16 June 2006 1 CAPACITANCE-BASED POSITION SENSOR Technical Field The invention relates
to capacitance-based position sensors configured to produce output capacitance that varies with the
relative position of a pair of 5 movable objects. Background of the Invention Use of capacitance to
measure relative position between two objects is widely known. One method of position sensing
involves affixing two conductive plates to the objects that are to move relative t bAegaABher. The 10
plates typically are secured to the objects so that thely overlap and are parallel to each other, and are
spaced by a gap. The two plates, together with an_interposed dielectricé .Q., air) produce a

capacitance which depends, ﬁ%&ﬁ%ﬂ%ﬁ%%‘bﬂé@% p each other. As the

objects move, the amount of overlap changeg@siidangikld corresponding change in capacitance. 15
From the capacitance change, the amount of relative displacement hetween the objects is

determined. One difficihg inventiemidlates iprernasitanrebesed POTIaB SRS CORIBHEY o a given
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plates that are pa to the ane, capacitance variations will result from relative translation
occurring b2twesevihdethjestsilong all three of the coordinate axes. However, many position sensing
systems, including the simple system d ibed Ak orens AN differentiate between a capacitance
change resulting from motion occurring —along one axis from a capacitive change due to motion
occurring along anothdfs@dfsapatitenad toansesprerelstinpesitionr asiesmtwaeRigFYes of micro

electro-mechanivcvzilégl)glst%%%l\./lE%Sn% SUEh, 8% igfv%’gsﬁmgll scé?ﬁlﬂgt%%(?{}ggeafﬁxing two

conductive plates to the objects that are to move relative to one another. The
10 plates typically are secured to the objects so that they overlap and are parallel
to each other, and are spaced by a gap. The two plates, together with an
interposed dielectric (e.g., air) produce a capacitance which depends, in part, on
the extent to which the plates overlap each other. As the objects move, the
amount of overlap changes, resulting in a corresponding change in capacitance.
15 From the capacitance change, the amount of relative displacement between the
objects is determined.
One difficulty with the above approach is that various factors may
contribute to a given change in capacitance. Assuming a rectilinear x-y-z
coordinate system with a pair of conductive plates that are parallel to the x-y
20 plane, capacitance variations will result from relative translation occurring
between the plates along all three of the coordinate axes. However, many
position sensing systems, including the simple system described above, cannot
differentiate between a capacitance change resulting from motion occurring
along one axis from a capacitive change due to motion occurring along another
25  axis.
The above problem is of particular concern in certain types of micro
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



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 16 June 2006 2 accurately access and write data
to the medium, the exact relative position of the storage medium and read/write device must be
known. The electrostatic drive mechanisms and other actuating mechanisms used with these devices
typically are effective at producing x-y motion, however they sometimes 5 produéé HesFRbal z-axis
motion. The conventional capacitance position sen&ng system described above can produce
erroneous position readings in the event of such incidental z-axis movement, for the reasons

explained abovacchrtehiArsess And Ve B @R MAIMFAIWR: #i% 5L BV RREEBL or in the

accidental overyyiting,abexistinieAaiad YeAnethe deiabiemustibeerinsing. caprciRotestaied position
sensors is limited sensitivity. Particularly in micro storage devices and ottéir
awy

] . EMS systems, it
desirable that thiriemphepbanissasisndsoftesr R8N AACSHABIAAS¥sed W imﬁﬁ%eﬂﬁ@éﬁ a function of
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nanometer. Ma Xisting S sim ly are not sensitive enough to provide output suitable for
determiningSpogitiodutre thatifiantal resuiistionotBummahe oconzentienilo §IRBEBARNY IPOTHE Bresent

invention provides a position sensor, fo i ToIgAY ls sYsignat thas a pair of
objects that_are Sr%svugglgsg nreglc\%) c(){ éﬁ(g"gncgcfﬁg?(t? rg%ge g%e%%pe?;‘ﬁi}e range of relative motion
ar:ongban axis. Téeeposifisncheimiddntahpaiianmesasen, for thetrasens frxploiagd abeveed to one of
the objects so that.the first plate is parallel,to tﬁle [ ' 5t 3P 3 Rk second
plates secured to ﬁemoat%é?%ﬁ the %%%rgso{ggrt #%&ggﬁﬁg%r@ésgﬁ%}(%%tgem’and coplanar, and so
that the second &zidaiad everspaiof eristingidataallel to, the first plate as the objects move

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



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 16 June 2006 3 generate output usable to determine relative position of the objects
along the axis. Brief Description of the Drawings Figs. 1-3 show different perspe‘tf’c'r{}l’—f'@ 819 computer
storage device 5 including a capacitance-based position sensor according to one embodiment of the
present invention. Fig. 4 is a schematic top view of a capacitance-based position sensoy according to
the present invegaRsrRtEigatmit7usAblsida Q@W@ngmbvﬁd?%ﬂglb%glf)&&lﬁ?#?jﬂ%r%? Fig. 10 4,
as attached to ?}J? ir of objects moving relative to one another through a range of x-axis motion. Fig. 8
is a depiction of a circuit model associated with the position _sensor shown in Figs. 4-7. Fig. 9 is a
schematic top view of another capaciBuiefddssewptionofitihe | HESr according to the present
invention. Figs. 10-12 g, sife, g3, Aaieling RANRN3IOL"BPR-URRLIRASARAgE GicRichs aliached to
a pair of objects movingTelative to one another through a range of x-axis motion. Fig. 13 is a
depiction of5a cieclitdinglelcapsoitiaeatheredtnesitiuntigsmsonassardinsitrigne empodimentpfisometric
depiction of yet ﬁ\lréother];l)tol%ivtigrﬂigﬁ_nsor according to the present invention. Fig. 15 is a side view

gy . se :
depicting portions Jhe position sensor of Fig. _ N
Fig. 4 is a schematic top view of a capacitance-based position sensor

PRIODMI DA,

according to the present invention.
Figs. 5-7 are side views depicting portions of the position sensor of Fig.
10 4, as attached to a pair of objects moving relative to one another through a
range of x-axis motion.
Fig. 8 is a depiction of a circuit model associated with the position
sensor shown in Figs. 4-7.
Fig. 9 is a schematic top view of another capacitance-based position
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.



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. 16 June 2006 4 Detailed Description of the Invention The
present invention is directed to a capacitance-based position sensor. The position sensor
embodiments described herein may be used in a variety of settings, but have prkﬁ/@ﬁ“‘p%%@ularly
advantageous when used in very small 5 computer 4torage devices and other MEMS systems. For
purposes of illustration only, the position sensor embodiments described below will be discussed
| ' eRBIAWPSCER: thelayentignice. Figs. | and 2 respectively
show side and top Crofﬁéﬁ?ék%ﬁévmﬁt%@isl&l%'&%q Mg o bty sieBifoRsitisst sensor
according to the invention may be used. Storage device 100 includes a number of field emitters, such
as 102 and 104t stositiya seadomembadinients desenbedhsrsiageayrbayseddn ayarety 8fd a
microactuator 110,.whic ns (mav )@S- im 1 t i&id emitters or
vice versa. Stor%%gm(%w%l?cl%denﬁvggeal C(l)n |ﬁ:ﬁ@% that (e;zllgcaﬁv %ﬁa{lggg%?gaﬁﬁe%gﬁlfsible for
Etoring one it arompnterbitwofgafatenitesn atedibid MM Ixjens confiourarBespdirfiemitters
aving very sh oints. For example,.each field emi FhEVAL) ju of about
one nanometeri%%ﬁ?&?&h?n%r%% legr%.g Sﬁsr% O%He{’r%tlon, i; Zg%?é[sﬁé%c?g?j&gggﬂggdifference is
applied betweenliadisiad priteariydntshe moatpo ndiachighalensity AEMBveMmHAKSI0138E and circular
gate 103 surrounding emitter 102. Due to the sharp point of the emitter, an electron beam current is
extracted from i€ &itter and directed with a high degree of
Figs. 1 and 2 respectively show side and top cross section views of a

A o\ aLs ~da
Ci

10 storage device 100, with which a position sensor according to the invention
may be used. Storage device 100 includes a number of field emitters, such as
102 and 104, a storage medium 106 with a number of storage areas, such as
108, and a microactuator 110, which scans (moves) the storage medium 106
with respect to the field emitters or vice versa. Storage device 100 may be

15 configured so that each storage area is responsible for storing one bit or many
bits of information.

The field emitters may be configured as point-emitters having 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.



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.
16 June 2006 5 Casing 120 typically is adapted to maintain storage medium 106199%‘5&%%acuum,
such as at least 10-5 torn. Researchers have produded microfabricated field emitters in vacuum
cavities using semiconductor processinﬂtechniques. See, for example, "Silic%rel}géﬁtﬁ mission

Transistors 5 and Diodeasingy IRhdxpisabisieddapiet toTmHaRLFOBSCHIf B/brids and
Manufacturing Teehnploay, a3, Pags 199 1at 982stEagh fiRld eMistehrdiasCaiEvePRedistedie or more

storage areas pfovided on storage medium 106. Where each field emitter is responsible for a number

of storage areagniteofabsicaterteliadd t@OMtEns iSiBJABEITD SAYHISE oMM iSEETICORERE Y ative
movement betwgen Casmgt&%?g@ﬂ@.“ﬁ‘é& RF g?ﬂgﬁi@j“@ﬁ?&ﬁ%éﬂ?ﬁﬁi%ﬂiUffhﬁﬁ@to@f example,
e

microactuator 1f(50tcfp§|sclgﬁy IS adapted to ‘scan medium 106 to different locations, so that each field
emitter is pdsiticarel Ribdes, tiligrdonesorpyblisheds inVHEER chransaefioff atb nCamReRAtator 110 can

be used to scangn ar a‘yu@/ 'g&l}lyag . 'rqgg%@%{oﬁg%q%igﬂs% the 15 storage medium.
m a

Because storage mediu moves relative to ¢ Ag 12071t ‘will at times be referred to as the
"mover." Correspondirighdielihgnii?@rmdy verksspothty eapriionermstorage st radid e to the

are confaured 13 oL I O e S oy

produce. Thus, fiflstergersasyiatrigdodaviecwlifly sypicghydisvastapted tassaprotigteentdseron beams

narrow 10  effect relative movement between casing 120 (and thus, the field emitters) and

storage medium 106. For example, microactuator 110 typically is adapted to

scan medium 106 to different locations, so that each field emitter is positioned

above different storage areas. With such a configuration, microactuator 110 can

be used to scan an array (typically two-dimensional) of field emitters over the

15 storage medium. Because storage medium 106 moves relative to casing 120, it

will at times be referred to as the “mover.” Correspondingly, casing 120 and

various other components that are fixed relative to the casing (e.g., the field
emitters) will be at times referred to as the “stator.”

The field emitters typically are configured to read and write information

20 on the storage areas via electron beams they produce. Thus, field emitters

suitable for use with storage device 100 must produce electron beams narrow

enough to achieve the desired bit density on storage medium 106. Further, the

field emitters must provide electron beams of sufficient power density to

perform the desired read/write operations. A variety of methods may be used to

25 fabricate such field emitters. For example, one method is disclosed in “Physical

Properties of Thin-Film Field Emission Cathodes With Molybdenum Cones,”

by Spindt et al, published in the Journal of Applied Physics, Vol. 47, No. 12,

December 1976. Another method is disclosed in “Fabrication and

Characteristics of Si Field Emitter Arrays,” by Betsui, published in Tech.



enough to achieve the desired bit density on storage medium 106. Further, the field emitters must
provide electron beams of sufficient power density to perform the desired read/write operations. A
variety of methods may be used to 25 fabricate such field emitters. For example, one method is
disclosed in "Physical Properties of Thin-Film Field Emission Cathodes With Molybdenum Cones," by
Spindt et al, published in the Journal of Applied Physics, Vol. 47, No. 12, DecemB&r e8¢ Another
method is disclosed in "Fabrication and Characterisfics of Si Field Emitter Arrays," by Betsui,

published in Tech. 16 June 2006 6 Digest 4th Int. Vacuum Microelectronics Conf., Nagggama, Japan,
page 26, 1991 Digest dhitdats Navuusedvisteclectnnigseh by diasrhamaud 3B da%nE® such as in

flat panel displaygo f he,igd Giiie RMAG BERVIMERARS eriproyliaansigilrappliaiivas,00 5 by 100

emitters), with an emitter pitch of 50 micrometers in both the x and the y-directions. Each emitter may
access bits in tetwslasHoflatpasebdismlaysds of millions of storage areas. For example, the emitters

may scan over (1., mie dlf(NA el BRI U RARAITARR RS 160 Of storage

areas, where the periodi ween a storage areas is anywhere from fraction of a
nanometer H 10§ d0Mensittasipwitte s, emitterrgitchtiof P onicromstersindethithe Rigrddbguator is 50

micrometers in both the x an -girec ions. Also, the fiel it Basatgq;ﬁﬁmg?ultaneously
orina multiplex&ﬁs%ﬁf‘ﬂ{gr. gg% I%Pé&ér@gﬁﬁﬁdgéﬁeg}n%e%%%é g?ﬁt\lﬁ%ﬂexastorage device 100 with
significant perfosnillioge of saisgenaas.iffdeexangflectesertiittersimay scanaoven 8LRIigN®YE a top view of

cimensional ar 5D ATHEES BRI (o Lsns o SRRl e
areas. As indicaiieret thél péigodicitgiebitmentcadipgant néttivegstoaesge risediywhete M, such as row
140, Wherelg acr%rgg\t/ilogog %i ?1?1&21%@? (teg %8t8rr§g§rg rr?a%%n?é’t%?s? and where the operational

range of the microactuator is 50 micrometers in both the x and y-directions.

Also, the field emitters may be addressed simultaneously or in a multiplexed

manner. Parallel addressing schemes may provide storage device 100 with

significant performance enhancements in terms of access time and data rate.

15 Fig. 3 is a top view of an exemplary storage medium 106, depicting a
two dimensional array of storage areas and a two dimensional array of field
emitters. External circuitry (not shown) is used to address the storage areas. As
indicated, it will often be desirable to segment the storage medium into rows,
such as row 140, where each row contains a number of storage areas, such as

20 storage area 108. Typically, each emitter is responsible for a number of rows,
but is not responsible for the entire length of those rows. For example, as
depicted, emitter 102 is responsible for the storage areas within rows 140
through 142, and within columns 144 through 146.

The foregoing describes an exemplary storage device with which a

25  position sensor according to the present invention 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 storage area 108. Typically, each emitter is responsible for a number of rows, but is not
responsible for the entire length of those rows. For example, as depicted, emitter 102 is responsible
for the storage areas within rows 140 through 142, and within columns 144 through 146. The
foregoing describes an exemplary storage device with which a 25 position sensor according to the
present invention may be used. Other aspects of this type of storage device are!§id¢16<88%n U.S.
Patent No. 5,557,596 to Gibson et al., the disclosuré of which is incorporated herein by this reference.
To accurately perform read and write operations on the desired storage areﬁs, '|t will often be

desirable to emfiosopresiienpwishdhesepsratiomef saigreratbiaiond Kbod\eoor HOFP&fth the
operation of micfoaciaigh 11 AGROTHiaNeaIORAE £evipaclaRda1BYsea PhoviEER! WWiisar

capacitance-based position serisor according to the present invention. One such pgsition sensor is
indicated generaibprling Gonthey presxnt suveBTouytp oﬁé’brﬁﬁ@?@ﬁaﬁﬁi@%d&e‘%ﬁ@g% which vary

with the relative positign v n ¢ | i 3 f th

750 ANd SIAPT 46 Dui IO YRET RGN EAP S MAH RSPAGES Of the
position sensor é\%‘lﬂ r%ﬁ%ggcrlbe%v%?ﬁ?ifgrence to Figs. 4-16. Similar to Figs. 1 and 2, several of
these figure$ witvhivhevary axitb tiysanlativel pgsitionreficeeirey 0@ anstisator 128- depicted subject matter

within a reciineat <. CoordNalE SIS, T LSRN iR GG lcRkgpogA cfelarty only

and are not intended tS Mt the scope of the invention. For example, storage medium 106 moves
primarily within dascribeglsvith stefevenive FigFigsadel 6, AStoilaintpyFigheh ansid,severak@fhed position

i e RS M SRS IS ditpmetone e
to sense movemgpitiednsmbjedifferstirdesthinl direstdinsam ety gqotdingtotBEstenan the
arbitrariIy-q(afinelgggxdglgrréeigc(131 endirt]oxl':i it Ioggsdo%'clarity only, and are not intended to limit
the scope of the invention. For example, storage medium 106 moves primarily
within the x-y plane shown in Figs. 1 and 2. Accordingly, when the to-be-
described position sensors are used with storage device 100, they typically are
designed to sense position of the storage medium within the x-y plane. It will
15 be appreciated, however, that the position sensors may be used to sense
movement in many different desired directions, including planes other than the
arbitrarily-defined x-y plane shown in Figs. 1 and 2.
Figs. 4-8 depict various aspects of a position sensor 162 according to the
present invention. As seen in Figs. 4-7, sensor 162 may include a number of
20 plate assemblies which each have one or more plates, including an Ml plate
assembly 164 having M1 plates 166 and 168, an M2 plate assembly 170 having
M2 plates 172 and 174, and an S1 plate assembly 176 having S1 plates 178 and
180.
The M1 and M2 plate assemblies may be fixedly secured to storage
25 medium 106 (Figs. 1 and 2), and are designated with the letter “M” because in
the depicted example, storage medium 106 and the M1 and M2 plates are
movable relative to casing 120. Typically, as indicated in Fig. 4, all of the M1

plates are electrically interconnected, and all of the M2 plates are electrically



Figs. 4-8 depict various aspects of a position sensor 162 according to the present invention. As seen
in Figs. 4-7, sensor 162 may include a number of 20 plate assemblies which each have one or more
plates, including an Ml plate assembly 164 having Ml plates 166 and 168, an M2 plate assembly 170
having M2 plates 172 and 174, and an Sl plate assembly 176 having Sl plates 178 and 180. The Ml
and M2 plate assemblies may be fixedly secured to storage 25 medium 106 (Fidé.Jinﬁﬁaoé’), and are
designated with the letter "M" because in the depicteddd example, storage medium 106 and the MI and
M2 plates are movable relative to casing 120. Typically, as indicated in Fig. 4, all of the Ml plates are
electrically interinarresteettedidlafuating epplS2 ararevided ety een adinc o B artMennected.

Insulating gaps 42816, RS GHVERR ROIRERELML AR Plaianse ol dhitidrand M2 plate

assemblies are rom each other. Si plate assembly 176 and its plates are designated with

9

the letter "S" becauseShglatgpasatimble Klatianhits pletescarte designptedovith tolgHesi'™S plates 178
and 180 typicallié are eletcﬁtric ll.ingreonne F&&qg& ni(ert &gqﬁ%owgctig‘@ss@gq,ﬂrqprties of the
B eg%c d%al Iow.i in Fi )

depicted plates WifiBE e In more s best seen in Figs. 5-7, Ml plates 166 and
168 may bessecpletestd T8eand dk88idpidailyrage elvettically d6tereonnestadoveFhavRigstslicularly, as

10 indicated in Eigs. 5-7, the MI plates may he sgcuk ? e OHRIR R R o Vvided
toward the edge@ggf“tﬁ%ngfg}%’ése%naegfg e%%rﬁf gp(lig éd? egt%(ir‘%%ég%%vice, there are two sets of
coupling blocks.d¥t#ikisebmwmpling blocks 106a and 106b extend in the x-direction along the top and

y-iection aiong he (e T ST e e e 106 and

106b move withgidesgidersftlistonags inmadivas 106 (i.e., the mover). More particularly, as
10 indicated in Figs. 5-7, the M1 plates may be secured to one or more coupling
blocks provided toward the edges of the storage medium. In the depicted
storage device, there are two sets of coupling blocks. X-axis coupling blocks

106a and 106b extend in the x-direction along the top and bottom side of
storage medium 106, and y-axis coupling blocks 106¢ and 106d extend along

15 in the y-direction along the left and right sides of the storage medium. The x-
axis coupling blocks 106a and 106b move with storage medium as it moves
along the x-axis, but do not move with the storage medium as it moves along

the y-axis. In other words, coupling blocks 106a and 106b are fixed relative to
storage medium 106 for purposes of y-axis motion, but independent of storage

20 medium 106 for purposes of y-axis motion. Y-axis coupling blocks 106¢ and
106d work in a similar but opposite manner: they are fixed relative to the
storage medium for purposes of y-axis motion, but are independent of the
storage medium for purposes of x-axis motion. Use of such coupling blocks is
described in U.S. Patent Application Serial No. 09/867,667, filed May 31, 2001

25  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.



along the x-axis, but do not move with the storage medium as it moves along the y-axis. In other
words, coupling blocks 106a and 106b are fixed relative to storage medium 106 for purposes of y-axis
motion, but independent of storage 20 medium 106 for purposes of y-axis motion. Y-axis coupling
blocks 106c and 106d work in a similar but opposite manner: they are fixed relative to the storage
medium for purposes of y-axis motion, but are independent of the storage meditif f8F BQHBoses of
x-axis motion. Use of such coupling blocks is descrfbed in U.S. Patent Application Serial No.
09/867,667, filed May 31, 2001 25 of Peter G. Hartwell and Donald J. Fasen foy a "Flexure Coupling
Block for Motion Sendrosmekilled Antdhe mshviliaprsesiato thasorhe Mo Bl}@l, 2001 of

peter G. Harwell anhBAnalF doliatoh sialser ToECRifyibeMationiSaiieaty doe eisaioayras of which are

incorporated herein by this reﬁerence. Accordingly, the coupling blocks will not be further described

here. 16 June 26061geTedbikilletl imsteadafihieing arertivelya ket therstonr2 AR R8s e mblies of

position sensor 162, maybeffied ditaethnip.iieiety S sikparoEdiTA Wulisieamef being
operatively aﬁixé@%ﬁ%reﬁevgléf)ig%ﬁ?%% bIocSEs. The gtl& plates typically are fixedly secured to or
mounted within t28itig.,3tk20alor) sththatshey) foeetie Méyﬂ'ﬂcﬁ 3fSand M2 plates. As best seen in

Figs. 5-7, the MI, M2 apd.S1 fes icalg/_ilr?lglﬁﬂar r%&%qs%]gég i@'ﬂy ggmg{ﬁgive to mover

pla
106 and stator 120. T sag%gc?nay (lag%[epoéi ed on’the mover and stafor, or otherwise secured
thereto, using seraitoredUhtaraebfiidyichiteciiativects onaibel @oiaad|statenids dfheoplatesufacture. As

indicated, the Ml and M2 pla ssemblies typically are secute (y edf 'élm Q]Qﬁ o that the
M1 and M2 plat@%(i@n%ﬁgg geogénflfcgn végc ‘%))é%aeﬁrbg%lgﬁlg?vg%g gé%%ratedgty insulating gaps

182. In addition stmibsingucegianéabticatienM 2tethtaguesaclon| etlaee typitabileis methedar voth all of the

other MI pl?bes. rllegrrn(1a ot e:l.e ’ iRsF%ﬂdlAch?eltht%OMTeanw ‘Mﬁi M&te assemblies typically are
secured to storage medium 106 so that the M1 and M2 plate assemblies are
adjacent each other, coplanar and separated by insulating gaps 182. In addition
to being coplanar to the M2 plates, each M1 plate typically is coplanar with all
of the other M1 plates. For example, in Fig. 4, all four of the M1 and M2
15 plates are coplanar, such that they collectively form a planar expanse having
intermittent gaps (e.g., insulating gaps 182). As will be appreciated from Figs.
5.7, this expanse faces downward toward the S1 plates and stator 120.

Typically, all of the S1 plates are also coplanar to one another.
Mover 106 and stator 120 normally are movable relative to one another
20 so that they may move only in a translational (non-rotational sense).
Accordingly, S1 plates 178 and 180 remain parallel to the M1 plates 166 and
168, and to the M2 plates 172 and 174 as mover 106 moves relative to stator
120. In the event of z-axis motion occurring between the mover and the stator,
the perpendicular gap between the S1 plates and the plane containing the M1
25  and M2 plates will vary, however the S1 plates 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



15 plates are coplanar, such that they collectively form a planar expanse having intermittent gaps
(e.g., insulating gaps 182). As will be appreciated from Figs. 5-7, this expanse faces downward
toward the S 1 plates and stator 120. Typically, all of the S 1 plates are also coplanar to one another.
Mover 106 and stator 120 normally are movable relative to one another 20 so that they may move
only in a translational (non-rotational sense). Accordingly, Si plates 178 and 18d‘?éH‘i‘§i?’|OB§rallel to the
Ml plates 166 and 168, and to the M2 plates 172 arl@ 174 as mover 106 moves relative to stator 120.
In the event of z-axis motion occurring between the mover and the stator, the perpendicular gap
between the Si [Figieé deplatsethsianevesataniieieraadiads laertiom hsaeeRiin s eI R the Si

plates typically r&@g%ﬁ%;%%%%%%eg%ﬁ %%@@qg@g&.ﬁﬂﬂgei%@&;@g%g giption that

may occur between mover ). Fig. 5 depicts mover 106 at one extreme of its
operative rangepbitx-Eidsambida plate ¥7deyietissas thevap¥ermoyphHeucsn tieeXtiBets June 2006
10 Fig. 6 depicts the mover integpediate locatinn: 45vicapindhgsadigheesvet rlap
occurring betwe(éﬁi I szft%itﬁ?%qla%gggl\/ﬁ?lp?g%g 166, and between881 plate 178 and I\l/}?gl\!;%e 172, varies
as the mover mavesdfetgoen pairefeppessdalatcopEartiranplgfig d-depist timMbiadiap” refers to
the overlapping p,area of a given pair of.0 lates , Fig. RigiedigdMl and M2
plates, which ar Iﬂi‘?(g%s’rea |\9% t%r%gi}e%%%,%%%t’?ntte{r%{é iate p%’siltilgrﬁi.qg, somewhere between
the ends of its raegition qpesasimaswhton batstativdlie endsSop idsesngendfopersiivingtiedlate position

shown in Fig. 6. At this point, M1 plate 166.pverlaps Si plate.178 b o ( - qu? nt of 10
overlay) times W&ﬂ%@’?-‘gxfg%%ﬁ%??ﬁesm}‘g a{é))aﬁf S:ﬂg%rfé%déagepgggié?g egﬂ ?rvgrrlnﬁliigsfﬂ that the
overlap varies ag atfinpoiit, Miedtiscl6@uicertiipplStaiaent 38 byrripg Gbevesrishsmphureef which in

t Its f ' i
Hrn resu tS1 Oromog%lr ztilgll)etimes W (the y-axis width of the M1 plate). It should be appreciated

from Figs. 4-7 that the overlap varies as a function of relative x-axis
displacement occurring between the plates, which in turn results from relative
x-axis motion occurring between mover 106 and stator 120.
The space between the S1 plates and the M1 and M2 plates is occupied
15 by a dielectric, such as air, and those skilled in the art will thus appreciate that
capacitances are formed between the various plates. These capacitances vary
as mover 106 moves relative to stator 120.
Fig. 8 depicts the capacitances formed by the various plates shown in
Figs. 4-7, as included in a capacitance measuring circuit 190. Circuit 190
20 includes a first variable capacitor 192, which is formed by the M1 plate
assembly (M1 plates 166 and 168) and the S1 plate assembly (S1 plates 178
and 180). As indicated by the arrow in the circuit symbol for capacitor 192, the
capacitance of variable capacitor 192 increases as mover 106 moves in the
positive x-direction relative to stator 120 from the position shown in Fig. 5 to
25  the position shown in Fig. 7. This increase in capacitance is due to the increase
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



X-axis motion occurring between mover 106 and stator 120. The space between the SI plates and the
MI and M2 plates is occupied 15 by a dielectric, such as air, and those skilled in the art will thus
appreciate that capacitances are formed between the various plates, These capacitances vary as
mover 106 moves relative to stator 120. Fig. 8 depicts the capacitances formed by the various plates
shown in Figs. 4-7, as included in a capacitance measuring circuit 190. Circuit 18090 IA%fudes a first
variable capacitor 192, which is formed by the Ml pldde assembly (Ml plates 166 and 168) and the S|
plate assembly (Si plates 178 and 180). As indicated by the arrow in the cjrcuit s mboi)%&r capacitor

192, the capacidsateasss\asriaonerdf8dneranin the paskive Xdisseiotor RN IS Folitive
rdirection relatiG A pIoigk AR MBS HON THELE e DIRIZG GWRIIORIENSNG In Fig. 7.

This increase in capacitarnce Is to the increase in overlap between the Ml plates and the Si plates.
Circuit 190 also the/pdsitien sbowdivaRigh|d.cabeidscreaaedyFapAGHABIMEY BF HREIBHIMte assembly

(M2 plates 172 g/ SLANELI IR WSt HifIRS BBl Pmbbes davigard directed

arrow indicates that capacitance of variable capacitor 194 16 June 2006 11 decreases as mover 106
moves in thé potlitidescabed tangecthmetionstator 120 over the operative range of x-axis motion from

the position shown in Iﬂ[g. g'%égtétl;ei%gsig éhalp’vxfﬁéébg' cifantRentiSsIRARE difdRRGHa Gl the

decrease in overlap between plates and plates as the mover moves through 5 the
described rangeindludetioisighalssmmde Sigoudcan dosaphly dipacvaising migasls iyt Rlatesay also

applied i onder IRETo A e s R O SRt eovoon the
plates. In the depastel] a6 ehebedimeitinee sienistingatedwien2dispiaspsied o titkenvdepigiedassembly
M 10 embodiment, a sinusoidal carrier 200 is applied to the M1 plate assembly (M1
plates 166 and 168). An inverted carrier 202 is applied to M2 plate assembly
170 (M2 plates 172 and 174). Where sinusoidal inputs are used, the inverted
signal typically is produced by shifting the phase of the first signal by 180
degrees. Application of these time varying signals causes an output to be
15 produced at circuit node 204, which can be measured to determine the
capacitance of the variable capacitors 192 and 194. As seen in Fig. 8, one way
of measuring the output is with a voltage-sampling resistor 206 of resistance
RI1.
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 displacement occurring between mover and stator, and is relatively
insensitive to relative y-axis and z-axis displacements. This isolation of
rectilinear components aids in accurate position sensing. Those skilled in the
art will appreciate that the capacitance occurring between a pair of spaced
25  parallel x-y plates is a function of overlapping 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*E0)/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



plates 166 and 168). An inverted carrier 202 is applied to M2 plate assembly 170 (M2 plates 172 and
174). Where sinusoidal inputs are used, the inverted signal typically is produced by shifting the phase
of the first signal by 180 degrees. Application of these time varying signals causes an output to be 15
produced at circuit node 204, which can be measured to determine the capacitance of the variable
capacitors 192 and 194. As seen in Fig. 8, one way of measuring the output is witHuge 2006
voltage-sampling resistor 206 of resistance RI. A sigdificant advantage of the configurations described
with reference to 20 Figs. 4-8 is that the output varies to a significant e>_<1tent only as a function of x

axis displacemethedurpizigso cWithant s ability atelatg indwidialivesi inRas LIMRO RS M hative y-axis

and z-axs displaseueRip=dihialaiian oinierioeme RARARTA IR absurale pasifon sensing
Those skilled in the art will appreciate that the capacitance occurring between a pair of S{/)aced 25

parallel x-y plate i¢hg fpastitanali shangssheg DreSUGERich B168s SARACIEARRT CBANESs al®Y-axis
motion), and of the g f@%%%ﬂé?%%}%g)ﬁ/@%“ﬁ?ﬁﬁﬁhﬁﬂ%ﬁl@@&ﬁ \asias WitplRisHvatZ-axis

motion). Namely, capacitanc , where A is the area of overlap; Eo Is a constant
correspondifig tedhld lpremﬁtﬂkﬁﬂﬁf?ﬁté@@%éﬁm ﬁ@kﬁ?ﬁeﬁﬂf’cﬁ%w @mspacing between
12 16 June 2006 the t‘ﬁ%@g}}%@%ﬁﬁﬁ'&gg&é*}@sﬁﬁw fingaisiddbidnanmcolinamisarpegents, a
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position sensing system accurate information about the nature of the positional

change that prodosfigurigy ¢hecplotasitam dbat eueglapFentviseaniates degsanabiNaly cWitig®ehat in fact
resuilts from z-axis %Li%@?&’g%%&;%&?w%%%H!S'ﬁ%?w&?éﬁwiﬁa?@m S ipth L T78 M daxis

displacement. CAPaciance es resulting from y-axis motion may be eliminated by configuring

the plates so thaltSovisrisjsérintheryplitestiondkanchodvilend M2 niissctdbe ammst 9fahiE motion. Fig.
4 reveals tITBt e%%rér%]‘:;? nlla[))'I ¥ gei‘e@eﬁ@% that the overlap between the S1 plate assembly and

each of the M1 and M2 plate assemblies does not change over the expected
range of y-axis motion to occur between the mover and stator. Further, as
described above and in the above-referenced coupling block disclosures, the x-
axis coupling blocks 106a and 106b typically are designed so that they tend not
15 to track the y-axis motion of mover 106.

The effect of relative z-axis motion is suppressed or eliminated due, in
part, to the application of drive signals 200 and 202 to variable capacitors 192
and 194. Those skilled in the art will appreciate that, for M1 plate 166, M2
plate 172 and S1 plate 178, the capacitance measuring circuit shown in Fig. 8

20 yields a transfer function as follows:
Vo _ S Cxp—Cxn
Ve \S+P )| Cxp+Cxn

where Vo is the output taken across voltage sampling resistor 206; Vc is the

non-inverted input signal; Cxp is the capacitance of variable capacitor 192;
Cxn is the capacitance of variable capacitor 194; and P = 1/(R1*(Cxn + Cxp)).
25 It will be noted that Cxp = Ap*Eo/Gp and Cxn = An*Eo/Gn, where Ap
is the overlap area occurring between M1 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



180 is wider in the y-direction than the Ml and M2 plates. The amount of this 10 overage may be
selected so that the overlap between the S1 plate assembly and each of the M1 and M2 plate
assemblies does not change over the expected range of y-axis motion to occur between the mover
and stator. Further, as described above and in the above-referenced coupling block disclosures, the
x- axis coupling blocks 106a and 106b typically are designed so that they tend nbt T8t ack the
y-axis motion of mover 106. The effect of relative z-4%is motion is suppressed or eliminated due, in
part, to the application of drive signals 200 and 202 to variable capacitors 192 and 194. Those skilled

in the art will apbeterer Maplase V72 srdeS] adate 3731218 additiany ApGiie W7 E R ¥ tance
measuring circuﬁﬁwgﬁoa 2f WRlds R sanseralB digsl e dRR W NP plared68 dndn Ve (S+P
S the o

Cxp+Cxn where V tput taken across voltage sampling resistor 206; Vc is the ngn-inverted

input signal; CxM2 tlatedFadklative o0 vdriplete E3paWids theowidthrfakenaloagdbganeditPlariable
capacitor 194; apg %ﬁté/ﬁ%g%fa%gfmee 1921 wibb anlaribatameun AT EakRpovedpn =

An*Eo/Gn, where Ap Is the ov ea occurring between Ml plate 166 and Sl plate 178; Gp is the
z-axis spacifig batovesng\hettecen1 B pletsi paand B3: plates 178 wihenap HOLRSHEIE RSN M2 plate
172 and Sl plate_17.8: an IS the Zaax of HU8: 280643 RehveaRiM Ahbis b2 and Si
plate 178. In ad8 %%bifx Q) = %’5%04?%@;%9%&% :i\{}?vﬁ(xno + X), where x is the x-axis
displacement ofMixitate et anduiiagtrtiwear Mlaplatetd 22 midiS I phatov1idbivehendr&en along the
y-axis of Ml plate 166 .and M2 plate 172: xpo is the ipjtial a t -axis OV CgUIring
between Ml plat %@rieig{ec é@%ﬁ‘)& gﬂ%%ﬁ@u%%@epﬁgéﬁgﬁe hg‘alﬁlpl%%tl%g 4 as the initial
position); and xrquallpespaidial frvauthiecs1 plate such that Gp = Gn = G. Substituting these

10 values into the above transfer function yields the following:
Vo S (Ap-An)*Eo/G _ S . 2x

Ve S+P (Ap+An)*Eo/G S+P xpo+xno

It will be appreciated from this result that the 1/G term cancels from the
numerator and denominator of the gain term. After this 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



x-axis overlap occurring between M2 plate 172 and Si plate 178 when x = 0. Assuming perfect
coplanarity of the M1 and M2 plates, they will both be equally spaced from the S | plate such that Gp
= Gn = G. Substituting these 10 values into the above transfer function yields the following: Vo_ S
*(Ap-An)*EoIG S * 2x V¢ S+P (Ap+An)*EolG S+P xpo+xno It will be appreciated from this result that
the 1/G term cancels from the numerator and denominator of the gain term. Aftdotiacci€ellation, the
remaining gain term is completely independent of thlé‘perpendicular spacing 15 between the plates.
This results in suppression of relative z motion as a significant contributi ggggﬁtor to the resulting

output, such thaneersBMbR Eensapibe Mesitiom i pBAteR: Bediumsl Ot Fo ?riﬁa'ﬁgm%en the
movable objectyikaidng tumseionteicRRYE ORGP J56vHY tk-seriSord Fig¥isi-8ntion, the

depicted system isolates relative x-axis motion to provide output 20 based substa tiallg]on only the
x-axis componeeenfigoteghterrenssquesidionohshangrssipone diatien SRKYtRATERaAWE &1° M1 plate
166, M2 plate 1428 S$Paieid/Elbuedea eriifh, atindil st imiee tanitiguas effects
applies equally well to expanded systems involving more plates, such as the emb%ﬂi}!m p?;t shown in
evice such as

Fig. 4 and 35 vhiesdiseussethindfigsntd-® meydaemsed datoyrakisuBARe YRIF
storage device 1. h il 400 igs kahlRI a0 iRNE BRdTIR acseROSIG dRsierBoNe éfign one axds.
0

For example, to per accurate read/write operations with storage device 100, it is 14 16 June 2006

necessary to seaxis toapliwtiloast06egadntic for disoatin e sterasy madumdifland ising 120.
However, a5 diseesed ahae 06, SESe Al Eiofad O SufoMBUEHIRRRATE SRaRAThEhanges i

o £OrTespo . . : ! Ol
one direction only, namely, along the x-axis. To achieve two dimensional sensing, additional
structures similathtox-axis sensor provides x-axis sensing while suppressing y-axis and z-axis

10 effects, and the y-axis sensor provides y-axis sensing while suppressing x-axis
and z-axis effects. This provides accurate sensing within the x-y plane, while
avoiding the sensing etrors that would result in many existing sensors due to
relative 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.



5 those discussed in Figs. 4-8 may be used for y-axis motion, typically by affixing plate assemblies
similar to those already described to one or both of y- axis coupling blocks 106c and 106c (or directly
to storage medium 106), and to corresponding locations on stator 120. In this two-dimensional
configuration, the x-axis sensor provides x-axis sensing while suppressing y-axis and z-axis 10
effects, and the y-axis sensor provides y-axis sensing while suppressing x-axis Sndretiefects.
This provides accurate sensing within the x-y plane while avoiding the sensing errors that would
result in many existing sensors due to relative z-axis displacement. The otgﬁéfmbodiments described

herein may similarly bBigerfiddreanistovations #sBrishH SbARRCcR smbodsns Ri2OSNOM 5 inear

axts. in addition {g, SRIAtGHE S saloREHie il thVEiRiBAS PeBitRANSSHSAY Hadmesent

invention may be config 0 provide sensitive, high resolution position sensin%%. Indeed, increased

sensitivity is onb@rindludesheveMioplatem2 shand 2 6ignd. aeMe flats 2391 HidkdeaRetwo S1
plates are 20 usgd, the QveHaR8CeH URAREINERE MeplalaiaddRibiians Ridn Ylatasnount of x

displacement is larger than would occur for a single pair of overlapping plates of the same size.

AccordinglySa ghyatemcabcitie iophgeans e piste 22 Torf A S PG 4AP dhat R aPEment. This
increases the seifdOli: AAYIGHAEIANG MU QUi AtvenRsilioR GRavCmPNID 25 tracked
si

at a higher resolution. High resolution position sensing is particularly important in MEMS applications
such as the storphgedendlativiedoribed Sboard 52 tpdalesy stmilarstordigsdvibe Shromghitthe, high

resolution precise poglion. coairalls IAMIRSQ ARRUERIENY B ARH WdlBidaledt iegaper storage
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location, and to DRI S Eet S W ng of existing Uata. 16 June 2006 15 Figs. 9-13 depict

various aspects @f@natoeeeiodindestatsiral@o3itictimitarstagthy speenions Hepsrsidgo e present
invention. ?8 Sltlagpigtgsiwg l%)‘t%%rsrt] 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



210 includes two Ml plates 214 and 216, and an M2 plate 220, that may be secured to the mover,
similar to the previously described Ml and M2 plates. 5 System 210 also include an Si plate 222 and
an S2 plate 226 that may be secured to stator 120. Figs. 10-12 show relative movement of the Ml and
M2 plates relative to the S1 and S2 plates, similar to Figs. 5-7, through the operative x-axis range of
motion of the objects to which the plates are secured (e.g., mover 106 and stato‘rﬁ@@ﬁ?@%ilar to the
previous figures, Fig. 10 10 depicts the leftmost extrEme position of the mover relative to the stator

along the x-axis; Fig 11 depicts an intermediate state; and Fig 12 depicts the igh\tglro%extreme.
Those skilled in tyricallyineapihisestad nsiardnfaPBoE RIRCESBRINE fodhe dact idble capacitors,

as indicated in 4§ GBI IAGIR el bapatitiioe ErRRAEH BetdEels TTAEb FreaRd plate 214 and

S1 plate 222 and increases In value with positive x-axis displacement; (2) Capacitor 242 is formed

between M2 plapdaB2(R32) Bigueases 22hend hecMds82 isapacitansen (Esitiths xSFRACHYSRicement; (3)
Capasitor 242 ' oupoeheyeen M Wil A10AR4 S eiearhend dersraseatatale win posiive
+20 an

X-axis displacen%gn apacitor 246 is formed between M2 plate 216 and S2 plate 226 and
increases irfvalue wittFigssitide-1-Gdepitib patm aspeats ofctopthepembadinaeateéaqasiitioutput, a
sinusoidal carrier 250 and .its iRyarsion 2& e §8§Cﬂ1‘(}%l§{tﬁﬂp" Rihedd! arihdde plates (Figs.
9 and 13). This iee o 3%5%%3@&%%‘1?&%@@%@nversely varying 25 capacitances, results in a
system that provingtipetpits platbe H2aetcasicatimiraipl¢dstogethers®) fanmshaidMdrdiafe(or

confrmed via aSTEo S T et AR e T DR bl nove wi
reference to Figshew@, Boe tgpmatlySerosimitar 16 those 60611i8 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.



typically are subtracted prior to further processing, due to the fact that the MI- S1 capacitance (i.e. the
capacitance generated between M1 plate 214 and Sl plate 222) increases when the MI-S2
capacitance (i.e., the capacitance generated between MI plate 216 and S2 plate 226) decreases, and
vice versa. 5 Figs. 14 - 16 depict various aspects of another embodiment of a position sensing system
260 according to the present invention. System 260 includes multiple Ml plates é@@"‘éfe%ﬁ%ally
coupled together to form an Ml plate assembly (the Klectrical interconnections between the various
M1 plates are not shown, but typically are similar to those shown in txrllee%é)éevious embodiments). 10

System 260 may also iFrpierllya @ ineseisia) sigaab g0 anstitsiversy ALBASSBSERIEY together to

form an M2 plate,5eibvhel W ha v plarals apREsD s Iaife Giscltdoriptioavedle device,
such as mover 106, and typically are configured so that the Ml and M2 plates are all coplanar and
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assemblies,5 ther@pasidvely shnaectoditatieard andodpplate assermblicsgrcording d S2 plates
are interleaved g&?ﬁaf%gag t‘ﬁ?gﬁ{&q@@%ﬁtg@g%@pﬁre 20 secured to another device,
, whic ' '

such as stator 1 Is movable Telative to the device to which the Ml and M2 assemblies are
affixed. As with the prelinuglethboyiteoms showndiacEigsed anchif)ensyrhedescabedavithitheapacitors,
having values that vary as.the plate assemblie relative ta.eRc.angiehd hoarHagr, the
depicted configusr%lrﬂgnélg%igsf\lfp |3%1§e2§"g§ 3@%&@%%?@0 t?wée sﬁowrﬁ%ﬁﬁ Fig. 13: (1) a capacitor
between MI plate$ ia6hgntiffirpiatem@G6of Vperatipacitotitnivissrexamplaids sepdnd Bplates 266;

() capagipr bwsen W o 495 305 SR e 368 1) (4 1SRRI RAE 2012 lates 264

distance approximately equal to its own x-axis width. Accordingly, as Ml
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.



16 June 2006 Typically, a sinusoidal signal 280 and its inversion 282 are respectively applied to the
Ml and M2 plate assemblies, consistent with the description of the prior embodiments. Application of
the sinusoidal signals produces output based on the varying capacitances which may be measured at
output terminals 5 respectively connected to the S1 and S2 plate assemblies. Accordingly, Fig. 13
accurately models the system shown in Figs. 14 and 15. Though the systems shtWH1H49Ys. 9 and 14
may be described with the same circuit diagram (e.88, Fig. 13), they produce different outputs as a
result of having different ranges of operative motion. For example, as seen.in Figfﬁ 10 10-12, a given

MI plate (e.g., M1 platézaphieallytthocoyodpnning AEsaes 2 JBnetigRah s H ASRIASEEIS S qual to its
own x-axis Widt%ﬁ%ss?ﬁdmlp{e 5dda eI I0aNes FaRbiihiclmATbantrems (Racd 0o its

rightmost extreme (Fig. 12), its overlap with Si plate 222 (and the resulting capacitancge) increases

from a minimumthese rmaxisferms,dsuequsl B dbatpitehinWh dalyesenn adisciRtinPralss, ¢ 15, the
operative range ot oaX % PG DA BESINE Y Ohe YA olanaR fapealed by the

depicted exemplary range 281 of x-axis'motion. Accordingly, as mover 106 moves from one end of its
range to theSothbetamgngiheh Matormb enatefvits pruaedintebs adiaceat dieighbemng Plalsss) piate,
another Si, another S2, 20 d A8 thy [ ' lappin

’ d13°:80: 15, Wis:eaniiy ie e aifiaea aediav R \srlapping
areas that are rz‘emgél?}(b%ﬁg%%{\%#a{%?e capacitors%ggscribed above -the overlap occurring
between (1) the thid phatel Bidiiisrnd sstenviotivg L2psiaeemRiENMS| plate assemblies, the (3) Ml and S2

plate assemblies, and ﬁ) the M2 an9e§2 p j&%uggée@g{“?lﬁe Eﬁ&]atgfmfg%egp%&}(ﬁ{l QY areas

cycles in amount between S5 maximum and minimum values a number of times as the objects move
relative to one aryoliigy cacitncgsemtimiicatgd by thexmtputicapavitanegneryasothavdkin

displacemay, egeh gyergns RLFSh2' S8 BH SRR S RERUA Y e IRHSHRANG minimum
M2-S2 and MI1-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.



16 June 2006 18 Graphically, the overlapping area as a function of x-axis displacement for each of
the four areas appears as a triangular waveform. The period of these waveforms is equal to the pitch
W between adjacent plates, which includes the width of a given one of the 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 width 6éﬁﬂeiﬁ9§i§/ening
gaps are uniform. The cycling overlap produced ovetthe operate range of motion yields cycling

capacitances, as indicated by the output capacitance wayes ?hown in 10 Fiﬁ}.{&m Specifically, the
depicted outputs correBEEWERS thevitos thaysysier, 9fsBigs, 1ty aad éLSpa%?f &efdThted between

the plate assemBBS&ti%tﬁ%%E‘ cSPaapG YRR JINGALY Wil anerlapriien, phaedepisiad waveforms
are not triangular like the overlap area function. Rather, as indicated, the wav. f%[gaflﬁ%ear more

sinusoidal, due Wemifiganlzrrmslics-thardhe plates sheumoin Fighete o © twice the
width of the platg;pitchy JLhe iraasies mactipnHdisaresrehaome aitbuieferpee s igcurfifzapplies to

the cyclic system shown in Flgis.. 14 and 15, such that output contributions due to relative z-axis

motion typicSlly beenesmptalates 2 ankS brkatrs-20 brdli s erRe A SREMIRAS A BLAR 2 Re cordingly,
the output capaclif?]:??ﬁ) 9&%&%&%%&&%&@% Qﬁ,éﬁﬁfi tgnaﬁgmhgsep\gemeagﬁsmsition (and
ern the

y-axis position w epicted configuration is emplqyeél with the y-axis), independent of
incidental z-axismeogsritbmt may O cvieromaersntenSQrmicroresifas sty QYL FPBENARRCOS the

system shown in,£lgs, J4@NAF0 iadSPapia Senslibibe ReeepubBelviainsaiedumnt of Fig. 4,

assume that the epicted operative rahge of x-axis motion is’50 micrometers. Assume further that

the total capacitpieatads|timg fhumdesd tianche i chiy eppmpder dbeaneyaliss, SPROSYANARs 178 and
180 varies fyer W&%f&‘”&%&ﬁé@oﬁiﬂﬂ f'iﬂg&épads 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



picofarads to 100 picofarads. The capacitive change per x-axis displacement would be 1 picofarad
per micrometer. 19 16 June 2006 Referring now to the system of Figs. 14 and 15, assume the same
operative range of 50 micrometers, but with the various plates being significantly smaller than the
plates shown in Fig. 4, say a hundredth of the size. Assume further that at the maximum total amount
of overlap occurring 5 between Ml plates 262 and Si plates 266, the generated cé%&lﬂ?a%@@é is again
100 picofarads, and at the minimum overlap, 50 picéfarads. As the mover moves from x =0
micrometers to 50 micrometers, the overall capacitance between the Ml and. Sl plza:e atggemblies will

cycle between Bewrdains, phehanthey At iisted torniffreptdventipnon direcisd nfiguration
10 would produgg, } 09 RigafarAdeHAlRARARI ChABEERSHARINRINGI bl s RasRMBthean Oulput

which is much more sensitive to changes in position. In certain applications, this will greatly improve
the accuracy andrigiealsitaios, thre stsestagardedasidveludad withiai shrosupiccemRifas 886%
encompasses multiple 15 distinct invendt jth independent utility. While each of these inventions
has been disclouslg%trllcﬁ?g Bgrle gr%%s%?r?}g,éz l(zsﬁgéécific embodiments thereof as disclosed and
illustrated h&rein 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 16 June 2006 20 new claims, whether they are directed to a different invention or directed
to the same invention, whether different, broader, narrower or equal in scope to lcﬁéu‘%fri{ﬂﬂ%l claims,
are also regarded as included within the subject matter of the inventions of the present disclosure. 5
16 June 2006 21 WE CLAIM: 1. A movable system hawjng capacitance-based position sensing,
comprising: a pair of objects 106, 120; an actuator configured to effect an operative range of relative
motion betweenMh&b¥EMs 106, 120 along an axis; and 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 a pair of second plates 166, 168, 172, 174, 214, 216, 220, 262, 264 secured to the other of
the objects 106, 120 sdthat the JBEYHIGINLERe SRYASnCAPRFLRRIEHEPehnBSY BTht BRESEtond
plates are spacedrfigiiingnd parallel to, the first plate 178, 180, 222, 226, 266, 268 as the objects
move relative to one another along the axis and such that the second plates in use come into
simultaneous overlap \ﬁ/im'ﬂf@@ﬂ%ﬁ?‘ﬁﬁaw?m}?&e the configuration of the first plate 178, 180, 222, 226,

266, 268 and second platasukisy, ddftigured do éifediar bpetathvaaangd4fraglisesinvuibansewsinin
the objects 106, 120 along an axis; and

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
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 and such
that the second plates in use come into simultaneous overlap with the first plate,
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 simultaneously 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; and
wherein the capacitors 192, 194, 240, 242, 244, 246 form part of a capacitance
measuring circuit 190, Fig. 3 having an output-input transfer function which in use
determines a difference in measured capacitances of the two capacitors to determine
therefore the relative positions of the objects along the axis substantially independent
of perpendicular spacing variations occurring between the fist plate 178, 180, 222,
226, 266, 268 and the second plates 166, 168, 172, 174, 214, 216, 220, 262, 264.



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; and wherein the
capacitors 192, 194, 240, 242, 244, 246 form part of a capacitance measuring circuit 190, Fig. 3
having an output-input transfer function which in use determines a difference in measured
capacitances of the two capacitors to determine therefore the relative positions of t‘r‘?éeogrﬂ%ts along
the axis substantially independent of perpendicular spacing variations occurring between the fist plate
178, 180, 222, 226, 266, 268 and the second plates 166, 168, 172, 174, 214, 216, 220, 262, 264. 16
June 2006 22 2. A movable system as in claim 1, wherein the pair of objects 106, 120 are
translationally movable relative to one another through an operative range of x-axis motion along an

x-axis, and through anpperatiyen@bee ol stexiadnettmialengviferexifdpaiidPespeesingar 20 the
x-axis; and wherein the first Rl?i'te forms with both of the second K])gates a variable capacitance 192,

194, 240, 242, 29, B AN NQVaRle SHRING dfe ARG6vARVE tHEPAARRE TGS xis

motior:j anld Z-Miﬁabﬂ@ﬁﬁcbli&ﬂ@léﬁg/aﬁym@(m(éaﬂamﬁk?dgﬁmﬁmhﬁvmﬁﬁg@@fﬁi%f)@é?’fﬁ)ﬁ@ﬂ ;ﬂﬁﬁ@ of the
second plates, the capacitance measuring circuit having an output-jnput transfer tunctio tIs
cbstantially ImcB AL AR GHITBAGE Lt MAREN 18 HFSE Al aHES M4t ie

second plates asfaHesedbad latediegisianiviagdsitative 1920nearahers thradgh4bemapesaivegange of
z-axis motion. 3. A movable system as in claim 1 or. 2, herein{télfe c§<pacitance m asurjn%p circuit 190,
Fig. 13 is configiedMpafy énﬁ’ﬂféj-\?é(ﬁiribeir(?ﬂﬁ{aé%ﬁé?% XY L PaiSr S8 Piates 166,

168, 172, 174, 204, R1Gary Y 86&&64nanpdoiappbraserinversinn gReccdibeiisneorangngommut signal
to the other of th(i: air&ﬁf second plates. 4. A mo.vablehszstem as in claim 3twh(=f=rei]p the output-input
transfer functioRIeSyE1E GRAEGHGE §asuring circult 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.

3. A movable system as in claim 1 or 2, herein the capacitance measuring
circuit 190, Fig. 13 is 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 to apply an

inversion 202 of the time-varying input signal to the other of the pair of second plates.

4. A movable system as in claim 3, wherein the output-input transfer

function is:
Vo (S j Cxp—Cxn
Ve \S+P A Cxp+Cxn

where Vo is the output taken across voltage sampling resistor (206); Vc is the non-

inverted input signal; Cxp is the capacitance of variable capacitor (192); Cxn is the

capacitance of variable capacitor (194); and P = 1/(R1*(Cxn + Cxp)).

5. A movable system as in any preceding claim, wherein capacitance
variations in the pair of second plates as a result of increased spacing from the first

plate are cancelled out.



Vc S + P Cxp +Cxn where Vo is the output taken across voltage sampling resistor (206); Vc is the non-
inverted input signal; Cxp is the capacitance of variable capacitor (192); Cxn is the capacitance of
variable capacitor (194); and P = 1/(R1*(Cxn + Cxp)). 5. A movable system as in any preceding claim,
wherein capacitance variations in the pair of second plates as a result of increased spacing from the
first plate are cancelled out. 16 June 2006 23 6. A movable system as in any prééét]’fﬁgz%q) im wherein
the first plate and the second plates have an overlap in a y-direction which is greater than movement
in said y-direction such that any movement in said y-gigection does not affect the capacitances of said
capacitors. 7. A movable system as in any preceding claim, including a plurality of first plates and a
plurality of said second plates.

6. A movable system as in any preceding claim wherein the first plate and
the second plates have an overlap in a y-direction which is greater than movement in
said y-direction such that any movement in said y-direction does not affect the
capacitances of said capacitors.

7. A movable system as in any preceding claim, including a plurality of

first plates and a plurality of said second plates.



