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PROJIECTI ON LENSES FOR USE W TH PI XELI ZED PANELS FI ELD OF THE | NVENTI ON
This invegld@p,iglates to projection lenses and, in partiguhar, Qg0
conpact, telecentric projection |enses having |arge effective Bac‘ focal
length to focal length ratios for use i-A-formng an i mage of an obj ect
conposed of pixels, such as, an LCD, a reflective LCD, a DMD, or the liKke.
DEFI NI TIONS As used in this specification and in the clains, the foll ow ng
terns 15 shall have the follow ng neanings: (1) Telecentric Telecentric

| enses are | enses which have at |east one ptﬂmuml i ty. In terns of

principal rays,- having a pupil at infinity ”mm,mm“wlhe principal rays
“are parallel to the optical axis (a} in object spage, It the 20 entrance
pupil is at infinity, or (b) in inmage space, if the exit pupil is at
infinity. Since |ight can propagate through a lens in either direction, the

Gependi fig upon t he CONPALTE. PR e e TROTBE Iy S &t Pond e
doseribe the 2571 ons'  puis e r R D PN ot | 1's Tt oni o
as an entrance or an exit pupil. In praé:jti cal applications, the”’lﬂ@ﬂ%}@ﬁimmm
et pupi | A0 S Rt aRRENIIPOL "ai 2t ance from the | ens. opti cal Swraces
such & lens w1 1S a el fdpee ByRP Rt o B 8 g Pl BB Thus the
| ens w0l icﬂnﬁﬁﬁe,rtalecbﬁtxfiaﬁ%jb@ﬂi'@ﬁ dhses WRvOES ﬁlgé%ffeﬁbyﬁggﬁ ORal 79 -2

equi valent to a lens for ich the theoretical (Gaussian) |ocation of the
pupi | is atengthitsifogal lapgth vatigs for use infevming ennmageefiaar olsedtt el ecentri c”

and "telecentric Leps! are intende i nclude | es I.ch have at | east
one pupi | §9W°F%¢18Pglxﬁi%ts§ﬁgésf F‘BS!—r@ﬁea Fehesity ﬁﬁ@n - do”cﬁbgelﬂg?'m

"tel ecentrigEPURITIONS used to describe such a pupil at a |ong distance
fromthe lens' elenents. For the projection |lenses of the invention, the
tel ecentric pupils akesltiantdas apédificatigenadadh the ciinlg ahé felbowingl@rismes t he

| ens' focal | ggn;t_h. (Zt)g Ef f ecti ve Back Focal Length 10 The effective back
focal ngtsh""fi ve e Bllgwapemeagningsns/ pi xel i zed panel conbination is the
di stance bet weegl)t he fiionlt5Kr face of the pixelized panel and the vertex of
t he back surface ‘of the rearward-nost |ens el enent of the projection |ens
whi ch has opti callelgueweric Myedes(akk 1bhsesi whEh Idvel diEleRbXehd pagilpanel is

| ocated at infinity and (2) the projection lens is located in 15 air, i.e.,
the space befind#n InHermeaf paintipalstaysehavisigenpnpilett infisityrwpass that | ens and

the pixeli %ﬁg p?ﬁlnc%l)al' rsayfslalr!a %dar\all\hgptoatlhre o%%ic%ﬁ)gglsseg) t1r(1) 0 Jrza%t %Lgcses, Wthe

20  entrance pupil is at infinity, or (b) in image space, if the exit pupil is at

infinity. Since light can propagate through a lens in either direction, the
pupil at infinity can serve as either an entrance or an exit pupil depending
upon the lens' orientation with respect to the object and the image.
Accordingly, the term "telecentric pupil” will be used herein to describe the

25 lens' pupil at infinity, whether that pupil is functioning as an entrance or
an exit pupil.

In practical applications, the telecentric pupil need not actually be at
infinity since a lens having an entrance or exit pupil at a sufficiently large
distance from the lens' optical surfaces will in essence operate as a

30 telecentric system. The principal rays for such a lens will be substantially

parallel to the optical axis and thus the lens will in general be functionally



maki ng up the prisnms, beamsplitters, etc. normally used between a
projection lens and a pixelized panel. {3) Forward Vertex D stance 20 The

forward vgr, i,stance (FVD) of a projection |ens/pixeli 1
conbi natig\rﬁ%ffﬁz di stance between the front surface of ?%?%?Q%ﬁ%ed

panel and the vertex of the front surfage of the forward-nost |ens el enent
of the projection | ens which has optical power when (1) the inage of the
pi xel i zed panel is located at infinity and (2) the projection lens is

| ocat ed i negsivglent to elgn&f@évslygbéhbéﬁm@mcah@aww capgn of 6he el ement
of the proj ectli.on I.egls.and t he pixelized panel is filled wwth air as
opposed t o PMRE §IALBU e ki ng up the prisms, beamsplitters, etc. nornally

" used between a NRbRGL] N ok QR d Mo, Ph& Bk thoRaRAkric" ad® "R QAT 8~ -3
BACKGROUND OF THE | NVERITT ON PCT/ US02/ OS~79 Projection |l ens systems (al so

_referred tdemEraennssdegr twj imchidenlenyet winkh) haveatkedt poe fporpnh @tna loege of an
bj ect .View . .Such t b f the f _ j ecti
Fohr pr 8} cRTGRCE Je Lo P RN 5a0 b EPTIR LEToseBie PRI dRESBRRct ar o
on e Sameisiife Shcll ARSI SR 1S ke RICHE! ARSI clBMAREOTLE Bhe! des of

the screen (rear proje asic structure of such a systemis shown

in Figure projabeobe ldfkdsofahtiighéntionirtbe teRcentriep apil distagakce edlldh a hi gh
pressure nercury vapor IarTB), 12 is illumnation optics which forns an
i mge of tIgeneiajthe aleprseabont] 16 simenithedens'dpcaldength.uni nati on systen), 14

is the object heh is.to. b Loj.ected .g., an LCD matrix of on and off
pi xel s), and 1\:,3\*3?)5 a@&gflggﬁ%%%%g%ie osed of nultiple |lens el enents,
whi ch figrms an e Bedive Bk @Ealq@hgﬂ{ (BELPSE & bedfebiFors tifdpixéfzedor front
projection systens, the viewer will be on the left side of 15 screen 16 in

Fi gure 5, \pamnebcémbinatam prthieedistanredesween the fimntisantacewifithe pexedizedhe
right side of the,screen. F rear. projecti.on syste which are to be
housed i é)aglaeLapé t@awﬁﬁf@t&&&hﬁﬁaﬁ&%uﬁr 6 10f Ghe FaA -msapeﬂ%eﬁ%@mm pat h
and thus r j i i I in which
t he obj ect %?gﬁgp%élﬁggﬁﬁg%@p‘gggﬁ%eg@ebggéaﬁggﬁr;{bg%épﬁé}eﬁﬁga}ge\éﬁ :g(s;ati ons.

Such syst ersxglinidesait] Vs bsgatey anishimey andr(Q) g6 pjedtesislomiis lodadedsn an

i mge of either a single panel having red, green, and blue pixels or of

t hr ee paneladt, ignethegipace betweem the rearamrd -most lgnsetempnhef thenprasectian d f or

blue light., In_ s cases, £.9. 4.l i.rage rear_ pragjection systens)

mul tipl o paRey aid e BF s et e BUPE R AL oS Brniedlf sl cch

panel / pr oj eghkiNg WS e gﬁrs'mso%hﬁlns;mt@&@,cgfw nerRallyi RdPetivden@veral | i mage.
In either case, projection Ienses used with such systens generally need to

have a | ongrejectionilens budla pixeliced pageln t o accormodate the prisns, beam
splitters, color Wne&l S nor used with pixelized panels. 30 A
t

, | |
particularly i r’rrga)_rta_ or ﬁghﬁ’@é‘f‘?’bﬁ?ﬁfxﬁ? oj ection | ens systems enpl oying
pi xel i 2gd panel SrySeofalkd §e ki anth (D) DR rdiectiod lenbpiHlized

panel combination is the distance between the front surface of the pixelized
panel and the vertex of the front surface of the forward-most lens element
of the projection lens which has optical power when (1) the image of the
pixelized panel is located at infinity and (2) the projection lens is located in
25  air, 1.e., the space between the rearward-most lens element of the projection
lens and the pixelized panel is filled with air as opposed to the gllasses
making up the prisms, beam splitters, etc. normally used between a

projection lens and a pixelized panel.



WO 02/ (17112 PCT/ US(12/ CS. 179 -4 projection systens which are used to

di splay data and rear projection systens which are used as conputer

noni tors.“%qﬁcfoqthreakthroughs i n manuf acturing technol og)f,ct} 0&9{%50 a

rise in popularity of mcrodisplays enploying digital |ight valve devices

such as DVDs, reflective LCDs, and 5 th8-1ike. Projection displays based on

t hese devices offer advantages of snmall size and light weight. As a result,

a whol e new cl ass of uItragportabI e |lightweight projectors operating in

front - pr oj SACKERRUNR QF dAPE INVIBNTIGN al i ght val ves has appeared on

t he market. Lightwei ght ,conpact re 10 .projection systens can also be

achi eved t hroug r?ﬁggﬁgée%slr'@)fsz‘é?é @Lﬁﬂf@é&le&rg"@ﬂw PT8EYCRavi ng a hi gh

" informatiogygaRfenhve hO&PR AR &RImALRorRAVSh et A 8% $cr@in PSUA] S-
Since the d}e,vi cesptlﬁeemsel ves are small ,0 t he iJnéi(%{ uégfw{géieclrs Iela're small) a

typi cal pi sp$tesizenr bagf tige frontpidjection oDvERdp péaym typeadppendimptel y 8u or

“even less fqr reflective L .. This 15 means that the projection, |enses

used i not hé‘gbetéeﬂ'sﬂéwemtaﬁw J%tr@/rerﬁrgﬁlq gAtap sife eloheetarperm (fgent

aberrati ongyqihtiD@Y &y i ' . j.on of chromatic

aberration rgndlgl?);t o@??@?élfﬁgﬁagﬁgfg\lﬁe CI%Fﬁéﬂ%%gréﬁégag rration correction

is inportant beThedmsiobtrucalierofauchassyseémlis shawnl in Big@ife i5N wiHege ilgage of a
pi xel i zed pane| .as a 20 snudging_of a pixel or, in extrenme cases, the
conpl et e dioppishy senree (sisen nietanbalide oreghighmressurs wisreuny warort ypi cal |y

t t, the. . of. the field. | of th b t. f th t
Tosts ve oe i iSRRG B b e e S AR St N e o
asti gmabi s @WheadtshStdthe qnufnxﬁaﬁah}sys%%)?qmg tﬁ@%iegb)@mi@l@% figpe Lat eral

color, i.e., the variation of magnification wth color) Is particularly
t r oubl esonprgjected (etg. namLiH3 nsatrixsef én and affiEceasend 3 doatpragictioaspeci al |y
at the edges of the rai nbow effect in the region

fiehd. .]. t -
of the ful %% gpxgpe%d g}émég-@g!ee eﬁg%éggﬁég‘fm&}&’éﬂ% appnlaygedgmagaefde ray
t ubes (CRTgi)jfe%t sa8 vidQi ﬁrgenolf&( residual) lateral color can be

conpensat e or electronically by, for exanple, reducing the size of the

i mage produced ®ortfhmtfppofcobntdyetas the\Wak w2l Thloh HellddS0ide@P~79 -5 CRT
relative to that produced on the blue CRT. Wth a pixelized panel, however,

such ah® acé&derBddt inohizuafotvible fasrreer prejepaemaystente therwipwérswal det i zed
and thus a th.adj.ustpgnt in si across the full field.of viewis not
possi bi'e. - ARe Y LS PPBRE el e 3Eh DRubiet Fesremshich arg ©'be
correcti onhehs&PHPAGM lelcAbBIA! a G@rPbr is TtdilHSe DELRE tlgé B?lit:glepzﬁlhoj ection
| ens. The use of a pixelized panel to display data | eads 10 stringent

requi r enenasdrtbyarddnce theesystemécovennllafizali stortion. This is so because
good image quality. is required even .the extrenme paints of the field of
view of the | en?réﬁgﬂo’{}ﬁ%\‘/ﬁ ?Xfcgﬂ%sd.n ‘gélc&h tI?‘F ohiectys 8694&“?11 PR SA6r t ed

i mge a i e b Stektls j - e edge
of theg?i elué@%g& ?Itql aﬁgﬁgt&?@ﬁgéﬁﬁﬁéz Sk}o%ggster, 1?%%5@?? g#@é%glgséngl?e of ten
used wi th otdjsetiopiersd whidhnfosnshnnimage of bithedh Sipgleipamedhat/iigy ¥ddEW ng

screen does not vary symetrically about a horizontal |ine through the
center of EFRes @S ugRIxelswriofsheesspanalpoeneios aeflyightomseeand foranpl e, the

bottom to %pgent thefantdha? third for blue light. In some cases, e.g., large image rear

projection systems, multiple panels and multiple projection lenses are used,

25  with each panel/projection lens combination producing a portion of the
overall image. In either case, projection lenses used with such systems
generally need to have a long effective back focal length to accommodate
the prisms, beam splitters, color wheels, etc. normally used with pixelized
panels.

30 A particularly important application of projection lens systems

employing pixelized panels is in the area of microdisplays, e.g., front



15 screen. This effect makes even a small amount of distortion readily
visible to the viewer. Low distortion and a high I evel of color correction
are partiﬁMhﬁﬁ¢M2inportant when an enl arged i mage of a W N )5¥€%)
conputer I1nterface is projected onto a view ng screen. Suc |n{er aces with
their parallel lines, 20 bordered comehd and di al og boxes, and conpl ex
coloration, are in essence test patterns for distortion and color. Users

readily perceive and object to even mnor |evels of distortion or color
aber r at i onPTaIeqtHn sYaigRls whichur useddpidisrlay data amdaiear mrptechHaRd

m cr odi spl | ly. require that, t l.i ght 25 [.Qm :
L illum nati %S%%{T/‘é%%% a&sllieausgg s-cr?g?@laﬁergﬁ%q%&gf flgencg??ggﬁn%%k%ﬁ%%gﬁ%gl di spl ay.
In terms Ofaniffadi@iREtdchRologPNast Bl o tal A8 IpSSulaity ¥ rhRYGIEFHERAL t hat
the lens has a telecentric entrance pupi Iﬁ i.e., the projection ['ens mnust
as

be t el ecenemiployingtdhgital kgt vadve afevides suhbras DM, mgflectiyeh&Ds, whdr e t he

" obj ect E&pi Q?l '.Eed panel) is located. This makes the |l ens 30 asymetric
about the eob %hi ch makes the correction of lateral color nore difficult.

V1'O (12/f17112p},; - ot | atd(iz% i for rear

proj ection systg;n%?ggt[ﬁ%rég%{l&sﬁaﬁg%\%@l #Iglbcsr%g%svls éﬁgrbéfee?ran 1}1 fot?é%’grr@lﬁrhg?ucabi net

si zes (snabizeranddoglprwaight. Asna tesuls, oivhohenpw e estofadttepsstablei s

transl at es_.i ﬂto a requjirenent that the lens has a wide field of viewin the

di rect i on Bghtweishtwgelectors eppyating insfnont-paojerann modmaad emplayi®dg nor e

difficult Lo.cQqn t.th [ | or ,of th Sa.Simsl.arl h

requi r eent TG ety 8 BELED BBl B piCup Ve, P el oR o e
difficudt proje@idresystbatsadl ale®berachidveddtirbh & the ubavf e ddvil&sf i el d of
view, the denand for snaller cabinet sizes also translates into a

requi rement t hafotdieplagnmalgas baviigathigh informatwnentent, dhsteadedced n t hi s
way, the anmount of |jnear space that st b | ocated to,the projection
lens in th@‘@é%ﬁaﬂﬁta 1a§g? 0 N1§%1,S'r$8’rceaf%§?‘i?é(FFeFitEFH‘SB%Ve\?i%‘ﬁbs"gaeli’horter

for war d Vefﬁeeihdi'{rﬁﬁé'l‘ix%hélﬁk‘é kil aaty?!i@illlp 1152 ARG ?%mf}u rfppre for the

| ens el ements used In"the projection’fens. isS not onfy re es the

maxi mum t r BMDetisglags tenpposkiafatele8) ensye ldss ¥or adfiartivedCBs. This wei ght
and cost. As with effective back focal | ength, reducing the forward vertex
di st ant® nHieassithaibhe papieetion lenses used ip thesenwy sheasmansloRaver veRe |ens. In

particul ary,: . r [ i : I hes stronger

| ens el eme}rﬁéh F\ﬁﬂgfséfaé%{e%ta |%fnés/beeé'ﬁrgé?r%ér'?@%ﬁ%@gﬁflﬁ%J)%gbﬁgé{hezo Achi evi ng
a short fog@trettedtdbhech@dn £i@abéfratiohy andadiktoreieal | ength, a wide field of
viewin the direction of the lens' |ong conjugate, and a short forward

vert ex di st anceAdhighllevelefichirgmaiici dbersation competion i gpoittenhbgtausevel of
aberration correction needed for, a projecti.on |le syst.emwhi ch enpl oys

pi xel | zed BUAEPESTEHDRNCAB e 1Y ICHHAN Brige iAol BHELZCYARPGLES 35

requi rggenks bPa Wekdl RIR Betre AR RBOLUAE @ SS9 ikdil ust rat ed
bel ow, the prutgggg% i%\\;ﬁg%ti on pr oviedes pr oj ectciogﬁﬁ?ensegiv\ﬁ?gﬁgg)ét% sfy these
conf li cti nfroox theimage SUMbBRYrdiHe midkare NyRNALIPNNbst sdveve at thhedfer &Qoi ng,
there exists ggieed inthe art for projection 30 | enses for use with
pi xel i zed paBed-whi ch have sonme and preferably all of the follow ng
properties: VA]I th\%zdﬂe}ﬁt}%ﬁgr{hg ?énh’%“é%ﬁ to7be éciltire SJH,Q\Pt ?A/t%}'apf .
| ateral color correction, 1 ncluding correction of secondary lateral color;
(2) | ow di stelot, chirofmdtic vafigton oftemaf asigwatidnt, ke dddisesitioantypicdlie | mage; 5
(4)a telecentric entrance pupil;(5)a long effective back focal |ength;(6)a
short £9rwhemameseshallensinge Lasensl zplorshed theruatiationafenagrifisatione for the

| enses making ug the projection lens. 10 .To satisfy this.need jn the art,
the i nvent PR ot a2 Brfasly PronPlesnuisisinfs Smamfsteditell An aedrensol y o i
of the aboygcsfirest, e8HEMARY at tHe RAEES SLHHRY fieldNani ARt Edthb BB, A RE0R
projection lens for formng an i mage of a pixelized panel, wherein the

. proj ect i oneffeetsinithe @megiongf derfulbfield mindse §éemage or screen side) and a

short conjugat e,si de. (abject, or pixeli.zed 15 panel sid co ises in
order from s PoRGESphsutettmplyAe et Ryduben( CRIY a Sorll

30 amount of (residual) lateral color can be compensated for electronically by,

for example, reducing the size of the image produced on the face of the red



(A) afirst lens unit (Ul) having a negative power and conprising at |east
one negative lens elenent (N1) of overall neniscus shape, said negative
| ens el e”ﬁ’?)toz%‘?iﬁg convex towards the |ong conjugate si deP n Sg%}oﬁ%rpri si ng
at | east one aspheric surface; and (B) a second |lens unit ? aving a
positive power, said second |lens unit b®& ng separated fromthe first |ens
unit by an axi al space and conprising at |east one positive | ens el enent
(P1) which conprises at |east one aspheric surface, 25 wherein: (i) the
proj ect i onOR&hgelasivedpabahproduced qmﬁleshbnetCEEnj\Mght@psxai@,edmei,i i) the
proj ecti onhl ens has ﬁn effecti v; f.ocal Ietngé/h {X,ﬁ an effect{ve. back. f ocal
| engt h BFLPOXEYCY SHER AR OB Peda vy Fanpe® e BeyiRIBRY SSER 4YS e mae 1o

fol l owi ng Hedidilzb@Bshithtis BEhbbth 2dBsbmefDeh si2WQPSNbIA]1 SeldR¥Riéw < 20.
PCT/ US02/ 0~~79 Preferably, the BFL/fo ratio is greater than 4.0 and in sone
_ cases can bengt pessérlet Hahighes lavel of\latergt edoecotrhetnon,. idch@ingl arly, the FV

Dforatio is preferably less than 17 and in so ases can .be | ess than 15
and eve% SC‘P”é@%t_l?‘P]&i_ElS%C@.nd?FW ;HGF%aL Ol_t’és g}é\’ﬁf ﬁ@ema% BIgatipTy, _ SFVDY f o
(105 e P ONSEL A LRRER Bl ph e A NSO E BIAL Bbig 2 T el d of
<_ 80) andrequinxinetits £dgeadigdEld ¢soreedtivr of didtdr@iohD/ Toisriakb brcaddecgodds | ess

than 5.0 and in 10 some cases is less than 4.0. BRI EF DESCRI PTI ON OF THE

DRAW NGS Figgeesguality iy eeqgubedhevercattheextirems piinteph dwdieldiof wéewodj ect i on

| enses consiructed,in_accordance wth,the i.avention...Fjgure.5 is

schemat | ¢ Bralii i BRBaRRE e Tae A1 pibes avidtdh s imaed aani ch the

proj ecipon digNafsd RlnibRe oPNEGEP s julY BRLIYdr6AT RAHISAIEe offtRe FR1ERIHNY

drawi ngs, which are incorporated 1n and constitute part of the

speci fi cat ioat the targer.aMorebeerp pebdjectied lemdesdirrmiten wied wethi offeetit i on) and
serve . to explain the pri nai pl es of the

together with fhe description
i nventi on. pfiflefsse[t"os“&@ R §b%6léﬁt05tflo%éﬁlt§‘°e,‘”ec% KN fPRS MV Ngs 20 and

t he descri Qn t LY 1 i ety t

nvent on. SEEEBISHAER Bk Rty AT Phe hTEE PR Salen U,
of the preggntintrdenimcivtairRalll fidig, fortexabgslu st bdthemi toubettep of hephot o
type and consist of two lens units, i.e., a negative 25 unit (Ul) on the
| ong cdBj ugeneensikus gifgcamsdesteven ausmall(amyunihof distartiont readtyvgsibie si de,
whi ch are ttg%é:%iévyersepar ated by an aperture stop.

Low distortion and a high level of color correction are particularly
important when an enlarged image of a WINDOWS type computer interface
18 projected onto a viewing screen. Such interfaces with their parallel lines,
20  bordered command and dialog boxes, and complex coloration, are in essence
test patterns for distortion and color. Users readily perceive and object to
even minor levels of distortion or color aberration in the images of such
interfaces.
The above-mentioned microdisplays typically require that the light
25 beam from the illumination system has a near-normal angle of incidence
upon the display. In terms of the projection lens, this translates into a
requirement that the lens has a telecentric entrance pupil, i.e., the
projection lens must be telecentric in the direction of its short imaging
conjugate where the object (pixelized panel) is located. This makes the lens

30 asymmetric about the stop which makes the correction of lateral color more
difficult.



The use of this overall lens formto produce an image of a pixelized panel
has various advantages. Thus, telecentricity can be achieved by |ocating
t he | ens’ Le stop in the front focal plane of the s sitive
unit. Add‘lvﬁq%{(l't;ﬁzgdvant ages, illustrated by the exanples greﬁe)@fég%%%dﬂga ow,
are the ability to achieve a long effecbive back focal Iength and the
1'1'0 02/07112.1 PCTI1JS02/ OS~79 -9 ability to provide a wide field of view
in the direction of the Il ens' |ong conjugate. Both of these characteristics
are particul ar | yn@séataon to the faregoinige &9n xoar pyaleshen sypkemes, thers Ban nust
have a wi d | YA i : . i bl rakl package
size, and \%{‘{éfr glctqﬁggrlggids%\‘%&g%gogqngglge%%%%%ggik%@%?ﬂsg ?Qrt%l\{ﬁ% ILI)Irli SNB

bet ween t hgeh88%f tielptdjectibrX RirsZ SithsRamed]atebNa$6 alel & e i@t thaekHe e ns
pol arizing beamsplitters, as well as color splitting prisns. The |enses of
_the invent hes aawrdeheldzofinigh ingheldivdctinsefdhel ioragedsexeen) ofhilyy usi ng one or

her i | f in the fi . it. 1 jd
i st or tponred@rgRin: e ves mosselitiiIE 10 BerrprethedRloral SR lon e pupi 1 i s
corrected §iHouSnfIRAyUaR ARGt Mraeloﬁé@fférctiQr@'ba%Hrf{)(?aqgﬁ%%ti%d&l%g second

l ens unit. The spherical aberration of the entrance pupi
m ni m zed toakeashit eweretdiffecdnto cairest faderadeyloar bi trary point in the object

pl ane of the lens. Preferably, the as ical] surfaces are 15 fornmed on
plastic lens el iﬁé@tdét.mﬁ'lﬁ% AUEE %l"‘iﬁ?%’gﬁ QgéW%tt e_t“FPd%‘{ %fsstm Tcorrected
Is the |eng ik eiAlk a‘iﬁ]&f nsldts LEASET @Iiréxﬂgn# PP(&"EHe%ngrh%%gé’lfdri{ achi eve
such correction using the techni ques ot e aon y-assigned U’S. “Pat ent

Appl i cadi offorMeardOr8&ddfilancd. | IrethiMayay} thd 98 urdiet 18iartdpade TRALKMRGET ON
Lenses Having 20 Reduced Lateral Color for Use with Pixelized Panels,"” the

contents obewloshted o theqomopentinddnhén éhe chbinetfie reduned. iliss, fappl i cati on
was published o venber 9, 200 as PCT Pat.ent Publication No. WD

00 67089, - ANHONEN i arr PSR D IEES SO RFAT S gt gBAMSF  cat i on
need not bena&adhirhtlddieagrdtid fo tRE 16MCcRARIRE usb B YR Thé ?oneééo%{\g@{se.vef
approach is used to correct lateral color, each of the first and second

| ens uni t s TWii$ noppelyeredlvicys therpraxsmuan ttasyersndinnaison obthebidsnhutioubl et
(D1 and_D2, .respectively). in Figures 1-4). Also, th rgj.ection |lens can

i ncl udg5a plio % “@ﬁ%1‘315ﬁ‘?/‘%lgk‘Ug)ldI‘38%tettf*é“d""itl}i1 Etfﬁ’&t\)’lech% tfgci‘}fle{lﬁ@’apert ure stop
whi ch pref v pcl hat. - I ect 4 ubl serves
to 30 | ror cuatitg B RR e BEale R BRI LBl SR B 306,73

PCT/ USU2 1Uabébratidhs\Witthe dénd. Niepaitiehlap, 4 shdrtet forwardWeridxdigtandehe present
invention will be nore fully described by the follow ng exanples. EXAMPLES
Fi gures 1- geagrplisarsgdres strongardenselemensevhorcaaliorcations ext mome| enses 5
const ruct e(aﬂiﬁrauiatc%ordan%e with the invention. HOYA designations are used
for the various gtl aSLEE enployed in the Iens systens. Equivalent glasses
made bgoot her naphidshibedlort focdl ledfdthRA 186 g SEEIRTVO b&aN{dRea1 H3eh f the
practice of the invention. Industry accept a%l e materials are used for the
pl astic el svidatield edviemeintiphdirectiowof thelemst bngatonjugath, and ahehortibl es are

f i he foll i N : 1+[ 1- (1+h ~~| ~~ + (~ +Fy8
rym aty: 4 GG et AR Friaer iy, P B Faf B ainiE A TUBR cal ax! s
of the sys{&m) of absrdal Ing rY@cItbe%&fdetdqg{ B&ﬂg'e%hohggngggé&g?dnw?ﬁéﬁ’ and k is

a conic 15 constant, IS zero excep € Indlrca
prescri pti engploys padeliesd pashelshisgagdeishBid} clodlleging sl thed vikioisvar i ous
surfaces in the tables represents an aspherical surface, i.e., a surface

for whéeh Zeauzemensytenst lOwoEk againgt ope agothey. nAs discabsadarduati on i s not
zero; and th i tiomp e 20 indicates a.surface for,which.k .in the
_above equaﬁlllgsntggge(%% O%VeP%‘.} PHGFETG APYS éorbpré%vﬁessmq}%citmgeqsg%gz[hé%h on the
short conj ygeitsy tede cohflid@ingcrite®id.i gures and tabl es represent conponents
which are used with or are ﬁé{;art of the pixelized panel. They do not

.const it ut e SYHYIMARY: QF DHE BXVENTIQINs. A1l di nensions given in the tables

are in mllinmeters. 25 e.prescription tables are gonstructed. on the
assunption that ?Pi"éﬁ’ olf}-g‘?/g‘fj@g?‘rn@rrﬁ"erﬁte’?%sﬁ Bed fht %%rtf’{ééll?lr%?“% act ual
practi gg, I£6WM A | } panel
N b on (e T BOwIaL BRTLIAA pa PRI R borte aplt cRirkBly £ s

parti cul ar the¢ fdloveingrmopestiéss t he prescription tables to objects/imges and
entrance/exit pupils are reversed 30 fromthat used in the rest of the
specification. The pixelized panel is shown WO 02/ 07112 PCT/ US02/ CS. 179
-11 in the Figures 1-4 by the designation "PP' and the aperture stop is
shown by the designation "AS'. The focal |engths of the various lens units
maki ng up the projection |lenses of Tables 1-4 are set forth in Table 5
where fl is the focal length of 5 Ul, f2 is the focal length of U2, and f3

—_ . . a1 c — .



10 Table 6 lists BFL/fo, FVDIfo, D'fo, and 8 values for the | enses of
Tables 1-4. As can be seen in this table, the I enses of the exanples have
BFL/fo ra{ ter than 3.5, FVD/fo ratios |less than 2 ratios

| ess than{‘éﬂgﬂg%@% val ues greater than 70 whi ch makes tthITE{nSFs'g/gﬂ%
particularly well-suited to the manufacfure of conpact projection |ens
systens which 15 enpl oy pixelized panels. In addition to the properties
shown in Table 6, the projectiaon | enses of the inventign preferably also
have the fol | owilhy padpsbilperl-oflateral color penreidpmringlugingcoprgetioniogl d f or
wavel engths in the r fr. nmeters to 620 nanoneters which is

| ess than a pi xel angg%gldggg%égg} g‘ﬁ{;’gss than three-quarters of a pixel

" (note that the kgvel 16k digtbetigh; col or correction can be determned at the
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size (pixel w d{(®) of dhessfdrkanrdbertaxdistsnce3@ndl t hough specific

enbodi nents of the inventjon have b?en descri b&ﬁ gnq illustrated, jt is to
be understood t K& aasraldmyaymumgslearapergpee (Ritas lenspganpkmgvn the
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(continued) First Order Data f/nunber 2.80 Magnification -0.0348 (bject
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3621-77.57063. .00000ACRYL| C27. 8322a- 49. 46.9254227. 742 5500BK725. 91241.
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Coni ¢ section Focal Shift -0.06051 Even Pol ynom al Aspheres Surf.

PCT/ US( 12/ GRIBF MESEREATION OF THE DRAWINGS
| 15. 5140E- 05- 1. 2755E- 078, 25985- 114, 013%5- 13- 5, 8089E- 16 . .
8. 9842E- 2125. 8935 EurEs] -faysschematisFdeEvisays0lrppreseriatiyg preieqtion
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TABLE 3 (continiighrdbrist scheeaticaiiagfdm whbesing 3oNagnalliprajection Qefd 33C0j ect
Hei ght - 660. 40(bj ect Di st ance-814. 425Effectjve Focal Lengthll. 15591 mage

Di st andé. 298stencin3diish the prajeetinm denses obibe presensjgventen gambsksedr Barr el

oD 0t AL B ATRSS  RYR e L S0SRTST SPGB 904000
part of the specification, illustrate the preferred embodiments of the
invention, and together with the description, serve to explain the principles
of the invention. It is to be understood, of course, that both the drawings

20 and the description are explanatory only and are not restrictive of the
invention.
DESCRIPTION OF THE PREFERRED EMBODIMENTS

The projection lenses of the present invention are of the retrofocus or
the inverted telephoto type and consist of two lens units, i.e., a negative

25 unit (U1) on the long conjugate side and a positive unit (U2) on the short
conjugate side, which are typically separated by an aperture stop.

The use of this overall lens form to produce an image of a pixelized
panel has various advantages. Thus, telecentricity can be achieved by
locating the lens' aperture stop in the front focal plane of the second

30 positive unit. Additional advantages, illustrated by the examples presented

below, are the ability to achieve a long effective back focal length and the
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Order Data f/nunber2.80Magni fication-0.0135Chj ect Hei ght - 654. 00Mj ect
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o1 st ance EXPLEHMIER IR SarosoR S Then inE hens egBss 0. W o
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ExanplefOBFLBFLIfCFV VDI f DIfCLg 2.2460. 874.97181. 9514. 8755. 004. 4978. 8
1 surtaces 1n the second lens unit. e spherical aberration of the entrance

o sa11. 1648 s NE1D PGB FITRAER tyAEtiy S Ao s Rl g PO, o0

3875.7 ' Mixithaobjdoe plargpef the lens. PréfevabR/] QK4 hdphevicAlairfa®salrai med i s:
PCT/I'i 50210y79 1. A pr.o'! ection lens for formng an i mage of a pixelized

panel , 18ai dojypegd eatnlastis ¢dlamends-a |1 ong conjugate side and a short
conj ugate side and conpri.si in order.fromsaid | on onjyugat e, side to
said short conj 3133&% %‘OEF 818%18??&1(%“ O?iq%{ rqlbsﬁg)etﬁ?lrfecﬂ%‘gfsh%hegl%ﬁégati ve power

and conpri 9hfiGadkolbfaPhe RReHBYBhd Hireheidh HYctTBly QEhRVEakh HRBLAGHS
shape, said negative |ens el enment being convex towards the |ong conjugate

side and corspmg shegecinigessof conemasphesdignediif. 3cBatarntdgi)catiozeNond | ens
unit havin LLi wer , i.d second, | unit hein arated from
the first ﬂ’e‘ﬁ%&gﬁb{i %@dﬁﬁaﬁx‘%’ &Iﬁggp‘%‘ge&%le@gﬁ%ﬂeglﬁg nsggj'g)‘{mgn_e posi tive
I ens elz@ﬁerﬁedﬁveame%@fm A ULER5th P?}gels AL rels 8 ¢h 36ftentO6F gz'r}]lgc}tl(:g

the projection lens I's telecentric on 't ort conjugate side;
t he proj ectarenntempseriizd eredf be ectfevendeo CBhisl appdichtiva, wanpablisiedd s back

focal length BFL, and a for ,g verteig dj stance_FVD which satisfy the
fol l owing r VAN BRI D X0, Bp\ﬁﬁé RatgntsPupligation No. WO 00/67059. Although

preferred, the approaches of the foregoing application need not be used in

the practice of the present invention.

25 Whatever approach is used to correct lateral color, each of the first
and second lens units will preferably comprise at least one color correcting
doublet (D1 and D2, respectively, in Figures 1-4). Also, the projection lens
can include a third lens unit (U3) located in the vicinity of the aperture stop
which preferably includes at least one color correcting doublet and serves to

30 improve the axial color correction of the lens.



FVD/fo < 20. 2. The projection lens of Claim1l wherein: BFL/fo > 4.0. 3.
The projection lens of Caim1 wherein: FVD/fo < 17. 4. The projection |ens
of Claim j,n: BFL/fo > 4.0; and FVD/fo < 17. 5. The ' i | ens
of Claim %WZ@QZR (i) the projection lens conprises a pIPS{TZlJI'%%?/E’/”g? | ens
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screen will be on the left and the pixelized panel will be on the right, and

light will travel from right to left. In particular, the references in the
prescription tables to objects/images and entrance/exit pupils are reversed

30 from that used in the rest of the specification. The pixelized panel is shown
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focusing the lens for different conjugates.

10 Table 6 lists BFL/fo, FVD/{y, D/fo, and 6 values for the lenses of
Tables 1-4. As can be seen in this table, the lenses of the examples have
BFL/fj ratios greater than 3.5, FVD/fp ratios less than 20, D/f ratios less
than 5.0 and 0 values greater than 70° which makes the lenses particularly
well-suited to the manufacture of compact projection lens systems which

15 employ pixelized panels.

In addition to the properties shown in Table 6, the projection lenses
of the invention preferably also have the following properties:

(1) a lateral color blur at full field for wavelengths in the range
from 460 nanometers to 620 nanometers which is less than a pixel and

20  preferably less than three-quarters of a pixel (note that the level of lateral
color correction can be determined at the object plane or the image plane, a
magnified pixel being used when the determination is performed at the
image plane); and

(1))  a distortion which is less than 1.5 percent and preferably less

25 than or equal to 1.0 percent.

The projection lenses of Tables 1-4 achieve both of the foregoing
preferred lateral color and preferred distortion levels. In particular, the
lenses achieve the preferred level of lateral color correction for a pixel size
(pixel width) of less than 15 microns.

30 Although specific embodiments of the invention have been described

and illustrated, it is to be understood that a variety of modifications which
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Surf. Clear Aperture
No. Type Radius Thickness Glass Diameter
1 a 313.2208 5.00000 ACRYLIC 56.58
2 ac 24.5396 12.60286 44.81
3 a -2021.5999 3.50000 ACRYLIC 38.88
4 a 55.8585 21.60922 32.29
5 -338.5775 2.00000 S-LAL18 22.15
6 17.8685 7.00000 S-TIM35 20.99
7 -426.6654 19.43304 20.34.
8 138.6638 1.60000 S-LAHS59 13.25
9 14.7900 4.50000 S-TIH14 12.79
10 -67.8402 0.97982 12.83
11 Aperture stop 0.50000 12.70
12 -26.6748 1.50000 S-LAH6E0 12.72
13 31.5122 4.50000 S-FPL53 13.47
14 -24.2044 13.59935 14.74
15 -60.1999 2.00000 S-LAH60 21.30
16 68.4138 6.00000 S-FPL53 23.01
17 -32.7938 0.20000 24.78
18 310.3792 5.00000 S-FPLS3 26.60
19 -58.4342 0.20000 27.80
20 114.0878 7.50000 S-FPLS3 28.78
21 -32.1934 0.50000 29.37
22 -1000.0000 4.00000 ACRYLIC 29.00
23 a -90.5000 3.00000 28.89
24 1.20000 BK7 28.21
25 0.70000 28.11
26 38.00000 SF1 28.01
27 4.00000 24.95
28 40.00000 BK7 24.40
29 3.40000 20.85
30 1.60000 BK? 20.46
31 0.01932 20.36
Symbol Description
a - Polynomial asphere
c - Conic section
Focal Shift 0.02369
Even Polynomial Aspheres
Surf.
No. D E F G H 1
1 8.1433E-06 -1.2583E-08 1.3837E-11 1.3471E-15 -1.2875E-17 7.0217E-21
2 -3.7080E-07 -3.5690E-08 B8.7206E-12 1.0950E-13 -1.7448E-16 9.0724E-20
3 -2.3975E-05 1.4822E-08 1.0183E-10 -2.8001E-14 -5.0803E-16 G5.6897E-19
4 -7.9144E-06 8.2684E-08 -1.2117E-10 -1.7154E-13 4.5131E-15 -1.0098E-17
23 2.2878E-06 -8.1965E-09 1.5043E-10 -1.1882E-12 4.5352E-15 -6.5914E-18

Conic Constant
Surface 2 k = -1.0000E+00



2y10% & ()- yl10W & ()- yl0W & ()- yl0%B & ()- yl0% & ()- ccccccchHyl/ /K
2y10% & ()- y10% & ()- y1l0% & ()- yl0% & ()- y10% & ()- ;(/10% & ()- K
cccceeeXXshVab/ 0% & ()- Y10 & ()- yl0% & ()- yl0% & () # M) -
2cccccce (3%’107{/%%0% & ()- y10% & ()- y10% & ()- y10% & &"FT %‘fﬂ%% & () -
cccceceex\<)yl//yl0WB & ()- yl0B & ()- MW & ()- /K ?2yl0%W & ()- yl0% & ()-
ccd ddddoS7)y1//y1l0% & ()- yl0%W & ()- /K ?yl0% & ()- yl0% & ()- yl0% & ()-
dd"d*d0d1d4dCB) y1y10% & ()- /K 2y10%& ()- y10%& ()- yl0% & ()- yl0% & ()-
TABLE 2 (continued)

First Order Data

f/number 2.80 Overall Length 535.622
Magnification -0.0348 Stop Diameter 12.390
Object Height -292.10 Barrel Length 215.624
Object Distance -319.979 Entrance Pupil Distance 29.2388
Effective Focal Length 12.1460 Exit Pupil Distance -760.102
Image Distance 0.193170E-01

Stop Surface Number 11



4d5d>dGdHINdCdh8) y1/ K ?y109% & ()- y10% & ()- y109% & ()- y10% & ()-
y1098 & ()- OdRdSd\ dddl drdhH) y1/ K ?y10% & ()- y109% & ()- y10% & ()-

y10% & ()\-‘,Oyyf%%%%gg- y1098 & ()-

y1098 & ()~

rdsdvdwddddxX8) yly10% & ﬂ:-T/U}é (%4 (
- y10% & ()- /K ?dddddddwwr) y1ly109% & ()- y10Y%

' (

y109%8 & ()- y10% & ()- (/K ?y10% & () --1dddddddx\ <) y1ly109% & ()- y10% &

y10% & ()- /K ?y10% & ()- y10% & ()-

2y10% & ()- yl0% & ()- yl0% & ()-
y109 & ()- y10% & ()- y10% & ()-

dddddddoS7) y1y10% & () - yl1l0% & (
dqqdpgdqs?) y1ly10% & ()- /K ?y10% & ()-

Surf. Clear Aperture
No. Type Radius Thickness Glass Diameter
1 a 96.3733 3.00000 ACRYLIC 38.06
2 ac 22.1246 16.83895 30.28
3 -71.4185 1.50000 S-LAH6E6 18.10
4 10.6036 7.00000 S-FTM16 15.29
5 -27.6402 1.00000 14.22
6 -22.8394 1.20000 S-LAHE6 13.16
7 10.4229 4.10000 S-TIH10 12.35%

8 -103.2388 8.87383 12.11
S Aperture stop 8.22815 9.86

10 ~1477.8659 5.30000 S-FPL53 14.90
11 -12.1897 1.30000 S-LAHSS 16.03
12 -86.4322 0.80000 18.81
13 -62.8290 4.10000 S-FPLS3 19.50
14 -21.2300 0.30000 21.35
15 -73.3053 3.80000 S-FPL53 23.22
16 -29.4771 0.30000 24.58
17 -389.3199 4.30000 S-FPL53 26.14
18 -37.5554 0.30000 27.02
19 232.2161 6.00000 S-FPL51 27.98
20 -33.3737 0.30000 28.36
21 -77.5706 3.00000 ACRYLIC 27.83
22 a -49.5844 6.92542 27.74
23 4.95500 BK7 25.91
24 1.44000 POLYCARB  25.23
25 49.00000 SF2 25.04
26 4,00000 18.83
27 2.50000 BK7 17.99
28 0.21000 POLYCARB  17.65
29 -0.00030 17.63

Symbol Description

a - Polynomial asphere
c - Conic section

Focal Shift -0.06051

Even Polynomial Aspheres

Surf.

No. D E F G H |
1 5.5140E-05 -1.2755E-07 8.2598E-11 4.0143E-13 -5.808%9E-16 8.9842E-21

2 5.8955E-05 4.1395E-08 -1.0013E-0S -3.6784E-13
1.2160E-11 -5.3582E-14

22 7.1508E-06 6.6037E-10

Conic Constant

Surface 2 k = -1.0000E+00

2.4401E-14 -5.6812E-17
5.6757E-16 -1.1372E-18

)
)
(
)
)

/K



ddeeeeed4)yl/ K ?2y10%B & ()- yl0B & ()- Y108 & ()- yl0% & ()- yl0%WB & () -
eeede-e.edel L)y1l/K ?2y10%8 & ()- yl0%®B & ()- y10%W & ()- yl0%B & ()- yl0% & () -
y10%9 & () eDeLeTexX8)y1l/yl0% & ()- yl0%B & ()- ylO09%B.& ()s5aYI0% & () -
y10% & ()?Oﬁﬁ%gﬁzge[ e"e eieqesS3)ylyl0®B & ()- yl0% & () - ﬁg%%}/?%%p

yl10%8 & ()- (/K ?yl0% & ()- gerexeye|e}l@&-ex\ @ylyyl0®B & ()- yl0% & () -

y10%8 & ()- /K ?2y1l0%8 & ()- ylO0%®B & ()- ~eeeeeeeoS7)ylyl0WB & ()- yl0%B & ()- /K
?2y10%8 & ()- yl0%8 & ()- yl0% & ()I_- eceeeeeX<)ylylO0W & ()- /K ?2y10% & () -
y10% & ()- y1l0% & ()- y1l0% & () ABLE3]contmuec_i"

First Order Data

f/number 2.80 Overall Length 964.996
Magnification -0.0133 Stop Diameter 9.576
Object Height -660.40 Barrel Length 150.571
Object Distance -814.425 Entrance Pupil Distance 21.6797
Effective Focal Length 11.1559 Exit Pupil Distance -8331.62
Image Distance -.298217E-03

Stop Surface Number 2



eeeeeeeh8)y1l/ K ?2yl0%8 & ()- y10B & ()- yl10B & ()- yl0B & ()- yl0% & () -
eeeeeeepP)y1/ K ?2yl10%B & ()- y10%W & ()- yl10%B & ()- yl0%®B & ()- yl0% & () -
y10% & ()w I\<)y1/y10% & ()- y1l09% & ()- y109% & ()- 04 & < )or
Y1008 & () VORI e 3 y1/ y10%8 & ()- y10% & {)- y10% &Pb((@{%bfgz/’é & ()-
(/K ?2y10% & ()- eefffffx\@yl/yl0% &-1P- yl0%B & ()- yl0% & ()- /K

2y109% & ()- yl0% & ()- fffffffoS7)ylyl0% & ()- yl0% & ()- /K ?y109% & ()-
y109% & ()- y10% & ()- ff'f(f.f/f0fXs)ylyy10% & ()- /K ?y10% & ()-

y10% & ()- yl0% & ()- yl0% & ()-  JTABLER

Surf, Clear Aperture
No. Type Radius Thickness Glass Diameter
1 a 106.6356 3.00000 ACRYLIC 38.25
2 a 21.6115 6.97733 29.79
3 25.3000 2.50000 S-LALS 26.20
4 16.2000 4.80000 22.36
5 70.2300 1.80000 S-LAL18 21.53
6 14.3400 6.60000 S-FTM16 19.05
7 -99.2700 1.21050 17.89
8 -50.0950 1.50000 S-LAL18 17.11
9 14.2500 4.50000 S-TIHS6 15.66
10 106.6500 13.71753 14.80
11 Aperture stop 7.29626 9.54
12 -90.7800 5.50000 S-FPL53 13.40
13 -10.4970 1.40000 S-LAHE5 14.77
14 -72.7500 0.80000 17.81
15 -4584.0000 5.00000 S-FPL53 19.61
16 -26.1800 0.20000 21.84
17 811.4001 7.50000 S-FPL53 24.19
18 -21.8000 0.50000 25.97
19 a 89.6854 7.00000 ACRYLIC 27.29
20 a -31.5584 4.86429 27.61
21 1.00000 BK7 26.00
22 2.00000 25.86
23 2.20000 BK7 25.43
24 1.10000 POLYCARB 25.12
25 51.00000 SF2 24.98
26 2.00000 18.42
27 2.40000 BK7 17.99
28 0.07000 POLYCARB 17.67
29 -0.00113 17.68
Symbol Description
a - Polynomial asphere
Focal Shift -0.05535
Even Polynomial Aspheres
Surf.
No. D E F G H |

1 3.6196E-05 -3.7509E-08 -3.1361E-11 9.8606E-14 7.6981E-17 -1.4682E-19
2 2.78B65E-05 4.6602E-08 -3.3073E-11 -9.6310E-13 -2.0067E-15 1.5700E-17
19 -2.965%E-07 -5.5950E-09 1.7257E-11 3.8BS9SE-14 -4.1354E-16 -2.5237E-18
20 1.3871E-05 -5.7560E-09 1.3262E-10 -1.0498E-12 4.5835E-15 -1.0785E-17
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3. The projection lens of Claim 1 wherein:
FVD/fy < 17.
4. The projection lens of Claim 1 wherein:
BFL/fy > 4.0; and
FVD/fo < 17.
5. The projection lens of Claim 1 wherein:
) the projection lens comprises a plurality of lens elements each

of which has a clear aperture;
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second lens units comprises a color correcting doublet.

10.  The projection lens of Claim 1 wherein the projection lens
comprises an aperture stop located in the axial space between the first lens
unit and the second lens unit.

11.  The projection lens of Claim 10 wherein the projection lens
comprises a third lens unit located in the vicinity of the aperture stop.

12.  The projection lens of Claim 11 wherein the third lens unit
comprises at least one color correcting doublet.

13. A projection lens system comprising:

(a) a pixelized panel; and

(b)  the projection lens of Claim 1.

14.  The projection lens systems of Claim 13 further comprising an
illumination system which comprises a light source and illumination optics

which forms an image of the light source.



