted from each other.

[0058] In this way, it is possible eliminate the effects of
stress, which are substantially constant, irrespective of the
above geometry variation of the accelerometer 20.

[0059] Furthermore, with the described modulatable struc-
ture, it is possible to modulate the sensitivity of the sensor.
In fact, for the accelerometer 20, Eq. (1) can be rewritten as

_ Mgy Xy (6)
Ot = ———
where 0,_,0,_, is the rotation angle of the suspended region

21 due to the external acceleration a,,, m=mg,+m, is the sum
of mass m,, of the central region and mass m, of the lateral
regions 23, X, is the modulatable arm of the suspended
region, and k is the elasticity of the elastic connection
regions 25.

[0060] The sensitivity is thus proportional to the arm x,,,
in turn, correlated to the ratio between masses m, and m,
(which is the greater, the greater the lateral mass m, with
respect to the central mass m,) as well as to the displacement
of the lateral masses 23. To increase the sensitivity, then, the
suspended region 21 can be designed so that my<<m,, for
example for a same total mass m as in known solution of
FIG. 1.

[0061] According to a different embodiment of the
described driving method, detection of the external accel-
eration a, , may be made by displacing the lateral regions 23
between two positions, none of which is the rest position.

[0062] For instance, detection of the capacitance associ-
ated with the capacitive sensing elements 37 can be made in
two steps characterized by displacement of the centroid into
two positions (B2, B3) arranged on opposite sides of the first
axis S1, as shown in FIGS. 3 and 4.

[0063] In fact, in this case, reading the capacitive variation
associated with the capacitive sensing elements 37 with
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respect to the rest position (with no driving) in a first
modulated-arm position, for example, in the position of FIG.
3, yields the value

AC G TACHAC ess AC, FACAAC M

and reading the capacitive variation associated with the
capacitive sensing elements 37 with respect to the rest
position in a second modulated-arm position, for example, in
the position of FIG. 4, yields the value

AC == ACAAC o AC 1o e AC == ACAHAC ®)

[0064] By subtracting Eq. (8) from Eq. (7), it is thus
possible also in this case to isolate just the capacitive
variation AC, due to the external acceleration a,,.

[0065] According to yet a different embodiment, modula-
tion of the geometrical configuration of the suspended
region 21 may occur in continuous time mode, for example,
by controlling the driving assemblies 40 via a sinusoidal
signal at the frequency f,,=w,,/2nf, =w,,/2m. In this way, the
arm X, and thus the position of the centroid B are modified
in a continuous way according to a sinusoidal behavior.

[0066] The arm x,, is thus given by

%, =X cos(@,,1) X, =X cos(®,,) (©)
[0067] Writing the external acceleration as

=g COS(05,0) =0 COS(4) (10)

(which comprises as particular case a dc external accelera-
tion, with w,,,,=0), the moment exerted by the external

acceleration a__, becomes

ext
k O=M,, =m-a, X, =mX cos(,t)ay cos(w,,?)

==m-aoX" [cos((,,+;,))+cos((w,,~w,,))] k

O=M_,.,=ma X, =X cos(®,,1) ay cos(m;,1)

==m-ay-X"[ cos((®,,+0;,))+cos((0,,—0;,)1)] (11)
[0068] The moment exerted by the external acceleration
a,,, is thus equivalent to the moment exerted by an equiva-
lent external acceleration a',, modulated at a not zero
frequency for a constant arm X. The transform of the
equivalent external acceleration a',,, in the frequency
domain is shown in FIG. 5 and has two harmonic compo-
nents (indicated by the arrows 46) at the frequencies (w,,+
,,) 0,,+0,, and (0, -0, ). By appropriately choosing the
modulation frequency f,=w,/2nf=w,/2n of the driving
voltage supplied to the driving assemblies 40, for example,
equal to the resonance frequency of the suspended mass 21,
the components of the equivalent external acceleration sig-
nal may have a frequency very different from the zero
frequency of the signal due to stress, represented in FIG. 5
by an arrow 45, which can thus being eliminated by a simple
filter. Modulation of the external acceleration indeed may
also give rise to low-frequency components (not shown),
which are not distinguishable from the stress signal; their
elimination does not, however, create problems, since the
desired information of external acceleration may be obtain-
ing from the high-frequency components.
[0069] Demodulation of the equivalent acceleration signal
may be carried out, for example, by a processing circuit 48
arranged downstream of the accelerometer 20, as shown in
FIG. 7.
[0070] In FIG. 7, the accelerometer 20 is represented
schematically by a block, receiving the external acceleration
a,., and a biasing voltage V, generated by a driving circuit
85 from a modulation signal V,, and supplied to the driving
assemblies 40 (FIG. 2) for modulating the geometry of the
suspended mass 21, as explained above. As mentioned, the
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driving voltage V,, (as likewise the modulation signal V) is
an ac voltage having a frequency f,=w,/2m7.

[0071] Inthe embodiment of FIG. 7, the processing circuit
48 comprises a modulation voltage source 86, a capacitance/
voltage converter block 80, a high-pass filter 81, and a mixer
82. The modulation voltage source 86, the capacitance/
voltage converter 80, the high-pass filter 81, and the
demodulator 82 are provided in a different die, for example,
an ASIC.

[0072] The modulation-voltage source 86 generates the
modulation voltage V,,,, also supplied to the demodulator 82.
[0073] The capacitance/voltage converter circuit 80 is a
connection interface, formed, for example, by a charge
amplifier connected to the capacitive sensing elements 37 of
the accelerometer 20 (FIG. 2).

[0074] The mixer 82 is, for example, implemented as a
pair of MOS transistors, as illustrated in the detail of FIG. 8.
[0075] Inthe circuit of FIG. 7, a capacitive variation signal
s,c generated by the capacitive sensing elements 37, after
conversion into a signal s,. by the C/V converter 80, is
filtered by the high-pass filter 81 and demodulated in the
mixer 82. The output signal V,, correlated to the external
acceleration a_,, alone, can subsequently be processed in a
known way.

[0076] FIGS. 9-11 show an embodiment of an accelerom-
eter 50 that is designed to detect external accelerations
perpendicular to the drawing planes of FIGS. 9 and 10
(which may be approximated with the plane of the sus-
pended region, due to its small thickness). In the illustrated
example, the accelerometer 50 is configured to detect accel-
erations directed parallel to an axis Z belonging to a Car-
tesian reference system XYZ.

[0077] The accelerometer 50 has a structure as a whole
similar to the accelerometer 20 of FIGS. 2-4, except for the
type of movement allowed to the suspended region and thus
for the position of the sensing electrodes. The elements in
common with the accelerometer 20 will thus be designated
by the same reference numbers and will not be described any
further herein.

[0078] Indetail, in the accelerometer 50, the central region
22 is anchored to the substrate 51 (visible in FIG. 11)
belonging to the supporting region 24 via the anchorage 27
and a pair of springs 52, which are configured to allow
rotation of the suspended mass 21 about an axis of the ideal
plane defined by the suspended mass 21. Here central region
22 is rotatable about a rotation axis O2 parallel to axis X, and
the springs 52 are torsion springs, extending parallel to axis

[0079] In addition, mobile sensing electrodes 55 are
arranged on the bottom surface 56 of the central region 22
(see in particular FIG. 11) and face respective fixed sensing
electrodes 57, arranged on the substrate 51. Also here, the
mobile sensing electrodes 55 and the fixed sensing elec-
trodes 57 form capacitive sensing elements 58 (FIG. 11).
[0080] Also in the embodiment of FIGS. 9-11, the sus-
pended region 21 has a arm b that may be modulated, and
the measure may be carried out in discrete time mode
(electro-mechanical chopping) or in continuous time mode
(electro-mechanical modulation).

[0081] In detail, in the discrete time measure mode, the
lateral regions 23 are driven by the driving assemblies 40
(FIG. 9) between a rest position, shown in FIG. 9, where the
suspended region 21 has a configuration symmetrical with
respect to both axes S1 and S2, and the arm b (distance
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between the centroid B and the rotation axis O2) is zero, and
a measure position, shown in FIG. 10, where the suspended
region 21 has a non-symmetrical configuration with respect
to the first axis S1, and the arm b is thus non-zero.

[0082] In the rest position (FIG. 9 and FIG. 11 with solid
line), due to the symmetry of the suspended region 21 and
the presence of a zero arm b, an external acceleration a,,
does not cause any rotation of the suspended region 21 about
the rotation axis O2. Any possible rotations are thus only due
to stresses, which may be detected through the capacitive
sensing elements 58.

[0083] Instead, in the measure position (illustrated, for
example, in FIG. 10 and in FIG. 11 with a dashed line), due
to the displacement of the centroidal axis B1 with respect to
the rotation axis O2 and the presence of a non-zero arm b,
the suspended region 21 turns both as a result of the external
acceleration a,,, and as a result of the stresses (see in
particular FIG. 11).

[0084] As described previously, for the detection of exter-
nal in-plane accelerations, through a two-step detection, at
rest and in a measure position, and acquiring the correspond-
ing capacitive variation values, it is possible to eliminate the
effect of the stresses, as discussed in detail above.

[0085] Also in this case, as an alternative to the above,
detection of the capacitive variation values may be made
discrete-time in two translated positions. In the continuous-
time measure mode, the lateral regions 23 are driven by the
driving assemblies 40 (FIG. 9) continuously, via a sinusoidal
driving signal. As described above, by filtering the obtained
signal and demodulating it with the processing circuit 48, it
is possible to obtain the value of the external acceleration
A
[0086] FIG. 12 shows an embodiment of an accelerometer
60 designed to detect in-plane external accelerations. In the
illustrated example, the accelerometer 60 is configured to
detect external accelerations a,,, parallel to an axis X
belonging to a Cartesian reference system XYZ.

[0087] The accelerometer 60 comprises a suspended
region 61 symmetrical, in the rest position, both with respect
to a first axis S1 parallel to axis X and with respect to a
second axis S2 parallel to axis Y.

[0088] In the accelerometer 60, the lateral regions are
formed by a single frame (designated by 63), which has a
quadrangular shape and surrounds a central region 62. The
frame 63 is carried by the central region 62 through elastic
connection regions 65, which extend along the second axis
S2. Specifically, each elastic connection region 65, with a
symmetrical configuration with respect to the second axis
S2, has a pair of U-shaped portions 66, turned over with
respect to each other and facing each other so as to form,
together, the perimeter of a rectangle, two sides whereof are
connected, in a median position, to the central region 62 and,
respectively, to an inner side of the frame 63 via rectilinear
portions 67. In this way, the elastic connection regions 65
allow translation of the frame 63 with respect to the central
region 62 along axis Y, as in the case of the lateral regions
23 of FIGS. 2-4 and 9-10.

[0089] Driving assemblies 68 are coupled on two outer
opposite sides of the frame 63, for controlling translation of
the frame 63 between a rest position and a measure position,
or between two opposite measure positions, as in the case of
the lateral structures 63.

[0090] Fixed sensing electrodes 90 are here formed within
the perimeter of the central region 62. The fixed sensing
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electrodes 90, formed by conductive regions, for example,
of metal and carried by portions projecting from the sub-
strate (not illustrated), extend within openings 64 formed in
the central region 62 and face corresponding walls 91 of the
central region 62. The fixed sensing electrodes 90 define
mobile sensing electrodes and thus form, with the walls 91,
capacitive sensing elements 69. In this way, in each opening
64, two capacitive sensing elements 90 are present, designed
to have opposite capacitive variations as a result of stresses
and external accelerations.

[0091] FIG. 13 shows an embodiment of an accelerometer
70 designed to detect out-of-plane external accelerations. In
the illustrated example, the accelerometer 70 is configured
to detect external accelerations a, , parallel to an axis Z
belonging to a Cartesian reference system XYZ.

[0092] The accelerometer 70 has a frame 73 similar to
FIG. 13, and thus surrounding the central region 72, and the
latter is shaped like a rotated H. The accelerometer 70
further comprises elastic connection regions 75 and driving
assemblies 78 shaped like the respective elements 65 and 68
of FIG. 12. Furthermore, capacitive sensing elements 79 are
likewise shaped like the corresponding elements 58 of FIGS.
9-11.

[0093] FIG. 14 shows a block diagram of an electronic
device 300, which comprises an accelerometer, such as one
of accelerometers 20, 60, 70, referred to here as encapsu-
lated device 200. The accelerometer may, for example, be
used to detect vibrations, determine orientation of the elec-
tronic device, or recognize free-fall conditions.

[0094] The electronic device 300 may be a mobile com-
munication apparatus, such as a cellphone and a personal
digital assistant, a portable computer, a desktop computer, a
photo or video camera device, a wearable device, such as a
smartwatch, or any other electronic device. The electronic
device 300 comprises a processing unit 310 and the encap-
sulated device 200, electrically coupled to the processing
unit 310. The processing unit 310 includes control circuitry,
including, for example, one or more processors, discrete
memory and logic, including the processing circuit 48 of
FIG. 7. The processing unit 310 is configured to transmit and
receive signals to/from the encapsulated device 200. The
electronic device may further comprise an input/output
device 320, for example, a keypad or a display coupled to
the processing unit 310. The electronic device 300 may
further comprise a power supply 330, which may be a
battery or components for coupling to an external supply
source.

[0095] The described accelerometer allows detection of
external accelerations in a very accurate way, thanks to the
possibility of eliminating the dc components that adversely
affect stability and precision of measure.

[0096] The accelerometer may be arranged in the same
cavity as the gyroscopes, when the apparatus includes both
these devices, thus enabling a reduction of the space.
[0097] The described accelerometer has a high stiffness
and thus a high robustness as regard stiction of the mobile
electrodes against the fixed elements of the structure.
[0098] Finally, it is clear that modifications and variations
may be made to the device and method described and
illustrated herein, without thereby departing from the scope
of the present disclosure. For instance, the various described
embodiments may be combined so as to provide further
solutions.
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[0099] Furthermore, the lateral regions 23 (and the frame
63, 73) may be mobile with a generic movement of roto-
translation (including rotation) with respect to the central
region 22, 62, 72.

[0100] The various embodiments described above can be
combined to provide further embodiments. These and other
changes can be made to the embodiments in light of the
above-detailed description. In general, in the following
claims, the terms used should not be construed to limit the
claims to the specific embodiments disclosed in the speci-
fication and the claims, but should be construed to include
all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly,
the claims are not limited by the disclosure.

1. An integrated MEMS accelerometric sensor, compris-
ing:

a supporting structure;

a suspended region mobile with respect to the supporting

structure; and

a sensing assembly coupled to the suspended region and
configured to detect a movement of the suspended
region with respect to the supporting structure;

wherein the suspended region has a variable geometry.

2. The accelerometric sensor according to claim 1,
wherein the suspended region has a geometry variable
between at least first and second configurations, the sus-
pended region having a centroid in a first position in the first
configuration, the centroid being in a second position in the
second configuration, the first and second positions being
different from each other.

3. The accelerometric sensor according to claim 2,
wherein the suspended region comprises a first region rotat-
ably anchored to the supporting structure, a second region
coupled to the first region, and elastic connection elements
coupling the second region to the first region and configured
to allow a relative movement of the second region with
respect to the first region; the accelerometric sensor further
comprising a driving assembly coupled to the second region
and configured to control the relative movement.

4. The accelerometric sensor according to claim 3,
wherein the driving assembly is a capacitive driving assem-
bly and comprises driving electrode pairs facing each other
and causing a roto-translation movement of the second
region with respect to the first region.

5. The accelerometric sensor according to claim 3, further
comprising:

a driving source configured to supply the driving assem-
bly with a first driving voltage in a first sensing step and
with a second driving voltage in a second sensing step;
and

a processing circuit including:

a conversion interface coupled to the sensing assembly
and configured to generate a first position-measure
signal in the first sensing step and a second position-
measure signal in the second sensing step; and

a subtractor configured to receive the first and second
position-measure signals and generate an accelera-
tion signal as a difference between the first and
second position-measure signals.

6. The accelerometric sensor according to claim 3, further
comprising:

a driving source configured to supply an ac driving

voltage to the driving assembly; and
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a processing circuit including:
an conversion interface coupled to the sensing assem-
bly and configured to generate an ac position-mea-
sure signal;
a high-pass filter coupled to an output of the conversion
interface; and
a demodulator coupled to an output of the high-pass
filter.
7. The accelerometric sensor according to claim 6,
wherein the suspended region and the supporting region are
formed in a first semiconductor material die and the pro-
cessing circuit is formed in a second semiconductor material
die.
8. The accelerometric sensor according to claim 3,
wherein the first and second regions are of a same mono-
lithic semiconductor layer.
9. The accelerometric sensor according to claim 3,
wherein the second region comprises a frame that laterally
envelops the first region.
10. The accelerometric sensor according to claim 2,
wherein the sensing assembly is a capacitive sensing assem-
bly and comprises at least two sensing electrodes facing
each other.
11. The accelerometric sensor according to claim 2,
wherein the accelerometric sensor is an in-plane acceleration
sensor that includes elastic suspension elements that anchor
the suspended region to the supporting structure and are
configured to allow rotation of the suspended region about
a rotation axis perpendicular to the suspended region.
12. The accelerometric sensor according to claim 2,
wherein the accelerometric sensor is out-of-plane accelera-
tion sensor that includes elastic suspension elements that
anchor the suspended region to the supporting structure and
are configured to allow rotation of the suspended region
about a rotation axis parallel to the suspended region.
13. A method for detecting an external acceleration,
comprising:
driving a suspended region, mobile with respect to a
supporting structure, so that the suspended region has
at least one first geometrical configuration in a first
sensing step and a second geometrical configuration in
a second sensing step, the first and second geometrical
configurations being different from each other;

acquiring first and second position measure signals cor-
related to a first position of the suspended region in the
first step and to a second position of the suspended
region in the second step, respectively; and

processing the first and second position-measure signals
and generating an accelerometric signal independent of
spurious displacements of the suspended region with
respect to the supporting structure.

14. The method according to claim 13, wherein the
suspended region comprises a first region rotatably anchored
to the supporting structure and a second region coupled to
the first region through elastic connection elements config-
ured to allow a relative movement of the second region with
respect to the first region; and wherein driving the suspended
region comprises applying a variable driving voltage to a
driving assembly coupled to the second region.

15. The method according to claim 14, wherein applying
the variable driving voltage comprises supplying a first
driving voltage in the first step and a second driving voltage
in the second step, the method further comprising:
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generating an acceleration signal as a difference between
the first and second position-measure signals.

16. The method according to claim 14, wherein applying
the variable driving voltage comprises supplying an ac
driving voltage, and the first and second position-measure
signals are samples of an ac measure signal, the method
further comprising:

filtering the ac measure signal with a high-pass filter for
generating a filtered signal without dc components; and

demodulating the filtered signal.

17. An integrated MEMS accelerometric sensor, compris-

ing:

a supporting structure;

a suspended region mobile with respect to the supporting
structure, wherein the suspended region has a geometry
variable between first and second configurations and
the suspended region comprises a first region coupled
to the supporting structure, a second region coupled to
the first region, and elastic connection elements cou-
pling the second region to the first region and config-
ured to allow a relative movement of the second region
with respect to the first region;

a sensing assembly coupled to the suspended region and
configured to detect a movement of the suspended
region with respect to the supporting structure; and

a driving assembly coupled to the second region and
configured to control the relative movement of the
second region with respect to the first region.

18. The accelerometric sensor according to claim 17,
wherein the driving assembly is a capacitive driving assem-
bly and comprises driving electrode pairs facing each other
and causing a roto-translation movement of the second
region with respect to the first region.

19. The accelerometric sensor according to claim 17,
further comprising:

a driving source configured to supply the driving assem-
bly with a first driving voltage in a first sensing step and
with a second driving voltage in a second sensing step;
and

a processing circuit including:

a conversion interface coupled to the sensing assembly
and configured to generate a first position-measure
signal in the first sensing step and a second position-
measure signal in the second sensing step; and

a subtractor configured to receive the first and second
position-measure signals and generate an accelera-
tion signal as a difference between the first and
second position-measure signals.

20. The accelerometric sensor according to claim 17,
further comprising:

a driving source configured to supply an ac driving

voltage to the driving assembly; and

a processing circuit including:
an conversion interface coupled to the sensing assem-

bly and configured to generate an ac position-mea-
sure signal;

a high-pass filter coupled to an output of the conversion
interface; and

a demodulator coupled to an output of the high-pass
filter.



