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(54) INERTIA SENSOR

(57) In order to provide an inertial sensor such as an
acceleration sensor which can be downsized and in
which a high SNR can be obtained as having a plurality
of measurement ranges, an inertial sensor for detecting
an inertial force of acceleration based on an electrostatic
capacitance change of a detecting unit includes a plural-
ity of detecting units D1 to D4 each having a different
sensitivity defined by a ratio between an applied inertial
force and physical quantity generated from each of the
detecting units to provide the plurality of measurement
ranges. Alternatively, when the inertial sensor includes
N (a natural number of 2 or larger) pieces of movable
units 6a to 6c, (N+1) or more types of measurement rang-
es are provided.
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Description

TECHNICAL FIELD

[0001] The present invention relates to an inertial sensor formed by a semiconductor microfabrication technique
(microelectro-mechanical system (MEMS) process) and for measuring inertial force such as an applied acceleration by
detecting electrostatic capacitance change, and, more particularly, the present invention relates to a technique capable
of selecting a plurality of measurement ranges.

BACKGROUND ART

[0002] For example, an inertial sensor is categorized as usage of a general acceleration sensor in each measurement
range as follows.

(1) �2 G: This usage is for measurement of requiring accuracy for ride quality, body shake, an automatic guided
vehicle, orientation in a static state, and others. The sensor is adopted for, for example, measurement of mobile
phone orientation, image stabilization of a digital camera, a clinometer, automobile suspension control, and auto-
mobile brake control such as ABS (Antilock Brake System).
(2) �4 G: This usage is for measurement of movement of extremities and others. The sensor is adopted for, for
example, a human interface between a computer and an amusement machine such as a remote controller for a
game machine.
(3) �30 G to 50 G: The sensor is adopted as a sensor attached to an ECU (Electronic Control Unit) side mainly for
an automobile airbag.
(4) �50 G to 250 G: The sensor is adopted as a sensor attached to a front or rear side of a vehicle mainly for an
automobile airbag.

[0003] As described above, in the acceleration sensor, respective measurement ranges are required for various usages
often, and therefore, the usage has been conventionally handled by a plurality of acceleration sensors each having a
different output range. However, recently, in order to meet the demand for space saving and cost reduction, an acceleration
sensor made of one sensor having a plurality of measurement ranges has been developed.
[0004] For the acceleration sensor made of one sensor having the plurality of measurement ranges, mainly, a method
of adjusting or selecting the measurement range by an electric signal processing, a method of integrating a plurality of
sensors each having a different measurement range onto one chip to share a peripheral circuit, a substrate, and others,
and a method of measuring a wide range by one sensor have been developed.
[0005] For example, Patent Document 1 describes an accelerometer control method capable of selecting the meas-
urement range of acceleration, when the applied acceleration is measured by differentially detecting the electrostatic
capacitance change with using a parallel-plate-type sensing electrode, with using a plurality of detection signals each
having a different frequency and filters matched with the detection signals.
[0006] Also, Patent Document 2 describes to enable the downsizing of the acceleration sensor because a plurality of
acceleration sensors each having a significantly-different measurement range are formed within one frame, and enable
the manufacturing cost reduction thereof because the plurality of acceleration sensors can be collectively formed on
one chip by photolithography, etching, and other processes in a formation process and the accurate-matching of accel-
eration detection axes of a plurality of sensor elements by a mask accuracy in the photolithography.
[0007] Further, Patent Document 3 describes to form a movable unit of the acceleration sensor by a plurality of separate
movable units and connect these separate movable units to each other by elastically deformable beams. And, it describes,
by adjusting a movable range and a weight of each separate movable unit, rigidity of each beam, and others, or by
parallely using a plurality of deformation modes each having a different sensitivity area for the acceleration, to enable
the improvement of the detection sensitivity to the acceleration and the widening of the acceleration response range.

PRIOR ART DOCUMENTS

PATENT DOCUMENTS

[0008]

Patent Document 1: Japanese Patent Application Laid-Open Publication No. 2004-198310
Patent Document 2: Japanese Patent Application Laid-Open Publication No. 2008-70312
Patent Document 3: Japanese Patent Application Laid-Open Publication No. 2008-8820
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DISCLOSURE OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0009] Meanwhile, as a result of studies on the above-described acceleration sensor y the present inventors, the
following has been found out.
[0010] For example, a first problem of the conventional technique as described in the above-described Patent Docu-
ment 1 or others is that SNR (signal to noise ratio) and linearity of the acceleration output cannot be parallely improved.
Here, the problem is described with reference to FIGs. 1 to 3 illustrating a general acceleration sensor studied by the
inventors as a premise of the present invention.
[0011] When the plurality of ranges are provided by the electric signal processing with using one acceleration detecting
unit, the SNR of a narrower measurement range is sacrificed. In a parallel-plate-type acceleration sensor S1 illustrated
in FIG. 1, a detecting unit D1 includes: a movable electrode D1a; and fixed electrodes D1b and D1c, and an electrostatic
capacitance change ∆C caused by a distance variation (a displacement "x" of the movable electrode D1a) between
respective electrodes is differentially detected with using an electric circuit (IC 100 for sensor control and signal process-
ing) illustrated in FIG. 2, so that the applied acceleration is outputted as a voltage signal. The applied acceleration "a"
and the displacement "x" of the movable electrode D1a have a linearity relation as the following Expression (1). 

[0012] In Expression (1),

x: displacement of the movable electrode D1a (movable unit),
a: applied acceleration,
f0 : natural frequency of the acceleration sensor S1,
m: weight of the movable unit, and
k: constant of spring of the support beam suspending the movable unit

are shown.
[0013] However, in the parallel-plate-type detecting unit D1, the electrostatic capacitance change ∆C (∆C = C2-C1)
with respect to the displacement x has nonlinearity. Expression (2) is a relational expression between the displacement
x and the electrostatic capacitance change ∆C, which represents the electrostatic capacitance change ∆C with respect
to the displacement x when the distance "g" between the movable electrode D1a and the fixed electrodes D1b/D1c is
set to 3 Pm and 6 Pm. From FIG. 3 and the following Expression (2) , it can be found out that the electrostatic capacitance
change ∆C and the displacement x have a nonlinear relation. 
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[0014] In Expression (2),

ε : dielectric constant of air,
A: area between the movable electrode D1a and the fixed electrodes D1b/D1c, and
g: distance between the movable electrode D1a and the fixed electrodes D1b/D1c

are shown.
[0015] An output Vo of the acceleration sensor S1 can be obtained from a relational expression among the electrostatic
capacitance change ∆C due to the displacement x between the movable unit 6 and the movable electrode D1a caused
by the application of the acceleration a, an amplitude (voltage) "Vi" of a carrier wave 101 applied to each of the fixed
electrodes D1b and D1c of the detecting unit D1, and a reference capacitance "Cf". The output relational expression of
the acceleration sensor S1 is shown in Expression (3) . 

[0016] In Expression (3),

Vo: output voltage of the acceleration sensor S1,
∆C: electrostatic capacitance change of the detecting unit D1,
Cf: reference capacitance, and
Vi: voltage of the carrier wave 101

are shown.
[0017] In order to maximize the SNR of the acceleration sensor S1, it is required to increase a mechanical displacement
∆x per unit acceleration. In addition to this, there are a method of increasing the amplitude Vi of the carrier wave and a
method of decreasing the reference capacitance Cf in the above-described Expression (3). However, these methods
are absolutely for a matter of optimization anyway, and the most dominant factor is to increase the mechanical displace-
ment ∆x per unit acceleration.
[0018] Therefore, in order to obtain the maximum SNR, when an acceleration range to be measured is taken as "�a"
and the distance between the movable electrode D1a and the fixed electrodes D1b/D1c in the detecting unit D1 is taken
as "g", the displacement x when the acceleration of "�a" is applied is set to a value as close as possible to "g" so that
these electrodes are not contacted with each other. However, as described with using FIG. 3 and Expression (2) , in the
parallel-plate-typed detecting unit D1, the electrostatic capacitance change ∆C becomes extremely nonlinear as the
displacement x is closer to the distance "g". Eventually, the maximum value of the displacement x is determined by
allowable range of the nonlinearity and distance "g" in specifications.
[0019] In the acceleration sensor in which the plurality of measurement ranges are provided by the electric signal
processing with using one detecting unit D1, it is required to determine the maximum value of the displacement x based
on the widest range among the plurality of measurement ranges because of limitation of the nonlinearity. Therefore, in
a narrow measurement range, there arises a problem that the displacement x is small and the SNR is decreased
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(sacrificed).
[0020] Also, a second problem of the conventional technique as described in the above-described Patent Document
2 or others is that, when the significantly different measurement ranges are provided, a yield is decreased and the
downsizing is disadvantageous because variation in performance is large due to a dimensional shift caused by the
process.
[0021] When a plurality of vibration systems (vibration systems each formed of an independent movable unit and a
spring) are formed on one substrate in order to obtain the plurality of measurement ranges, lengths and widths of the
movable unit and the spring forming each vibration system are significantly different depending on a magnitude of each
measurement range. A manufacturing error in the process may depend on a detailed shape of a mechanical structure
forming the sensor. However, the error often appears as a uniform dimensional shift in a wafer surface as long as layout
rules are established.
[0022] In this dimensional shift, the width of the spring forming each vibration system is uniformly shifted from a design
value, and therefore, influence of the shift is large for a sensor structure whose measurement range is narrow, and is
small for a sensor structure whose measurement range is wide. For example, when a dimensional shift of -0.5 Pm
uniformly occurs, a support beam whose width is to be 3 Pm becomes 2.5 Pm, and a support beam whose width is to
be 6 Pm becomes 5. 5 Pm. Therefore, if the lengths of the support beam forming respective springs are constant, the
constants of the respective springs are decreased by 42% and 23% which are different from each other in an amount
of the decrease. Such a difference in a degree of the influence depending on each structure resultantly decreases the
yield, and, as a result, process management becomes difficult. As a matter of course, since a position of each vibration
system is independent from the other, their occupied areas become large, and therefore, the downsizing is disadvan-
tageous.
[0023] Further, a third problem of the conventional technique as described in the above-described Patent Document
3 is that, when the measurement range is expanded by connecting the plurality of separate movable units to each other
and partially stopping the displacement of the separate movable units for each measurement range, the linearity in all
measurement ranges is deteriorated, and sensitivity (sensitivity = output/acceleration) is decreased lower than that of
a case of detecting the sensitivity by dividing the all measurement ranges into several ranges to form each vibration
system.
[0024] Accordingly, the present invention solves the problems as described above, and a main preferred aim of the
present invention is to provide an inertial sensor such as an acceleration sensor whose downsizing can be achieved
and in which a high SNR can be obtained as providing a plurality of measurement ranges.
[0025] More specifically, firstly, it is to provide an inertial sensor capable of parallely improving the linearity of the SNR
and the acceleration output in all measurement ranges. Secondly, it is to provide an inertial sensor which can be robust
in a process error and whose downsizing can be achieved even when significantly different measurement ranges are
provided. Thirdly, it is to provide an inertial sensor having output ranges whose types are more than that of a vibration
system including a movable unit and a spring.
[0026] The above and other preferred aims and novel characteristics of the present invention will be apparent from
the description of the present specification and the accompanying drawings.

MEANS FOR SOLVING THE PROBLEMS

[0027] The typical ones of the inventions disclosed in the present application will be briefly described as follows.
[0028] That is, the typical one is summarized that a plurality of measurement ranges are provided by providing a
plurality of detecting units each having a different sensitivity defined by a ratio of an applied inertial force with respect
to physical quantity generated from each detecting unit. Also, the summary has characteristics that, when N pieces (a
natural number of 2 or smaller) of movable units are provided, (N+1) or more types of measurement ranges are provided.
[0029] More specifically, firstly, in an inertial sensor for detecting an inertial force of acceleration based on a change
of an electrostatic capacitance of a detecting unit, the inertial sensor including: a movable unit suspended on a substrate
via an elastic body; and the detecting unit including a movable electrode formed on the movable unit and a fixed electrode
formed on the substrate, a plurality of range outputs are obtained by providing a plurality of detecting units each having
a different sensitivity when the ratio of the applied inertial force with respect to the physical quantity generated from the
detecting unit is defined as the sensitivity.
[0030] Also, secondly, by providing a plurality of movable units, a detecting unit for detecting a relative displacement
of each movable unit with respect to a fixed unit, and (at least one piece of) detecting unit for detecting a relative
displacement between the movable units, a ratio between the measurement ranges is 10 or larger, which are significantly
separated from each other, as providing a plurality of output ranges. Further, since each detecting unit is similar to the
other in a shape such as a distance therebetween, variation in performance due to a process error is small, and yields
are high, and therefore, this is advantageous for their cost reduction.
[0031] Further, thirdly, by providing N pieces of movable units, a detecting unit for detecting a relative displacement
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of each movable unit with respect to a fixed unit, and (at least one piece of) detecting unit for detecting a relative
displacement between the movable units, (N+1) or more types of output ranges are obtained, and the downsizing is
advantageous because vibration systems share the movable unit and the spring with each other.

EFFECTS OF THE INVENTION

[0032] The effect obtained by typical aspects of the present invention will be briefly described below.
[0033] That is, the effect obtained by typical aspect is to provide an inertial sensor such as an acceleration sensor
whose downsizing can be achieved and in which a high SNR can be obtained as providing a plurality of measurement
ranges.
[0034] More specifically, firstly, linearity of SNR and acceleration output can be parallely improved in all measurement
ranges. Also, secondly, as having significantly different measurement ranges, the inertial sensor can be robust in a
process error, and downsizing can be achieved. Further, thirdly, output ranges whose types are more than that of a
vibration system including a movable unit and a spring can be obtained.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[0035]

FIG. 1 is an explanatory view illustrating an operation principle of a general acceleration sensor studied as a premise
of the present invention;
FIG. 2 is an explanatory diagram illustrating a signal processing of the general acceleration sensor studied as the
premise of the present invention;
FIG. 3 is an explanatory diagram illustrating a detection nonlinearity of the general acceleration sensor studied as
the premise of the present invention;
FIG. 4 is a plan view illustrating an example of a main structure of an inertial sensor according to a first embodiment
of the present invention;
FIG. 5 is a cross-sectional view illustrating a cross-sectional surface cut along a line A-A’ in FIG. 4;
FIG. 6 is a cross-sectional view illustrating an example of a package structure on which the inertial sensor according
to the first embodiment of the present invention is mounted;
FIG. 7 is an explanatory view illustrating a vibration system model of the inertial sensor according to the first em-
bodiment of the present invention;
FIG. 8 is a graph illustrating nonlinearity and a change of electrostatic capacitance with respect to a displacement
in the inertial sensor according to the first embodiment of the present invention;
FIG. 9 is a structural diagram illustrating an example of an electric structure of the inertial sensor according to the
first embodiment of the present invention;
FIG. 10 is a plan view illustrating an example of a main structure of an inertial sensor according to a second
embodiment of the present invention;
FIG. 11 is an explanatory view illustrating a vibration system model of the inertial sensor according to the second
embodiment of the present invention;
FIG. 12 is a structural diagram illustrating an example of an electric structure of the inertial sensor according to the
second embodiment of the present invention;
FIG. 13 is a plan view illustrating an example of a main structure of an inertial sensor according to a third embodiment
of the present invention;
FIG. 14 is an explanatory diagram illustrating a vibration system model of the inertial sensor according to the third
embodiment of the present invention; and
FIG. 15 is a structural diagram illustrating an example of an electric structure of the inertial sensor according to the
third embodiment of the present invention.

BEST MODE FOR CARRYING OUT THE INVENTION

[0036] In the embodiments described below, the invention will be described in a plurality of sections or embodiments
when required as a matter of convenience. However, these sections or embodiments are not irrelevant to each other
unless otherwise stated, and the one relates to the entire or a part of the other as a modification example, details, or a
supplementary explanation thereof.
[0037] Also, in the embodiments described below, when referring to the number of elements (including number of
pieces, values, amount, range, and the like) , the number of the elements is not limited to a specific number unless
otherwise stated or except the case where the number is apparently limited to a specific number in principle. The number
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larger or smaller than the specified number is also applicable.
[0038] Further, in the embodiments described below, it goes without saying that the components (including element
steps) are not always indispensable unless otherwise stated or except the case where the components are apparently
indispensable in principle.
[0039] Similarly, in the embodiments described below, when the shape of the components, positional relation thereof,
and the like are mentioned, the substantially approximate and similar shapes and the like are included therein unless
otherwise stated or except the case where it is conceivable that they are apparently excluded in principle. The same
goes for the numerical value and the range described above.
[0040] Also, components having the same function are denoted by the same reference symbols throughout the draw-
ings for describing the embodiments, and the repetitive description thereof is omitted. Note that hatching is used even
in a plan view so as to make the drawings easy to see.

First Embodiment

[0041] An inertial sensor according to the present first embodiment is described with reference to the drawings. FIG.
4 is a plan view illustrating an example of a main structure of the inertial sensor according to the first embodiment of the
present invention. FIG. 5 is a cross-sectional view illustrating a cross-sectional surface cut along a line A-A’ in FIG. 4.
[0042] First, the main structure (mechanical structure unit) of the inertial sensor according to the first embodiment is
described. In FIGs. 4 and 5, it is assumed that an inertial sensor S2 is formed by processing, for example, a SOI (Silicon
On insulator) substrate 1 with using photolithography and DRIE (Deep Reactive Ion Etching) . As a matter of course,
here, an example of manufacturing with using the SOI substrate 1 is merely described. In a concept of the present
invention, the manufacture may be performed with using a so-called bulk MEMS process of forming the structure by
processing the front and rear surfaces of a silicon substrate as a glass-silicon-glass combined technique or others, or
with using a so-called surface MEMS process of forming the structure by depositing a thin film on a surface of a silicon
substrate on which a signal-processing circuit such as a transistor is previously formed and repeatedly patterning the
deposited thin film.
[0043] In the SOI substrate 1 descried here as the example, an intermediate insulating layer 1c is formed on a support
substrate 1b, and an active layer (conductive layer) 1a is formed on this intermediate insulating layer 1c. The support
substrate 1b is made of, for example, silicon (Si) , and the intermediate insulating layer 1c is made of , for example,
silicon oxide (SiO2). Further, the active layer 1a formed on the intermediate insulating layer 1c is made of, for example,
conductive silicone.
[0044] The inertial sensor S2 of the first embodiment includes: a fixed unit 2 supported and fixed on the support
substrate 1b via the intermediate insulating layer 1c; a support beam 3 for movably supporting a movable unit 6 described
later with respect to the fixed unit 2; the movable unit 6 suspended by the support beam 3, and, in applying an acceleration,
displaced as following the acceleration; detecting units D1 and D2 for detecting an amount of displacement of the movable
unit 6; and electrode pads 2e, D1be, D1ce, D2be, and D2ce for exchanging signals with an external circuit through wire
bonding or others.
[0045] In the detecting unit D1, fixed electrodes D1b and D1c are arranged to a movable electrode D1a in a parallel-
plate shape to form electrostatic capacities C1 and C2, respectively. Similarly, in the detecting unit D2, fixed electrodes
D2b and D2c are arranged to a movable electrode D2a in a parallel-plate shape to form electrostatic capacities C3 and
C4, respectively. Each of the detecting units D1 and D2 is configured so as to be differentially detected. For example,
when the movable unit 6 displaces in a +x direction, the detecting unit D1 includes: the electrostatic capacity C1 whose
electrostatic capacitance is decreased; and the electrostatic capacity C2 whose electrostatic capacitance is increased.
Similarly, when the movable unit 6 displaces in the +x direction, the detecting unit D2 includes: the electrostatic capacity
C3 whose electrostatic capacitance is decreased; and the electrostatic capacity C4 whose electrostatic capacitance is
increased. These detecting units D1 and D2 are configured to have different sensitivities (S) from each other, which are
defined by a ratio between an inertial force of the applied acceleration and physical quantity generated from each
detecting unit.
[0046] In this inertial sensor S2, the electrode pad 2e is provided on a surface of one fixed unit 2 among four-positioned
fixed units 2 for movably fixing the movable unit 6 onto the SOI substrate 1 by the support beam 3 extending from this
movable unit 6 in four directions. Note that the electrode pad may be provided on the four-positioned fixed units 2. Also,
the electrode pads D1be and D1ce are provided on surfaces of outer ends of the respective fixed electrodes D1b and
D1c of the detecting unit D1. Similarly, the electrode pads D2be and D2ce are provided on surfaces of outer ends of the
respective electrode pads D2b and D2c of the detecting unit D2.
[0047] FIG. 6 is a cross-sectional view illustrating an example of a package structure on which the inertial sensor S2
according to the first embodiment is mounted.
[0048] The package structure on which the inertial sensor S2 according to the first embodiment is mounted uses a
ceramic PKG (package) 200. Firstly, on an inner base surface of a concave portion of the ceramic PKG 200, an IC 100
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for sensor control/signal processing illustrated in FIG. 9 described later is mounted via an adhesive 50. Further, on the
IC 100 for sensor control/signal processing, the inertial sensor S2 is mounted via the adhesive 50 again. Then, the IC
100 for sensor control/signal processing and the inertial sensor S2 are electrically connected to each other by wire
bonding with using a wire 70. Finally, the IC 100 for sensor control/signal processing and the ceramic PKG 200 are
electrically connected to each other with using a wire 80, and are sealed by a lid 60, so that the inertial sensor having
the package structure is completed.
[0049] Next, a characteristic structure of the first embodiment (the present invention) is described in further detail. A
characteristic of the present invention is to provide a plurality of detecting units corresponding to the respective ranges
in order to measure a plurality of ranges by one vibration system. Here, one vibration system means a vibration structure
which can be represented by one movable unit and one spring (corresponding to the support beam) . For example, the
inertial sensor S2 illustrated in FIG. 4 can be rewritten in FIG. 7 as a vibration system model including: a spring (a
constant of the spring is "k"); a movable unit; a damping unit (c); and the detecting units D1 and D2 for convenience of
functional description.
[0050] FIG. 7 is an explanatory diagram illustrating the vibration system model of the inertial sensor S2 according to
the first embodiment, and the same components are denoted by the same reference symbols so as to correspond to
an actual shape. In this vibration system model, weights of the movable unit 6 and the movable electrodes D1a and D2a
are mainly represented by "m" in the above-described Expression (1), and total constant of the spring of the support
beam 3 is represented by "k". Therefore, from the above-described Expression (1), a natural frequency "f0" of the inertial
sensor S2 and a displacement amount of the displacement x of the movable unit 6 obtained when the acceleration "a"
is applied in a detecting direction (an x direction) can be obtained.
[0051] When the displacement x occurs, in each the detecting units D1 and D2, a distance between the movable
electrode D1a and the fixed electrodes D1b/D1c and a distance between the movable electrode D2a and the fixed
electrodes D2b/D2c are varied, so that the electrostatic capacitances C1 and C2 of the detecting unit D1 and the
electrostatic capacitances C3 and C4 of the detecting unit D2 are changed, respectively. The electrostatic capacitance
change can be detected by the IC 100 for sensor control/signal processing illustrated in FIG. 9 described later. That is,
the electrostatic capacitance change is differentially inputted to a CV conversion unit 102 of the IC 100 for sensor control/
signal processing via the electrode pad (common electrode) 2e connected to the movable unit 6 by applying a carrier
wave 101 for detecting the electrostatic capacitances from the IC 100 for sensor control/signal processing to the electrode
pads D1be and D1ce of the detecting unit D1 and the electrode pads D2be and D2ce of the detecting unit D2. The
electrostatic capacitance change is converted to a voltage signal by the CV conversion unit 102, and only necessary
signal component of the voltage signal is extracted by a synchronization detector circuit 103 and is finally converted to
a digital value by an A/D converter unit 104, and then, is outputted to an outside.
[0052] Next, designing of the detecting units D1 and D2 is described in further detail. Here, for convenience of the
description, specific numerical values are used. However, they do not particularly limit the effect of the first embodiment
(the present invention) , and the concept of the present invention can be generally applicable.
[0053] For example, an acceleration sensor which detects the acceleration ranges �2G and �4G in a detection
nonlinearity of �1% is assumed. And, it is assumed that the input of the saturated electrostatic capacitance change
(∆C) to the CV conversion unit 102 of the IC 100 for sensor control/signal processing is 0.25 pF, and the distance g
between the movable electrode D1a and the fixed electrodes D1b/D1c of the detecting unit D1 of the plurality of detecting
units D1 and D2 is 3 Pm. Here, the distance g is often determined by process restriction. In the case of the parallel-
plate-type detecting units for which the electrostatic capacitance detecting method is used, its initial capacitance is
proportional to an opposing area "A" of both electrodes forming the electrostatic capacitance, and is inversely proportional
to the distance g between the both electrodes. Therefore, the opposing area A can be decreased as narrowing the
distance g, and, as a result, the detecting unit is downsized.
[0054] A premise condition or a specification required for the designing has been prepared here, and therefore, the
natural frequency f0 of the inertial sensor S2 and the other detecting unit D2 can be designed based on the concept of
the first embodiment (the present invention). Firstly, the natural frequency f0 is determined by the narrower distance g
of either the detecting unit D1 or D2 (here, the distance of 3 Pm in the detecting unit D1) and the nonlinear specification
of �1%. In FIG. 8, on an enlarged diagram of a part of the above-described FIG. 3, the detection nonlinearity in the
displacement x of the movable unit 6 is overlapped. That is, FIG. 8 is a graph illustrating a nonlinearity "NL" and the
electrostatic capacitance change ∆C with respect to the displacement x.
[0055] Here, the nonlinearity NL is defined as a capacitance variation of the detecting unit when the displacement x
is 0, that is, a ratio of the electrostatic capacitance change ∆C practically obtained from the displacement x with respect
to an ideal capacitance change line obtained by multiplying the displacement x with a value (sensitivity S) obtained by
substituting 0 as the displacement x into an expression obtained by differentiating the above-described Expression (2)
with respect to the displacement x. A definition of the sensitivity S is expressed by Expression (4) , and a definition of
the nonlinearity NL is expressed by Expression (5) below. 
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[0056] In Expression (4),

S : sensitivity of the inertial sensor (x=0)

is shown. 

[0057] In Expression (5),

S(0) : sensitivity of the inertial sensor, and
x: displacement of the movable unit 6

are shown.
[0058] From FIG. 8, when the distance g of the detecting unit D1 is 3 Pm, it can be found out that the displacement x
satisfying the nonlinearity NL of �1% or smaller is �0.3 Pm. This means that it is required to displace the movable unit
6 by �0.3 Pm in the acceleration measurement range of �2G in order to obtain the maximum SNR as satisfying the
output nonlinearity of �1% with using the detecting unit D1. As a matter of course, since ∆C larger than the assumed
electrostatic capacitance change ∆C occurs due to influences such as vibration disturbance caused by other components
than the signal components, it is required to provide the design having a margin for the nonlinearity in the actual designing.
However, this is not related to the essence of the present invention, and therefore, this description is omitted. However,
even in this case, the basic concept of the present invention is applicable. Here, it is assumed that there is no vibration
disturbance caused by other components than the signal components or others, and the description is continued.
[0059] Once the required displacement amount is determined, the natural frequency f0 is determined from the relational
expression between the displacement x and the natural frequency f0 in the above-described Expression (1). Here, in
the case of the inertial sensor S2 described as the example, the natural frequency f0 is 1300 Hz.
[0060] Next, designing of the detecting unit D2 is described. In order to obtain the maximum SNR as satisfying the
detection nonlinearity of �1% or smaller in the detecting unit D2, it is only required to detect the acceleration range of
�4G in the detection nonlinearity NL of �1%. Since the natural frequency f0 of the inertial sensor S2 is 1300 Hz, the
displacement x obtained when �4G is applied is �0.6 Pm from the above-described Expression (1). Therefore, when
the displacement x is �0.6 Pm, it is only required to determine the distance g between the movable electrode D2a and
the fixed electrodes D2b and D2c of the detecting unit D2, by which the nonlinearity NL becomes �1%, and therefore,
the distance is 6 Pm in the inertial sensor S2 (see FIG. 8).
[0061] However, the mere wide distance adversely decreases the initial electrostatic capacitances C3 and C4 of the
detecting unit D2, and therefore, an absolute value of ∆C obtained when �4G is applied is decreased. In the case of
the inertial sensor S2, a ratio between the electrostatic capacitance change ∆C of the detecting unit D1 obtained when
�2G is applied and the electrostatic capacitance change ∆C of the detecting unit D2 obtained when �4G is applied is
7.43. Therefore, by providing an electrode scale of the detecting unit D2 to be 7.43 times that of the detecting unit D1,
the CV conversion unit 102 can be shared. Here, the scale of the detecting unit D2 is increased by increasing the
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opposing area A between the electrodes. As a result, both of the detecting units D1 and D2 have the same electrostatic
capacitance change ∆C with respect to the maximum measured acceleration (�2G and �4G). That is, when the meas-
urable maximum acceleration for each measurement range of each of the detecting units D1 and D2 is applied, the
value of the electrostatic capacitance change is the same value for each of the detecting units.
[0062] FIG. 9 is a structural diagram illustrating an example of an electric structure of the inertial sensor S2 of the first
embodiment. With reference to FIG. 9, a method of selecting each range and processing an unselected detecting unit
is described.
[0063] The inertial sensor S2 of the first embodiment includes, in the electrical structure: the IC 100 for sensor control/
signal processing connected to the mechanical structure unit including the detecting units D1 and D2, the movable unit
6, and others, as described above; a changeover switch monitor 107; and others, and can accept an external input 108.
In the IC 100 for sensor control/signal processing, there are provided: the CV conversion unit 102 for converting the
value of the electrostatic capacitance change of the detecting units D1 and D2 to a voltage value; the synchronization
detector circuit 103 for detecting an output from the CV conversion unit 102 in synchronization; the A/D converter unit
104 for performing analog/digital conversion of an output from the synchronization detector circuit 103; an over-range
determining unit 105 for determining whether or not the output value from the CV conversion unit 102 (more specifically,
the output value of the A/D conversion unit 104 obtained after the synchronous detection and the analog/digital conversion)
exceeds a certain range; and a range changeover switch 106 for switching between signals from the detecting units D1
and D2 and the carrier wave 101 to be applied to the detecting units D1 and D2 based on an output signal from the over-
range determining unit 105; and others. Further, the range changeover switch 106 functions also as a switch for selecting
any of the measurement ranges.
[0064] The inertial sensor S2 of the first embodiment is applicable for a method of manually switching the measure
range and a method of automatically switching the measurement range.
[0065] Firstly, the method of automatically switching the measurement range is described. The range changeover
switch 106 of FIG. 9 is set at "state 1" as an initial state of the inertial sensor S2, so that the carrier wave 101 is applied
to the detecting unit D1 (in �2G range). On the other hand, the detecting unit D2 is connected to a common potential,
so that the potential becomes at the same potential as the DC level of the movable unit 6. In this state, when an
acceleration of �2G or larger is applied, the CV conversion unit 102 is saturated or a voltage of an output end of the
A/D conversion unit 104 exceeds a certain value.
[0066] When the acceleration is applied, the movable unit 6 is displaced in a direction opposite to the acceleration in
accordance with the inertial law. At this time, the electrostatic capacitance change between the movable electrode D1a
and the fixed electrodes D1b/D1c of the detecting unit D1 and between the movable electrode D2a and the fixed electrodes
D2b/D2c of the detecting unit D2 are converted to the changes of the voltage values by the CV conversion unit 102, and
further, are detected in synchronization by the synchronization detector circuit 103, and then, the analog value is converted
to the digital value by the A/D converter unit 104.
[0067] Then, the over-range determining unit 105 determines whether or not the value is over ranged based on the
output value from the A/D conversion unit 104, and, if it is over ranged (yes), the over-range determining unit 105
generates a signal for controlling the state of the range changeover switch 106 to switch the range changeover switch
106, so that the measurement range is switched to a wider measurement range (from state 1 to state 2). On the other
hand, if it is not over ranged (no), the switching to the wider measurement range is unnecessary, and therefore, the
measurement range remains at state 1. Also, the range changeover switch 106 outputs the current state to the external
changeover switch monitor 107, so that the selected measurement range is noticed to an outside.
[0068] Meanwhile, in the method of manually switching the measurement range, the range changeover switch 106 is
switched from state 1 to state 2 by the external input 108.
[0069] In the inertial sensor S2 of the first embodiment, the measurement ranges of �2G and �4G can be selected.
Also, the measurement range is only limited by the natural frequency f0 of the inertial sensor S2 and the narrower
distance between the movable electrode and the fixed electrodes of either the detecting unit D1 or D2, and therefore,
is not particularly limited to �2G and �4G. For example, in the inertial sensor S2 of the first embodiment, the distance
between the movable electrode D1a and the fixed electrodes D1b/D1c of the detecting unit D1 is 3 Pm, and it is found
out from the above-described Expression (1) that, when the acceleration of 20G is applied, the movable electrode D1a
and the fixed electrodes D1b/D1c of the detecting unit D1 are physically in contact with each other. Therefore, the
measurement limit of the inertial sensor S2 is 20G.
[0070] However, if it is desired to measure an acceleration of a wider range, it is only required to increase the natural
frequency f0. From the relation of the above-described Expression (1), it is found out that, if the natural frequency f0 is
increased to be 5 times the original one, the measurable range is increased to be 25 times the original one. That is,
since the output ranges are �2G and �4G when the f0 is 1300 Hz, when the f0 is set to 6500 Hz, the output ranges
become �50G and �100G. Also, by additionally providing a detecting unit having a different sensitivity S, the selectable
measurement range is increased.
[0071] By performing the procedure of designing the inertial sensor S2 according to the first embodiment described
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above, an inertial sensor capable of ensuring the maximum SNR and an acceleration output linearity of a defined value
or smaller in all measurement ranges can be provided. That is, the plurality of range outputs can be obtained by the
plurality of detecting units D1 and D2 each having a different sensitivity (S: Expression (4)) defined by the ratio between
the applied acceleration and the physical quantity generated from the detecting unit, so that both of the SNR and the
linearity of the acceleration output can be parallely achieved in all measurement ranges.

Second Embodiment

[0072] The greatest characteristic of an inertial sensor according to a second embodiment is to have two measurement
ranges significantly different from each other. Although the inertial sensor described in the first embodiment has the
plurality of ranges, a ratio between the ranges is realistically 5 or smaller due to the limitations for the distance g between
the electrodes and for the size of the mechanical structure, which can be practically manufactured together.
[0073] The inertial sensor in the second embodiment includes: a plurality of movable units; a detecting unit for detecting
a relative displacement of each movable unit with respect to a fixed unit; and (at least one) detecting unit for detecting
a relative displacement between the movable units, so that the ratio between the measurement ranges is 10 or larger
as having the plurality of output ranges. Further, since the detecting units have the similar shape such as the distance
therebetween, performance variation due to a process error is small, and therefore, they are robust in the process error.
[0074] Hereinafter, an inertial sensor according to the second embodiment is described with reference to the drawings,
and overlapping components to those of the first embodiment are denoted by the same reference symbols and the
description for them will be omitted. FIG. 10 is a plan view illustrating an example of a main structure of the inertial sensor
according to the second embodiment.
[0075] An inertial sensor S3 of the second embodiment includes: fixed units 2a, 2b, and 2c supported and fixed on a
support substrate 1b; support beams 3a, 3b, and 3c for movably supporting movable units 6a, 6b, and 6c described
later with respect to the fixed units 2a, 2b, and 2c; the movable units 6a, 6b, and 6c suspended by the respective support
beams 3a, 3b, and 3c, and, in applying an acceleration, displaced as following the acceleration; detecting units D1, D2,
D3, and D4 for detecting an amount of the displacement of the movable units 6a, 6b, and 6c; and electrode pads (whose
reference symbols are omitted) for exchanging signals with an external circuit through wire bonding or others.
[0076] The detecting unit D1 is a detecting unit for detecting the relative displacement of the movable unit 6a with
respect to the fixed unit 2a, and fixed electrodes D1b and D1c are arranged to a movable electrode D1a in a parallel-
plate shape. The detecting unit D2 is a detecting unit for detecting the relative displacement between the movable unit
6a and the movable units 6b/6c, and the fixed electrode D2b is arranged to one movable electrode D2a in a parallel-
plate shape, and the fixed electrode D2c is arranged to the other movable electrode D2a in a parallel-plate shape. Also,
the detecting unit D3 is a detecting unit for detecting the relative displacement of the movable unit 6b with respect to the
fixed unit 2b as similar to the detecting unit D1, and fixed electrodes D3b and D3c are arranged to a movable electrode
D3a in a parallel-plate shape. The detecting unit D4 is similarly a detecting unit for detecting the relative displacement
of the movable unit 6c with respect to the fixed unit 2c, and fixed electrodes D4b and D34c are arranged to a movable
electrode D4a in a parallel-plate shape.
[0077] A manufacturing process, a mounting mode, and others for the inertial sensor S3 of the second embodiment
are the same as those of the first embodiment, and therefore, their descriptions are omitted. The characteristics of the
second embodiment, that is, reasons of why the measurement ranges significantly different from each other are possible
and why the measurement ranges can be achieved by the detecting units having the similar shape such as the distance
are described in detail. Also here, although not limited similarly to the first embodiment, specific measurement ranges
of �2G and �100G are taken as an example for convenience of description.
[0078] FIG. 10 is rewritten as a vibration system model in FIG. 11. FIG. 11 is an explanatory diagram illustrating the
vibration system model of the inertial sensor S3 of the second embodiment, and same components are denoted by the
same reference symbols so as to correspond to an actual shape. The inertial sensor S3 of the second embodiment is
configured as three vibration systems. A first vibration system includes: the movable unit 6a; the spring (the support
beam 3a); and the detecting units D1 and D2, a second vibration system includes: the movable unit 6b; the spring (the
support beam 3b); and the detecting units D2 and D3, and a third vibration system includes: the movable unit 6c; the
spring (the support beam 3c) ; and the detecting units D2 and D4. A displacement "x1" of the first vibration system is
used for detecting a narrow measurement range (for example, �2G). Also, the second and third vibration systems are
formed so as to have the same natural frequency of "f2 = f3", and therefore, displacements "x2" and "x3" each per unit
acceleration are also shown as "x2 = x3" from the above-described Expression (1). In the inertial sensor S3 of the second
embodiment, a wide measurement range (for example, �100G) is measured by using a displacement difference between
the displacement x1 and the displacement x2 or x3. That is, the greatest characteristic of the second embodiment is
that the wide measurement range is measured by using a relative displacement (displacement difference) between the
plurality of movable units 6a and 6b.
[0079] Next, designing and functions of the inertial sensor S3 of the second embodiment are described. Similarly to
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the first embodiment, also in the second embodiment, an input of the saturated electrostatic capacitance change (∆C)
by the CV conversion unit 102 of the IC 100 for sensor control/signal processing (see FIG. 12 described later) is assumed
to be 0.25 pF, and the distance g between the movable electrode and the fixed electrodes of the detecting unit is assumed
to be 3 Pm due to a process limitation. Also, the output nonlinearity is assumed to be �1% or smaller. In the inertial
sensor S3, in order to detect the acceleration of �100G, it is required to design natural frequencies f1, f2, and f3 of the
first to third vibration systems so that, even when the acceleration of �100G is applied, the movable electrodes D1a,
D2a, D3a, and D4a and the fixed electrodes D1b, D1c, D2b, D2c, D3b, D3c, D4b, and D4c, which configure all detecting
units D1, D2, D3, and D4, are not physically in contact with each other.
[0080] From the above-described Expression (1), it is found out that, when the acceleration of �100G is applied, the
natural frequency providing the displacement x of 3 Pm is 2877 Hz. In the inertial sensor S3 of the second embodiment,
the natural frequency f1 of the first vibration system is set to 3000 Hz. Since the natural frequency f1 is set to 3000 Hz,
the displacement amount x1 obtained when �2G is applied to the movable unit 6a of the first vibration system is 55 nm,
which is smaller than 300 nm, and therefore, the nonlinearity satisfies �1% or smaller as illustrated in FIG. 8. However,
in order to provide the electrostatic capacitance change ∆C of 0.25 pF, an electrode scale which is 5.3 times that of the
detecting unit of the inertial sensor S2 of the first embodiment is required. Although the scale is varied by a thickness
of the active layer 1a or others, the thickness of the active layer 1a is 40 Pm in the inertial sensor S3 of the second
embodiment, and an overlap area between the movable electrode D1a and the fixed electrodes D1b/ D1c of the detecting
unit D1 is set to 200 Pm, and therefore, the number of electrodes is set to 140. A parallel-plate-type electrostatic
capacitance detecting method is applied for the detecting unit D1. When a width of a comb teeth forming the movable
electrode and the fixed electrodes is set to 4 Pm, a length required to form the detecting unit D1 is 2940 Pm, and,
electrodes are formed on both sides of the movable unit 6a, and therefore, the size of the first vibration system is
approximately 1.5 mm � 1.5 mm. The size of the inertial sensor can be further downsized if an aspect ratio defined as
a ratio between the distance g of the detecting unit D1 and the thickness of the active layer 1a can be increased.
[0081] Next, the natural frequencies f2 and f3 of the second and third vibration systems are described. The natural
frequencies f2 and f3 may be designed so that the relative displacement between the movable units 6a and 6b or 6c
obtained when �100G is applied is 300 nm in order to provide the electrode scale as small as possible as satisfying the
nonlinearity of �1% or smaller. When the natural frequencies f2 and f3 are set to 3178 Hz, from the above-described
Expression (1), it is found out that the relative displacement (x1-x2 or x1-x3) between the movable units 6a and 6b or
6c obtained when �100G is applied becomes 300 nm, and therefore, the detecting unit D2 whose electrostatic capac-
itance change ∆C is 0.25 pF and whose electrode scale is approximately 1/5.3 times an electrode scale of the detecting
unit D1 as satisfying the specification of the nonlinearity of �1% or smaller can be formed.
[0082] Here, the natural frequency f1 of the first vibration system is set to 3000 Hz and the natural frequencies f2 and
f3 of the second and third vibration systems are set to 3178 Hz. However, conversely, the natural frequency f1 may be
set to 3178 Hz and the natural frequencies f2 and f3 may be set to 3000 Hz. In this case, the detecting unit D1 whose
electrode scale is large can be arranged on a periphery of the inertial sensor S3, and therefore, is advantageous in
downsizing.
[0083] Next, the detecting units (also each including a function of a natural frequency adjusting unit, and hereinafter
referred to as a natural frequency adjusting unit) D3 and D4 are described with reference to FIG. 12 described later. In
the inertial sensor S3 of the second embodiment, by applying a DC voltage between the movable electrodes D3a and
D4a of the natural frequency adjusting units D3 and D4 and the fixed electrodes D3b, D3c, D4b, and D4c, the natural
frequencies f2 and f3 of the second and third vibration systems including the movable units 6b and 6c are adjusted with
using the electrostatic spring effect publicly already known.
[0084] As described above, in order to measure �100G, the relative displacement between the movable unit 6a and
the movable units 6b/6c is used. Therefore, it is required to provide the same displacement amount per unit acceleration
for the movable units 6b and 6c. However, the second and third vibration systems including the movable units 6b and
6c are locationally separated from each other, and are configured as an independent vibration system to each other.
Thus, it is almost impossible to exactly match the natural frequencies of the respective vibration systems with each other
due to influence of the process error. Therefore, by providing the natural frequency adjusting units D3 and D4, the natural
frequencies f2 and f3 of the second and third vibration systems are adjusted. More specifically, the inertial sensor S3 is
AC-vibrated before shipping to adjust DC voltages 109 and 110 to be applied to the natural frequency adjusting units
D3 and D4 so that a DC-level output of the inertial sensor S3 is 0 (see FIG. 12).
[0085] Since the natural frequency adjusting units D3 and D4 have the same structure as that of the detecting unit
D1, they can be also used for detecting the displacement x2 and x3 of the movable units 6b and 6c. More particularly,
in an inertial sensor having a small ratio between measurement ranges, a difference between the natural frequency f1
of the first vibration system and the natural frequencies f2 and f3 of the second and third vibration systems is large, and
therefore, a shift of the natural frequency due to the process error is almost negligible, thus, the number of measurement
ranges can be increased by using the natural frequency adjusting units D3 and D4 as the detecting units.
[0086] FIG. 12 illustrates an electrical structure in the inertial sensor S3 of the second embodiment, and this is a case
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that the D3 and D4 are used as the natural frequency adjusting units. Although not illustrated, when the natural frequency
adjusting units D3 and D4 are used as the detecting units for detecting the displacements x2 and x3 of the movable
units 6b and 6c, the carrier wave 101 may be applied to the natural frequency adjusting units D3 and D4.
[0087] Also in the second embodiment, similarly to the inertial sensor S2 of the first embodiment, the measurement
range can be manually switched through the external input 108, and can be automatically switched through the over-
range determining unit 105. The specific content of switching the measurement range is the same as that of the inertial
sensor S2 of the first embodiment, and therefore, a description for this is omitted.
[0088] By performing the procedure of designing the inertial sensor S3 according to the second embodiment describe
above, the inertial sensor which is robust in the process variation as having significantly different (�2G and �100G)
measurement ranges. That is, the detecting units D1, D2, D3, and D4 have the similar shape such as the distance
therebetween, and the shapes of the movable units 6a, 6b, and 6c and the springs (the support beams 3a, 3b, and 3c)
forming respective vibration systems can be almost the same as each other, and therefore, the influence on the per-
formance variation due to the process error is relatively small, and the inertial sensor is robust in the process error, and
further, its downsizing can be achieved.

Third Embodiment

[0089] In a third embodiment, an inertial sensor having a plurality of measurement ranges has characteristics to have
measurement ranges as many as the number of vibration systems plus 1 or more by connecting a plurality of vibration
systems including a plurality of movable units and springs to each other and measuring an absolute displacement of the
movable units of each vibration system with respect to a substrate and a relative displacement between the movable
units, and to be advantageous in downsizing because the movable units and the springs are shared by the vibration
systems. Hereinafter, with reference to the drawings, the third embodiment is descried in detail. Also, overlapping
components with those of the first and second embodiments are denoted by the same reference symbols, and descriptions
for them are omitted.
[0090] FIG. 13 is a plan view illustrating an example of a main structure of the inertial sensor according to the third
embodiment. An inertial sensor S4 of the third embodiment includes: fixed units 2a, 2b, and 2c supported and fixed on
a support substrate 1b; a support beam 3b for movably supporting a movable unit 6b described later with respect to the
fixed units 2a, 2b, and 2c; a movable unit 6b suspended by the support beam 3b and displaced, in applying an acceleration,
as following the acceleration; a support beam 3a for movably supporting a movable unit 6a described later with respect
to the movable unit 6b; the movable unit 6a suspended by the support beam 3a, and displaced, in applying an acceleration,
as following the acceleration; detecting units D1, D2, and D3 for detecting an amount of the displacement of the movable
units 6a, and 6b; and electrode pads (whose reference symbols are omitted) for exchanging signals with an external
circuit through wire bonding or others.
[0091] In the detecting unit D1, a fixed electrode D1b is arranged to one movable electrode D1a in a parallel-plate
shape, and a fixed electrode D1c is arranged to the other movable electrode D1a in a parallel-plate shape. Similarly, in
the detecting unit D2, a fixed electrode D2b is arranged to one movable electrode D2a in a parallel-plate shape, and a
fixed electrode D2c is arranged to the other movable electrode D2a in a parallel-plate shape. In the detecting unit D3,
a fixed electrode D3b is arranged to one movable electrode D3a in a parallel-plate shape, and a fixed electrode D3c is
arranged to the other movable electrode D3a in a parallel-plate shape.
[0092] The inertial sensor S4 of the third embodiment is an inertial sensor including two vibration systems. As a matter
of course, the inertial sensor is not meant to be limited to include the two vibration systems, and may include N pieces
of vibration systems. Also, the measurement ranges in the case of the inertial sensor including the N pieces of vibration
systems are (N+1) or more types.
[0093] FIG. 13 is rewritten as a vibration system model in FIG. 14. FIG. 14 is an explanatory diagram illustrating a
vibration system model of the inertial sensor S4 of the third embodiment, and the same components are denoted by the
same reference symbols so as to correspond to an actual shape. The inertial sensor S4 of the third embodiment includes:
a first vibration system including the movable unit 6a (a movable unit "m1") and the spring (the support beam 3a) ; and
a second vibration system including the movable unit 6b (a movable unit "m2") and the spring (the support beam 3b).
More particularly, in the second vibration system, the movable unit 6b is divided into three parts by an insulating film 7
made of an insulating substance, and movable units 6b1, 6b2, and 6b3 are mechanically connected to each other but
electrically separated from each other.
[0094] The insulating film 7 is formed by deeply etching the active layer 1a with using the DRIE method and burying
an insulating film, such as an oxide film, with using a thick film CVD (Chemical Vapor Deposition) method or others.
Further, the insulating film 7 is formed in a shape which is bent at least once (FIG. 13 illustrates an example of bending
four times) as illustrated in FIG. 13 in order to prevent wall collapse at an interface of the insulating film 7 among the
movable units 6b1, 6b2, and 6b3.
[0095] As the measurement ranges of the inertial sensor S4 of the third embodiment, three ranges can be selected
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by measuring a displacement x1 of the first movable unit 6a, a displacement x2 of the second movable unit 6b, and a
relative displacement xr between the movable units 6a and 6b. The inertial sensor S4 of the present embodiment has
a first mode natural frequency at which the two movable units 6a and 6b are vibrated in the same phase in a several
kHz band. An acceleration sensor mainly measures frequency components of several tens to 100 Hz or lower often,
and a difference of phases between the displacements of the movable units 6a and 6b does not occur, and therefore,
the displacement x1 of the movable unit 6a with respect to the support substrate 1b is a sum of the displacement x2 of
the movable unit 6b and the relative displacement xr between the movable units 6a and 6b. Therefore, a relation of "x1
> x2" is taken for the application of all acceleration.
[0096] The displacement amounts x1, x2, and xr can be obtained by using the above-described Expression (1). Firstly,
the relative displacement xr between the movable units 6a and 6b can be obtained by substituting a first natural frequency
f1 into the above-described Expression (1), the first natural frequency f1 obtained by taking weights of the movable unit
6a and the movable electrodes D1a and D2a of the detecting units D1 and D2 as "m" and taking the spring constant of
the support beam 3a supporting the movable unit 6a as "k" when the vibration system models illustrated in FIG. 14 are
regarded as two independent one-degree-of-freedom systems.
[0097] Next, the displacement amount x2 is a displacement of the movable unit 6b, and can be obtained by substituting
a second natural frequency f2 into the above-described Expression (1), the second natural frequency f2 obtained by
taking weights of the movable unit 6b, the support beam 3a connected to this movable unit 6b as being suspended, the
movable unit 6a, the movable electrode D1a of the detecting unit D1, and the movable electrode D2a of the detecting
unit D2 as "m" and taking the spring constant of the support beam 3b supporting the movable unit 6b as "k". Also, the
displacement of the movable unit 6a x1 with respect to the support substrate 1b can be obtained as a sum of the
displacements x2 and xr. By detecting the above-described displacements x1, xr, and x2 with using the detecting units
D1, D2, and D3, three measurement ranges can be obtained.
[0098] FIG. 15 illustrates an electrical structure in the inertial sensor S4 of the third embodiment, and the three meas-
urement ranges can be automatically or manually switched with using the over-range determining unit 105, the range
changeover switch 106, and the external input 108. Here, different contents from those of the inertial sensor S2 of the
first embodiment are mainly described.
[0099] The range changeover switch 106 has three states in accordance with the measurement ranges. Firstly, in a
state 1, the displacement x1 of the movable unit 6a is detected by applying the carrier wave 101 to the movable unit 6a
via the movable unit 6b2 and inputting outputs from the fixed electrodes D1b and D1c of the detecting unit D1 to the CV
conversion unit 102. At this time, the other detecting units D2 and D3 and movable units 6b1 and 6b3 are connected to
a DC bias of the CV conversion unit 102.
[0100] Next, in state 2, the relative displacement xr between the movable units 6a and 6b is detected by applying the
carrier wave 101 to the movable unit 6a via the movable unit 6b2 as similarly to state 1 and inputting outputs from the
fixed electrodes D2b and D2c of the detecting unit D2 to the CV conversion unit 102 via the movable units 6b1 and 6b3.
At this time, the other detecting units D1 and D3 are connected to the DC bias of the CV conversion unit 102.
[0101] Finally, in state 3, the displacement x2 of the movable unit 6b is detected by applying the carrier wave 101 to
the movable units 6b1 and 6b3 and inputting outputs from the fixed electrodes D3b and D3c of the detecting unit (natural
frequency adjusting unit) D3 to the CV conversion unit 102. At this time, the movable unit 6b2 and the other detecting
unit D1 are connected to the DC bias of the CV conversion unit 102.
[0102] According to the inertial sensor S4 in the third embodiment described above, the relative displacement between
the vibration systems is measured as having the N types of vibration systems so as to obtain the three measurement
ranges with using two vibration systems, so that at least (N+1) types of measurement ranges can be obtained. That is,
output ranges whose types are more than that of vibration systems including the movable units 6a and 6b and the springs
(the support beams 3a and 3b) can be obtained.
[0103] In the foregoing, the invention made by the inventors of the present invention has been concretely described
based on the embodiments. However, it is needless to say that the present invention is not limited to the foregoing
embodiments and various modifications and alterations can be made within the scope of the present invention.

INDUSTRIAL APPLICABILITY

[0104] An inertial sensor according to the present invention can be extremely widely utilized for automobiles, mobile
devices, amusement devices, home information appliances, and others.

Claims

1. An inertial sensor comprising:
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a movable unit suspended on a substrate via an elastic body; and
a plurality of detecting units including a movable electrode formed on the movable unit and a fixed electrode
formed on the substrate,
the inertial sensor for detecting an inertial force of acceleration based on electrostatic capacitance change of
each of the plurality of detecting units, wherein
the plurality of detecting units have different sensitivities each defined by a ratio between an applied inertial
force and physical quantity generated from each of the detecting units, and
the plurality of detecting units have a plurality of measurement ranges.

2. The inertial sensor according to claim 1, wherein,
in the plurality of detecting units, a parallel-plate-type electrostatic capacitance detecting method is used, and a
value of the electrostatic capacitance change obtained when the maximum acceleration measurable for a meas-
urement range of each of the detecting units is applied is the same value for each of the detecting units.

3. The inertial sensor according to claim 1, further comprising:

a switch for selecting any of the plurality of measurement ranges.

4. The inertial sensor according to claim 1, further comprising:

a conversion unit for converting a value of the electrostatic capacitance change of each of the plurality of
detecting units to a voltage value;
a determining unit for determining whether or not an output value from the conversion unit exceeds a certain
range; and
a switch for switching between a carrier wave applied to each of the plurality of detecting units and a signal
from each of the plurality of detecting units based on an output signal from the determining unit.

5. An inertial sensor comprising:

N (a natural number of 2 or larger) pieces of movable units connected to a fixed unit on a substrate via an elastic
body;
a plurality of first detecting units for detecting a relative displacement of each of the N pieces of movable units
with respect to the fixed unit; and
at least one second detecting unit for detecting a relative displacement between the movable units, wherein
the inertial sensor has (N+1) or more types of measurement ranges.

6. The inertial sensor according to claim 5, wherein,
in the (N+1) or more types of measurement ranges, a ratio between measurement ranges is 10 or larger.

7. The inertial sensor according to claim 5, wherein,
in the plurality of first detecting units and the at least one second detecting unit, a parallel-plate-type electrostatic
capacitance detecting method is used, and a value of an electrostatic capacitance change obtained when the
maximum acceleration measurable for a measurement range of each of the detecting units is applied is the same
value for each of the detecting units.

8. The inertial sensor according to claim 5, further comprising:

a switch for selecting any of the (N+1) or more types of measurement ranges.

9. The inertial sensor according to claim 5, further comprising:

a conversion unit for converting a value of an electrostatic capacitance change of each of the plurality of first
detecting units and the at least one second detecting unit to a voltage value;
a determining unit for determining whether or not an output value from the conversion unit exceeds a certain
range; and
a switch for switching between a carrier wave applied to the plurality of first detecting units and the at least one
second detecting unit and a signal from each of the plurality of first detecting units and the at least one second
detecting unit based on an output signal from the determining unit.
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10. An inertial sensor comprising:

N (a natural number of 2 or larger) pieces of movable units at least including a first movable unit connected to
a fixed unit on a substrate via a first elastic body and a second movable unit connected to the first movable unit
via a second elastic body;
a plurality of first detecting units for detecting a relative displacement of each of the N pieces of movable units
with respect to the fixed unit; and
at least one second detecting unit for detecting a relative displacement between the movable units, wherein
the inertial sensor has (N+1) or more types of measurement ranges.

11. The inertial sensor according to claim 10, wherein
the first movable unit is mechanically connected and electrically separated by interposing an insulating film.

12. The inertial sensor according to claim 11, wherein
the insulating film is bent at least once.

13. The inertial sensor according to claim 10, wherein,
in the (N+1) or more types of measurement ranges, a ratio between measurement ranges is 10 or larger.

14. The inertial sensor according to claim 10, wherein,
in the plurality of first detecting units and the at least one second detecting unit, a parallel-plate-type electrostatic
capacitance detecting method is used, and a value of an electrostatic capacitance change obtained when the
maximum acceleration measurable for a measurement range of each of the detecting units is applied is the same
value for each of the detecting units.

15. The inertial sensor according to claim 10, further comprising:

a switch for selecting any of the (N+1) or more types of measurement ranges.

16. The inertial sensor according to claim 10, further comprising:

a conversion unit for converting a value of an electrostatic capacitance change of each of the plurality of first
detecting units and the at least one second detecting unit to a voltage value;
a determining unit for determining whether or not an output value from the conversion unit exceeds a certain
range; and
a switch for switching between a carrier wave applied to each of the plurality of first detecting units and the at
least one second detecting unit and a signal from each of the plurality of first detecting units and the at least
one second detecting unit based on an output signal from the determining unit.
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