_1- METHOD AND SYSTEM FOR EXTENDING HTE DEPTH OF FOCUS FIELD OF THE
INVENTION This invention is generally in the field of imaging systems, and relates to an imaging lens
arrangement with increased depth of focus. 5 BACKGROUND OF THE INVENTION Extending the
depth of focus of imaging systems is a very important core technology allowing its incorporation into
various applications, including inter alia medically relageld_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 rggfﬁg%dﬁgds\ggﬁgﬁ today. factising ﬁggg&pg}eg&%gged 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 imag Ef[‘?iﬁ?tﬁﬁg Wcts which are located at a wide variety of distances from
the imaging system. A preferred embodi of the imaging system includes an object, an auxiliary
lens, a composite phaggifaskntion ANekAIRNFGh FANSRO A DRI ARLHHIEH RIS ¢ 1QINEOR the object

is focused by the auxiliary lens in tandem with the composite phase mask, producing an image
an imaging lens arrangement with increased depth of focus. -

5 BACKGROUND OF THE INVENTION

Extending the depth of focus of imaging systems is a very important 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

16 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 frpm the imaging system. A preferred embodiment of the

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



which is incident on the detector. This technique is based upon placing a spatially highly resolved
phase element on top of the lens aperture such that continuous set 5 of focal length is generated.
Another approach is disclosed for example in the following publications: US 6,069,738; US 6,097,856;
WO 99/57599; WO 03/052492. According to this approach, a cubic phase mask is used in the
aperture plane, and digital post processing is required tQ realize a focused image. More specifically:
10 US 6,069,738 discloses an apparatus and methodsf6r extending depth of field in image projection

systems. An opfical rovidi n.in-focus, extend epth,of field image on a projection
surface incIude?a%i%%gggé%%ig%ﬁ%nﬁggr orl%ﬁgé%%gr%oﬁ?g%ﬁﬁgﬁ %:Sh?aguss e&'
information (or, teyaivalianyyensfortaatiom abit thhe-cepisetdphge) nantt, grekiengdes depge of 15 field
(EDF) mask, fo ing. epth of field of the projection system, In _addition to including object
information, the%eﬁﬁé%%gég%@ﬁ{jgﬁg gig{ﬁ?(ioﬁgﬁl SIS %‘Eﬁﬁ%@% U 3P riations
introduced by théghyFesaiskdphexteridingnthmdepibr tidiritls spdhatnauph sharosessingdseequired. US
6,097,856 di§cI8§%scaplaﬁé%$ratusnana method for reducing imaging 20 errors in imaging systems
having an exten eg, c?ep? ot fietdAh |?rqproved opto- electronic imaging system is adapted for use
with incoherently illumAvatir abjactciaiddideiclad douessiiprl imege sollewng reabieesispaging error
content. The i [ n.incl Rtical mbly for forming an intermediate image of the
object to be imrigg ,’%ﬁ%ﬁngeag;eﬂ%gﬁ@?ﬁ fgg é%&?@ﬁgﬁ%ﬁﬁer\%@d‘i’ﬂg%ﬁ%aﬁ'@cﬁélﬁ%@u@ﬁg an :
intermediate imagecighak andiprohessingidkernesty inracessigine PHaENeainte dmaggsignal to

produce a final ima%(Se signal ha\zin%u% reduced imaging error content. A reduction in imaging error
, ﬁ%"kga‘ﬁ i

content is achiV&d B33 e i gpteed yaagmbipse swask Alisk for causing the OTF of

the optical agsembly tUB GialayRVRIaIRAEIARROSR! Wetking distenrsrisd agdipramplitude
mask having a Hgfbsﬁ'%%gég ;)Q%Ie%%%;???s’et?azg(s).ng?lugg%%lagygtem for providing an in—fbcus,
extended depth of field image on a projection surface includes an encoded mask
or light encoder for preceding the light to include object information (or,
equivalently, information about the 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 6ontent.
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



-3- function of distance from the center thereof. The reduction in imaging error content is also
achieved, in part, by including in the processing means an improved generalized recovery function
that varies in accordance with at least the non-ideal calculated IOTF of the optical assembly under a
condition of 5 approximately optimum focus. WO 99/57599 discloses an optical system for increasing
the depth of field and decreasing the wavelength sensitivity of an incoherent optical system. The
system incorporates a special purpose optical mask into the incoherent system. The optical mask has

been designed g cayse heiopfica! fansTekstonde Lo emainessentially consian wiibin some

range from the in-focus position. Signal processing of the resulting intermediate image undoes the
optical transfer cabertyiligadsie cehitvre nimgrerfe ultifiyincingnifodhe ipeesYVer B§3REréased depth

of elc. SencrapiiirdangAICe SR IERCARRAPAMCAIER Al IBAARMRINGAPSIIRSIOP of the

optical system. Preferably, the mask modifieés only 15 phase and not amplitude of light, though
amplitude may ¥¢ chantsisalboalaskoeih i iitarE tetnotiral pasemblk widgibe weaditirih@ease the

useful ranges O%E@%ﬂ%%gﬁiwg&‘wo 03/052492 discloses a technique providing extended

depth of focus eyes by modifying contact lenses, intraocular implants, or the 20

surface of the eye itseWTARSE %mh@mplﬁmmémédmé@@ﬁai@% e fiddoptical
clement n e LS BB 065 5 ul i sl SQE cove e
away from the systoousnpogitiorted hisprovldesposodpditalagesinitiie thtinacTtrdnd siztebrain 25
decodes i cod S5 ISR K0 B TR OR B  UpGF A i ot o
10 remain essentially constant within some range from the in-focus position. Signal
processing of the resulting intermediate image undoes the optical transfer
modifying effects of the mask, resulting in an in-focus image over an increased
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 guestion (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
US. patent application publications 20040114103; 20040114102; and
20030142268) and US 4,955,904, utilize apodization of the aperture plane. More
30 specifically: |



U.S. patent application publications 20040114103; 20040114102; and 20030142268) and US
4,955,904, utilize apodization of the aperture plane. More 30 specifically: _4 US 6,554,424
describes a system and method for increasing the depth of focus of the human eye. The system is
comprised of a lens body, an optic in the lens body configured to produce light interference, and a
pinhole-like optical aperture substantially in the center of the optic. The optic may be configured to 5
produce light scattering or composed of a light reflective’material. Alternatively, the optic may increase

the depth of focus via ination, of light interference,. light scagtering, light reflection and/or light
absorption. The optic rﬁgﬁgé’%ﬂg 458 dgﬂ?@éi Seskegpapd ﬁ%ﬂ%eﬁfri@%ﬁﬁ g,gat%?e‘;?}’&?é’ attern of
particles, or a pétesrobtimbvataresy OMhensitoc iRvalves-BekeN nipastsiiBntdenpptonphihe/mic 10

lens using a pinhole screening device in the lens, o increase the patient's depth of focus. Another
method compris%%ssﬁ?g%éiﬁflﬁﬁﬁfgﬂctﬁ%l%f?ﬁﬁgﬁ ﬂﬁgll?{e’ﬁtfﬁg?fﬁgcgyﬂg arholediEaBttdYr focus. US

4,955,904 descripesurenabiedtinlinoculas deascfosfimplaptadionhetepticumapecysihigdnask, which
blocks only part of the lens body, together with the 15 pupil of the eye, defines a small aperture in the
eye when th péfﬁﬂ%‘) g@?i%‘f@%?%%f%?@é%%éﬁlgm‘fﬁftﬁ}&%@piﬁﬂ%%ﬁﬁ@ra does.
When the pupil thé thstieyeais idiedast adoiipaabiabtis dowedinpaseihsoughthadupianund the

. mask and to reach the retina to alé%vg%ger_son to_see in dimmer light conditions. In one embodiment,

the mask defineedsiGaNEIRE 48 elioRqeaden dig Rbsermbiosn e OrkE SaxIrkRbfr aperture
has an additionabpfigeedrieimediate bebreandbainsaded e distanseaad.¢gsaivsion, Also

provided is a method for treating a patient with cataracts comprising replacing the patient's .lens with

this masked intBEIRPISHEVEBIF: Do inisiyse srerening aigudent fordmacrpbialmine following

10 lens using a pinhole screening device in the lens to increase the patient's depth of
focus. Another method comprises surgically implanting a mask in the patient's
eye to increase the depth of focus.

US 4,955,904 describes a masked intraocular lens for implantation into a
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 fo 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 intraccular lens.

Some other vision improvement techniques are disclosed in the following

25 patent publications:

US. 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 into the incoherent system. The optical mask has been designed to cause the



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 into the incoherent system. The optical mask has been designed to cause the
-5- optical transfer function to remain essentially constagt within some range from the in-focus
position. Signal processing of the resulting intermediafe’image undoes the optical transfer modifying

effects of the mask, resulting ip an.n-focus image over.an incr t g qg&t@lly the
mask is placed%?L 5; [%?ﬁé?gfa?ﬁ?gﬁgno?%ﬁgq}%%g%és% a}“g1 %r%c?ﬁa%%i%%ﬁ%%%%t%%é%stem. Preferably,
the mask modifies anlfopiasesitidmofamlindesssiight T tkemaskitingy dcosedidis intregse the

useful range of passive, ranging, systems. WQ.01/3 discloses multifocal aspheric | an optical
surface in closéggf%%%‘l?yo ! %?%3#% %88%6?%%?5&%%%@8%&%ig?sgﬁr%nﬁﬁg oﬂr(;i f%&%?)taining that
optical surface,ianga aser surgerysydtelepth caffrfidd: tGemeetlipdhiehmagiidal pladadeaineludes a first

vision area, a second vjsipn areg surrounding the first area, a third vision ar urrounding the
second visio% aﬁ’gg,{}{ﬂ%ﬂ ﬁ%?e\ﬁgi HPeEHha RS %%E?a‘gﬁ%ﬁ/ag%?’gs g\t/\%nr", ﬁ%%%reagy%d vision

area having a ra8geagk pewiefiss el ihikdsdsing acearhphing acddagitd Bubstaskiatlyy I sisgle power
distinct from the first singl%%?év?\%i at least one of the first, second and third vision areas having an

aspheric surfact® BSFATE LIRNEE OB VR HEH B A3EEE S he method includes reshaping the
cornea to obtain this gptical BstroedEbRsarmealiiaybespabapdem) de@nietloswian underlying

surface by ablation or collagen shrinkage, wherein the ablation is performed by 20 ipg an excimer
laser, surgical I845¢ \Hé?é%ﬁi’tiﬁ%ﬁld?ﬂrﬁ?ﬂyt%&lﬁ’&' rcﬁ%ﬁ%%?%a@%ﬁ%ﬁ'ﬁ’@%& i %geg%gg%method -

also includeg obfisifia fRimOBsiGal] surface, and a laser surgery system to carry out the method.
The optical surface includes a first vision area, a second vision area surrounding
the first area, and a third vision area surrounding the second vision area, the first
vision area having a first substantially single power, the second vision area
having a rénge of powers, the third 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 corea 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
arca, 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



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, anc? 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-redugipg.eflges, of i this,technique, the lens,-6- body has an annylar mask that
forms a "soft edgegjgy‘gr_aqm (%%ggt%ir%%%r?gr r%r?snsl?sgg\?ﬁ eragﬁlgﬁcxgﬁﬁ%?%é?ﬂ% fture to the
annular mask atesmHesivstiradilytrduceheacging eyelsnt acalerisghageniiely afve)TRto certain
portions of the | W 12528 describes an. apparatus for generating a light beam with an
extended depth 0 %cus. T‘gi‘égﬁ%g?%iﬁ% %%?E‘E?“Es‘)ra% tﬁn%}arl)r?)ﬂﬂgs s&tﬁat 58}1 QeSS @#raction
pattern includingdstighs wiztherimgsand two side-lobe rings, an annular aperture mask that passes only
part of the diffraction lens that causes the light passing through the annular aperture to
converge 10§towards ang g%/s&sf%ggo% ic 1%)%@9\?@?@%%385&%‘?&%&ﬁﬁ’t é%"g? fthptical axis,
constructive intextnedce teipds plhdecgenthatingradight heamdthabhpman SHaRdadkdentof focus.
U.S. Patents Nos. 5,786,883..5,245,367 and 5,757,458 descrihe an annular mask contact lens
designed to ope%%r%gf\i}v%ﬁ %r%sﬂr%ﬁtﬁ% R?%&TBﬁﬂ?&“ﬁﬁﬁz’ﬂg%ﬂa%%ﬂ%%ﬁ‘vaﬁﬂﬁp%‘gk%rms a
small pinhole-lilea apexlmeaporthecanashciignsaenabling Gartingahidausaerac iRRedhegutgr diameter

of the annular mask allows the wearer to transmit more light energy through the pupil as brightness
levels decreasgeﬁeﬁ%&?ﬁ@?&r&%%@?ﬁﬁ%r%%ﬂh g AaTS ik converge

10 towards and cross the optical axis. Where the converging light crosses the optical
axis, constructive interference takes 'place, generating a light beam that has an
extended depth of focus.

U.S. Patents 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. Punctional 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 intraccular 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 lens 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



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 Thg lens can be constructed by shading regions
thereof in accordance with a mathematical function, e.g., a Gaussian distribution or Bessel function

over a predetelielQequeiy SUoNRS A MR MRS ALABL TR Joss RbDe of single

power or multiple power, e.g., of t type. U.S. Patent No. 5,905,561 disclosés an annular
mask lens for vibipeeBer epadutiots thyampula astidrereducing edges. The lens body has an annular

mask _7_ that forms py {sft edgs; by aiadyati desipgoing e ensissivionatialyram, the center

aperture to the annular mask area. U.S” Patent No. 5,980, escribes a pinhole lens and contact
lens. The contachlens om pisesiansopticaliicrtyspansprtents sodyhedyintpaisaneasaacavsurface

adapted (o the Ea%%ené'sc?gq%e%uw%%f?a 162 Co0VEN SHIlRSE T edRhR aRdluea RABRTAD) an
annular region o a first ophical poweP, 5 af the center of said annular region, which is also at the
optical center oftsatrigmiens §lpstaatialilar pirdictedfke Gyseroptisah o (@) a(2d cdibelsegéeratfnular region

exterior to the first, annular region. 10 U.S. Patent.No. 5,662,706 di vayi ISSivit
annular mask I%é”‘r“}(s1 for %h%rtrr%ét%éﬂv]thé?lﬁogt%g §g{ek}?a? o%}l’csa,qicuec ggi%@ﬁr%@égg{%gsﬁ%%@?aberraﬁon,
aniridia, keratogainhisleclikeaglestarrydpéhetiatingd Hergto plastjaargipostreiiactiodis fysty
complication. The lens has an annular mask having an aperture larger than conventional pinhole

- contact lens. Th%lﬁg]aéﬁggfﬁfb having a "soft" instde edge and which mask has a gradually increasing
10 U.S. Patent No. 5,662,706 discloses a variable transmissivity annular

mask lens for the treatment of optical aberrations, such as night myopia,
spherical aberration, aniridia, keratoconus, corneal scarring, penetrating
keratoplasty, and post refractive surgery complication. The lens has 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 bave 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



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 10L embodiment, the vision correction power
between far and near is progressive, and each of the stcond regions has a major segment in which

the near vision ¢orrection power.is substantially constant. The power in the central 25 zone varies.
U.S. patent No® %P E,“é’@@’%}Scﬁég&fﬁﬂ‘ﬁﬁ??s%fcéf&}q%ﬁ%%Pﬁﬁ%ﬁ?ﬁ&ﬁoﬁ%SW@%‘BF nt. The

lens includes atmaltifpad aptictandaonavenenisasbRs biye TAlecopHisvithai NTaxiNMfRaagelaower which
is less than the,add powgr required for full near vision for a pseudophakic eye. The movement
assembly is 301885 é’&cfo[%ggﬁi?érﬁnﬁ?&&ﬁéﬁ@ﬁ%‘%ﬁﬁe@%ﬁﬁ’rlﬁ%t%%%é’%ﬁi@ﬁ?to -8- effect
accommodating4tieremient@hihe] eftibdmiha g)ent4ens systems including two optics and two
movement egssembliegjaﬁr?%also ovided. The intraocular_lenses and lens systems are particularly

i -

useful whenimplante RN 08 898kt B PrethoVa BFHESAABIPRIRESTS $Y%eBatent Nos.

6,576,012 and fob3hphotidisaiase aibinaauiardenssy T siefdmingdhgrdsign ofagaatient. The
system include%;}{%: nd jecond ophthalmic lenses. Each of these lenses is adapted for implantation
in an eye or to i?b?'i% frsesorfr el dbreedensse Wradmiechinr doaplaniatenie amgter ower for

distance vision ope @igibaad iSSR0 UhiRaIMiRdenahasa ResN AP bassline digpigr power for

other than distance vision correction. The ophthalmic lenses may be intraocular lenses which are

implanted in th8¥Yes18t difanesvinionsonasticn rukbs seeondwiiyreimis sansriae hererafienses.

10 baseline diopter power for other than distance vision correction. The ophthalmic
lenses may be intraocular lenses which are implanted in the eyes of a patient or
has natural lenses or following removal of the natural lenses.

U.S. Patent No. 6,474,814 discloses a multifocal ophthalmic lens with
induced aperture. The 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
throngh 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 muitifocal ophthalmic
lens, which has a plurality of alternating power zones with a continuously
varying power within each zone, as well as in traﬁsition 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



U.S. Patent No. 6,474,814 discloses a multifocal ophthalmic lens with induced aperture. The
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 cgncentrate. The induced aperture results in
increased clarity in distance vision. 20 Nonconical aspheric optical surfaces are defined to produce the

desired optical payer disyiutions. Thsse.suface fungtaus pre ABANMERA frigfosolynomia

series for simplicity of use In computer driven aping contact lenses. This technique refers
to contact lensemyseleniitiensestintrabendas, lenSedgenid Tewserchyiphesebthir Kutgltaty &%aped within

e comeal iscyf 3 Sy Pafert N QUREFED destRgsruBRIANEY UNCTeRpIR fens

which has a pluraﬁﬁy of altérnating power zZones with a continuously varying power within each zone,
as well as in tramsitiomp hsherdneazamgitocaskytbanking ver vatnas o0& thiuleditypostesne sutfiseones (at

ot IS AR S YACPRION BE RSN FRTeCLORIARTIANS, = o

ided
30 near correctioﬁrfzoa’a pow ar Cofrectiontocal ear, and -9 again back to
far, or vice verseerkhis changeis cittmeiing porgressieynvishoctnaisikst byt aeatergionehanges, or
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thereby‘alteringcﬂstﬁiapgflﬁlgfvimpfatﬁmlll@bncaﬂj{d dh*&!a’e‘oa;(mdtﬂbmatheopﬁca&emi&h continuou;, .
e SR I e
optical axis) U.8edRaienttish 2sélb Qdibiiaciosast conssphiedapheiorfautjfodatiensults in
aberration reduction and contrast vision enhancement, along with a concentric
multifocal back surface, to produce a lens design which affords clear vision at a
distance and also near without a loss in contrast which is generally typical of
prior art simultaneous vision, concentric multifocal lens designs. The aspheric
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 comea of the eye. The ophthalmic Jens 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 cotrection 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



10 designs which use a combination of an aspheric front surface, which results in aberration reduction
and contrast vision enhancement, along with a concentric multifocal back surface, to produce a lens
design which affords clear vision at a distance and also near without a loss in contrast which is
generally typical of prior art simultaneous vision, concentric multifocal lens designs. The aspheric 15
surface improves the modulation transfer function (MTF) of the lens eye combination which improves
the focus and contrast of both distance and near imag g “The design form is valid for contact lenses
and intraocular lenses. U.S. Pgatent No, 6,024,447 discloses an enhanced monofgcal ophthalmic lens

for providing a RISASBERGH 1B AR DotV iRRP A HsfTcelPRSSEP SO F S5 TSR lens is

adapted to be idiplantedsinfpaxieyecplassbaueridegys, &F iBRrslispesaeriniacraiqartihe eye.
The ophthalmic Ieﬁgﬁincludes ,bﬁ:_eline %g%ter power for far vision correction, a first zone having a
s

first vision corrét 1SRRI gt e dhs i genre ot padiaily The
second zone isdasaiediyasialy Qubmardinofhe dirshz@nnid)editeh 200e2ainaiudesmameay vision

correction powey, and the second zone includes a far vision correction power. A maximum diopter

value of the JirstSoPe04 FERSximARSKIcH Tedialite Putnradlyied Higsdiing amssich BHEaVASIARNUM
diopter value otieediRsPpeWwaANSTITBRAIRKIBAIEY SrpdiapiRishelovsiiehasalingdiopigspower. The

first zone is adapted for focusing light at a first predetermined distance from the 30 retina of the user,

and the secondoBREHSHASFIEEGH the disthgangmadaskesil vitop eumeismpevastahdeefrom the
retina of the usebnihe,SRE0rMRAGIGHTI el USIANCEHRARUMIMARY QRPOHISANGKRAYA! to the first

predetermined distance. A third zone, which is substantially similar to the first zone, is located radially
outwardly of théhseispad-eme. and a fourth zone, which is substantially similar to 5 the second zone, is

located radjglly outwargly obihedhid zeng1A3RirddsinRs carr SRHABRMY AL ths tid Q08 is
approximately the same as the first vision
depth of focus. The intraocular lens provides substantially increased depth of
focus for accurate near and far vision with an optic much thinner than a natural
lens, the lens being rigid, vaulted posteriorly and adapted for posterior
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.



correction power of the first zone, and a fourth vision correction power of the fourth zone is
approximately the same as the second vision correction power of the second zone. 10 U.S. Patent
No. 6,451,056 describes an intraocular lens for inctéased depth of focus. The intraocular lens
provides substantially increased depth of focus for accurate near and far vision with an optic much
thinner than a natural lens, the lens being rigid, vaulted posteriorly and adapted for posterior

positioning in the ¢dpSafrBAG THESEHitcIS HBS HshBE StisiAh iR #arREFONF £84HE Hiea than a
natural lensnse-thatla doneof Tightgxitisg thecaptiadmdapihgefdifporiibeprdiiipals siruednsnialler than a

cone of ligh natural lens, Typically..the.optic may be about 1.0 int t‘h'c(ljf nd its distance from
the cormen 0B T DS b S A T AL b D R e ner 20

correction foFqsSVidingprésbyopiaccoricttivniea eltiatergibemetivoti velies ormavdvefrorkaberration

measuremept @iz oL ProNiIging ARask iRk carestion. Rreferablythe-coraationisip e dorm of a
multifocal tr ns(gating style alternating vision contact lens or a simultaneous vision style correcting

lens. A method 5T -dabighitaG & dBRER—nIBIin SRVRG APEFsIRE st Bifecia e ¥ correcting
higher ordec@heitationstintsechamantierthatireresitiudlamauntioithe dvghekatdesrotationally
symmetric aperration is-greater.than a resjidual amount of.the higher-order rotationally asymmetric
aberration ételg%ésceoﬁeg%tgloéﬁ%g élgf&:[lgrﬁé% hod i ¢ Fréjé?e_ed ?89([:}66”53{:%%1 %is%@%ﬁrgaéqﬁ}llcgﬁ%nﬁer order
aberrationss¢attidld bytecdrtemmslofia raenifotalcontapels ithaghauirébidiakgpheritale.30

aberration wighpre¥ides ingraasechdem. of figlthrdda BR 36971 disalesesa sysiRMan process

for making diffractive contact and. intra-ocular lenses. The optical system includes the following
principal elémBSETASS ATy HFEM LOhEER BRINS KR SRR g e RHRAEE steps of

the The light source is an argon fluoride excimer laser, emitting at 193 nm. The lens is a
variable magnification lens to project various size images of the mask for producing
zone piates 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.

SUMMARY OF THE INVENTION

There 1s accordingly a need in the art for an all-optical extended depth of focus
technique.

Embodiments of the present invention soive the above probiems by providing an
imaging 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 the case may be, for example

the eve's pupil in ophthalmic applications. It should



process: a laser for emission of ultraviolet light along the optical axis; a zone plate mask in the path of
irradiation by the laser; and an imaging lens to pr Ect, with radiation from the laser, an image of the
mask on the concave inner surface of an eye lens mounted coincident with the image surface of the
optical system, thereby ablating the eye lens imagewise of the mask to generate a phase zone plate

on the ey%l@”‘%emﬁe'@%ﬁ&b@l@'ﬂnﬁgﬁﬁsJﬂ%é%ﬁ%ﬂai&m&ﬁi@t%gé}ﬂ%ﬂﬁﬁl@&%‘ﬂo%t ripage on the

image surface. Alternatively, the phase zone plate is generated on the concave surface of a glass
blank at tHY e BEMAEEIES B £H35) FoMTH HINIUSERE- iUt ih S8 4fe 48plicated. The
light souragiscanetsgent {luoride excimgiiagercariitingat 433qumsdhelensisapyadiablenmagnification
lens to prcﬂg%@v%ggéjs size images of the mask for producing zone plates of various powers as
desired. The known %echniques. however, suffer from such drawbacks as unavoidable scattering of a
significant part oflémergyitalvardsdhie agimdingicnscofiofisitcufvidwlof thessystemcttiemeaed for digital

post processing, damagi &'é%ﬁ@@&@éf&ﬁ&%@ﬁi&%\%?ﬁﬁmi%%@%?ﬂ&’af@?eﬁ{%%gﬁ&%%ﬁ&i%&CY-
SUMMARY OF THE INVENTION Thére is accordingly a need in the art for an all-optical extended

depth of fo&s ARSERRGHRIEIMBEATHEHR B wrisRe Selstir/ertisnddes Berteabovb IprupIehs by
providing aprinagingearangement Wilizng.an priicadalementlacatad adiagenitbaaittiehrd to the

surface of, ar incorporated within an gffective aperture of the imagj rrangement. It.should be noted
that the tehA-*AHGCOA At 16 1 T ThAB oL arAHGeTFEHL AU Holdih Sgneds fofiesollecting

aperture, \whictssnayibel tmenagtial sizeasf axbimagmg ﬂgdis:ﬁéelf or an aperture in front of the imaging
lens, as the casemgy{gﬁctaqr example;dhg eyesRHRkiR qghtb@k?@f&%ﬁ?"&ﬁ&@ﬂ&f&ﬁ%%@ﬁ also be

noted that the imaging arrangement according to embodiments of the present” invention may utilize a
an array of leRdB& gEndRAIvhyFAFIWHIBIEE Q& alidaFbgyPBFer regions of the field of view thus

providing a very high energetic efficiency at the region of interest (close to 100%), and
does not require apodization. It is important to note that 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 adeguate for ophthalmic
applications or other "non-computer” based applications.

The optical element according to embodiments 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 optical
element together with the imaging lens' regions define a predetermined pattern formed
by spaced-apart optically transparent features of different optical properiies (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

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



optical elements is used, each optical element being associated with a corresponding one of the
lenses. The optical element according to embodinﬂﬁnts of the present invention is configured as a
phase-affecting, non-diffractive, thin-layer optical element that codes the lens aperture so as to
provide an all-optical effect of extending the depth of focus. The optical element may be configured as

a phase-onlyglgmenteras ohasesandamrlitide; affestinaslementibie iermpaibapiiea)l” used
herein signifies that a need for image processing s eliminated or at least substantially reduced. The

optical eleffieiTt58 thiusinkeria'to RUVI T dREIBIFRHT AL ISR OH YR HoR'scatter
energy towardithémouier deions ofthediefdiaf \Mewathuigreprovidiogeapveiditigh énredgétieefficiency at
the region gf interest (close.to 100%,), and. does not reguire apodization. It isdmportant.to note that
iptis el £ 1 e LB SR B ST Tt S by
element, béeaudielf geginiveryericeaisightths umaane deaiffrctionoraersSiace dsemshfhigue of the

present inygRtign.dgsehEaaH e HIgIRIROSHRMAGERSING HLis @daquate for ophthalmic applications
or other "non-computer" based applications. The optical element according to embodiments of the
present invention4s ‘RGIRAGETE cBHAKIS M98 he I A HRRRFHHANY B ParAif SN
frequenciegerangitions [HixONaym@talalyhenachie¢éddiy designingdheopticaisieimentsso as to

define at least one transition region (e.g., line or circle), to be surrounded by regions of the imaging
s, i e NG oAb S s e B Tt B I R Sl o i the

imaging lefscaklgiozts defirdsa praditerminednsaleestidormeck By SPACEdempaptapiiehdy treinsparent

features of;different oriigabriopgarias (& ififierentaifestingibe ahase.atlghhnassing through the
imaging lens arrangement), The position(s) of the transition region(s) of the optical element within the

imaging leAR MM G LAIRIAVEROBIE & ire plane) are selected, considering at 13 least the
affective aperturedizeopfithel ilvagisgyens. dinessipasitiomscaibappedpriatelyi.c., at least one

fransition 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).

Considering ophthalmic applications, where the effective aperture of the lens
(eve 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 according to
embodiments of the present invention can be designed to be universal for a great amount
of patients. Such a umversal EDOF is configured to allow the depth of focus region
equivalent to 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 1s associated.

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

wavelength for which the EDOF 1is designed) generates invariance to quadratic



selected so as to generate proper phase interference relation between light portions passing through
different regions of the lens arrangement correspo#fiding to the different features of the pattern, to
thereby enable reducing a quadratic phase factor resulting from light getting out of focus of the
imaging lens and thus maximize a defocused optical transfer function (OTF) of the imaging lens
arrangemehasaglistditiated (aboske inisirlerths deBlgn tibeopriasane dafig ratiesrfoding &xtdsded depth

of focus (ERQIT), oplicalelemanthdns siiretive GReriws of g NMARRGIENDIR 19 RS fakeR.nto

consideration. The optical power distribution of the imaging lens and/or focal length may also be taken

into considRFARSHUL RS EPRIFOR AR U TicRATBIRIDSi SRRy HECHITRTT U FhsRfHE s in order
to shift thelgange@kaxiendedtiepthivtitogusoarpund a:tertain given oplicahpomees. dideropfimal

geometry ar Sé{}‘%”fr!%ﬁ‘é of the 1L'De?tl:c8|ementigs%'toaﬁ 6%@/? one transition region) are determined

using an op iMIZation & gor?fﬁerli‘%? ased 6%n(%tyr%tsJFnencal or analytical approach, resulting in a spatially
low frequency alllbphicaldetamied tepthioffoctslingtich détermiloas b sosinbimshdormtentransition

region(s) qf theL!emERtnithit AUENMRAI0G IS enfPlo g Siyenrafiestive RReHIRAIZE)-
Considering ophthalmic applications, where the effective aperture of the lens (eye pupil, or contact
lens, or Ie%f%é@fﬁ@!&%ﬁp e tEHES By tavdih PR &Y NOSHGR ratige 3rvafe€bmmon for
most of patientsathelmzldON ancargding:iociembadimenisiot thepresenninventiohccaiibermdisigned to be

universal for a great amount .of patients. Such.a universal EDOE.is.configured to allow the depth of
focus regign Sggu(f\ga%%t t%fnd|fcc)’|(c:)kfeg’rstﬂ of gséffgiéﬁvén gﬁ%re(%f {?jjmsm ; Ecrléltjrraas sr%%ﬁlel}l%)%}%%ntage of
patients hdwingiaikighesdifferadiicdbengdbn ohe elebrcasul faY Nistonnted desiyislokthpoEBHBF element
takes into g&gg%hgegptical power of the imaging lens with which the element is associated. The

position of the transition(s) (being pi-phase transition for a certain wavelength for which the EDOF is
designed) generaT@g vsriscderiy b dpsis FAOF) element according to entbodiments of the

present invention is configured to generate proper phase interference relation allowing
significant cancellation of the quadratic phase factor obtained due to gefting 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 thin phase layer
constructed 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), stmilar to the fabrication approaches used for the conventional diffractive
optical elements. On the other hand, in conirast to diffractive optical elements, the
EDOF according to embodiments of the present 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 according to embodiments 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 also all of the energy 1s concentrated

at the proper transversal and longitudinal



phase distortions (which multiply the CTF of the imaging lens, corresponding to the effect of getting
out of focus) under the operation of auto correlatiqn. Due to the fact that the aperture mask (formed by
the EDOF and imaging lens) is constructed out of spatially low-frequency transitions, it does not
spread energies away from the zero order of diffraction and its energetic efficiency is close to 100%. It

S?O#Id_ be Rotrg tbﬁﬁﬂ@#@s@?fﬁe@ﬂﬁ&%ﬁo%ggiéﬁﬁ&qw ta&ﬁ(ea@%tﬁamb@a@ra§{e?ée€%@§tﬁréﬁ?&ti?_n (OTF)

of the imaging system,. The positign of the transition(s) may be computed using iterative
algorithm i ?ﬁﬁ?@ﬂ ﬂ?l%&%ib%?ﬁ}‘éh@%gﬂ?ﬁle@% BERNFAR, TGS AR Y CdfSiked, which provide
maximal contrastigtthe Qifghundepaisetibicauicof {okus locations:)The meavingaf @Emsncontrast
optimizatio ximizing) is.actuall ving.the out of focused OTF hounded as much as possible
iy rom e B e B R S S S T T S e
present invsficatisocepmigarbdsdeederatdproperpiammiesfersivob etiatiofs dhevingt significant
cancellatiopefdhe,quadralic ahreeriaciasrhiaines i e Iangsding aut Akfecus. The EDREelementis a

phase-affecting element (e.g., phase-only binary mask eleme which is neither a refractive nor a

| I nt)
diffractive &letHBRENFFEOARIEDR @rerisive Bremdl it 5B fiterdring phedent véHtion can be
produced gsegutinyphesentayier oonstapgieddn alievinaast lithographidieabniguecwithithertblickness of
the phase layer; being. of only one wavelength (e.g.. around. 0.5 micron in the.case of ambient light
iIIuminatior‘ﬁi31 gi?%]il%rp%{%hgl Ra}é%?c?a_?gn gpf:)cr%aléhgs tge(l:fi Ifnlclaffri(%i e§8_81r§:vevglltﬁicl)nﬁ%ﬁ?ﬁté\(:?iv%p%%atial
elements. GamtisatstHeddiaparlin conty astportit detivetoplichltedenessdthprRBAFiaceording to

embodimegls;edithe meRRNLNVENton hag the sRatialfeatuatafonemdonirequanae The element

contains only very limited number of features and periods at low spatial frequency (period of about
1,000 wav gﬂi/%wﬁalkﬁ%&awo@ﬁﬁélsbme%ﬁtb%%féﬁﬁ@dfageﬁs ‘ BofEspresent
invention atiowsdioexobtaddideptiulyf énergetisce fidént- @Fhsinvadeatfonlyikthrsenergy is passed

through the elemgnt it5elf, (ts substantally phage only) BUtaizg all of the enerdy s, concentrated
comprising: an imaging lens assembly including at least one lens having a certain
effective aperture, and at least one optical element associated with said at least one lens
and configured to provide an extended depth of focus of the imaging arrangement, said
optical element being configured as a phase-only element having at least one phase
affecting region and together with its associated lens defining a predetermined pattern
formed by spaced-apart optically transparent features of different optical properties
being determined by at least a dimension of said effective aperture, said spaced-apart
optically transparent features of different optical properties being constructed out of
spatially low-frequency transitions such that said optical element together with its
associated lens substantially does not spread energies away from zero order of

diffraction and provides to the imaging arrangement an extended depth of focus.



at the proper transversal and longitudinal 15 region of interest (in contrast to a diffractive element that
has energetic split either between multiple Iongityadinal focal planes or between traversal diffraction
orders). Hence, high energetic efficiency (close to fOO%) of the optical element according to
embodiments of the present invention provides extended depth of focus, in contrast to approaches

based on the use Qf diffiactive, aptical elgaantadhalspiit theq enesgyaetermeeyerab diffiaction

orders/focal planes and that are basically equivalent 'to smaller lens apertu%%ﬁlso having larger depth
of focus). [RFalBMERE 1RBSIW LsaRBrr s BFIRSTRGENIEY SYFOLR8 Stihaed tisSsitivity to
wavelengthmaqidnpotisehsematiceibumainatisngviieli isne prablematictafiiewith dibitatififrecoptical

elements. Addiionally. It < Impodant Lo.pole (hat ing. Invenicd appigach. s 90, Al pRiical (echnique that
does not re%fuire numerica c‘omp%tati i, and when itis used f p halmic aﬂp?lcatic?ns it does not

assume braimgidses sedoditgobeidadeliion provesHesinseaanraxtepiddbd depthiokpoadoithage is
identical to the image,afian f&bé%ﬁé%&%e%ﬁ%&%’l% P%ifii@ aspecintheredsprovidechanigraging
y

arrangement comprising: an imaging lens assembly including at least one lens having a certain

effective agBrtAPEEAnaiatiedsiesing dfital dsmerEBscemide Wih Sairar1sadtBaE ferlé and
configuredatpserieie.an extended depth of focus of the imaging arrangement, said optical element
being configured gs a as -only. element having at least one,phase . affecting region and together
with its associatea%‘ ecr?g%léﬁ?\?na ﬁoﬁlr%%]éifg%%n@ Balﬁe‘?lhov‘?odr%ie% 13?%%%2%&8%& 6ﬂ%a f/‘transparent
features ofatifferemtpipigcatpropecties being determined by at least a dimension of said effective

aperture, said spagediapart, PRUcAl tanspaeptegiwRR ST diflaient RRticRIRREIIES-BRING

constructed out of spatially low-frequency transitions such that said optical element together with its
associated T&iF84shSeaii Ay 186ES NoPBpYBAEIhEIFIES allisy TIORPS TOTBRHETST ABIPACEGH and
provides toshetimagidtharangemenihanaxieaded depifiaof etk kbaperture, by applying to

the imaging lens a phase-affecting non-diffractive optical element configured to define a
spatiaily 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 such that said optical element
together with its associated lens substantially does not spread energies away from zero
order of diffraction, thereby producing phase interference relation between light
portions passing through different regions of the lens arrangement cofrespondéng 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 arrangement.

According to an embodiment 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 lens and configured to provide an extended



According to a second aspect, there is provided an optical element for use with an imaging lens in the
above imaging arrangement for extending depth %focus of imaging, the optical element being
configured as a phase-affecting, non-diffractive optical element defining a predetermined pattern of
spatially low frequency phase transitions, said pattern being defined by an effective aperture of the

given imaginglensoAccerdinoiir.githird-aspestctheia dspipvtel asysiemdfebsmating animage of an
object on a detector plane, the system gomprisiggcgf above imaging Ifns; rrangement. According to
a fourth a8Pa& thidre @%pdffﬁ?@avg AHEY RIS EAR g IhePABOVe IRTAGHHG SrPsh g Bt
Accordingitenaififih asidegitithesisgpravigetkea wigthndfargiaaviding deCeiitair mxtenetedddpth of focus
of an imaging.system. the method ¢ is] lyj er; di .| Ing.lens having
a certain g’ﬁﬁ%%%e%%?&?@’ b?g(f)%%%%g{oéﬁgg [ ag}gl% en? 2[1 p %@é%gffé?ti%%%g?%g%%ke optical

element corii§uties RPBENRC A 2t fRATaIN oMM e JUEIHEOPHESEOf a1 Sitid ARdisangemett Wb thereby

provide a (predetenmined patierrpfspaces-anarhubsiantall epticatictranspatant features of
different optical properties within the imaging lens plane.such.that said optical element together with

its associated lerfSSABERNRIKFHABSAST SPHRAGBHEr Gied O RS  Driel Sy Wifff alltion, thereby
producingiphaseinterfetence relaionibeiweemligiht: portienspabsinglthtioggh tifferent tegions of the
lens arrangement corresponding to the differen u il S 10 reduce a. guadratic
phase fact%arvﬁ&ﬁtlcr%{ ]r%r#? ?%h%gﬁﬁfgg’u%notf égg%t{oﬁﬁé? %r%%%ﬂ%%é%% %%%#gafn%};% g%d%focused
optical traAsfersfumstitsny@TRyotlitaerpndgintlens atraxigadsdnicplbeotdingtoathberibaiaent of the
invention, 1hare isereVvided AR dMadRG A ARgINENt ORI Nga RU.IMRAAING IpnsassamRly including

at least one lens having a certain affective aperture, and at least one optic,ag el?m?nE assotciated with
optical elemen

said at leaSGRESIERSritF UBHIGT B 18! Broviid sar exte Mg rgensition. sai
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 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
te thereby reduce a quadratic phase factor resulting from light getting out of focus of the
imaging lens and maximize a defocused dptical transfer function (OTF) of the imaging
lens arrangement by providing the out of focus OTF as much as possible away from
ZeT0.

According to vet another embodiment of the invention, there i1s provided an
imaging arrangement comprising an imaging lens assembly inctuding 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 configured as a phase-affecting, non-

diffractive element defining a certain



depth of focus of the imaging arrangement, said optical element being configured as a phase-only,

non-diffractive binary mask defining a spatially low frequency phase transition, said optical element

together with its associated lens defining a predetéfmined 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 bﬁHaI?E least a dimension of said affective
m, t

aperture. AGTHING BB XnGtheFEHIBGHIRERT SFRERERIOHT th&rds Brdlfbtr g &naging
arrangemestichothjprising) caridahaging:ie e @sbembhhincudmngiatdé dstapnez|dass Matdngiaecertain

affective aperie, and et Isast ans apticel.slement assaeiaind wilh saidy atlgaat anglens and

configured-to provi ept ocus € imaging arrangement, said optical element
being confifigednasrhashasditfranspige ibivetirthaies gpg carslsemait dedifivgacd phg apsow
frequency phasedRansitian opaichopticdfIomeRt (iegsihanwith i rasasiaieddens dRlinRma
predetermiped pattern formed by spaced- apart optically transparent features of different optical
properties, FoSitforf SRR TEEs rﬁ?‘% L ARoAYE g N & opticalr e nent Wit e lens plane
being determimedhyntatolehstacdimEosiomoflsaidfaffEctivecap&riiire Ut thatding opticahdlement
produces Q%E?t%g g&a&eﬁi}%%rference relation between light portions passing through different regions
of the imaging arrangement corresponding to the different features of the pattern to thereby reduce a
quadratic phase fA«erreeg|ting fordigat gathngivaibPfobis BMIHEmMABMNY Isrraridahakimize a

defocused gptical trangler function (ML ohihe-imaging lens auRngeme 4 Rypigviging:tbe out of
focus OTF as much as possible ré';?vay from zero. Acc&ding@ny t another embodiment of the
invention, thSTAUE pRSYidBERY iftagiig S PATTREMTe RIS ARSHS: 5?%% GG RISAYSENBI including
at least oneserisnhavihg redstainaffectivei apevufiepandapeasione optivddctemantidssaciated with

said at 'ea% 8%‘?3%%6}?49%}?” andeont ‘d“%%é?e‘?éo"ei%eb%%%tc?nrﬁ?%‘%e%eé%;t%r{(}faf‘s’sc}é%fgéﬁﬁgr Imaging
arrangement, sal Oﬁ Ica efg] en Ill:)elng C nhgure asap e-a gctlng, non- glﬁractlve ement
defining a @@nadifractive 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 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 embodiment of the mvention, there is provided an
imaging lens for use in patients’ spectacies, 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 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.



17 pattern of spatially low frequency phase transitions within a plane of the imaging lens, such that
said optical element together with its associated i] ging lens determine a predetermined pattern
formed by spaced-apart optically transparent features differently affecting phase of light passing
through the imaging arrangement, positions of the phase transitions of the optical element within the
imaging lens plang.beiagdatereingshiatdgastimeimension pheaithalfectiveapgidurgto seduce
sensitivity of the imaging arrangement to shifts of a Coherent Transfer Function (CTF) of the imaging
lens while GBS TSI B8 ACCBPARBS Va2 BT RE MEMBL ERERE DT Ale e oM 4Bk is
provided aenieraginl askangemerntcoaifaising aramnray oidensesgack bigwn) deeertaincatiective
aperture, and.an agay.qf opti s each optical e Giated itk lens of the
lenslet arr%s/sg%a ! gi%‘%o%ﬁé%%rlg%g%%gr%ﬁge a%%ft%ﬁd%ggée %%Qof%%:@?%?ﬁhgi Wégﬂl%éé%%rangement,
said opticaterasrshdensing é@?ﬁ%‘gﬁ%&ﬁoﬂﬁ%}pﬁi%@f&ﬂ‘-@&ﬁlg?ﬁgiﬁ‘#rﬁﬁﬁé@tﬁ@%f’pﬁﬁfﬁpél@m% defining a

spatially |0&Yiﬁ%&‘i*€@%ﬁmsﬁéf§a§it@ﬁn§%d 20Rtiaal Rlementiegrier wihdts-assaeiatedilens defining
a predetermined pattern formed by spaced-apart optically transparent features of different optical

properties SBUSRIGH BT St R g B AS & e ROl PE SO R P Bt AR RRHI ! lens plane
being deténmipeddymirteastcaldimensionof Saidaffedtiiéapertupacfquording topattanotiier

embodimept %fag %fa@ve}%is%n& there,is provided an imading lens fol s 1P Zi‘g%gﬁaﬁg %%E%a%les, the
imaging lens being cohfiglired to define” a certain affective aperture and carrying an opticai element
configureddeiproiied anaidgeshe dungapemofi fead s Euidve piealuefement being configured as a

phase-affecting, pamdiffrastiviaptical glerent Q%zﬁgn}j@ aapatialhy IpwLfisguancY RRags fransition,
said optical element together with its associated lens defining a predetermined pattern formed by
spaced-apHHt BRtidHy) Fabraparsnt Ll ecEraifciAE Pt BidpBrtl: BYEhoR P4 {’&fst one
phase transiitindiegion dfvibe optical element within the lens plane being determined by at least a
dimension oF Saidx@g!:%%gi\ﬁ% %Qe)rfte Mhother embodiment 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 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
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 io thereby

enable reducing a quadratic phase factor



18 According to yet another embodiment of the invention, there is provided a display device carrying
an imaging arrangement, which comprises an arraly)of imaging lenses each having a certain affective
aperture, and an array of optical elements each associated with a corresponding one of said lenses
and configured to provide an extended depth of focus, said optical element being configured as a

phase-affegting:nedrodiffiastiveaRiGakeleroen detininenacspatially Jawdisarsncy Bbrzedsansition,
I iated lens defining a predetermined pattern formed by

said optical element tage her_,witla ItS . asSsO

spaced-ap&R SRiCARE Hrdh iﬁﬁiﬁﬁ@iﬁ?@nﬁ%ﬁ% Prbperties, position of at least one
phase transition regionrdifithecopticaheteenemt buitiinctiieole nseplanenbeinghdetesmineddsy atleast a
dimension Id affect r I I t LS 0' ' y be a
cynamio sy e e A e e ) o1
may be a stgtiovlisplayidedte basoreinggarget andthebasmbBesient apmdifvehvorwrietk is

provided a fysiem doncrgatingRtmage Phan-abisctonial Aeleaiardoianr y e systemeRmprising an
imaging lens arrangement for yan irtriagi,ng lens assembly jncluding. at least one lens having a

ed
certain affed! éﬂ%@ﬁ&%%%erﬁwéa B A Bt ERTHER LS R GP8VIHE an extended depth of
focus of the imagingardingemert, saidhopticabadémentobeing iconfigore dhasai phhaseddfeating,
non-diffractive. ini tiall freguency ransitio id_opti lement
together wit ?%%Sﬁ%%%ﬁﬁ%%&%%ﬁ\%%%\% i’%gﬁ\%% ge%ﬁpfr?é?d ee%???rirl%ﬂi@fln ?&gﬁeﬁ ?ﬁ%e@%%%%féz d-apart
optically trathspaptptifeitney efafferafioprcas propesieenbositioridfratlivastivas phagsttansition

region of the.aRticak elpraent-¥IHIN %&magm%ﬁwxplm beijadeiermiredkyatilgastaidimension
of said affective a%er,ture SélCh t!%?t the %)ti,cal element %r%c%lices proper phase interfe%fﬁgce relation
between light [ERiBHEHAEEY tRY ATy tifteYe APREGENYL %“’i?ﬂala?ﬁél%%rgﬁéeﬁ%ﬁf $dSponding to
the differentéeatundsrodde paitdrn tiovthekehyherablexeddeing acgtiagraticriphaser factarding

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 embodiment of the invention, there is provided 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, 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 fransition regions of 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 vet another embodiment of the invention, there is provided an
optical element for extending depth of focus of imaging, the optical element being

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



19 resulting from light getting out of focus of the imaging lens and maximize a defocused optical
transfer function (OTF) of the imaging arrangemenf, According to yet another embodiment of the
invention, there is provided an optical element for use with an imaging lens for extending depth of
focus of imaging, the optical element being configured as a phase-affecting, non-diffractive optical

element defjainag RYSCEtefBiRecRRl et ol spalialy dpHeeauansY BUASR ransligiemsai patiem
elng erfne a ective aperture of the given Iimaging lens. According to yet another embodiment
of the inverBTG: BESh FUSLAFE SRRE S AL AT T P AR dR&S6P B4 g depth

of focus of inthgimg afthetioptigairelement heirg donfdurddias aphase:ohly ,cnonadiffraotive Binary
element defipi predetermi ttern, o ' freq phase transitions, said pattern
being defin%%?@%aéﬁ _e%ﬁe%iv%@a%i%&% (%; %‘1e%%%{r%%iuni’e%g‘%%ﬁ%en%f%%co%ﬁc%;ltog%%té %?)othe}qaspect of
the inventimﬁ?@ﬁ@@@%@ﬂa@@r&ﬂ@ﬁlﬁ%ﬂr@@ﬁ%WmEM@ﬁaiﬁgﬂdé@ﬂpﬁﬁﬂfgbw%mﬁagiﬁ@ athe optical

element bejpg:aonfiguceshas-aphaspaifaeing pasmdifrastive.apiical elementdefinng g.spatially low
frequency phase transition. According to yet another embodiment of the invention, there is provided an
optical eleriBHf36FEREMding depth of focus of imaging, the optical element being configured as a

phase-affecting, nanediffiagtive pptieadtlemenbatifining & spatialletownfréquensyppbasiedransition, the
opical elemyent defiaing 3 piegetering pate Pl pASsARsItan (solgns, said uansifep regions

eing arranged In accordance with an affective aperture of a given imagingens for which the optical
element is Husigpdeehsariasodpdvide shidneansiiordiagithsofithecoittite elamest svithiiun
predetermingdcpasitigns.in the iImasing lehsRianede previde Reredicraenlication af @laigral phase
shape of a light field propagating through the_.imaging lens with said optical element. According to yet
another emBOtieRE B He TRUSRHE (Horb i brovidBa S optital EIEHTER aPEXeNdRtY epth of
focus of imagingethenophidalhelemeptdyvéiiag ponfigirethads pephasefaphscdepaiffsabivethinary element
defining a optically transparent featured of different optical properties 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 tmaging lens and maximize a defocused optical transfer function (OTF) of
the 1maging lens arrangement.

According to yet another embodiment 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 affective aperture, said designing 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 possibie away from zero.



20 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 the optical element within predetermined positions in the imaging lens plane, to
provide periodic replication of a lateral phase shape of g light field propagating through the imaging
lens with said optical element. According to yet anothef embodiment of the invention, there is

provided a met ?&ﬂ B@g@mﬁm%%‘gﬁ&ﬁéocus of an imaging system, the method

comprising applying an aperture co ens having a certain effective aperture, by

applying to the imaginthlerdea tohasteriteding norsaiinstivacapRicadelement benfigieadie define a
spatially low frequency phase transition arran%{?men_t and thereb Pr%%%d%e predetermined pattern of
al

spaced-apart sUBsPARRER, BIFHEHIRS teRRpLTERRT: e BV ditfe roperties {fiftin the
imaging lens plangitbereivmileoshigingiphasersier forercRcolajianyheiveanitightinarians passing

through different regions of the lens arrar%%ement corresponding to the different features of the pattern

S0 as to redite a quadiid phifsd PSERRIESHIIAER RS SRIMPGRICE A ToNMREHY i Ying lens
and maximize augigtaegsad qRiigahk aRseratasiandte Tdoh el inagingiiensAriangsent. According

to yet another embodiment of the invention, there is provided a method for providing a certain
extended depth'BY$8EG&:0f an imaging system, the method comprising designing a phase-affecting

non-diffractive optical gigment teRensseMvitl aR-MeaciReHRRS Havinta ge i maflgsivRaperture,
said designing comprising selecting N positions for phase transitions within the imaging lens effective
aperture as thoSEBESIROMERIRTEPSFHREENHHN Optical Transfer Function (OTF) of the imaging

system undgg a set of gy gidocyRRealansitherahs RUdRgdN e At 1oeYs Alip@p fuch as
possible away from zero.
arrangement of the present invention, suitable to be used with 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. 5A to SI exemplify face images obtained with the out of focus
parameter 4y/D? varying from -0.2 (Fig. SA) up to 0.2 (Fig. 5I) 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



-21- BRIEF DESCRIPTION OF THE DRAWINGS In order to understand the invention and to see how
it may be carried out in practice, preferred embodiments will now be described, by way of non- limiting
example only, with reference to the accompanying drawings, in which: 5 Fig. 1A is a schematic
illustration of an example of an imaging system utilizing an imaging lens arrangement configured
according to the present invention; Fig. IB schematically illustrates another example of an imaging
lens arrangement of the present invention; 10 Fig. 1C 3sehematically illustrates yet another example of

an imaging lens_arrangement of the present invention, suitable to be used with a display device; Figs.
S pres eyt
EkampfEs ey,

ID and 1E showPRi fi9ety) BF fleticard digefibroreinednia e Atbatbeing

implemented intkgtal yithian Widaing BERGE kigmeaA to 2C show three examples, respectively, of the
contour of the 15 opti%al glgzr?lnent f the present invention suitable to be used in the imaging lens

arrangement; Figs. 3A 835 MR HEERE ot QEb shaamermpenimstak waifipaiien &f thee

conventional appreadsd Rigsiv Aftaobhexemnideacana @%ﬁpﬁm&ﬁiﬂi&t%@?&s&k%ﬁﬁﬁé 20
parameter 4ydD2 varP(ing from -0.2 (Fig. 4A) up to 0.2 (Fig. 4l) at steps of 0.05, for the case where the

optical elemént BreTL phsrerki Rnation; Figs. 5A to 51 exemplify face images obtained with
the out of focus pararpgien 4A/QRuaMRY HOBcQoRriife50) RO PndTifi D Ak Ah SIePRQfL0-05, for

the case where no gptical element of the present invention is used; 25 Fig. 6 shows. the results of

examining the SRRifH9LAThES sicsPal dRYERLGR. v hengasey arhemeribe RigE caipclementsiow
experimental regyishor nasing:s: foretiggwith and

. Fig. 10B illustrates the performance of the ophthalmic depth of focus
10 application of the present invention, for the minimal range at which focus is

obtained with and without the optical element of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

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

13 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 124, (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

ieﬁs(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 124, ie., 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.



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 -22- position of Rosette with no EDOF element, and Fig. 7D
corresponds to the out of focus position with the EDOF element; Figs. 8A to 8D and Figs. 9A to 9H
show experimental verification of the extended depth of focus technique of the present invention for
polychromatic 5 spatially non coherent illumination; Fig:"10A illustrates the performance of the

ophthalmic depth of fogus_ application fﬁg present invention, for the case, where,the optical element
is attached to a conta@teﬁe(?rrlasi?i a?nﬁt?%é%) I ﬁ%??fa(}gsatﬁe %Iéa%f%‘rahf%g%%lé %%[?ﬁ%eggﬂﬁ%%%gggpth of focus
10 application ofutwedreksatthmretatichhifoisthidustiniedadr dfige HE whichifgcus isnagivaingdieonith and

without the opticgl.element of the present inventi ETAILED DESCRIPTION QF THE INVENTION
Refenrng 1o Fio 10 ILETE S-AGH AR SaNG ISk drch TR AEHr Sy 120 & maging
lens arrangemenffi@inftherpieentinyesntienl EhendmatfiBy loyatedndOsis forthedehy an fbjgct 13 that is

to be image(# tlﬁ?i{mﬁ}ging lens arrangement 12, and a light detector unit 16. The imaging lens
arrangement™ 1 &Rides a certain number of lenses 12A (generally at least one lens, single lens

being shown in the pregignti €xampie) sehdngisitytain difegiive apssiiredd 224uwhiab inbtyetpresent
example is the lens.diameter), and.a_certain number of optical elem(mts 12B sin%e element in the
present examplg‘?%tg%c‘? Pt RSOl A& B i pHRAE BB nIER f’fél?g iy and

operable as an jguiedses depih of tacits (ERObhmidteTfodnaapiisalsalendant 13B48 ¢grifigured in
accordance Wit e RALATISIS 2500 IS S b Lol Sre e 0e ooy aso e
optical power 2 :
10 OE; each associated with a corresponding lens of the lenslet array.
Such system 200 may for example be used with a display panel or screen
13 {constituting an object) aimed at facilitating the imaging of the display/screen
(e.g., of a mobile phone 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 eiemént 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 &
predetermined pattern of spaced-apart substantially optically transparent features

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



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. -23- Generally, the mask 12B may be a
separate element attached to the lens or located close thereto. This is illustrated in Fig. 1B showing an
imaging system 100 utilizing a lens arrangement 112 that includes a lens 12A and a phase- affecting
non-diffractive optical element 12B located close to the #éns in front 5 thereof. Fig. 1C shows
schematically an imagri]ng system 200 according to yet another example of the invention. Here, an

imaging lens arfaHGEMRRCEE LTifaadeas o yesiaansidho aptisahetemprbuipaces Tsnds LI, L2, L3
and L4 in the presiont Ofamenissantae A érgflﬁ%l&atﬁ%%&{%g%%a%?- 10 OE4

each associated with a corresponding lens of the lenslet array. Such system 200 may for example be

used with a dispTaysiaens B st eripia svevrisnaitinfrivbish dhamasl 2B dintderignnd ifing of the

displaylscreen {exhe ShenaPRRNAARAGKICRI URIPRIG IRNG RBAYIAN RIDIGRIR, be Imading
sur

arrangement 212 is accommodated at a small distance (a few millimeters 15 from ce 13' of the

display pané 18eKkEBingi e heelpeiraansurcolibteiveimagissaleay 128 (gudgassibownstream
of the lensiet ars Lo RsResh LAl PIaPBIRIR 9 S BhIEGI AW 2 Jght detector 16

(patient's eye). The use of such lenslet' and EDOF elements’ arrays provi Inging the closest
focus plane FP BtagRragnasanaihdemeitcnl the pritaenats 200bossiblgdnetiate ghjper IBaskane, so that

people with theiﬁltg%fgg&gr}éigaggmg el ith.nar visiop will be able to see the
screen. In addition, bringing the closest ?ocu%%T n?eggc?sé%%@%ef%%j%%%a}afﬁ%r%%& 1%%18%
demagnificatioritatitens thasgpmematds teebebfocusdl: reducing a quadratic phase factor

10 resulting from light getting out of focus of the imaging lens.
As shown in Figs. 1D and 1E, the optical éfement may be implemented as
a surface relief on the imaging lens (Fig. 1D), namely, a pattern of spaced-apart
regions Ry and R; of variable lens thickness; or as a pattern of lens regions R’;
and R’, made of materials with different refractive indices n; 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. 24, 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) By-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. 7
It should be noted that the mask (pattern) may and may not be

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



Preferably, the optical element 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 -24- formed by one or more transition regions of the optical element, spaced by the
regions of the lens, in the imaging lens plane. The transition regions are pi-phase transitions for a

certain wavelengfamRSyenene makrsedpus desigrsdcat HaleneaXqariaranst thesBoraasisbn regions
(positions Withir{%%‘*ﬁ@&?@ plaoehis a.d5inrsRed ﬁﬂgig SfJeChive ?}%%fﬁ‘fé@%ﬁ%%%%%agmg

lens 12A (and possibly also optical power of the lens) so as to maximize the defocuse of the

entire imaging &@ﬂgb%ﬁtp}ﬁ@et soer!t eraisaeéAas idie sssiibralengroper phase interference
relation between light Bosrﬂ&ﬂﬁ %%S%G&Q{legiltﬂ%ﬂb{ﬁi%@% g{g‘gﬁ’aﬁm%@g%ﬁ? thereby
thg frontli ft

enable reducing a quadratic phase factor 10 resu ght getting out of focus e Imaging
lens. As shown aFids. sondigtred tendedikcatishontersturesy ipside phenpatedteansitionrizgiorelief on the
imaging lens (Fig, 1D}, oam ate d-apart ignsRhan f variable lens
thickness; or as'&é' %Sgttern_of‘afg%;%{;gil{m% ?%%?ﬁ%h%%%aggee%}%hater?élg i/vm%t I%ﬁﬁg%r%ﬁ:]t%?ggctive
indices n1 and rf2uWFiGon Egin IBathbecabe vhdiftdeapatielizdive frrdpemptefiphssa tcensimoptically
transparent magﬁgiﬁllaofﬁ refractive jpdex different from that of the lens may be coated on selective

spaced-apart reglonssb & fene sl aicﬂé‘.‘l'—"igs. 2A to 2C show two specific but not limiting examples,

respectively, of the coileyredditchopsititelproeided 2B FIOFexamaie 12Bith 2e. foamesk 20 12B is
designed aﬁ@ n I%leg lgf‘ %asnesé}:ir?e?ltge%j?tﬂi%%sge&%gg% a}atplgr%&t_eogﬁ él%cgnaging lens 12A. It
. should be understood that instead of having a mask that blocks energy in some of
segments and fransmits in the other, the invention provides the substantially
phase-only, non-diffractive mask 12B, that is either 1 or (-1) depending on the
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:

~ 42
D)= exp(——DE——J

(D
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 fens

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



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) DI-B'1 and B2-B'2. 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 soling an algorithm, which will be described
further below. It should be noted that the maslépgattern) may and may not be 30 symmetrical relative

to the center of IR ErsOfthe knniimibaanserit G6F )2anduis e phesolaciqprispeesertingvo vertical
(along Y-axis) aggd ﬁ‘ﬁﬁ%ﬁlﬂr@%%é%ﬁf‘gf)fﬁ@ébs) bars, that are illustrated in Fig. 2A, may be shifted
transversally along the x-y plane to be not centered around the center of the lens. It should also be
noted, although not specifically sk, that the pattern 5 may be configured to define microstructures
inside the phase transition re%yoﬁ”()@_ ~ih yd*éﬁge pi-phase transition ringd&¥ Fig. 2A), namely, each
phase transition region may be of a varlable spatially low frequency of phase transition such as for
example it/2, n,whefdie preshatiaveleighpioiides dhebRVewlemant 1RBgmiRioMMm Afkag10 mask of

N segments |t5tlgn tgg eff tlve a re of the i |mag|n lens 12A. It should be understood that instead
of having a Gt %% %Q/ B iRh s g drimi & sk thtnesatpe dAvention

provides the subﬁma@d]yaﬂmas@s@myfmm@ﬁgapaf@umﬂaé& 168t 1§ §ihaE bhersidadgaending on
the segment. % S |nd|cated above, the mask 12B is deS|gne to maximize the defocused OTF of

the imaging systemi“By G’Tﬁvé ety &t shifopmus anerdse theraeh factor is generated
when the image is defaguseghapshgnudinliesntierdfiRed: -
1 1 _i
W VTF ®)

10 the distortion phase factor y equals zero.
The OTF is computed by auto-correlating the CTF with itself:
OTF(v) = CTE(v) ® CTF(v) _ C))
The auto correlation operation consists of shifting twe 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 shifis), 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 functﬁon,
and it is used to express the spatial-frequencies transmission function for
iniehsity, when incoherent illumination is applied. Thus, the mathematical

formulation for maximizing the OTF is as follows:



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 combinatigns for the aperture coding mask. The out of
focus distortion is modeled by multiplying the 25 aperfute with the following expression: i4T v') (1)

wherein b(v) is the CTF of the imaging lens 12A cqrresponding to the out of us position of the
object being imaged, D, iatheter of the trdva gLn‘a_ﬂlM effectiva.aperture of
the lens), v is thea&%% in %ﬁf@l%?é?& ﬂt Big\ﬁ fr% e

C € erfwe lane, of ), and yr'is the phase
factor representing the amount of getting out of focus: .XD2 47 u v F) wherelrt A is the wavelength, u
is the distance between the imaging lens 12A and S the object 13, v is the distance between the

imaging lens 12;623 ar}dm@%l%e%ﬁgl% (Salr?g é?gg%%%@%@?ig %%g‘f?f\fl:greqﬁéh o{%tl}}ggm?\%ﬁeg E{g{g)s. It should

be noted that theterm imagin ape tre théreo en imaging
condition is fulfifegtelatitnle{BYession iRdeeadist@rtioh hapefaettien egup)s zero. The OTF is

computed b%aUto-CorE??ht(i)Tl dt%% g;:idwtggtiﬁ?slfébgvg-: 23/5):c?i%eEFi(t\é)ra%\Cf:eTgé\rgéggal algorithm
is a specific but not limiting example of defining the EDOF element
configuration. Other techniques can be used as well, for example numerical
approached based on enfropy minimization, or maximal likelihdod, or other
numerical or analytical approaches, resulting in a spatially low frequency all-

10 optical extended depth of focus.

Figs. 3A 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 n
Fig. 3B; y=9.8 in Fig. 3C and y~12.8 in Fig. 3D. In each of these figures, curve

15 Cy 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



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 cadcellation 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 bé’%ﬂ? 1. 30iGhs [EKs mAd EDymes exe ioh sasa frlitvdai® srrbaainnshis is why

the OTF did notfanssaid peopighsnatalfieausngianp AaRThatoe Kot deansfai of the

intensity point spread function, and it is used to express the spatial-frequencies transmission function

for intensity, wHERHhdSHepants RpdimRIHuda fistabutions T smaliastaic dropped erintor
maximizing the G iApHOWRAR! N ADIUNN) SLAMERIOBMLY (R HANEEYANAY JLIE)
of the

JI'1 nn=In=i.e., find the values for an that provide maximum for the minima auto Correlation
expression wheREoyile suilicipngly seedrpaits 65 Wb Kuhbinarrativagahattspattdvsadkscribed

iterative numericaligloarithin; inagpREfigRut not limiting example of defining the EDOF element
configuration. Other techniques can be used as well, for example numerical approached based on
entropy minimization, Bcfaepaeaas kadpso digs.cthed Innddficsl SAaPhlliisaitipgrbashadacesulting in a

spatially low freguigney ks 1 ORHER! @ 0ARY SRR D2 IRE S ay/D? is varied from -0.2 (Figs.
- 4A and 5A) up to 0.2 (Figs. 41 and 5I) at steps of 0.05. Figs. 4A-41 show the case
10 where the mask (optimally designed) of the present invention is used, and Figs.
5A-5I shows the case where no such aperture coding mask is used. In the present
example, the EDOF element configured similar to that of Fig. 2B was used. As
clearly seen in the figures, a difference in distortions between images of Figs.
4A-41 and 5A-5T exists due to the aperture coding mask 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;=0.8%,, 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 A¢ and not for A).
Figs. 7TA-7TD show another experimental results obtained for imaging a
25 Rosette. Here, Fig, 7A shows an image corresponding o the in focus position of
the Rosetie 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 improvemenf of the

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



Figs. 3A 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: w=1.6
in Fig. 3A; y/--4.8 in Fig. 313; ye9.8 in Fig. 3C and +/=12.8 in Fig. 3D. In each of these figures, curve
15 Cr corresponds to the MTF while at the in-focus state, curve CZ corresponds to the defocused
MTF of an imaging system without the use of the correqé’ggn optical element (EDOF element) of the
present invention (mask 12B in Fig. 1), and curve C3 c8fresponds to the defocused MTF of the

system with the soprgcfion;glement, 20.Lhe yanguersalinvariance may s ebianedusing the phase
element producing periodicfeplication of thé phase ghape, namely lateral replication of the phase
shape. Turning paskrtoiFgn @i exendifiinpravaaskfoimed by dgwiveglineis andl therajfeftbasic
elements BE, wggrgea{lgsg Ita‘;ﬁéeal é?égssqé'l%h freggenmes) exclude part of the phase shape, a

complimentary par’i i< e A ANOtAT p%lﬁq’al period of the mask thus producing the phase

period by replication. Esdadgdlicatioredtlibcibhaticipanodgef irestanditioRipithts of I ®ABESG element
BE) thus reduces itivity to lateral shifts. The.longitudingl invaypiance is obtained as follows:
Given the Io#gita%ulgr]lzfid%isﬁar? BE &8 %?tpﬁgggsé?ﬁéﬁggr%%ﬂé8#28?%1’1élﬂ“réﬁ’l RN plane or
the effective apgrtuess2: planehplibichAphedgnsioh theckussiag eyizin cashof Gphibatimie

applications, free s a%e %ﬁ&a;gation of the mask function for this distance is considered. The result is
a phase and anﬁ% di tion. The amplitude is dropped, leaving only the phase profile. In many

cases, binarization of tfigepiasatitniomheny B sgerbHliti Ny TRaddesuitsias ¥weldnddie
binarization realizes spatjal mask which is easiey for fabrication. Reference is made to Figs. 4A-41
and Figs. N FSWABRR2ER, IR o 86&@%%@%{#%@8&&%@%&aBmaf@ﬁtm/Dz is

varied from§).2(eiggal lighting). The experimental conditions were as follows: the focal length
of the imaging lens F=90mm, the distance between the imaging lens and the
object v=215.9mm, the distance between the imaging lens and detector (CCD)
u=154.3mm, the aperture of the imaging lens D=16mm. Thus, the measurement
for the phase distortion y 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. SA-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 x;f=13(+i.5mm), and Fig. 8D corresponds to the defocused position

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

Fig. 9A shows an in focus image obtained without the optical element;

Fig. 9B shows the defocused image at w=13 (+1.5mm) without the element; Fig.
~ 9C shows the defocused image at y=17 (+2mm) without the element; Figs. 9D-
9F correspond fo Figs. SA-9C but with the optical element; Fig. 9G shows the

30 defocused image at y=I13(+1.5mm) obtained without the element with



4A and 5A) up to 0.2 (Figs. 41 and 51) at steps of 0.05. Figs. 4A-41 show the case 10 where the mask
(optimally designed) of the present invention is used, and Figs. 5A-5I shows the case where no such
aperture coding mask is used. In the present example, the EDOF element configured similar to that of
Fig. 2B was used. As clearly seen in the figures, a difference in distortions between images of Figs.
4A-41 and 5A-5I exists due to the aperture coding mask of the present invention. 15 Fig. 6 shows the
results of examining the sensitivity of the coding mask- 38BOF element) of the present invention to
wavelength variations. In the present example, an imaging lens arrangement (imaging lens with a

coding mask) wWeRYSRFEHEd Mmoo i1 DB A Biqiterdle X dlafapksoshvéneagrh fr which the
/ aw ) () ! . or
mask was desigpegiand JahrraiRaePsa ARl f&%?%i%@ﬁ@%ﬂ@%ﬁggﬁ%&@ﬁ%ﬁeﬁ@%& paramete

of 4w1D2=0.15 was used. As could be seen, the out of focus distort ained dt the usage of
the mask is still very 1dv Hbipiediabotes thisdmpgirgdsksiemorgegeniopfithizec(sindevbeimask pattern

features are pi- phasg.transtigns for Ko 2 ﬂ Rigs dA-? show another ex r'menta]
results obtained f%fimaging a 25 E{l)setteﬂgH%% %(lb%{%A gﬁoevgs gn%méig%‘%gﬁ%egggﬁd#]%t S the in
focus positich offgaNRdeetterstamenhintorib E6ye Rldemdntobifiddriventorogigndi $haws an

e e B B I S P B B
with the EDOF imiprigesterintior Hist30apresehiimgintdens) thelpdesenteaxamiething DR elerr:l:nt
L R T R i e,
the system is in(fociase |trshief)|d 4l nited fillinn dkthednages prelsemnietin Figaidhat obAS1, 6
and 7A-7D 1 " quna S IRk SHRORIAD ALNSRPO AR TSP e fraction index
difference is such that the outer region of the mask is flat while the desired phase
difference is generated, required as buffering phase region that generates proper
equalization between regions of the lens aperture for the interference effect.
Another realization could 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 OTY of the

30 lens arrangement (appropriately modulates the CTF profile of the imaging lens of



processing was applied. Applying such processing might further improve the obtained results. The
inventor has performed experimental verification of the extended depth of focus approach for
polychromatic spatially non coherent, illumination 10 (general lighting). The experimental conditions
were as follows: the focal length of the imaging lens F=90mm, the distance between the imaging lens
and the object v=215.9mm, the distance between the imaging lens and detector (CCD) u=154.3mm,
the aperture of the imaging lens D=16mm. Thus, the méasurement for the phase distortion y equals to

13 for the case where.the ohject is moved a 15 distance of .1 .5my the in,cofus,pl and W=17
for moving the o%%eg?sé egﬁéttjgagg%s%gs'g%%geﬁ?ga\glg%g ‘SPthe” p %@ﬁ%ﬁ% |eisrecl%€r{rﬁ)€u%§9f§?%wing
equation 2 abovVigltrzbuising phasstigtéinoegtadiffirerdimgietes of the lers {affedtive agestiintiof the lens)

in the optical system. Ehe experimental results under these ditions .are shown in Figs., 8A-8D and
Figs. SA.0rt. In D AAT e B o L R T o e
used. Here, Fig ivemtorraspiinds] tthanfon-fiomi s position withmont & (dtedéitieat eptif@vesiorent of the
present invegtio(r:lénF' . 8B ﬁorr‘eaggoggs to m%in-f?cus \@ith{sucﬁq %ggntjlgb%§ c&ress%)onds to the
defocused pdsition RNGUL tHe plila Y &e %n?g '=% (+1. mn%, an Ei . fr t3p S to the
defocused positimicdviithdtedptitahele B ) g tapcul Jehind>mdijidnig: Béwaawisvanitjdeaus image
obtained withouj the.optical element; Fig. 9B shows the defocused i e at yl=13 (+1.5mm) without
the element; |:i&%%#&}&tir?j%@ﬁ}ﬁ%%ﬁ%éﬂé‘flﬂ?ésff r%?na) %%(%‘t the element; Figs. 9D- 9F
correspond to Figs. 9ASGeEDGIthdhementicdtieiementerig. Retishdisciieistsddfoauspdoifrage at

yr=13(+l.Smm) gbtained without the element with -30- polychromatic illumination; Fig. 9H shows the
Uefocused o T CRBCR LR ApIOEEAIAESH TR L SRLA G e BT ORERE A Himation.

10 into Diopters range. The diameter of the eye lens (effective aperture of the
imaging lens) varies from 2mm up to 6-7mm depending on the lighting
conditions. The optical element generates a Diopter range within which the
image is in focus. The inventor has found that for the resulted range of the phase
factor y (about up to 17) for lightened environment 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:

4w,

P=
aD?

(6)

Figs. 10A-10B present the simulation results visualizing the performance
of the ophthalmic depth of focus application of the preseni invention. The
20 simulation of Fig. 10A corresponds to the overall Diopter range obtained due to
the fact that the EDOF element is attached fo a contact lens. The diameter of the
eye Jens 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, Uy, up to.
infinity, wherein the distance vy, is determined as: |
2
- T ™
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As indicated above, the imaging lens arrangement of the present invention may be used for
ophthalmic applications. In order to allow insertion of the 5 imaging lens arrangement into the eye, the
surface of the lens arrangement is to be flat. The fabrication techniques suitable to manufacture such
an imaging lens arrangement (i.e., flat patterned imaging lens) include for example etching (wet or
dry) or laser drilling or lathe grinding to obtain the desired spatial structure (surface relief), and then
filing the evacuated volume by a material of a 10 refrac#ién index different from that of the lens,
providing a refractg))p ind_eFx difference is such that the outer region of the mask is flat while the desired
phase differenc®fs 8535 ab88.% ﬁﬁ}ﬁed as buffering phase region that generates proper equalization
between regions of the lens apertuggyfor the interference effect. Another realization could be by
diffusion or photo polymerizafien oes not 15 include developirdJor removing of the polymerized
material. Yet another approach which is related to eye surgery could be by implanting artificial tissue
having difference in reﬁg%ﬂ@ﬁ%@@?xHﬁmdm&aﬂsdnwﬁhhatdshstﬂi@ﬁgs@éenfmwyhe'lﬁTesEIDOF ’
element of the ' i ; plica r) is. added to the facal power of g certain
lens which is to%g‘g%@?ﬁ%@éﬁ gferi,aﬁ 20;:L %1 éﬁf?é\;ﬁ%%%%lé a5 iop g}aé%%%aéﬁcgﬁ% %‘%ﬁgpters
glasses for rieasaaddardiciohs, itverERIGalenhéninitiee Presethsnventinangy befappsdpriately
designed to be ither:o hese s, being configured.in accordance with the
respective lens lgggglﬁgh%'g I(%%@ﬁétﬁ%ﬂ%@ﬁtﬁéé%nh‘%%%ﬁ fit Yo I(Aﬂ%]pters. Actually, in this
specific example, a 1 diopioggaskes wiig.tHE EBOREIErentaf 2bile presentdnuention ¢an be used,

where the EDO ent eratin und the gptical power,of th (1,diopter) and provides
the depth of fiel rr%%%n&?&%%-f%&?%%p?e%? , %c?ér,%eaﬁgtiéiﬂt %ﬁ@%sgime% of glasses-
with 1 diopter. Tigthbbaltpbearsed thétlylasisslfimpgiepdersiovit) pthaddgsiial themieeksejement.

Such an EQQF glement maximizes the defocused OTF of 30 lens arrangement (appropriately
modulates?hge 6%%518%%‘.% SFHRETRSG g]esegfimatecfas foffows:

Let us assume that &, which is the distance between the screen 13 and the

lenslet array 124 is about 2mm; v, which is the distance between the screen 13
and the closest focus plane RP is 40cm; and R, which is the distance between the

cye 16 and the closest focus plane FP, is about 1m. The object 13 is constitufed

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.:

which provides £=2.01mm.

The defocusing parameter is defined as:

20 _ nD?

ﬁhere A ié 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



-31- the respective glasses) by generating proper phase interference relation between light portions
passing through different regions of the lens, to reduce a quadratic phase factor resulting from light
getting out of focus of the imaging lens. The inventor has found that for most patients a common
EDOF element configuration 5 can be used, preferably as that of Fig. 2C. Turning back to Fig. 2C, the
basic period (of the basic element BE) is about 3mm, a_distance between two adjacent bars is about
1.875mm, and the bar thickness is about 0.375m m. . [ftie EDOF element with its range of depth of
focus is used o ofa lens i thalmic applications, such as a contact lens, then.it. may be
translated 10 ir%ggrg?og?e’rgp ﬂ%e%ﬁ&g%ig%t%?"é? t%u%r}eﬁfe eg %%e@g%ﬁvtg’gﬁ%r &Fg ortheltd aging lens)
varies from 2mndamagnBizstiond€peddinggoifitaéidigtiticigr éenditions. The optical element generates a
Diopter range within which the image is in focus. The inventor has found that for the resulted range of
the phase factor yr (about up to 17) for lightened ermifo:aii’:@im in which the eye pupil has a 15
diameter of 2mm, the obtained Diopter range P is more thal 5 (from -2.5 up to 2.5). The simulations
followed the formula: Pré\iake(6), 02 1ifiS oh@Acd@B present the simulation results visualizing the
performance of the ophthalmic depth of focus application of the present invention. The 20 simulation
of Fig. 10A cgrresponds to the overall Diopter rangeppbt Wéd due to the fact that the EDOF element is
attached to a contact lens. The diameter of the eye lend vaties from 2nmm up to 6-7mm depending on
the lighting conditions...The simulations follow Eq. 6 above. In the simulation of Fig. IOB, an imaging
lens with a fixed focal .Ig?‘fa%“f $5 used. If the distance between the lens and sensor equals to its

focal length (v=F) then the image will be iB focHs IS{LHOIH certain distance, umin, up to
- = - - = 70pum -
‘ T

It should be noted that without the EDOF element the minimal distance v

would have been:

1 i
Yol ST Wk 1 2.05m

u f aD? 2mm  2.01mm 7+ (70pm)?

10 =1 6mm

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:

2.01mm
70um

=17.5mm

15 5x=1.22-?\.%=1.22-0.51m1

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, ie. cellular cameras, car cameras, surveillances cameras, machine



infinity, wherein the distance um;,, is determined as: 1 ,MD2 () u _7 4A‘Y 11 4AT ,rD2+F v -32- and
for v=F one obtains: 2TDZ () umm 42°Y 8 The chart for umb with and without the EI_DOF element of
the present invention is plotted in Fig. LOB. As could be seen, the minimal distance is much 5 smaller
when the invented element is in use. Thus, the overall range of focus is much larger. It should be
noted that for the human eye, v=15mm. Turning back to Fig. 1C exemplifying an imaging arrangement
of the present invention formed by a lenslet array and anEDOF elements' array (suitable to be used

' ispl | reen), the requi arameters of 10 the imaging arrangement can be
baimatod ne oS, 3 *%%%PR%%W ’V\F/)Yh PICHE GRS Bt dBIRgHNE styslsrn I Al the

) VISIO, 0
estimated as foIIows:nLeq us

lenslet array 12Ayigiedibpitsafifen; fromhiRideuh @eibIaRey Qﬁ%@ﬂﬁf%&r ik Bl theaglgpest focus
plane FP is 40cm; and R, which is th Xolis(gs;?n e between the eye 16 and the closest focus plane FP, is
5

about Im. The oBjSRF At SR ety S?Cihg%ﬁﬂgﬁ%@@r‘i@s&%@msasicalIy,
the lenslet arrayeik2édmgghatbe ofiee plapadR s HPeasbiosys HRNGERvd Biohelidu U v f f=

uvv-u WhiChSpr%\zgggghféhzs' gﬂlg'v!vr; for in-body imaging to see organs in focus that otherwise are
not, since there is no conirol on the exact position of the medical apparatus,
Some other possible applications of the present invention include correcting
chromatic aberrations in various optical systems, for example in optical
communication; media reader/writers used with informaﬁon carriers such as . -
10 conventional DVD, or multi-layer information carriers utilizing light reflection or
fluorescence.

The present invention may also be used in ophthalmic applications as a
contact lens, a spectacle lens, an intraocular lens, or any other lens used around
or inserted into any part of the eye. An obvious example is the use of the

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
infraocular lens, or a lens inserted elsewhere in the eye. In this fashion, they will

20 use 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



The defocusing parameter is defined as: 20 nD2 11 47,, u v f where k 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 33
plane PP, (v, J, will be very close to the object plane 13 {o have minimal demagnification. The
demagnification factor is: MT = vmin u To have va,;,,=0=2riun, one needs: 5 D = "1'7wf V -7t This

yields: D = 15.0.5m, 2.01mm = 70m_ae It should be noted that without the EDOF element the minimal
distance v would'| e %@%elp 16%1.;5(\)%%”9%6_1' g qmerts Téﬁﬁﬁ@émW%?qt 0¥ 2.01mm

hia\% een:
7u. (7002 whicmsnpam s tlderaagnification factor of 8 (16mm/2mm). Such a demagnification would

ccreen decreased the JIEFSAKHENIOM T LR HRGR e LA T Al EF A Al oy e
factor of. image from objects at different distances are focused on the retina (or sensor)
5 without appreciable loss of energy, in contradistinction to the situation in
multifocal contact or infraocular lenses.
Those skilled in the art will readily appreciate that various modifications
and changes can be applied to the embodiments of the invention described

hereinbefore without departing from its scope defined in and by the appended

10 claims.



15 Sx =1.22 . ?1 =1.22.0.5m 270 -17.5mm D 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 focusihis 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; ceRvepienal imaging systems including camera and 25 detectors, i.e. cellular cameras, car
cameras, surveillances cameras, machine -34- vision, photography, HDTYV, video conferences, radar
imaging 1systen@‘-(tﬁ’éﬁ“ﬂﬁﬂ?ﬁi@egﬁﬁﬁcﬁrﬂ’rﬂswoﬁh?ﬁ%‘fﬁe‘r‘ﬁ?)?@ﬁ’ag B ARG BaSaVEBid Redical
inspectidasiromagrapRYedisplayepanecisd etdeThenssage ofdha e pthoohfotwithexid dingretement of
the presgat IVEOHIAN. I8 NIBRERRY AN ARG oM edicelo? 1%&3&%%&?%%%\9{%95 Bibeglycimaging to

see organs in focus that otherwise are not, since there is no control'on the exact position of the
medical HppEraRrENESERTE BT To 8RBT A pHEABh L BB ISt AR SIS R EiBPrétding
chromatig@b@ratimﬁ\_gisy@dﬁm% lgmiaaﬁgyigtem&dmremmﬁthmommw b:prgwwmia;@ﬂonptﬁpzedia _
reader/writers, usedniinnfosmation sariers. sicl ag.40 senventional RVR«o muligyernfprmation
carriers uﬁhz‘f_ng flg treﬁe(_:tlon or flu resqbnge. The présent invention may also be used in ophthalmic
applicatiefieciseapesactié macadspestaplisdbnaamarpabaiss ehdlsreahyrsmbpieis s &ei®round or
[inserted ipheranedali of sy e1ANRRUIous example sdhewsaialdhedinvantios i thaienefit of
i et R R TR N Sk G R S A S TR 2

provides to the imaging arrangement an extended depth of focus.

2. The arrangement of Claim 1, wherein said lens assembly includes the single lens associated

with the single optical element.

3 The arrangement of Claim [, comprising the lens assembly including an array of lenses, and

an array of the optical elements, each optical element being associated with the corresponding one of

the lenses.
4, The amrangement of Claim 4, wherein said optical element is configured as a binary mask.
5. The arrangement of any one of preceding Claims, wherein the optical element is configured to -

maximize a defocused optical transfer function (OTF) of the imaging arrangement by providing the

out of focus OTF as inuch as possible away from zero.

6. The arrangement of Claim 5, 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



natural eye lens. In such an application, those people may use a single lens, as a spectacle lens,
contact lens, intracomeal lens, phakic intraocular lens or aphakic intraocular lens, or a lens inserted
elsewhere in the eye. In this fashion, they will 20-gse.one lens for seeing at any distance, near or far.
Another 8& ious utilization of the invention is in an intraocular lens, the artificial lens implanted in the
eye after Lol areye EhAT AR B Xe PER AR AR HERIMENR HAS BH 4 SREI U SE R 2hd thus
the persemntinfdonhos@eyesthesléms. 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 MGRFGEEITEROEFaRLIv dpersting feladns Witsieh apisl ®drvbarroRINtGBSRgIvedSsuch that
every segmépiref the lepssuifacediasa adiffeisnaietgandthusthe:patienthasi0 imrye ks eyes to
focus on objects at 30 different distances. Incorporation of the invention into a spectacle or contact
lens -35- will enable the presbyopic wearer to see objects in focus at all distances through any part of
the lens.3n all thécpheationsbitheinveptont mdining tHesiaimigledabove, itheitimageifrom objects
at differept,digtapcpsiang focusegharng relina (Rl SeARALSithout.aPRiRcialle: Iass.af gngray. in
contradistinction to the sjtuation In multifocal contact or intraocular lenses. Those skilled in the art will
readily apPYSHi S A VARSI  modifications and changes can be applied to the embodiments of the
invention described hereinbefore without departing from its scope defined in and by the appended 10
claims. 36 CLAWS: S a8y A2 e S EIRARI G LIMAO R RASFBRMPIACIHEING &t
cas onetraenrs]is‘;ion region with respect fo the imaging lens is determined by optical power of the imaging lens.

10. The arrangement of any one of Claims 5 to 9, wherein the position for N transition regions of -

the optical element within the imaging Jens plane maximizing the OTF is determined as:

1”,13;21,?{ min{ﬁ( V)éa” recr(z:ffiﬂ @ [fj(v)ian ,»ecz(%ﬂ}}

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

"

Transfer Function (CTF) of the imaging lens, where a, equals either 1 or -1, A‘V being a width of

the transition regions, D (V) being the CTT of the imaging lens corresponding to out of focus
S ANTS 2
4y

position of an object being imaged and being determined as D (V) = XD, Dz , wherein 1)

is the effective aperture dimension, Vo oisa coordinate of the effective aperture in the CTF plane,

and ‘Y is a phase factor representing a degree of getting out of focus being determined as

¥ - 5?9_;(1 L1 i}
44\ u v F



having a certain effective apérture, and at least one optical element associated with said at least one
lens and configured to provide an extended depth of focus of the imaging arrangement, said optical
element being configured as a phase-only elemedfhaving at least one phase affecting region and
together with its associjated lens defining.a predetermined pattern formed by.spaced-apart optically
ransparitTe dtoretol AT R SEbAT IR el BRHithed! b A1TCLSA B b oot
effective ARgriG SAifh saaced: avar.onlicalby fansRAyeriealues AL AlTer Bt ARligaproperties being
constructed out of spatially low-frequency transitions such that said optical element together with its
associated lens substantially does not spread energies away from zero order of diffraction and
provides| 10 theThRaginganangemsninnexeadad drpth, of fiesis s2d Eheatrargementofgiaim 1,
whereinlsaid Iq?ns 1SS€e Ablg ipcludes thefsingﬁ Ieps a&soc',ated with.the single optical element. 3. The
hag a sub-pattern formeéd by .an armay of varmahle as aramf.;omub—regéﬂns.
arrangement o &taim , comprising the'lens asgém“’gly including anarray of lenses, and an array of
the optical elements, each optical element being associated with the corresponding one of the lenses.

4. The afrangemgni-Qf Selaim 41 whersinsaidiapticah alemend is canfigwed aasa RinansmagknS. The
arrangement of any one of preceding Claims, \gherein the optical element Is configured to maximize a

defocus8# SRR TIARSPEP RIEHBhBTE) BB MBI ANYLIHEATHY roviding the out of focus

OTF as much as possible away from zero. 6. The arrangement of Claim 5, wherein the optical element

Is configyfed torpraduGeoRe) ARase NIGHELeRce ielatomREINGRD Jgftl PALHRRS PASSHR,trough

different regions of the imaging arrangement corresponding to the -37 different features of the pattern
to therels TEERETS BRIMMLRIC BRAERSHMSFH98ulting from light getting out of focus of the imaging lens.
7. The arrangement of any one of preceding Claims, wherein said at least one transition region i s

configured as a-pi-phase Jan3Fon 193 FEIAIN Wavelengih ferhich.the gpical glement s designed.
8. The arrangement o %ny one of preceding Claims, Wherein said t least one transition regionis a
variable @iffhtially low frequency of a m/2-phase transition for a certain wavelength for which the

15. The arrangement of any one of preceding Claims, wherein said optical element is spaced-

apart from the imaging lens along an optical axis of the imaging lens.

16. The arrangement of any one of Claims 1 to 14, wherein said optical element is attached to the

imaging lens.
ging |

17. The arrangement of any one of Ciaims 1 to 14, wherein said optical element is made integral

wifh the imaging lens.

18. The arrangement of any one of preceding Claims, wherein said optical element is configured
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 imaging lens plane.

19. The arrangement of Claim 17, wherein said at least one ftransition region 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.

20, The arrangement of Claim 17 or 19, wherein said af ieast one transition region is formed by a

material having refractive index different from that of the imaging lens material.



optical element is designed. 9. The arrangement of any one of preceding Claims, wherein the position
of said at least one transition region with respect to the imaging lens is determined by optical power of
the imaging lens. 10. The arrangement of any or&ef Claims 5 to 9, wherein the position for N
transition regions of the optical element within the imaging lens plane maximizing the OTF is
determined as: 1[D(v)Na 1”ect V- 1?A 1/ (c) [[)() )N a"iec1 V -77nV )JR Ihlc~X minl"y~ -14v 11
values férta, providimgreesxdmiur $orimihima 8f arhexpresidiontior altvadrietatifpuofla€ eherent
Transferfunetion 46 TR)0H NG PRAINEGRRS.VREIE THHAIS STt GlalPhr hafiY DRIRg A WidHo,0f the
tranS|t|oré,r%glonBs, D%) being the CTE of the imaging lens corresponding to out of focus 24gf Vf
position DS H0Ee BaiSG T 4 & e bBRE Bbtermined as D(v) - exp D2 J , wherein D is the
effective aperture dimension, 1/ is a coordinate of the effective aperture in the CTF plane, and 'Fis a
phase factor representing a degree of getting out of focus being determined as rrD2 11 1~ 4),uv F
-38 where U is a distance between the imaging lens and an object, V is the distance between the
imaging lens and a detector, A is a wavelength, and F is a focal distance of the imaging lens. 11. 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. 12. The arrangement of any
one of Claim 7, wherein said at least one pi-phase transition region has a sub-pattern formed by an
array of variable pi-phase transition sub-regions. 13. The arrangement of any one of preceding Claims,
wherein the optical element is configured as at least one annular or line transition region. 14. The
arrangement of any one of Claims 1 to 13, wherein the optical element is configured as a



grid. 15. The arrangement of any one of preceding Claims, wherein said optical element is spaced-
apart from the imaging lens along an optical axis of the imaging lens. 16. The arrangement of any one
of Claims 1 to 14, wherein said optical element is #ttached to the imaging lens. 17. The arrangement
of any one of Claims 1 to 14, wherein said optical element is made integral with the imaging lens. 18.
The arrangement of any one of preceding Claims, wherein said optical element is configured as a
mask fofffred by ErrafrgyBmsaiceiransionredisnstarhntfed din s pated-dparrisiaiofishipibeing
spaced Riheiapticaly transparant egicnsebibe inRaIRgIENs Witkinntne inadingdensniane: 19. The
arrangeripheilrg‘%ig]];l &lw(’% wherein said at least one transition region is formed as a surface relief on
the imaging lens sur ace, del ﬁ%lrlfé & 1&ns thickness within said at least one region different from that
within other regions of the lens. 20. The arrangement of Claim 17 or 19, wherein said at least one
transitionyegioris fprmed by 8 material haring refrectivenndexdiiferat fom hatfme.imaging lens

material. - 38a 21. The arrangement of Claim 17 or 20, wherein said optical element is configured as
a mask TSPHIBEDY AR Hirdy ‘"Sg‘ﬂﬁ‘ér‘bﬁ%@é"fl‘&”ngﬁfé}ﬁ FagishaRsRTaL By hateriaPheond rrattve
index differgntefrOfFihdtief the:imdging idagmalenal of38:u22. The arrangement of any one of Claims
5 to 21, wherein the optical 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. 23. The
arrangerfibnt of ARy EHEBIC Shtdana 2ovisHrdls eRéighrareieihentiigeshigeiet Prrakimize the
OFF by regliaing 9¢asitivilypbddheadoa s far ingaenepbiosiilis mfoa & ahsientddansfer Function (CTF) of
the imaging lens while getting out of Focus. 24. The arrangement of Claim 23, wherein the optical
element is configured to produce periodic replication of a lateral phase shape of a light field
propagaﬁ?rg thr@h@ﬁ‘%ﬁ@‘iﬁfﬁ*@ﬁf&!@iﬁ%?l wherein the optical element is configured in accordance with a

free space propagation of the optical element function for a distance between the optical element and

the imaging lens plane.

26. The arrangement of any one of preceding Claims, for use in patients' spectacles.
27. 'The arrangement of any one of Claims 1 to 25, wherein said imaging lens is a contact lens.
28, An optical element for use with an imaging fens in the imaging arrangement of any one of

preceding Claims for extending depth of focus of imaging, the optical element being configured as a
phase-affecting, non-diffractive optical element defining a predetermined pattern of spatially low
frequency phase transitions, said pattern being defined by an effective aperture of the given tmaging

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 24,



25. The arrangement of Claim 23, wherein the optical element is configured in éccordance with a free
space propagation of the optical element function for a distance between the optical element and the
imaging lens plane. 26. The arrangement of any-dfie- of preceding Claims, for use in patients'
spectaclgs. 27.r]11¢, arangement of.Ank.ne,of Siaims | 922 Wil SAId maging Ins. g contact
lens. 28. An optical'element for use with an |magrhg lens in the |mag|ng arrangement of-any one of
precedinbe@lairasnforoastibidingodgitrtafiseas of imaging, the optical element being configured as a
phase-affecting, non-diffractive optical element defining a predetermined pattern of spatially low
frequency phase transitions, said pattern bejng defined by an effective aperture of the given imaging
lens. 29:3y A sysfé#‘lSR;?yc‘r’%‘é{ﬁ?]&aa?ﬁ”i’ﬁ]é’ﬁé“&gg}gaﬁfé]@te gﬁ“a(’geaf’é/ccfg? Bl ﬁeeg’),ef{%g}%?é% comprising the
imaging lens arrangement of any one of Claims | to 24. -q0.. 30. The system of Claim29, wherein said

object is;3 scregn,Qfi3 AiSPIAYARICE IR IRARS ABHNErGY& ERHING GRRSHILIRG, hedgiediar plane.

31. A display device carrying the imaging arrangement of any one of preceding Claims. 32. A method
for proviHt s B e e Sp IFPOF o iU & oIS AN J &) 8k PR hEEFRSN® ABRISFRIRY applying
an apertyghaedingite iandmaginglehshalfngng centdlfMetibctivaiapertuieytynpphdng deftikeaimaging

lens a phaseRMRGHRg, AR r}ﬁ%@&%ﬁ%&%@&%ﬁ!g e %&d;&%}%ﬁ? Ik ffeguency

Q. A6d10¢ RasRatAl |
phase transition arrangemeént and thereby provide a predeter r]i)ed pattern of spaced-apart

substantBiPOPEAl R FEHE A et Fedil e RHife et SptilaP Prop e s witRisEEcintdbifig %&ns plane
such thag:said Oplicalelemantitagethepivithdisrssagiated Jaosisulsiantialiptoassaeispread energies
away from zero (?rder of diffra?tion therecB}/ Tﬁ:@giﬁ;ﬁ@g}p?as inte[[erenc% relation betwe n Iight

the'lens a [

portions pas8ifg throtigh difterent fegiohs of the lens arrangement corrasponding o t fee"@% fferent
featuresshtsengiehie prrsona paesinedboe eh giffcieaticoplns el et rasanirg o rrlightogeniny dit of focus
of the imagienlansaadMAxiAize arfRALIRd aRlisdkiapsies furGtien.(GAEmoaf tbe woagingilens
R g 5he 170 A 15 QBHEEL SN oL SHei, 25, S HESIoR A orperising

lens arrangement.

33. A method for designing the optical element of Claim 28, said designing comprising selecting
N positions for the phase transitions within the imaging lens effective aperture as those providing
maximal contrast of an Optical Transfer Function (OTF) of the imaging svstem under a set of out of

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

34, The method of Claim 33, wherein the positions for said & transition regions of the optical

element within the imaging lens plane maximizing the OT¥ are determined as:

- [ N Al . N _
mMax {minﬂ D(v) > ay, rect(z-i%ﬁiﬂ ® {D(v)- > ay, recl(xmiéxﬂ}}

ay n=l n=|

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

Trans{er Function (CTF) of the imaging lens, where a,



N positions for the 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 focustOTF as much as possible away from zero. 34. The
method of Claim 33, wherein the positions for said N transition regions of the optical element within
the imagia@ale@alﬁlane)ma,xitﬁiwngaﬁtgemmrﬁ defarmingshaszmax{mini[aMiameat TE oL(¥1 ,(v)
aurect- AYJ]~ n=1 Av n 1 v values for an providing maximum for minima of an expression for auto
correlatidh?8i"s EBheraRPorirsia CEUHdEN RETEYbPtHE fhishigere atieted divnpdesmaigeither 1
or -, AV being a widtty of §heztransition regions, b(v) being the CTF of the imaging lens corresponding
to out ofﬁ@d&@/ﬂ)ﬁs‘iﬁ% §bj@hﬂb@i®im@eﬂeaﬁw befmtpdetormined v2as S(vjinatxpMF 2
wherein D is the effective’aperture dimension, v is a coordinate of the D effective aperture in the CTF
plane, apgfeandaWids@ RNASE A0 LCRIESERIING Q. RUIE G-l I BLlIRG.AK Of Jogus heibgdetgrmined
asnD™"111 "1+ 4/1uv.F where U is a distance between the imaging %ens and an object, v is the
distancebEFESS ISRy ens and a detector. it is a wavelength, and F is a focal distance of the
imaging lens. 35. The method of Claim 33 or 34, compyising, fabricaiing a mask formed by an
arrangement of the N transitions spaced-apart from r%hér}jrr a}pgordance with said selected N
positions. 36. The method of Claim 35, comprising attaching said mask to the surface of the imaging
lens apevtisre. B7. T hedmetio ke tlain: 3B gonpiisiagdpatterng the isuraceeithedmagingens
aperture to form a mask of the N transitions spaced-apart from each other in accordance with said
selectediMaging lens and a detector, is a wavelength, and F' is a focal distance of the imaging lens.

a5, 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 with said selected N positions.

36. The method of Claim 35, comprising attaching said mask to the surface of the imaging lens
aperture.
37. The method of Claim 33, comprising pattéming the surface of the imaging lens aperture to

form a mask of the N transitions spaced-apart from each other in accordance with said selected N

positions.

38, The method of Claim 36 or 37, comprising providing said surface substantially fiat to thereby

allow insertion of the patterned imaging lens into a patient’s eye.

39. The method of any one of Claims 33 to 38, wherein the designing of the optical element
comprises producing a phase interference relation between light portions passing through said N
regions and spaces between them 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

an arrangement formed by the imaging lens and the optical element.



positions. 38. The method of Claim 36 or 37, comprising providing said surface substantially flat to
thereby allow insertion of the patterned imaging lens into a patient's eye. 39. The method of any one
of Claims 33 to 38, wherein the designing of the of#ical element comprises producing a phase
interference relation between light portions passing through said N regions and spaces between them
to thereby reduce a quadratic phase factor resulting from light getting out of focus of the imaging lens
and max%hize ol Befoeitis TS paEaP traHsmsifanEtIRAYOTE FommiTaraHyemeatefitdony thdhimaging
lens andithe replicahalement ¥4dsititns] RRIMEhOd0f felaim3FoWRenreiNSaid R MIRENNGLABRIISes
applying material removal to,the lens regions within.said N positions, and filling said regigns, from
which the lens (?r}]gf{eﬁalf]%g ‘i een’ rr%frsrﬁ%%gend ,“H}f A ?ﬁ% gﬁél%?% ?ééftré)(?tiioﬁﬁ %rdséxs%i?fge}grﬁ’%%flﬁ that of the
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