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MULTI-LED/MULTI-CHIP COLOR MIXING OPTICS

FIELD
The present teachings relate generally to optics, lenses and lighting systems and
methods, and particularly to such optics, lenses and lighting systems and methods for light

mixing and/or color mixing.

INTRODUCTION

Lenses and lighting systems for light sources, such as light emitting diodes, can be
utilized in a wide variety of applications. Many lighting applications call for the ability to
mix light emitted from a single light source, e.g., to obtain a desired light intensity profile
and/or reduce source imaging. Further, in some applications, it is desirable to mix light
emitted from multiple sources, e.g., sources producing light of different wavelengths (i.c.,
colors). It is, however, difficult to produce uniformly mixed light. Many conventional
light-mixing systems provide textured surfaces to spread the light from a light source. The
efficiency and capabilities of such systems are limited and their illumination characteristics
are typically sub-par.

Accordingly, there is a need for improved light-mixing optics, lenses and respective

lighting systems and methods.

SUMMARY

The present teachings generally disclose optics and optical systems in which a light
pipe is employed for mixing light received from one or more light sources and a
combination of a central reflector (herein also referred to in some cases as a fold mirror)
and a peripheral reflector is employed for redirecting and shaping the mixed light to form a
beam (e.g., a collimated beam) for illuminating a target of interest. While in some
embodiments, the reflective surfaces of central and the peripheral reflectors rely on total
mternal reflection for redirecting incident light, in other embodiments one or more of these
reflective surfaces are formed by selective metallization of one or more surfaces of the
optic. In some applications, the optics and the optical systems of the invention can be used

to mix light emitted by one or more arrays of multicolor light emitting diodes (LEDs) or
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LED chips to create uniform or nearly uniform light of any color (e.g., white) while
achieving narrow beam angles (e.g., FWHM at less than about 15 degrees). In some
embodiments, the optics and the optical systems of the invention can be molded from a
single piece of plastic, and can be readily tailored to fit a specific LED or LED array and/or
mechanical constrains of a specific lighting application. The optics and the optical systems
of the invention can provide a variety of output beams. For example, as discussed in more
detail below, an output surface of an optic according to the present teachings can comprise
a plurality of microlenses, which allow tuning the shape of the output beam.

In one aspect, the present invention provides an optic, which comprises a light pipe
extending from a proximal end to a distal end about an optical axis, said light pipe being
adapted to receive at its proximal end at least a portion of light emitted by a light source.
The optic further comprises a central reflector optically coupled to said distal end of the
light pipe for receiving at least a portion of the light transmitted through the light pipe and
for reflecting said received light. A peripheral reflector is optically coupled to said central
reflector for receiving at least a portion of said reflected light. The optic further comprises
an output surface through which light exits the optic. The peripheral reflector is configured
to redirect at least a portion of the light received from the central reflector to said output
surface for exiting the optic.

In some embodiments, the central reflector is configured to reflect at least a portion
of the light received from the light pipe via total internal reflection (TIR). In other
embodiments, the central reflector is configured to reflect at least a portion of the light
received from the light pipe via specular reflection. Further, in some embodiments, the
central reflector is configured to reflect the light received from the light pipe via a
combination of TIR and specular reflection.

The lateral reflector can comprise a lateral surface, which is configured to receive at
least a portion of the light reflected by the central reflector and to redirect the received light
to the output surface for exiting the optic. In some embodiments, the lateral surface is
configured to redirect the received light along a direction that is substantially parallel to
said optical axis. While in some embodiments the lateral surface is configured to reflect the

light incident thereon via TIR, in other embodiments the lateral surface is configured to
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reflect the incident light via specular reflection or a combination of TIR and specular
reflection.

In some embodiments, the lateral surface can further include another reflective
surface that is disposed at an angle (typically an acute angle) relative to said lateral surface.
This additional reflective surface is configured to receive another portion of light reflected
by the central reflector and to redirect the received light via reflection, e.g., via TIR,
specular reflection or a combination of TIR and specular reflection, to any of said lateral
surface and said output surface. In some embodiments, this additional reflective surface is
a substantially flat surface that is positioned substantially perpendicular to the optical axis.
The light redirected by this additional reflective surface to the lateral surface can be
reflected by the lateral surface toward the output surface for exiting the optic. In some
embodiments, the light that is reflected by this additional reflective surface directly toward
the output surface propagates in a direction substantially parallel to the optical axis to the
output surface.

The central reflector of the optic can comprise a reflective surface that reflects the
light incident thereon via TIR, specular reflection or both. In some embodiments, this
reflective surface can be in the form of an inverted conical surface whose apex is disposed
on the optical axis. In some embodiments, this reflective surface can comprise a plurality
of surface undulations (e.g., surface oscillations). The surface undulations can further mix
the light received from the light pipe.

In some embodiments, the output surface of the optic comprises a textured surface
to cause further mixing of the light rays as they exit the optic. In some embodiments, the
output surface of the optic comprises a plurality of microlenses to cause further mixing of
the light rays as they exit the optic.

The optic can be employed to mix and redirect light emitted by a plurality of
different light sources. Some examples of such light sources comprise, without limitation, a
single light emitting diode (LED), a plurality of discrete LEDs, one or more multi-LED
chips, among others.

While in some embodiments the optic is formed as a single unitary piece, in other
embodiments, the optic can be formed of separated picces that are assembled together to

provide the above functionality.
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In a related aspect, an optical system is disclosed, which comprises a light source,
and an optic that is coupled to said light source for receiving light therefrom and to redirect
the received light, e.g., as a collimated beam. The optic can comprise a light pipe extending
from a proximal end to a distal end about an optical axis, said light pipe being adapted to
receive at its proximal end at least a portion of light emitted by a light source, a central
reflector optically coupled to said distal end of the light pipe for receiving at least a portion
of the light transmitted through the light pipe and for reflecting said received light, a
peripheral reflector optically coupled to said central reflector for receiving at least a portion
of said reflected light, and an output surface. The peripheral reflector is configured to
redirect at least a portion of the light received from the central reflector to said output
surface for exiting the optic.

In arelated aspect, an optic is disclosed, which comprises a light pipe having an
mput surface for receiving light from a light source and an output surface through which
light exits the light pipe. An optical component is optically coupled to said output surface
of the light pipe to receive at least a portion of the light exiting the light pipe, said optical
component comprising an input surface through which at least a portion of the light exiting
the light pipe enters the optical component, a central reflector configured to receive at least
a portion of the light entering the optical component and to reflect at least a portion of the
received light, a peripheral reflector optically coupled to said central reflector for receiving
at least a portion of said reflected light, and an output surface. The peripheral reflector is
configured to redirect at least a portion of the light received from the central reflector to
said output surface.

The following detailed description in conjunction with the associated drawings,

which are described briefly below, further disclose various aspects of the invention.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1A is a schematic cross-sectional view of an embodiment of an optic according
to the teachings of the invention,

FIG. 1B is a schematic perspective view of the optic shown in FIG. 1 A.

FIG. 1C is another schematic perspective view of the optic shown in FIG. 1A.
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FIG. 2 is a schematic cross-sectional view of an optic according to an embodiment
of the invention, which includes a plurality of micro lenses on an output surface thereof,

FIG. 3 shows theoretically calculated paths of a plurality of light rays emitted by a
source through an embodiment of an optic according to the teachings of the invention,

FIG. 4 is schematic cross-sectional view of an optic according to the teachings of
the invention, which is coupled to two light sources for mixing the light emitted thereby and
shaping the mixed light as a collimated beam,

FIG. 5 is a top schematic perspective view of an optic according to an embodiment
of the invention, which comprises a central undulating reflective surface,

FIG. 6 is a schematic cross-sectional view of an optic according to an embodiment
of the invention, which includes a plurality of separate optical components assembled to
provide cooperatively the optic’s functionality, and

FIG. 7 is a schematic cross-sectional view of an embodiment of the optic of FIG. 6

in which a plurality of surfaces comprise microlenses.

DETAILED DESCRIPTION

Figures 1 A, 1B, and 1C schematically depict an optic 10 according to an
embodiment of the invention, which includes a light pipe 12, a central reflector 14 and a
peripheral reflector 18. The light pipe 12 extends between a proximal end (PE) to a distal
end (DE) about an optical axis (OA). The light pipe 12 can have a variety of different
cross-sectional shapes. In many embodiments, the light pipe 12 has a polygonal cross-
sectional shape (in a plane perpendicular to the optical axis (OA)), such as, square,
rectangle, hexagonal, e¢tc. In some embodiments, the cross-sectional area of the light pipe
at its distal end can be greater than the cross-sectional area at its proximal end. In this
exemplary embodiment, the light pipe exhibits a progressively increasing cross-sectional
area from its proximal end to its distal end. In other embodiments, the cross-sectional area
of the light pipe can be constant from its proximal end to its distal end. The light pipe is
adapted to receive at its proximal end, via an input surface 12a, light from one or more light

sources 20 that are optically coupled thereto.
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A variety of light sources, including incoherent and coherent light sources, can be
employed. By way of example, the light source 20 can be a single light emitting diode
(LED), a plurality of discrete light emitting diodes, a multi-LED chip, among others.

Many of the light rays entering the light pipe via its input surface 12a undergo
multiple reflections at its lateral surfaces (i.c., surfaces 12b, 12¢, 12 d and 12¢) as they
propagate along the light pipe toward its distal end. In this embodiment, the light pipe is
configured, in a manner known in the art, so that the light rays incident on its lateral
surfaces undergo total internal reflection (TIR). For example, the refractive index of the
material forming the light pipe and the shapes of the lateral surfaces of the light pipe are
chosen such that many, and preferably all, of the light rays incident on those surfaces, as
they propagate along the light pipe, would undergo TIR. In some embodiments, the lateral
surfaces can be metalized to allow specular reflection of the incident light rays. Further, in
some embodiments, the reflection of the light rays incident on the lateral surfaces of the
light pipe can be achieved via a combination of specular and total internal reflection.

The multiple reflection of the light rays by lateral surfaces of the light pipe causes
the mixing of those rays. Such mixing of the light rays can be advantageous in a variety of
lighting applications. For example, in certain applications in which a single light source is
employed, such mixing of the light rays can improve intensity homogeneity in a plane
perpendicular to the direction of propagation. In certain applications in which light sources
of different colors are employed, such mixing of the light rays can provide enhanced color
mixing.

With continued reference to FIGs. 1A, 1B, and 1C, the central reflector 14 is
optically coupled to the distal end of the light pipe to receive at least a portion of the light
transmitted through the light pipe. In this embodiment, the central reflector 14 is in the
form of an inverted conical reflective surface 14a whose apex 14b is disposed on the optical
axis (OA). In this embodiment the reflective surface 14a is configured, in a manner known
in the art, to reflect via TIR the light rays incident thereon via transmission through the light
pipe 12. For example, the refractive index of the material forming the optic as well as the
shape and configuration of the reflective surface 14b, e.g., the opening angle o, can be
selected such that the incident light rays, or at least a substantial portion thereof (e.g., at

least about 80% or 90%), would reflect via TIR by the reflective surface 14a. Alternatively,
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or in addition, the reflective surface 14a can include a metallic coating to effect specular
reflection of the incident light rays.

In this embodiment, the reflective surface 14a redirects the incident light rays to the
peripheral reflector 18, which includes a peripheral reflective surface 18a that is configured
to receive a portion of the light reflected by the reflective surface 14a and another reflective
surface 18b positioned at an angle relative to the peripheral reflective surface 18a, which is
configured to receive another portion of the light reflected by the reflective surface 14a. In
this embodiment, the reflective surface 18b is a substantially flat surface that is positioned
perpendicularly relative to the optical axis (OA). The reflective surfaces 18a and 18b
redirect the incident light rays, via reflection, to an output surface 22 through which the
light rays exit the optic. (The reflective surface 14a is also herein referred to in some cases
as a fold mirror as a way of indicating that it redirects the light rays leaving the light pipe
away from their propagation direction as they exit the light pipe).

In various embodiments, the optic 12 can be configured such that a substantial
portion of light exiting the output surface 22 exhibits a narrow beam angle. For example,
the surfaces 18a and 18b can be configured to redirect a substantial portion of the incident
light rays towards the output surfaces 22 in a direction that is substantially parallel to the
optical axis. In this manner, the peripheral reflector 18 can collimate the light received
from the central reflector 14 for exiting the optic through the output surface 22. In some
embodiments, for example, the optic 12 can be configured such that the light exiting each
output surface 22 can exhibit FWHM at less than about 15 degrees, less than about 10
degrees, or less than about 5 degrees.

In this embodiment, the reflective surfaces 18a and 18b are configured to reflect the
incident light, or at least a substantial portion thereof (¢.g., more than about 80%, or 90%),
via TIR. Alternatively or in addition, a thin metal coating (not shown) can cover at least a
portion of the surfaces 18a and 18b to effect specular reflection of the light rays at those
surfaces.

In this embodiment, the output surface 22 is substantially flat. In other
embodiments, the output surface can be textured and/or include a plurality of microlenses,
e.g., to cause additional mixing of the light rays as they exit the optic therethrough. By way

of example, FIG. 2 schematically depicts such an embodiment in which the output surface



10

15

20

25

30

WO 2014/074842 PCT/US2013/069184

-8-

22 comprises a plurality of microlenses 24. In color mixing applications, the microlenses
can improve color mixing. Further, the microlenses can be employed to achieve greater
output beam angles or create an elliptical output beam.

Referring to FIG. 3, in use, the optic 10 can receive light at its proximal end from
the light source 20. The received light is transmitted through the light pipe 12 and is
reflected by the central reflector 14 to the peripheral reflector 18, which in turn redirects the
light as a collimated set of rays toward the output surface 22 for exiting the optic. In this
manner, the light pipe 12 homogenizes the light output of the source 20, e.g., an LED array,
while the central reflector 14 and the peripheral collimating reflector 18 form the beam
shape. As discussed otherwise herein, the central reflector 14 and peripheral reflector 18
can be configured such that the light exiting each output surface 22 can exhibit FWHM at
less than about 15 degrees, less than about 10 degrees, or less than about 5 degrees.

The optic 10 can be made in a variety of different sizes, shapes and aspect ratios,
e.g., based on a particular lighting application for which the optic is intended. For example,
the sizes of the input and the output surfaces 12a and 22, the length of the light pipe, the
lengths and the diameters of the central and the peripheral reflectors as well as the profiles
of their reflective surfaces can be adjusted, e.g., based on an application for which the optic
is intended. By way of example, the ratio of the length (L) of the light pipe relative to the
diameter (Dinpyr) Of the its input surface can be in a range of about 3:1 to about 1:1. The
ratio of the diameter (Doupui) 0f the output surface 22 of the optic relative to Diypy can be
selected, ¢.g., at least partially based on the desired level of collimation of the light rays
exiting the optic. For example, in some embodiments in which a collimation characterized
by a divergence of less than about 10 degrees is desired, the ratio of Dgyipu: relative to Dippy
can be in a range of about 10:1 to about 20:1.

In this embodiment, the optic 10 is fabricated as a single integral unit. A variety of
materials and manufacturing techniques can be employed to form the optic 10. Some
examples of suitable materials include, without limitation, PMMA, polycarbonate, glass,
silicon, and any optically clear material. Some examples of suitable manufacturing
techniques include, without limitation, injection molding. While in many embodiments
different parts of the optic are formed of the same material, in other embodiments different

materials may be used to form different parts of the optic. For example, one material can
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be employed to form the light pipe while another material is used to form the remainder of
the optic.

FIG. 4 schematically depicts that the optic 10 can be employed with multiple light
sources (in this embodiments two light sources 24a and 24b) to mix the light emitted by
those sources and direct the mixed light as a substantially collimated beam out of the optic.
In this embodiment, the light sources 24a and 24b generate light of different colors. The
passage of the light rays emitted by the sources 24a and 24b through the light pipe 12
causes their mixing (in this illustration, the light rays associated with one source are shown
by solid lines while the light rays associated with the other source are shown by broken
lines). The central and the peripheral reflectors, in turn, redirect the mixed light transmitted
through the light pipe out of the optic, via the output surface 22, as a substantially
collimated beam. In this manner, the optic 10 can be utilized for color mixing applications,
among others.

In some embodiments, the central reflector of the optic 10 discussed above can have
an undulating reflective surface. For example, as shown schematically in FIG. 5, such an
optic 10’ can include a central oscillating reflective surface 12°a (the remainder of the optic
in this example is identical to the optic 10 discussed above). The oscillations of the
reflective surface 12’ can cause further mixing of the light rays reflected thereby. By way
of example, such additional mixing of the light rays can improve color mixing in lighting
applications.

While in some embodiments the optic is formed as a single unitary piece (such as
the optic 10 discussed above), in other embodiments the optic can be formed of separated
pieces (separate optical components) that can be assembled relative to one another so as to
cooperatively provide the optic’s functionality. By way of example, FIG. 6 schematically
depicts an optic 100 (herein also referred to as an optical system) that includes two optical
components 102 and 104 that are optically coupled to one another. The optical component
102 is a light pipe that extends about an optical axis (OA) from a proximal end (PE) to a
distal end (DE). The light pipe is configured to receive light from one or more light sources
at its input surface 102a and to transmit the received light to its output surface 102b.
Similar to the previous embodiments, the light pipe 102 exhibits a progressively increasing

cross-sectional area from its input surface to its output surface (in another embodiment, the
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light pipe can have a substantially constant cross-sectional area). The optical component
104 receives, via a central portion 106a of its surface 106, the light exiting the light pipe (at
least a portion of this light). A central reflective surface 108, which is in the form of an
mverted conical surface, directs a portion of the light incident thereon, via reflection, to a
lateral reflective surface 110, and another portion of the incident light to a peripheral
portion 106b of the surface 106. The lateral reflective surface 110 reflects the light incident
thereon, via TIR, specular reflection or a combination of the two, to an output surface 112
for exiting the optic. In some embodiments, a portion of the light reflected by the
peripheral portion 106b (e.g., via TIR, specular reflection or both) reaches the output
surface 112 directly and another portion of such reflected light reaches the output surface
112 via reflection at the lateral reflective surface 110.

In some embodiments of the above optic 100, the output surface 102(b) of the light
pipe can comprise a textured surface and/or a plurality of micro lenses. Alternatively or in
addition, the central portion 106a of the surface 106 of the optical element 104 and/or the
output surface 112 thereof can comprise a textured surface and/or a plurality of
microlenses. As noted above, this can improve mixing of the light rays. The improvement
in light mixing can be advantageous in a variety of applications, such as color mixing. By
way of example, FIG. 7 schematically depicts an optic 100’ according to such an
embodiment in which an output surface 102°b of the light pipe, a central portion 106’a of
the optical element 104° and an output surface 112” of the optic comprise, respectively, a
plurality of microlenses 114, 116, 118.

Those having ordinary skill in the art will appreciate that a variety of modifications

can be made to the above embodiments without departing from the scope of the invention.
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What is claimed is:

1. An optic, comprising

a light pipe extending from a proximal end to a distal end about an optical axis, said
light pipe being adapted to receive at its proximal end at least a portion of light emitted by a
light source,

a central reflector having a reflecting surface with a plurality of undulations and
being optically coupled to said distal end of the light pipe for receiving at least a portion of
the light transmitted through the light pipe and for reflecting said received light,

a peripheral reflector optically coupled to said central reflector for receiving at least
a portion of said reflected light, and

an output surface,

wherein the peripheral reflector is configured to redirect at least a portion of the

light received from the central reflector to said output surface for exiting the optic.

2. The optic of claim 1, wherein said reflecting surface of the central reflector has an

inverted conical shape

3. The optic of claim 1, wherein said central reflector is configured to reflect at least a

portion of the light received from the light pipe via total internal reflection (TIR).

4. The optic of claim 1, wherein said lateral reflector comprises a lateral surface, said
lateral surface being configured to receive at least a portion of the light reflected by the
central reflector and to redirect said received light to said output surface for exiting the

optic.

5. The optic of claim 4, wherein said lateral surface of the lateral reflector is

configured to redirect the received light to said output surface via TIR.
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6. The optic of claim 5, wherein said lateral surface of the lateral reflector is
configured to redirect the received light along a direction substantially parallel to said

optical axis.

7. The optic of claim 4, wherein said peripheral reflector further comprises a surface
disposed at an angle relative to said lateral surface for receiving another portion of the light
reflected by said central reflector and for redirecting said received light to any of said lateral

surface and said output surface.

8. The optic of claim 7, wherein said surface disposed at an angle relative to the lateral

surface is configured to redirect at least a portion of the received light via TIR.

9. The optic of claim 7, wherein said surface disposed at an angle is substantially

perpendicular to said optical axis.

10. The optic of claim 4, wherein said output surface comprises a plurality of micro-
lenses.

11.  The optic of claim 4, wherein at least a portion of said output surface is textured.
12.  The optic of claim 1, wherein said optic is formed as a single unitary piece.

13.  The optic of claim 1, wherein said optic is formed of separate pieces positioned in

optical coupling to one another.

14. The optic of claim 1, wherein said light source comprises any of a single LED, a

plurality of LEDs, and one or more multi-LED chips.

15. The optic of claim 1, wherein said light source comprises two or more LEDs

configured to emit light with different colors.
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