;e3e>qgl | mo. ZoZp6pT>qv} 9 *cooooa* *159159* 1 CAPACI TANCE- BASED POSI Tl ON
SENSOR Techpi I m The invention relates to capacitance-ba s 1
sensors coqm‘m\mmm“m roduce out put capacitance that varies ijumm“m“mn
relative posi ti,?&oogi a pair of 5 novable objects. Background of
I'nvention Use of capacitance to neasure relative position between ti§!>"
objects is wdely known. One nethod of pfsi tion sensing involves affixing
two conductive plates to the objects that are to nove relative to one

anot her. The 10 plates typically are secured to the ob'kects so that they
overlap and are paralle M&G&‘&N&ETBAS%B%JEIQH&%F&H Qﬁa gap. The two
plates, together with an interposedpdiet&skif (e 9., air) produce a

capaci tance which depends, in part,~ 0 ent to which the plates

overl ap each ot her Thé\inviehtio bglstes so aapaeitatidechased position sensord egnfipheayes,
resulting in a correspondi ng change in capacitance. 15 Fromthe capacitance
change, the affbpiodues owtppiagapaeitance Hhah yaries with dheedativepositionaftacpaisof

det erm ned Oﬁf‘ovgf.)lfefo. _felé{sty wi th the above approach is that various factors
may contri gute to a gl véen change in capacitance. Assuming a rectilinear

X-y-z coordinate system w th a Buakgroohd epPthdUsivéntienpl ates that are parall el
to the x-y 20 plane, capacitance variations wll result fromrelative

transl ati on occur r Vpgyoheangeianceria measuresrelatiye position betveeendgwor shiedtsh i di nat e

axes. However . \ [ ti S g.8V. ' el j h Lople system
descri bed abO\‘}Vé, alﬁtﬁ%ﬁ'di 8r§% |°§t 8?62%%\%6@#%&@{%3}&%%&&%@?%9@0

resul ting frooonductivd platesutt rthe) gbjetts tbataine taiiove relativatc amasandthere THeange due
to notion occurring along another 25 axis. The above problemis of

par ti cul adOconletasitypisalbe pre-sepured fe sheopbjpgts so that dheyr eveslap ipadiasapargllel ens
(MEMS), such ] r r r [ S t or age
devices inclu eeg&sg@%g%%& %%%ié’? 3 g&gegﬁgengsdaltpgﬁ%%v@#ﬁ rhwﬁﬁaa?? X-Yy

pl ane rel ati véntérposud diclsateic dé.g4J airpprddute 4 Capaeitaree which depénds; ¢nipat,eny access
and wite data to the nedi ug}] the exact relative position of the storage

medi um and r e/ G¥tentdogulich dheyplatespeverlap gach prhere| A theoahiegts mayie; the

mechani sns an e i .S ' these. deyi ypically
are effecti veg%‘?ﬁ%r‘%fﬁgf‘%&@%%%ﬁ%ﬁ{? oméé\i%rgp%dﬁé@ Ls'a”fg fnn(ga?hé?%lf %‘duce
i nci dent ali5z- Bxdnd thiedédpacitant® ehangey e tantat of AldiletdisplseprRat bétes GiRsi Ng

system descri bed above can produce erroneous position readings in the event
of such inci debjeefs ivdeisaminetbvenent, for the reasons expl ai ned above. This

neui dental over O W he HBu BRafig iR bR PRI EeR e ot Mg
capaci t ance- basmelbiestol 4 QivenCOis@igs ihScaphéiidntel SAGhdihy ial poctifadarieylzar |y in

m cro storage devjices and other NMEMS systens, it desirable that the
enpl oyed posi £oUHingtensyistenp Witk rc pain of songustive platesthat are paralel to dhenxdyy as a

function a.qiyen. .. i N. | til.an . | C sition

must be nggs upghg’i X ?ig%%:go%agmgg E%R}eﬁgnlgﬁ’gp gf"%%&/‘%%ﬁﬁéh 1%%?5% or s

sinply are nobeto@Bgithé piat@nglaff allothpseout dee Bodriniates atdsAbHeweo¢r, Gging M ni ng

position to fthat_ fine a resolutjon. Summary of the | nvent i on Accord! ngl Y,

the present i ROwtien smmsipgayptams, clhiding the sirapla spstemaleseriedaboyomsareti on wit h

a movabl e syskamiiale BaSet BbipaShal Gahg: Bl RoPUARLE Klufflative to
N rangé of relative noti

one anot her t rougr an-operati v _ on “al'ong ansaxi s.
The position 51@ﬁ$©he hﬁis@ﬁh@ﬁlchﬁd&ﬁﬁe%&ﬁ% Q@ thoidrsRarring dl66¢ antitidre
secured to _one of the objects so that the first plate is parallel to the
axis. The28en8%B. al so includes a pair of second plates secured to the other

of the objects so tialndvapr3BRAT Bt BhfRuldf ot ie Ul dySRP bR AR 2N SO

electro-mechanical systems (MEMS), such as in very small computer storage

-

devices. Some such storage devices include a storage medium that is designed

to move within an x-y plane relative to an associated read/write device. To



25 plates are spaced from and parallel to, the first plate as the objects
nove relative to one another along the axis. The first plate and second
plates are configured so that they formtwo spaced-plate capacitors having
capaci tances that vary as the objects nove relative to one another wthin
t he operative range along the axis. The position sensor is configured to
use the capacitances to 3 generate output usable to determ ne relative
position of the objects along the axis. Brief Description of the Draw ngs
Figs. 1-3 show di fferent perspectives of a conputer storage device 5

i ncl udi ng a capaeatelyrceessanddwiitesdals i theamedinm, thcopxach selativeopesitianofdi ment
of the presentJ i - Fi '§.ﬁ5 | L.e .

capaci t ance- bghséeé}x%gé i'?élaé%lﬁs%rqsrg?d/accoraggggﬁdosgtb hg&gﬁém‘; F%Stécr’l t‘lltlocn. Fi gs.
5-7 are side dtiessnebhphisins r@dpethér actaatirig ifeehgnishd used sdthsthesodevicgs 10 4,
as attached to a pair of objects noving relative to one another through a
range of x-axPPieally; ang. effeqiivegat produging; ¥ sption, howeverutheyseraetiessoci at ed
with the pegsitj [ SNQWY . | i as. 4A-7.. Fid.. [ ke top view
of anot her gc aéle'aoéﬁﬁlf gﬁg%g@btgélegv%égs :ﬂ%@o "1 jsee ﬁg@reggglg%_r%ﬁpgﬁﬁ%rég%hgoﬁes_ent

i nvention. Fi génsinkGysnpdedctibélicabove\van Peiducé efR8ndds pbsifion edadinge i@l ti on
sensor of Fig. 9, as attached to a pair of objects noving relative to one
anot her t hr oug¥end afasugh ingidgntalz-exispmpwement, for the reasons explained above.

This may result in, among other things, the wrong data being read out, or in the

accidental overwriting of existing data.

10 Another problem with existing capacitance-based position sensors is
limited sensitivity. Particularly in micro storage devices and other MEMS
systems, it desirable that the employed position sensor produce an output that
varies significantly as a function of a given change in position. In some storage
devices, position must be measured in fractions of a nanometer. Many existing

15 sensors simply are not sensitive enough to provide output suitable for
determining position to that fine a resolution.

Summary of the Invention
Accordingly, the present invention provides a position sensor for use in
connection with a movable system that has a pair of objects that are movable

20 relative to one another through an operative range of relative motion along an
axis. The position sensor is capacitance-based, and includes a first plate
secured to one of the objects so that the first plate is parallel to the axis. The
sensor also includes a pair of second plates secured to the other of the objects
so that the second plates are adjacent and coplanar, and so that the second

25 plates are spaced from, and parallel to, the first plate as the objects move
relative to one another along the axis. The first plate and second plates are
configured so that they form two spaced-plate capacitors having capacitances
that vary as the objects move relative to one another within the operative range

along the axis. The position sensor is configured to use the capacitances to



Fig. 13 is a depiction of a circuit nodel associated with the position 20
sensor of Fig. 9. Fig. 14 is an isonetric depiction of yet another position
sensor according to the present invention. Fig. 1 Sis a side view
depicting portions of the position sensor of Fig. 14, as attached to a pair
of objects noving relative to one another through a 25 range of x-axis
notion. Fig. 16 is a waveform di agram shpwi ng capacitive output as a
function of x-axis displacenment for the position sensor of Figs. 14 and 15.
4 Detailed Description of the Invention The present jnvention is directed
to a capacit aBeREIHEQPYSdisable 4o dstermine, relative nosition nf the obisctsealgng)ithient s
descri bed hergin may be used in a variety of settings, but have proven
particul arly advant ageous when used in very small 5 conputer storage

devi ces and other MEMS syst erBriefid¢scriptigioofthe Drawingest rati on only, the
position sensor enbodi nents described below wil| be discussed primarily in
the context of a hFigh- dehshew differsnt peppedives: ¢ & ROMBISTC dtorggegdeviee ang 2
respectiveky -S| . i i e.gevi ce
100, i th ohi SRS §Ea AR hASEP BOUAGE borh Acfiig e Buc uBIAERAEGFL O

St or age devi c¢heli@senbinivestish. a number of field enmtters, such as 102 and
104, a storage nedium 106 with a nunber of storage areas, such as 108, and
a m croact uat or 11Big. dhischschematic tomviesy of Becapaeifange-batedi PORIIQNGSERSe

respect to th i ]t , i ce versa. Storage device 100 may be 15
configured sogf{%@hgéﬁﬂeﬁ&%;egtg@g%ﬁrﬂ@%'is responsi ble for storing one bit or

many bits of inforpisi$n.areléide Vietlsdepisting posionByf the positionGensod o Fig.
point-emtters having very sharp points. For exanple, each field emtter
may have a0radi as agached to - Daie offobjgstiumouing relatiyede canet anothes dheoygh 3
nanonet ers. j i a 20 preselected potential difference is
applied betm%#gg%fgggﬁ%gﬁ'er and its correspondi ng gate, such as between

emtter 102 and ciFigulgais gakepiclios of ug circwitl inngleb abdociatedl Gdth fAeepdsitidnhe shar p
point of the emtter, an electron beamcurrent is extracted fromthe
emitter and deenser gown inigs. Aigh degree of precision towards the storage

area. Dependi ng oneihg 2 LANGRAYSEw Hoafbiyeh Tabhlahod Bicd st Mo U

106, the type of € ters,
15 sensor according to the present invention.

Figs. 10-12 are side views depicting portions of the position sensor of
Fig. 9, as attached to a pair of objects moving relative to one another through a
range of x-axis motion.
Fig. 13 is a depiction of a circuit model associated with the position
20 sensor of Fig. 9.
Fig. 14 is an isometric depiction of yet another position sensor according
to the present invention.
Fig. 15 is a side view depicting portions of the position sensor of Fig,
14, as attached to a pair of objects moving relative to one another through a
25 range of x-axis motion.
Fig. 16 is a waveform diagram showing capacitive output as a function

of x-axis displacement for the position sensor of Figs. 14 and 15.



size) required, electron optics nmay be desired to focus the el ectron beans.
A voltage may al so be applied to storage nedium |06 to either accelerate or
decelerate the field-emtted electrons or to aid in focusing the
field-emtted el ectrons. 5 Casing 120 typically is adapted to nmaintain
storage nedium 106 in partial vacuum such as at least 10'5 torr.
Researchers have produced mcrofabricated field emtters in vacuum cavities
usi ng sem conduct or processing techni ques. See, for exanple, "Silicon Field
Em ssion Transistors 5 and Diodes,” by Jones, published in | EEE
Transactions on Conponents, lpgiailedddesgHptiomel inaduventigh Technol ogy, 15, page
1051, 1992. Each fa L trer . n 8. St e areas
provi ded on st orag'gﬁéngrglgélﬁ% "?épgwsegrig&éeg@ﬁ%f%@F‘gm&ﬁﬁ) ?geerd r}}lﬁgﬁlp gssg{(i)s%gl bl e for
a nunber of siThe positiaf e@or mbodifiRntbaleseribellHerdii Phayebd ¥sedsinadapiesdoft 0 scan
or otherwi se 10 effect relative novenent between casing 120 (and thus, the
field emtter 8ottingsl byt bpvgyprayen iparticubely Fdyentageays| whenmpisadocyerstsanally 10

typically ks adapted to_sca iy 6 t i&fer | o i o_t hat
each fiel d!semc&flﬁvtef sstt?)rﬁé‘? t&gﬁgg 0\1/° Gi M@én?ysz%ésf’agg%grégéo.seg\ﬂﬁ such a
confi gurati onjitretieipehlattRé pblifiofiaRknfs ehibsiment Cddiicibed beldw Wilt Hecal |y
two-di nensional) of field emtters over the 15 storage nedium Because

st orage nedi udiseessedrprimgrite inathe\aontext of 9i high-dewsityi M—B%ﬁ lcopputer §iosagse
referred to a§ ‘t,ihe "nover." Correspondingly, casing 120 and vari ous ot her
conponents th V% e fixed relative to the casi ng (e.g., the field emtters)
will be at times reigers GﬂdtZOreﬁﬁec'tiba?'"ﬁlbWt side 'and t6p Ciosh deditn! views of wpi cal |y
are configured to read and wite information 20 on the storage areas via

el ectron BBanstorageydayicsdle witth whichf 2 glogitieni sensor Aceerdingnt theginventiony t h

storage device 1Q0 t produce .el 1o na r no t chi eve the
desired bit 8 ?Rey“%ﬁﬁ- g??f?%eg ?vﬁ%edmﬂnfg’g.ggéﬁ‘[%g{ ,(’Pﬁlﬁ@ ?#%Pﬁ’ g?ﬁ%[{;er.s nmust
provi de el ect 102 ah@a08, &istoratiel mediant 100 Weth £aambédof SorelRédd) slh gdesired
read/ wite operations. A variety of nethods may be used to 25 fabricate

such field eml08,cans a pueroastuatot d 10,owbichescasd(meves) thel sowmge imediwnyibc al
Properties of Thin-Fi H el.d, EFm ssi on Cat hodes MWt h | ybdepum Caones, " by
Spi ndt et al, "OTERRirkdb the AR SRTRRSPr SReAET forons RV TR My R, 1Y
December 1§76¢o &Bso tHat B dtérage Bfeh QS AtponkiblE F6X $t6Ahg Ofle BitGr many
Characteristics of Si Field Emtter Arrays," by Betsui, published in Tech.

6 Di gest 4th Dbits of infaymatioM croel ectroni cs Conf., Nagahama, Japan, page 26,
1991. Such emttergs, have, heen successful Iy enpl oyed.in.various
appl i cations, suc hﬁées ﬁeﬁd frutpers TRZY %'d'i %%f‘@?ﬁpas pomnt-emittéls' Baving very

sharp points. For example, each field emitter may have a radius of curvature of

about one nanometer to hundreds of nanometers. During operation, a
20 preselected potential difference is applied between a field emitter and its
corresponding gate, such as between emitter 102 and circular gate 103
surrounding emitter 102. Due to the sharp point of the emitter, an electron
beam current is extracted from the emitter and directed with a high degree of
precision towards the storage area. Depending on the distance between the
25 emitters and storage medium 106, the type of emitters, and the spot size (bit
size) required, electron optics may be desired to focus the electron beams. A
voltage may also be applied to storage medium 106 to either accelerate or
decelerate the field-emitted electrons or to aid in focusing the field-emitted

electrons.



The field emtters may be provided as a two-dinensional array (e.g., 100 5
by 100 emtters), with an emtter pitch of 50 mcroneters in both the x and
the y-directions. Each emtter may access bits in tens of thousands to
hundreds of millions of storage areas. For exanple, the emtters nmay scan
over (i.e., nove relative to) a storage nmediumthat has a two di nensional
array of storage areas, where the periodicity between adjacent storage
areas i s anywhere froma 10 fraction of 4 nanoneter to 100 or nore
nanoneters, and where the operational range of the mcroactyator is 50
mcrometers in bot Fasing 320apmically iscadapisdsto mainain sierage anediv®i 186ins may be

Chemes may. piEBUERG g ol of & 5P YT e MABharché Thavk pRiREE S "0

enhancement s imickoTiliticafdd Freld®Semitieh® ANVabidin® tHlifes IRing Gemdcdnduéto Op Vi ew
of an exenplary storage nedium 106, depicting a two dinensional array of

st orage ar eas Papressing JgshaiquensSesn0r example,oiSilionl Rield\Emission Trapsistosni

circuitry (not_sh b to t S . areas. inhdj.cated,
it will often agg \é@l)e%a;li’yes"s ess%uﬁgﬁe%fﬁne s?gr gg%“%gégﬁém&?nqégﬁ?%‘&g{,s’ such as
row 140, wher g ah@Manaficairitiz Pechdlbgy, 18] page03gcI992¢as, such as 20
storage area 108. Typically, each emtter is responsible for a nunber of

rows, but is not rEagofieldisimiti¢ronay eeirespend @ angogmpre storageRseasprevided
exanpl e, as depicted, enmtt S I sible.for the storage areas

W hin rons 198 o greas 106 WhsieeieR TR Bmlet i Fopholg 06 Aatinbpe
foregoi ng desGyfishisgeraress RMRAZY devitd | 00 S/pi@VlyGE adhtbd W8 s€dh ér Stherwdsd t1 0N
sensor according to the present invention nia‘%/ be used. O her aspects of
this type 18f sfisctaglativemavementbetiveen oasing 120 (ang thyy thefieldemiiersrad;06 t o

G bson et al., . the disclo of which is_ in r.at ed. hgrein IS
reference. To Sg’&&ﬁ &‘Fé’“}f‘ Zgé-?*f)?frﬁ%ﬂ"a{ﬂ{%‘%?ﬁ@é&g‘&@r tgg}cgﬁ% B ﬁd%ﬁ%& Eoesi red
storage areas,scad métiiuin 006 RNdiffereie tdcafibiss sé that BRdHOfe]A le@tittércis PoSitibhal
sensing and contr ol 7 in connection with the operation of m croactuator

110. Accor di ngbgve diffreng storrgeiaceas1Wathrsuoh psopfigratinn nyiFroactyator 110 can

capaci t ance- based sition sensor .accordi ta t r.esent. i nvention. One
stoh pos & 1 on PBARER IS peeni i ey QepSARCHA fihehfionalfof RERFGhirteRGRE R o
out puts ong OfstdFgeSmediBAcC i Batate ét@:'ag fediuth 1 68 mo9Es/ relitive tb basing 20, livve
position of nover 106 and stator 120. Various enbodi ments and aspects of

t he position dHsitimds|be teéerredstorasithel “mover.’t dfarespondingly caging 1201#nd Si i | ar
to Figs. 1 and 2, several of thege figure i.l | haye an _acco N\ | egend
i ndi cating or VAHPY: PR B?m{’?l‘ée“&se&a&?’eedﬁﬁi%feymven@% CaRPE f{pgfﬁﬁ? f‘(‘?[}fl i near
X-y-z coordi nahfitté¥piRlbe dthincsQefepied fslas e estafdg’uded for purposes of
clarity only, and are not intended to limt the scope of the invention. For

exanpl e, storage mihe fieldiaaittars\typically angroonfigured ko readraad wijte infermaatidrown i n
Figs. 1 and 2. cor.di ngl when . the to-bedegscribed pqsiti sensors are
used wi t h2Dr oromole B Higs g hlcrlop, Feat (g nuofisel Gy AUSERIERS 5! ¢ on
of the storageuiighlé Wr wWe Witk sfoffye deXice! lm%udt?rﬁ\ddde elértidf ARk Hardwed,
however, that the position sensors may be used to sense novenent in many

di fferent desieneughdiorasbicve e dasired bitideysify emssorage meadiurh 406t Farther, the

bi t ily-defined.x- I h in Figs. 1 2. Figs. 4-8.depict
vari ous. aspecreibamitest RutoproRuRBe e, beueof; PneEnt RvE: damiy R ©
i nvention. As pefBfn kit desiied redd/ivrité @pérafionOA vty HChmbMBdamaY Bekedlo 20
pl ate assenblies which each have one or nore plates, incl Udl'mr’]r‘%l an M1 plate

asselnbl y 264 rf@hrgca@ svch ﬁpgb@miéterssﬁoamnm@,onanlldﬂqusaﬁssmgé lvsiltalo havi ng
% 172 174 : 6 ing S 178
and’ 180. e Raokdee Fhian Fidq friSoR T3 Tpaey WiliMITbdpm Cofesd, o age

25 medi um 106 pyF3sdt et aftblsheddRdh@ TGurHASIINBHIRG PHysies! V8l 149t MR 12 M
because in thegdégﬁﬁ:t eg g%arrplee, storage nedi um 106 ytgna, the M and M

pl ates are noWRestmberel H76ve Anotheasimghdd0is Tdisdlosed| yin e&Fabricationt eahdi n Fi g.
4, all of the é%l?%qc%lg‘?{igefs of 'St ﬁleﬁlCEHi ee}'l Mai/sr:’t’ et)ryC %réps%ﬁtpeu ’lisﬁlen i 1Ilecl(l).f the M

pl ates are el

(D)




8 interconnected. Insulating gaps 182 are provi ded between adjacent ML and
M2 pl ates, such that the M1 and M2 plate assenblies are insulated from
each other. S 1 plate assenbly 176 and its plates are designated with the
letter "S" because they typically are stationary relative to casing 120. As
shown, S 1 5 plates 178 and 180 typically are electrically interconnected.
The el ectrical interconnections and properties of the depicted pI ates wll
be described in nore detail below. As be8t seen in Fi gs. 5-7, ML plates 166
and 168 may be secured to the underside of storage nmedium 106 (i.e., the
mover). More [lgestcAfh dnt. WacysmiMi¢reeleetsonies Canfs Yegalgmm, Japan, page @bat es may

b dt | bl ock d,t dth f th
ctor age. medi ool rrhHEpRaERs B Pudes Rl MobleFRL i Vi ApIERRER, T
coupl i ng bl oclgfch a5 i fla® paritidisplags.bl ocks 106a and 106b extend in the

x-direction along the top and” bottom side of storage nmedi um 106, and y-axis
coupl i ng bl ocks 10Bbe finld endigidrsanaybripravisied 21 b two-dimensjonal amay (8, Wbng t he

| eft and ri.gh .0of the stora u The x axis in l.ocks 106a
and 1060 v B, 108 Brfsh st bR Bich A Yo Bt bRl EHng i 4o no
nmove with the ysdlfhrcﬁgﬁs nEéBhUéHlﬁ‘t%r hiay'ﬁ@c\!d@é bits @ént BE thousarids to hiin@edesf Wor ds,
coupling blocks 106a and 106b are fixed relative to storage nmedi um 106 for

purposes of y-milliansoftstayage 4rees. |Fndep@nplen&1e emiters mayescan over(iemmoe f or
pur poses of y n bl.ocks 6¢c and 106d work in a
B o but ouTs & hsfhiise midh GotBelde WiEpsRod] Sy B eSS et um
for purposes GQfheYe @ peABdicRY behvéenaa@jaeaﬁ%ﬁg@@&ea@flstmvﬁie%«'fﬂmrmdl um
for purposes of x-axis notion. Use of "such coupling blocks is described in

U.S. Paterd0 Amralctlmapf amamametat td\lbOO m&m@emeterrs,laad wlmye g omrowionzb of

Pet G Hart f Bl k f
vt on Sencor Hange St e iseagHRtox J8 0T Remeters; msRothdn Fems PHBRICHS, | o ey
31, 2001 of Pexigys, the figdhl Emfteks A gﬂaomké%seh sﬁﬁﬁﬁﬂecﬁ@f &mehﬁﬁnﬁék&i Mot i on

Sensor," the disclosures of which are incorporated her ein by t
ref erence. Acmmmgﬂayalletl reddeassipgi sehetheso oy piiovidenstorage demqehwo dvaﬁxcrl bed

here. 9 Those s ed.in the art wl| re tethat 1 and M
ot e assenh) Smiiant Sefaancseencemens Ao Beress Be el B 0t o body
of storagqsmedi um F@GB 1%%5&)93«%\9“01‘%' é?&n@ll)&y%idra@ iﬁe&iﬁﬁﬂ WG’ deiiﬁ:'hﬁkch vi a
coupling blocks. The S 1 plates typically are fixedly secured to or mounted

Wi t hi n casi ng t®o kiidexsional amayieofsterage hregs antrhattwmdyndnamaal arsayvof field M2
| at es. As best in Fj Iatest ically are
D anar st ruot erudses el ity (ot Hrvmas uith s8 Bdresie Slotas b Al o

120. The pl at ¢5digdyd, iewdEBREh bE UeSiPabld' R SERMRN tﬁﬁdstéﬂaﬁé edivh iftbEHY S€
secured thereto, using sem conductor fabrication techniques or other

sui tabl e met heush as row0 146 ruliere eacherowAgontaitls aaether of stokage axeas, M&chpdsat e
assenbl i es .t cally a d to,starage nediu 6 so that the M1 and
Ve pl ate 205 enigrieeares 408 e, ebbipralRoR FHoBR TRt o hribS AAPRs by

i nsul ating gapgt iS4et tddpatihie i fop tﬁ@e&ﬁbﬂ%@ﬁ%ﬂ%ﬁe rows. BorMkapipid 5 each M

1 plate typically is coplanar with al e other ML plates. For exanple,
in Fig. 4, aldepioted, omlutdrel(lzllsamspmlms for dhestonage ereps awithin rewshl4Ohat t hey

| lectively f h t ttent
nsul at  ng gatgonso) 2, 368 B Gl P Bohish B0 Frgs 507 \this expanse

faces downward t ovggg ﬁnfeg 1d&bﬁs&sm§@eﬁpﬁborsm}2& dIMee Gkl xvhlait% of the
S 1 plates are al so copl to one anot he Mover~ 106 and stator 120

normal |y 26e positih eenset ancloxxhng o thegresent inwention may be used. Other aspects
of this type of storage device are disclosed in U.S. Patent No. 5,557,596 to

Gibson et al., the disclosure of which is incorporated herein by this reference.
To accurately perform read and write operations on the desired storage

areas, it will often be desirable to employ precise position sensing and control



20 so that they may nove only in a translational (non-rotational sense).
Accordingly, S 1 plates 178 and 180 renain parallel to the M1 plates 166
and 168, and to the M2 plates 172 and 174 as nover 106 noves relative to
stator 120. In the event of z-axis notion occurring between the nover and
the stator, the perpendicul ar gap between the S 1 plates and the pl ane
containing the M1 25 and M2 plates wll _vary, however the S 1 plates
typically remain parallel to the M1 and’ v pl ates. Figs. 5-7 depict
relative x-axis notion that may occur between nover 106 and stator 120.
Fig. 5 depi ct 4n gonractiongvith therepeegtioncofemistodctuatarpbllat Ageordinglis strage axi s
notion; Fig. 7 _depi t he nover .gt,the opposite extrene; and to Fig. 6
depi cts t he misEre o fOF mal, B riayibd Vi o ShpeciautEaietd pofbucsienr o,
the overlap ogewr%mob%w&& iAvetitRhe O RH Pdsitiddl sdmorl &6 indidiedo et ween
S 1plate 178 and plate 172, varies as the nover noves between the
extremes of i tgenesplly at 16(in Biggle Sé¢nsepr 460 sutputsi ane. or'ravesrdapacitaned values o t he

overl apping 5 area of a.,qgive ai r of opposed ates., For exanple, Fig. 4
depi ct s thg M" léh _'B’I%h?éersi? mo&ﬁmg Vet %@%‘l@%‘%ﬁ% to nmover 106,

in an internedi at evaAshd iedibodiménts MAMRYRREsC oPEhuepasifidle ehdhy @ill iBes range
of operative notion) relative to the S 1 plates, simlar to the

i nter medi at e desaribedwith caferenee R gigs64-1&4 Simidarptoi Figs. Mand (2, severaloef

| S1plate 178 b the X-axi t. qf 10 over| i W
(the yhaxi s  witreh Tignfesuth Ve o, AesotiaatyiBe J0eeid indie v, SYEkaRod b HEE: go.
4-7 that the Qépicte@Psubjéct Ghatht Withing lreOMlirRhr XEy-2t éobRdina@*dySted. SPTRC EMENT

n
occurring between the plates, which in turn results fromreélative x-axis
nmot i on ocddr r ileggndearadneludesd,/for puawsemof elantycmly,zmd aresotintended o limén t he S1

Ch o S oo SteoBf R (ISR, For R0p Rk dorkes eohaf 164 L EmbtBl oo
are forned betwigfn thdR-yvplah® dRowh 34 FSgs. ThARE2 C RO diAFIvE Wheéd the asbemver 106

nmoves relative to stator 120. Fig. 8 depicts the capacCitances fornmed by the
various pl at esesonibesh position gensors-are used with|stagage daviee t sladyt typicallyraresur i ng

i it 190. G r.cuit, 190 20 incl first,. i apl i t 192 which
R T IR e
pl ate assqgbl %e(ac?lp}ecﬁﬂt@d,_eﬁov@g\%r affat kRO)position’ SHis6rd! fidy e LS&L 36 'seHéel N the

circuit synbol f capaci tor 192, the capacitance of varlable capacitor 192
i ncreases as moyvemenid mayedifferent desireddlitectiensy indluding planes ethert thawthteo st at or

120 fromthe sj tion sho in Fig. 5.ta.25 the,position shown in Fig. 7.
This incr easeg{q’r\&ﬂﬁﬁfmﬁ‘m@ Hq‘énegsggw_f‘d“ﬁ@' ! ﬁE‘f%ase in overlap between the
M1 plates and thef s.%eldeﬁieﬁvarfauafaﬁsebf\smmlﬁsmnlseﬁér%glcm aBcor@ing helthear i abl e

capaci tor 194, which is fornmed by the pl'ate assenbly (M2 plates 172 and
174) and the presens|inventions ehbhbeen(is Rigp4al,ceensor 8l 62rmiay 8ejudeThaundbemofar d

directed row i ndi cates that capacitance of variabl.e capacit 94 11
decr eas esags Hmfe?ss%%ﬁﬁwgécﬁ ‘?"i‘cﬁﬁ}?"_ﬁé’gf’ {OF ﬁorﬁ-%?tF%c’P?lBﬁio“génaﬁ 1vélatleo st at or
120 over the gp@mbly V64 KAMEMI plite@¥66aitP] 68 9n M2 Platd \Rs@tablyt 170hasiagWn i n
Fig. 5 to the position shown in Fig. 7. The decreased capacCitance i's the

decrease i n oM2 plates 1@2 waé h74,land n S 1iplate @assearbly 1 he having Sl plates 8 ande nover
noves t hrough gothe described range of notion. As seen in Figs. 4 and 8,
t he capacitané measuring circuit may al so include a signal source or

sources to apply tTHEMPGHY rmz%ilﬂeads&rﬁ&iekhﬁa)p*b@tﬁ?@dlﬂ_@é‘&@ed B Yorapednal s
are applied in order to produce neasurabl e out put signals based onm the

capaci t an2é exiediummd06 efige dnand2), phdrareslesignatet avithethie dettat “MJ” beraosti inent , a
si nusoi dal Gar,ner, 200.is applied to the M. 1 _pl at enb 1l plates 166
and 168). An the, doricied cxpmple, siagage mediyn) iléﬁ 4ng ﬁ%ﬁa@ﬁaﬂd ﬁ@éé‘ g5a870 (MR
pl ates 172 an . L pd [ 1S id e} t si gnal
typically is g}%éﬂﬁé%‘x%ﬁhﬁ???ﬁ%“t e IplY S i ARpa3H Fi Q’sf‘%%ﬁ{"b@q 180

degrees. Appl platsiave electrically enterconnectady iand) alli afithe M2 plressararelentriiqally t o be




15 produced at circuit node 204, which can be neasured to determ ne the
capaci tance of the variable capacitors 192 and 194. As seen in Fig. 8, one
way of neasuring the output is with a voltage-sanpling resistor 206 of
resistance R1. A significant advantage of the configurations described with
reference to 20 Figs. 4-8 is that the output varies to a significant extent
only as a function of x axis displacenent occurring between nover and
stator, and is relatively insensitive todrel ative y-axis and z-axis
dlsplacenents This isolation of rectilinear conmponents aids in accurate
posi ti on sensiiptgrcomprstas. Jnsulating gaps 182 amnrowdpd befyeen edigeent Mhand N2

Cumetion o ok, AR BSABERE, S misl; pRBRERES B sl Fon i BRES L o
motion), and of thg t@aggéhque%&ti@rp}aemevm@ma wiigtiRsleftyhton vari es

with relative z-axis rmtlon Nanel y, capacitance C = (A*E0)/G where Ais
the area of obecduap ﬂlﬁotypmaﬂycarﬂmaworeia&ypdnmaaglgt B2Q. hspghow, tS v ty of

f di.cul th
v bl at 655 el 78 8% 0] BBFalE e bresbalic iR AP TN Blgcdt 1"
conponent s,  a jiRefbhnddfonali Piépeisd 6Fine WpieiedPINES Wil B Aeycbed imefemal i on

about the nature of the posi nal change that produces a given capacitance
change. For exlamilbslova capaC| tance change that in fact results fromz-axis

di spl acenent 5 coul m st akenl e sul tin n x axi s
di spl acenent . Capaélstbﬁ SEL ihigd y?e@{] lgﬁﬁﬁggﬁﬂ%}%g I?FD%C :F%

el i m nat ed by ya@ébide Wf ﬁ@ratge%gdhﬂﬁxei’m@%éh@ﬁe WVeh2P M6reVpaticithidy,oss does
not vary with the expected range of y-axis notion.” Fig. 4 reveals that each

of S 1 pldDes mdi&tahdl EgS. 54, thedd plates hByMecmcdltomnBMmth@omlmgand MR
pl ates. The a t of 10 .0 e be sel ect ed so th ver| ap
bet ween t he S é’t“é‘”é%%i%?@ tg %gﬁ%g?)é]?e SI0E28G Tea §‘%enbl i es
does not ¢ hangﬁ)ré?%éedevi&et}%i‘é)ﬁfét% §eﬁd”'€1ecdhfphﬁg Brdcks.¢-b L cToﬁpli}f‘gC!‘alE)leret ween
t he nover and sta Further, as descri bed above and in th

above- r ef er end@6a @odp"%hgemnibin thes sidirsctians alongethg pp 9ndobqnomg1d9| ofcks 106a
and 106 typically are des ed so that ot the y-axis
ot i on of * v alorasanediE LAY, 3od 36 Bbuning b1oad A 088 ant \ghd el Sk 2o o
el i m nat eCiSdU?nt}i aﬁééttontaﬂoﬂ e A0 ahd KghCade oftthk “Rorededmadiim? Ofhedpid 202 to
vari abl e capaci tors 192 and 4. Those Skilled in the art will appreciate

that, for M 1apisaaoupltﬂ§bldvks pi[)éa and 126bmbv@ with|staragel @diunhaes dtapaves: ance
measuri ng CII’CIt hovvnl 820 s a transfer function as foll ows:
Vo s p - <, B annt mode ik, forhe Bt o5 Hihow el e,

vol tage sanpl 'tl&gy bS] ?ﬁthe?%rdsVEoﬂp?myb%dikQ'iOGi‘Xﬁd 166b ABHKed $L1HR o CXP 1S

t he capacitance of variable capacitor 2; Cxnis thé capacitance of
vari abl e capaetorage médinmal{lé for :pu(pOSQSR)f]y-aXIG Gation, bnqj)lylependenttof\stdragebe not ed

1 b 2000 sty 188 ol of vamss inofion; &-his.coupfisis BibRks PR’ i ng

bet ween M IOI ab6d lﬁﬁk%da Sinilirahf cépf)%sue“\ﬁxahaeﬁ ReyOURY FiRét PI8tVe tdtheb et Ween
M2 plate 172 and S 1 plate 178; and " Gh is the z-axis spacing 13 bet ween

M plate 172 atwaﬁlmpdmne fdﬂﬂurpbsesacfdy-tamsnmonpng,xbut_amr(mdmr,ndem) oiathsb An(x) =
W (xno + Xx), ere x e X-axis

%& acenen I at EP ﬁg) ?
Pl ato 172 1 el S0RES Hedidm, °£)P%‘il’8s°f7°é w0 BoRRE Wdof Shatkestbling hloeRne y axi's
of ML plate 1GEsBed YPUMN. Patent Afy hé‘a%n's%nﬁlh@o'®/$6ﬁ66ﬁﬁ!€d%a&21xz®>l' S
overlap 5 occurring between Mlg and S 1 plafe 1 en X =
(assum ng26he of Peter G. Hartwell and Donald J. Fasen for a “Flexure Coupling Block for

Motion Sensor, and U.S. Patent Application Serial No. 09/867,666, filed

May 31, 2001 of Peter G. Hartwell and Donald J. Fasen for a “Three-Axis

Motion Sensor,” the disclosures of which are incorporated herein by this

reference. Accordingly, the coupling blocks will not be further described here.



position shown in Fig. 4 as the initial position); and xno is the initial
anount of x-axis overlap occurring between M2 plate 172 and S 1 plate 178
when x = 0. Assuming perfect coplanarity of the ML and M2 plates, they wll
both be equally spaced fromthe S 1 plate such that G = G = G
Substituting these 10 values into the above transfer function yields the
fellowng: Vo S * (Ap - An) * Eol G _ S * 2x Vc S+P (Ap+An) *Eol G S+P
xpo+xno It will be appreciated fromthi s9result that the 1/ G term cancel s
fromthe nunerator and denom nator of the gain term After this

cancel | ation, the Thoss skiled gaithetast willsappsegiatet that) thendébeamdeM2 plata he

di cul id b he pl _ Thi i i f
el ative 7 morFBAELES ot oot Ser dgh P e APAERRLY Jo e WRELF g
out put, such tshahgel MBdiaH mrlt ihdteRLESH bﬁé_rhﬂvélgﬂdﬁ%a%a{etoo&iazcbaﬁﬁ:% moti on

occurring between the novabl'e objects. ving thus rejected contributions
due to rel ati \bdooks.a¥he Saplates typicallyratei finedlyt secundd to or mousted wdthin casing es

| ati -axi i i b b iall | h
i s comsandad e B shfabes Yat ey ok e AR bR orned for only thr eo
plates (i.e., M1 Akajest sbBRin FigsPsA! fheMZ, MRhng SH ]?lh@& ?yplc?ﬁ])gpalrlé E&nﬁpove

result, and particularly the rejection of z-axis effects, a s equally
wel | to expandtuctusesithatearé faidy vhingelative topmavers] O6sarshstator 2@ dilb pditesent

shown in Fig. 4 and,25 varioys other di nent,s to be desg¢rihed below. In
he. cont ext "oy WegiRsedof HaRoyes, asd teion o SthepwBe Sroufd fetalo dipiiz
desirabl e to RERIdoHINAr O FbRPRatIRS teefnighéNJoFObthet NARItBIE FXdthodsTObF
exanple, to performaccurate read/ wite operations wth storage device 100,

it is 140nesemwfacture.o Aerindicathd, thesMili and M2 plate agsemhdids (ppitally aret hi n t he
- I | at i i 20. , i b th
o Fhoe. a5 PEouGh i P edm, L8 B it Mt RE A2 Blaed SEieter e on

only, nanely, aajaeéf eha?ompf}ébﬁlan&%a%éﬁa@med bwéﬁmﬁgsg'ag?ggzﬁﬁﬁﬁimn

additional structures simlar to 5 those discussed In 4-8 may be used

for y-axis noté beingicpplanat toythd M2 plates, eagh Mhplateatypizally useeopéatm wath allb t hose
al ready descri tg o or both of yaxis., couplin | oc (o 106¢ (or
oot Ty o s b oMb dL Hetesn) Fobpraraniecisy Figs fuAlAty ob e M aihMA  or o)
120, | ) ) : | ¢ . . s .

n thiss mésdé.x@"d%%la?ﬁé subtP tfat Iy dlE@twél??offn %@ﬁlﬁ?}??@ﬁe%ﬁgﬁz

X-axi s sensing while suppressing y-axXxis and z-axis 1
y-axi s sensor iptennittentsgaps &g insvlating gapi182). Aspwilklssappyeciated ifitomaRigsz - axi s

ffects. Thi i,d t i ithin t - I whi
ovo di ng the SEheltit, PR orn coRguAL (ot e, SR Pal A dador s due
to relative z1gpicaligliafRfARESE Plates HACaISs B&HlamAPGhd Ridkierdescr i bed herein may

simlarly be configured to provide position sensing along nore than just
one 15 l|inear axi sMaver &0fiand stator d 20 sofmallynare meavable relative hoohe anatherponent s,

t he positi,Qn sengors,of the present, invention may . be configured to provide
sens! 1 ve.20ni o THE5 GMEY | BAY pBeNE | GHYS Ech HEEnsioHaRlq (naedvarhBal seam i vi ty
I's one benefi tachr S BrateIEIYg a‘hﬂf’l@@ fethalil Paratfel t@%@ﬁﬁk/‘k\i&p fgat es and

two S1 plates are 20 Used, the overlap occurting between ates and S 1
pl ates for a db8&eandatecthe M2 platesdl Bpimsic Eeast mogerl Hitgmoveshretativeub dtabarcur f or

a single pair ver | appi |.at es. of the sanme size. Accordingly, a
arat or capacilo HirHaE! PE-BfipheR actuing Refesh HF mAtth ndspe ator,
di-spl acenment . HdpéipédiiERASED betRedFitz! 31 Yhatel aRfl thé‘glalﬂe%bhiaﬁﬁné BRsSM19 by
all owi ng x-axis position changes to be 25 tracked at a higher resol ution.
Hi gh resol26t i end M platesrwidlevesy,hpwesepthe tS1platas typically remain parallel to the

M1 and M2 plates.

Figs. 5-7 depict relative x-axis motion that may occur between mover
106 and stator 120. Fig. 5 depicts mover 106 at one extreme of its operative

range of x-axis motion; Fig. 7 depicts the mover at the opposite extreme; and



inmportant in MEMS applications such as the storage device described above.
In these types of storage devices, sensitive, high resolution precise
position control is required to accurately read and wite data to the
proper storage |location, and to avoid erroneous overwiting of existing
dat a. 15 Figs. 9-13 depict various aspects of another enbodi ment of a
pesition sensing system 2|l 0 according to the present invention. Position
sensing system 210 includes two M1 pIat%% 214 and 216, and an M2 plate
220, that may be secured to the nover, simlar to the previousl described
ML and M2 pl athig. 6 depigts thevmpyer afiangnterordiate laentiona As sgea intiese

pl ate 226 that e secure 0 st t w, rel |ve

o at 226 Nty e B RERUEE el B PR 148, ARG S
simlar to Fi glate 378 and M2 pite 1 1 vapies a& théemyvePthevdsbfecdl theRkireedf t he
objects to which the plates are secur ed (e.qg., nover 106 and stator 120).

Sinmilar to thefptscapemtiveftange of x-axu@momon 10°‘Qyeplap’t sefetsetol the tovordapping r ene

position of t he relati or_a th

Clop! ct o ans: G Hver ok pbSpcied P Fof bferle et PRt e ML e
Those skilledNp gifxgs,awhichi hle APALRA! RlRive 'Rt ndover 20DBY th ' AidRiFENREe
produces four variable capacitors, as indicated in the circuit di agramin

Fig. 13: 15 ( pesifiocdpecisemewhere hegvmrtnlmctndepﬁme nmelobbmretnmmoanm) S1

| at 222 d d
Capaci tor oaz PRETEREER Spltfion Sl fo Rt islisBaiicpastuqn AR5 ERL 6.
decr eases N VIt poidtMIQTac 168 ofedigsS d%lﬁﬂé'l%&fﬁfﬁo (HSR-aLBRAIuhOST 244 | S

formed between ML plate 216 and S2 plate 226 and decreases in value with

positive xlOaxwyeRhys)mImSeWe@hq y-amsamdtl( @tmd\dbqﬂat@)r R sbould beappragiatest ween M2
| ate 216 and ate n nereases .Ln va si.tive axi s

8i spl acenent . 3272t at ﬂﬁl 8(‘5%"%? méﬁﬁgb?eﬁﬂ%%t&oﬁélﬁv\éu§§\xﬁgl
carrier 250 arggk 'atcsmeﬂt\/@d B’e‘i&eémheqﬂatee&ﬂﬁeﬁ ity Bl rédults iffsin kQatiie M 1

and M plates (Figs. 9 and 13). This use of drive signals, coupled with the
i nver sel y var yraxjs motiom peatictingbesween moven K6iandstatgesk29m t hat provi des

Compl ot el y) 1 ndopeRARASE PeGisF RSt ofates S M BN eishat BF SRl ana

stator 12Qs5 ThyyS deMcteR, StRlds 2w dnd tHids@ BElled & the hrOwilPthut appieBiatel tHACT | ON
analysis simlar to the derivation di scussed above with reference to Figs.

4-8. The S 1 =zaphcBanasatapeifarmed tetweeni thalvasious platcabtThese eapagitanwes tvaryf ur t her
processing, due to t fact that h ML capacitance (i.e. the

capaci t ance gé‘ﬂ@?"é(?’eﬂ%o‘@f’%@erﬁﬂﬁm %%%%%4 and S 1 plate 222) increases
when the ML-S2 cappg g t§ khefea a&n%c@@ﬁﬁﬂea%}cﬁxe%?ﬁhé‘bﬁﬂesbﬁfo%eﬂ Ml

plate 216 and S2 pl ate 226) decreases and vicé versa. 5 Figs. 14 -
depi ct vari oufigss gett as m‘clwdndtmeﬁ caprsaticremeasufing qmtulttl%)n Cenwultnt?OSyst em

ol at o5 263001 Hisydedcs My BeavLs SRRGUBR 1027 SR A dorrio OB e MA<oBIEG ) (¢ ne

el ectrical i ntaweﬁfbw\mlllﬂatés bss \WRe N 6BJ and &e S?Pi:ld\eé &sd@hﬂ}e(ssxabﬁteaoms hown,
but typically are simlar to those shown in the previous enbodi nents). 10

Syst em 260 mapndll8Q). iAwinditatedblyttheamowin fiexirsuit 3pabolfor capasiter 1325 the
electrically cou ledto th tof M2 plate assenply. The, M1 and M2
pl ate assenbl € %fg @ﬁ % §eRagt %rmérﬁﬁrﬁﬁa%\% é%°"e§[@ﬁ mevesifetie1 06, and
typically are Sﬂﬁ{ré QUfiRetiePrditive thieatdf 0PRgmMRe gbﬁtlsﬁ sB6%n %Hv %I%anar and
arranged in an alternating, 1 nterleaved fashion shown i n 14 and
15. 15 Sy2fentleg®sition shawn e Fig. dc Thikinareaslinpapacitansesis ok yo thwnmgasﬁl pl at es

in overlap between the M1 plates and the S1 plates. Circuit 190 also includes a

second variable capacitor 194, which is formed by the M2 plate assembly (M2

plates 172 and 174) and the S1 plate assembly (S1 plates 178 and 180). The

downward directed arrow indicates that capacitance of variable capacitor 194



266 el ectrically coupled together, and an S2 plate assenbly having S2

pl ates 268 electrically coupled together. As with the ML and M2 pl ate
assenblies, the S 1 and S2 plates typically are all coplanar and arranged
so that the S 1 and S2 plates are interleaved with one another. The S 1 and
S2 plate assenblies are 20 secured to another device, such as stator 120,
which is novable relative to the device to which the M1 and M2 assenblies
are affixed. As with the previous enbodﬂﬁents, t he descri bed arrangenent
creates variabl e capacitors, having values that vary as the plate

assenbl i es noWecteasea s movep l¥hmoxpoinhe positive Xrdifestipn relativiecto statorc 120y

configuration yiLe .1 C it i mJl.ar. in Fig.
T3 (1% o ok BabAbYE el S SBIF HoliGh Jisdh e e BT TR ) ¢
capaci t or bet \@aeposifiord kdves ir Fig.and Thelddekeaked cafitanod) is thé Aeaehdeoin bet ween
ML plates 262 and S2 pl ates 268; and 44) a capacitor between M2 plates 264
and S2 pl at es ogedap betwgenrthsi Md|plgtes and theuSbplatas asi the movesmoxps threugh

i nversion %82 ar‘f r(le%giectiveﬂ% & lied to the M1 and M2 pl ate assenblies,
consi stent “wi tﬂhe i sr3?$ep?' R the prior enbodi ments. Application of
the sinusoidal sigaglseePi®Fusea ad §Uthe apaditanbe nvasidigy tifGhiC AR GlsoaNCES
whi ch may be neasured at output termnals 5 respectively connected to the S
1 and S2 pl at énchudeearbighalssourgsecesr shiurgss yio apply. time-varying sighaly terthpeploteshe

cystem shomn ik S indW e S FESH SRk 15 R E e bl A > 1

produce diff ebasid gt giet SarbitanceCaxbling fookasdnn thelpldtes. enln 1 aRpicRld
operative notion. For exanple, as seen in Figs. 10 10-12, a given M1 plate

(e.qg., M 10p| gmbodiment,ansigusoidal earsier 30Qis applied te tha M plate agsambly 4Mde

appr oxi mat el Q J o] - axi 1.0 Accordin ML te 214
moves from i1 1o dd L7 et cifbet don RCGRIRT M pitke el 7
12), its overliqp (M2t flafes 1 72/aal 17482 Winié sinfiSoidlSiHphits Age Gsbida tHel inbéreed
increases froma mninmumto a maxi mum value. 15 By contrast, in the system

shown i n Fi gs signdl typicallg is ipreduspd hat shiftingathg ephase of 4bg Sirstigneh byylSlcal |y i s

many tinmes the width of .a give | at.e, as_reveal ed by the depicte

exenpl ary ran EeT5%h Oﬁpgypﬁ%nsoﬂﬁ%%rﬂmié’m ﬁtﬁl\?g %éls%%rou ( BRfes from
one end of]5i t rddwbeE a Ocitdi@t AbHL2042Which @R B8 MéashiedPicidRtetdnide BRSS
successively over an S 1 plate, an S2 plate, another S 1, another S2, 20

another S |, saphcisancerof the variable capacitarsd92 and 194.hAs seerria Kigu§, omeavayappi ng

areas that are,.rel evant.to the .four variable capacit.ors sGri bed above -
the-over L ap. oSbePRIEE e 5 Filh ¥ Hol e SR tgloR 06 T kst )
the M2 and S Ripl ate assenblies, the (3) M1 and S2 plate assenblies, and
(4) the M and S2 plate assenblies. Each of these four overl appi ng areas

cycl es in armpunt bAtsignificant adreantaga of thecconfigurations dgsoabedawitlyndferenes tog i nes as
t he objec ve rel.ati t o one another. over th perative range,of x-axis
ot on. A0 FUlRc e A T QuBireEe le S Hgiicaneiferd BGlfrsa BmbROPREL, 1 cas
varies | i near hyjsbgispRedmdnt CodBarinp! Hefidn Thidvet End "Rb#dE,Sand id SrefativBly cal |y,
t he overl apping area as a function of x-axis displacenment for each of the

four areas appisensities te relatiye guixis andy efagisndisplacepents.odThis ishlatien vefvef or ms
is equal to the,pitch Wh

et ween, adj acen | at es, whi ch.includes.the w dth
of 5 g ven ondeetfingd bofipRPetl S oBRERe dosficFoep B gt S HET i BBen ¢ ha
pl ate and oneaffwill approtiBe dbekhe adfiasiaice dt@uﬂhigow%explaa%ﬁﬁ of kpidedal Iy, as
shown in Figs. 14 and 15, system 260 is configured so that all of the plate
wi dt hs an@5i npanallelxk-plajepis afunction obeverlapping area (which varies with relative
x-axis and y-axis motion), and of the perpendicular distance between the plates
(which varies with relative z-axis motion). Namely, capacitance C =
(A*Eo)/G, where A is the area of overlap; Eo is a constant corresponding to the

permittivity of free space; and G is the perpendicular (z-axis) spacing between



The cycling overlap produced over the operate range of notion yields
cycling capacitances, as indicated by the output capacitance waves shown in
10 Fig. 16. Specifically, the depicted outputs correspond to the M1-S 1,
M-S 1, M2-S2 and ML- S2 capacitances generated between the plate
assenblies. Al though capacitance varies linearly with overlap area, the
depi cted waveforns are not triangular |like the overlap area function.

Rat her, as indicated, the waveforns appé%? nore sinusoidal, due to fringing
and other effects. The 15 period of these wavefornms is 2W i.e. twice the

width of the phatveo platesh Withaut theashilityto fisplate individpal seetlinganensmpongntsh

15, “sucht hat e bist SSafRE risih shuich BN dnle IRtk BopR e Rite ' 2T
are conpl et el Yofspppciecadl changt tHa@ép‘rbdﬁq‘éEiLh@?dvdtlo_cépaﬂﬁﬂidegblﬁnge.a”?dﬂt-
Accordi ngly, the output capacitances depicted 20 in Fig. 16 may be used to

accur at el y segsampleani eappeitance shangenthat, imfact rpadist from Zeaxia displacgmentt ed
configurati.on |s,.enplo wi.th the,y-axi i ndependen f incjdental
ot oot on <PREERGHE SN GrertlEa ks uthe SRt DR RRE oo ekl T cant
benefit of the systapacianudichafgds @sultidg fidfly-hxis hionNa4PBS eBmufbs By Vi ty.

Referring back to the enbodi nent of Fig. 4, assune that the 25 depicted
operative rangenfguringathiesplates isorthatsovedapibetvenentplates does neevaryrwitkethe hat t he

total capacitapce. resulti fromoverl.ap,bet M 1 es. .16 nd, 168,
and S 1l at o CHEERHES oB T el RN P27 A 26 M e BE S Baep By

pi cof arads t 0 180Gs (Mideefim tROp dirddiRnQRaRHhe INY @nd M SRitd3 S IThé-addunt f i acement
woul d be 1 picofarad per mcroneter. 19 Referring nowto the system of

Figs. 14 dfd pyerage mayeerselectedrse thasdhe ovarlaprbgtwrendhe 8§ plate pesemblyr and but
with the variqu t es,.bei ignificant.ly.smaller than t pl at es, shown
in Fig. 4, sa)?a‘gn ﬁtﬁ&r&’c}t W‘g&f R@pes?sfgpg{lﬁgﬁ(?ﬁ? o8 PAREC ?%Bﬁgtexm{: edrraxi nmum
total amount @ingRVer V-aRisOMBH6N BE oeciltchetwesh Melmibver @fd S@tbranFurthet, & at es
266, the generated capacitance is again 100 picofarads, and at the m ni num

overl ap, 50 pidessribedaboverand indherabave-referenced cowpling-blockliselosisesstke x0 50

W11 oyol e berBaRiBHE oDy BETDERRPIERY st fevensdop Bt hesflepg ™™ |
exanmpl e, tige 't el the yodxis mBH6Rbf MBvekA0goul d produce 100 pi cof arads of
capaci tive change per "microneter of displacenment, an output which is nuch

more sensitive to Tharffed afirelative ziaxis mptiow éx suppressgeoor eJuninated duehins wi | |
greatly inprove_the,accuracy and .precisi of .t sensar,. It is believed
Phat the o scbeypang aptiaitn 8 gube SEhdls Ao Joa 055 RARRLe sapasitrs o
inventions W fahid 194 PRivde Bkillél iih ithe/ art ALl fpeidie Hat! fog M1 iplt€nN66ORNL has

been disclosed in |tsa§)referred form the specific enbodi ments thereof as
di scl osed andplat¢ 442 pad 84 phate 478, the capasitance weasyving icitenit shown dn Figyidt i ng

sense as mer,. o vari ations. are ssible. The subject matter of the

i nventi on?Hi ngfeg‘ise% %Pffefdﬁ?/‘%°“£ﬁ£&ﬁ°8ﬁ: obvi ous conbi nati ons and

subconbi nati ons of the yg.r'to%s. Q‘ﬁ'— ts, features, functions and/or
B ]

properties disclosed h F ——? where the clains recite "a" or "a
first" element or the gﬁi art

, such cl ains shoul d be under st ood
to include incqgrpogat. of, ope.or nore such el epents,, nei r.equiring
nor excl udi ng“&ﬁg" S{S lﬁﬁﬂ%ogl@gﬂ?agpgmg voyiaee; W@I‘?‘g(ﬁ%ﬁo’f hgg’e{/ﬁés | | owi ng
claims parti cyubglidverte®iimbut Qidnate e SaREd | ; gat i ons
that are directed to gr@uof ﬁe’ d(ig’?cilgotggd&ﬁnventi gﬁgﬁwgﬁ&ﬁgﬂ?ﬁand
non- obvi ous. KCxudnthecapacitaheedifodriable capesitor i) iand Pio §R EHExadbCxphi nat i ons

of featurgg, functjons, el ts_.and/ por. .braperties mgy_ he, ¢l ai,ned, t hrough
anendnent igf the pfrté‘é‘grhe 'lﬂ%gﬁl]?@fsgf‘p 5#5%"@%@8@% (fﬁ“ %*EP@W‘W is or a
rel ated appli gk @QerlapHdrba 8ERMGESb&ween KA plate 166 and S1 plate 178; Gp is the
z-axis spacing between M1 plate 166 and S1 plate 178; An is the overlap
occurring between M2 plate 172 and S1 plate 178; and Gn is the z-axis spacing



new cl ai ms, whether they are directed to a different invention or directed
to the sane invention, whether different, broader, narrower or equal in
scope to the original clainms, are also regarded as included within the
subject matter of the inventions of the present disclosure. 5 21 \E
CLAIM 1. A novabl e system havi ng capaci tance-based position sensing,
conprising: a pair of objects 106, 120; 3 an actuator configured to effect
an operative range of relative notion bdfween t he objects 106, 120 al ong an
axis; and a eapacitaace- based position7§ensor,160,1ﬁ§)_219 260, i ncl udi ng
(o)

a first plat ngWPni\%Plai?lﬂz asiS1 plats, 1786 dn additipRAPE) 5 W *GrPorh®) Bl ect s
160, 120; ' . / 16, 220,
262, 264 sggufkjengx)?%%@mg; h@?&'g t)ﬁl@gqggﬁéaé?sgdliég%%%gy ]t ﬁlg{ezﬁ?em@econd

pl ates are adMZplate ErXretativean 81 )plated78;0Wtisalie width sakennilbng the geaxis ¢f spaced

from and parallel to, the first plate 178, 180, 222, 226, 266, 2(i38 as the
obj ects nove Ml plate, 466 and M2 plage Hde; xpe iy thenitzaljamount, xds pperlap

confi gurat gon . | : : 2 66 dusecond
pl at es 166,S |8§‘F“‘*“€§F’Hi{f§¥‘ @ﬁﬁﬁﬂléé aﬁé%q %‘é’%,”?é%ﬁ?negm Ps(aglgnallﬁégbd&
spaced- pl at e pagition slesven HOBig. 4 9dtheddifial pebtionddehd XwGis lge/initixl aapani éfances
that vary as the objects 106, 120 nove rel ative to _one another within the

operative rangexi oveglaprascuxing befiwrendMz iplate d 72 and 31t plateel 18awhen ¥asP+ i on
160, 1 10, ' . t bl
soneer 160, Lol A0 RS, BRI R S0

novabl e syst egyedllycdpaced fromf thetS1eplaeeasuph ithdtGp & GapaG. t Sulsstitutingstieseng
circuit 190, Fig. 13 configured to apply.a_ tine-varying input signal 200 to
one of thd0paivplugsinkathepboys anser farrtionyssldg the followingp14 216, 270, 262,
264, and apply an inverpgjon 02 of 4 varying,input signal to the

& ol -
ot her of the pair of se—een?p-l-a . *EtO/ —Wbl e systemof claim
1, where the capacitors’@92TRotdpLAW* E9AG oAL 06" %8r m part of a
capaci tance neasury.n ircuit.19 Fig. 3 i ut put - LUt t.ransfer
Functon that 1s sloeldHspRreeiptst romubls sputiecitle 1 Stblttost g Ridhn b
variations ocgisnetafs B8l \defsminB®r foff the @i iternd./SAR&Bthis cancellation, the

remaining gain term is completely independent of the perpendicular spacing

15 between the plates. This results in suppression of relative z motion as a
significant contributing factor to the resulting output, such that the output is
substantially independent of z-axis motion occurring between the movable
objects. Having thus rejected contributions due to relative y-axis and z-axis
motion, the depicted system isolates relative x-axis motion to provide output

20 based substantially on only the x-axis component.

Though the above derivation was performed for only three plates (i.e.,
M1 plate 166, M2 plate 172 and S1 plate 178), the above result, and
particularly the rejection of z-axis effects, applies equally well to expanded
systems involving more plates, such as the embodiment shown in Fig. 4 and

25  various other embodiments to be described below.

In the context of a device such as storage device 100, it will often be
desirable to providing motion sensing along more than one axis. For example,

to perform accurate read/write operations with storage device 100, it is



5 222, 226, 266, 268 and the second plates 166, 168, 172, 174, 214, 216,
220, 262, 264 as a result of the pair of objects 106, 120 noving rel ative
to one another. 10 4. A novabl e system havi ng capacitance-based position
sensing, conprising: a pair of objects 106, 120 translationally novabl e
rel ative to one another through an operative range of x-axis notion al ong
an x-axis, and through an operative rangﬁ of z-axis notion along a z-axis
that is perpendicular to the x15 axis; d a capacitance-based position
sensor 160,162, 210, 260, including: a first plate 178, 18Q, 222, 226, 266,
268 fixed to GREESEATYtASCRYs terpositon afsforage nediym; 106 withincthex-y| planss 166,
168, 172, 174 . : ' 0bj € wher e
the first pl af eelgtiv;%dtof%gmggléghﬁogfe %eégséﬁéuéégg%g%%%?%rn 9(%12&{1%1@?243 gj(sl s, and

where the firgbnfihfédtd Sense podifidhat aidnges i hiee difsedon oplyahaaely, ¥long & e
capaci tance 192, 194, 240, 242, 244, 246 that varies_ as the objects are
moved over t h&-a¥ifer 40i achiqvgiwesdigensional; ssnping, additional stragtuees similamtodue t o
varyi ng overl n | € ] he.fa )| at.e e e
second pl a? es,%quge(QQ"/c;l?l?e;de}g ﬂgg%;%?gggie% ﬁ%erd m?JrligPBg{thgﬁ&a %ﬁggg{'twhavi ng

an out put - i npaffirtin@phitedssénbliés similan@ithose Arebsy devctibed 1o oried@tvtileny- of
spaci ng variations occurring between the first plate and each of the second

plates as a r@isicoupling blecksh}Metand H80¢ (ry dirsptly to,sonage Biedivam06lernd tor ough
the operative cé&%ﬁa&%&%@ﬁi’t@% ggtsga%}'l 0. Zﬁl én% o iﬂ?e%iogigllo%otnl}igératigﬁo’ 260

that outputs Vv paci ased upon changes 1 n position

al ong an axi s tieekWRBsedsdaprovidts RRIxBCIensing WillelAippre3sifip y-sin gnd a-akis St
plate 178, 180, 222, 226, 266, 268 secured to one of the objects; and a
pair of sd@ongfipetatangd they-axisgensarprovides y-axissensing whilespppressing gAaxifecur ed

to the other gfy %[L?{isogéf&% ST&&S%%fia%ﬁc%u}a?eage&E%g iR e ngf)ﬁi 3 e%%f’er ©

adj acent and coplanar, and So e secon ateés are om and
paral l el to t@agoillingSthe Bemdifg afoishthatoRbeldtresulDiremany akistifig sénsoredwenet her

al ong the axis, where the configuration of the first plate and second
pl ates resul t gelative z-axis displacement. The other embodiments described herein may
similarly be configured to provide position sensing along more than just one
15 linear axis.

In addition to isolating rectilinear motion components, the position
sensors of the present invention may be configured to provide sensitive, high
resolution position sensing. Indeed, increased sensitivity is one benefit of the
embodiment shown in Fig. 4. Because two M1 plates and two S1 plates are

20 used, the overlap occurring between M1 plates and S1 plates for a given
amount of x displacement is larger than would occur for a single pair of
overlapping plates of the same size. Accordingly, a greater capacitive change
is generated for that same amount of x displacement. This increases the
sensitivity of the position sensing by allowing x-axis position changes to be

25 tracked at a higher resolution. High resolution position sensing is particularly
important in MEMS applications such as the storage device described above.
In these types of storage devices, sensitive, high resolution precise position
control is required to accurately read and write data to the proper storage

location, and to avoid erroneous overwriting of existing data.



In two spaced plate capacitors 192, 194, 240, 242, 244) 246 having 15
capaci tances that vary as the objects 106, 120 nove relative to one anot her
along the axis, where the sensor 160, 162, 210, 260 uses the capacitances
to generate output usable to determne relative position of the objects

al ong the axis. 20 24 6. A sensor 260 that outputs varying capacitance
based upon changes in relative positionlgetween a pair of objects 106, 120,
conprising: a first plate assenbly 262, 264 configured to be fixed to one
of the objects 106, 120, including first plates; an%pS_seco d and third

pl ate assenblies 2Bigs- 248 depistivguipesiasnscisofranether embodianest b2 pasItione

obj ects 106, : e Jncl.udi gg d: pl , the
third plate aéé‘%#’&[ %’gtleﬁ]c?w}l% r?gi‘cﬁ‘ﬁﬁetrogtﬁ%ﬁgq%e%{,lh%ﬁéyg P ﬁselﬁ%f; g‘{he S I“etg i es
262, 264, 2662106Gfclades v M10plars 299 dnda 16} ahdilan M2 rplfte 2205 waemayite fir st

pl ates and the second plates, and between the 10 first plates and the third

pl ates, repeaseawed intheanaves, similagde theapreyionslyt descripgdeMilsand MPsplates
SR . . s,
Guch that - She SyrERCNIPaIsbHOUAL o' PRALE 02Y Bl 3082 Mladf D26 MaCkBI DA, BN S

pl ate assenbl iseréd toastatob120.CEjpC10-02 sAOR relafivie mddemet4T, the M, anti®2havi ng
capacitance that varies with relative position_of the objects. 15 7. The

sensor 260 of platesi mldiventethe (SleandiS2aplatesc simaidart tor FigsoH-7, through the

operative x-axis range of motion of the objects to which the plates are secured

(e.g., mover 106 and stator 120). Similar to the previous figures, Fig. 10
10  depicts the lefimost extreme position of the mover relative to the stator along
the x-axis; Fig 11 depicts an intermediate state; and Fig 12 depicts the
rightmost extreme.
Those skilled in the art will appreciate that the above arrangement
produces four variable capacitors, as indicated in the circuit diagram in Fig. 13:
15 (1) Capacitor 240 is formed between M1 plate 214 and S1 plate 222 and
increases in value with positive x-axis displacement; (2) Capacitor 242 is
formed between M2 plate 220 and S1 plate 222 and decreases in value with
positive x-axis displacement; (3) Capacitor 244 is formed between M1 plate
216 and S2 plate 226 and decreases in value with positive x-axis displacement;
20 and (4) Capacitor 246 is formed between M2 plate 216 and S2 plate 226 and
increases in value with positive x-axis displacement.
As before, to produce a measurable output, a sinusoidal carrier 250 and
its inversion 252 may be respectively applied to the M1 and M2 plates (Figs. 9
and 13). This use of drive signals, coupled with the inversely varying
25 capacitances, results in a system that provides outputs at the S1 and S2
terminals (254 and 256) which are largely (or completely) independent of z-
axis motion occurring between mover 106 and stator 120. This may be
confirmed via application of a transfer function analysis similar to the

derivation discussed above with reference to Figs. 4-8. The S1 and S2 outputs



194, 240, 242, 244, 246 formpart of a capacitance-neasuring circuit 190,
Fig. 3 configured to produce, in response to application of an input to at
| east 20 one of the plate assenblies 262, 264, 266, 268, an output based
upon capacitance between the first plates and the second pl ates, and
between the first plates and the third plates. 25 8. The sensor 260 of
claim?7, where the capacitance-neasuring circuit 190, Fig. 3 is configured
so that the output is substantially indePendent of perpendicul ar spacing

variations occurring between the first plates and the second gl ates, and
bet ween t he f ityrieally are subtasted priorita ifurghespsecessing, dus to therfaet thahtheMbe0o of

claim?7, wherg,t i - |.n AT s ' figured
to apply a ti -%i?é%ggi(%g[}ﬁgg%a%g#ﬂdfo% q%%at{#téétgvégrg%flggaé élgssdgg ly, and
to apply as ipyRés22y) #iefea®ds WiRnt tHieE MRSYI Bspatitiice ﬁ.é,i e | capatifahiee t hird
pl ate assenbly, in order to Eroduce t he output. 10. movabl e system havi ng
capaci t ance- bgeretated betwesn Mbplatanl6 andrii: plate?d6) dereaspamiand giceysiséct s 106,

120 ol udi ng 11 ¢ EEplhr b deptvatus APl anbrdf froundB Bt Fridmee. 20
secured to t h@elﬁiﬁ%egyseém g0 #RBordfigSto1Be prdséRt invBiiche C Syl XB0Endna& Ol ¥
I ncl udi ng second plates, the thir

multiple M1 plates 262 electrically coupled together to form an M1 plate

assembly (the electrical interconnections between the various M1 plates are not

shown, but typically are similar to those shown in the previous embodiments).

10 System 260 may also include multiple M2 plates 264, which are also
electrically coupled together to form an M2 plate assembly. The M1 and M2
plate assemblies may be secured to a movable device, such as mover 106, and
typically are configured so that the M1 and M2 plates are all coplanar and
arranged in an alternating, interleaved fashion as shown in Figs. 14 and 15.

15 System 260 may further include an S1 plate assembly having S1 plates
266 electrically coupled together, and an S2 plate assembly having S2 plates
268 electrically coupled together. As with the M1 and M2 plate assemblies,
the S1 and S2 plates typically are all coplanar and arranged so that the S1 and
S2 plates are interleaved with one another. The S1 and S2 plate assemblies are

20 secured to another device, such as stator 120, which is movable relative to the
device to which the M1 and M2 assemblies are affixed.

As with the previous embodiments, the described arrangement creates
variable capacitors, having values that vary as the plate assemblies move
relative to one another. In particular, the depicted configuration yields variable

25  capacitors similar to those shown in Fig. 13: (1) a capacitor between M1 plates
262 and S1 plates 266; (2) a capacitor between M2 plates 264 and S1 plates
266; (3) a capacitor between M1 plates 262 and S2 plates 268; and (4) a
capacitor between M2 plates 264 and S2 plates 268.



15 plate assenbly including third plates, where the plate assenblies 262,
264, 266, 268 are configured so that total overlap between the first plates
and the second plates, and between the fast plates and the third pl ates,
repeatedly increases and decreases as the objects 10b, 120 translate
relative to one another 20 through an operative range of notion along an
axis, such that the first plate assenbly _forns with each of the second and
third plate assenblies a variable capacﬂgor 192, 194, 240, 242, 244, 246

Wi th a capacitance_that varies with relative position of the objects. 25
A @A A . A A A A?Typigally, A sinusoidal sigpgl 2804nd i lznvexsmn/%Z.aAs.r%@%@fwa/ X

oL Sy afpherkoal 1) SALSPL B AR SbaRLAS G ek aiglal o) oo oo

| #?2$$+9%€ 99X( ( (herpAdd stabatiim¥hte] Application of the sinusoidal signals produces output
a]J ca] ca] ca] ca] ca) ca] ca] ca].ca] ca] ca] ca] ca] ca]ca]ca]ca]ca cg}pcﬂ caJ c”al] ca] ca
u
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LT cal ca] chpnf CRPNE ook FREYLE B S R G el hE BB N )
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Thou e systems shown in Figs. 9 and 14 may be described with the

same circuit diagram (e.g., Fig. 13), they produce different outputs as a result
of having different ranges of operative motion. For example, as seen in Figs.

10 10-12, a given M1 plate (e.g., M1 plate 214) only travels relative to stator 120 a
distance approximately equal to its own x-axis width. Accordingly, as M1
plate 214 moves from its leftmost extreme (Fig. 10) to its rightmost extreme
(Fig. 12), its overlap with S1 plate 222 (and the resulting capacitance) increases
from a minimum to a maximum value.

15 By contrast, in the system shown in Figs. 14 and 15, the operative range
of x-axis motion typically is many times the width of a given plate, as revealed
by the depicted exemplary range 281 of x-axis motion. Accordingly, as mover
106 moves from one end of its range to the other, any given M1 or M2 plate
will pass successively over an S1 plate, an S2 plate, another S1, another S2,

20 another S1, and so on. In this configuration, there are four overlapping areas
that are relevant to the four variable capacitors described above — the overlap
occurring between (1) the M1 and S1 plate assemblies, (2) the M2 and S1 plate
assemblies, the (3) M1 and S2 plate assemblies, and (4) the M2 and S2 plate
assemblies. Each of these four overlapping areas cycles in amount between

25 maximum and minimum values a number of times as the objects move relative
to one another over the operative range of x-axis motion. As a function of x-
axis displacement, each given one of these areas varies linearly between the

maximum and minimum amounts.
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10% includes the width of a glven one of e plates, plus the relatively small gap

5 between that plate and one of its immediately adjacent neighboring plates.
Typically, as shown in Figs. 14 and 15, system 260 is configured so that all of
the plate widths and intervening gaps are uniform.

The cycling overlap produced over the operate range of motion yields
cycling capacitances, as indicated by the output capacitance waves shown in

10 Fig. 16. Specifically, the depicted outputs correspond to the M1-S1, M2-S1,
M2-S2 and M1-S2 capacitances generated between the plate assemblies.
Although capacitance varies linearly with overlap area, the depicted waveforms
are not triangular like the overlap area function. Rather, as indicated, the
waveforms appear more sinusoidal, due to fringing and other effects. The

15 period of these waveforms is 2W, i.e. twice the width of the plate pitch.

The transfer function discussed above with reference to Figs. 4-8 applies
to the cyclic system shown in Figs. 14 and 15, such that output contributions
due to relative z-axis motion typically are completely suppressed, or at least
reduced to a negligible amount. Accordingly, the output capacitances depicted

20 in Fig. 16 may be used to accurately sense x-axis position (and y-axis position
when the depicted configuration is employed with the y-axis), independent of
incidental z-axis motion that may occur between the moving objects.

A significant benefit of the system shown in Figs. 14 and 15 is increased
sensitivity. Referring back to the embodiment of Fig. 4, assume that the

25 depicted operative range of x-axis motion is 50 micrometers. Assume further
that the total capacitance resulting from overlap between M1 plates 166 and
168, and S1 plates 178 and 180 varies over this range of motion from 50
picofarads to 100 picofarads. The capacitive change per x-axis displacement

would be 1 picofarad per micrometer.
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10%b& ()-'!, IDOO/ﬁchfbl&dé,) andSatl Hébdiricmum overlap, 50 picofarads. As the mover
moves from x = 0 micrometers to 50 micrometers, the overall capacitance
between the M1 and S1 plate assemblies will cycle between 50 and 100
picofarads one hundred times. In this example, the “cyclic” configuration
10 would produce 100 picofarads of capacitive change per micrometer of
displacement, an output which is much more sensitive to changes in position.
In certain applications, this will greatly improve the accuracy and precision of
the sensor.

It is believed that the disclosure set forth above encompasses multiple
15  distinct inventions with independent utility. While each of these inventions has
been disclosed in its preferred form, the specific embodiments thereof as
disclosed and illustrated herein are not to be considered in a limiting sense as
numerous variations are possible. The subject matter of the inventions includes
all novel and non-obvious combinations and subcombinations of the various
20 elements, features, functions and/or properties disclosed herein. Similarly,
where the claims recite “a” or “a first” element or the equivalent thereof, such
claims should be understood to include incorporation of one or more such

elements, neither requiring nor excluding two or more such elements.
It is believed that the following claims particularly point out certain
25 combinations and subcombinations that are directed to one of the disclosed
inventions and are novel and non-obvious. Inventions embodied in other
combinations and subcombinations of features, functions, elements and/or
properties may be claimed through amendment of the present claims or

presentation of new claims in this or a related application. Such amended or
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a capacitance-based position sensor 160, 162, 210, 260, including
a first plate 178, 180, 222, 226, 266, 268 secured to one of the
objects 160, 120; and
10 a pair of second plates 166, 168, 172, 174, 214, 216, 220, 262,
264 secured to the other of the objects 106, 120 so that the second plates
are adjacent and coplanar, and so that the second plates are spaced from,
and parallel to, the first plate 178, 180, 222, 226, 266, 268 as the objects
move relative to one another along the axis,
15 where the configuration of the first plate 178, 180, 222, 226, 266,
268 and second plates 166, 168, 172, 174, 214, 216, 220, 262, 264
results in two spaced-plate capacitors 192, 194, 240, 242, 244, 246
having capacitances that vary as the objects 106, 120 move relative to

one another within the operative range along the axis, where the

20 capacitance-based position sensor 160, 162, 210, 260 uses the
capacitances to generate output usable to determine relative position of
the objects along the axis.

25 2. The movable system of claim 1, further comprising a capacitance

measuring circuit 190, Fig. 13 configured to apply a time-varying input signal
200 to one of the pair of second plates 166, 168, 172, 174, 214, 216, 220, 262,
264, and apply an inversion 202 of the time-varying input signal to the other of
the pair of second plates.

30
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15

20
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240, 242, 244, 246 form part of a capacitance measuring circuit 190, Fig. 3
having an output-input transfer function that is substantially independent of
perpendicular spacing variations occurring between the first plate 178, 180,
222, 226, 266, 268 and the second plates 166, 168, 172, 174, 214, 216, 220,
262, 264 as a result of the pair of objects 106, 120 moving relative to one

another.

4. A movable system having capacitance-based position sensing,
comprising:

a pair of objects 106, 120 translationally movable relative to one another
through an operative range of x-axis motion along an x-axis, and through an
operative range of z-axis motion along a z-axis that is perpendicular to the x-
axis; and

a capacitance-based position sensor 160, 162, 210, 260, including:

a first plate 178, 180, 222, 226, 266, 268 fixed to one of the
objects 106, 120; and
a pair of second plates 166, 168, 172, 174, 214, 216, 220, 262,

264 fixed to the other object, where the first plate and the second plates

are perpendicular to the z-axis, and where the first plate forms with each

of the second plates a variable capacitance 192, 194, 240, 242, 244, 246

that varies as the objects are moved over the operative ranges of x-axis

motion and z-axis motion due to varying overlap and spacing between
the first plate and each of the second plates, the variable capacitances
forming part of a circuit having an output-input transfer function that is
substantially independent of spacing variations occurring between the
first plate and each of the second plates as a result of the objects moving

relative to one another through the operative range of z-axis motion.
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5. A sensor 160, 162, 210, 260 that outputs varying capacitance
based upon changes in relative position along an axis between a pair of objects

S 106, 120, comprising:
a first plate 178, 180, 222, 226, 266, 268 secured to one of the

objects; and

a pair of second plates 166, 168, 172, 174, 214, 216, 220, 262,
264 secured to the other of the objects 106, 120 so that the second plates
10 are adjacent and coplanar, and so that the second plates are spaced from
and parallel to the first pl;ite as the objects move relative to one another

along the axis,
where the configuration of the first plate and second plates results
in two spaced-plate capacitors 192, 194, 240, 242, 244, 246 having
15 capacitances that vary as the objects 106, 120 move relative to one
another along the axis, where the sensor 160, 162, 210, 260 uses the
capacitances to generate output usable to determine relative position of

the objects along the axis.

20
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6. A sensor 260 that outputs varying capacitance based upon
changes in relative position between a pair of objects 106, 120, comprising:
a first plate assembly 262, 264 configured to be fixed to one of the
objects 106, 120, including first plates; and
5 second and third plate assemblies 266, 268 configured to be fixed to the
other of the objects 106, 120, the second plate assembly including second
plates, the third plate assembly including third plates,
where the plate assemblies 262, 264, 266, 268 are configured so that
total overlap between the first plates and the second plates, and between the
10 first plates and the third plates, repeatedly increases and decreases as the
objects translate relative to one another through an operative range of motion
along an axis, such that the first plate assembly forms with each of the second
and third plate assemblies a variable capacitor 192, 194, 240, 242, 244, 246
having capacitance that varies with relative position of the objects.
15

7. The sensor 260 of claim 6, where the variable capacitors 192,

194, 240, 242, 244, 246 form part of a capacitance-measuring circuit 190,

Fig. 3 configured to produce, in response to application of an input to at least

20 one of the plate assemblies 262, 264, 266, 268, an output based upon

capacitance between the first plates and the second plates, and between the first
plates and the third plates.

25 8. The sensor 260 of claim 7, where the capacitance-measuring
circuit 190, Fig. 3 is configured so that the output is substantially independent
of perpendicular spacing variations occurring between the first plates and the

second plates, and between the first plates and the third plates.
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9. The sensor 260 of claim 7, where the capacitance-measuring
circuit 190, Fig. 3 is configured to apply a time-varying input signal 200 to the
second plate assembly, and to apply an inversion 202 of the time-varying input

5  signal to the third plate assembly, in order to produce the output.

10. A movable system having capacitance-based position sensing,
comprising:
10 a pair of objects 106, 120;
a first plate assembly 262, 264 secured to one of the objects 106, 120,
including first plates; and
second and third plate assemblies 266, 268 secured to the other of the
objects 106, 120, the second plate assembly including second plates, the third
15 plate assembly including third plates,
where the plate assemblies 262, 264, 266, 268 are configured so
that total overlap between the first plates and the second plates, and
between the first plates and the third plates, repeatedly increases and
decreases as the objects 106, 120 translate relative to one another
20 through an operative range of motion along an axis, such that the first
plate assembly forms with each of the second and third plate assemblies
a variable capacitor 192, 194, 240, 242, 244, 246 with a capacitance that

varies with relative position of the objects.

25



