METHOD AND SYSTEM FOR EXTENDI NG HTE DEPTH OF FOCUS FI ELD OF THE | NVENTI ON
This invention is generally in the field of imging systens, and relates to
an i magi ngolessisssnangenent with increased depth of focesT/IBAGKGEREISIND OF
THE | NVENTI ON Ext endi ng the depth of focus of inmaging systenms is a very

i nportant core technology allowing its incorporation into various
applications, including inter alia medically rel ated applications where

el enents, such as cameras, are to be inserted into the body in order to
observe and detect problematic tissues; as well as ophthal mc industry

i ncluding gl asses for spectacles, contact |enses, intraocular |enses or
other lenses inserted surgically into the eye. The extended depth of focus
solution is also needed for thlcal devices |ike nlcrosco es or caneras for
i ndustrial, medi caMETERR 8P |9YSREE FOR TOTYGHET "S5 Cat9Fohec " wher e f ocusi ng
of light .is required and where today focusing is being |nplenented by a

mul titude of lenses wth the need of relative displacenent between the
focusi ng arrangenent and an i mage and/or object plane, by nechani cal
novenent, either manually or electronically driven. Various approaches have
been devel oped for obtaining extended depth of focus of an optical system
One of the known approaches, devel oped by the inventor of the present

i nvent i on FIELRIQETHEJINKENIIEIN076984. Thi s techni que provi des an

all -optical extended depth of field i magf 3 An i magi syst em produces
i mges of accepilapievegtianiis generadlyjiache Tighd o imeaing @as,a@ndarwt@éwan ety

of distances from i ma em A enbodi nent of the imaging
syst em i néPUHES 'S BBjaEf@PgeInga%ﬁill”tl%ﬁe?sq%{e‘ﬁ@%é’%g% fibosi te phase maskand a
sensor arranged along an optical axis. Light fromthe object is focused by
the auxiliary l'ens in tandemw th the conposite phase nmask, producing an

i mage wWhi GACKGROUND OINTHE INSVENTION Thi s techni que is based upon
pl acing a spatially highly resol ved phase el enent on top of the |ens

aperture such tihaéndippthddepth Sfocas ofesabingesigiding & g&86F dhpektant core
technology allowing its incorporation into various applications, including infer
alia medically related applications where elements, such as cameras, are to be
inserted into the body in order to observe and detect problematic tissues; as well
10 as ophthalmic industry including glasses for spectacles, contact lenses,
intraocular lenses or other lenses inserted surgically into the eye. The extended
depth of focus solution is also needed for optical devices like microscopes or
cameras for industrial, medical, surveillance or consumer applications, where
focusing of light is required and where today focusing is being implemented by a
15 multitude of lenses with the need of relative displacement between the focusing
arrangement and an image and/or object plane, by mechanical movement, either
manually or electronically driven.
Various approaches have been developed for obtaining extended depth of
focus of an optical system. One of the known approaches, developed by the
20 inventor of the present invention, is disclosed in WO 03/076984. This technique
provides an all-optical extended depth of field imaging. An imaging system
produces images of acceptable quality of objects which are located at a wide
variety of distances from the imaging system. A preferred embodiment of the

imaging system includes an object, an auxiliary lens, a composite phase mask



Anot her approach is disclosed for exanple in the follow ng publications: US
6, 069, 738; US 6,097, 856; WD 99/57599; WD 03/052492. According to this

appr oach,we 20esziiss3phase mask is used in the aperture pl aoe/Lzoslomses t al

post processing is required to realize a focused i mage. Mire specifically:
US 6, 069, 738 di scl oses an apparatus and net hods for extendi ng depth of
field in imge projection systens. An opt2cal system for providing an

i n-focus, extended depth of field image on a projection surface includes an
encoded nmasd msersbpbiraggeddngfar optied edind ighefibhgtie dlgechsl fodesabpect
information (or, equivalently, information about the desired inage), and an
ext ended depawxidinry lesisdn tapim wedkthef epmpaditenphiasg Mark, pegdusing an i@age of t he
projection.system .ln addjtio o includi ng object .informat.ion, the encoded
ok encoddieR imeidshe Shh dehelet; SR St RbGed e HarngRsrpliigr  ons
i ntroduceg;: L | fo ki , [.AO post
pr ocessi nglﬁyﬁg%&%gﬂ?%ge 1%1%8@;&3@%; I ggﬂggégg@ééﬂlrgggglﬁ g%agé: Ogﬁ%%r}%t e([gd for

reduci n§ iofEetd1dethQs Sehdrateddgi Ng systems having an extended depth of
field. An inproved opto electronic imaging systemis adapted for use with

i ncoherent |y i lAnothenaeproath éx tiscland fohiestmpleotuthesfollomeahg ipmbljestionsri ng
reduced i ing error_co . _The i I ng. syst i des an.optical
assenbl y ﬁg 65@@%% g% &@gﬂ%ﬁ@dﬁg@é}@ma \X]q ﬁg} Oé%ﬁégt XPBOI%éng RYEs, an

i mage sensor_for recei.vi he _inter i.ate | n o] i n

i nt er nedi ;aﬁgrc;;a&élgg §§%lﬁaﬁg}?asén1§af}? 6%35%?&5 @gafﬁ&ﬁ’g? @?@%egrgf%g {Eﬁep ost

i nt er medi %Gcésgﬁ@eis%@ﬂ?éd Meﬁﬁ?@&?@cﬁeﬂ'iﬁﬁgel m@sﬁécﬂﬂééllﬁa}“ ng a reduced

i magi ng error content. A reduction in imaging error conterit is achieved, in
part, by includi®®,060,75& digeldsealanagpandihy and phethedsrdskettondimguddptly ofhe OTF

of the optical assenbly to be relatively invariant_ over a range of working
di st ances fiedddndmaggioiastienraystentsavAm gphicel syssemtfoa peeviding agdarfegdes

O O GO e Sk B0k e g
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optical asgaibisntly)defomngividabdenthel desired image), and an extended depth of
15 field (EDF) mask, for extending the depth of field of the projection system. In
addition to including object information, the encoded mask encodes the light
from the light source to account for the variations introduced by the EDF mask in
extending the depth of field, so that no post processing is required.
US 6,097,856 discloses an apparatus and method for reducing imaging
20 errors in imaging systems having an extended depth of field. An improved opto-
electronic imaging system is adapted for use with incoherently illuminated
objects, and which produces final images having reduced imaging error content.
The imaging system includes an optical assembly for forming an intermediate
image of the object to be imaged, an image sensor for receiving the intermediate
25 image and producing an intermediate image signal, and processing means for
processing the intermediate image signal to produce a final image signal having a
reduced imaging error content. A reduction in imaging error content is achieved,
in part, by including in the optical assembly a phase mask for causing the OTF of
the optical assembly to be relatively invariant over a range of working distances,

30 and an amplitude mask having a transmittance that decreases continuously as a



approxi mately optimum focus. WO 99/ 57599 di scl oses .an optical systemfor
increasing the depth of field and decreasing the wavel ength sensitivity of
an i ncohewernocopssssal system The system incorporates aPESPAC2@H/0(E6S0Se
optical mask into the incoherent system The optical nmask has been desi gned
to cause the optical transfer function to remain essentially constant

wi thin some range fromthe in-focus posit}on. Signal processing of the
resulting internedi ate i nage undoes the optical transfer nodifying effects
of the masimctionsor tdistgned fieomithef @t theegd. Mer ratuctioar @a sedgicdgpefoof
field. Generally the mask is placed at or near an aperture stop or image of
t he apert @p@icst ap also taehivied; dal paysbEninchidingriabihie proeessmgk s faes onl y

h d.not l it f light, .th h li.tud b h b

phase, and nol, aIpLLLude, of L aht oLhauoh arpliLyce ey beCROnOSEX vy
f i i t : 3 9 i 04
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| enses, 5 i appRGMhely ophant $ocdf the surface of the eye itself. This is
acconpl i shed by applying sel ected phase variations to the optical element

in question (fdV 6159 disyloses yir gtisalr fysteem thhr ticnessing thehdeppin @ éield
vari ations -code the wavefront and. cause the optical transfer function
to remi naeg %ﬁmaémg/t Wav slenety 1omsHiaGnat PRAGECREREY PPITA twaterm. Thzus

20014 10" TR, Bt g™ SR R SBESHSL AR BB AR, o
fopth o Mesyiotipstiok spenonciae [ sihes ol oI, yUEIELORY, 12t
and 200380 t&@2wmSyssanidalUScdn I, Wilin sdmé raezeafrom thatinefocos pbkiﬁoapSirgnat e
pl ane. More specifically:US 6,554,424 describes a system and nethod_ for
i ncr easi n@redessiagpoh B rewliingfintermediptaninedge unHecs yibe eaplieal ciapifesed of
?n{g?fefgﬁ%gyﬁaﬂg%%ﬂ%p%ﬁghgfp%,“%ggﬁgﬁgﬁBQL{ﬂﬂhﬁ%sHﬁlg%%%%%%th%ﬂ%sed
depth of field. Generally the mask is placed at or near an aperture stop or image
of the aperture stop of the optical system. Preferably, the mask modifies only
15 phase and not amplitude of light, though amplitude may be changed by
associated filters or the like. The mask may be used to increase the useful range
of passive ranging systems.
WO 03/052492 discloses a technique providing extended depth of focus
(EDF) to human eyes by modifying contact lenses, intraocular implants, or the
20 surface of the eye itself. This is accomplished by applying selected phase
variations to the optical element in question (for example, by varying surface
thickness). The phase variations EDF-code the wavefront and cause the optical
transfer function to remain essentially constant within some range away from the
in-focus position. This provides a coded image on the retina. The human brain
25 decodes this coded image, resulting in an in-focus image over an increased depth
of focus.
Yet other approaches, disclosed for example in US 6,554,424 (as well as
U.S. patent application publications 20040114103; 20040114102; and
20030142268) and US 4,955,904, utilize apodization of the aperture plane. More

30 specifically:



aperture substantially in the center of the optic. The optic may be
configured to produce |ight scattering or conposed of a light reflective
mat eri al .wol2oevmsassvel y, the optic may increase the deptrhTaf200®000868vi a a
conmbi nation of light interference, light scattering, light reflection
and/or |ight absorption. The optic nmay al so be configured as a series of
concentric circles, a weave, a pattern of4particles, or a pattern of
curvatures. One nethod invol ves screening a patient for an ophthalmc |ens
using a pi nhol &J$&EeNII ddsotitng d Bydiera drehmetind farigasasinpethpaldpgnof's
depth of focus. Another nethod conprises surgically inplanting a nmask in

t he pati erfoces ef/thetlgimae cpesthe Kgstampis leooiprissdu a lggshogiss agowtigdadhé bes a

masked intraocular lens for inplantatjon into a human eye. .The nask, .which
bl ocks onllgiapts sonfigared ke BGGEe DahbiMareisnch AR bapitiolohike Pt

defines a i 4 e [ frd er eby
i ncr easi nga%{gﬁael{ed%g[ﬁ%{yf’aﬁ# oltli:llutlél,Q c§§1¥e§ %ﬁﬁo@gﬁégﬂn&dg t%@%?%é%xﬁiége%ﬁ% | of
the eyesi reith@t Bght Rddbtihg dalcohif@itd bf adidnWetledttvermaterinr Akehativelypupi |

around the mask and to reach the'retina to allow a person to see in di mrer

| i ght condhe ioptis maynineneasethe depthnef, foche virms koobinates of kgl intarfarendear
aperture alnggﬁa | ar ger exterior .annul us; the small circul ar, aperture has an
|11

addi ti ona wertterning r gl rellectian amdfpr: gt shsonption-oFheioptis faay Bfose

vision. Al socsprovided is a nethod f.or .treatin atien ith. aracts
conpri si ngco?lgﬁlgecq %Sggtsﬁgeﬁgﬁé’ﬁf’e@ﬂfecﬁ@%’ tahwg?ﬁ?es pan%%tﬁegé q"f'réqrg% I%I?_gl ens.
Some ot he[}aaffﬂeﬁi B chiVBRRYE NBAE niRRSD hf%?\%sasrc?eé?ﬁl?ﬁ bgﬁiﬁ@nﬂ fbrtaﬁleorglﬁﬂlélﬁﬂb ng

pat ent publications: U S. Patent No. 5,748,371 scl oses extended depth of
field aptilead usiygtagrinholEherayndnge dedioe in tiey keas ito gndrbssedbptpatiofit'ss depthl oiind
decreasing the wavelength sensitivity and the effects of m sfocus-producing
aber r at i onfoces. Anethpemectbod semmisshsbegicallypimplantigss epaskniothgopatiand's o

speci al purpose optical k Lpto the incoherent system The optical nask
has been oeé'pitﬁﬁ’é e?%?@ﬁﬁgga{ﬂtgcffﬂ‘?cal transfer function to remain

essentially CO'{IES %@5%‘? DR G 4 ﬂ-gigﬁe& ﬁﬁﬂ&ggﬁri 18ad P65 EnRAftatioA nto> 9nal

processi ng of e resufting internediate i ma
human eye. The mask, which blocks only part of the lens body, together with the

15 pupil of the eye, defines a small aperture in the eye when the pupil is constricted,
thereby increasing the depth of focus, as a pinhole camera does. When the pupil
of the eye is }dilated, additional light is allowed to pass through the pupil around
the mask and to reach the retina to allow a person to see in dimmer light
conditions. In one embodiment, the mask defines a small circular aperture and a

20 larger exterior annulus; the small circular aperture has an additional power
intermediate between that needed for distance and close vision. Also provided is
a method for treating a patient with cataracts comprising replacing the patient's
lens with this masked intraocular lens.

Some other vision improvement techniques are disclosed in the following

25 patent publications:

U.S. Patent No. 5,748,371 discloses extended depth of field optical
systems. The system for increasing the depth of field and decreasing the
wavelength sensitivity and the effects of misfocus-producing aberrations of the
lens of an incoherent optical system incorporates a special purpose optical mask

30 mto the incoherent system. The optical mask has been designed to cause the



undoes the optical transfer nodifying effects of the nmask, resulting in an
i n-focus image over an increased depth of field. Generally the mask is

pl aced atwea 2pod/assspal pl ane or the image of a principal ppranmosboosése
optical system Preferably, the mask nodifies only phase and not anplitude
of light. The mask may be used to increase the useful range of passive
rangi ng systems. WO 01/ 35880 discloses midtifocal aspheric |lens, an optical
surface in close proximty to a person's pupil for correcting presbyopia, a
net hod f obptibdlairmisier funationnbirealais wsiacllyasshseant asithinssonge ryngey foeam t o
carry out the nethod. The optical surface includes a first vision area, a
second vi theomn-dpeus positioundiigeplt heodessisg of dhe rgaeltiagt Hiteunediateoimagea
surroundi ng .t he,second vision area, the fir vi si.on ar.ea havin first
Subst ant | BHGESHE GROCH R e Rea St etonts P therasl e A edR Aardor
powers, t i Vi.Sl: a i e Lall; L wer

G sti not 1By (T i SfteRet K 09 Aelne ity Shenha Y, Bl B 0ETET
third Vi sheifcipabphnbayY tRdimiesPh pfintipalipfaaeaf thadptibs sgbteed. meResbljavi ng
spherical surfaces. The nethod includes reshaping the cornea to obtain this
optical sthd meek nTdkficoonkyaphesy and neshapidudewflight.abhemiask nory beused

under | yi n%%surface by 1ati on or collagen shrinkage, wherein the ablation
i s perfor RHBASKARE Preiy! e fiDAesIVe SAMHNE SYSIEMSal | aser, water cutting,

flurd jourtl ng. o) 88451 RAcRL, BARGRAE) PAnSRE IONS oPIEeRIREE 7 o0,
the desi r%ﬁ)s@%fcﬁﬁihit hgy AChefsbA! 1P¥ok N®rEQtingaprelBPopias & niMESEYr Syst em
i ncludes a | aser beam generator and a | aser beamcontroller to regulate the
beam s10 i bbtyningethaospieal burfacoyond alasal segay systennto cdrry ouhdel meitweiue from
aregion in an optical zone of the cornea with the _ abl ative radiatjon,

t her eby f diheionjical pebacst inchulep agiitsh VPR larefad secpnd §ision gremswFarding second

he Seconds PR RASA DI VipiaPEn Rarroghopg, Beaetir el R BT o

fabricati : r I kNG A6 f Eraet an-te [ , rdi ng
to thie t QECH el halBY g B3 SR BRIy, LiBfd Bk CHr e B iton JENT
edge" by Gadmgahlingeorgasidgry, tHiethird vision area having a second substantially

15 single power distinct from the first single power, at least one of the first, second
and third vision areas having an aspheric surface, and the other areas having
spherical surfaces. The method includes reshaping the cornea to obtain this
optical surface. The cornea may be reshaped on the anterior or an underlying
surface by ablation or collagen shrinkage, wherein the ablation is performed by

20 applying an excimer laser, surgical laser, water cutting, fluid cutting, liquid
cutting or gas cutting technique. The method also includes obtaining this optical
surface by placing a contact lens having the desired optical characteristics on the
cornea. The laser surgery system includes a laser beam generator and a laser
beam controller to regulate the beam striking the cornea to remove a selected

25 volume of corneal tissue from a region in an optical zone of the cornea with the
ablative radiation, thereby forming a reprofiled region which has a first vision
area, a second vision area surrounding the first area, and a third vision area
surrounding the second vision area.

U.S. Patent No. 5,965,330 discloses methods for fabricating annular mask

30 lens having diffraction-reducing edges. According to this technique, the lens



transmssivity radially fromthe center aperture to the annul ar mask area.
The net hods introduce varying levels of a coloring agent (e.g., dye) into
certain pyotzoawmEsssfi the | ens. WO 03/ 012528 descri bes anPpappnzoas/o®sésor
generating a light beamw th an extended depth of focus. The apparatus

I ncludes a binary phase mask that generates a diffraction pattern including
bright main ring and two side-Ilobe ri ngs,'6a'n annul ar aperture mask that
passes only part of the diffraction pattern, and a | ens that causes the

| i ght passhady héw amghnulae naashuthat fenpes & Usefttedget byegrgdutloywaedeasing theoss
the optical axis. Wiere the converging |ight crosses the optical axis,
const r uct i HARSTHEEYHE fadi@dlyt Bresthe genter gpewust tontheaannyar masknarenatlbhas an
ext ended depth of. focus. U S. Patents.Nos., 5 786,883; 5,245 367 and .

5, 757, 458 i§20ddF t}BESFiu%% YAPAPE HSERIS o RatRloTilg s8R0 (§réed a9 FH8r 8?1%3% th
the normal,diHBsd bPMHNEROf the human pupil. An annular mask forns a smal |

pi nhol e-1i"ke aperture on the contact |ens enabling continual focus

correctfon. TheWau08/01di5a8eleetrilds droippanatub dor F@afkatald 9Wght bearBaitieant O
transmt nore |ight energy through the pupil as brightness |evels decrease.
The cont acxtensied dapthbefl sfocust The dapparatus vinchwlsar attananyd pliast inmask deti cal

I gn heyond t he

corrections, both at.the small aperture region._and in the reg
annul ar mesRer %ﬁﬁ?f@f‘f‘& lopﬁﬁbfilﬁ’g&cbﬁ%?rl& hingi gng gndpyorsi ‘?‘h‘@}?ﬁrl‘a&% di m

| i ghting, .an i [.ew | . t :

5. 960, 77 B Sur et Bty A s U SRS ROt B b
Accor di ng Jefs tthats chenit@utight HasdifRShROYET th@hnpBlR 5038 RBhvie
anplitude and phase of the wavé across the pupillary aperture are

var i abll@s.toWaedd @b crmas theeoptorad txisc Mélkerb ythe baulvergingeljglansosdee o dpiical
accordance wth a mathematical functi-on, e.g., a Gaussian distribution or
Bessel f urféds:oPnstaetive prigHereacsitakes plspeeeycralng @ Hehlebepm thahbaneni c,

paral |l el or ial. Jhe .l ens may be of single power or nultiple power,
e.g., of t%@érg%ﬂf%e@gf Of%%l.s' U.S. Patent No. 5,905,561 discloses an annul ar

mask | ens for Viyy ®atents Nos. 5,786,883; 5,245,367 and 5,757,458 describe an annular

mask contact lens designed to operate with the normal functioning of the human

15 pupil. An annular mask forms a small pinhole-like aperture on the contact lens

enabling continual focus correction. The outer diameter of thé annular mask

allows the wearer to transmit more light energy through the pupil as brightness

levels decrease. The contact lens may be structured with two separate and distinct

optical corrections, both at the small aperture region and in the region beyond the

20 annular mask. Functional imaging is thus achieved for both bright and dim
lighting, and over a wide range of viewing distances.

U.S. Patent No. 5,260,727 discloses wide depth of focus intraocular and
contact lenses. According to this technique, the lens power can be a constant but
the amplitude and phase of the wave across the pupillary aperture are variables.

25 The Iens can be constructed by shading regions thereof in accordance with a
mathematical function, e.g., a Gaussian distribution or Bessel function over a
predetermined geometry, such as e.g., concentric, parallel or radial. The lens may
be of single power or multiple power, e.g., of the bi-focal type.

U.S. Patent No. 5,905,561 discloses an annular mask lens for vision

30 correction having diffraction reducing edges. The lens body has an annular mask



correction having diffraction reduci ng edges. The | ens body has an annul ar
maskt hat forns a "soft edge" by gradually decreasing the transm ssivity
radi al | y woema/igssgent er aperture to the annul ar mask aPea/aLid08000Best ent No.
5,980, 040 describes a pinhole |l ens and contact |ens. The contact |ens
conprises an optically transparent |ens body having a concave surface
adapted to the patient's eye curvature and-a convex surface. The |lens has
three regions: (1) an annular region of a first optical power; (2) at the
center of tistifdrmpaulselt ¢ &y, grduglty idecigbhsiagahe thesoidsivda ragalyefront sai d
| ens, a substantially pinhole-like aperture; and (3) a second | arger

annul ar r &g eentesapariuse t the amflarwaslaaieal ar region. U.S. Patent No.

5,662, 706 di scl Seg E‘GQ%Z\&I ;bbg@mz%m Slii Vi t arin | ar n&ask I e_n% fO{,ht he
‘Peal ?-ats TUAREHIRS hPYHO apd coipart fegp. Lhe

;Lgﬂ gfir]g%g;@a%f‘?l- d %opﬁﬁf L OGP Witica rt?ﬁ%bafe‘ﬁ@rl%ggob:d eRgtidt h ncave

ker at opl asty, and pos reS%r a%fi g)e slffjfgery conplicati o&. %ﬁe | ens nhas an

annul ar 5 Mgifab@ uifted o dRe phtika's| edRirvitiANatd B\RAYEQRaH 284, MY lens BAS act
| ens. The aperture having a "soft"” inside edge and which mask has a

gr adual | y threerregiminay (1) @meninglar veégign roddi fitdtyoptioahpdwehie(20 ut ¢éhe eelgfer of t he
mask. U.S. Patent No. .5, 225,858 describes.a nulti fgca.l opht hal m c .l ens
adapt ed f §RId #UAHTELIBN WIHCR feals) at Hhe oRjigsh cemtsh et eald dans @ suRsteRlaklyr nea.

zones o r ORAPABR AP FnCTbRt () £ TR R GHERRu TBlcl Gkl BLupERn Y

first regipafubkt&eidnfar vision correction power and a second region with a
near vision correction power. In an | OL enbodi nent, the vision correction
power heétween flAS. datemedNo.i S,6p2000edsicles andasable tfantiésstatordnukagi ons
has a maj or segnent_ in which the near vision correction power is )

subst ant | anask densstiantthe THeatpesnér of wptisal abetratipngopech #si Bight Unsopisat ent
No. 6, 554, 859 .di.scl oseaﬁiegn i nt ar, lens for .eye of a

pat i ont. $RECHGH AHeGrdags AKAE: (GRIoopic CEe rvain: BRORRBRY. The
optic has yaph BTG dPRYE reMALETL birobfP BoiptiRalifE PR 1A an annular
mask having an aperture larger than conventional pinhole contact lens. The
15 aperture having a "soft" inside edge and which mask has a gradually increasing
transmissivity radially toward the outer edge of the mask.

U.S. Patent No. 5,225,858 describes a multifocal ophthalmic lens adapted
for implantation in the eye or to be disposed on or in the cornea. The lens has an
optical axis, a central zone and a plurality of annular zones circumscribing the

20 central zone. Two of the annular zones have a first region with a far vision
correction power and a second region with a near vision correction power. In an
IOL embodiment, the vision correction power between far and near is
progressive, and each of the second regions has a major segment in which the
near vision correction power is substantially constant. The power in the central

25 zone varies.

U.S. patent No. 6,554,859 discloses an intraocular lens for implantation in
an eye of a patient. The lens includes a multifocal optic and a movement
assembly. The optic has maximum add power which is less than the add power
required for full near vision for a pseudophakic eye. The movement assembly is

30 coupled to the optic and is adapted to cooperate with the eye of the patient to



required for full near vision for a pseudophakic eye. The novenent assenbly
is coupled to the optic and is adapted to cooperate with the eye of the
pati ent twefzh@atissacommodati ng novenent of the optic i nPCHAL®Y&000RESNS
systens including two optics and two novenent assenblies are al so provided.
The intraocul ar I enses and | ens systens are particularly useful when
inplanted in the eyes of a patient after-$enoval of the natural |enses.

U.S. Patent Nos. 6,576,012 and 6,537,317 disclose a binocular |ens system

for i nprovfagt ddvenwhsdatingomoxept efithe diftéc &y teedyd. ey dgstehisriatludilgg second
ophthal m c I enses. Each of these lenses is adapted for inplantation in an
eye or totwe optsgsosed tve movemenhassemhbes afhaldo psavideds Thasingapewler

basel i ne di opter ,gower for distance. vision.correction d. t he seco
opht hal i SoTRER G ST S R 6 PARII PR S BB BR8P 5t ance
Vi Si on cohéggﬁq@%rg&gvgp@tggln ?i ﬁﬂg&s may- be intraocul ar | enses which

are inpla he eyes of a patient oOr has natural |enses or follow ng

renoval 5of the (ngt pa@ht NeBS®S76.913-anda, 8311,3 Np diR1dkéh Bibbclia RS Stetn
nul tifocal ophthaimc lens with induced aperture. The nultifocal | enses are
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aspheric optical surfaces are to produce’the desired optical power

di stri b0t bapdineTdiepter pofcrder birgtthamgissaeecavisonpearaien. The fophthadmic

pol ynom al series for sinplicity of use in conmputer driven |athes for

shapi ng cdensgstmayehe éfraomwilay leasesnivhich arefigmanted dartheeyes ehgatiest per al
| ens and | ense ressed .or surgically shaped
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transiti ofnducdd epertaeNete0 multifocal lenses are defined by nonconical aspheric

15 optical surfaces. Various alternative surface shapes provide a central distance
vision region surrounded by an optical step. The optical step has rapidly
increasing power in the radial direction which creates an induced aperture
through which the cortical elements of the vision system are induced to
concentrate. The induced aperture results in increased clarity in distance vision.

20 Nonconical aspheric optical surfaces are defined to produce the desired optical
power distributions. These surface functions are also provided in form of
polynomial series for simplicity of use in computer driven lathes for shaping
contact lenses. This technique refers to contact lenses, scleral lenses, intraocular
lenses, and lenses impressed or surgically shaped within the corneal tissue.

25 U.S. Patent No. 6527389 describes an improved multifocal ophthalmic
lens, which has a plurality of alternating power zones with a continuously
varying power within each zone, as well as in transition from one zone to
another. In other words, a plurality of concentric zones (at least two) are provided

in which the variation from far to near vision correction is continuous, i.e., from

30 near correction focal power to far correction focal power, then back to near, and



another. In other words, a plurality of concentric zones (at |east two) are
provided in which the variation fromfar to near vision correction is

cont i nuousO 2006401883fkir om near correction focal power to facTabprewgedosen focal
power, then back to near, andagain back to far, or vice versa. This change
is continuous (progressive), wthout any abrupt correction changes, or
"edges". Two versions of this technique aPe disclosed. In the first version
continuous, alternating power variation is acconplished by a continuously
changi ng aegainabacketoofar,tdrevibemsrspoThBrdhangs Us tasttnudidpeigressi vl ivihoube
angl e of inpact of light rays on the eye. In the second version continuous,
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15 surface improves the modulation transfer function (MTF) of the lens eye
combination which improves the focus and contrast of both distance and near

images. The design form is valid for contact lenses and intraocular lenses.
U.S. Patent No. 6,024,447 discloses an enhanced monofocal ophthalmic
lens for providing a monofocal vision correction power with an eﬁhanced depth
20 of focus. The lens is adapted to be implanted into an eye, placed over the eye, or
to be disposed in a cornea of the eye. The ophthalmic lens includes a baseline
diopter power for far vision correction, a first zone having a first vision
correction power, and a second zone having a second vision correction power.
The second zone is located radially outwardly of the first zone. The first zone
25 includes a near vision correction power, and the second zone includes a far vision
correction power. A maximum diopter value of the first zone is approximately
0.7 diopters above the baseline diopter, and a minimum diopter value of the
second zone is approximately 0.5 diopters below the baseline diopter power. The

first zone is adaptéd for focusing light at a first predetermined distance from the

30 retina of the user, and the second zone is adapted for focusing light at a second



0.7 diopters above the baseline diopter, and a m ni rum di opter value of the
second zone is approximately 0.5 diopters bel ow the baseline di opter power.
The firstwepane/diss3adapted for focusing |light at a first ppraimogocessesed

di stance fromthe retina of the user, and the second zone is adapted for"
focusing light at a secondpredeterm ned distance fromthe retina of the
user. The second predeterm ned distance -ild) -approxi mately opposite and equal
to the first predeterm ned distance. A third zone, which is substantially

simlar torddeterhnined distagce ifionh abatreting adithe lyenuTharsdtondprddeeeradnedd
zone, and a fourth zone, which is substantially simlar to the second zone,
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Typi cal | y ihd & cpRtAonemy be about 1.0 mmthick and its distance fromthe
cornea 7.0-8.0 mm WO 03/032825 di scl oses a nmethod of designing a contact
| ens ot0Oot her d&OSr dterinNoor6, 5 boodi dagcribes o piteacootarelznt ofort imceegsead i ent .
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positioning in the capsular bag. The optic is positioned substantially farther from
15 the cornea than a natural lens, so that a cone of light exiting the optic to impinge
upon the retina is much smaller than a cone of light from a natural lens.
Typically, the optic may be about 1.0 mm thick and its distance from the cornea
7.0-8.0 mm.
WO 03/032825 discloses a method of designing a contact lens or other
20 correction for providing presbyopia correction to a patient. The method relies on
wavefront aberration measurement data for providing a best form correction.
Preferably the correction is in the form of a multifocal translating style
alternating vision contact lens or a simultaneous vision style correcting lens. A
method for designing a correction for improving a person's vision is directed to
25 correcting higher order aberrations in such a manner that a residual amount of the
higher-order rotationally symmetric aberration is greater than a residual amount
of the higher-order rotationally asymmetric aberration after the correction. The
design method is directed to correcting asymmetric higher order aberrations
induced by decentering of a multifocal contact lens that has residual spherical

30 aberration which provides increased depth of field.



hi gher-order rotationally symmetric aberration is greater than a residual
anount of the higher-order rotationally asymmetric aberration after the
correcti oNO 200601883381 gn net hod is directed to correcti ngprasynIoes/nioseshi gher
order aberrations induced by decentering of a nultifocal contact |ens that
has resi dual spherical aberration which provides increased depth of

field EP 0369561 di scloses a system and 'p]f]ocess for making diffractive
contact and intra-ocular | enses. The optical systemincludes the follow ng
princi pal el emdgiR 83695 ®ptischises hisgsernindprngsaforaptkingldifkacivef antact
acconplishing the indicated steps of the process: a |aser for em ssion of
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optical elgapgllidafcpted RetacaRle sn AESRENBHIE @xEier laser, emitting at 193
nm. The lens is a variable magnification lens to project various size images of the
15 mask for producing zone plates of various powers as desired.
The known techniques, however, suffer from such drawbacks as
unavoidable scattering of a significant part of energy towards the outer regions of
a field of view of the system; the need for digital post processing; damaging the
spatial frequencies transmission and the energetic efficiency.
20
SUMMARY OF THE INVENTION

There is accordingly a need in the art for an all-optical extended depth of

focus technique.
The present invention solves the above problems by providing an imaging
25 arrangement utilizing an optical element located adjacent to, attached to the
surface of, or incorporated within an effective aperture of the imaging
arrangement. It should be noted that the term “effective aperture of the imaging
arrangement” used herein signifies a light collecting aperture, which may be the
actual size of an imaging lens itself or an aperture in front of the imaging lens, as

30 the case may be, for example the eye’s pupil in ophthalmic applications. It should



surface of, or incorporated within an effective aperture of the imaging
arrangenent. It should be noted that the term"effective aperture of the
i mgi ng awvoangarresst” used herein signifies a |light coll ecrimmosp@sésur e,
whi ch may be the actual size of an imaging lens itself or an aperture in
front of the imaging |l ens, as the case may be, for exanple the eye's pupil
in ophthal mic applications. It shoul dal sd2ve noted that the inaging
arrangenent of the present invention may utilize a an array of |enses
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optical elenment being associated wth a corresponding one of the | enses.
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the technique of the present I nventiron does not require digital post

pr oces$0 ngmapt grﬁceasiﬁgd@éﬁmﬁmte@@hhhwam subapitiatiatredusedor ot her
"nonconputer” based applications. The optical elenent of the present
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(close to 100%), and does not require apodization. It is important to note that
15 such a high efficiency cannot be achieved by a diffractive optical element even if
it is phase-only element, because of the divergence of light to unwanted
diffraction orders. Since the technique of the present invention does not require
digital post processing, it is adequate for ophthalmic applications or other “non-
computer” based applications.
20 The optical element of the present invention is configured to define a
mask (preferably a binary mask) of spatially low frequencies transitions. This
may actually be achieved by designing the optical element so as to define at least
one transition region (e.g., line or circle), to be surrounded by regions of the
imaging lens, in the plane of the imaging lens. This at least one region of the
25 optical element together with the imaging lens’ regions define a predetermined
pattern formed by spaced-apart optically transparent features of different optical
properties (i.e., differently affecting the phase of light passing through the
imaging lens arrangement).
The position(s) of the transition region(s) of the optical element within the

30 imaging lens plane (i.e., the affective aperture plane) are selected, considering at



optical elenment together with the imaging |l ens' regions define a

predeterm ned pattern forned by spaced-apart optically transparent features
of differwotomyptigssal properties (i.e., differently affeecirnpouwfeopstase of

| i ght passing through the inmaging | ens arrangenent). The position(s) of the
transition region(s) of the optical elenent within the inmaging | ens plane
(i.e., the affective aperture plane) arelSel ected, considering atleast the
affective aperture size of the inmaging |lens. These positions are
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The optimal geometry and dimensions of the EDOF element (i.e., at least

15 one transition region) are determined using an optimization algorithm (based on a
numerical or analytical approach, resulting in a spatially low frequency all-
optical extended depth of focus), which determines N position(s) for the
transition region(s) of the element within a given imaging lens (i.e., for a given
effective aperture size).

20 Considering ophthalmic applications, where the effective aperture of the
lens (eye pupil, or contact lens, or lens of spectacles) can be defined by a certain
relatively narrow range of values common for most of patients, the EDOF of the
present invention can be designed to be universal for a great amount of patients.
Such a universal EDOF is configured to allow the depth of focus region

25 equivalent to 5 diopters for the effective aperture of 2-3mm. For a smaller
percentage of patients having a higher difference between the near and far vision,
the design of the EDOF element takes into account the optical power of the
imaging lens with which the element is associated.

The position of the transition(s) (being pi-phase transition for a certain

30 wavelength for which the EDOF is designed) generates invariance to quadratic



Such a universal EDOF is configured to allow the depth of focus region

equi valent to 5 diopters for the effective aperture of 2-3mm For a smaller
per cent ageoaboguasssent s havi ng a hi gher difference betweeaTthmosremsssand f ar
vision, the design of the EDOF el enent takes into account the optical power
of the imaging lens with which the elenent is associated. The position of
the transition(s) (being pi-phase transitldn for a certain wavel ength for
whi ch the EDOF is designed) generates invariance to quadraticphase
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The extended depth of focus (EDOF ) element of the present invention is

15 configured to generate proper phase interference relation allowing significant
cancellation of the quadratic phase factor obtained due to getting out of focus.
The EDOF element is a phase-affecting element (e.g., phase-only binary mask
element), which is neither a refractive nor a diffractive element. In contrast to a
refractive element, the EDOF filter of the present invention can be produced as a

20 thin phase layer conmstructed in a low-cost lithographic technique with the
thickness of the phase layer being of only one wavelength (e.g., around 0.5
micron in the case of ambient light illumination), similar to the fabrication
approaches used for the conventional diffractive optical elements. On the other
hand, in contrast to diffractive optical elements, the EDOF of the present

25 invention has the spatial feature(s) of very low frequency. The element contains
only very limited number of features and periods at low spatial frequency (period
of about 1,000 wavelengths). The property of the optical element of the present
invention allows for obtaining truly energetic efficient EDOF, since not only all
the energy is passed through the element itself (it is substantially phase only) but

30 also all of the energy is concentrated at the proper transversal and longitudinal



approaches used for the conventional diffractive optical elenments. On the
other hand, in contrast to diffractive optical elenents, the EDOF of the
present iwoentdmsshas the spatial feature(s) of very | orcTnexugmmges The

el enent contains only very limted nunber of features and periods at |ow
spatial frequency (period of about 1,000 wavel engths). The property of the
optical elenment of the present invention ¥ tows for obtaining truly
energetic efficient EDOF, since not only all the energy is passed through
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defini ng adaptation process since an extended depth of focus image is identical to the
15 1image of an object itself.

There is thus provided according to one broad aspect of the present
invention, an imaging arrangement comprising: an imaging lens assembly
including at least one lens having a certain affective aperture, and at least one
optical element associated with said at least one lens and configured to provide

20 an extended depth of focus of the imaging arrangement, said optical element
being configured as a phase-affecting, non-diffractive optical element defining a
spatially low frequency phase transition, said optical element together with its
associated lens defining a predetermined pattern formed by spaced-apart
optically transparent features of different optical properties, position of at least

25 one phase transition region of the optical element within the lens plane being
determined by at least a dimension of said affective aperture.

According to another broad aspect of the invention, there is provided an
imaging arrangement comprising: an imaging lens assembly including at least
one lens having a certain affective aperture, and at least one optical element

30 associated with said at least one lens and configured to provide an extended



spatially low frequency phase transition, said optical elenent together
wth its associated lens defining a predeterm ned pattern fornmed by
spaced- apaotoayptisssal |y transparent features of differentcopt205b00868
properties, position of at |east one phase transition region of the optical
el ement within the |l ens plane being determ ned by at | east a dinension of
said affective aperture. According to andtbher broad aspect of the
invention, there is provided an inmagi ng arrangenent conprising: an imnmaging

| ens asserdbpah dhlcuslofthaimd gag hrafgehents siidpligabelefidnabeigf d@didured
aperture, and at |east one optical elenent associated with said at | east

one | ens amd plaseiaply egon-difrastivd disary exaskn delidiegt 4 spatidllyc lesv dfequieacy magi ng
ar rangene sai d .qptical el enent being confl red as . se-0
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transitio 0 fining
2 pr edet o py AP aferd RN Y RE B enbl by SRR e e £F
features dofiffelicht %ﬁ&il p%@faé&@b pdsém@ﬁ bF @f lcaBOSHd pﬁﬁs@&mﬁﬁuéﬁégmﬁmﬁtﬁ@ase
transition region of the optical element within the | ens plane being

det erm ne@pbya]aﬁleﬂnea’smmndthm}ms planefbeing detmentd b atjpast aidenersiomodli ng t o
yet another, aspect of the invention, there is provided an imaging

ar r angenme SELAHHgALIVE AR§TTUER | magi ng | ens assenbl y including at |east one

acooct at ed w t feessrirta 6 e naP Rand o ARG ealiPla ae s bk, B "

ext ended gi nt
bei ng COn?ﬁ@%ﬁgﬁ&g&&%ﬂﬁ%asghgﬁ? aﬂ%ﬂ%%%ﬁ%g§¥p§%FP§gy§B?|chﬁge g#@ﬁe
def i ni hg &bn&pl@hls dHalving QV\Cérta&ﬂUﬁMlvléh@p@uiré amsd tat dvastsaied opfitalc sleningment
together with its associated | ens defini redeterm ned pattern formed
by spaced-aageeiatedpyith aiaid af rlaass peiree kans e@c? @D@ggwfeddtd pe@\adc aypf:made

| east one phase tra n regqgi on of pti cal

Bl ehent videatthot insth el impding argeabear srartiog! sEmad et Contisiedh o
oo a1 o0 SyRREIAE U g 8@.&&3‘3zél%rgé@*ﬁ@hpﬁ{@@‘é;ﬁﬁa@&zfozat
regi ons offretdm@nbﬂgagwtr&ﬁmﬁaﬂ,e@@fopﬁ@alr ceneattdpdiia Whe it 4d6¢iafdd lens
15 defining a predetermined pattern formed by spaced-apart optically transparent
features of different optical properties, position of at least one phase transition
region of the optical element within the lens plane being determined by at least a
dimension of said affective aperture such that the optical element produces
proper phase interference relation between light portions passing through
20 different regions of the imaging arrangement corresponding to the different
features of the pattern to thereby reduce a quadratic phase factor resulting from
light getting out of focus of the imaging lens and maximize a defocused optical
transfer function (OTF) of the imaging lens arrangement by providing the out of
focus OTF as much as possible away from zero.
25 According to yet another broad aspect of the invention, there is provided
an imaging arrangement comprising an imaging lens assembly including at least
one lens having a certain affective aperture, and at least one optical element
associated with said at least one imaging lens and configured to provide an

extended depth of focus of the imaging arrangement, said optical element being

30 configured as a phase-affecting, non-diffractive element defining a certain



features of the pattern to thereby reduce a quadratic phase factor
resulting fromlight getting out of focus of the imaging | ens and naxi m ze
a def ocuswo 20qdaissh transfer function (OTF) of the i mgiPog/ILBoso@sssangenent
by providing the out of focus OTF as much as possible away from zero.
According to yet another broad aspect of the invention, there is provided
an imagi ng arrangement conprising an i magl’hg | ens assenbly including at

| east one lens having a certain affective aperture, and at | east one
optical elpanen ofispattilbtled fiktller®yi shast tlagsisionoRethinegplage b€se Bngeing
configured to provide an extended depth of focus of the inaging

ar r angenedens, saich et iseisl optieateelenteat riggetber vt ¢ agsoeiatadh swaginelnisng,

non-di ffr ive elenent definjng a certainpattern of spatially | ow

fr equencyadpc?%ﬁ%n? raaPl"sel%ﬁeBW%n‘?ﬂi P%f“ﬁn Oﬁmsﬁgg’oﬁpwa-@ Iﬁb‘:ﬂﬁ]@ n‘é, NSPFEHLL hat
said opti é]?%e Mthylts as I - | I ine a
pr edet er mﬁ%%tg?%s:ﬁ ?Fﬁ rtr?lg%rcg%_s g%%aed-(gp;%?t %ﬁ‘j’g{gﬁ %%ngggrgﬁéﬁ P at ures
di f fer ept layranbbareht, NSospi@ieoOfhel p1Re RASRIOME diheushichh elenieg ivighin the
arrangenent, positions of the phase transitions of 'the optical el enent

Wi t hi n t hémagatg hepsl plase gleame determgnetbbgrati leest dyimensionstf saidiaffacsiven of

said affective afertdure to .reduce sensitjvity of the i i ng_arrangenent to
shifts of RCCHFeFLFRAULE SRATIHYVIE GAdhe dRagoprrygenat it?rﬁng} § @ k=ohgER1te

getting o f o A [ t.0o yet anot broad a t of the
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el enents each optical el enent beling associated with one’l ens of the [enslet
array a0d dseimggingniirgngenteritocqnprisidg @m aepalyeofl shsde pabh diavigg us cafaihhe

i magi ng arrangenent, said optical elenent being configured as a )

phase- af f édfachiye apsrives.fandaen iayeayopk ppacaleglements epshi epticgl £lepent being | ow
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15 spatially low frequency phase transition, said optical element together with its
associated lens defining a predetermined pattern formed by spaced-apart
optically transparent features of different optical properties, position of at least
one phase transition region of the optical element within the lens plane being
determined by at least a dimension of said affective aperture.

20 | According to yet another aspect of the invention, there is provided an
imaging lens for use in patients' spectacles, the imaging lens being configured to
define a certain affective aperture and carrying an optical element configured to
provide an extended depth of focus, said optical element being configured as a
phase-affecting, non-diffractive optical element defining a spatially low

25 frequency phase transition, said optical element together with its associated lens
defining a predetermined pattern formed by spaced-apart optically transparent
features of different optical properties, position of at least one phase transition
region of the optical element within the lens plane being determined by at least a

dimension of said affective aperture.



According to yet another aspect of the invention, there is provided an
imaging lens for use in patients' spectacles, the imaging | ens being

conf i gur esot2006cagssne a certain affective aperture and cacmyirgs/envsespti cal
el enment configured to provide an extended depth of focus, said optical

el ement being configured as a phase-affecting, non-diffractive opti cal

el ement defining a spatially |ow frequencl® phase transition, said optical
el enent together with its associated |lens defining a predeterm ned pattern

formed by spacefle@pdir aptyiet aldoyhdrr &spepaignthel atnties, tierdiikfmoeniedont i cal
properties, position of at |east one phase transition region of the optical
el ement widisplay tdeyigeepatrpingnen bspgigmederengamed, hich coagsises adi apasiodn of
said affective aperture. According to yet another aspect of the jnvention,
there is ﬁP@gﬂ%gﬂf‘éeﬂﬁéﬁ} Vi3 g%“%‘&rqf%\?cﬁ’é’e&?qr%‘@i ﬁlﬂraéﬁé{e‘?iéeﬂ?t}c%i ch
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dept h of fogﬂg, sai de opti cai@épgl enent SE)ei ng@g%nf ?Igglreglgggis@?(gﬁglg- afﬁggcti ng,
non- di f f r ghase-affepting.al nei-diffmttivef opiiced ®lapenti aldfinihgwaf rspatiagliey Iphase
transition, said optical elenent together with its associated | ens defining
a predet erffﬁ%@ﬂ%&?@ﬁ Hapgtigadsa¢ @%&é]e@]-eﬁ’é‘@i togsihetcwithyits pesasistadelens
features q i-fferent i.ca operties, . position of at.|east one phase
transiti on({e St §]fedteﬁe§h’dlﬁ?4 @Eﬁe@a OraFd tsrﬂaﬁe(?‘ﬁgalite(?@mﬁﬁgn%mbs t
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wi t h ol Obeakeg@npafithealptizal eleawint evithin deylene platcheiag deterplihé@bphoekt ar may
be a statig¢ display device. According to yet another aspect of the
i nvent i on,dirieasion; &f sprdbeileelivesapsy@rem for creating an i mage of an object on

by an' i magi no. NESao e ARG RE Syl e W RS DR WTEPEal
o o0 e SRR 05PNl b AP TR GO B S i
or may be a static display device.

15 According to yet another aspect of the invention, there is provided a
system for creating an image of an object on a detector plane, the system
comprising an imaging lens arrangement formed by an imaging lens assembly
including at least one lens having a certain affective aperture and at least one
optical element configured to provide an extended depth of focus of the imaging

20 arrangement, said optical element being configured as a phase-affecting, non-
diffractive element defining a spatially low frequency phase transition, said
optical element together with its associated imaging lens defining a
predetermined pattern formed by spaced-apart optically transparent features of
different optical properties, position of at least one phase transition region of the

25 optical element within the imaging lens plane being determined by at least a
dimension of said affective aperture such that the optical element produces
proper phase interference relation between light portions passing through
different regions of the imaging arrangement corresponding to the different

features of the pattern to thereby enable reducing a quadratic phase factor



arrangenment, said optical element being configured as a phase-affecting,
nondi ffractive elenent defining a spatially | ow frequency phase transition,
sai d optiwelo@lasssat together with its associ ated i magi RgTIIEISS/0@BéNI Ng a
predeterm ned pattern fornmed by spaced-apart optically transparent features
of different optical properties, position of at |east one phase transition
region of the optical elenent within the-il%aging | ens pl ane being

determ ned by at |east a dinension of said affective aperture such that the

optical eleseitingpfrogudieht Pttty ophagdoris offthe art@idelleds end heivasre i ght
portions passing through different regions of the inmaging arrangenent
cor r espondiefgcessdiapsical tramsfenfurfcsian (O )off théémpgingearrangentener eby enabl e

reduci ng a quadratic.phase factgrresultin ram |l ight getting out of focus
of the imaging 43‘8?@%5?&1 toraset rAnpEhey %F@P%Bgé{!e dpYe natt?lﬁlf?sfsepr%ﬁ i8N

(OTF) of the. i gl e t, A I te. y t her as t of the
i nventi on,&ft dgr e |I{sig%t?g(§/i edwzzﬁ1 %%Hﬁ%‘%ﬁ‘%?%ﬁeﬁ{r %Fﬁl%@g %Rtﬁ cga%ﬁchﬁggqtlng
l'ens fors exiRifsnIhdephicadf ekttt BéinkMBEhAGurelnas Opt peade-AhamRpl MR{-nN9
configured as a phasg(-%ffecti ng, nond%gffrac ive opti cgl el enent @de{‘k?dni ng a
pr edet er ni diddtagtane epticalf ckepatritaddéfinihgva foredptemaineghpastéerhr ah spatiaihs lowai d
pattern bejng defined by an affective aperture_of the given iInmaging |ens.
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optical el nt for use,wth an imaging |lens for extending depth of focus
&R, fhadlfg 10}

of i magi ng; Sement bei ng configured as a phase-only,
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aspect of the invention, there is provided an optical elenent for extending
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imaging lens. According to yet another aspect of the invention, there is provided
15 an optical element for extending depth of focus of imaging, the optical element
being configured as a phase-affecting, non-diffractive optical element defining a
spatially low frequency phase transition.
According to yet another aspect of the invention, there is provided an
optical element for extending depth of focus of imaging, the optical element
20 being configured as a phase-affecting, non-diffractive optical element defining a
spatially low frequency phase transition, the optical element defining a
predetermined pattern of phase transition regions, said transition regions being
arranged in accordance with an affective aperture of a given imaging lens for
which the optical element is designed, so as to provide said transition regions of
25 the optical element within predetermined positions in the imaging lens plane, to
provide periodic replication of a'lateral phase shape of a light field propagating
through the imaging lens with said optical element.
According to yet another aspect of the invention, there is provided an

optical element for extending depth of focus of imaging, the optical element

30 being configured as a phase-only, non-diffractive binary element defining a



bei ng configured as a phase-affecting, non-diffractive optical elenent
defining a spatially | ow frequency phase transition, the optical elenent
def i ni ng wopr@dassam ned pattern of phase transition re@Cons2005600868
transition regions being arranged in accordance with an affective aperture
of a given imaging lens for which the optical elenment is designed, so as to
provide said transition regions of the ogfi-cal el enment within predeternined
positions in the inmaging |lens plane, to provide periodic replication of a

| at eral phaslishdpe dfequehtghphiseeltthmsittpygdié noptidai oalgimdrte defiamigng | ens
with said optical element. According to yet another aspect of the |,

i nvent i onpredetargined peéeinded phaseopangtpn segiosa: sFidriransition itpgjons PeH o f
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transition regi ons, sail transiti regl ons el ng arrange cor dance
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el ement is designed, so as to provide said transition regions of the
optical epsnade paiiodicrrepltieatére pfiankatbrplopliase shepé witahbghintgldnpropegating ane,

to provide perjodic replication of. a |ateral phase shape of a light field
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certain effective ‘aperture, by applying to the imaging lens a
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15 within the imaging lens plane, thereby producing phase interference relation
between light portions passing through different regions of the lens arrangement
corresponding to the different features of the pattern so as to reduce a quadratic
phase factor resulting from light getting out of focus of the imaging lens and
maximize a defocused optical transfer function (OTF) of the imaging lens
20 arrangement.

According to yet another aspect of the invention, there is provided a
method for providing a certain extended depth of focus of an imaging system, the
method comprising designing a phase-affecting non-diffractive optical element to
be used with an imaging lens having a certain effective aperture, said designing

25 comprising selecting N positions for phase transitions within the imaging lens
effective aperture as those providing maximal contrast of an Optical Transfer

Function (OTF) of the imaging system under a set of out of focus locations,

thereby providing the out of focus OTF as much as possible away from zero.



maxi m ze a defocused optical transfer function (OTF) of the imaging |ens
arrangenent. According to yet another aspect of the invention, there is
provi ded wormadmassfior provi ding a certain extended dept rCofiLicoso®sesf an

i magi ng system. the nethod conprising designing a phase-affecting

non-di ffractive optical elenment to be used wth an imaging | ens having a
certain effective aperture, said designingleonprising selecting N positions
for phase transitions within the inmaging | ens effective aperture as those

provi di ng BREEFEDESERIRFION ORTIHE DFIAWINGSf er Function (OTF) of the
i magi ng system under a set of out of focus |ocations, thereby providing the

out of focus Ol @slems ndsspadshbligvanin DM 2 RowRt EhyhScai Rl s OF
THE DRAW NGS I n order to understand the invention and to see how it my be

carri ed ouf pracpeecpreferredranbodistenenbuidi momt dewidederibed; by sheycof bem- by
way of nonlimting exanple only, with reference to,the acconpanyi.n

dr awi ngs, q?IH{PW‘ﬁ .mﬁ?gj’.nllY’A’V {H% reference i thc a¢qamuRany g gﬁvﬁﬂg&r}né&}& le of an
i magi nggzsystemyt i l4izi: i i ran i gur ed ordi ng

| i nogsySt om s W00 AReRPLNSLETS, BEUASSRAL RO URG, ARSRCLIY
of an i magitliFih@nsn anfaMaeTBM HfaroRheRf C&HHoUrEY Sticbfing Fdd thd Gresent
schematically iTlustrates yet another exanple of an imging |ens

ar r angenentveitiote present invention, suitable to be used with a display
device; Figs. ID and I E show two exanples, respectively, of the optical

el ement of the BigesHhtschamaticalsy, iHustigies mpothasnexanplst ehraa impgimgalensnagi ng

| ens; Figs, 2A to 2C ?ﬁ]ow thr,[ee eﬁar{gl es, respectively, of the contour of
the opti c AT RIEEHS Og %W&S%“r dB¥H 9%venti on suitable to be used in the

R0 o RIS B0 R i Senble ot gl
exenpl i fy dreapgehrongo$ tlohi@sarednvérition, Beitable tobefuged svith a display device;
Figs. 1D and 1E show two examples, respectively, of the optical element
of the present invention being implemented integral with an imaging lens;
Figs. 2A to 2C show three examples, respectively, of the contour of the
15 optical element of the present invention suitable to be used in the imaging lens
arrangement;
Figs. 3A to 3D illustrate the effect of the present invention as compared to
the conventional approach;
Figs. 4A to 41 exemplify face images obtained with the out of focus
20 parameter 4y/D? varying from -0.2 (Fig. 4A) up to 0.2 (Fig. 4I) at steps of 0.05,
for the case where the optical element of the present invention is used;
Figs. SA to SI exemplify face images obtained with the out of focus
parameter 4y/D? varying from -0.2 (Fig. 5A) up to 0.2 (Fig. 51) at steps of 0.05,
for the case where no optical element of the present invention is used;
25 Fig. 6 shows the results of examining the sensitivity of the optical element
to wavelength variations; '
Figs. 7A to 7D show experimental results for imaging a Rosette with and
without the EDOF element of the invention: Fig. 7A corresponding to the in
focus position of Rosette with no EDOF element, Fig. 7B corresponds to in-

30 focus position with the EDOF element, Fig. 7C corresponds to the out of focus



parameter 4y/D2 varying from-0.2 (Fig. 4A) up to 0.2 (Fig. 41) at steps of
0.05, for the case where the optical elenent of the present invention is
used; Fi g80 2b0%/t188331 exenplify face i mages obtai ned w t IrCThE2008000868 f OCuS
parameter 4y/D2 varying from-0.2 (Fig. 5A) up to 0.2 (Fig. 51) at steps of
0.05, for the case where no optical elenment of the present invention is
used; Fig. 6 shows the results of exam n2y-the sensitivity of the optical
el enent to wavel ength variations; Figs. 7A to 7D show experinental results

for imagi nwsitidRosERbsetd WithaitdEDOH ¢leinchhendds. elﬁémﬂéspﬁﬁdé Rethervtgifi on:
Fig. 7A corresponding to the in focus position of Rosette with no EDOF

el ement, Hogus pesiton vadphedsDOF ¢lamenyys position with the EDOF el enent,
Fig. 7C correspqnds_to t out_ of cusposition of Rosette with no, EDOF :
el enent, and Fi gs'ﬁa&(,iBrf&g n@gs‘t%‘gttﬁ Ot exRsEimeakyerifasatign: ¢f tEﬁe EDOF
el ement; Fi 8 Fi . . I rification
of the extéexg%edgﬁgg‘%}gﬁ %ﬁ ﬁp:og uﬂg %gﬁéﬁ‘ioafﬁtg%gbr%? %ﬁ ﬁﬁ’%ﬁéﬂ%ﬁ&’g}%ﬁghﬂ?ﬁ?

pol ychr gmejphfialipabh @bh¥renpiiigafiatient illumnation; Fig. 10Aillustrates the
performance of the ophthal mc depth of focus application of the present

i nvention, for Kige l8a&salludieates thre pepfoimanceloénthit optsthaliriacdepdh taf fooment act

l ens; and Fig. 10B i]llustrates the, performance of the ophthal mc depth of
focus applaPPicpidon of thaeprgsey daventinperfor dhe cese wirese thaiantical glegeendtiswhi ch

focus is aobtajned with and without the optical elenent of the present

i nventi on.at%BEtﬁCfE CBE%E;Q@%%%POF THE | NVENTI ON Referring to Fig. IA
there i s schemgti,cal f | i S Ut bz

i mgi ng | ens ﬁlﬁ%ﬁ%ﬁ!{lﬁé{iﬁﬁﬁ ﬂ%ﬁgef)f?g?gﬁgé ?%v%ﬁté@ﬁh &@Hg ?ér?é%ﬁﬁgf@& em 10
is forned dpplieatiomjofctheFrebbrgt inivention,bfori thegedninidlerangagitnghicdnfocus is
arrangenent 12, and a light detector unit 16. The inmaging | ens arrangenent
12 i ncl udedtaingdrith andunthout tfe aptivebslenmont of ¢hepedseyt iaventéerst one | ens,
single | ens being shown in the present exanple) having a certain effective
aperture D

DETAILED DESCRIPTION OF THE INVENTION

Referring to Fig. 1A, there is schematically illustrated an imaging system

15 10 utilizing an imaging lens arrangement 12 of the present invention. The

imaging system 10 is formed by an object 13 that is to be imaged, the imaging

lens arrangement 12, and a light detector unit 16. The imaging lens arrangement

12 includes a certain number of lenses 12A (generally at least one lens, single

lens being shown in the present example) having a certain effective aperture D

20 (which in the present example is the lens diameter), and a certain number of

optical elements 12B (single element in the present example) associated with the

lehs(es) 12A. Such optical element 12B is configured and operable as an
extended depth of focus (EDOF) element.

The optical element 12B is configured in accordance with the parameters

25 of the lens 12A, i.e., its effective aperture and optionally also the optical power

distribution and/or focal length. The optical element 12B is configured as a

phase-affecting non-diffractive mask. Preferably, as shown in the present

example, the mask 12B is implemented integral with the lens, namely as a pattern

on the lens surface.



(which in the present exanple is the |lens dianmeter), and a certain nunber
of optical elenents 12B (single elenent in the present exanple) associated
wi th the wenswa3s3d2A. Such optical elenment 12B i s confipgunezhosomsesper abl e
as an extended depth of focus (EDOF) elenment. The optical elenment 12B is
configured in accordance with the paraneters of the lens 12A i.e., its
effective aperture and optionally al so t+23 eptical "power distribution

and/ or focal length. The optical elenent 12B is configured as a

phase- af f ect i ngGaesralty,fthe acddkviR2 Brasy. b séirate! dlemafit shrMeditd thhRnBogsent
exanple, the mask 12B is inplenented integral with the lens, nanely as a

pattern orlocdfed |cdors herdtacEhiSeisaillaktrgted tindFigad B dRBvimmyarb émagimgpsystane
| ens or | ocated clase there This is il]ustrated

h .
?LGE?S? ?t @ﬁﬁbﬂﬁ@%a%qg%mggg@pbrmoﬁlaatmpkuﬁlpw i\SHSeh%Aaam%r@ga 112
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schemat iscahbpsofn | Magi ng system 200 according to yet another exanple of the
i nvention. Here, an imaging | ens arrangenent 212 includes an array of

| enses 12A, f orkigd 1€y shows sahetmatieadysanl imagidg &Btand200¢ acoordieg o estnt
exanpl e, and an array 12B of optical elenents OEl, OE2, OE3 and CE4 each
associ at edNRRe exaBPlee opoEi Hyentips. dlerenan| spagiag lansagrraggainenfy242m 200

f anpl.e b d wth | spl I 13 tituti
o) cct) o TR 4F ALy ety i IREHRY G el BRER Ay LerGomd Bigh %o 2
ect) a | g v | o e} dugh
ar T angenont J15 s kI A00 & R OB DB O OGOl T PRI, o

a surfaoe OB, eath adsectitapivith Pesredspdbadingl 180s of thelleasier @asgnt exanpl e the
optical elenments' array 12B is | ocated downstream of the lenslet array 12A

with respect tcSuchgtystqm @9fgaey dor exanpletie wisidewith ¥Bdisplear pmehot sgiven
et cet o 18 Rl Sk SR SOk TP B B bR
arr angerre%.gz_,lgf ISmbbAg $iPhe device) by people having close vision problems. The
imaging arrangement 212 is accommodated at a small distance (a few millimeters
15 from a surface 13' of the display panel 13. Also, in the present example the
optical elements' array 12B is located downstream of the lenslet array 12A with
respect to light propagation from the object 13 towards a light detector 16
(patient's eye). The use of such lenslet' and EDOF elements' arrays provides for
bringing the closest focus plane FP of the imaging arrangement 212 as close as
20 possible to the object 13 plane, so that people with the close vision problems as
well as people with normal vision will be able to see the screen. In addition,
bringing the closest focus plane closer to the object plane reduces the
demagnification ratio of the object that is to be focused.
Preferably, the optical elemént 12B is configured as a phase-only binary
25 mask. It should, however be noted that generally the element 12B may be
configured as a phase and amplitude mask.
The optical element 12B is configured to define at least one spatially low
frequency transition region, and, together with the lens 12A regions, define a
predetermined pattern of spaced-apart substantially optically transparent features

30 differently affecting the phase of light passing therethrough. The pattern is thus



possible to the object 13 plane, so that people with the close vision
problens as well as people with normal vision will be able to see the
screen. |woadaiaisssa, bringing the closest focus plane clrasar20ootoses obj ect
pl ane reduces the demagnification ratio of the object that is to be
focused. Preferably, the optical elenent 12B is configured as a phase-only
bi nary mask. It should, however be noted 2hat generally the el ement 12B may
be configured as a phase and anplitude mask. The optical elenent 12B is

conf i gur edotibeddyi tige 8t nh@@starigors @@gzibﬁé by thewplitglaslene)it, tspabed biyahe
region, and, together with the | ens 12A regions, define a predeterm ned

pattern ofregivasodthotans, suthstiarmging lgnsqpene alteytransitiop segions fegitplese
differently affectjng the phase of |ight passing therethrough. The_pattern
i's thusf ortﬁ@éﬁltagps eSHgnevaV kel w@gqlbﬂse ma8§h@%¢%i &qgnége it |
spaced by ' t | 1.Nn P ' l a T .
transiti one{rfr}ﬂgléFc %%ngr?éﬁ‘IbsleT% asétg&? F%é?g{l% Rg%gs}ﬁ?%ér ngthélg?ﬁea?%{ls\?gfé!pg%b@ﬁsf or

whi ch the dE@érhqi_ﬂi&?bz&hQ@ﬁfe@@@apéfﬁﬁe%fﬂtﬁ@g%ﬁme@in NeR8 A Bl poRiblyegi ons
(positions within the lens 12A plane) is determ ned by the effective

aper t ure dflsa bptichl pewerr md ghe benls e ps ad BAm(axidizedths idefocuatd O TIpof thad empireer  of

the lens) so as to maxi m ze the defocused OTF of the entire imaging
ar r angenerinagme prprgepent. Trdhisands the pafternds saeh evtyeenaratedrppepehasphase

interf | at i on bet | i-ght A ' h.eugh di ff erent
Fogi ons. ofIRETT e R S Beft aliong Pastos ot Beb ofi g qoeaRa o

h fact ' i ' f : ' i | ens.
he shown e FES AIRRERIG | BHCSE PR Rlluctle £ HpdRe Mascnald 1o
sur f ace0r eksdtingfrdrhéightaegiting s fHCugof thelimapliEleys. a pattern of

spaced-apart regions R and R2 of variable |ens thickness; or as a pattern
of Iens regi onsArshovandn Rigs2 1khand dE, rihe eptiedlelement may berimplemeniedesi ve
mater i 5,4 Srgise sl BpchEhinig s i A hmdeeielhis BOGTE PAECH VBT ndex
0ot on kg o ATSRSL S, B RS P OGRS 85
limting exdaRlesadé 65RRELHMSWIth different refractive indices #; and n, (Fig. 1E). In
15 the case of different refractive index materials, a certain optically transparent
material of a refractive index different from that of the lens may be coated on
selective spaced-apart regions of the lens surface. '
Figs. 2A to 2C show two specific but not limiting examples, respectively,
of the contour of the optical element 12B. In the example of Fig. 2A, the mask
20 12B is designed as an annular transition region 14 (generally, at least one such
region; an array of concentric rings may be used as well). In the example of Fig.
2B the mask is designed as a grid formed by two mutually perpendicular pairs of
bars (lines) B;-B’; and B,-B’;. In the example of Fig. 2C, the element 12B is a
mask formed by a two-dimensional array of basic grid-elements BE. For
25 example, the transition regions along the bar line are pi-phase transitions and the
regions of intersection between the perpendicular bars are zero-phase transitions.
The optimized contour for the optical element is obtained solving an algorithm,
which will be described further below.
It should be noted that the mask (pattern) may and may not be

30 symmefrical relative to the center of the lens. In such an arrangement, for



of the contour of the optical elenment 12B. In the exanple of Fig. 2A the
mask 12B i s designed as an annular transition region 14 (generally, at

| east oneweuodv/aiggsson; an array of concentric rings mayPoe/ruzesio@sesnel | ) .
In the exanple of Fig. 2B the nmask is designed as a grid fornmed by two

nmut ual Iy perpendicul ar pairs of bars (lines) B1-B 1 and B2-B' 2. In the
exanple of Fig. 2C5 the elenent 12B is a 2ask fornmed by a two-di mensi onal
array of basic grid-elenents BE. For exanple, the transition regions al ong
the bar | icRanile, he-RAsEpRARit] AN vaRtbal EChEIV ANE)ond BEGTRRELHEN

bet ween the pérpendi cul ar” bars are zero-phase transiti'ons. The optim zed
cont our f qalanigeXemdis)cladrs ethatrard iliwstabddimEip. XA vinag tenskafigdrtidnkmersaliy ch

wi |l be described further below. It should be noted that the nask (pattern)
may and meyontheseyplangtobenot qeatesed weouns! theeseptsroditholenshe | ens. In such

an arrangenent,. forexanple, the.fqur ps;phgse bars, t vertical | ong
Y-axis) and twdt ﬁg?lﬁ?oﬂ?%ﬁe(I};ﬂr%%q?gﬁﬂ‘-oé%ihst}&b%egﬁ{qaﬂﬁtS ﬂé"f‘h@‘leréﬁ in
Fig. 2 - Shi r : : .

Ceni er o a7t b GlflduBad o WIS AR YRR frfietme, MRBArRIR Mhiono g1
not speci f(egal lixsighome, pi-phiset BanpiRione iRy Pﬁg.CQA?,i Gfirdy t eadlefpiige

m crostructures inside the phase transition region (e.g., Insidethe

pi - phase ttrasgian wgion maydie 6f g vaciahle spatrelly lowdedquehay ef phassirangitionegi on
may be of a variable spatially |ow frequency of phase transition such as
for exarrpls.lalclﬁslai,fOlfp‘?X"fl.TﬂElI?1.e “ﬂpé‘apresent i nvention provides the EDOF el enent

12B in the f f kK _of .N ent it hi he ef t.i t f
the i maging | enURiBRSER: MEABPE TER URoSEsoar HeperndZBad e TRER fbia mask
that b i Ridewahi %TF ; j ; : A L
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that is eishbeld Be onddrstbpddbpensicad ofhat g $8GRRMat Scksndieedy aflsahewe, the
mask 12B is designed to maximze the defocused OTF of the inaging system
by gener atseggentsy and dransntits gudbe axther, ghasiavesicow provides thé abstantislly

generated fhel L nomdRrh S mask 5h, A0S TWEE 1 88 LfPaSending on the

phase-only, non- active mas
segment.
15 As indicated above, the mask 12B is designed to maximize the defocused

OTF of the imaging system, by generating invariance to quadratic phase factor
(which factor is generated when the image is defocused and multiplies the CTF
of the imaging lens). To this end, in order to optimally design the mask 12B, a
search is made for the segments that will obtain the transmission value of (-1)
20 such that the OTF, due to the out of focus distortion, is bounded as much as
possible away from zero. Since the mask 12B is a binary phase mask, no energy
efficiency consideration is used (the transmission is 100%). Following these
criteria, a search is made over all the possibilities and combinations for the
aperture coding mask. The out of focus distortion is modeled by multiplying the

25 aperture with the following expression:

i4‘Pvzj )

5(1/) = exp( 7
wherein D(v) is the CTF of the imaging lens 12A corresponding to the out of

focus position of the object being imaged, D is the diameter of the imaging lens

12A (generally, the effective aperture of the lens), v is the coordinate of the



of the imaging lens). To this end, in order to optimally design the mask
12B, a search is nmade for the segnents that will obtain the transm ssion
val ue of wolpoesusss4t hat the OTF, due to the out of focu®PCWiTE2005/000868 i S
bounded as nmuch as possible away fromzero. Since the mask 12B is a binary
phase mask, no energy efficiency consideration is used (the transmssion is
100% . Following these criteria, a searct26s made over all the
possibilities and conbi nati ons for the aperture codi ng nmask. The out of

focus di staettuNof theRes(ROHRYIAM bF BITH)NENd L8 HHAES fNtbNrepb&schfhl oW ng
expression: wherein D{v) is the CIF of the irnaging | ens 12A correspondi ng
t o t he outthehnfomntief geingian offfotuse obj ect being imaged, D is the dianeter
of the imaging lens 12A (generally, the effective aperture of the lens), v
is the coordinate of th ture afYthe lens (in the plane of CIF), and vy
is the phase factor eT)r’gi‘e ‘t‘iﬁg amobunt of getting @t of focus: = pD2
f 1] 14 U+ FJ 2 wherei'n Fi% the wavel ength, u is the distance between

the i i I 12 d th bj 1 i he di.st bet th
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ful filled:(deketsd),sdr@d FiignhoFoss 1&@@0&‘ thelithagiie 16AEF T $hov@dBE tiRfledYhat
auto-correlating the CTF with itself: OIF(v) = CIF(v) <8> CTF(v) (4) The

aut o cor r shatéron “opegiagileowns tmisis tese taf theeiffectivg apedueTiiefenfict i ons to t he
opposite directjons, respectively, and then nmultiplying and summ ng the
result. The so-@%ﬁailﬁ’@élwqdéql%&&l led:spatial frequency that corresponds
to the anount of the sh'lft At high frequencies (large shifts), the

mul tiplication and t%}ep-sw%:i ng are averaged to zer@)in the case of out of
focus. Hence, the OTF dbesFnot transnmit high frequencies when the inage is

def ocuisd ‘the distortion phase factor y equals zero.

The OTF is computed by auto-correlating the CTF with itself:
OTF(v) = CTF(v) ® CTF(v) _ 4)
The auto correlation operation consists of shifting two CTF functions to
the opposite directions, respectively, and then multiplying and summing the
15 result. The so-obtained OTF relates to a spatial frequency that corresponds to the
amount of the shift. At high frequencies (large shifts), the multiplication and the
summing are averaged to zero in the case of out of focus. Hence, the OTF does
not transmit high frequencies when the image is defocused.
The phase mask (e.g., ring) of the present invention is aimed at reducing
20 the high-frequency cancellation at large shifts of the CTF (the OTF is an auto
correlation of the CTF). To this end, the mask is configured to invert the sign of
part of the light field that before (i.e., pure lens with no EDOF correction) was
averaged to zero (and this is why the OTF did not transmit the high spatial
frequencies).
25 The OTF is the Fourier transform of the intensity point spread funcﬁon,
and it is used to express the spatial-frequencies transmission function for
intensity, when incoherent illumination is applied. Thus, the mathematical

formulation for maximizing the OTF is as follows:



The phase nmask (e.g., ring) of the present invention is ainmed at reducing
the high-frequency cancellation at |arge shifts of the CITF (the OTF is an
aut o cor rebaviconsssih the CTF). To this end, the nask is eomfiLyos/ewséso i nvert
the sign of part of the light field that before (i.e., pure lens with no
EDOF correction) was averaged to zero (and this is why the OTF did not
transmit the high spatial frequencies). -The-OTF is the Fourier transform of
the intensity point spread function, and it is used to express the

spati al -frequerfci e trapsm ssion functien fog inte sité, when i ncoher ent
i1lum nati @Rk Iﬁ(egiz IQ%{)\' dedpd) a,;nrg@{ A for n@si m zi ng
the OTF is @s flollgws:i §., fiindAvhe/yalues Lpr an\th&t prioyi de maxi mum for
the minima of the auto correl ation expr eéssi on where an = ,-1) (it equals
either 1 or -1). It should be noted that the above-described iterative
nunerical algorithmis a specific but not limting exanple of defining the
EDOF el enert, Godfthguvadtenfor € kieat previde messmoan fowe thes ednana vl the 4udo
exanpl e nunerical approached based on entropy mnim zation, or maxi nal

| i kel i hoodcOrEslatiameNPTasHMeR Fdwre on atally(itegnalaspheatioss]).resulting in a .
spatially low frequency allaoptical extended depth of focus. Figs. 3Ato 3D
illustrate the ]Jéfs}ql%'éla R npted F‘Eﬁllf‘n@bc?‘f?v&%rlgﬁ. Iteppteee aymepcakalgprifigol ut e
val ue of t.he .eal dul at.i on Tr fer -Fyngtion r e, obt ai ned
for differénf Géﬁ%élglgf g@?oﬁ/g&;ﬁrﬁg@g yq_zia_ sl?nolgi é_eﬁ%%g 42? g@oﬁi Slen?fé‘,% =9. %
in Fig. 3Cafdutdidh | Oter GecBqubs BACKe Hsed NS el JUF ESanfhle iurkdrical
corresponds to the MIF while at” the in-focus state, curve corresponds to
t he def ocuppdoddhEd ofasad omegitrapys wisinanizativhoot mheinwgelikélifidw], cor beeki on
optical elenment (EDOF el enent) of the present invention (mask 12B in Fig.
1), and curuRerad i apivien anproachegefestlitng invprspatiallyeloyy stestaency rall-he

phase. dPerecanPRaaA R GeRb RO epl i cati on of the phase Shape. nanely.

lateral replicagjg@n3qf to 3D illustrate the effect of the present invention. Three
examples of absolute value of the OTF (called Modulation Transfer Function -
MTF) are obtained for different phase factor values: y=1.6 in Fig. 3A; y~=4.8 in
Fig. 3B; y~=9.8 in Fig. 3C and y~=12.8 in Fig. 3D. In each of these figures, curve

15 C; corresponds to the MTF while at the in-focus state, curve C, corresponds to
the defocused MTF of an imaging system without the use of the correction
optical element (EDOF element) of the present invention (mask 12B in Fig. 1),
and curve C; corresponds to the defocused MTF of the system with the
correction element.

20 The transversal invariance may be obtained using the phase element
producing periodic replication of the phase shape, namely lateral replication of
the phase shape. Turning back to Fig. 2C exemplifying a mask formed by a two-
dimensional array of basic elements BE, when large lateral shifts (high
frequencies) exclude part of the phase shape, a complimentary part is inserted

25 from another spatial period of the mask thus producing the phase period by
replication. The replication of the basic period of the transitions (that of the basic
element BE) thus reduces the sensitivity to lateral shifts. The longitudinal
invariance is obtained as follows: Given the longitudinal distance between the

phase element and a sensor (the imaging lens plane or the effective aperture



t he phase shape. Turning back to Fig. 2C exenplifying a mask fornmed by a

t wodi nensi onal array of basic elenents BE, when large lateral shifts (high
frequenciwe)lo@abssde part of the phase shape, a conpl i NMeOTAL300pA0086S S
inserted from another spatial period of the mask thus producing the phase
period by replication. The replication of the basic period of the
transitions (that of the basic el enent BE)ZSt-hus reduces the sensitivity to
| ateral shifts. The |ongitudinal invariance is obtained as follows: G ven

the |ongit pldhopl whichtianke 168 veehe himanhare i baest ophtiaBnkeAsicativhs,
i magi ng lens plane or the effective apertureplane), which is the | ens of

t he human &ye Spﬂcﬂza@@agﬂlmphf fﬂm niask dpptiica forothss dfstam:esp&oasﬂemniad“dia on of

t he mask functi.on for thi e. i s consi dered. The result is a phase
and anpl i t{?&%lt t s & Phasst amr cginéxstrﬂmam Ther amplifde Jéa@rpﬁge%nlleyvmrge

hase prof ] l.n i.narization of the t
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spati al r t
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def ocusi ngwhmfms%merﬂgr/iﬁbnsaﬂmﬂ ed from-0.2 (Figs. 4A and 5A) up to 0 2
(Figs. 41 and 51) at steps of 0.05. Flg 4A-41 show t he case where the
mask (optimal | yRefesengeeiaymede tonBigs: ddedl and\iigs. oh-Jlsilluseatinghawr face 5A- 51

ho t he case wh no .such aperture codi S used._ I n the present
Zxamrrf)l e, t%a%‘déeﬁ%f%ﬁé’}‘hef’c@ﬁf 99%&13%%??@&%&2 S vgried; fiomoB. 2 g gss ed.
As cl earl i ops bet en i mages
of Figa AT bAfaD' gD ared 410 5 HRFERED Y B %ﬁnafﬁm § Casfe
present] g NwaBEd o mEélQ(olﬁlrﬁl‘iﬂ e§1@ﬂeﬂ)9§fv'kﬁes REeavtmiagid ﬁ?eds%fla'ﬁgﬁ' ty of
t he codi ng mask (EDOF el'enment the pr esent Invention to wavel eng

vari at i onsSA+ shosvspthe sasd Wé)emmd) euclaapenmlc@gmgemaslausrawglem&le fieg@@ ng
lens with a codj ng‘mask was il lum nated wth wavel engt O. |lo, wherein

10 is the WAPPlen E gleneantraeafigheed siasiladeithateal gr&a A brascesiedd Aso
et B UL e LR B R o2 1,
usage of thg A@sig 3&—ﬁte'xk§ts U6E Yo HRMAERPE ESdihBenask of the present invention.
15 Fig. 6 shows the results of examining the sensitivity of the coding mask
(EDOF element) of the present invention to wavelength variations. In the present
example, an imaging lens arrangement (imaging lens with a coding mask) was
illuminated with wavelength A;=0.8A, wherein A, is the wavelength for which
the mask was designed and fabricated to present pi-phase transition(s), and the
20 'defocusing parameter of 4y/D*=0.15 was used. As could be seen, the out of
focus distortion obtained due to the usage of the mask is still very low despite the
fact that the mask is no longer optimized (since the mask pattern features are pi-
phase transitions for Aq and not for A;).
Figs. 7A-7D show another experimental results obtained for imaging a
25 Rosette. Here, Fig. 7A shows an image corresponding to the in focus position of
the Rosette obtained with no EDOF element of the invention; Fig. 7B shows an
in-focus image obtained with the EDOF element; Fig. 7C corresponds to the out
of focus position of the Rosette with no EDOF element; and Fig. 7D shows an
image of the out of focus Rosette obtained with the EDOF improvement of the

30 present invention. In the present example, the EDOF element configured similar



fact that the mask is no |l onger optim zed (since the mask pattern features
are pi phase transitions for loand not for 1{). Figs. 7A-7D show anot her
experi menwveal2o006Esssts obt ai ned for imagi ng a Rosette. HePel/1IE2095/000868shows an
i mge corresponding to the in focus position of the Rosette obtained with
no EDOF el ement of the invention; Fig. 7B shows an in-focus inmage obtained
with the EDOF el enent; Fig. 7C correspond29to the out of focus position of
the Rosette with no EDOF el enent; and Fig. 7D shows an inage of the out of

focus Rosebt ghaphifaFige @ Avid e, EROShoWR! BveiBdlorahe tEDOPT BRAMnt idTva@Rt i ON.
In the present exanple, the EDOF el ement configured simlarto that of Fig.

2A was useuesed isveniion prowidesémpiovdmeaRpeatieintagh frdqueheicpnrd dnd effestent i on
provi des i nprovenent in spatial high frequencies and the effect on the
i nput Merpr}loﬂ@lgyg‘twhﬁnéhq #SIB S 10 fQcushoul d be noted that in all the

i mges present i i19S Al 5A-51 . 6 and 7A-T7D. oW uf figcient
ext ensi on of tﬁg Shél%lt%h&orfmté@é@gg,m r‘?@ tgf’d%“@&FS B’E?é?mﬁgéla Z‘ﬁ%ﬁ' ﬁ‘g@'@sgépﬁr geﬂ.
Appl yi ng sysd 7L t i & ] Lned . r The
Pvent oF Ha O Mo PREILIRINE debfh OP KA IS foratnhiBsn of
f ocus apprmacessing wasl goflicaired pelyipatsuel | prooessingo hd gkin furithdruithpietvie othe
(general lighting). The experinental conditions were as follows: the focal
| engt h of @ émieﬁfﬁ@q%@-l ens F=90mm the di stance between the imaging | ens

ot ector (00D) TEE AV Mo obstfuft ] EXRTIRBIA rgIAGUPBnGL 528 GRHATCFus
c BTG s
he oby st TRt by 518 ApRIERCIS OISELLAAE SHELS, Aeh Sl MNEnGRREn) T
for movOnggeheradbightihgp Tieségieen&ftalPeondifibgs watdigs edlldhe tﬁ@&@@alflﬁﬁgtﬁr y1s

conmput ed fol |l ow ng equation above and using the distances and the
di amet er off theeithaging(lehs det90mma tlee tdistenas betvecenethe) imaginpdenptandathe

S 8D and TGS VoRl DpihherSBEs BRivesmAn bnaging IEBORGIiater LeRP)gur ed
simlar t %4f5'3-‘lt.3r91[n, fthd 'apg‘éh%agf Hl%eﬁinaging lens D=16mm. Thus, the measurement
for the phase distortion  equals to 13 for the case where the object is moved a
15 distance of 1.5mm from the in cofus plane, and y=17 for moving the object a
distance of 2mm. The value of the phase factor y is computed following equation
2 above and using the distances and the diameter of the lens (affective aperture of
the lens) in the optical system. The experimental results under these conditions
are shown in Figs. 8A-8D and Figs. 9A-9H. In the present example, the EDOF
20 element configured similar to that of Fig. 2A was used.

Here, Fig. 8A corresponds to an in-focus position without the use of the
optical element of the present invention; Fig. 8B corresponds to the in-focus with
such element, Fig. 8C corresponds to the defocused position without the optical
element at qj=13(+1.5mm), and Fig. 8D corresponds to the defocused position

25 with the optical element at y=13(+1.5mm).

Fig. 9A shows an in focus image obtained without the optical element;
Fig. 9B shows the defocused image at =13 (+1.5mm) without the element; Fig.
9C shows the defocused image at w=17 (+2mm) Without the element; Figs. 9D-
9F correspond to Figs. 9A-9C but with the optical element; Fig. 9G shows the

30 defocused image at y=13(+1.5mm) obtained without the element with



Here, Fig. 8A corresponds to an in-focus position w thout the use of the
optical elenent of the present invention; Fig. 8B corresponds to the

i n-focus wibt2hoczusds4el enent, Fig. 8C corresponds to the #efraczesoopessiti on
wi thout the optical elenment at y=13(+1.5m), and Fig. 8D corresponds to the
def ocused position wth the optical elenment at y=13(+ .5mm. Fig. 9A shows
an in focus image obtai ned without the ol eal elenent; Fig. 9B shows the
def ocused i mage at y=13 (+1.5mm w thout the elenent; Fig. 9C shows the

def ocused gomgromiatiy=Lilluidfidn;M FipoUtol hesheh@Mele  Hb&Rus@P- iflkggordespond
to Figs. 9A-9C but with the optical” elenent; Fig. 9G shows the defocused

i mage at yEF2BI(+1.5mm) obkdiaédedthvht bptitalt diemeheforijoly¢Hrbaakicdlnmiitich.
illumnation; Fig. 9H shows the defocused inmage at y=13(+1.5nm) obtai ned
wi th the opti cals sldicased above, ¢ ymagingdencairangamenttafahe prssenhdiveatien

above, the i I n ns arr.angenent _.of .the present inyentjon may he used
for opht hé??ﬁni’ aB%f‘* 29& iO&?hEh.al @HEPatiQ?SaIIBoW CRder gﬁ%‘?‘f Hysextppal P?E@Png

| ens arka L.at : f t. .S to be
fiar. Tho BRI S sRrddE e b e RYE PSS ack M LT En S ARRTR 5 g

| ens arr angef@NtThel faBricatiditechAlidfues REHab1EREI M fBBke SHEH A qnﬂ‘agmgeréﬁgpl e
etching (wet or dry) or laser drilling or lathe grinding to obtain the
desired spatangement (ict.uflet psiterhad emagirigeiens) amtuddhéor éxdrhplegetthiaggwatuat ed
vol une by a material of ﬁargefraction, index different fromthat of the |ens,

provi di ng ¥ 9139 &dasesrdnilkagxorlathe papding © eblemn thadesird spatial s(f;@gutm of ,
h K i ]| desi.red di f ' { [

s bur T or (Y TR g B RS Bt MRCS fbaisd SBlns Tl ohfbirhatind " "

r egi ong(ofrefigidiEIRASP Sh et [Pom! et IgH @' ,”%goﬁfifrfgcra- ret%{]bg%iﬂijrindex ﬁ

realization could be by diffusion or photo polyferization oes not

i ncl ude deliffermmicads such gapthangutof rdgien pbthenmailz &dflamiiaile dhe dédtedasieisber
approach which is related to eye surgery could be by inplanting artificial
ti ssue hawiffgremice fie generatadn reqtiredcas bullering phase cegipaithaigenemtehpraperst i ng

T M L TR
obtai ned. A0k EX AR Gtioh tould be by diffusion or photo polymerization that does not
15 include developing or removing of the polymerized material. Yet another
approach which is related to eye surgery could be by implanting artificial tissue
having difference in refraction index in comparison to the existing tissue of the
eye. The EDOF element of the present invention (having no optical power) is
added to the focal power of a certain lens which is to be obtained. For example, if
20 a patient needs -1 diopter glasses and 3 diopters glasses for near and far visions,
the EDOF element of the present invention may be appropriately designed to be
used on either one of these glasses, being configured in accordance with the
respective lens aperture to allow a depth of focus region equivalent to 5 diopters.
Actually, in this specific example, a 1 diopter glasses with the EDOF element of
25 the present invention can be used, where the EDOF element is operating around
the optical power of the lens (1 diopter) and provides the depth of field region
from -1.5 to 3.5 diopters. Hence, the patient may use only one pair of glasses
with 1 diopter. This focal power of the glasses (imaging lens) will be added to
the EDOF element. Such an EDOF element maximizes the defocused OTF of the
30 lens arrangement (appropriately modulates the CTF profile of the imaging lens of



a patient needs - 1 diopter glasses and 3 diopters glasses for near and far
visions, the EDOF el enent of the present invention may be appropriately
desi gned wo 2b@/uus8ssd on eit her one of these gl asses, bei rRgTADOF/QO8Ed | N
accordance with the respective lens aperture to allow a depth of focus
region equivalent to 5 diopters. Actually, in this specific exanple, a1

di opter glasses with the EDOF el enent of-Bhe present invention can be used,
where the EDOF el ement is operating around the optical power of the lens (
1 di opt er )th@ﬁ@sﬁ&cﬂ‘(fb%)éssbﬁ'ﬁb?@éh@ra%gfopr@b& pleeqftdrf@Bhcelretatich Betveen

di opters. Hence, the patient” may use only one pair of glasses with 1

di opt er. Thght ffastiahs passeng dfrotipe diffeestegiomagf thg leansh retlte beuadetid t o

t he EDOF el enen Such an EDOF el enent, maxi m zes the defocused OTF of the

| ens ar r anRas6Heclos spFWBRE dremy lighidestiing Out i orps wighe|imaging hensi i ng

| ens ofthe r ti e sses) b neratin r r.phase interference

rel ation bl&vﬁtg)ﬁ%ﬁ é‘?ﬁrﬁiﬁ‘ra? ?%r)nlglo%ta@ag}eﬂ %ﬁ?@ﬁ‘&fﬁf’ﬂ@?@ﬂ%@é&@ﬁ? Ot he
lens, tgr i r i Y| j out
of Tocus i he emPRearoR AV ERE oREibC o Balk Pk, BEL K, DUl s
a common Eitode{cfthabasiondle@enaBE) s absutmnis eddistaneé deahden B¢o hlliate! Fi g.
2C. Turning back to Fig. 2C, the basic period (of the basic elenment BE) is
about 3nm bags & %b%d&%éﬂ%@ndﬁ%bawhad@ﬁﬁs isaabout 8.3gBoun. 1. 875mm and t he
bar thickness i b . 375 l.Lf,. the EDCF.el e with its range aqf depth
of focus is us tgﬁ%(ago? emepp Rath #s gaaenal &?@Heé)gtpﬁoﬁé%\ﬂsi Bird on Ogél a
contact | : j T ans ed | i r. T i ter
of the eygl%ﬁ% rllrg %F) fel%ie%lg? é%ﬁgc&télp ?1 g’r éelﬁ%lfﬂtAh@@%@gﬁﬁ%’%eﬁé?ﬂgﬁweegg?g%%@mn up
to 6-7mo depeMdiopteronahbe. ThehdianmtGoptithé @ye- lehb&(cPRicti¢d! aRiRRR WS the
generates a Diopter range within which the image is in focus. The inventor
has found inmeging olens hevaries ufioed 2rangaioftot b€/ mimasiepémadingr oh/ tHealiglttingp t o
17) for lightened envi ronma{;t in which the eye pupil has a_diangter of 2mm
the obt ai neWdBionst ebhe apgicab clamenryr sengaies 2 (Pioptar- rangeyyithin ovisch thee

si mul ati on; |l he~fornul a: Figs. - 10 resent, the si.nul ation
results vi lsz%%i Vi 3@?%(9%&5 rlflg%lrﬁtgﬁégs gquqdﬁtgégé%ﬁﬁglrﬁ%@%gerﬁpﬁe 81f %%B ©
appl i cati ooy fhgodit RHeRY 176 Hot¥hed @R ironment in which the eye pupil has a
15 diameter of 2mm, the obtained Diopter range P is more than 5 (from -2.5 up to
2.5). The simulations followed the formula:

4P

P
nD?

(©6)

Figs. 10A-10B present the simulation results visualizing the performance

of the ophthalmic depth of focus application of the present invention. The

20 simulation of Fig. 10A corresponds to the overall Diopter range obtained due to

the fact that the EDOF element is attached to a contact lens. The diameter of the

eye lens varies from 2mm up to 6-7mm depending on the lighting conditions.
The simulations follow Eq. 6 above.

In the simulation of Fig. 10B, an imaging lens with a fixed focal length is

25 used. If the distance between the lens and sensor equals to its focal length (v=F)

then the image will be in focus starting from a certain distance, vy, up to

infinity, wherein the distance u;, is determined as:

1 nD?

TV 1 1 4w @)
D> F v

U




sinmulation of Fig. 10A corresponds to the overall Diopter range obtai ned
due to the fact that the EDOF el enent is attached to a contact |ens. The
di amet er WO 206vn18888@ | ens varies from 2mm up to 6- 7nm depemdings/owséshe

i ghting conditions. The sinulations follow Eq. 6 above. In the sinulation
of Fig. 10B5 an imaging lens with a fixed focal length is used. If the

di stance between the |ens and sensor equaB23-to its focal length (v=F) then
the image will be in focus starting froma certain distance, umn, up to
infinity, addefoeiverFtdiee shtasingnce UnUn is determned as: 1 = pD2 m pD2 F vand
for v=F one obtains: 4LY { i The chart for umn wth and w thout the EDOF
el emrent of the present | tionis plotted in Fig,,10B. As coul d be seen,
the minimal di st ancefiis™ smal | er when the i nvefiYed el ement is in use.
Thus, the overall range of focus is nuch larger. It should be noted that
for the human €Pige chiadSomu,fywitth@gndawkhbot i EDOF exemeht fofi the @Rséragi ng
arrangenment of the present invention forned by a lenslet array and an EDOF
el ement s' 1aveatjon suplotpd én FaghE0BsAd opirldhbe setits thamipinel distanse ieamich t he

require ar ters qof the j i ng arrange t can be estinmated as foll ows:
Le? us 35 gﬁﬁlﬁ@@ﬁﬁﬁ%, %&%ﬂtqﬁggﬁ nYissiy %"Eﬂwm@w‘f%ﬁsrgﬂg%ﬁ?f@fn@ t he

| ensl et ar i i s the di st etween the screen
13 and theﬂlg?’{%gagé?ﬂ'?%%%%%Pgwﬁg\l/ﬁﬁ%@défgg%hﬁglﬁg %’2’ %?glﬁﬁlls t he di stance

bet ween the eyeTd@ign@atibgochpsert &@eMslifldanMhadifg akitochi®nt Hretheb) ect
13 is constituted by the display of the nbbile phone or the screen.
Basi cal | y,present| Brvsheon aforaned1BA & niegelst tarenyoljpdcan ERDOF kBerentshanalyosest
focus plane FP, i.e.: uyv f f == )
(%ultable to be used with a display panel or screen), the required parameters of
10 the imaging arrangement can be estimated as follows:
Let us assume that «, which is the distance between the screen 13 and the
lenslet array 12A is about 2mm; v, which is the distance between the screen 13
and the closest focus plane EP is 40cm; and R, which is the distance between the
eye 16 and the closest focus plane FP, is about 1m. The object 13 is constituted
15 by the display of the mobile phone or the screen. Basically, the lenslet array 12A

images the object plane 13 on the closest focus plane FP, i.e.:

111
w v f
_w
_V—Il

which provides f=2.01mm.

The defocusing parameter is defined as:

20 7R

Where A is the wavelength.

With the use of EDOF, this parameter can reach the value of 15 and
without the EDOF element - the value of 2-3 without distorting the image
quality. The diameter, D, of the lenses in the lenslet array can be found such that

25 the minimal value for the distance between the screen 13 and the closest focus



uv V - U which provides f=2.01lmm The defocusing paraneter is defined as:
pD 1 1 1Y =4 uwerel is the wavelength. Wth the use of EDOF, this
par anet erwoanoweasssh t he val ue of 15 and wi t hout the EDOPCeIIEIM®SHD00868 he

val ue of 2-3 without distorting the image quality. The diameter, D, of the
|l enses in the lenslet array can be found such that the m ninmal value for

t he di stance between the screen 13 and th&3 el osest focusplane FP, (VnUll),

will be very close to the object plane 13 to have mininal denmagnification.
The demag mm@amo Ctvill be:veFp d1aye t/ ThdhjesMplanONES eatlve Hihiall el ds:
- 15 05nrgn 2. OVHLB—- —YOnprlt shom be noted that w thout the

EDOF el enﬁimnagmﬁmttmmﬂfhedimmﬁcaﬂomﬁibtbrh&ve been: V- - G-G=- 1"
2.0.5nm 16mmu f pD2 2nmm 2. 01lnm p -(70mm) 2 which means a denagnification
factor of 8 (16nm 2m). Such a demagni Catvlnﬁlﬂ woul d not have al | owed
seeing the characters in the display. Aftachment of the lenslet array 12A
to the screen decreased the visible resolution. The resolution of such an

I magi ng systemT%hﬁYWmtﬁﬂu:b%Hm@nﬁél@@@?I of: dx = 1.22 |- = 1.22 0.5mm
17.5mm D 70nm T '
5 D=_[—
T
This yields:

Do \/15-0.5um-2.01mm _ 70pm

T
It should be noted that without the EDOF element the minimal distance v
would have been:

1 1
1 = = =16mm

u f TCDZ 2mm  2.0lmm n-(70p,m)2

which means a demagnification factor of 8 (16mm/2mm). Such a

demagnification would not have allowed seeing the characters in the display.
Attachment of the lenslet array 12A to the screen decreased the visible

resolution. The resolution of such an imaging system is limited by the factor of:

15 8x=1.22-7»—]§—=1.22-0.5um2'01mm

=17.5mm
70um

Since the details appearing in the screen are larger than that, the resolution
is not damaged by the imaging lenslet array.

Following the computations presented above, a person with normal vision
that will focus his eyes on the screen (or on a plane positioned 2mm behind it)

20 will see the image in focus as well.

The technique of the present invention could be barrier breaking in a vast
set of applications including, but not limited to, the following: conventional
office devices containing camera such as camcorders, scanners (e.g., barcode
scanners) and web cams; conventional imaging systems including camera and

25 detectors, i.e. cellular cameras, car cameras, surveillances cameras, machine



Since the details appearing in the screen are larger than that, the
resolution is not damaged by the imging lenslet array. Follow ng the
conput at iwosoreEsssat ed above, a person with normal visi @Tihzis/MoBés f ocus
his eyes on the screen (or on a plane positioned 2nm behind it) wll see
the image in focus as well. The technique of the present invention could be
barrier breaking in a vast set of applicaB#dens including, but not limted
to, the follow ng: conventional office devices containing canera such as
cancor der syisk@gnplestsglaphg, HIDANG0dides C@jﬂf&feﬁbe@;ﬂﬁdﬁ@mﬁgﬁﬁ%‘ sgoeMNithenal

i magi ng systens including camera and detectors, i.e. cellulaf caneras, car
caneras, sbipiedliy andes fremedefocusrpedhlnms),semdnscppptagt ppssive HIT \edicdeo

conferences, radar inmaging.,sys}e (that typically suffer from defocus
probl ems) , H‘éHB%é‘BEp}(’ gt si‘{}%’q%f Papelgi et Thispsrgs ehdhe td@l?ﬁlgp;érfﬁws f

di spl ay pa . et t. th of . focus extendi ng.el em of -
t heppr gsen?)aéeﬁglg ﬁgrﬁgﬁﬁogﬁ%g@%egév 1§§gﬂ§o§%& %%FBB%&P@:B“WE %é%‘fl?‘gﬁgf

al'l ovs {00 irsPodtfshs I Rst ih0beBPiAAGART0 sBe LAEHS YO UIRISHBE Grd1Ot
since there 1s no control on theé exact position of the nedi cal apparatus.
Sone ot her nglpssindsl theap b imatontrel of mheememsitidnn}gﬁmhé tmedita@l:c aislaratus. o
correcting.chromatic aberrations in various optical systens, for exanple in
optical contisi eter possibleiapplicadieny wf i the rrresenddinyention nibclust c@m?@mgl ers
such as copventjon DVD. _or.multi-layer informatiop carriers utili.zing
light refl @Ert%f’i) lco%?bf:ﬁ?rgp%c%cvérloPﬁe%B{‘%%leﬁYStFWenfquﬁxﬂ‘@?ieal@o_oﬁé‘cﬂ]sed in
opht hal m Cc@rﬁﬁidn‘f@iqo%r;‘Sm@éiaaré‘a‘?fé}/@xghefseﬁ%d %}Iiﬁp(?ﬁﬁﬁﬁ{a‘?iolne Qifrri e sh?%ra?socql ar
l ens, or any other lens used around or inserted Into any part of e ‘eye.
An obvilduscenamtibaal BVideorusaliblayeh enforetion earrfeps uﬁHQin%Q@{t irbfl8dticther t

si ght ed (nﬁopic) peopl e who devel op presbyopia, the need for reading -

gl asses aslBOyCeeICC. of age-rel ated changes in their natural eye lens. In

h [ jon, th I ingle | ) a spectacle
Tens, contact | LREPrriRit dEUUAIN MeeAisoReKied: i pRlbaiaic sRGABPISBhdK| o
i nt raopul aéoﬂtg&slen?,ra @pécﬁﬁ'ﬁe'l&%‘? rahelﬂtr%aﬁgpfé’n%, 'OP ah}b %tﬁé/rel'enls I?lSEtS Iai‘san%Shl on,

they wll
or inserted into any part of the eye. An obvious example is the use of the

C

15 invention for the benefit of short sighted (myopic) people who develop
presbyopia, the need for reading glasses as a result of age-related changes in their
natural eye lens. In such an application, those people may use a single lens, as a
spectacle lens, contact lens, intracorneal lens, phakic intraocular lens or aphakic
intraocular lens, or a lens inserted elsewhere in the eye. In this fashion, they will

20 wuse one lens for seeing at any distance, near or far. Another obvious utilization of
the invention is in an intraocular lens, the artificial lens implanted in the eye after
removal of a cataract. Currently, the regular artificial lens has only a single focus
and thus the person into whose eye the lens was implanted has a very limited
depth of focus and has to use spectacles for most distances of regard.

25 Incorporation of the invention into the implanted lens will afford the patient
focused vision at all distances. Another example of ophthalmic use is as a
replacement of multifocal (progressive) spectacle lenses, which are
conventionally designed such that every segment of the lens surface has a
different focus and thus the patient has to move his eyes to focus on objects at

30 different distances. Incorporation of the invention into a spectacle or contact lens



use one lens for seeing at any distance, near or far. Another obvious
utilization of the inventionis in an intraocular lens, the artificial |ens
i npl ant edwonotdmasssye after renoval of a cataract. CurremrCirgr2oofreoosesgul ar
artificial lens has only a single focus and thus the person into whose eye
the lens was inplanted has a very limted depth of focus and has to use
spectacl es for nost distances of regard. -BaAcorporation of the invention
into the inplanted lens will afford the patient focused vision at al

di st ances. willehbble ths drRdts opic AR BbE oBRRLY 1 RRud af 8R! AGEABAthASugh

mul tifocal (progressive) spectacle |enses,” which are conventionally

desi gned saghpatiaf ths/leng. segnment of the lens surface has a different focus
and thus the paiieﬁt has fo pove his eyes to f?cus on objects at different

di stances. | ncofpdl 4h¢ 8APksations qifhe deyeationninsludiagdhe sxpapies dmveathe
lenswi || e I rer_to see objects in focus at al

di st ances %}ﬁgr‘)%eﬁ5@%@5%3$¥9@%ﬁ?‘%§9|d§ﬁ%?ceﬁ r?rglfﬁc{lsﬁg %5&? 53?‘%&? SF15CRke

| nventi on, witeltitippgediiliicCkAIPLECRARY Cin i IRARCASL MRS Hithaftbn in
different distanceés are focused on thHe retina (or sensor) wthou

appr eci abl muligdsabfordactraryintraocudanlensedl sti nction to the situation in

mul tifocal contaﬁt or intraocular | enses. Those skilled in the art wll
readily appreci a8sq feitled 4nithe erinwili reasily; apnreeinte ttvgasus amodificalppis ed t o

arting

th mbodi t f the i ti.on d i bed -herei nbef i t hout d
fromits SABpETALETHER I ARELE] PnlienBRORGEECRS apfraheriay sasion desbrizadgi ng
ene havi o e RS AR dbPEE ORI SQRTA it S0 AN Bhe oBRRAE o

associ dtedchirthfy said at | east one | ens and configured to provide an
extended depth of focus of the inmaging arrangenent, said optical elenent
bei ng configured as a phase-affecting, non-diffractive optical el enent
defining a spatially |low frequency phase transition, said optical elenent
together with its associated | ens defining a predeterm ned pattern forned
by spaced-apart optically transparent features of different optical
properties, position of at |east



one phase transition region of the optical elenent within the | ens plane
being determ ned by at |east a dinension of said affective aperture. 2. The
ar r angenewo 2006/0@8s4m 1, wherein said | ens assenbly incl ededLidego®Besyl e | ens
associated with the single optical elenment. 3. The arrangenent of Caim1,
conprising the lens assenbly including an array of |enses, and an array of
the optical elenents, each optical el enenB6bbeing associated with the
correspondi ng one of the |enses. 4. The arrangenent of any one of preceding
Cl ai ms, whefA¥MSai d optical elenment is configured as a phase-only el enent.
5. The arrangenent of Claim4, wherein said optical elenment is configured

as a bi nary, maskAn6.imhBmear reiaeARett Lonihkine Af iHPIA® Tens0 adsebIgr €1 N
sai d optical elenent ig agaconfi gur ed asngﬂphlégs]e and aa%llplii?tude atfecting
el ement . 7incikbng at dease wantlens hamingoaeecthim affeetiva gp&@ihaierrand vl deast roriche
optical el errentl&'hs confs:%gur ed to maxi mze a defocused optical transfer

function (ARl SlCmeR 3ssagated Withasedd b iashone dens m%gom?gué@dttomrom@us OTF
i f 8. Th t i erein

Che opt Poal SRATRE TR st RZS " ms el S PRREISE s cmilal eloraiile

rel ation bedineRnkicGd £04 bh@@aﬁ@@@ﬂ%}%ﬁ#&?iﬁgﬁw {)}gt%aq Meh 'Cﬁ;fgniﬁ al he

i magi ng arrangenent corresponding to rent atures o pattern
t o ther ebyspatidilyelow egdemdyi phadeagenditionhOsaid asptidal REerhemMogedRE vaigh titsng out

of focus of the imaging lens. 9. The arrangenent of any one of preceding
d ai ns, whdssesigteshilansytdefinisg @n@rftdeéfﬁminﬁg npatégrnofornsed oby i spaced-apsrta
oL Bhese LA Riubifol BEH B S T  hp bRl SO R A e
e Poh 65 PhagZishaliohSeghronr X BRRLLL nfRPLORILAD FFIRgHe bkre,
ar r angenmendetefmimiey by [edst &ldaineBsiontof sifll af @Rl dpektife.posi tion for
2. The arrangement of Claim I, wherein said lens assembly includes the
single lens associated with the single optical element.
3. The arrangement of Claim 1, comprising the lens assembly including an
15 array of lenses, and an array of the optical elements, each optical element being
associated with the corresponding one of the lenses.
4. The arrangement of any one of preceding Claims, wherein said optical
element is configured as a phase-only element.
5. The arrangement of Claim 4, wherein said optical element is configured
20 as a binary mask.
6. The arrangement of any one of Claims 1 to 3, wherein said optical
element is a configured as a phase and amplitude affecting element.
7. The arrangement of any one of preceding Claims, wherein the optical
element is configured to maximize a defocused optical transfer function (OTF) of
25 the imaging arrangement by providing the out of focus OTF as much as possible
away from zero.
8. The arrangement of Claim 7, wherein the optical element is configured

to produce proper phase interference relation between light portions passing

through different regions of the imaging arrangement corresponding to the



N transition regions of the optical element within the imaging | ens plane
maxi mzing the OTF is determined as: Nnmaxjmnj v - nDv Nv-nDv D(v) an
rect D(v)woaniamstss n=l Dv n=l Dv values for an providi RGTAR205NUBESOr

m ni ma of an expression for auto correlation of a Coherent Transfer
Function (CTF) of the imaging |lens, where_an equals either 1 or -1, /3(v)
being the CTF of the inmaging |lens corres dndi ng to out of focus position of
an object being imged and being deternmned as 2 I, wherein Dis the

af f ect i veddfsrehiufeatdieseositbe, patters ta twoebl metecofa ghedmtitephasee fagier t ur e
in the CTF plane, and y is_a phase factaqr representing a degree of gettin
out of fofﬁﬁglﬁ@.fo%bg]ﬁrgeéth%%fr@fwu&@ﬂt@n@%ﬁmgﬂ%egi ng Clgai s, V\ﬁerei ng

said at | east o transitio egi on h a Syb- t.ern_f b ray of
varianl e nase thadcrrepment ot Ak Dot ndesdlie G iy ahShRSr Rl el of
Clains 9 eidd: Ssai; o e hti ' has a
sub- patt eﬁ)ﬁe ?‘%?rrlrég{g&gyf h&grlrgagé)%iﬁgl%g?i gﬁﬁ%p%]i gﬁ%s%etliaﬁlgﬁgiht :f% aéﬁ%&raglgi ons.
14. The apasgapinforathishyhoostiel chireeedi dgsighad.ns, wherein the opti cal

el enent is conflgured as at |east one annular transitjon_ region.15. The
arrangeneif. of Zhy avregene ef any ane of precedingr@laims.iehersin tw posieorat s

configured as rid. 16..The arrangenent of . . of di .0 ai s,

o o e a1 e R BR e o ey i ae ™

opti cal awhzb %Eafgﬁy%?ggagg%leﬁg. The arrangenent of any one of C ains
11

1 to 15, ern enent is attached to the inmaging |ens.
The arrangement of any one of Claims 7 to 10, wherein the position for
10 N transition regions of the optical element within the imaging lens plane

maximizing the OTF is determined as:
N _ . N _
max {mind| D(v) >’ anrect(v nAv) ®| D) Y, anrect(V nAv)
a, n=1 Av n=1 Av

values for a, providing maximum for minima of an expression for auto

15 correlation of a Coherent Transfer Function (CTF) of the imaging lens, where a,
equals either 1 or -1, D(v) being the CTF of the imaging lens corresponding to
out of focus position of an object being imaged and being determined as

. 2
D) = exp(y%zv—) , wherein D is the affective aperture dimension, v is a

coordinate of the affective aperture in the CTF plane, and i is a phase factor
20 representing a degree of getting out of focus.

12. The arrangement of any one of preceding Claims, wherein said at least

one transition region has a sub-pattern formed by an array of variable phase

transition sub-regions.

13. The arrangement of any ohe of Claims 9 to 11, wherein said at least one
25 pi-phase transition region has a sub-pattern formed by an array of variable pi-

phase transition sub-regions.

14. The arrangement of any one of preceding Claims, wherein the optical

element is configured as at least one annular transition region.



18. The arrangenment of any one of Clains 1 to 15, wherein said optical
elenment is nmade integral with the imaging lens. 19. The arrangenent of any
one of prwoediangsBhai ns, wherein said optical elenent i ®CcTanioogooees as a
mask formed by an array of said transition regions arranged in a
spaced-apart relationship being spaced by the optically transparent regions
of the imaging lens within the inmaging | eB8-plane. 20. The arrangenent of
Claim 18, wherein said at | east one transition region is forned as a
surface rel3.ef ofhé¢ herdngesicnd dfeasy sHEl@CElaidaf 1 NoNg4a Wirksint fiekpass
within said at |east one region different fromthat within other Ttegions of
the | ens. ¢émelhis conftgngedrent goifl. G ai m 18 or 20, wherein said at |east one
transition egio,P is formed by_.a materifal ha(;(iiﬁgg refractive index different
fromthat B t hel PerdGaRgcment Ofan ng) of preceding Qlaimsguberain sRidoPatigall8 or

21, wherei L - I L nfigured as _a mask forned b n array
of the pha@gﬁ][%bgr%g%ag%&'ra §%ﬁgﬁ§ﬁjf gﬁenilglaév%i%t gﬁ)lngl aﬂa‘?ﬂt}?&i &t &Lt e

i ndex diﬁfﬁ{gﬁ fé@@m that of the imaging lens material. 23. The arrangenent
of any one o C%aims 7 to 22, wherein the optical elenent is configured to
maxi m ze tHe OTFlhy aredgeinegt of ginyf orgwénClaimant bl B8,i whekin Isaidyeptbalf t s of
a Coherent Transfer Function (CTF) of the inmaging |lens. 24. The arrangenent
of any oneclement i aitached & e imggangienst he optical el ement is configured to

maxi m ze t OTE reduci ng, sensitivit .the le rrangenent. to .shifts
of a Coherﬁt Trgﬁ%@gﬁnﬁﬁlﬁ]&& (9% Weéﬁ’ @I@gﬂ,sn]aépglgﬁ@ﬁg%\mﬂsp@ SB'EIP?IHng out
of focus. demedPR AL4SNFESNENM iR thSliRk ,111%41e11¥‘.herei n the optical elenent is
configured to produce pertodic replicdtion of a |ateral phase shape of a

l'i ght fli0el 19.pr opBg@airaggtment gh ahy @ner®pRGedi@esClats, Wherdh sanbepapdl of
Claim 24, wherein the optical elenment is configured in accordance with a
free spaceclpmephimrpofigeredt #ea opaske firmedehpran dwa of said transition regions

arranged in a spaced-apart relationship being spaced by the optically transparent
regions of the imaging lens within the imaging lens plane.
20. The arrangement of Claim 18, wherein said at least one transition region
15 is formed as a surface relief on the imaging lens surface, defining a lens thickness
within said at least one region different from that within other regions of the lens.
21. The arrangement of Claim 18 or 20, wherein said at least one transition
region is formed by a material having refractive index different from that of the
imaging lens material. |
20 22, The arrangement of Claim 18 or 21, wherein said optical element is
configured as a mask formed by an array of the phase transition regions formed
by a material having refractive index different from that of the imaging lens
material.
23. The arrangement of any one of Claims 7 to 22, wherein the optical
25 element is configured to maximize the OTF by reducing high-frequency
cancellation at large shifts of a Coherent Transfer Function (CTF) of the imaging
lens.
24, The arrangement of any one of Claims 7 to 23, wherein the optical

element is configured to maximize the OTF by reducing sensitivity of the lens



di stance between the optical elenent and the imaging | ens plane. 27. The
arrangenment of any one of preceding Cains, for use in patients'

spect acl es0 28@/0188340pt i cal el ement for use with an i magiPOg/ILENS000868 he

i magi ng arrangenent of any one of preceding Cains for extendi ng depth of
focus of imaging, the optical elenent being configured as a _
phase-affecting, nondiffractive optical eBBrent defining a predeternmni ned
pattern of spatially |low frequency phase transitions, said pattern being

defined byarsangzhient td whifapef 4 Cobetdnt tIfi@nsﬁEtVEﬂnétffﬁﬁ{@DF) 8Nthe idthgifp fHst €M
for creating _an image of an object on a detector plane, the system
conpri si ngwgﬂégﬁﬁﬁ@%qfefﬁguarrangerrent of any one of Clainms 1 to 26. 30.
The syste f

Cl.al m 28, wher ei aid object . is a screen of a display device
to be ima on a‘ér%g‘?l@?‘i‘%‘étng 24&}{’1?‘??6“1 %{C@é@lﬁﬂn@}taﬁéonggureﬁ‘
di spl ay dey ryy : ' | ra nt, of any one. of .precedi.ng
d ai ns. 3?6 k‘?%%oyeﬂggkgﬁgbﬁ%kgpfigr ?agfg’%?eél?%gﬁdégg{ ep(fefh ao#{g;’gcﬁ%dof an
i magi ng ss att h@@@é}pg]ecig{ggﬁlil \édg. appl yi ng an aperture coding to an
i magi ng Iglflﬁgﬁﬁgaviﬂr%’gt a certain eff%cti ve aperture, by applying to the
i magi ng | e¥s a pheseaffiganémgofClaini 24, velodreirethepsptixal etdnesmris coafifigdr ed to
define a spatial|ly |low frequency phase transition arrangenent and thereby

provi de a Hracget Fath pdrecesnice prapreatignfidhe optisak dnmﬁat ﬁyﬁ(@ipni fonkl y
t ranspar eny. f.different opfic properties within the inmaging
| ens BI ane(,ils{aﬁgéf §%§$ eﬁ?‘&&%@?&l alp“ﬁ%‘sgf m‘gﬁéﬁ@%&% }'eéllseﬁvl\%% bet ween | i ght
ortions sin I L : e : '
Cor  esponding o tha d Praca: Bf ARy, SRICPIRQUANE GIRl TS Bhioni. &
quadr atliOc gpeatmeldsact or resulting fromlight getting out of focus of the

i magi ng | ens and maxi m ze a defocused optical transfer function (OTF) of
the i magi M-l ensARr pplivfd nelement3forauset Wiall for imlegingnieny ihethepimaging

,f'\ Lgngﬂgsgfqrgé%%mq%g rpsts %}? Hgﬁsclffﬂ&q%%gég%[qllé:qg orsegltglg iinggdelgt}?%sfl ttc;cgg Soff o
imaging, the optical element being configured as a phase-affecting, non-
diffractive optical element defining a predetermined pattern of spatially low

15 frequency phase transitions, said pattern being defined by an affective aperture of
the given imaging lens.
29, A system for creating an image of an object on a detector plane, the
system comprising the imaging lens arrangement of any one of Claims 1 to 26.
30. The system of Claim 28, wherein said object is a screen of a display
20 device to be imaged on the eye retina constituting the detector plane.
31. A display device carrying the imaging arrangement of any one of
preceding Claims.
32. A method for providing a certain extended depth of focus of an imaging
system, the method comprising applying an aperture coding to an imaging lené
25 having a certain effective aperture, by applying to the imaging lens a phase-
affecting non-diffractive optical element configured to define a spatially low
frequency phase transition arrangement and thereby provide a predetermined
pattern of spaced-apart substantially optically transparent features of different
optical properties within the imaging lens plane, thereby préducing phase

30 interference relation between light portions passing through different regions of



effective aperture as those providing maxi mal contrast of an Opti cal
Transfer Function (OTF) of the inmaging systemunder a set of out of focus
| ocat i onswotzh@vakss4pr ovi di ng the out of focus OIF as nuebTas200v8®8és € away
fromzero. 34. The nethod of Caim 33, wherein the positions for said N
transition regions of the optical element wthin the imaging | ens plane
maxi mi zi ng the OTF are deternined as: vat#4@s for an providi ng maxi num for
m nima of an expression for auto correlation of a Coherent Transfer
Function (&G&RknotrrhhgehemadoitespbndingWoethe dffefstiabstusdst Bethelpftern ko 4 Y)
being the CTF of the imaging | ens corresponding to out of focus position of
an obj ect toetedyce aragedragicdhtase fectdetesuttimefroas lighégetBinBop) of fexys ef the
wheréin Djs the affec(ii ve .aperture di nension is a coordinate of the

¢ v I )
affecti ve MHASIPEIENS AN MAEMIZG R ARIOCURE oPtigal tsanﬁieraﬁlpﬁfa@@ (P o the
repr esentl%épgg%g%rr@f Sﬁﬁ%l ng out of focus. 35. The nethod of C aim 33

or 34, conpri a mask fornmed by an arrangenent of the N
transi t isong3.spacgdnapfitfof eSB! diRical RIGEGR HPOREMY 1 NafPidisigct ed N
positions. 36. The net hloc(i) of gifé:n BS@CC(?ITDH s‘?ﬁg attachijﬁgaggpgslgr@?% to

t he surf aceomprising seleatingdV pesidonp fortthe hase tradtions withiotheGnedgh3%ns
conprising patterning the surface of the imaging lens aperture to forma
mask of thelleetiveamrartyreas dose auowiding nadmad zontresthef annOaticdr Tzanséerwi t h
sai d sel ected N posi-tio 38. The nethod qf Claim36 or .37, cC r.ising
provi di ng %ﬁl(f}loéluf@zigbe OZSJi}gtlg}ﬁg1%$|S§,’3t{3frhﬂlnﬁgr enit &y © QPB&PW?SEQ 188S:0f the
patterned {HERH ! j ; y one of
pet ! o ned SR Yol e WL Gt BB DT i 38 poll TR 8 o7
producilg 34.phas€hé¢ mhethbéreMCainela] ivdierbit wrRepoditions BOshid NS tRAASITIONY
through said N regions and spaces between themto thereby reduce a

quadr at i c sgire Gidbe eptiedal¢mengwithomthel igtaging tenis plarsumantmizongithedd TFhe

are determined as:

-~ N _ . XN ~
el Z {5 oo {52

values for a, providing maximum for minima of an expression for auto

15

correlation of a Coherent Transfer Function (CTF) of the imaging lens, where a,
equals either 1 or -1, D(v) being the CTF of the imaging lens corresponding to
out of focus position of an object being imaged and being determined as

i4¥y?
D2

20 D) ='exp[ J, wherein D is the affective aperture dimension, v is a

coordinate of the affective aperture in the CTF plane, and , and y is a phase

factor representing a degree of getting out of focus.

35. The method of Claim 33 or 34, comprising fabricating a mask formed by

an arrangement of the N transitions spaced-apart from each other in accordance
25 with said selected N positions.

36. The method of Claim 35, comprising attaching said mask to the surface

of the imaging lens aperture.



I magi ng | ens and maxi m ze a defocused optical transfer function (OTF) of an
arrangenent fornmed by the imaging | ens and the optical elenent. 40. The

met hod ofwQl2a0ami18$884 wherein said patterning conprises appiryLrgs/omses i al
renoval to the lens regions within said N positions, and filling said
regions, fromwhich the Iens material has been renoved, by a material of a
refraction index different fromthat of t#k-lens, so as to provide a
refraction index difference such that the outer region of the patterned

lens is fI3t andly epetho@dvRlCIaig i 931 bBeipeRhd Fb@ttétﬁiﬁ%rtﬁetsm&r lo@l theegi ons
I's provided to produce a phase interference relation between |ight portions
passi ng t Hmagig tinksfapegnte wefoem amaskgifdhe N trandigombypacedapartairomazhcht i ¢
phase factor resulti framlight getting out of focus of the imaging | ens
and maxi m Z8CHNACE 8y W‘glseltSP@ﬁlsN@PSlﬁmétion (OTF) of the patterned

I magi ng | . Ak T h . Claim 37, wherein said patternpin onpri ses
appl yi ng ggﬁf us %1;)}%16 gﬁetgﬁ%tgpg%%ﬁ 74t ggn SOFRIANS el?{gvf(ﬁﬁg oﬁ%avxﬁ{rfﬁcﬁ sai d
N posi t Konmbs@atialy it R6 MERByY H1ToRT LGt of THEpafbibari R gaid N
regi ons and gpaclesybet ween thzm such t hat tohe oé)taer regllﬁgcl%ﬁloéj the patterned
| ens is flmtieatid egeoper equal i zati on between the different material regions

is provided to produce a phase interference relation between |jight portions
passi ng t M%bugh the methask ohereene ! (daingn3a3 te 38hwhetsin the d@%gmmﬁjﬁ%@t ic

R L TR AR SN SR RN T A
010, | 3o pullfe IR Sha AR, s TRRLS il 01 2
ti ssue lbaviedgeaar@fadeatio phadenfietordickilgingntrofr Upht petingf outher fyRistdfSmee.
imaging lens and.maximize a defocused optical transfer function (OTF) of an
arrangement formed by the imaging lens and the optical element.
40. The method of Claim 37, wherein said patterning comprises applying
material removal to the lens regions within said N positions, and filling said
15 regions, from which the lens material has been removed, by a material of a
refraction index different from that of the lens, so as to provide a refraction index
difference such that the outer region of the patterned lens is flat and proper
equalization between the different material regions is provided to produce a
phase interference relation between light portions passing through different
20 material regions to thereby reduce a quadratic phase faétor resulting from light
getting out of focus of the imaging lens and maximize a defocused optical
transfer function (OTF) of the patterned imaging lens.
41. The method of Claim 37, wherein said patterning comprises applying
diffusion or photo polymerization to the lens regions within said N positions, so
25 as to provide a refraction index difference betweeﬁ said N regions and spaces
between them such that the outer region of the patterned lens is flat and proper
equalization between the different material regions is provided to produce a
phase interference relation between light pbrtions passing through different

material regions to thereby reduce a quadratic phase factor resulting from light
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getting out of focus of the imaging lens and maximize a defocused optical
transfer function (OTF) of the patterned imaging lens.

42, The method of Claim 33, comprising implanting in the patient’s eye
tissue, within said selected N positions, an artificial tissue having a refraction

5 index different from that of the eye tissue.



