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signal analysis techniques on the sane signal. Optional detection of 2thellil 2002
direction of translation (as opposed to its absolute magnitude) is

preferably achi eved by nodul ating the grating position to provide a

frequency offset. Alternatively, a varying optical path | ength between the
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measur enent of notion parallel to the surface is obtained by corrpens?tloln 2002
of the influence of notion perpendicular to the surface and conpensati LBT
the influence of tilting of the 12 'U~_ ?Q0?. neasurenent device. This
aspect of the invention is especially useful for use in a conputer control

devi ce such as a conputer nouse. There is thus provided, in accordance with

a pref err ednsaniixich iveitfiten atcfulhespedialbnini ppeferred erabddistedto bf tetinvantion nyichheilize
relative 'EH%%]?(F' %Ect%f?ﬁgﬁ@ﬁx‘ﬁowth respect to a neasurenent device 5

conpri sing e surface v~~ith incident illumnation;
detecting illuli ﬁﬁ%’Tdo%FHC@quéemédPrﬁffP@‘?ﬁ eRbodinents ©f theoinveRtiAta e NOBAYMMmsHdcal
det ect ed &mﬂai:s;omaeﬂﬁts @fdﬂdad Railt Iitedcaemﬁmhg ﬂfe diﬁ:bt@dﬂ Mendsminl dItheakRtd.el to

t he su face frfr%n?i NCE: m%ner% 1 &‘F racte |zee§(;)é
that said dete f CoPFECET Vi rrneln 8P ?é’ 4 18
not i on pemedmedwleaveencat fidast Mrdfabfereﬂpcmneﬁ@:bltbe pa‘aaloreﬂtsctbxeasltat desst parynfll

conpri sesyathQash AoWP (IR GR@dsS Thﬁtpﬂaﬁ'éiﬁﬁft QAgLIEL {hétdeﬁehﬂﬂﬁhoﬁl-éf Wi &f2clidh of
affected by relative fgtﬁ)tlon ara gﬁsur ce and relative notion

per pendi cHOHP™ {RFTEasEs Eﬁl?ae?ﬁ Wé%‘fes SIEREWRPIG GHY which is
affected at | €aist phase sbifi roay, pesopenmiefetrbdembaditients ofitHedresntiam bedighanit] ie.ng

??gﬁ}r ![lﬁes uggkrgxﬁ/g ﬁaFﬁgn élgh%%r@éﬁ%ﬂg SbE?E ﬂeﬂfehﬁf REE%A&B rl%g/arﬁg\;lhﬁ khge?ﬂécl?cﬁ' eyl ace

CE’de ter INng CO I ses ermning a
first anopgipengiculagly 4o the sHistce o 8 o the sEfaceoprea GpmbHaHoR Wb bethgAdos thesaj d

first anopbienidnt iRl lo‘l'Q pBdrh 6ithie rlrsﬂmcbr,ngg aﬂféemﬂﬁﬁtt offtadtaldil wive aw@g as

f d det d
amount - of *Pafiag LSt e rRE Y afe (sl ContrbPeft B Tess LR e ntoB R B
second anetisttonthatmededsj anal nootheovholaweflactom dltarmatvigiprtbaphse lskzi&nshmldacedtm' t he
surfage; ﬁé?ﬁd{iﬁﬂyerv&?y‘i}i%‘%et Qﬁlcanpémtlem tlh fe %ﬁec AT @k <G fpde tg;gbl o

surface responsive to rst. and second determ ne amounts of rel
not i on. H“é?%‘ﬂ%%?’?zo’?%é“@é@&% B ipgoricakPatls| at i ve notion does not include a
conponent par a@fHegdhatosHihenBnldocheen stk Fhaed siAbCynvehientip abn rscktxa@aw&tshtff is

rel alive MBbAAN: bOGUIES AL BOIBANENLRAT B 6t BllIeCPUELAGR Il

preferre erpendi culfar Fh t he
surface -bdas) dEhedirpation efamelipnois detapinsdery s Hmgasurgmenth a@pn@@p@@ng phase

i1 umpat dmange bétw@e:pﬂetfe@téd @%nﬂﬂbﬁﬂl Bt pficdlf by wedakirementdsrt BE High 8O the
gount of relative notion parallel to the

conpri ses_.det q{m n}) %{ gles
surface d‘? anef’ B th (02 E gnal s without determ ning the anount of
rel ative noti dn spwepeeidired kmbodimenth of ter nuensionpwhich indsirgorate kis aspdceabthcone

second siigf@kiohSa ﬁdiQ&ie’i\”é b zlsd’tdj;%lﬁii@tH@ﬁluBan[t%h%ﬂéﬁ?ed”ﬁéﬁl% REfPE "ﬂﬁscié' ar
he i nvention, the at |east

to the surfac I'n a preferr
L e o by o e g 1o gt Do bz T greis

25 A fifth aspect of some preferred embodiments of the invention provides for Doppler

based detection of motion of a surface in a direction parallel to the surface. In this aspect of the
invention, a single beam may be incident at an angle to the surface or may even be incident
perpendicular to the surface.
A sixth aspect of some preferred embodiments of the invention provides for
30 simultaneous two or three dimensional translation detection using a single illuminating beam
and a single reflector to provide 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 K
from the surface is detected by the detector.
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In another preferred embodiment of the invention, a static phase shift is introduced

<

between different polarization components of a beam and direction is determined utilizing a
resultant phase difference between corresponding detected signals.
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the relative phases of the reflections from the surface irrespective of it's translation and also

35 maintaining the same focusing point for the local oscillator and the reflection from the surface.
Optionally, the spatial filter may be implemented with a lens and a pinhole positioned at the
image plane of the reflection of the source as a local oscillator.
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od i Iudsdtermn at.iv
notion c ?Fléeé thfé?%“@r%@'?l 05! ?ﬂ”r ?rel%?& & %&Pﬂraf“??st
and’ secomxﬂ tisd 5 gl sx)d ansfbd!y this| agditide toé 0bise p tho maswersentoTier entl delereibiation
Ther gi 5deﬁéﬁcﬂé%ﬁ&&fﬁdxﬂ?%dklﬂdéﬁ&&fa%ﬂ%m Lfyed, preferred enmbodi ment of the

i nvention etermniLn e relative notion of a surface with
respect to a ABAPIF eﬁ%me@eéuae@rdlee%ﬁpemsm igyentipp, et Biei sugfaecnidusiinatige
with incisde I’lheh tefdrertertgght @it p:uciaed lbaho g hivingld bptmanaltsmailn pefaraily QCérﬂgxlgf rmmd
portions t he a n le n U, nat | ect
fromthe s{sglfufr ca%%dggesf%rﬁgce h%l %@f 5 SY %@?ctﬁqi gggll Rﬂ% "I"i-l I‘?r ?lﬁ nagt i on
derived felespantseindhg dm'ilqteMorci:qweu rspfﬁlat mepilttlﬁmandms)hmmqacblﬁat@et edy by 1r3§psp¢he

surfage a the hgﬁaflaa&lﬁfg! thé huPice bnyﬁc gﬁhﬁjg M@Qﬁ@tad&iﬁéﬂ e f&ﬁlﬁ’caﬁiﬁ'{rﬁrtﬁé ni ng

t he magni t yde, of ative tion ace fromthe sj

e mo D ot s s RO WA RS G rap M R BT Vet faf FPehles of
t he det ea:eﬂrrcpos tromm thb gtatiegswehdre ab Dppplat shifh existsgérel idgificatiorf ofaheidineryionof t he
refl ect e%dtioh‘b%&l@&h@&c}fié%ﬁs an interference 18 2 ~ JtlL c~10~

In an eleventh aspect of some preferred embodiments of the invention, an integrated

25  motion detection system provides signals that are indicative of the amplitude and, optionally,
the direction of the motion. In a preferred embodiment of the invention at least some of the
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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field wth said |ocal oscillator on the detector. There is further, WL 2002
provi ded, in accordance with a preferred enbodi nent of the inventi%n%, Rl
apparatus for determning the relative notion of a surface with respect to

t he apparatus, conprising: 5 a housing having an aperture forned therein; a
detector within the housing that produces a signal utilized to determ ne

the rel atheseueBibhOdsvice. Tdra6 cObf tiRS@Veritloh UMefiRbiald w@EfuR fd us8 Nn iBXRhRRG! h,
within the hq?gng g{:at i0| I L%m' nat es the surface through the aperture,
such- t hat“ TP R KEET S SOPRIFEPYE from the surface via the -1 o aperture
to the det ect diheregindhus Hrpvidesy icoeerdanee Wik a ppederad embdramead shes inviartiayi wen
vavel engtheiihl o8 dBleRAMKININE e AotRhiIra B SRPFABed % W GBurbRentdRRE O
is sensitive.. .There is further provided, in accordance with a preferred
enbodi’merfP™8FS e i nvention, apparatus for determining the relative notion
of a surface wiurhinashgpshe surfaoe tvitk iraijemt Alaspatibh; conpri si ng: a housi ng havi ng

an aperture fﬁg@?rg\%g@kﬁﬁﬁbn %Eeﬁcfk&ﬁ Risls M%t@e D BorOLSIN OBQ?iteﬁegtrgg%i‘k%gl? a

signal utilize ermne the relative Ion;, a source o

i | Tum natthén of a given wavel ength, within the housing, that illunminates 20
the surface t@eengihidd@e anbir oF falatiidGhotidddardlle] 1onth8 atdfR8fiotn 568 erh@Gné r om
the s rf%cte tvia, tt’le aperture to the detector; a second detector within the
housi Tg R&t e?lélggfﬂms illumnation reflected fromthe surface; and

ci rcui t r gharheterizedisthat f the il umi nation source when illumnation received
by the secondshe WRHAGHY infidddsToREAHMY Br iHerERBRI0H rellli RSl B6@R Yerpiddular to
circuitry is erative to periodicall'y tomon the source and to turn it off
ifoill umt}f‘?agluffggls'recei ved by the second detector is below the threshold.
Preferably, tRefapelytsaidatilastoomeeaigadl doynpaiséd dt feast tivoaigrphsstdsast bre: fyisivadgnal
navel &naty; ik Lgehbosy sk by BleaflinS inayeLenat bRt orthlER L BRidid 8 and
second detectors 18 Sensitive. %_ fn a preféerred enmbodi nen 7 e

i nvent i ofhe sirfges andogt leaseone seensi signplowhich 1 #éectedtab da8ir by MPiign prap@slioulss to

det ect or thewWuffB@tngai d part first inpinging the surface, said part acting
as a local os itl | ator for .co etrent. dﬁbecti on ?f theﬁ{l}gflectﬁd iILum’{nati on
by the detect SFCTHATS SOFEPES CEFTRAREINHRROUB LT [HdVE AP PATRIC RS BFET t ed
i |1 um nafficorthe sw@esigpaler shifted, by said translation, with respect to the

i 11 umggnati on PregguRIodddidmidie; &oiprzs:and said 35 Doppler shift is utilized
in determ’ningthe not i '

n. ere.is further .provided, in accordance with a
oreforred enbURPERMES TANGU, ehfeRERe metin FRTAL 1gst onsatsaitng Seris 1
not i on bétshemounthef rajafiae abtien iankidag sucohgoecnt payailelstorthe swafeace bhdiaicompoment
sour ce, ‘ﬁ%&ﬂ%&ﬁaﬁﬁ%%’fa% .l um nate the surface; 19 2. ~JIIL c~~? a
I

det ect or c1 receives 1lfumnation fromthe source, reflected fromthe
surface and wAstemnipges seeendamunt phrelative ipation) fromiah leest ome Wi s Uwosignals,

portingn bad Bgohebinochtasd rdlitive AeotisH ifohedng 5 tihpdnBiipetftadideihenitbs sigaibg=aies a

2 9721 D52 ARG g ey B AT 08, et bR AL,
sai d 5 sarfhsgconthdeternfinesopmoyoty of eelativednationa rate of rel ati ve noverment; and a
moti on cal cul pfeddrad ) athe SabhdAALER of REatRERMHon Abed £13AINER IR AGARIBE Ve
to a count_of zero crossings of the signal.
to the surface.
30 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 paralle]l 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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Preferably, the detector includes and including a high pass filter %Igat‘m 2002
alters the detector output to formsaid signal. Preferably, the high~pass
filter has a slope of less than about 20 to dB/octave. Preferably, the high
pass filter has a break point at a frequency corresponding to a rate of
novenent of |ess than about 0.5 mmisec. Preferably, the apparatus includes:

a second uigadaﬁippoﬁﬂ]a{shﬁet ects at |east a second part of the illum nation
reflected fro tofozm nd_ det ect ed n utilizi

coherent det e(rgrl%rﬁbl%'aﬂlg%ﬁgea§tﬁé‘e P on 'BCTHr14E tgrrﬁ%%ﬁgesmtoﬂgn ?ﬁ%ﬁ 1Q98F

rel ative s#tfadeon based on a Doppl er shlft of the reflected radiation,

wherein the sifgnaprefdbdS@fEIAMERT SCHRAINTEGRM] tﬁé%dtﬁbdpﬁﬁﬁﬁeﬂl@%hﬁ&{geﬂénd_

t he detection (P(;forrlg i ses uadraturﬁrgm}lect l.on. There is further provided, in
accor dancB WPt {Weerflgﬁ‘ TREBASHIERENTS 8¥13%Fe i nventi on, apparatus for

det er mi ni ng t Heapeifatrédentodinen o theangentioacdstentihing @mmumt of tdigivappaioat us,
20 conpri a'i‘lg} toathla Y 1&3&%@%@&&9@ {hH" Bndidl B delbiiRy Rlofion 3l ﬁ&‘ot Hén—
withint housj n at produces a signal utilized in deternini

relative Cﬁﬁlﬂqabﬁ“? loﬁﬁet ermined; a source of laser illumination of a gl ven
wavel engt h, Wlhﬁ Bipfeféria dﬁwaainmx of thatinvehtioni thailkeniadiichiepapeddagaryhineidgh t he
apert 0{12 hat illTumnation is reflected fromthe surface via the

apert EFetector and circuitry that turns off the illumnation
sour ce when i It aprefaréormbosiaented thy inveetiofetdeteriing ¢ampriseh eolemerftradstecingel ow

?h; hg gﬁ ?éﬁr&grggryfﬁﬁ?ﬁam mtcmaesqehe&mgraf ddﬁ;raﬁgﬂf gtr?oir/tf‘ongc? \;12@ SihRsthsdnl Kok wtanog n
from t he °Ri5F% 6‘(@5‘3‘ 011 i e F’Eﬁaf‘?fg?’e?}r‘sﬁ)'i‘c&eao actas & 15pliess B’t‘%/& %’W%%fd@%e Brred
enbodi newbjeof is tatpamaﬁiyecﬂacmg otgectethrioogh Wwhichcither tie mcntg,nt trerefledted ilinenimaibn on

of a gur 3[? 3GEs s E!raﬁl?slpmﬁﬁ geq&l&n@%%hng&ﬁlﬁgﬁﬁét&% ‘pals] H&%ggﬁ i 4t aci ng a

partially transm e neas vice,  adjacent to

the 35 surfacéia pqefq;f?%ﬁmbpqif@eph@ftgmnf‘l%gor\,ﬁl@ Rbjeptds %?ﬂm‘i to|thestfcson such

that the illum ﬂ@idf&fbdle&lbb@ﬁﬂeﬁﬁbﬂﬁcfxﬂv@ﬁmmltﬁd iRfcdfs i 1R newr fiale of tahdfeed N at
| east pa ast on .eflected illumnation

rt. of .at nd
passes trﬂﬁgﬂﬁiﬂv‘?lﬁ BByasE . O"%b&er}ﬁﬁn?ar fie ?ft #1898 he il lumination reflected
from the surfixe,preforrgdnmbadiment dfthecingantiingibd objetteisei grating. Bigjferahly,ahel t he
surf age a%ing ipttREQCsWnk R oy 4 s%g?@&%ext SBkarishidRSiBuhiafod Bt QRAGKAAGE.
| ength o he detected ill'umnation; and determining the relative notion of
the surf&¥&¥Garallel to the surface, fromthe detected 5 signal.
Preferably, tReftra@psthe dhmonatwh i6 Iatele@slfojpeﬂ'tallysohqzrantiaaﬂ Ithe atgeqtiinplacddrwithin
preferr e%e%ﬁﬁt@h&qgﬁ%ﬂgfﬁgﬂdrﬂmﬁfbh% ﬁ;etggr%gg ect is partially reflecting

and part of the Inc] umnation Is reflected or _diffracted by the
object, as a Fbpdrelaeel pmbefimant: ¢lothe Anvenferctie;lgenl @ﬁcﬂl@t%ﬂmmlmﬁqaa%qddhc. s

cohergnt refleciel iiimigiatiéhl de tidehent &t ledst oné detédtomto pﬂodﬁbe Eatd isRmbly ahd e local

et hod 1 BrRBGTREARGE by ePe8 URLARIGI P 4 ETbardl Mo WAL er O
measur ement d@héreds Butrpr provided, iplecoirdagee withra praferrpd embodivienhof b pléf@ntlonvml ch

is part Q{) pardiBs f@ﬁéﬂiﬂnﬂg réiQWeqﬁotlc%Cﬂeﬁ%ﬂtthé ébpta%.lﬁﬂﬂ fa@ﬁﬁacejelérdphklﬁm nating
the object with

u ation.s ci dént
1T unti a1 on FRIEARERD ot SO FARoRUa BN i hats e, ence
illursonation atﬁdst getettor whick fdceiveeiiiufmimation ons thefsauree, reftdetaddnin thedetfaes i ng

the illum nat hr?Bb &fvlrtﬁg}{ Feﬂeété 9 ﬁi%‘r:i c??‘t'ﬁé ﬂ&mﬁ%&foh 6 5438 il BetebE s fat the

iI'lum nat;i on, ener
detector gencrates a first 51gna1 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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20 determning the relative nmotion of the surface parallel to the surface,

fromthe detected signal. In a preferred enbodi ment of the invention,2thei 2002
object is a partially transmtting object and at |east part of at |east one
of the incident and reflected illum nation passes through the obj ect. 25

Preferably, the reflection of the object is spatially varying. Preferably,
spati al | ysigtQl ddriBtogONpPri ses periodic spatial variation. In a preferred
enbodi nent  of inventi.gn, . pl.aci ap obj ect adj.ace to the surface
Comr i See. of adrAerehy it | niRias othn; Bep Phrg Foraikd M6 dhesfiond witlec fg a
grating atlpmetion teGedthd froundr ddéactedrpy itsedbiqel. aci ng the grating sufficiently
close to the SWEAGH #HaGbnh@rebide coHENAGE frst sﬁgt?laﬁgrta%nﬁ%rter%n' ki M mehe
grating. Alternpat)vely, 10 %%I ng i';\ grati n%q aqqujéaagcﬁgt to theﬁsur ace conprises
pl aci g tsAePngrsignphn §rederepblye ffemignpl pofFeciqrdfisly TPraRee YHRIY it TCr¥esiff ace
i s“out si digstt kignaiemrd ibetadtsothe tdeeorgt aignalg fromnitatoppeidace ed adjisdi Aantsighl. t he
inventio d i i i i . ere
51 urt hoy Bl Bl ol oYL R, dofmitoct 3E}ecBRE bk oBRHEN B e ol

i nvent i omormaligss ¥ ythfrespestde dierfesmegigié rel ative notion of a surface with
respect to a eapuferRYmibeineheoCOBRiVealif) thetippsiaft@ imclgdedt i Ng, which ~is

part of the nmeasuri deyi ce, .adjacent to the surface, 2 2.~ J1L 2 Q-
PE Urifhat i g EREmLPaer RS Hhf re R HfigbatoR i FoR 6 offaer afinar pesiefe g
of the i Ishbstantiak ileminagionnfordethe obrectiod frosf thecsmucef arshptddecsr fhirdesignahém ei n
at | east r%ggns%fthér&& jjaci dent and reflected illum nation passes through the
grating; tecting the illumnation_ reflected fromthe surface utilizing
the ref er ence thesaral spITGCing comechidthe Adivptad signad pasedionithe thrd sigmdle to t he
reflected il Qiereads fudther prodtidddtiaratstiage vt d Slefeiniedl @nibotiingt of thé hiRestitnf ace

par al | el f r ' | erein the.surface is
in the neaéé’a:%tpgfogﬂ%]aﬁ'ﬁﬁig rélﬁ tg.{gl x%&?oﬁélﬁgéﬁetg? %@Sﬁ% ﬁ"ﬁﬁ%@l Na P%ﬁ"'r efl ected
fromthe surfae élwrsnﬂmcﬁqemyvlygh trersgnitsribpmingtion tofillpminatedhe surfaed; nat i on
reflected L r ?@f@é_’t deldeétt)f %icﬁ(ﬂ%dé}fvek hﬁnﬁhhmtf{o%mdlfecés&&é,%ﬂéc@ﬁi :t?c{h‘?thg@ﬁﬂf&@; o
conpri ses deternj.ningthe i on based.o e frequency shift. ef er Y,
determning t ﬁ’é%‘fti ‘gl?fcﬁli‘#g%ssaé?r@%ﬂ 8’9 %eﬁlihﬁ’émeté‘?ni tgﬁﬁ%%“idﬁteftﬂre S’éﬁn?ﬁ["i‘tt e of
t he si gnaibteviiot perprista first signafbasatbéry coltebmat doedtion df shelBiuarinatios deffectethimar o

Cr 05 o N0 3 urda B AP IR GfiEflndh A VRhectz® by ThodoRECSI DA ofithAG, BNt of he

i nvention, the object rllas a _transm 55|i§>n characteristic that js spatially
non-symet ri c? FEeAglsrlor Wiich feaehsa HHRINGHRS fFRse dhfi SOMFE VIOUHITFSE I on of
t he r el atliuneinstidn refleddabfem thit sarfabwdmicdensrass & 6coohd bigralyegpoadivarhsisted by sai d

non- symetry. e, | j et o 0 A r '
enbodi nent of a}%ghi cr?\llié%ﬁ{ol}lg?\a?%gu%ﬁ ﬁ%gﬁ?os}gln%e@g%m{lﬂ%%{eﬁgwoe la itggegerﬁéfl on

of a surfig8ei#d h respect to a neasurenent device 20 conprising: placing a
partizl |y trapasdtiohicauRbir et calélta@h theSreRAVd mofiod REpERARUD itRGkiGhaN 68 the

adj acent to the sturface; illumnating the surface wth incident

i 11 um nafi8BH ORT®h does not constitute an interference pattern, such that
the illum nat Preferdidy,r élid élbunsidatiano foporthé opurcofrecdiesds byf theeseconde detbeion2 s at

| east paffiunfthatf bf8dd P88 oPhiffitEed BiFind@Bkctand reflected illum nation
passes through t object; detecting. the.il]|um nail on refl «?{I:C{?ed frorp t he

he
surface, and Gehereiiradgermbodiment od dhsingrution, tediget erFRokr igelides 2 Mermaalizse
noti go othat bdjustsittkednst sigrablfdr eharipes ihthe ntedsitg @f tHeritinmiradonlHasdtoadhssogoad
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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30 Preferably, the nethod includes varying the phase between illum nation

reflected fromor diffracted by the object and at | east a portion of He JUL 2o

illumnation reflected fromthe surface. There is further provided, in
accordance with a preferred enbodi nent of the invention, a nethod for
determning the relative notion of a surface with respect to a neasurenent

deVIh thcgrmlr: Sh:hmutxﬁéaﬂoh |sb'dfb@&ﬁhd]ﬂtrziﬂ%ﬁ1flt§ uruhﬁﬁﬁmm& 'ﬂldnﬁlﬁzitélﬁi%tsuﬁ?deum naltl on
suc at illum.natio w.from ions o ur aci ng
S bartially rof PRRErRgooE e receih Dbt R B he ShRefeletn HyfudS Fivake

adj acent to than sbmeétafdeqh wﬂecrtea pop@ntof dlie illhmination thesaid fitst dmmm slmh tha the
reflect eddé?fct&' &Jne?a@éseadfugtyméﬁ? bRRE A coh@r%ntadege%ﬁon bf “he 1ﬁuminat1ox( réﬂegted frog1

reference i1 unm nat.l on; CO er el’l'[‘JIl dete gc Qa ion reflecte
from the asrrace with e illymgationdesiatehyae Py tlaéfill%“él {%om or diffracted
by the object asecand da@dtoxﬂhwrbde&te@lil,lulhmaticﬁlrrﬁﬂa:te‘d gowalthe ﬁeﬂ'aee’witmwgedchﬁ)g

| cat 5 papregpel bRl fe o ol #FTomes, el LG E b oo

with resp@monﬁ@t@re‘f%east a part of that reflected fromthe surface and

det er mi ni ng t hgsidhileekbasr Bht fe@hRE kDS bl-bPah Al gt ﬁ@p&h@naﬁ 46 kiRcRchmsed
on a charactagaé@ ic of the signal caused 'By said varied rel ative phase. --
| aci

Prefell%bls)}g“ ng a reflector adjacent to the surface conprises placing a
grating lo adjametibntadculiter thar ¢améated the aelgiveinotiondespubgivé toethe sighalt fem the

i nventi ong Maryi-OQg,t he phase conprises periodically varying the phase

Pr ef er abl determ ning the direction of ;relative notiagn conp

def er mi ni ng t H@ "HPrFéférteg gmbadimeat of thy dnyeptions thapehied leﬁmaalbh%w&ewpg &pq theof
the si gnadbjecwssplic&:wwmsﬂ theiligingtidn soudde avarlyd ngfacelsadhi e ifbAGRtioh Bf the

prefe h |nvent|on varyi ng the phase conprises causing
theolec tgbﬁ&n&gfgh %b ysubstantlallylnthe direction of the

mot i on bei ng risaspresed embochmpmteafféhfr myensigholie bmingionthae a icohesence dengthvaadyi ng
the phaseyggpREd a?ﬁsth&s%k'ﬁée“& sﬁtbﬁc@%tﬁﬁisafd%oﬂ&&?ccﬁ@x{gﬂ?d' cally subst ant| aI Iy
per pendi cul arly, to di recqtl on o he matio 20 rreasu&) eg

preferred embddi F&fc%qd ke “H?/‘grﬂ i O, OVERRGR. nﬂg‘et é“’cghsdé SUBED T %‘"ébly’

provi di nggrating protipees essentivlyemiyas singlevardsr of rensaiifred flvatithtiohehs tlldrametes ﬂle

el ect H fyduPlcd. rﬁef@ﬁhﬁrr {hglsgtg‘é%qs %&tﬂhﬁh& Red? el C5¥ thé gﬁ@hp Alridifed) {h%%l'fﬁg of

the iTlumnation vari t he transparent nateri
pi ezoel edf PrEidgdhepganfield of thegramey the met hod i ncl udes determi n| ng bot h
t he magni t ude Iaruiprdfehedzémbﬁdlﬁlfenﬁckmhé irsvestical theriliuthidatian mjle&ed; fioe e dedfeet or .

In a pr efa%[irﬂ?e 11@1%{319&10 éHecl%d bgtahe Abgé/c thgea? ﬂ:astvgrtlﬁ/l c%ﬁ&rterrx]t C?I 6}?& def r| SE€s,

introducing ‘a s ase ch ST SR o rel ati ve
moti on conpri sﬂ@rﬁétf@'ﬁhﬁ PO gieti,hé ageprdancewith @ mer¢l'r¢de¢Idlqu@€mr9f theanvsatieaon a

char agt erhghb® fHf detdpRin® cOiRa kel SRISRSkIAY o fSdusta B WMHE r&Beit 98 nfdafh@hafdévicd he
met hod includes dividing at |east part of the illumnation that is

refl ect ePPGH8he surface into at least a first illunmination having a
first phase antlumirsmtogthd sitfhagnvitiainhcidantiBnhingtican sueh dradl theiwainativreds eefidoteyt

the fi rStfrcﬁﬁ'goﬁﬁ) Bﬁthbkﬁr%nat' ons have different polarizations.
Pref erably, IVI 'gy(éo nprises _passing the illumnation incident on the

surface 35 t hrceagrﬁn siedmg; they dl m‘ﬁ‘ﬁ‘t“e‘r feflpctedfiame thgiupface walizing Hisgninatien udes
passi g td&ﬁved Iftoth nvaidi pBidestf HIRedigdionr tha e murtfeted by ab@hudadi sehriotgent

mat eri al r tho i ncl udes placing the birefringent materi al
bet ween (K& %{9? tg%xé‘lnﬁtl{]ag Lfrgfnglése In a preferred enbodi ment of the

i nvention, th emmmng ﬁhhmmedléﬁdﬂmermmntﬁéhmfawﬁm%m on@gfithe 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
characteristic of the signals caused by said varied relative phase.
Preferably, the local oscillator illumination is generated by reflection or refraction of
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magni tude and direction of the translation utilizing two detectors which
produce different detected signals depending on the direction of the
translation. Preferably, the nethod includes determ ning the directganjd
transl ation fromthe sign of a phase difference between the different
detected signals. 5 There is further provided, in accordance with a

preferr edn@déﬁ@ﬂhﬁﬁﬂﬁndhf fr@x’ﬁaml SHieR a0 a @arﬁ'&iffﬂlwnife@d’urdﬂxﬁheﬂém& Peeferbily, the

| at h t
Compr i o1 MechFardfisgl s Bidertl hPRrPRBCES o iphelRE R £ HFRhesfe Yingh and the
measur err@hxecblmd the, suafdfeerentituatedt wighin Lsalfda@élerqnm lgngthatPreferablietheustiest és oi t h
i nci dent gi'zltﬂngmlji‘é’f%iagﬂ SHE @rm?g Produbed @gsreman %nrﬁfal ﬁﬁgxsdorﬁéroer Rehihees of

t he surface ch.’f hat ation.i | ect.ed . from.or. i Tact
e S Pamsea Tl b hagasat S e SRLE i Qe St e R
fr om t he ofthefgammguhitbinziivedy, thesurfatezipteatd Outsudeftlieatmeﬁleldl vhtire gratidgf f ract ed by
t he apertured r t o
H{ sgkﬁ@&t&éa enﬁ?bd%n!ar%%ftheoﬁ%rldoﬂ Qa{rg‘n% émé eQ Hﬂljodl(xjpm a

determning t Ive notion o e surfac

par al | el s@lc phwse shzeand detepningg ts dirscgion cheel %tivgﬁawwnmp@%ﬁemegﬁm@mgé% ntly
det ect i ngireQivRrdfselativelpbaed ba@d D dHatiderietic phasaighal taakddoissad sthfitephase
reflected, il I um nation; and 20 detecting a frequency shift of the reflected
illu nat‘%1 B8 and det er mi ni ng the relative notion conprises: measuring

rel ati ve noti tma pfefarted egbofiimamt pfitha invientewy, themeghedinckiiest o t he apert ured
reflector resganthythd AniinkRAS a0 NrdHlecteh e (RE sy Thlol 4 Y4 MimbhASE

vari ations suring Lve nption, of face in a direction

per pendi @El‘f“é%ag‘ﬁ“ﬁ’ﬁ@eﬁd§§?‘1°&€éu‘6‘?1n?tFPé‘}§1‘5@|gtaLFF%‘?Pdr ®ect or responsive to

t he ' det ect ed Prederaleipc yihs hiifst . ilRmeihatioablapd thee seedrhiodllurmmbtitde Siavpediffetncal | y
novi ng P gagfohyr ed reflector surface in a direction perpendicular to its
surface peri odi c phase shift to the illumnnation reflected

t her ef rom an8raferrbly zdikigingsgommpsisessassing fhe dlymigagion ircidencomibieisifacs fthropg
surface. a3@irdiREenti Snatarfal. NAteRlaaviideds adauaﬁ@@y dAngEngM dofpis@y a&liﬂgedhe

nbodi f t d t
of o sur fAlesnggapenBahkpne Sudes MiPusoh bl Tlfial Sriiots Bedpiiodt i ng
t he surf aclde§ planing adoefringentwnatbridl befwdemthejobjeghantethe smfasaich t hat
i [Tugpnation {5, 0Lefdect &Hbcfcﬁx%@?xtp&rthé ﬁi%%m%n %Jﬁ‘é%n%“ﬂhé @ﬁ@ﬁmhgé%%t%aﬁﬁét%&mo]['

35 spatially ftil erlngt efl ect ati1gn_such hase
the det edittelbitiitadatheisur o6 ﬁaPP%ﬁl‘Pr’Bn?a&ngldG‘éﬁte AT e N
subst ant batfiypgenmsitaia tvace.l i nearly xelated to the translation of the

surf ace; genef@ta' {reff e?x%‘tﬁ)raﬁb ﬁyot{ Jﬂ@ g@%ﬁ%&bﬂf ?n%ﬁ%ﬁsl'rxcylﬁdésodét ining the

i llum nation 1nci cto an
det er mi nf3gnitys %ﬁ éltrwen St 6 riramslatione Wilizing Qwof Jeseptarn avhishgprgiuceptlifferentap) v |
i |1 ums natéteged eigptisS@pendihg! BNt i di@ctidie of thd atasslaionh PRBatiIAl doteraiyg g

T ym NallOfion of translation comprises determining the direction from the sign of the phase

toaw

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 translation 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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5 Preferably, illumnating the surface conprises illuninating the igr E}EEr,
t hrough an aperiured reflector placed adjacent to the surface whic
reflects or diffracts illumnation to the detector. Preferably, generating
a signal conprises coherent detection of the illumnation reflected from
the surface utilizing the illumnation reflected or diffracted fromthe
aper t ur edrekRnkio€ tolthe Sﬂ'gﬁalpl’ eferably, determ ning the reI ative notion

conprises util shift of th f.lecte | |

rererably. t HEFRPRA PR s s 8 phidloi2in B e st o e Moty

and the sxpﬁtatabr diffracty a ppiatttadrthe tlhminagbh e@ttmddettéduun&i/ir&atwt emdgudhmphging the
subst anti Y S I t Jat i on
s det oot Sty “HioepaL el s SR Beal lop I AR B KRlroh O, e ER R LR
subst &nt |1§Pll“§,ﬂa%rl by thedstectonnd spatial filtering f Iters the reflected
illum nation sthek it hﬁ'theﬁfi}dyldeﬂhﬂmd&ﬁiahmiﬂﬂa Ip&sfézﬁd embodinidhe oStlE irivestion, a

substant i aéth%d }(‘5)? d"é]tefsr{urﬁ °t 'rélgt(;/te n?cﬂtohsof Q%Eﬁg elwtrth ets%etc?todéa %136(: tu(r)crmcn't ﬁ?vm%SI ng

pr ef erred” i nvention ri'ses

t he ref| exom@aisinB] uni nati on vvlth a lens haV| ng a focal point; and placing a
pi nhol e at tthlﬁrﬁﬁaﬂm meruu:fa@e @fth ileddneRliatioR sAcip iRt &lel BRiHaes e Rl t he
i nvention ati al g Bgl conprises focusing the.reflected illum nation
with 21 efﬁfgnﬁa%‘wa Iaccgoi nt; and placing a single node optical fiber

at the focal pieieotingxt I¢dsea Fieshpart of the dimgfimation|rbflavieddtdanp thetsorfadeso detrez fiost. | n
a preferrg cég‘g lprent of the invention, spatial filtering conprises
focusing t reflected illumnatign vmth a lens; and placing a pinhole

at_an i mage ofdetertinesaeast 2 speond Part of theilemiwteriretissied Hom the spare e fom 2
spatl al fse&drﬁrdeﬁ&e@@ﬂ&ﬁﬂt gs focusing the refl ect ed illumnation with a

| ens; _and pl acj g a.sinpgle tica e e e urce to
transPer illuff % iRt {}% %%mggté Y mcﬂ?élb%as? 0'? &an?]pgﬁ& ﬁhb{T/ ggbe ?‘ﬁ fed
accor dangedigfiarh vehepriefthe rfost andoerdpmbsignd$ arhidn mhaenquadratma 8d tretdetattibor
det er m nidaghphiba h@drattul—é/&té&’fohon of a surface with respect to a neasurenent

devi ce conpri ci ng, an, obj.ec havi.n cont i nuous
transm ss |m;n ﬁj ﬁ%%latﬂg'ng‘ igg%‘{;‘r‘i‘f’lu{i@ éngsmegdé’@éuonl q Irﬁl?ﬁ‘ q‘t“toh%“ FERRONSIYP G c e

wi t h i ncisdidrirstiand sevondigoalssuch that illumnation is reflected 35 from
porti@ns of t d i

refl ezgt ed fro%ctfﬁamg/ ltélgmg{l??%(gﬁtd%ﬁﬁhél t@%ter glta{l%m%gﬁ%rlgtlt‘gsngegfcgna and
det er mi nidigetions pagll @t@\?@ﬁﬁ’ﬁf@?eon of the surface fromthe signal. 25 2 9 J
U 1. 2d02 Prefresterably, th&emelap@chclids adlerdfiyimgeihel feldtivansipiiss iigna fdinetiben;
and determ ning I%ﬂe relugfl ve notion conprises determning the direction of
moti on baSEd o g e? eds nal . Preferably, illumnnation is reflected
fromor diff réféﬁtf@féblwytheh@eﬁll@ji wdes igrininee theerelativo Motign oppasesetonstingn | s

cohergnt z@@t&&tsing@omtuédszbﬁ&ftsmﬁkdthw@eeatd fpndlef  ected fromor diffracted
by § the obje t as a forma signal. There is further

osci I at
pr OVI ded, in E"t,fﬁrﬁhlﬁn‘iege‘iﬂnﬁﬁogp’ﬁ)"tﬁé?‘gt"f"élgdeéﬁ%’é’& nment of the invention, a
net hod for defleemiinfuniipet provided,an aocerdamdeivaith mf)refen:edl embodiment ¢f theempmttont ® a

measur e i j j on,
Thos o hendiettt BEle Rl AL vt ilth R siiaceRAISHIIBER Ahbabuterci BdRle,
fromthe CSBPHEBE to i I Ium nate a detector W|th illum nation which is not an

i mgeoof a poilhimif#tingtha s\dict wath itfidénhidlufiitidtaa Suchsthiithd GOkl is reflected

illum nat cto Wlth reference illum nation derived fromsaid
i nci dent éqﬂ?ﬂénhnﬁrg’toeftéﬁ "#ncci ’coherently detecting the reflected illum nation

of the detect oqahemntlmdptqqgngﬁxedllmeﬁetoeneféwt@ fram theisnefedeowingacistectontto fomn
det ect or jggh@frates a signal; determ ni ng the reI ative m)tlon of the surface-
parallel to the, surf bas 0 var| tio t he SI cause the
Pl ative moti Siizies SRERRfen derined s sAdRIRpT v REBEih Bauas nef e

wav elzengitie sunElcd 3a loedl esaliaer, fdrlsmmcoiwmrmdeueamxt aidhe sanme wavel engt h such

that the coheg &Q&mg&%‘%ﬁ h%g% ifude BPJA’Bﬂ%‘z%Pﬁ@& §E gﬂfacg?r {%htﬂi Sk the

met hod i ncl udes spat um na on o ace

Pr ef er ablcyaragigriged ap (hat \ﬂw Wﬂ@StlHeOH is|ferriserhentors wrall ayea alithe atéecteb peh that

i |1 um nateksagtidilyeonsy afsiie sputialifquandyr eMBBIrsfdced iPhination fevisng ifeaticatd ¥
varying periodic transmssion. Preferably, spatially varying the

illum nation of the surface conprises ijkluninating the surface through a
grating which specularly reflects a portl on of the illum nation incident
upon it 25 toward the detector to formsaid reference illum nation.



There is further provided, in accordance with a preferred enbodi rregt( ‘3fULt 1e0?
i nvention, a nethod for determning the relative notion of a surfa ejvm'th
respect to a neasurenent device conprising: illumnating the surface with
illumnation such that illumnation is reflected from 3o portions of the
surface; placing an apertured refl ector adjacent to the surface; coherently
det ect i ngfi¢ldeviihl daidntoced bsadiitatorehltiecdeegttdrr om t he surface, utilizing
i11umnation refdegt ﬁﬂ%ér Vi, B ;IcE ﬁ&&c@%ﬁb’a %&‘?er?a%eérﬁ fdﬁg%rft%ffltl%:ﬁl%nu@ﬁ a

| ocal oscillator; ermnin erealv nmot1on o e surface, In
di r ect i orPPRATRHS| o dessriings fhe % Vef‘F‘HFﬁHSB 4 FREFR VY FeSPRQE 16y th@h@pér.a@ﬁm
Pref er abl gompridéngt el ative notion is detected utilizing a Doppler shift of

the i I; um nat 'é)l';'ousfﬁf lh%%mggn Il}f the é%l’mg gﬁle Preferably, the apert ured

reflector is a umnation diffracted bythe gratin 2 ~~
~l"Ji.. 20024 etg@erdwﬁhindleq kousingi thyy Rrhducebe istamal nhlized gp efetarming m;@@ti\ﬁ:ent
of the inygfdd;on, the illumnnation is perpend| cularly incident on the

surface. In a eferr d e i ment. of the i t|o surface.js.
bt 1 aati y i f LRI o TR T e v A B he BB Bl ingtes: ne
i nvent i onhe tinfacsuhfaigh tlkiaapertoremchrthggllummmm |1mgcﬂm3’dtfrcmn thswfae atid the t he -
illu at i.shble illumnation. Alternatively, or -- -
M eipl y,x‘éQﬂH{ cﬁf‘eﬁto}’ anl

addi t1 ona m’nati on conprises |nfrared il lum nation, re
is further pr d\/ﬁkﬂ%rwowrﬁlgateea?m@amw% ﬁﬂéﬁeérwaé/&k@&“bowh#ehkodaﬂc thabt af
i nvent i onythamraeRhgtds foorhickethe defedibmig sérbiziveel ative notion of a surface and

the appar at us. eI ol 000, ficRan L Aol LARSITAREE ARGERLerP L WA Spon,

adj acent to the surface; UM naton Mycl
it and gemparatuesion d@@mmmdthsurghave mption efce sarfaw Muﬁhrn wschb ﬁo vth¢ @nparatus
i1l unjshat@sphidgobj ect with incident illumnation such 15 that

refI cted or diffracted tovvards the detector fromthe

|IIumnat|on i

obj ect and su@ﬁ“‘[“ﬁ‘&g pYPg angpertirg formed BEFNS | | unvi nation is reflected from of
t he surface t eawdatetsort Wighinl dtecintusing thalqinoduheaasﬂgaaldmlmcdmm dewmhemerthd yeladist ect s
the illumgfglon reflected fromthe surface utilizing the illumnation
reflected or diffracted towards the detector fromthe object; and circuitry
whi ch det er ni ReSurgohiaydiympnitsn e sl ayplength. wihinthehousime: that ipmingies

W th R0 riespeicetthrduble tapspafiadeUsuch rtban itinaindede ¢ fdlested fm thhafrfice Siaf e t her
provi ded, el[gurggg&r qiapegt%rvm th a preferred enbodi nent of the invention, an
opti cal as . a _housing having an aperture facing a surface

and an opti caIa mpn@)rdetfétpé@tltbm isi bopsingethst raseives ifluymmation aefffstadhBom the
apert ur e,quh®¥ ghdd the 25 optical notion detector utilizes the nethod of the

LYenLON L U5k AT L [ERbARARD St ek RS PRL B ARG e
enbodisnerdetegfor fals biclovemthiesimld.a t ouch point for use as a control device,
Compri sing: a pigus bggdfé%%’cﬁlﬁy oRPRIVE ¥E FericdRdll P RrRdnGRE bGidbe MR BGHA: i Ch
det T T N tnaion rectived by the sasbnd détactor is below the threshoid. 2" ©°
ifi received by the seco
Preferably, the aperture is covered by a filter that passes the given wavelength while
blocking light at other wavelengths to which the first and second 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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the aperture. Preferably, the optical detector utilizes the nethod of Eteqmp
I nvention to determne the translation. There is further prOV|ded J}
accordance with a preferred enbodi nent of the invention, a 3s p0|nter

device conprising: a first touch point according to the invention and
circuitry which noves a pointer responsive thereto; and a second touch

poi nt accordi rbgdét&tdrhehﬂ:mv&eltvwmmﬂﬁhtioﬂcﬁrmitﬂgs&iréd:uéﬂerc;edmrﬁ hh&ﬁiﬂﬁ@@mﬁa "
reto Vi e

2 ~ ~I' 2 ONsSi Ve. I
1 actor didich Reeives 255 Pab bf e ERBAT Eith o sEh doriiieind Rabud RE Rtk
nmouse/ t oustbh gbatnthe fdstectos egensrates posighdr bdsed e colrepant eiete@bmrqfstbnglluramwmmsu ng
havi ng an.apesd ﬁ'&ﬁ 1th§su§ﬁcé3mth %‘ oI reSH g 11%1'11ﬁﬁhcﬁﬁeisear18%d‘l'%§cﬂl£}8r WAkdeRtafal an
obj ect whi,ch |s ansl at ed cross étgﬁm}gerture means for determ ning
whet he¥ t%‘\%‘aéiﬁﬁ eney Iglg lt%laﬁ’fte ?H‘OP’S%‘F‘HQ referably the optical
detector util |azmst1dxh&1mdsmﬁatodaldutwesl thy emountoftreladed monbn eesphugsivertansloardti on. -

1 o Therey z§roc'1‘5stsf‘ﬁ§§oipt59¥1 I n accordance with a preferred enbodi nent of
the invent anner readl ng a docunent by novenent of the scanner

over the docurPé@ﬁerabbrnﬁw@teﬁ@r ll&wdﬁbﬂﬁld:alc udingis highivassofiligniteat flisisdthe detector -

patter ns depL& he forl E€ emﬁﬁl 'Phﬂerﬂﬂ?uﬂﬁrﬂlgh @@5& AlferGak laCs'ibped@tt R64 tian Wb 20 -
Scan

d ' f
et o 1) e IR P Ok R SEEPRL 5 o bk oA BLAR PRSI AT 2o
i nvent i omateof tHvaBed ofiasethah sbant &fshmiseon. Pr ef er abl y, the patterns

conprise pri ntpggmg@ltytﬁgq?parﬁ{lgﬁgmagg vely or addi tionally, the patterns
conprise handwritt S nally, _the

. rnat i ve Q atterns
cofipri se a si @ﬁ&?%ﬁé‘cg?"ﬁé?hét qedects A {97852 $5°8 Haé'HOf ‘gﬁllg’ﬁﬁ?tﬂﬁ‘ﬁégec\ﬁdt nh"the
pr ef er r edudndaeadiferad seobnd deeeckgdstgtial witizipcahereandaeteioncandr i si ng: an

optically diff Hesr%' fodod gétujzc%:rtc{ Pc?mﬁté%ft}?ecﬁn?lﬁﬂ%f?a tR}%txh&?cl &%&ESB% o*ibgl‘é{ P

relati've noti
measur es of éheeneﬂqcéedrfeduabm wiherein thesigaal ang &Ch@lds‘iﬁtﬁfcéﬁé]élgﬁai ﬁf@utl thtSP Hragkatiege

mar ki ngs 08 thdRtcetisd @gﬁbﬂsgﬁqﬁaag{t@cugteétwﬁ her provided, in accordance with a

preferred enbo[%' rmn%m‘&xcr %rr(])(\andle Vi Qltcclzoc}crilzince With & 81%?erre%i roldxs | & of the invention,
apparatus for determining the relative motion of a surface with respect to the apparatus,

20 comprising:

a housing having an aperture formed therein;

a detector within the housing that produces a signal utilized in determining the relative
motion is determined;

a source of laser illumination of a given wavelength, within the housing, that illuminates

25  the surface through the aperture, such that illumination is reflected from the surface via the
aperture to the detector; and

circuitry that turns off the illumination source when illumination received by the
detector from the surface is below a threshold.

Preferably, the circuitry is operative to periodically tum 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 reflected
illumination passes through the object;



an optically diffusely reflecting surface having no markings other than
reference markings; and an optical detector having relative notion with, g JuL &«
respect to the surface, wherein the 30 optical detector measures rel atl‘ve '
notion with respect to the surface relative to the reference markings.
Preferably, the surface is the surface of a disk which rotates about an

axi fs ang | wher ebﬂacttﬂgetkﬂeluieﬁthuioﬂﬁaﬂwms ﬁbimeﬂfeo%ﬂfab@moogemﬁ& gidslected signal,

Prefera tili-zes t . [ 0, is

furt her vyher X'ﬁlg e%gax{d tlﬂc sa g%cgearé E'lﬁﬁ%g %ﬁg grdrxéet%x nga\fgzpfegs anigl %@e%n%e

i nventi odengﬁlﬁz/fth@dﬁwtgblrﬁu@émﬁpnsmdg: an encoder according to the invention;

and circuitrydweinghin rtﬁé‘?é]a’%iv@ﬁn@t&ln%ﬂfﬁ@ﬁﬁfa@él Rrelialt to\tBe SMfacd) Fronihe defebiel en

or graphical, data. 2 ?_ 9J~1 1 _ 2~?~? There is further provi ded, in
accordanc¥™li th a preferred enbodi nent of the invention, a device for

nmovi ng a sheePraféragzptbe trammpssiwi ofithe nbjastss $ratialipvarpiggt he paper; and 5 an

tical det [
any mar ki nas. Sh-PRE S0 SROCHEER of f HPAERE o ek € R ol R g g 0 1

opt I"cal
met hod oftheiRgid ?fﬁ\}’élﬁ’@iné nrrﬁ%ﬂe@tquorfdﬁiaﬁté(ﬁ by ths ohiesd, asi anre&é%? d@mxéatxﬂmaﬂ a
preferr edetemcafmmu@ﬁnahb@m dowerehi, atlizifg saidiférescefilimimayéomg a sheet f
according to e I.Nn tIO S mat| n rom
the plper:  andraeiiihy diied & LEHAR SR pUILED AU LOLAL TR AR O
r esponsi vxeeﬂtod fon éetmwg drerelative mesinarad gesupice With gegpest.to W@qa@wrgertt @rswh@ r
provi dedcomprigggor dance with a preferred enbodi ment of the invention,

inti h 15 d f heet di
Phe i nvent i onPRRBRGF CRORSREAPHE: (T e &ftP%n%a?ug%SﬁeééecéhmH‘v%t%heet

of paper theasarface; prl nting head which prints the information responsive to

t he asur erreit]&l p{ﬁg}lg{rgﬁ%e&‘;gﬁtg 1&?&@1?{ ]glluTxE]iﬁﬁt?od %uéhu rtﬁatﬁeﬂanpﬁf’}‘acs me:np

accor ance Wi e I nvention
nmachi ne elbwpnatmnnrg rgflectedhplediffiacted @Vﬁge pblesthés mv&wmrﬂlumn@h@ prd Pyt ther
provi ded refleBie@ GoRT €@ 8&GEacei th a preferred enbodi nent of the invention, a

facsimle machi,ne ¢o i sing a an er ng.to t vent L on Therei
further provi ?ﬁ%’émnﬁ rHéé%@ g‘ﬁég 103 r%frcg ddﬁ "gﬂéen%u c?ngﬁ {h{: gfe rence

i nventi oﬂlunanﬁ@mhmehmtedétcéqcmdmgvgl @hé direction of relative notion of a
surfage with jasBafihglie Rlakde NMRARDY TR Kurey p&Eld W Rd ke, fbh! tHetatadtédy
the surface with incident illumination such that illumnation is reflected
from porls’igB?Jis of the surface toward a detector; placing an object, having
an asymet ri clnt 2 preéariedsimiodinent bf dre, inediiac.ght oi_tu@_clti_he risially tensmitimg @bjechg
the illugpnatjon Jh.grclfeag E%Qt 5Pt ifEnSiled 368 rétidctdaZiniBidahbn FRk&CHRugh e

generate a 350 SI
object.

25 Preferably, the reflection of the object is spatially varying. Preferably, spatially varying
‘ comprises periodic spatial variation.

In a preferred embodiment of the invention, placing an object adjacent to the surface
comprises placing a grating adjacent to the surface. Preferably, placing a grating adjacent to the
surface comprises placing the grating sufficiently close to the surface such that the surface is in

30 the near field 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.

[n 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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determning the direction of relative notion of the surface fromthepq jyi 2002
signal. BRI EF DESCRI PTION OF Tl I E DRAW NGS The present invention will be

nore clearly understood fromthe followi ng description of preferred

enbodi nents of the invention read in conjunction with the attached draw ngs

in 35 which: Fig. 1 is a schematic representation of a preferred enbodi nent

of a notion trillogshadey thée rgramgonithnmeiduit t illuminztieh esuck dthetvho deaze phrt off thee
inventio t sron
funct i on, et iSaadn erbdhaentolh s 4% R RLERMCRn B BB LRERRS

3A, 3B arfad3cflegted 1B@h@#ﬁ@ﬁéasﬁ@r§£@§&}h@agiabﬂ%’ of preferred enbodi ments of

i ntegrated rmtde@éa;uhg ﬁ;esmuﬁﬁaatson reRlecR&iCRInE Bid Ger fidel i@ fted fefbleReOGhiABns Of

t he invention a_sche of .an optical nouse in

accor dance w t%engra‘é‘?%% %‘Pai eﬁ%odlﬁ?%eh?reg?"%ﬁzlunﬁnaélﬁ?’i © Figs. SA and 5B
are schenmat i c dfitagmangsthefrelativeomstiorf ¢fithesurfacaparibielito thensisicg, droenthedisteced, @ m
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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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preferred enbodi nent of the invention; and Figs. 26A-26C illustrate

posi ti onirefgreate ifomintiondet ect or and grating in which the detectors are

posi tioned f ar%l%:renw t gistea‘?rfgc ltl%@ﬂHﬁrﬁ rtaﬁ&‘i ! ﬁﬁeété@ ”%&x{lle livicn rsfu?fﬁ& ht‘i‘hz%%ochgance

vvrthapreferF‘ schematic

circuit diaminatgpnotflectes Gomor difrastaddyi th@ﬁ‘?Je‘dfaS&r\OO&H‘a‘;ﬁtlI% IBJ?RP bétggalc. rcuit
useful for Soﬁ@ceﬁﬁi ttﬁe @fatf‘.f@ﬁtotlé‘ﬁ/@ﬂ’thb eutfacDEGA thERgRESCRI PTI ON OF PREFERRED

EMBODI MENTS OF THE appar at nt

of thé transl ¥VE% tiﬁ‘f phasg GEN :ﬁ?@% pprt (?Stﬂgﬁlélgf i f&fe"fea éO% @er r e%wtﬁge

enmbodi menbjeof withespaey erdt ilaast. 2 pappé that tefiegted ﬁ@rmthﬁ swiacy @dur ce of 20 at |east

partially COhﬂ%tF 1nm% ﬂ{eﬁi@&l&n s télsﬂﬁ%eﬁoﬁ&ﬁ i fadllel 38 Rk Qitfadet basddCBnas a
2 e

| aser. Prefera aser I.s a diode ser, for exanple a | ow power

i nf r a- r e@haracteristic ph heasigahEpssiy spi H&F%re ©BRaSHsed, an infra-red |aser is
preferr ed Si nPEéférEblf/ liking 4 ReflRyer wdfacervpor tht i munfacet cbmghms Wanimg 2 Flatng
sourc djpﬁﬂhelotg coIIrnated Wiile it is desirable to use a collimted
beam §& &Fd considerati ons, the collimtion need not H

parti cuI arly go@@refmdee«eboduaem@.ﬁﬂeornrvpnr@peuarzegstbepéeerﬁ&wpséestge@a jeplly
conpgnsatvh@g,gaﬁegedggrr bgd below is us]ed Appar at us 10 al so i ncludes a I
one-di nension or, t i tensi pn r.e trve i. ely
spaced from sﬁrerf El@y’\i\getelﬂt@ngltﬁ‘? %éf??tboﬁls §elttbves$18 g°16‘P“§°F e%}muﬁn%t e?om
surface Hieaion ofeslativdmdtitrebased o g pharattbystichnd thpsighal gamd\beealdgreaxpdwglmG

and syrf mllimeters ar less. Light which is reflected from
(or rff%‘?tnjbczf% é%ﬁag ing 16 and |ight 3o reflected b surface 12 are bot h

preferably in&i éIePIFR ferger ambostimend|of thy MyEnton YHFigthe Phase compripes cangng th

pi nho:{ e %Q)ectttsfnﬂfv@ pbﬁbdtgaldehmmdu)bm taasrdmﬁmafthdmoemmmngawaﬁhed resul ti Rg
nt er erence ives fis t he

sur face. F ettt pofipdtpg ¥y o R Qe PR DR L frisDldulile Hhe

1on I'sTre rrom the Surface
in subst ahteptaIIOIIyo‘ed perigidically Sldtﬁ@ﬂtlﬂﬂﬁf perpeadicalariy o the dractior f therBeH bR
the dpawipngsEpr clarity of presentation. 35 In Fig. 1 the light is seen as
bei ng i nciden e surface fr possi bl e for
the light to apﬁ%qr{j:gﬁfnbg n'teﬂtec’fg%gr%?n tog %P? J ?’%SC cI@I%ﬂrpel?ﬁ/ser while Fig.
1 shows the i privitkimg a tragsparestmydteriab Geradeen thetohecwendéhqsvoﬁcmgde such t hat

light reflect 12 &5tRaNeR H%ﬂf@d&éﬁ&ﬁb@tﬁbﬂl&nﬂﬁﬁ&ﬁor
t he | ocal osc?%f%?%gé%ﬁpg%ﬁ%rs{?ﬁl&ﬁgr géder edéffractr or?

.~LI'l.¥apes-2 the grating can be effectively used. Zero order has the
advar]gtsages thBfeférhbl&ﬁthﬂﬂﬁdp@ﬂagttﬂiatérﬁulﬁmpldmeiec(r'&tmd:éddlt y of the wavel engt h

| s not inport u ig

Tight di ffriaeé%raldyaﬁ‘ &hgf%l 8ésgq&or de g %gﬁie{h?n Ig@?ﬂ;&é’ 2? edrlig}eé:
nunber S mndmnzxtlhmgpes@mglw@t@etoru ght that is scattered by t he surface is
i ndi cated by nef fe‘féi‘?e% dmbdagienboflthe 1d\ﬁ&nﬁ$1f,‘ vmﬁfg&hé pnhseré‘omdnmnhtroduc&ﬂﬁ

t h Kl
het o ody 21 AEHS &B%egﬂsm cifieg 0 Giehen URRLEE mofibh Sinhas, sReER e
not i cao. ‘:Em:ttlodetf edativermotimublases! onra charapteristiornditle signal cqusediby sd I@has‘t ehangs. gnal

used for rreas 4% rP fBOQRminAn The id REs&&nce
| ocal oscill a 5?51&1 @S?&Q}ﬁo{dﬁ%h&d& gr@d?é]atg%(ec O;E%Gﬁggel dgd 1

reflecti digm ﬁlﬁ@mfgqeatltw?g lepgf 2 yptHURINANGR Bavips ¢ I‘i'l.’-ést w?%ééﬁmﬂté“m
i nterferaaegg 0f debéhd qfhhéthFtﬁf&&bfyt oftwe t st gandt isevgnd nidlutrivationy i age sdiffesoe on

e e b RRAfhe FiBsan, FybhE ShBhLehalERe R Mhmeaab htldeROnP b Bhsmed e

i ncor por &P origrn of

t he |35calthroeghi Bl umfnngqnelmratm E;Iefﬁeahml@Paneha@vaﬂt@geeassmaéhmnwgl 101} east
some of thffecieql QW tﬁg suﬂf&c' throlBE aObiddftingent naferfl. n@eﬁr&ﬁﬂﬁ NRe mdtial inehidbd nes
t he rol es_of bea itter, a}?&ﬁ tg erent honodyne/ het er odyne
det ect i oP A58 R&EP P tmtar‘?ﬂ%l eﬂ?‘etch’éecoﬁrﬁ gf‘ur A&t em sinpl e, robust and
with few al i ghmmenprefecdi ersbrelithent of. thyHavegtian, thg matbeesn@pféqsr@ltqrwfpez itedi ¢
intensity and/or phase nodulation of the illumnation reflected tomthe
surface, if the surface is placed withiyg the near field of the grating.
This 20 enabl es detection of translation using the specular (zeroth order)
reflection as the reference wave. 3. Hi gh order diffractions (1 st~ ~nd~
etc.) fromthe grating serve as local oscillator fields for detection of
the surface's translation utilizing the Doppler shift of the surface
reflection. A translation dependent phase shift between the reference and
surface waves at non- specul ar 25 reflectr on orders produce oscr I I atr ons

T Y M o, . o o r




'~ ~) (1 ~I 1. 2E02 8. Frequency biasing using |ocal oscillator phase
shifting, in conmbination with the anplitude nmodul ation resulting fpam fife 2002
grating at near field provide for sinultaneous neasurenent of 2D

translation (in a transverse and axial translation plane) using a single
detector. In addition to spatial filtering related restrictions, the

al | oned dinggnénde aixd diveetiont dieths tpmalation ushiding hieves deteetors ghiokr mbiiyceddifferedts on

tge 9 ﬁt'(ﬁhlgclcfé@rsig‘ﬂ?lsﬁe pdnlifig lohglmdm@ﬁ&k sﬂgepansxau&nhfel S|ote02I rgl coherlence \g dth
e’~, e illugnate rea i nciden nd.refl ected beam angl es or
those preferréde &%@dﬁ’r%ﬁ‘ﬁ‘ dch Pq‘fﬁé deferaimineghe difpetar f fiepslation f*i‘ém%i‘f‘gﬂgn of

ref | ect eda phasdldiffbreasd etivden dim differeqy dettdciegl saagla& | ocal oscillator, it is nost
preferabl e for A0 be
prefer b © 1 OrikiS ARG HEL AP RAGLASMS SR S U g

0~, is tHacthyklr ﬂamnwmwﬁh%felwaurmqoarp ﬁe‘*&éﬂ%%ﬁ’l Héspaett@@ﬂa@aswmnhéwce :
necessar idoyhp hﬁq spectral width of the light source). Furthernore, the

coher ence Ien of the so 0 refer be Iar r tha
mBi ntain the %ﬁgageaﬂca@maw%e eede Sfich Bt e PSrite dibe o fls °
wi dt h of sutfecej | | umi nati ng beam By proper spectral f I ter| ng al ong the

opticgl path, ﬂfd?{ﬁna&%c@e %hrfgcw&mncﬁ@@ Eidmna&& th%atq&luﬂﬂmaﬁ ik ifadpd and

its coherence len i ncreased IS IS necessar
preferr ecf*oé‘hﬁ%‘ﬁp%ﬂ*t the sprfpqseand syt that illuminatin isireflected,Bom o @Q&%‘Jﬁf‘é‘n@hﬂ‘ém on

pattern ppajisedreffegtor; role in the detection schenme, the spacing between the

grating and s Eél‘%?ejﬁyl%ﬁéaﬂ'{gh gh?ao %tlml t Frybdéatte thL Surgacgl ﬁhﬁzr}n%lséﬁ om

the grating, e spacin timed
to be neauumm@tm reffeqtesl frasm ot didfiastad bbsth¢ apariisef lfe@ﬁCt@h@ aclaefés’sczbatmh@rfenna is
not egsenid Rel ative notion of the surface can be nmeasured in a nunber
of ways. nS|der .the | nC| dent fi.el df t} grati dq tlleld trans 'ssi&n
function, resfEREHQEEL elﬁfltat)‘ve“méﬁe’bso( & Syriace) papggdicular fo apg pargisl 1o the 4
yrm (2} aperﬁsedTﬂaﬂecgmra&om@elsxgnassurred to be a pure anplitude grating with
period A, so p:ﬁéraﬂl ,lcotng e?e%iuﬁgc&ipﬁs}%? sum over non-negative spati al

frequencies withre |ent similar formalismapplies also to
bi nary phase grat i #jectiog a@ﬁh@dgeﬁ@mvw&g@ ofrthe reflgsted dhimeinatiem and so be
used don the practiéedding hfiRqmsnes shitt df theasflécdss illn@iindtide; apaner al case of both

anpl i tude and; %}E@ﬁ%ngrﬂ%tp gge ﬁ(;}p?eﬁlq' Ltardation termis added. For

simplicity of Scription ovmn 30 description is based on a
pure anplitude gramEyringeshgivemotion csfﬁbmﬁta Ise iy gdliresticvarpralirhto thetppertured

grati tngs r@fegtobeswﬂtswet&@ﬂ 1@@60@{&1?@1@@%1&% &%&e@@ﬁgﬁ%ﬁem of the

i nvention ni ortant .. ons n re al so e | 0
e ot hent oby e reiaRE PRlion Bf o Rt B & b S Tpe s R SR by
t he |i5sghsuisapteepaturedreiigratiespgnsive the detsgtedrirdquencieshifta col | i mat ed
bean), but '%R@érab"‘l%gh@&la%a@ﬁﬁﬁﬁg@ry provi ded, for exanple, the

non-col limation, 1s ensated in another part of the system (e. % t he
spatial filtePgriodcally gnmﬁhﬁ@pfwe% THHSFIOF ishxfagenis a ﬁﬁ@tﬁommémmag it§ g
per pgndl @tlui_faaﬁ td aidtafmtr]:gmgtphf@ shidind tMluﬁzSnaﬁbﬂMﬂdctdeh@eﬁohé,l)andCU [ qued_ I
incident lig LI 0 t andl or perpendicul ar
to it) gives étblg %éaf %ﬂafe S%?#o &s]%%[émrtg‘gu {1&%?&? shﬁ}ﬁl fted reflection

angl €9. Thus, Theﬁemgfuahcrrrpgmdqél il asenrdancawith aquefemed embalimentofghe invention, a 20~?
reflect eehedioaffélaa‘&érﬁﬁmag HRIelati?¢ MBINSIEHL & ¥R WigiatdsyecBRPA nch iReRRR Qutid
reflection component (zeroth order) and obeying the angular condition (for
the n-th ‘BPWU’% sin(a) = n~, / A. (3) As shown in Fig. 1, a spati al
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25 Changing the integration variable fromx to x-p(t), corresponding to the
symmetric situation of a static surface and noving grating with res@@cUUﬂocGQ?
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time 30 respo
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and m=1 ter

f dxr 8%) cBemPportinns of YhAsuﬁaae)towEﬁ)a d€?2§°r’xl - p( t )

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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x2 "p(t) 51s~1 (t) =1Incl f dxcos(2~x / A+ Z~cp(t) /| A+ yr 1
Yr(x)cos(2~np(t) / A+ ~n (x) - cpn) (13) xl-p(t) Attention is ﬁdWJUL 2002
focused on specific diffraction orders in the reflected and diffracted
waves fromthe grating, the n = 0 (specul ar reflection) and n =1
directions. For the specul ar reflectron term the m= Q contribution is: x2
-p(t) 1s~p(t) Prefasaly. g opiepichas an asymmetrg trapsmigyien fupgtipnyyangd dptgrminiag the
surface weldfive aftsioa mbmbmeg dtteesifinghthe diretioh vf thbtidieba@psH the @erett@Bignatand

\(I:Mhla:’] gggan%}_ﬁ es Lfr\é@fakﬁ% A mV\{ngpzrs r%fetcs%d%o%g?r cﬁr%acteﬁ tbI X (1;1)5 omd he%%l}? c;e?e'&'feoi
2~p(t) | #mdithg detpction(ix ):d@se(nfe fstggtion wilizing(the) iliuminagion )refbg@(izfmmpom giffraceyd pcl
~dXCOS{ 2~}X ghieft dk ayreléa)r bEcKlEA56 Tén A sigdl - P(1) ( 15) x~ -p(t) sin(2-p(t ) I

A) I pcl | dxsi n( cos os(2 t) [ A)lc .
sin(2~p(t) / Af*regr( ) rthfrpfcg &%Erléaﬁ qr arrce )é(“L“ g fﬁ%’ﬁd ef Fhﬁt”éYFé‘PP?ﬁ 3y (t)
and phasem&hbd foredetdrimidingtheirelbegy mbtowus surfane osith\raspeatb esmesnrearpodaidseg t o
the anplif %E ?I%d phase reflection of the diffuse surface at a spati al -
frequency f For diffuse surfaces with single reflectors |arger than
f'he spatial wallamgwgng the swéace ovith ilbmpingionnitirpugioa aperered) refiegiopothslathites,
whi | erd orludrnmaus@ 1§ﬂ¢ﬂ%@€cﬁ§od‘i@w Sugfa6¢TR it idalei aCdeector %66 lih@ERtIW Whiches fétr ong
contributians atial .fr es upto 1/d, vvheredlsthe aver age
particle & %ge?ﬁaep?lgrgp%fapc?ﬁté%gogqg LFﬁ’r‘:ﬁ%e "random wal | s” vari abl es depends
on the aver ageimitltancously glunanatiog dhgdetestorseith ufferersdel ilomiration et exdsrdm sl t 0
be repl aggdadh ir \g%&erandMWh inturnis related to the change of the
integration reg :i\ ﬁ “ v.=L/v, where v is

i nst ant aneous C\? PTS’&W getgeiipg, t ?§64%@ illpmiation e the degecisr %‘ﬂ‘ém@r%tdi TRiETence a

| ar gersnurmermrmﬁmgsmaﬂuthgﬁmfemdﬁganieeaueé:Lsigmm;at ed such that LA, the result is

fast oscillati cfg%%nmlﬁg'_wg reﬁ&%ﬁ(at*o%rcﬁl tﬂa? el Surracd bafe’d ‘o vatiations 02

anpl i tude and I'Oh nmeasur ene
proport i cidhe %lglall mrteeéhnthpselawepetrment of the velocity. In summary, for

3|otecult ar refl Q?Eﬂe%l)t lrﬁtesh@a?mum&d%sm% algwe];h%gg@@ﬁgrﬁl eﬂrdsiggnl%!fer@dcft he
etector oscillates a a ecllon n caunti1 ng
of the s diEmipteLs BeRE vRuneh SHEHRR e Sonoed sttt o modi e
measuttenent , daclhrabbyr, othe mystod gncdusies esppliallyi vagying the dpudratibn anfsthat sunface.
provi ded ﬁrserabrw %atraﬁp%@mgqrrc ﬁ!dnﬁﬁ&ﬁ&%ﬁﬂ@%ﬁ% &gﬁme nmrﬁlharawttn@ € surface

measur ene e neasured sign .t ud hase are Slowy
varyi ng s'g"é‘f’g}é?‘ {TAnFMISHLHBIRS RAYRS Sp‘f’“@g’@éﬂé’ﬁ RFé’O %R’:?S’SF t he measur enent
i s propc~i onalPréferablyl, spdtialiy varginighthe iilidminativatofdhel Sirfycatomgrisss zmumaam@me

Than bot oY A tHhouf abilisd S el MRl o a b P U BO AR IR BT |
| i ght25r eé@ﬁﬂﬁ@hqme%@tt@&lﬁrsmwﬁﬁf’&ﬁl lurEpgsion; r st order reflection, unlike

t Pet f\pec ul ar  rrekless tirgier x@ardea Qﬁ a@do’i&n@e m%ererﬁh%ﬁeoaﬂmént of th® inbﬁmmag ain
a e co

2t 16 gt 'd%rrrw%ﬁﬁ% RISt ga i T SECk WIS YeoRCeT R0 Gkl %‘tetsfsevxs@

_p(t) 1 szempn(:m); | lcl ~dxcos(2~rx / A+ 2~p(t) I A+yr 1

) 1 (X) cos( 2~p( G hurhinAride “fhelsr.(rl‘a)ce “with? 1ﬁu1)11nﬁt]r(7n) st the( ﬁl)unuﬁbt% & gs?ﬁgl ' on
ofthecosrnetrmrn( 6) as in (15) results in: = 1p(t cos p(t)
/ 11 3 gPgEHoR§ 0 ? )SUrACes simi | ar manner t he expressr on for the m=1 term

(17) is: 20 | placing(dn)apertirdd feflpctosddjaqent i the sarfaced~ 1 (t)) (19)
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.
Prefcrably, the apertured reflector is a grating and illumination diffracted by the grating

26



Equation (19) neglects a slowy varying termthat adds to the average
detector signal (the "DC' conponent). An analysis of equations (16)5 8 3) 2002
shows that if cpcl, the zero crossings of the signal correspond to -6 PUZ
while if cpcl, zero crossings correspond to d p=A/4. This result can be
expanded to other reflection orders n>, where, if cpcl the z5 measured

si gnal wii$ lisedsg ddttratigingtiandiisty to np(t)/ A For ~n~>1, the cl term anount
to oscillatio i) lati . ' :

anpl 1 ¢ ude. moadt 4PAT S RBARER ¢ RN o RaRRGR ISR docidgr o
does not ondbesuréchear fiel d condl tions, so by fixing the distance to the
nmovi ng surf acen & @rdférrddSerhydg@Ent ldf @ 1h¢7t@it16ﬁ‘8the Eireded 1d bptichily Adhddly réﬂE&mg

pr ef er abl fvngsmal | er t han t he coherence Iength ~~2/07~), the =0

cont r P buttof*% s doni nant . Alternatively, a 30 transm ssion function for the
grating such timatprefoutd embadinrent e theeiaverftion] thei sufpeeehas wb myarkises indiaating
preferred,Dagp! er node of operation, a grating is utilized for the

generation of a | ocal | Iator field by diffracting i.ncident i|lum nation
towards the dEfdEelys. ! Yamabief £ (HEIEH VY L‘“ﬁ’i’%&? Uei S@lnqrﬁatlvely, or

““transm sadmnoﬁailyymbhlln(rmngan oulnemisas ipfid- mdamuhmtatme grating is used). These

of ‘TS 5o neartik if el bioBldga AR At bRl ikt WSHER AT il O C€
ref | ect edpparans fon éetgmma@éhq @Jﬁésrveimsuon ofe syrface-arjd|the-appargtus gompr@ntget ect or

nto mil i pl e haahy ciiaui:p o6l jadthl b ekegea Ml titude of Doppler

t h f
Lransmitted andoFdrt @ S%Ee”ﬁ% epirise Br R Bng! oREHE § BEEREBHERN af or
field illum natsburge ofi@huene@srowhich digingtes thegobjenp twithaincidentsidlumanakion sbcH n a
pref g r%ﬁmhmtm%ﬂ&% e,rnamueereowarhé m@m&t&rfm% tife %édt”a%xg%@cﬂ faby 2

singl e beam I|mnat|n above I ong tical cros

Sim | arl partiof the dncidant &E‘P‘Batﬂ%‘alﬁ r?ﬂ?@"&@fﬁ%%ﬁt e1syact AvvRaS B Oefeder sheh W ace

shoul d ngiie ldetectof cokatmly Idytebtbethg riltuningtionl refiectddh &omo Hike ke fice MBS itien

grders O G a3 A SN %ﬁ% O%Pds% ‘i.’e ‘%ro%{ &k 82 4 Ypf! I mnated. A
iffraction gratlng I'sS prefe use gener-att on of the | ocal

oscil lator fi eiraptry)sihinh Qﬁt@@ngesuglaixw meh%ef &@rsurfamp@déql gndbe swikawdth

V'”@@'|chBEUtYotﬁeﬁﬁ)ﬁlﬁit@sfrélﬂﬁﬁé@é@&te@@lgﬂﬁlder (l- ., a single beam

illum nating trFe su#uét?ce a%(ﬁhell natﬂlé % tdhesrfae(aies n?
constitute an'{HE & FEPENREEVITSHIR AFFOBH I hE™  PFEEE en;&? goeqtof the IpYARYARRL i on
r ef | ect edn bptonal mhesesompasimgi s not forward diffracted when passing through

the grating towaisthe iQind %%gmfacﬁl%aq%geeg,ld Reference is nade to Fig. 24
which illustrates. a exenp

ractign n 0, 15 whi ch .enbhodi es
this principl & optical; motieR cfff’éf w,%c i e gﬁenngfs W‘%E‘@g&%ﬂ?mr%"fkﬁmm the
ref ract i vpticahahexomwtietagor stilizes taankethod & the tivemicf to aleetthme theaaisiaien iofidex ns
The gr ﬁ&ﬁsﬂ?h&'&?{ %&P&’ ggqpr?%ées square grooves 802 of depth h. For

i nci dent “nor ima m na Ion the rel ative phase difference in

refl ection fr&here iscfurtheraroydele ingeordance wathgrnaefemes embodiment pf the-invention, a,

wher eas t@@hgoﬁl{ﬁnggggsta%n{}@p@vﬁ@&o Eﬁsmg\l ative phase difference is Pt =
(ng - ns ~ igh-orders in transm ssion wll be

obt ai ned mhenamusfr?@%%ﬂragiagﬁ #B&r, so that the nininmum groove depth is h
d B§ng - nsan opticat detbatorswhigh tdetvmnineshibe meftion eif iadmgef whichds cpnsdapb aaesson
t he optigﬁlaﬁgﬁgge difference in reflection, which after substitution of the
groove dept d.o he transmtting side of
one grating {P‘i??ra?bi}g )tgaﬁafﬁﬂ Aetf'gmwdl?ﬁiaﬁ ”ﬁ‘n’& "cr}ﬁ'ée FEERIQH tefettrainethe on (
Pr = M +translatdhnatural ), then: n g =2 . For M1~ 25 exanple, with M-5,
wavel engt h of f I f
appr oxi mat el yT%%ngm cr o%e(?’l&e% Hrréaglﬁ% %Iﬁ)l’% p?)&” tred 7&%’“&&%8? r allrgtﬁé ?{6%’3
eff i 8% enp9inier d¢videchoniprigingnl y zero order transmission. Fig. 25 illustrates
anot her et hog fr BLAAPSINActdr@if@itd B BlvBntldRvadddeifnis)l dRidhambYesOR pYint' O
order transni ssi.on and havi ng at | east first order back diffraction.
Accor di nbes???s’éi'cﬁli‘cé?g’r d 30 enbodi ment of the invention, a diffractive
phase grati nga 8&2nd sowcbatogd doyordingd #iel invention add edchoting ci)OUiiaywhitﬁlctuses
functioning as a partial reflector with controlled reflection coefficient.
This coating can be nmade e.g., by sputpgring 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 38 2 ~ ,~
~ ~ 2U~??_ optical glue attaching the grating to a polarizer, a waveplate
or a protective glass, indicated by reference 818, or an epoxy nold
conblnlng elenents 816 and 818 In thls constructlon -any optical path
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The frequency associated with the cO oscillations depends on the”trﬁpsyﬁf?se
as well as 20 axial (perpendicular) translation conponent (desc? Obdgl. e
bel ow). Conversely, the anplitude nodul ation (through the cl conponent)
depends solely on the transverse conponent. Wen the frequency of the cO
oscillations is sufficiently high, this frequency can be neasured by the

f r equency-scedlidgadspbrsarihgreen. descr i bed above, sinultaneously with the

det ection of  AgeRTDhirSolMEN b BRIHELLHIP R AP BARRed P HE ARG, 3
transl ation conponent. I'nm this’way, 25 2-D translation neasurenent

(i ncl udi ngFomMinagen HEESSEAUEIANAINE or use Bh 8 PRI T GCOPHRUY GPIRBENE:. e, | axi al
transl ation) mahoken@ENifyethpdgireg a single detector. By frequency biasing
the reference signal, .the ratip between.the carrier fr ency.and the

anpl | ¢ tide modulREPaT AHEGn RGE eARmHEEN AR Hlop SN st freten
accuracy dbe gperthrepandal | owi ng for detection of the direction of translati on.”’
Al'so, using speghdbr BaEMRhE WheBRr feAPRHbE U iat D6 @o'imﬁvdr@%lnfgosm I'lator

enabl es a clear _distinction to be nade between the.transverse ansl.ation
conponent (i ndipé‘g?r@@y © {oRBe ﬁ’ﬁﬁeﬁ"ﬁd‘é‘ﬁ?ﬁfd%}f’ é‘?ei?}b‘?#ogﬁllf yenten Q) ‘Eet“’r"%%q %€ on
conponent tfansldiienat ed by t he phase or frequency shift of the carrier
frequency). Fur RS LftJ G SR .
asym‘reftari ct rargl%lggs,l oner;ﬁ{%g%ﬁ?)%ctéﬁgﬁ %clr‘gtg} éggﬁé{eg&g .- sggwﬁ%(t)%&lgé 1 _Iétrl%xs’ % or
t he pur poseanger fof pding g dacumenh By movemenfiof diesrarengvedicdacumgnt comprising:

Al ternatively, ahbfical Rh#ing hemyviieh gétsdt parthslolthaliureet bothedobBkdnt;ndi n t he
two di nensions, or.a at attl C ‘E}W{‘iae chan i S .useg as %I{)I ai ned,in greater
detai | bel ow. PhoRicalfgectonyiuch feternines te miofigp of the ST A itds el atehacsosss

t he i nventthosurfateaf tipidetuplent wherindthe apticat détentoradilizes thdenathed afithdinverdtion to

det ectqr. dgme?ﬁgmtel@ﬁﬁgam\(es is the result of the 39 29 ,1111_c Q2
nth order diffraction fromthe gratijng.. ‘I'%Be second %Ipiine wave |S.generated
by the sel ecti Sﬁf%?blﬁ’n@e&%@s\ﬁg’é@”(sﬁg’np RsTms o liematixely g giditiomally, the
refl ecti opattérhotonigrse handwditen pattemsnadesnafively br additiahdllyn theegpstdmne remipriss a Ng
non-speculS |ffi action (and assum ng constant velocity for clarity of
the discussion): 5 1. The neasured signal at the detector output oscillates
at a frequency There i /furthesprevided; in geqordange with auefsaed embedistenbef theinventigi i ng
of theypzerf eséddesdonprigipignt s of this signal gives a direct ' translation
measur enent, each ZEh0 ,ﬁ.éloslsi%g cor%{(‘a,;gqnding to A/2n translation provided
that the transPRPRUSAIYATREEY CARCUNE IR hed during the measurenent. 2.
The neasured segaficad deteetor thadieg arelative mecsion awith sespatily tov theysunfycs twhdreini thal
ensenbl € YA datedfor mdddfirel RllAive WotRAGHEARYpcRf tolthe sifpRe WiliSRNtilizthg markings
proportional t%ﬁtA/nL’ L being the illumnated grating size, which in tdrn

i s prefer BWEEASer than n~, L/ A 3. The distance between the surface and

t he grating shdbtrel ipfuether mblided)én scomidance withia préferred kmbedinent afitht mvefitianhe
l'i ght reaggie{jl& E%E‘Smg?ig tor, 7~2/a~,. Even though the absolute tine-varying
transl ation pgt ~ can Be _neasured very accurately 15 its direction is
preferably det 8f wpHeadlyy diffugely vefleqtinghatirfase Hewiag ded dpakgs pehewihan refsrace

pr ef err ed nemkiggh; BNt of the invention, direction may be determ ned by

appl ying an additional, phase shift, hetween the reference (logal asci.llator)
TPl Y and the PRl deRRE g el AR i perSe B ey Bl pEiein ' B8
mani f et edptifad detestampleasurdsyrelativg mgtiom avityrraspieetgtot thavsndecearclativaye fhegnfetdnec
surface. Thiggppovenent does not change the phase of the field incident upon
the 20 surface o that the field reflected fromthe surface is identical
to that given & 15, e SWECR S 6 ePTTIeS e dskewhich pRfgics 9ut&eaﬁasra@§ vépgrein
addi t i onalthepdeesr sbhdutesdherotadioh bif thetdigkns| ati on t hat depends on the grating -
di spl acenent d i .l rating and the surface
al nost constanﬁ%ﬁ%’&ﬁ%%ﬁ%?%gﬂ%égﬁgégmpgég\@g%&{?n@%’?ft between the

refl edfed and Fbwais fogheriprasidnd, i asperdancs ivithe prefeged cmbediment ofdhe inyertionya a -
periodi C safat falBmbHEiagi on: t 00 dn(t) = Dn f [i-1- ~8(t'-k~)]dt' n k=0 Dn
=1+ 1 _(n~~2 (202 V\ééh I %s %)oht %c}érclte t,inaa for the sawtooth, fixing the
anpl i tude of t ARSI AEBYH S §F DUOHANSe shift (or nultiples of 2~) for
reflection at tihwitrtWwhidh trinsatesi seitl moeagured rafativeimasipneintoywsthénf ar srhpbicabdathi s
notion is i-1, and if i-1 > nv/Ais maintained, the direction of the notion
is 30 determ ned without anmbiguity accornding to the frequency of
oscillation of the detector signal, nanely T-1+nv/A. Alternatively, the
transl ation (both positive and negative) is determned directly by counting
the zero crossing in the detected signal and subtracting it fromthe result
of a simultaneous count of the oscillator frequency T-1. 40 2 ~~ 1J 1.
alJ(1lr If the saw tooth anplitude is not ideal, {i.e., it does not
correspond to integer nmultiples of the wavel ength) the direction can still
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An alternative way of introducing a periodic phase shift between the | ocal
oscillator 5 field and the field reflected fromthe surface is to rtquJateonn?
the optical path length between the grating and the surface. This i5
preferably achi eved by a transparent piezo-electric elenment nounted between
the grating and the surface. An alternative nethodol ogy to break the

symmetry between positive and negative relative translation, so that the
tra.”s'.ation |.C :

unct on o TS ey Srer B8RO, B RLBRIAG: v grDeti R AT intdiipn o
grating. qﬂéilrceg?rrﬁ!ﬂﬁnéﬂft'ihee‘tq{é’aP?Srcﬁﬁ‘Pf@ﬁgl s devel oped for an anplitude

grating. For shduns foctﬁoyrmgaﬁcspumrtahat the grating is |arge corrpar ed to the

line P acing al Ongﬁal cgac{o? i@ b §Ca ttﬁe %r{'éiveme‘?t o}(th%Oﬂanr RS ut{ {%?ngaarn?

i |l umi‘nated t AFol graln erers en IeaV|n
i1l um natreajklagemélp@amgl ect ed (t his will appear as a noise fact or in a

compr ehensi ve phirga fEe boud B8k bBIA 66 fRIRDLE Wi g, 15 | ocal
frequenci es, wﬁéreﬁ%é’u tmg“é?{; %?CCBQHA??eW&P PP e‘gseg‘h?gt‘%?"??f ﬁ’ell?t"ent‘?’t A( Xi

+p{t))cos(2r cmpl@tnpe for Anowitig)a sh2dt)accordingiethe inventin; and ~i are the
reflegtance, f‘ad eE&Qrﬂ agadtsg b8k ﬁ%ﬂgﬂ{egﬁ éremtl ve phase (wth
ocC

respect to the oscllTator respective a scatterer i. For a
di ffuse body BhBSEOR; &Vhigh stogesy %dmt?wwabt%smﬁw slogAtione rfegROTsiNG dp e
det ect or nsdagﬁa;hems;fmdnémroftﬂe@aﬁal I ow ng directiondetection nmechani sns.

ig;ursnpﬁgui ﬁ;t %rlt ;a Cﬂu’t@?r prov1dc§c£ 11-} cord nce V}Glﬁ}ﬁéxtefeé%&%@gg\ﬁqnhg thé; \)[cgtiio:n}a

rel ati velpym‘smmmlacldmmonrg)r@mgt he i nt egr ation tinme used for determ nation of

the tyanslati gtaeqbépoctﬂogﬁ, Téiheét,acéd?ﬁné'tdﬁk1ﬁs%t1§§00nd derivatives of the
received signal are: ~I)~C. (1)) ()

k1
i=1 k d2 |s(tjnem°|fw§1°hr°P %'&?#Of%laélﬁmbmweﬁééﬁe S@%&P@R&&@ﬁé that A(x)
is constructed prittthgt hedd d/mkaxpnms rthe diformatibm redponsiepeci the massardnteni of dX
30 evide =r)v ~1 s (t) . Thus, the magnitude, and nore
i npor t ant ovggg%mflth %%1]): the 41 ?_ ~ Il sL 2.i?~1?. translation velocity
(i.e.- the trétheqeat hergirpvaded, Sngcceidangsavidher predured eabediment af the nysttigaed t he

fir st2oanq‘acsaﬁmdadhhfé&od@ﬁsmgtalswaeﬁe:ca‘ccctrhagdetlemh@énusngnal If the velocity

cannot be ass e di rect| on- dec Lnt at| on
ST then ¢ nd g DuRr e BhattiabRe shilf floiid LRt FhE (Re LS o
t ransl at ifepsingle(mashiste comprisiogn mn@wn@m@dhemg@iqng or from anot her

detector wit hme&tteﬁnﬁa%msaa maumelﬂtm@paté&h)embbtmeﬂt uftt]@ew@mroecat ion
is require to check if

the f rsthe g’f?gagoéc‘g‘%fmg'g& ﬁ? |‘€r§§t¥°@af’? )felflﬂ‘é é"a?%’ns? i 5("65%86 drt tcﬁp?)%)too? not

(opposi tmedcmementdn\)tcettbmpmpige XOR (excl usive OR) operatl on after
si gn-defectio t&tmttg@ tgerm;faée' WS nmdeh Hﬁumi!xaudn sutcﬂ%a?'tﬁﬁ‘m atiby 1Afef?89(ﬁ

to the S|gno vV an hey aret e sane. An exanple o
sati sf i edroprRorEeRsaf M surfas towesdasletestory s a conbl nati on of exponents |i ke

_A]g X)A( - ?} %) e- (aﬁ injz/Ah b¥ykct, hztvmg%n z&ymrﬁtrﬁ(tralﬁﬁﬂé_sloﬁ(f@nc’ﬁbﬁ a(djabaﬂxztao /eﬁdd%teetoy/ 2)
[ j+ < ern etitive a A
1A A 2) < SRt Rl S0 B B Bl ERSIL ki MBIy Bl e
der|v3§2t|mea1hezub a const ant ratlo as required, of rl =-y / A . But, the 15

singularity pgéainsining ﬁteaxtacﬁéreafx%n&é xaouat épt@lH G@tfach %ﬁﬂhe kignhihe
measur enent. These singula ‘ babi'lity as the

nunber of scatterers grow - n the received
sirgnal when aTheptehant quttmxmﬂ;l lmmazrs slealtly uf[dlmstomi from vl fotlbwengodeatriptibnidf on
i's reduceg t [ 0 e

patt o peraid S hGRL of s BRI Rab 3h SRANLAR biflinl AEpRRA Ryl in
Thus, 35t h&h: r equi rement for the near f|eId is nore stringent than the

similar requi FRIBNRS a lseHen ¥ $4brésBatatisrAdrSd pieféifed BAddUIntGe ofh @NRionraRsddcer,
specul ar .ref| ctlon sion pattern is shown in Fig. 2,

for y=5. “r‘ﬁ”%r 2955 i aa%rﬁ?g\?gﬁmgo‘s'ﬂ‘g{}tso éﬁ%mb' FI “ally reflecting/transmtting
property for the grating, -having an anplitude transm ssion function such as
that shown in Fig. 2. 25 A relaxed requirenment fromthe transm ssion

pattern is that the derivatives will h&ge a constant sign rel ationship
(i.e.- they are not exactly proportional, but their ratio's sign is
constant along the pattern). Here, direction-detection is still assured for
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Fig. 26B. Alternatively, specular reflection fromthe surface toward the
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Wth an optical translation measuring device, it is possible to detect
paper slippage by neasuring the paper advancenent on-line. The pri rgqng;,L 2002
device is then coordinated with the 25 actual translation of the pap

thus creating a highly accurate and econonm c system Simlarly, these
principles can be applied to a desktop scanner, where a reading head
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i nvention, the wavel ength of the IaseB4source is preferably in the
infra-red, for exanple 1550 nanoneters. A spectral width of 2 nanoneters is
typi cal and achievable with diode | asers. A source power of 5 mWis also
typical. A grating 35 opening of I.5 mmby 1.5 nmand a grating period of
150 lines/mMm are al so typical. The |aser source output is typically
collimated to forma beam having a dianeter of somewhat |ess than 1.5 mm
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20 diffraction limted |local oscillator field focused on the det gilor,”
utilizes the maxi mum anount of power for anplification of the si 3 | ¥+
is not sensitive to angular msalignnents |ike a real pinhole. Elimnati on
of the physical pinhole in this manner results in a nore robust arrangenent
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mat chi ng spati filter. Wihile no djrection detection is shown in Fig. 10

and in sone of %e§%é€@dfwwé%%8 Rents, direction detection as described
above 2§ or I8l Svineesly> tie” aaBt@d to these embodi ments. 15 T operation is
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det ecB@rsremeerlemlmagmuehmg 280, exit |leads 282 and el ectronics 284.
As in the enbodi menrtp(Hf Fi g 10 | aser di ode 270 and detectors 276 and 278
are prefer w jn t &%&/R'% 9+ G LR RN BB A '

t he pl ane g@ det ectgt? 278 and sopu(rﬁce +2% acts)bseen :gt? sgg)rr(icl))ﬁ%

Xl B-~B. Det ector "27'6’( unct i ons as an X axis detector and detector 278 as a
Y axis detector. The first order drffractr on fromgrating (2@’)4 in the X
direction is f sed onto 25 c

diffraction i ﬁr%es%ﬁw?rroaam Foehondhe ribntign et ebidiy e BEhm i ( o

enbodi ments of the i n¥2rPihn that utilize an effective pi nhol e are easier
to align dQQKQthmcEpnufdnﬂm@bﬂuayvammmpﬁhgmaMeﬂﬁbpmmchmpbﬁ0&k¢nmavenbooser
t ol erance requrrenent _amys is especially true when the |ocal oscillator
is derived fromlight diffracted froma grating at non-zero order since for
this 8ase the placenent of the pinhole depends on 30 wavel(éhgth. Thus, the
wavel ength stability of the source of iBbum nation is much rel axed when a
effective, rather than a physical pinhole is utilized. In sone preferred
enbodi nents of the invention alternative nethods of determ ning the
direction of notion are utilized. In preferred enbodi nents of the

i nvention, which provide these alternative nethods, nmechanical notion of an
optical part is utilized to determne the 35 direction of notion. In sone
preferred enbodrnents of the |nvent|on two detectors are provrded and
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35 noved by friction with the surface whose velocity is being neasured,

el ements 400 bl ock grating sections 402 and expose sections 40l suqrgtnﬂt 2002
incident light is directed at an angl e dependent on the period of grating
401. This allows for switching of the detectors, which receive the |ight,
as in Figs. 13A and 13B. 54 21~-J ~ 1L 21~~ The principle of this
enbodi ment of Adseme thaie0i o> dembe Tk} Sidc@stirequinmenti emeblss wne doycangpleani ng
the grati ﬂastwtmstmrxelsﬂarwepgahn haknhd¥8S, Ble\h defladd = JUaKECrS: fased

t he sane Prrncr | e shovvn in Figs. 13A and 13B. . Fig, 14 illustrates the
princi pl e'8FS Eh W¥Hilenbodi ment of a Doppl er based sensor 5 system for
measuring the vel oci ¥3~ 8? )a surface. Unlike the sensors described above,
this sensag odpeslmt rej@ur(x)eoi(bmp(s)erf¢Ia(xgr@ﬁ) ng. A colli(ppted, at |east
partial |y coherent gblg( geour ce 320 illum nates an optical elenent 322
having a first plane 324 adjacent to and oriented at an angle to surface 42
and a second pl ane 325PParallel to surface 42. Light reflected from pl ane
324 (whi chy1i(8 =pr1§d':1erabjd)(cmsélatﬂdt+@ﬁp3(e)9/tfed)y,1)r()9ccfscmmpe)j//by¢a()f)e¢p§)32613()n a
det ector 328 and seg(i/_eg f~ 10 a local oscillator. Part of the light
reflected by surface 42 1s also focused on detector 328 and-eoherently

i nterferes w tAttenhen lisooew fossed blatSpccifﬁfr difffactith @rdergiut the eéfleettendfdiffonted
surface 4k Q%Qhé’%ﬁaﬁﬁ%%erfz% (5 cmppéfesnam&ﬁd@@r%&ﬁmgranS' ation of the

sur f ace. tor si ncludes”an oscillating conponent

i ndi cative of Fpﬁ@eﬁpe&r@a@fl%ﬂ%fe@u@&e Ogontripptiagfigul d be not ed t hat
surface 325 plays n&2patt) in the detection process. Furthernore, it shoul d
be noted thgk) althcd5 of|didecsop@pnents nay be nounted on eppyical el enent
322 to forrhan i ntegr ﬁ g sensor. Extension to 2-D neasurenent is achieved
using two slanted pla and two detectors. In accordance with sone

pr ef F]:r)r ed enb@di neifhise efirfidseviinnooasianoirighiess tfslest @irlll e neaif‘]y %’ﬂsféht tahe wlipcal
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Wi ch embody si mi | af2 )nC| ples, are 20 shown in F| gs. 15 and 16. Fig. 15
shows a slgnédr= Igal udi ldgctaﬁl?at//\l gaxp(Pant ital ] y(xpokétent= |i ght source, such
as a laser 350, an @®2al medium 352 having a partially reflecting and
partially transmtting surface 354 and a totally reflecting surface 356.
The sensor al so preferably incl a | ens 358 which collimtes source 350
and a spatial fil tes(2eplidodidéecti n EE(B@)S@IMW freyt)r(sicos(pNs 360 whi ch 25
focuses the Light on a detectorxg@Ggnand signal processing el ectrofiles 364.
The focused light acts as an effect*ve pi nhol e, as descri bed above. The

| i ght source provides at |east *3a Dal | y coherent radiation, which is
directed toward ssnfZmpét)dA)IoEpe | | dpsin2mom tthe 1300casé(®P split by surface
354 into one beamreflected froqeuwface 352 toward surface 356 and one

beamtransmtted to face 42 T ght ect ed from
surface 42 is traff %’\ﬁf’f& ’}%M ghmg?n“f’gyekgseﬁ) d\f\‘}g‘t‘)ﬁéfrﬂé) d’%t e 362. The
l'i ght t hadhetes tlﬁ@fﬂat%ﬁilgd {ty Ozﬁ‘idS l}b!hﬁs%C e(t§514:sms frh afntergrdlﬁfdveptrachohr %ﬁbﬂ&é ace

356, h th t 4 I di ted
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propagat ilfy For difsersdifaces b»ylﬂrmfnglq)lrdlqcm dgdrathan (heospatiabsavéiergtiory thad
l'i ght refcbxﬁﬁgﬁdnfmr%w E8merdid doBN@HS, \m?e ﬂea&ﬁg@ urabatrfaqmg%r ) lﬁahfué he

coher ence, Ie&é q{) 35 the sou ce. T{gan@ atlﬁg e sur ts 1 n an
osci | | at FRE HEteewilh pe Strgpg contRaRiiens; 19k 2B rspet fraﬂ'ef@ﬁes 8P 1o rlhsvhers drisdhe i n
t he pr evhwsge)padmﬁméaed enbodi nents. In alternative pref erred enbodi nent s

of the invent Yo 1‘.| n t he, | ocal at or-
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may be par.ti.all tting O reduces the
ey ¢ PREbR) ok LETMLLLAR PP A Al ool Tt edicen LT
| i ght padhmngatcdfsmnhlgﬂlat L>prdy the resglids tfest rosciflations twith & rsieavigiviayyingf statigichl ght
source using anot her detector, and subsequently conpensate for anplitude
nodul ation of the source intensity in order to inprove the performance at
the I ow end of the velocity range as deXcri bed above in conjunction with
Figs. 3A and 3B. According to a prPfPned enbodi nent of the invention, the
regi on between surface 354 1 o and surface 42 is filled with a second
optical nediumto inprove the flatness of surface 42 (if it is non-rigid,
e.g.- a paper) and to prevent dirt accunul ati on. According to anot her
preferred enbodi nent of the invention shown in figure 16, a sensor is
fabrr cat ed ut| I | zing a rmdl f| ed cubl C- shaped beam spl [ tter. A pref erably
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30 Preferably, the light fromsource 380 is collimted. Preferably, the

| i ght reaching detector 384 is focused onto the detector surface such that

a point-imge of source 380 is fornmed thereon. Two di mensional trahgl dtl o2
measur enent may be achi eved by using orthogonally -. tilted,
partially-reflecting, interfaces or orthogonally tilted,

t ot al | y- r ehpkwtle agd plkasef Hoesror3d thi drabdqtioh encastmiefinentof prépriionghto WWatnd és

reflected f ggdgﬁ{roﬁ%g,efb%i&s proportional to the . conponent of relative
velocity between the sensof and aur,f ace 42 along the bisector between the
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shift. Thys,.the meaiureﬁent arror %gPﬁ‘Bto thf: fli nite sgetc .r%I wi dt.h of the
source antt it TERSHEFE SO SAHTRING dRNEs R SONY VIR TREUCE SPRETRIR FHDY
shown i n Fhaselatie andrad odrle messwerhend iimrprops:ipmely icd 44, lorbeimgl thei Nainatsdeap,
robu?]t10 a#ﬂaﬂﬂ nt - &ee and iaf:cijrate ﬁppara]'E us forhtranslha'éi on nealsureant of
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a wide rahgd hssPIHS he&‘a?qndh%smcpﬁqﬁ@gﬁnaaéﬁl%@ BReCSHbLE B ST tagdoth the
descri bednear fibldrdiseci~A%4 X, lagd ticheherenth datigthrstttse Béht kdaehing Brevderictona2/AA. 10
Fig. 17 shows 0 I g i f ] At i.on. iment
of Fig. 17, ﬁr o@iﬁedféllsg?ﬂrodr%; ggnf%(%ﬂé%gr}lgl%ggvrgg%laggﬁ‘%go%yﬁ%szaa% B éﬁﬁfﬁfe}ge
refl ecti oiftrleppkingagainet the sontripytiond the mﬁ%f pratiebirequeReROTPPBENSIBIVEY ni ni ng
the direction by prayieliing a different polarization for the light reflected
from surfac 2 t 2 /I Ly-oA) phase shift igjgrovided by

pl aci ﬁﬁg apsof(rtfelf rlﬁﬁ(genggx%@t%gé(i ﬁﬁ(ﬂ{eAﬁgﬁh} (()[ﬁ)t he radi ati on%tﬁg and fromthe
surface. However, tﬁil'sp(ﬁet hod is 15 based on the assunption that when the
light is reflected ¥zopitk he surface, its polarization is preserved. Oten
this is nply®he gase. (aRdsh/AURSROUAG PHERRbsCRAY //6+ S{RPAFAA1YP . bE
gener at ed sL’Jy the detectaors deteriorates and can even switch sign for the
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bi refringent netigg i adcompasiabh 6f thaave tadrein)(16)n it (165) sddutisiae enabl es the
rreasurerrerkto(ttp=b1%(j)¢b§g,_n@'(t§j)\(e+uqq(gjﬁe surface characteristy. The 20

pol ari zes énforces its linear polarization direction on the reflection from
the surface, ilasypidartmanseishe expessionflerdhbe mital teemetli/y®i cs. By pl acing the
pol ar zeslgnis=dl (tbs@epite’s 4 &1the birefringent material (Hles, the

reflection is subsequent!ly circuyl arl ol ari zed the birefri nt .l ayer
o o on LR b i ol B ! e el
signal i ofnpondnkje e phEquiatias sbogs n 1 zpof ace
itself is i { vi.nd, AR f i

ar r angencp gt e fftal QRrRESRED U, SHICHASE DERREL el bordpind p 4,
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osci | izﬁth Q;ﬁ?zlshgzldtsigﬁ%lﬁﬁﬂlijd%ﬂifﬂ@&)ad%i@ibg tdomﬁh /. S]l?il |ﬁ|t>1,(th?&1 f&iﬁrafrﬁpnm\r?_e?lmigﬁs : t
sees a na \' retardat n |. .t Sur e, I 110 ISOSI e nly
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pr ef er r ecsignabdditice fhat tie mr(histrih daesdwt reguioy negnield kenditionseso byl fixing B distancedes

this featyrhe nMdidgr@ed &F1Q5 1208 BAME nSQSHAd KA ££2/af, (s\ﬁgiréﬁhw SRARF ent
| i ght 502 th%%% 5

ilJ'um nates. a er abl ol I yati ng | ens 4. Light that
exits bel'BiP IBHEO ﬁmies{eﬁg@f 52%}‘8/ @‘BI‘%/‘?@&PBH‘%?‘P‘?%%, dPH’énalnf'gﬁ'}teFlg‘}‘éel%r% al |
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180- fegr ee phane SplepeE DoBfleE il oF AT, | LRk 1SR BSRBLLERCGEa S, |
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for exanpl e by, depositing or. enbossi t he gratin n_t surface, of. 1he
bi'ref 1§ nOIRD- S ordegs a3 SRR ol o Bon kB s 8- B A}
under 35 esieahiieldofthierggating aghtin diffractios of tielibenindtidn whrdedioh dhesyrfiot tostaodn)
underlying the polarizes that passes tht¥ough the birefi-ingent plate a
second time will be circularly polarized. However, since the |ight passes

t hrough pol ari zes 510 a second tinme before reaching plate 506, the

pol ari zation is enforced and "contam nation” of the 5 neasurenent is
_avoided. Light diffracted fromthe grating at an angle determ ned by the
grating line spacing and order of diffraction and light diffusely reflected
fromthe surface are incident on a detection nodule 512. Detection nodul e
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35 marked with the sanme reference nunbers and are not further desglgi hed. 2002
Fig. 18, the local oscillator is spatially separated fromthe surface
illumnation and diffraction path. Furthernore, in Fig. 18, a cut-out 532
is preferably provided to equalize the | engths of wave paths for the waves
diffracted fromthe grating and reflected fromthe surface S8 2 9 4~1~1.
?. 0~? whdbe detsbiar ine mudtiplgnbdamst dhise aaelndateetdr WAl detédt bhenultitvdd loé dDoppler

coher encey bH&RS) eﬁbﬁéﬁrééﬁéﬁﬁﬁn ﬁ) H{ee]f)&f;fl&ds}ﬁtft o1 bRl RlrahfiBitted and
detectors. .Since.the urface is |onger
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wave 1sef wesdteembddom thid rivipla Gesuiié tHrogthtirghRNY bidgryt Pase Hrated! witik réfrdcangt h

of the wayRxdfff r%&ﬁeﬁdé& M LRAIuE 8f ddther FeIRCRTOMARK Of). . OfheBorRirl Srefaraty
| ayer is also applicable to many of the above-descri béd ‘enbodi ment s.
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directions asgitnds reflected fromthe surface. Thus, thrs wave “has an
enforced linear polarization. The operation of the rest of thf’fesitem is
t he, sane_as. t.hat descrlbdf ! Fi 17, lyy a rnati v refer

enbod neRLSTUATE 5 TR arieith B EOY ulhe b FRRD, e P cary bE
placed in the path of the beam emtted by source 502, convertl ng |2t to

ci rcubar egonpel with Mab, waveléhigthsqf 8hAinm ixmiyereﬁaayvebadama shal | gooveadmpth @6 s
expensive) than the conparabl e_| ayer shown in Figs and 18, which Iayers
are then2eRfPXifeiely Farmisermeerewilk esult o sptiasihegk M@U@T effisiency, veht 1ds#bi n
whi ch a bhiyekfd si@e filanddhisdien.i s used, a plate resulti ng | n eI l'iptical

I t t | t i be
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deposi t ecdoavingtcap boinade equtter sphitaing drudvapbriticngef tBefcba;i}igomatehalaom/&ietgramig '
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smal | er anount " of teri Jjust the
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accurately manufactured than a | arge one. An additional |inear polarizes,
deposited under the birefringent |ayer fornms an optical isolator

conbi nation, attenuating stray light r28l ection back into the |aser cavity.
s Simlarly, in sone preferred enbodi rents of the invention, |inear

pol ari zers are incorporated into the surface of the detectors, rather than
provi di ng separate pol arizers, when these are indicated as being required
in some of the above referenced enbodi ments of the invention. Use of such
pol ari zed detectors reduces the conplexity of the assenbly of the
nDtlon--detectors Applylng a polyner based pol ari zes on top of t|~C
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Beam 562 passes through a linear polarizes 570 and preferably thr ugh @5 2007
protective |ayer 572 before being reflected back toward beam split Jigg 4cUbe
The portion of reflected beam 564 passing through the beamsplitter and the
portion of reflected beam 562 reflected fromthe 25 beamsplitter are
directed toge gQhl | ens 558, ich focu H>s11es them A se ond@?
splitter B## 8 Iaittf1 Pl BHLRERC ARG 14GZFTe & AVENAI F ¢ BBteal Yo s 1‘5&?6?’% 576
and 578 (refacchceh@ii omgareeppry moldzesnth@0g alecherts 8¢ 6 @end 818.582) . The detectors are
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612 is place front po zers 516 an he orientation of  the
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pol arized |ight. Reference nunbers 620, 626 indicate the polarizations of
the incident grating and surface refl eé? ed waves, where, it is immuaterial
whi ch of the two waves is polarized in the direction 620 and which is

pol arized in the direction 626. Furthernore, one of the waves may be
polarized in a direction 626', instead of 626. 35 In operation, the

i nci dent wave having the polarization 620 is transforned into a circularly
pol ari zed wave. This circularly polarized wave is split into two equa
conponents by polarlzers 516 and 518 such that two Ilnearly polarlzed waves

o NN o NN L ey

ot




15 The output of a detector used for EO2 conmponent conpensation car&ab 2002
utilized as a reference voltage and subtracted fromthe out put vokt g@‘of‘-
ot her detectors used for the translation neasurenent. This fornms a kind of
“differential’ detection node. For exanple, such subtraction can be
perfornmed at the output of the transi npedance anplifier stage, thus

el i m nat i nf ordatdififactidre bk thelgiame. Thosacoibpldet eated genggmad by Ahd salevsion vl vy,
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Cross-pol a ctor palrs I 1 O not., on

L0t her CoHPUIAEF 4ERn Ao PlsEitfies & adlisRii Gt S5 Sl FPRRtS, LRt
pol ar i zatdnghe giatisg displacégerdld@hg 620 or orthogonal to 620 (not shown). Then,

if the birefr 'P@&?ﬂxtr ﬁleah?stcax%g Ec%wée%”méegvauﬁg' é}{d %ﬁ%r sitbite élﬁfosteééxm%%anw I
ei t her bl.ock, ot osci det %ct or
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not i on (eq fla esigpating the sign of the zero-crossing
counting). ‘gﬁ |s“-@uff| gZ%éG J(c))%l}se one such pol ari zed detector (with high

or | ow out put, endl on the polarization directiqgn)) in addition to the
det ect or syused to ?det ect the notion. However, if two detectors are used
(522 and 920) ch pol arization di rection one of the detectors will
have hi gh outb‘b A the other will neasure the reflected surface

illum natign and may 15 be used for Er2 conﬁonent conPensatl on.. In the
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ambi gui t yphede ﬂnﬁ/iﬁﬁhultv?lds&fﬂmﬂ) ifrereflectiohat WeSith &maim didiérgﬂfhé Yredj&hést sdftwi th

respect t 0 ol aki.zatji on r.ecti.

directi on&a téfst Shrg V@E‘L -ﬁolagﬁ;1 éétll on vglté%rr%n 1ne 8}5? ]foer?f tg‘g O%n is

pol ar 30z atdetsrgingd avithoot axabrguitz acqonding tchise feeqienciRof losctme@en of tee ®Ccky signial, ages
of det ectifgneRAk¥ISni/A. ﬁtem&t%(ya)the uﬁﬁk%tﬁﬁ' @bitZ ﬁ&én&’% szdC f(aﬁ%) is He@hined

pol ari zat ). on Thus f.or opti mal” VCSEL I gnient 626, for
exanpl e}, digily BoUHPS H@rﬁerw@rpw@a ﬂbfgﬂqt%éﬂdcﬁé&r@&er@rsgbwtlas éaf'&g% ﬂﬁéF%l#.Of ed
pair SUChls&ﬂuhk&ﬁﬁllsldmﬁﬁtmﬂ‘thEbgnllal&[ﬁeqhédcybel equal . irrespective of the

pol ari zation direction of the VCSEL. - 25 However, if a = ~ +,|~ radi ans,
then Rp =1 + 2,1~ in one polarization and Rp =1- 2/.~ if the VCSEL out put
is in the other polarization. Thus, Rp 201 when the VCSEL enmits in one

pol ari zation and Rp is | ess than one for the other polarization. Therefore,
if the VCSEL is rotated with respect to the "optinmal ™ orientation, the
outcone of a conparison between the DC voltage of detectors in a detector
pair used for translation measurenment indicates the 30 polarization
direction without a need for additional, dedicated detectors for that
purpose. Still anot her way to overcone a p055| bI e poI ar| zat| on anbl gw ty of

o, oy o



measur enent. One of several approaches (or a conbination of approac?e}f)uﬂaymﬂ?
be used to overcone 1o possible | ow frequency nodul ati ons by signal vER
processing neans (in addition or instead of the optical schenes descri bed
above), in accordance with various preferred enbodi ments of the invention:
Assune P and Q are the output signals of a detector pair such as detectors
520 and 522 i df Biegrawl®@h aRpdindle @ aoteideale@k) it dodemdticorkspond ¢ intdganmaltiples
tenmporal gphgs %vﬂbfekeﬂug @feedig%ﬁéqz%ﬁ QN 88SdctmMed: %@l@grﬁ@sfomﬁﬁﬂﬁ)ﬂgfs NgofdN

the direction of npfion, a e additiop, of nolse. Assune al so that
si gnal s DePPEralRd Aspedheria. e tiripe §aVHEOH singindgssueh nonidesl vERaens.si gnal D
has t he properAwy ahémativenivaiadvf tirodiiciad b peoibdie phader el betwaden alie loesinssaillata

both R a r i ce.
Ther efor 3?’61‘8“%6Z%O?%ﬂg%ﬁ%ﬁﬂa%"ﬁ%@&cﬁ‘i’sa*‘é%%gﬁ%ﬁ%%??ﬁ@é%5?@”%%%%@%%{ B i o
cofmon nofrgBigser thessusfaes. dibgmist pretembly pehieted byr » rensngrenk picge-gleetry glement
nmeasur e trﬂ@ntgdm@gd@@guﬁﬁ%@dztgé glrgarclez_ssi Rgs of S can bF utilized t]? aid in
determning the direction tiqn. rt her nor the elim.nation of comon
noi se 1o not Ak eRaELs PeBeadiPey 38 hart b SRy beliem i TGRS feyBe

di vi ded trelativeotrémslativoy &) thit thgusmeiptiomdgedion St be detorted | is tth @sapp rgyprhettie
channgl rRy.ibg fgﬁﬁl%qxaﬂgknfsggn @Eﬁ;ﬁﬂﬁ@&aﬂd?&%%?ﬁmcg& ot Rkt dagt dithBlicity,

band- pass ontrolled t signal, frequency and capabl™e of. adapting’to
the freq eﬁ*&alagseéevﬂégiﬁq @rﬁ@ ampYHdS FLing1 BT SERRlicdy a3 YRe 1t theeraiiiigriace
rel ative lirge tomp&IeYl 1o Al iine Spacinfdephd e tasidi@aads ahd that &dpsigsscatidrers are
sources Q her [ . : .

mpl emeng iRpRE ta A E et TR R0 il B Bfniad b B8 nepleriey

hi gh- pas thisrwill apperaass neise fanterdn aZomprghensivegreatmentip At he intenferesfce with the

hi gh-fsr eqyane¥ciBdteH alifich KU shitRll HeR® dn@Aetihd theAdPtichll HelficRlics AR RkGIRng
frequency. signal is.higher than that of the |ow frequency, and so the

hi gh- f redl@ﬂﬁ“?&r"g’t&“g’ési ngs count is only mildly affected. A preferred
enbodi ment of anﬁdapti ve band pass circuit 899 for the rejection of |ow.
f r equencylsfibis én aLEHEXpr edeRsEBP®/ Aitgh) f i equency si gnal (313 presented in
Fig. 27. A zero 8=l crossing detector 900 converts an anal og signal at an

i nput 91QHe @ Jciozgléicﬁgxgﬁélreﬁ@qtﬁﬂe,%E g:gEition gﬁgigxze S5Pohd BE rSbGRAhaks (Wi | OW

frequency (e.d.,.5 frapsistors an are not caonducti ng nost of
the ti rre,fesﬁ?ﬁﬁq% theaferel pwillatpry rF%)eeth‘aqbgéé‘ & 5RtEgH- Hox %ﬂéﬂ%r""éﬂﬁlw & 8| ong
time :zioonsinalin (ddiables eThis prid@Ttavni ¢fl the fdeﬂéctbﬂ;ﬁgxgmﬁsewedvm ' cfds‘rhmfe folivevih@ dirstivguency
si gnal . . 29~ 1. 2~DZ hand, en the zero crossing rate
is high ?é%%t\k}gllgg gdv{’\fsﬁ‘g‘ndr_ed Hertz), a high pass circuit 950 drives current
t hrough t he bHeespestlatreflentiost ors 931 and 932, so that capacitor 940 is
charged through & resistor 960, with a tine constant as |ow as O | msec.
Thus, thds@hFeE@Eqée{xifb@))méﬁit)i ve input of an operation@R)anplifier 970
foll ows the | owi=Hlequency noi se and thereby 5 rej ects its detection, and
the operati onalsadilelhd ¢ WhDHL. bifared B HEHedVeIdclS o lhil 1 GHEN Altrin
signal. A capacitor 980 IS used to sUppress spontanebdus oscillations o

oper @i ol intagpationi tme el fart detdroimatiobeofribe drandlatian difegtion2 Thysethenfirst amd

typi cal isggeh@ AN AiveO8r e reblival dsPfete: of the invention, and the adaptive
e

zero crossing detgctor can be inplenented in numerous ways and using other

conponent.s (€. g. dvaET rarsj st ors..di fferent resistance capaci tor
val ues ar%él(t)g 1gov - %%%L%?dﬂtﬁg&aﬁ%nal anplifier). Qjadra?@rg}e not i on
measur enent rel i é§lon neasurij ng two identical signals, having a constant

phase shift bet them M#&ion magnitude is detected by the number of
zero crodsithgslow 2. yrestdt) rmréAlal+ vilbtion direction is d@fkrnined by
conparing the sign=daf the #%ro crossing on one channel (i.e., “lowto high'

or "high to low) to the sign of the si gn%z in, the 15 other channel (" high
or' "l ow ). NOASSudtHahR(x) %AEEnBirblied SicH Mt —eﬁﬂe%ﬁ&(ﬁ NG spelVase R O

crossing counts. If two zero crossings of @ si gnadx occur ile the other

signal did. not, chamge sigrm, their g%rectLons are opposite nﬂlthe Qﬁ%to
el o0 osBgBR ft 1565 s Ercokalhg: B Gt GRSl B RPriEu] fhec TR of
order in which the zero crossings in the two channels occur nay be reversed
and result in 20 direction detection errors in both channels, that adds up
to a net count error. Errors due to revdrsed zero crossing events can be
corrected, according to sone preferred enbodi nents of the invention, using
‘majority voting' over sane interval. It is assunmed that the notion
direction is unchanged within each interval (or "cell'). This neans that
the resolution is conprom sed for enhanced accuracy. Conveniently, the
zero-crossing counting 25 process is perforned in contingent cells. Each
cell starts at the end of the previous cell and ends when a predefined

N o oy



2 1~ ,.fit;!. 2.U-? Wen optical translation measurenment is used for an

i nput device (such as a nouse or other pointer device), the lowv ﬁy 9
limtation nay be an inportant factor for the user, e.g. when the 4 eﬂ 2002
sl ows the notion and approaches a specific position on the screen. In order
to enable the user to slowy nove the cursor so that it can be positioned
with 5 hitghslageureesityofict e sarskan directivdprat be (ervadeirorn Hha ratics betwgyn the

hi gh- pas%r@t'ahﬁ%écoﬂ@ﬁnﬁf‘de!ﬁﬁﬁesH&h@%té‘ct&%?ﬁx‘dﬁ' l'y decreasing anplifi catl on
in msseq zerocrossi.n clagse to

sl ope with uenc resu S

1 Eer bt - of ANt Iafy |caBia oht | SBIPs BiE SCUREnEag cthey Beionyeagio e
vel ocity mp@aoamhms thérethé dmatstnna:y tegterfosmddhveith rdspeet to ﬂﬁbumasmx’aétrmtsmmn
rensurendifichiEGRl, dob BLUERLD if oot ?ﬁtﬂ%ﬁgﬁe el oo ag,
may al so ibparapel)-ileenly ﬁh%tesmlé refuirgg (@érltot veleity ingpgaitudmlaitys puficientitowi ng
the zer o cRERSFItROAAE AT sdcORY d&tvaﬂeasaafry RBe s §igH Ménd @keRtibh) Br not ﬁbﬁ&siﬂ:)’)
ey e SR oKl S PR R i e B B e b
frequencyel's" ié’qhﬂsmica‘ntlsbppca"mnﬁmmgobfv ewk"(f' htthepredhe Gnte. i sec. I n a

prefepred enbog Tle%f W B eRishiQNhe tdGstMt ddbrRagve fdrot & a%ﬁtbﬂmﬁbx?B?
belowt 5 the CE‘E} oft frequency of less than about 20 db/octave. Fig.
shows an S¥RRFSMSCPve 750 of cursor velocity as a function of device

vel ocity. Fi 96{& Rlise~9konsA N Lyrve 752f9/(<g(wg@j+1\/§j ocity as a function

of devi ceAlx¢Fdcity ce embodi_ment of t h@5)
invention. Al's g()&?(]??%%?ﬁ?\veewé ifpﬁ(%l[2é1<ﬁ‘e<sﬁﬁf* Df a relatively

fga;pvm tgvgxg a% pattl:g ?@ﬁt?veu@ ItcC/@nIt be ex’f&gﬁrtﬁzﬁ %’rdthtsc §§t¥§-n %&%&g%@&e fjs
On the offfepd In fagfeal

HeRyae ave; & CHSRNLIHP asafﬂuge VA 76Fh- S how
frequencigguaHst pdfs thxﬁhl'ﬁ Relof Jd@vmfaducc thfRsed i Bidahedstirameht. rt@teseostngcawhv@s 752

allows for an accurate ace umg ({} algursor us.i ng ahnon- gnear Ir nsfer
funct i onMCFRsG HesranpPY 5’9“8&% 1PE SUmREf Qf & ‘%?rsc%rﬁt"d“ﬂ%e R ERF “do AP

val ue, suzhivad sfgnal wehearpdcetterdr pasies ecroanid Teusktine noive evrdributidn ishreduced as)r
for hand Q48866 c‘fé’clgﬁir&é&‘?ﬁoﬁ%ﬂm&@a&@an one-third to one half of the

m ni mum |1 near ve oci t course a . different curve could be used, having
an even smoot KEF PRIGME prsmed Thée dbe inieyy of bpninaten o Ahe SuFtRcsn Thus, the
meas o enedguremanst fde sier hdae dieRibis ieorecegespaSthan thd eintilanbeguiement &iri mepshiimes i n

the ill UM{&%Q@@%M% in (2 BE&%r(\THﬂé/cﬁgyrgnsag%zn?e%eﬁ'ans%hlgit&pgattﬁ?&% cal

confi gur e cura cation
is the 3@hqma§umﬁ3nforo1=5t TRleis cam é»puaéhletﬁd by bavang aa@ttlallasreﬂptwtraaﬁwmm

Fi gs. 204ropedly Z81Bhe pRBHE hbtiflg SH afplifude treSsniTBYorPRmEHBH duch RO thdt RBovie AsEige Ment
of shaft _rotation, a device can be placed along the shaft (on the side of
it). To accommdate the shaft curvature and enabl e neasurenent of snall

di angser shaf Astelaxed pguirahend frioncthg G2nsiassigrepaiet isdbatt the deérivatives mill bavetehe
device c Sy f e

20A and B e i O T L P TR o R
and the SofstEREalopg thaRatigmy- Iéerf—' i sEHensfisiedoniis siithassped dome 91 %ﬂatt@fpgﬁphg
604 Whos hel drive pretiabilippisaliflek than inhthe fdrmkt caxias the\nanborof Schigdrérs @efs lmper

directed etvgntv?t?ﬂt?ttﬁlégfe'lfof‘tﬁg lgém%&lersﬂg shaft, so its phase is constant

across t asurement is a Oth order type
det eéfor 608 Aetimbersanalysis|i§ persiblecfor digheqtdgrrdifiractien §uipt e Agsin, ttheS@hhﬂty and
the 66 thé strrfzce“tb askaiéd td @bve with b@@tmt {81661yt DERGUaAD m@) HRHE 18dked at as a

pr ef er abl ]? rce nd detaj r are ath(# e circu rential position
with res pgritde-wndy t‘te‘é)ﬂgn aamefrvvt WLEAYIft each ot her as shown
nost cl ear| y A(M)Hsglow@dsumameo becxsymmntﬂlco(pigt-csamuotbevmeﬁurgédenmIa}ilt filer ent
shaft di &‘éFE&&r ésxg@aﬁ‘%?élép%"\ﬁatﬁ&eg NBe hasid OHer?(ﬁ-BWr%EtEuQM i QRkIJAGdn a

subst ant I al t circu rectron detection can be
obt a|3f'1edd15f§Pt18§ i2Rg 1sdhe Hygtssrinage dheypthen Wy Tbvs HytheraamBer gy sgaftarerais oAl (tsn of
the |i ghlimith@ingwdebéndas: dnabeigratingostier f)he ahaidios dirtana iargreehred by thersggit i on
by the orthogonal polarization nmethod descri bed above, or by other neans
(e.g.- observing the notor driving current polarity). An advantage of using
t he arrangenent of Figs. 19A or 19B is4in 10 equalizing the path | ength of
the I ocal oscillator and scattered radi ation, while using the sane portions
of the beamfor both. Mtion parallel to a rough surface may i nduce

i nadvertent Z-axis (up and down) notion as well. The Z axis notion induces
a Doppler shift of the radiation reflected fzomthe surface, and, in
general, the phase of the radiation will change in response to a
conblnatlon of Z and X ls or Y veI00|t|es A way to decouple the relatlve

- v o o v N .




“click' detection in a touch point, wthout neasurenent of the zeroth order
diffraction Wien the Z-axis velocity is relatively high, each of tHedxi¥ 2002
measurenents can usually be used also as a crude estinmate for the Z-axis
transl ation. Thus, the " dov~.~n-and-up' 67 .~vt _ ~~~L characteristic of

the "CAick' operation of a finger can be detected. Also, it is possible to
det ect t hef thel firstkderivpiveanf tre dateatiefl signalisbamyplopel elmerddibon, dhe amagndedsepilst i on

2 e | BfelopSlertvalils BibBRMnts AEfGLAOM hoRai MG BRI, T eSPett Ve Y-

hoed. S haot nekn SIS BRSO PO Sr e Arar AT A ioh o etk YO SER Y, and

t he accur ﬁheedeg&toe sighalatsudtmgofforh aammmarmck‘mpim,ifﬂtdréd bysd gratiegiwmtiimném/. aid

Of_Fi G 2anchifion DA AALL A 1 gSUSbP Bl DO MOLER, w0 det ector pairs,
n an - to

a Z-detector etector 704 are use eterm ne both Z and X
directed ion.<tn,preferred enbodi ments of the inv ion, the Zdetector
and the X[ggtét_egf)_ rlég’f:*hﬂ?:(@ sist of a pair of cross-pggéa?ri zed detectors,
such -as-those 0dhown in Fi gs. 19C and 19D and as elenent 512 in Fig. I S
and el emenier®¥;tan@1x; latdthe id@AsiwNad IfdEition RE tisdi-hatpedids’, bapértivelgNahdzpd) thect ed

th
velocity | r ect, to:the detection Sws a.4he overall velocity is
hown a6 PHESJERFRFSCAy SR Cor B ERGod. BN Rlarlafy Sk ime dERRS o
direction) on Fi 2ld Z-detector 702 is preferably situated so that it
recei ves éﬁ%ﬁTé@f i g eM*efidPyy from 15 surface 12 i #€Duding only frequency
shifts based on Z=hotion (the light source, which is not shown, is assuned
to bejgnor mal | yrok RGéAaRE rO&e tpdGH e ddlhérdhusliO@A/a% i Eorkbiht, i tRerSe Aefiviafve st hat

it receives (for exanple).first _order diffraction fromthe gratin d
Doppl or - <1 AHER0r SFRLGT FISIUS Ohe rrnsiation SRrtct SURG PePibe ErecrSpBREd o
t he nor nalsing Tsaevtdadip praasmiskiof tpademe flhe cdisansnfies e the gattent add nsisbaseitieon a
conbi nat i i ; %Eg di i t he
surface WIXH %}’ﬁ&%’é’é‘ggg ?‘9@ gk t%f?e&g é’?é’?:ta Iggrrgéﬁ%gﬁt ]tg)é 191?@%2 E)%gﬁ%%tlf?{g¥ ﬁ{eh%x%r
vel oci t y Papkshiity. nEhepmeotien srelasiy vig elstermimes dram dhel dreauereyt fe ofqillationg of ethe
Then: 15sUx deteWbos bipfat/ 2) +Uzcos(~/ 2) . The Doppl er effect creates a frequency
shi ft measur egh fu L, X 800 2 ASHEE Lol RanidPol SRBSRLLNSLY: ol Xocoterometen) ¢
2Uxcos(~/2)/~,7, a'f‘lrae’ll—'tzzfﬂsz} ~ . e TEF B y Val'Ofg %t’a Al _%5%“%8 °
det er ni nei¢termipamthetdireptionsafimadsion agagemplemestamcompgnent ipgn OFWbileniery t he above
r eljat ions t oa Aéﬁ]a&/xmt—edabgw, ?z]lg&lﬁaﬁons iﬁ‘tH:eZs%h&é a Jitude a%'é dﬁ‘é&lﬁlyfn'aﬁﬁ‘émgi fith8d
order is use n.sin 2~ A, ere Ais e.qgrating li.ne spacing.
Thus: v RERRERRE B8 eaors oy g Toordee 5 it Dioh Bftas. 8 SocdfiRed Wik ng
t he 20decoprefermd) emdbdivhent oAthe invEatjon, a. sifil pueptogtioriah 4o it safrcéXamplitude is
Mot i ON,  td3feeRd 96 G ke find P ELrRE (UMb deRfor Uil SinSH Wbk Ged
detectors zgt t he @ocal ﬁjlrﬁ%ane o‘? Ssystem 708. 88] "~ ~ r, ! jkf} b] ~P’E?l?el f
mor e accUfoRt e deledantigng This detsgtipd ean bepedfapmidafs examBlegter detector may be
used. By ede$plitiig tha sedrca bedam wlithpobdanBplittdr (whizhinekd fonbé ecvyrdetpalignedpandngl e
of ~/2, tf I I eam neasures only Z-axis
noti on, @&?et?ﬁ&ﬁ%ﬁ%%}egrbgﬁé%&g%@B?nssgtz%lw&%:ﬁ% ‘%I ied by 1+cos(~)=2cosz(~/2),
i . e.-25i t ewiPirectingany pf e Uphitivemy diffagtedndton thecgrating ity ateomphesagoX dafeatoy
axi s nmeasfRiefiafal-ARARL | iD Gl PRENESIH QA URdnkA& a0k dtfenuation). Conveniently this

may be one of the grating orders not used for the spatial filter measurement. e.g.- use order 1

for spatial filter and order O for source-noise compensation.

s Directing one or more of the grating orders to one or more compensation detectors, such

30  that the reflection from the surface is blocked by a polarizer, as explained in detail with respect

to Fig. 19D,

The output of the compensation detector is amplified (or attenuated) so that the resulting
difference signal is as close to zero as possible when the surface is not moving relative to the
device (or when the "window" is closed with an opaque cover), thus compensating for local

35  oscillator power fluctuations. '
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In an alternate preferred enbodi nent of the invention, it is also possible
to decouple the effects of X and Z directed notion using only non?Zerd!l. 2002
order reflections. This may be desirable since it avoids detection at near
zero frequencies. Assuming, for sinplicity of exposition only, nornal
illumnation, three deteetors i= 1..3 o are used, each representing a
grating spaci richeafetacted intamsdtyaamd @xowsultmgddteaaedamghléss descrtiet in E@g8puclutes t he

X axis i, idier deiflaBdrpodbifrief g 26(:15% heq dRSSTLA SEGBAR © sbdifd R urtile

cycles, N _of a pseudo-sinusoi nal according to:
~-1(Xcos(fﬁ]?‘?“?’:ﬂ‘lt )+~-Z(1+cos(~l)), where X and Y are the translations
al ong the X arld oYdaxescontpessate forvedrigtiond insthe ) tmultipgieati dre B, songmoipon et

al ong d}e % [ HBh ¢ é)cévaﬁfeﬁ%t%ﬂ%etectdr%aw% X tntiB] V‘@Ya‘gk gng%znn-@%onljed iafaﬁiiﬁ&

i-th or angle respect um na )
reflecti dn opp ahte siaggs P%thﬁél%?tabélmpbﬁfraﬂpn gafter Shenfirst cqmpensagion by suptgicting Hep| e,
one det ect{¥ confhoBént). e gatxitould 5O ppréviLate offdnilne thé idxdrse &f/mhe/sdlar@nd

t he thirddlidr@ ; ttx‘ge oth]N35 (yppnl4) ﬁ]%fr?ﬁ NN = ~+ ~ (1 + cosa~ ) 1
20 N2 = rogrtof%eelcopp(%%alon)sgga = 2 - A+Y+-(1+c0s~3) -~ 3 The following
appr oxi mat i on Preferably, fealéghestisigras quatity desE 2 composent is alfozomiessated; Thia gy npl e

2-D gypat 'H&%sﬁé&ﬁlﬁus%ﬂﬂ%ﬁﬂié@é lenfbBliiments &1S@BE 1&%%05 hilizidg B ~effEl8Re (RRRIM Y

al so smal a where n, Stands for 'the first
order at ﬂ?@"?ﬁﬁ?ﬁ‘ﬁb e S&’ﬁ'i“ré] Y f‘ﬁerF‘?’@ rer}g?'lgd SB’ff%“r?eﬁlnlf‘Wm? dnithig epbpdiment e ger
det ect or ;expdsad dstetthearXa bvarsthich terE & etrapbment Briftegratedinsaytizemi¢h Yariger thin the der
det ect or .. o n a |

and 7. 6 geﬁgcgi% rﬁll? Qi.r& Sﬂ%ﬁx Eﬁgl?o%ggtnctan ﬁg%&m&gmfa%g u?ﬁ%ﬁg %%lc@&% f\ll'\%E dgéRIZ i
N3 ) z | tnof defscti @é@ﬁal ocitlator dield: abhs| epmpsasatian ﬂmrwaysbma%m@d sch tthaé t wo
det e?:tsor Sesé’éﬂhaliy}’ﬂcﬂ@-a@ﬁg éraer ARAGH 'iteﬂlté%ht&elyThlr??}ehétéﬂt B@? %tSIahEéﬁ nd¥ich thzf;m
coupling an etter, resolutiqn.in cases, where
Co o i o obetrrSP BB TR, SR T s e Bt £ G 3 ADlsy Pl y
axes. Arpddcheyra mainet befors the detbator.t o the | atter, but when | ~3 i s doubl ed:

A =/~2 ---A [ pf 0f | r t he
X axis, a secons ey SBERGORe Sniity R R
Fig. 220Furias, dHatior fxappleele ghtferencss dnf e refectiona Foshiiciont (pf| diffgrent r?ok’ifsg

22C, MH14'Howeder dteasflédtien pKa highly esflettivgcsuefcto(e. glabmiriaed pagdn) is alsonthsitivead i on
|'s prefer, @{a 1%h£r%res gﬂh‘é r&f cHBh Qﬂol%%&c{ﬁ@ﬁncﬁ?éf’gécﬁﬂal ﬁeﬂ‘e‘&{&ﬁ' Qg?ﬁé%ﬂtehfiﬁglgf

beam spl i I rect etectron u ase's

It is al 36AFor ISymplinityi pfapresentation, Figfe d0Aatd show) m@cgaratu%natm @foﬁvert
to tr anslgedtingrsmlﬁ@ﬂgabdnﬁc@s@sandbﬂl bife deddcior R84 in¥ddM3n to Mu&acé.mé(qﬁ(o?d‘da

) o A b b LB, Brh B B g ahen g
synmedsr i catebtprspodhatithdetectast attei positioned far fromehe Sppbulzr ©flecyidn of the syrdace, asyn ~d
;és_2~)i 1}:@ Z68: E)’_Ar_f?r?aﬁ/ve()s %Secﬁil& r&l%g)on ASRUMNEurBRQ thwirB athe HetbcfoRS can B +
avmgei by tilting the wﬂxole component by a few degrees with respect to the surface plane,
opposite to the detector directions, as in Fig. 26C. However, the effect of the tilt angle on the
Doppler frequency should be taken into account. Preferably, Z-compensation (such as described
30  with respect to Fig. 21) is used to significantly reduce the sensitivity of the measurement to the
accuracy of the tilt angle.

Fig. 3A shows a preferred implementation of a translation detector, in accordance with a
preferred embodiment of the invention, in which zeroth order detection is used and which does
not incorporate direction detection, or in which the detection of the direction is based on an

35 asymmetric grating transmission pattern and appropriate signal analysis. Fig. 3A shows an
integrated optical chip translation device 30 that is suitable for mass production. It utilizes only
a few components that can be manufactured in large quantities for a low price. Device 30
comprises a laser diode 32, preferably a single transverse mode laser. Laser light from laser
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30 detection of the signals used for translation and direction detection on the one hand and for
compensation detection on the other hand, are based on first order diffraction by grating 38, but
with opposite sign. Preferably, anti-reflection coatings are used, where appropriate, to reduce
unwanted reflections.
An integrated optical chip is the preferred implementation scheme since it can be
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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Preferably, the illumination of the grating is collimated. However, non collimated

illumination may also be used, in which case the diffraction from the grating will be astigmatic

30 (i.e., will no longer have a single focal plane). It is preferable to compensate for this effect so
that the spatial filtering is optimal. Conveniently, one or more lenses may be designed to
correct for the grating astigmatism. Alternatively or additionally, the grating itself may be
designed to include astigmatic correction. Similar astigmatic effects and corrections are
expected to exist in other diffractive elements illuminated by non-collimated light.

35 While the present invention is described above in various embodiments for solving the
general problem of translation measurement, the methodology is applicable to a large number
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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of the pr eceml\ﬂgusgls%tgiﬁs %galiynﬁéeuq{e@ﬂéxﬁcal transducers for the measurement of hand

translation over a surface (commonly a "mouse pad"). A need for moving-parts-free, reliable
£-P

202

20 and accurate translation measurement technology for use in mouse systems is well
acknowledged today. A few optical devices were developed, but still suffer from various
deficiencies, such as a need for a dedicated patterned pad, low transducing performance or high
cost.

An optical padless mouse according to one preferred embodiment of the invention can

25  be used in two ways, according to the user’s convenience. It can be used as a "regular" mouse,
whereby the mouse is moved on top of a surface, and its motion relative to that surface is
measured. It can also be flipped over, if so desired, and instead used by moving the finger along
the device aperture. The motion of the finger relative to the mouse body, which is now
stationary, will be measured.

30 One such device 100 is shown in Figs. 5SA and 5B. Fig. SA shows that structurally the
device is similar to that of Fig. 4 (and the same reference numbers are used in the two Figs. for
ease of comparison), except that buttons 94 are on the side of housing 84 in device 100. In the
mode shown in Fig. 5A, device 100 is stationary and is used to track the movement of finger
102 of an operator. It should be clear that device 100 can be turned over and used as a mouse,

* 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. 5A 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
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reflecting or diffracting a portion of the illum nation from an object,
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i |1 umi natlikerhumtdity and, Hampnese ands its reliability 4s expected (to be high. In fact, several touch
25 point devices can be easily embedded in a single laptop or a palm top, including on keys,

between keys, or next to the screen. Additionally, a pressure sensitive device may be included
under the touch point device and the sensitivity of the touch point made responsive to the
pressure of the finger on the touch point.

In a preferred embodiment of the invention, two touch points are provided, a first touch

30 point and circuitry which moves a pointer responsive thereto and a second touch point and
circuitry which causes scrolling responsive thereto.

In a further preferred embodiment of the invention, the present invention can be used as
an improved translation and/or velocity measurement system for a scanning-pen, capable of
scanning lines of text (or any other pattern) and storing them, for downloading 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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sur f ace i mtthemicftiontystem. Similar in principal to the scanning pen, the signature reader contains a

20  ‘reading’ head, with a one dimensional or two dimensional array of photo detectors (such as a
CCD array). It has an aperture wider than that of the scanning pen, to be able to read
wider or higher signatures and contains an optical translation measurement device, for detection
of the two axes translations of the hand or instrument which is moving the device across the
scanned signature. The signature reader does not contain any OCR, as no text files are to be
25  created. Instead, it is connected (through direct, hardwire line or wireless link, or through an
off-line system), to an "authentication center", where the scanned signature is compared to a
"standard signature" for validation. This device can be accurate, while cheap, small and easy to
use.
A still further application of the devices and methods described above is in the field of
30 encoders. The present invention can replace linear encoders and angular encoders, which
generally require highly accurate markings on either an encoder wheel or on a surface, by a
substantially markless encoder. An angular encoder 130 in accordance with this aspect of the
invention is shown in Fig. 7. Encoder 130 comprises a disk having a diffusely reflecting surface
132 mounted on a shaft 131. It also includes an optical chip 82 and controller 90, preferably
35  essentially as described above. Preferably, surface 132 is marked with one or two radial marks
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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phase. 10 34. A nethod according to claim33 wherein the first illum nation
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missed or crooked lines.
With an optical translation measuring device, it is possible to detect paper slippage by
measuring the paper advancement on-line. The printing device is then coordinated with the
25  actual translation of the paper, thus creating a highly accurate and economic system. Similarly,
these principles can be applied to a desktop scanner, where a reading head replaces the printing
head. Furthermore, the type of paper or other surface (for example, type of cloth) may be
identified from characteristics of the detector signals. Features, which may be used to identify
the type of paper, include the ratio between reflected AC and DC power, absolute AC and DC
30 power, harmonics ratio, etc., or a combination of these characteristics. In addition, the sensor
may detect a discontinuity in paper height, amounting to muiltiple feed situation. This
discontinuity may be determined by an axial translation measurement, an apparent discontinuity
in the measured transverse direction, or loss of signal caused by temporary loss of coherence
between the reflection and the local oscillator.
35 Fig. 8 is a schematic of a motion 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 ﬁoving surface 208, through a grating 210. Light reflected from grating 210 and
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detector, 25 wherein only a single beamillum nates the surface. 44. A
nmet hod for determning the relative notion of a surface with resp 9 A0 2002
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g, ~t= ?nc~ Fig. 9 is a simplified block diagram of typical electronic circuitry 140 useful in carrying
out the invention. A "primary" photodetector 142 (corresponding, for example to detector 50 of
Figs. 3A and 3B) receives light signals as described above. The detector detects the light and
the resulting signal is preferably amplified by an amplifier 144, band pass filtered by a filter

20 146 and further amplified by an amplifier 148 to produce a "primary" signal. A compensating
signal is detected, for example, by photodetector 150 (corresponding to detector 52 in Figs. 3A-
3C) and is subtracted (after amplification, by amplifier 152 and band-pass filtering by filter
154) from the "primary" signal in a difference amplifier 155 to remove residual low frequency
components in the primary signal. Preferably, band pass filters 154 and 146 are identical. The

25  resulting difference signal is amplified by a voltage controlled amplifier 156 whose gain is
controlled by the output of a low pass filter 153 (which is attenuated by an attenuator 158
optionally adjusted during calibration of the system). The output of amplifier 156 is fed to a
zero crossing detector and counter 160 and direction control logic 162, which determine the
direction of translation of the surface. Where a piezoelectric element 64 (Fig. 3B) is used, a

30  control signal corresponding to the frequency of displacement of the of the element is fed to the
direction control logic 162 where it is subtracted from the zero-crossing detector count.

For preferred embodiments of the invention, the wavelength of the laser source is
preferably in the infra-red, for example 1550 nanometers. A spectral width of 2 nanometers is
typical and achievable with diode lasers. A source power of 5 mW is also typical. A grating

35  opening of 1.5 mm by 1.5 mm and a grating period of 150 lines/mm are also typical. The laser
source output is typically collimated to form a beam having a diameter of somewhat less than
1.5 mm and is typically incident on the grating at an angle of 30 degrees from the normal. The
optical substrate may have any convenient thickness. However a thickness of several mm is

51



coherently detecting the illum nation reflected fromthe optically diffuse
surface using a detector, to forma signal; utilizing illumnatiom geriuyeaﬁ(}a
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a ‘standard’ spatial filter. The quality of the local oscillator beam spatial profile — how close it
is to being diffraction limited — determines the quality of the resulting spatial filtering. A
20  diffraction limited local oscillator field focused on the detector utilizes the maximum amount of
power for amplification of the signal, and is not sensitive to angular misalignments like a real
pinhole. Elimination of the physical pinhole in this manner results in a more robust
arrangement having lower sensitivity to mechanical vibrations, broad tolerances on angular
alignment and higher overall amplification. The signal light that is not amplified is not rejected,
25  as with a pinhole, but, with a local oscillator field much stronger than the signal field, its effect
on the measurement is negligible. The same arrangement is also relatively insensitive to

focusing errors.
Utilizing an effective pinhole arrangement in Doppler measurements with a grating, in
which the direction of the local oscillator field is dependent on wavelength, has the advantage
30 of not being sensitive to wavelength variations of the source. A change in wavelength causes a
corresponding change in the reflection angle from the grating, so that the local oscillator image
on the detector moves. If a real pin-hole is used, this affects the measured amplitude of the
signal and may even result in a total loss of signal. With an effective pinhole the measured
signal is not affected as long as the focal point is on the detector. Moreover, the detector signal
35 is wavelength independent in a grating-reflector configuration and is a function of the
translation, grating period and order of local oscillator reflection, as described above with
respect to the grating based systems.

52



5 55. Apparatus according to claimb53 or claimb54 wherein the high pass
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utilizi ngel%b&ﬂﬂm’rnésference i |1 uni natlon 58. A method according to claim 57

wher ejsn the t I‘I&;B%ﬁbrﬁﬁdrﬁx@ shifiildr h‘er sabsoes:ﬁsmgﬁﬁt @paﬁghak)l ofddxawfcaagon 29theAodret hod
Lg;sﬂféﬁ;.?flﬂatg f gfea ghﬁﬁ%%ég\éﬁgn I §ff ghﬁ’y daffesrgr{t 8%€ chh aﬁgnggﬁ%gt in accorgance
with a preferred embodiment of the invention, is shown in Figs. 11A and 11B. The sensor
shown is a two dimensional sensor without direction detection, and includes a source of
radiation such as a laser diode 270, a lens 272, a two dimensional grating 274, a pair of
20  detectors 276 and 278, a housing 280, exit leads 282 and electronics 284. As in the embodiment
of Fig. 10 laser diode 270 and detectors 276 and 278 are preferably in the same optical plane.
Fig. 11B shows a planar view of the plane of detectors 276 and 278 and source 270 as seen at
section XIB-XIB. Detector 276 functions as an X axis detector and detector 278 as a Y axis
detector. The first order diffraction from grating 274 in the X direction is focused onto X
25  detector 276 while the first order diffraction in the Y direction is focused onto Y detector 278.
| Preferred embodiments of the invention that utilize an effective pinhole are easier to
align and, when manufactured as an integrated optical block, have looser tolerance
requirements. This is especially true when the local oscillator is derived from light diffracted
from a grating at non-zero order since for this case the placement of the pinhole depends on
30  wavelength. Thus, the wavelength stability of the source of illumination is much relaxed when
a effective, rather than a physical pinhole is utilized.

In some preferred embodiments of the invention alternative methods of determining the
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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illumnating a partially reflecting and partially transnitting objegt (Jn?’ AN
38), 10 which is part of the neasurenent device, and which is situa JUL 2002
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portion of one of the gratings covers the openings in the other), while the grating on the other

t he

half will become visible (i.e., the metal portions coincide), although not generally with a 50%

duty cycle. Motion in the opposite direction exchanges the role of the two grating halves, thus

25 enabling a difference in reflection angles between the two directions and illumination of

s different detectors. The two configurations are depicted in Figure 13A and 13B, respectively.
The direction of motion is determined from which of the detectors produces a signal.

Figs. 13C and 13D show another system for switching from one grating to another. In

these figures only the gratings themselves are shown. An upper portion comprised of reflecting

30 elements 400 does not move with respect to the detector. A lower portion comprises alternating

sections 401 and 402 that are gratings having different periods. In the position shown in Fig.

13C elements 400 block grating sections 401 such that light incident on the gratings is directed

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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Jhoh s@tfade325 plays no part in the detection process. Furthermore, it should be noted that all
of the components may be mounted on optical element 322 to form an integrated sensor.
Extension to 2-D measurement is achieved using two slanted planes and two detectors.

In accordance with some preferred embodiments of the invention the reflector from
which the local oscillator field is reflected is not adjacent to the surface whose velocity is being
measured. Two preferred embodiments of the invention, which embody similar principles, are
shown in Figs. 15 and 16.

Fig. 15 shows a sensor including an at least partially coherent light source, such as a
laser 350, an optical medium 352 having a partially reflecting and partiaily transmitting surface
354 and a totally reflecting surface 356. The sensor also preferably includes a lens 358 which
collimates source 350 and a spatial filter embodied in this embodiment by a lens 360 which
focuses the light on a detector 362 and signal processing electronics 364. The focused light acts
as an effective pinhole, as described above. The light source provides at least partially coherent
radiation, which is directed toward surface 42.

The light from the source is split by surface 354 into one beam reflected from surface
352 toward surface 356 and one beam transmitted toward the surface 42. The light that is
reflected from surface 42 is transmitted through surface 354, toward the detector 362. The light
that is reflected from surface 354 is totally reflected from surface 356, such that a third
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
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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74. A nethod according to any of claims 57-71 or 73 and conpri si ”gz g‘éﬁ@m 2602

the phase between illumnnation reflected fromor diffracted by th

and at least a portion of the illumnation reflected fromthe surface. 5
75. A nethod according to claim74 wherein the sense of the direction is
determ ned, based on sai d varied phase. 76. A nethod according to any
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conpri seg such that a translation of the surface 42 relative to the device and parallel to the surface

20 introduces a Doppler shift between the reflection from reflector 388 (serving as a local
oscillator) and reflection from surface 42.

Thus, light that is reflected from surface 42 and light that is reflected from reflector 388
interfere on detector 384. The optical medium is scaled such that the optical path length
difference of these two light waves is within the coherence length of source 380.

25 The arrangement is such that the partially reflecting interface, the totally reflecting

) interface and the surface are not all parallel to each other. Thus, the detector signal includes an
oscillating component due to a Doppler phase shift of the light reflected from the surface, that
is representative of the surface translation relative to the optical device and parallel to the
surface.

30 Preferably, the light from source 380 is collimated. Preferably, the light reaching
detector 384 is focused onto the detector surface such that a point-image of source 380 is
formed thereon.

Two dimensional translation measurement may be achieved by using orthogonally -
tilted, partially-reflecting, interfaces or orthogonally tilted, totally-reflecting, surfaces.

35 The Doppler shift of the light that is reflected from surface 42 is proportional to the
component of relative velocity between the sensor and surface 42 along the bisector between
the light beam incident on the surface and the portion of light reflected from it that is collected
by the detector. The Doppler shift is inversely proportional to the light wavelength. Preferably,
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causing the object to nove periodically substantially in the direction of
the notion being neasured. 15 82. A method according to any of cl al s .14, 2002
75, 77-81 wherein varying the phase conprises: causing the object to nove
periodically substantially perpendicularly to the direction of the notion
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birefringent material axes, the reflection is subsequently cucularly polarized by the birefringent
layer when passing through it towards the detectors. Thus, precise quadrature signal is ensured
for the 2 cross-polarized detectors even when the surface itself is not polarization preserving.

25 Another property of this arrangement is the ability to place the birefringent layer “on

1 top” of the grating (instead of between the grating and the surface). The local oscillator light

experiences double phase shift (for quarter waveplate, it sees a half wave retardation) while the
surface reflection is shifted only once and thus enables quadrature measurement.

Fig. 17 shows a first preferred embodiment of a motion detector 500 that inter alia,

30 includes this feature. Motion detector 500 comprises a source of partially coherent light 502

that illuminates a preferably collimating lens 504. Light that exits below lens 504 is preferably

collimated (i.e., the light rays are all parallel). A quarter wave birefringent plate 506 and a

grating 508 underlay the plate. The light reflected/diffracted from the grating experiences a

180-degree phase shift between its orthogonal components due to its passing twice through the

35  birefringent plate. While plate 506 and grating 508 are shown as separate elements, they may be

combined into a single element, for example by depositing or embossing the grating on the

surface of the birefringent plate.
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surface #8
by the grating and detected, preferably equally, by the detectors. The magnitude of the motion

is conveniently determined from the number of zero crossings of the signals detected by the
detectors (based on a Doppler shift), and the direction of the motion is determined based on the
20  relative phases of these signals.

Detection module 512 utilizes a phase grating and two polarizers to split and direct the
incoming waves to the detectors, rather than the polarizing beam splitter of Fig. 3C. In practice,
the embodiment of module 512 is believed to be less expensive to produce. If a binary phase
grating (or a blazed grating) is used, then the system is not only inexpensive but also light

25  efficient.

In a preferred embodiment of the invention, module 512 is mounted on a backplate or
heatsunk substrate 524, together with source 502 and an electronics module 526. Electronics
module 526 may contain a controlier to control source 502 and electronics that receives signals
from detectors 520 and 522. Preferably, electronics module 526 partially or fully processes the

30 signals, as described above, to provide information to a computer or other device (not shown)
regarding the magnitude and direction of the motion of the surface.

Fig. 18 shows another motion detector 530 generally similar in structure to that of Fig.
17. However, the detector includes a number of features that should be noted. For ease of
description, those parts of detector 530 that are similar to those of detector 500 of Fig. 17 are

35  marked with the same reference numbers and are not further described.

In Fig. 18, the local oscillator is spatially separated from the surface illumination and
diffraction path. Furthermore, in Fig. 18, a cut-out 532 is preferably provided to equalize the
iengths of wave paths for the waves diffracted from the grating and reflected from the surface
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spatially filtering the reflected illum nation such that the phase of the
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20 In the embodiment shown in Fig. 18, the structure for generating the reflected and

diffracted waves is different from that shown in Fig. 17. In Fig. 18, a phase grating 536

overlays a 1/8 wave birefringent plate 538, which is in turn is underlain by a reflector 540.

Preferably, the reflector is applied directly on plate 538. Since waves that are reflected from

reflector 540 pass through the 1/8 wave plate twice, the reflected wave is circularly polarized.

25 The reflection from the surface preferably passes through a linear polarizer 542 in both

- directions as it is reflected from the surface. Thus, this wave has an enforced linear polarization.
The operation of the rest of the system is the same as that described for Fig. 17.

In alternative preferred embodiments of the invention, a quarter wave birefringent layer

can be placed in the path of the beam emitted by source 502, converting it to circular

30  polarization. Thus, this layer may be much smaller (and less expensive) than the comparable

layer shown in Figs. 17 and 18, which layers are then omitted. Furthermore, for those

embodiments of the invention in which a birefringent plate is used, a plate resulting in elliptical
polarization (rather than the circular polarization described above) may be used.

In some preferred embodiments of the invention, a quarter wave layer (from birefringent

35 material such as quartz) may be deposited on the emitting surface of an otherwise linearly

polarized laser diode to produce a circularly polarized beam. Preferably, the deposition is part

of the process by which the diode is manufactured, e.g., the birefringent layer is deposited on

top of an outer Distributed Bragg Reflector of a Vertical Cavity Surface Emitting Laser, This
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conprises: focusing the reflected illumnation with a |l ens having a focal
point; and placing a single node optical fiber at the focal point of th
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Beam 562 passes through a linear polarizer 570 and preferably through a protective

layer 572 before being reflected back toward beam splitter 554. The portion of reflected beam

564 passing through the beam splitter and the portion of reflected beam 562 reflected from the

25  beam splitter are directed together toward lens 558, which focuses them. A second beam splitter

) 574, splits both beams and directs them to polarized detectors 576 and 578 (each having a

polarizer 580 and a detector 582). The detectors are used to detect the frequency and relative

phase of the linear components of the beam reflected from surface 12, in essentially the same
manner as described above with respect to Figs. 3C, 17 and 18.

30 It should be noted that the top of motion detector 550 is not square with the bottom so
that the reflected beam is Doppler shifted from the beam incident on surface 12. This Doppler
shift (and its sign) is used to detect the motion. Furthermore, in preferred embodiments of the
invention, the lenses are anti-reflection coated to avoid the effects of multiple reflections.

A second integrated motion detector 590, shown in Fig. 19B, also embodies similar

35  principles. All of the optical components of the system are mounted on a block 592 in which a
grating 594 is sandwiched. Preferably, the grating and top and bottom surfaces are parallel.
Two lenses 596 and 598 having functions similar to those of lenses 556 and 558 of Fig. 19A are
preferably incorporated into block 592. In Fig. 19B, elements having similar functions to those
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surface with respect to a nmeasurement device conprising: illum #a8idigl t H92
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surface, refergneti nuabersoss theglemengd intFgest Weand48sur f ace, from a characteristic

of the signal ReIaR OO it Bgikeld 8641017, @képE AL fhar WiQe DIt §LEIs placed in
front of polarizers 516 and 518. The orientation of the polarization of the guarter wave plates,

25  the polarizer and the incident light is shown in Fig. 19D which is a sectional view from below

- along lines D-D in Fig. 19C. The axes of the polarizers are indicated by reference numerals
614, 616 and the polarization axes of the quarter wave plate is indicated by reference number
618. Linearly polarized light that is incident on quarter wave plate 612 along one of its axes
passes through the plate with its polarization unchanged. Linearly polarized light having its

30 polarization at 45 degrees to axes 618 is transformed into circularly polarized light.

Reference numbers 620, 626 indicate the polarizations of the incident grating and
surface reflected waves, where, it is immaterial which of the two waves is polarized in the
direction 620 and which is polarized in the direction 626. Furthermore, one of the waves may
be polarized in a direction 626°, instead of 626.

35 In operation, the incident wave having the polarization 620 is transformed into a
circularly polarized wave. This circularly polarized wave is split into two equal components by
polarizers 516 and 518 such that two linearly polarized waves of equal amplitude are incident
on detectors 520 and 522. However, these two waves are 90 degrees out of time phése (as well
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the source noise. Otherwise other, non-correlated noise (e.g., thermal noise), is actually
unnecessarily added through the subtraction of the compensation signal.

E(? component compensation is especially useful if the source is turned off and on

25  repeatedly (e.g., when operating in ‘sleep mode’ to save energy or for eye-safety). A modulated
source complicates the DC voltage elimination with a high-pass such as described in Fig. 9, but
this is reduced or eliminated without a high-pass if E02 component compensation is utilized.
Alternatively, switching the source may be performed even without Eg2 compensation if
capacitors in the high-pass are isolated when the source is turned off (thereby maintaining their

30  charge until the source is turned on again).

Still another use for the Eg2 component measurement is as feedback in a source current
control loop. This is especially important in order to control the optical power of the source if
significant power variability is expected (e.g., due to large operating temperature range).

The arrangement of Fig. 19C and Fig. 19D without birefringent plate 612 can be useful

35  when a Vertical Cavity Surface Emitting Laser (VCSEL) is used as the light source. When
operated properly, certain VCSEL diodes can have one of two possible orthogonal polarization
directions, where at any given time the illumination polarization is aligned with one of the
;;olarizations. Thus, an ambiguity exists as to the polarization direction. This poses a problem in
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In the above scheme, additional detectors are utilized to solve the polarization

ambiguity of a VCSEL. Altematively, the VCSEL can be slightly rotated with respect to its
‘optimal’ polarization direction. Assuming an 'optimal' direction o of the VCSEL polarization
such that the preferred polarizations are o or a +n/2, then the ratio Rp between the DC
20  voltages of detector pairs is:
tan(e) : one polarization
B {cot(cz) : other polarization

Thus, for optimal VCSEL alignment of o = n/4 (along 626, for example), the DC
component detected by the detectors in a cross-polarized pair such as described in Fig. 19D will
be equal irrespective of the polarization direction of the VCSEL.

. 25 However, if a = -;5+ / radians, then Rp =1+ 2/ in one polarizationand Rp =1-24

if the VCSEL output is in the other polarization. Thus, Rp >1 when the VCSEL emits in one

" polarization and Rp is less than one for the other polarization. Therefore, if the VCSEL is
rotated with respect to the ‘optimal’ orientation, the outcome of a comparison between the DC
voltage of detectors in a detector pair used for translation measurement indicates the

30  polarization direction without a need for additional, dedicated detectors for that purpose.

Still another way to overcome a possible polarization ambiguity of the local oscillator is
to use a linear polarizer in the optical path between the source and the grating, with the
polarizer axis at 45 degrees from either of the orthogonal polarization directions. Thus, for
example, the polarizer is positioned along 620 when the VCSEL polarization is either 626 or

35 626'. Altemnatively, 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.
63
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25 . Use an adaptive band-pass, controlled by the signal frequency and capable of adapting to
the frequency changes resulting from possible acceleration of the surface relative to the OTM
component. Adaptive band-pass also reduces other sources of noise, such as thermal noise and
1I/F noise. It may be implemented, for example, by using voltage-controlled capacitors in the
high-pass and low-pass elements.

30 e Use higher amplification of the high-frequency signals, such that the resulting amplitude
of the high frequency signal is higher than that of the low-frequency, and so the high-frequency
zero crossings count is only mildly affected.

A 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

64



98 .t .4aa.~=wWa, ~, "ra .:.',~F ~l ~~a<n- . - N ~ ~~ti

JI ~i L t~ 150. A scanner for reading a docurrent by nmovenent of the %é’an’Hér 2002
over the docunent conprising: an optical reading head which detects

patterns on the surface of the docunment; 5 and an optical detector which
determ nes the notion of the scanner as it is translated across the surface

O}‘ the g%%%n ém@bﬂasglﬂgrea@isimg{ fads'tree@f@f hisidred ﬁa&)tﬁﬁxgmm@imft 9aany of

cl ai ns n not.i o

scanner - 40e AL e, 1S didhdit Su ECYE 18 e eRRle Bio leugte

pat t er ns thradgh a AessstermFeed “atbcartdmmgmts@ntasalqw 25 @. lomsed. dihns, 154 thweshobd 2t thtie

pat t erns 6QRR bl Bﬁﬂﬁ%éﬂah@ﬂalp&’iﬁh%%ﬁ@m FRlOHS tno/1o TRy AR Al eicSy

wh tu A
conpr si FigEals pEqtoa [ BrRSEPYR AEPTAE: PHES G REERADY At B ARy
ot her t haignaleAecapader 380 nanked gs supareds apunmplbomabsod&nemst a‘roﬁmaamong angildiiet ve
Mot i on Wbl if %{3%5&33 By %%fﬁcﬁesemedf’n rgplme ?a't;a{i‘%? Bl ?%peﬁe(ﬂ"%g es
sur

rel ati ve notion respect rel a he rerérence
mar ki ngs invpime ppd theadapiiviecsro gosslg éteqier qamzleesmtwqmdﬁedlwr%ww akd ai s

142, 44- fdng 5%&&&@@@&1(87;3,4@1* #bnsistdrs, differRAC RURTanSCHRA Gbitgiol Qabadnd al 54 .

V\/ner n tJ;.1 qnﬁ eace0 f qﬁ_e rface of a disk which rotates about an axis
and 8 8p(§%tfé13 B %% ures the rotation of the disk. 156. A virtual

pen corrpru si n@Quadaiurenmenem gesasurcwentdieligs ¢m measuringl B Wentshhsignal§Shavimgd 99

9 'L constl? phastCabift B¥rwWithChei! MtoA! RigiRide TEREMIE by &eaﬁdxf{@er MRt e
A device_faor, noving a sheet of paper

|nto witten or ra hi.ca
conpri si ﬁrgssuysr’@ @d?teﬁ@\e%ﬂaﬂ%greﬁ%w detgampingd by compaingfhe sigp S et
measur esciobgingrow enebhanaél ileg ‘e high't drottiighuta low?) tagthasignrodrtke migsaldn thehe

pagcza 4\2%5}5&%9&#?89%} élc?di%ciﬂgct (i)(r) utilizes the method of any of clains

Noise on the quadrature signal can result in additional zero crossing counts. If two zero

crossings of one signal occur while the other signal did not change sign, their directions are

opposite and they add to zero. However, if a zero crossing on one signal is shifted in time, the

order in which the zero crossings in the two channels occur may be reversed and result in
20 direction detection errors in both channels, that adds up to a net count error.

Errors due to reversed zero crossing evenis 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 ot/ 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.
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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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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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Ni = Yy (X cos(ry)+ Y sin(r))+ J/ - 21+ cos(eh)

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 /; as:

singy) =4, .

If, for example, one detector is on the X axis (y,=0), another is on the Y axis ( =ni2)
and the third is at 45° to the others ( ;f3=7r/4), then:

Ny = —f—l-+%(l+ cosd] )

20 Np =A—),2—+—i—(l+cos¢2)

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

(assuming also small #angles):
A=Ay =A

25 A = yﬁ

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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This configuration is equivalent to one detector on the X axis, a second on the Y axis
and the third half-way between them (see Fig. 22C), so that the three detectors form a straight
10 line. In Fig. 22C, 714" indicates the (X+Y)/2 combined order detector. This configuration is
preferable for manufacturing purposes (especially considering the beam-splitting used for
direction detection using the static phase shift). It is also easily obtainable with a dedicated 2-D
phase-grating.
To convert to translation along the axes in this case:
X =A(@2N3-Np)
15 Y=A(Q2N3-Ny)
Z= —/?'—(Nl + Ny ~2N3)
kz

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.- y3 =0;p2 = 373 ==y

and A1 =Ax;A0 =A3 EAy(see Fig. 22D).
Assuming again that 1+ cos¢@] =1+cosgy =1+cosg3 =k,

Nl = :X....;..kiz_
x A
1
20
Ay

N3 = -—I—(Xcosy— Y sin y)+—%
Ay
The following selection is conveniently (but not necessarily) made so that the X and Y
resolutions will be identical:
A
Ag=—F
siny +cosy
1 cosy siny
x Ay Ay
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- Any of the detector arrangements can be the product of a single 2-D grating (though in
general it will not be composed of an array of rectangular unit cells), or by using two or three
separate gratings, preferably illuminated by different portions of the initial beam, each

10  contributing a local oscillator to only one or two detectors.

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 generally 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 Er2 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  valueis detected at the additional detector. Preferably, hysteresis is ihtroduced on the threshold

to prevent parasitic oscillations.
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embodiments thereof which cornbme various features and various aspects of the mvenUon It
should be understood that these features and aspects may be combined in different ways and
various embodiments of the invention may include one or more aspects of the invention. The

10 scope of the invention is defined by the following claims and not by the specific preferred

embodiments described above. As used in the following claims, the words "comprises"”,

"comprising”, "includes", "including" or their conjugates shall mean "including but not

necessarily limited to".
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e Z%SO% & )ﬂlurﬁlmaglligz O(lé'eosol/letgfaég \Rlitﬁgr?c\{\éé%g ﬁiumination;
coherently detecting a first portion of said incident illumination reflected from
the surface in a first direction to form a first detected signal;-the time variation of said
first signal being responsive to the relative motion in a first relative motion direction,
said first relative motion direction having at least a component in the direction
10  perpendicular to the surface;
coherently detecting a second portion of said incident illumination reflected
from the surface in a second direction, different from the first direction, to form a
second detected signal the time variation of said second signal being responsive to the
relative motion in a second relative motion direction, different from the first relative
15 motion direction, said second relative motion direction having a component in a
direction parallel to the surface and in a direction perpendicular to the surface; and
determining the quantity of relative motion parallel to the surface free of effects

of motion perpendicular to the surface from said first and second detected signals.

20 2. A method according to claim 1 wherein relative motion perpendicular to the

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

3. A method according to claim 1 or claim 2 wherein determining comprises:
generating a third signal from the first and second signals, said third signal
25  being free of the effects of the motion perpendicular to the surface; and

determining the motion parallel to the surface from the third signal.

4, A method according to claim 3 wherein generating comprises multiplying the
first and second signals.

30
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7. A method according to any of the preceding claims wherein determining

comprises determining the quantity of relative motion parallel to the surface directly
from the two signals without determining the quantity of relative motion perpendicular

15  to the surface.

8. A method according to any of claims 1-5 wherein the first relative motion

direction does not have a component parallel to the surface.

20 9. A method according to claim 8 wherein determining comprises determining the
quantity of relative motion parallel to the surface directly from the two signals without

determining the quantity of relative motion perpendicular to the surface.

10. A method according to claim 7 or claim 9 wherein said first detected signal is

25  substantially determined by relative motion perpendicular to the surface.

11. A method according to claim 7 wherein said first detected signal is responsive

to relative motion parallel to the surface.

30 12, A method according to any of the preceding claims and including determining
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17. A method according to claim 16 wherein both the incident and reflected

illumination pass through the object.

20 18. A method according to any of claims 15-17 wherein the object is adjacent to the

surface.
19. A method according to any of claims 15-18 wherein the object is a grating.

25 20. A method according to claim 19 wherein the grating produces essentially only a

single order of transmitted illumination that illuminates the surface.

21. A method according to any of claims 15-20 wherein the illumination is at least
partially coherent and wherein the object is placed within the coherence length of the

30  illumination from the surface.
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reflected from portions of the surface;
coherently detecting the illumination reflected from the surface utilizing
illumination derived from said incident illumination that was not reflected by the
surface as a local oscillator, to form at least two signals;
20 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 least part of the illumination reflected by the surface; and
determining the sense of the direction of relative motion paraliel to the surface
25  based on a characteristic of the signals caused by said varied relative phase,
wherein the local oscillator illumination is generated by reflection or diffraction

of incident illumination from an object adjacent to the surface that is a part of the

measurement device.

30 26. A method according to claim 25 wherein the illumination has a coherence
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of incident illumination from an object that is a part of the measurement device and

wherein the illumination has a coherence length and the object and the surface are

situated within said coherence length.

20
28. A method according to claim 26 or claim 27 wherein the object is a grating.
29. A method according to claim 28 wherein the grating produces essentially only a
single order of transmitted illumination that illuminates the surface.

25 30. A method according to claim 28 wherein the surface is placed within the near
field of the grating.
31. A method according to claim 28 wherein the surface is placed outside the near
field of the grating.
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33. A method according to any of claims 25-32 and including:
dividing the illumination—that is reflected from the surface into a first

illumination having a first phase and a second illumination having a second phase.

10 34. A method according to claim 33 wherein the first illumination and the second

illumination have different polarizations.

35. A method according to claim 33 or claim 34 wherein dividing comprises
passing the illumination incident on the surface through a birefringent material.

15
36. A method according to any of claims 33-35 wherein dividing comprises passing

the illumination reflected from the surface through a birefringent material.

37. A method according to any of claims 25-34 and including placing a birefringent

20  material between the object and the surface.

38. A method according to claim 37 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
39. A method according to any of claims 25-38 and including determining the
magnitude and sense of the direction of the motion utilizing two detectors which
produce different detected signals depending on the sense of the direction of the
motion.
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5 41. A method according to any of claims 25-40 and including linearly polarizing

illumination reflected from the surface.
42. A method according to any of claims 25-40 wherein determining the magnitude
of the relative motion comprises counting the zero crossings of the signal.
10
43.  Apparatus for determining motion of a surface relative to the apparatus,
comprising:
an optical block;
a detector, which produces a signal responsive to light impinging thereon,
15  attached to the optical block; and
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 motion parallel to the surface,
20 responsive to the signal: and
an object within or on the surface of the block which reflects or diffracts a part
of the illumination to the detector without said part impinging the surface, said part
acting as a local oscillator for coherent detection of the reflected illumination by the
detector,

25 wherein only a single beam illuminates the surface.

44. A method for determining the relative motion of a surface with respect to a
measurement device, comprising:

30 illuminating the surface with incident illumination such that the illumination is
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( )the detection comprises quadrature detection.

10 45. A method according to claim 44 and including:
detecting the sense of the direction of relative motion responsive to said first

and second signals.

46. A method according to claim 44 or claim 45 and including determining the

15 relative motion in two non-colinear directions parallel to the surface.

47. A method according to any of claims 44-46 and including determining the

relative motion in a direction perpendicular to the surface.

20 48. A method according to any of claims 44-47 wherein determining the relative
motion comprises counting zero crossings of at least one of said first and second

signals.

49. A method according to any of claims 44-48 wherein detecting comprises

25  coherent detection.

50. A method for determining the relative motion of an optically diffuse surface
with respect to a measurement device, comprising:
illuminating the surface with incident illumination such that the illumination is

30 reflected from portions of the optically diffuse surface;
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51. A method according to claim 50 wher¢in the illumination used for the local
oscillator is directed onto the detector without having an aperture for limiting the extent

of the illumination on the detector.

15 52. A method according to claim 50 or claim 51 wherein the determining the
magnitude of relative motion comprises determining the magnitude of the relative

motion parallel to the surface.

53. Apparatus for measuring relative motion between the apparatus and a surface
20 comprising:

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 gencrates a signal based on coherent

25  detection of the illumination reflected from the surface with the portion of the
illumination as a local oscillator, wherein said signal has a frequency related to a rate of
relative movement; and

a motion calculator that calculates the quantity of relative motion parallel to the
surface, responsive to a count of zero crossings of the signal,

30 wherein the detector includes a high pass filter that filters the detector output to
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55.  Apparatus according to claim 53 or claim 54 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.

10
56.  Apparatus according to claim 55 and including:
a second detector that detects at least a second part of the illumination reflected
from the surface to form a second detected signal utilizing coherent detection,
wherein the motion calculator determines the quantity of relative motion based
15 on a Doppler shift of the reflected radiation, wherein the signal and second detected

signal are in phase quadrature and the detection comprises quadrature detection.

57. A method for determining the relative motion of a surface with respect to a
measurement device, comprising:

20 placing a partially transmitting object as part of the measuring device, adjacent
to the 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 reflected illumination passes through the object;

25 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 length of the detected illumination; and

determining the relative motion of the surface parallel to the surface, from the
detected signal,

30 wherein the object is partially reflecting and wherein part of the incident
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measurement device comprising:
illuminating a partially reflecting and partially transmitting object (16, 38),
10  which is part of the measurement device, and which is situated adjacent to the surface
(12, 42), with incident illumination such that part of the incident illumination is
reflected or diffracted by the object, as a reference illumination and part is reflected
from the surface;
coherently detecting the illumination reflected from the surface utilizing the
15 reference illumination, to generate a detected signal; and
determining the relative motion of the surface parallel to the surface, from the
detected signal,
wherein at least one of the transmission and reflection of the object is spatially
varying.
20
60. A method according to claim 59 wherein the object is a partially transmitting
object and wherein at least part of at least one of the incident and reflected illumination

passes through the object.

25 61. A method according to claim 59 or claim 60 wherein the reflection of the object

is spatially varying.

62. A method according to claim 58 or claim 61 wherein spatially varying
comprises periodic spatial variation.

30
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10 65. A method according to claim 63 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.

15 66. A method according to any of claims 57-65 wherein the detected illumination is

at least partly coherent.

67. A method for determining the relative motion of a surface with respect to a
measurement device comprising:
20 placing an object which is a grating, which is part of the measuring device,
adjacent to the surface;
illuminating the grating with incident illumination such that at least part of the
illumination is incident on and reflected from the surface, wherein at least one of the
incident and reflected illumination passes through the grating;
25 generating a signal in response to the reflected illumination; and
determining the relative motion of the surface parallel to the surface, from the
detected signal,

wherein the surface is in the near field of the grating.

30 68. A method according to claim 67 wherein generating a signal comprises .
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70. A method according to any of claims 57-69 wherein the object has a
transmission characteristic that is spatially non-symmetric.
10
71. A method according to claim 70 and including:
determining the sense of the direction of the relative motion based on a

characteristic of the signal caused by said non-symmetry.

15 72. 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;
illuminating the surface with incident illumination, which does not constitute an
20 interference pattern, 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, and generating a detected
signal; and
25 determining the relative motion of the surface parallel to the surface, from the

detected signal.

73. A method according to claim 72 wherein illumination is reflected or diffracted
by the object.
30
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76. A method according to any of claims 57-75 and including determining motion
in a direction perpendicular to the surface.

10
77. A method for determining the 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;

15 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 reference illumination;

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
20  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 sense of the direction of relative motion parallel to the surface

based on a characteristic of the signal caused by said varied relative phase.

78. A method according to claim 77 wherein placing a reflector adjacent to the

surface comprises:

30 placing a grating adjacent to the surface.
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phase.

10 8. A method according to any of claims 74, 75, 77-80 wherein varying the phase
comprises:
causing the object to move periodically substantially in the direction of the

motion being measured.

15 82. A method according to any of claims 74, 75, 77-81 wherein varying the phase
comprises:
causing the object to move periodically substantially perpendicularly to the

direction of the motion being measured.

20 83. A method according to any of claims 74, 75, 77-82 wherein varying the phase
comprises:
providing a transparent material between the object and the surface; and
electrifying the material such that its optical length in the direction of the
illumination varies.
25

84. A method according to claim 83 wherein the transparent material is a

piezoelectric material.

85. A method according to any of claims 74-84 and including determining both the

30  magnitude and sense of the direction of the motion utilizing a single detector.
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1' 10% & (9L the fgrection of relative motion comprises determining the sense of the direction of

5  relative motion based on a characteristic of the signal caused by said phase change.

87. A method according to any of claims 74-86 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

10  phase.

88. A method according to claim 87 wherein said first and second illuminations

have different polarizations.

15 89. A method according to claim 88 wherein dividing comprises passing the

illumination incident on the surface through a birefringent material.

90. A method according to claim 88 or claim 89 and including passing the

illumination reflected from the surface through a birefringent material.

20

91. A method according to claim 89 or claim 90 and including placing the

birefringent material between the object and the surface.

92, A method according to any of claims 72-84 and 86-91 and including
25  determining the magnitude and sense of the direction of the motion utilizing two
detectors which produce different detected signals depending on the sense of the

direction of the motion.

93. A method according to claim 92 and including determining the sense of the

30  direction of the motion from the sign of a phase difference between the different
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adjacent to the surface;

illuminating the surface with incident illumination such that illumination is
reflected from portions of the surface and such that illumination is reflected from or
diffracted by the apertured reflector;

coherently detecting the illumination reflected from the surface utilizing the
illumination reflected from or diffracted by the apertured reflector as a local oscillator
to form a signal;

determining the relative motion of the surface perpendicular to and parallel to

the apertured reflector from the signal.

95. A method according to claim 94 wherein:
coherently detecting comprises:
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
measuring relative motion of the surface in a direction perpendicular to

the surface of the apertured reflector responsive to the detected frequency shift.

96. A method according to claim 95 and comprising:
periodically moving the apertured reflector surface in a direction perpendicular
to its surface to add a periodic phase shift to the illumination reflected therefrom; and

utilizing said phase shift to measure the motion of the surface.
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generating a signal by the detector responsive to the illumination incident on the

10  detector; and

determining the relative motion of the surface in a direction parallel to the

surface from the signal;
wherein illuminating the surface comprises illuminating the surface through a

partially reflecting object placed adjacent to the surface which reflects or diffracts

15  illumination to the detector.

98. A method according to claim 97 wherein illuminating comprises illuminating

the surface with spatially varying illumination.

20 99. A method according to claim 97 or claim 98 wherein the object comprises an
apertured reflector placed adjacent to the surface [which reflects or diffracts

illumination to the detector].

100. A method according to any of claims 97-99 wherein generating a signal
25  comprises coherent detection of the illumination reflected from the surface utilizing the

illumination reflected or diffracted from the object.

101. A method according to any of claims 97-100 wherein determining the relative
motion comprises utilizing a Doppler shift of the reflected illumination.

30
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15
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the 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.

104. A method according to any of claims 97-103, 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.

105. A method according to any of claims 97-103, wherein spatial filtering
comprises:

focusing the reflected illumination with a lens having a focal point; and

placing a single mode optical fiber at the focal point of the lens to transfer

illumination to the detector.

106. A method according to claims 97-103, wherein spatial filtering comprises:
focusing the reflected illumination with a lens; and

placing a pinhole at an image of the source.

107. A method according to claims 97-103, wherein spatial filtering comprises:
focusing the reflected illumination with a lens; and
placing a single mode optical fiber at an image of the source to transfer

illumination to the detector.
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5 which is not an image of a point on or a portion of the surface;
simultaneously illuminating the detector with reference illumination derived
from said incident illumination; .
coherently detecting the reflected illumination of the detector utilizing said
reference illumination such that the detector generates a signal; and
10 determining the relative motion of the surface parallel to the surface, based on

variations of the signal caused by the relative motion.

109. A method according to claim 108 wherein the incident illumination is at a given
wavelength and wherein the reference illumination is at the same wavelength such that

15  the coherent detection is homodyne detection.

110. A method according to claim 108 or claim 109 and comprising:

spatially varying the illumination of the surface.

20 111. A method according to claim 110 wherein spatially varying the illumination of
the surface comprises:
illuminating the surface through a transmission grating having spatially varying

periodic transmission.

25 112, A method according to claim 110 wherein spatially varying the illumination of
the surface comprises:
illuminating the surface through a grating which specularly reflects a portion of
the illumination incident upon it toward the detector to form said reference
illumination.
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from portions of the surface;
5 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

10  surface, from a characteristic of the signal.

114, A method according to claim 113 wherein the relative motion is detected

utilizing a Doppler shift of the illumination reflected from the surface.

15 115. A method according to claim 113 or claim 114 wherein the apertured reflector
is a grating and wherein illumination diffracted by the grating is used in determining

the motion.

116. A method according any of the claims 57-115 wherein the illumination is

20 perpendicularly incident on the surface.

117.  Apparatus for determining the relative motion of a surface and the apparatus,
comprising:

a partially transmitting object situated adjacent to the surface;

25 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 part of the incident illumination is reflected from of the surface towards the

30 detector, such that the detector coherently detects the illumination reflected from the
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object; and

RPRR R

circuitry which determines relative motion of the surface parallel to the surface

with respect to the apparatus from the detected signal.

5
118. 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;
10 placing a partially reflecting object adjacent to the surface;

coherently detecting the illumination reflected from the surface, utilizing

illumination reflected from or diffracted by the partially reflecting object as a local
oscillator; and

determining the relative motion of the surface, in a direction parallel to the

15  surface, from a characteristic of the signal based on the reflection reflected from the

surface.

119. A method for determining the sense of the direction of relative motion of a
surface with respect to a measurement device comprising:
20 illuminating the surface with incident radiation such that radiation is reflected
from portions of the surface toward a detector;
placing an object, having an asymmetric transmission function, adjacent to the

detector;

detecting the radiation reflected from the surface utilizing the detector to

25  generate a signal; and

determining the sense of the direction of the relative motion of the surface from

the signal.

120. A method according to any of claims 1-24, 50-52, 57-116 and 118 wherein

30  determining the motion comprises determining variations in the amplitude of the signal
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p9 10%&' ()-Z9 1090& ()-Z "10%& ()- !109%& ()-- 109& ()-'109%& ()- 10

10\ dBmV | pgssings efthodaeqtyd signde’ () - Y&L0%& () - y109%&' () -

109 (%-SlO"/&'()-r{}[<n1\l/!p9- 109&' ()-!8& 10%ld& ()-& 109%& ()-!6&H#10%& () -
9409& {)-!! 10%& ()- @XE:/! 10 10:109%& ()-1710%& ()-5109%& ()-34

109%& () - 0399& () mshott 1BP BetermiiniSthe! refifivd Méion) of & op@UBly (diffuse surface
109 ()-f&1I0%& ()-109& ()-!&f 109 ()-3 10f S{dE4/! 10

101 * #10%&Wwith-respeetfto (@)measiedign( JovickGUBiprising0v&' () - @ O%& () ~V—JdE4/! 10
1001 (@O%&' ()-Y&IQW&R. () - 9% 109&'.().- f#1Q%& ()-.!Z10%& l() - 109% ()-JKdE4/!
10 1034 109 (} lugrngging tby surface 1(171d§r_1tzg@t@)@at19r_1 om a laser source, such that

109 () - LB ®tidn is keflectcadhi@ p&lQi!oﬁs of the surface;

10 diffracting part of the illumination utilizing a grating, which is part of the
measurement device, to form reference illumination.
coherently detecting the illumination reflected from the surface utilizing the
reference illumination as a local oscillator to form a signal;
determining the quantity of relative motion of the surface parallel to the grating

15  from the signal.

123. A method according to claim 122 wherein the detected illumination has a
coherence length and wherein the grating is placed adjacent to the surface such that the
spacing between the grating and the surface is smaller than the coherence length.

20
124. A method according to claim 122 or claim 123 including determining the

quantity of relative motion of the surface perpendicular to the grating.

125. A method according to any of claims 122-124 wherein determining the quantity
25  of relative motion of the surface parallel to the grating comprises determining the

quantity of the motion free from effect of motion perpendicular to the grating.

126. A method according to any of claims 122-124 including determining the
quantity of motion of the surface in two dimensions.
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129. A method according to any of claims 122-128 wherein the deteetion comprises

quadrature detection.

10 130. A method according to any of claims 122-129 wherein determining the quantity

of relative motion is based on a Doppler shift of the reflected illumination.

131. A method according to any of claims 122-130 and including polarizing the
illumination reflected from the surface.

15
132. A method according to any of claims 122-131 and wherein the grating produces

essentially only a single order of transmitted illumination that illuminates the surface.

133. A method according to any of claims 45-52, 57-116 and 122-132 wherein the

20 incident illumination is linearly polarized.

134. A method for determining the relative motion of a surface with respect to a
measurement device comprising:

illuminating the surface with linearly polarized incident illumination from a

25  laser source, such that illumination is reflected from portions of the surface;

polarizing the reflected illumination;

coherently detecting the reflected illumination from the surface utilizing
reference illumination derived from the laser source as a local oscillator to form at least
two signals;

30 determining the quantity of relative motion of the surface utilizing the at least
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101 : 10%&' () - F710%&' ()-510%& ()- 4 109%& ()-0 10%& ()-t}”~?YNCl 10 "10%& () -
T109&R () -!110%& () -! 10%AA&' () - 109&' () -, & 109%&' () - 3*taBYNC! 10

S109& () - Mov@erdls. 109& () -y 109&' ()-109%& ()-!"109%& ()-1=j~\; YNCI 10

)1098c3&' () -G >) 10%F& ()-G ! -#10%&' ()- +! -#10%&' () -

109& ()-L10%& ()-j N\ _}~?24C 10

107! 10%&' (35.F: AGH&hOJ -aédsidik (tb-dl@ihm%&'iﬁaludi%!db%)rﬁﬁ%&'ﬂ(a rdladBBmbtionke CC! 10

10! (@ 109%&' () - 1@ 109 ()-! @10%&' ()-!; @10% ()-f&I0%& ()- 10 10WraBCC! 10

101 &@*10%@arplel sa@dhecugtage) - | y109&' () - 9F109%& () -! 109&' () - ! #@10%& () - Tk) @BCC!

10

10! S21°109&' () - 0S10%& () - Y/ @10%&' () - +@O0% ()- ) &LO%&' () - F( SLO%&' () - VWKY]j xm

bCl 10 10§34.0%, Uiefiba atforlithg to claim 134 or claim 135 including determining the

quantity of relative motion of the surface in two non-collinear directions.

137. A method according to any of claims 134-136 including determining the

10  quantity of relative motion of the surface in three orthogonal directions.

138. A method according to any of claims 134-137 including determining the sense

of the direction of motion of the surface.

15 139. A method according to any of claims 134-138 wherein the detection comprises

quadrature detection.

140. A method according to any of claims 134-139 wherein determining the quantity
of relative motion comprises determining the quantity of relative motion based on a

20  Doppler shift of the reflected illumination.

141. A method according to any of claims 1-42, 44-52, 57-116 and 118-139 wherein

the surface is an optically diffusely reflecting surface.

25 142. A method according to any of claims 1-42, 44-52, 57-116 and 118-139 wherein

the surface has no markings indicating position.

143. A method according to any of claims 1-42, 44-52, 57-116 and 118-142 wherein
the illumination comprises visible illumination.
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10% u&' ()-!1$#10% u-u& ()-!#9#10%uPu& ()- 3 10% u& ()-got avK@ 10 10 10-

10- 10-@10% & ()-1:10% u& ()-f2#10% u& ()-!6f2#10%ucu& ()-0y1l0% u& ()-
ydEVK@ 10 10 10 " 109%&' ()- @O%&' ()- .'109%& ()-f3109& ()-!10%& ()-&10%& ()-

28z X6VK@!440 1Agnethedgegerding to any of claims 1-42, 44-52, 57-116 and 118-142 wherein

| 9- #1098 ) nf 9= #100& () - 9= #1008 () -1 9. #109&' ()-!, 9- #10%&' () - SkpSWUBVK@
10 ;100/&-“81:11}1?@%&%3@P??%%{%%ﬁ“ﬁ@gm#, #100& ()- ! 1f#, #109& ()- !;

f#, #10%& ()- s7YbC 10 :10%& ()-  10%m& ()-- 10%r& ()-&10%& ()- 10r 10r
10r0f @"10% & ()-Y[i>"?bCl 10 F: 10%r& ()-!;

@ 109%&' ()1451 10vameehqd) acooodies (9 20y Phoghams)1-42, 44-52, 57-116 and 118-142 and

5 including detecting relative motion of the surface in two directions parallel to the

surface.

146.  An optical mouse comprising:
a housing having an aperture facing a surface; and
10 an optical motion detector which views the surface through the aperture,
wherein the optical motion detector utilizes the method of any of claims 1-42, 44-52,

57-116 and 118-145 to determine the motion of the housing with respect to the surface.

147. A touch point for use as a control device, comprising:
15 a housing having an aperture; and
an optical detector which determines the motion of a finger which is translated
across the aperture wherein the optical detector utilizes the method of any of claims 1-

42,44-52,57-116 and 118-145 to determine the motion.

20 148. A pointer device comprising:
a first touch point according to claim 147 and circuitry which moves a pointer

responsive thereto; and
a second touch point according to claim 147 and including circuitry which

causes scrolling responsive thereto.

25
149. A combination mouse/touch point for use for a computer comprising:
a housing having an aperture;
an optical detector according to any of claims 1-42, 44-52, 57-116 and 118-145
which determines the motion of an object which is translated across the aperture; and
30 means for determining whether the aperture is upward or downward facing.
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109%' ()- 109%& ()-k:ZaB~ @ 10 +MLO%& ()-9* 109& ()-!\Y3% #10%& ()-

109& ()- 109& () - 109& ()-Z" m+aB~ @ 10

Y7@10%& 61Q% F ( +./ 01FS
bCl 10 @g% @%&(’%"’ 0&’ 1'%3/% 7% (‘? %?T/ lg)«)&"’(‘?’%ﬁ%?( %6 % }(ﬁ‘%}o‘ﬁ aeBbC' 10
109&' () - d‘ddﬁ%fen(c) othprisd¥g®’ () - z! S@10%& ()-9 10%& ()- 10%& ()- 8’?B}’\’?bCI 10
| 7109&' ()-5109&' ()-F4 109& ()-!,,./#109& ()-& 109%& ()-!fy#, #109%& ()- GBEZ Al
10 10%gé& () - saBamgkreaiing head which detects patterns on the surface of the document;
5 and
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 claims 1-42, 44-52, 57-116 and 118-145 to determine the motion.

10 151. A scanner according to claim 150 wherein the patterns comprise printed

patterns.

152. A scanner according to claim 150 or claim 151 wherein the patterns comprise
handwritten patterns.

15

153. A scanner according to claim 152 wherein the patterns comprise a signature.

154. An encoder comprising:
an optically diffusely reflecting surface having no markings other than reference
20  markings; and
an optical detector having relative motion with respect to the surface, wherein
the optical detector measures relative motion with respect to the surface relative to the
reference markings, wherein the optical detector utilizes the method of any of claims 1-

42,44-52,57-116 and 118-145.

25
155. An encoder according to claim 154 wherein the surface is the surface of a disk
which rotates about an axis and wherein the detector measures the rotation of the disk.
156. A virtual pen comprising:

30 an encoder according to claim 154 or claim 155; and
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157. A device for moving a sheet of paper comprising:
5 means for moving the paper; and
an optical detector which measures the movement of the paper without utilizing
any markings on the paper, —
wherein the optical detector utilizes the method of any of claims 1-42, 44-52,
57-116 and 118-145.
10
158. A document scanner comprising:
a device according to claim 157,
a reading head which reads information from the paper; and
a memory which stores the information in memory locations responsive to the

15 measurement of movement of the paper.
159. A printing machine comprising:
a device according to claim 157;
memory which contains information to be printed on the sheet of paper; and

20 a printing head which prints the information responsive to the measurement of

movement of the paper.
160. A facsimile machine comprising a scanner according to claim 158.
25 161. A facsimile machine comprising a printer according to claim 159.

162. A facsimile machine according to claim 161 and further comprising a scanner

according to claim 158.

30 163. Apparatus for measuring motion relative to a surface, comprising:
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5  from the surface utilizing the local oscillator beams to form at least three signals
responsive to the motion of the apparatus relative to the surface; and

circuitry that determines the motion of the-apparatus with respect to the surface

from the signals.

10 164. Apparatus according to claim 163 wherein the detected illumination has a
coherence length and wherein the object is placed adjacent to the surface such that the

spacing between the object and the surface is smaller than the coherence length.

165. Apparatus according to claim 163 or claim 164 wherein the object is a grating.

15

166. Apparatus according to any of claims 163-165 wherein the illumination

reflected from the surface is polarized by a polarizer.

167. Apparatus according to any of claims 163-166 wherein the at least three
20 detectors comprise at least three detector pairs and wherein the at least three signals

comprise at least three quadrature-pair signals.

168. Apparatus according to claim 167 including introducing a phase shift between
polarization components of the illumination reflected from the surface and polarization
25  components of the local oscillator beams to form the at least three quadrature-pair

signals.

169. Apparatus according to any of claims 163-168 wherein the motion is determined
in two non-colinear directions free from effects of motion in a direction orthogonal to

30 the two directions.
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172. A Touch Point for use as a control device, comprising:
a housing having an aperture; and
an optical detector which determines the motion of a finger which is translated
15  across the aperture wherein the optical detector comprises apparatus according to any

of claims 163-169 to determine the motion.

173. A Touch Point according to claim 172 wherein the motion of the finger toward
or away from the aperture is detected as a mouse click.

20
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