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ABSTRACT

A luminaire includes an optical waveguide having a first
surface and a second surface opposite the first surface, and a
light source associated with the optical waveguide. At least
about 80% of light produced by the light source 1s directed by

the waveguide mnto an illumination distribution emitted from
the first surface of the optical waveguide.
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WAVEGUIDE HAVING UNIDIRECTIONAL
ILLUMINANCE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of U.S.
Provisional Patent Application No. 61/922,017, filed Dec. 30,
2013, entitled “Optical Waveguide Bodies and Luminaires
Utilizing Same” (Cree docket No. P2143US0) and U.S. Pro-
visional Patent Application No. 62/020,866, filed Jul. 3, 2014,
entitled “Luminaires Utilizing Edge Coupling” (Cree docket
No. P2289US0). The present application further comprises a
continuation-in-part of U.S. patent application Ser. No.
13/839,949, filed Mar. 15, 2013, entitled “Optical Waveguide
and Lamp Including Same” (Cree docket No. P1961US1),
and further comprises a continuation-in-part of U.S. patent
application Ser. No. 13/840,563, filed Mar. 15, 2013, entitled
“Optical Waveguide and Luminaire Incorporating Same”
(Cree docket No. P2025US1), and further comprises a con-
tinuation-in-part of U.S. patent application Ser. No. 13/938,
877, filed Jul. 10, 2013, entitled “Optical Waveguide and
Luminaire Incorporating Same” (Cree docket No.
P2025U82), and further comprises a continuation-in-part of
U.S. patent application Ser. No. 14/101,086, filed Dec. 9,
2013, entitled “Optical Waveguides and Luminaires Incorpo-
rating Same” (Cree docket No. P2126US1), and further com-

prises a continuation-in-part of U.S. patent application Ser.
No. 14/101,132, filed Dec. 9, 2013, entitled “Waveguide Bod-

ies Including Redirection Features and Methods of Producing
Same” (Cree docket No. P2130US1), and further comprises a

continuation-in-part of U.S. patent application Ser. No.
14/101,147, filed Dec. 9, 2013, entitled “Luminaires Using
Waveguide Bodies and Optical Elements” (Cree docket No.

P2131 US1), and further comprises a continuation-in-part of
U.S. patent application Ser. No. 14/101,129, filed Dec. 9,

2013, entitled “Simplified Low Profile Module With Light
(Guide For Pendant, Surtace Mount, Wall Mount and Stand
Alone Luminaires™ (Cree docket No. P2141US1), and further
comprises a continuation-in-part of U.S. patent application
Ser. No. 14/101,051, filed Dec. 9, 2013, entitled “Optical
Waveguide and Lamp Including Same™” (Cree docket No.
P2151US1), and further comprises a continuation-in-part of
International Application No. PCT/US14/13937, filed Jan.
30, 2014, entitled “Optical Waveguide Bodies and Lumi-
naires Utilizing Same” (Cree docket No. P2143W0O), and
turther comprises a continuation-in-part of International
Application No. PCT/US14/13931, filed Jan. 30, 2014,
entitled “Optical Waveguides and Luminaires Incorporating
Same” (Cree docket No. P2126WQ), all owned by the
assignee ol the present application, and the disclosures of
which are incorporated by reference herein. This patent appli-
cation incorporates by reference co-pending U.S. patent
application Ser. No. , entitled “Luminaire with Select-
able Luminous Intensity Pattern” (Cree docket No.
P2262US1), filed Aug. 28, 2014, and U.S. patent application
Ser. No. , entitled “Luminaires Utilizing Edge Cou-
pling” (Cree docket No. P2346US1), filed Aug. 28, 2014,
both owned by the assignee of the present application.

REFERENCE REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not applicable
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SEQUENTIAL LISTING
[0003] Not applicable
FIELD OF DISCLOSURE
[0004] The present subject matter relates to lighting

devices, and more particularly, to a luminaire imncorporating
waveguides for general 1llumination.

BACKGROUND

[0005] An optical waveguide mixes and directs light emat-
ted by one or more light sources, such as one or more light
emitting diodes (LED elements). A typical optical waveguide
includes three main components: one or more coupling sur-
faces or elements, one or more distribution elements, and one
or more extraction elements. The coupling component(s)
direct light into the distribution element(s), and condition the
light to interact with the subsequent components. The one or
more distribution elements control how light flows through
the waveguide and 1s dependent on the waveguide geometry
and material. The extraction element(s) determine how light
1s removed by controlling where and in what direction the
light exits the waveguide.

[0006] When designing a coupling element, the primary
considerations are: maximizing the efficiency of light transfer
from the source 1nto the waveguide; controlling the location
of light injected into the waveguide; and controlling the angu-
lar distribution of the light in the waveguide. The coupling
clement of a waveguide may be comprised of one or more of
a number of optical elements, including a ‘primary’ source
optic (such as the lens on an LED component package), one or
more intermediate optical elements (such as a lens or array of
lenses) iterposed between the source and the waveguide
coupling surface or surfaces, one or more reflective or scat-
tering surfaces surrounding the sources, and specific optical
geometries formed 1n the waveguide coupling surfaces them-
selves. Proper design of the elements that comprise the cou-
pling element can provide control over the spatial and angular
spread of light within the waveguide (and thus how the light
interacts with the extraction elements), maximize the cou-
pling efficiency of light into the waveguide, and improve the
mixing of light from various sources within the waveguide
(which 1s particularly important when the color from the
sources varies—either by design or due to normal bin-to-bin
variation 1n lighting components). The elements of the
waveguide coupling system can use reflection, refraction,
total internal reflection, and surface or volume scattering to
control the distribution of light injected into the waveguide.
[0007] To increase the coupling of light from a light source
into a waveguide, it 1s desirable to maximize the number of
light rays emitted by the source(s) that impinge directly upon
the waveguide coupling surface. Light rays that are not
directly incident on the waveguide from the source must
undergo one or more retlections or scattering events prior to
reaching the waveguide coupling surface. Each such ray 1s
thus subject to absorption at each reflection or scattering
event, leading to light loss and inefliciencies. Further, each
ray that 1s incident on the coupling surface has a portion that
1s reflected (Fresnel reflection) and a portion that 1s transmiut-
ted mto the waveguide. The percentage that is reflected 1s
smallest when the ray strikes the coupling surface at an angle
of incidence relative to the surface normal close to zero (1.e.,
approximately normal to the surface). The percentage that 1s
reflected 1s largest when the ray 1s incident at a large angle
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relative to the surface normal of the coupling surface (1.e.,
approximately parallel to the surface). To increase efliciency,
the coupling of the light into the waveguide body minimizes
the absorbing of light at reflection or scattering events as well
as the Fresnel retlection at the coupling surface.

[0008] In conventional coupling, a light source, typically
emitting a Lambertian distribution of light, 1s positioned adja-
cent to the edge of a planar waveguide element. The amount
of light that directly strikes the coupling surface of the
waveguide 1n this case 1s limited due to the wide angular
distribution of the source and the relatively small solid angle
represented by the adjacent planar surface. To increase the
amount of light that directly strikes the coupling surface, a
bare component such as the Cree ML-series or MK-series
(manufactured and sold by Cree, Inc. of Durham, N.C., the
assignee ol the present application) may be used. A bare
component 1s a light source that does not include a primary
optic, lens, or discrete coupling optic formed about an LED
chip. The tlat emitting surface of the LED chip may be placed
in close proximity to the coupling surface of the waveguide.
While this arrangement helps ensure a large portion of the
emitted light 1s directly incident on the waveguide, overall
system elliciency generally sulfers as bare components are
typically less efficient than components having primary
lenses, which facilitate light extraction from the component,
improving overall efficiency.

[0009] As discussed above, the use of higher-efliciency
LED elements having conventional (e.g., predominantly
hemispherical or cubic) primary optics results 1n a limited
amount of light that 1s directly incident on the coupling sur-
face of the waveguide. Such light source(s) are often placed 1n
a reflective channel or cavity to reflect light onto the coupling
surface, thereby increasing the amount of light from the
source that reaches the waveguide but also reducing overall
system elficiency due to the loss incurred at each reflection
event. In some luminaires, the waveguide(s) may have cou-
pling surfaces specifically shaped to maximize the amount of
light captured at the coupling surfaces. Alternatively, each
LED may be positioned in a cylindrical coupling cavity
within the waveguide, and a reflective cap having a cone-
shaped plug diverter may be placed at the opposite end of the
coupling cavity.

[0010] Adter light has been coupled into the wavegwde, 1t
must be guided and conditioned to the locations of extraction.
The simplest example 1s a fiber-optic cable, which 1s designed
to transport light from one end of the cable to another with
mimmal loss in between. To achieve this, fiber optic cables
are only gradually curved and sharp bends 1n the waveguide
are avolded. In accordance with well-known principles of
total internal reflection, light traveling through a waveguide 1s
reflected back into the waveguide from an outer surface
thereot, provided that the incident light does not exceed a
critical angle with respect to the surface. Specifically, the light
rays continue to travel through the waveguide until such rays
strike an 1ndex interface surface at a particular angle less than
an angle measured with respect to a line normal to the surface
point at which the light rays are incident (or, equivalently,
until the light rays exceed an angle measured with respect to
a line tangent to the surface point at which the light rays are
incident) and the light rays escape.

[0011] In order for an extraction element to remove light
from the waveguide, the light must first contact the feature
comprising the element. By appropriately shaping the
waveguide surfaces, one can control the tlow of light across
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the extraction feature(s) and thus influence both the position
from which light 1s emitted and the angular distribution of the
emitted light. Specifically, the design of the coupling and
distribution surfaces, in combination with the spacing (distri-
bution), shape, and other characteristic(s) of the extraction
features provides control over the appearance of the
waveguide (luminance), 1ts resulting angular distribution of
emitted light (1lluminance), and system optical efficiency.

[0012] In desigming waveguide/extractor lighting systems,
an 1mportant consideration 1s the purpose and/or positioning
of the luminaire relative to the viewer and the i1lluminated
surfaces. For example, 1n general illumination systems such
as troffer lighting, the light source or luminaire 1s typically
located on or near the ceiling and provides illumination to the
walls and floor of a room. In this case, 1t 1s desirable for the
luminaire to provide light 1n useful directions (e.g., towards
the surfaces to be illuminated), and the ‘viewer’ or room
occupant will typically be able to directly view the light
emitting surfaces such that glare may become an issue 11 too
much light 1s provided into a particular viewing angle from a
suificiently small emitting area. While low luminaire cost and
architectural designs may call for smaller light-emitting sur-
faces, the requirement for limiting glare will typically place a
lower limit on luminaire size and/or require architectural
features such as recessing lighting to achieve the desired level
of lighting. Alternately, conventional work or task lighting
provides a light source that 1s necessarily offset from the
observer’s line of sight to prevent the light source from
obscuring the object being viewed (e.g., a ring of lights
around a microscope lens or a head light mounted above or to
the side of a viewer’s head). The light of such work lighting 1s
angled toward the viewer’s line of sight but 1s not 1n line with
his/her sight. This offset lighting creates shadows and pre-
vents a viewer from observing certain surfaces, such as the
interior of narrow openings. Further, conventional work light-
ing also typically requires a large amount of light emaitted
from a necessarily small source, making the light source
extremely visible and creating bright points or glare along the
exiting surface of the work light as well as from retlections of
the work light from shiny or reflective work surfaces.

[0013] Hulse U.S. Pat. No. 5,812,714 discloses a
waveguide bend element configured to change a direction of
travel of light from a first direction to a second direction. The
waveguide bend element includes a collector element that
collects light emitted from a light source and directs the light
into an input face of the waveguide bend element. Light
entering the bend element 1s reflected internally along an
outer surface and exits the element at an output face. The outer
surface comprises beveled angular surfaces or a curved sur-
face oriented such that most of the light entering the bend
clement 1s internally reflected until the light reaches the out-
put face

[0014] Parkeretal. U.S.Pat. No. 5,613,751 discloses a light

emitting panel assembly that comprises a transparent light
emitting panel having a light input surface, a light transition
area, and one or more light sources. Light sources are prefer-
ably embedded or bonded 1n the light transition area to elimi-
nate any air gaps, thus reducing light loss and maximizing the
emitted light. The light transition area may include retlective
and/or refractive surfaces around and behind each light
source to reflect and/or refract and focus the light more effi-
ciently through the light transition area into the light mnput
surface of the light-emitting panel. A pattern of light extract-
ing deformities, or any change in the shape or geometry of the
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panel surface, and/or coating that causes a portion of the light
to be emitted, may be provided on one or both sides of the
panel members. A variable pattern of deformities may break
up the light rays such that the internal angle of reflection of a
portion of the light rays will be great enough to cause the light
rays either to be emitted out of the panel or retlected back
through the panel and emitted out of the other side.

[0015] Shipman, U.S. Pat. No. 3,532,871 discloses a com-
bination running light reflector having two light sources, each
of which, when illuminated, develops light that 1s directed
onto a polished surface of a projection. The light 1s retlected
onto a cone-shaped reflector. The light 1s transversely
reflected into a main body and impinges on prisms that direct
the light out of the main body.

[0016] Simon U.S. Pat. No. 5,897,201 discloses various
embodiments of architectural lighting that 1s distributed from
contained radially collimated light. A quasi-point source
develops light that 1s collimated in a radially outward direc-
tion and exit means of distribution optics direct the collimated
light out of the optics.

[0017] Kelly et al. U.S. Pat. No. 8,430,548 discloses light
fixtures that use a variety of light sources, such as an ican-
descent bulb, a fluorescent tube and multiple LEDs. A volu-
metric diffuser controls the spatial luminance uniformity and
angular spread of light from the light fixture. The volumetric
diffuser includes one or more regions of volumetric light
scattering particles. The volumetric diffuser may be used 1n
conjunction with a waveguide to extract light.

[0018] Dau et al U.S. Pat. No. 8,506,112 discloses 11lumi-
nation devices having multiple light emitting elements, such
as LEDs disposed in a row. A collimating optical element
receives light developed by the LEDs and a light guide directs
the collimated light from the optical element to an optical
extractor, which extracts the light.

[0019] A.L.P. Lighting Components, Inc. of Niles, Ill.,
manufactures a waveguide having a wedge shape with a thick
end, a narrow end, and two main faces therebetween. Pyra-
mid-shaped extraction features are formed on both main
faces. The wedge waveguide 1s used as an exit sign such that
the thick end of the sign 1s positioned adjacent a ceiling and
the narrow end extends downwardly. Light enters the
waveguide at the thick end and 1s directed down and away
from the waveguide by the pyramid-shaped extraction fea-
tures.

[0020] Low-profile LED-based luminaires have recently
been developed (e.g., General Electric’s ET series panel troi-
ters) that utilize a string of LED components directed into the
edge of a waveguiding element (an ‘edge-lit” approach).
However, such luminaires typically suffer from low efli-
ciency due to losses inherent 1n coupling light emitted from a
predominantly Lambertian emitting source such as a LED
component 1nto the narrow edge of a waveguide plane.

[0021] Beeson et al. U.S. Pat. No. 5,396,350 teaches a
backlighting apparatus used for tlat panel electronic displays.
The apparatus includes a slab waveguide that receives light
from a light source positioned adjacent a side surface thereof
and an array of microprisms attached to a face of the
waveguide. Each microprism has a side surface tilted at an
angle from the direction normal to the surface of the
waveguide. Light emitted from the microprisms 1s substan-
tially perpendicular to the slab waveguide.

[0022] Zimmerman etal. U.S. Pat. No. 5,598,281 discloses
a backlight assembly for electro-optical displays. Light emat-
ted from a light source disposed within a reflector travels
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through an array of apertures and 1s collimated by an array of
tapered optical elements aligned with the array of apertures.
Microlenses may be disposed adjacent the optical elements to
turther collimate the light. The surfaces of the optical ele-
ments are planar or parabolic in shape.

[0023] Zimmerman et al. U.S. Pat. No. 3,428,468 teaches
an optical illumination system for applications that require
substantially collimated light. The system comprises a
waveguide that recerves light from an edge thereof. An array
of microprisms 1s attached to one face of the waveguide. Each
microprism has at least two sidewalls tilted at an angle from
the normal of the surface of the waveguide. An array of
microlenses may be disposed atop the array of microprisms to
turther collimate the light.

[0024] Stemner et al. U.S. Pat. No. 5,949,933 discloses an
optical 1llumination system for collimating light. The system
includes a waveguide that receives light from an edge thereof
and an array of lenticular microprisms attached to one face of
the waveguide. Each microprism has a light mnput surface
optically coupled to the waveguide and a light output surface
opposite the input surface. The light mput surface includes a
number of tapered grooves perpendicular to the length of the
lenticular microprism. The system also includes an array of
microlenses to further collimate the light.

[0025] Hou et al. U.S. Pat. No. 5,839,823 teaches an 1llu-
mination system including a light source adjacent to or
housed within a reflector. A light-directing assembly having
at least one microprism carried on a base wall 1s positioned
adjacent the light source opposite the retlector. The micro-
prism may be polyhedronal, curvilinear, and polyhedronal
curvilinear. A lens array may be disposed on the other side of
the base wall.

[0026] Kuperetal. U.S. Pat. No. 5,761,355 discloses a light
directing optical structure comprising a waveguide having a
multiplicity of prisms attached thereto. Light redirected by
the prisms 1s constrained to arange of angles. The side face(s)
of the prisms may be planar or curved. An array of lenses may
be used to spread the light output of the prisms to a wider
distribution angle

SUMMARY

[0027] According to one aspect, a luminaire includes an
optical waveguide having a first surface and a second surface
opposite the first surface, and a light source associated with
the optical waveguide. At least about 80% of light produced
by the light source 1s directed by the waveguide into an
illumination distribution emitted from the first surface of the
optical waveguide.

[0028] According to another aspect, a luminaire includes a
waveguide having a first surface and a second surface oppo-
site the first surface. The waveguide includes an extraction
teature disposed on the first surface. The luminaire further
includes a light source associated with the waveguide. Light
emitted from the light source 1s directed by the waveguide
into an 1llumination distribution emitted from the first surface
of the waveguide. Further, the waveguide 1s optically trans-
parent such that the 1llumination distribution 1s visible along
a line of sight through the wavegmide extending from the
second surface to the first surface.

[0029] According to a further aspect, a luminaire includes a
housing, an LED element disposed within the housing, and a
waveguide having a light emitting surface disposed in the
housing adjacent the LED element. An extraction feature 1s
disposed on the light emitting surface of the waveguide. The
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extraction feature has a curved shape extending between an
aperture adjacent the light emitting surface and a base oppo-
site the aperture.

[0030] Other aspects and advantages will become apparent
upon consideration of the following detailed description and
the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] FIG. 1 1s an 1sometric view of an embodiment of a
luminaire 1n a room;

[0032] FIG. 2 1s a front 1sometric view of the luminaire of
FIG. 1;
[0033] FIG. 2A 1s an exploded view of a housing of the

luminaire of FIG. 1;

[0034] FIG. 3 1s a rear 1sometric view of the luminaire of
FIG. 1;
[0035] FIG.41salragmentary, front elevational view of the

luminaire of FIG. 1;

[0036] FIG. S 1sa sectional view of the luminaire of FIG. 1
taken generally along the lines 5-5 of FIG. 2;

[0037] FIG. 6 1s an enlarged side elevational view of a
waveguide of the luminaire of FIG. 1;

[0038] FIG. 7 1s a fragmentary isometric view ol an
embodiment of extraction features utilized i the luminaire of
FIG. 1;

[0039] FIG. 8 1s a side elevational view of the extraction
features of FI1G. 7;

[0040] FIGS. 9A and 9B are side elevational and plan
views, respectively, of the extraction features of FIG. 7 before
application to a waveguide;

[0041] FIGS. 10A-10C are side elevational, plan, and side

clevational views, respectively, of the extraction features of
FIG. 7 after application to a waveguide;

[0042] FIGS. 11A-11C are 1sometric, side elevational, and
plan views, respectively, of a further embodiment of an
extraction feature before application to a waveguide;

[0043] FIG. 12 15 an enlarged side elevational view of a
waveguide of the luminaire of FIG. 1;

[0044] FIG. 13 1s an enlarged side elevational view of a
waveguide of a further embodiment of a luminaire; and
[0045] FIG. 14 1s a graph illustrating light 1llumination

distribution as a function of extraction feature height of the
luminaire of FIG. 1.

DETAILED DESCRIPTION

[0046] Referring to FIG. 1, a luminaire 50 providing an
illuminance distribution 32 with hidden luminance 53 is
shown. The luminaire 50 includes an optical waveguide 54
having a first surface 56 and a second surface 58 opposite the
first surtace 56. At least 80%, preferably at least 90%, and
most preferably at least 95%, of light produced by a light
source 60 (FIG. 4) 1s directed by the waveguide 54 1nto the
illumination distribution 52 emitted from the first surface or
light emitting surface 56 of the waveguide 54. Further, the
illumination distribution 52 1s visible through the waveguide
54 along a line of sight 62 extending from the second surface
58 to the first surface 56. The optical waveguide 54 exhibits a
luminance 53 from the second surface 58 along the line of
sight 62 that 1s less than about 20%, preferably less than about
10%, and most preferably less than about 3% of the total
luminance of the luminaire. Generally, “hidden luminance™
refers to the visibility of the 1llumination distribution 52 along,

the line of sight 62 through the waveguide 34 while the
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luminance 53 from the second surface 58 along the line of
sight 62 1s minimized, during use (1.e., when power 1s sup-
plied to the light source 60 (F1G. 4)). The line of sight 62 may
be perpendicular or angled relative to the first and second
surfaces 56, 58 of the waveguide 54. Even further, simula-

tions have shown that the embodiments described herein pro-
vide an optical etficiency of at least 90%, and 1n particular at

least 95%.

[0047] AsseeninFIG. 2, the waveguide 34 of the luminaire
50 extends from a housing or enclosure 64 having a first part
66a and a second part 665. In the 1llustrated embodiment, the
first and second parts 66a, 665 are 1dentical 1n shape and,
during use, are oriented in opposite directions to 1nterlock
with one another. As seen 1n FIG. 2A, each part 66a, 665
includes a peripheral edge 70a, 705 that extends inward along
first, second, and third surfaces 72a, 725, 74a, 745, and 76a,
76b, respectively. The first and second parts 66a, 6656 are
oriented relative to one another such that the first and third
surfaces 72a, 766 and 72b, 76a mate together. Two screw
holes 78 are formed along the third surfaces 76a, 765, and two
indents 80a, 805 are formed along the first surfaces 72a, 725
to mate with the two screw holes 78a, 786 of the correspond-
ing part. Each second surface 74a, 74b includes a raised
portion 74a-1, 74b-1 and a lowered portion 74a-2, 745-2 that
mate with the raised and lowered portions of the correspond-
ing second surface 74a, 74b6. The fourth surfaces 82a (FIG. 4),
826 (FI1G. 2A) are spaced apart so as to allow the waveguide
54 to extend therefrom. A recess 83 1s formed adjacent to the
second surfaces 74a, 74b of the first and second parts 664,
660, and a light source member 83a 1s disposed therein. The
first and second parts 66a, 665 are held together by fasteners
835, although any suitable fastening means may be used. An
illuminated surface of an object 87 1s viewed through the
waveguide 54 and 1lluminated by the luminaire 50.

[0048] Referring to FIG. 3, extraction features 84 are dis-
posed on the first side 56 of the waveguide 54. In some
embodiments, the extraction features 84 are not visible to the
viewers 1n the room. In other embodiments, the extraction
features are arranged 1n a regular array such as a hexagonal
close-packed array. In still other embodiments, the extraction
features are arranged 1n a specific pattern (density pattern) in
order to improve optical efficiency, luminance uniformity, or
provide a desired visual effect, image, or luminance pattern
(logo, picture, graphic etc.).

[0049] FIG. 4 illustrates LED elements 86 disposed 1n a
first end 88 of the housing 64 adjacent the second surface 74a
of the first part 66a. The waveguide 54 extends from a second
end 90 of the housing 64 opposite the first end 88 formed by
the fourth surfaces 82a, 826 (FI1G. 2A) of the first and second
parts 66a, 665 (FIG. 2A). In the 1llustrated embodiment, the
waveguide 34 1s edge-lit along a coupling surface 92 by the
plurality of LED elements 86. The LED eclements 86 are
disposed on a printed circuit board 94 mounted on the light
source member 83a and spaced apart from the coupling sur-
face 92 of the waveguide 54. Other types of coupling and/or
orientation of the LED elements 86 relative to the waveguide
54 may be used. In alternative embodiments, the luminaire 50
may include more than one waveguide and may utilize inte-
rior-lit coupling, multiple-edge coupling, or a combination
thereof. The type of coupling may influence the angular and
spatial distribution of light within the waveguide, which 1n
turn can intluence the efliciency of extraction, the 1llumi-
nance, and the luminance.
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[0050] Varioustypes of LED elements may be used, includ-
ing LED packages having primary optics as well as bare LED
chips. Each LED element or module 86 may be a single white
or other color LED, or each may comprise multiple LED
clements either mounted separately or together on a single
substrate or package to form a module including, for example,
at least one phosphor-coated LED either alone or 1n combi-
nation with at least one color LED, such as a green LED, a
yellow LED, a red LED, etc. In those cases where a soft or
warm white 1llumination 1s to be produced, each LED e¢le-
ment or module 86 or a plurality of such elements or modules
may include one or more blue shifted yellow LED elements
and one or more red LED elements. The LED eclements 86
may be disposed in ditferent configurations and/or layouts as
desired. Different color temperatures and appearances could
be produced using other LED combinations, as 1s known in
the art. The luminaire may include LEDs 63 of the same type
of phosphor-converted white LED, or any combination of the
same or different types of LEDs discussed herein. In some
embodiments, a luminaire may include a plurality of groups
of LEDs 65, where each group may include LEDs 63 having
different colors and/or color temperatures. The groups of
LEDs 65 may be separated by dividers, as described 1in U.S.
patent application Ser. No. , filed Aug. 28, 2014,
entitled “Luminaire Utilizing Multiple Edge Coupling” (Cree
docket No. P2346US1), incorporated herein by reference,
wherein the LEDs 65 are disposed within the coupling cavity.
Such dividers facilitate the mixing of light between adjacent
LEDs 65, limit the angle of incidence of light incident on the
first and second coupling surfaces XX of the waveguide, and
reduce interaction and light absorption between LED com-
ponents 65. In embodiments having LEDs of the same or
similar color, dividers may not be necessary or desired. Fur-
ther, 1n one embodiment, the light source comprises any LED,
for example, an MT-G LED incorporating TrueWhite® LED
technology or as disclosed 1n U.S. patent application Ser. No.
13/649,0677, filed Oct. 10, 2012, entitled “LED Package with
Multiple Flement Light Source and Encapsulant Having Pla-
nar Surfaces” by Lowes et al., (Cree Docket No. P1912US1 -
7), the disclosure of which 1s hereby incorporated by refer-
ence herein, as developed and manufactured by Cree, Inc., the
assignee ol the present application. If desirable, a side emiut-
ting LED disclosed 1n U.S. Pat. No. 8,541,793, the disclosure
of which 1s incorporated by reference herein, may be utilized.
In some embodiments, each LED element or module 86 may
comprise one or more LED elements disposed vertically
within the coupling cavity. In any of the embodiments dis-
closed herein the LED element(s) or module(s) 86 may have
a Lambertian or near-Lambertian light distribution, although
cach may have a directional emission distribution (e.g., a side
emitting distribution), as necessary or desirable. More gen-
crally, any Lambertian, near-Lambertian, symmetric, wide
angle, preferential-sided, or asymmetric beam pattern LED
(s) may be used as the light source.

[0051] Referring to FIGS. 5-8, light 1s extracted predomi-
nantly out of the first surface 56 of the waveguide 54 by the
extraction features 84 bonded thereto. Each extraction feature
84 includes a body 96 (FIG. 7) having a curved shape 98 that
extends between an aperture 100 adjacent the first surface 56
of the waveguide 34 and a base 102 opposite the aperture 100.
The aperture 100 and the base 102 may be parallel or disposed
at an angle relative to one another. As seen 1 FIG. 6, the
curved shape 98 includes an outer surface 104 that 1s undercut
relative to the first surface 56 of the waveguide 54. The outer
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surface 104 may include planar surfaces, curved surfaces,
planar surfaces approximating a curve, or a combination
thereol. The profile of the outer surface may be symmetric in
nature (e.g., as in the case of a hemisphere) or asymmetric
(e.g., as 1n the case of an ellipse or other combination of
shapes). The extraction features and/or waveguide may be
acrylic, including an acrylic UV-curable resin, silicone, poly-
carbonate, glass, or other suitable material(s) and combina-
tions thereot, possibly 1n a layered arrangement, to achieve a
desired effect.

[0052] In the embodiment shown in FIGS. 6-8, the extrac-
tion features 84 may be formed on a member 108 that 1s
subsequently bonded or otherwise optically joined to the first
surface 56 of the waveguide 54. The member 108 may be a
f1lm, a glass, an acrylic, or any suitable optically transmissive
material. For example, the member 108 may comprise an
acrylic, polyethylene terephthalate (PET)- or polyester-based
film (e.g., brand name “mylar”) or a film of any other suitable
material upon which extraction features are formed or repli-
cated. The extraction features 84 may comprise a suitable
optical material such as acrylic, acrylic-based resins, poly-
carbonate, glass, or other materials having suitable optical
and structural properties. The film may be fabricated using
one of a variety of techniques typically applied to the forma-
tion of micro-optical films, mncluding embossing, photoli-
thography, gray-scale lithography, micro-replication, injec-
tion/compression molding, reactive 1on etching, chemical
embossing, casting, or drum roll transfer. Other methods of
fabrication include dispensing an acrylic-based UV-curing
resin or silicone material on a carrier film that 1s subsequently
cured to form extraction features. The resulting extractor film
or sheet may be laminated or otherwise attached to the first
surface 36 of the waveguide 54 either directly or with one or
more mtermediate layers using a variety of bonding methods
including ultrasonic bonding, laser bonding, adhesive bond-
ing, pressure-sensitive adhesive bonding, chemical welding,
thermal bonding.

[0053] In some embodiments, the extraction features 84
may be disposed on the waveguide 54 without a member 108.
For example, the extraction features 84 may be fabricated
directly on the first surface 56 of the waveguide 54 by means
of an itermediate patterning layer as described i U.S. Pat.
No. 8,564,004, 1ssued Oct. 22, 2013, entitled “Complex Pri-
mary Optics with Intermediate Flements” by Tarsa et al.
(Cree docket No. P1445), incorporated by reference herein.
Using this method of manufacture, the extraction features 84
are optically joined to the waveguide 54 without the need for
the substrate 108. The patterning layer may be used with any
method such as molding, injection molding, compression
molding, dispensing, stencil printing, three-dimensional
printing, photolithography, deposition, or the like. Specifi-
cally, the patterning layer 1s formed on the first surface 56 of
the waveguide 54 and includes holes or openings where the
waveguide 54 1s exposed. The openings of the patterning
layer correspond to locations where the extraction features 84
are to be formed on the waveguide 54. In some embodiments,
a mold 1s then placed over the patterning layer and first
surface 56 of the waveguide 34. The mold includes voids that
are aligned with the openings of the patterning layer to define
cavities. The cavities are filled with the material of the extrac-
tion features 84. In other embodiments, the material of the
extraction features 84 1s applied to the openings of the pat-
terning layer prior to placement of the mold on the patterning
layer. In either case, the material of the extraction feature 84
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1s then at least partially cured and the mold 1s removed. The
material of the patterning layer may comprise polyvinyl alco-
hol, a poly(methyl methacrylate) (PMMA) one or more pho-
toresist materials, or other suitable materials. The patterning,
layer may be removed by a water rinse, heat, vaporization,
machining, developers and solvents, chemical etching/sol-
vent, plasma etching, or any method that does not interfere
with the material of the waveguide 54 and/or extraction fea-
tures 84. Alternatively, the waveguide 54, the extraction fea-
tures 84, and/or the member 108 may be bonded to one
another through one or more supplemental layers such as an
adhesive layer or pressure-sensitive adhesive film.

[0054] The optical efficiency, directionality, luminance,
and 1lluminance of the waveguide-based luminaire depend
sensitively on the particular geometry and arrangement of
extraction features 84. One class of extraction feature geom-
etries which 1s particularly useful for a range of lighting
applications comprises a roughly “bullet shaped™ profile as
illustrated in FIGS. 11A-11C consisting of a truncated curved
surface such as a truncated hemisphere with an adjacent
cylindrical or conical base. This particular geometry provides
a high degree of directionality as well as a range of possible
1lluminance distributions which may be realized by changing
the height at which the curved surface 1s truncated. Referring,
to FIG. 8, the truncation height H1 of the extraction feature 84
corresponds to a gap 106 between the first surface 56 of the
waveguide 54 and the base 102 of the extraction feature 84. In
some embodiments, the truncation height H1 1s large (result-
ing 1n a nearly hemispherical top extractor portion with a
small flat surface at the tip) and light 1s extracted predomi-
nantly perpendicular from the first surface 56 of the
waveguide 54 to form a “spot light” distribution. In other
embodiments, by varying the height HI, light may be
extracted to form a “lambertian” distribution, or into a “split”
distribution 1n which light 1s emitted predominantly 1n a
direction more parallel to the waveguide 34. Variation 1n the
dimension of the gap 106 results 1n variation of the 1llumina-
tion distribution 52 as described 1n U.S. patent application
Ser. No. , filed Aug. 28, 2014, entitled “Luminaire
with Selectable Luminous Intensity Pattern™ by Tarsa et al.
(Cree docket no. P2262US1). In some embodiments, the gap
may range from about 10 um to about 590 um, preferably
about 100 um to about 350 um. In the case of a purely
hemispherical extraction feature 84 with no cylindrical or
conical base, the gap 106 may range from 95% of the radius
of the hemisphere to 5% of the radius of the hemisphere,
preferably from 80% of the radius of the hemisphere to 20%
of the radius of the hemisphere. By adding a conical base to
the hemisphere as shown in FIG. 11, the directionality of the
emitted light may be further increased. As illustrated 1in FIG.
14, the luminaire 50 having extraction features 84 as shown in
FIGS. 11A, 11B and 11C described below thereon produces
a luminous intensity pattern or distribution that varies with
teature height H1, or gap 106. The luminous flux distributions
shown 1n FI1G. 14 assume that the extraction features 84 are all
of substantially the same shape. As seen 1n the FIG. 14, the
luminous 1ntensity pattern varies from an asymmetric distri-
bution at feature heights H1 of about 170 um, to a task lighting
or “spotlight” distribution at a feature height of about 560 um.
In this case, the asymmetry with respect to the vertical axis 1in
the 1lluminance distribution plot 1s related to the positioning,
ol source along one edge of the waveguide. A more symmet-
ric pattern (e.g., mirrored about the vertical axis 1n the plot)
would result from illuminating the waveguide from two
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opposing edges. Generally, the variances in i1lluminance
result from vaniations in optical coupling surface area and
extractor aperture area between the extraction features 84 and
the waveguide 54 as the cross-sectional dimensions of the
interface between features 84 and the waveguide vary with
extraction feature (truncation) height HI1.

[0055] Retferring to FIGS. 8, 9A, 9B 10A, 10B, and 11A-

11C, while a simple truncated hemispherical extractor shape
can provide arange of desirable illuminance distributions, the
addition of a cylindrical or conical extension to the base of the
hemisphere can increase the directionality of the emitted
light. This directionality (1.e., the portion of light emitted
from the first side 56 of the waveguide relative to the portion
of light emitted from the second side 38) 1s essential for
realizing luminaires with hidden luminance. In the example
illustrated 1n FIGS. 9A and 9B, the extraction feature 84
includes a first portion 112 adjacent the aperture 100 and a
second portion 114 adjacent the base 102. In a more general
case, the first portion 112 need not be hemispherical, and the
second portion 114 may be cylindrical, conical, or curved, as
desired. The first portion 112 may have a height that ranges
from about 5 um and about 2 mm. The second portion 114
may have a height that ranges from about 5 um and about 2
mm, although some embodiments may not include a second
portion 114. The shapes 112 and 114 may be circumierential

such that the cross section transverse to a central axis 118
(FIG. 9A) 1s circular throughout the height H1 (FIG. 8) of the
extraction feature 84. Alternatively, the shapes 112 and 114
may have non-circular cross-sections (e.g., elliptical or fac-
cted). In some embodiments, the base diameter d, of the
extraction feature 84 may be approximately two times a

height HI1.

[0056] In other embodiments, the first portion 112 may be
designed to redirect incident light downward through total
internal reflection (TIR). A shape of the extraction feature 84
may be determined by iteratively plotting the points using a
differential or quasi-differential equation. One iterative pro-
cess 1ncludes the steps of defining a start point at coordinates
r, h, calculating a slope necessary to achieve total internal
reflection, and, based on the calculated slope, further calcu-
lating the necessary incremental radial step Ar that corre-
sponds to a predetermined incremental height change Ah,
moving to a new point r+Ar and h+Ah, and repeating the
calculation and moving steps until the desired total height 1s
reached. In other embodiments, the shape of the extraction
teature 84 may be designed using geometric and/or differen-
tial equations possibly 1n combination with other curved,

planar, or piecewise linear surfaces.

[0057] An example of the foregoing iterative process
includes the use of Equations 1 and 2 below that are entered
into an optimization routine such as Solver by Microsoft
Excel®. Generally, a profile of the extraction feature 84 is
defined by calculating a series of slopes dh/dR at incremental
points 202a, 2025, . .., 202N along an outer surface 116 of the
first portion 112 of the extraction feature 84. The outer surface
116 1s then rotated about the central axis 118 to define the
extraction feature 84.

Equation 1: ¢ = ArcTa_n( = fR )
0
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-continued

Equation 2: Slope = i tan(y + @)

[0058] In Equation 1, the sharpest angle ¢ of a ray of light
striking a given point, for example, 2024 on the outer surface
116 1s determined. As seen 1n FIG. 10C, the sharpest angle ¢
1s defined by a light ray 204 entering the aperture 100 at an
edge 206 thereol opposite to the point 2024, and 1s measured
relative to a surface normal 208 of the aperture 100. The angle
¢ 1s calculated based on the coordinates of the point 2024
relative to the entry of the light ray 204 into the extraction
teature 84 at the edge 206 of the aperture 100. Specifically, the
point 2024 has a y-coordinate value h relative to the respective
waveguide surface 56 and an x-coordinate value R_+R, where
R_1s a distance from the edge 206 to the central axis 118 (1.¢.,
an aperture radius) and R 1s a distance from the central axis

118 to the point 2024.

[0059] Using Equation 2, the slope dh/dR at the point 2024
along the outer surface 116 1s then calculated. Equation 2
ensures that the resultant incident angle 6 relative to a surface
normal 210 at point 2024 exceeds the critical angle 0 relative
to the surface normal 210. As shown 1n FIG. 10C, the angle .
1s the angle complementary to the critical angle 0. In the
illustrated example, the resultant incident angle 6 of the light
ray 204 1s approximately the same as or greater than the
critical angle O such that the light ray 204 1s totally internally
reflected by the outer surface 116 of the extraction feature 84
and emitted through the base 102 thereof.

[0060] Once the slope dh/dR for the point 2024 1s calcu-
lated, the angle ¢ 1s calculated using Equation 1 for the next
point 202¢ having incremental changes Ah, AR along the x-
and y-coordinates h, R. The slope dh/dR for the point 202e 1s
then determined using Equation 2, and the process 1s repeated
until a known parameter 1s satisiied, for example, once the
height distance h reaches the height F (FIG. 10A) of the first
portion 112, or in some cases the total height F+G (FIG. 10A),
of the extraction feature 84. The incremental change Ah may
range from about 1 nm to about 1 um, or may be a fraction,
such as Y507, of the total height F+G (FIG. 10A) of the
extraction feature 84.

[0061] In some embodiments, Equation 2 may be imple-
mented with a conditional check to specily an upper limit for
the slope dh/dR. The upper limit may be used 1n lieu of the
calculated slope as desired. For example, referring to FIG.
10C, the upper limit may be specified as angle 3, defined by
an outer surface 122 of the second portion 114 relative to the
base 102. Once the calculated slope dh/dR of points 202 along,
the outer surface 116 of the first portion 112 reaches the upper
limit of angle P, each slope dh/dR for the subsequent points
202 along the outer surface 122 of the second portion 114 are
constant and equal to {3 so as to form the conical shape.

[0062] Insomeembodiments, the optimizationroutine may
determine the aperture radius R, for a preferred area ratio
(1.e., rat1io of aperture area to base area) subject to user defined
conditions, such as the total height F+G (FIG. 10A), the
critical angle 0 (based on the relative indices of refraction),
and the desired smallest angle ¢ . defined by the sharpest
angle ¢ of a light ray 212 that strikes the point 204N on the
outer surface 132 at the base 122 of the extraction feature 116.
Other user defined conditions may be specified as desired. In
one embodiment, the outer surfaces 124, 132 designed 1n
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accordance with the description above results in extraction of
over 95% of light out of the first surfaces 62a, 64a of the
waveguide 42.

[0063] Intheexample embodiment shown in FIGS.7 and 8,
the plurality of extraction features 84 may be formed 1n a
hexagonal array pattern atop the member 108. Other patterns
may be used to produce a desired illuminance distribution.
The extraction features 84 may be irregularly spaced, or some
may be regularly spaced and others irregularly spaced, etc.
The thickness T1 of the member 108 may range from 10 um
to 5 mm, preferably from 250 um to 2 mm. The center-to-
center distance D1 between adjacent extraction features 84
may range from less than twice the feature radius (e.g., over-
lapping features) to 10 mm, preferably from twice the feature
radius to 5 mm. The thickness T1 and distance D1 may be
constant or may vary throughout the first surtace 56 of the
waveguide 54. The shape, size, or density of extraction fea-
tures 84 may be varied across the surtace 56 of the waveguide
54 1n either a regular or 1irregular fashion to produce a desired
illuminance distribution. For example, a plurality of members
108 or films having differently shaped extraction features 84
may be bonded to the waveguide 54 to produce an asymmetric
illumination distribution. The aperture diameters d_, the base
diameters d,, and the heights H of the extraction features 84
may all be the same or different, and may be varied over the
surface 56 of the waveguide 54 to provide varying i1llumina-
tion patterns, as desired. Further, it may be desirable to fab-
ricate varying degrees ol roughness, or specific optical fea-
tures, such as a second set or array of geometrical features, on
an outer surface 110 of the member 108 in order to further
provide control over the luminance and i1lluminance distribu-
tions. In other embodiments, the extraction features 84 may
be positioned to extract the luminance from both of the first
and second surfaces 56, 58.

[0064] FIGS.9A and 9B illustrate the body 96 of the extrac-
tion features 84 prior to bonding on the first surface 56 of the
waveguide 54. The first outer surface 116 of the first portion
112 1s rotated about a central axis 118. The curvature of the
first portion 112 of the extraction feature 84 i1s designed to
minimize the amount of light that i1s redirected back into the
waveguide 54 erther directly from the extraction feature 84 or
indirectly from an adjacent portion 120 (FIG. 7) of the mem-
ber 108 between extraction features 84. Such minimization
results 1n a high extraction efficiency out of the first surface 56
of the waveguide 54 (high directionality). In the 1llustrated
embodiment, the curved shape 1s defined by the Equations 1

and 2.

[0065] A second outer surface 122 of the second portion
114 has a conical shape that forms an angle {3 with the base
102. The angle p may range from 1 degree to 90 degrees,
preferably from 60 degrees to 90 degrees. Further, the body
96 may include a bonding feature 124 formed atop the aper-
ture 100 to facilitate bonding of the extraction feature to the
waveguide surface 56. The actual geometry of the bonding
teature 124 may vary depending on the particular bonding
approach used. For example, the bonding feature 124 may be
convex 1n nature (as 1llustrated 1n FIG. 9A) so as to limait the
formation ol trapped air bubbles at the interface when a liquid
or gel-like adhesive layer 1s used to bond the film to the
waveguide. The design of bonding feature 124 may also be
such that the displacement of adhesive 1s minimized during
bonding, thereby minimizing ‘wicking’ of the displaced
adhesive along the first and second portions 112, 114 where 1t
might interfere with the optical function of these surfaces. In
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general, 1t 1s intended that part or all of the bonding feature
124 becomes optically mactive following the bonding pro-
cess, thus having minimal impact on the resulting light dis-
tributions and efficiencies. A similar bonding feature 124 1s
shown with the extractor geometry of FIG. 11. In an alternate
embodiment, the bonding feature 124 may comprise an adhe-
stve material which serves to bond the extraction feature to
the first surface 56 of the waveguide 54.

[0066] FIGS. 10A and 10B 1llustrate the extraction feature
84 of FIGS. 9A and 9B as adhered to the first surface of the
waveguide. Example dimensions of the extraction feature of
FIGS. 9A, 9B, 10A, and 10B are provided below. In one
embodiment, a luminaire having a plurality of extraction
teatures of FIGS. 10A and 10B extracts approximately 97%
of the 1lluminance 52 from the first surface and approximately
3% of the luminance 53 from the second surface.
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[0067] FIGS. 11A-11C illustrate a further embodiment of
an extraction feature 184. The first portion 112 of the body 96
has a hemispherical shape, although other geometries such as
a parabolic shape, “Ifree form”™ curves, planar, and/or piece-
wise linear shapes may be used to produce an i1llumination
pattern as desired. The second portion 114 has a nearly-
cylindrical conical shape, although other shapes may used as
desired. Similar to the feature of FIGS. 9A and 9B, bonding
teature 124 1s formed on the aperture 100 to facilitate bonding
to the first surface 56 of the waveguide 54. Sample dimen-
s10ms of the extraction feature of FIGS. 11 A-11C are provided
in Table 3. In another embodiment, a luminaire having a
plurality of extraction features of FIGS. 11A-11C extracts
approximately 94% of the 1lluminance 52 from the first sur-
face and approximately 6% of the luminance 53 from the
second surface.
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[0068] In still further embodiments, the extraction features
84 may have an asymmetric shape. For example, the first
portion 112 of the extraction feature 84 may be hemispherical
and the base 102 may be elliptical such that the feature 84
appears as a truncated hemisphere when viewed from any
cross-section, but appears as an ellipse or elongated circle
when viewed from the top. Such asymmetric geometry would
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result 1n an asymmetric 1lluminance pattern such that may be
desired for certain applications, such as roadway lighting.
Further, the extraction features 84 having an asymmetric
cross-section along the height H1 (i.e., coplanar with the
central axis 118) may direct light into particular directions or
quadrants below the luminaire. Extraction features 84 with
segmented cross-sections and top profiles consisting of a
combination of curved surfaces and linear surfaces (such as
an extractor that appears as a truncated hemisphere from the
side, but appears as a star-shape or faceted shape from above)
may be used for specific lighting applications requiring a very
umque and defined 1lluminance distribution (e.g., stage light-
ing, architectural or cove lighting). Finally, extraction fea-
tures having a generally conic or parabolic shape (symmetric
or asymmetric, truncated or not) may produce more colli-
mated light beams 1n specific directions (e.g., for direct/indi-
rect pendant lighting, downlighting, etc.).

[0069] The extraction features 84 illustrated 1n FIGS.
6-11C, referred to herein as “apertured extraction features”
provide substantial benefits 1n terms of 1lluminance distribu-
tion control, efficiency, and directionality. As 1llustrated in
FIG. 12, light extracted out of the waveguide first enters the
extraction features 84 through the apertures 100 thereof on
the light emitting surface 56 of the waveguide 54. Light rays
strike the aperture 100 only after totally internally reflecting
off of a further surface 58 of the waveguide 54 opposite the
light emitting surtace 56. In contrast, conventional (non-scat-
tering) extraction features such as steps, hemispherical
bumps, or indents formed directly on the waveguide surtace
generally result 1n optical surfaces which must 1nteract and
control light incident from both surfaces 56 and 38 of the
waveguide 54. Stated differently, light generally strikes the
surfaces of such conventional extraction features after totally
internally reflecting ol ofthe further surface as well as totally
internally reflecting off of the area immediately surrounding
the mdentation. Since the optical surfaces of the extractor
must handle light incident from essentially opposite direc-
tions, 1t 1s difficult to control 1lluminance distributions over a
range of 1lluminance patterns with high extraction efficiency
and high directionality (e.g., out of a single surface).

[0070] While use of the apertured extraction feature 84 of
the present application provides control over the primary
direction of the light rays hitting the extraction features 84, 1t
may also be desirable in some applications to further control
the distribution of angles about the primary directions within
the waveguide. Such control may generally be achieved via a
number of optical surfaces such as the primary optic or lens of
the LED element, the coupling surfaces of the waveguide, eftc.
Controlling the angular distribution of light within the
waveguide and careful design of the extraction features
together with the waveguide coupling surfaces and primary
component optic can provide even further control over the
emitted 1lluminance distribution, luminance distribution,
optical efficiency, and directionality of the luminaire. Even in
cases where the light within the wavegude 1s not well con-
trolled, the apertured extraction {features can provide
increased control over the distribution and efficiency of the
extracted light. In both cases, highly controlled beams can be
either extracted 1n a collimated fashion or spread into wide
distribution for various selectable illumination patterns
depending on the gap.

[0071] Insummary, a number of factors may influence the
illumination distribution emitted from the waveguide. The
shape of the extraction feature, together with the spacing and
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pattern of the plurality of the extraction features, affect the
extraction elficiency, the amount of light that 1s emitted from
the first surface of the waveguide (directionality), the lumi-
nance and the illuminance of the luminaire. For example, an
asymmetrically-shaped extraction feature may produce an
asymmetric 1llumination distribution. In cases where the
geometry ol the extractor i1s representative of a truncated
feature such as a truncated hemisphere, the truncation
height—which corresponds to the distance(s) between the
first surtace of the waveguide and the base(s) of the extraction
teature(s), significantly affects the i1lluminance distribution
pattern. For example, the luminaire of FIG. 2 produces an
asymmetric distribution when the distance 1s about 125 um,
while the luminaire produces a more symmetric distribution
when the distance 1s about 600 um. In other embodiments,
variation of the distance may result 1n a “spot light,” a “lam-
bertian,” or a “wall wash’ 1llumination distribution. Another
consideration 1n the design of such extractors is the primary
direction that light travels through the waveguide. In an
extreme comparison, a square waveguide that 1s 1lluminated
from a single edge may produce an asymmetric 1lluminance
pattern, whereas a circular waveguide 1lluminated around its
circumierence will produce a highly symmetric 1lluminance
pattern. Various types of lamps or luminaires, including those
requiring disperse or Lambertian illuminance distributions
(e.g., typical troffers for general lighting), collimating distri-
butions (e.g., downlights or spotlights), and specific 1llumi-
nance patterns (e.g., streetlights, architectural lighting) can be
realized using the optical waveguide and extraction features
provided herein.

[0072] Referring again to FI1G. 12, the illustrated luminaire
50 includes the waveguide 54, the extraction features 84, and
the member 108 comprising the same material such that the
index of refraction i1s consistent. In this case, light 1s not
refracted as it travels through the aperture 100. In contrast,
FIG. 13 illustrates a plurality of extraction features 84 and
member 108 on a waveguide 54 wherein the material of the
waveguide 54 1s different from the matenial of the extraction
teatures 84 and member 108. In this case, light 1s refracted as
it travels from the waveguide 54 into the extraction features
84. In still further embodiments, a region 126 (FIG. 13)
between extraction features 84 after attachment to the
waveguide 54 may partially or wholly comprise a material
other than air. For example, the material may have an index of
refraction that differs significantly from that of the waveguide
54 and the member 108. Still further, the index of refraction of
the member 108 may be different from that of the waveguide
54 and/or extraction features 84 in order to achieve refraction
at such interfaces. In some embodiments, 1t may be desired to
utilize refraction to control the extraction and resulting illu-
mination distribution.

[0073] Other parameters such as the shape, density, and
material of the extraction features may also be varied to
produce varied illumination patterns. Other methods for
achieving directional light extraction, such as combinations
of index of refraction differences in the waveguide or 1n
clements attached to the waveguide and modifications of the
shape of the waveguide 1tself, could also be employed to vary
the i1llumination pattern. Further, a multi-layer protective
material may optionally be attached to the first and/or second
surfaces. This protective material could be removed one layer
at a time during use of the luminaire to quickly provide a clear
(1.e., transparent) viewing/emission surface in dirty work
environments.
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[0074] The high degree of light directionality enabled by
the proper design of the apertured extraction features opens
up a wide range of potential lighting applications. For
example, highly directional emission can allow a viewer to
look at a reflecting surface through the waveguide without
having his or her vision significantly obscured by the Iumi-
nance, or the emitted light, of the luminaire. More specifi-
cally, a viewer may look through the luminaire to the 1llumi-
nated area as shown 1n FIG. 1. Additionally, the viewer can
see the 1lluminance resulting from the luminaire without see-
ing significant luminance, even while the second surface from
which light 1s emitted 1s visible to the viewer. The luminaire
can also provide high levels of light from an area source
(rather than a point source), concealing the light source and/or
reducing or eliminating the direct glare from the source as
well as the retlected glare off of surfaces.

[0075] The concept of hidden luminance with visible 1llu-
minance enabled by light directionality could find many
applications 1n the area of architectural and display lighting.
For example, in one embodiment, an enclosure for artwork
may include a glass or acrylic waveguide having a micro array
lenticular film bonded thereto mounted within a frame, with
the light sources for the waveguide located within the frame.
The waveguide serves as both protection of the art as well as
a luminaire to 1lluminate the art in a manner in which the
source of the light 1s not evident. Light extracted through the
film toward the art provides a uniform 1llumination of the art
without the use of external light sources, while allowing an
observer to look through the glass or acrylic waveguide. Simi-
larly, such approaches could be used 1n a variety of display
cases, aquariums, etc.

[0076] In a still further embodiment, a luminaire enabling
hidden luminance can 1lluminate a room. The luminaire may
include a waveguide of clear material, such as glass or acrylic,
having extraction features such as the micro array lenticular
film bonded thereto. An array of LED eclements may be
arranged on one or more edges ol the waveguide. The
waveguide may have a thickness of about 5 1nch and be about
6 inches by about 24 1nches, about 2 feet by about 2 feet, or
about 2 feet by about 4 feet, although other dimensions may
be used as desired. The luminaire may be positioned to pro-
vide luminance to preferred surfaces i the room, such as a
wall, floor, or ceiling, and arranged such that the luminance 1s
directed away from room occupants. In one embodiment, a
luminaire may be mounted to a ceiling with the light emitting
surface of the waveguide facing the wall. The luminaire may
be approximately 12 inches from the wall such that the wall 1s
illuminated. The reflection of light oif of the wall 1lluminates
a portion or entirety of the room, giving the appearance that
the surfaces are 1lluminated without any obvious or visible
source of 1llumination. In other embodiments, the luminaire
may also be designed to provide custom and/or adjustable
illuminance patterns. In general, such light sources would be
“indirect” 1n the sense that a surface 1s 1lluminated while the
luminance 1s hidden from view. Example applications would
include pendant lighting, cove lighting, sconce lighting, desk
lighting, task lighting, track lighting, floor lamps, etc.

[0077] The luminaire could be used 1n a variety of other
applications. For example, a work light utilizing the luminaire
allows a viewer to align the viewer’s line of sight with the
light distribution produced by the luminaire. The work light
illuminates an area while allowing the viewer to look directly
through, rather than around, the waveguide to the 1lluminated
area. The viewer could see 1nto features such as drilled holes
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or other deep openings. Such a luminaire 1s contrasted with a
conventional work light, which would necessarily be posi-
tioned out of the viewer’s direct line of sight such that the
work light would not fully 1lluminate the 1nterior of the hole
or other deep openings. A further example 1s a pair of glasses
or goggles that emit light away from the viewer without light
being projected back into the viewer’s eyes.

[0078] Instill another example, a luminaire could appear to
be a clear plate when viewed from practical positions within
a room, while providing illuminance toward a wall, ceiling,
desk, task area or other surface or object. To a casual observer,
the luminaire would give the impression that the light 1s
produced with no wvisible source, providing architectural
design flexibility, aesthetic improvement, and glare reduc-
tion. Additional applications include a face shield, a sneeze
guard at a salad bar, a window that illuminates an outside area
without the need for an external lighting system and external
wiring, or a security window that appears to be a luminaire to
the occupants of a room yet allows viewers outside of the
room to see inside. Still further, the luminaire could be
mounted 1n a ceiling panel or suspended from a ceiling using,
a pendant mounting apparatus. Any embodiment may incor-
porate piezoelectric materials or suspended particle devices
that either comprise adjustable extraction features and/or
allow the extraction features to be adjustable. Such adjust-
ability would enable a variable luminance and/or 1lluminance
pattern.

[0079] Any of the embodiments disclosed herein may
include a power circuit having a buck regulator, a boost regu-
lator, a buck-boost regulator, a SEPIC power supply, or the
like, and may comprise a driver circuit as disclosed 1in U.S.
patent application Ser. No. 14/291,829, filed May 30, 2014,
entitled “High Efficiency Driver Circuit with Fast Response™
by Hu et al. (Cree docket no. P2276US1, attorney docket no.
034643-000618) or U.S. patent apphcatlon Ser. No. 14/292,
001, filed May 30, 2014, entitled “SEPIC Driver Circuit with
Low Input Current Ripple” by Hu et al. (Cree docket no.
P2291US1, attorney docket no. 034643-000616) incorpo-
rated by reference herein. The circuit may further be used
with light control circuitry that controls color temperature of
any of the embodiments disclosed herein 1n accordance with
viewer mput such as disclosed 1n U.S. patent application Ser.
No. 14/292,286, filed May 30, 2014, entitled “Lighting Fix-
ture Providing Variable CCT” by Pope et al. (Cree docket no.
P2301US1) incorporated by reference herein.

[0080] Further, any of the embodiments disclosed herein
may 1nclude one or more communication components form-
ing a part of the light control circuitry, such as an RF antenna
that senses RF energy. The communication components may
be 1ncluded, for example, to allow the luminaire to commu-
nicate with other luminaires and/or with an external wireless
controller, such as disclosed 1 U.S. patent application Ser.
No. 13/782,040, filed Mar. 1, 2013, entitled “Lighting Fixture
tor Distributed Control” or U.S. Provisional Application No.
61/932,058, filed Jan. 27, 2014, entitled “Enhanced Network
Lighting” both owned by the assignee of the present applica-
tion and the disclosures of which are incorporated by refer-
ence herein. More generally, the control circuitry includes at
least one of a network component, an RF component, a con-
trol component, and a sensor. The sensor, such as a knob-
shaped sensor, may provide an indication of ambient lighting
levels thereto and/or occupancy within the room or 1llumi-
nated area. Such sensor may be integrated into the light con-
trol circuitry.
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INDUSTRIAL APPLICABILITY

[0081] The extraction features disclosed herein efficiently
extract light out of the waveguide. At least some of the lumi-
naires disclosed herein are particularly adapted for use in
installations, such as, outdoor products (e.g., streetlights,
high-bay lights, canopy lights), and indoor products (e.g.,
downlights, trotl

ers, a lay-in or drop-1n application, a surface
mount application onto a wall or ceiling, etc.) preferably
requiring a total luminaire output of at least about 100 lumens
or greater, and, 1n some embodiments, a total luminaire output
of at least about 3,000 lumens, and 1n other embodiments, a
total lumen output of about 10,000 lumens to about 20,000
lumens. For example, a total lumen output of up to 10,000
lumens may be desired in some industrial and business light-
ing applications such as warchouse lighting. Further, the
luminaires disclosed herein preferably have a color tempera-
ture ol between about 2500 degrees Kelvin and about 6200
degrees Kelvin, and, 1n some embodiments, between about
2500 degrees Kelvin and about 5000 degrees Kelvin, and, 1n
other embodiments, about 2700 or 33500 degrees Kelvin.

Also, at least some of the luminaires disclosed herein prefer-
ably exhibit an etficacy of at least about 80 lumens per watt,

more preferably at least about 100, and most preferably 120
lumens per watt. Further, in some embodiments, the
waveguide or waveguides exhibit an optical efficiency of at
least about 80 percent, preferably, at least 90 percent, and
most preferably, at least about 95 percent. Further, at least
some of the luminaires disclosed herein preferably exhibit an
overall efficiency (1.e., light extracted out of the waveguide
divided by light injected into the waveguide) of at least about
70 percent, preferably, at least about 80 percent, and most
preferably, at least about 90 percent. A color rendition imndex
(CRI) of at least about 80 1s preferably attained by at least
some of the luminaires disclosed herein, with a CRI of at least
about 88 being more preferable, and at least about 90 being
most preferable. Some luminaires exhibit a CRI of at least
about 90 while maintaining a relatively high efficiency. Any
desired particular output light distribution, such as a buttertly
light distribution, could be achieved, including up and down
light distributions or up only or down only distributions, etc.
[0082] When one uses a relatively small light source which
emits mto a broad (e.g., Lambertian) angular distribution
(common for LED-based light sources), the conservation of
ctendue, as generally understood 1n the art, requires an optical
system having a large emission area to achieve a narrow
(collimated) angular light distribution. In the case of para-
bolic reflectors, a large optic i1s thus generally required to
achieve high levels of collimation. In order to achieve a large
emission area in a more compact design, the prior art has
relied on the use of Fresnel lenses, which utilize refractive
optical surfaces to direct and collimate the light. Fresnel
lenses, however, are generally planar 1n nature, and are there-
fore not well suited to re-directing high-angle light emitted by
the source, leading to a loss 1n optical efficiency. In contrast,
in the embodiments described herein, light 1s coupled 1nto the
optic, where primarily TIR 1s used for re-direction and colli-
mation. This coupling allows the full range of angular emis-
sion from the source, including high-angle light, to be re-
directed and collimated, resulting 1n higher optical efliciency
in a more compact form factor. One example of a waveguide
having a high efficiency 1n a compact form factor 1s described
in U.S. patent application Ser. No. 13/839,949, filed Mar. 15,
2013, entitled “Optical Waveguide and Lamp Including
Same” (Cree docket No. P1961US1).
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[0083] In at least some of the present embodiments, the
distribution and direction of light within the waveguide 1s
better known, and hence, light 1s controlled and extracted in a
more controlled fashion. In standard optical waveguides,
light bounces back and forth through the waveguide. In the
present embodiments, light 1s extracted as much as possible
over one pass through the waveguide to minimize losses.

[0084] In some embodiments, one may wish to control the
lightrays such that at least some of the rays are collimated, but
in the same or other embodiments, one may also wish to
control other or all of the light rays to increase the angular
dispersion thereot so that such light 1s not collimated. In some
embodiments, one might wish to collimate to narrow ranges,
while 1n other cases, one might wish to undertake the oppo-
site.

[0085] All references, including publications, patent appli-
cations, and patents, cited herein are hereby incorporated by
reference to the same extent as 1f each reference were 1ndi-
vidually and specifically indicated to be incorporated by ref-
erence and were set forth 1n 1ts entirety herein.

[0086] The use of the terms “a” and “an” and “the” and
similar references 1n the context of describing the embodi-
ments are to be construed to cover both the singular and the
plural, unless otherwise indicated herein or clearly contra-
dicted by context. Recitation of ranges of values herein are
merely mtended to serve as a shorthand method of referring
individually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value 1s
incorporated 1nto the specification as 1t it were individually
recited herein. All methods described herein can be per-
formed 1n any suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context. The use
of any and all examples, or exemplary language (e.g., “such
as’’) provided herein, 1s intended merely to better 1lluminate
the disclosure and does not pose a limitation on the scope of
the disclosure. No language in the specification should be
construed as indicating any element as essential to the prac-
tice of the disclosure.

[0087] Numerous modifications to the present disclosure
will be apparent to those skilled in the art in view of the
toregoing description. It should be understood that the 1llus-
trated embodiments are exemplary only, and should not be
taken as limiting the scope of the disclosure.

We claim:

1. A luminaire, comprising:

an optical waveguide having a first surface and a second
surface opposite the first surface;

light source associated with the optical waveguide;

wherein at least about 80% of light produced by the light
source 1s directed by the waveguide into an i1llumination
distribution emitted from the first surface of the optical
waveguide.

2. The luminaire of claim 1, wherein at least about 90% of
light 1s emitted from the first surface of the optical waveguide.

3. The luminaire of claim 1, wherein at least about 95% of
light 1s emitted from the first surface of the optical waveguide

4. The luminaire of claim 3, wherein the optical waveguide
has an optical efficiency of at least 90%.

5. The luminaire of claim 3, wherein the optical waveguide
has an optical efficiency of at least 95%.

oo

6. The luminaire of claim 1, wherein the waveguide
includes a plurality of extraction features disposed on the first
surface.
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7. The luminaire of claim 6, wherein each extraction fea-
ture comprises an outer surface extending between an aper-
ture adjacent the first surface of the waveguide and a base
opposite the aperture, and wherein the outer surface 1s under-
cut adjacent the first surface of the wavegude.

8. The luminaire of claim 7, wherein the plurality of extrac-
tion features includes a {irst extraction feature having a first
height and a second extraction feature having a second height
different from the first height.

9. The luminaire of claim 7, wherein the plurality of extrac-
tion features includes a first extraction feature having a first
aperture diameter and a second extraction feature having a
second aperture diameter different from the first aperture

diameter.

10. The luminaire of claim 7, wherein the plurality of
extraction features includes a first extraction feature having a
first base diameter and a second extraction feature having a
second base diameter different from the first base diameter.

11. The luminaire of claim 6, wherein the plurality of
extraction features 1s disposed 1n a hexagonal array.
12. A luminaire, comprising;

a waveguide having a first surface and a second surface
opposite the first surface, wherein the waveguide
includes an extraction feature disposed on the first sur-
face; and

light source associated with the waveguide;

e

wherein light emitted from the light source 1s directed by
the waveguide into an 1llumination distribution emitted
from the first surface of the waveguide; and

wherein the waveguide 1s optically transparent such that
the 1llumination distribution 1s visible along a line of
sight through the waveguide extending from the second
surface to the first surface.

13. The luminaire of claim 12, wherein at least about 90%
of light produced by the light source 1s emitted from the first
surface of the waveguide, and wherein the waveguide has an
optical efficiency of at least 90%.

14. The luminaire of claim 12, wherein the waveguide
exhibits a luminance of less than about 5% of light produced
by the light source that 1s visible along the line of sight.

15. The luminaire of claim 12, wherein the extraction fea-
ture has a curved shape extending between an aperture adja-
cent the first surface and a base opposite the aperture.

16. The luminaire of claim 15, wherein the curved shape
has an outer surface that 1s determined by iteratively plotting
points using a differential equation.

17. The luminaire of claim 16, wherein the differential
equation calculates the curvature of the outer surface that
achieves total internal retlection of light at the outer surface of
the extraction feature.

18. The luminaire of claim 17, wherein the differential
equation calculates a slope a point along the outer surface and
COmMprises:

Sl ah t
Gpe_—ﬁ_ an( + @)

wherein o represents a complementary angle of a maxi-
mum angle of incidence enabling total internal reflec-
tion;
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wherein ¢ 1s the defined by a light ray incident on the point
having coordinates (h, R+R_) relative to an edge of the
aperture opposite the point, and wherein ¢ 1s calculated
in accordance with:

7= ArCTm(RfRﬂ)

wherein h 1s a distance from the first surface of the
waveguide, R, 1s a radius of the aperture, and R 1s a
distance from a centerline of the extraction feature to the
point.

19. The luminaire of claim 15, wherein the curved shape
has a height of between about 10 um and about 500 um.

20. The luminaire of claim 15, wherein the curved shape
includes a first portion adjacent the aperture and a second
portion adjacent the base.

21. The luminaire of claim 20, wherein the first portion has
an outer surface that 1s undercut relative to the first surface of
the waveguide.

22. The luminaire of claim 20, wherein the second portion
has a cylindrical shape.

23. The luminaire of claim 20, wherein the second portion
has a height of between about 10 um and about 100 um.

24. The luminaire of claim 12, wherein the waveguide and
the extraction feature comprise the same material.

25. The luminaire of claim 12, further comprising a mem-
ber, wherein the base of the extraction feature 1s disposed on
the member.
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26. The luminaire of claim 25, wherein the member 1s
comprised ol a material selected from the group of a film, a
glass, a polyester, and an acrylic.

277. The luminaire of claim 12, wherein a bonding feature
tformed atop the aperture 1s displaced during joining of the
extraction feature to the light emitting surface of the
waveguide.

28. The luminaire of claim 12, wherein the luminaire pro-
duces an asymmetric 1llumination distribution.

29. The luminaire of claim 12, wherein the luminaire has an
overall efliciency of at least 90%.

30. A luminaire, comprising;
a housing;
an LED element disposed within the housing;

a waveguide having a light emitting surface disposed in the
housing adjacent the LED element; and

an extraction feature disposed on the light emitting surface
of the waveguide;

wherein the extraction feature has a curved shape extend-
ing between an aperture adjacent the light emitting sur-
face and a base opposite the aperture.

31. The luminaire of claim 30, wherein the LED element 1s
disposed 1n a first end of the housing, and wherein the
waveguide extends out of a second end of the housing oppo-
site the first end.

32. The luminaire of claim 31, wherein the LED element 1s
disposed along a coupling surface of the waveguide.
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