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capaci tance. Another conversion takes place in that the variations in
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Not applicable.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
Not applicable.
10 FIELD OF THE INVENTION
The present invention relates generally to sensors, and more particularly to
meﬁsuring changes in a variable that can be related to capacitance using a switched

capacitor technique.

15 BACKGROUND OF THE INVENTION

Capacitive sensors may be used to convert variations in many measurable
variables, such as acceleration and pressure, to variations in capacitance. Another
conversion takes place in that the variations in capacitance are then converted to
observable variations in voltage. In some implementations of the prior art, an output

20 voltage is directly proportional to gap changes in the capacitor. Prior art examples of
such 1implementations are described by Y. E. Park and K. D. Wise in a publication
entitled "An MOS Switched-Capacitor Readout Amplifier for Capacitive Pressure

Sensors” for the IEEE Custom IC Conference of 1983 at pages 380-384. A second such




i npl ementation is described by E. D. Joseph, et al. in a publication
entitled "Design and Noise Analysis of an Autonotive Accel eroneter™ for
the 1EEE I SCAS in 1996. A third such inplenentation is descri el MAR BIGE.
Boser in a publication entitled "Electronics for M cronachined Inertial
Sensors" for the International Conference on Solid-State Sensors 5 and
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i npl enmentation is shown in United States Patent No. 4,656,871 entitled

" Capaci t or S3ehiBplemsatatien isstescribed by dB. & Bageriip apabliggien entitled (Elaastonkas! far
Inc. (hereinafter "the '871 Patent”). Switched capacitors are used in this
i nventi on tMicmeaschireddnemigbSerisorsa forah¢ RivdraaticaeConfeesnice on Sdké StatdSehsors
the' 871 Patent is directed to a nethod for converting a neasured vari abl e

to an elsectindGadm Aot Pt 997 &akes 11608 170V eRLRSrdR&LALIHidehi # theRtpridY aR! aci ng
sensor capacitors between the output and inverting input termnal of the
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out put stage. Howeyer, the invention descrihed in the '87]1 Patent results
in DC of f Sgﬁaﬂgﬁ&ng ﬁ@’é’a’?"f‘f‘é’t"r Hg]gtwqﬁé‘t 3?%%‘13&%895 BgeR fHANCEnal step of
correcting the voltage, i.e., the difference anplifier, is necessary. This
circuitry resul tAnqtherexppple of spena prer artigmlpmeniateen isphown st Unigedhdtatear e t he
change in variable. 20 Figure 1 is a schematic diagramof prior art

capaci t i ve Rand dlo. 4i666,871 entbisiciCapadtor Ssnsr sud Mdtied!” dspeton Aprihbs, 1687 tdat

pl aces the sensor capacitor at the feedback | oop of the operational
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in a measured variable to variations in capacitance. This variation in
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el ectrical output sign prior art inplenen I

directed to a method for converting a measured variable to an electrical output signal.
The inventor performs this feat by placing sensor capacitors between the output and
Inverting input terminal of the operational amplifier, thus placing the sensor capacitor at
15  the feedback loop of the operational amplifier. A difference amplifier is placed at the
output stage. However, the invention described in the '871 Patent results in DC offset
voltage that must be corrected. Thus, an additional step of correcting the voltage, i.e., the
difference amplifier, is necessary. This circuitry results in a more expensive, complicated
product to measure the change in variable.
20 Figure 1 is a schematic diagram of a prior art capacitive sensor circuit. Disclosed
is a switched capacitor method that places the semsor capacitor at the feedback loop of the
operational amplifier. This prior art capacitive sensor is used to convert variations in a

measured variable to variations in capacitance. This variation in capacitance is then




results in a constant DC offset voltage that needs to be corrected through
a difference anplifier at the output stage. There is a need foz%awﬁkrﬁmgt
for measuring changes in capacitor gap using a 5 switched capacito

techni que that neasures changes in a neasurable variable such as pressure
for larger variations in capacitor gap distances. There is also anced. for

a circuit i . i g k gig E
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that needs to be correct t hr ou a difference anplifier at .the output
stage. 10 StSORRD e e P R e 2 AGE I 06 PR hronel § RS nbeds
addressed above. The present invention provides a circuit for neasuring
changes in #auphiieic theroufpib stags terns of voltage, using a switched

capaci tor technique. The change in the capacitor gap corresponds directly
to a 15 change i thhere ireaseeddbt civanii fabheasizingfthaspep irespacieoragap usingeal er ati on.
The change in variable also corresponds to a change in voltage. It is an
obj ect of thgiidhedSacitbfMeERHi R thatl ReRuRY ICHEARS & 4 Ahdurdtd vARARNUCRYs Changes
in a capacitor gap, and thus voltage, using a sw tched capacitor
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elimnating the DC of fset voltage. In a first enbodi nent of the present

i nvention, Botdendiipg copstantiRC afsel yelkagethaimgsds toj e creplsd thrapghen difieremsee by
correlating these changes to voltage changes. This circuit 1 4 MAR 2006

i ncl udes anawmplgficrtat ealutpastrplagé.i er that can be electrically coupled to
various supply voltages via five swtches that are controlled by a

t wo- phage nonover | appi ng cl ock. :

SUMMARY OF THE INVENTION

The present invention solves the needs addressed above. The present invention

provides a circuit for measuring changes in a capacitor gap, in terms of voltage, using a

switched capaéitor technique. The change in the capacitor gap corresponds directly to a

15  change in a measurable variable, such as pressure and acceleration. The change in

variable also corresponds to a change in voltage. It is an object of the present invention

to provide a circuit for measuring changes in a capacitor gap, and thus voltage, using a

switched capacitor technique. The sensor includes circuitry that does not result in a DC

offset value, but resuits in the AC component of the voltage being directly proportional to

20 the change in the variable. A substantially corstant voltage is supplied to a node near the
sensor capacitance, thereby eliminating the DC offset voltage.

In a first embodiment of the present invention, a sensing circuit measures changes

in a measurable variable by correlating these changes to voltage changes. This circuit




During one phase, a first group of switches close; during a second phase, a
second set of swtches close. Depending on the phase of the clqph,MgﬁdﬂmP
thus the switches that are 5 closed, three substantially constant DC supply
vol tages are supplied to various points on the sensing circuit through the
connections fornmed by the switches. The various voltages can be generated

with a volt; Vi nd, a I i f f . . j
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vol tage. Through a. wuni que rel atjonshi et ween t he various suppl ol t ages
and the val RIPEF Hiackiss SYechey @‘?Eﬁ@e"%‘gﬁi}@h\{@r? PPt JOROVEIPBIBE FF- be
made directly proportional to a change in gap for a sensor capacitor. In
anot her enbBdlitepRe Rifase, eelilst groBp of switehesichse; durmgoi segond phase.si seepid ses@fi n
that the supply voltages are set to substantially equal val ues, but sone

of the suppwitched tloges Dapendivegen itheephdse lof thé elook haids thak ehg owittliey dhat Tdie S
enbodi nent includes an operational 15 anplifier, tw groups of swtches

closed isn dilbde8! Bide SABAIRTAIRYcoRsNODCRAFSLY VORRLEHE ARIIBY 16 VA5us points on

substantially constant supply voltages, a reference capacitor and a sensor

capaci tor. g i . nt .| i on, -
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ref erence capacitor nd. one of the.capacitors 20 (includin sensor,
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at different Fhases of the clock. In yet another enbodi mrent of the present

i nvent i on, awphed foja gede e Bggingnit apdppiomatically emcels DG effegt velipge. | Threhginm.

Thi s enbodi ment contains additional switches 4 2 4 MAR 2006 and additi onal
capaci t ors uhqre wldtensEpbiedwoentis séridusesupplyemoitages dnd thhi wmhenbbdi GBADS

t he capacitance of two reference capacitors are correlated to the change in
gap of WO refeedi® rc(ajﬁe?%ﬁaﬁlth@bﬁtpuﬂ Voltadt Taf BB @t deRTectl R peipoh®maNtd Akhag ut

voltage i s obtaine romthe
gap for a sensor capacitor.

In another embodiment of the present invention, the circuit is simplified in that
the supply voltages are set to substantially equal values, but some of the supply voltages
are negative while the others are positive. This embodiment includes an operational

15  amplifier, two groups of switches closed in different phases by a two-phase
nonoverlapping clock, substantially constant supply voltages, a reference capacitor and a
sensor capacitor.

In yet another embodiment of the present invention, an operational amplifier is
coupled to two capacitors other than the reference capacitor, and one of the capacitors

20  (including a sensor capacitor) is coupled to the_inverting input of the operational
amplifier at different phases of the clock.

In yet another embodiment of the present invention, a fully differential

mmplementation of the circuit is shown. This embodiment contains additional switches




outputs of the operational anplifier. The two sensor capacitors of this
enbodi ment are 5 electrically insulated fromeach other; but thepry MARTH0S
plate is noveable in accordance w th gap increasing in one of the
capacitors and decreasing in the other. It is an object of the present
invention to provide for a circuit that correlates changes in capacitance

to changes jfy ﬁdmap§ag9éi€orya{ahau%& eWPdPﬁérﬂ§5f &%f@@éﬂkﬁ;ﬁs tn!l this GABSKHQL 92pP

di stances. Moreover, I's an object o e present 1nvention to provide
for 10 a cigcuit that es nat result .in a constan of fset .vol tage t hat
needs to beliESpbatiante S &, BlbelEr bl ity SsCOUTRaR 1o She SBEs ih SR PhaN ¢
range of the circuit is inproved. BRI EF DESCRI PTI ON OF THE DRAW NGS These
and ot her oBfEECapPaciars urlgg",ls gmbodimenk edeiferentiad outprt voltagsrieeliained froentheon
will 15 become apparent to one skilled in the art froma close study of

t he fol | ow oudpuebétheeaperadmaal amplifoen. i Theciown) sensdri capadiiokrhof this anbatipanmyirag
drawi ngs and appended clains, all of which forma part of this

appl i catsi ongledticdlREnsNA¥E RO edch Gthek; hit tRei 6418ABA ipfaté IS BV dab R iAGE&FAlcet he
prior art; FIG 2A is a schematic diagramof a capacitive sensor circuit in

accordance W : gp@%qg : J pon; FIG 2B is a
br eakdown o‘]“eiﬂil g%p %l?feggl}?% a eaﬂ(}ﬁg%%gé%&?Emggg%g%g#c@\fﬁéthgﬂne enbodi nent
of the present ipvention; 2 4 R 2006 FIG 3,is a schepatic di agram of
ol ock st gnal  wavRFGPHRITE, OB Z5ssFRidn amiop e Proyide Gy  pio e qermekisy
accordance wth qne enbodi nent of the present invention; FIG 4 is a
schemati c dfhaBgesh 6rpagit@icede Phangsy nghacarablrevarebiroles larger garationsdn i as
vol tages in accordance with one enbodi nent of the present invention; 5 FIG
5 is a schetwmadior ghpdistnves Slomdovemni ik yn objepl efXhe peaait tnvestisregpovide faui t
in accordance with one enbodi nent of the present invention;

10 acircuit that does not result in a constant DC offset voltage that needs to be corrected.

Since there is no DC offset voltage, the dynamic range of the circuit is improved.

BRIEF DESCRIPTION OF THE DRAWINGS
These and other objects, features, and characteristics of the present invention will
15 become apparent to one skilled in the art from a close study of the following detailed
description in conjunction with the accompanying drawings and appénded claims, all of
which form a part of this applicatibn. In the drawings:
FIG. 1 is a schematic circuit diagram of the prior art;
FIG. 2A ts a schematic diagram of a capacitive sensor circuit in accordance with
20  one embodiment of the present invention;
FIG. 2B is a breakdown of the circuit at each phase in accordance with one

embediment of the present invention;




FIG 6Ais acircuit diagramillustration of a capacitive sens?r %ffgﬁmélé
with inproved gain conpensation for the operational anplifier ilf'n 04g
accordance with another enbodi nent of the present invention; 10 FIG 6B is
a breakdown for the circuit diagramillustration of a capacitive sensor
circuit with inproved gain conpensation for the operational anplifier for
each phase in a r e i waventi on;
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circuit for . asufd changes in variabl e. in agccordance w t.h anot her
crbod ment G RLOSE 210 36HeSinkt woicah emppm kS B R RPN ¢ he
circuit at each phase in accordance with_ another . enbodi nent of the present
i nvention; and FG- 4gs pschemptigsipesam obp clgat (ovene pi (e matodsitorgengidia bidse gap
of sensor capacitance varies sinusoidally at 10kHz with a plus or m nus
10% peak amnelgeiniascerdance2dtamel epspogimentas (& présedt MEntRBGO6 DETAI LED

DESCRI PTI ON OF THE PRESENTLY PREFERRED EXEMPLARY EMBCDI MENTS As t he
present 5 nvent i OFIQBYis A eclfmkdididetbram of 8 EhiMally QoM dapsiitivelenadrdinit i
fromthe spirit or essential characteristics thereof, 1t should al so be

under st ood 5&?&?&%%1?%%%%8@@%%@%%%%%m{ﬁm@re not limted by any of

the details o escri unl ess "ot herwi se specified, but

rat her should b t rued brqadl fthin it spi.rit and scope.as defined
h the appended e St Al Hislifon arh a&ilhs B AERE R0 ns 1 ot
fall within the metes and bounds of the clains, or. equivalence of such 10
metes and bEUReed sicqpRanstiondor heonaationd apwlifippingcerrdpcerith asided
claims. Referring nowto Figure 2A, disclosed is a schematic diagramof a
capaci ti ve embodiment of the present invention;

10 FIG. 6B is a breakdown for the circuit diagram illustration of a capacitive sensor
circuit with improved gain compensation for the operational amplifier for each phase in
accordance with another embodiment of the presént invention;

FIG. 7A 1s a fully differential implementation of a capacitive sensor circuit for
measuring changes in a variable in accordance with another embodiment of the present

15 1invention;

FIG. 7B is a breakdown of the circuit at each phase in accordance with another
embodiment of the present invention; and

FIG. 8 is a graph of voltage (Vout) versus time when the gap of sensor
capacitance varies sinusoidally at 10kHz with a plus or minus 10% peak and 2.5V is the

20  analog ground. e




sensor circuit in accordance with one enbodi mrent of the present gwm ?ﬁf}ﬁ
The circuit is used to convert a neasurable input variable to vél
(indicated as Vout). The input variable nmay be accel eration, pressure or
any other variable that can be shown as a 15 change in capacitance, i,e.,
any variable that can cause the plates of a capacitor to nove. An
operational anplifier 10 is shown with an inverting input, a non-inverting
input and an output. The vol tage output fromthe operatl onal anplifier 10 :

is referenced as IYEQIAIL H]ﬁ

inverting input i Ot - S REL anlnput
capacitor C.sub.r 20. C sub SQ reresents the 20 caamtance val ue prior to
a change in gap. After a chanbSEMPLARY EMBODIMENTIS ce value for the

sensor. capacitor is C sub.s 45. C sub. s 45 can be ami cromachi ned capacitive
sensor. Changes Asthdmesenhimuenitbnvaay bbérebodiediin severacfoamgesthbut deperting

capaci tance C. sub.s 45. 2 4 MAR 2006 Five transistor switches are shown in
vari ous 3 ocfbinGhs spifit dhesaitiaCeliatactdPReNtieR@ S, itdhoaldi e wH difdersestid gl thage

| evel s that the switch undergoes during circuit operation, the swtches

can be eit h@crovelﬁ%nbe&/%beam%f@alr& Bbt 1GRIRI ﬁyﬁ&ﬁao 5F 188 182 o tﬂ@?cﬁé%\%ﬁg hes

in7clude a first svmtc 30, a second swtc athlrd svmtc a fourth

switch 60 a al | Il be
doscrtbed | deigfuR bl AR opeinddib PR BBy Rbe Atsu B BYl TS e
represent the.first group_of swtches i tches, 40 and_6 represent t he
second grou'i?l%tfm’g\ﬁF?W eﬁ?ﬁ%@%@ﬁm@ﬁe clapes, apd themfprepl 3BECSARG- phase
nonover | appi ng clock. The first group of switches, i.e., the first switch
30, the tmnpglﬁgmqréﬁh@dﬂhwhxmbememsmnd\mm ofhe elpignse boepdvalénsa of bechc| ock
signal PM 1 goes high. 10 When first switch 30 closes, substantially

const arnit0 vahtiagend/beurdsxare thesafpiel inetdddédto He&aﬁﬁfrﬁﬂd@ydﬁfpaiﬂehdéd €lamsd. r 20.
When the clock signal is high, fifth switch 70 cl oses such that

substantial 'y copsfeaity do?f &/TEBGR 20|diRERYisSHRhémbiic &HPRI &h daBadflvé Nt er nal
node (intl) thereby automatically canceling DC of fset voltage that woul d

result to tQas Gkt in acdbtdafill with one embodiment of the present invention. The circuit

is used to convert a measurable input variable to voltage (indicated as Vout). The input
variable may be acceleration, pressure or any other variable that can be shown as a
15  change in capacitance, i.e., any variable that can cause the plates of a capacitor to move.
An operational amplifier 10 is shown with an inverting input, a non-inverting input and
an output. The voltage output from the operational amplifier 10 is referenced as Vout.
The non-inverting input is coupled to ground. The inverting input is coupled to the
- capacitance C.sub.so 45 and to an input capacitor C.sub.r 20. C.sub.so represents the
20 capacitance value prior to a change in gap. After a change in gan, the capacitance value
for the sensor capacitor is C.sub.s 45. C.sub.s 45 can be a micromachined capacitive

sensor. Changes in the measured variable result in changes to the capacitance C.sub.s 45.



50 closes such that a loop is fornmed fromthe inverting input of the

operational anplifier 15 10 to the output of operational anpl 2%3{%@
Wien the clock signal PM 2 goes high, the second switch 40 and™the” ﬁ%ﬁn

switch 60 are closed. Wen the second switch 40 cl oses, capacitor C. sub.r
20 is coupled to substantially constant reference voltage V.sub.y. Wen

the fourth swt .qQses. .. .capacitor.C sub.s 45 is coupl ed t ween the
nver ting i mpat S SRETaR gt SR PRt IockRonSorE g Sl TaRahe
operational anplifjier 10. In both phases of the clock, capacitor C sub.s
45, in addi¥R®{be élfgé‘?qﬁdowé%ﬁswls/@ﬂtfhe EWilph wedargpes SpERE eisrUIiCORSEiiop, B is
al so operatively coupled in series to an internal node 8 14 MAR 2006

(i nt. sub. 1)swiGhsuiganbexithes niQS, pMHDS boparaidi asmbinafion htbathocke swpishest i vel y
coupl ed between the inverting input of operational anplifier 10 and the
out put of o€hdt adinsglswatehBOS 4 Scoddswildhao, @ tRR witch 30, @ dkd e swvishhsinaidiac  of
the circuit during each phase of operation. The capacitance of capacitor

C.sub. r scanshe sk RE{ W%ﬁvﬁ%cmontﬁ%ﬂftﬁé bRMARg wgg S? E@stchgghe in %{eater detail .

C. sub.r--(C. sub.so)/w re wis the ratio e reference capacitance

C. sub. h j b.so. T i f, th i i
U oS T g e VR Wop st A AT

ti I ifi 10 wh t i | . i.s high b d by: 15
TR L PHE AR R M AR

| ow, the charge at the inverting node of the operational anplifier 10 can
be repr esenlmguplpgae; nonoverlapping clock. The first group of switches, i.e., the first switch 30, the

third switch 50 and the fifth switch 70, are closed when the clock signal .PHI.1 goes high.
10 When first switch 30 closes, substantially constant voltage V.sub.x is supplied to

reference capacitor C.sub.r 20. When the clock signal is high, fifth switch 70 closes such

that substantially constant reference voltage V.sub.z is supplied to an internal node (intl)

thereby automatically canceling DC offset voltage that would result to the circuit. Switch

50 closes such that a loop is formed from the inverting input of the operational amplifier
15 10 to the output of operational amplifier 10.

When the clock signal .PHI.2 goes high, the second switch 40 and the fourth
switch 60 are closed. When the second switch 40 closes, capacitor C.sub.r 20 is coupled
to substantially constant reference voltage V.sub.y. When the fourth switch 60 closes,
capacitor C.sub.s 45 is coupled between the inverting input of operational amplifier 10

20 and the output of operational amplifier 10. N
In both phases of the clock, capacitor C.sub.s 45, in addition to being operatively

coupled to capacitor C.sub.r 20, is also operatively coupled in series to an internal node




Qsub.2 = C.sub.r (OV.sub,y) + Csub.s (O-Vout) Qsub.1 = Q sub.2

-(C sub.r * V.sub.x) - (Csub.s * V.sub.z) = -(C. sub.r * V.subgyj MAR 2008
(C.sub.s * Vout) C.sub.s * Vout = C.sub.r * (V.sub.x - V.sub.y) + "
(V.sub.z-; C sub.s) C. sub.s * Vent = C.sub.r * VDD (x-y) + C.sub.s * z *
VDD 20 where x, y and z represent the anount of voltages that is asserted
on eaeb of ,th r o4l n Lreuit - -
125v0D 1 s g EECFREPRraRor AR, Bl S B LGl ancliBvo SR MR et |
x=-1/2*VDD j s. t he, npst negative supp]. vol tage suppljed t.o the i 9214
VAR 2006 VAbE mveEngdepyt of Sraspena it ’L@{?r(kaaﬂi e%@?ﬁﬁﬁ’.ﬂ@mﬂ%‘ e@ﬁﬁ?{) 0.
Assum ng an increase in the capacitor gap Ad: Vout=VDD/ (wd) * (((x-y) + w
* z) *d) + (x-y)FigundB ivhéreagdon gchematic\wf theciieuld dubeg eaphathasepiopemtipn
order for Vout to be directly proportional 5 to 9Ad. By suitable selection
of values for vVolHeagpscitdnSddy. cspacktos Wrup.raan by répudsedted bhitise follewingcan be nade
equal to zero, e.g., where w =2, x=1/2, y=-1/2 and z=-1/2. Gain = VDD
(x-y)/(\éf‘d)e Bﬁ?cﬁ{:ri ng nowto Figure 3, illustrated is a schematic diagram
of clock signals to be applied to the circuitry of the present invention.
The clock signal is illustrated by 1 |} e the signal at each of
its two phases versus tine. The cl oc Sglggﬁ‘la 'és{l%poﬁ)&'sub.l and phi.sub.2 nmay

be devel oped by any sui.tabl e two-phase nonoverl apping cl ock ar at us,
hct udl g SRR Jhe TR BF e A6/ LRI L b b (HReP S GOPHeA B hormt f
diagramof a circuit for generating bias voltages in accordance with one
enbodi ment ©fuhdve present invention. 15 The circuit includes three
operational anplifiers 100, 110, 120 and four resistors 130,

The operation of the circuit is now generally described. The charge at the

10  inverting node of the operational amplifier 10 when the signal is high can be represented
by:
Q.sub.1 =C.sub.r (0-V.sub.x) + C.sub.s (0-V.sub.z}
When the clock signal is low, the charge at the inverting node of the operational
amplifier 10 can be represented by:
15 Q.sub.2 = C.sub.r (0-V.sub.y) + C.sub.s (0-Vout)
Q.sub.1 =Q.sub.2
~(C.sub.r * V.sub.x) - (C.sub.s * V.sub.z) = -(C.sub.r * V.sub.y) - (C.sub.s * Vout)
C.sub.s * Vout = C.sub.r * (V.sub.x - V.sub.y) +(V .sub.z:.é.sub.s)
C.sub.s * Vout = C.sub.r * VDD (x-y) + C.sub.s * z* VDD
20  where x, y and z represent the amount of voltages that is asserted on each of the
corresponding nodes of the circuit. For example, x=+1/2*¥*VDD is the most positive
supply voltage supplied to the chip, while x=-1/2*VDD is the most negative supply

voltage supplied to the chip.




140, 150 and 160. Each of the anplifiers has an inverting input, a

noni nverting input and an output. The inverting input of each ?@MAF gﬁu s
coupled to the anplifier's output. The operational anplifiers 2 nd
130 are configured such that the noninverting input of each anplifier is
connected to the junction between two resistors. Particularly, the 20

noni nverting i nput ofvohpgdgu%igc gﬁ@@%g@g%ﬁqp@;dbeg* Q)Q@_S{l&rcoupl ed to the

junction between resistors noni nverti'ng I nput of the
second anplifier 110.is coupled to the junction between resistors 140 and
150: the noni nvehisPmng ﬁb]é}?reﬁffelpﬁ]?‘fqi??ﬁ“ﬂgrg&ﬂﬁﬂifi er 120 is coupled to the
junction between 150 and 160. The voltages can also be 10 2 4 MAR 2006
separately generated wY¥déutaviDdl/ivelge *d{(xhyder weng *dhi-t(y-yy&imd) buf f er. The
configuration shown in Figure 4 includes one resistor string and nmultiple

it [ 8 A S#* ' ' i
uni ty gain &ﬁtéftlfaﬁ‘ﬁ B-y) b'wf) g@{g{ bl fggﬁ{%gﬁorgﬁ%ﬁ?gmttg b%mguyagfbgbﬁﬁgg

di vi der an nity gain bu circuit to be -used wth |ess

power and wi ut, usi |tiple resistor, stri . Referri ow,t o
Froare 3, itopad: PatiaPle Sotidattanies irdgidsnof Sbonvsrey ro! Vouha
capacitive sensor circuit in accordance wth one enbodi nent of the present
i nventi on. tm sarche wade equs! togsre sentvaharyw o, xah@nyva2 andzr-¥2.y-- -1/2, and
z= -1/2. The circuit, just as the one shown in Figure 2, is used to
convert a mneasurabl e input vari aliatn =0NVDBIx-g)/éetd)i cal out put signal
(indicated as Vout). The val ues have been set such that (x 10 y) + w z =

0. By sel ecting Nab#g do¥ toFigite SWIRBEatEd ist@hMRAiAdEeath o RECRBBSalshe Same
as capacitance, the voltage out I1s equal to the change in capacitor gap,

Vout oo 2 Rlat 8 Sl o iEiprgene g, Ty okl usgistbly (g
15C o S e BRI B LS RIS, AR eS
247 can be a?ld phi.sub.2 may be developed by any suitable two-phase nonoverlapping clock
apparatus, including circuitry.
Referring now to Figure 4, illustrated is a schematic diagram of a circutt for
generating bias voltages in accordance with one embodiment of the present invention.
15  The circuit inchades three operational amplifiers 100, 110, 120 and four resistors 130,
140, 150 and 160. Each of the amplifiers has an inverting input, 2 noninverting input and
an output. The inverting input of each amplifier is coupled to the amplifier's output. The
operational amplifiers 110, 120 and 130 are configured such that the noninverting input
of each amplifier is connected to the junction between two resistors. Particularly, the
20  noninverting input of the first operational amplifier 100 is coupled to the jaiiction
between resistors 130 and 140; the noninverting input of the second amplifier 110 is

coupled to the junction between resistors 140 and 150; the noninverting input of the third

amplifier 120 is coupled to the junction between 150 and 160. The voltages can also be

10




m cromachi ned capacitive sensor. For trinmm ng purposes any of the variables
w, X, y and z can be changed, e.g., through a digital to anal og @Oﬁﬁﬁrmﬁﬁ
Al so, the variable w can be trinmed by including capacitors in paralle

wi th capacitor C sub.r. Theoretically, 20 Ad can vary from-d to +d,
limted by the output capability of operational anplifier 225. |In Figure

5, the opergti N Phdd ¢ } oS : i it i =11 ng
i nput and a&fﬁ%@l@n%ert |$1d;;w?§16§tg ﬁagl'ekslde}%g% nve tg?ﬁgyﬁﬁégutfhiegﬁaggg%ﬁ{éﬁ to
ground. The, inverting,inpui i s coupled.to the aci.t anc sub..s 247 and
to a referen ‘é"%ﬁ%ﬁ%‘ﬁ?é%ﬂ u‘#esﬁnﬁre\sfﬁ%rfg-ﬁ’@ a@dﬂl‘ﬁﬁﬁl@i‘ﬁgy gi‘:‘ﬁ’g’ﬁ‘ L T he
measured variable result in _changes to the capacitance, C.sub.s 247. In
this enbodiGREHEUALAR 35 OPRPsSA @ UERHA YPitagschvider gty waintyuster rmables Benal
sensor capacitance value. The supply voltages are either positive or
negative, buncuitdobetsedayitlylebs/pavpriand vdihout wsirg @ultipée resistoagaing®D. 5 The
swtches include a first switch 200, a second switch 210, a third switch

220, a sfourth shéfbgingdivl gt 51 Nustbtte iy Xt8embtic diBgrafn i mphasky of the
clock, switch 230 is closed to supply a substantially constant voltage to

reference GaRIL Apabitis!BenSorkdruit ir?‘ﬁ%éo?&lﬁgztggrgglo‘él_é \@}Bgﬁ%ﬁtﬁng Befhe Jresent 4

substantially constant negative supply vo supplie
t hrough capaci ub.s-.247. Swi.tch cl.oses _such that |_o i s, formed
10 1'rom ¢ nanvobP: ThE PreBiiE oot dhede IR TRe ol Burar 2l Tt or
225. . In the second phase of the clock, switch 240 is clqgsed to supply a
subst ant i al FPUtIYRAs Ag ons e 1y E1gused. 18 usadie spryest 2mgavrale m@%waﬂ%
Switch 210 closes so that capacitor C. sub.s 247 is coupl ed between the
i nverting itagoelegiriceheutpyeignal Gndicatadps Vougr The2sluss Havelzeen setpych Bfat (x-
anplifier 225. 15 Referring now to Figure 6A, illustrated is yet another
enbodi rmént f+ whe = @ aBastltdting vabies dor xGiy) olind.z, tHeiveltegdbadibeenhestahe bdige as
circuit provides inproved gain conpensation for the operational anplifier
305. 11 ustdapidfnés iR vokRLE 8ht i Balal &MkichhfYe in capacitor gap, e.g. when:
w=2, x=1/2, y=-1/2, z=-1/2 —»
Vout=VDD/2*d((1/2-(-1/2)+2%(-1/2) * d + (1/2 -(-1/2) * Ad
Vout = VDD*Ad /(2 * d)

15 C.sub.s 247 is independent of the parasitic capacitance and resistance at both
terminals of the capacitor. The capacitor represented by C.sub.s 247 can be a
micromachined capacitive sensor. For trimming purposes any of the variables w, X, y
and z can be changed, e.g., through a digital to analog converter. Also, the variable w
can be trimmed by including capacitors in parallet with capacitor C.sub.r. Theoretically,

20 Ad can vary from -d to +d, limited by the output capability of operational ampiiiier 225.

In Figure 5, the operational amplifier 225 is shown once again with an inverting
input and a non-inverting input. The non-inverting input is coupled to ground. The

mverting input is coupled to the capacitance C.sub.s 247 and to a reference capacitor

11




305 with its noninverting input coupled to a reference capacitor C sub.r
330. Four switches 280, 290, 300, 310 are shown to the right of the

ref erence capacitor 20 C. sub.r in the circuit. Two switches 2@0@ BAR 7me
shown to the left of reference capacitor C.sub.r. The six swtches are
controlled by a two-phase nonoverl appi ng cl ock. When the clock signal PHLI

goes high, @i £h4766nHklo essmhéﬁl%asﬁaﬁ&arﬁab%%hﬁatdh%%e\é t&&i&scta tand¢o! t age
V.sub.x is applied to cdpacitor C. sub 330. Switc 90 cl oses such that a

Sanacttor Catles 2B Aok SaN e rertBid BBt R ko 3K SHahRl

operatively coupled,to the inverting i nput of qperational anpl | fier 305.
Capaci t or (SeB¥.capasiianceartiuse Thempeplyalipgss e HISREPHIVROUAZH, Dy t ch 280
is closed during the high phase of the clock such that capacitor C. sub.1
340 is 5 copnstitatuely eqhivalntthd/2 theewtthgegVDiput of operational anplifier 305
and the output of operational anplifier 305. Wien the clock signal .PH .

goes | 0y, sw tchTR/dviehesmsluddalfirithalitch 200asdeanid alitch 21000 SliANdwikaI2289¢
V.sub.y is applied to capacitor C sub.r 330. Switch 300 closes at the | ow

phase such #{ah sﬁ?c&@%d Ha G55 WPitch BRD HShE TR tp?xgsetfff tﬁé‘&obﬁ“é@«ﬁt&h Qﬂo {snput  of

operational 10 anplifier 305 and to t he outpu oper at | onal arrp 1fier

305. Fi gure, i f ation_.of the ci. each
phase. | Rerdf Rt Soay FERYL o %ﬂ??ﬁ B U BBent il b digne o
wi tchos. 35046820 ciér%‘é‘s’@%@ﬁﬁt@é% STRUGELY Coppan e VOB YagE ¢ TR LI cui ¢
is controlled by a two-phase nonover | ap ing clock. 15 Wien the clock si gnal

PH .1 goes spphcd hydushicapacdsn(.s8be 2421 GwiBNE004kGeammthing adeep isdhusesd.  Wen
switch 350 is closed, a substantially constant voltage (+VDD/2) is

suppl i dd t o&mpmmvmng;ilﬁiﬁofirnplﬁm D6 raatl theh@sgyt of amplifiehz2s. t.he cl ock
signal goes high, switch 390 closes such that a loop is forned fromthe
capaci tor C 470 1aGhé SRoAPPhAY¥ OF tHetlock, switch 240 is closed to supply a substantially
constant supply voltage (~VDD/2) to capacitor C.sub.r. Switch 210 closes so that
capacitor C.sub.s 247 is coupled between the inverting input of the operational amplifier
225 and the output of amplifier 225.

15 Referring now to Figure 6A, illustrated is yet another embodiment of the
capacitive sensor circuit. This embodiment of the circuit provides improved gain
compensation for the operational amplifier 305. Illus?ated is an operational amplifier
305 with its noninverting input coupled to a reference capacitor C.sub.r 330.

Four switches 280, 290, 300, 310 are shown to the right of the reference capacitor

20  C.sub.r in the circuit. Two switches 260, 270 are shown to the left of reference capacitor
C.sub.r. The six switches are controlled by a two-phase nonoverlapping clock. When

the clock signal .PHI.1 goes high, switch 260 closes such that a substantially constant

voltage V.sub.x is applied to capacitor C.sub.r 330. Switch 290 closes such that a

12




out put of operational anplifier 405. Amplifier 405 is a fully differenti al

operational 20 anplifier with an enbedded output conmon-node fe@dbddiR 260R

(CMFB) circuit.. Capacitor C 470 is operatively coupled to the inverting

i nput of operational anplifier 405. In this first clock phase, switch 410
cl oses such that a substantially constant negative supply voltage (-VDD 2)

is supplied C ci.to . Sub. 50. which, is coupl ed be he 13 2 4
VAR 2006 | noirEERERY borttenb e L eibonis Pafig o RreR e SuRS S orb Aneedi ng
out put of oE;eS'rqsti gnal . _anplifier 405. The resulting voltage that is output
from the noht ér@pﬁﬁd&ﬁr@tﬂ%pﬂe oRsEptnsbheagleddo thsunyerting gput phorertiongl r st
phase of the clock, switch 370 closes such that a substantially constant
posi tive votmplhBerAUSD/Cupa¢itor SLgnbls B dao beapsicidnmchified 8Gpasttivetsensor.5 Svatehl ed
to the noninverting input of operational anplifier 405. Coupl ed between the

noni nver t i n@80 Rpildsedddrihf the MEPHAse Of tdtciiek shéh BaP@Hhéifr (CabUb3AXZiswhi ch i s
supplied with negative substantially constant voltage (-VDD/ 2) when switch

420 cl oses EdhnkeBed td bSth thEhnosk: @%Q Qg@- [ t from t he

i nverting out put o? oper atilno%gﬁnga Pf%@aﬂ%g [ 1%3’%)&@?%%@?@%0?”)/
differenti al odj men t out puts VoutP and VoutN are in 10 proportion
to the di ff%?%%ggoéléﬂ %P@xgeerr#b\gbl tages applied to its inputs. In the second
phase of the clogk, swtches 350, 370, 390, 410, 420 and 440 are open, and
swi t ches 360, 380/hendbe dlaek sigeal PRl @peslod, syiteh 0 slpsas suduthal pabstangally

substantially constant voltage is supplied to capacitor C 470 which is
coupl ed to ednstant veltageiVhgrb-nipuippbéd opepadtiioo Cauba3pi Swvetch 306 clowsan thedbte h
400 cl oses, a substantially 15 constant voltage is supplied to capacitor

C. sub. s| 456haskiswdh thst dapaditer IT.subLs#2€ds teuplditto thoivaviaE il 0O b dationaf
anplifier 405. The resulting output voltage is represented by VoutP. Wen

swi t ch @50 &hPBRS303 (5 RS LAV bY oGARRANImPREAIOYe Supply voltage is
supplied to capacitor C 480. pacitor C 480 is coupled to the noninverting

P umen ¢ hoP oot ERR GBIl bibhilowSt mEBRARYr e SR S8R s OUP! o
Referring now to Figure 7A, illustrated is a fully differential embodiment of the
circuit of the present invention. lustrated are ten switches 350, 360, 370, 380, 390, 400,
410, 420, 430 and 440. This circuit is controlled by a two-phase nonoverlapping clock.
15 When the clock signal .PHI1 goes high, switches 350, 390, 410, 370, 420 and 440 arc
clpsed. When switch 350 is closed, a substantially constant voltage (+VDD/2) is
supplied to capacitor C 470. In the first phase, i.e., when the clock signal goes high,
switch 390 closes such that a loop is formed from the capacitor C 470 to the noninverting
output of operational amplifier 405. Amplifier 405 is a fully differential operational
20 amplifier with an embedded output common-mode feedback (CMFB) circuit. Capacitor
C 470 is operatively coupled to the inverting input of operational amplifier 405. I this

first clock phase, switch 410 closes such that a substantially constant negative supply

voltage (-VDD/2) is supplied to capacitor C.sub.s1 450 which is coupled between the
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20 input term nal of operational anplifier 405 and the inverting output
termnal of operational anplifier 405. The resulting out put vogtqaﬁ@@i Z
VoutN. In this enbodi nent the capacitor C. sub.sl 450 and C. sub. ?E}Lﬁ
electrically insulated fromeach other. In other words, C. sub.sl 450 and
C. sub.s2 should not share the 14 2 4 MAR 2006 sane el ectrical node in this

circuit con Ult i ndepe o t.ages
to be appli Eeﬂ(}'g #ﬁ%olhﬁ% otf E ?ﬁaﬁa hgqléhl(#)sd%qd tgﬁaor&ng%n%gutggt? r?&Fra Pire is
no short ci rcuhg p%\g;]é C. sub sl 450 and C. sub.s2 460 can be

mi cr omachi n8YPELFH reslting woltage it is quipnt ioms the negisyertingoutpusisy . s

I ncreases the gap by DELTA.d (Ad) and the sensor capacitor C sub.s2
decreases t FRpresapietps BBUPA. Alls¢Ad)thiadesimbiasegifyhe dyckyewitgh 3Theloseytsusli thiat ar
mat hemati cal mani pul ati ons, the difference between VoutP and VoutN can be

repr esent edsihstanyally Eonstadopbditive Wellage (VDD/1s fiplik@dtpacitsr (DagEahRA i$ he

assunption that the plates are electrically insulated from each ot her

Figure 78 i goipl&f ﬁ%ﬁ@ﬁﬂﬂ]n@ﬁﬁ@ Ipﬁ{ BP%B&a%Q@}ngﬂd@gE 395”%)11 e GGRH

each phase of the clock. Reterring now to trate |s a graph

f I wh 15 h
o oL a9, YA AAE R el RSl P SPERS SRR
V\_hen the change in &A occurs at a freguency of 10kHz and is_ varied
si nusoi dal | §¢ h‘éS‘Et%Eﬂli‘B ly fonstant valtagsd-YRBY Sernsy vh R flosecinithg fies

follows: Ad=. 1*sin[2*7c*ff The follow ng output is obtained: 20 Vout=VDD *
Ad/ (2*d) clock phase The voltage that is oufput from the inverting output of operational amplifier

405 is VoutN. In this fully differential embodiment, the outputs VoutP and VoutN are in
10 proportion to the differences between voltages applied to its inputs.
In the second phase of the clock, switches 350, 370, 390, 410, 420 and 440 are
open, and switches 360, 380, 400 and 430 are closed. When switch 360 closes, a
substantially constant voltage is supplied to capacitor C 470 which is coupled to the
inverting input of operational amplifier 405. When switch 400 closes, a substantially
15  constant voltage is supplied to capacitor C.sub.s1 450 which is in turn coupled to the
ﬁoninverting output of amplifier 405. The resulting output voltage is represented by
VoutP. When switch 380 closes, a substantially constant negative supply voltage is
supplied to capacitor C 480. Capacitor C 480 is coupled to the noninverting input of
operational amplifier 405. Capacitor C.sub.s2 460 is coupled between the noninverting
20 input terminal of operational amplifier 405 and the inverting output terminal of
operational amplifier 405. The resulting output voltage is VoutN,
In this embodiment the capacitor C.sub.s1 450 and C.sub.s2 460 arc clectrically

insulated from each other. In other words, C.sub.s1 450 and C.sub.s2 should not share the
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Wien 2.5V is the anal og ground, the output should be 2.5V+0.25V=2. 75V. The
peak of the output is shown on the graph. The output varies as follows:
Vout=.25 * sin (2*n*(1 OkHz)) volts 15 2 4 MAR 2006 As the pregentiMifnVviEngi on
may be enbodied in several forms without departing fromthe spirit or
essential characteristics thereof, it should also be understood that the

above-descr | bed odi nents,are not |imted an f.t etails of the

f or egoi ng éesecfﬁllg“g;[g?%r?? o tglssscnbc ﬁgf’g\*i%tgaté%(b:ﬁﬁ Cé%}lﬂ%?uq&gﬁ%‘g “Shoul d be
construed broadly within its 5 spirit and scope as defined in the appended
clai ms, andORRsIEFYvOltages tegﬁﬁaﬁ@dalﬁ&m%ﬁp Ko st pad Gabis2wpH4itn ¢ he
met es and bounds of the clains, or equivalence of such netes and bounds
ar e t her ef otherd inne shiesti cranib e Capdsniared.slyst 4% aphendest 40Gkdamde 16 2 4 MAR
2006 What is clainmed is: 1. A capacitive sensor circuit for neasuring

changes i n misrambetih®l dapatiticasendersneasured according to changes in
capacitor gap, the circuit conprising: an operational anplifier including

an inverding i npyych @leAalr caBaddRP NI iftdedsBPHE gaj{)%&%ﬂﬁ*[{\.@(éﬁ?/%d gt put
termnal, wherein said noninverting input termnal®1s”operativ coupl ed
to ground; a first capacitor coupled to said_inverting input_ of said

oper at i onal S&RAYY Gapaaator Gapbrséidgerepsse the gaptbyo BFAdiA-8 (Ad)xacgordieby. by geing
capacitor; a second capacitor coupled between the inverting input term nal
and t he out {hmtughtsenitammaithafatal daojpeidiongthd didfepdnce betweeniVen®! ands\oudNsecond
capacitor is a sensor capacitor and wherein a reference node is connected
to said secmeqemgérﬁﬁﬁy;a timng device, said timng device having two
phases, said two phases including a -
' VoutP - VoutN = Ad/d * VDD
10 - The formula is based on the assumption that the plates are electrically insulated
from each other.
Figure 7B is a breakdown of the circuit shown in Figure 7A according to each
phase of the clock.
Referring now to Figure 8, illustrated is a graph of voltage Vout versus time when
15  the gap of sensor capacitance varies at 10kHz with a plus or minus 10% peak when 2.5V
1s the analog ground. When the change in gap (Ad) occurs at a frequency of 10kHz and is
varied sinusoidally, the change in gap can be represented mathematically as follows:
Ad=.1*sin[2*n*{]
The following output is obtained:
20 Vout=VDD * Ad/(2*d)
When 2.5V is the analog ground, the output should be 2.5V+0.25V=2.75V. The
peak of the output is shown on the graph. The output varies as follows:
Vout=.25 * sin (2*n*(10kHz)) volts

15




first phase and a second phase, wherein the two phases are nonover!l appi ng
phases; a plurality of sw tching devices, wherein said swtching §eMiReHiis
include a first group of switches and a second group of sw tches, wherein
each group of said switches are responsive to a phase of said timng
device, wherein said first group of switches closes during a first phase
of said timng devi,ce and, sai d. second grou f switches cl.oses, during a
second phase ofﬁég?eé’rf’qem Wy QR Ry g%glﬁg?fﬁﬁ‘f}qiﬂﬁr@fg’&“ts&@ ofelrertingng
devi ces, wherein each of said voltage generating devices is operatively
coupl ed to frae the sRitit or eppential characearistipethetopf,deshonlt alsybaunierstqadiibatahe v
constant voltage to the circuit; wherein during the first phase of the

cl ock, a fi asivesiehsibadembbiiynanonst aot limkédEbeageof thedetalieof the Sorpgdingd to the
first capacitor via a first switch, and a second substantially constant

reference vadstAgifon, Sneiiithérdise\dpacified 4P PG ¥ho @l vk RohdiRiel BERURNGRhiIAGHE

operatively connected to said second capacitor, thereby cancel’ing DC

Obat ant T it antEbS & AL $R%p 3G 001 aRRE 36 Mlerdslf fH Blfges il L1

subst anti al reference age 1s’supp Via switch to
the first ca itor; .an erein the first operational anplifier includes.
one anpl i fi @Bé‘ﬁ%@s o il it B peirocuit pousds ofithnelpings PP e YA oheidut put
term nal of the operational anplifier is substantially linearly

proport i onameieéﬂ%‘i) borndg are thergloya intensied torba smbredsed by theodpaenyied claims. capaci t or
gap. 17 2 4 MAR 2006 2. The circuit of claim1l wherein the variable

nmeasur abl e by a change in a capacitor gap is pressure. 3. The circuit of
claiml1l wherein the variable nmeasurable by a change in a capacitor gap is

acceleration. 4. The circuit of claim1l wherein a voltage generating device
is a bias circuit for generating
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bi as voltages. 5. The circuit of claim4 wherein the bias circuit includes
four resistors being a first resistor, a second resistor, a tthMAﬂSg%ﬁor
and a fourth resistor, and three operational anplifiers being a secon
operational anplifier, a third operational anplifier, and a fourth

oper at zfﬁpﬁl ,i.er and wherein the second operational anplifier is
coupl e olisa&jrﬁ.glr?(t:ltlél'on between the first and second resistors, wherein the
third operational anplifier is coupled to a junction between the second
and thi rg resistors, wherein the fourth operational anplifier is coupled to
a j uncti OrFePASEIRSERSOF RBCYikor gnegpineshiprges ina varahlesthahrarksieaswed r esi st or s
are co | ' ther. . . of the first resistor, the
secondgfuggiﬂg% E)br(?}ﬁ?%%%?tﬁ%?agﬁge a?’é@%rmg{rlllgc%gﬁ#m irth resistor. 6. The circuit
of clai m1 whepa&itiodahemplifi¢rriacldéivii ag invertingtinputpbratifalnonen evdriagpinp@ cl ock.

7. The circuyit .of claim!]l _V\Terei n valtage is the electrical signal output
fromt G 20 OUIDH REPing Whezetn sEf apRigRering Mt terainal isapeielvelyy r el at ed
to a chau&l dopréung@r i abl e neasurable by change in a capacitor gap. 8. The
circuit of claiml wherein the substantially constant supply voltages

gener at ed by firsteapactbt cyplegansaidtinvegtintempotasf saideperationa cntphifiag edgrein f or

var i atifeﬁ i n capacitance for said second capacitor. 9. The circuit of

cl ai m ST GPRIRY 1A TelereicecArAclighsor capacitance prior to a change in

capaci tor gaRecynd chhRit6PRAGIdIMREFeeRlthd MGertiBh SHRA EEmEAP A% thRloulpat t 1 mred to
a

account for _ variations in capacitance for Said second capacitor. 18 .2 4
MAR 20tsmimg offyped eperatidngl afiplifiesi whereinfsaid seeondoappsitos isysensortdapacitocaphci t or
coupl e |k led first, phase, .in a feedback | opp fromthe inverting input
of sai g’hg%ghr %?elfoﬁ%#e né)%gsl ?qn@?c’tgﬂﬁ’ %ahcgsefi?ﬂ ??Pa%%?sai d operational anplifier.
11. A capachtimifg deNsHkaid itiibg He s hamasiwd phasGhan@eso pihses Maludaklae t hat
can be mealsqured according to changes in capacitor gap, the circuit

conpri Erst ghase and a second phase, wherein the two phases are nonoverlapping phases;

a plurality of switching devices, wherein said switching devices include a first group
of switches and a second group of switches, wherein each group of said switches are
responsive to a phase of said timing device, wherein said first group of switches closes during
a first phase of said timing device and said second group of switches closes during a second
phase of said timing device;

a plurality of voltage generating devices, wherein each of said voltage generating
devices is operatively coupled to the circuit via a switch thereby generating a substantially

constant voltage to the circuit;

wherein during the first phase of the clock, a first substantially constant reference
voltage is supplied to the first capacitor via a first switch, and a second substantially constant
reference voltage is supplied via a second switch to the reference node operatively connected
to said second capacitor, thereby canceling DC offset voltage;

wherein during the second phase of the clock, a third substantially constant reference
voltage is supplied via a third switch to the first capacitor; and

wherein the first operational amplifier includes one amplifier stage;

such that the electrical signal output from the output terminal of the operational

amplifier is substantially linearly proportional to a change in a variable measurable by change

in a capacitor gap.
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an operational amplifier including an inverting input termnal, a

noni nverting input termnal, and an output term nal, wherein i,d

noni nverting inputtermnal is operatively coupled to ground; ;?ﬂiMAR 2008
capacitor coupled to said inverting input of said operational anplifier,
wher ei Bl Q 1 i - kb ef i . paci t or
Coupl cd B s FAtAsherth theviob® AL ANERBRAShE i Ao B Rhal of
sai d opsmssatreonal anplifier, wherein said second capacitor is a sensor
capacitor and wherein a reference node is connected to said second
capacitor; a timng device, said timng device having two phases, said two
phases3i I fiqr %hﬁaﬁ” LA phases
are no%o?/gér ?iguﬁg?’rfglab’{ﬁals@‘?ragq%‘fﬂ%@fﬁé%ﬁ&@% t'chi ngg%\gl\% %ggfl{o\?\%%é }gion sai d
swi t chiaengladatiances i nclude a first group of switches and a second group of
swi tches, wherein each group of said switches are responsive to a phase of
said timng device, wherein said first group of switches closes during a
first phamsoighisicthin Mg dasaithesid deond ﬂé@?ifbuﬁffo%!n%faﬁﬁ% closes
during a second phase of said timng device, a plurality of voltage

gener abiaggolagebces, wherein each of said voltage generating devices is
operatively coupled to the circuit via a swtch thereby generating a
substantially constant voltage to the circuit; wherein during the first

phase of Thdérditagllaid 4 WhdrbinIhdBhatkdd thylu8& BhPRbistosf RAGNE Brst ¥edlst@age i s
supplied to the first capacitor via a first switch, and a second

subst aftoaf repistena thisdkresipter andem farthapsistoe and theepppicrationgl amplifisescheirE v t ch to

the re -at . .sai d.second capacitor...thereby
cancel Fics opperRdEy ARERL, ABlag GRERIH bR De 360 oRARRTL fhoiidc ook,
a t hi r dndwheteanthe atdoyd oparatiamil amefifiess ceuplydiotBigaction tsp@in the fivst and t hi rd
swtch to &he_first cangi or; and wherein the operational anplifier

i ncl ud&CoaH LesigyF Whegsin dhethurd opgrakonal amplifier isiceenled toa jusetignbetweandlie from

the outRdhd bid MHifiksi¥brst RReRREMS i perational amplifier is coupled to a junction

between the third and fourth resistors, wherein the resistors are coupled in series to each other

in order of the first resistor, the second resistor, the third resistor and the fourth resistor.
6. The circuit of claim 1 wherein the timing device is a two-phase nonoverlapping clock.

7. The circuit of claim 1 wherein voltage is the electrical signal output from the output
terminal of the operational amplifier that is correlated to a change in a variable measurable by

change in a capacitor gap.

8. The circuit of claim 1 wherein the substantially constant supply voltages generated by the
voltage generating devices are trimmed to account for variations in capacitance for said

second capacitor.
9. The circuit of claim 1 wherein a ratio of the sensor capacitance prior to a change in

capacitor gap and the capacitance of the reference capacitor is trimmed to account for

variations in capacitance for said second capacitor.
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anplifier is correlated to a change in a variabl e neasurabl e by chaq&g in a
capacitor gap; and 19 2 4 MAR 2006 wherein a voltage generatingZdb@4 2085 a
bias circuit for generating bias voltages, and the voltage generating
devices include at |east one voltage divider and a unity gain buffer. 12. A
capacitive sensor circuit for neasuring changes in a variable that can be
nmeasured according to changes in capacitor gap, the circuit conprising: an
oper at il0nBie arpitiof tlaim il nfirthe cogn@isingaverting i nput terninal, a noninverting
input termnal, and an oyt put term nal, wherein said noninverting input
termnal i sagtﬂ@' %a&’??}grfouﬂS‘gﬁPé%}gtﬁéSt@ﬁéﬁ?nH%a%eél?alcgtlo%affﬁﬁ thedpvetiadl ed t o
sai d i Rk b HsH bipitionaf ardRiftbr ARG Rl hANR bt ST bbdrkE N the first
capaci?gﬁ‘is a Hgﬁerence ggpé?ﬁtor; a sgc%ﬁghggpégp%%gﬁggﬁbled bet ween t he

inverting input termnal and the output termnal of said operational

anplifier, wherein said second capacitor is a sensor capacitor and wherein

a ref e!lirréga%ﬁgeisgns%ﬁlﬁ@ﬂéamteBSLg’é’ﬁcfﬁ’%‘égféﬁha ?f%ﬂf’é’i‘? ‘ilﬁtrf g’etnil%s‘ﬁﬁddev! ce,

sai d t hedoRding &V¢HaRgAaN eAghch¥Oo AR ’Srcui Bbiflpli¥Re.Phases including a first
gap, p 4 .

phase and a second phase, wherein the two phasés are nonoverl appi ng phases;

a pl ural it yaopperaiienshamplideninduding wh éreitingsapd temiindha nopiveriinempincl ude a

of  <ai SRl a8 b Rl ofhydE 50 nfr BB bR el Sherei

sai d fcogledtoqupu@t sSwi tches closes during a first phase of said timng
devi ce and sai d second group of switches closes during a second phase of
sai d tim ngadésiicaacitgr enupted] tpsgiddnveyiong ingat ofsaidraperatignal evipdifisr, whistaiei n each

of sai ¢ v, . ' .ces is operatively coupled to the circuit
the'iBb! ApRi0e i R Bke AEXHGR

via a swtc ere generating a’substantially constant voltage to the

circuit; wheseaionddapacitgr ¢dupledibestedphs miverfing epue k@slnal and ineshutpaubst anti al |y

const a[c]énnlit? g£ gajg gperational amplifier, wherein said second capacitor is a sensor capacitor and
wherein a reference node is connected to said second capacitor;

a timing device, said timing device having two phases, said two phases including a
first phase and a second phase, wherein the two phases are nonoverlapping phases;

a plurality of switching devices, wherein said switching devices include a first group
of switches and a second group of switches, wherein each group of said switches are
responsive to a phase of said timing device, wherein said first group of switches closes during
a first phase of said timing device and said second group of switches closes during a second
phase of said timing device;

a plurality of voltage generating devices, wherein cach of said voltage generating
devices is operatively coupled to the circuit via a switch thereby generating a substantially
constant voltage to the circuit;

wherein during the first phase of the clock, a first substantially constant reference
voltage is supplied to the first capacitor via a first switch, and a second substantially constant
‘reference voltage is supplied via a second witch to the reference node operatively coupled to
said second capacitor, thereby canceling DC offset voltage;

wherein during the second phase of the clock, a third substantially constant reference
voltage is supplied via a third switch to the first capacitor; and

wherein the operational amplifier includes one amplifier stage;

such that the electrical signal output from the output terminal of the operational

amplifier is correlated to a change in a variable measurable by change in a capacitor gap; and
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voltage is supplied to the first capacitor via a first switch, and a second
substantially constant reference voltage is supplied via a seczp% ﬁxﬁtfmm
to the reference node operatively coupled to said second capaci“t 6r

t hereby canceling DC of fset voltage; wherein during the second phase of the
clock, a third substantially constant reference voltage is supplied via a
third swtch to the first capacitor; and wherein the operational anplifier

i ncl udes oneharpl 4 foleipe gtRgatingsdevitetiabiat biecigt £ bEdgingDignaltagast s from

t he output term nal of the operational anplifier is correlated to a change
in a viieiwlre ssmtipg grdceninelidngdesshons valisae fivider gagha uaiitgamn boffer. MAR 2006
wherein the substantially constant supply voltages generated by the voltage
generating devices are trinmed to account for variations in capacitance
for saild A eaeniliveagsor ticvuittihtmetdveing ichaiget id avirhdte thxcdandemeasdedi tal to
anal og cog(i/jerter t hat. generat es 'gi_t al to _analog converter voltage for

di
trimm AYOLBES PRSI CARRLOTEP, WG SBPYI GUMPIRRE. 13. A fully differential
capaci tive sensQhtidial aHblifidi el ' ! ;i -ﬂﬁﬁﬁsurab' e
by changes in liéa?pzlalci torbgég, %ﬂ%ﬂéﬁé%ﬂt}%ﬁ%@ﬁ%&ﬁ%ﬁ%& %ﬁgﬂgg}e\%@% ‘oha
anpl i f teemiriabaind din pgtpanterminel, whetpin sgd homiaveriinginputtermimiahis @pesatigely nput
termnal, .an inverting output termnal, a noninverting output termnal, and
a thi r&o%?d;tﬂtgml{ngrm nal, wherein said third output terminal is operatively

coupl ed to grigdRapaciof ddupledaapAa iiﬁ\%&ixfgﬁﬂﬁﬁt%ﬁ shifl opBiatlohd URIpliHEY WHeRs Of
sai d operational anplifier, wherein the first capacitor is a reference
capaci thsrfirstrapesiionts acrgfaeicesapassopl ed in series to the inverting input

term nal an oni.nvert ut put term nal sai d _oper atj opal

ol £ er - SAePE SR Ehbl fefitsR the o5 Cal o lepe Gl BRE P e e n
r ef er ene@imd dsaid o nnal fplifierswhétcineandcGRANARAIRE is MRARI cApsabfand i I st
capacitor is a reference for said second capacitor; a third capacitor

coupl eWheEIEHTeierRRasinede it Gongesterbiorsaisk sesendicappsitor; oper ational anplifier,

a timing device, said timing device having two phases, said two phases including a
first phase and a second phase, wherein the two phases are nonoverlapping phases;

a plurality of switching devices, wherein said switching devices include a first group
of switches and a second group of switches, wherein each group of said switches are
responsive to a phase of said timing device, wherein said first group of switches closes during
a first phase of said timing device and said second group of switches closes during a second
phase of said timing device;

a plurality of voltage generating devices, wherein each of said voltage generating
devices is operatively coupled to the circuit via a switch thereby generating a substantially
constant voltage to the circuit;

wherein during the first phase of the clock, a first substantially constant reference
voltage is supplied to the first capacitor via a first switch, and a second substantially constant
reference voltage is supplied via a second switch to the reference node operatively coupled to
said second capacitor, thereby canceling DC offset voltage;

wherein during the second phase of the clock, a third substantially constant reference
voltage is supplied via a third switch to the first capacitor; and

wherein the operational amplifier includes one amplifier stage;

such that the electrical signal output from the output terminal of the operational

amplifier is correlated to a change in a variable measurable by change in a capacitor gap, and
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wherein said third capacitor is a reference capacitor; a fourth capacitor
coupled in series to the noninverting input of said first oper&tlli | 2006
anplifier and the inverting output term nal of said operational anplifier,
wherein said fourth capacitor is a sensor capacitor and wherein said third

capacitor is,a reference .cagpacitor fo aid fourth capacitor, and.wherein
a second rg%‘ﬂgﬁ’p%e ﬁ'g%g“itlgﬁg‘é?fﬁ%@f e YOV@E‘EBG ot by, %gc&lia[gg rg?neéatfnlg.m ng
devi cedeviddstrd gl @actedht RWaRatididan RESR Ance T8 @id 8o a&itdragd udi ng a

first phase and a second phase;, a plurality of sw tching devices, wherein
sai d sWietcdtenin frthsy insbsles adigitabtosanplogsonygrisn that pénegatgstacdigigal dmdnadog econd

group Lt ches, ~wherei.n eac roup of said swtches are responsive to a
phase g%%%ﬁ:%vo?t%%? Eoé tr&@ml%?&Xﬁgﬂ%l?yngoéléﬁaat%l]ippgtvvé’ﬁm%fﬁp of switches closes
during a first phase of said timng device and said second group of

sw tches cl oses during a second phase of said timng device; a plurality
of vol tage fgbrdiffeentiy capagitevessenson sirewihfos sedaswringschipagos di o ygabdener at i ng
devi ces. | ' . C . o.the circuit. via a switch thereby

genera |ehéngﬁghgélﬁ%§%%glc%géltggﬁéﬂ’5 etCII\'?B}ttcgréQHFISg‘t he circuit; 21 2 4 MAR

2006 i nsul atu operatgosial emplifieriingidiag e hvehihgSep@nentiapachdmiivertigmnpite fourth
capacitor; _wherein during the first phase of the clock, a first

subst aFﬁW&}aﬂswndﬁY%ﬁl%@utP@%mH@ea poNnEEHng utswidpmiaal. gucka thirdiquEutswi t ch t o
the Tl ichifBRAGIASaiq MiRFGARG BHRARNATbAEbIVCIP OB erdifiyer ence vol tage 1
supplied via a second swtch to the sectond capacitor,” and’ a third

subst ant i al hyirst eagdcaiot caupledrte said imaktiragiapitsofsaidpipeatonil anmgplifiet, mhesaid t ch t o
t he thi rdﬁfca aci.tor and a fourth substantially constant voltage is

suppl i 8t TFPLCaRaqion S HCESRFICE 53R ®PRe fourth capacitor, wherein the first

and third syRsoafhielir GRBRUAALerl @G URNGGAL hRUPRrARA BRSKL T Ve and | said
second and fourth substantially constant reference voltages are negative,
and sahenigegrgpgloutput terminal of said operational amplifier, wherein said second capacitor is a

sensor capacitor wherein a reference node is connected to said second capacitor, wherein said

first capacitor is a reference for said second capacitor;

a third capacitor coupled to said noninverting input of said first operational amplifier,
wherein said third capacitor is a reference capacitor;

a fourth capacitor coupled in series to the noninverting input of said first operational
amplifier and the inverting output terminal of said operational amplifier, wherein said fourth
capacitor is a sensor capacitor and wherein said third capacitor is a reference capacitor for
said fourth capacitor, and wherein a second reference node is connected to said fourth
capacitor;

a timing device, said timing device having two phases, said two phases including a
first phase and a second phase;

a plurality of switching devices, wherein said switching devices include a first group
of switches and a second group of switches, wherein each group of said switches are
responsive to a phase of said timing device, wherein said first group of switches closes during
a first phase of said timing device and said second group of switches closes during a second
phase of said timing device;

a plurality of voltage generating devices, wherein each of said voltage generating
devices is operatively coupled to the circuit via a switch thereby generating a substantially

constant voltage to the circuit;
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substantially constant voltage is supplied via said second switch to the
reference node operatively connected to said second capacitor, t!thA?bWUﬁ
canceling DC offset voltage, and wherein said fourth substantially
constant voltage is supplied via said fourth switch to said second

ref erence node, aperat.ively connected to said faurt apaci tor., thereby
cancel i ng DESVBRRE SFvics o dusiatng Merner i Fapraitos 0Bt e dnry Gaifor

substanti al kgheRANGhA th Bkt BHRS AKIR IEARH YR suMBBHBIIY cOManPRf&es@C0ONd phase
of the clock, a fifth substantially constant reference voltage is supplied

via a Mphage iseurpbipd vie a first $viitabtto daeplanst capasitagraisegond subbtagiidilytcanstaet] | y

const a reference voltage is supplied via a third switc o the third
capaci ?%‘Ffeng%‘éor@a %fstsﬁgplfe?‘%flﬁaﬁﬁcgﬁagwgf to_s B EYEH F%Ha!c O, BRs t" reference
vol t agesbsnEialieaiistaneref@biteWORhL: 1 sh;lﬂﬂieﬁlv!iaszi thorefaich ¥ &le tRiddLAphti®sr | ncl udes
one anplifier stage; such that the €l'ectrical signal output fromthe

i nver t AAG2 &urrfhaubstantially gongantivieliageop sprlicd ivid a fwphiswitel tathe feurth el ectri cal

si gnal ' | 0 ut termnal of. the opet.atiopal
ol 1 1 et WhERE 0ol Ay Rt S AR s S L RSP T Ge 1
a capagidtsedfongapd fokdth sibetagtiallywohst@it refernte taltipbesreinbedtive, ahdrshidlde€ond
nmeasur abl e by _a change In a capacitor gap is pressure. 15. The circuit of

cl ai m $ebsigmaially ronstrat voltaeg bt BirBedvie spiF sceppnd svileh tydeirpfersnee®lsi t or gap i s
accel e | I J: € LU ' \: rating

ot co P e By Sohneriof (i bicbn Lol Bt brpfdBhE Pl DO MDIRAEEHR 006 17.
The ci mdwerein sfid tduathrubGantiadly ebnstdriieohagess supplied tvia satd fodas stviseh torsaii st or s
being a first. resist

r, a.second resistqr, a.third resisfor and ourth
resi st f<ond ﬁ?felieﬁ?ee%o‘igp?@?‘é'fli"éﬁéf’ dite sl fousth R @ﬁ@&gtaala{%m
anpl i fiofket valthdH drd VIREEAHAORBONEIRY folitf SubsBRflaily EilahivolQBE! AL hONRive;
anplifier and wherein the second operational anplifier 1s coupled to a
junction wherein during a second phase of the clock, a fifth substantially constant reference

voltage is supplied via a fifth switch to the first capacitor, and a sixth substantially constant
reference voltage is supplied via a third switch to the third capacitor, wherein the fifth and
sixth substantially constant reference voltages are negative; and

wherein the first operational amplifier includes one amplifier stage;

such that the electrical signal output from the inverting output terminal of the
operational amplifier and the electrical signal output from the noninverting output terminal of
the operational amplifier are correlated to a change in a variable measurable by change in a

capacitor gap.

14. The circuit of claim 13 wherein the variable measurable by a change in a capacitor gap is

pressure.

15. The circuit of claim 13 wherein the variable measurable by a change in a capacitor gap is

acceleration.

16. The circuit of claim 13 wherein a voltage generating device is a bias circuit for generating

bias voltages.
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between the first and second resistors, wherein the third operational
anplifier is coupled to a junction between the second and thirg r?@ﬁf&@&ﬁ’
wherein the fourth operational anplifier is coupled to a junct'dh

the third and fourth resistors, wherein the resistors are coupled in
series to each other in order of the first resistor, the second resistor,
the third resistor and the fourth resistor. 18. The circuit of claim 16

i vi der” o LRl BPEaRE e LRI RGOS o o PAR bORE AR 270 11
tim ngraﬂmwrmsdcenchresmmﬂmd remmmvzﬁﬂlaatbmmgescsltcﬁpdmdtﬂfbeoﬁbletimhaicui t of claim

13 mherel tage is the electrlc output fromthe jnverting
out put PR liiems kping e segpp dsperatipnal gg) é‘lﬁmagtﬂwpp%fwmh@n rn%‘r%fl ﬁout put of

the Opﬁgé}&ﬁcﬁﬂﬁémpﬁmf'ahﬁ wﬂfehelﬁﬂl% st':&ﬁndvo‘f)lefaﬁgﬁzﬁ aﬁ{lp%f%f)irs ¢ liﬁkqﬁ) 1 Pl &hange in

a variabl e neasurabl e by change 1n a "capacito circult of
cl ai m h&wabetheifivsttand sswmsltreemtomj Whereinribe ﬂnttd @amnb;(al\amuhﬁges cgepled &t £d by

t he volta enera etrl cc unt for varigtions in
capaci iuﬁ‘ﬁ ??}We%ﬁtfﬁ Sg%"é@ @%5‘;‘3&‘?@5% Q?'m eRFr3tiogpl W@ﬁlﬁfﬁ wher ei n
the cieGipldd tt)lhrjhﬁ@fon'ﬂ%%éé‘ﬂ@ﬁe ﬂurg'aﬁﬂtf@drtﬁ R, WhefeAMAE resifiors btAdongRACT At es
a digital to anal og converter voltage for tri mm ng substantially constant
suppl yin seoles tcgash oth@r inTordercifitiafitst whistir ahesd@ndietstimtha thied iesistofl andhe sensor
capaC|h§gc%ggaéo to a change in capacitor gap and the capacitance of the

refere Pt%r is trinmed to account for variations in capaci tance
for said second capacitor. 23

18. The circuit of claim 16 wherein the voltage generating devices include at least one

voltage divider and a unity gain buffer.
19. The circuit of claim 13 wherein the timing device is a two-phase nonoverlapping clock.

20. The circuit of claim 13 wherein voltage is the electrical signal output from the inverting
output terminal of the operational amplifier and the noninverting output of the operational
amplifier, and the voltages are correlated to a change in a variable measurable by change in a

capacitor gap.

21. The circuit of claim 13 wherein the substantially constant supply voltages generated by
the voltage generating devices are trimmed to account for variations in capacitance for said

second capacitor.

22. The circuit of claim 21 wherein the circuit further includes a digital to analog converter
that generates a digital to analog converter voltage for trimming substantially constant supply

voltages.
23. The circuit of claim 13 wherein a ratio of the sensor capacitance prior to a change in

capacitor gap and the capacitance of the reference capacitor is trimmed to account for

variations in capacitance for said second capacitor.
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