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Tlnuppliutioniueomimmon-m-pmoft!neus patent applications:
10 Appl. No. 08/149,912, filed November 5, 1993, Appl. No. 08/242,525, filed May
13, 1994, and Appl. No. 08/321,368, filed October 11, 1994, each of which is

hereby incorporated by reference.

Background of the Invention -

15 The invention relates generally to optical structures which receive light
from relatively uncontrolled sources in terms of directivity and uniformity and emit
a spatislly-controlled light distribution with respect to the two orthogonal axes
defined with respect to the direction of propagation of the light source, and relates

20 Iighdngamm L . .

mmywmdthemmm&ommm”mu. such
uimmunwammwmummmmmmm
successflly implemented in & unitary structure. For example, in typical office
WMWMMmMMBmw :

25 wmbnﬂnﬁmib\monabmm-m. A fluorescent light
wm:udnrdauuwﬁcbuonlyabhmwwdedﬁmmydmmm
Alternatively, Hmwmmdummumummmhmlogy 8
Mmmdhmiumreqm 'ﬂueontumon.howw provxdu
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efficiency losses, suffers from non-uniformity and creates a complex and bulky
It would be desirable to have a relatively robust, lightweight and efficient
~ optical structure that would fit easily within a small form factor and that would be
s abmorecuvehgmfmmmyhgmgammgm Such a structure would
pemntnewanduscﬁnlwaystoprovndeduectedhgmdnstﬁbuuonforvmous
lighting applications.

Summary of the Invention
10 Thepremuvenﬁonpmdesforanmegmedhglndmcnngmmre
' whchpmduupaﬁdly—d:rec!edﬁghtmnputdongtwoommgomldmons
urequmdbytlwpmlnapphuuon.
muwmwmpmuahghtsoummeontmmmthmopncd
mewhdnwmpnmawmﬂceompomwhwhm&ehglu
15 _muedbythaﬁshmmdmspmﬂwhgmmtmlmamlnﬂemon
' (TIR). Optically coupled to or integrally formed with a surface of the waveguide
mamxlupheityofm Ewhpnm.dncmmmofreﬁuuon.prowdesm
| apmewmmmyuupethewavegmdewhuthmmmconﬁmdduem
totnlmamlreﬂecuon. Thehghtscapmsthewavegmdeureﬂecudﬁ-omas:de
20 face of the prism, and redirected in the desired output direction.
mmofﬂupmncubeopumudtodincnheomnmy
Mmmmm«ofﬂwmmde Advantageously, the optical
mumwhchnﬁg!nbechnmenzedaahghtdimgme,mhavu
ummﬂgmdﬂnwcmdemmumubletoamwhﬂucouphng
s _llonsanhghtmp\uodge,onlonlmenlhghtmedgu Furthermore, there is
mmmﬁedimhmonuﬂumfomﬁyofﬁeﬁgmwwmwegume.
- Thaemmymumnonapphumuthnmnkudvmgeofﬂm
mvenuon. Snchapphc&oum:neommemalmdmldmalmrkmandm
vmmmdustmsmhuthemomonve industry and the aerospace industry.
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mhghtmgmhasspoﬂ:gm.momoroﬁcehslmnmmemhghm

" Exanphrymmouveappmmuwludelowpwﬁlowhudhghuandmﬂmhts.

lowproﬁleuuenorcarhghusudtumdmghghumdmupﬁghumdhghtwurces
s ‘mmmmuyammmm |

Brisf Description of the Draw |
mmwmbedmﬁbed_mmmdnwmofmm
of which: " B :
_m' - F’lslnelumillumanonofaanglapmmopmﬂyeonmctedtoa
' waveguide and showing the characteristics of light rays;
leAhmahumeubodﬁmof:wmﬁde;
szmmmmnmmofﬂwmnabomm
s rmshsmmmwmm.«mmm
rmmu.mmmmm
Fmswamegndeuﬂapnmmeombmanonmthamgmve
20 le’nsmmu;
o Fmﬁuuplnmofthemmmpnmmﬂlunmedua
mdoﬁeshmﬁdymoaucombm&wwuhamhﬂnm
| mmwuammomemmmmmamm
| 'mandalidnmhomgm
25 | Fm7Aundemunmnthemﬁeeohhdnm
Hgnailhmﬁcmvennonmcombmwnhaupuedmpm
mnmmmumamm '
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qu9nmelevanonmwofaunglellghtsoummcombmonwnh
twohghtdxrecnngstmm
F'lgurelmuphnvnewofhglndnrectmgmuctutemotelylocatedfroma
hglusouroe;md
F‘gurell :smelevmonvwwofﬂtemvennonopnnuzedfordlumm

ﬁonimcalmgofamgenuob,monnnmn

Whereposnble.hkeelmhwebemshownwnhhkerefermce
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n | .-i In 3 I.

OncofthebmbmldmgblodsofﬂwappmmMmgtoﬂwmvenuon

_uapnmoptmllycwpledtoawavegmde. While the apparatus typically may

contamhmdudsortlnmndsofpmsmydmwmepnwnonmy itis

| mmmtoconudumpnmmdmil

_ Withrefermtoi‘ig.l lightnys,umphﬁedbyhghtnyslmand
111, mullymllymﬂeettlmudtmegndew Waveguide 40 may be a light

pipe, light wedge or any other structure known to those skilled in the art. It may

hm;i;hnmﬁmwmmdymhvemwmmmdmﬁcesu
nhownml"ig. lA. Formplimy mdﬂordmmmosu.bmbymmns
mmdedtobehmzmnmwavegndewuwubangphnn and
umummmmmm.m
waveguide. Asilwenkno\mwﬂ\ouslnlledmthem.wtdmemalreﬂecnon
oeumifhglnwithnumdmmsmkuabqunduyandbmubnckmme

medium. For-whanﬂmmom.memduofreﬁumnoﬂhemedmmhu-

_ mummmmammeonmmmofm

boundn'y andthemglaofreﬂecuoumabeySmﬂ'suw For simplicity of
anﬂynrmeamﬂntthemuemlmdeﬂwwtvegmdewum,wnhm
mda:ofreﬁ'mnofom Themvmondoumreqtmthu,howeva and may

) bepneueedwnhmmlsothetthanmoumdeﬂlewwegnde.
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N | :&gggﬁasﬁs .ace.a_q a “critical angle”
ia___a!uﬁn:&os-unaga.ﬁugmﬂ__ EE@HB.E Oor 111, but for
n__u_u_.an_.noomvaa: Négsgwg%&gggios.
Prism 4 Fu-aﬁ_oaomamsnao -383.:8&3:-88%85.959«

s &a%&gs andray 110 and 11 111 are able o exit waveguide 40 and
enter prism 42 ?ggtnaus_anﬁvaa i@:ﬁng

. Séﬁssaea&_aaaéaa&iss%ﬁss
é&ggsggoﬁé_og >»n.3w lenters -
prism 42, it g%.oaﬂw«a m.n._gﬂ E&n.uoa-

10 reflection to make ray 11 gg%&a%ggﬂ_ui
| o 1!&85»&%:&.5!89?@533%3.&8 Because the
g!sg.rn!-gsgﬂa %%gﬁngﬁng
mostlyina ggsgigasaﬂ >§a_8_<s_ leads to
:sggggggggl&gés&
s _Easns&sagn&_sa asa ._.as&,_u__.sss
g@&sﬁsésﬁggsﬁaﬁgag
 arecritical. First face 11 14 preferably is zsaaﬁpgasasﬁzg
| ?éﬂg m..n. 3888_58..35-8@38_8&.5@!9
nsn_anwsaieaﬁ_.s Second face 32 need not be absolutely planar,
2 ggf&&gﬂgﬁggagggﬁn
_gaﬂ_ﬂg?&!g En_u-_olan!gﬂ_won
 merely substantially planar. Third fice 3 gsa&i:&sga_sa
| Hggggg&_ﬁngggigﬂg
- __.Eaggg,_si._ ts described. For a broadband light source, it
28 E&au.__.-una&&ans rﬂaa_.a?unaﬁ._ns.i
o ._E&E__.aag ﬂsgga?ﬁeﬁaﬁg
o EEE&& s_-s_isssoza., Q_..t.asg%
| © desired orlentation is that third face 36 has'a  region tangent to & plane
perpendicular to the desired light output direction, a terminology that embraces the



wossn3166 o PCT/US96/00619

-6-
pomhhtythnﬂwfacemgtnhephmrornnglnbealem Those skilled in the art
wﬂlapprecmethunothngmtmducumondmndsmypmhnlupetothe
fourth face 115. lntlulmbodunm.thecomolofthehghtoutptnwouldbem
onlyonevnewmgdnrectlon. Inaptefmedembodunau.however,founhfacells

] udsousedtoreﬂecthghtﬁommewavegmdewmmgthesmpnmplesasﬁce
32, Inﬂlemostprﬁredanbodunau,ﬂﬁthfacelzommmuzalw
reﬂectligl’ntnysmunsﬁ'omwavegmdew Acrousecuonvncwoftheprefemd
embodtmultofpnmuulhowanigsAAandﬂmdduclosedmdemlm
re&tmcedpamapphcmonsemlmmbuomz,szs In this most preferred

10 embodunuu.hglunyamvelmgmdnﬁ'aemdmmwulunmgmdcwwm

B enter prism 42 and reflect off all prism faces. This situation arises when multiple
hglumumuudorwhaereﬂecnvemuuuluqdambackmm
waveguide as shown in Figs. 6 and 7. This embodiment is preferred because it
‘provides for control of the light distribution, both in intensity and direction, about

15 twovuwmgmnmdyz,ulhwnmﬁg.zmmforeﬁum

" extraction of light from waveguide 40. Furthermore, none of the foregoing
mmmum&uanyofdwﬁeuofpnmummamphedp,xf
sonmm&cﬁhmuquuqformmpk.reqmmdmmeedge
comcuonbmﬁeabehevdqlormnded,tmm&mdepmﬁomﬁae

20  invention. In addition, it is not necessary that first face 114 and third face 36 be
parallel. Those skilled in the art will appreciate that in some applications, a slight
taper might be preferred to distribute the light output from prisms 42.

 There is no requirement, other than perhiaps ease of fabrication or
adaptation to a particular light pattérn, that all prisms 42 be identically shaped or

25 cvenlyshaped. As set fosth in the referenced patent applications, the spacing of
prisms 42 may vary over the expanse of the waveguide to accommodate the
distance of a prism 42 from the light source. Furthermore, prisms 42 may attach to
waveguide 40 in selected regions 50 as to only allow light to escape waveguide 40
at selectively desired locations as dictated by the application. Also, the angles of
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N 35. aazaas._a%saogso 10 yield more light at one
__ _.Ea_naasu_..z:s. aaaaasuﬁass%.anas.__
_ | éuﬂ&&uﬁgggg -
g&oggﬁéisggggogno
s -Soao!_ai&gsgno 5«-__38. g le to be able to vary
| an:ggomvnﬁ__u is_.gnoi-in_ﬁ_ 889.5@-_85
| Eggg Seﬁ.g 889-&8%_@ We
é:aa.?sagsas.iaaga_ﬁﬁ is equal to the
a&ﬂomgomtéogms__ Emsgﬁoéagon
10 .rn_.n.an.d_.-w-gn éﬁoSégSggo&Sm_oP
| Preferably, and in ._sn..a.  broadband light source, defined as 400700 nm,
gaggﬁga%-fgég For
g%&wggisgﬁ?ggsﬁ
B anc_:iu B-&ouggseggnsgg 36 and at
s s.awuegaa.ssasans qﬁgﬁ?%g__%
| Ssgsaausau_.a&sga.rgws 33 of waveguide 40,
Angle 6 is g&ﬁaggﬁgéiﬂﬁg
gu&n&ﬂg%g For a waveguide having light rays from all
angles from 0° to ©,, & simple relationship exists between the desired angle of the
2 light output © with the tilt angle,$, second face 32 forms with the surface 33 of
waveguide 40. Angle 8 =2¢ - 45 + 0,/2 where 8, is the critical angle defined by
Snell’s Law and equals sin”' (n/n;) where n; equals the index of refraction of
~ waveguide 40 and and n; equals the index of refraction of the material outside the
o waveguide 40 (for example, in the case of air, n = 1.00).. A similar relationship
25 @r%%ﬁi&.&gags.aa!a%s.
match. _
_ mﬁgﬁogﬁ.@g g%sn_ﬁg_
g??fsigg?gggg Inthe
gg?u«ﬁgagﬁg&sg gggggg laser,
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however, tlwaboveequ;tionformgleedoumtlppliybmusethzmedimlight
ny201snotrestmtedtomtthepnﬂn42uanmglepupmdmdutotheungm

" of the third face 36.

10

13

FlghhowultunmirépnmshipenZA,anord:ecrosmuonofFig.
1. Itshouldbeappremtedﬁomthmﬁmthuﬂwﬁmﬁeeofﬂwpmm
(coupledwuhthcwavegnde«io)uphmr bm&leseeondﬁeeBZAand?:ZBneed
mualybembmallyplmu Dependmgonﬁbncaﬂonuebmquuuﬁme
deuredﬁghtspﬂlpattmﬁemondfuceBZAand”Bcoﬂdbemedorcouldbe
Phwmmwmwmmwhomdwmsﬁomﬂw
invention.

Fig.Sslwmacrousectlonofapnm&mopm-leoopmonwnha
eonupondmgcomveleu” Aswoddbeobwws.lfmdnplepnmsﬂwere
mangedmanyspeuﬁcpntun.alun”woddeomondwﬂhuchpnm&.
Inwchananbodnm,thelisluoutpmdpnmﬂubmadawdtomhthe
mqwmnofthepuﬂmhnpplicwon. Foranmph,apnlmmthanmdexof

' reﬁ'acuonofus tbelidltotmduuihmonuﬁ-”degmumdapropeﬂy

'pouuomddo-t’ommelmmhuacomlm” would provide a greater

mguhnpmdtothehghdlmlb‘mn. Thuembodmeou!dbeudvamgeously

wmamummmmm&mumm
dmihmonis-o-l-wdew Alternnuvely scattering elements, either internal or

| mmltopnm42, maybeusedtobroadaitheoutpmdimibman.bm“ntha

loss of efficiency

' An.&éﬁieuﬁbddimﬁu'ofmmmsmummdinmswmch
melmmmmayofhglndlmngpﬁmummdtol
wwogmdomwlﬁchucmdlycwpldwuham“kgmm« such
uametalhulidehmp,uoneedgezl Thehmp«upouuonedmbuumallya
Eoullmﬂhaway&omﬂnedgemanowthefowudny:wmpleeﬁuemlym
waveguide 40. Pnﬁnblyhmp“dsoeompnmahg!nﬁltmngdmeeto
selecnvelymnsnmmdormﬂectvanousspecundeomentofthchmp For
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_ aﬁ.__. eganE%S ra_a-ss.__s?&_ﬁ_ua- provide unwanted

__oacﬁ_&i gggg , such as specular or diffusive _

_.&oos_.u..—om__osgo along edge 21 wamn.-zwn&ongng is
| 5955&58%833&8&&%%2&8 recycle light
L Saw-ownaoe!inn;og&ugaﬂ?gia _
?oaﬂegoasggomn__ng%g%iﬂé
8 §§§§$§€g%§§§8
ésggggggggt to uniformly fill the
~ width of waveguide 40 shown in Fig. 7. This embodiment prevents uneven light
10 %Eé&é!ﬁgsmggg:omg
wﬁaﬁﬂésseﬁa - Light source homogenizer 46 may be trapezoid-
._:_.&853_!6335; En.&asuaus._ , specular or

o R gsgaﬂ_ﬂgggggtg%gé—oﬁns

.a@a_o__u_ﬁ .—._.umn_n source may be & parabolically focused short arc light
13 source. )—B—%-—Ugoﬁnﬂggggg%

o E«Eégégg_iggﬁ

Fig.7 gg%:ﬁugagggﬂmﬂ The

- | sﬂansa_ﬂagtzﬁugsaan&f!si.s.sgaes%

 spot of light from the parsbolic reflector. -
20 m«ugsi-%@gssaﬁs?ge&ag

sﬁﬂ-&ig E!gggg uagiarﬁuﬁo
ggf%?oﬂ%&»ﬁogggg«;

| _ﬁ_u.s.a- -!__.&85 gsggéés
28 ?iia!gggg{gé
| Ssggagnﬁ?aaa&_ﬁ..sﬁag a fairly large area,
Bnggaluu_u E&gﬁggés Because the
| _.a._rasan.__.,i_.z.pﬁ.sﬁs-..a.? 2 mm, the tapered
| structure is needed to reduce the thickness of waveguide 40 so that waveguide 40
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~ has a thickness much less than dictated by the diameter of the light source. To

madnﬁzedweﬁcialpyofms&tofﬁglningothewavmidg,mimoluteor

- arcuate-shaped reflector 49 is preferred to avoid redirection of light back to the
- source.. Reflector 49 redirects the light that was not directly coupled into prism 48,

and through one or two reflections the light has additional opportunities to enter
prism 48. Alternate configurations of reflector 49 are possible as is known to those
skilled in the art. An array of negative lens structures 39 may be used to efficiently
spread the light output of prisms 42 to a wider distribution angle. If the diamicter
of light source 37 is dy_ and the height of the input fuce of trapezoid prism 48 is D,
a typical ratio is D : dy of about 2 : 1. Thgwavegmdethlcknmdwumuchlus
than dr , and may be 2 mm.
It should be appreciated that this structure offers previously unavailable

architectural opportunities. For example, the light fixture is quite shallow and so

because of bulky lighting fixtures. - Other benefits inchude improved light uniformity
aver two dimensions, less glare in peripheral vision of those in the space being
iﬂmmad,mdcim“ofﬂnhglumumbedﬂmedtod\emof
mmmtlmgappropnmlydnpedpnmmdlm. Furthermore, the prism

mummdmybemedmthewﬂetopmdemfmm
ilhumaﬁonmthmm

While one mmymmmhglnmu
discussed above, an aitemative as shown in Fig. 9 may be used. Here, mulRtiple
waveguides structures 40 may share a common light source 37. This arrangement

* increases the light efficiency since more of the light from light source 37 is directly
" coupled to one or another of the adjacent waveguides 40. Preferably, reflectors
“surround light source 37 to couple otherwise stray light to the waveguides through

one or more reflections. As would be obvious to those skilled in the art, additional
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~ waveguides 40 could be coupled to light source 37 and additional light sources
- could be coupled to other available edges of waveguide 40.
qﬂgséggggg n.i-&w:ao
88_.5-:3&8.95;8 gg.ﬂﬁnﬁ 3 and an additional
s éga 35-583@_&8 light source 55. This permits light
_ source 5 Scugm_oagauu For example, structure 53 may be
_3_84%8-88&._»8:335:8?_@:8:8« S can be accessible. Such

Boogggaig_guugcusu%i%ggan

S5 maybe at ggsggﬂggﬁog% . Another
10 gwégggs_ﬁog&gggag
. above the roadway. Here, light source 55 could be at the road surface. One

" advantageis Bnagnig.__og S must be replaced. Another
- ' advantageis g?i%w%&?ﬂnﬂg% One
. gggggu& a bundle of optical fibers arranged
.15 LBQB&S%%S ggggg?éﬁ&@
__ %égt_ﬁrg_ﬁuagggs& internal

. 38._._&8.__.5!5.. This could be usefil in automotive lighing as well
nggg least 60% and more preferably 70% of
2 .?igus%wgs.!%&ag
Fig. 11 shows a ggg&.ﬁs%g&.ﬁg?
illumination from the ceiling of a large flat object 22 ona wall. Most light fixtures
fiil to provide appropriste lighting for such objects. This invention allows for
 ssymmetric light distribution as required by this application. This is sccomplished
28 by selecting the shapes of the prisms of the film, and by selecting how many prisms
" ofeach shiape sre provided on the film. A structure 53 only “d” inches wide, of
| shallow vertical dimension, can nonetheless provide even illumination across an
object (e.g. a painting) that is “D” inches tall where D is much larger than d.
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What is claimad is:

1 An'apﬁwfbtdinéﬁngliﬂuinad«ireddimﬁon.m:ppm

a)  afirst waveguide having a first edge and & second edge opposed
thereto, said first waveguide having an index of refraction higher than that of its
surroundings;

'b) .wmmwummmwemmm
mdcxofreﬁ:cuonlﬁghuthmtlmofmmoundmpudhmam,mnd.
mmmmmmmdmmw«mwymu
with and sized to fit the first edge of the first waveguide; the fourth edge opposed
tozheﬁmedzeofthemondmwe.mdtomhedpdm‘mmpmﬁce,
said second and third edges connecting said first and fourth edges, said second and
mummmrmnmmmmmmu

¢) amluplm_nfpnmopnnﬂycouphdwnhsﬁecafmdplm

2. The apparaws of clzim | wherein the first and second waveguides are
integrally formed.

3. Anapparatus for directing light in a desired direction, the apparatus
comprising: |

Y amepﬂchmgmdgckrewphugmalightm&cmn
mmmm«mmm thomwndimoﬂhewavegnde!mmg
an index of refraction n,, the ratio of n, 10 n; defining a ratio r,; the waveguide
lumﬁmmlmndadu.

b) amluplicuyofpnmachhsmsmemoﬂdmmn
ng, the ratio of n, 10 nz defining a ratio r;, the ratio r; approximately equal wo 1,
each prism having at least first, second, and third faces; and
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) mmmummm'mmmum
MuMmeMWhkaﬂmm
and defines a tilt angle with respect to said first side, the third fhce of each prism

'anpmnmm:phnesbnmdlymmmmmm

4, mw«msmmﬁmmmm«m

. 'wwéguidcmpmlld.

s, | mmadeMthwmudmmwﬂy

btmdoﬂhmmal. -

Thnppmufdmswhumtbnhkdﬁudud:pdnuam
9.  Theappasas of claim 3 wherein the third face of cach prism is & concave
10.  The apparatus of claim 3 wherein thethird fuce of esch prism s an aspheric

11. Anappmﬁrmubmm. sciice. the &
ennpmag: o : : pperns
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a)  afirst waveguide having & first edge and a second edge opposed
thereto, said first waveguide having an index of refraction higher than that of its
surroundings; |

b) a second waveguide optically coupled 1o the first edge; and

s ¢)  amuhiplicity of prisms optically coupled with a face of said planar
first waveguide. ' ‘

) e

B



