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67 ABSTRACT

An integrated gyroscope, including an acceleration sensor
formed by: a driving assembly; a sensitive mass extending
in at least one first and second directions and being moved
by the driving assembly in the first direction; and by a
capacitive sensing electrode, facing the sensitive mass. The
acceleration sensor has an rotation axis parallel to the second
direction, and the sensitive mass is sensitive to forces acting
in a third direction perpendicular to the other directions. The
capacitive sensing electrode is formed by a conductive
material region extending underneath the sensitive mass and
spaced therefrom by an air gap.

27 Claims, 6 Drawing Sheets
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INTEGRATED GYROSCOPE OF
SEMICONDUCTOR MATERIAL WITH AT
LEAST ONE SENSITIVE AXIS IN THE
SENSOR PLANE

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part of U.S. patent
application Ser. No. 10/128,133, filed Apr. 23, 2002, now
U.S. Pat. No. 6,766,689, which application is incorporated
herein by reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an integrated gyroscope
of semiconductor material.

2. Description of the Related Art

As is known, integrated gyroscopes of semiconductor
material, manufactured using MEMS (Micro-Electro-
Mechanical Systems) technology, operate on the basis of the
theorem of relative accelerations, exploiting Coriolis accel-
eration. In particular, when a linear velocity is applied to a
movable mass rotating with angular velocity, the movable
mass “feels” an apparent force, called Coriolis force, which
determines a displacement thereof in a direction perpendicu-
lar to the linear velocity and to the axis of rotation. The
apparent force can be hence detected by supporting the
movable mass through springs which enable a displacement
thereof in the direction of the apparent force. On the basis of
Hooke’s law, this displacement is proportional to the appar-
ent foree itself and, thus, delection of the displacement of the
movable mass enables detection of Coriolis force and,
hence, of the angular velocity.

In gyroscopes of the type considered, the displacement of
the movable mass is detected capacitively, by measuring at
resonance the variations in capacitance caused by the move-
ment of movable detection electrodes integrally fixed to the
movable mass and interfaced with, or comb-fingered to,
fixed detection electrodes.

Examples of embodiment of integrated gyroscopes manu-
factured using MEMS technology are described, for
example, in U.S. Pat. Nos. 5,604,312, 5,275,047 and WO
97/15066 in the name of Robert Bosch GmbH, and in U.S.
Pat. No. 5,955,668, WO 99/19734 and WO00/29855 in the
name of IRVINE SENSORS CORPORATION. However,
the above gyroscopes present some drawbacks.

For example, U.S. Pat. No. 5,604,312 describes a gyro-
scope formed by an oscillating mass and a sensitive mass
mounted upon the driving element. This known gyroscope
involves a complicated fabrication process, which uses two
different structural layers, with consequent high fabrication
costs, low reliability, complication of alignment between the

accelerometers and the oscillating masses, and complication s

in the connections.

U.S. Pat. No. 5,955,668 and WO 99/19734 provide for an
external oscillating mass connected to an internal sensing
mass and, i.c., two independent mechanical parts which can
be appropriately calibrated. However, in case of the gyro-
scope of circular shape (described in the patent U.S. Pat. No.
5,955,608), the structure is sensitive to stresses due to the
fabrication steps and to thermal drift, since the suspension
springs of the sensing element internal to the oscillating
cxlernal mass are very rigid in the direction of the axis of the
angular velocity, and it is not possible to anchor the detec-
tion elenient centrally, in so far as the gyroscope would
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“feel” the velocity of a number of axes simultaneously and
would become unusable. Instead, for the gyroscope of
rectangular shape (described in the patent WO 99/19734),
the system is not optimized since it uses suspension springs
which involve undesired rotational contributions; moreover,
the described gyroscope does not enable rejection of linear
accelerations. In either case, but in particular in case of a
translation gyroscope, numerous interconnections are
present which pass underneath the mass, and the intercon-
nections are quite long, with the risk of capacitive couplings
with the sensing structures and hence of false or imprecise
reading.

BRIEF SUMMARY OF THE INVENTION

According to an embodiment of the present invention, an
integrated gyroscope of semiconductor material is provided,
including an acceleration sensor having a driving assembly
and a sensitive mass. The mass extends in a first direction
and a second direction and is moved by the driving assembly
in the first direction. The sensor further includes a capacitive
sensing electrode, facing the sensitive mass. The accelera-
tion scnsor has a rotation axis parallel to the second
direction, and the sensitive mass is sensitive to forces acting
in a third direction perpendicular to the first and second
directions,

The capacitive sensing electrode comprises a conductive
material region extending undemeath and at a distance, in
the third direction, from the sensitive mass. The driving
assembly has a driving element connected to the sensitive
mass through a mechanical linkage, which enables a move-
ment of at least to part of the sensitive mass in the third
direction. The sensitive mass and the capacitive sensing
electrode have a reciprocal facing area that is constant in
presence of movements of the sensitive mass in the first
direction or in said second direction, thus only movements
of the sensilive mass in the third direction are detected.

According to another embodiment of the invention, a
method of operation is provided, including oscillating a
sensing mass in a first axis lying in a first plane relative to
a surface of a semiconductor material body, the sensing mass
mechanically couple to the body, moving the semiconductor
material body about a second axis perpendicular to the first
axis and lying in the same plane, and delecting the move-
ment of the semiconductor material body by detecting
changes in a capacitive coupling between the sensing mass
and an electrode formed on the surface of the semiconductor
body, due to movements of the body in an axis perpendicular
to the first planc.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

For an understanding of the present invention, preferred
embodiments thereof will now be described, purely by way
of non-limiting example, with reference to the annexed
drawings, wherein:

F1G. 1 is a top plan view through the first embodiment,
with single scnsitive axis;

FIG. 2 illustrates a portion of the gyroscope of F1G. 1, at
an enlarged scale;

FIG. 3 is a cross-section taken along line 111—III of F1G.
L

F1G. 4 is a cross-section taken along the line IV—IV of
FIG. 2;

FIG. 5 is a 1op plan view through a second embodiment
of the invention, with single sensitive axis;



US 6,928,872 B2

3

FIG. 6 is a schematic illustration in perspective view of a
detail of FI1G. §;

FIG. 7 is a top plan view through a third embodiment of
the invention, with double sensitive axis;

FIG. 8 is a cross-section taken along the line VIII—VIII
of FIG. 7; and

FIG. 9 is a cross-section taken along the line IX—IX of
FIG. 7.

DETAILED DESCRIPTION OF THE
INVENTION

U.S. patent application Ser. No. 10/128,133, filed on Apr.
23, 2002 and incorporated herein in its entirety, describes an
integrated gyroscope comprising a sensor formed by a
driving system, a sensitive mass and a mechanical linkage.
The driving system is formed by a driving element having an
open concave shape, and subject lo a linear velocity directed
in a first direction. The sensitive mass is also movable in a
second direction perpendicular to the first direction and
carriecs movable sensing electrodes. The mechanical linkage
connects the driving elements to the sensitive mass. The
gyroscope Is sensitive to rotation about a third axis perpen-
dicular to the former two and to the plane of the sensitive
mass. The sensitive mass is surrounded on three sides by the
driving element and has a peripheral portion not facing the
latter. The movable sensing electrodes extend f{rom the
peripheral portion of the sensitive mass, not facing the
driving element, and are comb-fingered to the fixed scnsing
clectrodes. Thereby, there are no through electrical conncc-
tions extending beneath the sensitive mass. In addition, the
mechanical linkage is formed by springs arranged at equal
distances with respect to the centroid of the sensitive mass,
and the gyroscope is anchored (o the substrate through
anchoring springs arranged at cqual distances with respect (o
the centroid of the ensemble formed by the driving system
and the sensilive mass.

This previous gyroscope enables detection of the Coriolis
force acting parallel to the second direction, in the sensor
plane, and due to a rotation about an axis (hereinafter
referred to as “sensitive axis”) extending in the third
direction, perpendicular to the sensor plane. By setting two
gyroscopes rotated by 90° one with respect to the other on
an appropriate board, it is possible to detect the apparent
forces acting along two Cartesian axes parallel to the plane
of the gyroscope, and hence the corresponding angular
accelerations. It is not, however, possible to detect the
apparent force and the corresponding angular acceleration
along the third Cartesian axis, since in this case the third
gyroscope should be mounted perpendicular to the board.

IFIGS. 1 1o 3 illustrate a gyroscope 1 according to a first
embodiment of the invention. As shown in detail in FIG. 1,
the gyroscope 1 comprises an acceleration sensor 23 formed
by two parts 24, 2b, which are symmetrical with respect to
a central axis of symmetry designated by A and connected
together by two central springs 3, configured to be sym-
metrical with respect to a horizontal centroidal axis desig-
nated by B. Furthermore, each pant 2a, 2b has a vertical
centroidal axis designated by C. The axes A and C are
parallel to the axis Y, while the axis B is parallel to the axis
X. The intersection between the horizontal centroidal axis B
and the vertical centroidal axis C constitutes the centroid Gl
of cach part 2q, 2b.

The acceleration sensor 23 is sensitive to an angular
velooity directed parallel to the axis Y.

Fach part 2a, 2b comprises a driving element 5 of concave
shape, here a square C shape, and a sensitive mass 6,
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completely housed inside the space delimited by the driving
element § but having a peripheral portion not facing the
driving element § itself. Both the driving element 5 and the
sensitive mass 6 are perforated as shown only in part in FIG,
2.

Each driving element 5 is formed by a first and a second
oscillating arms 7, 8, which are parallel to one another and
are connected at one end by a central cross member 9
extending perpendicular to the oscillating arms 7, 8. The two
cross members 9 of the parts 2a, 2b extend parallel to one
another, face one another, and are connected by the central
springs 3. The first oscillating arms 7 are aligned logether, as
also are the second oscillating arms 8.

Anchoring springs 10 extend from each end of the oscil-
lating arms 7, 8 towards the outside of the respective driving
elements 5. The anchoring spring 10, which can be seen
more clearly in the detail of FIG. 2, are of a folded type, i.c.,
they comprise at least two non-aligned portions, one con-
nected to the respective driving element 5 and one having an
anchoring end 11 fixed to a fixed substrate (as described in
greater detail hereinafter with reference to FIG. 3). The
anchoring springs 10 are equal and are arranged in pairs
symmetrically with respect to the centroidal vertical axis C
and the centroidal horizontal axis B, so that the anchoring
springs 10 are at equal distances from one another and
balanced with respect to the centroid G1 of the respective
part 2a, 2b of the gyroscope. The anchoring springs 10 are
herc made up of four portions extending orthogonally 1o the
arms 7, 8 and connected, in pairs, via shorl connection
portions at their ends.

Elongated expansions, hercinafier referred o as movable
driving arms 12, extend towards the outside of the oscillat-
ing arms 7, 8, orthogonally to the arms, between pairs of
anchoring springs 10, symmetrically with respect to both the
centroidal horizontal axis B and the centroidal vertical axis
C. Each movable driving arm 12 carries a plurality of
movable driving electrodes 13, extending orthogonally from
cither side of the respective movable driving arms 12.

Associated to each movable driving arm 12 is a first and
a second fixed driving arms 144, 14b (see FI1G. 2), which are
parallel to the movable driving arms 12 and carry respective
fixed driving electrodes 15a, 15b. The fixed driving elec-
trodes 15a, 155 extend perpendicular to the fixed driving
arms 14a, 14b towards the respective movable driving arms
12 and are comb-fingered to the movable driving electrodes
13. The first fixed driving arms 14a are arranged all on a
same side of the respective movable driving arms 12 (in the
example, on the right) and are all biased at a same first
potential. Likewise, the second fixed driving arms 14b are
all arranged on the other side of the respective movable
driving arms 12 (in the example, on the left) and are all
biased at a same second potential. For example, it is possible
to use a push-pull biasing scheme.

The driving element 5, the movable driving arms 12, the
movable driving ¢lectrodes 13, the fixed driving arms 14a,
14b, and the fixed driving electrodes 15a, 15b together form
a driving system 16 for each part 2a, 2b.

The sensitive mass 6 has a basically plane shape, with the
main extension in the direction of the axcs X and Y. In the
example illustrated, each sensitive mass 6 is rectangular in
shape, with the length 11 in the Y direction, the width 12 in
the X direction, and with a centroid G2, and is surrounded
on three sides by the respective driving element 5.

Four coupling springs 24, of a folded type, extend
between each sensitive mass 6 and the oscillating arms 7, 8
facing said mass 6, in a position symmetrical with respect to
the centroid G2 of the sensitive mass 6.
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The coupling springs 24 (see also FIG. 2) extend mainly
parallel to the oscillating arms 7, 8 and are configured so as
to connect rigidly the sensitive mass 6 to the driving element
5 in a direction parallel to the axis X, to enable a limited
movement of the sensitive mass 6 in the event of application
of a force in the direction parallel to the axis Y, as explained
hereinafter, and to enable its displacement in a direction
parallel to the axis Z under the action of the apparent force
due to Coriolis acceleration.

Underneath each sensitive mass 6, there extends a sensing
electrode 20 of deposited doped polycrystalline silicon (for
cxample, polysilicon deposited by low-pressure chemical
vapor deposition LPCVD), the perimeter of the sensing
electrode 20 being represented by a dashed line in FIG. 1.

As may be seen from FIG. 3, each sensitive mass 6 is
separated from the respective sensing electrode 20 by an air
gap 35 obtained by removal of a sacrificial material, such as
deposited oxide. The sensitive mass 6 and the sensing
electrode 20 thus form the plates of a capacitor 22
(represented by dashed lines in FIG. 3), the dielectric
whereof is formed by the air gap 35.

Each sensing electrode 20, of rectangular shape, has a
length L1 in the Y direction that is greater than the length 11,
and a width 1.2 in the X direction that is smaller than the
length 12 of the respective sensitive mass 6. In particular, the
length L1 of the sensing electrode 20 exceeds the length 11
of the sensitive mass 6 by an amount such that any displace-
ment in the direction Y of the sensitive mass 6 (due to forces
acting in that direction) will not reduce the facing area
between the sensitive mass 6 and the sensing electrode 20.
In addition, the width L2 of the sensing electrode 20 is
smaller than the width 12 of the sensitive mass 6 by an
amount such that any displacement of the latter in the
direction X (due to the driving system 16 and/or to other
forces acting in that direction) will not reduce the facing arca
between the sensitive mass 6 and the sensing electrode 20.
In this way, capacitive coupling between the sensitive mass
6 and the sensing electrode 20 does not change following
upon movements in the directions X and Y; instead, it does
change for movements along the axis Z, as described below.

FIG. 3 shows a cross-section through the gyroscope 1. As
may be noled, the sensitive mass 6 (as also the driving
clement 5, the springs 10, 24, the movable driving arms 12,
and the fixed driving arms 14a, 14b) is formed in a structural
layer, here constituted by an epitaxial layer 29 formed on top
of a substrate 30 of monocrystalline silicon. The sensing
clectrode 20 is formed on top of an insulating layer 31, for
example, a deposited oxide layer, which is, in turn, formed
on top of the substrate 30.

FIG. 4 shows the cross-section of the gyroscope 1 at one
anchoring end 11 of an anchoring spring 10. In particular,
the anchoring end 11 has, at the bottom, a reduced portion
114 overlying, and in direct electrical contact with, a first
connection region 33 of conductive material, formed in the
layer of polycrystalline silicon of the sensing electrode 20
and indicated by a dashed line in FIG. 1. The first connection
region 33 enables biasing of the anchoring spring 10 and,
more in general, of the driving element 5 and of the sensitive
mass 6 al the desired potential. FIG. 4 also shows the
non-removed portions 32 of a sacrificial layer, which, where
removed, forms the air gap 35. In FIG. 4, the insulating layer
31 and the sacrificial layer 32 extend only underneath the
anchoring end 11, and have been removed underneath the
movable parts (here the anchoring spring 10). Similar solu-
tions of connection are used for the fixed driving elements
144, 14b, where, however, the sacrificial area 22 is not
gencerally removed.
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The gyroscope 1 is able to detect the magnitude of the
angular velocity which causes a rotation of the gyroscope
about the axis Y and hence in the plane of the sensitive mass
6. In this situation, in fact, as explained previously, the
Coriolis force is directed along the axis Z and causes a
displacement of the sensitive mass 6 in the same direction.
Since the capacitance of the capacitor 22 formed by the
sensitive mass 6 and by the sensing electrode 20 depends, in
a known way, upon the distance between the plaies, a special
processing circuit (not shown) is able to detect the variation
in capacitance and to find the magnitude of the angular
velocity.

Thanks to the sizing, described above, of the sensitive
mass 6 and of the sensing electrode 20, it is moreover
possible to reject any accelerations or forces lying in the
plane of the sensitive mass 6 and parallel to the axis Y In
fact, as indicated, the forces acting in the direction Y do not
determine a modification of the facing area between the
plates of the capacitor 22 and hence of iis capacitance, and
are not felt by the circuitry associated to the gyroscope 1.

In this way, if two gyroscopes 1 of the type described are
available in a single chip, the two gyroscopes being rotated
through 90° (one with driving direction parallel to the axis
X and the other with driving direction parallel to the axis Y)
and hence having two sensitive axes in the plane of the
sensitive mass 6, but staggered by 90° with respeet to one
another, and if, moreover, there is available a gyroscope of
a known type on the same chip, this gyroscope having a
sensitive axis perpendicular to the plane of the sensitive
mass 6, it is possible with a single device to detcet the
angular velocities along all three Cartesian axes.

The gyroscope 1 has a high sensitivity thanks 1o the large
facing area between the sensilive mass 6 and the sensing
electrode 20 and supplies an output of a single-ended type.

FIG. 5 illustrates an embodiment of a gyroscope 40,
which supplies a differential reading of the angular velocity.

The gyroscope 40 of FIG. 5 still comprises a driving
system 16 of the type described with reference to FIG. 1, but
each driving element 5 is here E-shaped and is provided with
two concavities 41a, 41b facing outwards. In practice, each
driving element 5 comprises, in addition to the oscillating
arms 7, 8 and the central cross member 9, an intermediate
arm 45, extending parallel to the axis X. Each driving
element 5 is also here supported and biased through an
anchoring spring 10 of a folded type, the springs having an
anchoring end 11 and being arranged symmetrically with
respect to the vertical centroidal axis C.

A sensitive mass 424, 42b arranged inside each concavity
41a, 41b has a generally rectangular shape and is supported
in an eccentric way. In detail, each sensitive mass 42a, 42b
is formed by a first smaller rectangular portion 43a and a
second larger rectangular portion 43b, these portions being
interconnected by a narrow portion 44. Each sensitive mass
424, 42b has an own centroid G3.

The sensitive mass 42a is supported by two supporting
arms 46a extending parallel to the cross member 9 from the
narrow portion 44 towards the oscillating arm 7 and towards
the intermediate arm 45. Likewisc, the sensitive mass 42b is
supported by two supporting arms 46b extending parallel to
the cross member 9 from the narrow portion 44 towards the
oscillating arm 8 and towards the intermediate arm 45, The
supporting arms 46a and 46b form torsion springs.

The supporting arms 46a of each sensitive mass 424 are
aligned together, as are the supporting arms 465 of each
sensitive mass 42b, bul, in each part 2a, 2b, the supporting
arms 46a of the sensitive mass 42a are misaligned with
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respect to the supporting arms 46b of the sensitive mass 42b.
All of the supporting arms 464, 46b cxtend at a distance
from the centroid G3 of the respective sensitive mass 42a,
42b. Also here the suspended masses 424, 42b of the 1wo
parts 2a, 2b of the gyroscope 40 are arranged symmetrically
with respect to the central axis of symmetry A.

Respective sensing electrodes 48a, 48b extend underneath
each portion 43a, 43b of the four suspended masses 424,
42b. In detail, the sensing electrodes 48a face the smaller
portions 43a, and the sensing electrodes 48b face the larger
portions 43b. Also here the sensing electrodes 48a, 48b are
formed by a polycrystalline silicon layer, separated from the
respective portion 43a, 43b by an air gap, and are connected
1o a processing circuit (not shown).

In the gyroscope 40 of FIG. 5, as illustrated in FIG. 6, the
Coriolis force F acting on the centroid G3 of cach sensitive
mass 42a, 42b determines opposite rotations of the sus-
pended masses 42a, 42b connected to a same driving ele-
ment 5, since they have the centroid G3 on opposite sides
with respect to the respective supporting elements 46a, 46b.
This rotation determines an opposite variation in the capaci-
tance of the capacitors formed by each portion 43a, 43b of
the suspended masses 42a, 42b and the respective sensing
clectrode 46a, 46b.

With the structure described, it is possible to climinate the
influence of external momenta acting on the suspended
masses 42a, 42b. In fact, as shown in the simplified diagram
of FIG. 6 and as explained above, the couple generated by
the Coriolis force F, designated by M2, has the same value,
but opposite sign, in the two accelerometers 42a, 42b carried
by the same driving element 5. In particular, the couple M2
cause the more massive larger portions 43b of the suspended
masses 42a, 42b 1o drop downward or rise upward together
as they rotate in opposite directions about their respective
support elements 46a, 46b. This results in opposite-polarity
changes of the capacitance of the capacitors formed by the
two accelerometers 42a, 42b and the respective sensing
clectrode 48a, 48b, and thus an opposite change in the
signals supplied by the scnsing electrodes 48a, 48b of cach
part 2a, 2b.

Instead, a possible external couple, designated by M1,
acts in a concordant direction on both of the suspended
masses 42a, 42b. In particular, the couple M1 will result in
rotation of the suspended masses 42a, 42b about their
respective supporting elements 46a, 46b in the same direc-
tion. This results in same-polarity changes of the capacitance
of the capacitors formed by the two accelerometers 424, 42b
and the respective sensing electrode 48a, 48b, and thus a
same change in the signals supplied by the sensing elec-
trodes 48a, 48b of each part 24, 2b.

Conscquently, by subtracting the signals supplied by the
sensing electrodes 48a, 48b of each part 24, 2b of the
gyroscope 40 from one another, the effect due to the external

momentum M1 is cancelled, while the effect due to the -

Coriolis force is summed. In this way, it is possible to
determine the magnitude of the angular velocity in the
direction Y, eliminating the noise due to external momenta.
In addition, a more symmetrical reading is obtained, which
provides a non-negligible advantage during calibration and
matching of the sensing resonance frequencies.

The gyroscope 40 illustrated in FIG. 5 is less sensitive
than the gyroscope 1 of FIG. 1, since the variation in
capacitance due to rotation of the suspended masses 42a,
42b is less than the variation that may be obtained as a result
of translation in the direction Z of the suspended masses 6,
given the same external force F. The gyroscope 40 is,
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however, less subject to electrostatic pull-in due to mechani-
cal shocks. In fact, in the gyroscope of FIG. 1, on account
of the biasing of the driving elements 5 and the sensing
electrodes 20, it may happen that, following upon a
mechanical shock, the driving elements 5 adhere to, and
remain aftracted by, the respective sensing electrodes 20,
this being facilitated by the large facing area. Instead, with
the gyroscope 40, a possible mechanical shock, such as
might cause rotation of the suspended masses 424, 42b, does
not in general cause a condition of “sticking”, given that in
this case each sensitive mass 424, 42b touches the respective
sensing electrode 484, 48b only along one edge instead of
with the entire surface.

FIG. 7 presents an embodiment of the gyroscope 50 with
double sensitive axis. In particular, the gyroscope 50 has a
first sensitive axis extending in the plane of the sensitive
mass 6, parallel to the axis Y, as in the embodiment of FIG.
1, and a second sensitive axis extending in a direction
perpendicular to the plane of the sensitive mass 6 and
parallel to the axis Z.

The gyroscope 50 has a basic structure similar to that of
the gyroscope 1 of FIG. 1, except for the fact that, in each
part 2a, 2b, movable sensing electrodes 18 extend from the
side of the sensitive mass 6 facing outwards, parallel to the
oscillating arms 7, 8. The movable sensing electrodes 18 are
comb-fingered 1o the fixed sensing electrodes 19a, 19b. In
detail, each movable sensing electrode 18 is arranged
between a fixed sensing electrode 192 and a fixed sensing
electrode 19b. The fixed sensing electrodes 19a are all
arranged on a first side of the movable sensing electrodes 18
and are electrically connected together at their outer ends
through a first anchoring region 51. The fixed sensing
electrodes 19b are all arranged on a second side of the
movable sensing eclectrodes 18 and are electrically con-
nected together through respective second anchoring regions
21 formed at their outer ends and connected logether
through a second connection region 55, represented by a
dashed line in FIG. 7 and illustrated in FIG. 8.

The fixed sensing electrodes 19a, 195 form, with the
movable sensing electrodes 18, capacitors, the capacitance
of which depends upon the distance between them, in a
known way. Consequently, any displacement in the direction
Y of the sensitive mass 6, due to an oscillation around axis
Z, causes a variation of opposite sign in the voltages of the
fixed sensing electrodes 194 and 195, which is detected and
processed by an appropriate circuit (not shown) in a known
way.

FIG. 8 is a cross-scctional view through the gyroscope at
the second anchoring region 21 of the fixed sensing elec-
trodes 195. Here the second anchoring regions 21, which are
formed in the same structural layer as the anchoring springs
10, i.e., the epitaxial layer 29, have "at the bottom a reduced
portion 21a formed by the epitaxial layer 29 itself, which
overlies and is in direct electrical contact with the second
connection region 55 formed in the same layer as the sensing
electrodes 20 The second connection region 55 is formed on
top of the insulating layer 31 and undcrncath the sacrificial
layer 32, of-which only some portions are visible, which
have remained after the movable parts of the gyroscope 50
have been freed. The cross-section of FIG. 8 also shows the
fixed sensing electrodes 194 and, in a plane set back with
respect 1o the plane of the cross section, the movable sensing
electrodes 18, drawn with a dashed line.

FIG. 9 is a cross-section through the gyroscope 50 taken
along a fixed sensing electrode 192. As may be noted, the
first anchoring region 51 is formed in the epitaxial layer 29
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and has, at the botiom, a reduced portion 51a formed by the
epitaxial layer 29, which overlies and is in direct electrical
contact with a third connection region 37 of conductive
material, formed in the same layer as the sensing electrodes
20 and the second (polysilicon) connection region 55, on top
of the insulating layer 31 and underneath the sacrificial layer
32.

The gyroscope 50 of FIGS. 7 to 9 is able to detect forces
acting in the direction Z (sensitive axis parallel to the axis Y)
as has been described with reference to FIG. 1. In addition,
the gyroscope is able to detect forces acting in the direction
of the axis Y (sensitive axis parallel to the axis Z), in so far
as any displacement in the direction Y is detected as a
variation in capacitance between the movable sensing elec-
trodes 18 and the fixed sensing electrodes 19a, 19b.

In the gyroscope 50 it is possible to distinguish the effects
of forces or of components thereof acting in the three
directions. In fact, the displacements in the direction X (due
to driving or to external forces) are not detected by the
sensing electrodes 20, as mentioned with reference to FIG.
1, and cause a same capacitive variation on the fixed sensing
clectrodes 19 and 196 and can thus be rejected. The
displaceinents along the axis Y are not detected by the
sensing electrodes 20, as mentioned previously with refer-
ence to the embodiment of FIG. 1, but are detected by the
fixed electrodes 194 and 19b, as explained above. The
Jdisplacements along the axis Z are detected by the sensing
electrode 20, as mentioned previously with reference to
FIGS. 1 -3. Their effect on the fixed sensing electrodes 194
and 19b can, instead, be rejected since they detect a same
capacitive variation with respect to the movable sensing
clectrodes 18, as for the displacements in the direction X.

The advantages of the described gyroscope are the fol-
lowing. First, it is possible to have, on a single plane, the
sensitive elements that are able 1o detect forces acting along
three Cartesian axes, this enabling a reduction in the overall
dimensions of a three-axes gyroscope. The advantage is all
the greater in case of the third embodiment, where a single
sensor 23 is able to measure forces acting in two perpen-
dicular directions, and hence only two sensors are necessary
for a three-dimension measurc. The compactness of the
sensors and the reduction in their number further enable
reduction in costs for manufacturing the gyroscope.

Each sensor 23 and cach sensing set is moreover sensitive
only to the forces acting in the respective directions, and
rejects actions in a perpendicular direction. Thus a high
sensing precision is achieved. The sensing precision may be
increased even further by designing the thicknesses of the
various layers so as to assign diffcrent degrees of sensitivity
in the different directions, in particular, in the third embodi-
ment.

The first and the third embodiments have high sensitivity
and hence are particularly suited in the case of low angular

velocities; instead, the second embodiment, as mentioned -

previously, enables use of a simpler circuitry and makes it
possible to avoid the risk of electrostatic pull-in.

Finally, it is clear that numerous modifications and varia-
tions may be made to the gyroscope described and illustrated
herein, all falling within the scope of the invention as
defined in the attached claims.

All of the above U.S. patents, U.S. patent application
publications, U.S. patent applications, foreign patents, for-
eign patent applications and non-patent publications referred
to in this specification and/or listed in the Application Data
Sheet, are incorporated herein by reference, in their entirety.
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What is claimed is:

1. An integrated gyroscope, including an acceleration
SENSOT COmprising:

a first driving assembly;

a first sensitive mass extending in a first direction and a
second direction, said first sensitive mass being moved
by said driving assembly in said first direction;

a first capacitive sensing electrode, facing said first sen-
sitive mass, the first driving assembly, first sensitive
mass, and first sensing electrode being components of
a first part of the acceleration sensor;

a second driving assembly;

a second sensitive mass extending in the first direction
and the second direction, said second sensitive mass
being moved by said second driving assembly in said
first direction; and

a second capacitive sensing electrode, facing said second
sensilive mass, the second driving assembly, second
sensitive mass, and second sensing electrode being
components of a second part of the acceleration sensor,
symmetrical fo the first part, the first and second driving
assemblies being connected by central springs;

wherein said acceleration sensor has a rotation axis par-
allel 1o said second direction, and said first and second
sensilive masses are sensitive to forces acting in a third
direction perpendicular to said first and second direc-
tions,

2. The gyroscope according to claim 1 wherein said first
capacitive sensing electrode comprises a conductive mate-
rial region extending underneath and at a distance, in said
third direction, from said first sensitive mass.

3. An integrated gyroscope, including an acceleration
Sensor comprising;

a sensitive mass extending in a first direction and a second

direction,

a driving assembly, said scnsitive mass being moved by
said driving assembly in said first direction, said driv-
ing assembly including a driving element connected to
said sensitive mass through a mechanical linkage,
which enables, at least to one part of said sensitive
mass, a movement having a component in a third
direction perpendicular to said first and second direc-
tions; and

a capacitive sensing electrode, facing said sensitive mass;

wherein said acceleration sensor has a rolation axis par-
allel 10 said second direction, and said sensitive mass is
sensitive to forces acting in the third direction.

4. The gyroscope according to claim 3 wherein said
sensitive mass can be translated parallel to said third direc-
tion,

5. The gyroscope according to claim 4 wherein said
sensitive mass and said capacitive sensing electrode have a
reciprocal facing area that is constant in presence of move-
ments of said sensitive mass in said first direction or in said
second direction.

6. The gyroscope according to claim 4 wherein said
driving element surrounds, at least partially, said sensitive
mass, said sensitive mass and said capacitive sensing elec-
trode having a rectangular shape, a first one between said
sensitive mass and said capacitive sensing electrode having
a length in said first direction greater than another one
between said sensitive mass and said capacitive sensing
clectrode, and a second one between said sensitive mass and
said capacitive sensing electrode having a Jength in said
second direction greater than another one between said
sensitive mass and said capacitive sensing electrode.
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7. The gyroscope according to claim 3 wherein said
driving element has an open concave shape partially sur-
rounding said sensitive mass, and said sensitive mass has a
peripheral portion not facing said driving element.

8. The gyroscope according to claim 7, further comprising
movable sensing clectrodes extending from said peripheral
portion of said sensitive mass in said first direction, said
movable sensing electrodes being comb-fingered to fixed
sensing electrodes for detecting movements of said sensitive
mass in said second direction.

9. The gyroscope according to claim 3 wherein said
sensitive mass can turn about an eccentric axis parallel to
said second direction.

10. The gyroscope according to claim 9 wherein said
dnving element surrounds at least partially said sensitive
mass, sald sensilive mass has a first centroid, and said
mechanical linkage comprises a first pair of supporting arms
aligned to one another and defining said eccentric axis, said
supporting arms of said first pair extending between said
driving element and said at least one sensitive mass, eccen-
trically with respect to said first centroid.

11. The gyroscope according to claim 10 wherein said
driving element is E-shaped and comprises first and second
oscillating arms and an intermediate arm extending parallel
to said first direction, said sensitive mass extending between
said first oscillating arm and said intermediate arm, a second
sensitive mass cxtending between said second oscillating
arm and said intermediate arm, having a second centroid and
being supported by a second pair of supporting arms, said
supporting arms of said second pair extending eccentrically
with respect to said second centroid.

12. The gyroscope according to claim 11 wherein said
supporting arms of said second pair are misaligned with
respect lo said supporting arms of said first pair.

13. The gyroscope according to claim 11 wherein said
sensitive mass and said second sensitive mass have a gen-
erally rectangular shape and comprise a first portion that is
smaller and a second portion that is larger, arranged on
opposite sides with respect to the respective supporting
arms, and wherein a differential sensing electrode faces a
respective one of said first and second portions of said
sensitive mass and said second sensitive mass.

14. The gyroscope according to claim 3 wherein said
driving element and said sensitive mass are formed in a same
structural layer.

15. The gyroscope according to claim 14 wherein said
driving element and said sensitive mass extend on top of a
conductive material body and are spaced therefrom by an air
gap, and said capacitive sensing electrode is formed by a
semiconductor material region extending on top of said
conductive material body and insulated therefrom, said
semiconductor material region extending beneath said air
gap.

16. The gyroscope according to claim 3 wherein said
driving assembly further comprises a plurality of movable
driving electrodes extending from said driving element and
comb-fingered 1o a plurality of fixed driving electrodes.

17. An integrated gyroscope, including an acceleration
Sensor comprising:

a driving assembly;

a sensitive mass extending in a first direction and a second
direction, said sensitive mass being moved by said
driving assembly in said first direction; and

a capacitive sensing electrode, facing said sensitive mass;

wherein said acceleration sensor has a rotation axis par-
alle! to said second direction, and said sensitive mass is
sensitive to forces acting in a third direction perpen-
dicular to said first and second directions;
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the gyroscope comprising two symmetrical parls con-
nected by central springs and each including an own
driving assembly, an own sensitive mass, and an own
capacitive sensing clectrode.

18. A device, comprising:

a semiconductor substrate;

an electrode formed in a first layer of the substrate;

a driving element, mechanically coupled 1o the substrate
and configured to oscillate along a first axis lying in a
first plane parallel to the first layer; and

a sensing mass, mechanically coupled to the driving
element and capacitively coupled to the first electrode,
formed in a second layer of the substrate, the sensing
mass being configured to oscillate with the driving
clement along the first axis lying in the first plane
parallel to the first layer, and further configured to move
along a second axis perpendicular to the first layer in
response to angular movements of the substrate about
a third axis perpendicular to the first axis and lying in
the first plane.

19. The device of claim 18, further comprising a process-
ing circuit configured to detect a magnitude of angular
velocity of the substrate about the third axis by detecting
changes in the capacitive coupling of the scnsing mass and
the electrode.

20. The device of claim 18, said sensing mass being
further configured to oscillate along said third axis in
response to angular movements of the substrate about said
second axis.

21. A device, comprising;

a semiconductor substrate;

a first, second, third, and fourth electrodes formed in a

first layer of the substrate;

a first sensing mass, mechanically coupled to the substrate
and capacitively coupled to the first and second
electrodes, formed in a second layer of the substrate,
the first sensing mass being configured to oscillate
along a first axis lying in a first plane parallel to the first
layer, and further configured to oscillate about a second
axis lying in the first plane in response to forces acting
along a third axis perpendicular to the first and second
axes, the first sensing mass and first and second elec-
trodes forming first and second sensing capacitors; and

a second sensing mass, mechanically coupled to the
substrate and capacitively coupled to the third and
fourth electrodes, formed in the second layer of the
substrale, the second sensing mass configured to oscil-
late along the first axis lying in the first plane, and
further configured to oscillate about a fourth axis,
parallel to the second axis, in response to forces acting
along the third axis; the second sensing mass and third
and fourth electrodes forming third and fourth sensing
capacitors.

22. The device of claim 21, further comprising a process-
ing circuit configured to process signals from the first,
second, third, and fourth sensing capacitors to separate
forces acting on the device due to coriolis effect from forces
acting on the device due to momenta.

23. A method, comprising:

oscillating a driving element in a first axis lying in a first
plane relative to a surface of a semiconductor material
body, the driving element mechanically couple to the
body;

moving the semiconductor material body about a second
axis perpendicular to the first axis and lying in the same
plane; and



US 6,928,872 B2

13

detecting the movement of the semiconductor material
body by detecting changes in a capacitive coupling
between a sensing mass mechanically coupled to the
driving body and an electrode formed on the surface of
the semiconductor body, due 1o movements of the body
in an axis perpendicular to the first plane.

24. A device, comprising:

a semiconductor material body;

a driving element coupled to the semiconductor material
body and movable with respect to the semiconductor
material body in a first axis;

a sensing mass mechanically couple to the driving ele-
ment and movable with respect to the driving element
in a second axis, perpendicular to the first axis; and

a capacitive electrode positioned between the semicon-
ductor material body and the sensing mass and config-
ured to detect movement of the sensing mass in the
second axis.

25. The device of claim 24 wherein the sensing mass is

movable with respect to the driving element in a third axis,

perpendicular to the first and second axes, the second axis
being perpendicular to a face of the semiconductor material
body, the device further comprising:
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a plurality of sensing electrodes configured to detect
movement of the sensing mass in the third axis.

26. The device of claim 24 wherein the driving element,
sensing mass, and capacitive clectrode are components of a
first part of the device, the device further comprising:

a second pant, symmetrical to the first part and coupled

thereto by spring elements.

27. The device of claim 24 wherein the sensing mass is a
first sensing mass and the capacitive electrode is a first
capacitive electrode, the device further comprising:

a second sensing mass, the first and second sensing
masses each being eccentrically, rotatably, coupled to
the driving element, the first and second sensing masses
configured 1o rotate around the second and a third axes,
respectively, the second and third axes being parallel to
each other; and

second, third, and fourth capacitive electrodes, the first
and second capacitive electrodes being positioned
between the semiconductor material body and the first
sensing mass, and the third, and fourth capacitive

electrodes being positioned between the semiconductor
material body and the second sensing mass.

* * * * *
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technique), which supplies an output signal V.. As illus-
trated schematically in FIG. 5 (that refers to a uniaxial MEMS
accelerometer for sake of clarity of illustration), the sensitive
element 27 comprises a stator, of which only first and second
fixed electrodes 30a, 305 are illustrated, and a rotor formed by
a moving element 31 and mobile electrodes 32 fixed to the
moving element 31, and each arranged between a respective
first fixed electrode 30a and a respective second fixed elec-
trode 305. The moving element 31 is suspended by means of
springs 33 to anchorage elements 34, so as to be movable
along a detection axis.

As illustrated in FIG. 6, the electrical equivalent circuit of
the sensitive element 27 can be represented schematically
with first capacitors C,, C, , C,, and second capacitors C,,,
C,,, C,,, one for each detection axis x, y, z; each one of the
first capacitors being arranged in series with a respective one
ui' the second capacitors, the capacitances of which being
variable according to the distance between the mobile elec-
trodes 32 and the fixed electrodes 30a, 305 and hence accord-
ing to the displacement of the rotor with respect to the stator.

When the linear accelerometer 20 is subjected to an accel-
eration along a detection axis x, y, z, the moving element 31
moves along said axis, consequently a capacitive unbalancing
is generated between the related first and second capacitors.
This capacitive unbalancing is detected by the conditioning
electronic circuit, which hence supplies at output the signal
VOM['

In particular, the displacement of the moving clement 31
occurs also in presence of a static acceleration (for example
the acceleration of gravity), generating a corresponding
capacitive unbalancing which is detected by the conditioning
electronic circuit. it follows that, even in the resting condi-
tion, a non-zero acceleration is detected. Instead, during a
free-fall, the displacement of the moving element 31 with
respect to a reference system fixed with respect to the stator,
which is also in free-fall, is zero (the mobile electrodes 32
remain centered with respect to the respective fixed elec-
trodes 30a, 30b), so that the detected acceleration is almost
(due to air friction) equal to zero.

In particular, the accelerometer 20 senses the movements
of the electronic portable apparatus 10 and generates the
corresponding acceleration signals A,, A,, A, which are
sampled and hold in the register array 21. As will be described
in greater detail hercinafter, the free-fall detection circuit 24
compares each onc of the acceleration signals A,, A , A, with
a preset acceleration threshold A, stored in the threshold
register 22, and generates a free-fall detection signal F, if
certain conditions are met which are indicative of a free-fall
event. The free-fall detection signal F is then sent to an output
26 of the free-fall detection device 16, to be sent in real time
to the processor unit 18, as an interrupt signal for immediately
activating appropriate actions for protecting the portable elec-
tronic apparatus 10. A typical action is to issue a command to
the HDD device 11 through an industrial standard interface
(such as ATA or SATA), for controlling a forced parking of the
read/write head 13 in a safe position of the HDD device 11.
Therefore, upon impacting the ground, the read/write head 13
and the data-storage medium 12 will not collide against each
other, and damage to the HDD device 11 will be prevented.

The processor unit 18 can also access the data stored in the
register array 21 through the interface 25, and program the
acceleration threshold A, by writing in the threshold register
22.

In detail, as shown in FIG. 7, the free-fall detection circuit
24 comprises a first threshold comparator 41, a second thresh-
old comparator 42, and a third threshold comparator 43. The
threshold comparators 41-43 receive at their inputs a respec-
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tive acceleration signal A,, A, A, from the accelerometer 20,
and the acceleration threshold A, from the threshold register
22, The threshold comparators 41-43 compare the absolute
value of the respective acceleration signal A, A , A, with the
acceleration threshold A,, and output a respective logic sig-
nal, for example of a high value, if the absolute value of the
respective acceleration signal A, A, A, is smaller than the
acceleration threshold A,

The free-fall detection circuit 24 further comprises three
enabling stages 45, 46 and 47. In detail, each enabling stage
45-47, preferably made using logic gates, receives at its input
the output of a respective threshold comparator 41-43 and an
enabling signal EN,, EN , EN,, of a logic type. When the
enabling signal EN,, EN , EN, assumes a first logic value, for
example high, the respective enabling stage 45-47 outputs the
logic signal received by the respective threshold comparator
41-43. Otherwise, when the enabling signal EN,, EN , EN,
assumes a second logic value, in the example low, the
enabling stage 45-47 outputs a constant logic signal of a high
value.

The free-fall detection circuit 24 further comprises a three-
input AND logic gate 50, receiving the outputs of the enabling
stages 45-47; a counter 53, receiving the logic signal output-
ted by the AND logic gate 50 as count-enable signal and a

s clock signal CK generated in a per se known manner; and a

threshold comparator 54, receiving the count signal generated
by the counter 53 and a count threshold C,,, the latter being
settable by writing in a dedicated register 55. In particular, the
counter 53 is reset when the logic signal at the output of the
AND logic gate 50 has a first logic value, for example low,
while it is enabled for counting when the logic signal at the
output of the AND logic gate 50 has a second logic value, for
example high. The threshold comparator 54 outputs the free-
fall detection signal F, which is supplied to the output 26 (FIG.
3) of the free-fall detection device 16, connected to the pro-
cessor unit 18.

Finally, the frce-fail detection circuit 24 comprises a
counter register 56 connected to the output of the threshold
comparator 54 for storing the free-fall detection signal F.

Operation of the free-fall detection circuit 24 is described
hereinafter.

In particular, the principle of operation of the detection
circuit 24 follows from the observation that, for any object in
stcady state, and thus subject to the only acccleration of
gravity, it cannot happen that the acceleration along three
mutually orthogonal axes x, y and z is lower than 1/3-g
(0.577 g) at the same time. This is valid independently of the
object orientation in the three-dimensional space. In fact, the
magnitude A of the acceleration vector acting on the free-
falling object can be calculated from the acceleration compo-
nents along the three mutually orthogonal axes (acceleration
signals A,, A , A,), with the following equation:

A=[4.7v4 Fa,?

Since the object is subject to the only acceleration of grav-
ity, the value of the magnitude A must be equal to 1 g, and the
minimum value that added three times gives 1 g is the afore
saidamount 1/ 3-g 0f0.577 g. That is, in case the acceleration
along one of the three orthogonal axes is lower than 0.577 g,
the acceleration along at least one of the other two axes must
be bigger than the above value 0.577 g to satisfy the equation.

The obtained number thus constitutes a good acceleration
threshold A, for free-fall detection. In fact, to detect a free-
fall event it is enough 10 acquire the acceleration values for the
three detection axes x, y and z and check that their absolute
values are at the same time lower than 0.577 g. Of course this
value must be considered as a theoretical upper limit and a
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safeguard is needed to avoid false detections. Taking into
account accelerometer offset accuracy and offset thermal
drift, the value of the acceleration threshold A, is preferably
set 10 0.350 g. This value enables identification of the free-fall
condition for any direction of free-fall of the portable appa-
ratus 10 and it is at the same time insensitive to offsets due, for
example, to temperature variations, component ageing, etc. In
order for the above considerations to apply, the accelerometer
20 is preferably to be mounted close to the center of mass of
the portable electronic apparatus 10, to reduce any centripetal
acceleration, if the apparatus rotates during the free-fall.

1t follows that during free-fall, each one of the acceleration
signals A,, A, and A, has an absolute value which is smaller
than the acceleration threshold A, set via the threshold reg-
ister 22. Therefore, the outputs of the threshold comparators
41-43, and hence the logic signal at the output of the AND
logic gate 50 assume a high logic value. The counter 53 is
enabled for counting, increasing the count signal at each
switching of the clock signal CK. When the generated count
signal exceeds the count threshold C,,,, the signal at the output
of the threshold comparator 54, i.e., the free-fall detection
signal F, switches to the high logic state. The microprocessor
circuit 18 then receives the free-fall detection signal F as
interrupt signal, and consequently issues a control signal for
undertaking the appropriate actions to protect the portable
apparatus 10, and particularly the HDD device 11 from
impact.

By appropriately setting the count threshold C ,, possible
false indications of free-fall, due for example to vibrations of
the table on which the portable electronic apparatus 10 is
resting or to movements of the person who is using the por-
table electronic apparatus 10, do not cause switching of the
free-fall detection signal T, and hence undesired parking of
the read/write head 13. In fact, said false indications of free-
fall have a duration smaller than the time interval correspond-
ing to the count threshold C,,, and hence the free-fall detec-
tion signal F at the outpnt of the threshold comparator 54 does
not swiltch to the high Jogic value. For example, the count
threshold C,, can be set to a value corresponding to 8 ms.

In addition, via the enabling signals EN_, EN , EN, sup-
plied to the enabling stages 45-47 it is possible to disable
detection of acceleration along a respective detection axis. In
fact, only when said enabling signals EN,, EN , EN, assume
a given logic value, for example high, is the logic signal at
output from the respective threshold comparator 41-43 sent to
the AND logic gate 50. This is useful when it is certainly
known what the orientation assumed by the portable elec-
tronic apparatus 10 will be during free-fall, in order to disable
the detection axis or axes that is or are not important for the
purposes of free-fall detection.

FIG. 8 illustrates by way of example time plots of the
acceleration signals A,, A , and A, and of the free-fall detec-
tion signal F during a free-fall event of a portable electronic
apparatus which is dropped from a typical desk height (about
70 cm). In particular, the free-fall event is highlighted by a
dashed rectangle, while the following time interval corre-
sponds to the portable electronic apparatus impacting to the
ground.

The response times of the free-fall detection device 16 are
very short and enable suitable actions for protecting the por-
lablc apparatus 10 to be carried out promptly.

Consider, by way of example, the case of a portable appa-
ratus provided with hard disk which drops onto the floor from
a height of one meter. The fall time 1 is calculated using the
equation:
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where h is the initial height of the fall. Substituting the
numeric values, a fall time of approximately 450 ms 1s
obtained.

The response time of the free-fall detection device 16 for
detecting the frec-fall event is approximately 5 ms, the wait-
ing time to prevent false free-fall indications is set to 8 ms (a
value corresponding to the count threshold C ), and the time
necessary for the processor unit 18 to receive the free-fall
detection signal F and to issue an appropriate signal for con-
trolling parking in a safe position of the read/write head 13 of
the hard disk 11 is approximately 2 ms. Considering more-
over a time approximately of 30 ms for parking the read/write
head 13, it follows that the time necessary for bringing the
portable electronic apparatus 10 into a safe position is equal to
approximately 45 ms, 1.e., much less than the fall time calcu-
lated previously.

FI1G. 9illustrates by way of example the application of the
free-fall protection system 15 in a typical architecture of a
portable PC 60. Since the above architecture is of a known
type, only the elements directly related to the operation of the
free-fall protection system 15 are illustrated.

Indetail, the free-fall detection device 16 is connected to an
embedded keyboard controller 61 provided internally with a
microprocessor (corresponding to the processor unit 18). The
embedded keyboard controller 61 is connected to a main
processor 62 of the portable PC 60, through al/O control hub
63 (e.g. ICH4-M). The main processor 62 is connected to
HDD device 11 of the portable PC 60 through the I/O control
hub 63 and a standard interface, for example an ATA inter-
face.

At power on, the embedded keyboard controller 61 initial-
izes the free-fall detection device 16, programs the accelera-
tion threshold A, through the interface 25, and enables the
interrupt feature. Then, upon detecting a free-fall event, the
free-fall detection device 16 causes the free-fall detection
signal T to switch to the high logic level, and issues it as
interrupt signal to the microprocessor of the embedded key-
board controller 61. The latter interrupts the main processor
62, which immediately issues an unload command to the
HDD device 11 through the 1/O control hub 63 and the stan-
dard interface, to park the read/write head 13. Then, the main
processor 62 executes code to monitor the free-fall condition.
In particular, no access to the HDD device 11 is allowed
during the period preceding the predicted ground impact.
Afier the impact, the main processor 62 monitors the settle-
ment of the electronic portable apparatus 10, through the
accelerometer 20 of the free-fall detection device 16 and
unparks the read/write head 13 when it is considered safe 1o
resume operations.

The free-fall detection device described above has the fol-
lowing advantages.

First, it is possible to detect a free-fall event with extremely
short response times, so as to ensure an efficient protection for
the portable apparatuses, and in particular for the associated
data-storage devices. In fact, the free-fall detection device
operates in real time mode, since the free-fall detection is
executed by a purely hardware circuit and all the operations
linked to free-fall detection are incorporated in a single inte-
grated device, so that further processing by a processor unit in
the portable apparatus is not required. In particular, the digital
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data provided by the accelerometer 20 are compared with the
acceleration threshold A, and the free-falf detection signal F
is generated completely by hardware without any instructions
latency. Therefore, the operating frequency of the processor
unit 18 is not critical and there is no lengthy instruction
execution time, as compared to known systems (in particular
for the acquisition in polling of the acceleration data, and the
pretty cumbersome computation of the acceleration magni-
tude). The generated free-fall detection signal F is issued in
real time as an interrupt digital signal to the processor unit 18,
and so there is no interface delay between the processor unit
18 and the free-fall detection device 16.

Furthermore, the free-fall detection device makes it pos-
sible to distinguish and ignore any false detection of free-fall,
thus rendering the detection of free-fall extremely reliable.

The described free-fall detection device can advanta-
geously be used for proving the occurrence of an impact
following upon a free-fall. This is useful for example in the
analysis of apparatuses returned for technical assistance on
account of operating faults, It is in fact possible, by reading
the contents of the counter register 56, wherein the free-fall
detection signal F is stored, to verify whether the presumed
faults are in fact due 1o a destructive event. In the case where
the above register is a counter, it is also possible to know the
number of impacts that the portable apparatus has undergone.

Furthermore, the free-fall detection device can be used for
gathering the height from the ground from which the portable
appatatus bas fallen, by calculating in a known way the dura-
tion of the free-fall (for example, by starting a counter at the
instant of detection of free-fall, which corresponds to the
switching of the free-fall detection signal F, and stopping it at
the instani of impact with the ground, which can be detected
in a known way).

Even though the free-fall detection device must be perma-
nently supplied, its circuit simplicity renders power con-
sumption practically negligible, i.e., such as not to influence
significantly the consumption of the battery that suppliesit. In
particular, it is possible to place the system in power saving
mode, in order to minimize power consumption.

Also, the use ofa three-axis accelerometer for the detection
of the free-fall event, allows for a successful free-fall detec-
tion independently of the spatial orientation that the portable
electronic apparatus may have when it starts falling.

Finally, it is clear that modifications and variations may be
made to what has been described and ilustrated herein, with-
out thereby departing from the scope of the present invention,
as defined in the attached claims.

In particular, the processor unit 18 can be implemented by
a dedicated processor, or any other processor unit, such as the
main processor in the portable electronic apparatus, or the
HDD device controller. Also, the parking command for the
read/write head 13 of the HDD device 11 can be issued by
another processor alerted by processor unit 18.

The components of the free-fall detection device 16 could
be integrated in different dice of semiconductor material,
which could be assembled in a single package.

Furthermore, even if a count threshold C,, has been pro-
vided to avoid possible free-fall false detections, it is possible
to provide foran immediate detection of the free-fall event, by
directly connecting the output of the AND logic gate 50 to the
interrupt input of the processor unit 18, in order to further
reduce the response time of the free-fall detection device 16.

Also, even if a three-axis accelerometer is in general
required to detect the free-fall event independently of the
spatial orientation that the portable electronic apparatus may
have when it starts falling, theoretically a two- or even single
axis accelerometer could be used, in case the above orienta-
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tion is known and forced. If cost is a concern for the overall
free-fall protection system, an analog accelerometer could be
used, with the drawback of a certain performance degradation
in terms of response time.

Furthermore, the free-fall detection signal F generated in a
continuous way by the free-fall detection device 16 could not
be used as interrupt for a processor unit, but directly activate
appropriate protection actions. For example, the above signal
could directly control a switch designed to disable a given
function within the portable electronic apparatus, or else con-
trol turning-on of a warning light, or emission of an alarm
sound signal upon detection of the free-fall. In general, as
shown in FIG. 10, the free-fall detection signal F could
directly control an actuatable circuit 70 in the portable elec-
tronic apparatus 10, configured to activate appropriate pro-
tection actions for the portable electronic apparatus 10,

The entire free-fall protection system could also be
arranged inside the HDD device 11. In this case, the chip of
the frec-fall detection device 16 is mounted to a printed circuit
board of the HDD device 11, together with the control circuit
of the HDD device 11. The free-fall detection signal F could
directly be received and interpreted by the control circuit of
the HDD device 11, to instantaneously park the read/write
head 13.

In addition, different acceleration thresholds can be used
for the various detection axes. Also, the accelerometer 20
could be different from the one described.

Two threshold comparators for cach detection axis can be
used, one for the free-fall detection, as described previously,
and the other, in a known way, for the detection of impact
(“shock detector”) so as to integrate in a single device all
functions required for protecting mass-storage devices in por-
table apparatuses.

Finally, the protection actions initiated by the free-fall pro-
tection system are not limited to the parking of the read/write
head of the HDD device, For example, upon detecting of the
free-fall condition, the spindle motor of the HDD device
could be controlled to stop the rotating disk spinning move-
ment, or, as another example, for a portable PC designed for
rugged environment, air bag technology employed in auto-
motive industry could be applied.

While there have been described above the principles of the
present invention in conjunction with specific components,
circuitry and bias techniques, it is to be clearly understood
that the foregoing description is made only by way of
example and not as a limitation to the scope of the invention.
Particularly, it is recognized that the teachings of the forego-
ing disclosure will suggest other modifications to those per-
sons skilled in the relevant art. Such modifications may
involve other features which are already known per se and
which may be used instead of or in addition to features
already described herein. Although claims have been formu-
lated in this application to particular combinations of fea-
tures, it should be understood that the scope of the disclosure
herein also includes any novel feature or any novel combina-
tion of features disclosed either explicitly or implicitly or any
generalization or modification thereof which would be appar-
ent to persons skilled in the relevant art, whether or not such
relates to the same invention as presently claimed in any claim
and whether or not it mitigates any or all of the same technical
problems as confronted by the present invention. The appli-
cants hereby reserve the right to formulate new claims to such
features and/or combinations of such features during the
prosecution of the present application or of any further appli-
cation derived therefrom.
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The invention claimed is:

1. A free-fall detection device for a portable apparatus
comprising:

an acceleration sensor generating first, second, and third

acceleration signals correlated to a respective compo-
nent of a sensed acceleration along a respective detec-
tion axis; and

a free-fall detection module coupled to said acceleration

sensor, wherein said free-fall detection module is con-
figured to carry out a comparison between each one of
said first, second, and third acceleration signals and a
respective acceleration threshold, and to generate a free-
fall detection signal according to the result of all three
comparisons, wherein said free-fall detection signal has
afirst logic value indicative of a free-fall condition in the
event that said first, second and third acceleration signals
are all simultaneously lower than the respective accel-
eration threshold.

2. The device of claim 1, wherein said respective accelera-
tion threshold is not higher than 1/,/3-g.

3. The device of claim 2, wherein said respective accelera-
tion threshold is equal to 350 mg.

4. The device of claim 1, wherein said free-fall detection
module comprises a dedicated hardware circuit generating in
a continuous way and in real-time said free-fall detection
signal.

5. The device of claim 4, wherein said acceleration sensor
and said dedicated hardware circuit are integrated in a single
chip, said acceleration sensor being made as a Micro-Electro-
Mechanical-System.

6. The device of claim 4 for a portable apparatus provided
witha processor unit, wherein said dedicated hardware circuit
has an output supplying said free-fall detection signal and
configured to be connected to said processor unit.

7. The device of claiin 4, wherein said dedicated hardware
circuit comprises a comparison stage to carry out said com-
parison, and a detcction stage connected to said comparison
stage and generating said free-fall detection signal.

8. The device of claim 7, wherein said comparison stage
comprises a threshold comparator for each of said accelera-
tion signals, each of said threshold comparators receiving one
respective of said acceleration signals and said respective
acceleration threshold, and generating at output a respective
logic signal; and wherein said detection stage comprises an
AND logic gate receiving said logic signals.

9. The device of claim 8, wherein said detection stage
further comprises false-detection rejecting means, connected
to said AND Jogic gate and outputting said free-fall detection
signal.

10. The device of claim 9, wherein said false-detection
rejecting means comprise a counter receiving a clock signal
and the logic signal outputted by said AND logic gate as
count-enable signal; and a threshold comparator receiving the
count signal generated by said counter and a count threshold,
said threshold comparator generating said free-fall detection
signal.

11. The device of claim 10, further comprising a first stor-
age means for storing said respective acceleration threshold.

12. The device of claim 4, wherein said dedicated hardware
circuit further comprises an enabling stage, which is con-
nected to said comparison stage and receives an enabling
signal for each of said detection axes; said enabling stage
being configured to enable/disable detection of free-fall along
each of said detection axes.

13, The device of claim 4, wherein said dedicated hardware
circuit further comprises second storage means for storing the
oceurrence of said free-fall detection signal.
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14. A free-fall protection system for a portable apparatus,
comprising:

(a) a free-fall detection device configured to issue a warn-
ing signal upon detecting a free-fall condition of said
portable apparatus, including:

(i) an acceleration sensor generating first, second, and
third acceleration signals correlated to a respective
component ofa sensed acceleration along a respective
detection axis; and

(ii) a free-fall detection module coupled to said accel-
eration sensor, to carry out a comparison between
each one of said first, second, and third acceleration
signals and a respective acceleration threshold, and to
generate a free-fall detection signal according to the
result of all three comparisons for generating a free-
fall detection signal, wherein said free-fall detection
signal has a first logic value indicative of a free-fall
condition in the event that said first, second and third
acceleration signals are all simultaneously lower than
the respective acceleration threshold; and

(b) a protection device connected to said free-fall detection
device and configured to activate protection actions for
said portable apparatus upon receiving said waming sig-
nal.

15. The system of claim 14, wherein said protection device
comprises a processor unit connected to an output of said
free-fall detection device and having an interrupt input, said
processor unit receiving at said interrupt input said warning
signal for activating said protection actions.

16. The system of claim 15, wherein said free-fall detection
device comprises first storage means for storing said respec-
tive acceleration threshold, and wherein said processor unit is
further connected to said first storage means to program said
respective acceleration threshold.

17. The system of claim 14 further comprising a data-
storage device, wherein said protection device is configured
to be connected to said data-storage device and said protec-
tion actions are intended to protect said data storage device
from damage due to said free-fall condition.

18. The system of claim 17, wherein said data-storage
device comprises a read/write head, and said protection
actions comprise issuing a command for parking said read/
write head in a safe position of said data-storage device.

19. A portable apparatus, comprising:

(a) a free-fall detection device configured to issuc a wam-
ing signal upon detecting a free-fall condition of said
portable apparatus, comprising;

(i) an acceleration sensor generating first, second, and
third acceleration signals correlated to a respective
component of a sensed acceleration along a respective
detection axis; and

(ii) a free-fall detection module coupled to said accel-
eration sensor, to carry out a comparison between
each one of said first, second, and third acceleration
signals and a respective acceleration threshold, and to
generate a free-fall detection signal according to the
result of all three comparisons for generating a free-
fall detection signal, wherein said free-fall detection
signal has a first logic value indicative of a free-fall
condition in the event that said first, second and third
acceleration signals are all simultaneously lower than
the respective acceleration threshold; and

(b) a protection device connected to said free-fall detection
device and configured to activate protection actions for
said portable apparatus upon receiving said warning sig-
nal.
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20. The apparatus of claim 19, further comprising a data
storage device having a read/write head and wherein said
protection device further comprises a processor unit, wherein
said processor until controls a displacement of said read/write
head according to said warning signal.

21. The apparatus of claim 20, wherein said free-fall detec-
tion device and said protection device are arranged within
said data-storage device.

22. The apparatus of claim 21, wherein said apparatus is
selected from the group consisting of laptop computers, per-
sonal data assistants, digital audio players, mobile phones,
and digital cameras.

23. A data storage device comprising:

(1) a data storage medium;

(11) a read/write head associated with said data storage

medium; and

(111) a free-fall protection system comprising;

(a) a free-fall detection device configured to issue a
waming signal upon detecting a free-fall condition of
said data-storage device, comprising:

(i) an acceleration sensor generating first, second, and
third acceleration signals correlated to a respective
component of a sensed acceleration along a respec-
tive detection axis; and

(ii) a free-fall detection module coupled to said accel-
eration sensor to carry out a comparison between
each one of said first, second, and third acceleration
signals and a respective acceleration threshold and
to generate a free-fall detection signal, wherein said
free-fall detection signal has a first logic value
indicative of a free-fall condition in the event that
said first, second and third acceleration signals are
all simultaneously lower than the respective accel-
eration threshold; and
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(b) a protection device connected to said free-fall detec-~
tion device and configured to activate protection
actions for said data storage device upon receiving
said warning signal.

24. The data storage device of claim 23, wherein said
free-fall protection system controls a parking of said read/
write head in a safe position upon detecting said free-fall
condition.

25. A method for protecting a portable electronic apparatus
from a free-fall event comprising:

detecting a free-fall condition of said portable electronic

apparatus based on an acceleration of said portable elec-

tronic apparatus; wherein said detecting a free-fall con-
dition comprises:

acquiring first, second, and third acceleration signals cor-

related to a respective component of said acceleration

along a respective detection axis;

comparing each one of said first, second, and third accel-

eration signals with a respective acceleration threshold;

detecting said free-fall condition according to the result of
all three comparisons;

activating protection actions for said portable apparatus

upon detection of said free-fall condition; and

generating a free-fall detection signal, wherein said free-
fall condition is detected in the event that all three said
acceleration signals are simultaneously lower than the
respective acceleration threshold.

26. The method according to claim 25, wherein said free-
fall condition is detected in the event said acceleration signals
are simultancously lower than the respective acceleration
threshold for a preset time interval.

27. The method according to claim 25, wherein said por-
table apparatus includes a processor unit and the activating
step includes issuing an interrupt to said processor unit.

* * * * *
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which the apparatus 1 is subjected, preferably along a first
axis X, a second axis Y and a third axis Z orthogonal to one
another and fixed to the apparatus 1. More precisely, the
activation device 10 detects both the static accelerations (due
to constant forces, like the force of gravity) and dynamic
accelerations (due to non-constant forces) to which the appa-
ratus 1 is subjected.

When the apparatus 1 is not used, it usually remains sub-
stantially immobile or in any case subjected to forces of
negligible intensity, for example because it is resting on a
shelf. As has been mentioned previously, after a pre-deter-
mined time interval, the apparatus 1 goes into a stand-by state.
In these conditions, the activation device 10 detects dynamic
accelerations which are practically zero and maintains its
output 10a constant at a resting logic value; the apparatus 1
thus remains in stand-by.

When the dynamic accelerations directed along at least one
of the three axes X, Y, Z exceed a pre-determined threshold,
the activation device 10 generates an activation pulse WU
thus bringing its output 10a to an activation logic value. In the
presence of an activation pulse WU, any possible standby
pulses STBY are ignored, and the control unit 3, the screen 6,
the 1/0O unit 5 and the memory 4 are sct in the active state. The
activation pulse WU terminates when all the dynamic accel-
erations along the first axis X, the second axis Y and the third
axis Z return below the pre-determined threshold.

The activation device 10 is based upon capacitive-unbal-
ance linear inertial sensors, made using MEMS (Micro-Elec-
tro-Mechanical Systems) technology. For greater clarity,
F1G. 2 illustrates a first inertial sensor 20, having a preferen-
tial detection axis parallel to the first axis X.

In detail, the first inertial sensor 20 comprises a stator 12
and a moving element 13, connected to one another by means
of springs 14 in such a way that the moving element 13 may
translate parallel to the first axis X, whereas it is basically
fixed with respect to the second axisY and the third axis Z (in
F1G. 2, the third axis Z is orthogonal to the plane of the sheet).

The stator 12 and the moving element 13 are provided with
a plurality of first and second stator electrodes 15, 15" and,
respectively, with a plurality of mobile electrodes 16, which
extend basically parallel to the plane Y-Z. Each mobile elec-
trode 16 is comprised between two respective stator elec-
irodes 15', 15", which it pantially faces; consequently, each
mobile electrode 16 forms with the two adjacent fixed elec-
trodes 15', 15" a first capacitor and, respectively, a second
capacitor with plane and parallel faces. Furthermore, all the
first stator electrodes 15" are connected 1o a first stator termi-
nal 20a and all the second stator electrodes 15" are connected
10 a second stator terminal 205, while the mobile electrodes
16 are connected to ground. From the electrical standpoint,
hence, the first inertial sensor 11 can be idealized by means of
a first equivalent capacitor 18 and a second equivalent capaci-
tor 19 (illustrated hercin with a dashed line), having first
terminals connected to the first stator terminal 204 and to the
second stator terminal 205, respectively, and second termi-
nals connected to ground. Furthermore, the first and second
equivalent capacitors 18, 19 have a variable capacitance cor-
related to the relative position of the moving element 13 with
respect to the rotor 12; in particular, the capacitances of the
equivalent capacitors 18, 19 at rest are equal and are unbal-
anced in the presence of an acceleration oriented according to
the preferential detection axis (in this case, the first axis X).

With reference to FIG. 3, the activation device 10 com-
prises, in addition to the first inertial sensor 20, a second
inertial sensor 21 and a third inertial sensor 22, identical to the
first inertial sensor 20 and having preferential detection axes
parallel to the second axis Y and to the third axis Z, respec-
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tively. Moreover, the activation device 10 comprises: a mul-
tiplexer 24; a capacitance-voltage (C-V) converter 25; a
demultiplexer 26; a first detection line 28; a second detection
line 29 and a third detection line 30, associated respectively to
the first inertial sensor 20, to the second inertial sensor 21 and
to the third inertial sensor 22; an output logic gate 31; and a
phase generator 32.

First stator terminals 20a, 21a, 22a and second stator ter-
minals 205, 215, 22brespectively of the first, second and third
inertial sensors 20, 21, 22 are selectively connectable in
sequence to detection inputs 254, 256 of the C-V converter 25
via the multiplexer 24. For this purpose, a control input 24a of
the multiplexer 24 is connected to a first output of the phase
generator 32, which supplies a first selection signal SEL1.

The C-V converter 25 is based upon a differential charge-
amplifier circuit, of a type in itself known, and has a timing
input 25¢, connected to a second output of the phase generator
32, which supplies timing signals CK, and an output 254,
which supplies, in sequence, sampled values of a first accel-
eration signal A, a second acceleration signal A, and a third
acceleration signal A, correlated to the accelerations along
the first, second and third axes X, Y, Z, respectively.

The demultiplexer 26 connects the output of the C-V con-
verter 25 selectively and in sequence to respective inputs of
the first, second and third detection lines 28, 29, 30, which
thus receive respectively the first, second and third accelera-
tion signals A\, A, A. For this purpose, the demultiplexer 26
has a control input 26a connected to a second output of the
phase generator 32, which supplies a second selection signal
SEL2.

Each of the detection lines 28, 29, 30 comprises a subtrac-
tor node 34, a filter 35, of a low-pass type, and a threshold
comparator 36. In greater detail, the input of each detection
line 28, 29, 30 is directly connected to a non-inverting input
34a of the adder node 34 and is moreover connected to an
inverting input 345 of the adder node 34 itself through the
respective filter 35. )

In practice, the filters 35 extract the d.c. components of the
acceleration signals Ay, A}, Az and supplies at output a first
static-acceleration signal A, a second static-acceleration
signal A 5 and a third static-acceleration signal Az, respec-
tively. The subtractor nodes 34 subtract the static-acceleration
signals Ay, Ay, Azg from the corresponding acceleration
signals Ay, A A, A first dynamic-acceleration signal A,
a second dynamic-acceleration signal A,, and a third
dynamic-acceleration signal A, p,, which are correlated exclu-
sively to the accelerations due to variable forces, are thus
provided on the outputs of the subtractor nodes 35 of the first,
second and third detection lines 28, 29, 30, respectively.

The threshold comparators 36 have inputs connected to the
outpuls of the respective subtractor nodes 34 and outputs
connected to the logic gate 31, which in the embodiment
described is an OR gate. Furthermore, the output of the logic
gate 31 forms the output 10a of the activation device 10 and
supplies the activation pulses WU. In particular, an activation
pulse WU is generated when at least one of the dynamic-
acceleration signals A,,, A;p,, Az, is higher than a pre-
determined threshold acceleration A 7, stored in the threshold
comparators 36; the activation pulses WU terininate when all
the dynamic-accclerationsignals Ay, A }5,, A 7 retum below
the threshold acceleration A, The threshold acceleration
A_, is moreover programmable and is preferably so selected
as 1o be exceeded in the presence of the stresses that the user
impresses on the apparatus 1 during normal use.

In practice, the C-V converter 25 reads the capacitive
unbalancing values AC,, AC,, AC, of the inertial sensors 26,
21, 22, to which it is sequentially connected and converts the
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7. The device according to claim 1, further comprising a
second inertial sensor having a second preferential detection
axis that is transverse to the first preferential detection axis.

8. The device according to claim 7, further comprising:

a multiplexer connected between the inertial sensors and
the converter to selectively electrically connect each of
the inertial scnsors to the converter, the converter sup-
plying a third signal correlated to forces acting on said
second inertial sensor according to said second prefer-
ential detection axis;

a second processing stage structured to process said third
signal and supply a fourth signal correlated to adynamic
component of said third signal,

asecond threshold comparator supplying a pulse when said
fourth signal exceeds the threshold; and

a demultiplexer connected between the converter and the
first and second processing stages to selectively supply
the first and third signals to the first and second process-
ing stages, respectively.

9. The device according to claim 8, further comprising;

a phase generator connected to the multiplexer, converter,
and demultiplexer and structured to provide timing sig-
nals that coordinate operations of the multiplexer, con-
verter, and demultiplexer.

10. A portable electronic apparatus, comprising:

a supply source;

a plurality of user devices alternatively connected to said
supply source in a first operative state, and disconnected
from said supply source in a second operative state,

deactivation means connected to said user devices for set-
ting said user devices in said second operative state; and

activation means for sefting the user devices in the first
operative state, said activation means including;

a firstinertial sensor having a preferential detection axis,

a converter coupled to said first inertial sensor and supply-
ing a first signal correlated 1o forces acting on said first
inertial sensor according to said preferential detection
axis;

a first processing stage structured to process said first sig-
nal and supply a second signal correlated to a dynamic
component of said first signal, and

a first threshold comparator supplying an activation pulse
when said second signal exceeds a threshold.

11. An apparatus according to claim 10 wherein, in the
presence of the activation pulse, said user devices are in said
first operative state.

12. The apparatus according to claim 10 wherein said first
processing stage comprises a filter, supplying a third signal
correlated 1o a static component of said first signal, and a
subtractor element, for subtracting said third signal from said
first signal.

13. The apparatus according to claim 10 wherein said first
inertial sensor is a micro-electro-mechanical sensor with
capacitive unbalancing.

14. 'The apparatus according to claim 10, wherein said
activation means further include a second inertial sensor hav-
ing a second preferential detection axis, the first and second
inertial sensors being of a micro-electro-mechanical type
with capacitive unbalancing, the first preferential detection
axis and the sccond preferential detection axis being orthogo-
nal to one another.

i5 'The apparatus according to claim 14, wherein said
activation means further include a third inertial sensor of a
micro-clectro-mechanical type with capacitive unbalancing,
L iy, o third preferential detection axis, orthogonal to said
lirst peeterential detection axis and to said second preferential
dewcction axis.
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16. The apparatus according to claim 10, wherein said
activation means further include a second inertial sensor hav-
ing a second preferential detection axis that is transverse to
the first preferential detection axis.

17. The apparatus according to claim 16, wherein said
activation means further include:

a multiplexer connected between the inertial sensors and
the converter to selectively electrically connect each of
the inertial sensors to the converter, the converter sup-
plying a third signal correlated to forces acting on said
second inertial sensor according to said second prefer-
ential detection axis;

a second processing stage structured to process said third
signal and supply a fourth signal correlated to a dynamic
component of said third signal;

a second threshold comparator supplying a pulse when said
fourth signal exceeds the threshold; and

a demultiplexer connected between the converter and the
first and second processing stages to selectively supply
the first and third signals to the first and second process-
ing stages, respectively.

18. The apparatus according to claim 10, wherein said

activation means further include:

a phase generator connected to the multiplexer, converter,
and demultiplexer and structured to provide timing sig-
nals that coordinate operations of the multiplexer, con-
verter, and demultiplexcr.

19. A method for automatic detection of motion of a por-

table electronic device, comprising:

sensing motion of the device along a first preferential
detection axis;

supplying a first signal correlated to forces acting on the
device according to the preferential detection axis;

processing the first signal and supplying a second signal
correlated to a dynamic component of the first signal
wherein the processing comprises filtering the first sig-
nal to create a third signal correlated to a static compo-
nent of the first signal, and subtracting the third signal
from the first signal to create the second signal; and

supplying an activation pulse when the second signal
exceeds a first threshold.

20. The method of claim 19, further comprising

sensing motion of the device along a second preferential
detection axis that is orthogonal to the first preferential
detection axis;

supplying a third signal correlated to forces acting on the
device according to the second preferential detection
axis;

processing the third signal and supplying a fourth signal
correlated to a dynamic component of the third signal;
and

supplying the activation pulse when the fourth signal
exceeds a second threshold.

21. The method of claim 19, further comprising;:

receiving the activation pulse at an operation circuit of the
device, the operation circuil being in a stand-by condi-
tion prior to receiving the activation pulse; and

activating the operation circuit into an active condition in
response to receiving the activation pulse.

22. A device, comprising:

a first inertial sensor having a first preferential detection
axis;

a converter coupled to the first inertial sensor and supply-
ing a first signal correlated to forces acting on the first
inertial sensor according to the first preferential detec-
tion axis;
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doubler from the time power vollage is applied to achieve-
ment of rated operating voltage.

Al the instant the power voltage is applied, the accumu-
lation capacitor SC is discharged and the output moves to
potential VS-2 * VD, where VD is a starting voltage of the
bulk diodes of the MOS transistors, approximately 0.7V.

During this first phase the four MOS transistors are all off
and the capacitor SC charges through the bulk diodes. When
the difference between voltage at output and power voltage
becomes greater than the threshold voltage of the MOS
trapsistors, the transistors M1,M2,M3, M4 begin to conduct
and cooperate in “pumping” charge into the capacitor SC
until completely replacing the bulk diodes at rated operation.

Operation during the transient is as follows:

During the half-period in which the output 01 of the
oscillator OSC is low, i.e. grounded, the first capacitor TC1
charges through the diode D2. While the output 92 is high,
the charge transfer capacitor TC2 supplies its energy to the
capacitor SC through the diode D3.

During the half-pcriod in which the output 01 of the
oscillator OSC is high, i.c. at power potential, the capacitor
TC1 supplies its energy to the capacitor SC through the
diode D1. While the output 02 is low, the charge transfer
capacitor TC2 charges through the diode D4.

In the absence of the MOS transistors, with only a bridge
of the diodes (D1,D2,D3,D4), the voltage at the output OUT
would rise to:

2*VS-2*VD-2*RD*IL-IL*T/C; [11

where RD is the scries resistance of the bulk diodes, IL is the
average current absorbed by the load, T is the period of the
square wave generated by the oscillator OSC, and C is the
capacity of the capacitors TC1 and TC2, which are assumed
to be equal. This is true only if SC>>TC1 and SC>>TC2, so
as to disregard ripple,

‘The first of the three contributions subtracted is due to the
diode starting voltage and is present even when no current
is absorbed by the load, e.g. in “High Side Driver” appli-
cations where the load to be piloted is a MOS transistor, i.e.,
a pure capacity.

The second contribution is due to the potential drop in the
series resistance of said diodes. By appropriately dimen-
sioning the diodes, this contribution is almost always ncg-
ligible.

The third contribution is due to the loss of charges of the
capacitors TC1 and TC2. This contribution cannot be ¢limi-
nated and should be allowed for if the charge transfer
capacilors are integrated, or it can be minimized if it is
possible to connect very large discrete capacitors outside the
chip. In any case, for applications in which no average
current is absorbed on the load, this contnbution is zero.

Rated operation is as follows:

During the half-period in which the output 01 is low, i.e.
grounded, the nodes NA and NB are at potential VS and
VOUT respectively, M1 and M4 are off, M2 and M3 are on.
{n this condition, the first capacitor TC1 charges through the
N-channel MOS transistor M2 and the charge transfer
capacitor TC2 charges the capacitor SC through the
P-channel MOS transistor M3.

During the half-period in which the output 01 is high, i.c.
at power potential, the nodes,NA and NB are at potential
VOUT and VS respectively, M1 and M4 are on, M2 and M3
are off, In this condition, the first capacitor TC1 charges the
capacitor SC through the P-channel MOS transistor M1 and
the charge transfer capacitor TC2 charges through the
N-channel MOS transistor M4.
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In rated operation, assuming the outpul resistance of the
oscillator OSC to be null, the output voltage will be:

2*VS-2*RDS__ON*IL-IL*T/C; [2)

where RDS_ON 1is the series resistance of the MOS
transistors, which are assumed to be equal.

From a comparison of formulas [1] and [2] the advantage
achieved by use of the MOS transistors is clear. This
advantage is especially relevant in applications in which, in
rated operation, the term 1L becomes null, e.g. when the load
to be piloted is an MOS transistor.

During the initial transient operating condition, when the
node NA goes low, the bulk diode D2 of the N-channel MOS
transistor M2 (this applics also to D4 and M4) goes into
conduction triggering an NPN parasite transistor which has
for emitter the drain diffusion of the N-channel MOS tran-
sistor M2, for base the bulk diffusion of the N-channel MOS
transistor M2, and for collector the pocket containing the
N-channel MOS transistor M2. If the pocket of the
N-channel MOS transistor M2 is polarized at the vollage
VOUT the intervention of this parasite transistor would
discharge the capacitor SC and prevent reaching of rated
condition. Hence, if the circuit is integrated in the same chip,
it is advisable to place the transistors M1, M2, M3, M4 in
separated pockets and polarize the pocket of the N-channel
MOS transistors at the same bulk potential, i.c. VS,

When the node NA goes high the bulk diode D1 of the
P-channc! MOS transistor M1 (this also applies for D3 and
M3) goes into conduction triggering a parasite PNP transis-
tor which has for emitter the drain diffusion of the P-channel
MOS transistor M1, for base the pocket of the P-channel
MOS transistor M1, and for collector the substrate and the
insulation. The presence of this parasite transistor would
slow reaching of the rated condition. Therefore it is advis-
able to minimize said undesired effect by surrounding the
MOS transistors M1 and M2 with a deep highly doped type
N diffusion.

Another important point to be mentioned concerns dimen-
sioning of the four MOS transistors and the output resistance
of the oscillator OSC.,

The MOS transistors should be constructed allowing first
for the RDS__ON because the voltage drop on it is to be
subtracted from the output voltage, but withoul excessive
reduction of this paramctcr which causes an opposite
increase in the cross current lost during each switching and
affects conversion efficiency.

In addition, in rated operating condition, if the transfer
capacitors TC1 and TC2 are sufficiently large that the charge
lost can be considered negligible, the potential at the nodes
NA and NB during 2 rising or falling front will be deter-
mined by the resistive divider made up of the RDS_ON of
the MOS transistors and the output resistance of the oscil-
lator OSC. Normally even the oscillator OSC has its output
stage provided by MOS inverters.

Therefore, assuming half the switching threshold of the
inverters made up of the pairs of MOS transistors M1,M2
and M3,M4, for said inverters 1o be able to switch, the
oscillator must have an output resistance smaller than the
RDS__ON of the MOS transistors.

1t must also be noted that the MOS transistors work in the
voltage space between VOUT and VS and must be con-
structed in such a manner as to withstand this potential
difference while the pocket containing them must hold the
highest voltage VOUT.

FIG. 4 shows a block diagram of a voltage booster in
accordance with the present invention also based on an
oscillator OSC having two outputs 01 and 02 in phase
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opposition and at least one pair of charge transfer capacitors
so that the accumulation capacitor SC is loaded during both
half-periods of the wave, usually square, generated by the
oscillator OSC.

This booster includes generically N loading sections CS
indicated as CS 1-CSN. In the circuit of FIG. 4, the vollage
at the output OUT is equal to N+1 times the continuous
power voltage VS, hence in the case of a single loading
section the booster will be a doubler.

The generic loading section CS is illustrated in FIG. 5 and
is a device with four terminals, i1.e. a first side terminal A, a
second side terminal B, a power input terminal C, and a
charge output terminal D. All the first side terminals A1-AN
are connected to the output 01 and all the second side
terminals B1-BN are connected 1o the output 02. In the case
of a single loading section CS the terminal D is connected
to the output OUT and to the capacitor SC and the terminal
C to a potential reference, in the case of FIG. 4, the
continuous power voltage VS. In the case of N loading
sections CS1-CSN these are connected in series by the input
terminals C1-CN and the output terminals D1-DN. The first
output terminal (D1) of the series connection is connected to
the output OUT and to the capacitor SC, and the last input
terminal (CN) of the series connection is connected 1o a
potential reference, in the case of FIG. 4, the continuous
power voltage VS,

Each of the loading sections CS includes:
a first charge transfer capacitor TC1 and a second charge
transfer capacitor TC2 having first terminals connected
1o the first A and second B side terminals respectively,
and

two inverters connected together in a loop in such a way

as to form a flip-flop having respective inputs con-
nected to second terminals of the first charge transter
capacitor TC1 and of the second charge transfer capaci-
tor TC2, negative power terminals connected together
to the power input terminal C and positive power
terminals connected together to the charge output ter-
minal D.

The first inverter is made up of the MOS transistors M1
and M2 and the second inverter of the MOS transistors M3
and M4. Again in FIG. 5 the bulk diodes D1,D2,D3,D4 are
shown (basically for operation of the circuit), the cathodes
of the diodes D1 and D3 are connected to the charge output
terminal D, while the anodes of the diodes D2 and D4 are
connected to the power input terminal C.

In FIG. 4, a terminal of the capacitor SC is connected o
ground GND. Naturally a different potential reference could
be chosen with no consequence on the potential at the output
OUT.

Again in FIG. 4, the continuous power vollage VS is
supplied as an input both to the oscillator OSC and the
terminal CN. Again in this case the terminal CN could be
connected to a different potential reference. The output
voltage would then be equal to N times the continuous
power voltage VS of the oscillator OSC increased by the
reference potential.

As already mentioned, there are various electrical circuits
which require voltage booster circuits for the environment in
which they operatc.

A first example are Flash EPROM mcemory devices. These
devices require arelatively low read voltage, e.g. 310 5V, but
rclatively high programming and reading voltages, 12V.
Naturally, it is rather inconvenient to have, only for these
devices, a 12V power source, and it is convenient to insert
a booster in the memory device.

A second example are voltage regulalors with a low
voltage drop between input and output, and an MOS power
transistor as an output regulation element.
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Such a regulator is shown in FIG. 6. This is a device
basically with three terminals, an input terminal VI, an
output terminal VO, and a potential reference terminal GND
which is usually connected to ground.

The input terminal VI is connected to the drain terminal
of a P-channel MOS power transistor OM, and the output
terminal VO is connected the source terminal of the
P-channel MOS power transistor OM. In parallel with the
channel of the P-channel MOS power transistor OM is a
protection diode PD. g

The output terminal VO is also connected to regulation
means RM whose outpul is connected to the gale terminal G
of the P-channel MOS power transistor OM through a diode
D6.

The input terminal VI can also be connected to protection
means PM against current overloads whose output is again
connected to the gate terminal G of the P-channel MOS
power transistor OM through another diodes DS.

The input terminal VI must also be connected to voltage
booster means EM whose output QUT is connected to the
gate terminal G of the P-channel MOS power transistor OM
through a current generator 1G. The current generator fulfils
principally a function of limiting the current generated by
the voltage booster means EM and also permits letting the
potential of the gate terminal G vary.

The voltage booster means EM provides the gate terminal
G with a potential greater at least than the threshold voltage
present on the output terminal VO by at least one volt. If the
regulator has a low voltage drop, the potential on the output
terminal VO will be greater only by a few tenths of a volt
and would not be sufficient to pilot the gate terminal G of the
P-channel MOS power transistor OM. Therefore, the vollage
booster is needed.

Having thus described at least one illustrative embodi-
ment of the invention, various alterations, modifications, and
improvements will readily occur to those skilled in the art.
Such alterations, modifications, and improvements are
intended to be within the spirit and scope of the invention.
Accordingly, the foregoing description is by example only
and is not intended as limiting. The invention is limited only
as in the following claims and the equivalents therelo.

What is claimed is:

1. A voltage doubler receiving at an input a continuous
power voltage and supplying at an outpul a vollage having
a value virtually double that of said continuous power
volilage, the voltage doubler comprising:

a. an oscillator, powered by said continuous power voli-
age having a first output, and a second output in phase
opposition to the first output.

b. a charge accumulation condenser having a first terminal
connected 10 a potential reference and a second termi-
nal connccted to the output of the doubler,

. a first charge transfer condenser having a first terminal
connecled to said first output of said oscillator, and

d. two CMOS inverters connected together in a loop lo
form a flip-flop having a first input connected lo a
second terminal of said first condenser, negative power
terminals connected together to said continuous power
voltage and positive power lerminals connecled
together to said second terminal of said charge accu-
mulation condenser, and

e. a second charge transfer condenser having a first
terrninal connected to said second output of said oscil-
lator and a second terminal connected to a second input
of said inverters.

2. The voltage doubler in accordance with claim 1,

wherein said inverters include MOS transistors which are

2]
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virtually equal, and wherein corresponding bulk tcrminals of
said MOS transistors are connected in such a manner as to
create a one-way conduction path between said negative
terminals and said positive terminals of said inverters.

3. A voltage doubler receiving at an input a continuous
power voltage and supplying at an output a voitage having
a value virtually double that of said continuous power
voltage, the voltage doubler comprising:

a. an oscillator powered by said continuous power vollage

and having two outputs in phase opposition,

b. a charge accumulation condenser having a first terminal
connected to a potential reference and a sccond termi-
nal connected to the output of the doubler,

c. a first charge transfer condenser and a sccond charge
transfer condenser having first terminals respectively
connected to the outputs of said oscillator,

d. a bridge comprising four transistors and corresponding
bulk diodes of the transistors, the transistors being
arranged so that the four bulk diodes form a bridge, said
bridge having a positive lerminal connected to the
second terminal of said charge accumulation
condenser, a negative terminal connected to said con-
tinuous power voltage and lwo intermediate terminals
respectively connccted to seccond terminals of said first
charge transfer condenser and said second charge trans-
fer condenser, and

the four transistors hiving principal conduction paths
connected in paralle] with said tour diodes and control
terminals connected to the first charge transfer con-
denser and the second charge transfer condenser in
such a way as to lower a voltage drop along branches
of the bridge when the doubler reaches a steady state.

4. The voltage doubler in accordance with claim 3,
wherein said four transistors are MOS type and are virtually
equal.

5. A voltage booster receiving at an input a continuous
power voltage and supplying at an output a voltage higher
than the conlinuous power voltage, the voltage booster
comprising;

a. an oscillator powered by said continuous power

voltage, having two outputs in phase opposition,

b. a charge accumulation condenser having a first terminal
connecled 1o a first potential reference and a second
tecrminal connected to the output of the booster, and

c. al least one charging section having a charge output
terminal, a power input terminal, a first side terminal
and a second side terminal respeclively connected 1o
the outputs of said oscillator, and said at least one
charging section being connected in series with the
output terminal connected 1o the second terminal of
said charge accumulation condenser and the input
lerminal connected to the continuous power vollage,

wherein the at least one charging section comprises:

a first charge transfer condenser and a second charge
transfer condenser having respective first terminals
connected to said first and second side terminals, and

a bridge of four controlled switches having two interme-
diate (erminals connecled to respective second termi-
nals of said first charge transfer condenser and said
second charge transfer condenser a negative terminal
connecled to said power inpul terminal and a positive
terminal connected to said charge output terminal,

and wherein the value of the voltage of the output
corresponds 1o said continuous power vollage plus the
product of said continuous power vollage and a number
of the at least one charging section.
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6. The voltage booster in accordance with claim §,
wherein the switches of said bridge form two CMOS invert-
ers connected together in a loop to form a flip-flop, having
inputs connected to respective second terminals of said first
charge transfer condenser and said second charge transfer
condenser, negative power terminals connected together to
said power input terminal and positive power terminals
connected together to said charge output terminal.

7. The voltage booster in accordance with claim 6,
wherein said switches include MOS transistors.

8. The voltage booster in accordance with claim 7,
wherein corresponding bulk terminals of said MOS transis-
tors are connected in such a way as to create a one-way
conduction path between said power input terminal and said
charge output terminal when the switches are not conduct-
ing.

9. The voltage booster in accordance with claim 6,
wherein said inverters are virtually equal.

10. The voltage booster in accordance with claim 8,
wherein said power input terminal is connccted to said
continuous power vollage.

11. An electrically programmable and delectable non-
volatile memory device of a type powered with a low
voltage comprising:

a. an oscillator powered by said low voltage, having two

outputs in phase opposition,

b. a charge accumulation condenscr having a first terminal
connected 1o a first potential reference and a second
terminal connected lo an output of the memory device
and

c. at least one charging section having a charge output
terminal, a power input terminal, a first side terminal
and a second side terminal respectively connected to
the outputs of said oscillator and said at least one
charging section being connected in series with the
output terminal connected to the second terminal of
said charge accumulation condenser and the input
terminal connected to the low voliage,

wherein the at least one charging section comprises:

a first charge transfer condenser and a second charge
transfer condenser having respective first terminals
connected lo said first and second side terminals, and

a bridge of four controlled switches having two interme-
diate terminals connected to respective second termi-
nals of said first charge transfer condenser and said
second charge transfer condenser, a negative terminal
connecled to said power inpul terminal and a positive
terminal connected to said charge output terminal,

and wherein the value of the vollage of the output
corresponds to said low voltage plus the product of said
low voltage and a number of the at least one charging
seclion.

12. Avoltage regulator having a low voltage drop between
an input and an outpul of a type having a MOS power
transistor as an outpu! regulation element and 2 voltage
booster means having an output coupled to a control termi-
nal of said power transistor to maintain a conduction con-
dition on the power transistor when operating conditions of
the regulator change, wherein the voltage booster means
includes:

a. an oscillator powered by a continuous power voltage,

having two oulputs in phase opposition,

b. a charge accumulation condenscr having a first terminal
connected to a first potential reference and a second
terminal connecled to the output of the vollage boosler
means, and
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c. at least one charging section having a charge output
terminal, a power input terminal, a first side terminal
and a second side terminal respectively connected to
the outputs of said oscillator and said at least one
charging section being connected in series with the
output terminal connected to the second terminal of
said charge accumulation condenser and the input
terminal connected to the continuous power voltage,

wherein the at least one charging section comprises:

a first charge transfer condenser and a sccond charge
transfer condenser having respective first terminals
connected to said first and second side terminals, and

a bridge of four controlled switches having two interme-
diate terminals connected to respective second termi-
nals of said first charge transfer condenser and said
second charge transfer condenser, a negative terminal
connected to said power input terminal and a positive
terminal connected to said charge output terminal,

and wherein the value of the voltage of the output
corresponds to said continuous power voltage plus the
product of said continuous power voltage and a number
of the at least one charging section.

13. The voltage multiplier of claim 12, wherein the output
means includes a charge accumulation condenser connected
between the multiplied voltage and a polential reference.

14. The voltage multiplicr of claim 13, wherein the output
voltage is outputted at the connection belween the charge
accumulation condenser and the multiplied voltage.

15. The voltage multiplier of claim 14, wherein the
oscillator is powered by the constant voltage.

16. A voltage multiplier receiving a constant voltage
comprising:

an oscillator providing two outputs in phase opposition,

multiplying means connected to the constant voltage and
the oscillator outputs for generating a multiplied voli-
age which is a multiple of the constant voltage; and

output means receiving the multiplied voltage for output-
ting a substantially constant output vollage which is a
multiple of the constant voltage;
wherein the multiplying means includes:

at least one first charge transfer condenser connected to
one output of the ascillator;

at least one second charge transfer condenser connected to
another output of the oscillator;

(%)
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at least one bridge circuit of four controlled switches
having an input coupled to the constant voltage, an
output providing the multiplied voltage, and at least
two side inputs respectively coupled to the at least one
first charge transfer condeascr and the at least one
second charge transfer condenser.

17. The voltage multiplier of claim 16, wherein:

the at least one first charge transfer condenser includes a
plurality of first charge transfer condensers, each being
connected to said one output of the oscillator;

the at Ieast one sccond charge transfer condenser includes
a plurality of second charge transfer condensers corre-
sponding to the plurality of first charge transfer
condensers, each of the seccond charge transfer con-
densers being connected to said another output of the
oscillator;

the at least one bridge circuit includes a plurality of series
connected bridge circuits corresponding to the plurality
of first charge transfer condensers and plurality of
second charge transfer condensers, each bridge circuit
having two side inputs conoected to a respective first
charge transfer condenser and a respective second
charge transfer condenser.

18. The voltage multiplier of claim 16, wherein the at Jeast

one bridge circuit includes:

four diodes in a bridge arrangement such that a positive
terminal is connected to the output of the bridge circuit,
a negative terminal is connected to the input of the
bridge circuit, and two intermediate terminals are con-
nected to the side inputs of the bridge circuit; and

four fransistors having principal conduction paths con-
necied in parallel with the four diodes and control
terminals connected to the side inputs.

19. The voltage multiplier of claim 17, wherein each of

the plurality of series connected bridge circuits includes:

four diodes in a bridge arrangement such that a positive
terminal is connected to the output of the bridge circuit,
a negative terminal is connected to the input of the
bridge circuit, and two intermediate terminals are con-
nected to the side inputs of the bridge circuit; and

four transistors having principal conduction paths con-
nected in parallel with the four diodes and control
terminals connected to the side inputs.

T T















5,986,861

1
CLAMP

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a clamp for protecting an
integrated circuil against vollage surges which may occur
between two terminals of the integrated circuit.

Voltage surges applied between two terminals of an
integrated circuit can destroy the circuit. These voltage
surges most often result from electrostatic discharges which
can be inadvertently applied to the terminals of the inte-
grated circuit in various eircumstances. These circumstances
may be a mere manipulation of the circuit by an operator
whose fingers are brought to high electrostatic potentials by
friction phenomena.

2. Discussion of the Related Art

FIG. 1 shows a conventional clamp 12. This device
includes a bipolar NPN shunt transistor Q1 connected by its
collector to terminal V* and by its emitter to terminal V-,
One or more Zener diodes 14 may be used to define the limit
voltage between terminals V* and V-, beyond which tran-
sistor Q1 turns on. The anode voltage of the Zener diodes 14
is applied to the base of transistor Q1 through a bipolar NPN
follower transistor Q2. The bases of transistors Q1 and Q2
are connected to terminal V™ through respective resistors 18
and 19.

With this configuration, transistor Q1 is turned on when
the voltage between terminals V* and V™ becomes higher
than the value Vz+2Vbe, where Vz is the sum of the voltages
of Zener diodes 14 and 2Vbe is the sum of the base-emitter
voltages of transistors Q1 and Q2.

Transistor Q1 is chosen with a particularly low
on-resistance. It has a size of, for example, 300 elementary
transistors. Follower transistor Q2 is used to supply a base
current sufficient for transistor Q1 and includes for this
purpose, for example, 100 elementary transistors.

A drawback of this clamp is the difficulty in obtaining a
well known Zener voltage Vz. This Zener voltage must be
higher than the nominal supply voltage of the circuit but
must be lower than the maximum admissible voltage before
circuit breakdown.

This range is relatively narrow and it often happens that,
from the construction, the Zener voltage obtained is too low
so that the clamp staris operating as soon as the circuit is
normally supplied. It also often happens that, during circuit
operation, by mere thermal drift or aging, the Zener voltage
decreases and activates the clamp while the circuit is nor-
mally supplied.

Another drawback of this clamp is that transistor Q1 can
be destroyed by a long voltage surge, which, however, is
insufficient to damage the circuit the clamp protects. As a
result, transistor Q1 is permanently short-circuited, which
makes the circuit inoperable, even though it is in working
order.

Most prior art clamps used in fast technologies are
implemented by means of bipolar transistors. An electro-
static discharge has an almost vertical voltage leading edge
followed by a progressive decrease. It is essentially this
initial voltage value that must be reduced. For this purpose,
the clamp must be able to react almost instantaneously. Up
to now, it has not been possible to obtain an efficient clamp
in slow CMOS technologies (for example, HC1PA).

SUMMARY OF TIIE INVENTION

It is therefore an object of the present invention to provide
an cfficient clamp for slow CMOS technology, which elimi-
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2

nates the problem of ensuring an accurate and stable trig-
gering voltage.

To achieve this and other objects, the present invention
provides a device for protecting a circuit against voltage
surges, including a MOS transistor of a first type connected
to first and second supply terminals by its source and its
drain, respectively; a MOS transistor of a second type
connected between the second supply terminal and the gate
of the transistor of the first type, by its source and its drain,
respectively; and a capacitor having a first terminal con-
nected to the first supply terminal and a seccond terminal
connected to the gate of the transistor of the second type.

According to an embodiment of the present invention, the
device includes a reverse connccted diode between the gate
and the source of the transistor of the second type.

According to an embodiment of the present invention, the
transistor of the first type is a P-channel transistor, the first
supply terminal being a positive supply terminal.

These objects, features and advantages, as well as others,
of the present invention will be discussed in detail in the
following description of specific embodiments, taken in
conjunction with the following drawings, but are not limited
by them,

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1, previously described, shows a conventional
clamp;

FIG. 2 shows an embodiment of a clamp which avoids the
problem of ensuring a stable and accurate triggering voltage;
and

FIG. 3 shows an embodiment of a clamp according to the
present invention,

DETAILED DESCRIPTION

FIG. 2 shows a clamp including, like the clamp of FIG. 1,
a transistor Q1, controlled by a follower transistor Q2, for
short-circuiting supply terminals V* and V-,

According to an aspect of the invention, a capacitor C is
connected between terminal V* and the base of follower
transistor Q2 via, optionally, an NPN follower transistor Q3.
Capacitor C and the base of transistor Q3 are connected to
terminal V™ through a resistor 20. The basc of transistor Q1
is connected to terminal V™ through a resistor 18, as in FIG.
1, and the base of transistor Q2 is connected to terminal V-
through a resistor 21,

With this configuration, the clamp is triggered, that is,
transistor Q1 is turned on, when the voltage across resistor
20 becomes higher than 3Vbe (sum of the base-emitter
voltages of transistors Q1 to Q3).

The voltage across resistor 20 essentially corresponds to
the derivative of the voltage between terminals V* and V=,
Thus, the faster the voltage between terminals V* and V-
increases, the higher the voliage across resistor 20.

In an electrostatic discharge, capacitor C does not have
the time to charge through resistor 20, that is, the base
voltage of transistor Q3 increases at a rate similar to the
voltage on terminal V™. In this case, transistor Q1 is turned
on almost as soon as the voltage between terminals V* and
V~ becomes higher than 3Vbe, which results in eliminating
a voltage surge.

Conversely, if the voltage between terminals V* and V-
increases relatively slowly, for example when the circuit
being protected is normally turned on, the voltage across
resistor 20 remains under 3Vbe and the clamp is not trig-
gered.
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When a permanent voltage surge is applied, the clamp is
not triggered either, at least not after the voltage between
terminals V* and V™ has reached a stable value. Therefore,
transistor Q1 is not destroyed during permanent voltage
surges which do not damage the circuit being protected.

The rate of the increase of vollage between terminals V*
and V™ which triggers the clamp is determined by the values
of capacitor C, resistor 20, the tumn-on voltage (3Vbe in FIG.
2) of transistor Q1, and the gain of transistors Q1 to Q3. A
rate is chosen, for instance, which is higher than the rate of
increase during normal turn-on of the circuit being pro-
tected.

In order to adapt the clamp for use in slow CMOS
technology, such as the HC1PA technology, the bipolar
transistors of the structure of FIG. 2 could be replaced by
MOS transistors. However, the device thus obtained has
proven to be inefficient because the circuit it is supposed to
protect is destroyed in most cases, under normalized test
conditions (a 100 picofarads capacily charged at 2 to 4
kilovolis and discharged in the circuit through a 1500 ohms
resistance). This inefficiency is due to the clamp’s inability
to react to a surge quickly enough. The efficiency of the
MOS shunt transistor which replaces transistor Q1 directly
depends on iis gale-source voltage. However, this gate-
source voltage is lower than one third of the voltage across
resistor 20, which follows the voltage of a voltage surge.
Therefore, the voltage surge will have time o destroy the
circuit before this gate-source voltage reaches a sufficient
value for the shunt transistor to absorb the voltage surge.

It has been found that, in CMOS technologies, bipolar
NPN transistors with a vertical structure can be utilized, the
only restriction being that the collectors of these NPN
transistors correspond to the substrate, that is, to positive
supply terminal V*. The circuit of FIG. 2, with bipolar
transistors, can thus be realized in pure CMOS technology.
However, tests have shown that the clamp obtained in this
manner still is too slow to be efficient, due 10 the low speed
of vertical bipolar transistors.

F1G. 3 shows a clamp according to the present invention
which is efficient even if implemented in slow CMOS
technology. This device includes a P-channel MOS transis-
tor MP connected between supply terminals V* and V™ by its
source and its drain, respectively. An N-channel MOS
transistor MN Is connected between the gate of transistor
MP and terminal V- by its drain and ils source, respectively.
The gate of transistor MN is connected to terminal V*
through a capacitor C. The gate and the source of each of
transistors MN and MP are interconnected through a resistor,
respectively 20 and 22, which serves lo discharge the
gate-source capacitance of the transistor.

During a voltage surge, capacitor C does not have the time
to charge through resistor 20, that is, the gate voltage of
transistor MN increases at a rale similar to the voltage on
terminal V*. As soon as this gate voltage reaches the
threshold voltage of transistor MN, transistor MN turns on
and draws the gate voltage of transistor MP towards voltage
V~. Thus, transistor MP also turns on and short-circuits
terminals V* and V~ to alleviate the voltage surge.

Areason for which the circuit of F1G. 3 is particularly fast
is that the gate-source voltage of transistor MP quickly
reaches a high value (equal to the circuit supply voltage)
which makes it conductive enough to alleviate the vollage
surge. Indeed, as soon as the gate voltage of transistor MN
becomes greater than the transistor’s threshold voltage by a
given value, much lower than the value of the voltage surge,
transistor MN enters a linear mode, that is, it behaves as a

20

25

30

40

45

50

60

65

4

low value resistance, and brings the gate voltage of transistor
MP almost back to voltage V~. Transistor MN rapidly enters
a linear mode, since the gate-source capacitance of this
transistor constitutes, with capacitor C, a capacitive divider
bridge which causes the gate voliage of transistor MN to
vary proportionally to the voltage surge, the proportionality
coefficient increasing with the increase of capacitor C.

In order to obtain a good compromise between the size of
capacitor C and the turn-on speed of transistor MN, this
transistor MN preferably is relatively small, As a result,
transistor MN is not able to absorb the voltage surge which
must be absorbed by the much larger transistor MP.

As an cxample, in a device according to the invention
capable of absorbing voltage surges of 4 kV, transistor MN
has a W/L ratio of 1,500/5, transistor MP a W/L ratio of
10,000/5, and capacitor C has a value of 8 picofarads.
Resistors 20 and 22 have, for example, a value of 6 Kohms.
If a voltage capacity of 2 kV is desired, the W/L ratio of
transistor MP can be reduced to 5,000/5.

A device according to the invention, as that of FIG. 2, is
triggered as soon as the voltage between terminals V* and
V7 changes rapidly. As previously indicated, in the device of
FIG. 2, the components are chosen so that the device is not
triggered for a normal turn-on. However, the circuit’s supply
source generally has a particularly low impedance, which
could cause the destruction of the clamp if the device should
be triggered.

Despite a judicious selection of the components, it is
always possible 1o encounter the case where a normal
turn-on triggers the device, and causes its destruction if it is
constituted by bipolar transistors. Indeed, a saturated bipolar
transistor has a very low on-resistance, and regardless of the
current flowing through it, this resistance decreases as the
transistor heals up, which quickly tends to destroy the
bipolar transistor.

Conversely, the fact that the clamp according to the
invention, as shown in FIG. 3, formed with MOS transistors,
triggers during normal turn-on, is not a nuisance. MOS
transistor MP tends to behave as a current source with a
value determined by iis gate-source voltage. Thus, the
current which flows through it never goes over this value
and, as long as it is lower than this value, transistor MP
behaves as a low value resistance. Further, a MOS transistor
has a positive thermal coefficient which tends to decrease the
current which flows through the transistor when its tempera-
ture increases. These combined characteristics make the
clamp according to the invention particularly robust.

Alternatively, the types of transistors MN and MP can be
reversed, by inverting the polarities of the supply terminals
V* and V™. This has the advaniage of reducing the surface
occupied by the circuit, since the transistor which must bear
the voltage surge is then an N-channel transistor which is
approximately three times smaller than a P-channe] transis-
tor with the same characteristics. However, an N-channel
MOS transistor has the disadvantage of having a parasilic
bipolar transistor between its drain and its source. This
parasitic bipolar transistor, bearing the current of the MOS
transistor, decreases the robustness of the circuit because of
its negative thermal coeflicient.

As shown, a diode D is reverse connected between the
gate and the source of transistor MN. This diode D prevents
the gate voltage of transistor MN from becoming foo nega-
tive with respect 1o voltage V™. The gate vollage of transistor
MN is equal to the voltage on terminal V¥ minus the voltage
across capacitor C. Thus, if voltage V* quickly resumes its
initial value, afier a voltage surge, capacitor C does not have






