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WD 2004/ 102958 PCT/ | L2004/ 000410 -1 OPTI CAL METHOD
AND SYSTEM FOR ENHANCI NG | MAGE RESOLUTI ON  FI ELD OF

waka4n0YENTI ON This invention relates to an opPCT/HEL2004/000410

nmet hod and system for enhancing inmage resolution.
BACKGROUND OF THE I NVENTION 5 The resol ution of an
optical systemis typically limted by diffraction

ef fects. Techpi [ L.evi er

Fesol ut on acaPLIEAE MEIEOREANFS VEbREEOR" i
set by diffracti 5 t ' INTENSI ONsS
of the opticsEhﬁ?é?ﬁgﬂéeﬁggﬁﬁgﬁggg§?gg§ﬁ?gpﬁgxceeding
the limt set by a non-zero pixel size of a

phot odetector (e.g., CCD), i.e., the geonetrica

resol ution. 10 Common geonetrical super-resolution

nmet hods rely on the sub-pixel displacenent of an

i mage i npinging on the detector, using mrrors. In
these nethods, it is assuned that the input does not
change during the period of the scan. The scan itself
is coined mcro-scan. Afterwards, different sanpled

: | 'l mbi ned and h d

ek er TR PRGN e 5 et hods. hovever suf fer

f ) I K h h f .
rochaniar SPaRBF e i HaRelEcnEyREE Rt batom fpr sphancing
iRl és@flopr one, to malfunctions; and non trivial

retrieval of the output, as it involves deconvol ution
of the output. Exanples for such inplenentations are

[ By - Qw ication: R

%ﬁéﬁ%ﬁ@@hﬁé@ﬁﬁﬁ"ﬁﬁmﬁﬁa U Dillner, "Opto

20 m.gronechani cal. Super. Resol ution_Det egt gk t,ent .
proc. el gayt s, Bicl §Eaithn 8 SRy dimid 56 Giffraction
Rfhd LPOSH - j :
sac |rt %.fl ce a@%gﬁz%%eﬁ eaggﬁee gg H}/er %ed&grﬁe %?Mtﬁﬁg%gg%g a?xtendmg
thy sesotutids limiti eabgddiffeastion vhused Byhehenphysieslcdimensions of the
conducted, the input is assuned not to change. )
opfimsePagial inmaging prevides iproexdecdimgothet limit $e4dy a non-zero pixel

size of a photodetector (e.g., CCD), i.e., the geometrical resolution.

Common geometrical super-resolution methods rely on the sub-pixel
displacement of an image impinging on the detector, using mirrors. In these
methods, it is assumed that the input does not change during the period of the
scan. The scan itself is coined micro-scan. Afterwards, different sampled inputs
are computationally combined and an enhanced picture is produced. These
methods, however, suffer from several drawbacks, such as the need for
mechanical elements that make the system more compléx, costly and prone to
malfunctions; and non trivial retrieval of the output, as it involves deconvolution
of the output. Examples for such implementations are disclosed in the following
publication: R. Riesenberg, Th.- Seifert, A. Berka, U. Diliner, "Opto-
micromechanical Super Resolution Detector System", Proc. SPIE 3737, pp. 367 -
383, 1999. '
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decreased in favor of enhanced spatial resol ution.
These super resolution 5 nethods sacrifice one or nore

woRotha29sy/st ens’ degrees of freedomin order tBCT/IL2004/000410

i nprove ot her degrees of freedom (such as spati al
resolution). This is described 4n the follow ng
publication: Z. Zalevsky, D. Merfdel ovic, A W

Lohmann, " Under st andi nq superresolution in Wg 1%

spac eObVloglslygﬁhe alaie ods\ggpriligy a cepigin degrep o freedom of the

L g o Ridice B0 s Bl EfpRRaf i B3R, the npur
i% %%r%w ng: Sof 1Y ieh QCtTHéeﬁl?éoﬁi@tssfgtcﬁﬁ tend ?al resolution. has

y atteftpt to capture rnage deta

dvatdsel 1d eﬁVQﬂC(Yf Snhghéddy spatialt eesdlimon.t F.RheN;/ qsup@t resolut1on
frequency (i.e., that of the photodetector pixel

methagy saelsﬁlce sonenolammatq aﬂhecfryStQIﬁlSTed%r@?ﬁap dresdenx imprder to
of that det n
glapreve todleer gries aﬁﬁreea (el 4e SaRg0) luilﬂ@?ﬂel}gélls described

f e d oyer pnec
B o] PR S S Bt Gumamn,
SR RRE WiDe MRS uuribh Gnl WRgRr” @5k Ul T.00pt.SSE®T Am., Vol. 17,
gg%éﬁa [ og %gt of utlhe get ect gr%qw st psan‘pl i ng
Nat 2, pp.242tM30p2006) terns, aliasing occurs V\,hen t he
foIIovmng condltlontakes Iace 2A v, n,age > A
wher eSwchi known\effecsgs al @smgels |tﬁﬁ'§éﬂY éﬁ’aﬁ@ﬁe@nﬁ% ﬁ@hlé?al in the

%@Hgg%&?&ﬁc E[%[ A%fa C §§ a%%c?%%t gﬁ’glth Elilg( quilogfltp%ﬁtAglrry attempt to
%ﬁ‘u eﬁﬁ%%eo ﬁetaﬁsw'itﬁd%%éﬁt?ﬂ ﬂ@%&cxaélig?ﬁwngreﬁfér%hn'tﬁe Nyquist

nsi der as a min i g tec ques,

Hafhde (1&33hlﬂh£tuéﬁ thé &Hwﬁd&@dtbiy pipgll hedy) eesultsdirce spatial or
this effect. SUMVARY THE | NVENTI ON 25 There is a

dizeehsional distartiont of fthati détadds et hwlividwal imagmpoints are stretched,
SroaRaom oS 3R e S i T 30 Hergers any
Argragte 8% By ERE e b e iR 8} cBisali oocyes when

ﬁ{éelnpc{%%st‘%% utiOUES th&re ‘éhﬁh‘lﬁ%f bf‘fha@*éﬂ’\tﬁe et MNYquist sampling

usi ng the a lasing effect, rather than trying to

FIOP H@Sﬁathémaﬁbaleteﬂne,caliasmg ogours meéheprths dotloivimvge nondition takes
utilizes a predeterm ned aperture codi ng of the
pleeet RAMY,,of AV ] WHRTEIR| Y, 1S the image Tesolution measured on the

detector plane, and 1/Av is the detector resolution, Av =yAx’ Ax being the

pixel pitch of the detector. As indicated above, aliasing effect is considered as a
problem in imaging techniques, and various techniques are typically applied to

reduce this effect.

SUMMARY OF THE INVENTION

There is a need in the art to facilitate the resolution enhancement
(exceeding the geometrical resolution) by providing a novel imaging method and
system that does not need any displacement of the element(s) of the imaging

system.
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indicative of at |east a part of the object to be
i mged with the enhanced 5 resolution, while

w@e@paeass ng towards a detector pixel array, SPCHIIR804/000410

allow for wusing this aperture code to decode a

sanpl ed out put of the detector pixel array resulting
fromthe aliasing occurring in the detector plane, to

t hereby reconstruct the inmage with the enhanced o

r esol Uhe drresendriaventien tsolvas” Bishabred preldemubyowsing the aliasing

L. (MRS A B i
gﬁﬁ?ésuﬁ:_gr@%igtemﬁnﬁf fd?@t%ré R¥ERG 8P tRE %b@&??ltétgg a light signal,

nhanci resolutron of an rhmage of at

pafitathle bhatolh&ich Pirtaof eeriobfett facberinkageduevitto the enhanced
utilizing an appropriate aperture coding. The latter

wsobitions vdfileopropegating taveards agletéctohpixiel ghray ssuphads to allow for
with a function écod OBredet erm.ned i n%f?t cordance

wping thisi apsritge odgrip; ¢ a sanpled pupid: dtector pixel array

Ryt Boff B 404 RRRRLA Y 2B e, Iy reconi
SO e bpitly Rtes f2Red t&dutidie maxi mal val ue of

resol uti on enhancenent k (zoom ng factor) is defined

by a Hiexgltheidroh “dehavicddesohistiond’tsignifieavesobutgdrhhigher than that
and F-nunber, F#, of the imaging system nanel k= Ax
defingdhby thetpizchyiee ofthe dectay (gaomedtrieal tesolatipthet i on

of s araneters .as: the factqgr, k, of the required
Fesol ShF SR ERTNEBHERProvREs i stebeils of reonBtaBy Ekipjmage of
B 3l pAmori byl el oy A 8008 SRSl it
hydrtgalchinge Mhemhnetdcamists of 6ptadt procdisingaathalight signal with a
i maging lens and the detector plane, which is, ftor
Guotetioan{cadey mredetiesminede inli scardaace Switht albesing heccurring in the

etector and the spectral, plane where the coding is. .
gﬁsﬂiog dlanepapg épa?éﬂy,prpﬁ@eafpf@rqmﬁ%aﬁsp@ dattindicative of a

SRRl TG SRR SRR PRgBeoBe el Aitpgimat value of
SRR bbbl RS SRREH SR i 8 4881 B s o
PSS A LOMATE Gl i TS v, oamly
rovidi ng an optical mask in the vicinity of the
p‘eWgt pl ane, nanely by | ocating
The aperture coding function is a function of such parameters as: the
factor, £, of the required‘resolution enhancement, the parameters of the detector
pixel array (number N of pixels in the detector and pixel pitch 4x), and the
imaging parameter, which is typically determined as a distance 7 between an
imaging lens and the detector plane, which is, for coherent light, also the distance
between the detector and the spectral plane where the coding is applied.
Preferably, the aperture code is also a function of wavelength.
The coding is preferably applied to the wavefront of the light signal while
substantially at the spectral plane of the imaging system, which is defined by the

location of an imaging lens arrangement of the system. This is implemented by
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the optical mask upstream or downstream of the |ens
arrangenent close thereto, or incorporating such a

wore®k/10095$1i n t he | ens arrangenment (e.g., proviPCTHTEL2a04/000410

optical mask pattern on the surface of the |lens or
thereinside). It should be noted, 5 that, generally,
the optical mask nmay be | ocated at any known di stance

fromthe inmaging |lens, provided. the mask .
prowidigg eaansical mask 1n theoviguuty el the specteal flenss @amety, By locating

OB 5 y ERE  ABTE R et
PpRLETBhe e, L el S, SAELEen OIS By licing o

aptical nhepoptatern ba thptsucfake oidhe hs an thaeimside)"Eshould be noted
configured such as to provide orthogonality of the

thet, rganerallyi, dhe optieslemesapaydolacptad @fanyhkneien eistance from the
t he .Fouri er domaj p. i dering th t '
Leaip S s DI e ek prtierao tksa Mo Accguih i Qistance.

' Lalying f »0f lLj gt o
con ThE gAY SoTE 8O e ol gy L coding e

foREdsOfotRé ofthBgeRAIaGIOf the spBetramskl datdGhdieRtive of the sampled
pattern), which 15 provides for orthogonality of the

opput ofithofidetdctorddihas ceprbesipmplamientedoby tuseng sahgr aal orthogonal

out put of the detector. By ?rocessi ng the sanpl ed .
epitGalmask ehan @ptisak Brask (Conlighred $iakads toapraynde wethegepality of

ith the. apert code he,caorregt (with no . )
el Bkl ARGA ot 6e “Aiigd ffR G detbdifir I the Fougier domain.

' ' i st .
BB 1 fpd e SOUA RS H S SRt B fure coding
eomsists vl enwidiglyigg nies kvasefranpbige ﬁghwsigﬁﬂdémingaﬁbm the object

The optical mask is either in the formof a fixed )
@a&t.ttherF quries teansiem o dhe whinstl by b n1askoluneten £patéern), which

BEHEB0A SEhnusiThs 8 a3B355S, SPTH cuhCEHBREethile of e
SR AR AL o, B P Syt

gdi‘ tHee nbAh Al Htich ﬂ?’érb@!)n\&@lfh fiRAGPErtaRACbde] MY correct (with no

ransm tting and bl ocking regions, a phase grating
flsasirip)ammipenodinat dast iangprt of the SPjedtals bbglimed with the image
Modul at or (SL operable to sel ectively define a
eselution ephenesd by thespradegrmpnad factasgi ons of di f f er ent

OP! ! ke R St B WA ST WIRML ' bR ony
it TR AT B, GRS Pk e s
ARY PR35 MRAYKY) 2804hH@BKR1 Pattern (“active mask™) of spaced-apart
regions with different optical properties, wherein the selected pattern (its period)
is determined as the function of the above parameters. The optical mask may thus
be in the form of a pattern of spaced-apart light transmitting and blocking
regions, a phase grating (such as Dammann grating), or a Spatial Light
Modulator (SLM) operable to selectively define a desired pattern of spaced-apart
regions of different optical properties. Considering polarized input to the SLM,
the SLM may perform the amplitude or phase coding, depending on whether it is

equipped with an output polarizer or not, respectively.
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-5 The present invention may provide enhancing of the
i mge resolution of a predeterm ned part of the

wo@bjoaao2958hi | e i magi ng the other parts of the POJ/BE2004/000410

with the geonetrical resolution of the system This

is achi eved by additional proc_eig,i ng of the sanple

out put of the detector, and can e achieved out of a 5

single captured i mage w t hout _i nvol vi ng ﬁ y additional,

novi nghebPERsERt BBlenpan dray B?O"tl@‘?'rﬁ%lilaélm%ﬁ imgggerresolution of a

{i [t shoul d.be underst,ood. that i e_case that .. .

PieBCisnming Bt Bf M SPREh B e e pUELBARG ar e obiect witn
h a | O" systerh nertis | R aghieV@WPT additi

R RGN TR spterh TH | RO gPhicfb g additional

pecusies ofphe ®ahipié uyput/ &f tife tétectorchd ebn e yéldeveaf out of a

the detector. In the case, a part of the object is to

singlencepéarediimegeheithartiavelving avyopdditional meving meechanical parts

rest of t‘gﬁe obéec&’[ .S to be imaged with the

gesmnaraleanges Bt HB8: ¢ he nunber N of pixels in the

det ec$,0 i el ' ! f ar...th . .

speci %ti %:hg\k%(_ge eﬁ%%%lsﬁ)\gg %%?g%q??gcaa%pgﬁ %;[l]}rh% %g[gfe n(gbtamed fmage

SRRAd b SeRdsBnRIbh eniRbed byM iceridin fRIGUEIthe URBddTakiew of the

this condition provides N as 15 close as possible to

détecton ibsuchothapthesdriginal objectdedoapiasrappTontimatelychik oif tlge field of

to one broad aspect_ of the invention, there i

picwv Pldle sletastarhde the casaragpay cirthephiest wtplrfq iraaged with the
55500 olfon” et AeBEt B MBS S e it he

g{g@ﬁ%&hp Redfiliioe dtl@nuﬁlbgﬁt]‘@% ix@|SXﬁ{ tRE [R¥ectd field of view

conprising notionless optical processing o

$hml debeeN=amt -+ Di(f@ thiegipecidlcgnakelengthc £dri whiohf that apee@sé coding
a part of the object to be imged with the enhanced

mashlivdessgnedphivhergin df agyan iniggesushdbat thés denditonprovides N as
i xel array, sajd processing, a ing a predeterm ned

&Gﬁ% a$ Bﬁssggle%i%l&e P&@g@f OEPIX%}Se’g‘gL%@F%I‘Ft‘Eghancerrent to

sai d f . r.di t 0 .

" aven T dtlaing G Ul 1184 s B8 A1 the 3108 filor the s provided a

ARIRA 86 iMhdiRgl ATRYBjdcl Sk i@Be frefolatioh G@F tat deird paft of the
the object ‘exCeeding, by a prédeterm ned factor, a
gigjieoketxdecding; dyal ptedeternédcédftidry ageodwttacilaesqlutieh defined by
array, the method conprising notionless optical )
prdstestern pixebmriaye thevmeshod gomprisig mettondgsgrentical processing of

RSB, B e heobn SuRabaR A OB 5k S B obfect o be
PHLORAO Wi thd WMREAR ! RBoRBLRC Wil ¥ &lagdfihBYrowards the detector
pixel array, said processing applying a predetermined function of said factor of
resolution enhancement to said wavefront.

According to another aspect of the invention, there is provided a method
for imaging an object with image resolution for at least a part of the object
exceeding, by a predetermined factor, a geometrical resolution defined by a
detector pixel array, the method comprising motionless optical processing of the
wavefront of a light signal indicative of at least a part of the object to be imaged

with the enhanced resolution, while propagating towards the detector pixel array,



10

15

20

25

30

WD 2004/ 102958 PCT/ L2004/ 000410 -6 said optical
processing utilizing said factor of resolution

wenwanewsent and aliasing effect occurring i NnPCTEL2004/000410
detector plane. According to yet another aspect of the
invention, there is provided a _pgethod for imaging an
object with inage resolution for at |east a part of
thg 5.0hj ect exceeding by a p%edeterm ned factor a
B nBRHGH aProcesBngt WidhiZingt sHd atasjora of efeseluionppriaancement and

f ORI i Sl NG | ying an opti cal
%%%Séﬁi%gﬁégt @h?ﬁgg %%\g%e(’e?%%& %gﬁg i ght signal
i ndi cakeyRiing B! ybeasdthar R8pectOdf LS iRPiifdn, thele] i
i maged wi tlhét heyenhancerd r%scol uti on,1 whi e’ feltis provided a
pretpab b1 gagiogesnnl ©bjdee widh éniage msolationrfoayat leasti 4l part of the
optical processing being predeterm ned in accordance

et ergegdinggby e nsedatermingd ifactone geemesttienl rpselntiondafined by a
to provide orthqgonal,itly of spectral .data indicative
dteBlo pi affay B Re o aoeRinyBhEE: Aiiving P rntlis), Sicebitae to the
A0ty oPATRSF S, AR ST BB ghect 0 be imaged

withete chban@sorsdlutioh, Wheleipregar@ingsdintrdd tHeeRiéctBPpixel array,
of the object with the resolution enhanced by said

$aadt opticals proeessitign deting ypredatentiined binoctcasiance wfith aliasing
the i.nvention, there is provided a  nethod for inagi

n

QUFUSHPE CIN Hie: Hetferigedlpns aing fo prevde srthegonality @drspegtral data
j ect _exceedin a predet.erm ned factor a . .

B B8 XA Bubhe S P ELRedo! RSl S it
B e R o PORIHE RS 23 IR CAPRELA iz of the
obdcic & ireeonstriat theasnage pérsaidfatt kestopaucor Zke tabjég with the
i rragg_d with the enhanced resolution, while propagating
L6

ign anhanceibbystigrfagiorel array, the aperture coding
al j.asi

bei ng,predet erm ned i.n gccordanc L.t h, . .
occur APREFAE [yl AROURGr dFOR Brieck Al tis o eRbR g hgresirgavided a
: ¢ s di .

EHRPORIZlhipign SABELSHIL 808 ARALHEr 3 s o put of he
olsjedgeideedinRety B ipeededsienihed FREONS lobbletridi® rédB@GoP Hefined by a
said at |east part of the object 25 with the

desectbutpixel andygribednéthod aiodngrasingrapphdngradpregletarmired aperture
angQt her broad specé%?f the invention, there i

8 iR theWaneiABok & Highhaignalyindicagiveaftat leash 'aisnaa@@f the object
Iyt | f | ' .0f bj .
B AR, i The (EREheR 350uBh, Sl SrhERiting towards the
A&SQbHbi:N aMaiCihe Sperture coding being predetermined in accordance with

aliasing occurring in the detector plane and such as to provide orthogonality of

spectral data indicative of a sampled output of the detector, to thereby enable
using the aperture code to reconstruct the image of said at least part of the object
with the resolution enhanced by said factor.

According to yet another broad aspect of the invention, there is provided a
method for imaging an object with image resolution for at least a part of the
object exceeding by a predetermined factor a geometrical resolution which is
defined by a detector pixel array, the method comprising applying a

predetermined aperture coding to the wavefront of a light signal indicative of at



10

15

20

25

30

defined by a detector pixel array, the nethod
conprising applying a 30 predeterm ned aperture codi ng

wao oooshe2dssmvef ront of a |ight signal indicativePOf/12004k00410

2004/ 102958 PCT/1L2004/ 000410 -7- least a part of the

object to be imaged with the enhanced resol ution,

while propagating towards a detector pixel array, the

aperture coding producing a spatjal spread spectrum )

lsests ai perherfetheopbjesh tonke danged ovith| thgeethamged sreselution, while

all ow .for usi t he apert.ure code for decoding.a .

BiorBuing doparton dredRE b atasy 4afiaperges Otk producing a
gl . D oDl

P SprtaB PULENf il HECRORE LA'E @ikl fah0 8BRS to allow

] asihgwitleh apburee sode!tfop rdeentimpc adsdiipkdi ButpfudCéOthe detector

According to yet another broad aspect of the

resubiing Bam aliasizg pecyringiiddbe detegtnrtpdand,do themly mgcanstruct the

object with j e resolytion for .at | east a, part, of .

fmege ob Sa&sf efc?ag‘s(@éwﬁﬁze abiest Bridusics Feohilin sebaiced, by said

onetrical resolution which is defined by

parameters of a detector pixel array, the nethod

conpr A%bélﬁiiﬁ%?ﬂi %/etrquﬂ@ermf@a!@h%éa BEtheRRihtbe, therfisiRovided a

the wavefront of a light signal indicative of at

nettzid forpanaginf drhebijief evth imape resalgtion ot fat tlbast a part of the

enhanced resol ution, while ropagati ng towards the L

dieeicexneegings by g p@ﬂetegmlm%?a@a@t /grawgﬂ@me@m@l repodutigywhich is

SEORELAP PP 68 s RERLI ey R A i
§§§é ARfed Sopuft Eoctd @R \9%%&?61'% éiﬂ&ﬁight Fisgﬁm indicative of at
resol uti on e ancenent, a nu er of prxe N a

feabted drt \ofetieobbiebe tdetiecéinaged avith Xt @itagbed A¥sdlfition, while
the detector, and a distance V between an imaging | ens

?ﬁwaﬁa@% towandsrthe pﬂea%mor phiell ac?gri, Egidfj peedeteymamédbaperture code

[ 20

bl app 5('12(? 6t wey Swggfgfilgﬁ%gh? ﬁggtqaﬁ Svﬁégéﬁ@c@m spectral plane
s 1Q. i : i d. at. | :

B 0 G S0P, . b PO R b, P botuion

EBfnREment AGRIMAH IV b P}S&Hs ANOHNKS oB¥ieddo AR HeteRir, gﬁﬁxel pitch

invention, there is provided a nethod for imaging

apjofahe Wetdttoragd 4 eivhnde Prodiweetan! @asding 16& kn@®fthe detector
the object exceeding, by a predeterm ned factor, a

plenextaid cadingdberehy ialowiahg tdr desoditfg alsdmpled dugput of the detector

pargneters of a detector pixel array, the nethod .
@éﬁ@kﬂ@sﬁﬂ@ aliasigg RecuTinedadhe eterder Rlsae: tn socopgirng the image

§FGidaY E%gtoﬂgrt 8k Ab'] g&twﬁ'ﬁ g{é%]esé)lrﬁ%ioﬁaet | \a{r?ce?f b)‘;’1 Said factor.

According to yet another broad aspect of the invention, there is provided a

method for imaging an object with image resolution for at least a part of the
object exceeding, by a predetermined factor, a geometrical resolution which is
defined by parameters of a detector pixel array, the method comprising applying
a predetermined aperture coding to the wavefront of a light signal indicative of at
least a part of the object to be imaged with the enhanced resolution, while
propagating towards the detector pixel array, said predetermined aperture coding
being applied to the wavefront of the light signal substantially at a spectral plane

of the imaging system and being a function providing for orthogonality of data
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| east a part of the object to be imaged with the
enhanced resolution, while propagating towards the

wa@ledoeaox9s8 pi xel array, said predeterm ned aperPCr/B.2004/000410

coding being applied to the wavefront of the |ight

signal substantially at a spect rgﬂl pl ane 30 of the

i magi ng system and being a function providing for

ort hogonal i tty of data WO 2004/102958 PCT/| L2004/ 000410
represeprativerniz sarapled eutpuingf ©¢ dsiegior and allpwieg fercdenoding the

SRRl R Sol Bl St i Rl b e detotr
RhECISinaBba\ G| LAIRCERARIRL I BE R, Rt B of e
olsjeel withahe psxbaRridethansed By fsaik faktord According to yet

anot her aspect of the invention, there is provided a

met hodctandingrdgi yat amotbhé espeoni eththiemimeentiongltheteors provided a

at least a part of the abhject exceeding, . by
wethnd Eoriieing 4t jeet vg%@ SOREE TELQIPLPR SO (it l6#5tyhpar of the

{)@gdﬂ%{#%@%‘gg anéfe%k%ﬁ%ﬁ) fa&tcgrgk,gaﬁ %g%}‘l{g{ggqeall r&o®on which is
@é@feggﬁ ggrahfetéﬂgg)fwe%éteﬁbmt aday) taetm&heg 2bmprising:

I n 10 of at least” a part”of the object tha

I s -t oaffyslyingeayedptidal prodessiaghanicedravefront of a tight sighileindicative
propagating towards the detector pixel array, said

opt i cef at peast aspam ofbdiengbigpipthasds tte e émpgethtwith gheilenhanced

substantjally in a spectral | ane of .an i nmagin . .
Syor crsabiomeatals hropaeiite B dnfhe detSitan P aftay, said optical

arran . I i:cal: proc j ' ' :

il 1 PreEing YR 2blicd (oPhR° BRt SraluClaially in a spectral
funct pRfe 0f 8 ithaloded @%stenPidefifc® Bt aOlbcaABANSERR Tnaghg lens
nunber N of pixels in a field of view of the detector,

a pi xatrapgenedntAsaid foptichlepmbeessing mcladidg andlitiypdpingsald wavefront
bet ween the inmagjng | ens arrangegent an t he, det ect or

pl aneby 2 I&é@%i@ﬂﬁ@egaﬁlac‘il% OF SRIC KT %Og sspldiproelineement, a

of the detector signal 20 nul ti [ n inverse,

Four | BPERL SRt T Adeld oD vaeh ftbl oty T cpiXel Bitch 4 of

pr edefer m e, f j.Ofx, g t '

Phe | IR ioigi6: JREFa dURRLeCCP bohVEEEING (RAHS 1L birfikoment and

the rapaleiddionpanganced by said factor. The present

i nvention al so provides for generating a wavel ength

i nsendedaduee diafd iedicatine ofta sahpledeomptit ofhths detector signal by

i npl enented, by | qcating_ an, .
multiplying an inverse Fourier transform of the sampled output by said

predetérmined code function, thereby reconstructing the image of said at

least part of the object with the resolution enhanced by said factor.

The present invention also provides for generating a wavelength
insensitive diffractive optical element. This is implemented by locating an
appropriately designed wavelength mask in the optical path of light propagating
in the imaging system. The wavelength mask may be a part of detector, or a part
of imaging arrangement (e.g., a part of the aperture coding utility considering the
use of this diffractive element in the optical zooming system of the above-
described aspect of the invention). The wavelength mask is a pattern formed by

an array of H wavelength blocking slots, each having a certain spectral width, A,
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25 appropriately designed wavel ength mask in the
optical path of |ight propagating in the inmaging

waeymtamossihe wavel ength nmask nay be a part of BE/EQDOW000410

or a part of imaging arrangenent (e.g., a part of the
aperture coding utility consi de_répg the wuse of this
diffractive elenent in the optical zoom ng system of

t he above- descri bed aspect of the invention). The

ord diazing Predetemised spactral nositonsdribyA80 -k wspestively. These
EAS e RS RS oE 38R TS e s
e VBRI uNIBHT F MRy ERAGH Hlask HobighTs toubded away

FOhP S&R0aSHmBh &8 PdRsTHM, ! AidVtod oROhei StheThAriR ttradBmit therethrough
absol ute value of Fourier transform of the wavel ength

assich s possible lsghiemergsd away from zero as nuch as
possi bl e, and to, on the other hand, transnt

t her et RR®uggeordingstonyieh agathss upad @speghel dheigyention, there is
et . anot her, .br.o

PRYAefS iReihd tof fe B B0 RR i er o RBY @impiiding passing a

pven . i si i _
AR EOA e  BROAORR R of it
tratdreissionf foredifferentotvastelehgtigntsaid pansdm Bsingnsdobr as to provide

different wavel engths, said pattern being such as to
magihale engrgireatidmalaxgnak gontsasd inethic sk ontuds detieating¢he mask

RN TN J—
S B RSB O A o VS ERIGBFIRERNAP At

66l @ldifedto yet anot her aspect of the invention,
there is provided an 15 optical mask for use in an
i magi Agcendne o tyet mmotheteaspesti pérthe esventiomnthefe is provided an
i magi ng, the mask having a pattern of regions with .
aptigad rmask Jpr jusal Inpap pERagiRg System JopprovEds apsypeg-resolution of

SRR Tl BT AER i o
SUSSEAOAFYON LOREH o 301 OB SBIGE PO st
prderbindd fitiction fofta preidegrthddact@msdf rfesslationnheficement and

processi n(% a_sanpl ed output of the detector to obtain
paramieterg o wi ddteatespixel amay asbd foimaging atherdbycalbywing for using

@fqgl%r@gllf gg%ét&ﬂyg)técﬁggésgleﬂg gss%regptle&) foutqpu@c cl)fn t\ﬁ%ncieitgcr‘]cbr to obtain an
image with resolution enhanced by said factor.

According to yet another aspect of the invention, there is provided an
aperture coding utility for use in an imaging system to provide a super-resolution
of imaging, the aperture coding utility being operable to define a predetermined
pattern of regions with different optical properties, said pattern being configured
to apply to a light signal passing therethrough a coding function of a
predetermined factor of resolution enhancement and paraméters of the detector,
thereby allowing for using said function to decode sampled output of the detector

to reconstruct an image with the resolution enhanced by said factor.
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aperture coding utility for use in an inmaging system
to provide a super-resolution of inmaging, the

w@p@ationoss codi ng utility being operable to defPCEIR004/000410

predeterm ned 25 pattern of regions with different
optical properties, said patte[q being configured to
apply to a light signal passing pherethrough a coding
function of a predeterm ned factor of resolution,

enhandsreilingria yeir apather §spactt Ple thredwvanion, theter spprovided a

S, AR BB g i
' | : 004 /:1 .

riS S8 o B TRNE e X Thtlon Ak Dar 1048 BBt AFABE object

efceelithg byemtpredeteintided fastgir @\dedetbtecalsysbhnionodefined by the
i magi ng an object with a detector pixel array, the
dstectomixelnarray; dheiigaging Spstepr ovingrisigg amdgmaging lens assembly
resol ution for, at |.east art. of the object ..
8B dPREUIS,coding SHBILpaR B ofl 46 carals agethang Remgogative image
ion..defi r D . .t
OERE o8l AEaBY plel, I FREEHS cdRiAE bl BYing ' 108ated at o

PRARIARAT 16¢RionoHithOraspeét 1o/ tBO @M E deds0 asde@MIE #hd being
real and non-negative inmage of the object in the

dedfegired fl ale€inet hepmpetermnired quhttegn uel Ispasedsapary regions with
| ocated at a predeternmined | ocation with respect_ to

diferenfaptingl pPeopeTties eisl patigra brang gontgwrdgnrasgordgnce with the
fiktor Gy tplufioR shh el A iBsts S8RE8H: 3Bl 06fof Blane and
REDAR e DHHERR LR Ioh Ml eor ekfcSlquput of the

deeerirofo thetsdsy andle tsingthy hperteret digonaddcoie e sampled output
spectral data indicative of a sanpled output of the

tetrenonsiruct: thet imagebof saidbatelaasi peartt dlethepebjedt widothe resolution
decode %he i‘ﬂml ed output to reconstruct the inmage of
ennancsd byesaid 1asten -of the object with the resol ution

15 enhan ' 0 . ' QY : .
aspect Sapeto PR “byespt, SFRE D Phrich. LR L AERRRded an
ﬁﬁ%iﬁ?sy%ﬁf&ﬁhﬁﬂéing: a detector pixel array defining a
geonetrical resolution of the inmaging system and

def-i nardptectoe pixail rarraynefiniigod groxsdtdcalnrdsbiutidat ef tloy imaging
field of 20 view, - an inmagi ng arrangenment confi gured

to creytemandedefining an@mtaq@g@w%@ N of pixels in the defector field of

view;

- an imaging arrangement configured to create a real and non-negative
image of the object in the detector plane, the imaging arrangement
comprising a lens arrangement and an aperture coding utility located
substantially in a spectral plane defined by a location of the lens
arrangement, said aperture coding utility being an optical mask configured
to define a pattern of spaced-apart regions with different optical
properties, said pattern being a function of a predetermined factor %, the
number N of pixels in the detector field of view and pixel pifch Ax, and a
distance V between the imaging lens arrangement and the detector plane,

such as to provide orthogonality of spectral data indicative of the sampled
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i mage of the object in the detector plane, the inmaging
arrangenent conprising a |lens arrangenent and an

w@p@ationoss coding utility located substanti al | BCT/IL2804/000410

spectral plane defined by a |ocation of the lens 25
arrangenment, said aperture codiq utility being an
optical mask configured to define a pattern of

spaced-apart regions with different_ optigcal .

pr oge«twﬁp@_‘s ,ofgb? cdqtfé%ﬁtﬁlé rthte E?dqeﬁgr?b Cﬁ)@ﬁlﬁt u?hwppptlacall_y piohcessmg a
redet er mji.ne ctor,. e ,nhunber of pixel.s in the

8 et ecW&V%P’%‘i doﬁf avilﬁtamﬁnﬁil x EPSYPE cﬁh%&rg?%] al[o produce a

di st rhfh E@aﬁiggspg%%ﬁ ﬁ&tﬁuﬁ?%f%ﬁfcgg%%gﬁ'ﬁht 8RY%he detector

the detector pla as to provi

ort hoglanal &ich af wpatlbwaldedadiagi thei sahpled ofitpubeof the detector
sanpl'ed WD 2004/ 102958 PCT/|1L2004/ 000410 -11 out put

of t heesuBingfrom alidgsingpequrting in i dejector plang; optical |y
processing a wavefront of, a |ight signal 6 passin ) )

t her ef HITGBGTIOF Mt SABREtable pioe 2k dlefickel b ATpsFSvor nit being
sprea I: t TR

ol e QTRRREE WisBhP Gl UG RRbd BBl ARleTE iy ingicative of

the dﬁieeé-‘dn%led %Lﬁﬁ&%ﬂ ThRUctéBr HHoratsy flﬁboﬁﬁﬁuétiﬂg;ﬂlei fnage of at
the detector plane; - a processor unit connectable to

t he demstcpart of theeohjectoesk thie resolutioai endhancahby gaideftcto.
apply said predeterm ned aperture code to data, . )
i ndi cihe veresant inNenkempineis oyatparotber aspeciepwtyides a diffractive

theragb reconst{ulgr:?tingthejrraeof §t l e stogﬁrtt.of tical
PRECDpPERPERPERL (1 MR8 of it 1TRHBIBE h SHTEESpy g o i Iractive - optica
. . i ars . :
e mend bR E S by QAU A ol oSSl (338 chftfal pah of
fight wdfihg fOBOIdI0 obyedt e bet haged ftoaat pisel o@tray adetector, the
arrangenent conprising a wavel ength mask accommobdat ed
mavelengiht inesk hearing efpattermyaid pattam being fonmedjbscan taoray of H
be imaged to a pixel array detector, the wavel ength .
wazrlenal hlgckingaslots gack hpyingaa cartanpwestak widthd Oby ang having
array of 15 wayvel engt h bl pckipng slots, each having a
pede lg%ewqcaﬁi'mpml ns,éy; Aan w&@ﬁwtlveﬁeaw&wm@@rs of the
r.al AN . kH; Y, [ 5
FRRGhaRing BleletiRo pithvis oot GETEE LY Wil Foflpast in the
Hsk ”%ht;ﬁﬂ?rﬂﬂé a1 ARt ANt ERBhertD Heﬁ?g ﬂﬁ?ﬁﬁ)gr exggvelength

out put, ‘the diffractive optical element being t
Bsemditngt h i nsensiti ve.

BRIEF DESCRIPTION OF THE DRAWINGS

In order to understand the invention and to see how it may be carried out
in practice, a preferred embodiment will now be described, by way of non-
limiting example only, with reference to the accompanying drawings, in which:

Fig. 1 is a schematic illustration of an imaging system of the present
invention;

Figs. 2A and 2B illustrate the general principles of the aliasing effect;

Figs. 3A to 3D illustrate the principles of sampling a signal by a detector
pixel array: Fig. 3A shows the original input signal, Fig. 3B illustrates the
physical characteristics of the pixels in the detector, Fig. 3C shows the input
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20 BRI EF DESCRI PTI ON OF THE DRAWNGS I n order to
understand the invention and to see howit may be

we2onitexdsout  in practice, a preferred enbodi nRet/Id4/000410

now be described, by way of non- |imting exanple

only, with reference to the acc?gpanyl ng draw ngs, in

which: Fig. 1 is a schematic ilFtstration of an
system of the present 25 invention;

o1z by the sastes, Bnd BeraBhopeythe VBET Ghsthes of the detector
al i asj %et‘ ct Fi A to 3D illustrate the

B‘l‘tPHEf% be ’éﬁ tﬂb’ a signal by a detector pixel

iy e

06 ik 4 g h'ﬂe%%% ofihfbal sicB 4 & Rliod rdthe present

ﬁivéﬁﬁén ifot drih@neiice® gElr@ol&Q)rﬁhows the input WO
2004/ 102958 PCT/IL2004/ 00410 -12 sanpled by the

det ecFig. ,5 andmfilifies 3 shewigret pediAgumpask Surtalvisf@r beafsed in the

the detector _output for, the "idea or ;
RYSSRE IRRRtRG f?%@%@lﬁgﬁm 1@?%%‘3581‘“/“&11 b %&Oﬁ ﬁe

5 ot AR o ek S AR PRI or PR RedsBaCYsflh for the
EeleE c‘éﬁ@fén't A& atie m}elh 'FignéAoéhofv@raxﬁéb&%ﬂﬁl'er&‘ thB@perture
I mage resolution by a factor of 3; Figs. 6A and

exding mdsk fuhetipn,i aci EigeﬁB)éhMBetmrﬂ‘Mt)f ismavplihg e toded signal
the case of coherent illunmination, wherein Fig. 6A

by twsdedectex aixsll et18y; t he aperture codi ng mask

f t' : ig..6B sh .t ffect . of

codedF T fo 78 Rl f sbtipion keni 25 Shepf SdBgmple of
{h% Je%dt&ﬂﬁ%%ﬁ&&at\;}ﬁe Lrul ation results for a specific

et e or paraneters, wherein Fig. 7A

ShOWSFi%; TADShEw AR Rfimage oS unesimeatrhfigy; Fig. 7B
shows e aperture coding mask used in t ‘e simul ati on;

15 Fi Big. 78 showsthetepesiuneitedingmaskiset sn ithe siailatgomn of
e TR ahRS 45t oSS b1, TSLSH B RAP LS of
:%Y?f'g‘?fhg p[ﬁ? a%tt g{ogagagﬁﬁﬁgr ucéwg nwli"&loug glpliﬁyl%ge W' Bethod of the
invention, the input after reconstruction using the aperture coding of the
invention; and

Fig. 7D illustrates the Fourier plane of the system in the form of the
original input spectrum; the spectrum of the sampled output obtained while using
the aperture coding mask; and a signal retrieved using the aperture coding super
resolution of the invention;

Figs. 8A to 8C illustrate the experimental results obtained with a simple
imaging system utilizing specific parameters of the detector, wherein

Fig. 8A shows the sampled output of the input signal processed by the
aperture coding mask;

Fig. 8B illustrates the input sampled by the detector with no aperture

coding mask;
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Fig. 7Dillustrates the Fourier plane of the systemin
the formof the 20 original input spectrum the

w@p®atie29n8 of t he sanpl ed out put obtai ned whi | ePCEI2G04/000410

t he aperture coding mask; and a signal retrieved using
the aperture codi ng super resolytion of the

i nvention; Figs. 8A to 8C illuég ate the experinental
results obtained with a sinple inaging system

ut i | i Figa$C phews iacdgsarednadenl s ovput ioé taesedems thewampled output
25 Fig. 8A sho he sanpl ed .out put, af the.input .

&F shiipplo Ot thy uRee sadhlE B, B, g isy Rl “Gutgut ping the
j r ' : |l ed by the detector with no

%lé)éer %Fgaﬁ?o%&%k%g’s%ﬂﬁ%pmM/)1/02958

PCT/ | Egf) 044 Meahiidally illdstrates aBéiheh @M@m?ldjﬁﬁﬂfeei%agin system of
(i deal ) output of t%e system the sanpled out put o%
thiegriesemt inwentioouttilizieg apenttal fidtecingiang, apartre beding;

retrieved ogutput using the aperture coding super,
resol EthoMKFf‘bE showcemsEmeni) rySIiﬁFSl QRtpingdorhethytingthe present

xanpl e.of, the. imalng. sy <present .
GRS 4 g DRI R BB PR hugrhE REEREop, perein:
codi nge Higds BNREM tal results
obt ai Eleﬁ\?%e%reégﬁﬁﬁ;agﬁ@gge@ nt 2i{%\?enti on in the
syst eFigod®Baghiovgs thictimagelblafingndud to the lpohyohadinatic illumination;
wherein: Fig. 10A presents an original input inmage;

Fi g. Figs. 406end HOD shgw theuesultsgoliinyetss ¥ikkering with a threshold

chr tic illummnatipn;, 1 i gs, 10C and 10D show
PRI iR, bR oind o spct sk by oshol d o
1% ang. [ ; . Fj .
Toe s hd U RPREHRrE U o BB RARIAG B hibl
mask; Fidsgsi1A ldn@ntl1 B1Bx@xphB/! ithy illenihhdionn Rmkiion gin Fourier
function (in Fourier domaln) of spectral masks tha
domanni ¢f, speetrpbatdsielthat BanGet.aredp&ivedy,062.6%e and B7.5% of the

energy; and Fig. 12 exenplifies a grating function of
eNgE¥sabnl y aperture coding nask. DETAI LED

DESCRFE(;TIH\I e)cgje:mlTQHEels '\iVEra {ng\lfunction of a phase only aperture coding

mask.

DETAILED DESCRIPTION OF THE INVENTION

Referring to Fig. 1, there is schematically illustrated an imaging system 10
according to the invention for imaging an object, which is referred to as input
light 12. The system 10 includes an imaging assembly 14 and a pixel array
detector (e.g., CCD) 16. Connectable to the detector is a processor unit 18. The
detector (its pixel size) defines a geometrical resolution of the system. The
system 10 is configured to provide an image of at least a part of the object with
resolution higher than the geometrical resolution by a predetermined factor £.

The imaging assembly 14 is configured to create a real and non-negative
image of the object in the detector plane. The imaging assembly 14 includes a
lens arrangement 14A defining a spectral plane of the system; and an aperture

coding utility 14B, which in the present example is located substantially in the
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Referring to Fig. 1, there is schematically
illustrated an i magi ng system 10 20 according to the

WO pweno29ss for i magi ng an obj ect, which is refRPCTER004000410

as input light 12. The system 10 i ncl udes an i nmagi ng
assenbly 14 and a pi xel array _(ﬁt_ector (e.g., CCD
16. Connectable to the detector "I's a processor unit
18. The detector (its pixel size) defines a

estrat plawt Theslnsiaremesmant desipss anlenypertyye {2 nm the present
R B 68 il 4 S et TR B Ripi e Y i PR
geoneyhé Ciherfu?® Q!old]ﬁfig’ rlhiﬁ?tg a1 18 edeher sptRad hagd CAltkou h in the

The i magi ng assenb configured to create a re

piedentoskanggal theemakkdgB bf slidven abjbedig iovatdibupitteant of the lens
pl ane. The i rmgiugg assenbly 14 includes a Ilens
f

closartheresnt it1ghouwé bariungersteqb dhatathgymask ofayt e located either
system and an aperture ,coding utilit 4B,. which in
B SE o vapAR0] By LR drihemiant (1 T4 clobet yiginggs of the

REQH+ 192098 RETH L2004 800N hdaRTEF By PRl ith the

ens arrang nes a l'ens aperture
RhS affahged¥ARES cabi@ bieASuAhe@BoRERAs bfidceiptidtddvthareinside.
single Tmagi ng I'ens 14A. The aperture coding utility
14B i Shamptipal makk fdBkopeshtdsdoginhiance tie resokgiont of the image of
exanpl e, the mask 14B is shown as_ being | ocated

gipleastenait @t theeobienk by the| predeterinedotactar kndhe ppseure coding
d th K be | d e .

R R el Bt e BH-5p e PahSi o sih dhsrdfie Forier fransform

61 Reeddifh Fhiittiioh Rl rebfiind Bihhari9LIPRE AWR" RIS 9"eBnfigured so

certarn own di stance), or nm e Integral wth the

ALHe chpabRNgeMbRhge ire€onst@RtibhedToothig ehdy fthe eoptfcal higask 14B is
| ens or incorporated thereinside. The optical mask 14B

opigured tootakehinie eaachunt aeliesingi olfiedf undvidahlyeoesurring at the
t |l east part of the object. the predeterm ne P
detexor Dlarerpad awqu%tdcww%y Oﬁﬁwgﬁ@ o SE%‘FtE@jtdé‘éa fnglicative
- ' ch that the Fourier
{;f%l%gs:ag&ﬁng&é?%tﬁﬁ8Pg}{c;é§¢ér%0t§ﬁncti on is real and

non- nTEé‘t(gch:al TheskmaaR UéBnes o phftéaU bfdsp‘é@ed-ﬁ?aﬂt Oregions with
enabl e the i mage reconstruction. To this end, the

diffeiremt optivak pieisriiss. Prefetaldyy this patteérakie ai funotien oddhe following
al i asi ng ef fect unavoi dably occurring at the 15

premetes: ghenpredaigamineds fadtondt 1of Provesution enhancement; the

Bhrapiceas o i 0Sgr SRR ye f bbot OB ppielin hiehf afgew of the
4554085 ALt B OfitGPER 2 BRndeeY Wikl Nhe imaging lens

arrangement 14A and the detector plane; and preferably also the wavelength A.

With regard to the number N of pixels in the field of view of the detector,
it should be understood that it is limited by the factor £, which is identical to the
expected resolution improvement. For example, considering that the entire
obtained image is to be of resolution enhanced by factor k, the number of N
should be such that the original input (object or part thereof that is to be imaged)
occupies approximately //k pixels of the field of view of the detector. As will be
described more specifically further below, in the case a part of the object is to be

imaged with the enhanced resolution and the rest of the object - with the
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different optical properties. Preferably, this pattern
is a function of the follow ng paraneters: the

w@e@daomssi ned factor k of the resol uti on enhaPCEI2NA4/000410

the 20 paraneters of the detector, nanely, a nunber N
of pixels in a field of viewof ;the detector and the
pi xel pitch Ax; a distance V between the inmaging |ens
arrangenent 14A and the detector Ig{)ane; and pre

f bl
geaypetrical Tasolitiangeliha detgofor, thegamberyViod ¥l it thenlagctor field
Lxels | he .fi.el d of..vi f . '
81,5 bl sty s Peinler T nREE o by ntggep,such thar
this %h&ﬁidnspfcgg&ég #8hs todess gig%isl?é%cﬁfednﬁﬁm Wi PiRels in the

I mprovenent . r -exanpl e, con ering that the entire
afteedone Thisregrditiont 8 &eredsed efonl aitspesifie ivaneledgthy for which the

factor k, the nunber of N should be such that the

mapkyi isaldesigmed. (D eeaseoof pmesk t Aesigwf farh speratiano wish various
FRSHGIBS BRaIoed e iy tretonte i Bidfishddde) pd g44).

he. obpectodiSe it Vil hecediarely dedOuhaREAT Wikein the
S68inAu SR 1004 04 G1eral 5 o BEbiEE pline (the aperture
DB o oL 5P 805y PUEHE Y ot B Ggvetions

HEMKidht sbedleipasdthi Thdnlighit fgesl GGkt B makRiB) produces the
condition provides N as cl osé as possible to the

spatiadly spieaal distrébutiont dfethe depedight onThe sietasbati plaoe (disilar to the
expressed for a specific wavelength for, which the 5.

sRrSRd | SpesERIg NARPIOFHE 1Ba (DMA a8k ageaidgncs owith aliasing  effect

GRS 6P B e BBe, SLSLGRE TS r BRSNS Hpoctr
834 BBCNE DU be AR TH PSR diibution

fagnak exhmpldBe fopldreentod @Eq)r()tlheing Redésired nurhberedf replications
The coding function is such that gfpl ying this
ofittog inputtlichthsignely es il be desafibed maghtspstidivally further below.

ThGaaheds e e tha Apdaecteleaid tizt Peccspighef the sampled
B 50 AL PO e M pon,

Hekdsy BeLoRbrBst theoRRale bt Mhst Partdst ffel OhjeBt ¥Afh tiRNEbsolution
such"as to provide orthogonality of spectral data

emidincad ibyeheffactbe k. dEheotthoganalipy bf dItadndizativelof $lpe eaigut of the
spectrumdi stribution 15 may for exanple

detertoranee bendirgntlydobiningdaatohsi semplad, ,qy@t?cgq»f the detector (in the
Ca elci) aa%eig%rféc’r orthogonal amplitude coding mask), or obtained by normalizing
the sampled output (in the case of a phase only mask).

In the present example of Fig. 1, the aperture coding utility includes a
single optical mask 14B. It should, however, be noted that the same may be
implemented using several masks. As will be described further below with
reference to Fig. 9, for operating with polychromatic illumination, the aperture
coding utility preferably also includes a spectral mask.

The optical mask 14B may be an amplitude-coding mask. This may a

predetermined fixed pattern of spaced-apart light transmitting and blocking
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specifically further below. This allows for using the

w@p@ationoss code for digital processing of the seempii2do4/000410

out put of the detector resulting from aliasing

occurring in the detector plane, &0 thereby

reconstruct the image of at |east part of the object

with the resaglutio 0 enhanc by the factor k. The

BReioRsy axamavybeoﬂnoéir ?Wﬁ%@& &er @Pi%rw&ddapghﬁnéfwm thereof.

BB the Guftal BBl bR ol Bliacddifiy SR, s may o phase
pfdigqenal Damphdd/satiasy! id&lssmsm(rh n%ro&mzﬁdl%z&y

Rormali Zing the sanpléd output (in the case of a

phaseThaluge wiishe apdrturt lkedimgasitht peesemp irevenfiokietimitates the need
the aperture coding utility includes a 25 single
bt additionglsroechanicalt elemenise suplyws\ibose peethdoraierpsean or those

i TR Deimin optiFhl ERGRID, B0 H iR eERe Rt ¢S invention,
prer e HetOCRE st PN BRORI/ed) SRR Systom of

thes pe&sentll intagtkon T esudRble For refatidd Wity &shedént or incoherent
anpli tude-codi ntg) mask. This may a redet er m ned
e

fllueihapant ax wilbbe dpsarihgdapere specifiallyrfanther belomy and

bl ockj ng 2004/.102958 PCT/ | L2004/ 000410 -16- .
r egi o{?g,e f\gﬁom %t%a@mt explangtion it the  peinciplgs underlying

] t thereof. Alternatively, the optical
ﬂ%ﬁ%ﬁﬁ@q%‘gé@%&hase-codi ng mask. This may a phase
grati (I%néi%eﬂﬁ% a[@dﬁ%ﬁﬂoﬁﬁlaﬁﬁdggﬂ% s9§tel%|-(‘fb¥ih5@ b?ﬂg%gtilﬁ’g“lens and

pol ari zer. The use of the aperture coding o

feteston), whereint therieed has aédoad 1dnpeh Femdd aferfure D and is located at a
addi ti onal nechani cal el enents, such as those used for

fistanss duifrosn therdetectonpdand OR perf brtheridewpd iresalution in the image
QAT iy BLGURERLR B4R SRR B he wovcengts
S0 Faifh I B R R A SRR R YL S By rDRBH AN

illumnation, as will be described nore specifically
further below. 10 Thefrfellowing is the theoretical (1)
expl anation of the princiBles underlying the present
i nvention: Considering a conventional imaging system

(f or nEehansjatimgatiiengesbn®naboiindies ¢led object Wisiesithe tshgallest detail
l ens has a focal length F and aperture D and is
possiblEyiewed is of the size:

(%), = 1222 R )
D
The detector has a non-zero number of pixels having a size of Ad. The

pixel size provides the “geometrical resolution” bound. This limitation expressed

in the object plane yields:

(&), =—R ®3)

In most cases, Ad >1.22/%F, and the geometrical resolution is the

bottleneck, in the optical system. For example, for the common imaging system
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di stance R fromthe detector plane (R >> F), the
viewed resolution in the inage 15 plane is limted by

walpdoneasss on, and equals to 1.222F# , where A PGI/112004/000410

wavel ength and F. is the F-nunber of the imaging

system and is determ ned as: 5 (1) Translating the

resol ution bound to the obj ect ;)[I ane, the snall est

detail possibly viewed is of the size: 20 (&d. =1.22

(with () apeytureheodingkaitlh theafollowisg p@rramqfa@rﬁb y o, F=300mm,
plxels having a size_ of Ad, The pixel e prOV|des

e 0:5¢etansk (& ed0 Wes@leuﬁméﬂes'[bégﬁ& P?‘f’ﬁl iVFﬁW%ﬁ |1§)r10f the size
E@Sressed in the object_ plane yields:

dn=196¥m cBee dd=adm, tho Zepmetrign] neﬁ@lugeaﬁ@tth%&)uect plane is

resolution is the bottleneck, in the optical system

. et eThhigrit istthe @somstricatugsolytiey thas Himits the overall system
2004/ 102958 PCT/ | L2004/ 000410 - 17- (with no aperture
msdlmg)hvmth the foll owi ng paraneters: F. = 2, F =
300 = 0.5 ,cun and R =10km, the smal | est detai |
possi ma@m@aag% @m\fqﬁéOSﬁh@élethgsu) plane, (ghfodﬁﬁectcus rsamples the

g il 140 BT el 1 Fad: pfigh, RahgfinBolie topsee creates

|
SR A T VS T e
Qﬂeaﬁﬁcea Re ad&IrRedn® rofﬁs@ﬂEl'veiﬁ thBe gebﬂff&ﬁe whith i§ bPépdRtional to one
pi xel s having a defined pitch. Sanpling the image

SV&aﬂl%sresél%thC 2%, of tltlé‘ ﬁeféf:tcﬂ (83, sciormgeasRebt r u navhéirem Ax is

frequency domain. These replicas ‘are spad&d

ﬁ’re”St 2| Pl}ﬁ%ﬂf 28 cith it rsm‘i}f S tﬁsoqlé‘?%% beﬁ&eenoﬂlet salicas is
HStt ﬁffﬁefe &hé replfégrp)oveﬁa As ? re?ﬁlt %E:'}? ?ﬁ&rhét edt he

ts spatial reso UtIO

dl st aFgs. l;zcﬁ mﬂnZB%mmeswway, amobriglial igp@ndpectrig (before
replicas overlap. As result the image i s corrupted.

Fagpled 2y ddeQE)s raondl, theesaprpdcd venypteainspﬁctrynn ésamplpdtoutput of
a{; &bﬁﬂeﬂ t% ) tgg‘ql.@lpaé g)h{ég 9eC wﬁgg tltlep ?mage Pesolution is
more than half of that of the CCD (Nyquist sampling rate). As indicated above, in

mathematical terms, aliasing occurs when 2Av, > Av, wherein Av, . is the

image image
image resolution measured on the CCD plane. Diffraction effects are neglected as
it is assumed that geometrical resolution bound is dominant.

Therefore, sampling the physical image by the CCD is equivalent to
multiplying the input by a graﬁng with a frequency of the pixels spacing and then
convolving the result with a rect function (a rectangular window) with a width of
the size of a single CCD pixel. The latter simulates the effect of the non-zero
pixel size. In the frequency plane, this Vis equivalent to convolving the original

input spectrum with a train of pulses (due to the pixel spacing), and then

multiplying the result by a sinc function (sin c(x)= Em(—ﬂx)) with a width of 2

p= Ad

The above is illustrated in Figs. 3A to 3D. Fig. 3A shows the original
input signal (spatial distribution of the input light intensity). Fig. 3B illustrates
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15 the CCD) which is a result of aliasing that occurs
when the image resolution is nore than half of that of

W0 b@4/QeD5E Nyqui st sanpling rate). As indi cat edPEhtn2e)4/000410

in mathematical terns, aliasing occurs when

2Av, n,ag,, >A v, wherein AV, n, a is the imge
resol ution nmeasured on the CCD%?a D|ffract|on
effects are negl ected as IS assurred th

t@émhysmabehara@t@ﬁsms @ﬁth@dmmls| iy the (anFig. 2363 shows the sampled

R JHEoAD S5V FpReh fiRHEm o G Eh gpﬁqq??f 1 pampled

| 1@Rﬁf)feesetfd§3éo ({ﬂ%l%ﬁeﬁ&é 'C%B%gfe@%m%ﬁ%éﬂ&‘%l Bﬁféleé’ O&feed Ax

rect funct a rectangul ar

aﬁdahhea%hmﬂtﬁd@f the size of a single CCD pixel. The
[latter sinulates the.effect of the non-zero pixel

si ze.Tha pikel Spagognopdpbeme, taim ofi dekarfinetianst in cthe Fourier
convol ving .the original 25 i nput spectrumw th a
tsansipima.e andqthe mixe éngrh( eireaifhcd nye Egtiohe MittipIying these

S Pl T Bl Bt BangDE 4 Qe oubbugy Thus, the

Ibdélt'lzd)rg Sf thR IRy ﬁiﬁctlghgmtﬁfes;)@@ﬁ’\@f iR ﬁﬁid@ﬁ‘)'n dd’ﬂ%é}aonds to the

signal (spatial distributi the input lig

duty eysletof)the pixgel fikd ifadtost rat es WO 2004/ 102958

PCT/ 1 L2004/ 000410 -18 the Phy3| cal characteristics of

the pTh@ltgchmqmme)fcxt@ presgnt 30vesions utiiges dhis| aldasing effect to

tstastice il e st ASkTRY OF SRR FIE S Fsrq-agpn 10 Suppress

thb de @Emg%f@&é e?ﬁig 5§ %@ﬁ%@& (é(fcﬁﬁ % o nlgébltﬁﬁg 82’ 212@ Sfcffal input

§1gﬁé1rhn0§ucﬁed eyl 46 beaRonid d4ie doek, fpu%h Thi®B8diaEMs performed
d the pixel wdth creates a sinc function.

pmbtthorslampiglgttb@skbw fasnhttlounrmh@anﬁnames the conplete
Fourier transform qf the CCD OT Thus, the
posi t Heis, gHiasing resilting digwe saew weihe imageby the GGHa, distorts the

i%%%”g%r TG A52he R0 Butelfpt G P atlBat image s
{elRL} A’ e olltpfiof! bash8Uh&ASEUHEO dItERAO AR of the

r esol ve I mage I NSt ea conducting a

Sl]ieCerﬂﬁ aaovérde rregions ichenat badiseginghhied: ToTavoid idata loss in
achi eved by coding the spectrumof the original input
thiegegions af ﬁm:s'peatmaytmg wil) cyedap beeausstaf adkasmgpthesﬁ potentially

Thl E?r}dglbﬁ ﬁ?éﬁ% :ﬁrf)%gtru ! Iaf)er cE)c?edS Wﬁl Idn &e}e%t %attern features
(spectral mask regions) of the optical mask (14B in Fig. 1). These mask regions
are such as to provide orthogonality of data indicative of the sampled output. As
indicated above, this may be achieved by using the orthogonal optical mask, or
using a phase mask and normalization of the CCD output (as will be described
more specifically further below). The cbding is carried out in the Fourier plane,
because replicas (due to sampling) are created in the Fourier plane. The correct
coding of the different parts of the spectrum provides for preventing the data
corruption and for enhancing the received image.

Turning back to Fig.1, is should be noted that since the lens aperture 14A

is not the cause for the resolution reduction, the aperture coding mask 14B can be
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15 Thus, aliasing resulting fromsanpling the imge by
the CCD, distorts the image. This is due to the fact

WO bat/103968 spect ral bandwi dt h of the physical i PEIE206/000410

relatively large. Data corruption occurs because the
different parts of the spectrgqbi_n over | appi ng

regi ons cannot be discrimnated.””To avoid data loss in
the regions of the spectrumthat will,k overlap becaus

attackeildei ths, lonp dde panc perfarmg the r@%ﬁf@%@ﬁth@@m@gp@ﬁgg of the
Sl oSR5SR B L BT E3p! B e ot e
géﬁ. Ik thﬁlﬂ'beldnde-ﬁi%@ tl?ﬁijﬁe t&f @Bﬁho‘?tglizalws sibflifies such a

rovi de orthogonality o ata 1 ndi cat

ScdRk efhad Yrovides Adr thedbitladgshatibp e, spdviral rdaya Hadicative of the
achi eved by using the orthogonal optical mask, or

sennplgd aupprts the SICRNamelyrepdingtdither by anhertlogonelioplical mask
(as will be described 25 npre specifically further . .

S orline Drsichguiak faatgRprIdes fotorne Sttt ol dhe Aormalization of
I e replicas (due to sanpling) are created

ﬁ?aééﬁgﬂi‘g%@ﬁ pl ane. The correct coding of the

di f f eTﬁEtmﬂﬁr(g)%rﬁﬁoﬂall‘ atpREsH hendyREaN i1dewill dow be described with
preventing the data corruption and for enhancing the

refeencedoi Figgd. Ther niangfrbat of taoliehty siknal §Feimer ttabsform of the
noted that since the | ens aperture 14A 30 is not the .
ehigs, Mhilet passingsibranghother anprene sadingnetiliyel4B (eptical mask), is
codi mask 1 can be WO 2004/ 10 8 g
SRR BB B0 A0 e ARPrHNTe SOLE BOIBHLIBefonsidaring fhe aperture

98&5% Whilk B he Pt O@éﬁ@,&gﬁg ﬁkoc,fe%%ggccﬁ{sé&%] ®f multiplying this

vari gus spectral “reqi are al'l ase ater o

SlaQefront b tisamBabi Athotiont(peedetMinéd coie)ulAG ibdicated above, this is
understood that the term "orthogonal coding" signifies

g fuhction obthenxgsolution mndandeseiotactdre, dhe hogdealN of potels in the
spectral data indjicative of the 5 sangl ed output o

I , ! f
finld olCmiew ane (the pesd pitgh et Hedistpca ) betwrsgoig| lens 14A and the
ptical . mas or, cogdi by such .a S hat proyvi des .
deecior @@ﬁ%@réﬁx wawlsam it Sq-ﬁwdélaﬁ% ceded light
out put . . The [ eratio e f _1h
SEPR o sl SR el FE it Vo dheR, Benb R RYRPR. fhs sampled

I | BNedtBALLY bPdtesgsd by ans iR6éRsedr AR 18. Th
?%%g jogg?i fafe&?}(}reigpagsi ng t h}f gughst he g\per tpgr e Scordi ng ©
ptadebding LbBsictpdf amiltipleialg aniiavenst iRoalrdey trmeforas ef thy sampled
t he aBert ure coding utility 14B. Considering the . .
apput bycthe apertire opding funciions Apadesdt, pnapworupiesd image with

rocessin 00{1%] st.s { .rru&ti plying this
e enhanced resolution is obtained.

The following is the theoretical analysis of the concept of the present
invention for a simple situation, in which the resolution is to be enhanced by a
factor of 3. Only a one-dimensional calculation is carried out in the present
example. In this example, an ideal CCD is considered, in which the pixels are
indefinitely small and are arranged with a pitch of Ax. The case of finite size
pixels will be described further below.

Here, the coordinate of the signal in the Fourier plane (aperture plane) is
denoted v and identified by index ", and the coordinate of signals in the CCD

plane is denoted x.
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wavefront by the mask function (predeterm ned code).
As indicated above, this is a function of the

w0 e®afie9sHn enhancenent factor k, the number NPOF/IL2004/000410

pixels in the 15 field of view and the pixel pitch Ax,
a distance V between the |ens m_and the detector
pl ane 16, and preferably al so el ength A The

so- produced coded light signal is.recejved at the .
det eclBe CliRdp asswned iqhardsal, ke hsirg .abfﬁ%@ saEple thp image field

RSl RHESRE e ieD FrbbBeleRy b REREEIAHH oPtpuses:

mul ti plying an i nverse Fourier transformof the
sanpl ed 20 output by the aperture coding function. As

a result, a non-corr Lrpge @i th,ahhe enhancedy
resolution is obtai nggi.ﬁ(%?]e GH%% ngAxPs t he )
theoretical analysis of the concept of the present
whessh izaR ifitegera si npl e situation, in which the

resolution is to _be_enhanced by a factor,_ of 3. Only a .
one- d PenaraDbiaal| 8 ign > S aperteg cding maskds divided into

resent .25 exanpl In this exanple, an ideal CCD is
ﬁ%?@gﬁg&tloﬁlﬁ%{lﬂw%he pi xels are indefinitely
smal |l and are arranged with a pitch of Ax. The case of
finite size pixels wll be described further bel ow
Here, the coordi nate _SNgn i,n Fouri er
pl ane (aperture pl ané\@'slvlgmd%-%(l\/l g%%? dentifi eo(sgy
index -, and the coordinate of signals in the CCD 30
phareasigs haentieckb] bowiNpPatedti¢Op8HRIsREthe a2 tHgoAale 16X the mask
-20 The, CCD is assuned to be ideal, i.e. being able to
RCtoRs: i nage field in discrete points. Therefore,
the CCD is nodeled as an infinite train of inpulses:
CCD(x) _ "0 00 S(x - nAX) (4) 5 wherein n is integer.
As shown hi. ca ihh Fig. 5, the.aperture codin
f\f,@%e%o—-i\{%—b & sub fdnbty. g

mask i s in t hree sub-fungtj.on as ol | ows:
MASK( V) +~ g"g(W=0 nAv) =(-8)0,10 ‘V(Me@?éef’ 5935,3 t he(6A)

follow n pr%o tiges prom sing thg,orthogonality of
the mask* sub~fdnctions: g;(v)g;(v-Ov)=0 i ~ |

or for the general case of factor k of resolution enhancement:

gi(v)gj(V—Av)=O z'lvtj
g(V)=0  i=-10] vVe{—kA%,kA%} (6B)
g,(v)=0 Vv

The aperture coding mask is selected to be non-negative, namely, such
that the Fourier transform of the mask function is real and non-negative. The
mask is composed of pixels of the size A7 . Each pixel is divided into chips, each
having the size of AW . The aperture coding mask ﬁmcﬁon is multiplied, in the
Fourier plane, with the spectrum of the input light, 7, which represents field

quantities. Therefore, the output in the Fourier plane is:

O(v) =1 (v)MASK(v) (7N



gl(v)=01i =-1,0,1 v ~3A2,3A2} (6A) gt(v)> 0 by or

for the general case of factor k of resolution
wenwanewsent: 15 g; (v)g; (v - Av) =0 i ~ jrgr/{nzpeadoo410

i =-1,0,1 by -kA %kAv2} (6B) g;(v)0 W The aperture

coding mask is selected to be ngR- negative, nanely,

such that the Fourier transforiof the mask function

is real and _non-negative. The 20 nmask conmposed of

pi xel $hefCeResamples this outpifs ang; th@waml onigpwd of ke CCD, s5(x),

chi ps, each having the size of AW The aperture coding

Fask function is nultiplied, in the Fourier plane,

with the spectrum of I, whic

represents field quésir(?ft @M?efore t he E@t put in

the Fourier plane is: ;ﬁ_ 7(Vv)MASK(v) (7) WO

2004/ E@p%&ngwquaugodﬁb cmm@hlq ourign p andDusingeiqustions (4), (5)
? outeldt ,.and the sanpl ed output of the CCD, s(x),

S F‘%. Barpvidesy x) oop( x) (8) Expressing equation (8) in

the Fourier pld%ne and usi ng equati o (4), (5) nd

(71591 20695C r[ GC i j (an-% j(v
(plj (\q/t§ n J(ﬁ?%) A Ig'h( Si gn‘y) ofe§ theAx ©)

convol ut| on operation. Si nce Ov =% the |ast

FHEERSIAN: TRAORS 1B BV hfith bReralidys (v) [ 1(V)F107 (v

n1l (v-nAv)lLm
1gn(vgfR \v) ers. The
retri evalenzp A{ﬁx ﬁjﬁa{%ggge #%%%g%@ﬁﬁlg) f%tdg[g Fouri er
transforining the grabbed output of the CCD and
mul tiplying the result wth the original aperture

coding SR TeEU AN o —mav)

10 (10)
= Zn__ V- nAv [Zm=_ \&n (v - (n + m)A V)]
wherein » and m are integers.

The retrieval of the enhanced image is achieved by Fourier transforming
the grabbed output of the CCD and multiplying the result with the original
aperture coding (the mask function):

15
Rv)=S§ (V)MZSK (v)
1
{ZI(V ] el (n+k)Av)Hz . (V_mAv)}
] m=-1 (1 1)
= ZT(v—nAv)gn(v—nAv)
=T (v)MASK(v)

Selecting only the output field quantities inside the non-zero chip of each
pixel for the given aperture coding mask, generates a downsampled output which
is the desired output, 7(v).

20 Hence, correctly modulating the input spectrum (by aperture coding)

prevents data corruption caused by aliasing.
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15 R(v) = S(v)MASK(v) ~ _ 11 =11 (v-nAv I
g, 7(v-(n+k)Av I gmv-mAv) n=-~ k=-1 m=-1 (11) 00 =

wWQ@bqowAamA gn(v-nAv) n=-00 = 7(v) MASK(Vv) Sel ecr¢Ti200/0p0410

the output field quantities inside the non-zero chip
of each pixel for the given ag%zture codi ng mask,
generates a downsanpl ed out put ich is the deS|red

out put, 7(v).. 20 Hence, correctly noduylating the in
spect Fansidsting physisab llélaamg%ystegn%\ﬁbﬁtlapwfa@ the 0pt10a1 System is

SRR D Br oo tran s ety Thi, i S anyplygd with the
ﬁlg §f*6?m' PUhe Upetlife ‘BBHin%ahla%SWﬁﬂ s a?s%ﬁi‘éﬁdsmce it is

y rea and on- negat | IS 1 nput

cﬁgmllyesginmaéﬂmchhm thiedtauirésr plaren Siherapeetird b@dmgeﬁiskrs selected
codi ng mask, which is also real since it is
tr hgve aol yegajiveeyalienin |t1me ﬂmégmsxluanee rThis amidl bgimore specifically

SRR LSRRGSl o oo
speci ﬁ“hg%we tl?eecﬁ'?ﬂ %‘ﬁ?ﬁgﬁ {)}%{teg) (#1% F0l B G tha feal CCD,

types 0 um na ot et I 2al anal'y

iRl pheds havé Nenité dBmlensiohs: This affeed! tHeCButput e@trﬁﬁﬂ Ssince it

have finite dinensions. This affects the outpu

spalts mith nailtiplying the speditusn witthamikd fyricgiong a$ Imaaentloned above.
ectrumw th a sinc function, as_nentioned above

TE}SSW\'M heve apeetiertears the spestruie oxhesenaliy. It Wﬂl only ftroduce a

gona only introduce a..need
et e sBpled CPPORGR fpiftnapt | iroducing any
Hﬁﬁgﬁﬁ%g'ng any difficulties. The CCD is assuned to
pertormideal sanpling, yet physically it nmeasures
only @he @CDés ¥sdunes] ©f pdrf@nsrivhl sanpliggalet phisithldy it measures

aperture coding nmask is chosen

only absolute values of the sampled signal. If the aperture coding mask is chosen
correctly, then this limitation can be overcome, as will be described more
specifically further below.

The following is the explanation of the technique of the present invention
with regard to noise reduction. It should be understood that if the original image
has some kind of noise embedded, then its reconstruction will have the same
noise. The technique of the present invention provides an advantage on noise
reduction accumulated after the image is coded, such as during sampling by the

CCD. If the CCD is scratched or dirty, this presents a very narrow interference
multiplied by the input function. The signal, $'(x), measured by the CCD is

equal to:
S'(x) = S(x)P(x) (12)
wherein P(x) is the interference function (noise function).

The retrieved output (in the Fourier domain), R'(v), is determined as:

R(v)=[S0)* Pv)pisk (v) = [S(v)nddsk ()] [P )wdsk (v)] (13)
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15 correctly, then this limtation can be overcone, as
Wi Il be described nore specifically further bel ow.

wab@4fiadobowi ng i s the expl anati on of the technPcEL2064/000410

the present invention wth regard to noise reduction.
It should be understood that if ghe ori gi nal inmge
has sone kind of noise enbedded; then its
reconstruction will have the _sa noi se
t echni gidgdntq pecqmd cavetipRVdAdi 194 rstrtﬁwah @sltraﬁ can be rephrased
advant age on noi se reduction accunul ated after the
ge is coded, such as during sanpling by the CCD.

If the CCD#\s\S o presen a very
narrow i nt r@e"ﬂ;@imﬁgq t’j [ﬁeW%Sk{]‘ﬂ | nput cti on.
The signal, S (x) , rreasured by the CCD is equal t o:
25 S Inthe spa&dqm@;@, thiszgualstierein P(x) is the

interference function (noise functi on) The retrieved
output (in the Fourier domain), R , Is determ ned

[Py s B T R s 1

-23 Taking i nto account equatl on (11), the retrieval

out pubinsanheperaprrepsing fenetior is wpsurped to/bemsrydg white noise in
X TN TR KPR

' the.aperture coding function is assuned to be
%&gﬁ‘ggtaﬁﬁ'te noi se in the object plane, and since the

noi se funcp&p)emg ,@w&;nytpgmg)@ it )can be gsgpned

that: 10 P * MASK(x) const + s S x - x0) (1

ereas const >> c. Using equation (14), the retrieved
W SicgnSIR>(&) = constl (v)MASK(Vv) + s exp(- 2TCi xo
)| S i nce the noise
fact ov)si\m %ﬁéﬁ%htwﬁ?ﬁgé ef(i/lem/genlggl i gi ble, the
retrieved

R(v) = constI(v)MASK (v)+ & exp(— 27ix, JI(vV)MASK (v)]* MASK(v) ~ (17)

Since the noise factor is constant and relatively negligible, the retrieved

image can be expressed:

R(v) =~ constI (v)MASK(v) (18)

The retrieval is now identical to that of non-interfered signal. It is thus
evident that the aperture coding advantageously provides for overcoming very
space limited interference.

The following are theoretical analysis of the technique of the present
invention for different types of illumination.

Coherent illumination

When coherent illumination is used, the coherent transfer function,

CTF(v), represents the resolution limitations due to diffraction and additional
elements in the system. The CTF(v) equals to the aperture D of the imaging lens

multiplied by the aperture coding mask, MASK(v), which is attached to, located
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i mage can be expressed: R (v) constl (v)MWSK(v) (18)
The retrieval is nowidentical to that of

wmoov4itenoss f ered signal. It is thus 20 evi dentPCTTHI20041©0410

aperture codi ng advant ageously provi des for overcom ng
very space limted i nterferen_cg _The followi ng are
theoretical analysis of the tec ﬁi gue of the present

i nvention for different types of illunjnation,
dosretemr madaintegrel vithohe\lren Thsnewtelt imagain WetCeR plane, O,

used, the coherent transfer function, CTF(v),
cayhedeatminedast esol ution linmtations due to

di ffraction d addition el enments in th stem
The CTF(v) Oe@EﬁICéTE(‘eYS’fﬁg&gperture D of the%%gi ng
lens multiplied by the aperture codi ng mask, Al

@é%é%ii Z%Qii{;iﬁ‘ichés aht fi‘gﬂ@égl JHaink@GAtRE MEDZHané IR ?a?ﬁﬁietalh system

4/ 000410 ose to, or nade integral w

OO R BR[OS ey S eg (0 (19) |

wher egiie QCDNALEAEL Snlyh@aghitedds ebthei ineealherfofllhe sampled
plane in an ideal system 5 (wthout any other

iege; dfiions) . The CCD sanpl es only nmagnitudes of the

i mage. Therefore, the sanpled image, I|,, is: Ii =1

CTF(x) * gg (Xl ;2_ \[ vent the informagymn
| oss, the systerlﬁ o‘utp Jtc) %Ie{f shoul d be real zn(g 10

non-negative. This will enable retrieval of output
di r ecTbyrévamthd mfoammtien lossyrigesystenf whipth, Os, souléibe yeal and
the squared absolute of O. In order to ensure direct

Aei-hegmale. OThis heildinable r@gievaln of Wdtputedibetly dhombtiteh sampled
the aperture coding mask and the inmage nust be real

Bnagendn(wkightis wetualiy sheisqgarad absoluieraty©, hdwiardenty ensure direct
negati ve val ues; only the aperture coding mask is to
fetriehed|df the tobjecthg, ape full resolitiom diotly theapersire dodimaweask and
a Fourier transformthat is real and non-negati ve.

fher frhggapiest BeoRsdl dgid Reniegatvé.haganaingapefehligage having no
coding mask, it should fulfill
negative values; only the aperture coding mask is to be dealt with. The aperture
coding mask should have a Fourier transform that is real and non-negative.
Furthermore, considéring the orthogonal aperture coding mask, it should fulfill
equation (6B) above. An example for a suitable aperture coding mask is
presented below.

The aperture coding mask is selected as a mask composed of an infinite
train of delta-functions in the space domain, each two locally adjacent impulses

being spaced from each other a distance Az . This signal has a positive spectrum.

The spectrum is convolved with a Gaussian profile, with the width of a coding
mask chip, AW . The width of this chip corresponds to the overall dimensions of
the detector (corresponds to the field of view of the CCD). The result of
convolution is multiplied by a rect function setting the size of the mask to finite
size, ABW , due to the fact that the mask has finite dimensions. Thus, this
parameter, ABW , corresponds to the dimensions of the aperture of the imaging

lens (D in Fig. 1). The spectrum of such a mask can be calculated as:
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equation (6B) above. An exanple for a suitable
aperture coding nmask is presented bel ow The aperture

w@omiunesmsk i s selected as a mask conposed of PEIIL2004/000410

infinite 20 train of delta-functions in the space
domai n, each two locally adjacegé |npulses bei ng
spaced from each other a distan Thi s signal
has a positive spectrum The spectrum is convol ved
with a Gaussi an profile, with the width of a coding
mask The width of t chip corresponds to
thqurZY% ]’ﬂﬁnﬁéﬁ%‘éﬂg’”&ﬁ““ﬁﬁ@” ft&?%lgn(corregponds
to the field of viewadf the CCD). The result of 25
convolution_ is mJItlplled bya ct function setting

t he i(ni be | z¢, LBW due to the
facﬁlﬁﬁ’a (LET %Q?’fpgl tﬁpﬁ)%ﬁﬁ?iﬁ%j\/ Thus, this @1
par anmet er, ‘{'"BW corre onds to e di mensions of the
aperture of thelmagl lens (Din Fig. 1). The

spectrum of suc k can e cal gul d aS'x$W
200 gl Ztipite
pul gjﬁ%&?% {F ngs rﬂqt ?Xl.}{ctl an Ji%llllg&v)z: (v

- nNArl) * exp - v sect v (21 2AW OBW CTF(x) = AW 2g
8 X - n 2g exp - x2 AW2 * sin ¢ xXABWAQ)] 2 ) ( 2
) 70- 07 O Assumi ng that LBW>> AW a real and

non- IRY C Si
Can SRt BREAETY T L RGP uBRatE Rl frgeceived.
£08&litdd0 'Ptscefrpéam@pl% 586 von G4t thes miafk bW §a@i|sﬁ@é{"tﬂkgcond1t1ons for
equation Is realized: Av=k077 -AU KEN (21) This is
apdrtist catiimg, i thp follawing equaiogss rﬁﬂazadd GB wher ei n
Fig. 6A shows 10 an exanple of the aperture coding

mask function, and Fig. 6B shows the effect of
sanpling the resul coded signal by the CCD.
mask funct Aerig-4 f h a<¥o provide for ort hoglﬂg ity
of data represent atlve of the sanpl ed output, and thus
dat a | I - ABios N 0 ps
occurzﬁ%snlls ?ﬁggtlédatﬁ% gfhgﬁe (lla(gitl%rult g? ?%ghn&gl.i, VRl ARANBIGA shows
an example of the aperture coding mask function, and Fig. 6B shows the effect of

sampling the resulted coded signal by the CCD. The mask function is such as to
provide for orthogonality of data representative of the sampled output, and thus
data retrieval is possiblé. As shown, no overlapping occurs in the sampled output
of the CCD.

Incoherent illumination

Considering incoherent illumination, the intensity distribution sampled by
the CCD is determined as:

5(1,) = oTF ()G, () @ G, (v)) (22)

wherein OTF(v) is the incoherent optical transfer function, ® symbolizes
correlation operation. A more detailed derivation of these relations is described in
the following publication: J. Goodman, “Introduction to Fourier Optics”

McGraw-Hill, Singapore, International 2nd Edition, pp. 101-104, 1996.
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15 I ncoherent illum nation Considering incoherent
illumnation, the intensity distribution sanpled by

W0 be4/00D58 s determ ned as: s(1;) = OTF(v} (G (ROT/AI20€4/000410

(v)) (22) wherein OTF(v) is the incoherent optical
transfer function, (r) synboliz 20 correlation
operation. A nore detail ed deriVation of these

relations is described in the_ follow ngfg@bl i cation:
J. Golshm@peram@n roihciicoherest AHumiBatighafiepts the output of the

S04 Bis e B0 Borab B oGt pR Ry 55 o Bl PR 8 result of
%Scﬁ?@lﬁﬁbhg&n rfsrbr\tH&fg%Bﬁf ent illumnation affects the

system- Thi's requires the aperture

COdl nPherasdoHeperiteopsivah tiahsfer finectiopsedit befexpressed as a product of
autocorrel ati on remai ns orthogonal. The i ncoherent

apocoelation wdtlae colhiprent tsans petiexpr essed as a

product of 5 autogcorrelation of the coherent transfer
functi on: Gﬂ#((a =ZC EG;)@@?TE@ F(v)) (23) 1f23he CCD

pl ane, this can be expressed as: OTF(x) =1 CTF(x) 12

(24) wh%ffh@c@tﬁ’?y ﬁugeenl%e@, hilssdd apsform of the
spatial OTF(x CTF(v) is the Fourier transform

of the spatl aI CTF( x)OTF@mﬂctm(x)]% s definition, (24)e
OTF(v) satisfies sever al mat hematical conditions:

%% ol risap Tider Baryorn ST @ BB RT B fefTF() s
Furth fo th 1. ~
e, & %@m@ﬁ{rggﬁgmw&%w@{r%ﬁ(s %nbuedoskt defipition the OTF()
con ition o{ atl on é above (to pronmise 15
& ORATRE TRt eé"r‘ﬂ}lc@h ﬂ%ﬁ/e a real and

non negati S The fi k CTF(v) can be

easi ly deri ve&g) Fsé’ntgﬂ vi e n&é isBedle t heoreti cal

anal ysi s, 5{[771 U@Tp(ial )i Sfl es @[[jp ;@)‘>@ he demands(zgn

be constru t m\‘ tofg(lﬁi tathP?l ced in the

I magi ng sy P HF (v) e real and
Furthermore, for the purposes of the present invention, the function

OTF(v) should satisfy the condition of equation (6B) above (to promise

orthogonality), and should have a real and non-negative spectrum. The final

mask CTF(v) can be easily derived, since in view of the above theoretical
analysis, OTF(v) that satisfies all of the demands can be constructed. The mask

that will be placed in the imaging system will be CTF(v). Since it is real and
non-negative, the derivation is direct from equation (24):
OTF(x)=[CTF(x)f
U (26) .
CTF(x) = /OTF(x)

It should be noted that since the spectrum of the image is multiplied with a
high-resolution aperture coding mask, the image is spatially spread in the image

plane. Since this spread image should not overlap with other images, the field of
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non- negati ve, the derivation is direct from equation
(24): OTF(x) = [CTF(x)]2 20 4 (26) . CTF(x) = OIF Ox

wo 2ooghaebgl be noted that since the spectrum of PCTEL2004/000410

image is nultiplied with a high-resolution aperture

codi ng mask, the inmage is spati§ ly spread in the

i mage plane. Since this spread<inmage shoul d not

overlap with other inmages, the field of WD 2004/102958
Pew 1af2te4 spgiem gnustobe Viimifed s (atherveagest e wuiginagleinput will be

esbrtsi s AerErB o 4613, . VAV Pt % it b g factor, which is
ide'ﬂﬁk@dt PRl resHititoR iﬁggprobgﬁ@hi, “eaé tif)‘h}fehleesolution is to be
expect ed resolution inprovenment, e.qg., Tt the

estaRlcud byfactort3) the orightrdneege biyodldgioeicoder ifoee than one third of
origi nal inmage should not cover nore than one third of

thet Q€T Possilesersrgy dass mightosecuri gily daxte thelfgctdthat aperture
to,the fact that aperture codi sk i s placed aqver )
ppding rm@fﬁﬁgs plied P ths 1%85%&%@?2‘]‘ the, Jadrengancral case that is
[ e j.act.. i S. .
ARl b 5% Bfst Rn8 8! 480 1 G pf e it
87 DR, buit I By hSmHLFSBSE Geéx‘éaﬁdet%eﬁfé%ﬁ/@ 8hé R PrARELR Bapacity
capacity (i.e. energy lost wll be caused). The above
Gireal yrsdrgy Wast owill i sl daosed)réhel @bdveremsalysial wasisearried for one-
Extension of this techni que to two-di nensional inages

dimengionad t caseh Exiprsionaf Haviteghniauk tenbue-dipersipasl images is

ety The 3, o8 R8s arniicd? FEeRaBE . S0t wxes.
. i . .

S84 BRACPELOR R STt K BEORHGRIS (SRSt the above

deweibdd pticansétap| will prdducé deReonitivg &thafBéient of k; on the first
attributes on 15 each axis). This will cause a |oss of

atie andt &l of ithe decdnd, pexpendicklar dxds (dermgding ennhaskahttributes on
Cobo R T e A B TG o . e
. | . : .
RIEPIOVE gis SR IBhBM, | YufirSH RS Bne oA Hisey dince a two-
&?ﬁ%ﬁﬁg&mﬁ Pourieh FraRTEeLan BE chRALA¥Y E%arrs%y fB&. AR ;asszs

0 CCD pi xel size and pi xel spaci
At t r i Refezeia isembli tsFigs. 7A to 7D illustrating the simulation results for

the case of the following real dimensions of the CCD pixel size and pixel spacing

(pitch).

T Attribuge” T .
Number of CCD pixels: e
‘Pixe’i'spacing; e } 5 6§ ;Mm
Pixel size, Ad L 6.72 Mm

For simplicity, the simulation is one-dimensional. Furthermore, the
simulation deals with a coherent system. An input image of a cosine grating was
chosen, as shown in Fig. 7A. It should be noted that the figures are also one-
dimensional, scales of the results were changed in order to assist appreciation of

the results. This cosine grating has a frequency in which the CCD sampling will
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Nurmber of CCD pixels 640 Pixel spacing, Ax 9.6 Mn
Pi xel size, Ad 6.72 Mn For sinplicity, the sinulation

wo g000ne2988 nensi onal . Furthernore, the sinmul at PONIIce®/®0410

with a coherent system An input inmage of a cosine

grating was 25 chosen, as sho!vri in Fig. 7A. It should

be noted that the figures are al §o one di nensi onal ,

scal es, of the results were changed in order to assi st .
eisecebops riligsing nkhe apertuee cvﬁug EASKn ECopsBUFisyd anglescribed

Sl L SRBYn 0L B R FATRES AL O e e aprr

gbiiﬁ‘Fii%gl-.The aperture coding mask (constructed as

escr | eg above) is shown in Fig. 7B. The mask was a

t hi r dirothd siemslatien,othet drégihehinpup evdsuF uriéDirafsot@ed, Inultiplied
In the sinulation, the original input was Fourier

wilthn#teo apedurennoding| magk, 8nyi inwetsheF eyrden trapsfosaied gagain. This
mask, i nverse Fourier. transforned agai.n.  Thi )
St dhe Reieeading niisk GG ohed 6 To AUAHRE A6, Fbe magnitude
j [ jit .

QT o Sed cREe( "M WAS sufplclReSRIAE 86 URABHES diihe cop.
SiggablrefrRival aval coRduciedHiCtsitbws §ahplRAS data(®CEA output) was
data (CCD output) was inverse Fourier transforned,

metsepf owter byans frenede niultiplied by ribe apattyreanvdlikg nrasky and Fourier
10 transforned to produce the desired output. The

wangfpemed i proghyce shedesiedaipiled in Fig. 7C showi ng:

1) t i deal .. oufput of the systemr.whi 1 s_actualhl .
the offiishRlarisBuicin ghe ML i g viE shpdfg Ry he ideat
. N : . . : :

OB L B SR SR I RERIN R OReial Thfiy Mihad 2L, tdtfect that
ise@obeltiimapedrblynihd systérhe ¢ovyenitidnof thBVGA,C('!Z)ath%CCD sampled
conplete loss of image resolution is observed and
opubwithaut agplyingthet supet nesgbutidn mgthacof thepiasestionydh which a
Iomeietg{?nt at of ttle.ori. iBaI ojeét' and (3).the )
rorpatete Loss f 1maggHetqliition &nobsried epd ohyisuslEsigdinthe image
€ | X .
SRRl ey, SR IWSE Py it b B TR PRt and @) he imput
104 feRbnfthatdnOlsiAf e upérdite &dHaME Rpérliesbifion2éhowing that the
spectrum of the Oiginal |Input Spectrum (cosine grid

mmyget was §isfadieryseeonstrroted.
Fig. 7D illustrates the Fourier plane of the system, showing (1) the

spectrum of the Original Input Spectrum (cosine grid input); (2) the spectrum of
the sampled output — input spectrum after sampling by the CCD while using the
aperture coding mask; and (3) signal retrieved using the aperture coding super
resolution — input spectrum after sampling and aperture coding super resolution.
In the original input spectrum (1), the rectangle illustrates the allowed bandwidth
due to sampling by the CCD. To the spectrum of the sampled output (2) many
artifacts have been added due to multiplication with the aperture coding mask. As
for the retrieved signal, it should be noted that after multiplying the spectrum by
the aperture coding mask, all aliased .frequencies are removed, and the original

input is obtained, i.e. perfect reconstruction.
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the sanpled output - input spectrum after sanpling by
the CCD while using the aperture coding nask; and (3)

wa@aab2set ri eved using the aperture codi ng SUPEF/IL2004/000410

resol ution - input spectrum after sanpling and

aperture codi ng super resol uti 9? _I'n the original

i nput spectrum (1), the rectang g il ustrates the

al | oned bandwi dt h 25 due to sanpli.ng

the sBigs: 8 tg 8Gelllgirpice the &Xp@flrr(ezﬂ}alnmwlts a@bﬁafr@ét with an

BTt SHRR g e ook b B s8R b ipspding @ single
?‘E%ihg Rfisahednd ngfa{ge& Bk pﬂoxaln ngJddee ¢ ﬁéé%lc% WiaRY system

erture CO |ng i ased freq encli es are

banbvideh),aidd at OEDrdgedtar. Annppértie obiimignathski was used to be
perfect reconstruction. WO 2004/ 102958
#eohed 200he dogx the: €6D,Fvigh . the atiribuges presersed dndhe labove table,

ex er| nt al lts obtai ned w eri nent
Rt ooy Hhen Farke ORI ainPi S i SPEHbE, Epdiermask, as

?vgﬁéan‘i‘r%%gﬁ@%?ﬁ%é;%niu?ﬁfonm%?;ﬁs%& (A8 AhEm-ana o
CCD dp{RCteN apd SBpﬁidvWPesgC%i\F&y,n'ﬁfeksMﬁ Bleds6etpliP 0Fah® cosine

attached to the | ens wth the attrlbutes

impas pnoedsed byhiheadpmevimre abding neakplpetr ttheproveysing thhsampled
same cosi ne | nput grld and. aperture_codi ng nmask, _as
Netpatlp ead eqqsw inpuf sempladbuiGER, Wi ro ag@aulfeoeoc{mg mask. The

%ﬁ%ﬁlﬁ' ol st Qe 0etRaBd Bl ind 53 ts%gay%whllﬁ & appusnt
§RER CfbacRid it Fob ntéﬁ’f%v;%%t%“"é’lgmﬁ%ﬁéﬁﬁ%& withmo

aper t Fige 8O chovgs (Bsdesirbd€idvabpasimnoniput;the isamptedoetput of the

to the usage of the aperture coding mask is ap %grent
owrine daprpawithquinthehaparire roding ﬁhaﬁ is identicak te bdk 7D(3) but at
deal si ne out

&Eﬂ%ﬁéﬂ%@ &ﬁhom@@@g ‘%33% laﬁaatbw ehaRReA 2 of lower
I
SR ) 0 AP AL T b, i e

fﬁsbﬁﬁioﬁg s & @rt@ﬂép&ﬂﬁﬁ? QScIﬁﬁ ﬁ@p%dlfd‘eﬁ%ﬁ@fdcﬁ%y R8élits for the
(3) the retrieved output using t aperture coding

sepastructisnl it should Tbe snagedr thateac slightg degradatiqgneof the lower
roduced satisfactory results for the recqgnstruction
quensigsd apeeagisigetn theatetpicyed gmag@ e(éb aaight de afresule of a small

L0t oo LSRG €2 ARRSANL RS B LG oSSt Y Lo Tk

Thus, the technique of the present invention provides a super resolving
approach that overcomes geometrical limitations set by the pixel size of a
detector. According to this approach, aperture coding is used to exceed
geometrical resolution limit. This solution does not involve any additional
mechanical elements, has a very simple optical implementation, and provides for
operating with either coherent or incoherent light. The technique of the present
invention can be used for enhancing resolution of digital cameras, scanners and
other imaging related platforms. This technique provides for an optical zoom

without using any moving elements. An aperture coding mask can be used to
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20 alignnment error between the sanpled i mage and the
aperture codi ng mask. Thus, the technique of the

wWQe@gammoss nventi on provi des a super resol ving PEPH20&00410

that overcones geonetrical limtations set by the

pi xel size of a detector. Accgggi_ng to this approach,

aperture coding is used to exce geonetri cal

resolution |imt. This solution does not i vovae any

pipduee grigsolptiopeahanseamant dyelpsiarst sacs lcang/a}“y 1eldrgf| dew by the

%)é)ti <t:alt | mpl ement ati on, and provides for operating
14,1859 er coherent or incoherent Ii ght. The

t echnipgue presen hipvie Nt a S ; :

cnhans g ol Pl e BRI S Tl ovention

aémhenstrathg tig aklaptied] pbatiiwsusszoding bpeftionuehere the field of
provides for an optical zoom wthout using any noving
wiemhehthe inprt abjeet isrmotgestrigtpdntesthe cgntrpbong Burd. dn\ios example,

004/ 102958 .PCT/ 1 L.2004/ 00041 -30 produce a. .. ]
ST, PTEINERHEL FOREERS SUsy a5 T, SBREAIY Tertisgtions of the input

éllg}glgf?}?%‘ t}eﬂ)a( gﬁr@plﬁéyléxib? apd alé“éoﬁﬁg@x%ﬂtoyr?ﬁiglg'th&‘é‘ tifled 8f fosolution

€ prese I nv

semsineat (0z4diBind!)!| It QRblkihe GAMSIYdAURaZdRTIaR@erivation could
operation where the field of 5 view of the input

bbapplied formay atket factor ed reswlvtien eslmncamenhe third. In
this exanple, the aperture orthogonal coding is, such
as t olhempediee diamstenand tee Srnumbery Fpare aghyeed tobesuch that

ik 0 HfREine ot SireSinoRts 1§ 505 hiafdd O in the cental
g%gf#fgg@}?%&ﬂd@frﬁfsﬁo&f g a3l rﬂa:pﬁireé‘ﬂyi #RleeD. SoHIE inbfe other

r any other factor of resol’ution
gnhahizdsethie. opfical hesalpedohudepradaaiat ¢4 bgnd fabter Fofhthregrie. the
F# are assunmed to be such that the high resolution
Tasabyition transitiero by sbp optiss (O TES dqslatsbﬂOaﬁ%n@bomw phthendetector.
ntral third gf .the field of view of the image, .
Lhigs e QPBQ}altrﬁ%OqE@ﬂ} Iyreetimes g er_&ﬁﬁ% ihe gegmetEicaligne only in
e r i o
tirecdftal €Bta RTRE HBLORY 1881, 2% Hch@ el Oof bl fsoBlion in the

¢RI ReiHH f tRe ilRgOEONERKIY Rhidhd HLhRskt qmatg%]%%msz The

the optical resolution is three tinmes higher

eaging rlens [pecioems ninyagiimg  dvee ac ephieradal tshi-fade,ofvhileethe CCD is a
field of view. A general effect of hjgher resolution L
plangh surfecen repordiaglys the highheesphiitpn imagingiis pbigiredaly in the

RSN R MR M N —
the point spread function of the aperture (lens) over the CCD plane becomes shift
variant.

The three regions of the field of view are denoted by S.;(x), Sy(x) and
S;(x). In order to realize the super resolution condition (i.e. to achieve the
orthogonal coding), a distance between the three replications must be non integer
number multiplied by the pixels pitch, i.e., a sub-pixel shift is required. Thus, the
images generated in the three replications are basically not identical (their
subtraction will not produce nulling).

The size of the aperture of the lens is denoted by D, and the pitch of the
pixels in the CCD plane is denoted by Ax.
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pl anar surface. Accordingly, the high resol ution
imaging is obtained only in"the 20 center, while at

wo @40y t he | mage gets out of focus and it SPCT/IL2004/000410

resol uti on degrades: the point spread function of the
aperture (lens) over the CCD pI_% e becones shift
variant. The three regions of t field of view are

denot ed S1(x), Sa( and Sl (x In order, to . )
real i A8 ltliﬂéa@dp?é’io"?e@ uhe é@gl@BlﬁﬂE’@lk&ﬁﬁ rF$OOiBt.101@ ¢hat is three times

Pret Tl tny, %ﬂﬁ’%@%ﬁﬂﬁ?gﬁ@gp 03311% %%fecﬁ%érid Hroer o

rrultlplle/g by the pIX . i xel

shift Si. £—pe}w Se[dx)eipc a d 97 n%i’%‘%d in the
three r i ons ar MSl ally n de (their

subt r a | not/ ps adyte nul ize of the
apertﬁi )j:—t (M)@le(e Eﬁz—é é(‘Tng—T)Ee pi tch of (27)
the 3 els inth | ane eno

2004/ /1 L20042600410 As |;c~atz,£e:d

above! f g ﬁ‘gq)@‘i’g 2 ;lxﬁﬁ Jﬁng EF f) is

three t | ar ger han e g’éorret | cal resol ut1on of

£ A 25 o o

Jdx 7§ [o o ect ) (27) J J So f So (X)
AE ni Sis t@em =18, b):sp;ctra{,vﬁ]@‘t s'trlhutlgntqféhe m® (m—-l 0,1
wav efé gth Flsthefocal I engt h of thelmaglnglens

?ﬂngg?l} ,505': {heoﬁe h\ge)g(t) an(]dng @ 1?1%? C% Cdtnl'lagal ](B'nﬁ’é‘f Fppger domain,

field ofﬂ view, and u is the coordinate in the Fourier
damalyy, ~—nrarphyd identifyingitie futetionf yy tige chpitdluletier signifies the
by t he &Epl tal letter signifies the Fourier transform

LIIIIQI' traftﬁjs?&tm 3P the function.

In order to obtain the resolution of the central region of the field of view
three times higher than the geometry of the detector, the following condition
should be satisfied:

o

F D
—== 28
™3 (28)

When passed through the aperture coding mask, each spectrum slot is
coded by the proper slot of the coding mask:

~ ) ~ . [(pu—nAx) —27ix
MASK(ZF—j—;g{ — j_ IMT(x)exp( — )dx (29)

wherein 7, are coding mask sub-function (in the Fourier domain); My is the
inverse Fourier of the coding mask function.

The mask as well contains three slots that after the replications of the
spectrum yield the desired orthogonality.

At the CCD plane, after the replication process and the sampling:
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In order to obtain the resolution of the central
region of the field of view 10 three tines higher

w0 b@n/102988 geonetry of the detector, the foll ow@mIL2004/000410

condition should be satisfied: AF D (28) Ax 3 15
When passed through the aperturg,codi ng mask, each
spectrumslot is coded by the g?oper sl ot of t he
coding mask: MASK( | J = Sn =f MI (x) exp 2 dx (29)

\ n=- e sub-function (in the
Four i ir(x %I nS ’%W e(xfﬁlaﬁgl nveﬁse Fourier of the
codi ng rrasf< function. 20 The mask as wel|l contains
three slots that after the replications of the
spectrumyield the desired orthogonality. fﬁ t he CCD
pl anelNoaf, tdenoting byefyl theaimage phletnedsatdhe mhacgignf thg: field of
V\D2004/ &%SP%PCT/I 004/ 000410 -32 AX) (x) Sn (x)
ijp ne; We 0btg n=-1 Now, denoting by fm
the |mage obt ai ned at the nch region of the field of
view at the CCD plane, we obtain: 5 f-1 (x) [(S-1

(x) Ing )(.xg@g ,@)t(%rf)j)@mwﬁq%]@dx,) Ax)f O (x) _ Ks-1

(x) 18(x - nOx) (30) n A

whr /1TSS e s Wi ety of e

pi xel arra)[ and 0 d not es kEconvo ution process
Perforfrﬁxhg @1@85\1’50&? @r%{mé’F)&‘r e e expression in
equation (30) and

wherein 25 (x — nAx) designates the sampling of the pixel array; and ® denotes
k

convolution process.
Performing a Fourier transform over the expression in equation (30) and
observing it within the spectral region that corresponds to the geometrical

bandwidth (i.e., D/3) provides:

sl
/L\
5=
;_/
——
P
—
&
5
ie]
/—\
§
<
N—
S5
I

(5l e ) E8 L (A5

Due to the orthogonality of the three slots of the mask g, (%J :

AR ENAN 1 n=m 39
g"(/?,Fj g"'(/IF) {0 n#m (32)
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10 observing it within the spectral region that
corresponds to the geonetrical bandwdth (i.e., D 3)

w@emvitedss F 11=f f1(° x) exp ) 1IF AF ,cc , u PCMH.2064/000410

5-1 ~F 0 AF ,u) +1S" ~F)g" ,u-F) TectAF 0 ()g F o)
f fo(x) exp( u)dx 1IF AF él_) (JJo =) + o ( I
J +' ~ So g" (JJrect(J )F AF 1 f f (x) exXp F
) dx = 1 )Jdrect(Lt4) = + f ~F ~F
Due tB &h@@ bE eirshthat ithe émulflﬁbcatmrb@sglt&fs &% C@mfédered as that

%@m@@f&ggﬁr&&%ﬁ%@z Sugiilis SgE e chalipnuasipessased by a
‘faﬁ%r SifYRrdRAbid B € ritfionBPddin® Tt IrbBldCAGEbE RORL, Afthough not

alnedater ee tinmes down-sanpl ing, since

peeifiedbl pickartcddere, thatethsatbviny-sampfin, %topEra‘nl‘ont isrregquide® as well
to t he orthogonal coding. It should so be noted,

l enden trhrastare thpeeded M@thnesent ed here, that t he
or dor 865488 4w i Sulitn ERF Hieel #h1 Sperieal SlpR ot the contra
{%ﬁ,ﬂ%t’}g Iﬁ&hlﬂ)tf'v%\v Pb{a%?ed%1 and 1 spectral slots of

a

e centr region o ield of view is obtained:
CF) 1(AF )g-1(aF) - F2F 1g-1 FJ = F, Flg-i (F) rr J
(33) FF)=F 2FF)¢g' F)=F~2? gi(2F(-Fi(F)glC2F)

v () m (s (£ m(2)s (1) 5 #)s (4
 — frsand e — =F — ——— == —_— —_—
SO’_l(/IFj F”‘(}LF)g'l(ﬂFj 0 /IF)g'l /’LF) Fl(/leg"l(/le -

5ol )P e G R e i A e )

and the following is set for the 0 spectral slot of all the three regions of the field

of view:

(Eple) o nls)nls) o

)
)7 (ae) Ao ) >
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10\ \ \ and the following is set for the 0 spectral
slot of all the three regions of the field of view

WOLOENIOERF) =S' 0( 2F) +S(FF PO (FF )go (2F) - SPATAL20#)000410

+ KO'"O(F) + 91,0 F) (34) F1(2FF )go (F) =S (F) +

S1 (F 15 The solution of those 3quati ons yields: AF

g02F S,0 (2F) = F F) + F1(2FF,)°-'F (F) g0 (F) (35)

S1, F). = F F). F-1(2F), go ( 2F WD 2004/ 102958

PCT/ | Thes alb do 1esiuiredapieres of anformation <ygicxiactside damely those

of inf.ormation are extracted anel hos n in

el iR SruR s R GoRTieE IRl o, g i bf-zoomed
. ) i . : f

L T T e

by veging digicilyi thal zooning, 2@oatingousnizeantmay besobteinsd while the

may be obtained while the 5 maxi mal zoom factor of

miaxisealczoonh Eacior of feek earl Ye phtaines edpitin she e¢itrad third ofighe field

field of view The present invention provides for

oY ng t he wavel ength sensitivity of the all optical

oom . e e valid i co

ol vi B EREeREfuustiioh, RECILTRE, seRyE e AR Repilvity of

MRtAIC8htiell FoRR! fechkblky. THisGeoRAd@Ei9galiden general in solving the

above-descri bed exanpl @, since the codi ng mask

wanaeagihsseneipivityadfi abhdifractiveeoisial pleaments (JDOB).

sensitive to the wavel ength of the i]lum nation. )

Di f f eCensidgeing| &yt 2bapierdesgeined aesample: cpitee dhaicroding mask

SEPEE st iipsioRS o SeLCCRemin¥r i sl fo i fpdelgpeth of the
ggﬁl%b %9}"2%8@? V?i‘%% I?r?gizlr églgé}? {?:&iwaffesgtﬁﬂe%h% lbgn g the

B ok, [(igen hhgasie lifleh pBAsd oF df) ThAtfis awadtRldedahbaperture of
IiibzﬂslAA,1 t he obrtlairgggdﬂ%enége |pn t he Fgft aﬁ]g right thi rge o

ai itoagifg &, dlie distance between replications will be AF/p,. Since it is

linear to the wavelength A and assuming that the spectral bandwidth of
wavelengths is 41, the obtained image in the left and right third of the field of
view will be convolved with the illumination spectrum L(4). This means that the

spatial spectrum is multiplied by the Fourier transform of the illuminating

spectrum L(4):
7 (_&j _F, (i) N
AF AF) T\ Ap,
7 (_/‘_) =F (ij : Z(Lj (36)
AF AF ) T\ Ay,

L(p) = [L(A)exp(27idp)dA
wherein f_l (5{%)’ ﬁ(—}%} are the spatial spectral distributions of the left and right

thirds of the field of view obtained due to the polychromatic illumination. In the

monochromatic case they are equal to, respectively, F (i—;—), E[ﬁ:) .
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view w || be convolved with the illum nation spectrum
L(A). This neans that the spatial spectrumis

woredositgoseed by the Fourier transform of the  PCT/IL2004/000410

illumnating spectrumL(A): 20 F1(2F)-F1C2F) 1u0 F1
(36) 2F) 2F) PO Z (p) =1 L(2) gx_p(-2ni 2,u)d2 wherein
F1( H ), Fi (1F) are the spalal spectral

di stri butiaons of_theleft.andémg thirds of the
fi el dThe witlduwobbissprstruguis 446 anskthys the Hpagrstwill be smeared and

il 1umn t|o

@&uscga re?‘ﬂ%ﬂ%’%t‘f’ﬁﬁpﬁ dqré?é]aosg&r:tg% %/ Cas?o% haﬁ)the cases where

04/ 102958 PCT/ 112004/ 00041Q -35, The width of this .
éb@&/ humo, A Ahopik Z0RBINERYEL B | ann?egeénééqr@a&rmg that
and the spati al resolution will be decreased to

&M@féoo%rham X Re3EaRed) FOPBm , OdEVY: (éxa,F/A;o 3REAX > Ax .

aIIotl zomn vvlllbeda ed.. Consi ing .t hat
e ﬁ lem, ggWra tlter ig ggssH, € ?mélql,%q}@ part of the

é@i%lﬂl%ﬁh@% ﬁP?iﬁ%uﬁé At Ry gL Ed SR Foufler domain

VE| ngth's spectrum such that the illum nating
WEeel-juwil( inot Fexhibiezedsnaidjt will lallowmousagehbbithe devarse filtering
will allow usage of the inverse fi Iteri ng -~f-o
t heorem i.e.,tod|V|deF F), FF byf L-) in

§ reg%ré?’: gt ;gttglnlai:‘(s 2”—9“ N )uaFlbf}éFi(, 5 Sirrglrﬁrder to obtain
vvh| ch is gfé

generally at 100, configured erally

ystem of Fig. 1, distinguishing therefrom

Eﬁh;tﬂé ﬁEectral mask 22 (color filtering mask) is

sk 22 may be placed anywhere in the
opt | C?Lls%gtlﬁustrateé %I? tFig.r& Qﬁ‘g\%}ﬂgngn E&ggﬁghs%fs’?e%,egénerally at 100,
which is configured generally similar to system of Fig. 1, distinguishing
therefrom in that a spectral mask 22 (color ﬁltering mask) is used. The mask 22
may be placed anywhere in the optical path of light propagating from the object
to the detector, e.g., it may be part of the aperture coding mask 14B or part of the
detector 16. In the present example, the mask 22 is placed upstream of the
aperture coding mask 14B. The mask 22 is basically a spectral filter that blocks
part of the wavelengths and fransmits others. The mask 22 has wavelength
blocking slots arranged such that the system operation (including digital
processing of the sampled output of the detector) generates a wavelength
insensitive diffractive optical element.

The algorithm for designing an optimal spectral mask is generally aimed
at providing the maximal energy and maximal contrast in the mask output, the
maximal contrast meaning that the Fourier transform of the blocking mask
function is bounded away from zero as much as possible. Thus, the main steps of
the algorithm suitable to be used in designing the mask 22 is as follows: The

mask 22 has to be formed with H spectral blocking slots, each having a spectral

width of o4 and spectral positions of A1, Ay,...Ax. A predetermined value of H is
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to the detector, e.g., it may be part of the aperture

coding mask 14B or part of the 15 detector 16. In' the
w@e@gamosexanpl e, the mask 22 is placed upstr erer/of20041080410

aperture coding nmask 14B. The mask 22 is basically a

spectral filter that bl ocks pggg_of the wavel engt hs

and transmts others. The mask has wavel engt h

bl ocki ng slots arranged such that the system operation .

galectedicindga geayichds magteofos positipnovalueersahpl e atgthe blocking

of the detectar) generates_a wavel ength 20 .

widiBrdh {05 whieh fhea@bsqhéteo‘&lw;g? the Eioerer trppafosmyef thenhlocking

Rk docagioy ”ﬂv&l?ﬁ{vﬁ@&% Roundss %&E?Lﬁs&?ﬁgkﬁr‘g%agﬁﬁ%ﬁ Aaipossible. The
SRR P SRty B Ribnal P WR B kiePyrat region of

i . . _
St i 0a 'y, BMAS R UTYich P The ShAlofE pIMEES &1 and
St nadte ané@ olRal S8 ch Al EREhANMAY Beh@pIREK TAE iher@tdrs performed
follows: The nmask 22 has to be forned with H spectral

filnditiory stitizmg eamhdomy sewgcla thptepist aloveniadlt theopo&dbilities and
and sgect ral positions of 2_i, k2,... kH A, i
phasgehe optineal seholparmetpss. Womdba/engpmsgonsiderations, on the one

e e TR .
240 N S s e R i
ﬁf&%ﬁﬁe Wl oh' (g’ AfcChatl, i st IPé’ﬁ%PQ& Bff Jé‘eﬁlqut the condition
search’may be random 1.e’, the mninmal value o

ih‘ﬁ(Mv)éBe%ﬁn&é@ﬁ%?'ﬁdrﬁ%ﬂﬁ_ of 5 interest is
conputed for all the possibilities of the various

par anBoesanplicity) it Ks lssumed shatothe lengthodf ¢lad bbeokimd mask shall
al gorithm may be applied. The inventors perforned

kavaucight segments| Eacthgegmentrsarsithesdeck the enaigy of dragsmit it. A

Il th i.bilities. and ch th tj t af...
SEaRatdt SHE Fitonl eSS ibfiePisg RSP BRaRY b 25Gmberebibiies) such
Ui gt ERI¢ BPUR ' laler 3908t E 1P 83K IFaay from sero
RBOe8idp 8s possibledFrondtd aftRoduced Wkt ®nabnsidefationsHeIbhaximal
bl ocked by the nmask, while on the other hand, this

ensspy ikatt is ddeckesl by duafiliet shduéd aohdkedenn35%Habviongly) this limits

be bounded_ away from zero. For si]npl [ ﬁ)iéty" [
0

laertcrfapoqsy;me casR§)-nllys mgqas thejce _%@gtr%#iﬂ should have at
s Sy REHTR R ERg ARHISILarf B0 bRABMERE sBLAEHSS P term
“transmission” signifies that the mask equals 1 at those segments, and the term
“blocking” means that it equals 0. The position of transmission regions is part of
the algorithm that searches for the optimal masking.

Since the wavelength distribution of the illumination, L(4), could be
predicted, proper optimization of the blocking mask as well as proper post
processing could be realized. After selecting the optimal spectral wavelength-
blocking segments, the de-blurring operation is as follows:

The distorted smeared image is captured after applying the wavelengths
blocked readout process. This image is Fourier transformed and divided by the

Fourier transform of the wavelength blocking mask [W(v)]. This is an inverse
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15 search is made for all possible mask conbi nati ons
(28=256 possibilities) such that the m niml val ue of

W b@4faness er transform shall be bounded away fPONII20040000410

as much as possible. Fromthe introduced energy
consi derations, the maxi nal egg& y that is bl ocked by
the filter should not exceed 35% (obviously this

limts the nunber of P?ossi bl e cases). This neans . that
tilering pegadyrerds Wisnstfidenaay ba constiugiedywhen noise is present. An

transm.ssi.on . se nts (and the rest can.be bl ockin .
G F OO B I MIPE S BRh GRRINT s Ihesd, spatial
Hﬁ?%e.equal s 1 at those segnents, and the term

' cking” nmeans that it equals 0. The position of

t r ansRefatade isegiadooi Bigeal0AclOF tdxenallifoing bxpdriiaéntal results.
searches for the optimal masking. Since the wavel ength

Rig 104 présentsofn original inpit deregenin Fig2)L0Bs dhe dmbge ipBlurred due

redicted,. proper optim zation of the bl ocking hmask a

e ase sitoBelyChinsmitic, (hEnuation. dhe e RS MR AAME ity was

After_selecting the optipal spectral_  wavel ength- ) .
Figy LMo rdevs, thentesylis wfunversg idlieing i(dercogvelytion without

k
OO il o ko8 TR S RIS 5 PRI Bt S noise)

4 s aurd . doudi Vi
BB PO B, O ok ARSO S T PORE: A% FRREL Wik & Bfeshold of
[ 0%ov Hig. TOX Shows ahe repubis DHtMEEER OQh 182 $p8per blocking mask (22 in
PCT/ 112004/ 000410 -37 filteri n% procedure. A W ener

Fig. t9ris megd pndc dersonvelutionvik epphied sehile the ¢kreshold/an be up to

Lpnverse. Fourier transform,js cqonputed ich t.ai ns
0% (iRdhist gase CEp Bt NG PTO lﬁﬁb&f.ﬂ%@éw&n ' Shauldehponotd that the

1.0S .1 E Lfying. ri syl ts, .
R R Brrely SRR PSRN T b hy Bppatison to the
ARRIMANLuERGEt {sSadilettb $He dbfomirtddi® 1a6r & allow Xé:rforming the
pol ychromat’ic illum nation. The smearing wdth (
jveesevidlteridbCompiriagion10C shows the results of inverse
filtering (de-convolution wthout maski nogl) with a )

t hr esKigsd 14A and (MB presenigthe iHemindigiydioa (ve Fausier domain)
of, noise). Fig. 10D exenplifies, for conparison

r_@ i t - r . . 0, |

ookt EasR Tt i udsk GRRALE, PhopEli Y} 6796 and 87.5%
bl'ocking mask (22 in Fig. 9) is used and
ge tien Byt Gefiphiss GRRRUI €4 ¥biréspohlietot theaspeetral fe%Eobs% obtained
up to 20% (in this case there'is no problemwt
withs ¢) 6213%s randl 87 580tianenhigshert masks, respectively, and graph G,

corresponds to the spectral response obtained with no such mask. The minimal

spectral value in graph G; (62.5%-tranmission mask) is higher (20%), but for the
87.5%-transmission mask this value can also be high enough (more than 10%) as
compared that of no mask. This value corresponds to the threshold in the inverse
filtering computing.

The following is yet another example of the invention, where the aperture
coding is orthogonal Dammann coding. Dammann grating is an analytical
approach for realizing a desired spot distribution at the Fourier plane by using a
binary phase only grating. The transition points between —1 to 1 transparency

value are computed by solving equations set yielding the required spot structure.
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term"threshol d" used herein signifies a relative

value (in conparison to the maxinmal value) that is
w@oaedo29ss t he denoninator in order to all ow peP¢DILRDOUHN00410

the 15 inverse filtering conmputation. Figs. 11A and

11B present the illum nation fugg[ion (in Fourier

domain) for the cases where the"mask transmits,

respectively, 62.5%.and 87.5% of .the energy. G aphs .,

lpamapanncerating, ises periadicostiurduteplapting ja %@@@%@% basic period. The

obtained w.th the, 62.5%.and .8%. 5%t ransmssi . .

bR Firea il iy S pfrigh it T8 sBRRENG 1§31 iyobtained s

foiewapectral response obtained with no such nmask. The

mnimal spectral value in graph GL (62.5%tranm ssion

mask) Referfihgher Fig20F2), , therd if eltudtiaged 87 ghithnier AntiiodsiG(R), as a

mask this value can also be high enough (nore than

amobination odrpefrfgaction®: of no mask. This val ue

corresponds to the threshold in the inverse filtering

computing. 25 The following is yet another exanple of

the inventipon, wher _g?e gggé} e coding is

or t hogenal SPar p Codimg nf<grapisng is an (37)

anal ytical pgroa h fer,+ealiz{ng a desired spot

di stribution at the Fourier pldane by using a binary

Wheeen oNisy a HimhbétJef Tﬂ&ﬁsﬁibﬁn@l/i'thiﬁngmgl 0159) betyiEeR g(*) changes

to 1 transparency value are conputed by 'sol ving

exfuatn grisargletl. yi el di ng the required spot structure. WO

2004/ 102958 PCT/ 112004/ 000410 -38- Danmann grating is

a perfssmping thatther gaﬁagifﬁgctao%ggﬁelﬁ rlmgggaf Sepﬁe-pgl@oﬁllows for

The sol%tio for a grating with one period, within

ressiTe R Fotlergedes < ot ai ned as' fol | ove:

Referring to Fig.«~12, there is illustrated a grating

functi on, GG():)=azzém ep(2omy) nati on of rect fuf®8)i ons:
G x) =J (-1)"reet=x-(x;+, +x012 0:!- x< 0.5 (37) J=1

PhSicty g bodl i bR ot BBRIARS dr b Hilraction
Jﬁ?@ﬁ;ﬁgwu}i@baﬁ%e grating function g(x) is
infinitiv ls)

el'y pe ic allows for expressing it as a
Fourier series:os

4, =2 [G(x)cos(2mx)dx (39)

0

Substituting equation (37) into equation (39) yields:

4, = 4i (=), +(=1)""
N (40)
A4, = ii:(—l)j+l sin(27zmxj) m#0
mz <3
wherein A4,, are the coefficients and x,, are the transition points of the Dammann
grating as shown in Fig. 12. Solving the iterative transition points equations set
yields the desired spot distribution in the Fourier plane.
As described above, the simplified orthogonal coding mask generates
replications of the image over the CCD plane. In the 2-D case and for the
classical orthogonal mask, for the case of x3 zooming, the central replication is 9

times stronger than the replications in the 1 and -1 regions of the field of view

(diffraction orders). A phase only Dammann grating used as the coding mask
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00 Q' x) = EA,, exp(2/7inx) (38) wherein the
coefficients A, constitute the conplex anplitudes of
W b@4dofofs action orders in the Fourier plane:POI/B20043000410
An, = 2 f G x) cos(2,znx)dx (39) O Substituting
equation (37) into equation (3_9}3 yields: i A0 =
41(-1)" +1x1 + (-1)J+1 r=1 (40) % ?7 (-1)'+1
sin(27anxj). m#0 nvC J=1 erein A ,,. are the
Er@éaéq%f%nﬁ ghetn gngrgetic FLHCINEY tReR it 1SoR Riwshranlpmagke In the

Da nn ratkng~as.shown i.n_Fi g.. l.ving:

PN ot R D ABRD Helife Tt doiob a0 Y Bichief g generate 3
. i SR . o]

e PR ACE) hudl ShULRML AL, LR he inledT by 8 ccD.

gherepleation €plnarataliced wf thderopegeomstant faetorCaich that in the

El ane. In the 2-D case and for the classical

putiesgdempimilag desised ordogasaityf isxachiowd it ashwith the regular
central ,repligcation,i.s 9 i me ronger than the .
GEnd el Rk AL oy, ThTibs TofBRBRR draifl I Whegrin order to

St B A oE e LR A0S Men, BAEE PIEASARIESTRRY the required
WSrhidlizd664/19PektdEned pOr BacH tefivation shitlotiei e @ﬂgmﬂ ®rthogonal

efficiency since it is a phase only mask. In the

odisg maskxianghiteined redDéhendawodirgasligoitiio ddeseyibedsad)ovied remains
designed to generate 3 by 3 energetically equal

‘#léﬁhapg ions. After capturing the imges by the CCD,

each fepl i Lon is.normalized t.he proper.constan

Faot of DEBRL b APtk R MR e B teBcds s HRbifRC The fhase onty
hRAR i

SRS Lo SUACHUR KB Afine 8 b LHRIEOHhorent e o

dhmtinagon.s used in order to obtain high energetic

throughput. Then, after capturing the image, the
r equi e design of the proper Dammann grating should be done similar to that

-

of the regular orthogonal mask, namely, as a function of resolution enhancement
factor £, a number N of pixels in the CCD field of view, the pixel pitch 4x, a
distance V" between the lens and the CCD plane, and preferably wavelength A.

The basic period of the Dammann must be:

AVk
=—— 41
Ho NAx (41)
and keeping in mind that the imaging condition is fulfilled as well:
1 1 1
u V F (“42)

where u is the distance between the object and the imaging lens, and F' is the
focal length of the lens. For most imaging cases, V is approximately equal to F.
As indicated above, the number N of pixels in the field of view is not
exactly the number of the pixels in the CCD. The number N of pixels in the field
of view must be chosen such that it fulfils:
N=Mk+1 (43)
wherein M is an integer such that equation (43) provides &N as close as possible to

the number of pixels in the CCD.
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normal i zation is performed per each replication such
that the original orthogonal coding mask is obtained

wa@pa4tibesglecodi ng al gorithm (descri bed above) PEIHI2064/000410

10 unchanged. It should be noted that since the
replications are positive, the_pfase only Dammann
mask operates well for coherent as well as spatially

or operhodiath’ iy |1%g{1§1r{]?fg%d’l B% Ge & nitfop 56 dopwigal to the
%%e%fe(f&go}?lﬁgﬂllﬁ]pr ggonal nask, narrely, as a

on- o I on enhancemsnt factor k, a nunber
N of RidRutd it hbRdER: thélcdn@ition &W tH Gl l‘)?'Vl@MG‘h’) is also
Ax, a distance V between the lens and the CCD pl ane,
wiateprtefthe advelamilelasdgstried byheubtion ¢4 ppaboe. Fhishassuming
Danmmann nust be: ?o ~ Vk (41) o - Ndx 20 and keepi ng
ihat thred disesetetwievelengihn grecesedi Airsh33emt MoF5B2md ansl Ap=450nm,

s, t di st ance between
eongittan Og?fﬂlaﬁlﬂé il beoae Inclioving  he foca
l ength of the lens. For nost imaging cases, Vis
approximately equal to F. As indicated above t he
nunben,s M. of— gi xel s in the field of viewis not 25
exactly the nunber of the pixels in the CCD. The
nunbern Xgls in the field of view nust be
choseﬁl%%% at it fulfils: N=Mk+1 (43) wherein ﬁ4A§)
an integer széh that equation (43) provides N as close
as pogsiblie=t8 ythe nunber of pixels in the CCD. WO
2004/ 102958 RET/ | L2004/ 000410 -40- The field of view
is limted by the factor k, which is identical to the

‘éfhpr@mé@ %saﬂduMB@rﬁmngssﬁenent It shoul d be noted
of view

o hheBtd s’ bR b @og: Mo ih P b Hip Bl gRBle of three
%%@F@?@n@h%éﬁ 25352 Teftfep e DI Sof LERGPHR optical mask

BHRMPHE, namely, for which the optimal mask operation (spatial spreading) is

optimal. For the most general case of n wavelength 4, ..., 4,, with A; being the

reference wavelength, we have:

Mk+1=N
M2k+1=%

(44B)
M,,k+1=&

Assuming also that k=3 and that N is approximately 490 pixels. The
optimal solution obtained after search for the M; (i=1,2,3) integers that solve
equation (44) is: M;=162, M,=136 and M3=115 which yields N=487. Thus, this
numeric search for integers M; following equation (44) may provide optimal
solution (in respect of orthogonality of coding) for several wavelengths

simultaneously.
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the condition of equation (43) will becone the
follow ng: Mk+1= N M2k+1= ZG N (44A) AR Mk+1l= AB N

wWARMhess n M, M2 and MB are integers. 10 |t BtDUl2d04080410

understood that the above is a specific exanple of
three wavel engths, wherein AR_iyg a "reference”
wavel ength for which the optical mask is designed,
nanel

f whi ch, t h ti K. t . tial .
Cor cadRges s aoi bl osco TG SRBlANo4S Bie Zgoming,

. : ' ' t f
EMEILRGN xF o 17 the riimpl Hlolor | FRRRREHAR m A REaned, for
Mihglﬁnéldﬂiﬂﬁgé%ﬂw_lﬁbﬁr fd?%talk&’@c_ il td1gbrifimie. The presented
approxi mately 490 pixels. e optiml solution
bhpmivesgnhbver theecomylentionalt zpeoning (does 1ot 8pniradieythesinformation
{hggt % 20 equat i on ,(44% i S: =162, =136 and .
ony gheapreltys skicgdn hearze Wheredonladss pif s maderin the field
1 pt 0 j Lon . rovi de .
SOV Py o ra oy £EYSLIRE pstdrsnt pft, Btfe of spatia
gﬁ@ﬁ WméLhn HRY 8Xtdht M\ﬁé’@érgﬁ 9628 or delttab@ e teSdvhanti®range such
004/ 102958 PCT/1L2004/ 000410 -41- The present’ed
tilag thiel ¢Hamnpl capadits iopteseniedglc casei whereshe piput @bject occupies 1/k
zoom ng, starting fromxl up to the nmaximal factor k )
obthefieldrofi Hewrpekmgat isgaedeg ik the figld ofiwieny, B0 hefises in dynamic

i mage and proper .digital decoding algorithmc. The
'E?P@gé’ﬁteé‘aré%i SE%ent over the conventional zooning

Goce Tl 8 ks prtdhOLTAO b AHIFA N WSARAE nomin
amsteatud Byheréviding the desired zooms out of a single image. It should be
noted that the payment in the dynamic range is never more than 1 bit since the
generated increase in the number of spatial pixels is never more than a factor of
2.

Thus, the technique of the present invention provides a super resolving
approach that overcomes geometrical limitations set by the pixel size of a
detector. According to this approach, aperture coding is used to exceed
geometrical resolution limit. This solution does not involve any additional
mechanical elements, and has a very simple optical implementation. This
technique is proven mathematically, simulated and eventually verified
experimentally. The technique of the present invention can be used for enhancing
resolution of digital cameras, scanners and other imaging related platforms. This
technique provides for an optical zoom without using any moving elements. An
aperture coding mask can be used to produce a resolution enhancement by a
factor N sacrificing the field of view by the same factor.

The technique of the present invention can also be used in the optical
Code Division Multiple Access (CDMA) schemes (i.e., in optics
communication). CDMA technology focuses primarily on the “direct sequence”

method of spread spectrum. Direct sequence is spread spectrum technology in
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of view (as proved by equations 27-36) the increase in
the anmount of spatial pixels conmes on the extent of
wep@rgysoses or decrease in the dynam c rangePGUI2004/000410
that the channel capacity is preserved. In case where
the input object occupies 1/k _gf, the field of view
(paynent is nade in the field of “view), no losses in
s created, .Thus, the

S crdiABRGRS SiSPL i S laRasel By ARGiciahs setng ghe bit data
RO TR Lt o] 8 ARG e85 RABRETE Y st i
BRNA&RN p iAtd BRal¥P BT by MuUEplyT UG aMe8dbNGisd (?Nglcode. A

since the generated increase’ in thé nunber of spati
pinyae smuliphieation rafreachhlain of theariginglf modifila?ed $ipmal biyhihis high
techni que of the present  invention provides a super

detgorale dgN-cadpr vigtds theadivisioncehdhe gégnadt inte maller bits (which

limtatigns,se th ixel sjze of .a detegct.or,,

ACES ot n’SStIBaIﬁW@@ppﬁbcggﬁ}n%p t RS 40k g &%‘Pﬁse%lxﬁa&ds the
! o . ot Thi soe ol i

goes ng% P | ﬁvo'léfé&l rin‘gggﬁjlﬁ%%ol gg %ég é;%(?(ggg ii<kMUB attached

o dreapaturarst hesintagieg ey MpAewilptbeC@dw a periodic filter structure

i mpl ementation. This technique is proven
aperatednat el temparehepentaun afdthevientnoaally mediléfeddoptical signal.

' allLy. The technique of the present invention )
ThR ?ﬁ%@ﬁg&w use Hheakasing SrRaraiod dnid efilefvitgmporal sampling
] ' I ng. rel a tforns. .
G Bfeof AR08 g S RO rBrRa e ks, o dhe optical
S ABMARIORD \SCHEME | APERhSitte A ecdR AP EAMH EofC Qﬁﬁl@i%éémt?é‘hsmitters
can be used to produce a resolution enhancenent "by a
gactrates M dmbti Signalngvhich fsi dhid edodulated band hkes amiquely coded

factor. The technique of the present invention can )
Qugytheospretiyg mask 14Wdgeberihus sidfipliad biygtseown unique

tasee
B HRRLE ol S EDR bt oiyuel M fevyorkince yaghus signals
iht b egﬁnﬂ?ﬂié%ﬂglgu é&l&%%&d BbmS p&i%%g?rﬁp et‘f‘éﬂs%ers, these
ect sequence i s &pread spectrum technol ogy in

20Mis612858aiGE/ de f&@ﬂ#eﬁWéiEhpl? "a@dglt%' fHeit §rchandwitlé Receiver

of a signal is enlarged by artiftici y increasing the
tnd, thiaineoning signal b thalsprapdespebirbint signalt bn erdentd extradt a single
iR ersagt 06 asArningo Figtab 1 tmiipkics By dbeNRTEROPRE code,
ﬁﬁﬂﬁplyﬁ’lg a given code by itself will produce unity. Therefore, by multiplying
the signal by the unique code, the spread spectrum effects for that particular
message are eliminated. The resulting signal is then passed through a band pass
filter (BPF) centered at the carrier frequency. This operation selects only the
desired signal while rejecting all surrounding frequencies due to other messages
in the spread spectrum.

This scheme is used extensively in communication to provide multi-user
access where each user uses a unique PN code. This method provides a rather
significant single tone interference immunity, which is important in imaging, and

a trivial optical implementation ( a simple binary mask).



sinple multiplication of each bit of the origina
nodul ated signal by this high 5 data rate PN code
wQ e@kde2oshe division of the signal into small ePCDIL2804/000410
(which increases its bandw dth). Increasing the
nunber of "chips" expands the _Randw dth
proportionally. Turning back to Fig. 1, the coding

1o RSB o et BT i ek P s
. LI. dul d .
Sy R B P L BB & Bk

etdraglified, oRfiRbad 8epAtifRg tRohhRs %bﬂ?&gﬂ@ﬁﬁéﬁ % 2HABY Y appended

of t'he detector and reSolve the h frequency
¢clafms.mat i on. Thus, in the optical conmunication
schenme (transmtter/receiver), each of nmultiple
transmitters generates a |light signal, which is data
nodul at ed and then uni quely coded (passed through the
respective mask 14B) to be thus nultiplied by its own
uni que 15 Pseudo- Noi se code, and is transmtted
through the network. Since various signals mght be
simultaneously transmtted fromdifferent

transmtters, these transm ssions can be represented
by sinply adding their spectra. At the receiver end,
the incomng signal is the spread spectrumsignal. In
order to extract a single data nessage, the incom ng
signal is nultiplied by the correspondi ng code. 20

Mul tiplying a given code by itself will produce unity.
Therefore, by multiplying the signal by the unique
code, the spread spectrumeffects for that particul ar
message are elimnated. The resulting signal is then
passed through a band pass filter (BPF) centered at
the carrier frequency. This operation selects only the
desired signal while rejecting all surrounding
frequencies due to other nmessages 25 in the spread
spectrum This schene is used extensively in

communi cation to provide nulti-user access where each
user uses a unique PN code. This nethod provides a
rather significant single tone interference i munity,
which is inportant in imaging, and a trivial optica

i mpl enentation ( a sinple binary nask). WD 2004/ 102958
PCT/ 1 L2004/ 000410 -43- Those skilled in the art wll
readi |y appreciate that various nodifications and
changes can be applied to the enbodi nents of the

i nvention as hereinbefore
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exenplified, wthout departing fromits scope defined
in and by the appended clains. WO 2004/ 102958

wWERODDANLL2804/ 000410 -44- CLAIMS: 1. A nethod fPECT/IL2004/000410

i magi ng an object with inmage resolution for at |east a

part of the object exceeding byMa pr edet er m ned

factor a geonetrical resolution’ defined by a detector

pi xel array, the method conprising applying an opti cal

5 processing to the wavefront of a |ight signal

Coipaktve of at least a part of the object to be

i mged with the enhanced resol ution, while propagating
j.onar dg hB@oddRl $b8ingPhrk 8bjedi H#ath ind@letrelBlutiof! for at least a part
processi ng being predetermned in accordance wth

ohithe whiettt exceedary fogcropredbtermsmdditfactor enlpgoamtmed], resolution
aljasjng effect occurring in the detector plane and )
defigndoby e detectsgpixsl iarayothe; paethpd) comeprising applying an optical

PRGrERe 164l PR BRLAT peBotsfiindioatie “Eoieat’s part of the
L L G e —
dhpetot pikdl hartdye saRb optitdlqsroceiianbeihgredaicBmirdet B accordance

2. The nethod of Caim1, wherein said optical
withc ssisli pyedasenprinsds facter afpirgsalytion entiagcement,r alissing effect

SO SR LRt TP o o
[ ' .cati f Jth . .
B BPSR"0h Al ERCELGE o The BACLGE TRt et il
Aoceltn 8 ABURLENI AR RIHTS E3MIAD b mage
rbebnstatt bthe ainhapeabif craidfat aleast2Part nel theg obfses with the resolution

arrangenent_ of an imaging system 4. The nethod of any
ghaneed py saiddias®ral ai ns, wherein the optical

rocessj ng. i ncl.ud rocessi.ng .t he .wavefrgnt with a .
Funct i B¢ Teehipr pf (Glaiay £y mhegsin,kidh oplical chrotisning. compriscs
- ti . a i .
A BB 1P o=l pRUGOIRERSF dhnce wit
Pl D ER%6H, g ARin@eEbeod Mchhhsaofpoeide@he 6fthbBénality of spectral
following paraneters: the factor k of the resolution
dath amdicatevet of thesamipded dutphit of thel detéaton

3. The method of Claim 2, wherein said predetermined aperture coding is

applied to the light signal while in a spectral plane defined by a location of an
imaging lens arrangement of an imaging system.

4. The method of any one of preceding Claims, wherein the optical
processing includes processing the wavefront with a function, Fourier transform
of which is real and non-negative.

5. The method of any one of preceding Claims, wherein the optical
processing includes processing the wavefront with a function of the following
parameters: the factor k£ of the resolution enhancement, a number N of pixels in a
field of view of the detector, a pixel 'pitch Ax of the detector, and a distance V'

between an imaging lens and the detector plane.
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field of view of the detector, a pixel pitch Ax of the
detector, and a distance V between an inmaging |ens

wa@ea4tibesgiet ect or pl ane. WD 2004/ 102958 PCT/IL2004/000410

PCT/ 1 L2004/ 000410 - 45 6. The nethod of C aimb5,
wherein the nunber N of the deggﬁt_or pixels in the
field of viewis |[imted by the Tactor k of the

GEsoL U RRRBSTRI s el TR RSN S Beupepicts i
e 10010 0 OB ARLET b FORSPIRR, i

aper t UrRe ¢R4hHd of TI1HBS i%ﬂﬂ%rel‘fm&%%ﬁnﬁéﬂ N &fpikelsafahe detector
provi ding the val ue of to be as close as possible to

ficluobeievofis peleetel to shfisfy alevedition. that: The Mie+hpdorod specific
Caimb5, wherein said function is a functiaon of . .
waveleagidx for which, theraperipre sadive isl desigred, WrheareinnM isean integer

BB Ehe e oBle PR AT B R sl S At b in he
&@%&: engt hs Al, ... A, wherein one of the
wavel engths, Al, is a reference wavel ength, for which

ghe ap®hé ufRtieldidt Glaindes) ovlgsteiro daid Ofvinctieh : isMbK fliadtion of
M2k+1= 2 N 15 (44B) Mik+1= N wherein M, ... M are
wavelgagth. such that said condition provides N as cl ose

as possible to the nunper. of, pixels jn e. detector.
9o. Trihsaneibed of Cﬁﬁgmfg; vhareigy e JuiRber t-ixelsiarias detector

e
metnotnptcond kP I8¢ viRelABAC I ClsC) atefifte sdveldiifin, for which
ﬁi;ﬁ@@g%ﬁgé 'b(?(gn' $s d@ﬁ%ﬁ%&ﬁ%@gpﬂ%@w di ng a predeternined

pfi cat of the wavefront of said |ight
signal . WD 2004/ 102958 PCT/|L2004/ 000410
Mk+1=N
M2k+1=l—2N
(44B)
Mnk+1=ﬁN
4

wherein M;, ... M, are integers such that said condition provides N as close as
possible to the number of pixels in the detector.

10. The method of any one of preceding Claims, wherein the optical
processing of said wavefront produces a spatially spread distribution of the at
least part of the light signal on the detector plane.

11. The method of Claim 10, wherein said spatial spread distribution is
produced by providing a predetermined number of replications of the wavefront

of said light signal.
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-46 12. The nethod of any one of preceding d ains,
wherein said predetennine optical processing

W@ wpni®wss passing the |ight signal through anPCT/1L2004/000410

ort hogonal optical mask. 13. The nethod of any one of
Caims 1 to 11, wherein said preggetermined 5 optical
processing conprises passing the |ight signal through

B ¢ he Theenaiod af Sarpiar DIRcpUect IS, WHErae seid prédetermine
SPTAIchits e bisth ol IS e SR PR yopet o opfpoeonat

dpticallifadiet hod of Claim 12, wherein said optical

processing i ncludes anplitude coding of the

WAy ef r dhe .mdifiod Wfeanyevhe df dflaany lotwel bf whkminmsaid predetermined
15, wherein said predeterm ned optical processing

epiienli Rioseshing icpmprisgs massipgiberlight signalhhroughhen optical mask

sigpnal Ry the .predetermned rture code, thereb

otfiisei oyt SriioBPEMSSpERRe nirBrfERE saingled ghtout of the
g9 on the detector plane. 17. The nethod of any

one of Clainms 3 to 15, wherein said predeterm ned

o4t i caThpmesthssd iof ClaidnmB| seerettlshidobdpticid g&b@s@@‘geihﬁm%s phase
of the light signal by the predeterm ned aperture
codiog aflike wiayeffenker ati ng replications of said at |east

rt t he obj ect over the pixel array plane. 20, 18.
Pe nefllﬁsdmﬁhcd B riaemo 24 wheet s gica dwaretgings includes
. ises multiplying the sanpl ed
%ﬁsgﬁ?ﬂ%§§§%¥§ygﬁgﬁ% er thed aperture code. 19. The
181 hodTRE idba of/any s SF TIhlis dewots Nghereid B8id predetermined

sanpl ed out put conprises normalizing the sanple
opitigaltprpegssegcdomprisesenukiplyingtthe weavedirtht o2%he light signal by the
mul tiplying the inverse Fourier transformof the

prsdetarmieesl apeHiE aoylestietebyopediscigns spetial sereads sectrum of the
FofFued R onthe AP Bl any one oL Preceding cialm.
PSR 4o OO IR | PR prscteined
oeEe] Wrbesing dompresesthaiipiving the wavefront of the light signal by the
predetermined aperture code, thereby generating replications of said at least part
of the object over the pixel array plane.

18. The method of Claim 16 or 17, wherein the decoding of the sampled
output comprises multiplying the sampled output by said predetermined aperture
code.

19. The method of Claim 17, wherein the decoding of the sampled output
comprises normalizing the sampled output per each of the replications, and
multiplying the inverse Fourier transform of the normalized signal by said
predetermined aperture code.

20. The methqd of any one of preceding Claims, wherein the optical
processing defines a function divided into sub-functions, a number of the sub-

functions being equal to the factor by which the resolution is to be enhanced.
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WO 2004/ 102958 PCT/ L2004/ 000410 -47 21. The net hod
of any one of preceding O ains, wherein the optical

w@r@easds1g conpri ses passing the |ight signal P€TIIR0@000410

a mask conposed of an infinite train of
del ta-functions. 22. The nmethodef any one of
preceding O aims, conprising applying 5 spectral

£ TR ettt B oA ot Do s 8 optca
PG e BinafYEr Bty (B 41y Bt NP} gasg, gomposed of an

ERArah PRIt ARctioMer ei n the spectral filtering
conprises passing the light signal through a

22wel efhe hmetwk obndrygwned of optecedikg s GbEmsf cob@prising applying
wavel entﬂt hs and transmt the other wavel engths. 24.

smestiabtfitsaing taithe dight $enalg sugheihet waid éPWéKﬂél fakgring and the

PRy SgREY té%(%’&ﬂo%ﬁ%f o e ete Qi PR reRiel i Wavelength
&,ﬁe&fm@é f%%ﬁ@é tector @ll1 ngth mask is a part of

e pl xe array 26. The nethod of any one

23. C alThe g&thed 8BCIMREL R whéreth Rwpleealt filtéfsk comprises passmg
conprises a pattern f or med by an array of H wavel ength

thieo tight pighadt ﬂuough:ha Wawlnggth esskaconSgwetr td Modk hsome of
5X, and havi .ng predet ned pectral positions, 4
wavelengths apddrssmit, thermayelengBEhod of O ai m 26,

45T el Erzegﬁwfaé*m% 0 23 WHEEHRE (v Blengf gl o part of
PeQfpieiage 8ddth \fﬁé&kfba%n@g Sut s%ﬁli ﬁggi@gl i Uebssiify, t O

provi de for maX| mal energ I'1 ght” contrast

25 t heThemethod of Cldien %‘oe I%ngﬂferasm&he waivelebligth meskdgla part of
of Claim27, wherein the nunber H of the bl ocking

@lledﬂ&el e‘fi@te@pfl mal spectral positions X1, X2

at a h%l&%ﬁﬁﬂf 5’5\39%&“6’?@2‘6)(%3%& i ?“Q%E'IF@? S‘ﬁi@gth mask
wcﬁhi‘%g%? ayfRRT SortigF biypth aBraCb B S URhelt BIRCKTHE s, cach
Balifg 98 cetin Qﬁbdtﬁ? 'vHﬂth Eﬁe%ﬂ'lia%h edefeli‘ﬁm%l?&‘ﬁécﬁlal ositions,
posn%l ons X1,” X2. a, H, "and the ock| ng slot wd R
R, 250! NgSRapedtngly.

27. The method of Claim 26, wherein the number H of the blocking slots,

their optimal spectral positions A, Ay,...Ay, and the blocking slot width 8\ are
selected such as to provide for maximal energy and maximal light contrast in the
output of the wavelength mask.

28. The method of Claim 27, wherein the number H of the blocking slots,
their optimal spectral positions Aj, A,,...Ay, and the blocking slot width SA are
selected such that an absolute value of a Fourier transform of the wavelength
mask function is bounded away from zero as much as possible.

29. The method of Claim 27, wherein said selection includes searching for
the spectral positions A;, Ay,...Ay, and the blocking slot width dA, corresponding
to the selected value of H.

30. The method of Claim 29, wherein said search is random.
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to the selected value of H 30 30. The nethod of Caim

29, wherein said search is random WD 2004/ 102958
weEamAhe2e94/ 000410 -48 31. The nethod of C ai PCRE,2004/000410

wherei n said search conprises determning a m ninal

val ue of the Fourier transform.gfg the wavel ength nask

function in a spectral region of interest, for all

8PS bl b ol U BBt 450 SndP S0 i o
SRR, H18; YR R Oy 0 B PSP in o

ARGl Uf thibFeld Sbea] |
os0l Ut on der e by § EEB@%%{I%%%S;F‘[% g@?‘%%&@% of 04 and Ay

32mgi nd sssdmrfor amaging ag objedt veigh agddtedtsr abedritdy, the system
and an aperture coding utility cor]fi%ured to create a
being gtad Frgproviding imgae resolutien dby atleasha piaet of the object

det ect I t h di tilit '

PR Y £ PreaqPEnERE, bt of ioatsriel josiofiup deined, by the
. . bei . h ¢

AR LR P SRR o PO EpigisfoR il M Efhe s agsombly

ad in apbrfthe @dling piilibatoni@Red th @Fsatd airdalPaid SEMnbeAtRE image

configured in accordance wth the factor of

oleths| ehjecninethicatatestenplaaedthel apsturg coding uiility beingHecated at a

det.ector p] ane and .to provide orthogonality of )
Erﬁéeierlapnedia QFatIQA W&ﬁii yespest to dhenimaging, denst assembhe amsl being

BB e’ SaHFCR RO AR CSPAL Sabs wi
Gt lop RAPpr Rt e ald Burth Rl b LIEATERL AR, with the

fabtoraifiresalutiop @nhandentdnt tihd atipsimiolsceubdst fothelddtdétby plane and
is a function of the predeterm ned factor k of the

toepiovide erthegenaldy raintpectral dotanindientivit of aiaxplled jontput of the
iel.d of Vi f det ect or i xel pjitch Ax of th
dsfestrgp theihy dnabluies B Risrudefrotiado Mekgic fha Shapled output
t: - .. Tha.. f .
BRI g i eSS Py H AR B regotuion

@hracedbnied fabtoan . optical path of a |ight signal
comng fromthe object, the 25 aperture coding

3R.i | i tThe lspstetny of(daas s3hgwhensay shidopattaf efithle lapgtttire coding
si.gnal to produ a spatial spread distribution of at
lr,tbl%gtls adrctym gé&)@ nreggtermingddpcton kol éhe resolution enhancement, a

number N of pixels in a field of view of the detector, a pixel pitch Ax of the

detector, and a distance 7 between the imaging lens assembly and the detector
plane.

34, The system of Claim 32 or 33, wherein the aperture coding utility is
accommodated in an optical path of a light signal coming from the object, the
aperture coding utility thereby processing a wavefront of said light signal to
produce a spatial spread distribution of at least part of said light signal on the
detector plane.

35. The system of any one of Claims 32 to 34, comprising a processor unit
connectable to the detector and operable to carry out said decoding by processing

the data indicative of the sampled output of the detector using said aperture code.
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detector plane. 35. The system of any one of Cains 32
to 34, conprising a processor unit connectable to the
wa@ledoeaox958 and operable to carry out sai d decodp@mIlzg04/000410

processing 30 the data indicative of the sanpl ed
out put of the detector using sajpgl_aperture code. WO
2004/ 102958 PCT/1L2004/ 000410 -49- 36. The system of

any o of C ai 32 to wher gi,n Htch erture .

ou n&%ssrat«?w%yog%? le%éa 3 p"tsr WGl tpe apsriure coding
gan erein the aperture coding

lﬁpﬁyﬁ¥§£§%ﬁ%§?é%§bﬂ%ﬁgm%%?fcaI mask that has said

PALt erThobydie ONE1ahi B6diwhkesiathe apeitard codiapeautilitgscomprises

5 38. The systemof C aim 37, wherein the optical mask |

the opticalnmaslathed hasipait petieroof thgiens: wihdiderenh eptieal giragerties.

| ens assenbly. 3

3t i calhergestens o? r@]ggqg af %3\;&1 ﬁmret?qfl, é;l?e ?cl}pgllé‘%ﬁ éﬂ@wgﬁ ise iagcc}nrl]r%odated

assenbl y. .40, Th e . [ erein the

L@&fﬁe@ﬁﬁ grn%%‘ﬁmtgea?’ﬁ%?ﬁge @aﬁﬁlgﬁsh@g@r&l& pattern on a

F9ir T acen ok §t@%bmﬁﬁg 38 MheRSiBamB! OpticAl maBReisSisdeea with the
of Clalms%, erein the aperture coding utility
iinglingémsassapbly.al 1ight nodul ator (SLM operable as

the optical mask. 42. The system of Claim4l, wherejn
4he SLTh¢ sysiewopinblpimed7.upybetein the pptl%ﬁi\mfﬁ? t5aby @p ﬁ%@ of the

i magi n Ien§ aSSﬁE’oL . J15.43. The stemof d aimA41,
PR OF 4 HETaseiiEe igiRdFyaeh i maging | ens

T 1 . .
857Dl A 0emIUECHIRL O, SR S0l BRe ol ncudes

Jpasial light 1n56ﬁ1a$<)‘1‘5(tSi!M§>6E@_ﬁbleDa[sethefopﬁlcal mesia7 to 43,

wherein the optical mask is a 20 phase codi ng nask.

4%. ThEhes yystem affClaimidh, #hereingheSh.M e aptnaemodaigidrigpstream or
mask is a Dammann, grating. 47. The system of any one
dowastigan of the wnaging JmsasiembRe optical mask is

tn T Lgrﬁﬁgg gfnzﬂﬁFﬁ?%waﬁg,o%igferi%&%@%ifl\ﬁrig]iﬁ{eg{eﬁewith the imaging

lens assembly.

44, The system of any one of Claims 37 to 43, wherein the optical mask is an
amplitude coding mask.
45. The system of any one of Claims 37 to 43, wherein the optical mask is a

phase coding mask.

46. The system of claim 45, wherein the phase coding mask is a Dammann
grating.

47. The system of any one of Claims 37 to 46, wherein the optical mask is
configured such that a Fourier transform of the optical mask function is real and
non-negative.

48. The system of any one of Claims 33 to 47, wherein the number N of the
detector pixels in the field of view is limited by the factor k of the resolution
enhancement.

49. The system of Claim 48, wherein the number N of pixels in the detector

field of view is selected to satisfy a condition that: N =Mk +1, for a specific
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25 non-negative. 48. The system of any one of C ains
33 to 47, wherein the nunber N of the detector pixels

wo poothe2968 el d of viewis limted by the factorP&r/oi20e41080410

resolution enhancenent. 49. The system of C aim 48,
wherein the nunber N of pixels._igpthe detector 30
field of viewis selected to satisfy a condition that:

= . ecific WO 2004/102958, . . .
Betrlétatit o S B Bobigirs AR B T esignpriawherein M is an
aesd i okl [ [ = j :

ARG B KRE e wituk IO eGP QR0 BOSISe o hdimBlk of pixcls
potei ddtecto a nunber of pixels in the detector. 50.

The system of Caim33, wherein said function is a

Plnct i dheosystemwaleClaiar 133, 5whemiie saidt &masionClisi an fifiction of
wherei n.the nunber N of pixels in the detector field
Biavelength-s sel ected to satisfy the fol | owing condition

rn ' - 2" rei f. the
581 o B Sh 8081 eIl 50, sparcif i IBHEN LPRSSH B cetctor
FiBR1 8P ¢l [Lsctdd i e | ' ifi ' :

10 Mik+1=N ¥ e %%4% tﬂﬁﬁiﬁﬁggm%% ?‘ﬁr '?A%@ngths’ A
M, &Y, avhditBOSHES of tHewhidbn sk I\ £ A8 di fefe?Bndy RubERAeN, #8r which
close as possible to the nunmper of pixels in the

thet apertore cading2itilith és dgssgreat tofbeaoptimake of Cl ains 32 to

51, conprising a wavel ength mask. 53. The system of

Cl ai m52, wherein the wavel ength mask i s acconmodat ed

upstr l|r23‘9+0{_%pwnstream of the imaging |ens
arranéz nt. "54. The system of C aim 52, wherein the

wavel th nesk is part of the 20 imaging |ens
assen@’?ﬁ&‘.”‘_bv
(44B)

ME+1=2oy
A

wherein M;, ... M, are integers such that said condition provides N as close as

possible to the number of pixels in the detector.

52. The system of any one of Claims 32 to 51, comprising a wavelength
mask.
53. The system of Claim 52, wherein the wavelength mask is accommodated

upstream or downstream of the imaging lens arrangement.

54. The system of Claim 52, wherein the wavelength mask is part of the
imaging lens assembly. '

55. The system of Claim 52, wherein the wavelength mask is part of the
aperture coding utility.

56. The system of Claim 52, wherein the wavelength mask is part of the
detector.

57. The system of any one of Claims 51 to 56, wherein the wavelength mask

is configured such that the passage of the light signal through the wavelength
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55. The system of C aim52, wherein the wavel ength

mask is part of the aperture coding utility. 56. The
weyaiamss Cl ai m 52, wherein the wavel engt h maBKT/II004/000410

part of the detector. 25 57. The system of any one of

Gains 51 to 56, wherein the wavgl ength nmask is

configured such that the passage of the |ight signal

bRk bt Genans (Hsthe, PpISONAL Beresaleipssther o Wavelength
SR RS ASRELA ehRApt Ner a vavel ength

I nsensitive ctive optical elenent. 58. The
s8st enTht &bl 87 Claerss, Wh&%i%ﬂ@'\%k@iléh%ﬁ%ask comprises a -
conprises a pattern formed by an array of
paitetnefogmied ycark amgy of & wavekogtihbloickingssletsy ezinhaving a certain
spectral  wdth, 8X and having predeterm ned spectral
ppestral owidthi o, apd haying predetesmingd gpectal prsdiansstemha,.. A,
of O ai m 58, wherein the nunber H of the bl ocking
Lspeeivelyhei r optimal spectral positions ki, X2,. .

,an iR Sl . dt I :
§g|' to g“nggrfs %ng%@i %gn’ %gﬁeﬂ%\?&aggﬁﬁg{ ?v%eq%lﬁ Ul%'ﬁg slots,
HR#F bBfindal %géét%rﬁok@ticﬁ{s in %V,A@mq% eRdt the BISKkihBNI6f Rdth S\ are
I's bounded away from zero'as nuch as possible” 60. A
seletted stioh asse satisfiy rmpgimitiod ket tag, absbRitereblvedf Fourier transform
conprising passing a |light signal through a )
waths wayelangthyraskallingtion 1phovrdad dvay &gnorerogfs much as possible.

.fferent transm ssion far dif.ferent wayel engths,. .
B o pdy instho DB o Hnadihe PhieSh: he Mo AmBRung passing a
. . : : y .
T, SR Bl 00 S T3l B U P UL R0 b itreret
RaAGAKSI0W folaHETreai Gaivelhgfs, afdpatteth beiHeP YhctPhs teprovide
detector, thereby generating a wavél ength insensitive
didxfimat ehergy apt neafimel epntrast BltheThashewbmd; diteCliagnthe mask

60, wherein said pattern is formed by an array of H
(et avigh B nixelcaray dstestas; and dwosrpsinggdaia cmdigative of a sampled

0!

spectr w dt h, 8k, and havin 20_predet er ni ned.,. . .
SR () L &oeProRomeBby (8¥AAne  WREERHA Bigiliye diffractive
gpﬁci[rglaﬁ ©of Caim60, wherein the number H of the

b ing slots,

82

ocC their optimal spectral positions X,
. TBEimethdd b €180 68] wlesdivtaidi (thitterBi$ figed by an array of H

wavelength blocking slots, each having a certain spectral width, 8A, and having
predetermined spectral positions, A;, A,,...Aq, respectively.

62. The method of Claim 60, wherein the number H of the blocking slots,
their optimal spectral positions A;, A,,...Aq, and the blocking slot width &\ are
selected such as to provide for the maximal energy and the maximal light
contrast in the output of the wavelength mask.

63. The method of Claim 62, wherein the number H of the blocking slots,
their optimal spectral positions A, Ay,...Aq, and the blocking slot width 6\ are
selected such an absolute value of a Fourier transform of the wavelength mask

function is bounded away from zero as much as possible.
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sel ected such as to provide for the maximal energy and

the maximal light contrast in the output of the
woawelie9st h mask. 25 63. The net hod of C ai m 6RCT/IL2004/000410

wherein the nunber H of the blocking slots, their

opti mal spectral positions ki, g¢2,.. kH and the

bl ocking slot width 62 are sel ect ed such an absol ute

oot 111 metiel AR CI ARy MHSHIBSDS ASeRGEh HUBE Scarching for
B SBoR A IO i v it B DS REITEiqth P Yresponding
b el g%gagﬁggﬁ%gg%ﬂf or the spectral positions 2i, 7?2,

cking slot width 6X correspondi ng

d30 t herrahetiodhMalaua 64, wheréib.sailtheanat sadnddémC ai m
64, wherein said search is random 5 66. The net hod of

68. ai m"lEhfb metterdepf Gaiing 6de avheneingnid issarsh dmapmsesi degeranining a

n ni val ue of the Fourier tr formof the ..

TRENER, wgllw dhe FoHeer dﬁﬁmﬁﬁ) gﬁﬁ%t‘me?%%ﬁ dnag function in a

i nt erest p i Lgi i.ou S

s9PER. Relpnptintorgsy! oF msp@eﬁf%o%t&]@ Rt e B and 1
rousg t L, f [

6’17? r angerren?ag%ﬁép?%gf&r% a io th %@%hag@g% %?étems the

d1ﬂ"rzi&w%rbpiﬁial Qﬁhngﬁhbnﬂxfoﬂlpﬁﬁhg @Osmwﬂelﬁgthmlask adjopmhodated in

be imaged to a pixel array detector, the
ammptlealgpetth rﬁékghmomglg fisun taer abjeshitel beaimagad teinpixel array
formed by an _array Hwavele th bJockln sl ot

deseqion 4h¢ mavalength mas m é}?@&% a patifFy, §aidgpatte rb&%ngd by an
Fisoe ﬁ?{j Pangengf Blockpd it 're"c”:@fhaﬁg %?ﬁe{%}-‘h S a7
O FRLEE PR e R pORIONS, PRY 250 V8P sppctively, said

FhETRRs BEOpAtheh PRing YAVQREE I boVias etsdital nergy and maximal

contrast in the mask output, the diffractive optical element being thereby

wavelength insensitive.



