SI NGLE- LENS EXTENDED DEPTH- OF- FI ELD | MAG NG SYSTEMS CLAIM OF PRIORI TY

[ 0001] This application clainms the benefit of priority of PCT Patent
Application Serial Nunber PCT/IB2008/ 001304, filed on February 29, 2008,
and which is incorporated by reference herein, and European Patent
Application Serial No. EP08305927, fil ell on December 12, 2008, and which is
i ncor porated by refer giReGIENENS FBAFSBPINDEMTHIORKEYD t he | nvention
[0002] The present invention rehgieerRensyerkys 0 extended depth-of-field

i magi ng systens, and parti cul arly reFat es to such a systemthat utilizes a
single lens elenent in the inmagi Qﬂﬁk‘ﬁtl Cﬁﬂ stem Technical Background
[0003] Ext ended depth of-field ( &?/% systens (also referred to
as "extended u 0 use in
various appl i @{BI Onghlssztfgﬁca§on <baumm3 ge ?{to%%rlor\)ty0Q§&%P§tgﬁrl\38f1ca lonassefg bar - code
scanners and Nuobed®CEIB2NGBO0L364, éihdsnﬁcbrl(aGCZWz)OOS,ws@emh is[(130Qdh®hby opt i cal
systems of E%erﬁﬂ@%r@rg a§(yél}l‘ a%/em&@a'hl:a\ﬁoﬁ g&#aWEp?@Bﬁﬁ?rmé than one |ens
el ement or a non-cir mretric "waverront codi ng" plate
arranged in t BeceaerdAoes, qubWI"Cftle"lcwp%tFtﬁdfa/fefefﬁ?ﬂeé%em/avefront shape. [0005]
Since EDOF imaging systens are desirable for use in an increasingly greater
number of imaging applications tHHBACKGROQUYDAREm|| form factors (e.g., cell
phones and ot her hand-hel d i mage-capturing devices), there is a need for
EDOF i magi ng &yeld ahtbedmuntighe extrenely sinple and conpact but that can
still provi de[(ﬁw Tﬁmgdseﬂlgmeﬁiﬂarbdelateﬁ Eenerwmﬁdgzdeﬁﬂﬁfif RENiHN [ 0006] The

present invention is to an extend i magi ng
Dyt em t hat - SRy BHTEARC R ROy e BEOATOES e S aHe B Ehent - and
an aperture singginkopblegstanbj ect w se of the | ens el enment. The | ens el enent
is configured so that the optical systemhas substantially constant

spheri cal abe%%l&g@ggérogp(e entire image field while having substantially
no coma or astigmatism “an er haps some chronmatic aberration, depending on
the spectral [#4 wfémdwsdédhtoﬁf erl@bf“ﬁppﬁé mwe@éysteméalsozegrf?f’gtpém ens

confi gurati on«yRkfa dé&ﬁotafoé{@" %agiegg@@hs)am s&dn TRk RsckXdin varRGE N system
useful for a wi de range of imagling applications. [0007] Accordingly, a

first aspect tpligaigns S'ff\'?é‘h?‘f"d?f“?sée %m‘“? Wﬁﬁ“h‘ﬁ“)s%f Sfagrer %§5°W an obj ect

wi t hin an EDCHrcaib@leaisioRCATWEyskghswavel ength X. The system i ncl udes an
optical system having an optical axis and consisting of a single |ens

el enent and alo@per Theroptict Optems sfNgEFdmedpey it sepictly inalbdséitheneord ens

el ement. The e on SA
wherein 0.2X QB%RQ%%(& %ﬁ&'@?‘%ﬂ %goﬁﬁg?%gg‘tnmg tpbh‘gévg imetct . %’ﬁfe{l{el magi ng
system al so |mhzfdesthewtrﬁmg@mlgemrtaamdngwefmt?bezeeu ve the image and form
therefroma di t| zed electronic raw i mage. [0008] A second aspect of the
invention is K aM%EBQE(‘fF*}gH@dyﬁ“??ﬁ@reri’ﬁs‘@%foéﬁﬁet‘hﬁt‘“‘frﬁﬁs’t"ﬁ'éélgTeFtﬁ’cl udes an

i mage pr ocessmnbed&ﬁﬁargm@abdhyatemnae&mdrmmfds}e; fhdiRYR. g5 eE15Hone Bk adapt ed to

recei ve and proces e digitize ronicr e using diQi
Fltering to 0 R reanise Serlg dr s bih Raaesh HHlmatn s &b B ¢ g
aspect of t hearé extremnély smple andcompadnbw tiaf cah stilhprongdecBDOHimgeing fapahilitpbj ect over
an EDOF and at an inmagi ng wavel ength X. The met hod includes formng a raw
i mge of an object with an optical systemthat consists of a single |ens
el ement and an aperture stop S&WM&%&QFGHE&‘WHQ%f the single |ens

el emrent . The tic system has .an ampunt of spheri rration SA such
That 0. 2x < B0l Fbe Spirdmeniotinedrr Har oineriret SR Eo T hmge sensor to
el ectroni cal Ilyxagmglstymm thgt Hakien opsivil bysegeotiststifigdfionix ook igestalred andam | mage. | n
one exanpl e enbrg.lgel srtTe ch’ateB Oy gctvgllseqoftthe%&g elr agh I ﬁ%qgm e% Ui & coﬁ%%l?e?tsl) y for the

gi ven appllcé?l ﬂer exanpl e e fe urt her

i ncl udes di gltbaatﬂeyptfcall svm hﬂgsuﬂaentdtillgmnﬁtzrédpheawl shougion oyer therentirg

contrast- enha}ﬂQ?Q‘eld%ﬂ@havﬁr%Q&lg]anAllpQHEcIan d@§s@i§ﬁ£t1391f antdrﬂ)@rhhd}\égrﬂél on is an EDOF
I magi ng system form ng a contrast-enhanced 1 nage of an object at an

i magi ng wavel BREeYF aRerating drmanw thg/ e hapdyidth aged nfopp e dageesThet em
consisting of a single |lens element and an obj ectw se aperture stop,
wherein the optical system has an anount of spherical aberration SA wherein
0.5X < SA < 2X, and wherein the optical systemforns a raw i mage. The
system further includes an i mage sensor arranged to receive the raw i nage
and forma raw i mage el ectrical signal, wherein the raw i nrage has an

associ ated raw nodul ation transfer function (MF). The imaging system al so
i ncl udes an i nmage processor electrically connected to the i mage sensor. The
i mge processor is adapted to receive the raw i mge electrical signal and
performinmage processing thereon to formthe contrast-enhanced 3 inmage
u5|ng an enhanced NWF forned fromthe raw MIF using a rotationally

e



[00111 It is to be understood that both the foregoing general description
and the follow ng detail ed description present enbodi nents of the
invention, and are intended to provide an overview or framework for
understanding the nature and character of the invention as it is clained.
The acconpanying drawi ngs are included to provide a further understanding
of the invent isngle-lensdordigeraiiomguakpoivet 8y compast aad dmplrEROR imbigingsyprant  of thi s

speci fication. Jhe,dram i o'fln!agl%g g@ Siryarious enbodi nents of the invention
and together wth the description serve to explain the principles and

operations of [hpe) | '}\\éﬁiﬂ&hg@ﬁa fisRhsBect %@eﬁ’@ng\in%ag—fﬁﬁy%ﬂ h@mkgr@lzj- FI G

1 is a schematic diagram of an exanpl e enbodi nent of a single-1ens EDOF
i magi ng syst erfPECHNEaAGPOS apdhg abf‘%@&t”aﬁ’eﬁi?@hhB*F?SY{‘%TSIEWSG‘O&"C?‘S a

schemati c di agysdm Riingan @(Qﬂﬁk@aﬂ%ﬂﬂmh@ ot a digME R8s didhddnt dn0Gh h&ﬁ&erstb@ EDO-
i magi ng syst em of AR Fzst rates | e controll er [00141

.G
FIG 3 is a pli6t"es Obf’eﬁg” %?@gg‘ﬁf‘éﬁe P%‘?}\f)‘“eNﬁTlﬁ? 6‘11“’35 StegLRes et posi ti ons
for an exanpl ept&rnmyhterr&teanSAED@%m Mgfﬂg<3ys/h®rfbmﬁng-'dn&1ag1: of {h@0dj&tFI G 4A
pl ot s through Tfhg(;nusmth a%omcld ain in the ou %H 1&S..CO ared to the
raw MTF for vari Ous ﬁey us po§'| aghnéagbfsnfoﬁ?réané bfeff've[ bfb'ﬂ?ffﬁ 4B pl ots
t hrough focus fqrmehqrqunlﬁallglgadnle¢tmn®kwlmazeput MIF as conpared to the raw
MIF as obtained using a constant gain function process for various defocus
posi tions whed®8le Bispeard aspycselahrdavention igthabare-depibadriagiag systamthabt s t he
typi cal out putgdh@nhdees)imbEh rocfaé?&rete&ﬁca@%fzgnﬁéc?eﬂtto fhe ke RASI bgons DO through
D 0 based on %ge MIF gai n, of FI G 181FI G 5B plots the typ| cal
out put ( enhan@&giFd F\?fF?“C‘VFB‘?d &f?féSSd'rerdrgéthéwecfr%ﬁg*wwggetws'aﬁelgl%fftmnsugh D10
based on the Kk a@gaitReddonfrdstenhdBed iAQE19] FIG 6 is a plot of the intensity
| versus position for the i mage of an edge, show ng the overshoot Aos
caused by rindflofd) i A tiindespectmgrp infv@Bi2is are@od of fipkrodgsantiinggerofm dffeet and t he
out put (enhan i)l r of i mage
resol ution (Cgﬁ?%”a‘%’?— F%llrdélp?]ﬁ%a%?%r%g% S|)”n ﬁ{%, {ﬁf’ BQQ‘%SE%%%A%S a plot of
the diffracti &es ofifhobiect Hishian @RtleHYStema‘h%fﬁ@ﬁlstﬁ ofrrcsirigtsriens MFmpntfapd anan i deal

| magi ng syst emef@k st &irbéh%ﬂ o%@awmgéftpefsnrg'gfmg@maﬁ TMpﬁ@ali gfétemas%rves a
t hrough g; [0022] FIG i y-scal e ot o di stribution

t hrough f ocus®THBF9 SRt ab&'iﬁ'té’)‘%f“d\‘c"é*ﬁit?%%ﬁ'ﬁiéa F}I’Fef@?“i*ﬂj‘ fyper cal system

wi th the dashpéuk biinsa magélsaﬁ&mgeoaamaqnpwmngme rzﬁkeimage ©forlacus and t he
vertical axis_i dlcatjng ati al ncy; .&1002 FI.G 9A|(§ a plot of

t he nmodul at i o?fg'??egﬁ%“f‘@]"’ ‘?‘3&8‘3?%?(“‘%&% 11"8?{" VAR BdRaEeds B def ocus for
an i magi ng opdirecti forsthysgiemahslicativg. dmar@iiolH#3bmé erﬂfmhmmcaxle nthed fiahéron SA =

0. 75k, al ong MIEJ}SEE?aII?ﬁEthmé Cud?gllflﬁ%ﬁﬁf]xm%% %nfo%a COH?TEISn enhancegl;r{lei%gremg‘:c‘l son, as

i ndi cated by curves samne

gray-scal e t h{q@llb gh- A ek aM(FoptthInvalﬁorFL%Elg& m@éﬂ]gg}%{emtfggﬁ Mﬁg pf FI G 9A

illustrating how the d%{) focus (dashed lin€) is axi ext ended as
conpared to t‘f‘t’é""di fhanged imags qfuam@aat@&wg@s WMetangtBB e maglﬂws@m t he

presence of siph@ses Qﬂiptl@b%fsﬂ’eﬂtcb&&tmimgﬁile feh{alenat kiah Sbjwf'\%séﬂ)@l‘ﬂﬂgh focus
MIF at 3 |ine- alrsérp mllinmeter InOE‘J@FCtS forNA—00063

for the raw WhepR B RIS St res é%?irpot”ﬁ‘é’fﬂ?hfrfcta e f‘ '@6‘ MIF; [ 0026]
FI GS. 10A- 10D.ar<ss A0k oX, Sn(b»f/het‘ehethé)miticﬂ ajzstepxafbﬂmsdirivf Ria@é CEhe(s(3b) fuftedr var i ous
| mage he! ght éﬂ\cqu_dgs a%ag%%enso arrangecri‘rrcr)1 reécetve gle raw i agreea%g?onwavrae\l/ }/nzagf or an optical
systemw th =

electrical signal, wherein the raw image has an associated raw modulation transfer

function (MTF). The imaging system also includes an image processor electrically

connected to the image sensor. The image processor is adapted to receive the raw image

electrical signal and perform image processing thereon to form the contrast-enhanced



[0027] FIG 11 is a schematic diagram of an exanpl e enbodi nent of the
single-lens optical systemof the EDOF i magi ng systemof FIG |, wherein
the single lens is a piano-convex lens with an objectw se piano surface;
[0028] FIG 12 is a plot of coma (Z8) versus aperture stop position (nm
relative to the single lens elenent for an exanple optical systemwth
varyi ng anountimagsfusispdrenhavedd MBefornzedifiom tBAay MIE usidg mptaBnaty Bymmadtdid ust r at i ng
the formation of s3,.£6ro-com axial position when the optical system has
spherical abertration; [0029]FIG 13 is a schematic diagram of an exanple

single |l ens elgyment riid tb bsdndabbosttndt BEth kiR Gbrboofly sEridfaY Adsttplish /4 1Rnd R2 of
respective surfaces Si.and $S2 and show ng %mw the I ens shape or "curvature"

C changes as d°eyife@drtaiifd description pgsempembodimenspafshe ipyeations apd gregrigndedi® ampunt  of
spheri cal aberpfaide flovorictVR Frafigworie fob lflelsfRidg@RSnafiid Ma b Reefoffy a singl e

| ens elenment; .[0031] FIG. 1 hows a series of |lens elenents and aperture
stop positi Onéflvffﬂo[}éﬂ ﬁgaﬂﬁgt ﬂ?f a\?%?ﬂpéﬁyl"‘éﬁrabvf"gff?rﬁ"‘Fﬁ‘S‘?ﬁtﬁf}‘“”&“fi%a B and t he
cor r espondi ng ucdeasrgding of tieUtiveatidnf @d Greliogedtedl itaa Béndiitite aParapmbint  Of

spheri cal aberrati on = 0.752 for a.sin .1 ens . el enent de of
borosilicate §fass 'gk%vevid{arvfm&s f% 18?:"5%’ Vla'é%u(f]f'ﬁé’(gy%g Oﬁ%e mvfrﬁ'ﬁ’ég]%t e&er 16 plots
an exanpl e r amifk thoflestiiioffetiveas explantheprinoiplepdndfoperations efitigtilvefitionwher ei n t he
maxi mum F# is twice the mnimumF/ #; [0033] FIG 17 is a schematic diagram
of a single lens elenent for the single-lens EDOF i magi ng systemof FIG 1,
wherein the objectw se suBrAEEDESCRIPGESN aF FHEDrROVINGS feat ure; [0034] FI G
18 is an exanple plot of the axial focal shift (tun) versus wavel ength (pm
for an achr omiliZedFi&i higlaschematic ddgeampefian baviplegmbodithént placsinglederfseat ur e, where
the achronati gabk Ghhging sﬁ%ﬂta%éo?ﬂn%?& th-preser? A0enflBl; [0035] FIG 19A is a

cl ose-up view of a single lens elenents show ng the refractive chromatic
devi iati f)n ang|t0m3][ 00?6‘.1_2 FslaGehed @ didgram ma@?‘@m& h‘&(licﬂw(ljdlfe\r/]iae t_ﬁskriﬂid'ldﬁas of a
single lens ele .having a ractive feature and show ng the
diffractive cWFgﬁQ}i"ﬁagﬂléﬁ%éeﬂ %ﬁéﬁg?@;‘x‘[%ﬁ%ﬁﬂ‘ FIMEIC 9BSUES 4 ¢l ose-up vi ew of
an objectw se ns r i.nal e | | enent ving.a Fresnel -1ike
diffractive f@gﬁjr eﬁﬁé;sgéﬁgggftt% rﬁee u%e(ragﬁggrﬁg rivgn%sg(tf}?%jff’oﬁl;ons %6%8] FI G
21A is a ray- txemplesipdlotenofDQF miapigk eystemred FE;.dnent havi ng an obj ect wi se
diffractive feature (not shown) and aspherical surfaces; [0039] FIG 21B is
the plot of tHeIS hiElinéd slotsrthrayghifecys theiypisslicain in thaeutuyMES” astsemprrdd r act i ve
feature fOI’I'T'Btdtﬂayay{}Mmeﬁﬁ(ﬁyﬂ@&dugﬁbsQiﬁnﬁ(ﬁhm%@)ﬁ)nd that corrects chromatic
aberration by using the first diffraction order; [0040] FIG 21C shows
virtual coher@ol6] sOEIGC B pioishiirsugRTocasutle RRicdl gaih inahosligueMNE Vs @Bmparddr | Nge
pattern and ine rings.for the diffractive feature on the objectw se
| ens surfacedtgihetr%we&gf@ﬁsg?béagqegHss‘f"geﬁ CREHY &8 %ﬁ"&‘ PIRTR }oiﬁ’élﬁ Sldefgf‘@ 22A is a
schemat i ¢ di agsitiensohernthsoiegt distirsn s unkr@gnng opti cal system and a
corresponding plot of the field curvature; and 6 100421 FIG 22Bis a
schemati c di d§¥dn JFIGt Froplets thylteriqabeidpvt ealtpneed) MpE'i ferthe dffged fcuhat i ncl udes a
field lens i rpgmeémDontoRRIDIO BRI dEe ITRGSN SAMEOEA NOt Shown), and a
correspondi ng plot of the field curvature showing a substantially fl at
field at the [pompe Hens®plots B Typick EtpESEHRhdRd) MO @br tHHEdrdVENTd ON [ 0043]

Ref erence is now in il.to, t r.es eferred enbodi nents of the
i nvention, exX3&f (T"g?gg}m%%é]g%?deo"itm]{}SFE%{? %@Ji‘lbhﬁ%’he acconpanyi ng dr awi ngs.
Whenever possj , 7l icm | r ef . d t hroughout

t he draw ngs%{)(gbl‘rselF ie(?'%ﬁ Soé)‘Fl?tidéerﬁé"fl i Ivg{s{i:S gr&t@%@gﬁ%ﬁ%&?fgg% ications and
al terations rhgitethaydehqopAesrausedby ingingdp tbximegt:es wit hin the scope of the
present invention, and aspects of the different exanples may be m xed in

di fferent way®2Plo E¥hi7@ls heew ik a0d theoptapienbanced M dpssgfogis 0 he true scope
of the i nventiilutiatd the teCovBr obliAAgs BEodA@n {domrast) hig i3k broedshin@f t he present

di sclosure, in view of but not limted to the enbodi nents descri bed herein.
[ 0044] The present invention is directed to single-lens EDOF i magi ng systens
t hat



cover a wide range of focal lengths. Potential applications include conpact
i magi ng systems such as nobile image capture devices (e.g., cell phone
canmeras), iris recognition systens, facial inmage capture for facial
recognition systens, and CCTV systens. [00451 The term "l ens elenment” as
used herein is defined as a single, rotationally synmetric optical
conmponent, ando@aEs FiGt8A ine blodd tealifGadtibre tin tqdhagelatnataeder fiorxction (MTF)

"phase- encodi pupi | of an
opt| cal syst e%graand‘l e?l H;gt;g"ggrsggﬁrﬁ)tow%% Sﬁ%‘%g yd"%g‘ﬁ%%g ngagte@w%ggéf The phrase
"ext ended depﬂhD@@%fleld as used herein nmeans a depth-of-field that is

| arger than what is nornally associated with the correspondi ng

di ffraction- 1 iP2kd FHpBBdnt srayssele pot of e MyH disgdbutienheayete Clﬂé'?ft”ﬁmtﬁ‘tl focus" is

simlarly def lameptor an[i@QHEd imERR g BRcAISPstent; Mith IR AsheNNIFNRERdicitBES" Neans an
|mage havi ng i nproved Cﬁ’eotrast S co red %o the cQ ntrast of an initial or

"raw' image fd&P #§ ¢ féoﬁ’t‘slaé‘ Itheé’%‘ s 1p E?&‘B%SP?}‘H ge¥e¥¥her wi se not ed,

t he val ues of n r i mge space. 7
100491 A generlé:%zegug:d%‘gaﬁ qﬁ?toﬁ%ggﬁéﬁmgngrané %Pﬁﬁ’ﬁﬁh’éﬁ)?i”ag is first

di scussed, f olamownscht bgfoex fompr maemqulcmmem efingameyloent o piericagi ng opt i cal
systens for u tdhe. e Ere)rgc?: eral i zed EDCF
system [0050]%&’]511&{(%“SIA |§%al é%”ﬁg‘?’ﬁ‘ 3%?21?#% na?t%g{gﬁgaﬁaﬁgged enbodi nent of
a gener al i zed cgnpigtoe- 4s évicaBDRFouoss f tedughslyst em (" systeny) 10 according to
the present invention. System 10 includes an optical axis A along which is
arranged an i AGHNgFIGHPB dsdhe eme pppofemysrl thiopshefosts MTtplot as iy 8B: | ens

el enent 22 andutesmﬂapafrtt wmcsmmuéc&ttngmamdd@mmdcw (aahm;mteheai.a@s e: egent
Aperture stop A oes not i nclude any
Shase-alt or | ng AT e dEPR i seb S Bl b Wt g RSt cal

el ement s or obfspherital pesratadn; phase-al tering neans. [0051] Optical system 20
has a | ateral magnification M., an axial magnification MA = (MX2, an object
pl ane OP in alt3llj G- 8p alots tieShrargh-fogys MEge3 lrleapaies pePmillimeter (Ifmgkinspace | S.
An_obj ect OB higecsautod N OBiofe roPhaR® NP, R thbARd SATAFARRHAG.LTROE | M
formed by optical stem20|ssovvn|n|nagepane P. Qbject OB is at an
axi al object H‘?‘%‘td% € Dog fromlens el ement 22. [0052] Optl cal system 20

has a depth o el ob ace 0 i e ect can be

i mged and ref?ﬁ%grln iﬂG%ﬁ%&DLair%g %éﬁ) ta?seaé*r 'gfﬁfg‘tcéﬁ(?i@ff’f@“ Scorrespondi ng
depth of focumag)ﬂﬁxghismoimmgenﬂpacelnia‘ﬁdeﬂ/ﬁm whdealvelyiagen dphtadbysehnj ect OB
remains in focmths AO@] ct and image planes OS and IS are thus idealizations
of the respec¥V| ve posi‘tions of object OB and the correspondi ng |rrage | M and
typically Corfoﬁﬁfoﬁ%tﬂ @Qscgmdtmﬂ%rgrh]o?ﬁl[exmﬁ LrhRinfRthrdhe sy Ftle s ocus”
position, respectively. In actual ese planes can actu fall
anywher e w t hepical pysiem q%ﬁ@@fl@@"&éﬁtﬂn @tFlﬁtgwaeermeémledmmmﬁw ocus DOP,
and are typi CahleX Ias WiRsh dbflcfh@le plgturfiteanar . The depth of field DOF and
depth of focus DOF are detfined by the properties of optical system 20, and
t hei r i nterr ejoarsi onsqi mm@lotldmmﬁet(ag)aersasmpam&tseimp&ﬂndnqnm>senauss&d more fully

bel ow. [0053], Sys sensor a
phot osensi {1 VA SN RSB g o iR BlobaR T S 0RE nchir e o)

arranged at |M@@om$ahmldﬁg§@ ﬂ@),nlestatmethaﬁmn@t@neﬁazermageaIxM which is al so
referred 1o NELELNRS «@pidMbbbas sBlerih eflfion] ™Y€. N an exanpl e

enbodi ment, inmage sensor erw se | ncludes a high-definition CCD

canmera or Clmzoprrmfra 13 @aaane,ﬁa&@malgammhmastmgnpmt&a@aﬁutgtr\éangsurface 32
is made up of 3000 x 2208 }?I xels, wth a pixel size of 3.5 mcrons. The

full- 8 wellt ecra%azfiﬂcwatwgs bad&éafteaeztzwee'ﬁ@waséetdrmdﬁmw"ss*ewr%e canera at
this small pilkekhapé EecurVddir€C EHaages had fafctibldf® 1andRei mum of shot noi se of
43.2 dB at saturation level. An exanple inmage sensor 30 is or includes a
canmera from Pi xel i nk PL-A781 having 3000 x 2208 pi xels |inked by | EEE 1394
Fire Wre to an i mage processor (discussed below), and the application
calls APl provided by a Pixelink library in a DLL to control the canera
performinmage acquisition. [0054] In an exanpl e enbodi nent, system 10
further includes a controller 50, such as a conputer or |ike machine, that
is adapted (e.g., via instructions such as software enbodied in a
conput er -r eadabl e or nachi ne-readabl e nediun) to control the operation of

t he vari ous conponents of the system Controller 50 is configured to
control the operation of system 10 and includes an inmage processing unit
("1 mage processor") 54 electrically connected to i mage sensor 30 and
adapted to receive and process digitized raw i mage signals SRl therefrom
and form processed i mage signals SPI, as described in greater detail bel ow.
[0055] FIG. 2 |s a schenatlc dlagrantof an exanple hand held deV|ce 52 that

o, .



[ 0058] The EDOF net hods of the present invention may be inplenmented in
various enbodi nents in a machi ne-readabl e nmedium (e.g., nenory 110)

conpri sing machi ne readabl e instructions (e.g., conputer prograns and/or
sof tware nodul es) for causing controller 50 to performthe nethods and the
controlling operations for operating system 10. In an exanpl e enbodi nent,
the conputer {owgr alsG.rdplosnhd dBge op spheresiabimrabich DAIlwands) @By 1chd 0, and may
be transferred to rry%lfnr“ln})k}f(nse{mmpermanent storage via disk drive or port

cyrvatu
120 when stored on renova 116, or via a network connection or

nmodem connect '[ﬂﬂl]vmgfb %B c%fl(?vgs 1%&&'0%%5%?%@&9\&?%&{&&6 S%g;gﬁg{b n!h%ﬁ%ﬁ'l?%r types

of conputer or machine-readabl e media from e rea

utilized. [O00B9priaiaeoiddhisen B4 tpF/dhandithke canesponding elfanggaip eurpaiere Cagedaghy
conprise nul tIt@mnmqmﬁampafs{;}ml%s&n&tgnraﬁerfsmrfa@mgx@!ehpaéne?;%mds of the
present invention, and control the operation and function of the various
conponent s i n °5yas¢silicatq glass Bl withadocak lengdnfisi A0 Mipr ogr ammi ng | anguages used
for the code may vary between procedural code-type |anguages to object-
ori ented | anguéddls. FIthas plots es example iynge dfsha et arfaictitnenfdocal largeh f 0 one
correspondencgvhgrgnttﬂgna%q'w@sls%cquetl?ﬁgm%tﬁﬁs descri bed depending on the

desires of the programrer od and apparatus may conpri se
conbi nati ons ?JosﬂOf maﬁff,sabmegmr&g?a%fak.agmﬁﬁenef&{m& ﬁn%%aiembe downl oaded
into i mage processor 54 f i mpl ementin various exanpl e enbodi nents of
t he i nvent i on EDPBdB@recstrm Sikler!, yberszngtsobs‘ttw'é%%‘rfw ipcirdps oiragtivi spl ay 130
that can be usg@rt o display information using a wde variety of

al phanuneri c and graphical representations. For exanple, display 130 is
useful for di gos4gyiNG. mnbammdpiemge&he a@ianﬁoeabhﬂne(pnﬁ@exaﬂss;@vﬂmgimnal |y

i ncludes a da ntry . devi.c t hat allows a user of
system 10 to i m[ﬁran 6°fn r?a Slrrfgllcﬁe %g?:"éer? 1"Ig X%ﬁ?(ed&awre V’fhﬁreﬂharre of the
obj ect being laqhmgetizatlandcetn@rqmmaﬁﬁrwnncontroI the operation of system 10. In
an exanpl e enbodi nent, controller 50 is nmade sufficiently conpact to fit
within a smal 0033r HIGak s a Rlesrsiprvipvott 2 singla feas dhemaatsshovieg thessfrestisevi ce, such
as device 52 ahawic uévidibangik; [ 0061] System 10 al so optionally includes a
dat abase unit 90 operably connected to controller 50. Database unit 90

i ncl udes a ne[@36] FIGt 19&12ishbla§e @@fe\&eﬁ"a@&'tlaldfﬁlmglbwlsél&ﬂdﬁﬁﬂv&xgﬁ’edl um adapt ed

to receive prggfesse TBYE 5] from.i rocessor 10 54 and
active feature sh ed1 twe chromatic 1at1 n an
store the associ a processe i gl I fages o OB as represented

by the proces i . be any
conput er - reggg rﬁ&eﬁﬁwa%e {Hr%&y%daggwﬁsggen Im teJ)aS%gII?QAI\/%I ROM EPROM
PROM EEPROV el%wegkhavmg eﬁrﬁgﬂeml wlffrwawfe@wrgVéemmtRGWCemmmamabpwom ke, on
whi ch data may be stored. In an exanpl e enbodi nent; database unit 90 is
i ncl uded w th Wséoﬁgﬁoqlﬁé?a%‘tra@%ngﬁs”}% ﬁ’é&le’GF"tB?)"é?gef‘f‘loB’ﬁth"GBGZl Wth
reference to difiaetivd feaiufe (hddehog@naidabphemar saificesd of system 10, image | M of
object OB is fornmed on photosensitive surface 32 of sensor 30 by optical
system 20. Colfi¢3?b| [Fé6. 38 istbeplst o thedlritkneds obapgerhma®B4) thabfoaattherat e | mage
sensor 30 for

phot osensi t.vde'ﬂ‘fg%’#%%s%fm‘?i A s Gl LY
and creates tql?@”faéPfe@tWS@éﬂ’éfF%W fravéqreordignal SRl representative of the raw
captured |mag[ . [0063% At this point, in one exanple enbodi nent, the raw
i mage | M can B¥s&dCd 'r%%'?f"f’?"‘”‘i’al %phere%S?‘HEﬁR"mffrﬁl g batArsessing, or with
gnl y nmi ngrbi Fv@@nmmﬁge@sueﬂganuﬁaﬁnemgﬁlgmi thé ?lﬁﬁbt}{\% fodire @nham&a?&_t as

i scussed bel ow. ch can for certain types of imaging
appl i cati ons, 8 SRS ﬂ}?ﬁgﬁg%g é?le'?’%8§?#f?lg% and for imagi ng binary objects
(e.g., bar-cqggpb Le determni ation is
nor e irrportaﬂt t]ﬁajrlfﬁi?tr%gfX 1s"¥4(gs§fé]e%1ra3£9£gr$ﬁgﬁ§r%]én lei I%n%té%%p {s}(gll %gtglglalé(f%d with an
EDOF pr ovi dedowmsmgelat of hedfteldrpuvatueeyand wi t hout addi ti onal

contrast -enhanci ng i nage processing, so that in sone exanple enbodi nents,
system 10 need not utilize the inmage-processing portion of the system In
an exanpl e enbodi ment, a nunber N of raw i mages are col |l ected and averaged
(e.g., using imge processor 54) in order to forma (digitized) raw i mage
IM that has reduced noise as conpared to any one of the N raw i mages.
[0064] In other exanple enbodi mrents where the raw imge 1Mis not directly
usabl e, inage .processor 54 receives and digitally processes the electronic
raw i mage signal SRI to forma correspondi ng contrast-enhanced i nage

enbodi ed in an el ectronic processed i mage signal SPI, which is optionally
stored in database unit 90. For exanple, when system 10 is used for iris
recogni tion, controller 50 accesses the stored processed images in database
uni t 90 and conpares. themto ot her stored |r|s |mages or to recently

I S o v Y o o - o,



DOB). The rotational symetry of the PSF and MIF results in a sinplified
definition of the gain function, nanely: G (a), a) wth co2 = u2 v2 The
rotational synmetry al so makes G Tco, a) a real function instead of a
conplex function in the general case. [0070] The "enhanced" or "restored"
OTF is denoted OTF and is defined as: F (u, v, d= Ju, v, d) OTF (u,
V. d) where Olf42s FHe 22Bts acahenbfiadiadran offersotzledens dhagingeptigat systerh tiay st em f or
i ncoherent |1 system

i ncl udi ng theq |uéifst a‘f':eldpl!rergséﬁe@g?lﬁg? hy?cé'ﬁ %}e lgeﬁ&g(g%@?g{r?ewﬁ?%%%ed MIF gain
functi on. The cpegseandiva gt of thedield duevatuesshasvingch substanially Hlat ffeldnt thedmdganced” MIF
(i.e., MIF) baggg. on the original or unrestored MIF is given by: MF (a),
a) = G0 MIF (co, d) [0071] Wen the object distance is unknown, an

optim zed average gain function G can be used, as shown in FIG 4B. The

resulting MIF i s enhanceg,. hut. dﬁEMIPﬁPW’{' OivAiide obj ect distance.
eferab

[0072] The after-digital process Is pr y optimzed to deliver

substantial |y éﬁdé%zsﬁé?@rem s Ry, reaaymdieéﬁ %n&epres&t?aaﬁnemdmen{sfaﬁmw ki ng
depth of fiel This provides a substantia constant |1 mge quality,

i ndependent 01‘“"6‘5]"%68‘3"&1??5%‘@}‘ 56 4 lusteatsd I"Uh"ga"&%“%@;“% dsawipgshiWhetye dept h of

Ij i el ﬂ DfOFf of | @Qd‘silbﬂzallke%Vﬁ&ﬂzmrr]&&encgﬂ&}ﬁddﬁﬁar?ﬁ%d ﬁ&hglﬁytlschédgh\ziggshaﬁef@ﬁb e>0<|t endeg g
epth of fie e to nce o erical, aberra as descri be

bol ow, Syt em PSS AR OGP B e e b by et

di stance Dog amthpis wlthmbeSa;lpé efth@prmrpﬁnmexos,mnd abéca of thagdferenf &M@ G 4A

plots through f ical gain in the out 0 ed using the

above-descri beay%ﬁglée(js}g dif B RN af;h“fve yffttfur&' rexa cpa‘fs %Ordl{lgq{/ﬁlﬁqmF or the

di ff erent foceoppddlictinugnion isThde srkdap@mbﬁrom theerdmﬁttmﬁthel\nﬁﬁlent discledups® as

possi bl e of tbx@wlaylﬂx?fug@i%édt%%ee%%xﬁl%dc%g&ll%rem 13 (211'1 MIF (co , d) =
exp COc wherein n is the hypergaussian order, co, is the cutoff frequency,

which is set goadiheThd lg&erﬁtnv%ﬁt@qm&ed\mgﬁéﬂe-reh@m@w% hiehk gher that 5%
on the whol e range .of theﬁ-ﬁf Efgg dept h ot fleldDO: 00741 If n =1, the
|

out put MIF | &OVEEATYES Bpge© Tigesatial anligationsdgelydp poppactymaglie f unct i on)
and ESF (edgesystpmeadh fisthmabile mge Wptul‘umhceawg rcbln@ongcaﬂferag)yerssé%egﬂinonI f n> 1,

the output 58&1&15 facnarI MB c%atufestlora}gmal heCOgBItlf)lgf %';smg%ncp 86T‘9 sBim the contrast in

hi gh spatial Trequ enci esti €Py dccurren 8 °0f" ringing and

over shoot '”Cfoﬁﬁesrhe&ng%ﬁise@é?ﬁEHP’%E‘hs%c?hére?n .'Qdéfn@das"éﬂ% aI aghyut put MIF is

wel | enhanced at '| ow and nedium spati al frequencies, e ringing and
over shoot ar eSYPmsiricetiplrompeisnt. uhdoghocinclipdg S%té%‘é‘bfl’&{‘ﬁeélafeérorr‘fﬁ@ﬁe'l magi ng

appl i cati ons. enb&héd Hehbifs th&@,lp.dag,t@y&e iMEE enttaficedSpiFdras BptRal sPASThfA € to a
hypergaussi an, and is determ ned. by an optim zation process that involves a

nmerit functio aﬁ{e"\‘RHPE’HO“ia YEMeRisd as: | MT (co, d)- exp - -coc i co
)2.Na) A, [06%6] ( e phrase ex?enﬁecfoc‘i%pth-ogﬁelg’ as used herein means a depth-of-field that
is larger than what is normally associated with the corresponding diffraction-limited

optical system. The phrase “extended depth-of-focus” is similarly defined.

[0047] The phrase “contrast-enhanced image” means an image having improved
contrast as compared to the contrast of an initial or “raw” imége formed by the optical

system.

[0048] Unless otherwise noted, the values of F/# and numerical aperture (NA) are for

the image space.



Merit function Mis mnimzed by using, for exanple, a Newton optim zation
algorithm The first termwith the coefficient Ao m nimzes the deviation
fromthe hypergaussain output MIF' . The second termwith the coefficient A
controls the power noise anplification, The third termwth the
coefficient A2 controls the overshoot anplification. [00761lt is inportant
to control thego@Eepen gama'r:ﬁeecbainglei!édscEaXJiF@ptncaAmaglh@tyaétﬁ&sfmhemesetlhe gain on
the raw MIF i | 0 r.to ve the.out

conpr oni se beffm@g%pﬁ%exaﬁﬂlﬁ §odl ents ogsuttéi’:e lens lm%rrg q[ppcaE %/istems Foéﬁe%‘ tgn the i mage
can be deter mngllzqmﬁﬂ@lmmgmtbmng t he sI ope of the output MIF at high
speci al frequencies avoids significant overshoot. The third termin the
merit functi orGeMerhzed BpoSQsaEe of the relative overshoot on an edge spread,
which is illustrated in FIG 6, wherein the overshoot is given by Aos. 14
[0077] FIG' 7[0(30]a PGt mefschd‘rtatldfdmng Efa(gd&sdnedi elnibﬂdi)wr&bﬁil@n%lﬁﬂad an out put

MIF (solid lin sin scri bed ab The out put MIF
has a snooth shle]l L Egﬁga?/lcal gSt é?’g ge@ accﬁr g tg? presr?ﬁdfvﬁﬁuoé'rt i facts. The
applied gain (Sfystetnhw lmlvgiesaiopfwall ey Al dorgphichmizaednged areinfaging eglictleyssdat ai n t he
exarpl e enbodinineeor Lo sFRKleh e B B oy e BRI ey
sanpl ed di st athedens elpmgnt. o&q@rtlnaptophélekteghdlédp@epmdamog thﬁtlledosls moOkclbge usi ng a
sl anted edge whfda@. aHéHnE eremdté’]%ngg e pRAS li)hésg-lartléogigg &tichIRRmSANE Spectrum
used during image capture. |nage noi se reduction by averagi ng sequenti al

i mages [0079Pthqfh>é’ree°fai>h§e'@0&51“@m§‘ﬁsnct sources of noise associated with the

i mge ach|S| rocessin The first source of noise is
called "fixed dﬂgﬂt e ‘?t“’?téYsge@‘ zodtas 1“—"55 CF?J)?‘ fF%P“%?WaX‘aW%g“FFPa?fb‘l se is reduced
by a specifi cmad(lvig)",ahloa,lct(pfand Oage.m&eja&@jsacaﬁs aﬂid etnhxea@lptaeamaeﬁ ating

conditions. In an ex bS duced a.a nulti ;I evel
ronoi no ot t nnEPsp S ISP o BB o robief S b and BF S E ol T Bel by
cal i brati on t EMifemedbyppiicahsysten R0z shatl ie 1mdgablaﬁta§ Dhject@®B isecdniagial val ues.

This requires, d ,on of each imge sensor and
calibration da at(g?%{r%g uj?grrtngﬁcezlﬁ% ﬁlﬁiatl on file. The mapping of the fixed

pattern noi sephgy BN SRichTGGs SRPHQF idISDORTf jdTBPace BN oveX R Be DY
i mging a pure white |nage é .g., fTroman integrating sphere) and nmeasuring
t he vari ati on°bi§st 2pée '&E‘%‘laﬁ Emalnip fopyi Likewissragfisal sy{oDBbI2s Fhe ot her source

of noise is shRbspbRigRlepthbf 6dhs DOF ANAQED sPRE ELoved W cISIRAL IMPbA®js produced
in electroni c?gew ces the Po%%son statistics assocjated with the

novenent of e 6‘?’?“%5“ opblﬁ‘ﬁla mageRyngt 3 ey IAeAe SRErTIRg Phot ons to
el ectrons vi-areiph@ivppsitiosd aemeamwa‘nti eetcorre[s&ﬂmg infa@¢EM it gpiely appl i cat i ons,

such as iris recoqgnition fi.nition.im sor 30. To
this end, in BN 8X 9"% ipie Ophrrﬁmg’g o f’sm r’?gg% S8 REBY PSYH9ns reg’r ti'vﬁg'l es a CMOS
or CCD caner aactuality, rulgscaﬂanax tag yetadly BOI0Oywhe220@ inphotatspeativt tepth qﬁiﬁxlél si ze of
3.5 11M The C gr a CM3s
canera at th|é§i§‘l§lﬁavéﬁ h f’ﬁ% gdzﬁe aln&a8%%83’%}3‘%%‘%’%%%%%%& %99 thOhot noi se
i s about 43. XiefDQF artdweptbaffamtll% aje@yfgried b)[@@@?t]'eﬂmaoeommbjete@rﬂﬁodl ment of

system 10 has;j geireteRRindifp R ifPHandeSs, MR 1611404 s'c$s¥ed'n$oré L 63 B&¢, whi ch
| eads to inproved images. TEr)te random nat'ure of the shot noi se i's such

t hat averagl rmosbt Camwﬁmsom&gﬁss dnsmtga@er@d}bwﬁmshgrhit@ger@@pé oach to reducing
t he noise (i rovin Rg‘ gﬁﬂ é’ﬂe nQi se decr eases .e., the SNR

i ncr eases) i rf“r&“?) &) Bharay ONAEe-cHRIed dirEY A nsE aﬁr“’é@égg‘“ec%’r?oﬁ% applied to
raw i mages asecelet kndaistettan@eme@steldls(also eferred;uamermst argifiagrcad)rawrages. [ 0083]
Averaging N ca%eui'ed mageee ai se reduct i on aﬁtgroach so | ong

as the imges g &VET age(ﬁ’0 mem lfnaéesfrllsfzre ‘S%"éhc?tw‘?f‘“%‘té%ae wever, such
averaging is dpiﬁrmbtné]@ qameMeﬂmS@ambp elptan mamele embodiment.ghatngzhdtienbodi ment :
the movement (4f.o0bf fikaclh o Soob %&egxe%n@m@&,ﬁe&@%%% JIRRRNL Ofe rtf?d the

aver agi ng process for uci ng noise 15 enploye account|ng or and
conpensating for the objectlon notion prior to averagi ng the raw i nages.
[0084] In an exanpl e enbodi ment, the imge averagi ng process of the present
invention uses a correlation function between the sequential inages at a
common region of interest. The relative two-di nensional image shifts are
determ ned by the location of the correlation peak. The correlation
function is processed in the Fourier domain to speed the cal cul ati on by
using a fast-Fourier transform (FFT) algorithm The correlation function
provided is sanpled at the sanme sanpling intervals as the initial inages.
The detection of the correlation maximumis accurate to the size of one

pi xel . [0085] An inprovenent of this neasurenent technique is to use a 3x3
kernel of plxels centered on the pi xel a5500|ated mnth the nHX|num

—— S . N T r o



16 application. The "circle of |east confusion" is often taken as the
paraneter that defines the limt of the depth of focus DOF . [0087]In the
present invention, both the depth of field DOF and the depth of focus DOF
are extended by providing optical system?20 with an anmount of spheri cal
aberration (SA). In an exanple enbodi nent, 0.2X < SA <56X, nore preferably
0. 2X < SA <2X vatidapevigrs wiuced or2é0elr ddslrynsGors XMOSSAm<h X} thishmalepixelisige,an i magi ng
wavel ength. In an | iy C aberration SA
ot he opti cal TR T PARRRLIB bbb SoR b M SBIEIA . “Che depth of
field DOF or tehenmle-ptazﬁ seiisof Wdsier l@@ﬁesaqampreésreé’vdsynkaﬂ-amjwnwnmw%en 50% and
500% as conpareh kil e 50t Wid G AL 8less5Y @heMed BYoAfIRNY Sl ect

anount s of spheri ca fation e anou I ncrease I n depth o
field DOF can tlnfeapzltsmqn@allse’d’l pmh@e@yatmebnl@wt%lala D4 eamirelidhq qgmeraset fort h
bel ow add sel gglorRmatat&uidfiospheri cal aberration SA to increase the depth
of field DOF wi thout substantially increasing the adverse inpact of other
aberrations onoisspgR afleﬁarmde@{bodx[n@ﬂ&%ten&thet elugR plobhteflerfsnaduch 400F and t he
dept h of focus DOF relhat egLfi %dt?he%am al . I’]I fi Cﬁtl on MA and Iat er al
magni fi cat i on aﬁ/ﬁm%‘f“S © GRPIIRSy DAtdHABRe4 A8 Y‘ﬁé‘s PP fﬁf"%%v = (MA) DOF
(M) 2DOF, sy:sbcﬁlﬂndma ¢omp8lat-ldadable hama:haﬂream&mdmnl) Gephtv! gk of)dr&iod for the
sake of convenience. | t this
expression al si(;t%f Va“fms Comf’(h ?ts OF&%S ‘Qe “%Sﬁeé# I® c?(i% 89g) é&\mﬂ %of focus" as
wel | . Thus, elopdnfenon pirsestehe pa mdmfcllﬁeseindnwromssmmﬁdémg? pmce$wél§§ DOF' is
referred to b%ﬂe&%aﬂ?@&ﬁé}% lagimg stellfkgr ﬁﬁgﬁ%ﬁte@t{% récgge &Hd%%@s@'d%ﬂ[zei 0089] The
MTF can al so be used I n con| un tron wt to characterize the depth
of focus DOF rwmeg@asranﬁsﬁljlWefmee@lfermmwewdawagqsrmg‘es%mdeﬁ@ed@ of the
i mage t hrough fQcUti k@6, the image contrast is given by C (" MAX -
ImN) / (ImAx + ImN) and is neasured for an image of a set of Si nusmdal
l'i ne- space paiooss]hariGIg isa sprffaticdidgidn 5fmakxaab1ema@qumyme shitencl¥®X and ' MEN

are the maxi num a m nj num i m e res tively. The "best
Focus i o der st ey s R gbook SrBR iRk i3 = RERFEPSL 1 ped and

wher e t he PSFcingolens0 ilsarihchmsh comfhenwalna prpdessoade. gsyﬁgemobessofr S€&end rom
aberrations (i i i.f i.0 b cus based on the MIF
coi ncides wt Hmlu%dsa’b(zps?%h ggtg&blacgedwms %MI&%{E%S ?\I%/IeNvJe)? when aberrations
are present i pod qpa.n aain l%¥§n[u&ﬁﬂ1entt hrﬁag@%&esiopgug opaah&as%sprmaadoron the MIF
and PSF can differ. 8 Conventlonal |ens design principles call for
desi gni ng an #§yicF eaapble«gfﬂ@mw&? Sarlq%aﬁ-w@warﬁ Haffuctiensiead ingludsp, withauit e al |

aberrations, ghitdion, atgedeeasotr sﬂaabx%ﬁesetrmaem&sda} fihitd stRe hi@ine, BhifsMet so that
the optical system on the whol e I@é’?ﬁbjbﬂa aII free of 1gt%grratlons

[0091] Howeve omppigr PREIHressing Uik ifGid; PragpFmme eg%%‘?"é’r%f b &

i ntentional l yd@%mgﬁeﬂodeﬁxohawal Sphple baBddinghe the atoc@bor sandntel HEONanT
aberration, a onal amgunt of chr.o berration as
well. FIG 8Aﬂ?ﬂ\§ﬂgM rocessofortaﬁe %(#N E i = %Oﬁesesﬁrsm\}&etqﬁl fsuglberrati ons
(curves a t hrpoghsogmadahi AlDEIo@., I8 Gogp. ar giieotemidondugtoMicdser an F 5.6 | ens
that has SA = %m? (curves a through h). FIG 8B is a gray-scale plot of
t he MIF throug ocus for the diffraction-limted case of the F/8 |lens of
FIG 8A and [obs3 %%ndraleas(ﬁawapk@ermbwam&galnampy amt (@;ﬁqem@”)w&oaem@ugh focus
for the F15.6 lens wth spherical aberration tA %0092 The
spherical abefrRleq 8 Hn9ee BGESLOr he AT el tthe”f‘h'Beq’%g' *By° #®duci ng t he
overal | | evel predessbiveadMii Emédnﬁrm ihdd@iirdpasenot I":ﬁﬁ]dd@cﬂ&)}(Mf ROM, BPROM, AROBIUL Of f

frequency fc qu cant uced as
conpared to tlf’%’l}]%a/gglwqf J'S?( &é‘ch or@fﬂﬁh g k/{ﬁ:omsvolcngg ?y all the
ori gi nal spatsttaéd—afsereequemstyncmme@tepmmlats'namlptoaéylsceﬂ Thuas exantpde

spati al - frequg f I i , albeit with
a | owner contrg{s?'?all égﬁgg%%%ﬂn%%ﬁ %é%+x?%@€h@9£ ei@o%%ﬁmt Ee digita
filtering process as carried out by inmage processing unit 54, as descri bed
above. [0093] The anount of spherical aberration SA increases the depth of
focus DOF' in the sense that the high spatial frequencies stay avail abl e
over a greater range of defocus. The digital filtering restores the
contrast over the enhanced depth of focus DOF', thereby effectively
enhanci ng the i mgi ng performance of optical system 20. [0094] Spheri cal
aberration is an "even" aberration in the sense that the wavefiront "error”
is given by Wp) = p4, wherein p is the pupil coordinate. Thus, spherical
aberration presents a rotationally symmetric wave front so that the phase
is zero. This neans that the resulting Optical Transfer Function (OIF)
(which is the Fourier Transformof the PSF) is a rotationally symetric,
real function. The MIF, which is the magnitude of the OTF, can be obtai ned



[00991 FIGS. 10A-10D are plots of the optical path difference (OPD) for
various i mge heights (0O mm 20 nm 30 mmand 60 mm respectively) for an
exanpl e optical system 20 having an anmount of spherical aberration SA =
0. 7X. Exanpl e single-lens optical syste [00100] FIG 11 is a schematic
side view of an exanpl e enbodi nent of a single-lens optical system 20
according to trlareovpblegremssoi--rea@mteimuiumm6,dh®@m€§étDM,UDME memogGtickaet i on Wit h
the generalizeg, Jgﬁr}f of system 10 of FIG 1, optical system 20
consi sts of sing e ns el ement 22 arranged along optical axis A, and

aperture Stop sspr Frﬁm@@lp ABhSELIS freh lmﬁuoa'nﬂgb@ RSl RTBRLs Lens

el enrent 20 has a front (1. éﬁ‘i’lﬂ W se) surface Si and a rear (i.
i mgewi se) surfiedmeys ‘"aﬁ’(ﬁc%“ecf e mediyn ¢12), “IGWP@/I%A@s"QmH’H‘“gAR?éﬁ“t‘%re st op AS

is arranged al:gghidipirubiths @%, aor@ut@pﬂg@&aﬁ@@rwﬁwmmesﬁmmulsﬁgs front
surface Si and defines a having a radial coordinate p. Pupil P also

defines the ofPHeHsr 5§3fsﬁegpﬂﬁ‘715th%ﬁfth%ﬂﬁé@t rpnexiing 9perpiqng fos epeiatisged from t he

obj ect and i nags&nﬁma@e@,exmﬂmﬁaoumhtytheb&%@&ﬁrogrmnstmgoxemgpl e enbodi nent of
optical system 20 of FlI gf 11, lens el enent pi ano-convex lens with

obj ect wi se surPfSET &f oy & oyt L, anddugy pg rags e’ﬂ? Bmiaﬁ‘ MEMORYERRDI e enbodi ment
surface S2 is pamampd&eagemaﬁukfda@eeor pbrnmrw}emmsd@rerﬂmdkmara,ud enga el enent
22 is integrall roma, Si e. or. plastic.
[00102] Tabl o *TBBRGHTEapEOTBRER A-Ephpr i auao e PrRadrEe s &t 6o 20 of
FIG 11. Tabl ethirtylﬁxafmpinﬂutmt mamne&@ab@mezl& ﬂgmmhxdfyxpemlﬁb aadar@onvex Materi al
Fused Silica; = 1.458464; vd 67.82 Radius of curvature of surface S2
23 mm Cent er (‘am al) thickness TH 7 mm Wrking di ameter 14 nm Entrance

pupi | di anet efoo§ojmMmMrHRASmPutet pPBRtafls Hnd/or software modules may comprise multiple
modules or objects to perform the various methods of the present invention, and control
the operation and function of the various components in system 10. The type of
computer programming languages used for the code may vary between procedural code-
type languages to object- oriented languages. The files or objects need not have a one to
one correspondence to the modules or method steps described depending on the desires
of the programmer. Further, the method and apparatus may comprise combinations of
software, hardware and firmware. Firmware can be downloaded into image processor 54

for implementing the various example embodiments of the invention.

[0060] Controller 50 also optionally includes a display 130 that can be used to display
information using a wide variety of alphanumeric and graphical representations. For
example, display 130 is useful for displaying enhanced images. Controller 50 also
optionally includes a data-entry device 132, such as a keyboard, that allows a user of
system 10 to input information into controller 50 (e.g., the name of the object being
imaged, and to manually contro! the operation of system 10. In an example
embodiment, controller 50 is made Sufﬁciently compact to fit within a small form-factor

housing of a hand-held or portable device, such as device 52 shown in FIG. 2.

[0061] System 10 also optionally includes a database unit 90 operably connected to
controller 50. Database unit 90 includes a memory unit 92 that serves as a computer-

readable medium adapted to receive processed image signals SPI from image processor



6.6 Center wavel ength X 800 nm (near IR) Wavel ength bandw dth 6X 40 nmto
200 run Focal length 50 mm Wrking Depth of Focus DOF' 0.77 mm- 5X (or-
5009 greater than the diffraction |imted DOF . Lateral Magnification M
(1/11.4) Cear Aperture CA 12 mm Depth of Field DOF 100 nm Resol ution R 3
lines/mMm at 60% contrast 20 Spherical aberration SA 0.75 X. Chromatic
aberration 54 and store the associated processed digital images of object OB as represented by

the processed image signals. Memory unit (“memory”) 92 may be any computer-
readable medium, including but not limited to RAM, ROM, EPROM, PROM, EEPROM,
disk, floppy disk, hard disk, CD-ROM, DVD, or the like, on which data may be stored.

In an example embodiment, database unit 90 is included within controller 50.

General method of operation ‘
[0062]  With reference to FIG. 1, in the general operation of system 10, image IM of
object OB is formed on photosensitive surface 32 of sensor 30 by optical system 20.
Controller 50 sends a control signal 830 to activate image sensor 30 for a given exposure
time so that image IM is captured by photosensitive surface 32. Image sensor 30
digitizes this “raw” image IM and creates the electronic raw image signal SRI

representative of the raw captured image.

[0063] At this point, in one example embodiment, the raw image IM can be used
directly, i.e., without any image processing, or with only minor image processing that
does not involve MTF-enhancement, as discussed below. This approach can be used for
certain types of imaging applications, such as character recognition and for imaging
binary objects (e.g., bar-code objects) where, for example, determining edge location is
more important than image contrast. The raw image IM is associated with an EDOF
provided by optical system 20 even without additional contrast-enhancing image
processing, so that in some example embodiments, system 10 need not utilize the image-
processing portion of the system. In an example embodiment, a number N of raw images
are collected and averaged (e.g., using image processor 54) in order to form a (digitized)

raw image IM that has reduced noise as compared to any one of the N raw images.

[0064]  In other example embodiments where the raw image IM is not directly usable,
image processor 54 receives and digitally processes the electronic raw image signal SRI
to form a corresponding contrast-enhanced image embodied in an electronic processed
image signal SP1, which is optionally stored in database unit 90. For example, when
system 10 is used for iris recognition, controller 50 accesses the stored processed images
in database unit 90 and compares them to other stored iris images or to recently obtained

processed iris images to perform personnel identification.



0.4 mMmin [735 nm- 890 nn] Coma Null Field Curvature Radius in inmage
space: -20 mm Astigmatism <,J10 [ 00103] This single-el enment design for
optical system 20 provides the required spherical aberration at F/ 6.6 that
mat ches well to the required practi cal vvorkl ng conditions for performng a
nunber different EDOF applications, such as iris recognition. O her options
for |ens el enelstag@rotentigude usi ng non-glass materials such as plastic. An
advant age of the single-elenent design for optical system20 is that it
makes the syst[éﬁ’ﬁﬂ/erhyageowp%seqr5$(§aﬂdweatithh@wﬂésmllmwatserﬁ@@d@ptzad:al i magi ng
system 10 is nts 22 are
also readily ?éﬁ’é?gﬂmge Ség\?g%ﬁg?n\g%ysc% %fe ? érre%doﬂ&h@ia#v%qg of! oggr;]%nt s. [00104]
I n an exanpl e REPFBBE) ?ﬁémst-ermawém?éesr)ﬂ’tus isjagcomp ighed ity fdthmwbextammga$ |y

M ni mzes comghhmafREhidsioR thelhﬁTFa%a@ﬂ&Qﬁiﬁln& oﬁthtamt‘:regs&ecof?ﬁrﬁ§£wm0f
spherical aberratjion SA in system 20 creates an axial ""zero coma”

ti
posi tion for aﬁﬁaé&akffﬁ%enetest E}”ffﬁ’é'?‘y ploids gyesthpsts: sipgipg and ather ‘@P@r?étff@C‘SZZ Thus,

in an exanpl e n erture stop AS prefer.abl res at or near
the zero-conma @@O t NTEC a"ﬁ’é‘? gat'o? Hé’%ﬁh"r%@’é@m ey E‘ltef‘ﬂ%p ‘e’FSot Bosi ti on
means W t hi n tsheepepasighal Gry., rghdhal cofittanidre a d‘gilnﬂ oftichlimaye). e%adsminglyemhodi ment is
top axial  postireredmenn igttkd s ol ChBalE sy W Qoo B e
pol ynoni al r em@ces@ﬁleap‘iv@ﬁpeetrurmeﬁﬁefsp anplaberrccmqrmmsammifetatmnglhnrtgt}zaem ke
coefficient (depalethR&rehHrdfsnon-conventional formas "Z8" for the sake
of sinplicity) is represent ative of the anobunt of comam in the wavefront and
has form give ion 2 -2 | ere A s the angul ar

pupi | coor di ni({og%an aBe’f g’pkeﬁglbﬂ‘g’?‘ﬁﬁ’lﬂiﬁz%g‘ fv%?"aﬁpp‘&% fhe Bl MiThik e. [00106]
Val ues for spIﬁenh|tlma‘butab’easrr‘athlamd’UﬁTEkpend@or(uhe 6bject mﬁtar&ebegimlMHber ration),

0.2k, 0.751. and 22 The ots are sin Ienent | ens
22 made of fusét Sésﬁance%o%is fprured by?(fp ir‘rﬁ?uof—'f’r@“ésw eﬁ%“tg’f)]efrgt'?'ﬁ S%{f "An i magi ng
wavel engt h 70@1€nmect¢d’ﬁ65ﬂh@fﬁd!<2poﬂbesaumnlmguﬁngrdefbhsstSMF@(D’Wﬁbesponds to
a pi ano- hyper %Iidag lnﬁi@éan%lﬁ L%%he lgsl’oftmoxgil- QEer%nggrthM%Eo surface
and an i nagew se as heri c o I C conve ace |c surface
is exactly st F*’@ﬁ%ﬁﬁ“‘é@’ the e@aﬂceﬁHgFmbsadb‘eber“é@P%myﬂdeﬁ ‘the axis. [00107] For
the curve having SA =0, there is no zero coma position over the 20 mMm

di st ance rangmms[hemmums tiefmeasarad of Qaw’t MITEs 8 @&suled atliS®ertt @Fo@t €at to

achi eve accept.abl e allt r the entir ield. The region of
good i nmage qué?ta VTS res I‘II(]?tbg focue%?wf%n%{”ﬁrﬁ?s gvé()f'l"g E‘IES@F’P‘BGEJdi ng the

| ens axis. Thieocis Tivrgw & gtléts Dodifferettdatusdingices ilhenge ek dfEtispersiot ypi cal | y
not - consi der eglf.ol Rk g)ﬁfzsgg;@& AR e:pgfﬂ'esdgﬁ) BF0qul A idicht ARG Ry B! e g; ed
[00108] It i sUsPhigatstosnthe hegt Mﬂfg ﬁlhaltoc@%?ﬁunqgsa@ngsotbfr esaemd Mﬁén i magi ng

with a singl eTheQ@eSdfttHxéltﬂtel' @Qﬁre@kmthe a‘fim)%ttoh@etfochp%hﬂ'lgaﬂlﬂe meaddfed COmB S
negative. Havin ﬁE)OSI tive spherical aberration SA gives rise to a

fortuitous vap © Q& & oAl ¥R Ibke tsghaiarss keovay ip fhrearts Thefdisr ved. The sl ope
of the conma ap¥plebi dultRud/dpS BiSis thB Endidt BitepdRBonAhela8jadASbdus ¥8psand a zer o- cona
position arises objectvvise of lens elenent 22. By di sposing aperture stop
AS at or nearythieso4fd.0- coma position, the coma of the single lens is
substantially elTmnated across the entire image field. In an exanple

enbodi ment, Dégs9j S ﬂ%@ﬁ&éﬁ@h%nbcﬂ\dﬁ“ﬁ@alﬁ ﬁlﬂ&%n LselMD rSstdBSr cnBhc O @Nd nor e
preferably H}\ﬁhe range 1 mm < DAs < nmm

Fisa threegdnmensmnal function G(u, v d) wherein u is the spatial frequency along
the X axis, v is the spatial frequency along the Y axis, and d is the distance of the object

in the allowed extended depth of field DOF (d thus corresponds to the object distance



[ 00109] The nmain aberration that remains in optical system 20 is spherical
aberration, which is constant across the entire inage field, which is
required to achieve the EDOF effect over the entire inage field. In
conventional optical systens, spherical 12aberrati on i s deemed undesirabl e,
and either aspherization or the additional of negative lens elenments is
used to elim nBow. Bire roratiopal npyrhetgyi dfthe PEhande TRredus iafa spltiéied dedihitiaberr r at i on
created by themy%ma ctifin, %] .e lens element. [001101 Fromthe plot of FIG
12, it can be se at 'the single lens elenment with SA = 0.75k has a
zero-coma axial position at a distance of about 11 mmfromlens el enent 22.
This distance is rél(eztcif)weﬂywsmft*vand allows for the formation of a
conpact, snmall-formfactor EDOF systens and devi ces, such device 52 shown
in FI G 2. [001bhtyotstiena symancsmrplse mekes 6divndntrsal &acttioghatteidsaﬁaicmnmmi cal system
20 is about X flfttianid teQeda®sasflot significantly affect the image quality. In
an exanpl e enbodi nent, optical system?20 is not entirely corrected for
chromati ¢ aber[P&0] on Thewenimncedior ‘hestosedV QTNE ageroted TR’ 4ndat defiosdas:chr onat i ¢
aberration can be used to further increase the depth of field DOF when used
with a relatively [ qgﬁg dtih A by elimnating sone zeroes in
the MIF that m ghtb%f%grvm‘ﬁ?gj(g%c% heJr}}wn se, the chromatic aberration is
limted by 22Nhﬂl$lmg"lsathe @imel TiaREFunMion@Oths OptRS sik@in foPincineier1ght, t he MIF by
i ntroducing | e GOL O he, edge of the fiel f.ag relatively large
field. The axf&?! %ftﬂ’o faiep ag}e?fretg?'f'%ﬁgf"%%’?{e%@c@g‘f‘g g?gﬁltﬁfp&“?ﬁ‘?g’\%‘{ ues by the
choi ce of gl agsis theparedantdnaViTE gdin fhetios. Haselaionshipfer therektered bn t he range
from20 to 64« 2 X ases the
depth of fiel do‘[%%l Jnh%%cr ggg%sétwﬁ%% the o ﬁgltogéxld%?oera{}}%?lgs i ncreasing
the MIF "anpl |ngF't1§‘t| on" in the digital pr oce55| ng, which increases the SNPD
(Spectral Noise Power Density). The Abbe nunber is thus preferably sel ected
to achi eve a good mgm@ewbtgtﬁmqg i m ni shing the MIF while increasing
the depth of field I'n an exanpl e enbodi ment, the glass material is

sel ected such the added increase in the depth of field DOF (i.e., added to

I 0,

whi e the dechibe e P SE" heinp B at ot erint HoRe SR AR Batt 250
[00113] Fusedcaslbbumé. af Mobe imEIGHEB. Vie r&dltiBy MITB isknimod, gt asst £figdtiee when
usi ng an i mag e th X. having a relatively wi de near-I1R spectral
bandwi dt h, e.bﬂgﬁéll\{jae\ét ls%g%' nm(e.g., from735 nmto 890 nn). In an exanple
embodi ment, am‘%fCelﬁl%@ﬁ'r%lgﬂ%%gss(?sfpr%bt@}l op%plﬁzgmtdeﬁveﬁgl%gtgrﬁ'l{ah)plﬂ i s about
0.34 mm V\hen usi ng a narrow band i'magi ng spectrum AX suc froma Iaser
or an LED wi t #ma Mg e Rispeece fharranseﬁ@wwlﬂngawh@ff%ew SbispreviEW | Mt he

axial chr Omtiﬁb%ﬁﬁl[ﬁbﬁsﬁﬂt i escmaﬂlrbeﬁdeMdénh&ﬁobjzard%taQéeﬁﬂﬁ,fs%'1&% gl asses can
be used for ns. el e % opti cal stem 20 set forth in Table 1,

the lateral ¢ ?Bdf‘rﬁ’tﬂ?‘g‘%éﬂ‘e’i%?%ftﬁieUrP(?]%OffGt‘ﬁSPﬁy%{?m tBerrust eptisegesten 0114] I n
sone cases, fhaehrdexﬁaudie)dalémlli 6f fREFPIOF te: tb a;lserekeﬂ&ecz)fa&emanébeir&loae& the best
focus pl ane. ebodab cal sr}ﬁ{!lem 20 set for} in Table has a field
curvature of (ﬁcﬁ’ o HE™ A cBE Rarmodyag slagyely lage WaF%PBBIC‘itn i mge space.
However, si nodisténcelDeh andistitidie able td @ptaiteniilayle aindges: m of def ocus, adverse effects
pr esent ed by this anobunt of field curvature can be overcone in certain
cases by the [B%8h |1HGdé’pP1htS@fm‘fgb(f@sstE€Fplczd%n inghet dyepupV@E eobtainedf spheri cal
aberration. [QAddehbolbige solution of R
= 120 pmin Obij %ct sp acé&%?@tesfgﬁ%%&? k%-’g% d’jﬂeﬁ?g 1‘raetrggl ve details in
many obj ect s, differat @dlsrl?gs“i“’i“f’ sﬂtﬁébatpéf’%thﬁt@ltqﬂef?"fﬁr'ﬁﬂp?elaéP@Selébgﬁih?| on.

Addi t i onal smp@lrgaudsamamam,lr@a.k_;ysystem enbodi nents [00116] The anount of
spherical aberration in optical system?20 is a function of the refractive

i ndex, the focal length f, the F/# and the curvature C of |ens el enent 22.
Wth 23 reference to FIG 13, the lens curvature (also referred to as the
"canber" or the "lens shape”") Cis defined as: C=111 R,R 1 RR)

where Ri is the radius of curvature of the npbst objectw se surface Si and
R2 is the radius of curvature of the nost inmagew se surface S2. FIG 14
plots a typical variation of spherical aberration SA (in waves) as the
function of lens curvature C for a |lens elenent 22 having a focal |ength of
20 mm a refractive index of 1.51 at a wavel ength of 750 nm and an F/ # of
F/'5.6. An anount spherical aberration SA = 0.75k is achieved at C= -1.5. As
di scussed above, aperture stop ASis preferably axially positioned at or
near the zero coma position to maxim ze the available imge field. [00117]
If the F/# nunber of optical system 20 is to be adjusted, then the
curvature C of lens elenment 22 has to be adjusted (i.e., a different |ens
needs to be selected) in order to rral ntain a desi red amount of spherl cal

' g e ~ A 1 o~ ~ - I o o o Y T I T ~ S N 1 o " .



[00118] The followi ng Tables Ti through T8 set forth the values for radii
121 and R2 and curvature C suitable to achieve SA = 0.75X at X=750nm f or
single lens elenment 22 nade of BK7 glass (nd =1.5168) having different F/#s
and focal lengths f. In Tables Ti thro h T8, all dinensions are in mm
except the curvature C, which |s di rren5| onI ess. Table T1 for F/ 2 d ass BK7

nd=1.5168 f R R2 CDAs 2 1.5 0.215 0.2 2,5 1.49 -5.1 0.548 0
Table T2 for F/2 GMES(&AAS rrd— 042 f R R2 C DAS 2

wherein # is the hypergaussian order, e, is the cutoff frequency, which is set at the
highest frequency where the raw MTF is higher that 5% on the whole range of the
extended depth of field DOF.

[0074] Ifn =1, the output MTF’ is Gaussian. This provides a PSF, LSF (line-spread
function) and ESF (edge-spread function) without any ringing or overshoot. If #> |, the
output MTF” is a hypergaussian. For higher values of n, the contrast in high spatial
frequencies is also high, but the occurrence of ringing and overshoot increases. A good

compromise is # = 2, wherein the output MTF’ is well enhanced at low and medium

spatial frequencies, while the ringing and overshoot are limited to about 3%, which is
acceptable for most imaging applications.

[0075] The real output MTF” is as close as possible to a hypergaussian, and is
determined by an optimization process that involves a merit function M, which is defined

as:
Fel m\?
M:AO-I MTF'(a),d)—exp(—(-a—)] J w+ A, -J'G'(a),d)za’a)JrA2 -Aos®
0 a)c

Merit function M is minimized by using, for example, a Newton optimization algorithm.
The first term with the coefficient 4y minimizes the deviation from the hypergaussain
output MTF’, The second term with the coefficient A; controls the power noise
amplification. The third term with the coefficient A, controls the overshoot
amplification. N
[0076] It is important to control the power noise amplification. At distances where
the gain on the raw MTF is higher in order to achieve the output MTF’, a good
compromise between the MTF level and the signal-to-noise ratio on the image can be
determined, while controlling the slope of the output MTF’ at high special frequencies
avoids significant overshoot. The third term in the merit function M is the square of the
relative overshoot on an edge spread, which is illustrated in FIG. 6, wherein the

overshoot is given by Aos.



3.244 -2,688 -0,094 0,7 2,5 3.264 -4.277 0.134 1 3 3.275 -7.55 0.395 1.2 4
3.047 74.193 1.086 0.5 24 Table T3 for F/3 G ass BK7' nd=1.5168 f Rl R2
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[0077] FIG.7 is a plot of the raw MTF (dashed line) along with an output MTF’ (solid
line) formed using the process described above. The output MTF’ has a smooth shape
that avoids overshoots and other imaging artifacts. The applied gain of the digital filter is
optimized or enhanced to obtain the maximum output MTF’ while controlling the gain or

noise.

[0078] In an example embodiment, the raw MTF is measured for calibration at
different sampled distances that overlap the extended depth of field DOF by using a
slanted edge with a uniform incoherent backlighting at the same spectrum used during

image capture.

Image noise reduction by averaging sequential images

[0079] There are two distinct sources of noise associated with the image acquisition
and image processing steps. The first source of noise is called “fixed-pattern noise” or
FP noise for short. The FP noise is reduced by a specific calibration of image sensor 30
at the given operating conditions. In an example embodiment, FP noise is reduced via a
multi-level mapping of the fixed pattern noise wherein each pixel is corrected by a
calibration table, e.g., a lookup table that has the correction values. This requires an
individual calibration of each image sensor and calibration data storage in a calibration
file. The mapping of the fixed pattern noise for a given image sensor is performed, for
example, by imaging a pure white image (e.g., from an integrating sphere) and measuring

the variation in the acquired raw digital image.

[0080] The other source of noise is shot noise, which is random noise. The shot noise
is produced in electronic devices by the Poisson statistics associated with the movement

of electrons. Shot noise also arises when converting photons to electrons via the photo-

electric effect.

{0081] Some imaging applications, such as iris recognition, require a high-definition
image sensor 30. To this end, in an example embodiment, image sensor 30 is or
includes a CMOS or CCD camera having an array of 3000 x 2208 pixels with a pixel
size of 3.5 pm. The full well capacity is reduced to 21,000 electrons for a CMOS camera

at this small pixel size, and the associated minimum of shot noise is about 43.2 dB at the

saturation level.

[0082] An example embodiment of system 10 has reduced noise so that the MTF

quality is improved, which leads to improved images. The random nature of the shot



CDAs 5 8.24 -

3.25 -0.434 0.03 7.5 7.72 -6.63 -0.076 1.29 10 7.715 -13.

0.262 1.72 12 7.3 -33.08 0.638 0 Table T4 for F/3 G ass N LASF44

11d=1. 81042 f
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noise is such that averaging N captured images is the only available approach to reducing
the noise (i.e., improving the SNR). The noise decreases (i.e., the SNR increases) in
proportion to NY2. This averaging process can be applied to raw images as well as to

processed (i.e., contrast-enhanced) images.

[0083] Averaging N captured images is a suitable noise reduction approach so long as
the images being averaged are of a fixed object or scene. However, such averaging is
problematic when the object moves. In an example embodiment, the movement of object
OB is tracked and accurately measured, and the averaging process for reducing noise is
employed by accounting for and compensating for the objection motion prior to

averaging the raw images.

[0084] In an example embodiment, the image averaging process of the present

" invention uses a correlation function between the sequential images at a common region

of interest. The relative two-dimensional image shifts are determined by the location of
the correlation peak. The correlation function is processed in the Fourier domain to
speed the calculation by using a fast-Fourier transform (FFT) algorithm. The correlation
function provided is sampled at the same sampling intervals as the initial images. The

detection of the correlation maximum is accurate to the size of one pixel.

[0085]  An improvement of this measurement technique is to use a 3x3 kernel of
pixels centered on the pixel associated with the maximum correlation peak. The sub-
pixel location is determined by fitting to two-dimensional parabolic functions to establish
a maximum. The (X,Y) image shift is then determined. The images are re-sampled at
their shifted locations. If the decimal part of the measured (X,Y) shift is not equal t0 0, a
bi-linear interpolation is performed. It is also possible to use a Shannon interpolation as
well because there is no signal in the image at frequencies higher than the Nyquist
frequency. All the images are then summed after being re-sampled, taking in account the

(X,Y) shift in the measured correlation.

Optical System

[0086] As discussed above, imaging optical system 24 has a depth of field DOF in
object space OS and a depth of focus DOF’ in image space IS as defined by the
particular design of the optical system. The depth of field DOF and the depth of focus
DOF’ for conventional optical imaging systems can be ascertained by measuring the
evolution of the Point Spread Function (PSF) through focus, and can be established by

specifying an amount of loss in resolution R that is deemed acceptable for a given

205



121 122 C DAS 5 43.255 -4.24 -0.821 0.66 7.5 18.96 -8.07 -0.403 2.35

16. 72

-13.91 -0.092 4.07 15 16.7 -38.15 0.391 6.57 20
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application. The “circle of least confusion” is often taken as the parameter that defines

the limit of the depth of focus DOF’.

[0087]  In the present invention, both the depth of field DOF and the depth of focus
DOF’ are extended by providing optical system 20 with an amount of spherical
aberration (SA). In an example embodiment, 0.21. < SA <5, more preferably

0.2A < SA <2) and even more preferably 0.5 < SA <1A, where A is an imaging
wavelength. In an example embodiment, the amount of spherical aberration SA in the
optical system at the imaging wavelength A is such that the depth of field DOF or the
depth of focus DOF’ increases by an amount between 50% and 500% as compared to a
diffraction limited optical system. By adding select amounts of spherical aberration SA,
the amount of increase in the depth of field DOF can be controlled. The example optical .
system designs set forth below add select amounts of spherical aberration SA to increase
the depth of field DOF without substantially increasing the adverse impact of other

aberrations on image formation.

[0088] Since the depth of field DOF and the depth of focus DOF?’ are related by the
axial magnification M, and lateral magnification My, of optical system 20 via the
relationships DOF’ = (Ma) DOF = (M_)” DOF, system 10 is said to have an “extended
depth of field” for the sake of convenience. One skilled in the art will recognize that this
expression also implies that system 10 has an “extended depth of focus” as well. Thus,
either the depth of field DOF or the depth of focus DOF’ is referred to below, depending

on the context of the discussion.

[0089] The MTF can also be used in conjunction with the PSF to characterize the
depth of focus DOF’ by examining the resolution R and image contrast CI of the image

through focus. Here, the image contrast is given by
CI'= (Imax — Ium) / (Imax + Immv)

and is measured for an image of a set of sinusoidal line-space pairs having a particular
spatial frequency, where Iyax and Iy are the maximum and minimum image intensities,
respectively. The “best focus™ is defined as the image position where the MTF is
maximized and where the PSF is the narrowest. When an optical system is free from
aberrations (i.e., is diffraction limited), the best focus based on the MTF coincides with
the best focus based on the PSF. However, when aberrations are present in an optical

system, the best focus positions based on the MTF and PSF can differ.

10
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[0090) Conventional lens design principles call for designing an optical system in a
manner that seeks to eliminate all aberrations, or to at least balance them to minimize

their effect so that the optical system on the whole is substantially free of aberrations.

[0091] However, in the present invention, optical system 20 is intentionally designed
to have spherical aberration as a dominant aberration, and optionally has a small amount
of chromatic aberration as well. FIG. 8A is a plot of the MTF for an F/8 lens without
aberrations (curves a through g), while FIG. 9A is a plot of an MTF for an F 5.6 lens that
has SA = 0.750 (curves a through h). FIG. 8B is a gray-scale plot of the MTF through
focus for the diffraction-limited case of the F/8 lens of FIG. 8A, and FIG. 9B is a similar
gray-scale plot of the MTF through focus for the F/5.6 lens with spherical aberration of

FIG. 9A.

[0092] The spherical aberration reduces the contrast of the image by reducing the
overall level of the MTF from the base frequency fp = 0 to the cutoff frequency fc. The
cut off frequency fc is not significantly reduced as compared to the ideal (i.e., diffraction-
limited) MTF, so nearly all the original spatial-frequency spectrum is available. Thus,
the spatial-frequency information is still available in the image, albeit with a lower
contrast. The reduced contrast is then restored by the digital filtering process as carried

out by image processing unit 54, as described above.

[0093] The amount of spherical aberration SA increases the depth of focus DOF’ in
the sense that the high spatial frequencies stay available over a greater range of defocus.
The digital filtering restores the contrast over the enhanced depth of focus DOF?, thereby

effectively enhancing the imaging performance of optical system 20.

[0094] Spherical aberration is an “even” aberration in the sense that the wavefront
“error” is given by W(p) = p*, wherein p is the pupil coordinate. Thus, spherical
aberration presents a rotationally symmetric wave front so that the phase is zero. This
means that the resulting Optical Transfer Function (OTF) (which is the Fourier
Transform of the PSF) is a rotationally symmetric, real function. The MTF, which is the
magnitude of the OTF, can be obtained where spherical aberration is the dominant
aberration by considering a one-dimensional MTF measurement taken on a slanted edge.
This measurement provides all the required information to restore the two-dimensional
image via digital signal processing. Also, the phase is zero at any defocus position,

which allows for digital image processing to enhance the MTF without the need to
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consider the phase component (i.e., the phase transfer function, or PFT) of the OTF in the

Fourier (i.e., spatial-frequency) space.

[0095] As can be seen from FIG. 9A, because the image-wise side of the defocus (as
'measured from the “best focus™ plane) has no zero in the MTF when there is spherical
aberration present, there is no contrast inversion. This allows for an image to be formed
and detected in this extended depth of focus DOF’ (see dashed ellipse in FIG. 9B) to be
restored without having to account for detrimental ringing, overshoot or other image

artifacts.

[0096] An amount of spherical aberration SA of about 0.75A gives a significant DOF
enhancement without forming a zero in the MTF on one defocus side. Beyond about
SA = 0.75A, a zero occurs on both sides of defocus from the best focus position. Fora
diffraction-limited optical system, the depth of focus DOF’ is given by the relationship
DOF’ =+ M/(NA?), where NA is the numerical aperture of the optical system. In an
example embodiment, optical system 20 has an NA between about 0.033 and 0.125 (i.e.,
about F/15 to about F/4, where F/# = 1/(2NA) assuming the small-angle approximation).

[0097] By way of example, for F/ 6.6, a center wavelength of A =800 nm and a
bandwidth of A}, the diffraction-limited depth of focus DOF’ is about 20mm, with a
transverse magnification of 1/1.4. The introduction of an amount of spherical aberration
SA = (.75 A increases the depth of focus DOF’ to about 100 mm, an increase of

about 5X.

[0098] FIG. 9C plots the through-focus MTF at 3 Ip/mm in object space for NA =
0.0063 for the raw MTF, the enhanced MTF (i.e., MTF’) and the diffraction-limited
MTF.

[0099] FIGS. 10A-10D are plots of the optical path difference (OPD) for various
image heights (0 mm, 20 mm, 30 mm and 60 mm, respectively) for an example optical

system 20 having an amount of spherical aberration SA = 0.7A.

Example single-lens optical systems

[00100] FIG. 11 is a schematic side view of an example embodiment of a single-lens
optical system 20 according to the present invention. As discussed above in connection
with the generalized embodiment of system 10 of FIG. 1, optical system 20 consists of
single lens element 22 arranged along optical axis A1, and aperture stop AS arranged

objectwise of the single lens element. Lens element 20 has a front (i.e., objectwise)
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surface S1 and a rear (i.e., imagewise) surface S2, and a center (axial) thickness TH.
Aperture stop AS is arranged along optical axis Al a distance D,g away from lens front
surface S1 and defines a pupil P having a radial coordinate p. Pupil P also defines the
optical system’s entrance and exit pupils as viewed from the object and image spaces,
respectively.
[00101] In the example embodiment of optical system 20 of FIG. 11, lens element 22 is
a plano-convex lens with objectwise surface S1 as the plano surface. Also in an example
embodiment, surface S2 is an aspheric surface. In an example embodiment, lens

element 22 is integrally formed from a single material, such as glass or plastic.

[00102] Table 1 below sets forth an example design for optical system 20 of FIG. 11.

Table 1: Example Optical System 20
Lens Type Plano-Convex
Material Fused Silica; ng = 1.458464; v,-67.82
Radius of curvature of surface S2 23 mm
Center (axial) thickness TH 7 mm
Working diameter 14 mm
Entrance pupil diameter 8 mm
Das 11 mm
Frit 6.6
Center wavelength A 800 nm (near IR)
Wavelength bandwidth AA 40 nm to 200 nm
Focal length 50 mm
Working Depth of Focus DOF’ 0.77 mm ~ 5X (or~ 500%) greater than the
diffraction limited DOF’.
Lateral Magnification My, (1/11.4)
Clear Aperture CA 12 mm
Depth of Field DOF 100 mm
Resolution R 3 lines/mm at 60% contrast
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Spherical aberration SA 0.75 A
Chromatic aberration 0.4 mm in (735 nm ~ 890 nm}
Coma . Null
Field Curvature Radius in image space: -20 mm
Astigmatism <M10

[00103] This single-element design for optical system 20 provides the required
spherical aberration at F/6.6 that matches well to the required practical working
conditions for performing a number different EDOF applications, such as iris
recognition. Other options for lens element 22 include using non-glass materials such as
plastic. An advantage of the single-element design for optical system 20 is that it makes
the system very compact so that the resultant EDOF optical imaging system 10 is also
compact. A wide variety of single lens elements 22 are also readily commercially

available as “off the shelf” components.

[00104] In an example embodiment, distance Dags is that which substantially minimizes
comatic aberration. It is noted here that the presence of spherical aberration SA in
optical system 20 creates an axial “zero coma” position for aperture stop AS that is
objectwise of lens element 22. Thus, in an example embodiment, aperture stop AS
preferably resides at or near the zero-coma position. Here, the phrase “near” the zero-
coma position means within the positioning tolerance, which in an example embodiment

is about a few millimeters.

[00105] FIG. 12 plots as a function of aperture stop axial position (mm) the eighth
Zernike coefficient of the Zernike polynomial representation of wavefront aberrations.
The eighth Zernike coefficient (denoted herein in non-conventional form as “Zg” for the
sake of simplicity) is representative of the amount of coma in the wavefront and has form
given by the equation (3p® -2)p -Sin 4, where 4 is the angular pupil coordinate and p is

the normalized radial pupil coordinate.

[00106] Values for spherical aberration of SA = 0 (i.e., no spherical aberration), 0.2A,
0.75) and 2 are shown. The plots are based on a single-element lens 22 made of fused
Silica with f= 50 mm, F/6.6, and operating at an imaging wavelength . = 700 nm. In

FIG. 12, the curve for the SA= 0 case corresponds to a plano-hyperbolic lens element 22
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with an objectwise plano surface and an imagewise aspheric hyperbolic convex surface.

The hyperbolic surface is exactly stigmatic (i.e., has no aberrations) on the axis.

[00107] For the curve having SA = 0, there is no zero coma position over the 20 mm
distance range. The amount of coma for this case is also too great to achieve acceptable
image quality over the entire image field. The region of good image quality is restricted
only to a narrow field surrounding the lens axis. This is why a well-corrected single lens
element is typically not considered for most imaging applications, and is generally only

used for narrow field or on-axis applications, such as fiber optic coupling.

[00108] It is important to note that coma is always present when imaging with a single,
positive lens element, and that the sign of such coma is negative. Having positive

spherical aberration SA gives rise to a fortuitous variation with coma with aperture stop
distance Das. The slope of the coma amplitude versus the distance D,s is positive and a
zero-coma position arises objectwise of lens element 22. By disposing aperture stop AS
at or near this zero-coma position, the coma of the single lens is substantially eliminated
across the entire image field. In an example embodiment, D, is preferably in the range

1 mm < Das <20 mm, and more preferably in the range I mm < Djs <15 mm.

[00109] The main aberration that remains in optical system 20 is spherical aberration,
which is constant across the entire image field, which is required to achieve the EDOF
effect over the entire image field. In conventional optical systems, spherical aberration is
deemed undesirable, and either aspherization or the additional of negative lens elements

is used to eliminate or make negligible the effects of spherical aberration created by the

use of a single lens element.

[00110] From the plot of FIG. 12, it can be seen that the single lens element with
SA =0.75) has a zero-coma axial position at a distance of about 11 mm from lens
element 22. This distance is relatively small and allows for the formation of a compact,

small-form-factor EDOF systems and devices, such device 52 shown in FIG 2.

[00111] In an example embodiment, astigmatism in optical system 20 is about A/10 and
so does not significantly affect the image quality. In an example embodiment, optical
system 20 is not entirely corrected for chromatic aberration, which can be advantageous
in that some chromatic aberration can be used to further increase the depth of field DOF
when used with a relatively large imaging bandwidth AA by eliminating some zeroes in

the MTF that might otherwise occur. Otherwise, the chromatic aberration is limited by
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using an Abbe number V > 60 so as not to diminish the MTF by introducing lateral color
in the edge of the field of a relatively large field. The axial chromatic aberration can be
set at different values by the choice of glass. Standard optical glass has an Abbe number

in the range from 20 to 64.

[00112] Though axial chromatic aberration increases the depth of field DOF, it
decreases‘the MTF. This in turn requires increasing the MTF “amplification” in the
digital processing, which increases the SNPD (Spectral Noise Power Density). The Abbe
number is thus preferably selected to achieve a good compromise between diminishing
the MTF while increasing the depth of field DOF. In an example embodiment, the glass
material is selected such the added increase in the depth of field DOF (i.e., added to the
increase provided by the spherical aberration) is up to about 20%, while the decrease in

the average MTF level is no more than about 25%.

[00113] Fused silica (Abbe number V= 67.8) is a good glass choice when using an
imaging wavelength A having a relatively wide near-IR spectral bandwidth, e.g.,

AL =155 nm (e.g., from 735 nm to 890 nm). In an example embodiment, an acceptable
amount of axial chromatic aberration is about 0.34 mm. When using a narrow-band
imaging spectrum A such as from a laser or an LED with a near-IR spectral bandwidth
Al of about 50 nm FWHM, the axial chromatic aberration is smaller so that more
dispersive glasses can be used for lens element 22. In the optical syst;em‘ 20 set forth in

Table 1, the lateral chromatic aberration is 10 um at the field edge.

[00114] In some cases, field curvature needs to take into account to set the best focus
plane. The optical system 20 set forth in Table 1 has a field curvature of 120 mm radius
in object space or -60 mm radius in image space. However, since field curvature is
simply a form of defocus, adverse effects presented by this amount of field curvature can

be overcome in certain cases by the gain in depth of focus DOF’ due to the presence of
spherical aberration.

[00115] The optical system 20 of Table 1 has a resolution of R = 120 um in object
space, which is more than adequate to resolve details in many objects, including iris

patters to perform iris recognition.

Additional single-lens optical system embodiments
[00116] The amount of spherical aberration in optical system 20 is a function of the

refractive index, the focal length f, the F/# and the curvature C of lens element 22. With
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reference to FIG. 13, the lens curvature (also referred to as the “camber” or the “lens

shape”) C is defined as:
[a 77
+
C = R 1 R 2
R 1
R, R,

where R1 is the radius of curvature of the most objectwise surface S1 and R2 is the

radius of curvature of the most imagewise surface S2. FIG. 14 plots a typical variation
of spherical aberration SA (in waves) as the function of lens curvature C for a lens
element 22 having a focal length of 20 mm, a refractive index of 1.51 at a wavelength of
750 nm, and an F/# of F/5.6. An amount spherical aberration SA = 0.75A is achieved at
C=-1.5. As discussed above, aperture stop AS is preferably axially positioned at or near

the zero coma position to maximize the available image field.

[00117] Iif the F/# number of optical system 20 is to be adjusted, then the curvature C
of lens element 22 has to be adjusted (i.e., a different lens needs to be selected) in order
to maintain a desired amount of spherical aberration SA. FIG. 15 shows a series of lens
elements 22 and aperture stop positions illustrating the variation of F/# from F/4 to F/11.
Note the corresponding change in curvature C needed to maintain an amount of spherical

aberration SA = 0.75) for a single lens element made of borosilicate glass BK7 with a

focal length f= 50 mm.
[00118] The following Tables T1 through T8 set forth the values for radii R1 and R2

and curvature C suitable to achieve SA = (.75 at A.=750nm for single lens element 22
made of BK7 glass (ng=1.5168) having different F/#s and focal lengths f. In Tables T1

through T8, all dimensions are in mm, except the curvature C, which is dimensionless.

Table T1 for F/2 Glass BK7 n4=1.5168

f R1 R2 C Dyus
2 1.54 -2.382 "0.215 0.2
2,5 1.49 -5.1 0.548 0

Table T2 for F/2 Glass N-LASF44 ns=1.81042

f R1 R2 C Das

2 3.244 -2,688 -0,094 0,7
2,5 3.264 -4.277 0.134 1

3 3.275 -7.55 0.395 1.2

4 3.047 74.193 1.086 0.5
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Table T3 for F/3 Glass BK7 ns~1.5168
f R1 R2 C Das
5 8.24 -3.25 -0.434 0.03
7.5 7.72 -6.63 -0.076 1.29
10 7.715 -13.,205 0.262 1.72
12 7.3 -33.08 0.638 0
Table T4 for ¥/3 Glass N-LASF44 n,;=1.81042
f R1 R2 C Das
5 43.255 -4.24 -0.821 0.66
7.5 18.96 -8.07 -0.403 2.35
10 16.72 -13.91 -0.092 4.07
15 16.7 -38.15 0.391 6.57
20 15.6 815.35 1.039 3.12
25 18.63 287.57 1.139 0
Table TS for F/4 Glass BK7 n,=1.5168

f R1 R2 C Das
10 42.91 -5.67 -0.767 1.69
15 24.92 -10.64 -0.402 4.2
20 23.12 -17.56 -0.137 6.51
25 23.1 -27.42 0.086 3.12
30 23.21 -43.36 0.303 8.23
35 21.46 -103.34 0.656 2.48
40 23.89 -136.6 0.702 0

Table T6 for F/4 Glass N-LASF44 ny=1.81042

f R1 R2 C Das
5 -6.24 -2.94 -2.782 0
7.5 -15.37 -4.66 -1.870 0.96
10 -39.09 -6.82 -1.423 2.22
15 220.81 -12.51 -(0.893 5.18
20 71.26 -20.05 -0.561 8.1
30 51.11 -43.45 -0.081 15
35 50.02 -60.87 0.098 18
40 50.01 -84.7 0.258 20.6
50 50.86 -176.15 0.552 23.2
75 55.38 774 1.154 33
Table T7 for F/5.6 Glass BK7 ng=1.5168
f R1 R2 C Das
10 -7.76 -3.49 -2.635 0.24
15 -18.48 -5.72 -1.897 1.82
20 -41.8 -8.42 -1.504 3.7
25 -108.76 -11.55 -1.238 5.8
30 -860.4 -15.1 -1.036 8.03
35 282.01 -19.06 -0.873 10.38

40 155.26 -23.42 -0.738 12.78
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50 105.66 -33.45 -0.519 17.7
75 88.03 -67.28 -0.134 29.16
100 88.1 -120.75 0.156 36.2
120 88.39 -199 0.385 33.77
140 83.66 -493.26 0.710 8.77

Table T8 for F/5.6 Glass N-LASF44 nd=1.81042

f R1 R2 C Das

6 -2.76 -2.59 -31.471 0
10 -5.89 -4.14 -5.731 0.54
15 -11.8 -6.59 -3.530 2.12
20 -20.8 -9.58 -2.708 4.06
30 -55.33 -17.05 -1.891 8.67
35 -89.36 -21.51 -1.634 11.25
40 -150.41 -26.45 -1.427 14
50 -759.8 -37.79 -1.105 19.8
75 282.26 -75.11 -0.580 37.7
100 205.5 -128.56 -0.230 52
150 190.9 -314.41 0.244 81
200 196 -831 0.618 92.64

[00119] At each defined value of F/# and focal length f there is a minimum value SAm
for spherical aberration SA. The value of SAy depends on the F/#, focal length fand
refractive index » of the optical material making up lens element 22. In an example
embodiment, the value of SApm preferably is equal to about 0.75) to provide optimal
EDOF results. This condition limits the range of focal length f and aperture of single
lens element 22.

[00120] The center thickness TH of lens element 22 preferably has a tolerance in the
range from about 0.25Dy to 0.1Dy, where Dy, is the lens element diameter. Generally,
manufacturing and mounting issues determine the best thickness TH.

[00121] The domain of F/# and focal length f covered by single lens element 22 with
SA =0.75) is set forth below in Table T9.

TABLE T9 — F/# Domain

f min F/# max F/#
4 3.2 6.4
5 3.36 6.72
7 3.65 7.3
10 395 7.9
15 435 8.7
20 4.66 9.32
38 5.5 11
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[00122] The minimum F/# is set by aperture stop AS where the curvature C corresponds
to a minimum spherical aberration SAy = 0.75\. A greater aperture diameter or lower
F/# will produce too much spherical aberration SA and reduce the EDOF effect. The
maximum F/# is limited by a value for curvature C where the field must be reduced due
to an increase in astigmatism. While there is no real threshold for the F/#, good
performance is generally easier to obtain when the F/# does not exceed twice the

minimum F/#.

[00123] FIG. 16 plots the range of the F/# as a function of focal length fas set forth in
Table T9, wherein the maximum F# is twice the minimum F/#. In an example

embodiment, the diameter of lens element 22 is at least about 1.2 times the diameter of

aperture stop AS.

Enhanced aperture single lens

[00124] Single lens element 22 of optical system 20 can be made to have a larger
aperture (diameter) by using optical materials with a relatively high refractive index. At
a constant focal length f, increasing the refractive index » reduces the spherical
aberration SA but increases the radius of curvature of the lens surface. Hence, the

aperture required to obtain SA = 0.75) increases.

[00125] For an example lens element 22 with a focal length f=10 mm and made of
borosilicate glass BK7 with nd=1.5168, vd=64, the minimum F/# available that yields
SA =0.75)\ is F/2.9. Selecting a higher index glass, such as N-LASF41 with nd=1.835
and vd=43.129 reduces the spherical aberration SA, so it is necessary to select a
curvature C that produces more spherical aberration to compensate for the reduction in
SA. The new minimum F/# decreases to F/2.5 and provides SA = 0.75)A. The search for

maximum aperture or minimum F/# requires selecting higher index materials.
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[00126] High-refractive-index glasses have more chromatic dispersion (i.e.. a low Abbe
number). This usual rule can limit the choice of glass when broad-spectrum light is used
for imaging. On the other hand, in some applications the addition of chromatic

aberration favorably combines with the spherical aberration to achieve EDOF imaging.

Aspheric surfaces and diffractive features

[00127] In the case where the use of high index glass is followed by a higher chromatic
dispersion in a manner that requires compensation for the resultant chromatic aberration,
an example embodiment of single lens element 22 includes at least one diffractive feature
23 on at least one side (surface) of the lens, as illustrated in FIG. 17. Various
technologies can be used to manufacture diffractive feature 23, such affixing a molded
diffractive structure to one of the lens surfaces, molding the entire lens so that the
diffractive feature is integrally formed in one of the lens surfaces, or diamond turning the
lens to carve the diffractive feature into the lens surface. The resulting aspherisation

from diffractive feature 23 allows an increase in the aperture of lens 22 by reducing the

amplitude of spherical aberration to SA = 0.75A.

[00128] The second advantage of aspherization is that is increases the lens aperture
without having to choose a glass with a high index of refraction while keeping the same
amount of spherical aberration. A high index of refraction is about 1.8 for glass, but this
value is generally not achievable in low-cost molded plastics such as Poly(methyl

methacrylate), referred to as PMMA (ng=1.4917 and v4=57.44).

[00129] In one example embodiment, single lens element 22 is formed from an acrylic
material and has a focal length f= 10 mm and F/# = F/4, with one of surfaces S1 and S2
including diffractive feature 23, while the other surface is also aspherical (but not
diffractive), thus making the lens “asphero-diffractive.” The function of diffractive
feature 23 is to provide substantial correction of chromatic axial aberration produced by
the dispersion of the optical material making up lens element 22. The diffraction order is
chosen to allow the largest spectral width. In an example embodiment, two aspherical
surfaces are optimized to achieve SA = 0.75\. The use of two aspherical surfaces on lens
element 22 allows a significant increase of the aperture that cannot be achieved with

spherical surfaces alone.

[00130] The diffractive surface S1 has full first-order diffraction efficiency at the

central wavelength A4 of the light spectrum. With reference again to FIG. 17, in an
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example embodiment diffractive feature 23 has “Fresnel lens” shape with steps of kAo
optical path difference with k=1 for order 1. The number of steps in diffractive
feature 23 is calculated to compensate for the chromatic aberration that arises from the
choice of optical material. Acrylic (with ng=1.4917 and v4=57.44) is an example material

for single lens element 22 where such compensation is useful.

[00131] Diffractive feature 23 operates as a rotationally symmetric blazed grating. The
local step function of the radial distance from the lens axis is designed to reduce or
eliminate chromatic dispersion. There are many methods for calculating the shape of
diffractive feature 23, such as finite element numerical methods that can be readily

carried out on a computer.

[00132] The achromatization from diffractive feature 23 is illustrated in the plot of
FIG. 18 of wavelength (um) versus focal shift (um), where the achromatization is
centered at A =590 nm. Note that a second-order (“secondary”) chromatic aberration
remains. The secondary chromatic aberration reduces the MTF when a relatively broad
light spectrum is used. However, this reduction in MTF can be taken into account in the
MTF gain function. The secondary chromatic aberration does not necessarily reduces
the depth of focus DOF’ and in certain cases can increase the depth of focus by
averaging the diffraction ring on the point spread function (PSF) and removing unwanted
contrast inversion that occurs at high spatial frequencies. Thus, in an example

embodiment, optical system 20 includes a small amount of chromatic aberration.

[00133] In an example embodiment, the spherical aberration SA is controlled to be
about 0.75A within the imaging bandwidth A\ and over ‘the entire image field. Some
residual lateral color can occur, and is a function of the distance of the diffractive feature
23 from aperture stop AS. This distance can be different from the “zero” coma distance,
and in an example embodiment trade-offs are made between amounts of residual coma

and lateral color needed to achieve a desired imaging performance.

[00134]  Table T10 below sets forth paraxial data for an example embodiment of

single-lens optical system 20.

TABLE T10 — Paraxial Lens Data

Effective focal length 20 mm
- | Aperture F/4
Image field size diameter {6 mm
Obiject field size 16°




14.7 29.4 [00122] The mnimum F/# is set by aperture stop AS where the
curvature C corresponds to a m ni num spherical aberration SAM = 0. 75X. A
greater aperture diameter or lower F/# will produce too nuch spheri cal
aberration SA and reduce the EDOF effecz. The maximum F/ # is |imted by a
value for curvature C where the field niust be reduced due to an increase in
astigmati sm Wi [eakhare is no rdamMmAreshold for the F/#, good perfornmance
is generally easier to obtain when the F/# does not exceed twi ce the

m ni mum F/ #. [0 H23dn Fluéeful ¥or OCDV 2arthdiss Beadageit @fatchésewdt #itlas/38 dhdinCti on of
focal length f as set forth in Table T9, wherein the maximum F# is tw ce
the nini mum F/#E° M AH*@xanpl e embodi ment, the dianeter of |ens el ement 22
is at least a j ' r anced
aperture si ng@ﬁ%ﬁg&["%ﬁﬁﬁ% %Sg‘]%ggeoﬁéf@heﬁrfg%% ! é}21128%0?) : gﬂ? élasiﬂ‘a%lﬁggst em 20
can be nmade t oletheny22 aesdciated avrth Aplele Tl proYidiis anentrelied amyurlj@fwgeriﬁplti cal materials
with a rel atiyiglyoRicRE b Sh=aCHsh v ant MEXphefiatith ARRS FRRlardePfRIwrt &NOLH T,
increasing the refractive index n reduces the spherjcal aberration SA but

i ncreases t hecympdicdi® agprebipphesicdl desigarvithihe spranlgnsdnatarigl the sapefpe! lergife aperture

required to OMdahd¥anarmou of pheliREiRAGRE sAl QR BOMASacic RXa0We@inl ens
el ement 22 with a focal Ienng% f=10 mm and made of baqrosili c% gl ass BK7

th \
with nd=1. 51684 Xpaplgdens elpgent?hoffntled/Ll isapqmmapplastie Hsgf [RFoRigs VA = 0. 75k s
F12.9. Sel ect bthg transpirgid plasticd e ¥e GHed PEIM A Ve goddihddShdbogandilg amtlsd. 835 and

vad=43. 129 r educeuz i B?vaggEeglicleggx{dgs%ggaég\iteggrﬁ dig x‘tiog.o éetof ia ?igf?ag:g\%psfga%rg to sel ect

a curvature C"fH erfarion nsate for the
reduction i n As anldpgomenservasitamadack-ih axidcheastzsiberatibi, hefebpmabidoneohd des SA =

0. 75k. The se f. ﬁ%f . .0l it requires selecting

hi gher i ndex %glﬁg?l} lngs_. ; ié@g%ﬁ’%ﬁ%ﬁ&?@ﬁ%@%e I ndex gl asses have nore
chromatic di SREI38] Ofhe bduaffon-tha® ddsOBeNAD SchPIHARAidn prdVided by aidctivdttfurean |im t

t he choi ce of gl ass when broad-spectrumlight is used for imaging. On the

ot her hand, i# &84# %pplications the addition of chromatic aberration
favorably conbines with the spherical aberration to achi eve EDOF i magi ng.
Aspheric surfaces ahd diéf,fractive features [001271 In the case where the
use of high index gfassgis followed by a higher chromatic dispersion in a
manner that requires conpensation for the resultant chromatic aberration,
an exanpl e et Grsribe girackysighiatinangle IGnAY. G5 theEiligeie daatippagte one
diffractive f@at.ung)2dd AnNs Bk imQASE waBRngH. dehe( dhbkige s ek rétfactiieichiaium, as
illustrated in FIG 17. Various technol ogies can be used to nmanufacture
diffractive fRBEPSPress e affixing a nol ded diffractive structure to one
of the lens surfagas, noldi ngxth@ngfntig%l eps so that the diffractive
feature is integr y:f"@_ A pneohf € Tens surfaces, or dianond
turning the | ens ?doq_car\c/)(zl t efSic??ractfi\'}e fleature into the | ens surface.
The resul ti ngvirephethe sdiadton inkeoshtigh [édfs ragtialaethé emtralrieagd® vedvilowsh ‘a)f | ncr ease
in the apertur f len reduci | i fo i

aberration tdséﬂ%gal&"%@)??%f%iféﬁ%l egges%%%ﬁ%gga{/dtﬁﬁ@%égy%_?Waagc{ l((é(r?}!ezati on is
t hat is incrdesbgeptofithe dinastienaatingr e wi t hout having to choose a glass with a
hi gh i ndex of refraction while keeping the sane anmount of spherical
aberration. AMHBYh Thorsbsematizatiirsaudion Bis pesomiSout 1.8 for glass, but this

val ue is generally not achievaple in | ow cost nolded plastics such as

Pol y( et hyl net haéray %red to as PMVA (nd =1.4917 and vd =57.44).
[00129] In one exdnple "srbodi nt, single lens element 22 is formed from an
acrylic mater] and has a focal length f = 10 .and B/ # -~-- E[4, with one
of surfaces é&”ﬁgﬂdﬁlg’? nﬁ% 1 oﬂd’?%és G stgr%z’igrf) lrin\t/%eo ¥ ?Jxrlseakﬁlg,t r{ﬁ\/{/iaﬁdlufsé" @ﬁe ot her
surface is alxsdrectophields thaliffdstite lmet thigkdesraa Crlieved YN t=hitisesveki ng t he | ens
"asphero-diffractive.” The function of diffractive feature 23 is to provide
substantial correction of chromatic axial aberration produced by the

di spersion of the optical material making up |l ens elenent 22. The
diffraction order is chosen to allow the |argest spectral width. In an
exanpl e enbodi nent, two aspherical surfaces are optim zed to achieve SA =
0. 75X. The use of two aspherical surfaces on lens elenent 22 allows a
significant increase of the aperture that cannot be achieved wth spherical
surfaces al one. [001301 The diffractive surface Si has full first-order
diffraction efficiency at the central wavel ength X0 of the |ight spectrum
Wth reference again to FIG 17, in an 28 exanple enbodinent diffractive
feature 23 has "Fresnel |ens" shape with steps of kX0 optical path
difference with k=1 for order 1. The nunber of steps in diffractive feature
23 is calculated to conpensate for the chromatic aberration that arises
fromthe choice of optical material. Acrylic (with nd=1.4917 and vd=57. 44)

I o, o I T T Y - o
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k is the selected diffraction order (usually k=1),

is the focal |ength of
and p is the

local step of [OM]I@] q"li}f fl%%“)\fgsrhngycﬁﬁﬂl&g)tical system 20 with rays 25 traced from the

object (not shown) to the image plane IP. Lens element 22 includes a diffractive feature

23 (not shown) on objectwise surface S1 and an aspheric surface S2, as set forth in Table

T12, below. In Table T12, the parameter Z defines the aspheric surface coordinate (and

thus the aspheric surface shape), r is the radial coordinate, k is the conic constant, and ¢ is

the inverse of the radius of curvature. The diffractive layer that makes up diffractive

feature 23 is defined separately and is added to the existing lens surface.

[00141]

TABLE T12— Design Parameters for Lens element with Diffractive Feature

Curvature of surface S1:

_ cr
1=+ k)

¢=0.04067 mm-1
k=7.6 (ellipse)

cr2

T lI— (A

Curvature of surface S2:
C=0.0579
k=-5.63 (hyperbola)
Center thickness 4 mm
Aperture diameter 10 mm

Material

PMMA or Acrylic

Object field size

16°




[001371 The achromati zati on equation thus becones: 1xdn pk.(n-1).f d
[00138] The integration of this expression fromthe optical axis along the
radius in the x-direction yields the diffractive |ayer thickness as (where
"IN7" = "integer"): 30 [ 00139] Thi%lforn1for diffractive feature 23 is
shown in the close-up view of FIG 20, 'and gives rise to a nodified |l ens 22
of Tabl e T10, [$423EBest RFfbimahds adradltie: ithade floRliashieveABlitk tWoldptimide@ns El enent

with Diffractive Feature Effectjve focal |ength 20 rtyre F/ 4 | mage
el d ci anet eP PR B S end s PV B e oo P! B LREME Ean xcanpl o
optical syst emligbhewsthbriasayfge 2B8sphericedacty @ambd deeclgpog et cofinedctishown) to the

I mge plane IR. _Lens el enent. 22.incl udes a diffracti. a 23 (not
shown) on obj E‘c’,"t)év?\nboé'% P grﬁg%qg’fglpé?al’ae%di an” %glﬁrﬁ ?r}egf%sa?efrlgglﬁa%z%eﬁge? set(fort h in
Tabl e T12, behsngapolyndfaiblespalisiony t he paraneter Z defines the aspheric
surface coordi nate (and thus the aspheric surface shape), r is the radial
coordi nate, kl80&43] hihe adssil diffsastivstfentre 23gicpuidack 81 oRen upfgerSertidsshe radi us of

curvat ure. Thehhndafidafi tyQiutiRyRE ﬁrh'é%aix@&ﬁ&ndﬁ@ abbrbfidn2 Gitalsy fedl@atngr € 23 i's
defined separately and i s added fo the existing | ens surface. £0,0141] TABLE

T12- Design PEimsafel&tekeolqs becpysh the dffartiug SUiipse F BHerFEASH YA r8MPRISHEPLIS cur vat ur e

of surface Si separated from aperture stop AS. An example shape of diffractive feature 23 is plotted
in FIG. 21B. There are about 40 concentric rings 202 separated by steps of 1.1 um depth
that produces a 2r phase change at the central imaging wavelength Ao = 550 nm. With
reference to FIG. 21C, the radius of the rings 202 can be defined by the radius of the
Newton rings (fringes) produced by two coherent sources SC1 and SC2 located at axial

positions P1 and P2 respectively at 53 mm and 46 mm from lens surface S1.

Field curvature considerations

[00144] In some example optical systems 20, the available image field is limited by
field curvature. Because field curvature is proportional to the lens power, it cannot be
corrected when only a single lens element 22 is used to constitute optical system 20.
FIG. 22A is a schematic diagram of the single-lens imaging optical system 20 along with
a corresponding plot of the field curvature. The plot of FIG. 22A shows a 0.2 mm
change in the best focus position as a function of field height h. This change in focus

position with field height reduces the EDOF effect.

[00145] FIG. 22B is similar to FIG. 22A and illustrates an example embodiment that
includes a field lens 27 immediately adjacent sensor 30. Field lens 27 is a negative lens
that acts as a “field flattener.” Field lens 27 can be considered as part of an assembly
formed with image sensor 30 since the field lens only affects field curvature at the image
sensor. Thus, in an example embodiment, field lens 27 is contacted to image sensor 30,
and the field lens and image sensor form an image sensor assembly. The plot of FIG.
22B shows a substantially flat field due to the presence of field lens 27. The resultant flat
field serves to optimize the EDOF effect.



G 2 7= Il -1- VI - (1 +1lc)c2r 2 c=0. 04067 M1 k=7.6 (ellipse)
Curvature of surface S2: C2 Z= 1+ 111 - (1 lc)c2 r2 C=0. 0579
k=-5. 63 (hyperbol a)
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Advantages

[00146] The single-element lens design of optical system 20 of EDOF system 10 has a
number of key advantages over prior art EDOF imaging systems. The first is that the
design is simple and only uses one optical element to achieve the desired EDOF effect.
The second is that the optical element is a standard rotationally symmetric singlet lens, as
opposed to a more complicated phase plate. The third advantage is that configuring the
optical system to have select amounts of spherical aberration gives rise to an axial “zero
coma” position for the aperture stop so that comatic aberration can be substantially
eliminated, with the result that the only significant aberration is spherical aberration
uniform over the image field—which is what is required for the EDOF imaging. The
fourth advantage is the low cost associated with a single-lens optical system—an
advantage that cannot be overstated given that many applications of system 10 will be for

compact, hand-held devices such as cell phones and the like that need to maintain their

cost competitiveness.

[00147] It will thus be apparent to those skilled in the art that various modifications and
variations can be made to the present invention without departing from the spirit and
scope of the invention. Thus, it is intended that the present invention cover the

modifications and variations of this invention provided they come within the scope of the

appended claims and their equivalents.



Center thickness 4 mm Aperture dianmeter 10 nm Material PMVA or Acrylic
hject field size 16 31 100142] Best performance across the image field is
achieved with two optim zed aspheric surfaces Si and S2. However,

accept abl e performance can be achi eved 3lgy usi ng only one aspheric surface.
Aspheric surfaces can be devel oped as a conic section (hyperbolic,

par abolic, el lwHatisclaimed®tc.,) or by a nore general aspheric surface defined
usi ng a pol ynom al expansion [00143] The added diffractive feature 23 on
surface Si (or on surface S2) provides achromati sati on by reducing the
primary axial jchr Onﬁr“frrpa @r?%’s{eﬁtfbl‘qaagilllgtan%l)ﬁ(gwﬁtﬁqgﬁﬁenhg@de%lomém lateral
col or because the diffractive surface Ison the refractive conponent and is
separ at ed fr o8 etanimagneovasisthAncoswafipd e shape of diffractive feature 23

is plotted in Fl Gan%%&al @Q%ﬁa\@r{gean%multaxéQné&mﬂﬁ bf aGirgleNGs eldfent Separ at ed
by steps of 1.1 umdepth that produces_a 2n phase chaﬂge at the central

i magi ng wavel &M RPeETe stog amangsd obifptvise pEthefinglidenselsmertdhe ofigal syser ¢ adi us of
the rings 202h&ap al6untef spheidal Ryerfalid Jsawlicesn ®Ir & Ba Sdewthemforrhinga (fri nges)
produced by two coherent sources SC! and SC2 | ocated at axial positions PI
and P2 respecf’?‘\géf"{}h"a@ﬁ%a% and 46 nm fromlens surface Si. Field

curvat ure consi der atr iage fe@0datdhhgel to s@ive tiexasge hel fomt iherafrors y digitimsl 20, t he
avail abl e i naglgctjoiliglagv iin% cI imted by field curvature. Because field
curvature is proportional " to the |l ens power, it cannot be corrected when
only a single lens elenent 22 is used to constitute optical system20. FIG
22A is a schepntic gl agLaMsQben! fR1aR4 NHified SRBrididRII NG optical system 20
along with a corresponding plot of the field curvature. The plot of FIG
22A shows a 0.2 mmaBHBIEGErocFrsqr glscipiedy cqnpectrd 'S imapiTnsgsand aﬁ*t?%éfq on of field
hei ght h. Thi gcGhanasiy Aef Q6 HisiipAS ket i kgl logfbeh S\Bgight cobduces the EDOF
ef fect. [00142%}\ FIG 22Bis simlar to FIG 22A and illustrates an exanple
enbodi ment t h&t21°fiMa%fes a fiel d | ens 27 i mediately adj acent sensor 30.
Field lens 27 is a negative lens that acts as a "field flattener."” Field

| ens 27 can bg considered as part  of. embly formed with i nage sensor
30 since the ?’i eld hgsssegnﬂ%la%} )f"évtl:lfrg‘n?irgéI%%icgu@Vature at the inage sensor.
Thus, in an exanple enbodinent, field lens 27 is contacted to i nage sensor
30, and the fjeld 'ﬁ@@sémfugmgﬁ“maﬁ%af,.%ms_a,g id |DBRE 2SANFAN podESENDl Y. The
plot of FIG 22B shows a substantially flat field due to the presence of
field | ens 27thatPphstaptisdy minipizesicompticabiiaioser ves to optimi ze the EDOF effect.
32 Advant ages [00146] The singl e-el enent | ens design of optical system 20
of EDOF system 10 has a nunber of key ad,vaHn ages over rior arlt EDOF

i magi ng syst eMs. Tﬁéef>i5¥"§'t°fF‘§'mt%&P“ﬁ‘ﬁé"ed%FEj’ﬂ fiemat isgPEe AthoRPY uses one
optical el emesplabte. achi eve t he desired EDOF effect. The second is that the
optical element is a standard rotationally synmretric singlet |lens, as
opposed to a nore conplicated phase plate. The third advantage is that
configuring the optlhesktemystliaim I, @héreiv esintle Ehs denpuhingludsh atdesstemi cal
aberration gi i I y L i4l or the aperture
stop so that aé@%wcat[vfl:zegtg{gceéﬁrr?ﬁaktu%h@g%ﬁg%ﬂ?ug@}gﬁfﬁlalijilrggfxi{m' nated, with the
result that the only significant aberration is spherical aberration uniform

over the inmage fielfls WakmldebifimM)@herkid the SRBIE [eRfleidnnt KB @rsEdAdedo@gi Ng. The

fourth advantage is the |ow cost associated with a single-lens optical

syst em an advaFiteah & dHsEeinal v PnaRs ths st ardseeend ﬁ‘f%@ﬁ‘staﬁg?“‘imny appl i cati ons

of system 10 will be for conpact, hand-held devices such as cell phones and
the Iike that, need.to maintagi.n their. cost.conpetitiveness., [001471 It wll

thus be appar®nt t(ﬁ“f HyER Og%"i“l leHEeirﬂ" ﬁ‘ﬁgpté‘f?ltsy %maéas\a}'érﬁ)igglﬂ% t}F%ltl)di fications and
vari ations cadil.bgFfadél* o the present invention wi thout departing fromthe
spirit and scope of the invention. Thus, it is intended that the present

i nvention cover the nodifications and variations of this invention provided
they cone within the scope of the appended clains and their equival ents.

33 What is clained is:



| . An imagi ng systemfor inmaging an object within an extended depth-of-field
(EDOF) at an imagi ng wavel ength X, conpri sing: an optical system
havi ng an optical axis and consisting of a single | ens elenent and an
aperture stop arranged objectw se of the single lens el enent, the optical
system havi ng anount of spherical aberration SA wherein 0.2X < SA < 2? when
form ng an inege of Thehestadbpfetdm 1dmther comprising: an | mage sensor arranged to
;ﬁge: yrgg} Qg lsggtggmaggeld?%ﬁaggeed%mgﬂztay Qaéa%énk &héﬁfnqa&SLe%&amoﬁﬁ%Ma) mage. 2.
processor el emduqe@abmo}unwfﬁ'n@@uefdume@nmwbm’efqelgbémehemaﬁd adapt ed to receive
digitally filter the digitized electronic rawinage to forma digitized
contrast-enhanced i mage. 3. The systemof claim1, wherein 0.5X < SA < 1X
4. The system!®f clHienysiem qffslaprei.rvheisia thgsingledqng clepebhisiseleqteddiopdlie at an axi al

pOSI tion that gl%h&b@ftlégglbnﬂédtsycombml@ %%ﬁc&xmﬂs Glerﬂgﬁrarp@&h\ﬂ:r}nems&ls ichee system of
claim4, wherein the single |l ens elenent is nade of either q‘l ass or

plastic. 6. TREeSFENEHSHAS tehayespreaveidicesiToattve P thy QPIAck 21ARAT erent

includes at | easéx IeM3Rlchbdtiarrdfptd 14 Bave@abbjécbvicapMnbGuitad. t 0 reduce or elininate
chromatic aberration. 7. The systemof claim1, wherein the single |ens

el enent has first and second surfaces, and wherein at |east one of the
first and secmnd S ua fathedofi fermargah énage of andbjeck leer sy sttaadedofepth lofifigid 1, wherein
the opti cal has an F/# s 1 4 <F/# <F/15. 34 9. The system
of claim 1, f &Ft 0 Spasine wavele“%&rl EO%%S'@ eld | ens arranged i medi ately
adj acent t he i mage ﬁgenmraamdagsoﬁafnlcgmtedthtdmoméddrﬁ@ﬂaq?"%\ﬁm&ﬁfa sielef i el d
curvature inmpapd &g Dyank Qr?ap%hJ}QLtgp Arﬁﬂgced%iu@dm@of theQinglL s §l¥1§$r§mhgireln0| aiml,
wherein the single lens element is selected romtﬁ roup of lens el ement s
conprising: athBprticelsysism *laéﬁfsa'@?“é‘rﬁfﬁﬂhemé‘ %?E}ﬁ“f"i' ve S‘ffBr‘hagQ:%?s <Sérs%e| enent
arranged so aggt o have concave surfaces relative to the object, and a

pi ano- convex | ens el enent arranged to i]g,ve an 8\7] ect w S€ & lanar surface.

11. A method of fortf"AE" &8s SYaYE BFoal BRI e Ji&t™ Bifeek'dfded depth of
field (EDOF) aigitigsd rawria@e)g Wavel ength k, conpri sing: formng a raw
i mge of an object with an optical systemconsisting of a single |ens

el enent and an aperture stop arranged objectw se of the single | ens

el ement, wher &.n t Here opthpdaficlagy $t,evietamd.5as SAoldnt of spherical aberration
SA such that 0.2k < SA < 2k; and usi ng an i nmage sensor,

el ectronically capturin the raw i mage to forma digitized raw i mage. 12.
The net hod of 1% ai rfih¢ methpghefickaim | b figthercomprisingt k. 13. The net hod of claim 11,
further conprisinggidhg ik J@fthé a.!g;h%dlrmm{agao@Brglatcbﬂtﬁgi dnRaNcddTREGR. t0 form a
contrast - enhanced i nmage. . The method of claim 13, wherein the raw i mage
has associated therewith a raw m)dul ation transfer function (MF), and
further conpri4si Ng:The method of claim 13, wherein the raw image has associated therewith a raw

modulation transfer function (MTF), and further comprising:

establishing an amount of defocus in the digitized raw image based on a
position of the object relative to the optical system;

forming an enhanced MTF from the raw MTF by multiplying the raw MTF by
a gain function, wherein the enhanced MTF is a function of the amount of defocus; and

applying the enhanced MTF to the digitized raw image to obtain the contrast-

enhanced image.

15. The method of claim 14, including:

measuring a distance between the object and the optical system; and



establishing an amount of defocus in the digitized raw i nage based on a
position of the object relative to the optical system formng an
enhanced MIF fromthe raw MIF by nmultiplying the raw MIF by a gain
function, wherein the enhanced MIF is a_function of the anpunt of defocus;
and appl yi ng the enhanced MIF t0 the digitized raw image to obtain
t he contr ast - enhanc@thihgmhgenharkbd MTHey apptyingd ted-dicleasiomallfear digodl didlerng:
measuring a distanc tween the object. the optical system and 35
form ng the eﬁ%aen%‘ggd%%‘ﬁngéﬁgleﬁeﬁ%mg d{sﬁgcgdi mensi onal |inear digital

filter to the raw MIF according to the neasured di stance. 16. The net hod
of claim 15, ipcludj |- t. I f LSt ances t hat
overlap the dégp]'t h g’*‘ﬂ??egﬁ% g‘c’iﬁ%ﬁ’qgﬁ l%da"g%éa%sg ;%%%%%kgj&g%f{eﬁhﬁm form

i ncoher ent baditaicghthituerlap thy depiihef figldtDKGtbyyping? dintad £dge Withe e t he raw i nage
has an associ a&dreh@iMifingand further conprising: form ng an
enhanced MIF fromthe raw ﬁ/ITF by multiplying the raw MIF by a gain
function, wherein the enhanced MIF is substantially constant as a function
of focus posit7.0n; BRGhethod of claimaPPititleMGhd e infi3b B3 @@ ehsddidedtrow MTE, di gi ti zed
raw i mage to obtain the contrast-enhanced i mage of the object. 18. The

met hod of cl aPhfer SOFRIii%E ng arrangi ng the aperture stop at an axial

posi tion that subst gfhinghd gahaniced MTE 86m denat MTF apankiplying the rasdTF Bhe net hod
of claim il 106 HELDg REAN L N8l NefAS ARl LhLAEH Sndispbr @ on one or
nore surfaces”dYf e single }I'ens el'enment " 50-as 10 reduce chromatic
aberration. ®ouspdhieonpaidhod of claim 11, including providing at |east one
aspheric surface tafbe; st Bdhch RAF 1EhEBERLed rav? inagd BSbARIRASNRE:- Cl ai m 11,
further conprising: cap%url ng N raw 1 mages of the object; and averaging the
N raw i mages ¢nbarcestimage of g 9bied- noi se raw i mage. 22. An enhanced

depth-of -field (EDOF) imaging systemfor formng a contrast- enhanced i mge
of an object at an ima%i n(ﬂ vel engt h. X, conpri si ng: ey opti cal
syst em consi st ng dfe Rebpdigficlem &k dchydingamangine the apergis SR A &8 % aper ture st op,
wi th the optigaitiosysisebitaR@ily Agninfecormamiabafatispher i cal aberration SA,
wherein

19. The method of claim 11, including providing at least one diffraction feature on

one or more surfaces of the single lens element so as to reduce chromatic aberration.

20. The method of claim 11, including providing at least one aspheric surface to

the single lens element.

21. The method of claim 11, further comprising:
capturing N raw images of the object; and

averaging the N raw images to form a reduced-noise raw image.

22. An enhanced depth-of-field (EDOF) iniaging system for forming a contrast-
enhanced image of an object at an imaging wavelength A, comprising:

an optical system consisting of a single lens element and an objectwise aperture
stop, with the optical system having an amount of spherical aberration SA, wherein

0.5% < SA <2), and wherein the optical system forms a raw image;



0.5X. < SA < 2, and wherein the optical systemforns a raw i nage; 36

an i mage sensor arranged to receive the raw image and forma raw i nage

el ectrical signal, wherein the raw i nage has an associ ated raw nodul ati on
transfer function (MIF); and a 6i mage processor electrically
connected to the image sensor and adapted to receive the raw i mnage

el ectrical signal amdmgersémerarangade-g@riochssiwvrigagehed oma tay ifnegem t he
contrast- enhanced, i mage i r e raw MIF
using a rotat ?lgcﬁlréﬁai S)'/gr;rlglyvr‘ﬁbregetslé {AgragJ;fnﬁ&P‘ 3%%%% 8%@51 %g.@ﬂgtwlgq %?magi ng system
of claim 22, fiheoeiMTEhendi mage processor is adapted to average N
contrast - enhanced | fageS ofdedk ety BitheokaR hfs SRABRERYaIRES havi ng
reduced noi se as conpar s To any of the N cpntras%-e_nhanced images. 24.
The EDOF syst @miwrthm\airmgzzlywr%m g gerform rage-piseesting tharaie frm e sel ect ed
from the groug@fstlefidacedif4F8 0lisy MM ER MG fortedFrok ARVAXMT@RSIng @ POSi tive
nmeni scus | ens arranged to have concave surfaces facing the object, and a
pi ano- convex [o&enally syaynstls eeld fHSUR an obj ectwi se pl anar surface. 25. The
EDOF i magi ng system of claim 22, wherein the aperture stop is arranged

axially arranged at_a i.tion that bstantially.reduces or._elim nates

comatic aberration. T Eg&?fﬁ%g"ﬁlﬁﬁge“? %@Eﬁ%%@@%ﬁ%ﬁ% SPeEEPRIRY 22 a%ia/ﬁ%%r ein the
si ngl e | ens etoanenk N doatascabanatd i_tnegw_to fornea fpfal @n@ﬁstf-énhaged egd lmaingir e and an
s e { g nefl os LltGaEl ) SR nVBLAMA i@l 1 20, Wher s N Lhe

| east one diffractive teature Is Integra or ne th the single |ens.
28. The EDOF i magi ng system of claim 22, wherein the single | ens el enent

includes firsj, and gegpRe sﬁ&gmmaffn S HAGERe singebptid] BBhERH s@fctddor M ng an
i mage of an object over an extended depth of field (EDOF) at an inmaging

wavel engt h X, frem g gioun efgens elements comprising: dibhepnysx [ei5t3 ROSFVEPENSEYH #Mat  consi st s
of a single | 8RfgedkLHIRPNGon@NElsuRfAcea RBIME the Bbj&d,QRd a pl@hb-convex lens arg@pdditgur i ng t he
optical systemto have an anount of spherical aberration SA such that 0.5 X

< SA < 2X so X PPORFRYEC PRRE SYTEUn obj ect wi se zer o-coma axi al position
relative to the |l ens el enent; di sposing the aperture stop

substantially,at t .comp axial. position .s Ml sy Qer]Mal Iy
el imnate conzasﬁi c g%eeglrgéﬁi'n(l)aﬁmlgr‘ciystteﬁ‘e‘)ficﬁ%e;’ vand glf%(?:et roni gaﬁsal y capturing the
i mage to f or naxallgargingddatdpasigion tthb,s_tantially reduces or eliminates comatic aberration.

26. The EDOF imaging system of claim 22, wherein the single lens element

includes at least one of a diffractive feature and an aspheric surface.

27. The EDOF imaging system of claim 26, wherein the at least one diffractive

feature is integrally formed with the single lens.

28. The EDOF imaging system of claim 22, wherein the single lens element

includes first and second aspheric surfaces.

29. A method of forming an image of an object over an extended depth of field
(EDOF) at an imaging wavelength A, comprising:
providing an optical system that consists of a single lens element and an

aperture stop;



30. The nethod of claim?29, further conprising: capturing N raw i nages of
the object; and averaging the N raw inmges to forma reduced-noi se raw

i mge. 31. The nmethod of claim?29, further conprising: digitally filtering
the digitized raw imge to forma contrgst-enhanced image. 32. The method
of claim 31, wherein the digitized raw’image has a correspondi ng raw

nodul at i on transf ercohfigucibg mmo;(tlvmléysxenamdia\felan trhant gdephpri¢as abggation SA form ng

an enhanced M, (AT § BRALBYMIF, e Ml LBhit 08 LA b M i o 021 1
p et R R e FC Y

function; ance to t |gt|zed raw i mage
to obtain therqt@mqoa@tle'enlhtam,ed i mge of the object. 33. The nethod of
claim 32, wherein tmﬁaogﬁétne%fpgr%}g gwsdb§ta&ﬁnsgtﬂ;atzm coifta axiaPfosliBh iod of clai m

29, wherein the sin |'ens "el ement has a nost | magew se surface from which
the zero- comatoéx’i’sé?ﬂtlﬁé’mﬁ”t"ﬂﬁﬁcqnsa“f’%ﬁft@d‘"aff‘e tees atce DAs therefrom and

wherein 1 mm < DAS gfec#bhid¥I capturing the image to form a digitized raw image.

30. The method of claim 29, further comprising:
capturing N raw images of the object; and

averaging the N raw images to form a reduced-noise raw image.

31. The method of claim 29, further comprising:

digitally filtering the digitized raw image to form a contrast-enhanced image. -

32. " The method of claim 31, wherein the digitized raw image has a corresponding
raw modulation transfer function (MTF), and further comprising:

forming an enhanced MTF from the raw MTF by multiplying the raw MTF by

a gain function; and
applying the enhanced MTF to the digitized raw image to obtain the contrast-

enhanced image of the object.
33. The method of claim 32, wherein the gain function is constant.

34. The method of claim 29, wherein the single lens element has a most imagewise
surface from which the zero-coma axial position is located at distance Dag therefrom,

and wherein 1 mm < Das <20 mm.



