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PC TI US99/ 12658 5 | NVERSE TRI PLET LENS ASSEMBLI ES FI ELD OF THE | NVENTI ON
Thi's i nvention relates to obj ect’ive |l enses that contain agdbeember 2602 f aces
and are designed to be manufactured in high volunes. 10 More particularly,
t he |nvent|on relates to an rover se triplet objective |l ens which: ' (1)
has 4 negative (or weak positive)) positive, negative configuration; (2)
uses aspherical surfaces to correct primary aberrations; and 15

aspherical surfacd$0P¥3%¥¥duce manufacturing semsitivities by red’&%?‘ﬁg“’%ﬁas@
anount of aberration correction contribution by an individual |ens elenent.
In certain enbodlmmﬂ\”ﬁ the negative (or weak positive}, positive, negative

confi guratle‘ mmu@ d by a positive lens unit which serv

provide th m \ “ n extended exit pupil. BACKGROUND COF m’mlmwmv
It is well knowskéit the classical triplet (see Figure 6A and Takl®,6) can
be corrected for all of the primary aberrations) but because there Is a
resi dual secondary astigmatismthat is not correctable) the performance is
25 limted by astigmatism |If the specifications for the lens are "pushed”
too far, the astiggmatismis so RS E PRIPLer 50% SE TEECOMEeS very
shal | ow (see Figure 6B)) and t 0 manufacture
si nply because any manufacturing variations will further reduce this

al ready shal | ow deptRIEII0 GF MHENNVENTAONNt age of the triplet design is
that the spherical aberration and astigmatismcorrection are both ﬁchi ved
because t he 2 Decenberd hpgpenplongglateste objeckivadensss ﬂh%ﬁﬁ?é‘éalj“@ssp grea
"right" amount of a t ffects of
the two posi 11 ve el Suares o4 Ate BSEARPRA pBLBanL A RANGR Wil ¢ st
be | ocated propadly, wt leb gartitslaely, tleciawendon Matesotb amhaveﬂertm@letmb;aectwe
w Il not conpletely  canc each other, as denonstrated by the through-focus
MIF for a decent er ed®Ra¥. ?'R}‘ el enent shown in Fi gure 6C. There are many four
el enent l'ens types that ane nuadabRbhBve thavkaddostti@adSpddlivd, hephBic and are
usual Iy enpl oyed to achi eve higher perfor mance than the triplet, but with
some increase in cost. Even ef§fiBHrAHoRspherical surfaces only results in
limted i nprovenent of a,gl as d o]
close to the negative el é@en ﬁk&a‘is’tp%hgéslﬁué‘%g é’j‘lbs(‘;\orw:bg§cor teglcofﬁgo?? ’%%ae)
manuf act uring sersitivity3)r ohbmaﬂxiehbalrmrﬁcasto &mmaxﬂ;a&uﬁngwmuvms
In view of the foregoing, it k’ Obéﬁ} of the,invention to provi eb

i mproved obj ective | enses. MoPE 'pRIGRE Hegmouny ¢f a}@"ﬁ’ﬁm&‘b‘joé’fﬁcnflf’ cppigibution
invention to provide objectivgyl@nsasid\avileg sleRleayed aberration correcti on
and reduced sensitivity to manufacturl ng variations. It is a further object
of the invention to prov|I§éfeﬁlﬂjlléemb9élm@ﬁ§,ef@emgéﬁw§§ veeali pasitiye) opositeyes

el enents, e.g., thr t. , S
ol ement o ar e conposatar e HAEr AR g Iy RREEV ARk w AR fetfed &
To achi eve the f2ff eguiongleathd lendreithady mmdedénat papintion in accordance

wth a first aspect ﬁA%\ﬁ(dﬁi)ﬁﬁtgbﬁﬁﬂFm 8l1 pr oduci ng an i mge of an

obj ect, said system# Dveret i cal power "Q-0", an

overal | positive focal g qmﬁ aeimqmmfhfata%é@agamamxpM@@et F?g'uQ'@GAad?ﬁ‘l gable 6)

i mge side, and conprising in order fromits object side to its imge side
of: (a) a first |enscambecqrepcted fayall ofghe prisgarti a.l@rmmxs but heomwt}mgus fve

power (i.e., a positjyve ess .th

bosi tive pover bf -t HESTER SEfontOLS Brvidmafiip ahaf Tty totrefiabld e ReEb Bopnseds
the overal |l posi2j vehm(bwdl’b)y mi:gmmslm tfcthesipgéifisatiscior eiellens areegeshedtieoo
surface; (b) a secon s unit (U2), having a positive power and an object
side surface and an aﬁaé@ aGtHANalisR AL e0 seyREp that the depth of focus becomes very

shallow (see Figure 6B), and the lens becomes very difficult to manufacture

simply because any manufacturing variations will further reduce this
already shallow depth.
30 A further disadvantage of the triplet design is that the spherical

aberration and astigmatism correction are both achieved because the



2 December 2002 -3 (c) a third lens unit (U3) having a negative power, the
magni tude of the focal length of the third lens unit being bagsmbéahod: S
times the overall positive focal length of the optical system erein said
optical system has an aperture stop (AS) between the object side surface of
the first lens unit and the i mage side surface of the second |lens unit; and
at | east one aspherical surface. According to second aspect of this

i nvention, an optical systemconsists of just the first, second and third

| ens units. According to a third aspect of this invention, the distance
fromthe abiaivt ekntkat ddtrddueed jusisthe |"eight" inhdunt of hberatioh @f the opsite tsipanto2
times fo. Accordinp to further aspects of this invention, the optjcal

syst em ha§ansghthesitfegts pf ghe tw PesiYoelemgntenhiug dcaps that stongly pbgrratedblensest ol y

or in comy aakOofeattd) rﬁ’@ﬁﬁf Q.Izitﬁc{iﬁ‘ dits’ o ’d_eéé('n;x;aﬂgns, ad"rdthtehéﬂe‘i'rahﬁﬂss will A6k
conprises at least one asphérical surface; at 'l east two of the first,
second, ancmpkidyl cdreakeaghiotler,canjemonastsatédiby thepheupic-dbcus MTE(ersy ddcdpterdch  of

the first, se opd, arLd thir Iegﬁ units conprises two aspherical surfaces;
(4) each 8fcoppgiementshovaadiigire 8hd third | ens units consists of a single

lens el enent; (RirotdE R ﬁiu&%?erﬁlémq&rﬁgtygmp% ueh telter fhiGelclaayziiem

i.e., the conponents wth optical power, consist of just the first, second,
and t hi r dtdpdetsandrdre sisually) empleyasher achieve higheg ipeformamoe themt the dfiplet dubpitithc al

system i.e., the components with tical .pawer onsi st of just the first,
sbcond, afiE HPPEHORS CoRt (v inamRRRE ARREE LSS s fenlop 1Mty o

| ens el emafiprovérhbnt! b¥ea CREsiEA trip)es HEERUSS Ry étﬁ?ﬁs Jocdafedr fob dieRStoUik thegddie on
the image side of the third lens unit, said fourth |l ens unit having a

positive pement forghe astismpism tobe eoreectad anddbegmenuiastuging pansiiviymsolemistilli cal
surface; rema&nsz Decenber 2002 WD 99/63379 _4- PCTI US99112658 (9) each of

the first, second, third) and fourth I ens units consists of a single |lens
el enent; (10) the operative imagi ng conponents of the optical systemi.e.)

t he conponents with optical power, consist of just the first, second,
third. 5 M@Mﬁgﬁl) t he operative i magi ng conponents of
the optical sysf&my of the tieebi N HnSobdt oM iGHntRAYS' droG{AB Sihiphr j ust
the first, secon?)qwfr??rge, ané ?g’ﬁgtﬁ%e%%@umts alnd neach o%mtﬁose u%‘%?s
consi sts objeatiwi leghes. More pattiembamly; it1i ahldhjec f the investiemtnpeovidseobjeetiviehe

optical system ar.e nade from nol dabl e mat eri,al . 0. ....plastics or. nol dabl e
ol asses: (PSS hiing, JnRroval AP ain, ForReliph an defics UK T manufasiine ) s
times thevansionk! ItROaIfhithg Jopsctlof tiRNBIvBntin fohsrovidk iobRlcti®y &ngdl whikh)ust e
exit pupil of the optical systemis |ocated at a distance 15 fromthe inage

of at | easinimum eédensielentands; g18., thresiarifoer ¢lomants) wheyehpreferatly albef ballens
system ( e di e J: i | lens unit to
the i mge%%ﬁhgs%gkiﬁéﬁ%gp ?Brr{éiﬂ at%%er?g@gglg%f&%%& agfﬂ\l/eterpsﬁ logcdéfa %Séngt h of the

Oﬁt i cal sy?] t emro%h¥e|§lc@)heafbrdgeﬁ1§ta)rld I’mﬁheﬁ bbfeatsge'jheﬁn\tehﬁoﬂl ﬁﬂa:ceidaﬂml flwtv%tlilala‘gﬁs;

the image has an jnflection; (1?) the optical system has a ha i.e 0
view in tR&Pegt PraKides an gptiqah éysgf’él‘ &eripraducing plmage o an egﬁft ﬁﬂg systemdavingy st em

175 3" 5L B NBIRONAA e 0. Bt gl oL Bl 1y sera of
di gi t al | iobject side, and an image side, and comprising in order from its object side to its image
side of’

(a) a first lens unit (U1) having a negative power or a weak positive power (i.e., a
positive power which is less than 0.3 times the overall positive power of the optical system
and preferably is less than 0.2 times the overall positive power) and an object side surface
and an image side surface;

(b) a second lens unit (U2) having a positive power and an object side surface and

an image side surface; and



sensor,;, and (20) the optical system conprises sufficient aspherical
surfaces to substantially correct third and fifth order abqidcetinepso@nd to
substantially 30 reduce the systenmis sensitivity to manufacturing

devi ations (tol erances). 2 Decenber 2002 WO 99/63379 PCT/ US99/ 12658 . cb5.
BRI EF DESCRI PTION OF THE DRAWNGS Figure |Ais a schematic side view of an
inverse triplet lens constructed m accorddnce with the invention and havi ng
an fl# of 4.;i, a sem-field of view of 2a, and a focal length (f } of 10
mm 5 Figure 1B is a through-focus white Iight MIF at 50 cycles/mmfor the
i nverse tripl gt) afthird JeriscuhiA(UF) davieg 2Anégatiac pohverrathe andpinttades o€theofocal
desensitized rqver se triplet .construct i n accordapce with the inveption.
Fi gure 28°7&h o e @H@H@%&% bejpe T th ﬁ-gé}r%%S/tﬁﬁwsr@Htmémwﬁg%% Jengdhp i pl et
of Fi gur ' . 146 i is a
schemat i ?hgégg%ﬁg%gﬁf S’gfr??él}ﬁ\/sglg séeﬁitvﬁﬂl p @%ﬁ?gi%ﬂ%%n@)t E%tgggﬁélzft

pupi | posibjdcoride Fifanesrf3k: fisst fens mnis agd theoimage MO satface0ofahie beeohdntank amnitt he
inverse triplet of Fiqure 3A..l:1i Figure 4Ais a schematic side view of an
i nver se tarnfiﬁfgef’Str%‘ﬂiaf HCRSHTAEE- ext ended exit pupi| position and a |arge
back focal | e%&d&rdifég B§RofkBadpecttorithis GkeAtibR CahSopHERl FhterPedn¥ielsSsTjiNhOr the
inverse triplet of Figure 4A "Figure 5A is a schemati'c side view of a
further ifirotesecond angpthend lpesinilg. 20 an ext ended exit pupil position and a

| arge back focal_ length, FEigure 5B.is a through f.ocus F.at b0 cycl es/ mm
for Jtho s nver datcorfPLY's GRSk ik Bubllin B 96 405 (B oPEetESAE o
50 cycl eshétivst Gdns bR té thedmage isredaltedn Dfimes gure SA with the first el ement

(Ul) decentered by 0.035 nm 25 Fi Pur_e_ 5D is a through focus MIF at_a0
cycl es/ mm f or A¢ferding ta fusther asppeteof tis inveption, Hie opfiedl sysiemdias sorae er eheht

0 RS S E51k3 SR SRl 1, %0 o7 o=/ o

(

the inverset Igure ourth elenents (U3 and
U4) each tiltdd) bachCof3he first, chiad; et eliird® BHR uits 6@hH3RE At least METspIEIRAN 2658

Figure 5F is a through focus MIF at 50 cycles/mmfor the inverse triplet of
Fi gure 5AWift%H the air space between second and third el ements (U2 and U3)

fﬂgn?ﬁ\?e?geo' Q%) Headt 1447 8F REMS, &cbid, W@ Fs MAE cBinpratkstwo! RphéHBal O
surfaces;

(3) each of the first, second, and third lens units comprises two aspherical surfaces;

(4) each of the first, second, and third lens units consists of a single lens element;

(5) the operative imaging components of the optical system, i.e., the components
with optical power, consist of just the first, second, and third lens units;

(6) the operative imaging components of the optical system, i.e., the components
with optical power, consist of just the first, second, and third lens units and each of those
units consists of a single lens element;

(7) the optical system comprises a fourth lens unit (U4) on the image side of the
third lens unit, said fourth lens unit having a positive power;

(8) the fourth lens unit comprises at least one aspherical surface;



5triplet of Figure 5A with the thickness of the second el enent (U2)
changed by 0.04 nm Figure 6A is a schematic side view of a classical
triplet having an f/# of 4, a sem -field of view of 25) @Deanibeeabo2 ength
.(f) of 10 nm Figure 6B is a through-focus white |light MIF plot at 50
cycles/mm 10 for the classical triplet of Figure) 6A at selected field
positions. Figure 6Cis a through-focus white |ight MIF plot pit 50
cycles/mmfor the classical triplet of Figure 6A with second el ement
decentered by 0. 0¥ 7Prescriptions for' the.d.enses of Figurds {8746
set forth in Tables 1-6, 15 respectively. The prescriptions of these tables
use the "OSLO' format of the optical design programsold under that
trademark by-Sinclair Optd)cs dach,of Boe fiestt seconfliethinbrakd fouithdenyuhios sonsetd of
in the MIF plots have,ttle f ol Ilowi ng meani ngs: plus sign (+) -- on-axis;
upward facing trianglSPgpjens elgment o g tangential: 20 downward faci ng
triangle (v) -- 0.7 fieldoyadinkloperat®iiih £eihPtompohetth of tigd shticngegtbmal.c.,
dianmond (O -- full field sagittal; circle (O -- ideal. The wavel engt hs
used in cal cul at i ngthheomfighenite withwewtécad pewer,consist ofisit theBow secerdribirdand
0. 6438 mcrons. The w?églrggqt hs V\§r,e equal Iy wei ghted. The through-focus
MIF pl ots of Fi gf]’re§n PURR EOEMINTd 6B are for 25 full fields of 25) while
those of Figures 2B, 5B-H3) ahe dperative idgiag tombohdratk @f ole optkal thgtem, i.e.,
foregoi ng drawi ngs) which are incarporated in and copnstitute part of hhe
speci fication) il ushe earapenantpwathopptics! PRWEH BRISE obust Hee NrskesrcPrrfm, thitdy
together with the d ek, o+ | . ' | 0 Sei he
nventi on. 1t i to Ba Maces AT Bph3aliel Al hifisRbh GG e dne 1D
Decenber 2002 WO 99leldedst; PCTI US99/ 12658 _ j. and the description are
explanatory only and are t restrictive or limting;, Qf the inventi an.
DETAI LED DESCR B¥i ON OF A |9§N“N“S|ji1§?#df‘ﬁ e°gﬂ%ﬁr§é@%&‘? 9 Podedron as
di S_CU_SS,Qd above, the,ahaseihaleridld RIE! pMstibs bt SoRRBId fl48desnegat i ve.
positive configuration suffers from oth aberration correction and _
manuf acturabil ity probl et | thedeskrfdealdengtibtaf théreptical stistenis atheagidil kinegs
the classical tripl %e %rgraillnv%ftti\?dfo%gl IEQ?E 311)’t%eloeﬁf%alhsasstémhr ee lens units
with a negative (or wea posrl)({lve ., POSI |}§/e neBa FVE SCONT i gurati on.
Figure A 1() shows the bpdi ctirtesticpupi® odihd dizicahygsten ikloqatet at edistadcet he
invention. By inverting the poweys of the triplet, di fferent nmeans 0
aberration corrgc‘[i cf’r'?”i‘éh%ltfﬁg%?/ it lepst & tigesithe ovexallpositive F"Fﬂ)eleflgab?ft&’e

el ement near the pogpticyesyet&pent, and the negative elements are allowed to
be spaced somewhat fromit. 15 In an all-spherical surface design, the
singl e positive el enent €bnt rthrudistancedramche shiketr sidebf thecfirshignsmrfivto thee

negative elenents tq_correct ut ,t.he asti gmatssm.can  be |1, correcte
W Eh 11t e secondangagnes feap iR 2alRed He AERH REHEOR o Fis SF S SReh
spherical aberrati onsysgin;al ways be corrected with aspherics, and in fact

the design formcan be | ]. 20 corrected., The t hrough-focus MIF qf Figure
1B shows the i mfoved a\é\?}é_‘}maﬂ iastone swifemblshe dgmplPmant setirat theamatedies

triplet (see Figure §BnhficBiofanufacturing Desensitization Wile the inverse
triplet requires aspherical surfaces for full correction, only one or two
aspheres are required) dépBndthkeoptical lspstemehas 2 halfrfieldpfvicw i hegirestion Por
nol ded | enses, only tthhe cost gtf toto#',,r_lg is increased if additional
aspherics are added) 838391(: |°g clﬁgf 'easily justified if the manufacturing

yield is increased. By aligmw pige albdic_aﬁfs?fétléﬁa Bb¢ A 26RSIvE ApbRRPEBf REPEI F8e.g.,
t he design can be tailored for particul ar manufacturing processing.
25 arelative aperture of f/4 or {/3.5;
(19) the optical system is used as a taking lens for a digital light
sensor; and
(20) the optical system comprises sufficient aspherical surfaces to
substantially correct third and fifth order aberrations and to substantially

30 reduce the system's sensitivity to manufacturing deviations (tolerances).



30 Figure 2A shows a design nodified to mnimze effects of tilting) _
decentering, and spacing errors. A conparison of through-focus MIF for 2
Decenmber 2002 WD .99/63379 -$_ PC?/US99I 12658 about 0.75 r2dbedemierfoedd is
shown in Figure 2B where the second |lens element is decentered. Table 7
conpares the suns of the primary and secondary aberrations for each el enent
of the classical triplet of Figure 6A and the desensitized 5 inverse
triplet of Figure 2A. As can be seen in this table, the approxinate
aberration correY®#4638¥ the individual inversestriplet |ens elP&rPit4248
better than those of the classical triplet. For manufacturing purposes, the
nost i nportant characteristic is whether any of the tolerances required is

too severe for nmass BRIBEADESCRIRTIONOF THE IDRAWINGSt her tol erances are

very | oose. The next Iev?_ is the cost ' associated with too ”qu
restrictive tol erances. g B a frhemasicest PiEr9 @:’B‘_né’ﬁ’r“lgéﬁ’é’ ¢ p‘_F?ﬁ/i des
the means to acconplhgk,fakA 1Rfacf 82Rccd9Rh She i@htiod and havigghhif A5, a
nunber of surfaces are aspherical) there are nore degrees of freedomthan
requi red for aber r atseon-fedd pEeipivoof, 258 caridha fdcehlengtin () Hf B8 rowt i ni zed f or

manuf acturability. C. Mdi.ficatdon for ended .Exj.t, Pupid _Position Fo

i mging with a si%ngl e po%&%‘ﬁ'?%ﬁ %I@BH%&O‘%“F quyg%ff’@é%hﬁlel:lcaetsﬁ‘fvhet%mp’i {(ﬁa fhe
the angle of maxi nuheAisekripRySf Fog@s M0 avoid color artifacts caused by

t he separation of the color filter and the actual active sensor. 20
Satisfying this tel ecent FigurediA Henpthpmasiceidnviemcolonerenpisized irpype Biplet
addi tional positive cggg\ﬁhcgeﬁ ihecside& ng%@?mte%io%bj ective lens and the
imge. ldeally) a lens at the inage cou performthe function of extending
the exit pupil wthout | RigodB iga siveaph-fadweMAFiai. cyclesannidal ther mversee

oS sy At bl W o BieP ot B e .
curvature is increased agiygle 3A 88 sORGBHIEEOGS bSarhvel @nir1CambditkAifse

of plastic materials, correction requires either larger size or additional
negative power. The aseftendedhexit puptositisne sufficient to correct for the

aberrations resulting fr t hiss 30 increased r nd even the.ability to
desensiti ze remains. Z%m Nt s ﬁaw%%%ﬁ@gﬁga)t@cy |“U§9‘g’/ &}fdgﬁe’lst%
seens possi bl e to plaidet dfeFipass 3Ave | ens anywhere in the inage space. |f
it i5 placed neay, the i e, chown in Figure 3 A only spherical surfaces
are required. | f{‘hspher F§g€“§ﬁ4%%§a}fﬁ@%ﬁee iye a‘gﬁﬁmvrér% tﬁ‘}ﬁgf—ﬁ @Bﬂ’&eﬁg?‘t y
of the additional |efs.RRAAEEExIYPuBilHbitHAMEs 1athe BadlefcdMenghoWn in
Figure 4A) looks like a conventional triplet with negative el ement added to
the front. The aberr ati dligeredB iesthwughHows\WITF atid) eyglesanwi fbf ehhecimverse
because the stop is Jqugg%iau§uQ tantial distance fromthe central
negative elenment. It s A ePBsT g to note how t he aspherical surfaces can
be used to 10 correct theFighes 5Atié archdmatit éile veRt off@hsrthdihmveis® tolpldtiiaaving
Seidel and fifth_order surface contributions ]eps el enent | ens cl ement
is shown m Tabl g %fhﬁx@nf]‘c‘) ei“ﬁé{“ﬂé@"@ﬁg’“s‘mﬁlrﬁe Ibia(j}&?‘@ag%"ﬁﬁﬂ 4A,
respectively. By adding tiguadsiti @RRloBRRDAISITING 3EHRIRImH BHER: thverdas
| ess spherical aberration per Iens element, and thus is |less sensitive to
manuf act uri ng err or stréflet off Figarefdr ation. Because the positioning and

tilting of the sensor itself can.usuyall ady 0 remove,the effects
of a tilted image) the | ABaFe B iR PtanendSe BN RAl S0 ol SRYL by Bvbfse
aberrations can be taisletéfFiguldBAtWItR BN fiF RIS MR T delerty¥fddels/ 00085 aim!t he
extended exit pupil desi gFrilmsg of Figures 3A and 4A are_shown in Figures 3B
and 4B, respectively. 20 MgurejeBiigaghroush loeneMddt aighheycles/may forfthe syepes
of the image (' ?~> d 1.z Ei ioh € by with
t he conventional tri %?%I?Leé\f?%gh? %fb‘ﬁ‘lé@&?ée)%écfgggggegé%to(gjl%g}%@é};(?'?I'ust rates
a further |ens design whiEigutd JEHaa throupht fongeM TFU® 50 ccids/aasiod the ivebsc k
focal length) and (3). | pys sufficient aspherical 25 surfaces so gs to
reduce substanti al | yzrﬁﬁ@n'gﬂgégg‘ﬁe SASkHRthe third apd fﬂ%ﬁﬁé“d{’%ﬁtﬁr@e’@é@i Igi‘)i e
(tolerances). In partiedligro 3@ conparison of Figure 5B with Figures 5C 5G
denonstrates the relative’insensitivity of this design to decentration
(Figure 5C), tilt (Figures 5D and 5E), spacing errors (Figure 5F), and

el enent thickness errors (Figure 5G. 30 Although preferred and ot her
enbodi nents of the invention have been described herein) further

enbodi nrents nmay be perceived b~ those 2. Decenber 2002 WO 991 63379

PCT/ US9911 (658 -10 skilled in the art wthout departing fromthe scope of
the invention us defined b~~ the follow nh clains. . 2 Decenber 2002 WO
991 63379 PCTI US99/ 12658 - 11TABLE 1 SRF RADI US THI CKNESS APERTURE RADI US
GLASS SPE NOTE OBJ -- 5.8238e+19 2.7157e+19 AIR 1 -3.069874 V 2.400264 V

a Y-S .Y N A NI\ 71 ~ O~ — =M INLNLN™ N T PN N AN ANP % AENINECN ™ N~ AL N AN N = rvrvNes A s 2



*WAVELENGTI i S: 0.540000 0. 450000 0.620000 *REFRACTI VE | NDI CES. GLASS RN1
RN2 RN3 VNBR ACRYL 1.492403 1.499298 1.48880B 46. 940121 STYRE |.595772
1.611790 1..587636 24.665717 8K7 1.519039 1.525320 1, 515539 DedeMBaranN?2
Wor ki ng F-nunber: 4.499908 Field angle: 25.0D0000 Effective focal |ength:
10. 000093 UNI T POAER EFL 1 -0.078720 -12. 703311 2 0.260570 3.837735 3
-0.1S9153 -6.283258 2 Decenber 2002 WO 99163379 -11- PCTNS99/ 12658 TABLE
2 SRF RADI US THI CKNESS APERTURE RADI US GLASS S?E NOTE OBJ -- 1.0000e+20
3.6397e+19 AIR 1 WO XS0 V 0. 882563 V 1.40000Q K ACRYL C 2 -2 PGTRE%MH2658
0.D77102 1.468745 S AIR * AST -- 1.362577 V Z. 443419 AS AIR 4 4.38S774 V
2.03B735 V 1.700000 K ACRYL C 5 -4.896073 V 0.21B500 1.9B2925 S AIR 6
-2.5839" _'7 V 1.752980 V HigQhDBF s §t§‘b®§@f€a¥s MT 2050 &y Ve Smp) @2QBe 1nverse
1300000 K AIR * 8 -~ 0.873800 3. 089841 S 8K7 C 9 -- 3.121103 S,3.176392 S
AIR INB -- -- 3.64638Wle eidtignes Ay itothaew skacaberaspseepndhankhicd clamonts
AF AG 1 -- 0.022092 9! 2 ~-- 0.016915 0.001905
-0. 000566 0.000228 4&42%8{%366&%&%&0@19%%#1 7676e-0S -2.1005e-05 5 --
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an object, said syst v bject si an |rra 0o QuE!
positive focal I engtﬁq}‘g}iih éhg @oor?%r |r§| r?gaspﬁe ordér r?? é d%p%%ﬁ ?’aé{etld
its image side 025 (&)dapéitusd déshs, lBUrtmdildk!dekﬁlseé'&nlﬁtlﬁ‘@&ﬁtbf/&oﬂ(ﬁ‘gﬁé or a
weak positive power; and (ii) an object side surface and an i mage side

surface; (b) a secontPoreased a@dlnavahgepherlys arepedded; ead fhigeost igkasily iystified
obj ect side surface gife ?@aﬂm&%rﬁ{gdﬁeﬁ% iR Based. By allowing all of the surfaces to

become aspherical, the design can be tailored for particular manufacturing

PRPOO~NOWOIO

processing.
30 Figure 2A shows a design modified to minimize effects of tilting,

decentering, and spacing errors. A comparison of through-focus MTF for



and (c)y -a'third lens unit having a negative power, the magnitude of the
focal length of the third lens unit being less than 1.5 tines fo; wherein:
(i) each of the first, second, and third |l ens units conpr2®eseabel 2302t one
aspherical surface; and (ii) said optical systemhas an aperture stop

bet ween the obj ect side surface of the first lens unit and the imge side
surface of the second lens unit. 2. An optical systemfor producing an

i mage of an object, said system having an object side, an inage side, an
overal | positive WoeH33t%ength fo, and conprisipg in order from ?Q’@US?M‘%%&
side to its inmage side of: (a) a first lens unit having: (i) a negative
power or a weak positive power; and (ii) an object side surface and an

i mage side surface; apQit @7§@@1@&dclﬁ%nﬁlstsMownhavmgqre 2B )wliterp@Ré bkdbadnoner ;
and (ii) an object side surface and an inage side surface; and (c) a third

l ens unit having a elegumtuedeesnseredt he nmagnitude of the focal length of the

third lens unit being | :,fs%t haor#rrégg Q}rreeTs fo; theén%& ga S%&)Q\ a,} agg"”?ti?')‘s

wherein: (i) said optic asp erlca sur

sai d optical systenfdrasichiRlaneitdfitBe ala@ﬁcbleﬁriqﬂmﬂmguﬁd)ﬁﬁmmdsuhdeleswsﬁaﬁ&l of
the first |ens unlt and the image side surface of the seco |l ens unit; ‘and
(iii) the conponént &verse Heplapel Eignrayat dvh anthe %Plleéhmﬂ@&gﬁ the ABPLOXIpALe

just the first, Secgp&mﬁﬂg cI)ﬂJeth%Aa elm{i agi 1n€ﬁs@'9f1g%@|ler§sy§15§1@h{

produci ng an i nmage an o Sys Havi ng an ect si
i mage side, an over hbﬂtepdﬁartthosebﬁd&alclhssngﬂlnnﬁtet and conprising in or der
i j i a).,a first lens upit having

fromits object side to tS|ma si.de of B
(i) a negative power or OY/\E‘é‘I?“g@éF’E‘P%@“HBﬂé? ‘thg fRostimportans g %f?tcu’srﬂsdé: 18
surface and an i maggmetR&: z%W 619&1% tolelPd c%s%@cfu.g?éh Js%a sbWtirb f@@fﬂa@gpufdu):uan.

positive power; and (1i) obj ect side surface and an i mage side surface;
and (c) a thi rdIDensvmlftalh@Mhng)themgea'anm arowery loche Thgmiextpaebis thhgost
focal length of the thir Ien eln J ess. t rein:
(S Psai i opti oa - oyeriitad Sfh ey rERneRRE R Reds, TThE 15E of e
optical system has asplkdiedd] duefasdOprobRieweRe nicaas @b hedim sishebdttrof 8dse Goalshe
first lens unit and_t he i mage side surface of the second lens unit; and

(iii) the distance f Thgtnis, H%a spficiant gumebegrof spefaggs ape aspRerig; therg af‘l’lé"qr?rage
i's less than 2 timegeffes of freedom than required for aberration correction, so the lens can

15 be optimized for manufacturability.

C. Modification for Extended Exit Pupil Position

For imaging with a single polychromatic sensor it is often necessary
to limit the angle of maximum chief rays so as to avoid color artifacts
caused by the separation of the color filter and the actual active scensor.

20 Satisfying this telecentric, or nearly telecentric condition, requires
additional positive power in the space between the objective lens and the
image. Ideally, a lens at the image could perform the function of extending
the exit pupil without introducing severe aberrations. In actual practice
this space is usually occupied with filters of various types so the positive

25 lens is removed somewhat.

By adding positive power, field curvature is increased as well, and
because there is no significant choice of plastic materials, correction
requires either larger size or additional negative power. The aspherical
surfaces are sufficient to correct for the aberrations resulting from this

30 increased power, and even the ability to desensitize remains.



4. The optical systemof claiml1, 2, or 3 wherein at least two of the
first, second, and third I ens units conprises two aspherical surfaces. 5.
The optical systemof claim1, 2, or 3 wherein each of thg ecemsber 2@020nd,
and third lens units conprises two aspherical surfaces. 2 Decenber 2002
-20 6. The optical systemof claim1, 2, or 3 wherein each of the first,
second, and third lens units consists of a single lens elenent. 7. The
optical systemof claim1 or 3 wherein the conponents of the optical system
with optical powswo®mssypst of just the first, second, and thirdPdrarsey/12est s.
8. The optical systemof claim7 wherein the fifst, second, and third |ens
units each consists of a single lens elenent. 9. The optical system of
claim1 or 3 further conrprlsi : j ol i f.ot he
Chird iens unit. said fauerant B wiaco s plichveifnt ARk RS-0 Gplke
optical system of cépicen ¥ isteplaced hbsr fravinidgel shewnm FigoeEA, oedy aphdreast
one aspherical surface. 11. The.{(}%‘;i?al system of claim9 wherei n'eacf] of
the first, second, T'HI2%S35hERHUR% HE RapReGHl SurageisLe Wsedrthg dePAREe frafs
el ement. 12. The opidredicits¥3tRdhaditiohadl B YORhRIsVetk{ @oficdaNeThE Rfsidne
optical systemw th optical power consist of just the first, second, third,
and fourth | ens &unislown i Fishee 45t looks likpst ecomventional tyipiot wiktdrrgganypelement

first, second, third nd fourth ns.units each consjsts of.a singl ns
el ement - 14, The optidsliospE ot o iR aheR Aot R PER R B vl iyl e

el ements used in thg.canké G stdy 3¢ RRAAO EWskRa hi QTR rida ftfin ABE edritahiSnegibve
The optical systemof claim9 wherein all lens elenents used in the optical
system are made froelemsitiabl e materials. 16. The optical systemof claiml1,
2, or 3 wherein the back,focal | ength o h ti e j t t. 0.5
tinmes fo. 2 Decenber Zlédiln-%ﬁfsafg.mfﬁge %%?itgglasggéslt@%{n%gﬁyg%s;?a% BA ﬁ%@rté’i n
t he back focal Lengtdiredt thoabophtiond isyificeent waps. Thastmbbfaht iSeitk] hind Tfth

The optjcal systemof, claim9 wherein the exit pupil of the optical system
s located at a di sPHESIFABREPHE PH&@@T%*S eﬁ?mpeagﬁ@%qlﬁ@gn* & shgwapppeTables

optical system of Chahdgf@fhe d¥IBAEERoWR S ‘E“ig?&zx%%aﬁc'i ]9541 iz'ék‘i‘ae@m&?.t BY Q110

the first lens unit to the inage I's [ ess than tines 0. The optical

system of claim9 wher&iditiphel diphtrasadeflensof Figuobptddtasdestespiferichbalarration
lens unit to the inmage, is |less tha times f. 21. The optical system of
craim 2 Cor '3 whBRCIeRS sl ARS iind i Par denstiva P Blas Sing FRREDNCs
the image has am5i nHtRetiadfon. BocatbetiappositbningdrimibingCéfahmstnydratselraat
| east one surface of the |ens. el enent nearest _the image%u{;as an f’én[lect]{ on.
23. The optical syst@tlorbepdivtief toxemgveshorfpeis ol atgted wpash fag aewaleps
field of viewin th@le%crn%(ébhﬁiblﬁtontﬂ?o@fbalﬁﬁ:ﬁb&fraﬁbn%] @iﬁfﬂ)eg@er:?téd. The

optical systemof claim9 wherein the systemhas a half field of viewin

the direction of the obj€ke tlmouah-fo@@sM%‘isa.t Hcyclerdmppiardhe estendefestt papdi m
1, 2, or 3 wherein | at i ve [ f { han f . .
The optical system gP Sgﬁ%?%ﬁgu\?\%:?‘giaﬁgt%hseysﬁEemil Lﬁjag%g?se?gtsa ﬁl\fieig’ﬁgréegpé’ggf
less than f/5. 23. The depigneahowssinerasifgntatadinidy tha, copneBofwhe imiage (tfedegrees

system conpri ses SUfSI:rlnslﬁg{.ldt) butzco[n)eﬁ)ca?gtgl%ritezfgggra- %yz with the conventional triplet

without the extended pupil.
Figure 5A illustrates a further lens design which (1) has an extended
pupil, (2) has a long back focal length, and (3) employs sufficient aspherical
25 surfaces so as to reduce substantially the design's sensitivity to

manufacturing deviations (tolerances). In particular, a comparison of
Figure 5B with Figures 5C-5G demonstrates the relative insensitivity of
this design to decentration (Figure 5C), tilt (Figures 5D and 5E), spacing
errors (Figure 5F), and element thickness errors (Figure 5G).

30 Although preferred and other embodiments of the invention have

been described herein, further embodiments may be perceived by those



~aspherical surfaces to substantially correct third and fifth order
aberrations and to substantially reduce the systenis §q-_9§gem§éirt29020 .

manuf act uri ng devi ations. 28. The optical systemof claim9 wherein the
system conpri ses sufficient aspherical surfaces to substantially correct
third and fifth order aberrations and to substantially reduce the systenis
sensitivity to manufacturing deviations. 29. A digital canmera conprising
the optical systemof claim1, 2, or 3 and a digital |ight seosusP3® A
digital canmera conprising the optical system@f claim9 and a digital |ight
sensor. 31. AnWOBTA] system conprising first and second |ens el enents,
the first lens elenent having first and second aspheri cogl S%Jeq\gﬁﬁ @and the
second |l ens el ement having thir aﬂpdgwﬁi@, faap vbe BRI &b aces, wherein
the first and secgkilledspheeialM'Srfaces at |east partially correct at

| east one primary aberrati wike clditst | ens el enment and the third and
fourth aspheri cal @gﬂ‘f’g%éstggtmlioeast partially correct at |east one primary
aberration of the second |ens elenment, said corrections being sufficient to
reduce the sensitivity of the optical systemto at | east one manufacturing
tol erance. 32. The optical systemof claim 31 wherein the first and second
aspherical surfaces at |east partially correct the spherical aberration of
the first lens elenment and the third and fourth aspherical surfaces at

| east partially correct the spherical aberration of the second |ens

el ement. 33. The optical systemof claim31 wherein the first |ens el ement
has a positive power and the second | ens el enent has a negative power.
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] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! Umwwwxxbxyxyy
zz{{|||]:}3}3 }}~~>}xsnid_nid_Z] ca]ca]ca] ca]ca] ca] ca]ca] ca]ca]ca]ca]ca]ca]c
a]J ca] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca]ca] ca] ca]ca] calca]ca]ca 9:;

] f H*S10%&' () - #109%&' () - 10%& ()-F10%& ()-3:10%&' ()-t

>9%10%&' ()-p9%l0% & ()-]tBPfD*S10%& (! HONPA0%&' () - 109& () -

109 ()-S109%& () - 10%z& ()-109 & ()- | WY:*S10-109%& ()-! ( 10%& ()- N
( 10%& ()- "!'9%40%& ()-yLlI"10%& ()-z!vIntd0%=& ()-5sdYNCS10 10 10 10

| : F109&' ()- 8F10%& ()- S210%&' () -



0S 109%&' ()-/s10%& ()- . TAEYNCS10' ‘ b :

Z"10% & () - F@L0% & ()-&G'10% & ()-nBl0% & ()-Y'y10% & ()- & 10% & ()- M| d

EYNCS10 *G'10% & ()-f)G'10% & ()-' 10% & ()- G 10% & () - m&19We8eihber 2002

10% & () - | 62 dEYNCS10 :

L6mL0% & ()-410% & ()-3G' 10% & ()-11G'10% & ()-/ mM0o% & ()-, G 10% & () -z yz{

| bCS10 Z"1094& ()-Z109%& ()-s10%& ()-"f109%& ()- 10" 10" 10"7

109 & () - ksdEbCS10Ft 1090& () - 109F& () - 109F°& () - sy10%& ()-: 109F& () -, Z10% &
WO 99/63379 PCT/US99/1 2658

ku#dEbCSlO"le‘Vd’&' ()-L!'310%& ()-91090¢& () - &nﬂi@/d'&' ()-1090& ()-mLO%T& () - #t

pdEbCS10, MO & ()-*z109T& ()-S) G 109%a& ()-' nlo%a& ()-&10%T& () - $ml0%r&' () -

+opqr shCS10Z10%&' () - G3&&1L0%&' () - s109& () - %

10T/ : 109%7& () - 3. 109%0& () -{Y7bCS! Pf z&10%& () -1 109&' ()-!8f z&LOY&' ()-!yhfz

&109& ()- .fz&10%& ()-C 10%& ()-+_yZ; bCS! sy, MLO%& ()-*S10%& ()- N

109 & ()-S)! 3#- &10%&' ()- 3#-&10W& ()- !#fz&L0%& ()-_{0<"?4C 10

S910%& ()-!9610%& ()-410%& ()-3:109%& ()-! /110%& ()- . 109% ()--NpjKC 10

S, - 109G& ()- MLOYGERF() - KEOYER' () - TARKOESs & APERMREIOMEGR ()- 16LAE64 spr NOTE

I Nl dEKC 1010%G&' (OpIF10%G&*- () - &L0%82 3ep+29f 1038 57p+Me 10%45& () - AIR

10%G& ()-N111>"T""aBKC 10 s!g

10968 () - 10%63&' () 1L10%%4°§257f0%3&' §)4~°°26f0“/&' z 77P§361®%3 & )A%m#%#{ ###JEKC

10* 10(y£8l. () @10(y£8l. ()7 S 037 V 248357 V 488

10968 () -, & 10% ) $10% ) #10 $US 9EKC 10410968 (),
210%3&'(%’)- Y110% ? %@%ﬁg? put %%ﬁg() f%/@i&i%@ié/a/mc

10! &109%6 & () - 91098 &' BE L&&lO% &' ()

5 -2.328861 V 1.033262 1.814661 STYRE C +
6 -7.192681 V 5.000000 2.095155 S AIR *
7 -- 0.874400 3.393300 S BK?7 C

8 -- 4.315274 s 3.542750 8 AIR

IMS -- -0.0%1852 V 4.639273 S

*CONIC AND POLYNOMIAL ASPHERIC DATA

SRF cc AD AE AF AG
1 -- 0.016073 -0.001518 0.000291 -2.1617e-05
3 -- -0.014628 -0.001861 1.8097e-05 -5.8687e-05
5 -- 0.046558° -0.000971 -4.3232e-05 8.7316e-05
6 -- 0.028145 -0.000172 -0.000283 4.1117e-05
*WAVELENGTHS : 0.540000 0.450000 0.620000

*REFRACTIVE INDICES

GLASS RN1 RN2 RN3 VNBR
ACRYL 1.492403 1.4599298 1.488808 46.940121
STYRE 1.595772 1.611790 1.587636 24 .665717
BK? 1.519039 1.525320 1.5158389 53.071437
Working F-number: 4.459508

Field angle: 25.000000

Effective focal length: 10.000093

UNIT POWER EFL
1 -0.078720 ~12,703311
2 0.260570 3.837735

3 -0.1591s83 -6.283258



10G 10G 7y1096G& ()- &B10%GE () - Y9M&~&&&, ' dEDC 10Sf 10% & ()- '10% & ()- f
1096 & ()-s10% & ()-10% & ()-f10% & ()-F,' 8 "' (N((dBbC 10! 9940% "& () -
10% & ()- s10% & ()- 10% & ()-310% & ()- F10% & () - (((.) -2 DpcHiiRro0n2
$10% & ()- ,#L10% & ()- !!110% & ()- 310% & ()- SFL0% & ()-

@O0% & ()-)*k**+O++dEbC 10!3 VY. S10% & ()- 3 ,YI0% & ()-3 +10% & ()-
)109% & ()- ' 10% & ()-S&L0% & ()-++%5, v, ,-dEbC 10'Y @ 10% & ()-F 6
109% & ()- 5109% & ()-F L310% & ()-1 10% & ()-010% & ()--Z-[-\-]-m---{\=
1010% & () - @LO% &G IvasPINLO% - & () - Z! 3&10%WME §) - 10" 10" 10" 9PCTUS9912658
109% & () --3.//000wX9{\ = 10,

ML0% & ()-F10% & ()-!yS&LOY& ()-s!yS&L0%JI& ()-s! =yS&10% r& ()-s! yS&LOY& (
)-s01e112223zX6{\= | (110%|& ()-ZI[ (!'10% r&8KBz2Z!1 ('10%t& ()-Zlv

$ 1098 ()-z! L@&10% & ()- !10% & () - 2334B5C5D5E5U5} oP= !
(110% 1 ! &10%VE ()- 10pp

SRF RADIUS THICKNESS APERTURE RADIUS GLASS SPE NOTE
OBJ -- 1.0000e+20 3.6397e+19 AIR
1 -1.871869 V 0.882563 V 1.400000 K ACRYL C *
2 -2.078649 V 0.077102 1.468745 S AIR *
AST -- 1.362577 V 1.443414 AS AIR
4 4.385774 V 2.038735 V 1.700000 K ACRYL C ~*
5 ~4.896073 V 0.218500 1.982825 8 AIR v
6 ~2.583927 V 1.752980 V 1.959875 8 CARBO C +
7 ~7.200777 V 5.000000 * 2.300000 K AIR >
8 -- 0.873000 3.089841 S BK?7 C
9 -- 3.121103 s 3.176392 § AIR
IMS -- -- 3.646332 8

*CONIC AND POLYNOMIAL ASPHERIC DATA

SRF cc AD AE AF AG
1 -- 0.022092 0.004871 -0.002012 0.00C758%
2 o= 0.016915 0.001905 -0.000566 0.000228
4 -- -0.000542 -0.001445 -1.7676e-05 ~2.1005e-05
5 -- 0.000532 -0.000913 ©92.7818e-05 -2.6015e-05
6 -- 0.029750 -0.001536 0.000357 -1.7813e-05
7 -- 0.015015 -0.000516 0.000157 -1.7916e-05

*WAVELENGTHS : D.546100 0.480000 0.643800

*REFRACTIVE INDICES

GLASS RN1 RN2 RN3 VNBR
ACRYL 1.492087 1.496540 1.487978 57.474701
CARBO 1.580088 1.600365 1.580754 30.090095
BK7 1.518721 1.522829 1.514721 63.978408
Working F-number: 4.007073
Field angle: 20.000000

Effective focal length: 10.018215

UNIT POWER EFL
1 0.010658 93.823764
2 0.157291 5.068654

3 -0.125789 -7.949799



10pp 10pp! p’ 0! 10%p& ()-&!'S O! 10% ()-- & D 0! 10% t & () - &u55 6#78+9ROWIMP=

'10% - & ()-"*!"' 10%PePe& ()- *!'10%& ()-"*! G 10%AA& ()-"*!' 10%ASASE ()-"*!"'1
098}3}& ()-"*RA9[:;; =P=Q=xV7, = 10M 9MLO%WVE’ () -! &3109WE' ( R-Decdher2dd ) -
“10%manme& ()-*!' 10%c& ()- *!' 10%& ()-  * Q=R=S=c==7&@AdB= 10M !: Y

ss!109&' ()-@Y '110%& ()-1#Y '110%& ()-!Y '110%j & ()-!10%& ()- 10M 10MQA. B
CCKDbEEWU3B= 10!'S “3- 10%& ()-! @3- 10%& ()-!Y ss!10%& ()-@\Y

ss! 10%& ()-@Y ss!10%& ()-@ 1Y ss! 109 () - @GEEEEEFgFFFFr SH=S 10

1010%&' () -!, Z10%wvo89k3379-! , Z10% ] & () - F! 109%& (1)3- 10 10 PCT/US99/12658
10FFFFFGGHoMtS! 0$109%hh&' () - % D Lo

$10%hkh&' () - % DP$10%oko& ()-% 4@F10% [ & () - @F10% o0& ()-! 10%o0& ()-
10HsHHc!I 1 8JJWU3+S! I f $10%G G

& () -9 0$10%& () -9 $10%& () -9 0310% " & () - YBAHE% & ()-% f

$10%c& () - %WIIIIIKKKKr S1! K#10%&' () - " @10%& () -, m0%& ()- 4! 3& 10%&' ()- 10
10 .

10! $109%&' () - Y&KK2LLM MMMU3r S1!'! 0#109°P0PQ&' () - " ! q0#10%gSgS&' ()-" | #10%00& () -
"IA#1096G8 () - ! #10%38&' "l T#lO%&' YNC8! | g g .10
4109%g& () - L! #100/5 & () 8Q S 0% ggs APERTURE%( ugs% s]P% N109

2 7157e+19 AIR

#10% JY & () -"1 0#10% 1 & (-~ Ne:iRRE:
109%& () - 1090°& () $3109/<.Te%e€ég Y099 & {ohzss @10%[893@%54 &410%0& fryr0OGOC0

POPNC8!'! 10g 10%& ()s.ek@%aRv() - o 1AW ) - 10868 k- 10%0& (3xr 10%9& () -
AST 3.787008 V 3.639209 V 1.580753 AS ACRYL C +
4 -3.143441 V 0.721000 V 2.143264 S AIR
5 ~2.452537 V 1.551285 V 2.067522 S STYRE C *
6 -42.455643 V 5.000000 2.000000 K AIR *
7 15.018072 V 2.000000 4.267459 S BK7 C
8 -12.7129202 V 3.861206 S 4.550894 S AIR
IMS -- -0.038531 V 4.663557 S
*CONIC AND POLYNOMIAL ASPHERIC DATA
SRF cC AD AE AF AG
1 -~ 0.015180 -0.001186 0.000184 2.4289e-06
3 -- -0.011463 -0.000298 -5.0005e-05 -3.0879e-05
5 -~ 0.02749¢° -0.001863 - 0.,000268 2.1667e-05
) -- 0.016636 -0.001448 0.000153 -1.0934e-05
*WAVELENGTHS : 0.540000 0.450000 0.620000
*REFRACTIVE INDICES
SRF GLASS RN1 RN2 RN3 VNBR
1 ACRYL 1.492402 1.499298 1.488808 46.940121
3 ACRYL 1.492403 1.499258 1.488808 46.940121
5 STYRE 1.585772 1.611790 1.587636 24 .665717
7 BK7 1.519039 1.525320 1.515539 53.071437
Working F-number: 4.201221
Field angle: 25,000000
Effective focal length: 10.003465
UNIT POWER EFL
1 -0.071410 ~14.003548
2 0.237003 4.219364
3 -0.225574 ~4.433135
4 0.073531 13.589728



PPPPPP) PWXINC8! | 10047& ()- "10907& ()- 1094& ()- 1099& ()- 109G& ()-5W

) P*P. P/ PLP; P=PVV8NC8! | 10907& ()- 10947& ()- 1094& ()-5W 1090& () -

109@°& () - =PFPQPSP[ P\ PAPNANCB! | 10967&’ () -5W  10967&' () - 1094D&CémberlZid&’ () -
109F°& () - ~PhPj PsP~PPPeFNCS! | 1098 10967& ()- 1090& ()- 10%0& ()- 109%& ()-
1099& ()- 10%& ()- PPPPPPPr SANCS!! 10967& ()- 1090& ()- 1090& ()- 10967& ()-
10967& ()-5W PPPPPPPr SANC8! | 10967& ()- 109& ()- 1099& ()-5W 109F& ()-
1096°& () - PPPPPPPNANCS! | 10947& ()-5W 1094& ()- 1090& ()- 10907& ()-

109F°& () - PPPPPQQINENGS3379 1099 10967&' ()- 1094°& 9- 1090& ()- 109P&T{US9IN2658
1090& ()- 109& ()-Q QUQY Q+Qr SANC8! ! 109& (V% 10967& ()- 109F& () -

10968 ()- 1096& ()-5W +Q QLQRQAQ-Q@x SANC8! I 109@&' ()- 1090& () -

10967& ()-5W 10907& ()- 10947& ()- @) QROTQZQEABIGNANCS! | 10947& () - 5W
1090& ()- 1090& ()- 10967& ()- 109F& ()-] hQ G5Q-QQQeFNC8! ! 1094 10947& () -
1090& ()- 10%0& ()- 10907& ()- 109F& () 1090& () - QQQQQQQWXINCS! | 109& () -
10997& ()- 100F& ()- 109F& ()- 109F& ()-5W OOCCOOOX>NGB! ! 10948 () -

1090 & 8 1090°& - 5W P18 ( /&5&' (PR ENes! | &'S%%-éWE
10998 ()- 109%0& 110084 (O)- 1 /BP&"?") H2{ 111 109a&M) - 109F& () -
1090& ()- 109& ()- 10%0&16)s v10%0&: Lz QURRQLUGRNEE! | 10%T &Ly LOYWT& () -
10%& () - 10%& (3- 1Q%&0big IW GQRK RREQRFS9NG8Hoo$9W&' ()- 10%@& (4 - (
10907& ()-5W 10907& ()- 109& ()- R#ROR RFRGRI RNANCS!! 10947& () - 5W

109078 ()- 10967& 3+ 1099& ()- 1096854723 RLRVRVRRRAR] KNC8! | A09G& ()
1090& ()- 1090& ()- 10967& ()- 109F& ()- 109%4& ()-

10907& () - vRWRYR| R} RRRWAONGSE® V100F&5¢I87 MOOF & - £]200000a& () - AERYAE ¥ ) -
10907& () -5W RRRRRRRr XGNEHIO89 i’ow& e§722iow&'3(}1°°£®%T&' ()-5W AIRlO%I’&' ()-
L09AT&! () - RRRRRRR\CNCB! |, 10908/ () - & 179|B7%§J&' - 109F& () - 10%

109F°& () - RRRRRSS_?NCBI 1L &Y 100 | " a) 109

a) 10%&( Z&' ()- | a)10% & ?Z) 03 |(>%1§)%/?é7& é@ §§§35zz ncs! P ga) 0%

& ()- 1. a)10% &' £)- |3sabé]&%§v& (). 9basB) l\p%E &obdooo! @) 10%E s&nfy) =

) ?3S4S6S<SNSWBaSz¢: NC8ly! h3aydOVE & b)7osk @) 10MGoceob) - | a) 10(%En&' (9 -

a) 109 & ()- | a)10% & ()- )?asSbSdSj S| SSSzz: NC8!'!l a)10% & ()- | a)10%
& ()- 1" a) 10% &¢)- | a)10% & ()i-0booap 109 R0¢9000) ?SSSSSSSZEXNES! ! |
a)l10% & ()- | 1 3.287032 8 5.000000 AIR

IMS -- -0.0360985 V 4.662896 S

*CONIC AND POLYNOMIAL ASPHERIC DATA

SRF cc AD AE AF AG
1 -- 0.025822 0.002042 -0.000232 0.000238
2 -- 0.015826 -0.000156 0.000365 -5.1713e-05
4 -- 0.001478 -0.000500 5.3849e-05 -1.3072e-06
5 -- 0.003161 +0.001368 ~-0.000325 2.6057¢-05
6 -1.000000 0.032196 -0.004592 0.000323 -7.2973e-06
7 -- 0.026643 -0.003928 0.000316 -1.1361e-05
8 -- -5.3670e-05 0.000288 -2.8108e-05 4.8652e-07
9 -- 0.002044 -0.000103 1.4479e-05 -6.6382e-07

*WAVELENGTHS : 1 0.546100 0.480000 0.643800

*REFRACTIVE INDICES

GLASS RN1 RN2 RN3 VNBR
CARBO 1.590088 1.600365 1.580754 30.080085
ACRYL 1.492067 1.496540 1.4875978 57.474701
BK7 1.518721 1.522829 1.514721 63.978408
Working F-number: 3.999787
Field angle: 25.000000

Effective focal length: 10.000000

UNIT POWER EFL
1 -0.014259 -70.129963
2 0.174436 5.732754
3 -0.230624 -4.336065
4 0.115013 B.694691



a)10%E & ()- | a)10% & ()- 1 a)10% & ()- | a)10% & ()-
) ?SSSSSSS~bFNC8! 1| a) |

& ()- | a)lo% & ()+ )?SSSSSSSvZ>NC8!'! |

a) 109 & (

)- | a)109% & ()-

a) 109 & ()- &l

| a)109%E & () - | a) 10%E

2) Dédmier bho2 &

a) 109€ & ()- | a)l0% & ()- | a)10% & ()- )?SSTTTTT~bFNC8I!| a)l a)10%

& ()- | a)10% & ()- | a)10% & ()- | a)10% & ()- | a)10% & ()-
) 2TTI T T+T, T-TvZ>NC8! || 2) 10% & ()- & a)10% & ()- & a)10%E & ()- |
WO 99/63379 _ PCT/US99/12658
-15-
TABLE 5
SRF RADIUS THICKNESS APERTURE RADIUS GLASS SPE NOTE
OBJ ~- 1.8280e+02 908.000000 AIR
1 -2.702181 V 0.993383 V 2.250000 ACRYL C ~
2 -3.057447 V 3.503000 2.300000 AIR *
AST -- 1.526000 1.230000 AK AIR
4 5.478221 V 2.593481 V 1.900000 ACRYL C *
5 -5.441035 V 1.255000 1.960000 AIR *
6 -2.181334 V 1.000000 1.960000 CARBO C ~
7 21.138383 0.800000 ,2.700000 AIR *
8 7.220047 V 2.505124 3.400000 ACRYL C *
9 -3.781015 Vv 1.280000 3.500000 AIR *
10 -- 0.500000 5.000000 GLASS16 M
11 -- - 5.000000 AIR
12 -- 1.400000 5.000000 GLASS18 M
13 -- -- 5.000000 AIR
14 -- 1.000000 5.000000 BK7 C
15 -~ 3.096984 S 5.000000 AIR
IMS -- ~-0.020000 5.000000
*CONIC AND POLYNOMIAL ASPHERIC DATA
SRF cc AD AE AF AG
1 -- 0.010789 0.0004237 3.4575e-05 B8.5312e-06
2 .- 0.008419 8.2533e-05 8.7405e-05 -6.4345e-06
4 -- 0.002926 0.000486 ©5.2554e-06 1.9254e-06
5 -0.500000 0.003504 7.6571e-05 0.000364 -4.5360e-05
6 -~- 0.004121 0.002268 0.000353 2.1025e-05
7 .- -0.009885 0.000660 7.1870e-05 ~1.1261e-05
8 - ~-0.003873 -7.1717e-05 4.5720e-05 -2.1033e-06
2] ~- 0.004438 0.000142 ~1.1630e-05 2.0009%e-06
*WAVELENGTHS : 0.546100 0.480000 0.643800
*REFRACTIVE INDICES
GLASS RN1 RN2 RN3 VNBR
CARBO 1.550088 1.600365 1.580754 30,090095
ACRYL 1.492067 1.496540 1.487978 57.474701
GLASS16 1.518721 1.522835 1.514727 63.978408
GLASS18 1.550000 1.555122 1.545122 55.000000



a)10% & ()- | | a) 109 & ()- )?-T.TOT: TETFTGIvZ>NCS! ! | a)10% & ()- &

a)10% & ()- & a)l0% & ()- | a)10% & ()- | a)10% & ()-
)?GTHTITST\ T] TATvZ>NC8!' 'l a)10% & ()- & a)10% & ()- & 2d)etefber2q02 |
a)10% & ()- | a)10% & ()- )? T _TaTkTuTvTwIvZ>NC8!!l a)10% & ()- &l
a) 109 & ()- & a)10% & ()- | a)109% & ()- | a)10% & ()-
) 2WTXTzTTTTTVvZ>NC8! || a) 10% & ()- & a)l0% & ()- & a)l10% & ()- | a)l10%
"()- 1 a)l0% & ()- J)2TTTTTTTTTsRL 0%& ()-& YI0%& ()-G !'910%& ().-10E
(]g_LO(E) 10E |) 0 ( 3/63379 @o% () /S () PCT/US9£/}2658
a) 10% - -16-
TABLE 5 (continued)
Working F-number: 4.010265
Field angle: 26.372434
Effective focal length: 8.708503
UNIT POWER EFL
1 -0.001647 -607.021954
2 0.166139 6.015058
3 -0.303181 -3.298355
4 0.183403 5.452484
TABLE 6 — PRIOR ART
SRF RADIUS THICKNESS APERTURE RADIUS GLASS SPE NOTE
OBJ -- 1.0000e+19 4.6631e+18 AIR
1 3.61822% V 1.516310 V 2.021492 X GLASS1 M
2 6.708656 V 0.357025 1.458777 AIR
3 -5.035902 Vv 0.186013 1.445575 GLASS3 M
4 4.352446 V 0.241346 V 1.283532 AIR
5 8.221513 V 0.602167 V 1.271637 GLASSS5 M
6 -4.236010 V 0.081008 V 1.126154 AIR
AST -- 8.298840 S 1.010817 RK AIR
IMS -- -0.073304 V 4.631058 S
*WAVELENGTHS: 0.587560 0.480000 0.643800
*REFRACTIVE INDICES
GLASS RN1 RN2 RN3 VNER
GLASS1 1.744000 1.754114 1.740592 55.022000
GLASS3 1.784700 1.803037 1.778831 32.418000
GLASSS 1.834000 1.847665 1.829490 45.885000
Working F-number: 4.000002
Field angle: 25.000000
Effective focal length: 10.000005
UNIT POWER EFL
1 0.114551 8.729745
2 -0.339039 -2.949517
3 0.291767 3.427392
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first lens unit and the image side surface of the second lens unit.

2. An optical system for producing an image of an object, said system having an
object side, an image side, an overall positive focal length f,, and comprising in order from
its object side to its image side of:
(a) a first lens unit having:
(1) a negative power or a weak positive power; and
(ii) an object side surface and an image side surface;
(b) a second lens unit having:
(i) a positive power; and
(ii) an object side surface and an image side surface;
and
(c) a third lens unit having a negative power, the magnitude of the focal length of

the third lens unit being less than 1.5 times f;;
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first, second, and third lens units.

3. An optical system for producing an image of an object, said system having an
object side; an image side, an overall positive focal length f,, and comprising in order from
its object side to its image side of:
(a) a first lens unit having:
(i) a negative power or a weak positive power; and
(ii) an object side surface and an image side surface;
(b) a second lens unit having:
(i) a positive power; and
(ii) an object side surface and an image side surface;
and
(c) a third lens unit having a negative power, the magnitude of the focal length of
the third lens unit being less than 1.5 times f;;
wherein:
(i) said optical system has at least one aspherical surface;
(ii) said optical system has an aperture stop between the object side surface of the
first lens unit and the image side surface of the second lens unit; and
(iii) the distance from the object side of the first lens unit to the image is less than 2

times f,.

4, The optical system of claim 1, 2, or 3 wherein at least two of the first, second, and

third lens units comprises two aspherical surfaces.

5. The optical system of claim 1, 2, or 3 wherein each of the first, second, and third

lens units comprises two aspherical surfaces.
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lens units consists of a single lens element.

7. The optical system of claim 1 or 3 wherein the components of the optical system

with optical power consist of just the first, second, and third lens units,

8. The optical system of claim 7 wherein the first, second, and third lens units each

consists of a single lens element.

9. The optical system of claim 1 or 3 further comprising a fourth lens unit on the

image side of the third lens unit, said fourth lens unit having a positive power.

10.  The optical system of claim 9 wherein the fourth lens unit comprises at least one

aspherical surface.

11. The optical system of claim 9 wherein each of the first, second, third, and fourth

lens units consists of a single lens element.

12.  The optical system of claim 9 wherein the components of the optical system with

optical power consist of just the first, second, third, and fourth lens units.

13. The optical system of claim 12 wherein the first, second, third, and fourth lens

units each consists of a single lens element.

14.  The optical system of claim 1, 2, or 3 wherein all lens elements used in the optical

system are made from moldable materials.

15.  The optical system of claim 9 wherein all lens elements used in the optical system

are made from moldable materials.

16.  The optical system of claim 1, 2, or 3 wherein the back focal length of the optical

system is at least 0.5 times f,.
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18.  The optical system of claim 9 wherein the exit pupil of the optical system is

located at a distance from the image of at least 2 times f,,.

19.  The optical system of claim 1 or 2 wherein the distance from the object side of the

first lens unit to the image is less than 2 times f.

20.  The optical system of claim 9 wherein the distance from the object side of the first

lens unit to the image is less than 2 times f,.

21. The optical system of claim 1, 2, or 3 wherein at least one surface of the lens

element nearest the image has an inflection,

22.  The optical system of claim 9 wherein at least one surface of the lens element

nearest the image has an inflection.

23.  The optical system of claim 1, 2, or 3 wherein the system has a half field of view in

the direction of the object of at least 25°.

24.  The optical system of claim 9 wherein the system has a half field of view in the

direction of the object of at least 25°.

25.  The optical system of claim 1, 2, or 3 wherein the system has a relative aperture of
less than /5.

26.  The optical system of claim 9 wherein the system has a relative aperture of less
than /5.

27.  The optical system of claim 1, 2, or 3 wherein the system comprises sufficient
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light sensor.

30. A digital camera comprising the optical system of claim 9 and a digital light

Sensor.

31.  An optical system comprising first and second lens elements, the first lens element
having first and second aspherical surfaces and the second lens element having third and
fourth aspherical surfaces, wherein the first and second aspherical surfaces at least
partially correct at least one primary aberration of the first lens element and the third and
fourth aspherical surfaces at least partially correct at least one primary aberration of the
second lens element, said corrections being sufficient to reduce the sensitivity of the

optical system to at least one manufacturing tolerance.

32.  The optical system of claim 31 wherein the first and second aspherical surfaces at
least partially correct the spherical aberration of the first lens element and the third and
fourth aspherical surfaces at least partially correct the spherical aberration of the second

lens element.

33. The optical system of claim 31 wherein the first lens element has a positive power

and the second lens element has a negative power.



