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A number of systems capable of non-contact measurement of the transverse velocity
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“interest for understanding the present invention are Image Velocimetry methods,
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Speckle Velocimetry methods are generally based on the following operational
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cation schemes.

» ' Acoherent light source illuminates the object the motion of which needs to be measured.
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US patent 3,432,237 to Flower, el. al. describes a speckle velocimetry measuring system
in which either a transmission pattern or a pinhole is used to modulate the speckie image. When

the pinhole is used, the signal represents the passage of individual speckles across the pinhole.
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A paper by Li and Aruga, entitled "Velocity Sensing by Illumination with a Laser-Beam
Pattern” (Applied Optics, 32, p.2320, 1993) describes image velocimetry where the object itself
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will result in a non-zero frequency measurement. This solves the motion direction ambiguity
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5 e roRferas, AeTRSpL S FrombITEG SALY Y fhe same hoam sl et
Thus, thehgmmmveaaemn si gnal cont a| ns an oscillating corrponent

e SO 1Rt S Bl FRABY SSPE B it i s e e,

frequeneyin propohlomstm the aupeﬁvelomtyl mmmnlamohlm thednisector Detveseh i the primary beam

US pat ent g Pl SR o, 5F ) caBREF LR SoRAE VA 1B G RabPSBl

| i ght source unm na I 0l'0gI Ca | ssue
skin &6rf modionds datectes a ref erence beam for hom)dyne detection of

!slk?Et af: Pgt i s 'Iﬁlé hg&&eﬂlsfgeﬁah&e 08l filg %mgl ¢ Beneath tﬁé‘ﬁg%i@d’fthé_ Bidstric tffefd. If
S dvant age Heifhsl GRSk RAIR thd tehdncs o ont fhei e tF & Hol0 -l S5t dho)
novenent efd ﬂiﬁ@l@tdyﬁdde@emdfmmﬁwtobjdﬁeonﬂle mm:laeﬁqa(‘tb Biebs(ot trepralthen ve
lses twy HEdeGhr onubseth & Presemopdip (Bo a5y acn s+ BOB S ed 1o produce a
di f f eggnce si 9'?ﬁ§ first ﬁ?ﬁ!?@nﬁ adisfi&m ﬁalﬁsn v’éﬂ% %%ﬁ %e-constam

corrponent _S i nter eri ng e rrea ur enent scanni ng stem
enabl es naibresutsdin ae componenieThs igteasitypifhe referencehegm is generally much ﬁronger

Optii cal CaiRMRACS, the MPHE 2eting Phd Hetedtot BT HlRCEFEEEsd N astSeHA ©on Lisiilyl e

l'ight" rected and dicused to a volunme to be sanpled. A portion

of t he i mleqteq)ﬁeyﬂgp@g@eclgl
0E1 = EpEj cos(wgt +@g) cos()t +¢1)

=1/2B0E[cos((0g +o1)t + 90 +@1) +cos((@g - 01 )t +99 — 1))
35 From this equation it is evident that EgEq includes two oscillating terms. One of these

“*térms oscillates at about twice the optical frequency, and is averaged to zero by the detector
time-constant. The second term oscillates with frequency wg -], i.e.- with the same
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diverted to a reference path using a beamsplitter. The reference path
opti cal- | ewotdo/ds603 controllable. Light reflected fromt keTapasrooes7and
light fromthe reference path are reconbi ned using a beamsplitter

(convenigently the,s one as ed t lif t squrce, light). A light-.20
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US patent 5,459,570 to, Swanson, et al. describes, a fatsh:gc OCT, system.and

numer oudhe measuzprpeEnte A PEARS SEANN{NE SYS{EIR ERADIeS; mapping of thg tyendimepgional hlgodst
al ., entiotd.ed "In Vivo Bidirectional Color Doppler Flow |Imaging of
Picqlit Bl ol Usi tical T " ti .Letd
Ty | o o oL R PR R SRR ERA s T L
mappi ng icdipadted and/ focsedoiotd valume to be danipad. lPe pastion| dftthe lights frometiie tsource is
Ca Li aht : " '
o Par et Qivettea w04 rcRAALS i Nefng 4 beaB it i (SRR SR Ol lenet i,
and comnisppizoliable. Light geflectadsfrom the,gource andolighi frare th yedrenasrpath are recombined A
LF))ape [ _ bhfi%g *'@P@an?—%plﬁ%en(c&%hsiehﬂﬁ tﬁdedi‘ﬁ%US_ 'b{;g b€ ubdl ROSHHLQHe SHUICE light). A light-
osi tion/ DL spl acenen ensor. vequi i ngs an
s ab+ it frigEiN Tenseres S ey ob1he retopmitnedt etohe Seired PobsiRncg Tengn
- nmonol i t lis eeryf shokty so rindy tisd Bghti reflectéd fiotre b esmall aplahleccentered at thel sagne optical
ot : : ‘ : : .
Lar 2! il 0o RCR e Gt ELEBRAL ol el L, TRRSHE W
di st ri blight! (herggfleasione fronr thei sampleevolimghtarpynettcoherent with the refercoes ightaEhen
conbi nedeRRAL gﬂt!h' fehgth BNGah 0 23k’ ﬁhﬂ{err(géﬁe?ﬁi}pbeﬁ&iéﬁﬁé 1991n @Rt ON
S %‘d by an ar

achi ev

) angenent that 1 ntrqduces "a static phase shift
bet Réen Yaveionmy: Thisallowsdop @ ﬁr@?msoof the matenalEmtﬁ dspth. g @a‘@w, e PEPRIFL ed

~ pat ent s fregadpt sHiftbisi intoliesed N the elcasizanes, iaflot fRokagles: detectidheoLithie by
reference‘.H .SU RY OF THE | NVENTI ON

The pr eSTRTeRtR Mg vofyms retysp sdth ahigh dynamismaneeos an opt i cal

Transl ati on In conWntisnal d@&Tit a Pihviprofile lof theareflection magnitsiedd laequifed pgivingdi ng
i lon n conven o ] .

ol ot 1 veoffast HAaEEE Y BmBIOF oblimed T thbre Rafile OCT, Reqhlifty UHES 1l ¥

Pr ef38r apppinal HRopplgreirequencyatare deteeted and | aye related tarthe imagnityde (apd <dirsetion ef om

t he devirgigtivé™eelocity bétvaeh t}@rﬁ}rgﬂed PSluie (BB the’ dHERNncFangé) ddd/8R mEéR@Rment
opti cal lﬁstl rregul ar or non-uniform In particul ar, the object may have

a diffus&'¥Paque or semi -transparent surface such as a paper. Thi s
speci fi cati oUSipatest S5@59570 v Sivafisding e1raln ideggribbe a thasio SOET | sydtesy andemanérbys of
such diff Use
" applications of the system.
35 A paper by Izatt et al., entitled "In Vivo Bidirectional Color Doppler Flow Imaging of
Picoliter Blood Volumes Using Optical Coherence Tomography” (Optics Letters 22, p.1439,
1997) describes an optical-fiber-based OCT with a velocity mapping capability. An optical-

fiber beam-splitter is used to separate the light paths before the reflection from the sample in
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35 embodiment of the invention, the grating covers a portion of the measured surface and has a
substantial amount of transmission, In this preferred embodiment of the invention, the

reflections from the surface pass through the grating. A combination of reflection and partial
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osc i athngesbetween delertod Fiamalsyan ‘i?gmrecnammf YelbY AREHTIEMGRE P! Hip dgn %t er o
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- opt i callBYfRLeR, R Sing ep‘reét!’eamlsé’ﬁvbe‘é‘ﬂeﬂ b fi JUELRGS 97 TWAY ¥, Pg ncident

pr ef er alpeypendicalar toothe Berface.  surface The |i ght reflected fromthe surface

interferes with i}(@gtagéce[%{‘toft Qgthe ! ﬁre lde%h%gdl?ﬂenpsafb?a%he 1n\%hI1&{ f}ﬁ&fiﬁ { 3

the grating. or signal “UdES an oac
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The i nt ghf QTGS rdR¥tot #Frovide local oscillator reference beams. In a preferred embodiment of
the invention, the signal generated by a single detector is used to determine the translation in

two dimensions.
In a seventh aspect of some preferred embodiment of the invention, a spatial filter is
35 provided such that substantially only a single spatial frequency of the illumination reflected
from the surface is detected by the detector.
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detected signals. Alternatively, the direction may be determined by other means.



the translation is neasured directly by counting zero crossings of the
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by vel ocity changes. For preferred enbodi ments of the 30 |nvent|on
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between deferent polarization components of a beam and direction is determined utilizing a

resultant phase difference between corresponding detected signals.
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(with regard to spatial filtering) on the spacing between the reflector and
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(s oS BRI, Saptticallon gt e stecteq, signal by, ol Slensiy SsntRE phototeecid) TS
ei t her t heohlepéritdetection hethod isternsadrifoamdyne déténdiohocal oscil |l ator or both),
results in detegj ' . : ks ' i L] f
ot Se o 1 he ik Spdtal fiter is opeivt B kit adle RORC el Honf B Aul00 e
amount ardetketan] sueh thatthatreletive phiases ofethe oeflertions from different logations pn Hrecsurfacs
met hod .aQ?ﬁ&rééééﬁﬁaﬁfuﬁdhﬁnééﬁevﬂféﬁtﬂxé SU¥0E rfdPes WA Fespde toPhE 1BEStok. 'Purtibifdid, Ak
and the reference |9ht a{le pr.ovi ded umag &‘ém ngl gé?ptl a}l el emeglt,
pr ef eR8p| #@e@?aﬁpm er-prehe surface (gsrmeasursd gt therdetesto qp%q%t neaely @n theyurfaese
v o T D e S T e o1 o e et e
20 “on 1 HEERG il SR, o9 o SIEWEE%H @;@%ﬂe &?a?ﬁ?g&eﬁ gﬁ%@aﬁmi ot
means fori enderbgtwden the local esciflato the HgistIrefiéctad. fradm call ar,
tangential tra ' 3 f . -eCt.i
from the or at & GEoRE ebale s TR HekhnP U thel AP Ut iy, collimiced (5 B
di 6028 orplne wave). Fous, dhe paRelciliso msy simply deedens with a pinhole posivionsd abite et 1
aspect of E&%F%Ef @4rR1Ki8H of fHeQHHBE does bt 6H?aﬁgé theGBlatiPdphAALs b the %@?tthiﬁfég?aﬁed

notion defection systemprovides_signals that ar&a1 I ndi cative of. |
@Fﬁi 14

_ h e
anpl i t ude PR HeF spatial liexy The local osclélﬁ@gar-%é?m by the geflscHon gf, the diffsaction framy g
enbodi nentheakefledier ompratihg (aled perfasly colliibated, sbithat it can alBoTYeABded thioukh the

noti on detect i syust em.arLe, mount ed _on a tical su rate, ese -
conponent ?%ﬁ@?&é}eﬂa@ ‘f%lsalfosﬁggg‘?S%?ﬂstgﬁrd&%l%geroﬁﬁf‘?%ﬁ: éﬂﬁoﬁﬂr 3’&}11“0 al
el enene, theglinlmde)aThis forcey adinglg interfererice dinge orthe deteatot.iNd limiations taoer impabadc h
gener at esyganal R | i I agll at i 5P%]I]ﬁf.‘;farn)unt ed on
the opti cg?nﬂ"s%g%idrtg?géqagﬁg&g%? 8@%%@%3%6?‘?P3%§%§%5ﬂ E)t/h the Tocal .
oscillator fi eftanother extaemae Fasn, the spasingchetwecrthe pirfaca and the efleser is apgligible.
Tongths. of aautrsdor the use of a hilsenfAAM TN imBled iatident beitn Wil still ufiiiling
cor Poe ibsBasiug Phrses of thaSungions Jtog, it Tkice ITHSPSLAYeratdl G Eaayaton e A
a:m d_35 tﬁﬂi!ﬁﬁmﬁf i %ttl‘iH sanﬂantopusing point for the 1644t bdiNatesaricthe ?éﬁ?ﬁ@i?frpmﬁheﬁﬁrﬁldle. I
enbodi nent,s,. i nv n,_accur at.e reasyur ement o i on r e
fo the oupptgallys s pafel s mACH ifEmensrd wiBief ARd 6ol posttionsd af the
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notion perpendicular to the surface and conpensation of the influence of

tilting of widr46603 PCT/L99/001 372
measur enent device. This aspect of the i nvention is espeC| aI |y useful for

There i o nudh prassindave R sl SEIsCoftlr Bt 35/ B Bl TE it e

i nvent i should not exceedrﬁiemzb 6'babouieaesmgimspegklb Hfernneel lz;t iheareﬂcntnonrfmm the smfatace

] t h i "
:N: | umrﬁ ?%s %%s s’ur g&cétélﬁﬁgtphnt %jg terrie?l %ﬁgﬂé'fﬁeﬁf Thus, if the detector C}tself is i ng
il um namiaunnmwh itanaeserveons aniategral patt of the spaiakfilter andeaspinkole israt sequired. :
sign Th@"tﬂeferred conditions of @h&H aﬂF&i RllativeepieiEBy Bid Efeegixﬁérféfﬁlcﬁ%hgé‘

paralel tothe rface from said at e 10 de
Shar act &, {6 1oca! pseillator at the detector c@al?ﬁg‘z@eé{l q@tappﬂ%y for

the ef f eglivalent waysalh partitalar,Othe Q&[\ﬁﬁﬁféhc tHagrbet &tabhshedt llibi‘ng Wishipte convergmg

Féil?rﬁiegéfw& meff iee e <808 . ey PE ine oy 83 okl s HBRT nerit,
to the HAltetrmtioekynther bhman&ehermﬂeomrpanﬂnemdmmmr int ® single optival dméeac!elso,rml at

! ea% O@?]%xﬁﬁ?ﬁ?? xﬁ'lﬂMe ﬁ%t?&eh%eﬁ&éeﬁ?ﬁf?eaﬁ{-sﬂlﬁt%? Bncp’&)e@lgfé%r%et erﬁ{]gﬁ HeHy ar

ace, g conpri ng the
am)unt end fremaﬁliev@rfmmamhmgalthlellensb the surface fromthe two
si gnal s. Nofn—ldeal sgaﬁ)ilq{l%ﬁ B! Xs wied 8l Bifhdld 1§B€H§u‘ 2 when it is out of foc
det er ni nj n mount of ~relatl v tion from east  one sal.d two
si gnal s| orseasher the reflegtijogfromthegurfsce P’é tlpgal opgitlateron bﬂfhlgaw@}s in @mﬁm

ga{ al | elofﬂﬁ: éﬁiﬁl abid ga&%lﬁlmﬁb Qddi@difp@ﬂﬂdit §e to the nmlgmémf ll‘lhélfle\{epof Bﬁeﬁ&ﬁf ﬁ@g e;
etermi gcond ano relativ n fromat |east one of sai
two '3i gH %‘d %ﬁ?‘lf“’é ‘%ﬁ‘g EWUWE?%‘? @l motion including a
conponent pe Emarpiefenbémd:lmdt atueoxsllng tacthe prasent invention, both thelsurfaceiilhiminatiére
and secanh L Rtk B Me BRARISeidely SOBICHIAAr BekiB) BétlekSly' # lalifig, 1hY
the secswdacgnanshreferenee light eh;arm siogledentisah peth; feoughemastc ermelnefnthepentise] el
to the glnieatsin tBOdevice. Moreover! aﬁﬁﬁﬂﬁhtudé’&d?&%ﬁ& ﬁB@MQﬁofomiy%ea{&ﬂﬁb@ed

S? te:agP r éﬁ%ﬁﬂgﬁﬁ %@ﬁw@&%ﬂt&f&%a' 5 %ﬁﬁn& @ %rpvve aﬁ‘iwpaﬂ meqns ef%meeﬂugpgtt%e the

-~ sur face surface'si tsmmuenmm particalas dtangensdaDopyslationsdunt be afeasured reeén dort spcular

i1 Tumn | X t I auent.]
det of i ArtSton fiom the srfing, Whefl B SoRIEERIF ERAR, HREeRincify oF HEHidcRlon of
par al | elmqtl@ntcheabglbfeaehewdr ectly fromthe two signals wthout

det er m ni ng G, AGth %e&@&ﬁﬁdﬂ@gﬁ@%ﬁé&%xﬂ@dﬂﬁ%& QiR lﬁv%nﬁ&‘a anUintedfhed

L8 Sehon i AP B el 5 ke ey A, "
preferr g gindeidhBMthe dlotioRCIr B\peeteired embbdinitht b &fet inPéRiohoR 84kt 56188V the a
signal components of the motion detection system are mounted on an optical substrate. These
components preferably include at least a source of radiation and an optical element, such as a
grating, a reflector or a partial reflector, which generates a local oscillator field from the
30 radiation. Also mounted on the optical substrate is a detector that is illuminated by the local
oscillator field and radiation reflected from the surface whose relative motion is measured. In
this embodiment of the invention, the path lengths of the local oscillator field and the field
reflected from the surface whose motion is measured is such that the two fields are coherent at
the detector.
35 In a twelfth aspect of some preferred embodiments of the invention, accurate
measurement of motion parallel to the surface is obtained by compensation of the influence of

motion perpendicular to the surface and compensation of the influence of tilting of the
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13 based on a Doppler shift. Preferably, the at
| east one sewO¥/46803nal i s responsive to relative notion par #HATALIYM1I3he

surface. In a preferred enbodi nrent of the invention, the

met hod in t n Wn Rf ﬁg‘[ﬁ

per pendi cﬁ+ ?mgﬁhcge(’g}ﬁr g &F&t of the V8 g eastf)%lrl e#}}er re f dmrraer??mgwelt' he
i nvent i oncomldﬁmmmgasn@om@hmouse rel ati ve notion parallel to the

surface i ncl udggedss ﬁ{dg‘p%ﬁ@eé *i&?aéB%Pd&BEe Qﬁthraeﬁr@feh!& eﬁ?%ﬂfﬁihn%i’ﬂﬁ thVéntioRa
colinear direct]ons. nbodi nent of the

efer

i nvent i onmethod for fetermining he Felatﬁ’érfﬁ%tm  oha 39& “ﬂ TS 108 TGRSR e Yiste.
In a psgef eémpﬂg@%bodl rrent of the i nvent I on, detecting conprises coherently
det ecti ng il efer é‘ﬁ’fthe ﬂlcl udes reflecting or diffracting a
portion“of t hellYHIHTISNE déne' WA which is part of the
measur enent dedéteetingt iluminatian raﬂécmﬂaﬁomsthe ishifdcerto fBrm fae et yne détected signal;
obj ect | SP‘E partially reflecting object through which either the incident
or reflec dd illumnation 15 passes. Preferably, both the incident and
reflected- il udéteamining thasmovntrofwejhtivamotitr) parellel to the surface from| saideatjeast ene ed
enbodl n nvention the object is adjacent to the surface.

a LI){r)Tgf g?rgégagg%%dl ment of the invention, the surface is in the near
f| el d of Fh?éa‘ﬁ?}}?@éﬂn at Al ternatively, the surface is outside the near
field of t he gﬁﬁ& d8@rmining includes correbiingfdR"tRd B oRRAINE Miton Yergehicular to
I nvention he Obj ect is a grating. Preferably, the 20 grating produces
essenti al ﬂ? a single order of transmtted illum nation that
I | | um nat es t hBreferany, sait 4tdest one signal compnses E’rleiﬁhﬁ@hl\gnalﬁ,m léakd ongifinsttsignal i s

C er Ian . t he Iac it hin. t he
coher %&ﬁ ﬁ}f%‘i‘ f“H"ﬁi‘R P.PS’F? ‘8@#‘? ‘gﬁeé}?%"e métion Pe“f’ena‘cﬂﬁr%?
preferr edthershrfdaermldtat déast dne sepensingigrah whidbeis Iaffetabd atsleast by tnoation| gerpendiatiaoto
and the 2 legigpd il1lumnation are incident on at |east one detector to
produce sal 5 SI gh s and the | ocal oscillator illumnation and the
reflected il | uf§terainisg camprisgs detesmining, the janoyphefirelativemotipe paratied de gie surface
There i s:: frepith@twasigndisled, 1 n accordance with a preferred embodi ment of the
i nventi on, tus _ f.or rreasurl ng relative notion between the
appar &¥us and g""'&i&ﬁ&c@‘%ﬁﬁ% €9 an illunination source,
whi ch transm t detednlinitig RafirsOaméumnt iof fsluﬁvaaﬁmdnrmmﬁ laf feasteone 30 said two signals,asaid

i1t et B G o el g5 ) R Poreh P A 35 B4 i 1 £ EdSpbreh™

the surfa
i || um nat perpendicudaitol the susfaceget ect or, such t hat the det ect or generat es

a first signal yfiassst,on GODRS ﬁﬁamﬁ%tf@asﬁ%%oﬁ x4 1445 B hPEhid B4 $ehe)

from t he sur umnation re as a
| ocal 2bsc#did sgcgnd amount of relative mefiondneinding étceemgnmﬁmnnél@é@r to dhe surface, and

i 'l um nation fﬂ&&kﬂlﬂﬁg%iﬁwo‘i‘m&ﬁwﬁﬁ&%ﬂ/ﬁﬁﬂl&% tHel Supfad REpdRSive € tHRed
fromthe suyface erat es tr?s}g(:ond si gnal responsive thereto;

a signal’ feeen 1Y QYO gnal for changes in the
i ntensit y of thteferably, the lséobml ambtmtmf rélatiestmotiont Gses 3¢ inollids iagomiponan garallel
a notion ﬁh@atcgr that calculates the relative notion responsive to the
Si gnal f rom 14
Preferably, the second amount of relative motion includes a component parallel to the
surface.
In a preferred embodiment of the invention, relative motion perpendicular to the surface

is determined based on a Doppler shift of the reflected illumination.

In a preferred embodiment of the invention, determining comprises determining the
35 amount of relative motion parallel to the surface directly from the two signals without
determining the amount of relative motion perpendicular to the surface, Preferably, the at least
one second signal is substantially determined by relative motion perpendicular to the surface.
In a preferred embodiment of the invention, the at least one second signal is a signal
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signal corrector. Preferably, the illumnation from the source

recei ved bwgdagedpdscond detector is : i1 1um nation refl epicggrLivedtg7or
diffracted by the obj ect . Preferably, the signal corrector
correct% tg st s| | for a constant term based on the 5 second

si gnal . eISHE-si gnal corrector includes a difference anmplifier
that recei ve?reﬂnbly, the 4t least oz sgoarid signhl sstespansive to nelatiheecmotiors parakidl t6 theem i t
to prodyﬁ_e n adjusted first signal. Preferably, the signal corrector
i ncludes a normalizer that receives the adjusted first signal and

nor nal i zes i In w preferredpembodiment, of Sbe daventipynthe method inclndes dletepmiining the

embogli W&%uﬁoﬂr&lﬁhﬁ*fﬁﬁﬁéﬂ?&ipeﬁdi@ﬂﬁﬁ@ﬁ@éﬁﬁcé ncl udes: 10 a third

detector that recejves | mnat]on.reflected frogmthe surfacge w thout

receiving Inapeiggedsm %émpm 7 dnvetion, dstermiping teamoust of relshverotQnr ce

and progaaRel ® thei sugifabé Giithbdes Ndetermining 85§ anent BE kelatdve didtion along two non- t he
signal c rrecéligr corrects the adjusted signal based on the third signal.
There i §° ‘?cuﬂpsbvi ded, in accordance with a preferred enbodi nent of the

i nventi on, 1in aprfgesddmisodimentrofdbeinvenfione feet illumination ds pérpendiarariyhincident

appfilé]a xzﬂ?ens%{ﬂc urface conpri si ng: an illumnation source
i C nSMIsS 1'llumnation to illum nate the surface;
first detect&n apmefoted embpdiment pf thei inuention, detectingheonanises epharettlyednt@mgx om

the surpagesy blP(Othe met%xod 1nch?d?:s o &sh WP'dﬁ’?raEtﬁfé Eﬁbﬁmﬁ (ﬁfﬁxg iifinRhtid fom an

I 1lum nat]on | rs detector, such tector_ generates

a first oBicgin Arhighniscparh AT thsnmessirenaent é@ﬂcent%ct A lqcahﬁscﬂbat% Rk refemblye they
f r om 20 objebieis a\atteully réflédtingobjdct tidighavhieh eltkdr! tBE ikilichY off Rfletted Afimiastich

¥ Bk e et ot g oD e o B R B it o cct ec

from the surimsprefercedpmbedinent of thednvention rﬂgﬁneli]ectesmmm/te thé suréice,

~a signal Cor%eg%pgfe%%ﬂr%l?o?ﬂggﬁ%{?@m%ﬁtﬁh ﬁfe é}¥ lx?ﬂlelar@#"ﬁ% Q)rf e{bt_je?nal

to the second ) I 1'on” ca
cal cul apdicrnatizelycthgs @ene@mteﬁeﬂwmhﬁcld@fﬂv grh@ngsu gnal fromthe

si-gnal correg @rpreferred embodlmentpéfeﬂﬁrlﬁ%ﬂﬁml} iR blbjleétmsn@?kéiﬁ{gf PRITEABIG, §RU Ce
recei ved b¥1 t he second teciy um nati ﬁn refl ected. from or

di f 9 acBEl syrce%e%fﬁse& y only a single order 9#1 teangyted, iflummation hatdiymigates the

I nvent i ewrfacehe signal corrector includes a normalizer 30 that adjusts the

first signal apges.. | N I I Dat.qn a .on the

second O Erehaply; B ThunihabiOf id 11607 bty oltfferant P Bbiels pREST IR, | o

t he app&moherehmkngthspftheilluminatmnﬁ'onathplsunfcbedet ector that receives

| um nat | onpy gl drefhed chitdlimdi of 4hd BfRnibd, Y Ioda? CRLIMAAP lllurmnaﬁ(#pﬁléff‘
m t uces

illum nation 1e object or frgmthe source and_ pro SI gnal
in 3% reébﬁeﬁgléummfle@ are laﬁéent on at least one detegtordp preduce spidsigngls ang thelocal t he

adj ust eds&n&ta;aﬂluhﬂﬁaméneﬂd thereflbitédlilinfifndion are at least partl coliéteniteat tife detdctorer
provi ded, ﬁccor ance Wt@qdryﬁm red ﬂé he |n t|on
appar at us fo fEds Prgs

dn‘ée“slﬂP'f ace

conpri sapparatus for measuring relative motion between the apparatus anda surface compnsmgS
an illumination source, which transmits illumination to illuminate the surface;

30 a first detector which receives illumination from the source, reflected from the surface;
an object which reflects a portion of the illumination to said first detector, such that the
detector generates a first signal based on coherent detection of the illumination reflected from
the surface with the illumination reflected by the object as a local oscillator;
a second detector which receives illumination from the source without receiving
35 illumination reflected from the surface and generates a second signal responsive thereto;
a signal corrector that adjusts the first signal for changes in the intensity of the
illumination, based on the second signal; and
a motion calculator that calculates the relative motion responsive to the signal from the
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an illumnation source, which transmts illumnation to illumnate the

surf ace; W099/46603 a first detector which receives ill un rerfibes/ir3xTm t he
source, reflected fromthe surface; an object which reflects a
portion of; | I nation to said first detector, such that the

det ect or é@&\%rg#é(gggfi rst _signal based on coherent detection of the
i |1 uni nati on rBrefesghlyd the dhummation Heons the stouroni regeived byl itheviseeoni odetector is
refl ect edijiinihifonqBN&S4d ﬂ‘?ml u%x h&&é&te@@f?xle'éﬁe@{ ? a second

detector that receives 1l]Jumnation re ed fromthe surface wthout
recei vi ng Prefarahiy,the signal qomerton comsets the dirst ifignaljog aconstant term based epthece

and plrpd ug@ﬁnfsigﬁ?ﬁpfbf&h%y,aﬂmisﬁm ?qrrefctﬁﬁ RIhER lstafmffateﬂce ampl%ﬁer that req[e.iv%s tlllet
signal coLrector ce e first signal by an anmount,.pro ignal, to
he aeconiet (ienal 45 ofubtasly the ‘second sighalfiott; (O pRAPEE Al B bFD et SRl
cal cu: at ePreffdrsbly cthalsignel doetecton inchales ambmalize{j ﬁxbﬁrbea%igmdhe fadmsne'f Elfﬁst signal and
signal correct.or.. . | n referred enbodi nent of the invention,
t he obj ec{lorrrgailﬁ%isrlf}Nétmr?;pf:?t%g}ﬁste?qnﬁgs?% t he obj ect is placed between
the illum natibre prefenecd cmbddintent ef the amventier; thetdpparatus inolideat i on of the 15
surface passes ' : T I ',qﬁ@t

of t hgéai nvent i %t}]},n_fdt)ﬁ%&tﬁﬁﬁpﬁgﬁ%sn{lwgsmagog%%?cttaerﬁl cfgo etir% zfrr? ?tﬁﬁp&?’n}e ]
obj ect anghbstaatial linmiration fom the objest onifioms thedsaunee st produegsga rhird signal in

I n a prefgipdifie aiEhadimnt of the invention, the object is a grating.
Preferably, th

) grating produces essentially only_a single order of
transmtted i |ﬁlﬁﬁ¥§%‘(9°§ﬁ°ﬁ°ﬁg?n§qq tgﬁ?‘iﬁﬁt@i“gﬁ’é%ﬁd ondhs thirds180@) of er abl y, t he
sur f atce_ ids ;M'htmhae wfﬁl_rml roifid?%,dn%ﬁcc{rbﬁlce bl mﬁefeﬂeawl Hinveatt Wf ?ienﬁveg:tibﬁ,ace
is outside ngar fiel .the grating. a preferre
e mbodfren PPEFERYS 12T GRS SFat Yo BOR LR cen the, APRATARYS A & T PR FOTREST £ ace
and -t he il | um amillonatiehlsewtcedviiph trivesmitsjiwhinatien tatillhimamte thasirfage,coher ent
at the first d . - e i t ' [ .

3 iegtor which peceiyes Hubllon) fort HlsB8n BEAKHERom dl pptace

accordance wt I'nvention,

det er mi-ni ng t han olikcitwhich reflertars portien eflihe albuminhtion todthp fiest detectar,rmvels thab thent
device,  detect&OfHbatds r!agﬁrsth sigxﬁ]al based on cdHetedTHEBEHOADLHE %Iﬁﬁﬁiﬁétﬁﬁ 18htdRed from

i nci dent i I lumnhatlion suc nat the 1Jlympation is ref] ected from
porti &hs & SF-‘IT%W%‘F}* %@?‘ummauonre}lecte& Liéﬁﬁé’ﬁlé’ﬁiwlﬂﬁ#l@é‘ilhﬁﬁnt he illumination
refl SCt ed }‘ om tseeongUdEtaGEr WHidH Zéd&ﬁle%s :ilnmmgﬁgﬁ Cﬁ‘%rﬁothe %ﬁfdeV%héﬁtOcheifﬂigd

i nci dent jiJ | umnation that S tor ecte t he. surface .as.a | oca

osct |1t o g rietca i HeCopefRts dpseliaied n doond SieRal reBeify il e
magni t ude of rakighalwermectpbr that refducdseths first afgaalf byoan amohumgsopartienabto theesetond

si gnal s; signal; and varying the phase of at |east part of the |ocal
oscill ator ﬁ]ﬂ umnation with respect to at 35 |east part of the

i |l un®hat i on remotier ealcwigtor that selelaice thegalgtive motion responsivectodhersignal dropmthe

di recti onggiai ceiréttdve notion parallel to the surface based on a
characteristic_of the signals caused by said varied rel ative phase. A

Pref erably, th%fefeﬁ!‘g» Biscifumipgfon mﬁ%ﬁpwﬁei@cwﬂeﬁxt@ﬁ 5?09&4%&9{%&% or
refracti oiftumination reflected from or diffracted by the object. 16

et dent 11 Ui ok el Bt e lficn 0 Al oftbeckiSnifEERY SRz

device. Prefer
30 that adjusts the first signal for changes in the intensity of the illumination, based on the second

signal.

In a preferred embodiment of the invention the apparatus includes:

a third detector that receives illumination reflected from the surface without receiving
substantial illumination from the object or from the source and produces a third signal in

35 response thereto, and

the signal corrector corrects the adjusted signal based on the third signal.

There is further provided, in accordance with a preferred embodiment of the invention,
apparatus for measuring relative motion between the apparatus and a surface comprising:
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object is adjacent to the surface. Preferably, the illum nation has a

coherence hayeidss@dnd t he object and the surface are sSigcyAieslogisx hi n
sai d coherence length. Preferably, the obj ect is a - grating.

L1 anom Lt a5 RSN abiecn Ych Epetepibedpnl Bumnisdle beshidhtsi obl y e

surface is plafistidetedton whith esceives ilfuntihation from die §o|nmagfeﬂecﬂ&d frofd the sfidey el v,

I a preforr dit DIGETHGHEEAS plpaRidAH e ifinitolion et A Rllcctor, such that e
i nt r oduadetaytox generates otfirst signsh é)swdocbmm;l@rm detgction mg thie nljumhxatldn treihctedrfmm
rel ati ngel‘éragi‘égﬁ vé&?ﬁéiﬁﬁﬁn&?&rﬁ%ﬁb&%@ﬂ#ﬂ%%b ect as aﬂ:‘c&ledéabﬁfb Oof relative

noti on aracteristic qQ e SI cause sai d static phase
10 change. a second detector thaf rgcaiyesri umwﬂenmﬂﬁcmlrfromhq %fapﬁw@hwtdncewm&
met hod Isasétmlm jllumination from thedbbjedti Fofrdhahé lsbitad Iaaa ipPotiicBah seSoriddigig ied
fromthe surface into a first illum nation having a first phase and a
second |rF?H9H‘Fen £1e¥h havi ng a second phase. Preferably, the
first illum nagige comsetoi that Rdacsscthe firstsignal by an amventiplobertional thihe second

pol ari zat ﬂ Preferably, dividing conprises passing the
i1 aPﬂm dent on the surface through a birefringent material.

Al ter nat i vel ya motianlcalculamonthay calcilaties thegrelativg madion respossive td the signal from the
i um n cted fromthe surface through a birefringent material.
Preferab ?gp‘f‘(ﬁ?éc{&t hod i ncl udes placing a birefringent materi al

bet ween t he dbjacderefezied embedimant o the ingention, the objgqy igpatialiy trarsinittingond thet

of the ighyRpid ﬂﬁeed%e%ﬁbéiﬂth%hﬂuﬁiﬂaﬁﬁﬁ sO\E88 nd B Lhurfibe BEHBENilluminatidh VT the
obj ect and, t he sur ace |sr‘§ atlve to cause detected illumnation to pass

t hr oigh SPFface passes thy material tw ce. In a preferred
enbodi nent OBInTSMefem@ ambfodlmehhefmeﬁx’lmdumahanml ifkftiofrtk ag:aﬁer"eﬁ& lengvt\hlh .anc%]
magni t u nd di nect of t Lransl ation utili zi two detectors whic
pr oduceqﬁefﬁ?‘f]g?teaﬁfi% f‘ss{ﬁ ??ds"Y& F"gdaé}be g?)lﬂ the direction of the
transl ati on. IPraepeferid embediment of tap irtvention, the cbbjeet:ua argrating. rRrefetably, dhe
conpris t

etﬂ%t Jhdes @Eseﬁhﬁ%ﬂéﬂl?% s !g]et de@frbf' Bnshili F&l ﬁfunﬁﬂﬁlo?xhlﬁ%llumm Ttes th% y,

di fferenc meen erent, ected _sjgnals era
t he Wet HYHa¢e Ereferably, theesurlpce isoyithun shenpar fieldAiihe proHog ohltantively, rﬂ?f‘rﬁ“é'ﬁée
sur f ace.is d@tside the near figldfehd aﬁngther provi ded, in accordance with a
preferred emjodi e I N ara r ermnin
transl ati onngf‘ %F‘Fgc?g‘tb g‘t"éeln}/\‘?gh} Y%ogpmaﬁﬁrapaﬁ%mﬁcheg m the surfdce

an opti cal tid ﬂiukunatlon reflected by the obijetieare atrleastipartly coherenicat sheafiist dgtedtor.

t k;
hnd ag © " Oriek S et pPSA, LSS AVEE BB embodihif (TRlq et OF
por t35on negthodh forideeamindng therrelatye motion pfia sgrfmthb respedtde adueasyrement deyideace

and i npicagRsispg: t he detector after passing through the optical bl ock
h h h I

32? allel to tlﬂgngﬁﬁgﬁgt E.l}lfate \%}th %?c?&’eniﬁ tnaetlorrrla%nfm Ecﬁja(tj e Jlurtnu?atltolq?sn;éﬂgét

17 ﬁ*omportloneamsm\fa:eto t he signal. Pr ef erably, the

apparat us incl] ydes ec 4 hi. n sur ch
ot o or " doRRERNT BeBBme e bR Sl FRHY {18 FirfRoe, Wifine iipiRlich
sai dBoparderivedifrogi rsgid imsident lnmnmm thatawds mat trefectédn by athe asurfacalas a local
osci l | atdQEillfaﬁ'i, t§¥6&b£ﬂ9&9§v@§§ﬁ‘£§,' on of the reflected

determining the magnitude of relative motion of the surface from at least one of the two
signals;
varying the phase of at least part of the local oscillator illumination with respect to at
35 least part of the illumination reflected by the surface; and -
determining the direction of relative motion parallel to the surface based on a

-1

characteristic of the signals caused by said varied relative phase.
Preferably, the local osciliator illumination is generated by reflection or refraction of
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5 I llum nation by the detector. There is further provided,

I n accor danoeows/sdsom preferred enbodi nent of the invention, &CTALIYME’hod
for determining the relative notion of a surface with respect to a

measur emet.: eV eyt (UK [t W ' ) s e
Wi o i ifiiparion SRR bRl Hat is 4 part of the medsbteiBof REVEY PGBl 1ES
por t i on: oebiedtds adiaperg do the surface. Preferabythe dllumination bassa coharencetlengih andithg he

i 11 um nat igactr il 86 tsBffade A& ditdGted Wittt 8ailicohefelAlehbihS Preferablyl #he26b;86t is a
u’f‘ d f.the ill

si gnal ; etecting at |east a secon art .o Il um™nat.i on

. d t
ref | ect ed2Hngn Preferablys dhe grafingopradyces essenfally, gniyep ctingly Qudsh A, trapspuitiest
de]g Fr ns't nijnmnﬁﬁ@ioﬁ(rjmatri_lluminatealtﬁé #Mﬁfﬁ.‘ﬂt&ﬁﬁb?@&lﬁgs@ﬁcai . ew;ilﬂﬁh ithe neéak ﬁbthde
refl ected radi ati o rein.the fir and _secon i gpal s .are in phase
Guadr at aref bR oERE AlRivelin te suftaca s plackd e R FeRr foid of BE it
Prieferably, thk aptefiercedi ensboditeent @€ thecinvengiohveargling ¢lod please obmprides tintvaztuoinggiaon
responsiv 0 i LSt .and .se i . . ef. ly,
e et hotles s pate guie g i e RSN o8 Rbifve sithion comprises sl e
di r ect i ondirgstion lof e¢lative mhttorsbased o a characteristic of theRignakeansed by said static iphdse
i ncl uges '&ﬁhgém ning the relative notion in a direction per pendi cul ar
to the surtate, Preferably, the nethod includes determ ning

the rel ative nixdpefeasdsmbadimentefihe inyentipn, theapgthed igslydesys of at | east one

of said first gRiseaRNAuglifRRnSthat is reflected from & k@Rl Mto dSf8€ Hiudsination
conpri ses cohergnt det ecti on. ere is further provided, in

e g . Th
accor dancievirg st phase and a second Jinminstiondnuving 2 seeRpdpbass o met hod for
det er mi ni ng t hPrefepdlidy, \the nfiist offlufingionurahd C ¢hen seboride Sli@mination aharRa diffesmnt
devi c lari ngrising: 30 illumnating the surface with
i ncid t-‘?‘??‘ﬁ?ﬁ%ﬂ t'ion such that the illunination is reflected from
portions of t hBrefanatflyodiyiding comprises passing ke ilinminatide timiddnn gn tleesurfatelthrowghi on
refl ected, f0m; s | . e . f qrm: ' o
utilizing ﬁ‘?’“{ﬁ‘n{‘ e SHRlAEE, WhkRoG/obe AR sorfprllel Besing. e
r ef | ect ediigpingion rafectek frem dheisurface daravetos birefiagent mateial sBieerehinche method
det ect i OnincRBEL placing abireﬁ—inFexﬂ%ﬁéﬁHI Béten 1R oBReNAdduie sgtacee! ative motion of
t he surface frﬁg]%tgeg Si grll_g); . (igaracterl zg% in that _the |ocal.
osci | Phator is W Beirsdrrmpodiment of e wmyenfion, plcing: the bypfnnggntmatarsl between
]gzssent i al thg <mj|$cy and sthe Gufacpist operativeegueansy defectet dilimirnation ad pakd throughi then
ornms an J.nterference. .

18 ..‘c!upefﬁnge P@fealamﬁc'sai d local oscillator on the detector.
There is furt hlr aprefeirdé dmbtiodiment cofdthe ciavenitioh, theprmeflmdr idludad detiernasimingothet he
| nventi Onma%nimde @Bp&ﬁ@&i&ﬁ df%he dEhARE 'uﬂﬂziﬁ? wae&@éét&g WiREd ?)?o&%e iffdeiace
with respect to the apparatus, o conprisrng: a housin
havi ng andeigséed sigeals dﬁﬂﬁlﬂ}ﬂm@ﬂeﬁlﬁ;@“ﬂm of the transiatign; Sevferebly dptermining the
hO;J_S' ng t fifdctiBh WHUEDTIAioR! SiRbrises | deterRfhing (REdREERAE FoRP thels@hnl ¥E the phase
rotion: difference between the different detected signals.

Preferably, the method includes linearly polarizing illumination reflected from the

surface.

30 There is further provided, in accordance with a preferred embodiment of the invention,
apparatus for determining transiation of a surface relative to the apparatus, comprising:
an optical block;
a detector, which produces a signal responsive to light impinging thereon, attached to
‘the optical block; and
35 a source of illumination that produces illumination, a portion of which passes through
the block is reflected by the surface and impinges on the detector after passing through the
optical block; and
circuitry that computes the magnitude of the translation parallel to the surface,
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a source of laser illumnation of a given wavel ength, w thin the housing,
that il unypabhéses the surface through the aperture, sucBctf@9/00137
illTumnation is reflected fromthe surface via the 10 aperture to the
detector, and . a filter covering the aperture that passes the
gi ven WEESRIISIYSHA hasi#naly| ocking 1i ght at ot her wavel engths to which
t he det ect or Preferadiysthiiapparatus includes an objethwithin or dnuthe Iserfaqeraf\thelbldck which

accorda i . e s f ' ' . . S
For _det Beiion diftells’ Bik 6 (RTIRMIIRD &'k Brkfdt SAboRF soig port L
appar at sirfaces said cparpapting@s a local oscillator for rRynehiranousadéteciionn ofi ke reflested

f or ned ﬁﬁ@ﬁﬁéﬁygb the detector. & detector within the housing that produces a
signal utilize t_yo determpne the rel ative notion; . . .a
source of | adbereis fuztherprovidad.dn agcasdanss Wik admefegred emhpdimant ofithe ippeationy 2
that il jnétoddbedetdtniningahé rlitReambiidioe sirfiRe &Htﬂ{]fehﬁ&t toSal fftahdéhent device,

e

illumnation.is reflected fromthe surface via aperture to the
det ect ofCMPIISINE: a second detector within the housing that receives
i |h| um nat i On%l?miiiﬁﬁhi_glalihefsuffht_ d With incidemu'amam‘ tien lslﬁdlﬂi_:hat the illuminati_ond;!?1 Ii'gﬂéctdﬁy
that, tugns off .t he uml nation source when illum nation received by the
secifhd gma%o&lér&?g#heﬁgﬁcse, bel ow a t hreshol d. Preferably, the
circui try i sdetpetingtateast afipse pard of thelillymination veflected fom thesusface todfotn arfirstt

of f elaéte&éiw nation received by the second detector is belowthe
threshoFJ. > Preferably, the aperture is covered by a filter
that passes fefectiigvatieasho secondnartgfithe illuminatignowefleetgd fioghthepurfaeentorform a
wavel engdeBid HeteMbBd Signalhgnd | rst and second detectors is sensitive. 30

In a preferred enbodi gent of the inventi.on, a part of the .illuynmnation to
t he T8iot et or Seterming (heramatas of Felats BoHgn baggd, b & Deenley ﬁabtom? getlocted

| Mpi NQi fudidtion, whefeds ahe Fastdampbsécondtsigplaareain phade quadrat@ecand #icodetbarion
coherent detect| %g_ oferéeg%ﬁr gf | ected illum nation by the detector.

In a pr‘é?%??se?ﬁqg 8 Sf" the invention, the reflected illunination is
Doppl er Pifierablydtheyethed ihciudgmdetactingrthe diredtionenfigelative motine résponsiventat i on
pr oducegip¥rd 3fid s@hESigARld. said 35  Doppler shift is utilized in

determ ning the notian. . There is further provided, in
accé® dance wPreerably, theomethgd dneludes determining {be relaliys mogion In twopancolingar ¢ of
nmeasur i digedtiohapardBeltd thesrfacd.ween the apparatus and a surface conpri sing:

an illum nato ur which i1s used,to iLl.lumnate the surface; .. ..

19 breferably, ‘the mghpd ingjudgy determining ihe Telays; mAon A 2o dirpstion
sour ce, perpéndictladoftheosurfabe surface and whi ch receives a portion of the
I 1lum nation 'érgﬁ’l tﬂ?e?iﬁ rat i gi.ng -ref | ect ed.. S s osuch
that the det gi(l:%tfor ener atq g,gﬂalhglﬁa%é;fmbrggé 5@@85%%3?&&1]‘1%&2)& lék{:r{x}fl-ofsﬁs g?ur%tﬁlg

i || &hi naerp 6rpssings o @fl¢@t@wﬁ8ﬁ@r§$md§e¢m@@®wss h the portion of the

i |1 uni nat i onpasferabllyOdetécting Cohipfiél cohvfesl ®itdetisai d 5  signal has a
frequency related fo,a rate of. rel ative

venept; .and .. . a notion
cal cul ator t RAfreds ToUIdefin aeQrignce 1 %FF»“‘F&%B&’PW%QB@H%’P%“% 2
count  methodffor d¢terntiningsthe gelativie hborsofmairface with respect to a Rreasue¢madit devicte

det ect ormwﬁsliﬂdes and including a high pass filter that filters the
detecto jutput to formsaid signal. Preferably, the high pass filter
has3@ sl ope dluniinating the surfarewitlpidcitient illuBination sech thetthe ilhripationhis réflegtedpass

filter ﬁ%ﬁxﬁor%ﬁsa&‘ftﬂ@&ﬂfac@;t a frequency corresponding to a

coherently detecting the illumination reflected from the surface using a detector, to form

a signal;
utilizing illumination derived from said incident illumination that was not reflected by
35 the surface as a local oscillator, for said coherent detection; and
determining the magnitude of relative motion of the surface from the signal;
characterized in that the local oscillator is focused onto a small area of the detector, such that
essentially only a single spatial frequency of the reflected illumination forms an interference
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rate of novenent of |ess than about 0.5 nmi sec. Preferably,
t he appar at uwoisvadeozies: a second detector that ®ETACIINOLRT
| east a second part of the illumnation reflected fromthe surface to

forma se i I | il coherent detection, and 15
t he rmtioﬁg@ce{?@ﬁ%‘?I%Q%F%Q%égﬂb}fede%c‘%‘nt of relative notion based on a
Doppl er - shi ft There ipfurther provided cinedcordatica twiting preffiesredi embadimentpi dhe mMmention,

dd | ' i6e GG tactd
Compr ses cdts B8t fifty, GeNeRRCe HARIOHs Sutuce AN rispft' B8 el |

accor danceompriing; preferred enbodi nent of the invention, apparatus for
det ermg ni ng t hg hb&diRg havng B dpeRuifofndithéreme W th respect to the apparatus,
20 conpri si ng: s a housin avi ng. an,  aperture fornmed. therein;
a detector wit Ridsteeior VR theghqusing tE‘?tdg $3 uiihized; to; deteyming the relative

det er m ni ptivhe rel ative notion i s determ ned; a source

of laser illum nation.,of l.ven vel.ength, . wi thin. 1 Qusin that.

11 um nat es. 258 e S Rt Buhifint A et Wit o RIS Har Biinaes
r ef | ect edtifer smefatd threughf theaapertare; bieh that illapvnation ds reflected filehabe eurfacanda the
circuiftry Il lum nation source when illum nation received
by thg& ”’al;é}@é?{é)%gfietgéé%%e surface is below a threshold. o

Pref erably, the fifier covering the aprsreathat passes the rgiveni wanelepgthuwhile hlockisg Jight ete

and t 0 t Upfhet alidngBR to Whidhl the'BitBdbi 9 GerlsRf] ved by the detector from the
surface. There | s _further provided, in _accordance with a

preferred embodnerent fusther previdsd.dnracensdange with a prsfarisd embodiasnd offhei inyenting,

relative pigarils ®r detSrMinidgcthvi relative sitfioh 6102 FufBes WikMRidpeci Y| (68 apparatus,
conpri si ng: . placing a partially transmtting object as part of
the mtasufYRE¥R/i ce, adjacent to the 35 surface;

i1l um nating thaowsing kavingvint dpeftmreiforered thdrinfi nat i on such that the

il lum i i . | i . f '

| cast part uf% fERtoE Bl oo Tl M08 bl it B orertl it Redbve,
passes t hmotgh t he object;

20 , i i ] j I : ;
surface, (o gedSRye A R ihARn TR gven R Wit Eh G BBl ifingte

surf add athe surface theengly thejanerturs; @%cgﬁb@ i{lyminatign |ig zaflected frarp élm; 8 &ace Vi the

| engt h of aidp@rdiRttRed&ebtdd; | um nation; and determ ning the

rel ati ve notion of the surface.parallel t he surf.ace, f.romth t ect,ed
Lo o amal ! O8 sQlond"Getectly, BB BiChoing thal et [ilBinatipR dehiped fofs e
spat i al | ysurfacy; ang. In a preferred enbodi nrent of the invention,

the object is LAl f B . . [.nGi
illumnation i @%@W{é’éﬁ%‘ﬁﬁo‘lﬁ@?f‘ %@F@%}P{)&&} cteﬁjéhegg}héxg}n%ﬁgré }éaegfrv g‘?gﬁ (tah r?csgcond
i |1 unhat desectorrfalls below admeshold.on of the illunination is coherent, utilizing
sai d ref er encepjebdrhlTy AL tREitry 1soc()¥erative to Peﬂg@éaﬁz'tﬁmfdﬂ thBS6uRE A R&Hm # Bif
f d_enbo the | met hod f

accordance . wth a preferre Lnent o vention, a or

det er mi ni Hdlluramation receiyed hinthe seropd dgtestor shelowiihe fhrpsholbct to a neasurenment
devi ce C OPjefdrsbliiOthe aperture is coveredby @i filter dhad Pabded the/ giveh e tlength GljiRCt |
whi ch i ﬁ%cr:lging iigﬁtha? o{fl%? %‘;{{,élg dsetg 'which tlalg hlas? grrxﬁ setcgnd detectors is sensitive.

30 In a preferred embodiment of the invention, a part of the illumination to the detector
illuminates the detector, without said part first impinging the surface, said part acting as a local
oscillator for coherent detection of the reflected illumination by the detector.

In a preferred embodiment of the invention, the reflected illumination is Doppler
shifted, by said translation, with respect to the illumination produced by the source and said

35 . Doppler shift is utilized in determining the motion.

There is further provided, in accordance with a preferred embodiment of the invention,
apparatus for measuring relative motion between the apparatus and a surface comprising:
an illumination source, which is used to illuminate the surface;
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t he surface; 15 illumnating the object with incident illum nation
such that gWgFdo@kost he i ncident illumnation is refl ect e¢raioghoidr act ed
by the object, as a reference illum nation and part is reflectedfrom

th f h tl t] th |

f rgmstJ Leagﬁr afistector; Whigh ﬁﬁc%?‘f?e rlﬁ‘g‘f"g%g x%r : ﬁg%ﬂ%ﬂﬁﬂ&?‘i@% g‘negé’ﬁ%F

det ect e&rlﬁctlgﬂaﬂéNeMﬂoxﬁBn of the 111um1nalien avithont said pdréion bbmglra'ﬁedmt byothe @ﬁrﬂidee
lsﬁr ;agf Shek ?ﬂeaéqg tc%l > ﬁ' géﬁe%a ) taﬁ@l gﬁt%ﬁgﬁg’c ectloriS o?r}ﬁé 111urmnat10n

I on 'S a par t
transm trcﬂmgpdcﬁnm ctlne surface anith the pomastof ﬂmﬂlumlna&pn Iaeashcabn%:ﬂdﬁtom M&erem:mﬂa nt

and geflg Eﬂgﬁll B ent; obj ect. 25

Pr eferabf%1 2t Il|eondol? ﬁﬁﬁ ect éitl |y varying. Preferably,
spatially varawl%on c culeteﬁﬁw salgulg tss thfomow&t r%lanvpampﬁ@n ERsponsive to a count
In a pr@i‘gérb%sgiﬂg@dfﬂﬁ@ignﬁf t he invention, placing an object adjacent to

the surface I aC| ti,n acent.to th sur
Preferably, SF%@ET“&B’%@‘? }q%c@rqtgin géﬁ“gh pasgLﬂlqaeag@ t}xg ggtector
pI aci ng outpat @ a‘énmgaldlsi@ahlmrafekably;lthe mg}ppdsbeﬁltw hbsaslapecdf lebaithah bost20 ace

i dllon EBfortes Plmpblf iehigh Plsdith 0 p iealoR o Moo Rt Pp i £ 7.

f r om t heats of irmvementadif 1¢ss shant dboutQp imaussed.s out si de t he near field of
the grating. serred enbodi nent of the i nvention, the
detected ill Sgﬁfﬁrg%)}yéthe agpaﬂaﬁsggsiti@?ar“ coherent. Ther e
is further préssaddictactoribat detesisab eaﬁttaweepqﬂrmr@fﬁbﬁllbmmmﬂemd froma the

i nvent i girfac to form &84doAd daeéted@fgﬁalrﬂﬁuzﬂ@ &H&eﬁﬁe@éch&ﬁ g ion of a surface

W|th respect to a.measure
oo A RaigS Rerion Acernta 16 sriong GEARRS Thogaated p o RPrldh sk 12
21 of the reflected radiatioh) Whiereincthée signillaad gecvind rigtestetl Bignatard ém phase lquadranié 0 n

such tha t t .of ' m nation is incident on and

refl ect reodr%?e?ﬁéngﬁé‘%%g,?%é%? %etg‘lt&oﬁ'east one of the incident and

“reflected il Theieniatfudirer paceded, i peasedance withragprefegred embodiment of thedaventionng
the illy I lgd.fgé

i1 um naﬁﬁg&lg gor d%{ehﬂﬁﬁﬁéjéﬁeéng%ﬁan%ﬁ%ﬁ%l I n %g@%&;ﬁ%@d;gﬁfﬁ@%@ ec’t ed

i 11 3 n&?’inaﬁsm&ﬂd determining the relative notion of the

surface par a|a|}©h51hghhﬁﬁg&ﬂ&§ﬁﬁﬁe forheMtlidréindet ect ed si gnal ,

wh h field of th iy :
pref orabl y. HERI AR RS ol st 8ot i detmpining o apiative

shi f t ed miotiomis Beternoihed;0 the illumination reflected from or diffracted by’

the object ag %OQI%E%T fgsé'h gﬁlﬂhﬁoﬂ‘?)?h%ﬂenwave%ﬂgarﬁ'ﬁ@ﬁ lé hﬁgllmnﬂ i on

based on the requency n|n
mot i26n  dsnprrfase Shesgh the ApevEire afuch thas iBuminatine lsaraﬂep dcféom ‘the swfaqeh‘éa dhgynal
W th pogpérhiBto &’,@q@%@wgﬁd the notion i s determ ned from zero crossings of
t he detect ed s naI referr enbodi ment qf, t he

i nvention, tECYBY aP?f rﬂ%ém@g‘?‘g?f‘ éﬂ‘é‘gﬁc‘f’]é?q g]f nation r?"l‘?ﬁ’teg rt]h
spati al Idyteabrlfrs;mﬁ[e%unfme1Pb€16wraﬂhfe¢holt1he nmet hod i ncl udes determ ning the

direction of Preferably, the circuitry is operative to periodically turn on the source and to turn it off
30  if illumination received by the detector from the surface.
There is further provided, in accordance with a preferred embodiment of the invention, a

method for determining the relative motion of a surface with respect to a measurement device,
comprising:
placing a partially transmitting object as part of the measuring device, adjacent to the
35 surface;
illuminating the surface with incident illumination such that the illumination is reflected
from portions of the surface, wherein at least part of at least one of the incident and refiected
illumination passes through the object;
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the relative notion based on a characteristic of the signal caused by said
non- synmet r WO 99/46603 There is further provided, in accBCUAPIBOIAth a
preferred enbodi nent of the invention, a nmet hod for determ ning the

relative moti ogeQlting e rlflﬁu‘[ﬁa fhattbd r}eﬂé?:%aeﬁ'& ! he3sufaes Yo© @fat%ﬁvde?éacteaoslgtﬁal

conpri si ng: cing a part y transti tt
part of - -t Whersinche obiegt ¢ surfacq Ja&c%#\@teédvlthm a distancs th %’t’éss an thie coherence

i1l um nat 1@&&@&&;%@11miﬂub@%dent i I'lum nation, which does not
constitute an tefe ence pat ch that the il i.on

Cef 1 ect 6d f £ onfEIEIEIHE Mo SE e EFe gl t ik syrlade SR e ditpd

| east ®Pnesighalt he i ncident and reflect ed i 1lum nation passes through the

obj ect ; i ng.the. | lRat | eflected fromthe surface,
and geneér-ati ngkgfe&ﬁlg’gﬁég%ﬁ%é% gfd“l‘ Lﬁjg&ﬁé? épaﬁﬁl{var&mﬁ. determ ning the

rel ati ve not i oln aprefemed smbbdingen ef thielievtention,tithe objactiis parttially ceflebtimg atel pact afd
si gnal . tha: ' S . e
petween | Tdpden mibhfindlh e ed on GisMaLE By (R OniET e P lile W B ang
| east a .p@stedtion O&hetlli@mmatlgmsmhersm u%lmmsaedireﬁr@meuﬂmmhmace

Thereq4 s furt hfﬁerpfs%hﬂa%wae@ﬁwcémﬁ&mprefaféafe%woaﬂnéﬁ@ wmhn&{ 2 he

|nvent|0n determnln the_ rel atlve notion o a surf
with resp@ethoﬂéoradmpgmﬁe gty imation of a %‘Bfﬁ’ﬁerw Aegpeefdfo a measurement device

i Il um nat kdifiprisiy: sur face with incident illumnation such that illum nation

Is reflecte frompaorti of .th ur.face;
part i al 1y ret | HecinRg TOHY e RRE nbiect 3PEH BiParhnl e mearing dlisPoadbert t
adj acent the surface; t he surface, wherein part of the incident illumnation is

rzgf | eqd ed or dfllf u %‘ﬁg%@?/?‘bum Wit %%Ide&ts ilfumination sucgl hléat e%%q of dthf’e ﬁdﬁlbt

the ill uml}uaumMnrlefrbM@dorf dtffmt%bx the abjsst, wsia referempet ﬁﬂgmmauon and part 1s

i1 um natfeﬂ@cté@%’bﬁqh@gxrhfcg‘m or diffracted by the object as a | ocal
oscillator orma Si determ ning the relative notion

of the surfac ewﬂﬂﬁ'@m metesﬁngﬁqﬁqe Allmgination reflected frqm {ae swface ptilizing thesreforgncs: o
part of tﬁ@mﬁg{mﬁ\ﬁ%ﬁg@terﬁe{&&ﬁ@c@ﬁrmor diffracted by the obj ect
with respect t l.east a, part | ecte m t a

D REaPoCt | e B B cop it r rin A58 PRee Hir R st
on a sighedr act eri stic of the signal caused by said varied relative

phase. In . preteE18 6Bknent B B8 tkroh Shh 8681 is AUaARRN ikl SHIpLrC

conpri ses pIaC|n

preferr edamlnﬁdaasmmtt o(ffat ﬂfhiét mweﬂwﬂmomdmﬁ@d neflectad Blmination mesges dyough the

-

peri odi cag,ﬂ Yet. varyi ng the phase. Preferably, determning
t he dlrectlon of relatjve motion corrgrlses dabermnln t he directjon
of rebative notiefrabladberediscionofthe ebigstis spatially varying Peefenablyasnaiglpyarying

peri odi cad;dmpﬁlséspeﬁb@wspagalrvehmdnve phase. In a prefer r ed
enbodi nent of

object to nov he I g"d‘{ acf"i1 var oéﬂﬁer 23%9 ot a}?énggg @fea o*’r‘iiauSI ﬁet ﬁﬁ?’iﬁ%?ﬁ
bei ng neamm;mtes placmg a grating adjamen!‘= tqntlmfsarfam:l Peeftrabliynpinting b grdtingiadjacent tothe
subot ant 1 A &gﬁg)end BERETEBUI By clos G horkie BRRMGRRAL SRl i

30 the near ﬁel of the grating. Alternatively, placing a grating adJacent to the surface comprises
placing the grating sufficiently far from the surface such that the surface is outside the near
field of the grating.

In a preferred embodiment of the invention, the detected illumination is at least partly
coherent.

35 There is further provided, in accordance with a preferred embodiment of the invention, a
method for determining the relative motion of a surface with respect to a measurement device
comprising:

placing a grating, which is part of the measuring device, adjacent to the surface;
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20 measur ed. In a preferred enbodi nrent of the invention,

varyi ng t hgopPbasgesconpri ses: provi di ng a transpersrdoeomreri al
between the object and the surface and el ectrifying the

et ) Vi P BrE, Bl RS PRPR o 1 BT O
mat er i afllumination is mcldentlhneﬁﬂrmﬂbqtgad from ﬂhetshtfaba, mhieredie st Itestemeiofitheyinoidleht t he

magni t u 4139@0 tion utilizing a single
det ect ofg&\d1%1’1(&:1%;1%fl %&E&%ou%giégaﬂcﬁamm of, the inventiaqgn, varying

t he phase co dﬁﬁﬁtywsthe ulhtmlam refeeted from the gurface yhliging dharebuengsdllemingtionini ng -

the girecti oefirat] mum%p&ﬂem%ﬁ&&dqﬁwﬁhah%dt he 30 di rectlon

of relative tion ed .on a chara [ i c of Si cause
phase changegotemmmg the rel. latpyemgtion, pt t etsnélwqa% w.&'m%éé% thfgg ast |

part OfsiFhﬂ i I um nation that is reflected fromthe surface into at

| east a first,illupnatd on hayin fir phase and a second illum nation
havi ng a secd r]?ﬁr @f urflﬁeéfg}%lns?raqq]@oﬂh]ega td second il lum nations have
di fferent Prefmabbr; ihedilumimatioPrefleetedifiom thk sdrﬂicn@s frequency ehifipd Soimthat o
il t| e t if u ' ' | .
Prefer a§1 ﬂﬂﬂ{ﬂ&ﬁéﬁ %%&‘Ed :ﬁ%}]ﬁs p%gig%cﬁe% bkh{hg glkd %(e{ehﬂﬂﬁﬂé, etﬁ? cét; eog]
fromt heomnmseasletermnmggﬁhemqﬁon@mdn@eth@ ﬁ’ﬁqm@eya]nﬁ Preferably, the method

i ncl udes Préftashy]) Qet’éﬂﬁmﬁigr Gk rn‘n&ﬂﬁx”éon’?ﬂi‘fs% H@t%rrﬂﬂﬂ@?%attlbﬁs PHR%m r{ﬂﬂﬁ’d&t he

surf ace. referred, enbodi nen t he_1 nvention, nmet hod
i ncl ude€f the: ggﬂa}l,ﬂl% ppﬁgon pPreferably, the motlon is ({etermmed from -zero crossmgs of the

23 detected SIgﬁagnl tude and direction of the translation utilizing two

det f s d di th
i T 86t i on of 1 RERIRTHERmpY Rt f the invenfith, ¥ Bet 18 § B RO RE Hes
det er m thahgs spatially men{symmemic tRrefiesdblt, ithe rrfetlmnh inbindes getemlmmg the ainpttéaomeof

differ eﬂ'féq'eﬂﬁw\ﬁl%ﬁoﬁ Iﬂgseﬂ'ofnf ecrhﬁﬁtcteﬁ?%@%tﬁ r r e{ds%dr@ sgid nor Syn?m%iﬁ?r eis

further "provid n-acco

i nvention, aThereis ﬁgm?ow&edd@taé¢qrﬂmcsgﬂﬂmm@r@ﬂueu@omqrt§ af e investiem,ac e
W th regRerdd fof deteiRmiy RERAtIEMbESN of a SWERIERNILE rédfect to a measurement Béviée NY
an apertured .reflector, which is part of the neasurement device, adjacent
to he COMPHSIALt ace: 10 i | luminating the surface with incident

i | I um nat i onphacitig 4 paetiallyl transinittihg objects whizhlie pare df the measuring gevide, adjscent tot he
surfaceg%rgqﬂ?‘?ch that illumnation is reflected fromor diffracted by t he
apertur Gct or; coherently detecting the illumnation
reflected frdinminating thesurface Withi imgident illumination,y t dogs mef [cemstidute fanom
O T Gt Dpakiefh, ARA( AR INBAIS rdRoRdREFhoABES bt ALYt LREEA 15

SI term ning e rel ati e surface

per ﬁénd?"c]GP% paxt of awea&s amapf e m%dﬁmh and reflectg QWP%%PWE*\S#@&I&P%# therpbiesh

si gnal . detectntf the Rliathitatibh Yeflegttdeffsin tthe/ syt €ice; Ciﬂd”@rﬁﬁﬁﬁ?'asdaected signal;
detecti ggdarrplltu e or phase variations of the reflected illum nation; and
20 detecting a frequency shift of the reflected

i | I um nat i ongdetermining the relative motien of thersurfgce paralic ta thevaurfaoe,i foom thendmetéotesls |

measur i fel ative notion of the surface in a direction parallel to the
apertured
P 30 Preferably, the method includes varying the phase between illumination reflected from

or diffracted by the object and at least a portion of the illumination reflected from the surface.
There is further provided, in accordance with a preferred embodiment of the invention, a
method for determining the relative motion of a surface with respect to a measurement device
comprising:
35 illuminating the surface with incident illumination such that illumination is reflected
from portions of the surface;
placing a partially reflecting object, which is part of the measuring device, adjacent to
the surface, wherein part of the incident illumination is reflected or diffracted by the object, as a
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reflector responsive to at | east one of the detected anplitude or phase
vari ati ons; wQg9/46603 measuring rel ati ve noti oRCwAiLYsee137
surface in a direction perpendicular to the 25 surface of the apertured
reflector_r onsi ve t.0 the detected frequency shift.

Pr ef er abl {/ef&?'ﬁc 1ﬁ’ﬂ’?‘ffﬁ%‘&ﬂ’ncI.udes: ) . periodically noving the
apertured ref| eshessntlyurdetecting rthe tlundgnationn reffactedndionul the serfaces utilizing the

surface ! nififabnSfibRdt fro 2 aRfadkEd :?y e ogjhg%ésaletdgﬂ RLINr 16 forfitd Gghal;

therefrom and 111z ng sai t to neasure

motion of the detemeining therelative motion of fhersarfpce from fhessigngliovi ded, in

accordance wit ba@irgtﬁé Bhds6 Of S1BRH R BEAbf A ilitRinkAMERNERE f8m or diffi¥Bled 8¢ theo'

determning the felative notion of tﬁ su face Wthsgx}'eége(:t to a measurenent

device - ObjeeigHiffi fespastto at least a part of thatirpiloptad fEom iy &a"4 ace, froma

fsour ce, with i aftéﬁﬁiﬂﬁlgi ﬂ#euﬂirétﬂiohoag S‘elﬁiélvé idtionl bgg]’laatd @ surface sgsrelﬂ}‘ becd ed
rom porti,ons, of .t suctface toward. et,ect or ; spatially

fil terifnge}fwtmlf’ggfh&fl f‘iﬁ‘hs X%Ffiigaﬁl?ﬁrﬁﬁ%‘feme'phase of the detected
opti cal i Prefierablg) plaoingr @ reflectirvadjacenttd dice surfucet dompised plaeingsa grating

subst anti al. _ r linearly related to the translation of the
26(;;' 21éﬁlé’erl?&’qﬁégm&‘aé"g‘nerati ng a signal by the detector responsive to the

surfa

i | | um nati on il gesferreshembediment of the invention, varying the phase comprises periodically
24 : stor; and determning the relative notion
of the suyﬂglg rom the signal. Preferably, illum nating

conpri ses i | | uRiefueblng detsaniming: the diggction o selative ynationy eqrpprises determining the
i |l um nat §@ébtion of relative motiof’b&e8 ol dhardctdrigfié BAtHeeprlahBaused bRSd GRAMILARS
i1lum nating, the surface through an apertured reflector placed

adj acéht Y@%F\Eég@m‘?g@ée'v\hi ch reflects or diffracts illunmination to the
det ect or. PrefRr apreferrgbaabadiment of the gnvntion Maryisg shee pide einptisdsaatising thef

the il unnat.i .ref l.ec . C til].zi the illum nation
ror 1 ect eadBridp evaepitdr s pitaldaD T (18 bl inpli Belpd nladured.
Preferably, delnea prefemeg embodimentt ¢i/the imvention,conying $ssphase Icomprispscaleipg ther
shift of ' Ha : . f : :

i1l um nat %o!glﬁct(;c? n;[l ‘reeeééﬁir% aggy F‘gﬂssu ‘2‘%??’?%’?‘1‘@“1353 Eoi tr}rlgtdgg;a{%n?‘fﬁﬁgﬁ/ °§‘8§P’? leﬂg
filtep0fimeasused he reflected illunmination such that substantially only a

si ngl e spati al 1rf 4 srefeprea ¥n®bdiment of 1€ inveAti; vRYirlg the'phdis thprides: det ect ed by
the detector. 15 ... Preferaqé‘% i | lum nation of the surface is

subst anti al | y POViding3 Wapsparspf marsral between flie qhiget and thespface; and o 1 of | ect ed
i |1 umi nation seledtrifytimg thenhatetiall such that ito optical lengtten the diredtion ofithé diumination
substanti in a single direction is detected by the detector.

In a preferred enbodi nent of the invention, spatial filtering conprises
focusing the Preferabdy, the transpatentmaterialiioa piszodlectri¢ materinkivi ng a focal point;
and placing a pj LtRtmi : oct) In
a preferred enﬁﬁ%&ﬁ’tﬁgf‘ﬁ?ﬁg ?%\jﬂgﬁ?igon, lggl ttl’dglitl ﬂﬁﬁ’t"%‘?ﬁﬁig acl:lgr%?eictswens()f the

f ocusi ng enslation utiliging asingle dat¢ctef nation with a | ens having a focal point:;
and placi ng a Fid\gleferiéd dborinmenbf fhelifivention, vadfing fiR phasedoniifissd, imfodubigglaens
to transfer.ilJum.nation ac_ the.d%e&i}or.. . . In a%g‘fferr.ed
enbodi ment2HPhatechatee Ard driermuping;tas dirycfipn of rrlptyg mtionsomprisehddigmitiae 21

r ef | est eddirdctiombfireddtive motioh basddens charadtepisticofithie signalithuded bytsaidphastrohengef

the source. Preferably, the method includes dividing at least part of the illumination that is reflected

from the surface into at least a first illumination having a first phase and a second illumination

having a second phase. Preferably, the first and second illuminations have different

polarizations. Preferably, dividing comprises passing the illumination incident on the surface

35 through a birefringent material. Preferably, the method includes passing the illumination

reflected from the surface through a birefringent material, Preferably, the method includes
placing the birefringent material between the object and the surface.

In a preferred embodiment of the invention, the method includes determining the
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In a preferred enbodi ment of the invention, spatial filtering conprises
focusi ng tWe 9966037 €f | ected illumnation with a lens; and ppagin®ndizdi ngl e
node optical fiber at an inmage of the source to transfer illum nation
to the detector. .. There, is further pyovided, .in accordapce wth
a pref eMagtuds g diprtions of the ?‘Wkﬁ‘f’f‘o‘?ﬂhzg‘%ﬁ” 0 5% Which peqduesdifiergat he
rel ati véetsgéd sipndl$ dépending aaehadirdttion op tiettranslationteasur enent  devi ce

conpri si ng: | gcing af. obi ec hayi east .

quasi - cont i nbisEerably. the megqugiﬁ'a?gﬁsc SO, agjﬂg’c‘gﬁetcag%g%ﬁm?%?@% g sign of

i | 1 um naphasg differemngrfetwaenihe differant detected sigoals.nat i on such that illum nation
Is reflected . £l A h‘%@@fn : : :

det esgt ing t hgﬁ%}F Fsufrungfﬁggté}gﬁltdkg’?ﬁ g@c{oﬁﬁg? ghnlﬁhtaﬁgs%ur ac goglt 11 §{|€{r1118 lil%vﬁlemm{’ a
det ect omethed ferdetemmining the relafivgraptiompfia surface with respectée ameaswuementdevice

rel ati ve,mpidi of the surface fromthe signal.

25 . Preferably, the object has an as tricg,

t ransmi ssi onPlPﬁ‘HgtaF‘éﬁ?méfﬁg"?f-t 3 WWR@SP oﬁhe m?aévr&mevém?ﬁ?qaaﬁlam fhees
det er m &irfiget he direction of notion based on the detected signal.
Preferably, iJlumnation is reflected from.or. diff ted by t.he .objec

ol o he. cimtAE 68 ued, by 35Bens IR o syrh 2631 lpasbR Jf HfElet,  ng
t he il | fromnpdrtioms offheesntfeck indosnchrthati itlamamatied ibyeflésted frowa arbdiffcdctedsbyatheocal

v

oscilla si gnal . There is further provided, in
accorda%%ﬁme%t ﬁ%’;#pm)f‘l?eferred enbodi nent of the invention, a met hod for

det ermi ni ng edhsrendly atdeteeting t then ilhmination frgBectod t frome dhe csurfase o utilizingr theent

devi ce jlluminfREREASHEDfrom or diffracted by thd dpéFuRAlrbMtér M a3HE SGIINOE b forma
illum natiqn, through an apertured reflector, such that 10 1llumnation is

ref Fect 8828y om t he surface to illumnate a detector with illum nation which
i's not adterniin@g the relapiot hotivh of tie P@fdce Operpéndidutarstar 4Rl parallel to the

si mul taneousldy k| Itu 1l nat, nﬁq@t@ﬂe detector with reference illum nation

der i vedBFHHEIgHeptor TOmMESIEHAY i 1| uni nation; and coherently
det ecti ng t hBreferablyocobdrently detecting eomppises:he det ector utilizing said
reference 15 ill ] [ ﬁly&l'b - dat Lgnal ;
determning the re aét}?l?g%t | onr??%eh%ﬁgggﬁa@%%ﬁﬁpwﬁﬁ% ens’lsaﬁ(?f ace,

bas® on vari ati ofiefecting a fquengy shiff ahthe seflpsted iBymingionaangdt i ve noti on.
Preferably, gdtemifingdRteldtive wbtivalcofiprisés: at a gi ven wavel ength and the

ref erence I1lumnatiaon.is at. the sane.wavel ength suc at, the
coherent detecti oﬂle?%lﬂﬂsr@&%%m&b{”éé’? i surkige m a dirdotion ng}eg ?%%l}%pepﬁxé@d

nmet hod feflettorleespapatei talat least @ny ofithetdetecteld lamplibaiei op phade vahiations; fmte.
Preferably, spatiagl r 4 tnﬁﬁi || 1.nat.d .Of r : | S
i1lumnating the 1213%%65%1 I.\éiaﬁ%t rodl?g{?uflgﬂ % ?lg%aggilgs% tgin}g%t?ba f"?fég’h‘g@%k fe
spa2d al surfage pfibegpprtured milector respemsivd torthe detected frequency shifdf er abl y, spatially

varying the plleiniipahk peiid théi@desur f ace conprises illumnating the
surface through a grating Ich specularly reflects a portion qof t{he
i 11 uni nat i onPW@thm%‘ﬁB&\%]qa od Esflariat SHAcIdneR (570D RESPeRTcIaR to it

r ef er engfack tasddeperiviic phase shift to the ilhimiation feffesteti Migsrefpsrayardied, in
scoordence vl PiFhGke SRTHIRIRIE e AbublSryRYaRCT. Lol Lo
devixe Therpis farther provided, in accordance with a preferred embodiment of the invention, a
method for determining the relative motion of a surface with respect to a measurement device
comprising:
illuminating the surface, from a source, with incident illumination such that illumination
is reflected from portions of the surface toward a detector;

35 spatially filtering the reflected illumination such that the phase of the detected optical
illumination from a given scatterer on the surface is substantially constant or linearly related to
the translation of the surface;

generating a signal by the detector responsive to the illumination incident on the
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illumnating the surface with illumnation such that illumnation is

" reflected frwooB8603 porti ons of the surface; pl RCTALLIHA137
apertured reflector adjacent to the surface; coherently
det ecti nggdebgql by nation reflected fromthe surface, utilizing
illumnation reflected fromor diffracted by the apertured reflector

as a | ocal -oscfsterining thiwelative motion of the syefacerframthegignab rel ative nmotion of

the surface, | preferfBlyeihiritatiy bmplisdsOilflifindite’ BCsurfdcOWiR spaflally varying
characterjstic of the signal. Preferably, the relative notion
i s. det ect B¥MIRAO0Zi ng a Doppl er shift of the illum nation reflected

fromtye surf aPeferably, illuminating Biecéifaeb| ompiisés dhgihatirgd theebur€et Qhrough 2an

grating and jlluninatian di ffracted by the grati . . o
26 _-apertured rlggle gre@aﬁ:e% qﬁl&cgz?trﬁ) gﬁ‘%é‘m?ﬁ%%i rgﬂc_,gcts or diffracts illumigation to the
pr ef er r eddstedsad i Breferablyf, gdmerating ensignal, cérhprisek | coherentt detection pf thee filinnnhtaon vy

i nci dent Gy s ST IR r ef | ent, of
the i nven{elﬂgﬁt,ed ?'El’éﬁ g%r aczégu@h%%% |ﬂ%:ea Wm(ﬁuf) xrllgés\% §ear°§f e:ﬁ%&%m%é&‘w‘%le.
In a prefwfleedr.enbodi ment of the invention, the surface has no markings

i ndi cgf i ng Ay . : f : b L yodpat &

conpr ?(;'ses Vi Si 165&?%’11%%{3&]?8 .th%qtlglrvﬁa?fa\;/e c?/f,rﬁgg'#s)és uﬁﬁ'ﬁn%gdltj %ﬁﬂgﬁaﬁh@y ,0 f tﬂflee
il um nat!‘e@ﬁ?té‘é)ﬁbﬁﬂﬁl@%om nfra-red illumnation. 10 _ There is

furth te_r provi dPﬁferémy,aﬁxt@Qnﬁi]@ﬂﬁﬁcéﬁ\ﬂtof heAsRfa0é ﬁ, §1ﬂﬁta{élﬁ§lﬁﬂb6[ﬁﬂ{ate@f ahd)éhe spati?l

i nvention parat us. f or. deter in e.relati've, ion of a surface
and ¢ ne- s s BRGERGH s Citbygination Such Bal Svstaiasify ly fpinEles el Fsugrai oo
si tuat ed thdjrefteetdd itlomidation isrdetected by the detector. @ detector that detects

il1lu ation igcident .on i.t .and nerat es_ a.det ed .si | ; . . a
sour o8 of 111 ubEra g, immatrof 35 Ris€ 3; RtGnfiahl ColfmAH, and,mppial fltering
i |1 um nat filders sthe hrefiscted Hilumirationi sugh i that iozlyr éfunsinatiah oefladiekdf fraot ¢k tsoxfageds
t he detec : : - Ohi : t art of the incident

B LS FBR , SHER e gt

illumnation 1S ) g ace towards the detector, ,such
that - the Het Peefomred smbpdimeny off dhectventione spatial filtedng spmprsesclopusing them

the surf agfestbd HivbhiRtidn With a lens Havingl I REAIPoirdtedddebRl @ pidhold 4tard fdal poir ds
t he detect Iﬁrqomthe obj ect; and circuitry which determ nes
rel at t¥e PUHSof the surface parallel to the surface with 20 respect to

t he appar at us ko ampréfaeed einbodiamns ofj tied invention, spatial filteriingg compsisdsufotising the
provi ded, _| ] r dj . t | |
B opt 1 caeE REARARR M 2 18 abln d AL PR I Rhoifls o 1 AUATLURR g
faci ng a #ihe focel poimiof the lens to transfer Blyminstion 4 thedeieoior.det ect or whi ch vi ews
t he surface thgo : PRR BB € o 1 ARtd or
utilizes the %t%%ge%l?&% %%Bf’(?]lvmgﬁ% |Oon 'ggwce,. ef ﬁgl’{%gﬁ?égkrgﬂgﬁs?%c%?ﬁgfﬁfg
housi #y wieflacteé i peuination wiffea legs;raad placing a pinhole at an imgge f the spweEe. her
ItOF owh ded, | nf AR H pEeFR6d Btnbbctliﬁxelﬁf gf e’ R eRiOR0 dpdiRD filtefing lé&nbﬁyd%“fobﬁﬁl?‘g the

ouch point, for.use as a control vice, conprising: .. . a si ng
havi ng. arteBpePd HiESna Wik » leis; and Plasiieo Sl metk ertical S ARt Af HEs
t he noti ocsounde ta tiansfgeillumtination tethe dateetont ed acr oss t he aperture.

There is further provided, in accordance with a preferred embodiment of the invention, a

-

=+

30  method for determining the relative motion of a surface with respect to a measurement device
comprising:
placing an object, having at least a quasi-continuous transmission function, adjacent to
the surface; .
illuminating the surface with incident illumination such that illumination is reflected
35  from portions of the surface toward a detector;
detecting the illumination reflected from the surface utilizing the detector to generate a
signal; and
determining the relative motion of the surface from the signal.
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Preferably, the optical detector utilizes the nethod of the invention to
determ-ne We99r46603 t r ansl ati on. There is furthecyeviodsd, in
accordance with a preferred enbodi nent of the invention, a 35 - poi nter

devi ce conpri o] LNt .ac ord| Lo t.h
venti on. andEITEb b cRisct hes 8 asviisale HabaRRich ARERGh. i it g
a secondelative mopion nomprisas rdatenglmng thiedlirectionofimoticarbisedion theidetected signat. r v

whi ch causes
scrol ling r eslggt;?g \),é 1ll%rmnat10n is reflected from or dﬁtﬁ'acted bgl t?e objﬁcet towzrlrdvqlgdae ecto

accor darfdd the detection is raherent dstestion mns)ﬂwtlﬂamm:emmﬂmtedaﬁom or dbf@’ﬁﬁptﬁby i on .

mDUS%/tCtHebbealéataléémokbmataastoafoﬁﬁh@ig%mfor a corrputer corrprlsmg
a housing ha otl al . det ect mhlch

v ertur,
det er ni nes th@%ﬁ?r}ﬁ%ﬁﬁﬁr%‘ﬂg% }%WOWP%W}% atPl‘ ) hodipeptof the mventin, 2

aper t ur anethod for determining the rebaive nictiondsitasurfane pgthwiesicdtto 4 hrtafipanéntidevice
upward or downward facing. Preferably the optical detector

utili zeSOMPESHE hod of the invention to determne the transl ation. 10
There is furtileminatingitiedyrface withailldmiationj througlp nrfapertedd aefiedomsneh diatt he

| nvept i Hghation s 35 r%ﬁ@&@&ho&%e sGascnd lm&mﬁemﬁ&&?&c R SRR Iatﬂ{gt tg&m;}, gpner

over th ead
det ect s 3BdMAgE nﬁapwnt mors%upméoﬁfhetsﬁﬁa%cunent and

optical detecaniibadly @Mzﬁfn@hﬁ?&etdh@ec@&twm référeh!?k?xlﬁﬁﬁﬂ&ﬁfn &ived ﬁ‘oﬁl said
transl at.ed ,acr,gss, e surface of the docunment, wherein the optical

det ect oringidentii %‘nﬁﬂgn’r?é hod of the invention to 15 deternine the
translation. coherently detectlngaﬂtbf eflaéted ilhirhitaier be s detedtdr Wtkzing isil Gdference

patterns,, AlternatiV d|t|on | | patterns conprise

handir i t1HBH fﬁf’{lé'r“ﬁ's ?g?t 4P % ygé%?’t ionally, the patterns conprise
a si gnatdetemining the relative moﬁhne Dﬁthesuffandﬂmllqb toothie daxface] basad on vakdations
with a . gﬁ’gaﬁ ﬁeﬁe nvention, 20 an encoder conpri sing:
an optlgﬁesgl%&ﬁfc se e?t mshrface and an optical

det ect or haviRrgferablyt emmenb nllvmtqatl%§§e%t a t giveth avayglongibe andyithe apferange
optical jfigi@ftien iR pce wa}e@éﬂguﬁsumma@ thedohBrehedR@toni®hdhed _P&xHFdEt%Gt%n

t hout util r f
Further pr ovieltasy thecartedciefioet ety Evine” Do diwapion, ! i sutace
i nvent i dreferably, spatiallycatlying dlenidluirdnatipn of the surface compaisesaiffumidting thi éiufrfasel y
reflecti rf mar ki ngs;
and oot 5\ ARG Mkl LAPE oBARIG ARG BERGCBREISEn | TLCLOT
the surface, Repfsrably, svafeallyovmgtthq:dlunueatmqﬂthmwmnmsas illneninatinigghe

"n

p-‘

P o or oiate bibigh SRR Sl ’Eﬂ%‘!‘*’“ﬁp’"&%ﬁm??““‘ﬁ‘é‘%“&?ﬁi“@a‘%%ﬁ? on i
axi s23 andmmtg? detector to; fggm g é%éfﬁncﬁg PO he rotation of the disk.

Preferably, tTiRreidadler padvided; @sadcbrlaned withl apiefediad éibediinentof the invention, a
method for determining the relative motion of a surface with respect to a measurement device
comprising:

illuminating the surface with illumination such that illumination is reflected from
30 portions of the surface; _
placing an apertured reflector adjacent to the surface;
coherently detecting the illumination reflected from the surface, utilizing illumination
reflected from or diffracted by the apertured reflector as a local oscillator; and
determining the relative motion of the surface, in a direction parallel to the surface, from
35  acharacteristic of the signal.
Preferably, the relative motion is detected utilizing a Doppler shift of the illumination
reflected from the surface.
Preferably, the apertured reflector is a grating and illumination diffracted by the grating
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35 There is further provided, in accordance with a preferred
enbodi nent ovow®hgscoNventi on, a virtual pen conprising: PCT/AL99/00137 an
encoder according to the invention; and circuitry which

transl at eﬁu§@dﬁd@e§§xﬂﬁﬁ§iﬂ{?%§{ lve notion into witten or graphical data.

28 nere s further provi ded, in accordance with a
preferred embol mfermﬂ entbodinment af the inveation, the llmamat@nflspetpmdlﬂga@y wigislent of
paper cor@{gé nmeans for noving the paper; and 5

an optica tect or whi ch nmeasures the novenent of the g@ger wi t hout
utilizing any Ina preforedigmhodinagnt of thejayrption, the surface is optiqallyrdiffusely reflesting

optica dajrfeéor utilizes the method of the I nventi on There

is further pro i ded,. i n, accot.dance th oreferr odi nent , of .t
bventi o o In & prefetrd SREOGHERRCGE et mwEyfing o B0 B ipgs Jhdicasing
i nvent i onpositidh. a readi ng head which reads i nformat ion fromthe

paper; and a nmenory.which stores. the Lpnfornatio ry

| ocations res p%{ﬁ’gfif%%t oth? hgiYuman%%@; nYIS%’? rﬂ}@lgﬂw '#{% lﬂtﬁ’ﬁ‘ag‘z{){% or
There is ddsﬂlitidnaﬂy,nhe)ilhnhidatiohwomdsesdnﬁa:—eed/ﬂluimumnpn ef erred errbodl ment of the
i nventj on, is

TOVi n%d a5 hee ¢ aeg% (1)50%1&1%1] é}gv%% Q@co?(?ﬁgé ﬁt‘hrllgpreigeﬁed embodunen?ofig\)\né 1ﬁ‘ﬁen{18ﬁ
cont ai ns 4npRUYSPT @metm;mms therrelativeimeotion pba sisface angt thpapearatuawempnmng

a printing hea&p&iﬂhl%ﬂfshﬂ&lﬁgbbﬁcﬂéﬁﬁ&%@ﬁ&;h@ﬁtf&ﬁ@@tﬁﬁde to the measurement

of rmverrent of &9 here I's further provjded, in

accor dance wi thdetecto SéHwamaH%th{ncwn&%t o gsreragss a detested fs!s@%m | e
nmachi ne Cormr I §lsdi\ﬁcéloﬁ ﬂamﬁﬁﬁn@mmrcﬂllnmnm@teh hiige blsjeam/itm fincident 111ummat10n sucher e

f h d d t.h f t
 mventd ontheGifitation fs defefed draeiea o o fériciy Fimane ZBRet e peBabttne
i nvent.i o npaﬂ of the incident illuhfinatoni is réflectet dronp bﬁthbd&tfacel towandls dliedstectory\siich that

et TRy e i, oS e eSS B U,

devi ce coftpminatieg reflected or diffracted tqwatﬁﬁfh%\@ﬁ’tmmtfﬂmnmqm apdt h i nci dent
i1 Tum nation syelithy#hich! dedhnifs r8Rtive mofibh %‘fttﬁ‘éjsurface at ) ngHe' LB8cdwvithhe

surface toward a, détector; lacing an o Ject ving an

asynm# r i esReckiodhs arnagatus fom thedetectrdisignaht to the detector:

detecting the There!fs mﬁhexcmovlaéd 6 hecdrdanodrwithe srefefrad embbditrieat 60the evention,
det ect or topq_lrc erate a signal ; and determ ning the

di rect i on™f IH?'F\?@"WBFF’B% of the surface fromthe si gnal .
BRI EF DESCRI PTamsfﬂghMgmwm@Sfacmgasurface andhe present invention vvi I I be

more cl earl y udgraLoByEn AP il QA0S ASREEL BirbQEh B sperture?

enbodi nents of I nven conj unc ache ravm ngs
i n 3525 wntisal motion detector utngs thP methed gﬁﬂh@ iention tpdetermrine thegranglption of

pr ef er r echqREig WitlEkpeef todhdRirfa@8 transducer, i n accordance with a
referred enbq rret of the |nvent
P ’81 ere 1% further prov1dedV1% aclcordance with a preferred embodiment of the invention, a

touch point for use as a control device, comprising:
a housing having an aperture; and
30 an optical detector which determines the motion of a finger which is translated across
the aperture.
Preferably, the optical detector utilizes the method of the invention to determine the
translation.
There is further provided, in accordance with a preferred embodiment of the invention, a
35 - pointer device comprising:
a first touch point according to the invention and circuitry which moves a pointer
responsive thereto; and
a second touch point according to the invention and including circuitry which causes
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29 Fig. 2 is a graph of a grating transm ssion function,
i n accor danggoopMeeés @ preferred enbodi ment of the i nventpcainLee/00137
Figs. 3A, 3B and 3C are schematic representations of -preferred enbodi nents
of intﬁ. rated notjon transducers, in accordance with preferred

enbodi nefffs r‘t”*‘ﬂ?@“ﬁ‘ﬁ?/@ﬁﬁ%n; 5 Fig. 4 is a schematic diagram of
an optical noThereiinfizthenprdsided, iniatéordanee efithra meferred embotimikntefithe diventien, a

i nventionR: ... .. | . j L.aqk of a

mouse/ fi %%Ig‘r’m?trl%ln% ‘é%e(tS néhﬁéoégﬁtﬁ‘gﬁée}gﬁs%%oﬂt&d%g?g@w%r g%ng%?%%ce with a
preferred enbahpwsing haying areapeniwesit i on; Fig. 6 is a schematic
di agram of a_gf 8pialcBaBr Which SRR i rlolioft oP R bBLPWH is bd EbssOf
t he invention; Fig. 7 1s a diagramof a rotation encoder, In
accor danthe apprteresansy ef erred enbodi ment of the invention;

Fig. 8 is a sqiakefor Geteimsitiinpvmithe the HRktufik upwhisilown¥asd ficingh

measur enent dﬁ}/lfce,l Itﬂ .alzg&%ordan e wi.th a _pref g{q&d enbodi nent of the

i nvent i on; 15treferably the gpficalodetector utilizss| ?H&“ﬁﬂd°€ ngeuon fopdeterping Her o,
of el ect tramslationl rcui try, suitable for use in preferred enbodi nents of
the inventi on, . | g.. I.S..a_ Sihplifl | agram of transl ation
roasif enont _aBprreds Suhst provideflnbfocrare St drtlerida ShPRIARAL L BeitiRfohe o
t he i nvestanoer;for reading a documentchy. mavietenhdf the s&mnink1t erer thet docymentoootpising:
preferred enbgdi : ' t .00 | ‘ﬁ.ﬁlg]
illustrate thgﬁibpé anréé{hg%?x? a%“ﬁfd;&sdteggtrsé% e?rrnégnéhrsosoué}lg%%?\{th%? é‘t: e t’%ﬁ
~invention uti B} optigg! detgeter whichdetarmines Ahevgotion pEtherssannst ay itiis translated across

di rect i ofheQhirfa®¥ 6f3he @bcudnent, wheréin f5d Gticald BB UitHRIZE Hhe REthéPof the irvefGdtaNCe
with a preferred enbodi.nent of the invention; Figs. 13A-13D

i 11 udd r atderne e FosBHeR of two additional preferred enbodi ments of the
i nvention uti Preférablya theephtcemhs abmpidéd ptinted pastsine mAlermievely ndmadditiehally, the

E teCt ) Pl Birtutfse HanByfitton WhARRL “AketBoVERP U SSBRIATEY b Battems sompsiee =

deyices,ﬁgmﬁww-_ ~accordance with a preferred enmbodi nent of the invention
whi ch do not ‘r‘héﬂe'izﬁgﬂ\eﬂ d¥d; in accordance with afprérred émBBEimbRt bf the hvention,t he
principles of two additional notion detectors,” according to preferred

enbod? neAt SNCOHCK GOATIFNEAt i on, that neasure surface notion based on a

Doppl er shi ft an ftically diffuselyreflectinkShArfaced ad®B schematical ly show integrated
structures that opera ccprding .t o . the sane pripciples as,the
appar at us of = é)gﬁcﬂséegﬁ: rlga,w%%%lmveednwnpﬂ ‘ﬁ'i?t? égs[ple%tn{od eeguf"faﬁﬁ %(Eeﬁew the
Fi gs. 3Cpptical detectdBmeasures relative motibin gth regpectiodhd Sbface wdthmut vtiliding mlackings
details gof ya Ldehgctor nmodule utilized in sone preferred enbodi nents
of the invention; 35 .. Figs. 20A and 20B shows twg views of a |
genelal st rucThere is firthgr proyided, imsccprdance with apseferied pabedigtent of theiivventien,g

rel ati vehy efd¥aér corkpiMsing: | 1 accordance with preferred embodi ments of

e i eTI00t
the inventl °"an optically diffusely reflecting surface having no markings other than reference

markings; and
an optical detector having relative motion with respect to the surface, wherein the
30 optical detector measures relative motion with respect to the surface relative to the reference
markings.
Preferably, the surface is the surface of a disk which rotates about an axis and wherein
the detector measures the rotation of the disk.
Preferably, the encoder utilizes the method of the invention.
35 There is further provided, in accordance with a preferred embodiment of the invention, a
virtual pen comprising:
an encoder according to the invention; and
circuitry which translates said measured relative motion into written or graphical data.
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30 Fig. 21 schematically shows a configuration of

det ect or s us®@p9/46693 r educi ng the effects of notion, noroRMiLw@of3NE
surface, on neasurenents of notion parallel to the surface, in

accordance with a preferred enbodi nent of the invention; Fi gs.
22A- 22D schematical |y illustrate various configurations of detectors, in 5
accor dance wi t hThsreissiurther nsotidet, imancordance wish a prefertédemmboidiment of ﬂrennvanngn,tal\o

di mensi onaaevxceforﬂmingrasﬁéaw aﬂb?c&h f a surface; Fig. 23
il lustrates curves of cursor, velocit as ‘a function of surface velocity for

vari ous f MEIs 07 BAVIpE tehages a0 Fig. 24 illustrates a
diffraction graid optidabdétettor WhivthomedsuRtd tRIBRVERBRY Sf Gk faf&r WitHGR tERIng iy
Fig. 25 i l‘}“g‘ﬁ‘ﬁ onscha second diffraction grating produced in accordancCe
with a pre ey odi ment of the invention; and Fi gs.

26A- 26C il | ust rhb&rqiﬁ}s,ltheopucabianéctamuhmthdﬂieﬂmﬂfbfﬂ@iﬂv@it@hl ng in which the

' accor dance v Ly tfher bRyl R A BraRRE SR plofirrell ctivfas P e Sopkatiors o
Fig. 27.is a scﬂz@m&fol‘mpmglawh@htamo@ngtothepmfmmt;ed enbodi ment of an

DETAI LD DEScr SR R S Bieh eadh B bR e OB ARG e o o
Fig. 1 shows aph3ReRery Yblﬂboﬁtoteﬁeﬂlﬁemmtmometmw tlpcatiohsitresponsife do the

surface l?measﬁrementoﬁﬁgﬁ‘n%ﬂgﬂh%gﬁbra preferred enbodi nent of ‘the
I nvention. Appayat us conp urce of 20 at |least partially

coherent, pref 15 TUSHer P ’(B‘pi’PFQ,I ance yeithea preferred embodimeatofihe inyention, a
Pr ef er abl yprinting machige camprisihg: a di ode | aser, for exanple a | ow power

i nfra- ed | aser Il her | en be used, an infra-red

| aser 1|rs preferarde%%siﬁggfwﬁg?\é\gﬁf?%m?dﬁn%?etﬁ%’&w fer ation at hi gher power.
The sour c gnérgony contamsciofdrinatioretd. be\Minkedl dnithe shedesf papby; @and 0 use a
col limated beang b ?%5&‘ v?lgch I_%mtsf il dnfopnside %Hg}gtl i t%gﬁ Crg%{zrgat hﬁg’fbe

need not be partlc wever, “a non- co

II,—.

used if compEmeat oldh °H§’°§escr| bed bel ow i s used. Appar at us 10
al so includes aTheRSs AirfRAPIATRY, @racédfﬁlaﬂéb WS ﬁQ@He& b6l EofdhMnvAfiohd
whi ch |s ose{{lg/ ghaced from surface The I'imtations as to spacl ng i
grati g 162FFghyma %ﬂ@%&lglazscawra@@ée%&thswmwmyp. cally the spacing

%t V\Iﬁe n gr at | ng‘hi:ﬁe laﬁﬂ'ﬂﬁupﬁo&tﬁeﬁ;ﬁ abcoréance wnhfaqitﬁefeirbdl gxﬁ%(gﬁll%nqu]{[ th%fr@endeh%‘t
ichis 0 [ at.in and | i

refl ect ed y sur uﬁ%g}nérr_m %RF%?’@F%‘?’%@ 8’ hr?dP%Fg]ﬂf’ on a spgt ial filter
(conposed of a'mléwss figther provigied, in apiondrnce with)a pnefbneéembwd:mededfelmet @eediongn
optical dejeddo E‘orzacteﬁlfiﬁhngeﬁx'él &1%6%30# Yt HvE HGtion Rf 3 D! strtdoe g%t% %gpﬁ%&qeat

signal that depends, on the surface.
radi a?f on TIS@SHEMER deRige FOIBPRYIAG surface i n substant i aI I y all directions.

This radiati Onllltﬁmﬁﬂﬂrlgt e surface fav'itﬁrihéiﬂéfﬁ ifhmid3Gor G A8 il 1E)lﬁﬁmﬁtluﬁ'f ist 2n0dted
present at | eing I nci ent on

the l'ight I's seen as
t he surfaéf@mf%ﬁ?wf&%%fa%m@% etEghor; 5 possible for the light to be
i nci dent at t hplanmgrmlobjeot bavihg agashinmédtic eansdiissimhfunCtidr, ad; aéerﬁhﬂ% detector;t he

incident |ightgy

reflected from bR r%r ?H?h159¢1&ﬂ?ﬂ?§ ﬁé’tnhotﬂ% F'ngced’i“iiﬁnﬁcf{‘? gﬂ?"‘?‘%ﬁﬁf@ﬁmﬁﬂ
the | 8¢al sigadi mdator, first or hi gher order diffraction by

31 determining the direction of relative motion of the surface from the signal.

BRIEF DESCRIPTION QF THE DRAWINGS

The present invention will be more clearly understood from the following description of
preferred embodiments of the invention read in conjunction with the attached drawings in
35 which:
Fig. 1 is a schematic representation of a preferred embodiment of a motion transducer,
in accordance with a preferred embodiment of the invention;
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the grating can be effectively used. Zero order has the advantages that it

I's wavel eRghlgosse603 | Ndependent (stability of the wavel engt hpCHILY0137

i mportant). e I ncident light can be pul sed or ~continuous. In Fig. 1,
light diffracted at the -1 and +1 order.s.are indicated referen ers
10%and 21 r cBifck e ISP oA i TsuRigh Srishiony B ftonipfd b L Beil s

by ref eepBedinitut®fthe itventidnt. In the preferred enbodi ment of

t he i nvention, sh L0 Figa~l, S | g~ f d Holan
(honodyne or ?'.}?ét g\pgd%eﬁndhggoﬁVng&gﬁ ﬁ/% ’F’ﬁ%ﬁng%% e‘f}‘_tsprtfge&fdt glr.nggé. er msn(éf
t angent imégrated matiohitemsduBershinckecerdanasrwitheprefarrediembediments efthe invention;

SIS i : : : PeT -
anp #n I catl 0@‘-1é? zb'i;'% stheRdtic W%’rﬁgﬁ%gﬁ{ﬁse in acchidihtel Wit 4 ?réfeﬂi‘écﬁ

dyna oscillator field for the

c rang_e 1 . )
coher enemble ofthe dnyentiomided by refl ections fromgrating 16, placed .

close to t hnggg.v isAd a5t 5BagE - sclliRaticEigsafis TCE nifusé/Afgdrefrarsbition Mhedstremehh e
grating and the novi ng stlljlrfac 03 t e.detg& ri@i ve rise to a translation
dependefevies dn peeRrdange wi a@F%H& en ‘QH@“’FR 'BS P8 of a near-surface
reflection fpyn e igratsthignatis diagranr ofian sahningepéro dmlaccordanceswith | apoeferréde| d
may give l.tiple.advant ages, including at |east sone of the follow ng: 15
1. ‘F&e W’%gﬁqunfgfgleéﬁ‘%ﬁg“’el ement that conbines the roles of a beam
splitter andFig M israaliagramaof a rotation encodat, it ecaotdanct Wither prefermed gmbedimenh of

optical set ugn .ot hus maki ng the optical system sinple, robust and with
few ali 8?‘??113% é'qUi rements. 2. The grating causes spatially periodic

i ntensity an®igr8 isiraschematitiagraghoba fiberconticrhasediansiation measpremepteyics ihm
the surfackd 'cIFw‘»i @ef&ﬁa%ﬂb‘aaﬂ@@sﬂm\eﬁiﬁmﬁoﬁme near field of the grating.
This 20 enabl es, detection of tra slggi'(\%g usi n %h@ %ilelcul ar. zer.toglhf
orddf) ref | ediig Shisasimplified prg generalize \5%“3““29 Of elgClrpRufs TGy Suttabie tor
di-f f r actys@psprefelet lelnbodidientfthg infvestion; he grating serve as |ocal oscillator
fields for . t ection.of, t.he su ' A |.at L k1.2
Doppl er shi f&f l%fﬂfﬁea §H?§ibfgeéi a‘gﬁaélc{’f %%ﬁn%aﬁ&?%ta i a'ﬁ@?%t?(li E!(§J?1dedéec|§grn P Shase
shi ft bealtemative preferesiembodiment of therifeepdiomaves at non- specul ar 25
reflection or r Asc i ef ;r0fefe 8 BinBbRnPbf thE tnveh@eis! at i on.
The resol uti ﬁygﬁég‘eag@?gg lﬁﬁ&#%féﬁﬁ%‘ﬁerﬁ&é;fb{ action nr d%f S. . 4.
Tra®dl ati on dégect3domnd al2Bdllystiate thecpripgt ByftuﬁtePF erred embedimegt Of the,e
a ati ng iﬂ&b'ixitiBhQilﬁllizing a h&cﬂ?ni%@\éﬁv@t@f ?ihg r§9§tuﬂna1{oi dménni?e_ﬂ&ibl dirggtior tof rmotivat ofom of
irection as. . well as nagni tude o e . rans | OnN .. . -
0. d rarSRaHSR meR SRR e K doroidipa it A TrEied ShBP ey of the ifbention:
nodul ati on ofFigs. 13A-18D iiflistmaterthe iprinciples off éwe additional preferred embodimentsiofdhe i t
for two.orth J .ty |L2Lds i i Lhide e @k&tish SFsRdtion OF
t wo- di néﬂ‘é?"ﬁlcﬁ)gﬁﬂ?l?%s%g?esc ) ."r%?isg}rl]&ﬁieﬁgssgé%ﬁetﬁt c'letérﬂ'nﬁ‘e g%éq%gaslur enent loélt :
di ffzsrertranglatipﬂlngawammqgmﬂ des different conponents of the translation
or vel OOFiFQf Y&(isﬂipluaiatwﬁles pfihdipRs dTothréd BeHdlation aidag@bment, dévices, in
exanpl e, transrat]on alon tthe axi s .{?er.pencl%w%?r tt %l't he gr.ating can
be meas Lﬁcé‘éfdﬁli‘-ﬁ?éb‘@hﬂé?ﬁf?rfﬁécﬁ‘n odzment aﬁr}n FRtoRvigeh, ¢ not utilizg g Bons. This
al l ows for tlpige 19i a¥anSi ilistaté thepsinsiples of tea additionalmotion detectors)syenrdingite
grating transm ssion functions (.anpll r I | 0N
et et | GHEERSFROP ORI e Aanon tal HsuREfsRe Q{Bﬁiﬁfé?‘@%ﬁﬁg FDEIEhIE
mani 3pul at i on/Rigsl 194 and 19B schematically show integrated structures that operate according to
32 the same principles as the apparatus of Figs. 15 and 16, combined with direction detection as in
Figs. 3C, 17 and 18;
Figs. 19C and 19D schematically show details of a detector module utilized in some
preferred embodiments of the invention;
35 Figs. 20A and 20B shows two views of a general structure for a device for the
measurement of rotation of a relatively small shaft, in accordance with preferred embodiments

of the invention;
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8. Frequency biasing using |ocal oscillator phase shifting, in conbination
with the anpwOvesse3 nodul ation resulting fromthe grati RGTALINOOL
field provide for sinultaneous neasurenent of 2- Dtranslation (in a

t d I
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For those pref@gﬁedzzén%&l sehemstieally, Hlustiatre ritarigns  comifigirationy | ofe detsetors, gt
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i ncreased, if F1|t§5326.§ -28€C ﬁﬁﬁﬁfﬁ% posmomng of sourcg Oﬂet&ﬁ&s End 'geitRio" B0 which the
enbodi nents of the I nvention gvgg'r,eg | at ed transm ssi
1

pattern pleigelors apppositionse &ar; frPr@ ?Pt@erfr% o uelags, an arr@rt{}éﬁwgh 2t he
grati ng aﬁl@fe‘iﬁﬂfeﬁfbﬁdlmentoﬂ-tﬁei{\féﬂﬁﬁl ah8o be within the near-fi eI d di stance

| < askined o BB ALE A prtepigtc piPu Henis af Bifoiraed pBler (i tn pepiudbing, "

wher e it pass optnitsshn forasome aspects of the inverd@i®hat i ve noti on of the surface can

o rEasul e pEfaf B HRAICIEbTION OF PRERERRED NBODIMENTS @Eﬁi}é RVENTRHIN' Ne
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i nventi onsouﬁmrls tpkﬁ"exgblyecroélhmatade%ﬂe lotois [desirgbllé touuke aoallimated hehasfeorydepthrfs a

phase ret ﬁé}g %ﬁ% Lt?cfn';“ ﬂhé <] %ﬁ’x‘i‘agion 'ﬁg&l ﬁétri}% F}ia&k&darngr' gotoﬁeﬂg%é@{ 3 Phbx‘PE%l J?ﬁted

follow n escrl ude
it shaul dscmecemebmss@tfqomnwmns descanglrl@lqwgglsgcbn be utili zed and are

preferabl e fOfAWF@QQb%M@ QfonbAfméddicRat b0 dieAROH fHective ﬁﬁg"ﬁé ant
factors are, al.so omttedln varrs SSEES of the fo &E\aﬁ mat°r‘1‘é
i o&@?

t r eat ment Which is closely spacqd Alatlraaﬁnms ttmépqcr%9 5@9%1&
t he gratigugfacs ¢2 aresdeseﬁbamcbldw Eypicaily the spaéﬁig| BetWéa C%rbﬁlﬁgﬂﬁ aimlhurfa%e natis a

strictly pece r rovi ded Qn i S .
conpensat tof ?‘ﬁﬁﬁlﬁ%‘f{ig’r eﬁ%iﬁg}g V%lﬁlg %‘thﬁﬁl? ?or q‘ﬁ% tesrﬁab I&f’g%d h?ft S
assuntd freflegtedrby isunfao,e 12 are bpﬂaprefembly mm@ahbn hispétial ifdtep Gopeposédcod atens 48t he
grating ( i N

i rect § oty PithoRoap ety blink gl by B LS detpotol 28] ﬂﬁ%ﬂ‘“‘%@‘mﬁé}e&@
subst ant i givesytise to a heplesignalhat deprnds on he motien of the snfadeedsi cambfrem Fighlys,
the gratiggafibe isdreﬁgé’c&@ 'fx'%?a ﬁie%ﬁfﬂa@ém%bstantxally all directions. This radiation i is omitted

33 l.ect ed I on orders, "arranged symetrical [y about
the specdfp SpiaF PERE; da%rwe ﬁgﬁ of presentatior.
35 In Fig. 1 the light is seen as being incident on the surface from an angle; however, it is

possible for the light to be incident at the normal to grating 16. Moreover, while Fig. 1 shows
the incident light angle equal to the detection angle, such that light reflected from the grating
(or zeroth order diffraction) is used for the local oscillator, first or higher order diffraction by

31



(zeroth order) and obeying the angular condition (for the n-th order):

sin([err])wa obuésos] / A , PCT/L99/0013Y

As shown in Fig. 1, aspatlal filter in front of the detector is preferably
conpri sed cus nd narr | e 20 the focal point
of e Pengrating oan bes pipstivebt mpech Zara order s, Brecpdiamisea et s e
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core di 3?@?‘35“%?&1 fe@#@&?‘ te@% &angfd gB{é&r en%k@ﬁ%e@fe?&e%e 3’5fs| al
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di f f r aciogAn. Such dsfegion F‘é”'gﬁ s gyl gﬁFaFH’c‘ e@ﬂfﬁ ?"gg’f MReasHFRgRte d
sur f aceresiilgia Qiahrgﬁegﬁmdﬁmm eef l ections 15 fromthe surface I ntegrating
over the dir | l,el n LN and o he

G 8§ on' nof iretesRe e hepiiBist FEIPIE I et Bestitlont Brdifitd by Fefoctione,
t he sur framegratingeBy)iplased olose to the moairigsutfack. fThe linterferande afdhe refleftions]from the

where r Fé?ﬂad o@%ﬂ)aﬁg oes

' reflectg?%ggggdhﬁée éﬁé%ggéﬁcé r&eégepgdgrt fiE@t ere c‘?%nc(gé?ﬁ sgcmannﬁed
to be tsigpal hep@ﬁmnmf Hhpeartsarfpgeaeilectionfrom g grating as theoerigin of the foealr |
bei ng ra&ﬁ%ﬁ/ﬁm ARl eSvethn bR m&:&&g&nmaudﬂgeatqsmd RfloWigg:sur f ace

fromit tial sitfion is |ven W, t h The per.i odi c
phas® Ly M[wﬂr}wwﬁﬁ? glement i3t torabines the rrélf% aEed Sﬁna‘é’loéﬁ & wirror in 2
sin([er édb)ereﬂt nbmbdi'ne/}Bmdﬁte&wmhb@ oplicalisétap,ahas iakifigthe bphical eyese?n st
determ ne ﬂ% § {n nat ed ar ea. 25 Changl ng the

i nt egr a{ Gt apd idpfey 4liegmen 'ECS“WB*‘M corresponding to the symetric

si t uati &n Tdfe gatmgucausessnpaﬁdbepmqmnﬁlgy gnd{(or plgpsmddula@mpeuftthe Bluidigation

referen e ;#f&'d’ Wit n
ext endi %31 éeﬂtrléra lﬂ‘ E ff'the s er%s pelI%cgdt husH %?%8&[?%% :?{fet ? s
RepPci Pﬂj‘ ipp q pél,smg £ speclar (zeroth ﬁgie reﬂectlon as the reference
[err](xwa{,@rr](x)+2[err]nx/A glves [err]

((13) ends3ofigh ,QIQeF Pgti | Cg-l-i) eet?:f) f%l‘[? ﬂ]at ; eEx%r sefve aEs %chzl ator hél’&? %rl y
[ er r] =[ detedtivgxgf+ieesurfaog’{ h)a.ﬁilmon] utilizing thpeDoppler skiftl ef theosurface@gflectibe. Ahase
:Bgt ﬁ "t: ge r&ﬁoe c(tleg g ?ent ng - { nsc)}ughbe %%nafheorseger?x}cgt aélrd ¥urfa1cg WaRe ha%:hn sge%uéct or.
Si né® t redlegtioneendeys produce oscillations representative of the translation. The resolution increases
for higher diffraction orders.
4. Translation detection can be frequency biased by periodic shifting of the grating position
(e.g. sawtooth modulation), enabling determination of direction as well as magnitude of the
translation.
30 5. A two-dimensional grating provides reference (local oscillator) waves and modulation of
the illumination of the surface and reflections from it for two orthogonal translation directions
in a single element, for two-dimensional transverse motion measurement.
6. Measurement at different grating orders provides different components of the translation or
velocity vector of the surface. For specular reflection, for example, translation along the axis
35 perpendicular to the grating can be measured independently of franslation in the other
directions. This allows for three dimensional translation measurement.
7. Asymmetric grating transmission functions (amplitude and/or phase) enable direction
detection in all reflected orders, using appropriate signal manipulation/analysis.
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measures intensity, which is proportional to the square of the field, the
intensity i swQissResoby : I(t) = (ELQ(t) + E r(t))2 = ELQ tPCa/AL99/00137
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time 30 rE&porBecosi®ed) r emai ning signal is: [err]
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(12) 35

Assun®s t hat coThe: [geatink is>asfumed to beld puithamplitnde gratipgi witheperiod b shabsitst o
c 080 :%r ;&&sgﬂisxon is! tH'.f:Eurh Wer x‘i‘tfr{‘ﬁ W§hﬂvé BRtsR QL fh 108 cDARERACA sithlig ™

formalism applies also to bmary phase grating, or some general phase gratings, which can also

be used in the practice of the present invention. For the general case of both amplitude and

phase gratings a phase retardation term is added. For simplicity of the description the following

30 description is based on a pure amplitude grating. However, it should be understood that other

gratings can be utilized and are preferable for some embodiments of the invention. Unimportant

constant factors are also omitted in various parts of the following mathematical treatment.

Plane-wave illumination by the light source over the grating area is assumed (i.e.- a

collimated beam), but is not strictly necessary provided, for example, the non-collimation is

35 compensated in another part of the system (e.g.- the spatial filter). It is assumed for simplicity

that the incident light is perpendicular to the grating (and not as shown in Fig. 1). Oblique

incident light (in the direction of the grating lines and/or perpendicular to it) gives substantially

the same results, with shifted reflection angles. Thus, the grating field contains a series of
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terms we can wite: [err] Attention is now focused on
specific qyHbsmghi on orders in the reflected and diffractedperarooifdes from
the grating, the n = 0 (specular reflection) and n = 1 directions.

For the ecul ar reflection ter the m= 0 contribution ig: . err] 10
For a dehreied difrastiameoniptsnag mppealiy,akaut the spec rsﬁwnowkmalw
const anzerothnékder) lahd obeyingthenggulat conditionyfornhk iMtieorde)e aver age refl ection
fromthgin'wyLaﬁﬁ qhanges. The m= 1 termis: 3)

[err] V\Aer'e the intensity I(t) and phase [err](tS result from
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for di f'ﬁié's;ﬁnﬁdlé CAEBS répiicd By 2 dle-RivkdE oplidal fiber, lBbvHE% diBacoi iamber 3hd ONY

a1 e o+ e et e AL e Sianel FsboEet i Rl i
va][ : abl @ffrad iR fffersaeadhiae thR\detee e, sltﬂdrserdeg athe lo¢ad lbecill&ofor BOmMBEYnedetection

ref] ecti centers {xj.} to be replace . a new set, ich.in turn is

o1 8 ocpt the Seiegefiadislidn, of S hétFBaTIR derioR A et Syt erte local dhetiEtor

[ err] (el is|givé)bw = L/v, where v is the instantaneous velocity and L

i's the idd A eakedosthae+el.ythe grating. If a large nunberg9f grating
peri ods g‘Fdlem gi Iﬁc{u% ngtngd such that L>>A, the result i(sqf ast )
osci | | at i onsThsi reflected fieldi fyomy slremaving suxfacst indh¢ same direction as the n-th diffraction

36 order is represented by an integral over the illuminated surface area of independent reflections
15 from the surface. Integrating over the direction parallel to the grating lines (y) and over the
direction normal to the surface (corresponding to light penetration into the surface), results in a

reflected field equal to:
X3
Er(t) = Bg [dxA@)r(x-p(®)cos(@ot +2mmx/ A+ $(x-p(H)) ®)
X1

where r(x) and ¢(x) are location dependent amplitude and phase reflectance of the surface,
20  respectively. The reflectance is assumed to be time-independent during the measurement, with
both r and ¢ being random variables of the position x. The translation of the surface from its
initial position is given by p(t), with p(0)=0. The periodic phase term 2nnx/A arises from the
reflection at an angle sin(o) = nA/A. The integration limits are from x, to x,, both determined

by the illuminated area.
25 Changing the integration variable from x to x-p(t), corresponding to the symmetric
situation of a static surface and moving grating with respect to the reference coordinate system:
x2-p(®)
E:(®®) = Eg J. dxA(x +p(D)r(x)cos(wot +2mp(t) /L+2mx/L+ f(x)) (6)
x1~p®)

with integration limits now extending from x1-p(t) to x7-p(t) and thus being time-dependent.
Replacing A(x) with its Fourier series and writing ¢ (X)=¢(x)+2nnx/A gives:

x2—p(t)
30 E/(®)=Ep [ dxY cpoeosmmx/A+2mmp(®)/ A+ ymi(x)cos(@ot+2mmp(t)/ A+p ()
xj—p(t) m

Q)
The (optical) phase of a scatterer on the surface linearly depends on the translation p(t),
with ¢=¢(x)+27np(t)/A. For specular reflection (n=0), the phase is a constant.
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anplitude and phase. The error of the translation neasurenent is
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di stance, dpfie4l] AdhflencRRd givis fueher emecéﬁgﬁkﬁ: a;ffmtéﬂ%tﬁerg DiridtRoAE NirR0 delofted

detector, [err rr rst or er reflection, unlike the
specul ar rxwwé%!wp basierr. @gseaﬁwnaﬂqsa:pgwe rsh @ity term i, replaced byi@ RensERhi n
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refl fft It 0 mda;led@g@sfm tlue \mﬂh&ﬁ héllngié@dcfddﬁﬁ? tﬁd’@rﬁ&: is nOEaGHBiREd witl rat%{embé
osci at e cor.dl (0] or rma n (0]
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anpl i t ude tim dieh detiween @tatmglurddre it Hosdiaea the advantage gﬁagmﬁbbﬁiyaelakhhalxgdmntmo
t erm does cgﬂéuaﬁlﬁ?(?'faﬁiﬁy ’}Scﬂfx{eﬁ tﬁit‘lh@ ?gﬁ!& %Rﬁﬁmph@&% §>{ } | e@g siali't?al ‘}ilé})a’ﬁﬁfawm

to the nmoving su
[ err] AR/ 4[gengriplly mjlesqomﬂ@tmkiw@mlomwal-m-nmmmohe coherence |l ength
[err]2/[err]), 'I‘h@%éﬂf@fs&ﬁ%f IRt deRes a8 20 @ﬁ&{g Jﬁﬁ rniﬂtthé’ %M strfgeeﬂ} signal

transm ssion function for the grati ng such cl in, the near
fieldis [SFErdom b {higzsgpect it is strongly pre eFFﬂE’lfﬁeEﬂE’rlPéﬁi owﬂﬁ%ﬁelﬁreaemaff ee as

oper at i onpogkitile Aincetsindisd ttahéféRdo HeldetcbRd gighsalrditebdy) of a | ocal
osmllator f|e ?‘Y dm_eéractlnc i ncident illumnation towards the

det ect ors. %998y ders may exist in transnission as
wel | @8. gIs(t)MTeﬁnaoﬁﬁ@Dé‘*aﬁnDEt@de grating is used). TH&%e orders may

near ield of  (ierliedl S BEERAR cobdB°ilid BRCREA B8 Bt fod b e |
fromthe gmmcag@ntrglm«mshlp cosa.cosP=0.5(cos(a+B) + cos(a—p)) for the right-most cosine in (7)
37 results in one intensity component at twice the optical frequency (20q) and another with slowly

varying phase. The fast oscillating component averages to zero because of the detector’s time
30 response. The remaining signal is:
x2-p(9)
I = Iy _f de cmeos(2amx / A +2nmp(t) / A + y m r(x)cos2mnp(t) / A + $p (%) -04)
xj-p() m
(10)
Exchanging summation with integration, the contribution of each term to the sum is:
x2-p(t)
Igm® = Incm  [dxcos(mmx /A +27mp(t)/ A+ y m)r(x)cos@mmp(f) / A +¢n(X)-95)
x1-p(®
35 an
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the transmtting skgeP@f one grating (n[err] =1) and m nim zing the
zero-order reflection (Pr -I\/Hr[ %M natural ), then: [err]. For 25
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[err] 1.57, groof@séﬂgﬂaﬁfégfocl- B&?%Zét ér‘WI 9# rret er willyg g)esul t
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dlixsmf /

havi ng at |east fSity (@rd@IO'bhck ifort: WA@KW@(QQ‘H& a preferred 30
enbodi ment of the |nvent| on, y active phase gratl ng 812 is coated by a

tall 8 t fI t
iR cont ol ed ForeERg] ‘M@S@f?yer(%ﬁ%/th% 0 i mBla S daae o o
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38

contribution will come from grain boundaries, while for diffuse surfaces having small particle

sizes there will be strong contributions for all spatial frequencies up to 1/d, where d is the
average particle size.

The rate of change of these "random walk" variables depends on the average time it

20  takes a given set of reflection centers {x;} to be replaced by a new set, which in turn is related

to the change of the integration region above, T o (x1-x2)/v = L/v, where v is the instantaneous

velocity and L is the illuminated size of the grating. If a large number of grating periods are

illuminated such that L>>A, the result is fast oscillations with a slowly varying statistical
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i's theg I eghidsini@iod fMfction for the grating such that cg>>cq even in the near field is preferably used. 39
nth order diffypactiagn fromthgé grgati ng. 'H?ecéeconu& pl ane vva\}septleser%]e)r,lereat ed

by the sel ecti8h2 Hreferred Doppler mode of operation, a grating is utilized for the generation of a
local oscillator field by diffracting incident illumination towards the detectors. However,
diffraction orders may exist in transmission as well (e.g., when a pure amplitude grating is

(¢

used). These orders may result in multiple-beam illumination of the surface even outside of the

35 near field of the grating and in diffraction of the illumination reflected from the surface toward
37



one plane wave (by the spatial filter) fromthe reflections fromthe
surface.  woo9946603 | N summary for translati on neasurenent p¢eIVING9/00137
non- specul ar diffraction (and assum ng constant velocity for clarity
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nanely [err]+gy/A. Al ternatively, the translation (both positive and
negativep, s def er nifatt is assunid r @c tthy thysaiting iside b coriee gartiag 0GRl AY) iandt he
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. gges notm%‘?‘PZé%&Fdz?fB'?ﬁ‘itfh%g?&%H eﬁpngW’tHP%at‘Eﬂf% : degl_% Hok

25  example, with M=5, wavelength of 850 nm and a refractive index ng =1.57, groove depth of

approximately 1.5 micrometer will result in optimal back diffraction efficiency with ideally

only zero order transmission.
Fig. 25 illustrates another method of producing a grating 810 having substantially only
zero order transmission and having at least first order back diffraction. According to a preferred
30 embodiment of the invention, a diffractive phase grating 812 is coated by a metallic (or
dielectric) layer 814 functioning as a partial reflector with controllied reflection coefficient. This
coating can be made e.g., by sputtering or evaporation of the coating material on the grating
surface. The other side of layer 814 is filled by an optical medium 816 with an index of
refraction essentially equal to that of the grating material. Conveniently, this material may be an
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of the wavel ength) the direction can still be deternined, however, the )
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K . HRsignal to noiseV¥n8 k& linit the'brfiistibn 8'sh &Rldate B4, the reflectance, the
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ngialt | 82 ci( ?I at ﬁ?meﬂé@p‘gn mieatng the difiraction; of o grafing b Fransmpsign, atiliysimfed itese
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i . e.- chaeepseol pfithe transmission end e oeflectiomisaiesiedda The etysnsission mdy aiso e %’ﬁ)diijl_dﬂe
i nt ti t e ' e a tion rect jon. ..Thus,
L9 L1 88 o B bl ELIRE AR, S, 0SSRl A b opl

k [ eflemment. Assume that A(x) is constructed such that [err].
In this speci afh&féuenty hssocidfdd wiﬁxvﬂxg"[%ﬁ?sgi?lgtﬁldng}dggﬁﬂeds:onntﬁé lodafilVelst lak well WS

ar 0 st toefeaichiaD) BRSO gpopeTic (dosehed: beise).«Comersels dbe iapminalen
be deri ventofulatiort fiierongh the ch @bipenerit) depends solely on the transverse component. When the
frequency of the cq oscillations is sufficiently high, this frequency can be measured by the
frequency-related technique described above, simuitancously with the detection of the
amplitude modulation frequency to measure the transverse translation component. In this way,
25 2-D translation measurement (including motion perpendicular to the plane of the surface-i.e.,
axial translation) may be achieved using a single detector.

By frequency biasing the reference signal, the ratio between the carrier frequency and
the amplitude modulation frequency can be made large, improving the measurement accuracy
as well as allowing for detection of the direction of translation. Also, using specular reflection

30 from the grating as a local oscillator enables a clear distinction to be made between the
transverse translation component (indicated by the amplitude modulation) and the axial
translation component (indicated by the phase or frequency shift of the carrier frequency).

Furthermore, the phase shifting may be combined with an asymmetric transmission
pattern of the grating (e.g.- sawtooth pattern) for the purpose of transverse translation direction

35  detection. Alternatively, the grating may be displaced for direction detection in the two
-diménéibns, or a static phase change is used as explained in greater detail below.

In essence, for the non-specular diffraction embodiments of the invention, two quasi-

plane waves are selected for detection by the detector. One of these waves is the result of the
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first and second tine-derivatives of the detector signal. | f
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wher e t . ' oy i ' i ) |00 toréviddd thavthé hi s
patter nrﬁ%ﬁgﬁﬁ”?{s’}@aﬁ%‘?&ﬂ%&% g'éélg r?gé g(sgxﬁa%oﬁﬁéﬂlpggrtﬁgé? ?\{Zlﬁgﬁévdg?i ?(ras have a
const anttranslation diseqtion is netgwitghed dyrngthe measuremestts " the 15 singularity
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when a seaidgsigy, vqf{:@ﬂ;;igmdsp&ferhblyléfgathmwne noi se contribution is
reduced as ..the.direct] ect | Lot-egr.af i ' | RGT
The. pat tor Tor Sisind e s b8 WHELS Kb AL ONER AONT bubtfiBly BE WBARES than the
Thus, t hehe@nce lergthiof ¢redight feaching shadetgctar; b@éli s nore stringent than the
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simlar reqwé‘gegﬁg%qgf%e B3 tifkd-v n%ﬁﬁxiﬁ!ﬁioﬁ |igcmamda}e%"@cchﬂt

specul ar refle assuned frarisni ssion pattern i, shown in Fig.

2, fur [itrdifestionisipsefomblbdcterained wsangRpe:of e ge ﬁiqsma'??(kbelovv-

reflecting/t rﬁ'b%(!?&éféﬁéﬂ embodiRERSITthY infverition)) direstivhi ey b dettmgnatbyapplying de

t ' [ B | t hat sh I .. 2
 rel axod MouEHRQE AR BHE Feeh LSRG el P ek ohF e eBered P
Wi | | haVvEhig additional phaseashift Shwy be mednifestod st pxemiple, by mowingahe grasingdpwends pr
proporti onal s %u?ﬁ' £ 7 ﬁlglvt?mﬁt%e niot cBm%geQH@ﬁﬁ&@tolf fleOidld Tiﬁb?deﬁ@ﬁ%&f the -
etec S sti[l assured 1O t

Her e, di FESHTBR- I'on 1S s for a.slngle scatterer,
t he 29 r cnurfacetsaishat the field reflgeted from the frfape i identical fothat gsvetlr?§°m r?lB’éﬂ%ﬁﬂ

scat t er e§s3ilBfhr Field HdWever, acquirey 8 additibedd iphhdeashért Gieeto thils trinmlation ghdt alepérides) .
30 A sjm] ar analgy(i(lrs I s possible for high-order diffraction

([ er r] 1)on thggratingrdisplasemsnt &k y the surface is assuned to nove with a
const ant vel Ogkdping Mhe Edistafideobetiwttn thangiating cande theatsurfacea almost smstapf and

anpl i t ude- nodul at e | gnal s of Lert: W f : X b
A(X) is wg&ﬁlécg%ﬁeﬂxe[%oﬁg%ueg _ ﬁh’& ﬁ%@fe rg.t%%édség{/?fg%’tﬁﬁm\?\gve g{raﬁsﬁ figlds Porr] 1,
the 25 achixved bpmaking d(t)al periodisi sopetopttatfunadiont he tr ansni ssion function for
translation in the "poshtive" 35 direction and is the inverse inmage the

ot her way. (fhus, fif1th @gm;]- gpdg)f scatterers is small (the limt being
dependen%{ngﬁhﬁzﬁ J.[;rat il;%O rde ! n), the translation direction is represented
by the sign 0 - (20) 42

of the fiyst derivative of the detected signal's envelope. In addition, the

g?gtnih;uslr;:rs'm;/te;?pe derivative is proportional to the nagnitude

with 1 as the cycle time for the saw-tooth, fixing the amplitude of the saw-tooth to give 27
phase shift (or multiples of 2r) for reflection at the nth diffraction order. The frequency shift
due to this motion is 1:'1, and if T-1 > nv/A is maintained, the direction of the motion is

30 determined without ambiguity according to the frequency of oscillation of the detector signal,
namely t-1+nv/A. Alternatively, the translation (both positive and negative) is determined
directly by counting the zero crossing in the detected signal and subtracting it from the result of
a simultaneous count of the oscillator frequency t-1.
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An asymmetric transm ssion pattern enables direction detection for speckle
vel oci netry.WO99/466Fhe detector signal resulting froma randoRCIAEAINNE7
pattern, filtered by a grating with intensity 5 transm ssion pattern
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fluctuati ésf® = I0 riA(xi +p(t))cos(9;) (22) 43

The det ect ed intardity (and the resulting detected signal) as described in
Eq. (8) incl udassuming it lppn)advtowb}h@gesrmqmﬁeabelgasﬁarérawaﬂ &ﬁall durfiig0S s

term Eferr]Er, and a second order surface | ection term Er2
25 the integration time used for determination of the translatxon direction. Thus, the first and

second denvatlves of the received signal are:

Is(t) = Ioerlcosobl <A(x1 +v1) (23)
i=1
" k d2
Ig(t) = Igv? Zficos(%);(‘j'(A(xi +v1) 24)
i=1

AR dAR)
xZ T ax
30  evident that: I;(t) = nv-I's(t). Thus, the magnitude, and more importantly, the sign of the

Assume that A(x) is constructed such that

. In this special case it is
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two reflective surfaces 40 and 41 and focused by a lens 44, preferably a
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device (or when the "window" is closed with an opaque cover), thus compensating for local

35  oscillator power fluctuations.
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35 manufactured in large volumes for a low cost. The figure shows only one detector for a single
direction, with preferably a second detector measuring the orthogonal direction. All of the
optical elements - lenses, grating, mirrors and pinholes - are etched into or deposited onto the

optical substrate and are either reflective or transmissive according to functionality. The
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of products. One particular application of the optical translation measurement method of the
invention is a novel optical cursor control device (mouse) which derives its translatatory
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35  in much the same way as the mouse of Fig. 4. Fig. 5B shows a perspective view of the device,

showing an optional switch 104 which is used to indicate if device 100 is used as an ordinary
mouse or in the mode shown in Figs. SA and 5B. Alternatively, such a switch may be a gravity
switch mounted in the device to automatically switch modes. It is generally desirable to know

47



m ssed or crooked |ines. Wth an opti cal transl ation neasuring

devi ce, ble to detect paper slippage by (ij’E'i‘ paper
Wéa&?&ﬁi di nat e 1@%9}0@2.7

advancenent 0 I'ne. The printing device is then coor
actual translation of the paper, thus creating a highly accurate and
economi cinswhick modsiths deazmws operating sincacthe direatioplof snation df shexpsardsioppesie for

deskt op e 0 Hodedd { Gsully Qﬁé‘ééﬁ@nﬂ%ﬁ?‘&eﬁf‘e@'x@&ﬁ&réx’?%ﬂﬁé d Bifddes. head.

Furthernore, the type her surface (for, _exanp]e, type of

paper
cloth) may beFurthermpres Hﬁms.aeaaﬁ%wpﬁeaswt devige with 3 small apetiss, asythg) s
Feat ur espreydnt @ﬁvmun,b&dumedmkca fidgeit dibng its apertite, Entbiesahoniap el curB(StCtlhbtﬂight he

1 bRl A AT P BIEE oA Rl T i o e

additio ntmndsda"tsmispmnt" and may)bed.xseém dedicdtedanimuteriocations on keybwardses giedl, This

anount 0
ot or m gl Pl bR EonliBAid B M Uhrid S Sroomn thatthZ SN ' WplE ke Bbumter
in the rmahmiéecboardametﬂéeh@wms aklso,am (D’BMs"t@iclxspcgntélmayalm;mdby thetopcnfar y
| oss of @ flﬁ&ﬁ@%@ an alte n?a?ﬁ%@rh §c§’c§lhﬁ folHREL '"@pclﬁ“qnﬁi‘ﬁe | sRfeRledO ng
Fig. 8 is_ a.sch EITB.ICO tion se sor use in‘a scanner, an
or pHi ntinging the ngwaqmarm'ateﬁrmeeﬁ touch tmliltdl rection. Noti on det ect or
200 i ncl udes Bhis Aevice ca® Be tudad td fhting devféeb@ﬂ)%t Bin20holive, Forf &xagiple,
optic cabl.e. 203% The oyt put  of cfeg 05| co t ed bg/len326ar1
PPT i neRE it et oot e el CRmplery T 2y Ol v, Freatew
fro ][n gr ambtion &in(bextotitrolled using such a device.

ace 208 i ect ' C
Focal pornt ofFaltS Hpisb Eoimetes BElnglB deficEBubiop bl i Bl o355 He b o,
214, 15 ortréckpoind (nipplokersan attpched mouss 'll'beﬁst dewiseecarry diverse drawbacksy I patietiler,r ed
doc“”entthé‘iﬁﬂﬁgfﬂl%ﬁﬁ% Hﬁs’?trmfbfh lh{éea fegi(ﬁf‘hio%e tﬁ@?odgﬁgd ﬁ'?s disRive 26 damP ess.

measures the r at1ve novenent ocunent refer out ut |2|ng

any pri rindngaspailed undpendly, by, meany, usaps; the trackpoi fréftnwhen ﬂtééaegldd?q Mileand th

i nf 0{ mitatﬁahédm{tﬂefai‘@dél@ﬁw?ﬂ&equﬁem&ﬁp to \Evork dl-ﬁ,‘CEI ves information fromthe
rintin ea 0 it in ne at i Qs

ﬁeasure?rent ST V@?@ 8‘? g sﬁ’&ﬁgﬁé‘ﬁ? 08 Working apert bg?ege g’fa&r’lr 2 and

pri n20er i¢phaxideserigh eésotutioni andedynamuic range. s amkee ittart tdeahssdstioness & Ipeinting

Toverent aloen A Rihefied il o ShRr SN dicRGs BRelfIeANY o IEET rﬂlgalrm ts

command ccor a
nmenory, thedaeed ﬂ%aneﬁuf%& mw@&em ar manneigfp theusenf afpuehpady erence

Eit hgr oaeubg)ttﬂamn@aﬁérﬁﬂéima]g@y @&&ll%@glzB%bﬂb%dQHHﬁdioﬁgmbﬁd qt lstfﬂ& ¢ﬂ1¥femteh@n
ga n% 0 d? esh#ﬁﬁ tPfem%n %}eﬁ% anci 1ts reehamlty 1§ %Mlﬁrclzf CtC glrée[ gjfg?)e p\g féﬁt $ e Ec;u%
| nverst i opoiftbgevdtes ccahcbeleasily tembrdaal ire a tshegley Sapitep 6r Ecqiahnlr)w p) inclln‘amg 6 kes)
magnet | I fi
i cal SPRRRH keyBcon nont iyt sregpy ARpp, @ okt Pl sheftve dc 78 ﬁ%}iﬁfion
A "pri meynder yﬂkmtmhtmmt(ﬁevmzax(dcmprmbwm afj thef mucbmnmlmadmreammuteono %o of
Fi gs. Alg Q@mggﬁ%é,\be‘qhétﬁgﬁ?%gnal s as descri bed above. The detector
"detects the I]ght ul signal is preferably anplified by
an anplifier ﬁmpreﬁme} lmm pgfledn %a ns tWo, iopchypoints gre prayidedy ¢ figst touch
anpl 3¢ i egbikty aeh cﬁcﬁﬁdry fifch hfb¥es @ poiteufe8pehsiver theREd and aFeddnd fduEk PoRNAE Ny
signal is detecte detector 150 (correspondlng to

ot
det ect or EHITHW 1°g§a“~°§ﬁs°f° gr%@fnéﬁgﬁﬂe? Qubtracted (after anplification,
by anpl i f | er Ins@fuather prafetred @abollinhént of thy ibventivh ! the present ifvehliof cambé hsed as

Primary,, ﬁhﬁ'&%d 'trgnﬁaﬁjdt fLﬁi’/&“ﬁeﬁo&&"Heﬁéu%m&ﬁy& b f&?‘&"&gﬁﬁﬁg g&? dcab%e of

frequency onen
filters scBANIpg dmgsa, of text (orchsytother] patnmé and stonng them, for downloadmg later to a PC,

35 and/or for conversion to ASCII code using OCR software. An example of such a device is

shown in Fig. 6. A scanning pen 120 comprises a ‘reading’ head with a one dimensional or two
dimensional array of photo detectors (such as a CCD array) 122 and a lens 123, wide enough to
scan a typical line height, and a lighting source 124 as in conventional light pens. The pen head
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'136'to act as reference marks for the encoder and for correction of errors, which may occur in

reading the angle during a rotation. This mark may be read by optical chip 82 or by using a
separate detector.
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i 11 881 nati onFig 8rischschematie 8f wingotion sensor useful in a scanner, fax machine or printer in

which motion is only in one direction. Motion detector 200 includes a source 202 that is fed to
a housing 204 by a fiber optic cable 205. The output of cable 205 is collimated by lens 206 and
illuminates a moving surface 208, through a grating 210. Light reflected from grating 210 and
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direction of motion are utilized. In preferred embodiments of the invention, which provide
these alternative methods, mechanical motion of an optical part is utilized to determine the

35  direction of motion. In some preferred embodiments of the invention two detectors are provided
and motion in one direction causes illumination of one of the detectors by light reflected or
refracted from the grating. Two preferred embodiments of the invention, which provide
direction detection utilizing this principle, are shown in Figs. 12A-12B and 13A-13B.
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S7 at one angle, determined by the period of grating sections 402, which is visible to the incident
radiation and which partially transmits it. In a second position, to which the lower portion is

35 moved by friction with the surface whose velocity is being measured, elements 400 block

grating sections 402 and expose sections 401 such that incident light is directed at an angle
dependent on the period of grating 401. This allows for switching of the detectors, which
receive the light, as in Figs. 13A and 13B.
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58 reflection of it from surface 354 is also directed toward detector 362, The optical path length
difference for light propagating in the medium by multiple reflections (local oscillator) and
light reflected from surface 42 towards the detector should be within the coherence length of
35  the Source. Translation of the surface results in an oscillating detector signal indicative of the
amount of translation as in the previously described embodiments. In alternative preferred
embodiments of the invention, Surface 354 may be a grating wherein the local oscillator is
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polarizations. Thus, an ambiguity exists as to the polarization direction. This poses a problem in
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35  626'. Alternatively, the polarizer is positioned along 626 if the VCSEL polarization is either

along 614 or along 616. This forces the source polarization to be the same as that of the

polarizer, at the expense of loss of about half of the optical power.
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We can see that a signal oscillating at the difference of the two
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The surface has both x and z directed velocity (wth respect to the
det ecti&?qgweém. The overall velocity is shown as the vector V
(V[ err] ei n tHee aoplifidd signat aiaydre divided/foctwo] (or moré)erquaemdyl rahges. Selectibnrofdhe on)

on Fig. @B ?techaxﬁle {ne&bébgs%%ﬁttﬂémz%rédsfr&h% ably situated so that it

recei ves energy from fFface 12 includin
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respectivel yA preferred embodiment of an adaptive band pass circuit 899 for the rejection of low

frequency noise in the presence of a high frequency signal is presented in Fig. 27. A zero-
35  crossing detector 900 converts an analog signal at an input 910 to a logic signal at an output
920. When the signal is at low frequency (e.g., 50 Hz), transistors 931 and 932 are not
conducting most of the time, and a capacitor 940 is charged through a resistor 945 with a long
time constant (0.1 sec), appropriate for the detection of the low frequency signal. On the other
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frequencies., . . . Asstjg}lnt% 1({.or .Sl plici tgé %f exposi tion, onlfy nor mal
i | 1 um natSFOHIngs i &givee iwepal Motiondirection isdetormuied by comparing, the sign qf i zero
grating sessingCoroénd ehanhel (ag bwetopight srothéxh ot loanpioethe [sifnr ¢f the tsignaleinpbet
to thg X %(i Schi neg]ﬁi il(,-c\’(‘cl,a. e. Therefore, the detectors neasure the nunber
of cyel e R ol & rp eudo- si nusoi dal signal according to: [err]

where X and Y Noise eththetquadratuze signal cah vesylt ithadditicmati zero axssing cewpedf twetgro Z

is the t ' . _ . . nl e f
he Sour (o5 of Bud SienfC ﬁf‘ﬁ lo $h¢ Pt Aendl i Bot Lo Sigh B i Bl e
respect fappesite qud|they add togeradi Ploif 4 761@ FEOSTiAg Pe O Signg| laﬁg,ﬁeénutms, the
rel at ed tg9ddrein whiek ‘the zero crbddfrie8'ihlthe Twd Rhdrnels occur may be reverséPhnEiRNRlig.

D

Juogrind

one detecjor.,is.on the X axis err]= other is on the Y axis ([err]=
[ err]%02) Jirﬁcn°‘h¢ﬁ§°°t“ﬂ€ efrRfs i bpth M’%]‘&{;&Pﬂﬁé ngtGURLeer ) =[err]/ 4),
t hen: Errors due to reversed zero crossing events can be corrected, according to some

-preferred embodiments of the invention, using ‘majority voting’ over some interval. It is
assumed that the motion direction is unchanged within each interval (or ‘cell’). This means that
the resolution is compromised for enhanced accuracy. Conveniently, the zero-crossing counting

25 - process is performed in contingent cells. Each cell starts at the end of the previous cell and ends
when a predefined number of zero-crossing events or more has happened in both quadrature
channels. Then, the direction for all the cell is determined according to the majority of direction
determinations (in both channels or in one of them only) in that cell. Preferably, each cell
represents a fixed number of counts, irrespective of the actual number of counts in both

30 channels (thus, the resolution is degraded by twice the number of minimum counts in the cell).
Conveniently, a cell of size 3 or 4 may be used. The requirement that both channel counts equal
or exceed the minimum number of a cell is intended to prevent high-frequency noise in one

"channel from ‘taking-over’ the majority voting.

In an optical translation measurement of many of the types described above, according

35 to some preferred embodiments of the invention, the detector DC voltage resulting from the
local oscillator energy is conveniently removed using a high-pass at the output of a first
amplification stage before further amplification of the AC signal. Therefore, the high-pass cut-
off frequency determines the minimum measurable velocity.

65



[err] The foll owi ng approxi mati on can be taken: J[err]
Al so, if avwdhbRiego-D grating with a square unit cell is useasci/Regod1sD.

22B), then (assum ng also small [err] angles): - Jerr] =[err]2 =[err]
[err] dsfortheflrst order.at . 45 fromihe X axis
g 228, el bR Dptost nniiglich npspichient i §iedtor o it gvics (5ich 35 aitndfertr, o
or der datthmtpmntarﬂbv?db?, the IQWWeMeﬁy fimitatiomn nuyrbeckt ieqpogtant factor for the user, e.g.-

Subst It Ubh QB gk SRR B GRHE Endvﬁ%?ﬁépﬂeé {fpe%i%ﬁo%ﬁioﬁrb} t{m@ borfln, m[ 2pcrzl] z

- N3) In arderito eneblgdha usende slowdy moxadheenrser sonthit xman eiposiienedivithl a

axis coypl.ing an
cases wHésing argra

he sane ti enab

cmafles mplitication 519@6 %"Hfﬁeq%ﬂbaﬁ

er resolygtion in

i iesplt i pussgdh @eror

the two 1 %E&ﬁ’éz Ehé réka, Q'}naderaﬁe*'(?atli@ﬁﬁbﬁ 8 khar) Shig }Iﬁhsi ﬁl'tér%é}abé%séd‘e Z --

the 5 Ribysiigy cwse&o the filter cut-of) AMHAe wile xeogtively fedawtﬂeameasmédh@eldma@yt #&rthebut

when [err] Ls do

to one d¥ %&W&PPBQ%"ﬁ‘FFeﬂ“R lh%eg ]lmgt stcoh e ﬁﬂ?rh a@gur = Ifo%}fllf? H u&‘?ff“raﬁm

hal f - wayretheicdae zetohehild thecOFMois still GFithin dhe measurérmerittandwilith entdcntﬁl hovingh

et Qb0 or i dectiBfon batnifitay 488 e aBPheThRBAMAR Okt R o Y RERR ap QR R

(especi dbllgwingrtbé demwionessingaietestion, ! mcasiungg ﬂlﬁe@lmbrate (i.e.-cvelenity) amd réduicing i on
using t %h?sroi' Cveméﬁgewﬁéﬁ e colddt fafe ﬁf)}ﬁ‘eaﬁﬁ§ ithy MRk AR Bni? fa referrf:

dedi cated 2-D rating To convert to trans atlon a

t he axesmhodirpent of é‘%%mven OHXh%\G‘ZtI\Eﬂ fregpancy ds equiyglentto 2 mptign ¢f)less than about
0.5 mm/sec. In a preferred embodiment of the invention, the high pass filter has a slope, below

15 the cut off frequency of less than about 20 db/octave.

Fig. 23 shows an ideal curve 750 of cursor velocity as a function of device velocity. Fig.
23 also shows a curve 752 of cursor velocity as a function of device velocity, in accordance
with a preferred embodiment of the invention. Also shown, is a curve 754 which would result if
a relatively sharp high pass filter were used. As can be understood, curve 754 results in a virtual

20 inability of the system to move a cursor at a slow speed. On the other hand, the ideal curve is
not achievable, since zero and low- frequencies must be excluded. However, the gradual
transition of curve 752 allows for an accurate placement of the cursor, using a non-linear
transfer function. In an exemplary device, curve 752 could be linear down to some value, such
as for example, 1 mm/sec and cause no movement of the cursor for hand (device) velocities

25 lower than one-third to one half of the minimum linear velocity. Of course a different curve
could be used, having an even smoother transition.

The accuracy of optical translation measurements, as described above, depends on the
number of grating lines in the illuminating beam. Thus, for high-curvature surfaces, a planar
optical configuration may not be accurate enough. An example of such an application is the

30 measurement of the rotation of a shaft 600, as illustrated in Figs. 20A and 20B, where the shaft
radius may be small. For the measurement of shaft rotation, a device can be placed along the
shaft (on the side of it). To accommodate the shaft curvature and enable measurement of small
diameter shafts, a special optic 602 can be used as the front-end of the device component. The
shape of the optic is shown schematically in Figs. 20A and B. The diameter of the optic is

35 matched to the shaft diameter, and the surface of the optic is patterned with a one-dimensional
grating 604 whose lines are parallel to the shaft axis. A source light 606 is directed to focus at
the center of the shaft, so its phase is constant across the grating. Preferably, the measurement is
a Oth order type. A detector 608 detects the light reflected from the surface of the shaft and the
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[err] Still another possible configuration is when one detector
(720) is onWMes/4668xi s and two ot hers (722 and 724) are BGWESOPBE| |y
positioned relative to it, i.e.- [err] = O;[err]2 = [err];[err]3 = -[err]

and Al er iy, {?éﬂe%teﬁzfrorﬁg‘the%gﬁﬁé(ﬁﬁg': é%?é]?}rﬁ?lgf ¢ source ‘and U{E‘té& agaif thbat

1 + cos[efr cos[err cos

The fol | 6FFHY %@h@bms&m witle iespeshiocdhe sha b}\ﬁﬁl’%t IyodeifEom egch ofhereas showmat

the X anqho‘gtcleaﬂyﬁqqglgojg)ns WI I I be i dent i cal : Ay [err]
Ther ef ore,

70 R F6ht-ehd"opkic cafl g, PEREHART Gt shaf} dismeters canhpllays Bigh

a:c S?hs heresehmlont messuremdnt by doeking rat tnf]aﬁbstanhal postione oflithe:| shaft Pmemmtfx eremceaﬂy
e er nor e [ a onve en

of the DmiffRlidn f&Rion say, be ottpined by WRE oisfyieic Bafifl) ‘Gt HySHbarts G4 diBlhP

Any of t pertidat efctherlight rtMgeﬁbb& $oonsead mtotthe shafb durfacecdndadeteat glirecttorDbyrthe i ng

(t hough :Dﬂ}]ogonal g&gﬁia‘ﬁlon n%etﬂﬂd c!les?iﬁt;edba%o%) @%290%39 e?xﬂs aXb@vxﬁ%?fe %P ar

unit cel arate gr

i 'l umi natdawnlgymmenf poleuty)péntarlmagsf oft using ﬂxetaralngmho 19@ or 19B is m
cont rpbu {lliofh € 3hin0 Y Job A GREIMoP BE Ratth e rélfk: } th

It shgul gi 5P '}}11 Sigth 0? I‘Eérllogég dQHl ,0 22B aand er%ﬁstﬁglt’wwgﬁgluﬁg e %I(sa%%%tor
for eachipgytions of the hof di ffractlon in fact, each consist of a pair

of cross-pol aMatRe piﬁm@ptocwx%u 15 blﬁ'facéﬁlay induck hmeersdﬁowrhxmuﬁ 2Bl doa;ﬂﬁn 8fiéh 19 D
andaselerreueﬁ'yé [ 8 %‘gandlﬁ@geilgg? 0 at? ﬁ?t & E"i}e'
The t ot aP® stk Tho7 SBofinLnduces & Horpliy s ob e tplianthi shesteh fom e surtage; |
not hi ghand, in getdeaietherphase oftthy rddéatida svill @hirgge in Pesponse tpuebmbimador oDBdind Nt s
of t q? | oY ?nw}eiloocﬁics:[ R vparyot\éidggoufp?erthe relative contributions is to use measurements in both the
+1 and —1 diffraction orders (or other symmetric orders, such as £2, £3, etc.) for each of the X
and Y axes. Looking at the geometry of an incident wave perpendicular to the measured
surface, velocities vy and v, source light wavelength A, and grating line spacing A, the
. Doppler frequency shift for combined X and Z motion, as measured at the +1 order, is:
20  o+=(2n/A)(vx sin(9) — v (1+cos(9))), where sin(p)=A/A.
A measurement at the —1 order will result in a Doppler shift of
©_= (21/A)(- vy sin($)— vz (1+cos($))).
We can see that a signal oscillating at the difference of the two frequencies will have:
@4 - ©_= (4n/A) vy while the sum frequency results in 0+ + @_= (4n/A) v (1+cos(9)).
25 Taking two quadrature signals for the two orders we have the following signals:
At=cos(+1+®4), BT=sin(o4+t+D4), A=cos(o_t+®_), B-=sin(o_t+®_).
Using sin and cos summation rules we can form combinations that will both oscillate at
the sum or difference frequencies, and maintain quadrature relations:
C-=B* A~ AT B=sin(0+t —0 t+04-D.),
30 D =A% A~+B*B=cos(o4t -0_t+O;-D.),
Ct=Bt A+ At B-=sin(04t +o_t+O,+D.),
D*= AT A~ Bt B-=cos(0+t +@_t+®4+®.).
The resulting signals C-, D, have thus decoupled the relative contributions and
eliminated the spurious Z axis contribution to the X axis measurement. Additionally, the +
35 component can be used specifically for Z axis measurement only, for example for touch or
‘click’ detection in a touch point, without measurement of the zeroth order diffraction
When the Z-axis velocity is relatively high, each of the X-Y measurements can usually
be used also as a crude estimate for the Z-axis iranslation, Thus, the ‘down-and-up’
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an eye safely nechanismto reduce the chances of the laser inadvertently

hitting thaoswasss a user. In a preferred enbodi nent ofpctrhgggvunmnt I on,
an addltlonal detector is provided which is positioned to receive

| ht t f fa t at.t t ht
o™ of FREBERTOE S1obp oGk prRfoh o Rt Al bairietPl AT F SSRbIR Ba
pI aci ng theh&Cliodkd lopemt)ai usingehﬁ abrupt decelsertioneandtaceclieration by dhelfingatiohf toachingn
dth t d .
%gnvenle éJr% r(feEae ng f}gﬂl[ {el{?'[ %%%ggmgle?égﬁrgﬁ%lgefop e rl?tge%egﬁ I §/hef :Eijso]llzlte2 Z-axis
corrponervplosﬁﬁﬁu'néadﬂmm’e) isuseds descri bed above. For exanple, the
addi §i onal deifpid?’ meMyd 8P If&c% RelcHRRAHS %a‘ezuaﬁls an 1anona£ﬂa e hdukitd-

3A, 3B or 3C, and in ana ous |t|o I nent s escrl bed

above. fgtermination of mn?rs ofiop s } lﬁétreeﬁwngﬁhet #4 of g, £ oFia 2 Lot Of |
the det gpdt@h 700! ih mixeni tme (Rt&t(ﬂ rpairs, a z-demtot T2indodh xodasdtol( T04h@e vsbd o t he

't ace dsterming e 2 50 o e otion (ot Brie erahbiioent of B SVt o2

I i ght b@detectoo andheheaKdddtemraéach consistedfex pair Jof cmss%poldnza:bﬂemmcb,usmclﬁasst}gsml .

tur o SRR S My %%%E%fi%%{fﬂ? FiRRRLTSL ndFig, T shd MBI S76 g oI g P
bel ow sdfAB. The surfase day hothe and z 1r¢md wloaiw ﬂ“&lth respectoathp detectionesygtem) 0Ths ec,
the sour 9§ra115&re§déﬂgqg RowR 98 ik Oe&mavwzymstﬂ%bf&m flon and v:hﬁﬁgu drfardll'eg ht

I's inciden |t|onal det ect or e sourcel's on and
t he deviditgction)oniigdlres notion, if any exists. If no or |ow inci dent i ght

i s detected, zr-mtemum? wl reeefﬁulp gs_@tusttb@do thatl it frgéenada tlérl sméh dI émg %omThi S
pl‘ ocess | ea nti he | S| gha apoye e resno

is dét eéwi E‘%Hlﬁj?ftl?/ erify S, pased 0B Z; mgsion, &rf‘y@%fgrsegfcg, yhich is war
intr odusboi;vmns tivantellite bbmbrinally incidentperethe grativay) aXidetecton F04 lid st smlated thatit .
71 r

ot ect eegeiyes ffor examplel st ks difitatih A3 ld A8he Yo HABIGP IniFRY Ofkclifns
of m nutfiem S‘%l'fﬂ@e A8t am apgle éd’t"@h regpees to thegogmals The Pomal@e shifigd reﬂchOItsmitbﬂ eep

node t h@c-a&eéﬁ@lsl b'“‘as&i%ﬁ A@dnbiRfioR oF U DbEPleS RS oP el R @8d (F irectoiofiBlich 6 ©
100 |sectgn S I.n %vei% second or every half second). If during the

n2°petﬂi‘eosdlr aaeWitBFespgctso R4¥®, the notion detector switches to normal

operation. Let Ux be the cdiapoyene o the velocitytalang tha disectonbetoeer tHeestrd order and
conj unc&vo%sw 3. nunber of preferred enbodi nents thereof which
conbi ne S IEl’r es and various aspects of the invention. It
shoul d be undbr=sVgsi(d/RHUchs(¢p@2)f eat ures and aspects may be conbined in
different vayheaDhpplor offddl" irBhiSs GMROMIER shifd mdalireli MHCME! QarllPy. hiBEAHS
one or nore asPect e I nvention: e scope o e invention Is
def i2hed respestivel o| | OWI ng claims and not by the specific preferred
errbodl rrents d“i&ZUkm@p”V@d As used in the foI | owi ng cl ai ns, the words
"conprises” conprising”, "includes”, "including" or thelr conj ugat es
shal | nean Fﬁc?gd?‘ng but not necessarl ly limted to"

The velocity along X axis, Vy, can be determined from the measurable quantities Fy

-

and F, by combining the above relations to:
30 Vx = AFy/sin($) — AF ctg(9/2)/2.
If the first grating order is used, then sin(¢) = A/A, where A is the grating line spacing.

Vy = A(Fy — F,c052(¢/2)).
When ¢ is small, cos2(¢/2)~1, simplifying the Z decoupling:
35 Vx =AFx -Fy).
For determination of X and Y motion, three detectors are used as shown in Fig. 22A
which shows the detectors at the focal plane of system 700.
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72 1. A nmethod for determning the relative notion of a
surface wit hwoospens to a measur enent devi ce conpri Si n@CTAb99/00137
illumnating the surface with i nci dent i1lum nation; detecting

2 T PR ot O Pl Rl e ing i redlleO  BerhR et b B S G By
of said fideBectiongfal smdl pgtlon of the dlupimating beam infag anglea@ﬁ e, ﬁmne@hzqm oeder
First diretd) o déﬂécgel b é bs r?aa&is“ﬂfgén,'lﬁﬁ%e a})opgler fr&;‘a Nhov N

the directiagn perpe ace; second

portion ofmytpked bycl ﬁ@ﬁ@)ﬂcpiﬁﬂaﬁel@o it wilk exaethemateh She Zﬁélsﬂi’ti‘ﬁ’c@“?hng tothe 5

secondsdi rxeﬁd%xxs%éame%ﬁtsféxﬁﬁhﬁwe&sé&écoﬁblfr@vdfmon to form a second
det ect ed si gnal

|at|on .sai d seco n. bei n
responsi ve to tIPnén a’éﬂfra%tp%ef%ﬂ Fc gbadiuent of the jvention, it m‘f 6@,6 1 degapls; the
fromthe feffests o Xr#dtZ difectedaneticagsinptonly hexe-kérd mdmaﬁagnans: Thisan®be desirgble

since it avoids detection at near zero frequencies.

Assuming, for simplicity of exposition only, normal illumination, three detectors i= /..3

10 are used, each representing a grating spacing of /;, and are positioned at angles » with respect

to the X axis in the X-Y plane, Therefore, the detectors measure the number of cycles, Nj of a
pseudo-sinusoidal signal according to:

Ni= %i (X cos(ry)+ Y sin(y)) + ¥} - Z(1 + cos(h)),

where X and Y are the translations along the X and Y axes, respectively, Z is the translation
15  component along the normal to the plane, A is the source wavelength and ¢; is the i~th detector
angle with respect to the illumination direction in the reflection plane, and is related to A; as

sin(g;) = % .
If, for example, one detector is on the X axis ( y= 0), another is on the Y axis (7=n/2)
and the third is at 45° to the others (y,=n/4), then:

M -—-7\{1+-i—(1+cos¢1)

20 Njp =%+—/Zl—(1+cos¢z)

2 xX+Y Z
N e e —— __.1+
3= A +/1( cosg3)

The following approximation can be taken:
1+cosgy =1+cosgy =1+cosg3 =4;.
Also, if a simple 2-D grating with a square unit cell is used (see Fig. 22B), then

(assuming also small ¢ angles):
Aj=Ar2=A

" e Vf

where A, stands for the first order at 45° from the X axis. In Fig. 22B, element 710 is the Y first
order detector; 712 is the X first order detector and 714 is the X+Y first order detector.
Substitution and rearrangement lead to the expressions for X, Y and Z:
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di rection paraIIeI to the surface and in a direction perpendicular to the

surface; ’ﬂ] determ ning the quantity of rel atpergrLowoo1sn
parallel to ? e surface free of effects of noti on perpendicular to
t he sur ag&%o SEI d first and second detected signals. 2. A
met hod BQ] claim 1l wherein determ ning conprises:

gener aty¥ ag\: N3t-th signal fromthe first and second signals, said third
signal being 20 free of the effects of the notion perpendicular to the
sur f aceZ =ahd(Ny + Np - N3)  det erm' ning the notion parallel to the surface

fromthe thd rd si gnal . . A met hod according to claim2 wherein .
gener ating gp cﬁﬁts k'tf3h ﬁlﬁn’hr}@ and ¥S§ measured Qtrtﬂe W&Q&Sctﬁts%@l}&ng&’é

. A net ho ccor I ng tocalml wher ei n, det er m ﬂ@ I‘ISéﬁ h
det er nithe measured exivoThiseliminglee 1 Z<PXiy PPRRIDB ARG FHohp < 0B e

det er mb@h&&eaﬁ@mnﬁ%emhére thd@ofiee aitectidnrie erosom ﬂhe petpehdicalac tnohesofghal ;

and determ ning notion parallel to the surface by correcting
theMeWéﬁessecond 30 notion by the deternmined first notion.
5. A et hoghtRaeREspIRds kienikinyo th latten, bus whed Ayisadambtedt he first direction
does noA1 ha}yf =N conponent parallel to the surface.
73 6. A nmet hod according to any of clains 1-3, wherein the
first dhg ectd, has a conmponent parallel to the surface. 5 7.
A rrethod ac |ng to any of the preceding clains wherein relative notion

pe ][ loe n fll cul arm& @oﬁﬁ@rﬁ!l{nf i8Quivaledletoesnd mettdramteﬂlegn agisPasedond onhthé Y ams: Ee
reflec i on ceardi e
pr ecedﬂ’i‘g the Q}“ﬁilsh%lﬁ‘é@% FvesR dhem ﬁeﬁd:s %&%&)ﬁ ssogtg‘ @‘ th gt(:a 8&%‘1% gsl frc])%naahnéﬁa?éht
quaget i tiihepln Fed. 611d20467 lztbindwatqsathaI(XéY)/ﬂa:otrtbmeslumrﬂeméetmtmeéﬁhlg/ ccbnftg’wattm i§ wo
signal s ut. dete e Ckar
ot ne TEHere, for FiaBLiQig biiBoddiHebiebikig enuliiny Td e oo S -ty
first ciiteetiondeteétipmaisingsthe static phaseshift). It is als‘tléﬂlséb’ poinpbly with |aaiﬁi\9étea€rl? on
per pen%}ﬁgg_g{mhg t he surface.
' To convert to translation along the axes in this case:
X =A(2N3-N3)
15 Y=AR2N3-N)

Z =—'2—-(N1 + Ny —2N3)
ks
Still another possible configuration is when one detector (720) is on the X axis and two

others (722 and 724) are symmetrically positioned relative to it, i.e.- 1 =072 =373 =—7
and A1 =Ax;A=A3= Ay(see Fig. 22D).

Assuming again that 1+cosgy =1+cosgy =1+cosg3 =k;:

X ky,Z

Ni=—+
L N

k,Z
20 Np =——(Xcos7+Ysin7)+—z—
Ay A

. k,Z
N3 = —L(Xcosy—Ysm7)+—-z—-
A,y A
The following selection is conveniently (but not necessarily) made so that the X and Y

resolutions will be identical:
Ay
siny +cosy

Therefore, defining: £ =

Ax=

1 _cosy_ siny and rearranging:
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15 10. A nmet hod according to claim8 wherein said first detected
- signal is rawQe9sEse: to relative notion parallel to theCsukyoses?
11. A nmet hod according to any of the preceding clains and i ncl uding

det er m ni pg_tie _ Nk fy of relative notion perpendicular to the
surface. x '2k(§1?k_ (w%f%phod according to any of the preceding clains

wherein d?tgg/ﬁgv:ggﬁ quantity of relative notion parallel to the
surface incldae et e€t’m ning the quantity of relative notion al ong

two non-coli ”eﬁéred%%aﬁﬁtthé"zs axi$ds decouplet3-and AAsd BleNREbIBEGPIANPA EvenaRYndat-
the preceding ¢l ai wherein the illdmnation is per pendi cul arly
i nci dent Pfpensicudasmotiog to any of the primary axgs.net hod according to any of the

precedi ng cl ai FEtheaoR] fordeicdvtniag &eaRtionSethé?. axis eh@lfidh| ¥ i€lst @6 tan(P=2,

15. A nethod according to claim 14 and incl udi ng:

74 3. 8O reflecting or diffracting a portion of the

i |1 uni nat i,on 4 gﬁ anVphj¥gd, which is part of t he measurement devi ce,
to act ‘as“a ko¢al Losci Iyl at gt . 16. A net hod according to claim15
wherein the oﬁj ect is a partially reflecting object 5 t hrough whi ch at

| east one of tAry pfithedietecton arrangementsanin ibeltimprodudtof apingle2-D grating (thoughin A

bl L. ot . ity
TE1 i na Pt B b8 oBtupdded 41 By 0P i i QY MY b A & e
any of clsepamste] sratipgwhpretarably Hlumi)ated; by sdiffarent @ortians ef¢he initial Bepnt,aeash
19. 1A "Bnfashiting @066k BELilldordb ¥nB orelor kWS ddtéetdB. Wherein the object is a

grating. It should be noted that while Figs. 22A, 22B and 22C show a single detector for each of
the orders of diffraction, in fact, each consist of a pair of cross-polarized detectors, such as
those shown in Figs. 19C and 19D and as element 512 in Fig. 18 and element 576 on Figs. 19A
and 19B.
15 The total power of a source used in devices of the invention is generaily not high.

However, it may be desirable, in some preferred embodiments of the invention, to provide for
an eye safely mechanism to reduce the chances of the laser inadvertently hitting the eye of a
user. In a preferred embodiment of the invention, an additional detector is provided which is
positioned to receive light reflected from the surface, without at the same time receiving light
20 reflected or refracted from the grating. This is easily achieved by placing the additional detector
between the zeroth order diffraction and the first order diffraction beams or any other orders.
Conveniently, this detector may also be used simultaneously for E.2 component compensation,
as described above. For example, the additional detector may be placed between elements 34
and 40 in Fig. 3A, 3B or 3C; and in analogous positions in other embodiments described above.
25 Light will be incident on the additional detector and the detector will produce a signal
only when an object (other than the grating) is positioned to reflect light to it. Thus, if neither a
surface or a finger or other object blocks the beam (and thus reflects light back to the additional
detector), it will not produce a signal.
In accordance with a preferred embodiment of the invention, the source is turned off
30 whenever the light detected by the additional sensor falls below some threshold value.
Periodically, for example, every 100 msec, the source is turned on again for a very short time to
check if light is incident on the additional detector, If it is, the source is kept on and the device
measures motion, if any exists. If no or low incident light is detected, the source is extinguished
for an additional period. This process is repeated until the a light signal above the threshold
35  value is detected at the additional detector. Preferably, hysteresis is introduced on the threshold

to prevent parasitic oscillations.
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15 20. A nmet hod according to claim19 wherein the grating produces
essent i-al | woaol4gsoa singl e order of transmtted ill um petmcs/ebizat
illum nates the surface. A nmet hod according to any of clains

15-20 wherein. .the illum nation.is | east artjall oherent an
wherein the gﬂ ematively ¢, a&?@lﬂ’nﬂb{’h‘f’gﬂ‘t %“P&ﬂ@r‘§ HE'Q&F@ rfﬁ‘i A F%‘T‘Fefqli‘é‘“'fg pemg
i1l um nér e:xambleo fortdne ovlar iumatser of minutes, B motio\deetbn goasdntor li‘shgpptmodey/ Inof

cl ai ns [4EI i h

refl ect é}f’ ﬁ%?pmﬁ’l%dgttﬁ% &%?ée?slcn '|] %&P le{i)%;“g tlféﬂagiﬂrpﬁéﬁ%ﬁtg& 8’?311?’{(;98p0‘§u100
said si gnlsli_ssconds in eyery o#rondiar eviery halfzsccond)i If dunng itha fion'hperied, motion ke
refl gct ﬁgteéth Hﬁhbgﬁeéﬁﬁr%télﬁQf(;nﬁﬁfal Bﬂeﬁﬁ} coherent at the detector.
23. A net

accor to an recedl ng ¢l ai ng wherein said
i |1 um nati onThe preseafowpms% %s bgen eémﬂ@érﬁpoqomwum fath @ sumbenof preferred A

rreE hod éﬁxﬁ@dlﬁleﬂﬁkl ﬁxgreaﬂmah dondbine Gftﬁﬂis riEatﬁieaIa?a M&gse efkefo@rtmef ﬂitvﬁﬁhdrh £9:
not i on | nNcl,udes e.sense o (0] e no
T2 O™ should be Miggiood Aiat hev deqtihes 4B{ SSTRCTS MY DA Gopbinedip ShHTER HatH
sur f acevirlidu enstrid@nénts of ¢he inventionanay ichide ﬁe\dr(more @spaets of thg invention. The

A R S Yoy Rl i R rbf B b ShesiiE profered

coher enemiaodxdmntscﬁésagbed labovd. | Aisriused iimrthe rfeﬂbwmgedlamhs,dim womls "womprses”,
til ﬂ "| [n i Od e f C i t
\l/Jvals Inélt e ¢ ecq d}%{%’ sglrlga(?:ﬁelg agjr thig# g‘ﬁ?‘g%*‘f* oScCl Itn?éakl ltﬁaﬁikggurﬁ a?tt

| east tW%S%llgﬂte to". det er mi ni ng t he nmagnit ude of relative
notion of the surface fromat |east one of the two signals; 10
varying the phase of at |east part of the local oscillator illumnation

Wi th respect to at least part of the illumnation reflected by the
surface; and determ ning the sense of the direction of
relative notion parallel to the surface based on a characteristic of
the signals caused by said varied rel ative phase, wherein the
| ocal oscillator illumnation is generated by reflection or diffraction of
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15 incident illumnation from an o the surface that is
a part of t W0 99/46603 neasur enent devic n "m Inﬂﬂ "”fA met h@aTALWWIE’ng t o

claim25 wherein the illum nation has & cbherericesl ength and wherein
t he object and the surface are situate n said coherence |l ength. 20
27. A nmethod for determ ning the relggggéggntion of a surface with
respect to a nmeasur enent device, conpri sing;

i1 Tum nating thg mefHoaC ?ofr“’d&tl%nfgﬂgirgd% rélhfi ogf %J%Brﬁ&afwﬁhh?espect to a
illunmination is Oﬂ]pOFtIOﬂS of the surtface;

coherentlyme%fWﬁ@’quR“smm nation reflected from the surface

utilizisng illubdingfin @id@afad@wimednddhﬂmuaﬁhamh cident illum nation that
was not reflect c%}/}glesufac SCI|| tor

| east two signd uminaion re%@égrffﬂ%lt%s‘{rﬁ’@aﬁ‘ég aﬁf r’i"e‘ﬁeﬁfr gxgr}al

noti on of #nde surface from at | east one of t he two S|gnals

varying the ph C II

W th respect "t oty R BE ko ye yion el RE e st un Y a%iéaftﬂone
sur f ace; adﬂuectedmgnal : determ ni ng the sense of the di rection of
relatiy i %f{@l to the surface based on a characteristic of
t he signal s caused said varied rel ati ve phase

76 said detelmmﬁs dgtadesisereesing fop s affestsf relativavmetion perppudicular to
gener at ed- dgy shgdckect i on or diffraction of incident illumnation from
an object that is a part of the neasurenent device and wherein t he

i 1lum nation has a coherence | ength and the object and the surface are

situated wa.t hi nA methods adcdnﬁ@ﬁar elnge] Ivﬁftgstnln saiB at least oif3. slgnaaccsfﬁpﬁsesl afkast rtd/bng

et hodihe cORthn gt (ertand S 34smal whith i€ At b s HhoiBrenaled i, 8 Fisopecingly

a Si mglaave) m!bapn perpendinglat tot thel surifdce mnd at least dnlaatcanldlslgmhurhmh i¢ &ffected at
sur f ace. Igphﬂgﬁ claim 28 wherein the surface is
pl aced wt ”?Qm‘m &P@%ﬁ%@&ﬂ#‘a@? a8 grating 31. A et hod

accordi ng to cnahmmsiemmren& cemen@@rde@e@mmg ﬁlemn@afﬁlwet metigre paraligldp d
of the grahé Btfacd From the twddignalsA Method according to any of clainms 25-31

wherein varying the phase corrprl ses i ntroducing a static phase change
and wh# ei n determining the sense of the direction of
3. A method according to claim 2 wherein determining comprises:

determining a first amount of relative motion from at least one of said two signals, said
first amount of relative motion including a component parallel to the surface and a component
perpendicular to the surface;
25 determining a second amount of relative motion from at least one of said two signals,
said second amount of relative motion including a component perpendicular to the surface; and
determining the amount of relative motion parallel to the surface responsive to the first
and second determined amounts of relative motion.

30 4. A method according to claim 3 wherein the second amount of relative motion does not
include a component parallel to the surface.

5. A method according to claim 3 wherein the second amount of relative motion includes a
component parallel to the surface.

35
6. A method according to any of the preceding claims wherein relative motion
perpendicular to the surface is determined based on a Doppler shift of the reflected
illumination.
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relative notion conprises det er f the direction of
rel ati ve nwpdiegmssofised on q‘“ﬁmﬂmmmlamf t he si gnpcTmId9Me37by
said static phase change. 20 iy according to any of
clainms 25-32 and incl udi ng: dividing the illumnation that is
reflected fromthe surface into a first illum nation having a first

phase an@. a sAcmetfiod Iacamiingtd ollaim 2whegein detenoiningpémmsprises d2fsrminig the amount

FFIt B(r)n(jln(z;1 | ongta\%&g nfcé er ent poI ari z é]?]}&‘agf&&ﬁrthé M&%g&ﬁ& b&mrret § aciggg%nﬁg

to cl ai maBeumrof g¢lative matigiperpendicnlaritel thepuefeedr i ses passing the
il lung nation incident on the surface through a birefringent material. 30

36. Arrethod according.to an .of_claips 33-35 wherein dividing npri.ses
passing Bhe methol aceatdiagte Flaiar] Wheteth saich Jep ook speand %lmaée@w%atamally

birefri nﬂéteﬁmﬁedﬁymﬁtlve motion perpendicular to the surface.
77 A net hod according to any of clainms 25-34 and

i ncl udi ng pl aci ng a bi refri ngent mat eri al between the object and the
surface. 9. Amaﬁod acodrding o dlaie Gowlitirein said at lerstnor@/senéral sigmal i signa] biaked
bi re&tl ngﬁg?)ogﬁ between 5 t he object and the surface is operative
to calse &4 um nation to pass through the bi ref ri ngent
material tw ce. 39. A nmet hod according to any of clainms 25-38 and

i ncl udi ngpdet W:ﬁbﬂbﬂ%&&ﬁn to claﬁ%ﬁ&% a{i0at 3436 sné’%ectoﬂ@ s&h s?ﬂxaﬁ& {ohe

noti on ut|I|Z|ng t wo ors roduce 10 ferent
signal s MW@?@W@%“’S@%@@W the direction of the noti on
A et hod accordl ng to cI al m 39 wherein deternmning the sense of the

directio e cOo s det .sense of the.
diredli o 1 roﬁ f"r‘?g‘og It\‘é "’gﬁé’f fhe preceg ‘3?"8%0 (gé‘f“&}écgﬁg %ﬁ@“ﬂ‘“ﬂ% ignt
det ect edamngmtaifselaﬂfemotlonplei'pendumlareo kiecsusfacomr di ng to any of clainms 25-40

and including linearly polarizing illumnation reflected fromthe

surf ace. 42. A et hod according to any of clainms 25-41 wherein
det er ni nilg t Hempthgd acepsdingfto any of the preceding claims wherein determining the amount of

relative motion parallel to the surface includes determining the amount of relative motion along
20 two non-colinear directions.

13. A method according to any of the preceding claims wherein the illumination is
perpendicularly incident on the surface.

25 14. A method according to any of the preceding claims wherein detecting comprises
coherently detecting.

15. A method according to claim 14 and including:
reflecting or diffracting a portion of the illumination from an object, which is part of the
30 measurement device, to act as a local oscillator.

16. A method according to claim 15 wherein the object is a partially reflecting object
through which either the incident or reflected illumination passes.

35 17. A method according to claim 16 wherein both the incident and reflected illumination
pass through the object.

18. A method according to any of claims 15-17 wherein the object is adjacent to the surface.
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t he zero crossings of the
signal . - WwO9%4603 Apparatus for deter u ‘ ,uﬂmmma sncmmmnml'latwe
to the apparatus, conprising: K;
detector, which produces a signal responsi Ve ‘to'li Yht® i pi ngi ng t her eon,
attached 25 to the optical block; and a source of

i 11uminati b t hAtmgthod acuesding tamynaf cloims 15- -pomhersn thie swrfacshispndbesear field of
through t hg, t&lbj%%{( is reflected by the surface and inpinges on the detector
after passing t hrough the optical block; and circuitry
that conputes the magnitude of the motion parallel to the surface, 30
responsg ves0 t Renéthéd ddcording to any of claim¥isi § whefin the duffhctdl duititiRthe near field
illum nates_the surface.

78 of the grating. Appar at us according to claim43 and including an
object within or on the surface of the bl ock which reflects or

part | mpi ol ng AHECL fespeltle iy st Ppinsy [ S YRR RE el SR B e 1 or
coher ent detection of the reflected illum nation by the detector. 5

r s pecfb [rgﬁmd h%heflSd %crer}cﬁe%g) %}E‘iﬁx b WhkteY e }E%Htﬂz% p%dlﬁeé Egsreﬂfa?lyvdnﬁya single

measur conpri
i |1 uni nat i ergex mrmitmdennmmmmmau@nmmawsam Mfamn such that the
illumnation is reflected froma portion of the surface; 10

detecting at Ieast a first _part of the illumnation reflected fromthe
surface to2¥o anethod accpxdrns& tocpay Of chagms; | 3pdd wherein the illuminationyistat daaptpartially

least a s eé‘dliéﬂmp aid whtrein@e bbjebins paick@WithRf the ehbiferice N 6f theillafiatiéh frehm
a second det ect ed signal; an determ ning the quantity of

relative Y5ased on a Doppler shift of the reflected 15 illunination,
wherein the flrst and second signals are in phase quadrature and the
detectiOn 24, | AT SESAMABRY bF Baflf 234 Bherein tye focal Aeiator AriFHARh gua
t he direct therreBécted llhummethmanedncmwpumﬁ legstt anesdgtettdri ﬁospmdme seid signals amd
si gnal s. W herein_fifé/local ﬁse re‘%}oﬂluﬁﬁﬁﬂfoﬂ' 80 1R fonekiy 4RuinafbftiaR 46 188¢ partly

|nclud|ng etermnin ative
coherent at the etector

20 the relative notion conprises countlnT

25.  Apparatus for measuring relative motion between the apparatus and a surface
comprising:
an illumination source, which transmits illumination to illuminate the surface;
25 a first detector which receives illumination from the source, reflected from the surface;
an object which reflects a portion of the illumination to said first detector, such that the
detector generates a first signal based on coherent detection -of the illumination reflected from
the surface with the illumination reflected by the object as a local oscillator;
a second detector which receives iflumination from the source without receiving
30 illumination reflected from the surface and generates a second signal responsive thereto;
a signal corrector that adjusts the first signal for changes in the intensity of the
illumination, based on the second signal; and
a motion calculator that calculates the relative motion responsive to the signal from the
signal corrector.
35
26.  Apparatus according to claim 25 wherein the illumination from the source received by
the second detector is illumination reflected from or diffracted by the object.
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notion in two non-colinear directions pa m face. 25 48.
A met hod 8‘96%/%6@9 to any of clainms 45-4 W“‘“ “‘“‘ et PCTVILI9/0137 he
relative notion in a directi on per pendrcut ar® td the surface

49. A _met hod accordin .5, 455 48, rein,deter

rel ati vd- notARpgratus accOEﬂ%Fq g‘é&“gg %W&eﬂ%@? sigal 8?“3‘it° tsotﬁg of
said f|Ms1§ﬂdf&@%ﬁmltmab&ed3ﬁtheseconﬁﬁgnal A net hod accordi ng to any of
cl aims 45-49 wherein detecting conprises coherent det ecti on.

79 51. A method for determning the relative notion of a
sur f ac@8wi t Appaspec aceooding to claimn@Zswiessinrihe dégnat sorredsan iclydeg 2 difference
HHym li'ilﬂrm? ré&ﬁ\te@(:tﬁ ‘rﬁ‘r& bH@ Rhibtedcts He\RESM sighAl NErdhat td Bﬁ)duce an
i1l am na ? romportlons of the surface;

coher eradjtystedéiretcmm@ the illumnation reflected fromthe surface using a
detector, to forma signal; ut|I|2|ng|IIumnat|on

derlvedfromsaldlnC|dent 1 1.u I on L hat S no cted t he
surface9as AIRFEANS ycerdingiola n%#]wi‘ %ﬁ@n\éﬁ OTRE "rél?clhb‘ﬁe‘s a fjogmalizer Lt

det er mirgidpessiheadiiged fitsdsignd] ané hetmalizesiittwitirrespiect tocthe sechad eighalom t he

5|gnal 10 characterized in that the local oscillator is focused onto a
smel® area of the detector, such that essentially only a single

spati al30r qu@matus)ﬁccbhhngtafdlant%’dWhmmrthﬂampamuQ imchadesin i nterference
field wth Saﬂxﬁirdl & %&or\(}vﬁgt' llek%&rﬂlﬁl u?ﬂi%n%ﬂé'&&i)?mm the surfaces%lthout"i'eéﬁ\hﬂg’d

accordi ng td um nati1on used fo

osci | | awbstantgal nBummggrecfrqm rthe @h]eﬁh op o (e S%EHF%@BNP‘?‘B‘CF%@ &é’ae%ﬂ?ll “@ 0

"d

limt t@%oﬁ&ﬁx@fet@fanamlerem i1lum nation on the detector. A
met hod a ordlngtoca|m51 or Icaim zwérei t&g det e nlngthe

maghi t ude  the sigapl qogestor cuTech: the A Jeﬁﬁ‘gﬁligg 3’36%{]%} fHF B g’i‘?é magni t ude of

t he reI ative notion parallel to 20 the surface. 54. Appar at us

for ln:::] | ng raer'\elzt%é ! %? Irrrlgéslilil%?lg |bﬁ ?ﬁ\éﬁ/%n n{otl?i%n agw egltn \l,':ﬁllﬁg a?atﬁéj r%ac g surface

conprl nation source, I's use
i |1 um novneprising: sur f ace;

an illumination source, which transmits illumination to illuminate the surface;
20 a first detector which receives illumination from the source, reflected from the surface;
an objéct which reflects a portion of the illumination to the first detector, such that the
detector generates a first signal based on coherent detection of the illumination reflected from
the surface with the illumination reflected by the object as a local oscillator;
a second detector which receives illumination from the source without receiving
25  illumination reflected from the surface and generates a second signal responsive thereto;
a signal corrector that reduces the first signal by an amount proportional to the second
signal; and
a motion calculator that calculates the relative motion responsive to the signal from the
signal corrector.
30
32.  Apparatus according to claim 31 wherein the illumination from the source received by
the second detector is illumination reflected from or diffracted by the object.

33.  Apparatus according to claim 31 or claim 32 wherein the signal corrector includes a
35  normalizer that adjusts the first signal for changes in the intensity of the illumination, based on

the second signal.

34,  Apparatus according to claim 32 wherein the apparatus includes:
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25 a det ect or V\um:“” u“ |“ um' nation fromthe source,
refl ected frwoweskesosurfa recei ves a porti ORCOALIING137

il lﬁm Eatl OE wi t hout said porctl on bei ng Teflected by the surface,
the o i1 namhEakakorBAPLALES bt BRE% S0y RR Shatle SRAGE MG

i |1 uni nasybstential élumiwion from tho abjdct ar drom e sasiree akd @rcsiugmaa thigd signal in
frequencyegp s@tt&qetg &nof relative novenent; and 30 a nmotion
cal cul at or ™t hat galc ates the quantity_ of rel ative mot i on, responsive to a
caunt of zer othersignal epyeector cﬁllﬁ@t%ﬂlgﬁ@PSted signal based on thefhitdesignal-ne det ect or
inclugles a high pass filter that filters the detector output to form

d
55, " aoSr ar ABpEmS, frmeryTioE IS WOUPR, b g apd o swefece,
sI ope of cérapdsthgran about 20 dB/ oct ave. Appar atus accordi ng

t | ai m 54 55 wh ass,.f b k t
2t & frequench® HRFHERRR ARG YRl Maeilipes Mktlﬁ Babout 05
m sec. a fitst detectapphichirersives dhminatg)mfmmﬂ;c sofirce) mﬁn@ecsﬁeﬁaehmmfaee,n t he
ot i 28 cal cul @lll 8@8031 whicl ?EE%UJS %L(%Eum tﬁyﬁﬂfﬂlﬁ% éﬂxfto s?.ild%kt\’@et ' Qﬁa\&,@ése'

to the surface. at us accor
and i ncl defe¢ter generates a first signal cqiereeé detpcttqmanf tbeul%mxgamn tcﬁa@@d from

second pﬁfetsuﬁﬁcet\bﬂx tHe 1%&@&6&&115&&& EﬂH’eQ»bJect 252 fotfBsiliftopur face to forma

second det ect ed gr&a@ util1zing het ent ect1on, wher ei n

the notion def&tPBf dglestar Weh@gelmé a@mppwe ted dToxi theSurfate Withah ses6iViNg a
15  Doppitetantiflli filum@dation &rong fthee 6bjeet drafldratthe Bourvd ehid produbss $sedad siphal in

secongl detect e s nal are in phase quadrature and the detection

conpt? seEHYKE ’e det ect i on. 59. A nethod for determning the
relative noti mmgn&l @oreatof fee redutds the Sipst cignhbbyan amoumbgasportdomal o theviecand
conpri SI gn placing a partially transmtting object as part of
t he measufi ny diew ce, adjacent to t he surface;

i 11 uni nating @ metionchlgulatonithat calawiatee e telativermesion aespensive torthe sighal from the

il um na&i?ﬂé]cbﬁ-ector reflected fromportions of the surface, wherein at

| east par f at least one of the incident and reflected illum nation
pass€$ through the object; 25 detecting the illum nation

reflecteggfr OKpjbh‘@tus 'décfo@&'ﬁg td m;g@ma;ﬂfsesasdﬁheeﬁa&ﬁe sbjetxak partlally trandiﬂttﬁign

R e e e

det erm nllhtyumttmnroé‘lthﬁswfacmpnssasnhmﬁghﬁ;e ob}ecf ace parallel to the surface,
fromthe

-
o

25 37.  Apparatus according to claim 36 wherein the illumination has a coherence length and
wherein the object and the surface as situated within said coherence length.

38 Apparatus according to any of claims 25-37 wherein the object is a grating.

30 39.  Apparatus according to claim 38 wherein the grating produces essentially only a single
order of transmitted illumination that illuminates the surface,

40.  Apparatus according to claim 38 wherein the surface is within the near field of the
grating.

35
41.  Apparatus according to claim 38 wherein the surface is outside the near field of the

grating.
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L sl ot AT M ™.

81 : A et hod accordi ng td ctai®m s59*or claim 60 wherein
t he obj [ artla refl.ecti wher ei, t. of the. i.ncide

1 unt T onApRRH AerORing B9 auy Ok ISBtII 4, W herein the ilurBielion refledied A BEonce
i um ns‘iﬁ'faeé\ afd dhevilkurpinaticte reflectednbp the biject! are rat rledst gartlys coledneant antthe first
utilizi g aldreferencelllumnatlon 5 62. A et hod for

determ Tthe relative notion of a surface with respect to a

rreasurerrent devi ce conpri si ng: illumnating a partially
reflectg andpRatdd #8d Ye  lthé 1AV Sbtide bf 35hurtith! fltn! Respect 1o AT
of t'he measurenent device, an Ich I's situate jacent tot e surfac

(12, 42rpeaswem¢nléewc¢,ﬁ@maesmg1 | umi nation such that part of the inci dent

illumnatio r!muﬁnﬁaeifngeeﬁé QffRE wiihfihéiagiteDurkination suchith® MSilRGiinatith igréRERAENCE

|IIumnt|on andg reflected fromthe surface;
cohere ‘PT?PBQ‘E‘EP ﬁ&ﬁ“ﬁgcq’l | umi nation reflected fromthe surface utilizing

; he r eécmewnﬂlgz detdcting ries illiiimnitﬁngﬁﬂeét?d dromn dies aqueled xﬁilaﬁgl ﬂluﬁifilihtlon
eterm the relat.iv ion t surfa aral l.e e surf ace
Fr ot ¢ 1prizad S, i ineidon ipination' (he S "R peBY 1Y ped e cod p T
t r ansmi assillatoratodorme 2t leastitwo srgfnalshe object is spatially varyi ng.

63. A net hod | %lg

transmtting o% ecég%%agﬂ qu’g?éel%v \é}?&? as pg(%x?ﬁg a hﬁslg%st?ﬁ%[ﬁieﬁllgftwth

i nci dersignalsy ref | ected illum nation passes t hrough the object.

64. A net hogyiagaRs Hhﬁg otfqa Tdadi PArbér Me 16&@10%1&‘1&0%%{&1&1%6%@6&4&% fo0f Of
A nmet hod according to

the object is tlal 65.
cl al®m G‘GaStSPa’EPQﬂ}WB PR %@t&éﬂ‘??‘éﬁ?’ﬁ“ﬁg conpri ses peri odi ¢
spatial var ld?dtdmﬁmng the dxrecﬁﬁn of Aelﬁﬁwoﬂotamc@aﬂuan té athangurfate Waséd®n5a- 65

g/lhaelglelngc Ia ?18 %Js %a(fw rapgggelat'{v%ephsagerface conpri ses:

44, A method according to claim 43 wherein the local oscillator illumination is generated .
20 by reflection or refraction of incident illamination from an object that is a part of the
measurement device.

45. A method according to claim 44 wherein the object is adjacent to the surface.

25 46. A method according to claim 44 or 45 wherein the illumination has a coherence length
and wherein the object and the surface are situated within said coherence length.

47. A method according to any of claims 44-46 wherein the object is a grating.

30 48. A method according to claim 47 wherein the grating produces essentially only a single
order of transmitted illumination that illurminates the surface.

49. A method according to claim 47 wherein the surface is placed within the near field of
the grating.

35
50. A method according to claim 47 wherein the surface is placed outside the near field of
the grating.
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82 67. A ' to claim66 wherein placing a
grating adj samod/acees t he ‘mmmu;mmmﬂumprl ses: POT/HODAY3T he
grating sufficiently close to the! sdrface such that the surface is in the
near fie of ,t he,gr.ating. 5 8. hqod a I ng, 1 |aj
wherein lf)f’aci ﬁ‘gmgﬂ%fla |?f%“§§d}°a8'@ht°?t%m?‘ﬁ?3g€¢ f”gf]éelg%gfﬂ%gtber 32%5 %o%p?n@es

pl aci ng intsedyeing iansiatiupliase ichargeyandawhéreimndétérmising fthe directiom of eelativaemetionf ace
i s out si : the nea i : Of ; g ot

accor di -ng‘ﬁ?%”sae%{? ‘f"g mcfllmﬁ tﬁr‘é d?g&éogx %%%gig%ﬁ(ﬁ%gc})et ecte clhﬁggt%n%%ﬁfgiﬁq% glt

| east pasaused byaid siatic phase change.70. A method for determining the relative
motion of a surface with respect to a 15 nmeasur enment devi ce conpri si ng:
placing a gratin which,is part of. the asuring, device, adjacent to the
surface;92.  Amethod accﬂqntﬂﬁ"r?ﬁlfi"ﬁ@]a’cnl‘?e“ggﬁ?ﬂ CHFY™E- i nci dent illum nation
such that at Girafig B® ihedindtle that is reflebted fivah itB® sinFadenimtal @Nfirsp ithadidation

Q

reflected from.the surface ei.n at .| east one .of the I nci dent and
ref | ect B %%BWS@‘EQ&@&?WB@W&%@“&%F%P%' gener ati ng
a signal; in response to the reflected illum nation; and

determ nighg tRe_ral ati 0L i.0N tde a . t f
from{riess? ' Rglefieh Sudlph (B iR '53° whekeh Ul B Finhelo Al SHE BFSRe,
near fi elfbiminationdaye differayt polariZtions 1. A met hod according to claim 70
wherein generating a signal conprises detecting the i1l um nation
reflected fromthe surface utilizing a reference il | um nation. ) 72.
A net hodS%ccofdneifjod aceprding fo elatin P2 roclaim G avhsrein divading icomprisasingpsing the
ref | ect effiyiiRMon incidert bf tiutfASethichgh AR ipEntShAttad from that of the
illumnation reflected fromor diffracted by 30 t he object and wherein
det et ni ng the notion conprises determ ning the notion based on t he
f requencys,shi Atmethod according to any of claims 52-54 wherein dividing comprises passing the

iltumination reflected from the surface through a birefringent material.

56. A method according to any of claims 44-51 and including placing a birefringent
20 material between the object and the surface.

57. A method according to claim 56 wherein placing the birefringent material between the
object and the surface is operative to cause detected illumination to pass through the
birefringent material twice.

25
58. A method according to any of claims 43-57 and including determining the magnitude
and direction of the translation utilizing two detectors which produce different detected signals
depending on the direction of the translation,

30 59. A method according to claim 58 wherein determining the direction of translation
comprises determining the direction from the sign of the phase difference between the different
detected signals.

60. A method according to any of claims 43-59 and including linearly polarizing
35  illumination reflected from the surface.

61.  Apparatus for determining translation of a surface relative to the apparatus, comprising:

an optical block;
—

e
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83 73. A nethod accor di Ml'l Ilwm&ullﬂmljms 59-72 wherein the
obj ect . hagy@od/hgahs M Ssi on char act efjrist sl ¥a il ¥8pat i md1/5.99/00137

gon-sym’ret rldc _ 74.h A nmet hod according to claim 73 and incl uding:
etermning the sense of the direction of the relative, nption
based on a a detegtenrwlich praduces sigpplresnonsiye te&tgg‘EHnB‘Fg’él&i erea. AR Py

75. fth?%bﬁggbidyk;gﬁ; ermni ngdt he relative notion of a surface with
respec 0 a ur.enent Vi Ge COofpLi.Si-ng: . . '
art i al y t rasHpe oF RGTEBRuS: e fodnos gapiBR. 4 Adtion of which BySE) Bous
adj acenthetlodknis feétad dy the surface and impihgesnomtiiei degectdreaftonpfassing #hrough the
i nci dent i I* m nat Lon, whi ch does not constitute an I nterference
pattsern?p ! ?]frﬂ‘ the illumnation is reflected fromportions of the
su][ }‘ ace, ciroiitey ethat gomputes tthpanegritudatof daestrapslatioss paradle] e tenturtase
reflect WVley l: passes through 15 the object;
det ecti ﬁegp(%liﬁg irﬂ):&?n%l%%l'i on reflected fromthe surface, and generating a
det ect ed signal; and determ ning the relative notion of
'[726 S UL\&%; te hlggf)ﬁjaﬁ@ |a8éd?din@‘io %Mﬁ@?%ndﬁﬁdlﬁﬂiig%&n object Withiawred thé surdce of the

: according.l.o any of clai - {5 and, c rising: .
var {4 ngblogk WiHehs éefg‘éfﬁ/\%regﬂ I?qt%ﬁiﬂ?ﬁtt ?%ﬁlewﬁa%%?n%%°§?f f"aﬁ‘é’&‘{ 5%ldtﬂ?rt t he
obj feCt impin%iﬁgdhé%lfguifm baid per dctiop asfa lobal oscillatdrniat synchraxfoue cletedtion ofrthehe
surface, o Tl t ccording to claim 76 wherein the sense of
the di r%@a_‘mlgnﬂé?@?@ﬁ%dﬁ%%m' based on said varied phase. 78. A
nmet hod according to any of clainms 59-77 and including determ ning notion in

a @37 eCll QRef) pfspdae@etnﬁxgﬁg 8?1% hR1stive| Afofion30F a surfacdwith AespBithes! of or

determ ni'ng é relative npt a surface with respect to a

nmeasiir emsasureraent levicegOMPSISHIS:

84 illuminating the surface with incident radistion lshét-that the illumination is reflected
from a portion of the surface;

detecting at least a first part of the illumination reflected from the surface to form a first

o]

detected signal;
20 detecting at least a second part of the illumination reflected from the surface to form a
second detected signal; and
determining the amount of relative motion based on a Doppler shift of the reflected
radiation, wherein the first and second signals are in phase quadrature and the detection
comprises quadrature detection.

25
64. A method according to claim 63 and including:
detecting the direction of relative motion responsive to said first and second signals.

65. A method according to claim 63 or claim 64 and including determining the relative
30 motion in two non-colinear directions parallel to the surface.

66. A method according to any of claims 63-65 and including determining the relative
motion in a direction perpendicular to the surface.

35 67. A method according to any of claims 63-66 wherein determining the relative motion
comprises counting zero crossings of at least one of said first and second signals.

68. A method according to any of claims 63-67 wherein detecting comprises coherent
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i1l um nation
I s refl ect e®o0 99/46663 om p rface; POT/HOPM0132
partially reflecting obj ﬁ “ i of the measuring device,

1(.‘.

adj acent to the surf of the incident illumnation is
reflecteg or élffracted by th object as a reference illum nation;
coherently detecting the ill um natl on reflected fromthe surface, utilizing
the 69. ! kkmn‘ib’ﬂﬁdd) Itof Welchfilitl (the %ﬁﬁvélﬁlaﬁapt&d DirtaBE Wik Gedpedt 18 2

| ocal oscill ator, forma signal; etermnlngthe re ative
not.i on ommﬁgentﬂawse,fcpmm Si gnal varyi ng the phase of at

leastsa part @luntifing the Birfih wifh inEifib@ N eAinkhGIRuRR thlit ko Aahamby iskoflectéche
obj ect Wlth reﬁs eCt[t%e? ah | east a part of that reflected fromthe surface;
and 11 POTiions W4f%g the sense of the direction of relative notion
paral | el* t o t behesentlyaletectingthd illuminatiereflectbd froni the bwifice usihg talietesioga form
caused bX salld varied rel ati ve phase. 80. A net hod according to
cl ai m 79*%¥8Pei n pl acing a refl ector adjacent to the surface 15

corrpr i ses: utilizing illumingticacdentyed figmasaic incident dbminationt that was satgeflected by
oL 10 5 At ARGOb Bl B «8la ShGAFCENER e e 1 varying the phase

corrprl ses peri odi ca é A net hod
accordi-ng to émmnglg thmmgr@tqdee reégtmmqt@ntcﬁ@es@ﬁfgee @@mtﬂh@slmﬂect i on of

relati Vecl'iﬁ?idtéﬁke& (i’x'm{a't moéﬁtd%&llhﬂ& M&G&d%ﬁ%@ sf?ﬁllta?éi d“x"'tﬁ@ﬂ&tb&& Qﬁch that
relative not| ac aragterle%tlc of the.signal caused B‘%/en
g

sai d per F¥ I‘S"il arsyrz% spatiph frequengy, 9F the reflgefed 11ggmnaqu £,38 18ieHEre

to any oficldwithdid clldsyiflatoe bi theateydcti. t he phase conpri ses:

causipng the object to nove periodically substantially in the direction of

t he notion bei ng neasur ed. 84. A met hod according to any of
cl ai ns 780.83 WApparafus faraietarmipingthe pélaties motign ofSesurfaBOwith respect to theaappanatyst he
object tg Xﬂ@;{%eri odically substantially perpendicularly to the direction

of the i ng nmeasured. 85. A met hod according to any of
cl ai ns 76 84 ahewsinghayinganaperteis fomeddhersimpr i ses:
85 a detector within the housing that produces a signal utilized to determine the relative

20 motion;

a source of laser illumination of a given wavelength, within the housing, that illuminates
the surface through the aperture, such that illumination is reflected from the surface via the
‘aperture to the detector; and

a filter covering the aperture that passes the given wavelength while blocking light at

25  other wavelengths to which the detector is sensitive.

71.  Apparatus for determining the relative motion of a surface with respect to the apparatus,
comprising:
2 housing having an aperture formed therein;
30 a detector within the housing that prodiices a signal utilized to determine the relative
motion;

"a source of laser iflumination of a given wavelength, within the housing, that illuminates
the surface through the aperture, such that iltumination is reflected from the surface via the
aperture to the detector;

35 a second detector within the housing that receives illumination reflected from the
surface; and
circuitry that turns off the illumination source when illumination received by the second
detector falls below a threshold.
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providing a transparent material bet weim,mmlﬁn the surface; and

el ectrifyi mg vdMseoBat eri al such that it mmtm’ I n t IEcTLeRen3on of

t he illum nation vari es. 86. * A netHhbd saceording to claim85
wherein the transparent nmateri al | s a piezoelectric mat eri al .

87. A nmet hod according to any of clainms 76-86 and includi ng determ ning
both the72.  Appayatus ackording te eﬁsa 7dfwhdreindhe clreuitsy is bperativertst pesiedically iturnng
a si ngl eflateihtle antlio turn i8S if ilRnRiACkeBGTEI BY The t&oaamet%fct&h@beﬁw@e%
wherein varying the phase conprises I ntroduting a static phase change
and wher@resheldt er ni ni ng the sense of the direction of relative notion .
conprg ses determ ning the sense of the direction of relative notion based

o0 P ARGl Rl 5 VI A NS YRSy e
di vi di ngthat pdseessthe [Eivren wdveldngth' whilerbloekingriighb at other wakélengthsl td whichtthe first

surface ] fII’St I1lumnation having a first phase and a
second i (ﬁiﬁd%ect%aw ng a second phase. 20 90. A et hod
according to claim89 wherein said first and second illum nations have

di ffgyeny poI %Zrﬁthk g?l&sres g g% any r??Jclaﬁms gg 7%?8@1:@5 2t Yrfe iifufrindtidh to>

wherei n divi um na Ion incident on the

surface dqtmglﬂuannﬁt?sethﬁ dplgetar, \wﬂt@# saif part first impinging thessusface, sgid-pasbactingg

to clai iasWloedl detifthidt Sk caRétehtHetdédbn afmasaldwedtlnemmahuﬁw@ﬁé &Eiector
reflected fromthe surface through a birefringent material 93. A

nmet hod according to claim91 or claim92 and incl uding pl aC| ng the
bi refrinpent Apparatusraicesrdinlg trchip el dlaimsob9-F4t whardint tie seflebrrdeillumination is

86 15  Doppler shifted, by said translation, with respect to the illumination produced by the source and

wherein said Doppler shift is utilized in determining the motion.

76.  Apparatus for measuring relative motion between the apparatus and a surface
comprising:
20 an illumination source, which is used to illuminate the surface;

a detector which receives illumination from the source, reflected from the surface and
which receives a portion of the illumination without said portion being reflected by the surface,
such that the detector generates a signal based on coherent detection of the illumination
reflected from the surface with the portion of the illumination as a local oscillator, wherein said

25  signal has a frequency related to a rate of relative movement; and

a motion calculator that calculates the amount of relative motion responsive to a count

of zero crossings of the signal.

77.  Apparatus according to claim 75 wherein the detector includes and including a high
30  pass filter that filters the detector output to form said signal.

78.  Apparatus according to claim 77 wherein the high pass filter has a slope of less than
about 20 dB/octave.

35 79.  Apparatus according to claim 77 or claim 78 wherein the high pass filter has a break
point at a frequency corresponding to a rate of movement of less than about 0.5 mm/sec.

80.  Apparatus according to any of claims 76-79 and including:
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94. A met hod accordi ng 75-86 or 88-93 and i ncluding
det er m ni ng Wn99/46603 magm,lmmnmm Iﬂumslmof t he direction of PERELINHPIIEN
utilizing two detectors which producé * different detected si gnal S
dependi ng on Q@c&ﬁrlfe?ecfgr Jjﬁe@%}"sﬁffeflﬁg sQéongggn 'E?IHeCIﬁmm ation reffieted fr the
met hod accord| ng to c I'ncl udi ng termning t e sense 0

di r ect i ofugecety O%MQWU@ ﬂ@ﬁﬁ?tﬁﬂlélgéﬂgﬁhémgéo i defgrtioner ence bet ween the

different detqpiepdn the mtﬁicﬁnéétéctor determm&Gthe arRoliB tdTORIAE HEARY Bad%ﬂ% hhe
relative rmtion ofotaﬁiseurrehace wth S reman&S evj ce

ecy nmea
coupr i si Apppler shilt et Fadiption, 2{5 in e slinat st pespnd difegtd isignglare ipy
t he nBasipheseaftiadaaie and thedirRetioi contprises quadiuturs deteetio.
illumnating the surface with incident illumnation such that illum nation
is reflected fromportions of the surface and such that illum nation
is refle@led fApparatus fot Géteradhing therelative frivtion af e sinfiice withedebpeect torthe apparatus,
coher ent chmg_a -ﬁgli ng the illumnation reflected fromthe surface utilizing
t he untnation reflected fromor diffracted by the apertured

refl ector as @ hoysing hawog hn apesture formed thereimir m a si gnal ;
det erjgi ni ng t 'iedeié%hﬁ'tvhi’}ﬁn Wﬁdﬁ@xngfthét oditdEd @ﬁ%nzﬁ%ﬁ%&f’irﬁcd&&ﬁnﬁlﬁg melatxve

paral l'el to, the 20 apertured r tor fromthe signa
met hod aé%QSW&HﬁgetP@léF i m 96 wher ei n: coherently det ectl ng

conpri ses: a source of laser 111urmnanshe bEL Eivag wavelérgth) ki tlﬂ%'h@ﬁﬁng’ﬁﬁdt @llhixﬂi&iﬁte@f

St of S (BRER e PisrEHa i hat fmination is reflcted oy (e gt e e

rel ati ve apatireto themlptet:tbgsand measur i ng relative notion of

Focpdtel ve-t o SufultiC i ks BB . Bl Bl rodR bl SOy e,

and 30 detector from the surfaceisiealow adhreshiodd.i ve m)tlon of the surface in a
direction perpendicular to the surface of the apertured reflector

responsive to the detected frequency shift. 98. A et hod
accor di ng2t o éﬁp@pqﬁ\gﬁcaQQ1Wq1@, E}-ngherem the circuitry is operative to periodically turn

87 on the source and to turn it off if illumination received by the detector from the surface.
20
83. A method for determining the relative motion of a surface with respect to a
measurement device, comprising:
placing a partially transmitting object as part of the measuring device, adjacent to the
surface;
25 illuminating the surface with incident illumination such that the illumination is reflected
‘from portions of the surface, wherein at least part of at least one of the incident and reflected
illumination passes through the object;
detecting the illumination reflected from the surface, to generate a detected signal,
wherein the object and the surface are situated within a distance that is less than the coherence
30 length of the detected illumination; and
determining the relative motion of the surface parallel to the surface, from the detected
signal.

84. A method according to claim 83 wherein the transmission of the object is spatially
35  varying.

85. A method according to claim 83 or claim 84 wherein the object is partially reflecting
and wherein part of the incident illumination is reflected or diffracted by the object, as a

e —
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Per pond Ut s ¢ surface ¢ E'Imﬂﬂﬂlﬁllﬂlﬂl 1I|LasS' ;%i%.l.j’;}mme

illumnation reflected therefrom and * ut|I|2|ng sai d phase
shift to asure t he.not i of .th rface

dot er m AP0 ATRRITY and dyikeein JfercHon Hctbe ipipaias e sohpR, Wlistng said
measur enefiatenceilluasnationpr i Si ng: illumnating the surface froma
source with incident illum nation, such that illumnation is

refl ected fromportions of the surface toward a detector;
spati al 18§. f i 1A enethod tfor determining dthiel reletiveamations of o tsuefice twitlpraspsciofto téhe

det egt e%e]a?lfremgﬂtde‘}ﬂ:'e cohn Hgihgat ion froma given scatterer on the surface is
substantially_ constant, 0 related to the translatign of the

nearl
surf ace; placing a partiglly, @q %Jegtp Yihigh I5partiRf the msepume dinadioent i t he
i |1 um ngid gwfatéici dent on the det ect or and determ ni ng

15" "From t ndvgrgAges e Seicet vtk gl ANTRRRIGR S50 Abpts et caly R eldent -
conpr i sé@urminbticn mraﬂegtedfm diffrdctecicby e vbjiecta as a referpacet ilinipationf arelcpart ds

obj ect pl | ac the surface which reflects or diffracts

i1 §§n ng?i?e%ﬁegtiﬁo%ﬁlg egt or. 20 100. A nethod according to claim 99
wherein ill unbhacnﬂ)gdetmmgu the dlhirhinatiomzafientgdtfiam the surfacentidizmgythe meference
spati al ung%ﬁtg\%x{‘@o Féde ﬂe&@ds1§nal and 101. A nmethod according to claim 99

or claiml nErlses an apertured reflector

pl aced adj ac éﬁﬁemlnm@egéﬁm%&@opmp thersprfage paralisl tg |thq suzface, from ghe deteatesh to
25 t hgjgelgtt ector] . 102. A nethod according to any of clainms 99-101
wherein generating a signal conprises coherent detection of the

i |1 dfi nation reflected fromthe surface utili zi ng the illum nation

refl ect 8d. or Adintthod atentdihg dorclaine 86 lwhendin tiz(object is a péitially thamseditting obfecoardi ng

o ST i 155 0y KR e

88 object. 104. A nethod according to any of clainms 99-103 wherein:

20 88. A method according to claim 86 or claim 87 wherein the reflection of the object is
spatially varying.

89. A method according to claim 84 or claim 88 wherein spatially varying comprises
periodic spatial variation.
25 _
90. A method according to any of claims 83-89 wherein placing an object adjacent to the
surface comprises:
placing a grating adjacent to the surface.

30 91. A method according to claim 90 wherein placing a grating adjacent to the surface
' comprises:
placing the grating sufficiently close to the surface such that the surface is in the near
field of the grating.

35 92. A method according to claim 90 wherein placing a grating adjacent to the surface
comprises:
placing the grating sufficiently far from the surface such that the surface is outside the
near field of the grating.
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R —
the illumnation of the surface is substantially coll]l d; and
spatial filtW®a9yeeis|lters the reflected il ““Mﬁéﬂ! NFE Bt' herCT/1L.99/00137
15 L ;] S

substantially only a single spati al reflected
illumnation is detected by the detector. 105. A nethod according
to any of clains 99-104 wherein: . the illumnation of the
surface P3 sudsmghed aceopdiagite pmypefalaims83-92 wherein the detectedhilluimination|is atrleast
filters thety‘cdhérest ed illum nation such that only illum nation reflected
fromthe surface substantially in a single direction is detected by the
detector. 10 106. A nmethod according to any of clainms 99-105,

wheresn Sgati A rethérongietspmitiing ahi¢ relative motion of & Ofkakd Owith Erefbt 26t £d
[ I | um naj '62%1 é%lt?%éia lens _having a focal point; and pl acing a
pi nhol e hi! SVCREPPBPEthe lens. 15 107. A method according to
?ny of cl aihnsplaging(}fgrabi»_tgarmiqh ispat ofthe iriehmilnigmgviﬁe,rqajdcsms? the slurface_; g

ocusi ng t he : . | ens. havi a al . point. an
pl aci ngga si.ng. e ﬁmg)ﬁd@d(%% %@%ﬁ@ﬁnﬁé@hﬂwu ’%onpf)lfc gthg% a?ﬁgasltsﬁlgt oh the
t r ansf er lluminatiqn is in¢ident ioprand sefldsteddiorn dhesurface, 2gherein &8 leastiomeedfithel incident
accongli ngnd Rfiebal Mgim%%%%%ﬁpﬁaﬁﬁéi filtering conprises:

on W a

focusing the reflected |11 umnat| ens; and .. placing a
pi nhol e at andetReiBe the illuminafiogyrefiected from the sprface utilizing the teferentsritlimupation;

cl ai ms 99- 105 geribhutin@ialsigRin rédpohid to@hd RAeALIMMnGR on2zhd ~Tocusing
the reflected,illumnaiion acing a_single

wth al ; and pl
mode optical fFEEHNLE %fﬁlﬁﬁ’génwntﬁnéﬁ%%%e@ raglieltg,the syrface, fnom Abg dederted
to the dsigealf or. 110. A nethod for determining the relative notion
of a,surface with.r . 0: 3 3 asur enent device conpri sing:
il u%ﬁsnati ng éﬁaénutﬁgg%ggcﬁas[ﬁqﬁ?%aﬁﬁﬁn@tc’?glhe,gr? %ugh an apertured reflector,
such that IllTumnation is reflected fromthe surface to illumnate a

gg? '?ict)(r)lr %%V' E Eéx' ﬁé{zjtlr‘i% gicroir(ﬁﬁg Mﬁrkbficﬁims 83-94Herdfl thd BlfithioR AP £l Be 2

89 surface is frequency shiftehfiomy thab of the iliuminatientrefiepteth Soneerdiffpactad by the

r ef er encebjedt! andi widrbiandeidiinifgl the Rdtion compﬁ?ésddétéiﬁrﬂﬁgtthé hlotiBh H38ddO%h the
cohe‘g‘oent%rgq det egbtghng the reflected illumnation of t detector utilizing
sai d Bt ce i1l unination such that the detector generates a

signal; and
96. A method according to any of claims 83-95 wherein determining the motion comprises
determining variations in the amplitude of the signal with position.

25 97. A method according to claim 96 wherein the motion is determined from zero crossings
of the detected signal.

98. A method according to any of claims 83-97 wherein the object has a transmission
characteristic that is spatially non-symmetric.
30
99. A method according to claim 98 and including:
determining the direction of the relative motion based on a characteristic of the signal
caused by said non-symmetry.

35 100. A method for determining the relative motion of a surface with respect to a
measurement device comprising:
placing a partially transmitting object, which is part of the measuring device, adjacent to
the surface;
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5 determning the rel atllllul mumll lnm surface parallel to the
sur f ace, %gg%g& vari ations used by pdwrLogbmbsT ve

not i on. . A method accordi ng to cI ai m 110 wherein the incident
|IIumnat|on S at a

i ven I th.and the ref er
i || umi nat i oAllyrgingting Hg e SHRECS\Jith éﬁ‘fﬁ& ?s‘glﬁﬁ'l’ﬁtl'ﬁ?’ "ﬁ\éeii em
det ect ipgrferenéiopaeeit) Suctetharthe fifumination is refletfed ﬂom\pbﬂunhsafdmsurfagp, Md&elﬂllal m

110 or claim 11 n V,

0 O gl oot i SR bR 1Bt n et AR pokcd BEOURAT et |,
wher ei n spatdetectiyg e Jlumination refléated frami the swifaceh and generatmzra detected gignals es:
i1 gm &I ng the surface through a transm SSI on grating haV| ng spatially
varyi n&g periodi c transm ssi on. A net ccoydi.ng .t
clai m 112 wiistesiining theirglafiye yptipn of tl@wrfapv amauslttpdhe 84 4°ﬁe om the dgtetd, .
conpri g %?ml illumnating the surface through a grating which
specul arTy reflects a.portion of the i1 lum nation incident upon it
toward the detector to formsaid reference illum nation. 25 115. A

met hod 1pgr %hﬁtﬁﬂd@c&&dtﬂg&ohﬁyafcmml(amamlfcom;ﬁmﬂgace with respect to a

measur enment devic m t

i | 118ni nati orY’ %&&QFE’SP? #’?%Wﬁ%hﬁ]t%ﬂat}%‘ reflegte dc#%rg ’hiéﬁla@&d bg’g%? %ﬁgﬁo t h
sur f acdeast a portion of the illpinamation reftectqderom thecsurfaéd.ect or adj acent to the
surface; 30 coherently detecting the illumnation reflected from
the surface, utilizing illum nation refl ected from or diffracted by
the apel02ur el methiodcfasr deternainingc she gelative Anefion fqa surface with respest dPn? ni ng

the rel atlNQnMt 4&3ceonigiRinger face, in a direction parallel to the surface,
froma characteristic ot the sjgnal,

90 15 illuminating ghe gurfacenwifb dpcidsntiiliymingtion speh ek Wymnination is,efleglpd e
noti on ﬁ&n?gﬁﬁﬁggﬂtmtsuﬁhgd ng a Doppl er shift of the illum nation

CFai m 116 wiiREMh < LR apeying pih oy f BF% B o S5ERLI B, Sk 4

the surface, wherein part of the incident illumination is reflected or diffracted by the object, as a

reference illumination;
20 coherently detecting the illumination reflected from the surface, utilizing the
illumination reflected from or diffracted by the object as a local oscillator, to form a signal;
determining the relative motion of the surface from the signal;
varying the phase of at least a part of the illumination reflected from or diffracted by the
object with respect to at least a part of that reflected from the surface; and
25 determining the direction of relative motion parallel to the surface based on a
characteristic of the signal caused by said varied relative phase.

103. A method according to claim 102 wherein placing a reflector adjacent to the surface
comprises:
30 placing a grating adjacent to the surface.

104. A method according to any of claims 101-103 wherein varying the phase comprises
periodically varying the phase.

35 105. A method according to claim 104, wherein detennihing the direction of relative motion
comprises determining the direction of relative motion based on a characteristic of the signal
caused by said periodically varying relative phase.
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grating and wherein illumnation diffract [ Is used in

det er m ni ng W@R99/46603 ot i on. 118ﬁmmllmllﬁum|ml ngpenvyLISf013Me
claims 59-117 wherein the illumnation is 10 ¢ pgerfendlicularly incident on
the surfa : : d A .he.relative nption of
a surfac e?g%d ‘tt\hxg?tg%d &ac:cgrtdﬁ%g,%%&%w%gﬁ n%frqléﬁ}r?é&ﬁgrah%ng the p LOFEPPHES y
transmtting offU®g tg? tobigck tp mevaqeniodically mebstantitliyc én thesdirection of the amotion
detect or bdiag nedueed, s i1l um nation incident on it and generates a detected
si gnal ; a source of illumnation which illum nates the object
with incident illumnation such that illumnation is reflected or

d ihf fract gm’l OMrMhﬁm@cdﬂirgngQﬁ¥ lf)f ﬂﬁhﬁfﬂ;ﬁl%ﬁ?ﬁarﬁﬂ Qa@ﬁf thé PRdse corgprisdﬁf'ir t of
the incident i ! ti,on.is refl ect rom of. the surface.towards the
detector, suc hJ;al'nL;llWg 156 giifet (9 mioge prrodically bt ly pgrpeadicularly, o the dirsetion ofon
ref | ect edthe motionfpeingumdasared.ut i | i zing the 20 illunination reflected or
diffracted towards the detector fromthe object; and circuitry
which determnes relative notion of the surface parallel to the surface
with 108 o spamathadrceerdingp any ofelaimsdifl +102 wheteit vanying thephase comprises: 120.
A metfipd for Ci%@iﬂﬂgfﬁt?&sﬁ%%ﬁﬁitﬁﬁlﬁ@tﬂ@ﬁﬂﬁ%b}&tQ}Wé%&gagﬁvﬂnntdh respect to a

25 mea'suremeqt dglvl ce conprising. . . ) 1 Nna the surface
wi th il uni nat§emniing the material such that itoeptical lengthda itheidireation of the Pluminasion of
t he surf aggies. placing a partially reflecting object adjacent to
t he surface; coherently detecting the illumnation reflected
fromthe surface, utilizing 30 illTumnation reflected from or diffracted
by the pakQ9i al Aymethdd eeording ebichith 188 whdreifiahe transpardd® idtdrid 98 a pid¥electric
deteryy nipg.the relative notion of the surface, in a direction parallel to
the surface, froma characteristic of the signal based on the
reflection reflected fromthe surface.

91 10. r e hhe direction
of relat ilvle [m}%inéentﬁg)ﬁ‘lagﬁéﬁ% Zgg‘m&oc_{f &%hmdg%%@&]?%&gﬂ%ggﬁr STER béfgvt%‘%e
conpr i si Agasnitude and direction pf thairanslatiog utilising gsingledeteator. i nci dent radi ati on
such that radiation is reflected from5 portions of the surface toward a

det ect.or; | aci ng an obj.ect, vi.ng. an_asymetric_transm ssion

f unct on,_llédj d@gﬁhqdoac?’ﬂrg‘ng ar’éfe?’g‘ldf‘ms; 10*19103, herein varyme dhe pheseqemprises,

radi at i orintreducingt 2 dtafic phmsehehange hind evhetdin idefenginidpethdeditgtion of eelg@nemation a
comprises determining the direction of relative motion based on a characteristic of the signal
caused by said phase change.

D"

25 112, A method according to any of claims 101-111 and including:
dividing at least part of the illumination that is reflected from the surface into at least a
first illumination having a first phase and a second illumination having a second phase.

113. A method according to claim 112 wherein said first and second illuminations have
30 different polarizations.

114. A method according to claim 113 wherein dividing comprises passing the illumination
incident on the surface through a birefringent material.

35 115. A method according to claim 113 or claim 114 and inchuding passing the illumination
reflected from the surface through a birefringent material.

116. A method according to claim 114 or claim 115 and including placing the birefringent
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signal; and 10 determ ning the sense of the di rection of the
relative rphofaseed the surface fromthe 7 sigmal~———— PCI2A9900A3TEL hod

according to any of clainms 1-24, 51-54, ’m'm mn' erein
det erm ni r?aighe mtlo%é,‘gﬁ?gﬁ% sé%lsuaceéerm ﬂ@g Hi’ln t he anplitude of

the si s 123. cording to claim
122 wherein the notion is determ' ned from zero .crossings of the

det ect nal f her 8 gRd i on
of an 371 c%f ﬂ'ﬁdfafz'gorgmé ¢ PRt @f&ﬁ%ﬁ%o 1% d}qﬁ 1%%@9%&%1% qu:tgﬁﬁﬁi devi ce

conpr i snaggitude and direction of |thtm itanelationy utilizing Wpaé@emlts Hwhigh pfaduce di fferont .
L1 ym 'a@%bf%ﬁ sféh?ﬁ‘c%gésur or?ﬁ’l@ﬁﬁ%cho%@lhéﬁﬁﬁslaﬁon illumination is reflected

from portions -0 ace; diffracting part of the
illumnation utilizing a grating, which is part of the 25 measur enent

dﬁVI Cﬁuk 0 f&ﬁi&ﬁdafa]?F@rﬂii% tb:cclldiﬂﬁ‘ lflﬂtdnﬂlincludmg detellmlmng the E&Eﬁ(ﬁd of m}gmm ng
the illumnation reflec ro u e ref erence
i1 umi feom g’ﬁ %frq Rhase Blgg@?’\cf’ tgrreexg ﬁ‘ef‘%&?ﬁeﬁt ‘ig als

determ ning the quantity of relative notion of the surface parallel to the

t t ' 3 : : t
T23%ndai n & Haciher ¥ P ning the ssiatied Tnotich, BF SRS Uity Mgt 3554
wher ei mdaserepent davice compirisingdl adj acent to the surface such that the spaC| ng
between the y g Apfhtndd RASKEY, it & (ARRIARE mcidiferhiif deolos! RpRend ©rtE N.

nmet hod "according to claim 124 or clai m 125
| ncI udistefaekdt er mi ni ng the quantity of rel ative notion of the surface

per pendi cul Eifluﬂlﬁmhﬁ tﬂé St with irviden 2ATumihiati®d Bach that dhahingtidroisarflecttd

e ToR @OBHRAIN dhe PR aogr HeF gt dowpPRoe ettt from, of WEEEBD €0,

t he rmtapenm{eﬂeﬁle‘ct@m effect of notion perpendicular to the grating.

auant 1ty of coperengty; (et MY AhmBdoR? SHS RO e i) AERET RIY e (e

illumination reﬂected from or dlfﬁ:acted by the apertured reflector as a local oscillator to form a

F~

signal;
20 determining the relative motion of the surface perpendicular to and parallel to the
apertured reflector from the signal.

120. A method according to claim 119 wherein:
coherently detecting comprises:
25 detecting amplitude or phase variations of the reflected illumination; and
detecting a frequency shift of the reflected illumination; and
determining the relative motion comprises:
measuring relative motion of the surface in a direction parallel to the apertured
reflector responsive to at least one of the detected amplitude or phase variations; and
30 measuring relative motion of the surface in a direction perpendicular to the
surface of the apertured reflector responsive to the detected frequency shift.

121. A method according to claim 120 and comprising:
periodically moving the apertured reflector surface in a direction perpendicular to its
35  surface to add a periodic phase shift to the illumination reflected therefrom; and
utilizing said phase shift to measure the motion of the surface.

122. A method for determining the relative motion of a surface with respect to a
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129. A nethod according to any of clarms TZ4-T26 Tnctudi ng determ ning the
quantity of WO99/466a3t i on of the surfac m |0ns PCTViL99/00130. A
nmet hod according to any of clains 124- ﬁm,m Ilm, m erm n| ng thtehsgnse
of the i on of the*surfacer s : me

accordi ng %ag anfﬁgéé%acfgﬁnﬁﬁﬁ 130 wherein the detection corrprl ses

quadr at ure detilBmingting fhg surface, frogra sonreepwith dncident illiimigation saoly thaf ilnnation

124-131 W@%fﬁbﬁ&d‘ﬁ%&rﬁ 6ﬁlBﬁMtﬁé‘ﬁ1rthé‘f3vfalﬁ'&'a%tector relative motion is based
on a Doppl er shlt nat 1 g 133. A net hod

according to SRHH ef@ IQ‘HE}maH@F ﬁ%ﬁ}h@abﬁpm ofgthe istepd optical
il umsnatlllmmrraﬁéﬂx ﬁﬁtxﬁﬁgifvél@ma'ttbﬁr ol tHedugface is substamﬂaﬁﬂ coﬁstﬁﬁ%?ﬁﬁeﬁ%@[a@@drig to
any of cl g"&‘ﬁ §§? wherein the grating produces essent 1 al
onIyasﬁﬁegE%’s 8° YH4enitted illunination that illum nates the

surf ace. 30 gendr8ting aAsigmdl Hryd thec detectom gesponsivey to fthet ildiniBatidr MtidedP oh lBe OF

124-134 he i nci dent illTumnation is linearly polari zed.

93 V&%%f&%hl% A nmethod for determning the relative notion of a
surface with detspuining the selative motinmenfithesurface frem thesignaipr i si ng: _

i I'lunjgnating the surface with linearly polarized incident illumnation from
a | aser source, such that illumnation is reflected fromportions of
the surfd@d: A method accordipgite claimn§22 neherein |iBumipating icomprisasi dlaminating the

coher ent Isurfﬁ&tmmspwamﬁearyﬁylmﬁﬁﬁgmﬂ | um nation fromthe surface utilizing
ref erence ['lum nation derived fromthe | aser source as a | ocal

oscillator to form at |least two signals; determ ning the
quant ity 184. r el anéthel avdording ab dliim 900 f@Celath i 123 Zwhéreinh BlutlindtBRS the! $¥face

si gngks. cgnglpnses illuminating the surface through an apertured reflector placed adjacent to the surface
which reflects or diffracts illumination to the detector.

125. A method according to claim 124 wherein generating a signal comprises coherent
detection of the illumination reflected from the surface utilizing the illumination reflected or
20  diffracted from the apertured reflector.

126. A method according to any of claims 122-125 wherein determining the relative motion
comprises utilizing a Doppler shift of the reflected illumination.

25 127. A method according to any of claims 122-126 wherein:
the illumination of the surface is substantially collimated; and
the spatial filter filters the reflected illumination such that substantially only a single
spatial frequency of the reflected illumination is detected by the detector.

30 128. A method according to any of claims 122-127 wherein:
illumination of the surface is substantially collimated; and
spatial filtering filters the reflected illumination such that only illumination reflected
from the surface substantially in a single direction is detected by the detector.

35 129. A method according to any of claims 122-128, wherein spatial filtering comprises:
focusing the reflected illumination with a lens having a focal point; and
placing a pinhole at the focal point of the lens.

This Sheet Has Been Rep,

"’ [T




STt T £

according to claim 136 or claim ¥37¢ nel utirlg deternmining the quantity of

15 relative nmption of, the surface in.t npn-col li.neay .directi.ons.
139. Al3@t hédemgiiod pegorging & W{ﬂ?mmséa?r‘sl\ﬁge‘ﬁﬁ?% Al HYE GEPRIHHhi ng the
quantity of focusing thetefietted ilmiinationokith hiens hatinga focal phinteandr t hogonal

di recti ons. 20 .140. t a r.gi | =139,

i ncl udi ng dBlasHS an?‘ﬂéet“ﬁ esog)ﬁgéﬁgqer %ﬁ@xe%@ﬂ p&gﬁt r%gc eﬂé%sc%)?& Qn%#?ﬁ“%]ﬁg?%ne

sur f aceo the detector. 141. A net hod according to any of clains 136-140 wherein

t he_detection conprises quadrature detection. 25 142. A net hod
accdr di ng to any of clainms 136-141 wherein determning the quantity of

r el at i 131.notA wethod mpedrding telelainn 32- FeP. wherein snetial HItGMEOMPISGE not | on based.

on a Doppl elfyeusing thé Riffebte@ iIninfiBatiif Witk b ®hsi addum nation. 30 143. A
nmet hod according to any of clai r‘r)? 1-42, 45-53, 59-118 or 120-142 wherein
HRARE|

t he s PlacHee pighels abin thesPPG€el y refl ecting surface.
94 144.. A net hod according to any of clainms 1-42, 45-53,

59-118 gr 120- 143 wherein the. face.has.. - ARSI
podfi i dis.  Amelhng peceiding sy plims, 122 P ol Wi S AEARER ARReldS 75’ o3

5I9I 118 0{_ 1Z6cubibg thé saflected ilhemination with adénsaatidon conprises visible

i |lunination, . . ' ' R -
so-118 or 1R Sipgie i, pufCEt B8 of i SO NE o oGie B ullefr Truckicion £ 53
i 11 umi tor.

15 133. A method for determining the relative motion of a surface with respect to a

measurement device comprising:
placing an object, having at least a quasi-continuous transmission function, adjacent to

the surface;
illuminating the surface with incident illumination such that illumination is reflected

20  from portions of the surface toward a detector;
detecting the illumination reflected from the surface utilizing the detector to generate a
signal; and
determining the relative motion of the surface from the signal.

25 134. A method according to claim 133 wherein the object has an asymmetric transmission
function; and
wherein determining the relative motion comprises determining the direction of motion
based on the detected signal. '

30 135. A method according to claim 133 or claim 134 wherein:
illumination is reflected from or diffracted by the object toward the detector; and
said detection is coherent detection utilizing the illumination reflected from or diffracted
by the object as a local oscillator to form a signal.

35 136. A method for determining the relative motion of a surface with respect to a
measurement device comprising:

illuminating the surface with illumination, through an apertured reflector, such that

illumination is reflected from the surface to illuminate a detector with illumination which is not
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10 147. A method according to any of 53, 59-118 or
120- 146 and woed/asd0ang detecting r “”}E!!j“ﬁ w t hepeEoQ®@I37 N t WO
directions parallel to the surface. Nsoptl cal nouse

conpri si an aperture facing a surface; and
15 Qgimagdcofa&mntqnor%tp%%ﬁxdﬂeéﬂ}écgl\(—fagghl ch views the surface through the
aperture, wheswiitangasly illuminating£he detestonwith referenee Ulumination demivedrifoRoshidf
any of chalid® dnddnatibn; 53, 59-118 or 120 147 to determ ne the notion
of the housmg Wltﬁ reSpect to the surf . A.tquch point for
use as a cont cokeremsly éeéech@sﬁb? reflasted lﬂmnnatlon of the éetﬁ%rs}%u%wﬁgefmme

apertyreﬂlﬁﬂi@katmnsuchthatthedeedat&rgbﬂ;&ahsﬂlﬁg@ﬂt@fd Wm ch determ nes the notion

of a finger ChJSt Iate r0s ture t

opt cal det ecCeetuining e ElatRe Tasionaf tuf Safige wavelin B e sittsps, bused o vipiions
59-118 obfﬂrﬁ(}x@ﬁ]?cmeedigtmémlﬁlﬁretrhaxdmt i on. 150 A pointer device
conpri si ng: a first touch point accordl ng to claim 149 and
circuitry which noves a pointer responsi ve thereto; and a

second td8¢h poimethaic eaodiing) t¢ clamnaildté weremdhd muident nljuminaton s gt ahgivéen
causg . ahelel?ﬁrtfl%ki'\gﬁer&ﬁstgg E’éfex\éﬁcé hﬁﬁx‘ﬁh&lion%@ at the sar&é %zav@leﬁélﬂ%&?ttﬁag
ouc er conp ousi ng
95

nouse
havi ng anolmgmdgtegtion is homodyne detectlon

an optical detector according to any of clains 1-42, 45-53, 59-118 or

120- 147 whj ch determ nes the notiqgn of an obj eqt which is translated
acr oss tﬁésapéﬂinﬁth@da%ﬁ‘? ing to C claim 36 or r1‘§7138 d cBPBFAE NI ng whet her t he
aperture is upgygially aryiipVhedhghih&fonS the surface. 152. A scanner for reading a
docun§nt by nmovenent of the scanner over the docunent conpri si ng:

an o i cal reading head which detects patterns on the surface of the
docunent 13%.ndA method accordingato claim d3B wiedreintspatiallyi vdryiigt the rilmematiore ofiditd on
of the s 2 %%? is transl ated across the surface of the
docunent, rel e optical detector utilizes the nethod of any 10  of
clainms 1- 42 ﬂbmaaatlrwhqwfm through transpissionegratingchaving spetiallyrvarying periodic

iransmission.
20
140. A method according to claim 138 wherein spatially varying the illumination of the
surface comprises:
illuminating the surface through a grating which specularly reflects a portion of the
-illamination incident upon it toward the detector to form said reference illumination.
25
‘141. A method for determining the relative motion of a surface with respect to a
measurement device comprising:
illuminating the surface with illumination such that illumination is reflected from
portions of the surface;
30 placing an apertured reflector adjacent to the surface;
coherently detecting the illumination reflected from the surface, utilizing illumination
reflected from or diffracted by the apertured reflector as a local oscillator; and
determining the relative motion of the surface, in a direction parallel to the surface, from
a characteristic of the signal.
35

142. A method according to claim 141 wherein the relative motion is detected utilizing a
Doppler shift of the illumination reflected from the surface.
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153. A scanner according to claim ﬂﬁ“ﬂmwmu tterns conprise printed
patterns. wo9y46603154. A scanner l mﬂrwl or GcAaimpdkiors7

wherein the patterns are handvvrl tten 15 pat‘teir ns. 155. A scanner
accordi to cl aijm |n t he atte SJg ature
An encogg? CMQ%QC%QCCO o claim 14] afft 8 e?%?“?@filrgg?‘?t?i‘gls 2

sur f ace ghatingrand mwhensin ﬂl\mgnatnmithfracmlrbyrthé graknges used in detekminiyg thamotion.
an optical detector having relative notion with respect to the surface,
wherein the optical detector neasures relative notion with respect to

t he surfldée relmethpd wecording any of cher elaes ng3-k4hgwhergine rthe nillumdnation; dsl
det egtobei.ﬂeh&bgﬁﬁ{gﬂ@déﬁ%@ggsg{fa@@y of clainms 1-42, 25  45-53, 59-118 or

120- 147 An encoder according to claim156 wherein the surface
is the surface of a disk whi ch rotates about an axis and wherein the
det ect or45eauhthdd&ccofdifg o any fof tthe pfbiceding claiihs whdedin thé suifidelii3| opﬁ@ﬁll%'
conpri Sldﬂ‘gus v refl an encoder according to claim 156 or claim 15

and ely reflegting SYBYS, which transl ates said measured relative notion
into written or graphical dat a. '

opt ial lég*t egf BF iag%or%ngstggxgg&itkg Ii)ﬁég\g/%ngg am?“’?‘%’%ﬁ{)%‘sg{r}‘%ﬁ lﬁ%&? nf?ﬂ(lflg% ng

-any 5 indicatingpgsition. t he paper, wherein the optical detector
utilizes the method of any of clains 142, 45-53, 59- 118 or 120-147.
160. A docunent scanner conprisin 10 a device according to claim
159: 147. A method according to any of the preceding claims wherem the illumination comprises
visible illumination.
15

148. A method according to any of claims 1-146 wherein the illumination comprises infra-
red illumination. '

149. Apparatus for determining the relative motion of a surface and the apparatus,
20 comprising:
a partially transmitting object situated adjacent to the surface;
a detector that detects illumination incident on it and generates a detected signal;
a source of illumination which illuminates the object with incident illumination such
that illumination is reflected or diffracted towards the detector from the object and such that
25  part of the incident illumination is reflected from of the surface towards the detector, such that
the detector coherently detects the illumination reflected from the surface utilizing the
illumination reflected or diffracted towards the detector from the object; and
circuitry which determines relative motion of the surface parallel to the surface with
respect to the apparatus from the detected signal.
30
150. An optical mouse comprising:
a housing having an aperture facing a surface; and
an optical motion detector which views the surface through the aperture, wherein the
optical motion detector utilizes the method of any of claims 1-24, 43-60, 63-69 or 83-148 to
35  determine the translation of the housing with respect to the surface.

151. A touch point for use as a control device, comprising:
a housing having an aperture; and
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a read| ng head whi ch reads |nfor mumwm l]ﬂmnper; and a
menory whi chweoY#ese3 t he i nf or mati tions respPCTILW/00LB7t he
nmeasur enent of novenent of the paper. " Pf61* A printing machine

conpri si ng: -,

mermor y vy ch &8,9Pical detectef v B8RS eﬂ%?'?% o fth il iy e ppospted soross
a printi g #pertirenhi ch prints the |nforrrat|on responsive to the nmeasurenent
of novenent of the paper. 162. A facsimle rrachi ne corrpri si ng
a scanner, _according to cla 163. Af mile

conpri si fg%a &mflépma&eepﬁﬁafot%m@ L3l whegein the opiic t%e&tor usbip F%f' ¢ Haethiod of
machi pe afg of claints 1-04,043260763 %9 o2188-11481é BeterntifeihicitRnslgtich,. SCanner

according to claim161. 165. Apparatus for measuring notion relative
to a surface, conprising: at | east one laser that illum nates
t he surfd68,; 20pointer device comiprisigst one obj ect that reflects or diffracts a
portion of the 4 ] ' e o]
het as | ocal gs@{s{ ﬁg&p@%{lrﬂ? {Aﬁéﬁ.]?%g 8k t %?aﬁh 151 or GBhL EsF A ERANS wilct BRGEs 4
97 pointer responsive theret; ahéast thr ee detectors each of which coherently
det eghs i |1 umynatdranofdf dopittaReorfim@® claim 150 8r S} 252 atl inbividpcbidchifiny Wiigh
osmﬁ at or beaams tno ?odrir# eéstgt Fé“ems?’gné rsanfrlespgl|rl1as1|nve r%gctn%e

nmot i on oFa!ﬁQ%S%ﬁngé¢spﬁ%‘seethP@f°atlve to the surface; and

circuitry that determ nes the notion of the optical nouse with respect to
the surf fromthe signals.. 166. aratus accordi.n

C1'ai m 1695 e AP RO REE e O IOF 457 852 AOlutes R GBI CORPIS e
and wher ei n t adookihghbving aphpettark; adj acent to the surface such that the

S paC| g betwe C i S &
coher g nce | en 3{{ r?P“iad defedfor % &e}\p %g}eétﬁﬁesl%gé%ggﬁ?nngm ?%%041 tg%gla{eg T m
166 wher dieapettareptidect is a grating.

means for determining whether the aperture is upward or downward facing,

155. A combination mouse/touch point according to claim 154 wherein the optical detector
20 utilizes the method of any of claims 1-24, 43-60, 63-69 or 83-148 to determine the translation.

156. A scanner for reading a document by movement of the scanner over the document
comprising;
an optical reading head which detects patterns on the surface of the document; and
25 an optical detector which determines the motion of the scanner as it is translated across
the surface of the document, wherein the optical detector utilizes the method of any of claim 1-
24, 43-60, 63-69 or 83-148 to determine the translation.

157. A scamner according to claim 156 wherein the patterns comprise printed patterns.

30
158. A scanner according to claim 156 or claim 157 wherein the patterns comprise
handwritten patterns.
159. A scanner according to claim 158 wherein the patterns comprise a signature.

35

160. An encoder comprising:
an optically diffusely reflecting surface; and
an optical detector having relative motion with respect to the surface, wherein the
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168. Apparatus accor di ngmmmum' 165- 167 wherein the illum nation
refl ected wo 99/466630m t h ’ ﬁlﬂ?l zed by a pol ari zerpcthp99/00137 169.
Apparatus according to any Of | &i m& 165- 168 wherein the at |east three
detectors se at | east. thr det d . wherein the at
east ¢ Apticel detsp P Btatiey flan§ oy e risbéct 3 e Sftncep o NG AL deaf .

20 176n therppfacat us according to claim 169 including introducing a phase

shift between pol ari zati on conmponents of the illum nation reflected
fromthe surface and pol arijzation components of the local oscillator
beans t d6f.or fin ensoder domwsisinghr ee quadr at ure- pair signal s. 171.

Appakat us aC%ﬁr?ﬁlﬁllyodlﬁﬂyel?freﬂE&ing skfite 117&'11%%9%1&}?@5 SRk QRan Seference
determined jn 2 two non-colinear directions free fromeffects of notion

in a di 7&KNgS 8t hogonal to the two directions. 172. A
virtual pen fafroptieab detetor heviagi refative thetionowith Repectnd the suifice) wWirtdinghé he

e cor ot REER) gl rnegbines (L mBEEE Py restl o B0 Ricals FARRY BB e

conpri smmgkings. : a housing having an aperture facing a surface; and
98 1o an optical notion detector which views the surface
t hrough the aperture, wherein the optical notion detector conprises

appar at 162.ac d9r eficaden ascerdinggp claimi H) %:lanmllﬂt wherein thel gurdzaeiis the suefaemef on

of the QYSiKieh Wthils SSUPES hxib Gnd WBerei the @6tector m'éasurés7tﬁe rotAtickPsGhe &gk Nt for
use as a control device, conprising: a housing having an

aperture; and an optical detector which determ nes the notion
of a fl ngsr Wi éltolér detaribigad afly of claindC1605 562 WielizMiCthie Wi thod6f Blyofichems 1-

opt| appar at us according to any of cl ai s
164-! igg{)eﬁ}n&ﬁ%i@ot I on. 175. A Touch Point according to
cl ai m 174 wherein the notion of the finger toward or away fromthe

apertur q6h_s %&ﬁﬁ%ﬁ&n%nﬁ,ﬂwfg?e click.
an encoder according to claim 161 or claim 162; and
circuitry which translates said measured relative motion into written or graphical data.

20
165. A virtual pen according to claim 164 utilizing the method of any of claims 1-24, 43-60,
63-69 or 83-148.
166. A device for moving a sheet of paper comprising:

25 means for moving the paper; and

an opfical detector which measures the movement of the paper without utilizing any
markings on the paper.

167. A device according to claim 166 wherein the optical detector utilizes the method of any
30 ofclaims 1-24, 43-60, 63-69 or 83-148.

168. A document scanner comprising:
a device according to claim 165 or claim 166;
a reading head which reads information from the paper; and
35 " a memory which stores the information in memory locations responsive to the
measurement of movement of the paper.

169. A printing machine comprising:
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a device according to claim 165 or claim 166;

memory which contains information to be printed on the sheet of paper; and

a printing head which prints the information responsive to the measurement of
movement of the paper.

170. A facsimile machine comprising a scanner according to claim 167.
171. A facsimile machine comprising a printer according to claim 167.

172. A facsimile machine according to claim 171 and further comprising a scanner according
to claim 167.

173. A method for determining the direction of relative motion of a surface with respect to a
measurement device comprising:

illuminating the surface with incident illumination such that illumination is reflected
from portions of the surface toward a detector;

placing an object, having an asymmetric transmission function, adjacent to the detector;

detecting the illumination reflected from the surface utilizing the detector to generate a
signal; and

determining the direction of relative motion of the surface from the signal.
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