w0 20177200805 A1 | 000000 O O OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
23 November 2017 (23.11.2017)

(10) International Publication Number

WO 2017/200805 A1l

WIPO I PCT

(51) International Patent Classification:
GO1P 15/125 (2006.01) GO1P 15/12 (2006.01)
G01C 19/5776 (2012.01)

(21) International Application Number:
PCT/US2017/031830

(22) International Filing Date:
09 May 2017 (09.05.2017)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

15/159,655 19 May 2016 (19.05.2016) US

(71) Applicant: INVENSENSE, INC. [US/US]; 1745 Technol-
ogy Drive, Suite 200, San Jose, California 95110 (US).

(72) Imventor: THOMPSON, Matthew; 1460 NW 177th Place,
Beaverton, Oregon 97006 (US).

(74) Agent: TABARROK, Amir; Duane Morris LLP, 2475
Hanover Street, Palo Alto, California 94304-1194 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ,BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH, CL,CN, CO,CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,

KW,KZ, LA,LC,LK,LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to the applicant'’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

of inventorship (Rule 4.17(iv))

Published:
with international search report (Art. 21(3))

(54) Title: MICRO-ELECTRO-MECHANICAL SYSTEM WITH NON-LINEAR CORRECTION AND METHOD OF OPERATING

SUCH A MEMS

200

201 ~,

130, - 210

131~

132

121"
120

FIGURE 2

S22

L
I‘ o

12

(57) Abstract: A micro-electro-mechanical system includes a proof
mass, an anchor, an amplifier, a sense element, a reference element, and
a feedback element. The proof mass is configured to move in response
to a stimulus. The anchor is coupled to the proof mass via a spring. The
amplifier is configured to receive a proot mass signal from the proof
mass via the spring and the anchor. The amplifier may be configured to
amplify the received proof mass signal to generate an output signal. The
sense element may be connected between the proof mass and a first input
signal. The reference element may be connected between the anchor and
a second input signal. The feedback element may be connected between
the proof mass and the output signal. The feedback element and the sense
element may change in response to proof mass displacement.
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MICRO-ELECTRO-MECHANICAL SYSTEM WITH NON-LINEAR CORRECTION AND
METHOD OF OPERATING SUCH A MEMS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0801]  This application claims the benefit and priorily to the ULS. Pajent Application
Sevial No. 13/159,6353 filed on May 19, 2016, entitled “MEMS CIRCUIT FOR
CAPACITIVE NON-LINEAR CORRECTION”, which is incorporated by reference in its

entirety.
BACKGROUND

{02 Micro-electrical-mechanical (MEMBS) sensors are commonly used in compater

devices (including cellphones, tablets, fitness trackers, drones, ete.) to provide one or more
envirommental conditions to 8 processor, such as pressure information, acceleration
information, rotation information and/or other suitable information. Current state-of-the-art
MEMS sensors use variable capacitors as g transduction method between the elecirical and
mechanical domains of the MEMS sensor converting mechanical displacement into an
electrical signal. However, variable capacitors are inherently non-linear and currently require
up to 20 parameters of correction to generate the required lnear output, It is therefore
desirable to provide a capacitive transduction method that produces a Haoear omipui

elimunating the need for the undesirable signal correction,

SUMMARY

{0403} Provided herein are various embodiments of 4 micro-electro-mechanical system
(MEMS) including a sensor, In some embodiments, the MEMS includes a proof mass
configured to move in response to a stinmulus, An anchor is coupled to the proof mass via a

spring. An amplifier is configured to receive a proof mass signal from the proof mass via the
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spring and the anchor, The amplifier s configured to amplify the recetved proof mass signal

to generate an output signal. A sense clenient is connected betwesn the proof mass and a frst
tput signal. A reference element is connected between the anchor and a second input signal.
A feedback element is connecied between the proof mass and the ovipat signal, The

feedback element and the sense element change in response to the proot mass displacement.

{0064} In various embodiments, 8 method is disclosed. The method includes the step of
genetating a signal responsive to g proof mass displacement. The generated signal is
amplified and applied back to the proof mass via 8 first varying element. A first inpat signal
is applied to the proof mass via a second varying c-:i{:ment and a second input signal is applied
to the amplifier via a fixed clement. A gain of the amplifier varies based on the proof mass
displacement, It is appreciated that the gain of the amplifier changes dynamically and in

response 1o the proof mass displacement.

8005} In variows embodiments, a device including a micro-electro-mrechanical system
(MEMS) device is disclosed. The MEMS device is configured to generate a first signal
responsive 1o g stimulus. The Hrst signal is generated in response to a displacement
assoctated with a component within the MEMS device, A first capacitor and a second
capacitor are configured to change their capacitance responsive o the displacement
associated with the component within the MEMS device, The second capacitor is comnected
between a first input signal and the component within the MEMS device, A third capacitor is
coupled between the MEMS device and a second input signal. An amplifier is configured to
receive and amplify the first signal to generate an output signal. The first capactior is

connected between the output of the amplifier and the component within the MEMS device.

| &)



WO 2017/200805 PCT/US2017/031830

{0006]  These and other [atures and aspects of the concepls described herein may be

hetter understood with reference to the following drawings, description, and appended claims.
BRIEF DESCRIPTION OF DRAWINGS

{08071 Figure 1 shows g MEMS sensor with g first sense slement and a second sense

element, i accordance with some erabodiments,

jO008] Figure 2 shows g MEMS sensorwith & sense element and a feedback element

tocated on a first side of a proof mass, in aceordance with sonme embodiments.

{04 Figure 3 shows ¢ MEMS sensor with 2 membrane, In accordance with some

embodiments.

[G018]  Finwe 4 shows a MEMS sensor with a rotaling proof mass, n accordance with

some embodiments.

j0011}] Figure 5 shows a method of defecting an envivonmental condition, in accordance

with some embodiments,

{012]  Figure 6 shows a MEMS sensor with & full-Wheatstone bridge configuration, in

accordance with some embodiments,

DESCRIPTION

[0813] Before vartous embodiments are deseribed in greater detail, it should be
understood by persons having ordinary skill in the art that the embodiments are not Himiting,
as elements 1 such embodiments may vary, It should Hkewise be understood that a

particelar embodiment described and/or iHlustrated herein has clements which may be readily

Lk
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separated from the particular embodiment and optionally combined with auy of several other
embodiments or substituted for elemends 1o any of several other embodiments described

herem.

{0014} U should also be understood by persons having ordinary skill in the art that the
terminology used herein is for the purpose of deseribing the certain concepts, and the
terminology is not intended to be Hmiting., Unless indicated otherwise, ordinal numbers (e.g.,
first, second, third, efe.} ave used to distinguish or identify different elements or steps in a
group of elements or steps, and do not supply a serial or numerical Himitation on the clements
or steps of the smbodiments thereof, For example, "fiest,” "second,™ and "third" elements or
steps need not necessarily appear n that order, and the embodiments thereol need not
necessarily be hmited {o three elements or steps. 1t should also be understood that, wiless
tnticated otherwise, any labels such as "left,” "right.” "fronl” "back.” "top,” "middle.”

T

“botton,” "orward,” "reverse,” "clockwise,”" "cowter clockwise,” "up,® "down, "t or other
> s > E ¥

stmiar ferms such as "upper,” “lower," "ahove" "helow,” "vertical,” "horizontal”

W

"proximal,” “distal,” and the like are used for convenience and are not intended to fmply, for
example, any particular fixed location, orientation, or dircction. Instead, such labels are used
to reflect, for example, relative location, orlentation, or directions, It should also be

i

understood that the singular forms of a." "an," and "the” nclude plural references unless the

context clearly dictates otherwise.

[3015] Unless defined otherwise, all technical and scientifie terms used herein have the
samie meaning as commonty understood by persons of ordinary skill in the art {o which the

embodiments periain.
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{8016] 1o various embodiments, a micro-slectric-mechanical system is disclosed. The
system inchudes a proof mass coupled to an anchor via a spring. The proofmass is
configured 1o move in response to one or wore envivonmental stimuli. An amplifier receives
a signal from the prool mass, for example, through & wire extending through the spring and
the anchor. The signal is generated in response to the displacement of the proof mass. A
sense element 18 connected between the proof mass and a fivst input signal and a feedback
eloment is connected between the proof mass and an output signal of the amplifier. One or
mare electrical features of the proof mass and the sense element (such as capactiance,
piezoelectric value, inductance, ete.) increase and/or decrease in response to displacement of
the proof mass due to the envirammental simmi A reference clement can be connected
between the anchor and & seeond input signal. The reference element provides the second

signal to the amplifier via the anchor,

{0017]  Fgore 1 illustrates one embodiment of a capacitive MEMS sensor 100, The
capacitive MEMS sensor 100 is @ micro-electro-mechanical system (MEMS) including a
proof mass 130 located between a fivst sense clement 101 and a second sense element 102, It
is appreciated that the first sense element 101 andfor the second sense element 102 may be an
electrode of a capacitor, a capacitor, a piemei&ctﬁu element, piezoresistive eloment, andfor
any other snitable sense element. The proof mass 130 is configured to move between the first
sense element 101 and the second sense element 102 in response fo one or wore exierual
stimudl, For examype, in various embodiments, the proof mass 130 is configured to move
between the sense elements 101, 102 in response to acceleration, magnetic field, pressure,
Coriolis force, acoustic pressure, plexoclectric foree, slectrostatic force, andior any other
suifable external stinmulf or combination thereof, In the illustrated embodiment, the first sense
clement 101 and the second sonse element 102 are arranged in a half-Wheatstone bridge

configuration. In some embodiments, the proof srass 130 is coupled to an anchor 132 vina

W
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spring 131, The spring 131 maintaing a connection between the proof mass 130 and the

anchor 132 while allowing the proofmass 130 to move between the sense elements 101, 102

0018} The first sense element 101 is coupled to & frst input 110 and the second sense
element 102 i3 coupled to a sccond input 111, It will be appreciated that the first fuput 110
andfor the second input 111 way be a voltage input, a reference voltage, & variable voltage,
and/or any other suitable input. The first input 110 andfor the second tnput 111 can comprise
a postlive input or a negative input. For example, in some embodiments, the first input 110 is
coupled to a positive voltuge such that the first sense clement 101 defines a positive sense
element and the second inpot 111 is g negative input such that the second sense element 102
defines a negative seuse element, although it will be appreciated that other combinations of
posilive and/or negative sense slements is possible. In some embodiments, the second input
111 is an opposite of the fivst input 110, An opposite input is an input having the same
magnitude {e.g., vo}.mgei) but opposite polatity. For example, in some embodiments, the first
input 110 can be equal 10 a positive voltage Vig and the second input 111 can be equal to an
opposite, negative vﬁ} tage Vi It is appreciated that in some ambodiments, the magnitude of
the fivst Input 110 and the sccond input 111 may be different from one another. In some
embodiments, the fiest sense element 101 and the second sense element 102 can comptise any
suttable variable andfor fixed sense element, such ag, for example, a capaciior, g plexoelectric

clement, piezoresistive eloment, a transistor, and/or any other suitable sense elemend.

{0015] Movement of the proof mass 130 between the first sense element 101 and the
second sense element 102 changes one or more electrical properties of the sense elements
101, 102, For example, in some embodiments, movement of the proof mass 130 affects the

capacitance of the first and second sense elements 101, 102, A capacitance of g positive

&
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sense clement (Cuar), for example in embodiments a {first sense element 101 coupledio s

positive tust fnpot 110, is defined by the eguation:

: mw‘st‘-’imiﬁ(i\§=i€ Xy ) 1
{‘lﬂl g% g X +§ ! _{3‘1 +g3 + ( )

where g is the fuitial gap between the proof mass 130 and the first sease element 101, x is the
disg’iégﬁmesn,t of the proof mass 130, A is the area of the first sense element 101, and g is
permitiivity of the space between the proof mass 130 and the first sense element 101, A
capaciiance of & negative sense element (Ciag), for example, in embodiments a second sense

elernent 102 coupled to ¥ negative second input 111, is defined by the eguation:

sad Epdf, x o xt &
Em‘smf*@”m“&“(l““‘%ﬁ“#+m) {2)
) gty g g g g : :

whete g is the wilial gap between the proof mass 130 and the second sense element 102, x is
the displacement of the proof mass 130, A is the arca of the second sense element 102, and 8o

is permittivity of the space between the proof mass 130 and the second sense element 102,

{30201 The proof mass 130 is electrically coupled to an amplifier 120, B will be
appreciated that the amplifier 120 may be a current amplifier, voltage amplifier,
iransresistance amplifier, transconductance amplifier, and/or any suitable amplifier type. In
some embodiments, the proof mass 130 is electrivally coupled to an amplifier 120 by a wire
121, In the illustrated embodiment, the wire 121 extends through the spring 131 and the
anchor 132, although it will be appreciated that the proof mass 130 can be coupled to the
amplifier 120 by any suttgble connection extending through any portion of the capagitive
MEMS sensor 100, The wire 121 has a parasitic capacitance represented by capacitor 103,
The amplifier 120 is configured to receive a proot mass signal from the proof mass 130, In

some embodinments, the amplifier 120 inchudes o feedback capacitor 104,
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[062%]  The voltage of the output signal 112 is defined based on the difference in
capacttance between the first capaaitor 101 and the second capacitor 102, For example, in

some embodiments, the voltage of the oufput signal 112 (Vi) is defined by the equation:

( lgl“"r 32 oA,
Vi = 2y, 3)
td
where Chras 18 the capacttance of the feedback capacitor 104, Combining this equation (3)
with the equations {1 & 2} for capacitance of the first capactior 101 {(Cin) and the second
capsaitor 102 {Crax) discussed shove gives:
F — 1 é‘?g;.z‘l e "?‘ “ {.4
2 + im 5 3

Cina & X8
As shown in the above equation (4}, the output voltage 112 s a function of the displacement,
X, The output signal 112 of the capacitive MEMS sensor 100 is non-linear due to the
presence of polynomial terms (such as the %, X5,... terms) in the equation. In some

embodiments, one of the first sense element 13 or the second sense glement 102 can be

omitted to generate a tnear output 112,

{00221 I a MEMS microphone sensor the non-linear torms distort the performance of the
sensor at large sound levels. Total harmonie distortion is the measuve of how the non-linear
termy distort the signal. Reducing or removing the non-linear terms will improve the

performance of the MEMS microphone at large sound levels,

18623 Figure 2 lustrates one embodiment of a capacitive MEMS sensor 200 including 2
sense element 201 and a feedback slement 202, both located on a first side of the proof mass
130, It will be appreciated that the sense element 201 andfor the feedback element 202 may
be an electrode of a capacitor, a capaciior, a piezoeleciric element, piezoresistive element,

-

and/or any other suitable sense element. The first sense element 101 iHlustrated in Figure 1is
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effectively divided between the sense cloment 201 and the feedback element 202, The
second sense element 102 is omitted. Displacement of the proof mass 130 changes one or
more electrical parameters, such as capacitance, of both the sense element 201 and the
feedback element 202 1y unison. In some embodiments, the sense element 201 and the
feedback element 202 are positioned such that the gap between the sense element 201 and the
proof nmass 130 ts equal o the gap between the feedback element 202 and the proof mass 130
such that the one or more slectrical paramsters of the sense clement 201 and the feedback
element 202 change egnally and i the same divection in response to displacement of the
proof mass 130, For example, in some enrbodiments, the sense element 201 and the feedback
slement 202 are capacitive elements that equally increase andéor decrease eapacitance in
response the movement of the proof mass 130, In some embodiments, the sense element 201
and the feedback element 202 are capacitive eloements that increase and/or decrease

capacitance proportionally in response io the movement of the proof mass 130, The

13'}

&
element 201 is coupled to a first input 210 and the feedback element 202 s coupled to an
output 112 of the amplifier 120. It will be appreciated that the first input 210 may be a

voltage input, & reference voltage, a variable voltage, sndfor any other suitable input.

{0024} In some embodinents, the sense element 201 s coupled to a first input and the
feedback clement 202 18 coupled to the output 112 of the amplifier 120, The sense element

201 and the feedback element 202 have g tolal capacitance defined by the equation:

Sl .
8Ty {5

whetre A is the total area of overlap of the sense element 201 and the proof mass 130 plus the
total area of overlap of the feedback element 202 and the proof mass 130 {e.g., the area of
overlap between the proot mass 130 and the first sense clement 101 before the first sense

"

element 101 is divided between the sense element 201 and the foedback element 202), gis

g
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iniital {or zero} position gap between the sense element 201 snd the feedback element 202
and the proof mass 130, and & is the parmittivity of the space between proof mass 130 and
the elements 204, 202, The total capacitance Co 15 split between the sense element 201 and
the fecdback clement 202, In some embodiments, the sense element 201 and the feedback
element 202 are physically separate clements each having au area defining a portion of the
total capacitance Co. I other embodiments, the sense clement 201 and the feedback element
202 are portions of a single clement. Movement of the proof mass 130 changes the
capacttance of the sense slement 201 and the feedback element 202, The capacitance of the

sense element 208 {Ca) can be defined by the equation:

FC, .
- ig

where o is the percentage of the total capacitance Cp of the sense sloment 201 and has a value
(<ol and x 18 the displacement of the proof mass 130, Similarly, the capacitance of the
feedback element 202 {Che) can be defined by the equation:

(\“. g {1“‘1‘?{}‘:{3
- 03 11“]{: /

The ratio of the tolal capacitance Gy between the sense element 201 and the feedback slement
202 can be any suitable ratio, such as, for example, 8575, 90/10, 80/20, 70/30, andfor any
other suitable ratio. v some embodiments, the ratio between the sense element 201 and the
feedback element 202 determines the amplification of the amplifier 120, In embodiments
omitfing the feedback element 202, the gain of the amplifier is Hmited, as the signal-to-noise

ratio of the amplifier 128 i3 nereased.

{8625] In some embodimsunts, & reference clement 203 is coupled between the anchor 132
and a second nput 211, It will be appreciated that the second inpul 211 may be a voltage
input, a reference voltage, a variable vollage, and/or any other sultable input. Tt will be

further appreciated that the second reference clement may be an electrods of a capacitor, a

10
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capacitor, a piezoeleatric eloment, plezoresistive clement, and/or any other suitable sense
clement. In some erubodiments, the reference element 203 has a capacitance substantially
equal o the tolal capacitance of the sense clement 201 and the feedback slement 202 when
the proof mass 130 s in a zero, or non-displaced position. For example, the capacitance of

o

the reference element 203 can be defined by the equation:

Cops = @l (8
In some embodiments, the second input 211 may be opposite to the first japut 210, e.g., #
may have a polarity opposite to that if the first input 210, The second input 211 is applied to
the fixed anchor 132 by the reference element 203, In some embodiments, the second input
211 s apphied to the amplifier 120 via the wire 121, As aoted above, in some embodiments,
an oppostte inpat is an input having the same magnitade but with an opposite polarity, e.g., a
first input of +V and a second input of ~Vie. It is apprecigied that in some embodiments, an
opposiie input may have a polarity upposite to another input buat it way have a different
magnitude, As such, the deseription of the embodiments having opposite polarity and same
magnitude is exemplary and should not be construed as Hmiting the scope of the
embodiments. The sense element 201 and the reference element 203 may be arranged ina

half-Wheatstone bridge configuration and provide an input to the amplifier 120,

{0026  Movement of the proof mass 130 in response 1o the external stimuli generates a
proof mass signal that is provided to the amplifier 120 through the fixed anchor 132, The
araphifier 120 penerates an cutput signal 112 in response to the proof mass sigual. In some
embodiments, the amplifier 120 is a differential amplifier that generates an output 112 based
on a difference between the proof mass signal and the second input 211, In other

embodiments, the prool mass signal and the second input 211 are combined into a single

signal at the anchor 132 and g single input signal is provided to the amplifier 120 via the wire
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121 In some embodiments, the proof mass signal and the gain of the amplifier 120 may both
be non-linear. The non-linearity of the proof mass signal and the non-linear gain of the
amplifier 120 are adjusted such that the non-linearity’s cancel oot with one and snother and
generate a Hnear output signal 112 from the amplifier 120. For example, in some
embodiments having the first input 210 equal ©0 8 voltage +Vi and the second input 211

equal to a vollage of —Vi, the output 112 (Vi) of the amplifier 120 is defined by the

equation;

- 2
s
. a3 & g
S e - (9)
Vin RSt l-q g i
o 1”3\;‘?

As can be seen in the above equation, the output 112 s linearly dependent on the
displacement, x, of the proof mass 130 and does not include any higher order polynomials
tike squation (4). In some embodiments, the seale factor of the amplification of the amplifier
12¢ s determuned by the value «, o.g., the matic of the total capacitance Cy of the sense
clement 201 {2.g., the ratio of the aves of the sense element 201 in comparison to the area of a
first sense element 101 having an area equal 1o the area of a side of the proof mass 130). As
o approaches 1, the amplification of the amplifier 120 approaches infinity. For example, if
the area of the sense element 201 15 40% of the area of side of the proof mass 130, then e =
0.4, The remaining percentage (e.g., [-a) Is the ratio of the ares of the feedback element 202
i comparison to the area of the side of the proof mass 130, For example, where the sense

element 201 s 40% of the aren of the side of the proof mass 130, the remaining percentsge,

(1.6, is the ratio of the area of the feedback element 202 to the ares of the proof mass 130,

{0027] By climinating the second sense element 102 and providing a sense element 201
and feedback eloment 202 on a first side of the proof muass 130, the MEMS sensor 200

provides advantages over the MEMS sensor 108, The MEMS sensor 200 has a smaller
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profife and simpler structure, as sense elements are formed only on a single side of the proot
mass 130, Eliminating the negative electrode (e.g., the second sense element 102) also
provides extra space allowing for an increass in sensitivity of the MEMS seusor 200
compared to the MEMS sensor 100, MEMS sensor 100 is Hmited by 8 non-lincar response
and only allows displacement of the proof mass 130 of approxdimately 10% of the gap
distance g. ITn contrast, the MEMS sensor 200 theorstically allows displacement of the proof
mass 130 to 100% of the gap distance g, allowing greater sensitivity and larger sensing

ranges for the MEMS sensor 200,

{(028]  Using the capacitive detection scheme describe by equation (93 for a MEMS
microphone may eliminate the total havmonte distortion, enabling the MEMS microphone to
perform with inproved guality at large soond levels, The embodiments desceribed herein are
advantageous over the prior art microphones because the prior art microphones use single
sided sensing desceibed by equation {1) and the x* term dominates the total harmonic
distortion whereas the embodiments described herein eliminate the harmonic distortion and

provide a superior quality and performance.

{8029} The MEMS sensor 200 can be configured as any suitable MEMS sensor for
detecting one or more environmental stimudi. For example, in various embodiments, the
MEMS sensor 200 is configured as a barometer, a magnetometer, an acoelerometer, a
SYTOSCOPE, & micmphmiég andfor any other suitable MEMS sensor. Although embodiments
discussed herein having a single proofmass 130, it will be appreciated that the MEMS seasor
200 can inclade muttiple pm(}f masses, each baving associated sense clements 201, feedback

clements 202, andfor reference elements 203,
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[H834 Figure 3 tllustrates one embodiment of a MEMS sensor 300 having a linear proof
wass 330, The Hinear proof mass 330 may be a MEMS mass, The linear proof mass 330 is
coupled to & lirst anchor 3322 and g second anchor 332b. In some embodiments, the proof
mass 330 comprise a flexible membrane that is configured to deflect with respect to the senss
clement 201 and the feedback clement 202, The flegible membrane can deflect info a cavity
333, In other erubodiments, the proof mass 330 is a nigid inear element. The proof mass 330
is configured to move in response to ambient pressure and/or pressure changes. Movemeant
of the proof mass 330 changes the capacitance of the sense element 201 and the feedback
clement 202, The sense clement 201 is coupled 1o an inpot 210 and the feedback clement 202
is coupled to the output 112 of the amplifier 120, as deseribed above with respect to Figare 2.
The output 112 s generated sinitar to the optpnt 112 discussed above with respect to Figure
1, and similar description is not repeated herein. In some embodiments, the MEMS sensor
300 15 configured as g barometer, In other embodiments, the MEMS sensor 300 is configured

as @ microphone,

{0831} Figure 4 illustrates one embodiment of a MEMS sensor 400 having an out-of
plane rotationsl proof mass 430, The rofational proof mass 430 may be a MEMS mass. The
rotational proof mass 430 is coupled to an auchor 432 by a first spring 4312 and a second
spring 431b. The rotational proof mass 430 rotates out-ofplane about the ¥ axis around the
center portion coupled directly to the anchor 432, In some embodiments, the sense element
201 and the feedback element 202 are coupled to a portion of the rotational proof mass 430.
In other embodiments, the rotational proof mass 430 comprises a rotating slectrode having a
predetermined portion, o, configured as a sense element and a remaining portion {1-u)
configured as g feedback element 202, The rotational proof mass 430 is configured to rotate
out-of-plane of Figure 4. Rotation of the rotational proof mass 430 causes a change in

capacitance of the sense eloment 201 and the feedback element 282, The reference eloment
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203 15 positioned to apply & second input 211 to the anchor 432, The anchor 432 applies the
zeond input 211 1o the amplifier 120 via the wire 121, In some embodiments, the anchor
432 applies a composite signal generated by combining the proof mass signal and the second

input 211,

{0832} With reference to Figures 2-4, a method 500 of sensing one or more
environmenial factors is disclosed shown in Figure 5. At 302, a signal, such as a proof niass
signal, is generated in response to displacement of a proof mass 130, The proaf mass 130 can
be displaced by one or more environmental factors, such as, for example, acceleration,
magnetic field, pressure, Coriolis force, acoustic pressure, piezoeleciric force, elecirastatic
force, and/or any other suitable external stimuoli or combination thereof. At step 504, the
proot mass sigual s amplified by an areplifier 120, The amplified proof mass signal is
provided to a first varying element and applied back to the proof mass 130 at step 506, In
some embodiments, the first varving slement is a feedback eloment 202, The feedback
element 202 can comprise any suitable varying clement, such as, for exaraple, a variable
capacitor, a pmmclmmc element, piezoresistive cloment, andfor any other suitable varying
element. The feedback element 202 can be spaced apart from andior mtegral with the proof
mass 130, Atstep 508, a fiest input signal is applied to the proof mass 130 vig g second
varying element, such as the sense element 201, The sense slement 201 can comprise any
suttable varying element, such as, for example, a variable capacitor, a piezoglectric slement,

piezoresistive element, andfor any other suitable varying element. The sense element 201 can

be bpamd apart from andfor integral with the proof mass 130

[033]  In some embodiments, 1 second input signal 211 s applisd to the amplifier via a
fixed clement, such as g reference eloment 203 at step 510, The reference clement 203 can be

spaced apart from aud/or coupled to ap anchor 132, The gain of the amplifier 120 is varied
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based on the displacement of the proof mass 130 at step 5§12, The varying gain of the
amplifier 120 effects the output 112 of the amplifier 120, The amplifier 120 produces a
{inear output in response to displacement of the proof mass 136, In some embodiments, the

cutput 112 of the amplifier 120 and the variable gain s governed by equation {9) above,

b

{68334 Figure 6 illustrates one embodiment of a MEMS sensor 600 having a full-
Wheatstons bridge configuration. The MEMS sensor 600 jncludes a first MEMS sensor 640a
mcluding g first sense element 201, a fust feadback eloment 202, and a first reference
element 203, The first seuse element 201, frst feodback element 202, and fivst reference
slement 203 operate as described in conjunction with Figores 24, A second MEMS sensor
640b is coupled in parallel with the first MEMS sensor 640a between the first input 210 and
the second nput 211, The sccond MEMS sensor 640b includes a second sense element 601,
a second feedback element 602, and 2 second reference element 603, The second MEMS
sensor 640b pperates similar to the first MEMS sensor 640a, but provides an nput to 8
negative terminal of an amplifier 620, The first MEMS sensor 640a and the second MEMS
sensor 640b form a full-Wheatstone bridge configuration. In some embodiments, the
amplifier 624 is an instrumentation smwplifier. In some embodiments, the first MEMS sensor
6:40a and the sccond MEMS sensor 640b can use the same prool mass 130, In other
embodiments, the frst MEMS sensor 6402 and the second MEMS sensor 640b can each

include a proof mass 130

{0035 While the embodiments have been described and/or Shustrated by means of
particular examples, and while these embodiments andVor examples have been described in
considerable detatl, if is not the intention of the Applicants to restrict or in any way Hmit the
scope of the embediments to such detail. Additional adaptations and/or maodifications of the

embodiments may readily appear to persons having ordinary skill in the art to which the

16
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embodiments pertain, and, in is ‘am“aaier aspects, the embodiments may encompass these
adaptations and/or modifications, Aceordingly, departures may be made from the foregoing
embodiments andfor examples without departing from the scope of the concepts described
herein. The implementations described above and other implementations are within the

scape of the following claims.
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CLAIMS
What is elaimed is:
L. A micro-electro-mechanical systera comprising

a proof mass configured to move in response to a stimulus;

an anchor coupled o the proof mass via a spring;

an amplifier configured to receive a proof mass signal from the proof mass via the
spring and the anchor, wherein the amplifier is configured o amplify the received proof mass
signal to generate an output signal

a sense elerpent connected between the proof mass and a first input signal;

a reference element connected between the anchor and 8 second input signal; and

a feedback element connected between the proof mass and the output signal, wherein

the feedback element aud the sense clement change in response to proof mass displacement,

2. The micro-cleetro-mechanical system gs desertbed in Clatm 1, wherein a
distance between the foadbuack element and the proof mass, and a distance betwesn the sense
element and the proof mass, change oqually and in a same direction in response o proof mass

o)

displacement.
. The micro-electro-mechanical systemn g5 described in Claim 1, whersin a
capacitance value of the sense element at substantially zero proof mass displacement and a

capacitance vahue of reference element are substantially the same.

4 The micro-slectro-mechanical system as deseribed 1n Clains 3, whereln & gain

of the amplifier is set by a ratio of the sense slement {0 the feedback clament.

1%
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s, The micro-electro-mechanical system as desoribed in Claim 1, wherein the

second inpat signal s opposite to the first input stgnal,

6. The micro~-slectro-mechanical system as described n Claim 1, wherein the
stimulus is selected from a group cousisting of seceleration, magnetic field, pressure, Coriolis

foree, acoustic pressure, barometric pressure, piezoelectric force, and electrostatic foree.

7. The micro-clectro-mechanical system as deseribed in Claim 1, wherein the

reference clement, the feedback clement, and the sense element are plezoresistors,

8. The micro-elpctro-mechanical svstem as deseribed in Claim 1, whetein the

B

reference slement, the foedback element, and the sense element are capacitors,

8, The micro-electro-mechanical system as deseribed in Claim 1, wherein & gain
of the amplifier is based on the feedback clement and further based on the sense element, and
wherein the gain is non-linear, and wherein the received signal at the amplifier, from the

anchor, is non-linear, and wherein the ouipuot sigual is Haear.

Hh The micvo-electro-mechanical system as desoribed in claim 1, further
COMprising

a second proot mass configured to move in response to the stimulus;

a second anchor coupled to the second proof mass via a second spring;

the amplifier configured to further recsive g second proof mass signal fron the second

proof mass via the second spring and the second snchor, wherein the amplifier is configured

iy
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to amphify the received proof mass signal and second proof mass signal to generate the output
signal;

@ secoud sense clement connected between the second proof mass and the second
input signal;

a second reference element connected between the second anchor and the first input
signal; and

a second feedback element connected between the second proof mass and the outpt
signal, wherein the second feedback eloment and the second sense sloment change in

response to seeond prool mass displacement,

1L A method comprising:

generating a signal responsive to a proof mass displacement;

amplifying the generated signal;

applying the araphified signal back fo the proof mass via a fivst varying element;
applying a fivst input signal o the proof mass via g second varving element;

applying a second input signal to the amplifier via a fixed element; and

varying 8 gain of the amplifier based on the proof mass displacement.
12, The method as described by Claim 11, wherein a distance between the first
varving clement of the proof mass and a distance between the second varying element of the

proot mass change equally and in a same divection responsive to displacement of the mass.

13, The method as described by Claim 11, wherein the signal s generated

responsive 10 a stimulus selected from a group congsisting of accelerstion, magnetic field,

20
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pressare, Corfohis fores, essure, baromelric pressure, piezoelecivic force, and

‘?'L
o
Fe)
(]
&
3
.
g
[
]
o4
%

slectrostatic foree.

4. The method as described by Claim 11, wherein the first and second varying

clements are piexoresistors,

150 The method as deseribed by Claim 12, wherein the first and second varying

elements ave variable capacitors.

16, The method as described by Clalm 11, wherein the galn is non-linesr and
wherein the generated signal received by the smplifier is non-linegr and wherein the

amplified signal is Huear,

7. A device comprising:

4 micro-slectro-mechanical system (MEMS) device configurad to generate an output
signal responsive to a stimulus, wherein the output signal is generated in response to a
displacement associated with 2 component within the MEMS device;

a first capacitor configured to change its capacitance responsive to the displacement
assoviated with the component within the MEMS device;

& second capacitor cmﬁguréd to change its capacitance response to the displacement
associated with the compenent within the MEMS device;

& third capacitor coupled to the MEMS device and an input signal; and

an amplifier configured to receive the inputl signal via the MEMS device, whereln the

amplifier is configured to amplify the input signal to generate the output signal, and wherein

21
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the first capacitor is connected fo the output of the amplifier and further comnected to the

MEMS device.

I8, The device gs described in Claim 17, wherein the capacitance of the first

capacitor and the capaciiance of the second capacitor change equally and in a same divection

responsive to the displacement associated with the component within the MEMS device.
19 The device as deseribed in Claim 17, wherein the stimulos 1 selecited from g

group consisting of acceleration, magnetic field, pressure, Corlolis fores, acoustic pressure,

barometric pressare, pieroelectric force, and elecirostatic foree,

20, The device as deseribed in Claim 17, wherein 8 gain of the amplifier is based
on the first capacitor and further based on the second capacitor, and wherein the gain is non-
linear and wherein the input signal at the amplifier is non-livear and wherein the output signal
ts Hnear.

210 The device as described in Claim 17, wherein the MEMS devies is a rotationsl

MEMS.

22, The device gs described in Claim 17, wherein the MEMS device s selecied

from @ group consisting of a barometer accelerometer, magnetometer, pyroscope and

microphone,
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