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AnInterfaceCircuitfbrHigh－AccuracySignal

ProcesslngOfDifftrentia1－Capacitancellansducers
KoltiiMochizuki，Member，IEEEIThkashiMasuda，andKenzoⅥねtanabe，Fbllow，IEEE

AbsLTYZCt－Aninterhcecircuitryhrhigh－aCCuraCySlgnalpro・
CeSSlngOfdi恥rential－CaPaCitancetransducersisdeveIoped・The
ArChitectureisbasedontheideathattheratioofoneofthetrans．

ducercapacitancestoitstotalcapacitancerepresentstheof臨et

binaryequivalentofthephysicalquantityundermeasurement．

Anopamp－basedcapacitance－tO－VOltageconverteriscommonly
tlSed brcapacitancedetection，and an analog－tO－digital（AJD）
COnVerterisusedhrtheratiometricoperation・Analysesshow
dlat theinterfhce can detect the capacitance change as small
asO・01％ofthetotaIcapacitance．Experimentalresultsarealso

glVentOCOn航rmtheanalyses．

LndhTbnns－AnalogcircuitICaPaCitancetransducers，intelli・
gentsensors，PreSSuremeaSurement，Signalprocesslng．

D　　　　　　　　I．INTRODUCTIONIFFERENTIAL－CAPACnANCEtransducersareWidely

usedfbrdetectlngSuChphysicalquantitiesaspressure

．difftrence，lineardisplacement，androtationalangles・Their

COnfigurationsdependonwhatquantityistobemeasuredl1］，

［2】，but they can be represented by two capacitors whose

CaPaCitances change complementarily with the measurand．

The complementary capacitance change may belinear or
nonlinear．Ineithercase，theaccurateandlineardetectionof

themeasurandcanbemadebyratiometricslgnalprocesslng

Whichdividesthecapacitancedifftrencebetweentwocapac－

itorsbytheirsum・Besidesucharatiometricprocesslng，a

diffbrentia1－CaPaCitancetransducerrequlreSaSPeCialinterface

COn丘gurationbecausethetwocapacitorsshareoneelectrode

TbmeettheserequlrementS，SeVeraltechniqueshavesofar

beenproposed，includingswitched－CaPaCitor（SC），analog－tO－

digital（AD）［3］，［4］，CaPaCitance－tO－frequency（C肝）【5］，［6］，

andcapacitance－tO－Phaseconversionl7］．The SCtechnique

isbestsuitedfbrintegratedcircuitrealizationuslngCMOS
PrOCeSS，butsuffbrsseriouslyfromclockftedthrough・Because
Of this error source，the resolution attainable with the SC

methodis estimatedto belfFl8］．Ahigherresolutionis

POSSiblewiththeCn；conversiontechniquesl6］，buttheirap－

Plicationstohigh－SPeedreal－timemeasurementsseemdifBcult

becausetheyrequlreamicroprocessorR）rthecalibrationand

theratiometricoperation・
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Fig・1・AnequlValentcircuitofadifftrentia1－CapaCitancetransducer．

The above－mentionedmethods detectthecapacitances of

thetransducerbysenslngthechargestoredinit・Senslngthe

CurrentflOwlngthroughthetransducerisanotherapproach・Re－

Centadvancesinhigh－SPeedopampshavemadethisapproach

qulteattraCtivebecausetheyallowhigh－SenSltlVltyandhigh－

SPeedcapacitancedetectionbymeansofthehigh－frequency

PrObe slgnal・Thispaperdescribes aninterface circultry Of

adi鮎rential－PreSSuretranSducerbasedonthisapproachand

demonstratesitsperbrmances．

II．TRANSDUCER MoDEL

Adifftrentia1－CaPaCitancetransducercanberepresentedby

twocapacitorswithacommonelectrode，aSShowninFig・1・
Inalineardisplacementencoder，theareaSOftheelectrodes

Changelinear1ywiththedisplacementx・Inarotationalangle

encoder，theapparentPermittivitiesofthecapacitorschange
linearly with the angle x．In these encoders，therefbre，the

CaPaCitancesClandC2Changelinearlywiththemeasurand
X andcanbeexpressedasfollows：
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Where Cois the total capacitanCe Of the transducer．In a

difftrentia1－PreSSuretranSducer，Ontheotherhand，thespaclngS

between the electrodes changelinearly with the pressure

differencex・Therefbre，ClandC2areeXpreSSedas

Co　1

21－J・

Co　1

21＋二I：

Whether the capacitance changeislinearOr hyperbolic，
themeasurandこr Canbedetectedindependentlyofthetotal

CaPaCitanCeCobythefbllowlngratiometriCoperation：

C1－C2
Cl＋C2

＝　こr． （5）
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Fig・2・A block diagram of theinterface・

III．INTERFACE CIRCUITRY

A block diagram oftheinterface circuit to perfbm the

ratiometriC operation（5）is showninFig・2・Thecircuitis

designed based on theidea that component errors do not

afftctthe ratiometriC operationifa common stageis used

fbrdetectlngCl－C2andCl＋C2・

TheBrststageisthecapacitance－tO－VOltageconverter・Sens－

lngthecurrentflowlngthroughthetransducer，itproduces

theoutputvoltageproportionaltothetransducercapacitance・

AssumefbrthemomentthatopampAlandswitchesSland
S2areideal・WhenSlisonandS2isoff，theC／Fconverter
sensesthecurrentsflowlngthroughClandC2tOPrOducethe

OutPutVOltagel左1

杭1＝－β（Cl＋C2）和戦 （6）

whereV：istheprobeslgnalappliedtothetransducer・After

conversiontoadcsignalbythedetector，thisvoltageisapplied

totheADconverterasthereftrencevoltage．WhenSlisoff
andS2ison，Ontheotherhand，theC／Fconvertersensesonly

thecurrentflOwlngthroughCltOPrOducetheoutputvoltage

l左2

叱2＝－βCl旦r坑・ （7）

Afterbeingconvertedtoadcslgnalbythedetector，VL2
isappliedtotheslgnalinputterminaloftheADconverter・
Then－bitADconverterthengeneratesthebinarynumberb
glVen by

む＝諾
Cl

Cl＋C2

Modifying（5）as

二r　＝

＝わ12－1＋わ22－2＋　　　＋われ2－m

（8）

C1－C2　　2Cl

Cl＋C2　Cl＋C2
－1 （9）

andsubstituting（8）into（9），Onefindsthatbisitselfthen－bit

Offsetbinaryrepresentationof二r・

ThecircuitdiagramofthedetectorisshowninFig・3・It
consistsofafu11－WaVereCtifierfbllowedbyalow－PaSSfilter

l9］．Thelow－PaSSOutPutCOntainstheripplecomponent・This

componentshouldbemadesmallenoughsothatthenpple

factor，defined as the ratio ofthe npple component to the

averagedcoutput，is smallerthantherelativemeasurement

Fig・3・Thecircuitdiagramofthedetector・

errore specifiedbrx・This requlrement SPeCi丘es thetime

constant，Te＝C4R5，Ofthelow－PaSSmter

TC≧
2Jln（1一己）

（10）

WherefisthefrequencyofthesinTSOidalsourcel左applied
tothetransducer．TheE％settlingtlmeOfthelow－PaSSfilter

is then glVen by

巧＝－7℃lne．　　　　　　（11）

The settlingtimeTs SPeCifiesthe sampling speedofthe

S／Hcircuit，therebylimitingtheconversionrateoftheAD
convertertofln（1－E）／lnE・Specifically，Whenf＝1MHz

andE＝0．1％，theconversionrateis150samplespersecond

（SpS）・

TheaboveestimateofthesamplingspeedassumlngtheBrst－

orderlow－paSSfilterispessimistic・Theoutputofthedetector

settles much fasterbecause VLl and tも2Change slowly・In

addition，the time constant TC Can be made much smaller

byadoptlngaSeCOnd－Orderlow－PaSSfilter・Therefore，muCh

higherspeedcanbeexpectedwithoutdegradingtheaccuracy・

IV．AccURACY

ErrorsourcesinvoIvedintheinterfacecircuitareparasitic

capacitances，theinputimpedanceandfinitegalnOfopamp

A，andthenonlineantyOfthedetector・Theireffectsonthe

accuracyareeValuatedinthissection・

TheCIVconverterinvoIvingtheerrorsourcesisshownin

Fig・4・ExactanalysesglVethefo1lowlngeXPreSSionsfbrthe

OutPut VOltages：

仇2，＝響
た什2）

1・去（1＋誓誓）
佑（12）
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Fig・4・TheC／Vconverterincludingerrorsources．

TABLEI

ERRORS DUETO PARASmCS

G
脚

G
阿

‰
阿

′
岬

BWE（×1が）
Ⅹ＝刀．5　　X＝O x＝0．5

1
2
胡
1
9
2

1
．
0
∩
”
0

ぷ
茄
．
3
9
仰

2
0
0
人
u

必
朋
胡
瓜

4
1
．
0
0

′
L
U
′
L
U
′
L
U
1

1
0
川
1
0
5

禦
禁
蒜

1
鮎
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Wherel霊1andV：2aretheoutputvoltagesofopampAlinthe
StatelwhenSlisonandS2isoffandinthestate2whenSl

isoffandS2ison，reSPeCtively・Aandi；aretheopen－loop
galnandinputadmittanceoftheopamp，reSPeCtively．㌔1and
Y；2aretheadmittancesofthetransducernetworkinthestate

land2，reSPeCtively，SeenfromtheinvertlnglnPutteminal
Ofopamp，andareglVenby

㌔1＝（βCl＋

i；2

月。n＋1／βC2
1　　　　　　　1

月5＋1／βCl■月。n＋1／βC2

nistheadmittanceoftheftedbacknetworkandk（1，2）
are glVen by

Cl（Cβ＋C2）

Cl＋C2

Cl＋q

Cl l＋β（Cβ＋C2）月。。

1＋車＋諾荒）私Ⅰ・

（15）

（16）
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When LJCIRs　≪1，Whichis a reasonable conditionin
PraCtice，nl＝㌔2holds．Then，A and羊have no efftct

OntheratiometricoperationandtheAのConverteroutputs
thedigitalequivalentoflk21／lklf

圃　　Cl　　け＋β（Cβ＋q）私nI
匝1l Cl＋C2

●

WhereEistherelativeerrorglVen，tO丘rstorder，by

1．．2′ハ．ハ、2（2Cl＋C2）・q
ど＝三山2（Cβ＋q）2

2【＼〉古■〉‘ノ　　　q

（17）

月三m．（18）

ThbleIliststheerrorEeValuatedfbrseveralcases．R。nand

Csquotedinthistableassumestandardanalogswitchesand
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Fig・5・Nonlinearerrorduetotheoffsetvoltageofopamps・

825

Fig・6・Agangedparallel－Platecapacitorusedfbrexperiments・

Wlnng，reSPeCtively・Itindicates，therefbre，thatanaccuracy

better than13bis easily achievable without any special

techniquesandcomponents・

Amainerrorsourceinthedetectoristheoffsetvoltage

VBs of opamp which modulates the conduction period of

diode DlinFig・3・Itseffbctonthelineardetectioncanbe

evaluatedbyintegratlngtheinputsinusoidalsignaloverthe

COnductionperiod・TheresultsareshowninFig・5・Decreaslng

WiththepeakamplitudelちOftheinputslgnal，thenonlinear

error becomes negligibly smallif V；islOO timeslarger
than叱β．
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Fig．7．ExperimentallymeasuredcapacitancechangeSandthedigitalreadingsofthedisplacementwhenCois（a）6and（b）lpF・

me slew rate（SR）ofan opampis another error source
Which causes wavefom distortion．SRis closely related to

the gain－bandwidthproduct fT OfanOPamP，andanfT

lOO times higher thantheinputfrequency fis required

for aprecisionrectifierl10］．In the detector，however，this

requlrementis greatly relaxed by thelow－PaSSfiltenng・In

PfaCtice，OPamPSWithfTlargerthan30fhavenotcausedany
SlgnifiCanterrOr．

V．ExpERIMENTAL RESULrS

A prototypeinterface based on Fig．2was breadboarded

uslngOfflthe－Shelfopamps，S／Hcircuits，anda16－bratiometric

ADconverter．TbevaluateitsperfomanCe，agangedparalle1－
Plate capacitor consistlng Of three electrodes was used as

a transducer．Its appearanCeis shownin Fig．6．Two outer

electrodesarefixedwhiletheinnerelectrodeisdrivenbya
micrometer screw to move back andforth．The stroke ofthe

micrometeris22mm，anditsreadingsareaCCuratetOlOFLm・

ThecapacitanCeSClandC2aregivenby（3）and（4）withこr

beingthedisplacementoftheinnerelectrodefromthecenter

Oftwoouterelectrodes．TiletOtalcapacitanCeCois6pFwhen

theelectrodesmeasunng47．5mm x47．5mmareuSedand

islpFwhentheelectrodedimensionsarelOmm x5mm．

Aguardelectrodeisinstalledtopreventthecapacitancefrom

being afftctedby surroundings．Al－MHz sinusoidalsignal

Withllち－PamPlitudeisappliedtothecapacitor・Component
values ofthe detector andthe S／H circuits are selected such

thatVLlaPPliedtotheAのconverterasthereftrencevoltage
isclosetotherecommendedvalueof3V，andthefu11－SCale

digitaloutputis32768．ThenonlinearerrOrOfthedetectoris
lessthan O．02％．

Fig．7　shows typical measurement results．Capacitance

Changes△C＝Cl－C2，andthedigitalreadings△C／G）for

displacementxareindicated．Dots showninthefiguresare

averagevalues oftenmeasurements．Thestandarddeviation

q was O．21fF when Co＝6pF and was O．044fF when

Co＝1pF．The maximum nonlinearerrOreValuatedfrom

thedigitalreadings wasO．19fFwhen Co＝6pFandwas
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0．036fF when Co　＝1pF．These dataindicate that the

measurementuncertainties decreaseinproportion to Co．As
Canbe seenfromFig．7，the capacitance changeis3fF／10

PmWhenCo＝6pFandisO・5fF／10pmwhenCo＝1pF・

TheminimumscaleofthemicrometerislOFLm．Therefbre，it

maybereasonablyconcludedthatthemeasurementaccuracy

is wholly dominated by reading errors and backlash ofthe
micrometerscrewandthattheslgnalprocesslngaCCuraCyOf

theinterfaceisfarbeyondtheselimits．

SimilarmeaSurementSWerealsorepeatedfbrawidevariety

Ofopamps．Noremarkabledifftrencecouldbefoundfbrhigh－

SPeedopampswith存largerthan30MHz．Excellentlinearity
WaS alsofound over a wide range Of displacement．These

prelimlnarymeaSurementSCOnfirmthepnnciplesofoperation

andtheaccuracyestimateoftheinterfaceandproveitsvalidity

forhigh－aCCuraCy SlgnalprocesslngOfdifftrentia1－CaPaCitive
transducers．

VI．CoNCLUSIONS

AninterfacecircultryOfdifferential－CaPaCitancetransducer

Which perbmed the ratiometric operation of dividing one

Ofthe transducer capacitanCeS byits totalcapacitance was

described・Thefrontendconsistlng OfaC／V converterand

a detector was commonly used fbr the capacitance detec－

tion．This time－multiplexlng CaPaCitance detection uslngthe

COmmOn Stage fbllowed by the ratiometric operation uslng

an Aのconverteris qulte uSefu1for high－aCCuraCy Slgnal

PrOCeSSlng．Analyses have shown that capacitance change

as small as a few tenths of fF can be detected by this

arChitecture．Perfbrmanceevaluationofaprototypeinterface

uslng a ganged parallel－Plate capacitor has confirmed the

accuracy estimate．

Theinterfacedescribedhereinallowshigh－aCCuraCySlgnal

PrOCeSSlng With standard components・The sampling speed

higher than5ksps canalso be expectedifa second－Order

low－PaSSfilterisincorporatedinthedetector．Thesedistinct

ftaturesencourageitsintegratedcircuit（IC）realization．Ap－

Plicationstopracticaltransducersareanotherfuturework・
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