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Summary of the Invention

Accordingly, it is a feature of the present invention to provide optical devices for
guiding illumination having structures on the top and/or bottom surfaces for extracting

substantially all of the light injected into such devices in a manner where the light extracted
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falling structures which alternate with each other along the bottom surface. Such ramp
structures and falling structures extend along a dimension parallel to the axis of the device.
The top surface of the body of the device is substantially parallel to this axis. Light when
received from one end of the device’s body is totally internally reflected within the body until

distributed by reflection from one of the ramp structures to exit from the device’s top surface
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provided in a housing that is mountable on a surface in accordance with particular illumination

application, such surface may represent a wall, step, floor, shelves, ceiling of a room or vehicle
(e.g. automobile or aircraft), or other application where illumination is needed. The luminaire
may also be provided with or without a housing, and mounted within a tool, equipment, worn

on a person’s body, such as wrist, article of clothing, such as hat, or be contained with a
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surface of the device;

FIG. 8 is another partial cross-sectional view of the device of FIG. 4 showing a light
ray diagram to illustrate in more detail the first limiting refractive ray, Ray 1, refracting
through one of the exit faces of the device;

FIG. 9 is a plot of maximum exit face angle derived for first limiting ray, Ray 1,
refracting through one of the exit faces of the device of FIG. 4;

FIG. 10 is another partial cross-sectional view of the device of FIG. 4 showing a light '
ray diagram to illustrate in more detail the second limiting ray, Ray 2, refracting through one of

the exit faces of the device;



ray diagramto illustrate two key limting reflective
ray interactions, Rays 3 and 4, at the front surface
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FIG. 18 is a partial cross-sectional view of the device of FIG. 17 showing a light ray
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0,3,£m0,5,he third and-fourth limting rays reflective

i Ny tion with the rise surface and . '

's[]]b’?i%%é%? Plogthoxdng Yhthge ﬁ'éﬂ )a@sﬁ to 1fujtratedhe splutiqsy space for
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illustrate the solution space
diagram for two of the ramp structures and the flat surface feature disposed between such

structures;

FIG. 27 is a partial cross-sectional view of the device of FIG. 25 showing a light ray
diagram to illustrate the second limiting refractive ray, Ray 2, interaction through the exit
face of one of the ramp structures;

FIG. 28 is a plot of the maximum riser (ramp) angle versus minimum exit face angle
limit derived for the second limiting ray, Ray 2°’, interaction through the exit face of one of the
ramp structures of FIG. 25 for the case of index ratio R, of 1.59, and different values of

parameters alpha o and beta 3;



efficient light extractions for the device of FIG 17
for the cases of refractive index ratio R of 1.4, the
wa bdocke®es reduction ratio a=l .2, and injectepCT/U§M7/003360

nunerical aperture values of 0.1, 0.3, and 0.5; FIG
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FIGS. 35A and 35B are plots of the intensity of illumination for the light distribution
for two different examples of the devices of FIGS. 4, 17, and 25, in which FIG. 35A represents
such light distribution of these devices utilizing ramp structures having ®gr of 20 degrees and
Or of 2 degrees, and an injected light numerical aperture NA of 0.1, and FIG. 35B represents
such light distribution for these devices using @gr of 40 degrees, O of 2 degrees, and the
injected light numerical aperture NA of 0.1;

FIG. 36 is a plot of the light distribution for an example of the device of FIG. 17 having
a riser angle Or of 4 degrees, injected light numerical aperture NA of 0.1, refraction index

ratio Rn of 1.4, for exit face angles ®gr of 10, 20, 30, and 40 degrees;



1.4, the thickness reduction ratio a=1 .5, flat

paraneter b=1 .0, and injected |light nunerical
w@p®@roesoe val ues of 0.1, 0.3, and 0.5; FIG 33PCHUS2007/003360
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FIG. 46A is a perspective view of a fifth embodiment of the optical illumination
guiding device of the present invention having ramp structures along the back surface of the
device for reflecting light through the front surface in which ramp structures alternate with
falling structures of the back surface to capture light transmitted through ramp structures;

FIG. 46B is a light ray diagram to show the geometry of rays entering a theoretical
optical element having top and bottom surfaces to il'lustratc total internal reflective (TIR) by
such surfaces; )

FIG. 47 is a block diagram showing one application of the optical device of FIG. 46A

having a light source and light emitted from the top surface of the device;



shell; FIG 42 is a perspective view of the device
simlar to FIG 25 in which the beginning input
w@oenrigi4of the body of the device is tapered POCI/UR®07/003360
| arger thickness in order to reduce the nunerical
aperture of the radiation wthin the device in the
thickness direction; FIG 43 is a perspective view of
the device simlar to FIG 25 in which the beginning
i nput portion of the body is tapered to |arger
thickness in order to reducé-the nunerical aperture of
the radiation wwthin the device in the thickness
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FIGS. 55B is another partial cross-sectional similar to FIG. 55A;

FIG. 56A is a cross-sectional view of an example of the device of FIG. 46A;

FIG. 56B is partial cross-section view of FIG. 56A, indicated by the oval of FIG. 56A,
to showing a light ray diagram:;

FIG. 57 is a plot of the light output distribution from the top surface of the device for
the example of FIG. 56A;

FIG. 58 is example of the optical device of FIG. 46A showing the size of ramp
structures and alternating falling structures gradually increasing along the length of the device;

FIG. 59A is a cross-sectional view of another example of the device of FIG. 55A;

FIG. 59B is partial cross-sectional view of FIG. 59A showing the device in more detail;



diagramto illustrate the transmtted ray angle qtrans
fromthe riser surface of one of the ranp structures;
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to gmax for light ray diagramof FIG 50; FIG 52 is a
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falling structure of the device along a prism angl e;
FIEfs, 8Pisa (}f? ol 1igth ohipG: diGEbRGIGTorh 8% BY striRe o?me' cféglce for
prismatl c sur ace versus the transmtted ray angle

the exasypde pEEKT-A8At hr ough the riser surface for one of the
I 318, &1 fs%BttﬂE: 0{ &f thd h%xtlohﬂ)m dis@Bu A5 @ %é){op Ehx@ace%% the device
FI GS. 54A 'ustrate |ight di

for the gxarpple tof EFG c5r96's§‘ vgl@elt themamP Firusiie semrathﬁe Ldﬁﬂlp?,aé Y reduced from

its mﬂ@t\ﬁh&evame drkife firdOAmpQtrhibihikésh ab @t iHRQast Binge stﬁxaaﬁié t l ons
E}J toe. S hacl aggmggtﬂv%gggg%% é} tger %ﬁ%%'lqr %‘%‘i(ejsﬁlgx ic eeggh ramp
strucﬁhf@ﬁe&-a&%ﬁg fuffate wgﬁiﬂnﬁﬁ into fufldigle ﬁ&’ﬁﬁéﬁ apidgréssivelyleeper angles;

AR AT -

structiavhasg risig dupfceshavirgt mmmmdsly \&epﬁ@dapq; riser (or
r faces 55B i s no rt| s
cHIES. LB R e o P B bl Bt s views
respectivd i -of e bptirahile wicesw aocfordance xdtinal sevayth érhbodimeitod taf optical

111um§‘| 80 glgfﬁmg%eg}icg g?%g p%es@?{lﬂregl Vlgl? ﬂzﬁ?x’?@é%t gggl%tuy%sga%n%fthe top and
botioghuwarrg ta distritte ﬂlayumhtlag fram theto@ susficeis a plot o f the
! 'I&&t 65’&%‘}5&%&&%%%‘ bt %‘ey&h@? thcﬁe &ﬁf&aﬁd’e‘vﬁ&%? FiGT 24 1|ﬂ%vh1ch

devi ce he exanp i s exanple

the pepiod and d@plhu q§ e gepi seectafes w@atéeyfa%ﬂfswwgvanﬁ%algn& thedgngth of
the dé@8Ragd ructures and alternating falling structures

gradually i ncreasing along the | ength of the device;
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cross-sectional view of FIG 59A show ng the device in

nore detail ;FIG 60 is a plot of the |ight output
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the present invention, a single optical device may have structures from one or more of devices

10a-f, as illustrated along the same surface, or different surfaces as, for example, in optical
device 10g. The optical devices 10a-g are composed of optical material, such as plastic, glass,
polycarbonate, or silicone, having an index of refraction higher than that of the surrounding
medium, e.g., material, or gas, such as air, so as to enable guiding of light through the process
of total internal reflection within the devices. As described below, on the surface'(s) of the
body of the optical devices 10a-g are surface relief structures so as to provide efficient light
extraction combined with control of the distribution of the illumination that leaks out of the
devices.

The structures of optical devices 10a-g may be manufactured on the surface(s) of

optical material providing the body of such devices by conventional milling, lathes or diamond



its maxi num value at the first ranp structure to zero
at the last ranp structure; FIG 62 is a parti al
wee@3mIwexrti onal view of the device of FIG 46RCT/IIS2007/003360
whi ch each ranmp structure has a rising surface
segnented into nultiple surfaces at progressively
steeper angles; FIG 63 is a partial cross-sectional
view of the device of FIG 46A in which each ranp
structure has a rising surface having a continuously
varying slope; FIGS. 64A, 64B- and 64C are top
perspective, bottom perspective and side views,
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conventional mlling, |athes or dianondtum ng. Such

techni ques may be al so be used to provide nolds for

Wherg ?ﬁ i ghei dimensidndifithe Bght-guide and NA, is the numerical aperture of the light in
the x direction given by:

) NA, = nsin(@ Ray—max )

Where the refractive index of the device’s optical material is n and the maximum angle of light
propagation with respect to the device axis is ORay-max. Equations (1) and (2) indicate that if

the dimension of the device is reduced, there is a corresponding increase in the angles of the

%



extrusion of such devices, or injection nolding and
then slunping or hot formng, such as to create
wWoooplgd? geonetries, or extrusion for |arge PCHUS2007/003360
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Optical device 10a is primarily provided to show the concept of the invention, and is
considered least preferable of the embodiments described since features added to optical”
devices 10b-e can provide out-coupling of substantially all the light incident on a front-side
while not increasing the numerical aperture of the light that does not exit the optical device.
Such output coupling decreases the dimension of the optical device while coupling light out of

the device in a predefined direction. The light coupled out of the optical device can have an



optical device without an increase in the angles of

the light remaining. This is inportant since it is
wo@Rdoenopassi bl e to reduce the dinension of theP@PUS®AT/003360

device to the point where it will either |eak out of

the sides on its owm or it will actually reflect back

toward the source. Optical design rules for the

opti cal devices 1l0a-e are presented bel ow for 100%

efficient coupling out of the intended surface (except

for Fresnel reflections). Ad3will be shown,

subst anti al | y all the light incident on the surface of
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stepS providing a stalr-case structure 11 along top

s Ufiagehauslightanhgeometiiewhire fight is ingé¢vtadrintecthalléwice through the
mputsé?:ﬁ(fﬁq: 168S T]% Hterpﬁ ra%tl%‘?@dé})\{ctgm fh@q} r%& sqg’& lgi ﬁg}}JaS %39% Ray ¢,

| ow, optical device a provides fro e out
and %awbl Thegay iabeled rayza lswmgmr'@hmwasd inrﬂ?mfig'erd teyarf ﬂ}ee%ltfé@? of the

optlchmtechl@a eﬂds %@mq;mg(%\( bf @ne]s% ﬁgl;'earld' rgﬂﬁctfné through the step face
di stri buted e front exit face 1lla of each of the

awayslrerp he wala?r@wﬁ%qeaﬁvlﬂsaww the devieg: Theeray ﬂa@ﬁledur@y b is traveling

paralig tthB dblidal L:86 1 26 U Bils WyliDbHdwaaEHYiddr dn AL b thdickit Fides | Bfhnd
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The e}dm‘é&fetrhyﬁabe]am Ehyl oSis Slosvad Reeathg|FbhE tqy@i-ﬁéam the Géviéd¥hd then
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I CES
accomliipstb Sneil’alldw;, aall thenhreentdrg e device almhtefracts ovardrite-r®indal. This ray .

c, upiﬁméﬁﬁteﬂﬂ% ﬂega%glg@ﬁ% g&v;&g aBAHIE s kgﬂ%@ %Hé st& o581 by the

device and will exit out the back face 15a in an undesxrable dxrectlon The structuring of

optical device 10a is thus not efficient for out-coupling light in a desired direction. Ray d
depicts the extreme downward traveling ray experiencing total internal reflection from the back
_face 15a. This condition for Ray d occurs as long as the ratio of the refractive index of the
optical device material to the refractive index of the surrounding medium is adequate to
support the numerical aperture of the injected light.
The conditions of validity for the reflections from the back surface 15a and any parallel
front surface 11b (or any other surface parallel to the device axis) to support total internal

reflection of maximum angle rays such as Ray d in FIG. 2 are described below.



Such out put coupling decreases the dinension of the
optical device while coupling light out of the device
w0 pooag/oproedef i ned direction. The |ight coupl ed pet/Uusf007/003360
the optical device can have anequal or |esser
nunmerical aperture than that of the |ight propagating
i nside of the device. This is acconplished w thout
violating the optical invariant (Equation (1)) by
emtting light through a substantially |larger area
(front surface of the opticht- device) than the area
t hrough which the |light was coupled into the optica
device (end face 16a). The front surface 14a of
optical device 10a has discrete steps providing front
endhestiried angle pf thegnfageds definel byur f aces 11b in order to
out-couple light and reduce t e hi ckness of body 16
(3) W thout using an angng:%a&anE%h t would increase the
nuneri cal aperture of the lig ropagating inside the
Vi ection of the optical device 10a is
wherg ﬁle rgt?acuvﬂrﬂ%%s?t 'I'%l s enbodi nent coupl es |ight out
whi | e discretely decreagi ngythe dinmension of the
™ device to ensure that rFé:Thlckness of the device is
reduced to zero, the nunericdal aperture of the rays
wherpthgyagaltlesmy, addirhi are thh ecfotiveatlicded the natraip] ofthe optical device 10a
e the case of an adiabatically tapered
and th sgﬁﬁﬁ %ﬁ@éﬁggY of this enbodinent is to couple |ight
out T mpxigun engle fox the light Maide opticeh deyfice Ha isgivar byir e on
the front surface 14a. Unforgt unat this structure
(5) 11 also allows soﬁgyggySmtﬁngépr:lout t he back
surface 15a. FIG 2 shows Ii geonetry, where
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Each fra[r@ﬁ]lt}&%rp 28 Kas an acutely angled riser (or ramp) surface 18a and an acutely
angled front exit face (or facet) 18b. The front exit faces 18b distribute light when inputted at
end 16b, and such light is guided in the device by totally internally reflected within body 12b
until distributed by the front exit faces 18b of the ramp structures 18. Optical device 10b
efficiently extracts substantially all the light incident on the front surface 14b (with the

}



face 15a. This condition for Ray d occurs as long as

the ratio of the refractive index of the optica
walea7oesonat erial to the refractive index of theCT/US2007/003360

surroundi ng nediumis adequate to support the

nurerical aperture of the injected light. The

conditions of validity for the reflections fromthe

back surface 15a and any parallel front surface | ib

(or any other surface parallel to the device axis) to

support total internal reflek¥ion of maxi num angle

rays such as Ray d in FIG 2 are descrlbeg bel ow. The
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view 6f tha Glohtvsrfabdlitha R8O ForthiEe SBLEL strqlfcl:ures p&.h’g%%ﬁ? and the

d the nedium respectively
exit gﬁ’f&ﬂgg 10&%’1?%% aglgte fPrdisrantogimansio biestfecdvd OBhis acugé megxe is

necelssary w ol thé shitcoRfingsio? ﬁllephEeh %eﬂb@?ﬁ d §the ﬁps% mﬁ&? ment

ected light rays (in air) e nuneri
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b there is
repr%h%%&gi‘/ %‘:‘ Iogg?;%‘%%??] utigllt o5 LSRARHiNe Buthe indemalieG aLisa2b is
Teprdsemied as @gd THeithickdss bﬁb&@ng %ém%@:?eiéhqkﬁqg quéet%éil 8 109 the bottom

th on the
surfa%e %lg&se Iiair}f(l:el a glggc F&@ﬁtl‘ﬁéﬁ%p{a]a el dspipce B3N, dngton| SirfaQe 15190
subs@mt;allyrm aj:d parEIMl vt thé Bpticd EMi€ E7b1 B pdvRILP &Qéjltmtgxt}ng’re ection for

dit
all raé@%ﬁeétéh %x t%e ' ot é%/?%wgys sgc{v;cgﬂ mqglgé&?shﬁog 0B Equatlon (7). All of
the llgbblpéiﬂﬁnttohehfnﬁrmrekilahrf&[éﬂlsb Hﬁrﬁb@cfougﬁid%% @ﬂhl}ﬁt%@lné $he light

reent@xl &Ihtcglddelvﬂ:e lbglL asin 316 ecra ‘%Zéé'fca(%tf? fa ot aﬁtaqal flcau@ U)a This is

port nurrer | cal

accomp shed avithi ramp sopdtinedls hj@h‘d)r%ﬁy Leamlﬁﬂgétheg;?&ﬁqéﬁ%%%ﬁ& Ok, fora

glverI ‘Fﬁ’“{‘ﬁg{%%@k%el‘“\ dtﬁ( xa %g;%v%gn#gd'@t éﬁﬂy 111 easex herg pilitalight is not
extrag;g@,, itis pogrible ta epgimirethetdevistigpbit thd Rlyakefiddle b into the optical
devick 6161) W?l? Ih%% rgélg%? grég% ch? glpref(g'g éeéiB?R]egIhg %%flsgt?vrﬁ:té):ﬁ)xfnegnpaltagérture of the
remaxafréslgg%f L ighiesan dingcilsexihibenptic@bidvica 108e8yi reRackiB thidSgifthe exit
face 130Cyr the hgﬂtfcaﬂ %ﬂe@?ﬁoﬂqﬁcetrob %k th\éﬁnspr 188asa%<ri Itheen re;ract through the exit
face 18b. In either case, light is coupled out of the optlcal device 10b through the exit face
18b. Only rays that were propagating upward toward exit faces 18b of ramp structures 18 are
eligible to be coupled out since horizontally propagating and downward propagating rays never
interact with exit faces 18b. This means that only half of the light is out coupled with ramp
structures 18 and that the numerical aperture of the exiting light can be less than that of the
light originally coupled into the optical device 10b. The optical invarjant (Equations (1) and
(2)) is preserved since light is emitted over a larger area than the entrance face 16b of optical
device 10b.

The free parameters for designing optical device 10b are the riser angle Og, the riser
length Lg, and the cutback angle of the exit face ®gr. The length of the riser surfaces 18a can
be reduced to the point where they are barely discemable to the human eye, providing an
extended light source with predefined angular spectrum of emitted radiation. The riser height

H is a dependent variable given by the relationship:



repeating (or periodic) acutely angled ranmp (or
ratchet) structures 18 along front surface 14b. Each
WO 200p/ogtosuct ure 18 has an acutely angl ed ri serPCDDS2007/003360
ranp) surface 1Sa and an acutely angled front exit
face (or facet) 18b. The front exit faces 18b
distribute light when inputted at end 16b, and such
light is guided in the device by totally internally
reflected within body 12b until distributed by the
front exit faces 18b of thé6ranp structures 18.
Optical device 10b eff|C|entIy extracts substantially

all the light inci de _9n tgg ront surface 14b (with
(®  theexception of Fres eT PE2%) with each ranp

structure 18 having its rlser surface 1Sa angl ed away
just -before its exit face

s angl ed
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structures 18 and that the nunerical aperture of the
exiting light can be less than that of the |ight

wo@ediogiossald y coupl ed into the optical device 10BCT/Ukm®07/003360
optical invariant (Equations (1) and (2)) is preserved
since light is emtted over a |larger area than the
entrance face 16b of optical device 10b. The free
paraneters for designing optical device 10b are the
riser angle QR the riser length LR, and the cutback
angle of the exit face QEF--1The length of the riser
surfaces 18a can be reduced to the point where they

(@) are barely di scemablg L@ the h n eye, providing an

~ extended |ight sourcé” wi tHt edéfined angul ar spectrum

of emtted radiation. The riser height His a

dependent, vari able givyen by the relationship:(8) H= |,
The {1l gt oy enfh e igaurecip B s b A EtieahidecH, e perial of
opticaludeviree 068b is to either: a) Couple |ight out of the
device; or b) Recirculate the reflected |Iight back
into the device at an equal or |esser angul ar
(10) nagni tude than its@Ligbpal \wbue, . This inportant
feature decreases the nunearical aperture of the |ight
propagating in the device. In order to do this it is
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e SRR GPORIAEl S g B pton 0 a0
anfyt b noafdhese exaamarwpveArd Bevalipe ravsidadt cxmsTienre tefa] internal
refledtR@tat 1RRx@fadeBbS tihikCdondiBord 8an BeBkpreséed asRAQintTBYH Me¥kit face
angl e ray propagating at Ray-ma a s defined b vy
angle=quatjon (5). Ray 2 is the nost downward traveling ray
that is directly incident ont e exit face 18b w thout
reflecting fromthe riser surface 18a. In these
() ¢ gures Ray 2 is a Qng friffcaﬁg@ey-mr o traveling
parallel to the axis 17b and incident at the bottom of
the exit face 18b. Conditions are inposed on the exit
Rewritipgpthisghequnbityaisigithe defuftionk for thedritivet andayaximporray angles, yields:
exiting the optical device 10b, will reenter the
opti cal device through the subsequent riser surface
12 18a. FIG 7 sho two cpdes o f_ fray hat under go
(2) total internal PetFBETIGR (TR P Hg="f|ser surface 18a
of the structure 18 before hitting the exit face 18b.
These are rays 3 and 4 in FIG 7. Ray 3 represents the

Cage WAL EmidG ¥ b G Pt’i’x?srlfr}r'{' i d S inoWi |
' aﬁréﬁ ely}% are sugﬁyﬁé% Sfthg ref elclﬁéggr éyo %gh%w%lélga r \%gor
variophgtleesaidhd mdeandb) Ry. df theiekit ifavg angle Grpidlosw thin thhealexd plotted
for a kR niElia Sl Qe ihdbxSEALE 2! Ay
“Rits t s %’o_t Pom %gﬁ R ‘g&et'_ gty _ iyt Yk bngtod v,
Ray I v giot ¢xparioneetible] intosnl rafeting ehthe lesit ot sorfaceri@bt Hénit s loose
constPfind 38 allb®€ ForSHmt AL ol BRuaBAY th? sélﬁa{o%_%?@ﬁesexti cé@-Back angle.
where the numerical aperture of the light and riser
Convgﬁp*yagéhqwleaqutb@ exit face 18b is increased to the point where some or all of the
rays incident on it will experience total internal reflection then the rays will be directed toward
the riser surface 18a and will then exit the light guide in a direction angled back toward the
source. This condition will allow the front-surface structures 18 to be used to create larger
angle illumination. The device can now illuminate a substantially wider range of angles.
The next design rule for optical device 10b is derived by considering the behavior of
Ray 2, such that relationship between angles @gr and ® such that Ray 2 does not reenter the

optical device through the top of the subsequent riser 18a. Ray angle nomenclature is defined



such that the ray reflecting fromthe bottom of the
riser surface 18a will travel upwarrd and hit the exit
w0 ae/098w at a non-zero hei ght HRay. As the rePCEUS®A7/003360
ray angles for Ray 3 an<3 Ray 4 interaction approach
zero, these two cases becone degenerate with both rays
incident at the bottomof the riser and their
reflected counterparts incident at the bottomo f the
exit face 18b. Referrlng to FIG 8, the first design
constraint on optical devicel®0b can b e placed on the
exit face angle to avoid total internal reflection at
in FRR 18N [ crease th angl e or
e Pogee MmOl FE R pAREE b AR RIRE a1 7heihe Py iliecpron 0. The
expression fag the dnqidgpt pﬁym@pbgaﬁqmgloat@)t Ihaeomascl nmum upwar d
angle ay-max will be incident on the exit face 18b at
|l ess rlhan the critical angle for optical naterial of
¢ )optl cal device 10b. Fir&, =@sing the nonenclaturre in
FIG 8, the angle of incidence of the ray, relative to
the surface normal, is defined as:(9) , (r) + (r) .
The FivarghgBea: of a taythalesfstd throu @l terRer st@fabeléaeé %m&h@{éah@tﬁg
sneifbtfdcal angle of the optical material of optical
device 10b: where the critical angle for optical
device 10b is given by the fornmula in Equations (3)
and (4). At this int these extre upward traveling
(14)rays do not exper %&woea’tc%‘f‘ n*SH’t(@vngEI reflection at

the exit face 18b. This condition can be expressed as
J EF - critical

Eua%g( t. on he exit face angle: \ | ‘
q 9%&” HFFHPS B hangle rﬁ%ﬂtratq the surficp gotryd. The new angle of
propajpfiomidlativeso fixds 1¥hR: criti cal and maxi num ray angl es,
yields: (12) To visualize this constraint, a plot of
this limting condition is shown in FIG 9 for various
(15) val ues of the |ndexgat|cg Rn af the exit face angle
EF is less than the val‘ues pI otfed for a given
nuneri cal aperture and refractlve |ndex rati o Rn, then

This hé’l’e aﬂ@é‘ bf%%ﬁb%ﬂgbﬁ gmﬁﬁ% la thi! nser ga Oé‘)g erlen refgs:r optical

d f) i nter refection at eext
e‘”"?ﬁ Randsrefragtdp an anglp hat isilsrgerthah ¢ drigisal prpagﬂi’&h @Rl OB avoid

this chaditidighe nkw SiRdreel QP reQhird cui - bac
angl e. Conveptrr(ggﬁ |f%tehere§nlé% %l%)i%'l%grtggn fheémserangle;
is increased to the poi nt where sone or all of the

(16)rays incident on it wigl er@rl ence total internal
refl ection then the rayS %'l "be directed toward the

riser surface 18a and w || then exit the light guide i

Substﬂutﬂi tﬁg gér%&\%nﬁ@ilnﬁﬁnp qﬁ{reﬁa?x 8slhm LJ e]e%g Eagllg?rl'%gi;a@g thegexit face

COﬂ

cut-back aB@edéléﬁs 0 create larger angle illumination. The
device can now illum nate a substantially w der range
of angl es.

a7 arcsin[R, +sin(@,,)]- 0, > 6,.

When this condition is satisfied, the extreme Ray 2 shown in FIG. 10 will exit through
the exit face 18b and never reenter optical device 10b. To demonstrate this relationship
between the riser angle and the exit face angle, a plot of the riser angle versus the exit face
angle is shown in FIG. 11 for various ratios of the refractive index of optical device 10b to the
refractive index of the surrounding medium. This plot shows that the exit face angle must be
greater than a minimum value for a given riser angle or conversely that the nser angle must be

less than a maximum value for a given exit face angle. These curves provide a limit to the



The next design rule for optical device 10b is derived
by considering the behavior of Ray 2, such that

w0 edoanvomshi p bet ween angl es QEF and QR such tPEr/uRaY7/@3360
does not reenter the optical device through the top of
the subsequent riser 18a. Ray angle nonmenclature is
definedin FIG 10. Since the limting ray is paralle
to the device axis 17b, the ray angle Ray = 0. The
expression for the incident ray angle in Equation (9)
becormes: (13) (c) = (c) The-¥kit angle q e it of a ray
that refracts through the riser surface 18a is

luficd §pabd bR Highs - crp =y QT CSI n .
e A ISR PR A ety Bl . e
the sgﬁ:&pgs ebdey pad teghe Hghtsaftheawevasinaredsing Fherefimuti anigliex afio, R,

incrab&NBESL SMsohRlboAlpag, t0 axis 17b is: 05) Qfl _0U = Q
- Thi s new angl e of Qropa&;tion nmust be | arger than

. 0
t WEOVCOBYder by @St foramis thayetieet off theatser  Saomidithed exitattioogh the

exit thOb 18118k shetvh @t Rdya 3amd anghen Rl S P‘o?‘g@se&is&ﬂgﬁ It Stetailed
To avoid this con Iltll on

. originpal pr.opagat.i on_angl e.
d‘ag‘taﬁ‘egflr%&ﬁ/"&%dﬁ@b’%ﬂ ‘Bﬁ“énbf &IeEe 3 Betigeaerat Reyvkinteragtion is shown,
The filstimtér@ioniof €t 1RAQagis inkBNleckion frofthe AYQSIRL! thi R 8 on 2 new
dkaﬁﬁkgK%H% definitions, the relationship between the

rser an§1e and the exit face cut-back angl e val ues
is: ( 17) arcsinfo *sin(Q)]- QEF QR Wen this
ag)condition is satisfied, the extrene Ray 2 shown in
FIG 10 will exit tRreddftn@mxiit face 18b and never
reenter optical device 10b. To denonstrate this
relationship between the riser angle and the exit face
If thedﬁﬁgjl;%‘ﬁ?léerﬁloattheoﬁxnt faee 18bsibwilbergiple quebﬁomichi_‘ubvﬁ?é;mb fﬁa@ Eofract at
ana in f Ok . varj ous r os of the
) ,n?ef rgrg%?l\t/e? i'ndé m"()fIL Doqi)ett?]rg:ngge téles\?ln gle HIOSDUS?%'II fqygpresent the angle of
ncidgnee oz the g6t fagrikSb with tespecs torthe uortiah gf e diitifce Bkt s pl ot
shows that the exit face angle nust be greater than a
m ni mum val ue for a given riser angle or conversely
(19) that the riser angl e@us®©erbess than a maxi num val ue
for a given exit face angle. These curves provide a
limt to thesolution space for high efficiency output
Thenoeing Sy’ stlhw thighhgld WRe fisHR Rbhnshi : ince
the edit ¥ 8cSQL UL QNS | i eg. bel ow éand to ﬁﬁ%ﬁxﬁ%gﬂ?ﬁ%?ﬁ?ﬁge ?:S/i}fr}\’feesgea to
I nCreasl gwﬁﬂgnpgfractive i ndex ratio, Rn, increases
the size of solution space. Now consider the case for

(20) "ays that reflect off the riser 1 and then exit
through the exit e YSH s S0 Bull for Rays 3 and 4
shown in FIG 7. For this discussion the detail ed

The exit ray angle with respect to axis 17b can be expressed as:

(21) © =0 —-@EF

Ray~our exit
With the expression for the exit ray angle, the condition to prevent the ray from reentering the
optical device 10b can be defined. If the reflected ray angle is small enough such that a
reflected ray from some part of the riser 18a can hit the bottom of the exit face 18b at @’,, <0
then the extreme angled ray will be incident on the bottom of the exit face 18b as for the case
of Ray 3 in FIG. 7. After refracting through the exit face 18b it must possess an angle larger

than the riser angle to avoid reentering optical device 10b. This condition is given by:



diagram of this case is shown in FIG 12, where a nore
general Ray 4 interaction is shown. The first
WO paogogsosd on of the light ray is in reflecti onP¢T/O800T1@3360
riser 18a. The ray takes on a new direction given by:
If the ray is incident on the exit face 18b it w |
coupl e out of optical device 10b and refract at an
" angl e represented by 0 Ray-out- To determine this
angle, it is useful to represent the angle of
i nci dence on the exit face t8b with respect to the
normal of the exit face as: (19) @ = Q + QEF Then,
(22)using Snell's law the - gle>ofa the light transnmitted
through the exit face w®tr“respect to the exit face
normal is given by: (20) Q,., = arcsin [ sin(Q )]
e exit.ray. angle wth respect to axis 17b can be
Conting {atsip-hin? By inhppiar TR endbusinshedsiians wbre forthe ay
angle lie Equeition (B)ythe regd tivnship Redee4agl fol defind Qn&ﬁ&\ﬂ%B%n pREmERY fpr optical
devig%%q]{s.eenterl ng the optical device 10b can be defined.
IT the reflected ray angle is small enough such that a
reflected ray fromsonme part of the riser 18a can hit
t he bogtom of t hg exi.t face 18b at y<0 then the
D extr err&g R‘a’ﬁ‘gl_eadrcsr'r§§" ﬁflf’qz* T @byd@nf%mﬁat‘lﬂsrb%%om of
the exit face 18b as for the case of Ray 3 in FIG 7.
E uaégot gé refracting through the exit face 18b it nust
quanen Vs the <Xpesson for § &4y reflagicd of the riser sufigk 484 adadhing
througheth¢ etit fage 038 410R bl 68hd B8 £2I04 Sb. CONG thi Qfel 5., 81 XED:
an Ib}/s: %2225 % , % Conbi ni ng rel atz?gﬁ%hl;ﬁ@%%g{eﬂlﬁ}%ﬁ%’ the Hiser
BIES IAEF SRS Fush hatihe exEpmesangls ray 69kep-mixt feflgeting afethe dpttom of the
risertshifadedBa ARYA ﬁodlﬁbeﬁ%gﬁt(gt@cﬁ%ﬁéheh% l';(ﬁlltaatt nc%ﬂiu? y is incident on

thennecestsarE‘geat/io define ano r“desi gn paraneter
Opt TUERFC AP Bleari®kpsifer Reypdin KG. dand H0)arkhedieight of thé Bay at the
exit fgte B8WRayivenQfF )] - QEF Q. Equation (23) is the

expression for a ray reflected off the riser surface

18a and refracting through the exit face 18b at the
(24) bottom of the exit face A8Pppid, yon the other hand,

the riser angle is |afge enough™stch that the extrene

angle ray (ORay-max) reflecting off the bottom of the
wherb H&ShHnHEhARS - ositiv ngl e Ray>0), then

_ the%gi nt at y%?%w%?’%et&r%?}%%s ﬁcﬁ‘@ﬂ?ﬁ %ﬂ{elégeﬂqérer 1ggiee Ly to the

exit fagf ke dhe g vl gl sligh(ln dess than Rdy didtance, Fbﬁﬁe appraXichation is fairly
accurhf$)for %Hﬁnﬂﬁ%%ﬁ?ﬁl}l‘%ﬁ ERE Efé{@ﬁ%eg%?%yﬁi(e' doniBRS tad H]el xit ray misses

iven by: ( . = )
the to% of the su%sequent riser 18% to avoid reentry into optical device 10b is now given by the

expression:

(25) L, * tan(®,,, .. )2 H -~ H

Ray *
Using the definitions for H and Hg,y this last equation can be rewritten as:
(26) an(© 1, )2 tan(®,,) — tan(@}, ) .

Where the definitions in Equations (18) and (23) for ®,Ray and @Rray.ou, respectively, still apply.
Equations (23) and (26) impose a lower bound on the relationship between the riser surface

18a angle and the exit face 18b cut-back angle. To visualize this last design condition



where the approxinmation arises since the ray does
actually travels the entire distance LR to the exit

wWo 202/0982 The ray will travel slightly | ess tPerUS0%E003360
di stance, but the approximation is fairly accurate for
reasonably small exit face and riser angles. The
condition that the exit ray msses the top of the
subsequent riser 18a to avoid reentry into optica
device 10b is now given by the expression: (25) LR
*tzn{QRay_OU,) HH Ray . Usi®§ the definitions for H
and HRaythis |ast equation can be rewitten as: (26)
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sol ution space 1s bou Fom
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of thegrigindlabiekAdl ofithgloptist dendcdf 0bl SodBHAESEmMple of device 10b whose
thickness is Smm, the exit face 18b height H may be in the range of 0.005mm to 0.5mm. The
length of the riser 18a is determined by its angle and the riser height H. For the current
example this would mean that the length L of the structures 18 is in the range of 0.01mm to
Imm in length. These are approximate ranges and operating outside these ranges is possible.
For example, larger structures 18 will result in coarser, less smooth, illumination, while smaller

structures 18 will produce smoother and more even illumination closer to the surface 14b of



and the riser surface 18a angl e val ue of approximtely
10 degrees. In another exanple, an optical device 10b
woreap7ioesopy ovi ded in which the refractive i ndexPCHUSOT03360

1.4 (Silicone in air), as depicted in FIG 16, the

exit face 18b angle is ~24 degrees and a riser 18a

surface angl e of about 10 degrees. The ranp structures

18 defined by these angles repeats along the top

surface 14b of the device to provide the optica

device, such as shown in FI€2- 4. The dinensions of the

exit face 18b and riser surfaces 18a are typlcally
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surface and all the light exiting the light guide is directly incident on the exit surface. All the
light will emit between the exit-face and the compliment of the riser surface angle, or in this

case between 30 and 80 degrees from the normal to the axis of the optical device. Once again



structured to nodify the angul ar spectrum of the rays
fromsuch face. As will be described bel ow for opti cal
walea7oes0d9Dc of FIG 17, reduci ng the thi cknesspP@f/US2007/003360
optical device fromend 16b to end 19b can be used as
an alternative to coupling the remai nder of the |ight
out of the end of the optical device. In another
exanpl e of optical device 10b, referring to FIG 15
the center of the solution space for NA=0.5 and Rn=Il.
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.951 i’tfeaftok&W— eyenitlikriptical deyiceol{d, thahigisiess of the bbdyel2c of the
opticahdviceQR¥dNcelE ghr® & raddt WhicE Kt if @&ffi,le%nf&'t St EToplhl device is
contoRIA SBS; alsQa[lh\'/‘S c%ge the riser surface angle Fs
ar ger P RSR 2R ibe PERhisagr cavgline s remeinmeilighhent of the end of
the dkl:'@ptz, areanowcwfin Iﬂiaegsl&t:qrfdh@iiboﬁ_hgerﬁ bﬁ@ﬂg_ioawé‘v?&qw.n% Lductddhe
thicknk&3 Y d I ght gul s directly Incident o
kb e el E 1 ¥Rl R0 apbfanGnty sl Brviebhiophiged from
s PRGN e O kb IEal 23 UEIGS i cross
secticidl vew &¥thd £ (= : .
the normal tot héfa%?(s?lgcofe ‘%ﬁ)@g%%?if"élg‘f l(gcevﬁb" eighf egthe exit face,

Her. iggatanehle that ggno Josgaminetthdrelatedzao Mustidey s BRI the relationship in
ion direction of

Equatli ti | the pro ati _
aualoh 85] R0 Bih 8 2BY coniny HBTIEE bowityera 3pd pecvard at the exi
face gngld @ todke wxfit face Miight FRrbadessanis: of t he present
invention is shown. The optical device 10c has the
ranp structure 20 along top surface 14c having riser
@7) (ranp) surfaces 20a andexit« fraces 20b. Ranp structure
20 is simlar to the ranp structure 18 of optical
. dgﬂvi ce 10b, however unlike optical device 10b, the
wherg the dimes®ontss sdading paimER€ a18ha {8 | ' | .
reduced, and the ?gte at icﬁbl igﬁa‘i‘\‘?hég‘%ﬁgs‘ﬁ?@d&?
the optical device is controlled. This also alleviates
(28) the probl em of coupling ghe . remaining |ight out of the
end of the device as can occur in the second
.. enbodi ment of optical device 10b. By reducing the
With thiagditien of tis thivénap réduationd éheirse al Oich@he Biknads o?RE optical
device B is $aHRSL AL L r'eQJeld aL_he light inputted fromend 16c
can be extract eo? romexit surfaces 20b of ranp
structures 20. FIG 18 is a crosssectional view of the

(29) front surface, st ure of optical devicel0c. The
hei ght of jt?él*‘?evex{a?gﬁtc aggg,lgHé ﬁ‘ni&ao()é"rt? kdli*t hat is no
| onger directly related to the riser angle QR by the

r ﬁllearidagﬂénll £Zx)' sdaled by the tangent of the riser angle, ®g, acts to introduce an

effective slope relative to the axis 17c of optical device 10c. Since the Ray 1 interaction

depicted in FIG. 6 is identical for this device, the constraint placed on the exit face angle, Ogp
by Equation (12), derived for the Ray 1 interaction, still applies. The constraints defined for
rays Ray 2°, Ray 3°, and Ray 4’ for optical device 10c are determined below in connection
with FIGS. 19-22.



Equation (8). Instead, the exit face 20b conti nues

angl i ng downward and backward at the exit face angle
wOXB7Mes0she exit face hei ght HEF expressed as:PCRUS20bEH3360

a H, where the dinensionless scaling paraneter al pha

(a) is introduced and is constrained to: (28) a \

Wth the addition of this thickness reduction, the

rate at which the thickness of the optical device 1Cc

is reduced can be expressed as: (29) Effective-taper -

angle = arctan[(l - ) * tanf¥c) / )] . The quantity

(1-a) scaled by the tangent of the riser angle, QR

actl¥Gt P HokWsRUR fve. - . relatjve.to. the

axis 17c of opti %a?ﬂgggaifcggﬁ lfooj).n%éicb%glge t‘f {%% 'Hg&lqﬁmg%ownward

refracting raynapbe topnes @k W:FIG 6 is identical for this
devi ce, the constraint plac g on the exit face angle,

(30)Q EF by Equation (1:»2,)0),=d@|fdn§ 1; he Ray 1
interaction, still applies. Thés;constraints defined
for rays Ray 2', Ray 31, and Ray 4' for optical device

10c are determ ned bel ow in connection with FIGS.
wheregthe HlefghtH iy stilk fedinsd bl EqRatjon 1). Udth@the Gefidifiohd o Bt 40,

Equ#t®i (88) ch®e rdiSitdn 45 t 1 Ng downward refracting ray may
be sh%)vvn agrRay ‘{Jya[pl (30) q arctan H~ H. L where
the Height His still defined by Equation (1). Using

@nthe definitions @pr&rgﬁg[(ﬂEg%*%ﬁ#tﬂon (22) can be
a R

rewitten as: (3I“&Xay = arc “a ) *tan(q fl
)]. This is the same as the effective taper angle
el uagion (29). Since the Ray 2' is traveling

This oﬁ&%‘% ?SE&H S%fjaﬁ’dleéap&} angle gyembeEgyation 29 apincs teg Ran2” is
travelipg dp8@yard, Be-anile-of iRideged sFahsAGlid gised B and

definitions previously defined, the expression for the

angle of the ray exiting the device 10c is: (33)
BGDRiy-OM= arcsin [Rn@, z@gctep[(l - a)* tan(Q)]]}-

QEF . This exiting ray nust not reenter the optica

device 10c so its angle nust be greater than the riser

Usingthgl Seiell s34y afd 8SHGER pleviduslyAEhba - th@)e;prgsas%nC%o)' ghle}a;)glg of the

1ay e;vrcitiﬁg %e%evice 10c is:
(33) ® poyou = arcsin{R, * sin[® g+ +arctan|(l ~ a)* tan(®@ )} - © £F -

This exiting ray must not reenter the optical device 10c so its angle must be greater than the

riser angle:
(34) arcsin{R, *sin[® . +arctan((1 - a)*tan(@, )}-0,. =0,

Equation (34) is the criterion for Ray 2’ to exit optical device 10c and not reenter through the
subsequent riser surface 20a. If a=1 then Equation (34) reverts to the expression in Equation
(17) for second embodiment optical design 10b. The solutions to this relationship are plotted
in FIG. 20. As the parameter o is increased, the upper angular limit moves down, narrowing
the solution space. For the case of o =1.3, the riser angle must be less than 8 degrees for an
exit face angle of 20 degrees. For example, an 8 degree riser angle for o =1.3 provides an

effective thickness reduction, as described in Equation (29), of about 2.4 degrees.



Equation (34) is the criterion for Ray 2' to exit
optical device 10c and not reenter through the
wamseeeent riser surface 20a. |f a=l then EquetT/o82007/003360

(34) reverts to the expression in Equation (17) for

second enbodi nent optical design 10b. The solutions to

this relationship are plotted in FIG 20. As the

paranmeter a is increased, the upper angular limt

noves down, narrow ng the solution space. For the case

of a =1.3, the riser angle-B¥st be | ess than 8 degrees

for an exit face angle of 20 degrees. For exanple, an

8 i . = i i V-

¢ Stk LR PRl 6 08 RSP ANGAER A B fithlolin on
the fighioface 200ifog epticad devivrel A¢ewill grawdisrdssaribedt Fomthioshistugpjon; FEG. 21
show o 1RAP HRELLB LY GHe LA dral 3., bR IR Flc@B0B R dilkh by te

front-face 20b for optical device 10c wll now be
expre§@8er i bed. For this discussion, FIG 2 1 shows the Ray

4 ' interactions. The height of the ray Hray at the

exit face 20b is given by the expression: (35) H Ray =
(35) (H EF -H + LRHanE@He- >)H) + dpetan(@pgh again this is

an approximate rel ationship. The constraint that the

exiting ray nmust not reenter the optical device 1Cc
wher€ ancedugamapit iaseshpaskiinb@ trelhtiehshipy Thel 8énshaink ehdethieRRiting ray must

not r%?éié% tmgno?p%c;lggy]lcle Epc?gﬁqtbgf}eag%isﬁg ot ok h%e{mhsﬁ 0%t Xl neisht of
the tiplef theistibsequeerit dsertd0and H ay this condition may be
rewitten as: (37) tan(Q _OH ) > (2 - a ) * tan( Q)
- tan( Qa ) . This equation reverts to Equation (26)
(36)for a=l, or no tHi.ckas€s,eladi i-di,, This condition
applies when the position of the ray at the exit face
20b satisfies the condition: (38) H O which neans
Subsfitd@ihg RidSfihSioh$'or ReyhdHr,, thi¥l baitibh @fiy bEhérigeudl tion
can be expressed as a condition on tge refl ected ray
angle 0 Ray: (39) tan( ) > (1 - a ) * tan( QR ) . For
37y the Ray 3' iwmh(@r.act o Lhe« {aye angdlageé's ysuch that it
( )does not satis(ff”yf"ﬁl)swrelchti% en %G?ﬁé")?)ut put ray
angle (c)Ray-omw Il need to satisfy the condition:

. (40). ay -9u - The ut ray angle Ray-out is.once ...
s il b Pt 88 Ritech gt ARG fiion, Pprpehgion
appli€) whemth¢ podifion &f-the JayBF the @it e @0h datisfienthi moldjtia:i on

(41) is identical to Equation (23). Equations (37) and
(41) together formthe | ower boundary condition for
(38) the solution space for #gl.ecéing paraneter for optical

which means that this is the Ray 4’ interaction. This condition can be expressed as a condition

on the reflected ray angle ®gay:

(39) tan(®,,, )2 (1- @) *tan(®,).

Ray

For the Ray 3’ interaction the ray angle is such that it does not satisfy this relation then the

output ray angle ®ray.ou: Will need to satisfy the condition:

(40) ®Ray——ou1 =0 R"



device 10c. This boundary condition is plotted for

index ratio Rn=l. 59, a nunerical aperture of 0.5, and
wQ 20070949 al ues of a in FIG 22. The paranet er PEI/Uusm®87/003360

not strongly affect this boundary condition. In FIGS.

23 and 24, the three design constraints for optica

device 10c are plotted to show the solution space for

several values of the paraneter a. The sol ution space

can be conpared with that fromFIGS. 13 and 14 for the

same index ratios. The sol ufon space has narrowed due

to the thickness reduction. For exanple, in FIG 24

Th &h hiGal Sn I T OV SRk WhhiRReBRAGH: for  100% coupl i ng out
y g e;%tlgzcey?gr t he %Hdei ra?ﬁo of 1.4 and nunerica

aperture of 0.5 for the paraneters chosen. For
41) exanpl g, opLigcakn ﬁeyég X _gpy be, gel gcigpd 1 g have
( )pararret e £ om F’-’ G 23 fof |rfﬂé'?‘TatEF§ RA, of 1.59,
a nunerical aperture of 0.5 centered on the riser

| f d d t.h '
e 8845 o550 LD B Enl 5 O ot
fomrtbmbmec bourdpeyrdondigion ddritbs sabdtidh, spacenfor lectiag eamtﬂetek' for optical
dev1&ul|0§:e'[1hf?: ﬁn{ag% F&A?]Et‘i"on ?hlo?t%%? mtﬂ% Z‘éﬁq% S ul%&tlca\f aperture of

taper angle CKness r ct|0n
0.5, ayidwariowsvaliga &f ogn F(QQ@2 flde patansstaroadnes @oi srongly affect this

r ely 2.4 degrees. |If the paranmeters were not
lxmngggfgéaggér the length of the optical device 10c, the

t HnERA8 23 awd Pddlths dhree destgrdonetrais foroptical devien gocharofplotted to
shovﬁﬂ%rsgﬁnﬁﬁgﬁ]}é fgr4se£'%r Nk d’t P%f hlg ﬁﬂl%f"e‘? Therggluggﬁ F]‘S:a%e car% be

devi ce a ace
compaggdowih that:frwé“"IQG 13 ad lr4ef9p§@tsamg lrtdhle ratmpuﬂ"hé saletionFapace has

nana@d%uemkrﬁmk@semgmgg&, ol é)%ata@ hbe%*&%& gﬂ}agﬁsw Hfution

degrees to 8 rees e norma
SpaC%lferéO(l%éomna out fhe exft fmeforotb@ inslax radle\nf det @@mumcnaal aperture of

0.5 fhAhNBIImiefs€hbian al ong the propagation direction of
the injected light fromend 16c. In another exanple,

opior esgmRie\pPEgaldexicerde Way Besalecteddo haveparemetansdiam BKG 23 for
indexd Fa80) 1&), 6% 1.84,  RimdriddEapefiddeio? 0. 5RRntefld oh e n§’er QH?@ rvhl‘&@'of 8

aperture of ‘0.5 centered on the riser angle value
degrqgeind die exififace nglecvalte ef20legregy for thelcaee effediad sheyre e’gue

numefriéﬁl 4p@ﬁu&a/§ﬁle95f @3 lmg 03heuRil %h@ 1&%«57?&' thig 'set%@ %EutaH{e%rs The
al ues of nd 1 are sti urte

ar
effecgté% taggr aﬁ‘&%ﬁ%@’é%m" Thigkness féél“it\?é) e w%@tlag (?g%) \f@frthls

exanﬁ)é 1Eapk&bklﬂﬁte(lﬁ N deBiect. Nif ShePaddiiddi@s WeredRA W AMEdE R thE 1dndth of the
e not varied over the

ara
opticfGHYER 105 o P CAF B T4 B e EIrERRiGBpronmately 24
timesctbel Hildiae ssad tisesptical dwrce aDthe ﬁn;ﬂt bmwfgtéw 1 @a‘ oraﬁ)epitﬁhx bfftsetaynp
t he thickne 0 Hg

tru
suef, 30 ORE s E NG, FonBsIRipb S PERORT S icd becveen
anglestof @@ ﬁ@greeszo) 8idegreescfs@n e ioombie tlnenqmcm 1 Tca(F,EG IRy bf thkioptical
devic%)i@gﬂ‘l ffor\@lujd &{%@n%ggﬁ We lglropggan%n dgre G%tt}\ll\e’:el%?ec%la%g%? from end

of degr ees é@
l6c.
In another example, optical device 10c may be selected to have parameters from FIG.

24 for index ratio, R,, of 1.4, a numerical aperture of 0.5 centered on the riser angle value of 8
degrees, and the exit face angle value of 24 degrees for the case of a=1.2 shown. The
numerical aperture values of 0.3 and 0.1 are still quite large for this set of parameters. The
effective taper angle as given by Equation (29) for this example is approximately 1.6 degrees.

If the parameters were not varied over the length of the optical device 10c, the thickness could



fromthe normal to the axis 17c in a forward direction
al ong the propagation direction of the injected |light
w0 ec@mogtad 16c. Referring to FIG 25, optical deetr/vs2000u3360

of a fourth enbodi nent of the present invention is

shown. Optical device 10d has a body 12d of opti cal
material with ranp structures 22 on its front surface

14d with discrete or gradual reduced thickness al ong

its length fromends 16d to 19d, simlar to optical
device 1Cc. Each ranp struct?fe 22 has an riser (or

ranp) surface 22a and an front exit face 22b simlar

be & dh E Vi ces 10b
e réduc @f&e&f‘ Jé\;ég gg’{ | Ve(ﬂf?a ﬁ%g nﬁage]% 36%)ners%1ae tlhlc?cg the optical device

10c a} 5?,5 &pbl gnd fgee Wrg%r&p@ﬁksbym strigture20r Wil R:spebt @the input

facef IFONthiSexa a i ngles

o e 40 A 81 L PR LA St 1 e
oy ﬁug nglauﬂttci) a§1’§algé 1 @ forypyd cb@pmlgng the popegationcliksstth of the

injected Bgnmieat éndnosl th the optical device 10c. A
cr sect view of third enbodi nent optical
de}\%?tie %g(ﬂ% optiratfyicerldd of g faurth embndiment ofi hegessiegn
inveytigri iabbhaen. 0Dptidaedendd 104aREa BAEY @o(&%pnédl%%fter%ﬁ‘ iy S
b structure.
22 oﬁ‘&gfrfoﬁ?su?fééé 14 Wﬁ?ﬁxc nt HE'E bar a”re(t;er S 1S g ’
S @r?gtgf? yt! redicr fhl%l@ewmo@s ledgth from

represen

endsf 1@@@ L d, sifititar puopizsbdevicetioi; SElﬁdhabn@Lé&ﬁ@ﬁt% 22%hak @n ’ﬁﬁér (5Pramp)
nt fromt

surfdcB g ?rtcﬁa Rt %Q]& %59 fzglgselpmé% POQI%BB%B}I%I‘G? ﬂé and)PQ,ef epiical devices

optical devi
10b a4) 0. @ﬁpep‘éwt‘é}‘reﬁé)asqnt whird & ramp BiradtiieH Y2 hﬁ%eﬁﬁiﬂ@& b &lflat surface

24 o BBAt uF GOl 4d ﬂagebfel {5%pii %zlslelqﬂkghl %fgvitf:g: ;@gﬁ)n&f sppfptlat

" devi ce, The paranete
surfaces 24 widgns the @lﬂwlbgpacd']@r dlébanambteomngés‘kﬁé:cu&eh ifi bonnection with the

opticalh®fRel) 0k.S A2 réls RBARONi &S ‘Ef %\1? g h[ﬁ%celfﬁgeag opt chdea/fcet 10d shown in

FIG. ?gnstral ned by: (43) b
at surface 24 the expreSS| on for the effective angle

of I /ld@fonQb tﬁe%s@ﬂ&bﬁﬁlesqg'\fﬁecalt]t%je An é) a%ief}angle ﬁpq_ﬁnd the

) cti.ve-taper - angle = arctan
exit Kigg heleht Blar parameter S 15 pdded) whish tr@rcﬁ@md |ﬂte| lengthbP @Rhiflat surface 24

featulfeq Uk ipQipokel ) thissﬂa$ Edrk’a’ce Ysth 'agt to g%%la% Hle r}%e o?ﬁ%—cgaa‘ul g %Jr‘ll ght

straints wll nowb ermne
from ﬁfe%[pﬁgeﬁfdg‘yixfe i ftlge%byﬂparpquag,\gxe Reinbonasigof pasdmdted ewhile
mainfaahiingsthe Agmédial ﬁ]beSﬁ&e m%heﬁéttcotlﬁGéB ot lt}?eSanggl c@vgl Vit

paran?é‘?ér K fs 1iR&Y c@tn%eefength of S’xe riser surfgce Lr by the definition:

(42) S=pg*L,,
where 3 is a dimensionless scaling parameter constrained by:
(43) £=0.

With the addition of the flat surface 24 the expression for the effective angle of taper of the
optical device 10d is:

(44) Eﬁ%ctt’ve —taper — angle = arctan[ (1 —a)* 1:an(®R) .
1+ )



Referring to FIG 27, the height of the exit facet 22b
is still given by Equations (27) and (28). The
wo 2ov7dIoge downward traveling ray (Ray 2") is iPCI/ug2wm7/003360
on the exit face 22b. Its propagation angle, after
refracting through the exit face 22b, is stil
accurately described by expressions in Equation (33).
This time the limting exit angle is less than QR
since the ray needs to travel additional distance to
encount er the subsequent ri3&r 22a. The limng angle
for the exiting ray angle is nowlimted by: (45 Q a
_ou/ > arctan Lk +S. Substituting expressions for H L
R and S, Equation (45) can be witten as: Using the
Oncee";qgrre dhsicsitisalfapgle CepRtgn given BHiwatiom 12y isetillonbd.( 389 mitimum and
maxxWﬁng’l’é"cg:&Hsﬁ{lnﬂs 'w‘ﬂl%o@%'cﬁfénﬁ%y i’ﬁ‘é éﬁdltflc%r of ¥R H&Airface 24 allows
device 1 (47 arCS|n§ *sin[ Q-arctan((a - |)*
more dgﬁlgvé?it)nﬂe} m @e]}xsmgrtgs HFET2a exit facq—hmgesefqu A EIVER Seteof pprameters,
ie., mqhddw@\expre33|ons in Equation (34) for the condition
Thi s design cons raint i.s_plotted for various
ot 2 e Faaht i prigales 22h St iuen tyebons (27) and
(28). t’lma:]lirﬂﬁﬁlg dde,ﬁweﬂmvaaﬁgmymay 2’a), is ﬂr&lddﬁﬁﬁrﬁ‘ﬂﬁ it f4d8@2b. Its
mum. an onstr cre tJ At ening the |
PropERPT RPEs) et Proigh B e 2ol S B e by
expr&ﬁ@hﬁmdﬂﬁﬁﬁ&rﬂ@ﬂ} SITﬁfltxfnb @I&flirhiﬂmﬁ exit Hﬂﬁl&l &Sﬁ@fg‘xaﬂxﬁx Sin@Sthe ray
ease fromO t.0
needy 5 L ﬁ’f“mﬁlp%%télaceﬁs} cp e metS??fgqv%y&seg&Br - Efglimtrg angle for

the eRidihp rayadnigieat now liarickdrogf r act i on for optical device 1Qd

will now be described. First consider the casefor the
reflected ray angle satisfying the expression in
Equation (37) for the Ray 4"[ingerhction. In order to

(45) avoi d reentry |ntd3@ph1EéF* nggg :Qd through the top
of the subsequent riser 22a & angle of the exiting
ray is limted by the expression: H- H (48) Ray r

Subss&%fl%u)éprﬁ%}ogﬁérﬁ %%%%J%\?@Ugﬁ%%gig%n B %(lues for the
tan(2 g - QLn> _nox ) (49) Ray-ou, arCal + b

(46) O ryow = arctan[ (III-EG,)Bg)]

Using the expressions for ®gay-ox shown in Equations (33) the upper angular limit design

constraint for optical device 10d is:

4 acsinir ssinle . - ) - tan(®,)
(47)  arcsin{R, *sin[®,,. —arctan((a - 1)* tan(®, )} @Eanrctan[ arp |

This equation reverts to the expressions in Equation (34) for the condition f=0. This design
constraint is plotted for various parameters in FIG. 28. The figure shows that as the thickness
decrease parameter, o, is increased, the maximum angie constraint decreases, tightening the
design space. However, the flat surface 24 loosens the‘ angle constraint significantly for values
of o=1.5 as f is increased from 0 to 2.

Referring to FIG. 29, the constraint imposed by. the limiting rays subjected to both

reflection and refraction for optical device 10d will now be described. First consider the case



Conversely when the ray angle is less than the limt
defined in Equation (36) the ray interaction is
W@ Rwilogio4e 0 the Ray 3 interaction shown in FlI @CBUS207/003360
t he boundary condition becones: (50) Wich can be
rewitten as: Equations (49) and (51) represent the
lower angle Iimt for the solution space for optica
device 10d with thickness reduction and flat surface
features. This lower angle Limt is plotted in FIG
30. The m ni mum angl e can bé? substantially decreased
by increasing the size of the flat surfaces 24, which
d r 1
for tﬂsestgfll\%?%cﬁg?‘gn@é ?Atﬁf\})ifgtaﬁk g rE%§ngﬁ ’Eggﬁgot%r(g?)niiog {h@(_}{a% 4" interaction.
In ordgsttp ayid ereniry éntg getichbdevingr 1ddhrop sl e tepsofzha subseqstent riger 22a the
-angleFfSY the émél?g ra@ R AHEESY B lexAR&idr e val ues of 0.5, 0.3,
. For 'exanpl e, thHe paranmeters. for optical device
1CU may be selected for the index ratio Rn=I. 59,
which lies at the riser angle;ofy abput 8 degrees, and
48 the exit face angbg, of ahmu{ ,ees. Referring
toEquation (44), the effectlvékﬁé% angle for this
exanple is about 2 degrees. | f the paraneters were
not varied over the length of the optical device 1Qd,
the length of the optical device would be about 29
which hfiBSsubltfufir}l Jahik fdrthE ks pétgmgfegq{ec&ge{ educe the
thi ckness to zero. For this exanple, all the |ight
injected fromend face 16d is emtted between angl es
of 18 degrees and _dsg L e ont \surf ace
(49) 14d wit@,pes p:em:tttaxt[%g 2991ER6 ) L WGP Sl 3d (FI G
26) of the devicelin a forwar d*#frection wit respect
to the direction of propagation of the injected |ight.
FIG 32 shows another plot of all three design

Convegnght, e the ryoangdis ilesa thag dhg mit definedgp BanatiomeBE) the ray

mter%"i‘lloH ‘?sssu%‘lg-r 8 ’thé)Rsz ﬁrntggbtmn Inéon A1, RURE ’Eﬂe%lun@ﬁ? tdddifon
val ues of 0.5, .1. I'n another exanple, th

becopssanet ers for opt|cal deV|ce 1Qd may be selected for
a NA of 0.5 for a riser angle of at about 8 degrees
and the exit face angle of about 24 degrees. The

(50 )effectlve taper angle 'i{h s Bxahmple is about 2
degrees. The |ight ﬂ?gtrlbu 1ap+ol’ this exanple will
be between 24 degrees and 82 degrees with respect to
the normal of axis 17d. The light distribution from

whidhh@nbe @b hiedndg: acutely angle ranp structures of
optical devices 10b, 10c, and 1Gd will now be
described in nore detail. t hree devi ces 10b, 10c,
and 1Qd are capable of two cases of [|ight

(51) di stri butions. Th@mbum§ﬁﬂga§%~cgg—aroduce wi de angl e
illumnation that is distri te tween the angl es
defined by the exit surface and riser planes

Equations (49) and (51) represent the lower angle limit for the solution space for optical device
10d with thickness reduction and flat surface features. This lower angle limit is plotted in FIG.
30. The minimum angle can be substantially decreased by increasing the size of the flat
surfaces 24, which is the same as increasing the parameter 3.

FIG. 31 shows a plot of all three design constraints for optical device 10d for parameter
values o=1.5, B=1.0, R, = 1.59, and numerical aperture values of 0.5, 0.3, 0.1. For example,
the parameters for optical device 10d may be selected for the index ratio R,;=1.59, which lies at

the riser angle of about 8 degrees, and the exit face angle of about 18 degrees. Referring to .
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The light distribution for this example is illustrated in FIG. 34A and plotted in FIG. 34B. The
horizontal axis is the direction of the light with respect to the normal of the optical device axis.

An illumination angle of zero degrees thus is perpendicular to the optical device surface, and



nost of the light is distributed in the vicinity of

about an 80 degree angle with respect to the optical
walewrogsomor mal . For FIG 35B the exit face angP@r/is2040003360

degrees and now the illumnation is centered about 65

degree angle wth respect to the optical device

normal . Ot her acute angle optical devices 10c and 1Qd

utilizing such NA and Rnmay simlarly have such |ight

di stribution of FIGS. 35A and 35B. For the case of

narrower distributions, the}Haumerical aperture of the

light injected in optical devices 10b, 10c and 1 is

an 1lmh$h&%ﬁﬂzrbft9@ d 9§’Yhﬁ's i 'd?r@é'tlyf ;ﬁ?ﬁleﬁﬂﬂhg oﬁt&a?é&(ﬁ;&%ﬁ;‘ €lhe plot
Xi mum an inthe lig

ui d
of Fﬁ%y?“ﬁef’kc"éis f i é‘&hb’;‘i dtsﬂlﬂ’uéels?rqrega raﬁngp@ng%a befweep dheyexit face

angla (i dégfe‘ésﬁeﬁﬂd&ﬁé Sfinp1AHAEHT thb ?i@ertsbﬁ’add eﬁ'iFIe' (88 dlég%lis? n?ﬂfo@t of the
reflec 0

IS res fhat no
tightas g &ﬁﬂl‘@@@%ﬁ%s frE aRirises Pt Pigpalap exagenies exist for
othet hﬁtt@dﬁgﬂe daicel debites NOEBandave férrevdraloAlued bSihe indiHeliOd) aperture and
mal leg than the angl es between the exit face
te

the r\é\%%l:t‘rvfé"éé%ﬂﬁ and the distribution can be
St weree dleaiumﬁtglcﬁlh@eﬂhlal&é thediphaissinal ahd) Bxeﬁdﬁﬁrfeah‘fﬁdlﬁkﬂbﬂﬁdn of

anglés mP 85 P: & h(c]al dg\c/;xg%’s b ?yr ‘Jﬁ ér%%ﬂ,‘zylrg;%%se@g &o :jS\hsé ftk%ee{nlg[?g? E'%:tfhe riser
and @et fneewrfnaéuesom nigedisthijutiduefaimglighs ekiying thedipht-peide. In FIGS
35A %E& Y58 lé }'ﬂog dq'he ﬁéht?ﬁ;graﬁlm% mgyﬂe ag 9&1?11 g@rgénlictaﬁleyetrtuf‘e%A—O 1,

gi ven desi
indegpf at@rﬁnl afdi4 @eﬁhi veersotfaqsfangle@f 2 Hpgrees. I%m thig\wgud pfmser surface and

NA 18Xl Rt ﬂ}feégr(ﬂl ]g?@éx e aﬁgl@ ho Wegﬁs F:?QES %? th@ﬁser surface

S een in FIG the I n
and theg g¥itsihrpugh R %i@cetﬁerf@ﬂe |In.= HEG 351Ad1®frxetefsce Fglecis 20 dggrees and

mostt&‘ thd fizht 16distiB@e@ X the fvﬂ:ﬁﬁ?@ﬂ' %&u%}%b d@grep Qﬁé’l@ @ﬁthjrgspect to the
ees and 4 1 _deqgrees 6, a plot
°P“qafg@r¥f°ed1°§wﬂi ot P63 FBribe @véfaa? a&gé? LEY dsgreﬁﬁ@deaaw (he dRgmination
is ceﬂﬂéﬁﬂd%bo% degreB AYle hh resPR6: tB iRt opHBAWR vich Bofed "Bkt 86Lite angle
ens @lbtlon%{k hgpght emtted fromthe

°P“°8B%€iV&°§F ‘f, diidizige st ey sEpilarychaye sushdieht
distripatianef BIGS. 3feardBsB. t hat this solution only aI | ows

I to exist atangle nd b

e e A ARSI SRR R 28
opticef deficed églv é®s and\l &bis skkIBen@(Ehsd el b iniatr fase dogle ©xkteed the
maxmfu an%&eq Fthle %g}lltr}ﬁ rtl%ﬁ@f%ﬁgflge, él{éygnt]a}nggd érberd é’ tl‘%f“"f’?fem FIG. 33. A
riser apgle axxlelad&’dllﬁrgeraharsthmnhmg apahgle %ay[r,g,l athlé/ e{s)drdﬁ iat ﬁWrays will
reﬂe‘g olﬁ' Jgggls?elr)ésg gbs & %tefuti Pe g%cgfyh eCrle a %tfﬁ }) th(is(?l case the
light ﬁwnrehutloa Wi |be sialler thamcthe hgl&Sdfetvmhltheemﬁdﬁa(arrdaisleDﬁufaces and

the dzgg%&%?ﬂlgli%/ Ib% gatP& dée al C%th% ?8&16 %g{)t% anghél' surfa g‘ 8D a% gobbotg exit face

and riisesﬁmsfﬂcw elhe, stem;yges accrmplhediby atjesing mheoarms&eesmgta @&, between
I e | e ' al their

valu%é)gglg%e?:%\? etfnta O ?fxg?g gllelc r@esixﬁﬁf@ %g d%egmi)ﬂamn\__a&gle constraint

for the,giygy| desigp pebogme@hm exappies in e wsostopsieat devive db bABIG. 10, at

an Ng?g.'l(}ﬁé mQ%Yﬂu‘ﬁ?ra}qggle,'h;\{!;L,g% glfogpﬁ dgéﬁsés, %?sl'geex?ﬁ]eﬁé §9 for the
index ratio Ry=1.4. So the riser angle ®r must be at least 4 degrees. Referring to FIG. 16, the
exit face angle must be between 10 degrees and 41 degrees. In FIG. 36, a plot of the light
distribution for several values of the exit face angle, ®gris provided. The plot shows the
normalized intensity distribution of the light emitted from the optical device 10b of this

example for the several parameters. Remember that this solution only allows light to exist at
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the device, as shown by light rays 1' and 2'" incident
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along their respective top surfaces.
Although the optical devices 10b, 10c, and 10d described above are shown where their
optical axis is generally aligned with a plane parallel with their respective back surface, the

body of the optical devices may be curved about an axis perpendicular to the axis of the device,



a particular illumnation application. The plots
of FIGS. 15, 16, 23, 24, 31, and 32 for respective
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ef ficient output coupling when the numerical aperture

is increased nmuch beyond the value of 0.5, selection
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refractive index ratio, Rn<-3%han the case of 1.59 for

polycarbonate inair, or to nodi fy the source

| .

as shQ\VHIE{: i;];tva g ?%&%E@\F&e\?ralﬂ ﬁlég;f! (%géﬁg%ftﬁeeﬁli@%tl tflé %e\)ugzoég]&o?vn n
FIG. 6@,tqr@ampb@&y bent ah @i an aRig pagHel toiherpxis qfa%d%\n@ﬁaé@dl a cylinder,
as shbWRH# FIRO 144 | Q'?thglgg'h BIGREE9RE Ard dABIh f(ﬁlb%tlt:ﬁcd%vfcg | Ob optlcal devices

inputting light and their first acutel

10c aggd 1 0¢ may dormsymylar shepefe duathele optivel ¢RYiRSP ){e%u l%a gad iQFP wayform

other sh@peg' &'Qbm'b‘?lah&?s BB € Abt 16EYdAGE tﬂcﬁé sﬂd@ﬁ) A4hdae %uﬁ;ﬁ as needed for
obtai ning efficient output coupling sol utions,

aPmVWH%HPH@“?H@lﬂﬁﬂP€%¥‘deV|ce parameters that can be
setRGli6w ofprcsgl 18] M 123 S B € anB BB r@@Jecta\w;inummevas B0b, 10c,

I'ts cayse i ncreasin di, rensi gn_of th
and g5 R ook el B P Eariens QUPHCSALREn T P B E @Y Bberlevojs ipgygased much
beyohd @Btvaiug of b8, ﬁﬁchﬁﬁ bf ﬁkﬁ'ﬂmetezs basormasi sehalltor disappehabmaltogether for

expr.essi exa l e t e
smalfgE PRSP o IR Ml D%em B35 RirRg e i ¥ep PR her
refradtivieOnder rad, R;.aihaldél\tlce& o defor prlgoariombiedn alRor tb sncalify the source

, ho hlgh NA |'i ght
numen%glsapggnééé%%ﬁ I}Q@P %)HPIEbQ 0 tﬁe %pq&glgdew ce the optical

delwfwngamFlsbS §ﬁa1|§ethetbody eﬂazmrsaltdwwwm;b i18alor Apémap have a
shapé?if igﬁﬁ%:logwng%qtéhﬂggtbéenrtﬁé’f%nd;riﬁ% {L}Pr@?frtiglglligﬁpﬂdttﬂéi? first acutely
anglqslermpe IFHRGh a0 asdo tim;e@sﬁ dmumeric aprrte of tedighbin theeptical device
for tHPulSRL oflEMthinGe eﬁ@&erﬁ’éﬁﬁ;ﬁl Euplih§D1fBna NG vAideriiPWe optical device

optical device 1Qd with'the Fhlckness of input portion
paramgersthat caply seipctedda ¢ BxetRyropalmeycHlf@esytgs Thisrreguifs because
increhdifiSthe rdmsfanrdf@ﬁetu icaldiecl RaiutRehERIhaGaLadedtrt 6ifthd hight in the

devj ce 42 shows_a trance end face

I cal l.ong.e
optwileffvscac% eé{sdeflbﬁmfe MXPF?@SIP? gﬂ%que%'haa PHABWwf, light may be
coupRUGR to&ﬁxpﬁort hmﬁﬂicaaﬁﬁeat)ﬁre@ fupltdERNA=1Thie ah lbiptikd) @8 GicOvhbdedndex ratio,

R iR ISEL 4r% PSR POURGS. DRET (edum ety e SR iy the optca
devickelths optizaldegivs can hoslepedwpadice ﬂﬁmhmal]@drtuﬁwflﬁxmlde(drhght
rays. tcﬁ%épi In%gm.lﬂl }turfe r&mcﬁof? Qﬁth h%llxtqg%x tﬁg H{rgc%’on erp\é'mhglll'lal1 tlgqhe front

Ness once agai n incr
and baok burfaged Qfﬁh@bptt%bddvu@ht in the opti cal deV| ce. Once
t rk%r‘eﬁé:ﬁ&@ gf]ﬁl%wsqi%inlaeﬁ%ﬁx\b %?tn':a? dENES RRSE the. thlc ess of input

appropriat % era uctures 22 e |C|en§U¥
porti ipcresping frepntheend 166 to the staph afdhe fingerpmpestrupam 3 #lgng the
enﬁaﬁ&@fa&@bﬁk@%ﬁt apaevtuﬁe FOB! 4L Howd 8\ bfpenhBhced é?ldeftlceoerd'lﬁéH as for

Zero provi ficient distribution_of all

coupling Lt fioptp lnmqlﬁ% RS admesrgray ot LERS- %@rf&cémaqs e optical
devide n@%m&&em@&a paiiddli€l trhjoebB8As Prodvitld dapid@1 FRAich & the light.

FIG. ng shows a more compact end face 16d, such as for coupling light from a small light

source, in which the thickness is once again increased to provide collimation of the light in the
optical device. Once the thickness of the device is increased appropriately, the ramp structures
22 efficiently couple the light out of the optical device. Reducing the thickness of the optical

device 10d to at or near zero provides efficient distribution of all the light as desired. The



aperture is achieved. Al though FIGS. 42 and 43 show
optical device 10Qd, other optical devices 10b and 10c
woreop78930ud arl y have shaped i nput portions to pPOWUSE07/003360

desired collimation. In FIGS. 44 and 45, an i nput

portion 28b and 28c, respectively, are shaped to

decrease the nunerical aperture of the optical device

1 in the width direction so as to enmt |ight of

reduced nunerical aperture in this direction. FIG 44
shows input portion 28b haviifg a parabolic taper, and
FIG 45 shows input portion 28c having a |linear taper,
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%}9’ Braqually x ‘éeét"é ess as the ramp structures 32 alternate w1th the falling
structures 36 extend along the device from end 38 to end 39. As will be shown by the
theoretical discussion below, light when received from end of 38 is totally internally reflected
within the body 30 until distributed by reflection from one of the ramp structures to exit from .
the device’s top surface or transmitted through one of the ramp structures back into the body

via an adjacent one of the falling structures.
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ranp structures back into the body via an adjacent one
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Note that for n greater than /2 all rays at angles up to 90° will enter optical element 41 and be

(54)

totally internally reflected.

In the optical device 10e of FIG. 46A, the Tamp structures 32 alter the propagation
angles of the light causing it to be emitted from the front surface 33 into a defined angular
space. FIG. 47 shows an example of an application of optical device 10e where light from a
source 44 is injected into the optical device 10e from end 38 with the top surface 33 emitting
the light (indicated by arrows 46). The ramp structures 32 along the back or bottom surface 34
redirect the light inside the optical device 10e for emission out the top surface 33. Although
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there is a range of output angles determ ned by the
vertical separation between the curves for 6=6 _ and -8 __ . For a riser angle of 40°, for

example, the output angles range from —14.3° for -6 to0 47.6° for & as indicated by the

vertical dashed line. Increasing the index of refraction brings the & curves more vertical and
closer together and increases the output angle range. In FIG. 49, for example, a riser angle of
40° provides output angles of —14 to 48 degrees.

If the riser angle is 45° then the €= 0 ray is reflected straight up and emerges from the
output face normal to the surface and the other output angles of the reflected rays are

symmetric about 0° emerging with the same NA as the input light.
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(56) tan(@,,, )= Ly

If g is positive for the extreme ray angle, 8= -6

trans max *

then the tapering height 4 will be

positive and the thickness of the optical device 10e can be reduced along the length of the
emission area by simply duplica{ting the first ramp structure 32 and falling structure 36 along

the length of the optical device. If B, 1S negative, then the prism structure of falling surface

36a must extend beyond the plane of the back surface in order to capture this ray. Tapering can



at q ~ - gmax striking the base of the riser. This is

shown in FIG 50. The refracted ray 47b energes at an
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prismatic surface 36a of the falling structure 32. The

hei ght h and position Ax at which it strikes the

falling surface 36a determ nes the tapering factor of

the optical. device 10e, which provides the device's

gradual thickness reduction, These parameters are

retated by the expreSS|on I-p8 gl rans is positive for

the extrene ray angl e, = - gmax then the tapering
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32a. (e fanefy oo A TP R ARRICSHAN TS0 d5ile e TIR rays
from Ithegfider 324 $u thattthey eqit the alp sdefiéecs bk reﬁaamgph@aﬁlsaammtth a
tansfesls AR Fite O 29 P Pie T o W B SRR SR g grtece
36a agdIrenytled back mtmhcppmdabdamprl@prl ate reflection angl e to
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top sur e refracting t her ray
adjacentn SR struntra Al its MPash a&toméyremrauéﬂ@amse ﬂédugwh@ Heer 32a

and tfrg é%éa%g liﬂlﬁ(% F’fg%‘?ﬁéal f(i@¥1%c% a g{:n/ %@%g R%@eﬁq% . This can be a

positively or negatlvely sloped surface depending on the angle space of the rays striking it and
the angle space desired for propagating the captured refracted rays. The angle, & o » at which
these rays reenter the optical device is determined with the aid of FIG. 52 which shows the
prismatic structure of falling surface 36a in more detail. The entrance face of falling surface
36a forms an angle o with respect to the vertical, and the transmitted ray 47¢ forms an angle S
with respect to the surface normal. This ray refracts at an angle 4 with respect to the normal

as it reenters the optical device 10e forming an angle &, o with respect to device axis 37. The

relationship between these angles is given by
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pass through the riser 32a and to refract them back

into the optical device 10e at an angle between q .

This can be a positively or negatively sloped surface

dependi ng on the angle spagefof t he rayf_ﬁgrlﬁgng it

and the angl e space desire or propagati _

capt ur ed rgfracted rays. The%angle, g , at which these

rays reenter the optical device is determned with the

aid of FIG 52 which s th ismatic structure of

falling surface 36a iH\radré&s |. The entrance face
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case b gay gmie reroftbesearh ristrei?a bhging artlyt bask of the Qudvlolk&rismatic falling
surfaceggat ened. In this case L may go to zero, then each
riser 32a begins at the base of the previous prismatic
fanF IQ’TQS 48 yrseig! Qsais shewikrirGvhisl Bexxgpme irg} 4 abift nhiSses the first

riser QN thebaddbihe kdtBn@ %t 8BE TR A L8k I?I%Lt MEs gﬁc’tic%ﬂ?evice, the
riser afnlg[e§ %he prism angle, the riser length, Ax, and the taper height, 4, all determine the value
of L.

FIG. 54C shows the case where £ is any value larger than that in FIG. 54B. In this case
some of the extreme rays 47f strike the flat surface 36b parallel to axis 37. These rays 47f and
all the rays that hit this surface 36b experience TIR and propagate down the optical device. In
this way the length of the emission area from top surface 33 can be extended. This has the
advantage ’éhat each point of the riser 32a is illuminated by the full internal NA of the light. If
the length L becomes large relative to the other parameters of the optical device 10e, then the
spatial distribution of the emitted light at the top surface 33 may become non-uniform, .
exhibiting banding effects. This will be problematic for applications such as displays where the

user is looking directly at the output surface 33. But for applications such as general-purpose
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at each pol nF of the riser 32a is illum nated by the
emisgign preant ernal NA of the light. If the length L becones

[ ra t
e e R o e T MRy e P ) bR e optical

devi@thiyt Bellithitghiviththet dpeicilajesighs’ f0RGROWS inTBG. SeacDE

f i biti di ffecgts will b
orbeeaa Bieoh dpphd AHE 1 of s80 Fupllpinifirgiegtboon
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B L oht i
such?:%lg géf%ref\ nix&agé tle?e!;léncé ll'ich' e@ﬁlegtg %?rgéyl%egﬁ%gdgﬁ qk){) lglgl dlegge 10f each

esira

fallimmpm@(ebasmet mfab@ Beg betwéent fhlbing sirfasie 36a and fat surface 36a.

The ﬁ?é?‘i &Qc%%% \M]aq On %H? ty te{:tecg L@XV %{m‘ﬁse Bécsredlrects some of
atm v he abi tota t he i cal device may

the tbesmxmﬁ tae'a stilk eeping ﬂc@pt wahin tm%mgymé N1°Oef i dight, and pro@des a

mearﬁ‘kér&ucgﬁieecﬁ Bpth? B&ca@&é%ﬂcealr@)f 89 Lfang %Vﬂﬁ%u ﬁfo to be

sixth enbo I ment o resent 1nventron i s s omn
placmtéhf: paintgihere Wvouls! igteyiep 1@@5t BXirenyg Yay 43¢ that just misses the

hxgh@s@kbinﬂgﬁﬁ& FikG 39k eﬁhe 1RiHht Qtsth%%li‘ erfa‘é%éBﬁfe@s[tﬁ%Q@ tH?:‘HH%?r(a? plane of

erence ke el enent's of device

the bgeksidecof tlry orélgelﬁiemp 1Phgpngtopi ket VaFiablg el g i ngwy $f§%tF’f ﬂemblhty to
vary She TeRGR LIREwERINBE Al ak IthiNgs Siifabase 368 BB %rfghﬁ&f the optical
surface 36a. The riser surface 36¢c is at an angle g
devigg 406 r espect to axis 37. This riser 36¢c redirects some
of It 165, 5B dxireRd riypd/mh is Shiddlat lgeepd Ng 1t hesaswhiobjm e st riser
original NA of the I'ight, and provides.a neans to
32a gtadogletd)p. vitilakintsshke prisnyaltie foheg oafaceldéa goviich phigts it reenters the
allowing the flat surface 36b to be placed at_the
optwab‘?erwc"w% ap angle G0 g rnprepsefs 19 M riset 38 vaiers léh%smfaéiy internally
t hat t msses the highest point of the. riser
reﬂe%tsgt Jh%e Jghtndgrontipyes Pfqpéﬁa“é'@PP&’Eéh%@HmF’e‘I‘%’f‘iev@ tegns of the
he or| gl nal ane of the ack5| de. of the opti cal,
refuogfiy) ey %ﬁﬁ{“hﬁ%‘ﬁ%g‘%’a?ﬁ pFe.3 %HP%ffaﬂfctﬁngF &5iegn by
(63 )erX| bility to vary th; I tg L between riser 32a and
falling surface 36a al‘@hg Yhe ¥ength of the opti cal

This @ﬁg’lb Q@re&ﬁed tbbe MsGthaR W mAGmAN iR RIRY1igh in the dpticdl @Evice 10f,
- gmx . It passes through the first riser 32a

nam%v %m 9ﬁ§€f & hgs hees sehﬁbm tlﬁeﬂnq?frm@ntvwéeﬁafqrmms height 4 agd the
lengﬁlug Jﬁﬁee né%?%G@Lre%{e%meg Ib e ﬁﬂ?erse&%%to%rtﬁc'e éxtr%me ray with the riser 36¢

as shown in the figure.

The requirement that 8, o D¢ less than 6,

X

may be relaxed provided that all the rays

reflecting off the riser 36c strike the surface of the next riser 32a before hitting the top surface
33 of optical device 10f. At the top surface 33 they must be less than the critical angle so that

they can be ejected and not totally internally reflected.



optical device at an angle q . The ray propagates to

the riser 36¢c where it is totally internally reflected
W eooansmyl e and continues propagati ng down t hECDP$100E003360

device. In terns of the refraction angle g and the

riser angle, g, of riser 36c, the reflected angle is

given by (63) =g - Qcf . This angle is required to

be less than the maxi mum angle of the light in the

optical device 1O, nanely gm x . Once g has been set

then the maxi num val ues for “4he taper height h and the

length d o the riser 36c are determ ned by the

i nogiE %ﬁﬁhbl@ réfeﬁnéaheeﬁe&t T0R B8 Fi@Ya6W \L{h xh'gs‘?rt)é heségnbel Rik Fhich the
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prismatfd facd 36x0is Girfe éxfaﬁgli tsRptddthe Siﬁs'h‘éﬁsrﬁﬂ@d ﬁ# 0% 4 084 a flat
ser e hitting the top surface 33 of

surt St 1 DT T S BPR RSB 20t Hbampldr e bt inphted n
optldaééwutd‘i&ﬁ ah lhemeritdl lap‘éﬂur@ﬁiﬂueoﬁpS ia of H)%%nggxpltlpg refractive index

| and.n t.ot nally reflecte
of 1 gx‘ﬁ’%f“dﬂ’8f"’%ﬁ ?%Vé?e’ g&%é %@ e §ghtirprge faam-19.74° tagwo.fe° with
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symibi T i St Pl e SRR bl o e B iABRIED Tdptipe Since the
desupﬁ eulpaylsgltt |dz§m§wltlt)tl wytdmabmkghnser &ﬁg]e 32as° iaBélected making the output

) nt . bet pair of risers
ang §fé§1.£@$?0 ?hgﬁ(x@t;ﬁ§om {ops u\lpp %36 aﬁfﬁhﬁ‘?&‘ Mglopil] lead to rays
transgaiedcthraygh tlmnmumatmagatap englesr el ingldsbedw ExiS3 AN deBonstrated
in th@éraBﬁB?Fi@'Slw' th a refractive index of 1.5. Wthin the
tical device, the angles of the light range from
) 1’§1e7r4y?( # the Balling prismatie ewfree 864 neetit@bé eapypirhd edd teli@cted back into
the oﬁﬁﬁaﬂ adlicslawi £R;. SEneoﬁféEp(wvw% ned Jl:%oxldggcesvg{t}g ?x?ste Sﬁ%%ple is shown,

gf# ed to be symmetric in this exa
in wig 2ORShaws 2 dgiailesgspsstseetionrof lthec@st heamtp 4Buctiendand

alterriafifig GABhg ﬁﬂlcﬁﬂésp}ﬂ e @fectinShd hgtftbkg{}u%tﬁre§¥?g§c§ B¢ G 15 gs?gwn by

45 |s sel ect ed e ou
the ‘l{“gﬁﬁgd ggﬂd s lAé fite fust rtSFh%faffwerﬁaﬂ%plttsdj rdysd8a 8131 48 arh censidered:
5V SE BoWdnl S _fpran ted thr
one rr>: sero o ta negglle?%rgﬁgl 293/ b’""é ashr&]tﬁe tijle Tﬁégg@ﬁ‘ﬂﬂ% the riser

32a aBjhst wasledtherrigtdl ahge and géd@&tlﬁ% a@:‘%nﬁﬁm&h f:&y a'ﬂhe rE;sJQ? addle/ § These
(@t the falling prismatic surface 36a neéd
will iepnledte Rge Plgneks ferdhe fdlkng nrismatih eurfyet |36a|Thd€e\xtrexﬁe ray is

transrhﬂteE kl@ou@ﬁtﬁe 48Pkl Hithd@\dnER -11? EQ &%ﬁ%éﬂ%q%}/ 4% t&xe falling

i s, shown, in whi

P"S‘“a é? %%F?"‘éa qg? gends do progide drck nusfags 34g, whishde bﬂawnhe level of original

back gtrfave B4ir& prisd aagld oﬂlat=er_91 at kdtbhofsahik kB St Lg:l B 2,:551 #8he o ptical
structures 32 and 'S

t
devxcér %%?ev (t‘l%ﬁ‘h %Q(i)r}c{' ragft %{l’lg&t a?[siod:ﬁtcopsd%ed ,Qpl\tnngqantlgp (61) for the

falling pﬁﬁﬁatﬁ%a fhaManlplePR $ALA ed I aYsq4Pa_and .
consi der ed: or?trvg ray 48a™®ri glaﬁaﬁﬁg%‘"f* 49??1%“%“)&1?8“163 At

this ax:gl’k)sl te}iré origifillR = -4 nﬁayt hg, RERES ﬂE?ﬁns%]gQru%Hr angangpe of —-8.6°, well
within the original NA of the light. For this example, the riser angle 8 and falling prismatic

surface angle o are constant over the entire length of the optical device. In other example of
optical device 10e, riser and prism angles may be varied as desired for the particular
illumination application.

The separation L to the next riser 32a is determined by several factors. In order to taper

the base of the next falling structure 36 must be higher than the back surface 34. This requires



32a at just under the critical angle and generating a

transmtted ray at the riser angle gr . These w ||
waledogiome t he range of angles for the fallingPCT/US2007/003360

prismatic surface 36a. The extrene ray is transmtted

through the 45 riser with an angle -4.7. To capture

this ray 48b the falling prismatic surface 36a extends

to provide back surface 34a, which is below the | evel

of original back surface 34. A prismangle of a = -9.3

refracts this ray 38b to q —§'|n3|de the optica

devi ce. However, the second ray 48a nust al so be

that thO bedExBdme P8 ¥dHdt t[l_ig Q@c‘bh@ Hsér@:ﬂ af Plocidim afba{/é the %ase of the riser
prismatic surface an ram =qr and

32a ay.sm‘arsbsaweavﬁgﬂée mli%? 356BAEFh ajleaﬁgw SePATpHPT }Sgr»hﬁ piher the
stnke raemmr\ﬁn VxS €4 tﬁeﬁ%%lﬁ ot th€ sdRbhBaNdSubstglistt Risers 328 1s&ﬂﬁbl&o the

in the orj the |i
he‘ghli&r‘h?"rﬁ“sﬂ‘%i‘é?fﬁ F‘é\‘n‘ SRafiget pEkbe 'é‘%l@}r% &%ﬁlﬂf&%ﬁﬁlﬁ (R the dgistance
L wilpiric6daBd d16nSthe letgth 6Bt BptivaPdediceq06! TR riy£B2a Witl iRErehdedn size

| engt h .of. the o tlcal evice. In, other
and s Speked sy Pt Seown GEPaivle S IR EALTAE oGS sfin in FIG. 55.
% al’heecdmaﬁ h@Eldetﬁﬁutdemmkbeemﬁﬂptd of FL@r 56 is lshiowm i FIG 57 for the case
when I{ ac\ltti'le s%acmg%egveo ar agrs 993 15 unc}"orm alcc')eg ﬁ}e enPreelrengﬁ ﬁf %he light

Veral Facror s,
guidey é&e grabh toﬁ EI(heSﬂt shbwb kherrglagve light drsmtf&ﬁomrmbng be dxusg:lf éhe optical

devncteqfri‘g iatﬂg ngn?tct}i él'ﬁﬁ:L{{1 1;5?’& ?(ﬁ) sél"ll'fzu-:l:ihé3S ’fh% Isﬁl had mEH{s‘ Q5P I)f the

ne ra e second r| ocatl on .
back%\%wfapﬁ etnb:ayes B andis. r%é@h3¢§rrhsnm%a WXW at this position

and é@c{daﬂﬁ h@cr@asb@dc@rﬁhe 6Bt Jife SPRLI &vide h?heslﬁﬁﬁi'rﬂh% 8PtHe light

I gher the strike |ocation w
distrifjafiqyran me amproved B demersisdhe isss srAsERL 35 QEAROVED aowg the device

thus ﬁx@#&%&mé Qxetdﬁﬁ:b@%ﬁmersfbefr Hn%'ﬂ lefﬁkih ak Rforé h%@r@%t ?leﬁ&h&G&S or by
be i dentical. His larger than h then the

makigg é# Igrgerthan hﬂpqre‘?ywewéa%g e éw&w FrEea & Higtrisersias ofg moves down the
11ght@@ifdbCaalsg&gw&%xanp1efu'mm rsgsers 32a will i nc;ease in
Sl zZze an e_.Ss art a t shown, T Q. exa e.
AR R PLOeaes DS TLROARE frrcRed wiigh oS S Bgtiionat

rising sugfate M‘sdsﬁmmst 55w-5i5B. tHTES. emrmives @fncﬁl device Q Of f atberdince with

wis asippieciy g Pl 298 FEME AHPE T UPSra T PGS aTR

strucofrest ¥2eantiattbrinating fdﬁmg'ﬁhactgrea Bh tiate th@eerB 7AL hamyys artdnfelling
struc{u?%sa}:ﬁ'e 1dgat!1c!a9 hxlid t(iine % ace %‘ Eet&genallfs g{ﬁ%w nh ol u{)lﬁrﬁlﬁfl lgilpgistnbutlon of

this esampboeslsﬁm ﬁﬁlFéGp@sl The(mapb showrrghrelsght ﬁr@tré;maom aloflg thedength of
the o @&alf ﬁé‘ﬁl@e ovet ih%(b%gﬁxtt 'Edf)%%@es%?’zmg qu?h@ple Iﬁ@wé Be%t udnfonmty than

tribution is thi's position
the P@ﬁvma sxaryplgaed fe%sf@smmwd lbbié Vlaéﬁgmrpf e qen@ratjcpq,JG gf the risers 32a.

The ;vﬂ &ESEIGTH? sllk{ﬂ’bsf theé ﬂglt\t)ﬂlﬁxtxbﬁtﬂﬁ st in Whieh el ér@t'ibncﬁ% reduced
npr oved W% decr éasing the riser spacing

from gpRdmuBy ¥ erh ST F et Mftoptalus 98 7o1g at e 5 FigRa 326 n a linear

fashibmh. S’Eliéotﬁ?pabﬂi‘rhdterls eﬂgie i&xﬁﬁpl@f&[aaqewe m&:&nglﬁghger lgngth and
tracte makKl N er .t t her

secorndh bt et e [P EPARE. Thia EEopfhop i O SpAre e Nesn, g Heers 32a

leadsd6WRighifizahi iglpkov@itiedin thsligh @wiritubibn @xidomaisy. iThefufput B8tributions

shown in FIG. 61, as well as FIGS. 34A, 34B, 35A, 35B, 57 and 60, were simulated using

optical modeling computer software, such as ASAP sold by Breault Research, Inc. of Tucson,
Arizona.
In many applications it is desirable to increase the angular spread of the output light

distribution beyond that which would normally be available from a particular light source and



An exanpl e of optical device 1O will now be descri bed

which utilizes the additional rising surface 36c¢c of
WO-L@F09BFA- 55B. FI G 59A shows optical devi ce BCK/USI007/003360

accordance with this exanple, in which FIG 59B shows

a detailed cross-section of the first three ranp

structures 32 and alternating falling structures 36

there between. Al ranp and falling structures are

identical and the space in between is constant. The

out put light distribution of 4% hi s exanple is shown in

FIG 60. The graph shows the light distribution along
usmg h@mb%k@iehav@le tie. 29 Lh&A thgt%} & g‘léfgly ﬁéhttsgl?r & H\Srplgncaé ﬁgeﬁture and
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dequq](ﬁe ~th Rewided Og hbem todyed i virpea PlstbRlyPortion 52a with top-side structure
50 along top surface 53a, and a second body portion 53b with bottom-side structure 51 along
bottom surface 53b. When inputted along end 54 light that is not distributed by the structures
50 of the first portion 52a is received by the second body portion 52b and then distributed by
structures 51. Light 54 distributed from the first body portion 52a and light distributed from

the second portion 52b body provide combined illumination 56 from the top surface 53a of



t he back surface as was the case for the first falling
structure 36 of the exanple of FIG 58. Broadening the
W eiopesoangl es can al so be achi eved by a cont i PCDuUS2007/003360
variation of the riser slope as shown in FIG 63.
I nstead of segnented risers with discrete slopes the
ri sers 32a now becone conti nuous curves 49d, the range
of slopes determ ned by the desired range in the
out put angl es of the out -co%l ed light. Optionally,
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similar hght source. A luminaire 58 with an extended light source is shown for example in
FIG. 66. In FIG. 66, luminaire 58 has a housing 59 with an optical device 62 and extended
light source 60 providing illumination along the width of optical device 62, which delivers
such illumination for output from emission area 63 (denoted by dashed line) along device 62.
For example extended light source 60 may represent a fluorescence tube baffled to provide

light in the direction of the input face 62a of optical device 62. Optical device 62 represents
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emission area is along the top surface of such device.

A luminaire 80 with a fiber optic light source is shown for example in FIG. 69. In FIG.
69, luminaire 80 has a housing 82 havin g an optical device 83 which receives light from the
end of a fiber optic light source 84 representing a light (or lamyp) source 85 and fiber optic 86
having an input end 86a and output end 86b extending to housing 82. The light from light



source 70 for delivering illumnation for output from
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source 70 to be spread out evenly over a larger width

of the optical device. This may be useful for the

pur pose of general illumnation, such as for

illum nation for a display. |nput end 68a may be

sinmlar to input end 28c of ¥ G 45. Optical device 68
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flat lum lpaﬂe 3P wal? mounted or ceiling-mounted light, a luminaire for personal office

workspace lighting, such as cubicle desktop lighting, replacement for ceiling-mounted
fluorescent fixtures. Other applications may be illumination apparatuses for directed lighting,
such as in emergence lighting, pathways in dark public places, such as theaters, museum art or
special display objects, shelves, stairs by placing the light aimed at the step risers, clothing rod

for closet illumination.



having an i nput end 86a and out put end 86b extendi ng

to housing 82. The light fromlightsource 85 is thus
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to housing 82. The lum naire 80 of this exanple may be

useful for renote-source lighting fromsolar, |aser
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Optical device 83 represent§ one, or a conbination, of

optical devices | Ob-g where the emssion area 8 1

( dﬁxpépeealtaevfééf: bsed rﬁagra@s)o Rl Lf%?lgf& Bscmlgﬂt lﬁu{rﬁtﬁ%n 9&» aauﬁllm crystal

devi ce. The housi n
displsh baeloligyad sigaage were e &Fbﬂ%w/ear %ﬁaneéﬂetffé dlanﬁge sing e light-
guidéReRoipgce Wi th the desired illum nation application,

and thus are not limted tqg that shown in the fig

S.
| rOptre! dadee We-estligbsesed ggproyidle iilymigafiomtor gipdicalygigal, and

veterffdry dficed Bl fSruh @RPREStINQAlrYed WaYable BRI Eatidn\WBiircy, @uo'lhrhs for
ection via ble or ¢ or .59a,

el ectrical co npect
surecy. o NEpd PRUBBL L OuTon Srne BRI EreSorur oD 6t BRPSPie ddies
dehvéﬁﬁgmgn lasdge Ifc}f phetddhaxime m}samrgr deNvefing Hgfttho batidnn Bodyeysarts for
other tag%essI i‘&lghtz tpers%y Sg?l} %er By ﬁl gaé'lr s%:gj:geaﬁnen S dglré\%%ﬁg%/ec}/mem
hghtwgtffbnoLEBrsoeﬂces; k)r togabvide délor mogixig ﬁ:abrwmrmmm@‘tt&n;ﬁ@ature lighting

dehvg or%ef‘r%é 1?19 c%@toll g@m@lﬂ: a LCD display. As

ustr light source may be
u séaox Qrtle@mgmes 1Qgkg mpy bmwelden vélgenlad lighting applicefionst{guch as or

|
exanﬁﬁé f%gﬁ%rfgﬁﬂélﬁl‘ég%eﬁ QT ﬂ'ﬂt? I ohs?agc(ef g@ %éﬂt@ l!nﬁﬁ&l—:cft ﬂgﬂt'irr%efor aircraft,
dlreCiteldl rsaﬁme\hglﬁﬁfoa piserafiend : autempbvé% reqat laghtmmf@iraﬁmeégeqca egress on
alrcréﬂt)' ﬁé}sddagﬂ%hdng apPitakisRs {sﬁﬁhoastﬂeexgﬂltplec By 1&§iﬁoﬁﬁm g& Ril@hination

out co |on In direction perpen I CU
sourqer?@dftbeocmtwamvwss@no &heref hag Bmeheadipowpied Wyminpdion é@m%wearable

light @5@8&' B weisChohrdt lob A dacho a1 f&ﬂ%ﬁﬂﬁidﬂ&@s tdﬂi}i ﬁlgaapphcatlons (such
m naj re for propagating |

g
as foa |°P‘%‘E?]Fol?1"“d 409 pingarparting F}ﬁ’rﬂpt“éad p’ﬁwﬂaﬁ dd h%hﬂswzrﬁw%f?@‘
handis, diﬁtﬁxlfdnﬂﬁﬁtﬁﬁ&'&ﬁierédnlmse 9 PESRFNg the llﬁEt-gtlugé‘linto safety items,

suon B Bkl g s HebRAgEerg e Prtver Rl i o B RS por
lighting aapﬂmbeaom(smchl ascfout examplel, Jhimingedgas aguipmeht, buchianpasketball

bac;l‘:{)oan‘&l Pgeosr&eer&gxgnﬁgp stlcﬁ g?&eéssl)aSebélﬂaatrs l%oci%i th%S lacrosse sticks, and
tenmh yankﬁte, wdlinsimated latmctmsl wbésfior amis goals dnd ntas sacmalhockey, football,
and %9{:{%}}\:/ gtrllnggg? h%lgglg ‘ﬁhyss (iu?g ﬁg fof Lréﬁlg gitl %uﬁb 95'1‘; fo‘? barbecue

utensils hihirgorrarging, the llgmrgegbsemo thg W@d%é o€ Eerb@rbeﬁt@mmments or power

cmnﬁghﬁ&}ﬁggkge For exanple, in architectural |ighting
appl i cations, optical devices 10a- 9 part of a flat
I’}

P
| ALthe Sorp@RingdasPoRkinmn ttarill be apnsre Emliwéfe bEgrypFOYidgd
optich LiuRiakin fg@iaufg&resieeﬁlas Qkfliag ﬁm’ﬁ@e[ﬂ%% marﬁg shdtodvidael, Vaistdns and

ubi cl e desk ghtin repl acenent for
modlg' q?qnﬁ gn mglyﬁ{ezrﬂéesgnbed optlcal%evwespand Iunqgla}res in accordance with the

invention will undoubtedly suggest themselves to those skilled in the art. Accordingly, the

foregoing description should be taken as illustrative and not in a limiting sense.



fluorescent fixtures. Ot her applications may be

illum nation apparatuses for directed lighting, such
w@sgo07/09®aer gence |ighting, pathways in dark pubdT/TS2007/003360

pl aces, such as theaters, nuseumart or speci al

di spl ay objects, shelves, stairs by placing the |ight

ainmed at the step risers, clothing rod for closet
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or channel -l etter signage using the |ightguide
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7. The device according to Claim 6 wherein the thickness at said second end is
substantially zero, and substantially all of said light inputted into said body is distributed from

the said front exit face of said ramp structures.



optical illum nation guiding devices, as well as
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substantially flat. 5. The ce according to Aaim4
~wherein each adjacéﬁb:%amﬂjgggk mdmnaﬂpNH?ructures S
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senond T8 dievise &d&&hﬁgﬂd @hinY2 ¥BERin éﬂfjh%l-g %B%ﬁhé@ﬁé% the falling

surfacd °§‘3 g %Fﬁt in ttedlnto sal d
8 f’?’ 45U SFPEwRes H’é 4feq sgid dight fé’ﬁw“ﬁ@:@g@ffrga.s@d,badp

structures. 8. The device according to Caim2 wherein
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b@y e device acCor gmg%? &?almr} l?egem said front exit face of each of said
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13. The device according to Claim 2 wherein said front exit face of each of said

ramp structures is flat,

14. The device according to Claim 2 wherein body has a first end representing said

one end for inputting light, and a second end, and said ramp structures extend along a



one end for inputting light, and a second end, and
said ranp structures extend al ong a di nensi on between

W@ 200d/09308t end and second end representing t hEBCHKER0T03360
the device, in which said ranp structures each have a
ranp surface at an acute angle with respect to said
axis, and the front exit face of each of said ranp
structures represents a surface at an acute angle with
respect to the normal of said axis. 9. The device
according to Claim38 mhereiﬁ.’CR represents the angle
of the ranp surface with respect to said axis; QEF

dimensip B&ORES sdidBrst bRl &dQkcsiletld fdn@Rhid Dol isf&?\?ﬁd%fl n%asgni
st&%géures with respect to the nornm o1 Tl d

._of said
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index (NA); Rhis aratio of the refractive index of
[ F a refractive index of the

t materi al. of sai.d body.t
ot um G RiSR AP G SRR By e Bafbchas B e R said
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. : sin *sin ~ . . e device _
dimeEPhe B0 ol B3 o STkl BRrro Mgt lngthrat i diyice and sid
body is gyedadong thawidhiof sdiddeviad. each of said ranp
structures distributes said light over a certain

angul ar_range from said body. 11. The device according
t 390 aiThedevige pedordingiodClhinyR twheiestt saidbridychab b éaputt pertion between

id firdd dreR@ icd. . s distributes
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devi ce according to Caim2 wherein said front exit
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The device according to Caim2 wherein body has a

fipst d representing said one end for inputting
| ilém , e@ﬁ 86‘89%%998?9&‘% &laimntp whetginybardy hag fisgbeng representing said

one exd for inpuatingrlighadinde Bedond eh&tane 841d $ahslsthichitbs &Mchaache a
id body.is curved along. said
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20. The device according to Claim 1 wherein said surface represents a top surface,
said ramp structure represent first ramp structures, said body has a first portion and a second
portion, in which said first ramp structures are provided along said top surface of said first
portion, said device further comprising

second ramp structures and falling structures along said botfom surface which alternate
with each other, and light when received from said first portion of said body is totally
internally reflected within said second portion of said body until distributed by reflection from
the ramp surface of each of said second ramp structure to exit said top surface or transmitted

from said ramp surface back into next adjacent falling structure.

21. The device according to Claim 20 wherein each of said second ramp structures

comprise a rising surface that is at an acute angle with respect to said axis, and each of said



body is curved along the width of said device. 16. The
devi ce according to Caim2 wherein said body has a

WO panpar ti on between said first one of said PERPS2007/003360
structures said one end for inputting light. 17. The
devi ce according to Claim 16 wherein said input
portion is shaped to facilitate transm ssion of |ight
fromsaid one end to said body having said ranmp
structures. 18. The device ?gcordlng to Caim1l6
wherei n body has first. end representing said one end
for inputting Iight, and a second end, and said ranp

falling tstriiiind§ €Smprides 8 Galih® AFfa8e i8N0 r&cxh@ta}‘l\gg anﬁl%gneétl tbFhe
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dlrectlon of a first one of said ranp structure to

ahd fi end al o t ne. of sajd axis or
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falling gwentutie megprésen miisma2icwhescei N sai d body represents a

cylinder. 20. The device according to Caim1l wherein

said surface represents a top surface, said ranp

sPuct (e dpepr ewenting iorGlainT 2hwhatinubé firsefat @ﬁ’ada ;b Qﬁlyer than the
back t ortion in
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the orsLUct Ur es al ong said bott m sur aée
¢ ORficRfleXi%€h ot her, and |ight when received from said
first portion of said body is totally internally
zélecgﬁd wi.t hin said second portion of said body
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id b or transmtted fromsaid ranp surface
sa RH%%%ﬁgﬁt adj acent falling structure. 2 1. The deV|ce

according to O aim 20 wherein each of said second ranp

shg uct onpri s sin rface that is at an

acut e g?f gI%fe’ W COIC?% ac la’f’bg]sgg 55(‘}?% Tisigg am%aacewf g3ch of the
second, gmff q;tqcmqg; 18 segmuntedasto oaulpple sefacas beprojiegsiSdidétéepeLacute angles

wnhr&#&ajb§m@5x§n acute angle with respect to the nornal
said axis, and then a surface substantially

parallel to said top surface. 22. The deV|ce according

c evic i in yrfacg 0
t% e devicdRRbRIL BT 18] & LhAg; St%%l SIT%? b8 feaé:gé)_fthe

aid falling structure represent
ramp %C‘“ﬁﬁéaaéwwua%bwwwg apeC aim 2 1 wherein the
first flat surface is |ower than the back surface
en fromsaid one. end to the first of said

S€ C on g—hl‘ ARyigeroting & CQHH 2t peerqimthedgptemeurfade Aengptddast said

second tepfsaubiong and EligteBstad halrefldbv iagkiaf | at surface is
a higher level than the previous flat surface al ong
the length of the optical device, thereby reducing the
t4% ck n@hsdofice according to Claim 8 wherein the light distribution from said top

surface of the device is in accordance with one of more of the height of the ramp surface of
each of said ramp structures, the angle of the ramp surface of each of said ramp structures, the
angle of the front exit face of each of said ramp structures, and the spacing between adjacent

ones of said ramp structures.

29. The device according to Claim 8 wherein the height of the ramp surface, the

angle of the ramp surface, and the angle of the front exit face are the same for each of said



the optical device. 24. The device according to O aim
23 wherein each of said second ranp structures and

W@ 200d/093akd9 i ng structures increase in size PCT/US2007/003360
proportionally with the reducing of thickness al ong
sai d bottom surface. 25. The device according to O aim
2 1 wherein the rising surface of each of the second
ranp structures is segnented into nmultiple surfaces of
progressive steeper acute an les with respect to said
axi s. 26. The device accordiPdy to Claim 2 1 wherein
the rising surface of each of the ranp structures has

rampastrﬁeﬁll'ds UG Sh YREWERE, otk Q@ﬁreug&le sJ%l%gdl%\gbg t ga%gaccg{tq;n@?of said

Claim 2 1 wherein the bottom surface
m”m§§”ﬁm§§éﬁﬂaefﬁﬁ%agﬁ$ﬁ%@ﬁF3§°and falling structure has

reflectlve material. 28. The device according to daim

disgribytion fromsaid top surface
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I e |l e of the ranp surface of each of
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of each of said ranp Structures, and the spacing
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devi ce accor
said paymstryeipfeg vaty fph@ieamgh@e of saihmmpastqocsittsfaing, sapriade
angle of the front exit face are the sane for each of

saidraﬁ%Fstructures al ong said top surface, and
whér ei e Hevispacsering ot Gleisn2 fdfrat enopriviesa stursafodligltripputted

into saidrdneleHd 88sad &viidre sane al ong said surface. 30. The
devi ce according to Caim8 wherein the height of the

ranmp surface, the angle of the ranp surfaces, and the
angl e aheldbeicd 10@BEdIMILCIHIRE S WREYin{sQld BORe %prg&*ﬁg qgmg a
evi c

. structures alo sai d surface 31. The
Smglezlg%]g’r%’ £8201% R rﬂeb§ g%@? $P%%Fe spaci ng bet ween
adj acent ones of sald ranp structures vary for one or
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r'I[Ee deslhg ge‘g%ec%cr i ED?] f Y ger? rsf‘ “‘E?S Ape padd ﬂ@"'%\e are
locatedgnpe heudiag. | i ght |nputted into said one end of said
device. 33. The device according to Claim32 wherein
sai d source represents a lanp, a single LED, an LED
aP?ay, The devies dseprdim to Claimght whareinceid Hddsing llemeeidti€on a
surfacgccording to Caim 32 wherein said source and said
devi ce are

36. The device according to Claim 32 wherein said device is located in a housing,
and said source comprises a fiber optic with an input end external said housing for receiving

illumination and an output end extending into said housing for delivering light to said device.

37. A device for guiding illumination comprising:

a body having a top surface with a series of structures, and a bottom surface, in which
said series of structures extend from one end of the device along a dimension representing the
axis of the device; and

each of said structures comprises a rising surface followed by falling surface, in which
said rising surface and said falling surface are angled with respect to said axis to enable

distribution of light when inputted said body at said one end from each said falling surface of



| ocated in a housing. 35. The device according to

Claim 34 wherein said housing is nountable on a
waaewe9 36. The device according to C ai m 32P@iTES®TI003360

said device is located in a housing, and said source

conprises a fiber optic wwth an input end externa

said housing for receiving illum nation and an out put

end extending into said housing for delivering |ight

to said device. 37. A devicg for guiding illumnation.

conprising: a body having & %bp surface with a series

of structures, and a bottom surface, in which said
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wherein |ight when received fromone end of said body -
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of each of agq'a]img structures after the first flat surface is a higher level than the previous flat

surface along the length of the optical device, thereby reducing the thickness of the optical

device.

42, The device according to Claim 38 wherein each of said ramp structures and said
falling structures increase in size proportionally with the reducing of thickness along said

bottom surface.

43. The device according to Claim 39 wherein the rising surface of each of the
ramp structures is segmented into multiple surfaces of progressive steeper acute angles with

respect to said axis.



4 1. The device according to Caim 39 wherein the
first flat surface is lower than the back surface
we@xaogneiomy from said one end to the first of sBECTUSZHAT003360
structure, and the flat surface of each of the falling
structures after the first flat surface is a higher
| evel than the previous flat surface along the I ength
of the optical device, thereby reducing the thickness
of the optical device. 42. Ihe devi ce according to
d ai m 38 wherein each of sard ranp structures and said
falling structures increase in size proportionally
with the reducing of thickness along said bottom
surface. 43. The device_accordjng to CLain1§$ \/\gergigﬂl
t4e ri Jhpgedes sosewing o Llum 15 Wherkintheising SUptaee pLeacp &t the
ramp SSROABRIRE a CHithuBUEl valyesioptaces of progressive
steeper acute angles with respect to said axis.44. The
devi ce according to Claim39 wherein the rising
s48.f acehddevarac@finkhe Clam 8 sttrentdt said bottas serface has reflective
continuously varying slope. 45. The device according
malenigy ] ai m 38 wherein said bottom surface has reflective
material. 46. The device according to Caim 38 further
c risjng a source f I. td | ' ] k ing li
G o TGy Oy dRE crBink BRLEE R i g
inputtédin@ saidoukcendivdsgd dewsigé.d source represents a lanp, a
single LED, an LED array, or a fiber optic |ight
source. 48. The device according to Claim46 wherein
s#7.d s@he devicerngcerding tel Slaimetoyhereip s2if SEUIEH ICRISIBRIE P FRFP: 2
. | |3 118 Suem 48 wherein said
Smgbﬁ%ﬂ%ﬁﬁglﬁg%ﬁgggﬁgngqgﬁla&surface. 50. The device
according to Claim 38 wherein said device is |ocated
| Bg. 2 NGUS 1\Goe R06rdfik 16 CHAM /50w RQBIR shid&Burde hidhedid dgptdecare
with an input end external said housing for receiving
located|ip g RPP3iRE-on and an out put end extending into said
housi ng for delivering light to said device. 51. An

optical_ devi.ce for..quiding jJ!|un.nati.qn ¢conpr.isi

botty hE‘R}? ﬁ@“feoifcg'lﬁif’%ate gﬁﬂ%‘d‘{ éaw Arrsadder %gg ,m(zdnn le éha
surfadel ural ity of successive portions froman input end for

inputting light along the I ength of the device; the

top surface of at |east one of said portions has a )

pbar al iThy deficd agcetdingimlsinT Ifcwherein said device is located in‘a housing,

and said source comprises a fiber optic with an input end external said housing for receiving

illumination and an output end extending into said housing for delivering lightto said device.

51. An optical device for guiding illumination comprising:

a body having top surface and a bottom surface, and a plurality of successive portions
from an input end for inputting light along the length of the device;

the top surface of at least one of said portions has a plurality of first ramp structures
having front exit faces in which light is capable of being reflected within said one of said
portions for distribution from said front exit faces along said top surface; and

the bottom surface of at least one other of said portions has a plurality of second ramp
structures in which light is capable of being reflected within said one other of said portions for

distribution by reflection from one of said second ramp structures to exit from said top surface.



having front exit faces in which light is capable of
being reflected within said one of said portions for
waele@voddows i on fromsaid front exit faces al ongPGHUS20DI3360

surface; and the bottom surface of at |east one other

of said portions has a plurality of second ranp

structures in which light is capable of being

reflected within said one other of said portions for

di stribution by reflection fromone of said second

ranp structures to exit fromsaid top surface.52. The

optical device according to Claim51 wherein |ight

exbt i NE3 BhkaPBEViERcc@HIGS CidiR8 15Whdieih 1Rt exifilsaid optical

structures and said second ranp structure conpined to .
devicp oy seid Gt B FtUFRYFes 289 §21d pe5aRd BAP Strctusg combined to provide
certaih HighQiS@blgh. appar at us conprising: a |ight guiding

device having a top surface and a bottom surface, and

at | east one of said top and bottom surfaces
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o light i i de | i di devi :

soid tp Sltach O 8 B o A0l oAl T YLt ol rmmmbUcres: and
heuighhspunzfonigpatting gkt intosaid lighyawidiggiddviag devi ce. 55.
The apparatus according to C aim54 wherein said
housin%agurther has said |ight source. 56. The i
apfar athhs apprsepelporgrding tol Apim Bhfuphes emprisiier Mygehgving at

least.beﬁd@%%ﬂ@lll Qpea surface. 57. The apparatus according
to aim 53 wherein said |ight source represents a

| anp, a single LED, an LED array, or a fiber optic
| isght SPRY £Paratus according to Claim 54 wherein said housing further has said

li ght' source.

56. The apparatus according to Claim 54 wherein said housing is mountable on a

surface.

57. The apparatus according to Claim 53 wherein said light source represents a

lamp, a single LED, an LED array, or a fiber optic light source.



