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FREE-FORM LENTICULAR OPTICAL ELEMENTS
AND THEIR APPLICATION TO CONDENSERS AND HEADLAMPS

PRIORITY CLAIM

This application claims the benefit of U.S.
Provisional Application No. 60/776,596, filed February 24,
2006, entitled FREE-FORM LENTICULAR QPTICAL ELEMENTS, which
is incorporated by herein reference in its entirety.

This application claims the benefit of U.S.
Provisional Application No. 60/703,667, filed July 28,
2005, entitled FREE-FORM LENTICULAR OPTICAL ELEMENTS AND
THEIR APPLICATION TO CONDENSERS AND HEADLAMPS, which is

incorporated herein by reference in its entirety.

FIELD OF THE INVENTION

“* The preseﬁt invention relates generally to
optical elements and more particularly to illumination

and/or concentration optical elements.

BACKGROUND

The use, focusing and distribution of light can be
important and even critical in some applications. Many
systems employ one or more lenses to achieve a desired light
distribution and/or to meet a desired illumination.

Further, the design typically varies depending on
a type of light source employed. For example, light emitted
from automobile headlamps desirably meet predefined light
prescriptions. Generating light beams that meet the
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prescription is in part dependent on the type of light
source employed.

SUMMARY OF THE INVENTION

Herein are disclosed new devices, and a new design
method, that expand on that disclosed in aforementioned U.S.
Provisional and Utility Patent Applications, both titled
“Three-Dimensional Simultaneous Multiple-Surface Method and
Free—-form Illumination-Optics Designed Therefrom”, by the
Inventors. The Simultaneous Multiple Surface Method in 3D,
or 3D SMS method, generates two surfaces that couple '
perfectly two wavefronts of the source with two wavefront
of the target, énd partially couple a third pair of
wavefronts.

Some embodiments are based on the design of free-
form optical surfaces that control the light beam by one or
more of three methods: etendue rotation, etendue-
squeezing, and/or Kohler integration. These three methods
of light control, along with the degree of freedom provided
by the use of free-form optics, open a novel range of
capabilities and devices, unattainable with current optics,
in the fields of at least headlamps, condensers, and/or LED
color mixing.

In addition, embodiments are also given for the
case where the lenticulations have rotational symmetry. In
this case the Kohler integration is carried out only in the
radial direction.

Some embodiments provide an illumination optical
system. The optical system can include a first surface and

a second surface. Each of the first and second surfaces

- 2 -
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can further comprises a multiplicity of corresponding
Cartesian-oval lenticulations such that each lenticulation
of the first surface focuses a source upon a corresponding
lenticulation of the second surface and each lenticulation
of the second surface focuses a target upon a corresponding
lenticulation of the first surface.

Further, some embodiments provide for a
refraction, reflection, internal reflection and refraction
(RXIR) integrator headlamp lens. The lens can comprises a
non-circular cross-section and three optically active f;ee—
form surfaces. The three surfaces comprising an entry
surface, an upper internally reflecting surface, and a
lower reflecting surface, said entry surfabe comprising
zones of two-directional free-form lenticulations and zones
of one-directional lenticulations, said lower reflecting
surface comprising zones of two-directional free-form !
lenticulations and zones of one-directional lenticulations
acting in concert with said lenticulations,of said entfy
surface.

Some embodiments provide a rotationally symmetric

optical system receiving light from a source and sending it

‘to a target. The system can include five optical surfaces,

which are ordered by a light trip from a source toward a
target. The five optical surfaces can include a first
refractive surface, a second refractive surface, a primary
mirror surface, a secondary mirror surface, and a
refractive dome.

Still further embodiments provide for an optical

system. The system can include a refractive, reflective
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and internally reflective (RXI) concentrator comprising an
upper cover comprising a flat upper surface receiving light
from a source and a lenticulated lower surface, a lower RXI
concentrator lens, a lower-index gap-filling material
between the lenticulated lower surface and the lower RgI
concentrator iens, and a refractive dome above a target,
said RXI lens comprising an upper lenticulated surface
matching said lenticulated lower surface of said upper
cover and a correspondingly lenticulated primary mirror
reflecting said received light onto said upper lenticulated
surface for total internal reflection by said gap-filler
material onto said dome and onto the target.

Additional embodiments include a rotational
symmetric optical system receiving light from a source and
sending it to a target. The system comprises four optical
surfaces, which are ordered by a light trip from the source
towards the target, wherein the four optical surfaces
comprise' a primary’mirror, a first refractive surface, a
secondary mirror, and a refractive dome above the target.
The first refractive surface defines a change of material
and refractive index and where two of the four surfaces
have coordinated lenticulations forming a Kohler radial
integrator with the source and the target.

Some embodiments include a rotational symmetric
optical system receiving light from a source gnd sending it
to a target. These systems can include four optical
surfaces, which are ordered by the light trip from the
source towards the target, comprising first and the second

refractive surfaces, a mirror, and a refractive dome above
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the target. The first and second refractive surfaces
define a change of material and refractive index and where
two of the four surfaces have coordinated lenticulations
forming a Kohler radial integrator with the source and the
target.

Further embodiments include a rotational
symmetric optical system receiving light from a source and
sending it to a target. These systems comprise four
optical surfaces, which are ordered by the light path from
the source towards the target, such that the four opticgl
surfaces comprise a first flat refractive surface, and
second, third and fourth refractive surfaces. The first
flat refractive surface and the second, third and fourth
refractive surfaces define changes of material and
refractive index, and where two of the four surfaces have
coordinated lenticulations forming a Kbhler radial !
integrator with the source and the target.

Other embodiments provide for a refractive,
reflective, internal reflective and refractive (RXIR)
concentrating lens surrounding a central target. These
lenses comprise an exit surface and a reflecting surface,
both the exit surface and the reflecting surface having
circumferential lenticulations. The lenticulations
providing radial Kohler integration of an illumination of
said target.

Some embodiments include a refractive,
reflective, internal reflective and refractive (RXIR)
concentrating lens surrounding a central target. The lens

can include an exit surface comprising circumferential
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hexagonal lenticulations. The lenticulations of the exit
surface and said lectuculations of said reflecting surface
providing two-dimensional Kohler integration of an
illumination of said target.

Additionally or alternatively, some embodiments
provide for an etendue-squeezing lens that can include an
input surface and an output surface. The input and output
surfaces are tessellated with differently tilted lenslets.

Still other embodiments provide for a cdndensgr
system that comprises a first lens and a second lens. Each
of the first and second lens comprises an input surface and
an output surface, said first lens comprising a flat input
surface, said second lens comprising a paraboloidal output
surface, said flat input surface of the first lens and the
paraboloidal output surface of the second lens are *
tessellated with differently tilted pie-shaped sectored
lenslets, said sectored lenslets providingucoma—correcfing
meridional etendue squeezing.

Some embodiments include a reflective condenser
system for an arc lamp. The system can comprise a front
lenticulated mirror and a rear lenticulated mirror. The
front and rear lenticulated mirrors are sectored to provide
meridional etendue squeezing.

Additional embodiments provide for a bilaterally
symmetric condenser system for an arc lamp that comprises
two etendue-rotating primary mirrors, two totally
internally reflecting secondary mirrors, and a homogenizer

system receiving condensed light. The mirrors being
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laterally truncated linear sweeps of coordinated lenticular
profiles, and said homogenizer system comprising a
triangular prism at an entry.

Some embodiments provide for an etendue-rotating
illumination lens that comprise a lower parabolic reflgctor
with an axially oriented cylindrical light source at its
focus, and an upper etendue-rotating lenticulated cover,
salid cover having lenticulations whose slope discontinuity
curves when projected on an aperture plane of the parabolic
reflector form confocal parabolic curves.

A better understanding of the features and
advantages of the present invention will be obtained by
reference to the following detailed description of the
invention and accompanying drawings which set forth an
illustrative embodiment in which the principles of the

invention are utilized.

1
BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features, and
advantages of the present invention will be more apparent
from the following more particular description thereof,

presented in conjunction with the following drawings

‘"wherein:

FIG. 1A, 1B, & 1C depict the operation of a
parabolic condenser or an automotive free-form reflector.

FIG. 2A shows an intensity prescription.

FIG. 2B shows how a single reflector forms its
far-field pattern.

FIG. 2C shows how 3D SMS optics and some present

embodiments form a far-field pattern.
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FIG. 3 shows the operation of a lenslet array.

FIG. 4 shows the method of constructing a free-
form Kohler integrator lenslet profile.

FIG. 5 shows how the Kohler integrator lenslet
array generates a sharp illumination edge in two dimensions.

FIG. 6A shows the 3D SMS initial design used as
input to the Kohler integrator free-form lens design method.

FIG. 6B shows a l-directional Kohler integrator
free-form lens design.

FIG. 6C shows a 2-directional Kohler integrator
free-form lens design.

FIG. 6D shows a TIR-R with a 1-directional
(radial) Kohler integrator design.

FIG. 7 shows the profile of an RXIR lens.

FIG. 8 is a perspective view of the two input and
output wavefronts of an RXIR lens.

FIG. 9A is a perspective view of the top of a
lenticular free-form RXIR lens for an automotive LED
headlamp.

FIG. 9B is a plan view of the lens of FIG. 9A.

FIG. 9C is a side view of the lens of FIG. 9A.

FIG. 9D is an end view of the lens of FIG. 9A.

FIG. 9E is a bottom\view of the lens of FIG. 9A.

FIG. 9F is a bottom perspective view of the lens
of FIG. SA.

FIG. 10 shows an automotive headlamp prescription.

FIG. 11A shows how two input wavefronts couple to
two output wavefronts.

FIG. 11B shows the output wavefronts determine
particular spines on the surfaces being generated.

FIG. 12 shows the generation of seed ribs.

FIG. 13 shows initial spines being generated.

FIG. 14 shows how the normal vector acts.
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FIG. 15 shows further spines being generated.

FIG. 16 shows a lenticular input surface.

FIG. 17 shows same in relation to RXIR surfaces.

FIG. 18A shows the algorithm for the surface of
FIG. 9A-9F.

FIG. 18BB shows further stages of same.

FIG. 19A shows a dielectric-filled XX device with
radial Kohler integrator lenticulations on the two mirrors.

FIG. 19B illustrates a 3D view of the two-mirror
Kohler radial integrator device.

FIG. 19C illustrates the off-axis operation of the
two-mirror Kohler radial integrator device. '

FIG. 20 illustrates a two-mirror Kohler radial
integrator device that may be composed by volumes of
different refractive indices.

FIG. 21 illustrates a Kohler integrator device
that may be comprised of volumes of different refractive
indices, and the Kohler homogenization is done between the
two surfaces of the front top dielectric cover.

FIG. 22 illustrates a Kohler radial integrator
device that may be composed by volumes of different
refractive indices and the Kohler radial homogenization is
done between the entry surface and the primary mirror.

FIG. 23 illustrates a Kohler radial integrator
device that can be composed of volumes of different
refractive indices and the Kohler radial homogenization is
done between the entry surface and the secondary mirror.

FIG. 24 illustrates a Kohler radial integrator
device that may be compeosed by volumes of different
refractive indices, but now the Kohler radial homogenization
ig done between the entry surface and the exit surface.

FIG. 25 illustrates a Kohler radial integrator

device that could be comprised volumes of different
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refractive indices, with the Kohler radial homogenization
now done between the inner surface of the top cover and the
primary mirror. '

FIG. 26 illustrates a Kohler radial integrator
device that could be comprised of volumes of different
refractive indices, with the Kohler radial homogenization
now done between the inner surface of the top cover and the
secondary mirror.

FIG. 27 illustrates a Kohler radial integrator
device that could be comprised of volumes of different
refractive indices, with the Kohler radial homogenization
now done between the inner surface of the top cover and the
exit surface.

FIG. 28 illustrates a Kohler radial integrator
system that could be comprised of volumes of different
refractive indices, with the Kohler radial homogenization
now done between the primary mirror and the exit surface.

FIG. 29 illustrates a Kohler radial integrator
device that could be comprised of volumes of different
refractive indices,' with the Kohler radial homogenization
now done between the secondary mirror and the exit surface.

' FIG. 30 illustrates a Kohler radial integrator RXI
device, in which the R and I surfaces are separate and I is
made with a low index material gap.

FIG. 31 shows a Kohler radial integrator XRI
device in which the integration is done between surfaces X
and I.

FIG. 32 shows a Kchler radial integrator XR
device. ‘

FIG. 33 shows a radial Kohler integrator array
lens pair producing concentration on a receiver.

FIG. 34A shows the cross section of another radial

Kohler integrator array lens pair producing concentration on

- 10 -
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a receiver in which each lenticulation on one lens is done
as a Fresnel facet.

FIG. 34B shows the cross section of another radial
Kohler integrator array lens producing concentration on a
receiver in which one leng is Fresnel type and each Kohler
unit covers more than one facet of the Fresnel lens.

FIG. 35 shows a TIR lens with radial Kohler
integration done between lenticulations on the front
refractive gurface and the TIR facets.

FIG. 36A shows the profile of an RXIR device with
radial Kohler integrator lenticulations in the inner
refractive surface and the back mirror.

FIG. 36B is a cutaway perspective view of the
device of FIG. 36A. '

FIG. 36C is a perspective view of a free-form RXIR
device with 2-directional Kohler integrator lenticulations
on the inner refractive surface .and on the back mirror.

FIG. 36D is a top view of the device of FIG. 36C.

FIG. 37A shows a squared decentered collimating
lens.

FIG. 37B shows the lens of FIG. %A with etendue
squeezing by two elements.

FIG. 37C shows the lens of FIG. 7A with etendue
squeezing by three elements.

FIG. 37D shows the lens of FIG. 7A with etendue
squeezing by five elements.

FIG. 38A shows a centered afocal lens.

FIG. 38B shows the tessellation bf the lens of
FIG. 38A in an array.

FIG. 38C shows three alternative toroidal
configurations of the lens of FIG. 38A.

FIG. 39A shows tessellation by etendue-squeezed

output beams.
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FIG. 39B shows the procedure to build an N:1
centered etendue sqgueezer.

FIG. 39C-G shows different versions of 3:2 etendue
squeezing.

FIG. 40A shows a rectangle-rectangle etendue-
squeezing focal lenticular element.

FIG. 40B shows a hexagon-rectangle etendue-
squeezing focal lenticular element.

FIG. 41 shows a pair of lenticular-elements each
comprised of two interlocked free-form surfaces.

FIG. 42A is a front perspective view of a dual-
lens free-form lenticular condensing system.

FIG. 42B is a rear perspective view of the system
of FIG. 42A. . |

FIG. 42C shows plan views of the two lenses.

FIG. 43A is a side view of two stages in the
design of a lenticular condensing reflector for an arc lawp.

FIG. 43B is an end view of the reflector of FIG.
43R, |

FIG. 43C is a cutaway perspective view of thé
finished reflector.

FIG. 44A is a side view of two stages in the
design of another lenticular condensing reflector for an arc
lamp. '

FIG. 44B is an end viéw of the reflector of FIG.
444,

FIG. 44C is a cutaway perspective view of the
finished reflector.

FIG. 45A is a side view of the design of an
etendue-rotating lenticular condensing reflector system with
an integrating rod.

FIG. 45B shows some rays in the system of FIG.
45A.
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FIG. 45C shows a front and a cutaway perspective
view of the condenser.

FIG. 46A shows the design principle for a free-
form catadioptric condenser. |

FIG. 46B shows a perspective cutaway view of the
condenser of FIG. 46A, and a plan drawing of the
lenticulations pattern.

FPIG. 47 and FIG. 48 show a canonical input
wavefront and definitive ray-cones.

FIG. 49 shows how said RXIR is further
lenticulated.

Corresponding reference characters indicate
corresponding components throughout the several views of the
drawings. Skilled artisans will appreciate that elements in
the figures are illustrated for simplicity and clarity and
have not necessarily been drawn to scale. For example, the
dimensions of some of the elements in the figures may be
exaggerated relative to other elements to help to improve
understanding of various embodiments of the present
inventien. Also, common but well-understood elements that
are useful or necessary in a commercially feasible
embodiment are often not depicted in order to facilitate a
legs obstructed view of these various embodiments of the

present invention.

DETAILED DESCRIPTION

A better understanding of the features and
advantages of the present invention will be obtained by
reference to the following detailed description of the
invention and accompanying drawings, which set forth
illustrative embodiments in which the principles of the

invention are utilized.
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Some present embodiments provide illumination
and/or concentration optical elements, and some of these
optical elements can comprise and/or be employed as a
condenser for multimedia projectors, to an LED automotive
headlamp, and to an RGB LED color mixer. Further, some
embodiments are based on the design of optical surfaceé
which control the light beam by three methods: etendue
rotation, etendue-squeezing and Kohler integration. These
three methods of light control, along with the degree of
freedom provided by the use of free-form optics, opens a
novel range of capabilities, unattainable with the state of
the art optics in the fields of headlamps, condensers and
color mixers. ‘

The concept of projection of the source images in
the target will be used in the description of the disclosed
embodiments. This concept is known in the headlamp and
condenser design framework. Initially, consider the -
intensity distribution on the far-field target, or the
illuminance distribution on the finite-distance target,
produced by an infinitesimal area dA around a given point
of the exit aperture (i.e., as that produced by a pin-hole
camera). This is usually referred to as the source image
for that point of the exit aperture. The integral across
the exit aperture of these elemental source images gives
the far-field intensity pattern. In general, the source
might not be directly imaged, as when shields‘or Kohler
integrators are used.

The control of the shape, orientation, and
position of the projected image of the source may become

critical for achieving both high efficiency, into the

- 14 -
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prescribed intensity/irradiance pattern, and insensitivity
to source movements. FIG. 1A shows the profile of reflector
10, designed to collimate light from axially oriented
filament 11. In condenser applications, however, the
surface geometry of reflector 10 will not be such a
paraboloid of revolution, but an ellipsoid of revolution
around the lamp arc axis, with one focus at the lamp arc
center and the other on the target. In automotive
applications, the surface will be free-form (typically
defined by a b-spline surface) or a faceted reflector, but
the following description applies for all three cases
(paraboloid, free-form, or faceted). Source-image 12 ié
small because it is formed farther from source 11 than is
source-image 13, which has larger angular subtense a. FIG.
1B is an on-axis view of reflector 10 and sgource 11, also
showing circle 14 that is issuing source-images 14 and 15.
FIG. iC is a perspective view of same, also showing how
gource-images 14 and 15 have angular extent o but at
differing orientations. Therefore, the projected imaggs
have variable size and are rotated with respect to each
other. In the automotive case, being free-form, reflector
10 is not rotationally symmetric, so that the center of
source images can be directionally shifted from the location
they would have if reflector 10 was rotationally symmetric,
ag in the condenser application. Typically, what any single
free-form reflector cannot do, however, is control at the
gsame time the size and the orientation of those source-
images. PFor instance, it is possible to design a single
free-form reflector such that all the source-image centers
are projected towards the same direction but then there are
no more degrees of freedom available and one cannot control

anything else (the size of the images, for instance).

- 15 -
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The 3D SMS optical ,design method, disclosed in
U.S. Utility Application 10/901,919 filed 7/28/204 titled
“Three-Dimensional Simultaneous Multiple-Surface Method and
Free-form Illumination-Optics Designed Therefrom” and the US
Provisional Patent Application of the same name 60/490/769
filed 7/28/2003 by the Inventors, both of which are ;
incorporated herein by reference, provided the capability of
controlling the size, position and rotation of source
projected images. This method generates two surfaces that
couple perfectly two wavefrontgs of the source with two
wavefronts onto the target, and partially couple a third
wavefront pair. Overall there are six wavefronts
prescribed.

FIG. 2A depicts an example of far-field intensity
prescription 20 for automotive applications, with vertical
axis V and horizontal axis H, high-intensity contour 21,
medium intensity contour 22, and low-intensity contour 23.
A complete intensity cutoff lies along horizontal axis H.

FIG. 2B shows the far-field intensity pattern of
reflector 10 of FIG. 1 when designed for automotive
applications. Small source-images 25 correspond to source-
image 12 of FIG. 1A, coming from the periphery of reflector
10. Large source-images 26, of angular extent e, correspond
to source-images 15 and 16 of FIG. 1C. These source-images
of the cylindrical filament will rotate in the far field,
depending on what point of circle 14 emits them. FIG. 2C
shows far-field pattern 27 as is shown in the U.S. Utility
Application 10/901,919, incorporated herein by reference,
and of at least some present embodiments, comprised of non-
rotated source-images 28 and 29, leading to most of the
source’'s light helping to meet prescription 20.

Herein the term “etendue rotation” will refer to
that use of the 3D SMS method to control rotation (and

_16_
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shape) of projected source images. The reason for this name
can be illustrated in the example of FIG. 1A. The points of
the reflector in that vertical cross section project the
images vertically due to the reflector symmetry. Accoréing
to the etendue-conservation theoremt the average value of
vertical size of projected source images in the plane is not
arbitrary, but can be calculated by equating the 2D etendue
of the output bundle with that of the source in that plane
(which could be referred to as 2D vertical etendues). Using
two free-form surfaces, however, as well as dispensing with
the rotational symmetry of the reflector, the 3D SMS method
enables the ray fans in FIG. 1A to be emitted entirely in
horizontal planes (instead of in a vertical plane as FIG.
1a). Therefore, the 3D SMS designs have rotated that
vertical etendue, transforming it into a horizontal etendue,
and in this sense it is performing an etendue rotation.

Some etendue rotating devices are disclosed in
aforementioned U.S. Utility Application 10/901,919 by the
present inventors. Figures 18 to 21 of said application
show dewices that cdontain several free-form surfaces, two of
which are designed with the 3D SMS method. This device was
designed as an etendue rotator, to prevent the rotation of
the source projected images that has already been explained
and represented in FIG.2A to 2C.

In some present embodiments, new etendue rotating
devices are disclosed. Additionally, the some embodiments
improve that described in U.S. Utility Application
10/901,919, with a new ability to greatly improve the
gradient of illumination cutoffs, in spite of the
considerable variation between individual LEDs in their
illuminance distribution, and in spite of positioning
inaccuracies, which can be more than 10% of the width of the

source image. This control of source-image shape and
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orientation, combined with the abovementioned two
additional beam control methods (etendue squeezing and
Kohler integration), gives unique capabilities to some
present embodiments.

In the design of low-beam automotive lamps, one
of the most difficult objectives is a sharp cut-off in the
intensity pattern, which should be independent of the
source position tolerances and luminance inhomogeneities.
Some systems in this field can be classified into two
groups: one group using light shields (see, for instance,
U.S. 4,677,532 by Peitz et al., U.S. 6,099,157 by Waescher,
U.S. 4,814,950 by Nakata, U.S. 4,922,386 by Bockeler et
al., all incorporated herein by reference), and another
group using optics for which the product of the exit area
times the source luminance is large (see, for instance,
U.S. 6,007,224 by Jianzhong et al., incorporated herein by
reference, as shown in Figure 1 therein).

™ In the first group of patents, the shield edge is
imaged onto the output intensity pattern to produce the
desired cut-off. The resultant light—bloékage, however,
reduces optical efficiency. Although optical efficiency is
not a big issue for halogen and high-intensity discharge
lamps, due to their respective low coét and high flux, it
is typically very important for LEDs, which currently are
far more expensive per lumen than halogen lamps, and have '
far less flux than high-intensity discharge lémps. Some
present embodiments offers both the efficiency and the beam

control that LEDs need to succeed in automotive headlights.
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In the second group of above listed patents, the
source image, instead of the shield image, is projected on
the target. The high luminance-exit area product enables
the source-image to be projected from different points of
the exit aperture, with a small size on average. Since the
sensitivity to source displacement and to the source’s
luminance inhomogeneities is proportional to the projected
source-image size, attaining insensitivity to these real-
world fallings means that the cut-off line is produced by
only projecting the small images for angles close to the
cut-off line. White LED’s, however, have much lower
luminance (e.g., at least 4 times legs) than halogen and
high-intensity discharge lamps. This is especially true of
domed white LED chips, or those with larger reflector cups

holding the phosphor. In both cases, the effective source
size is enlarged and thus the average luminance is lower."

Therefore, using this strategy to create the cut-off line
with LED’s would employ an exit aperture that is
significantly larger than halogen or high-~intensity
discharge head lamps, which may be considered undesirable
from the commercial point of view.

The SMS free-form optics described U.8. in U.S.
Utility Application 10/901,919, when applied to automotive
headlamp designs, can be considered to be in the above
second group of solutions (i.e., the source-images are
projected instead of a shield image). Its ability to
control the source-image orientations and sizes enables
these optics to achieve a much lower luminance-area product
than many other designs in this second group.

Nevertheless, the aperture-area of these designs, when
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using the luminance of present commercial LED’s, may still
be excessive when guaranteeing the cut-off, taking into
account the position tolerances of multiple LED’s in mass
production, along with their luminance inhomogeneities.

Some present embodiment, using the aforementioned
concepts of Kohler integration and etendue-squeezing, éan
achieve smaller luminance-area products than the second
group of head lamp designs, but without using a shield as do
those of the first group. Some embodiments attempt to
guarantee robustness of the cut-off against position
tolerances and luminance inhomogeneities of the light
soﬁrce.

Kohler integration (also known as Kohler-type
illumination) is based on the use of two lenticular optical
surfaces arranged such that each cell of the entry surface
images the source on the exit surface, while the exit
surface images the entry surface onto the target. Since the
source-image is not projected onto the target, the source
misplacement and its luminance inhomogeneities do not affect
the target illumination. On the other hand, since no shield
is used, the efficiency can be high.

One example of the embodiments Fformed by free-form
integrator optics is based upon the RXIR lens, as disclosed
in U.S. Patent 6,639,733 by Miflano et al., U.S. Patent
6,896,381 by Benitez et al. and U.S. Utility Applications
10/880,386 and 10/901,9194all by the present inventors, and
incorporated herein by reference. It offers a novel
approach to headlamp design, one that will solve thése
problems and produce an effective and practical LED headlamp
that single-handedly meets the complexities of real-world

specifications, with unprecedented compactness. It is shown
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to provide explanatory context for the Figures disclosing
the methodology of some present embodiments.

The application of etendue-squeezing to headlamp
design is based on two lenticular optical surfaces arranged
such that each cell simultaneously increases the vertical
collimation and decreases (by the same factor) the
horizontal collimation of the light beam, without modifying
the overall spatial extent of the beam. This vertical-
horizontal exchange of collimation strengths causes the
source-images to be projected onto the target as compressed
in the vertical dimension and expanded in the horizontal
dimension, compared to the optics without such etendueJ
squeezing capability. This has value because the specified
cutoff-gradient runs vertically. This horizontal size
increase of the source-image projection does not affect the
cut-off line in low-beam head lamps, but the vertical size
reduction makes it more tolerant to the source misplacements
and inhomogeneities, enabling a considerable reduction of"
overall aperture area.

As employed for example in automotive headlamps,
a configuration of etendue squeezing was proposed also by
the present inventors previously, in the U.S. Provisional

Patent Application 60/445,059 filed Feb. 4, 2003 and U.S.

.Utility Applications 10/772,028 filed Feb. 3, 2004 and

11/040,506 filed Jan. 21, 2005 by Mifiano et al., all
incorporated herein by reference, disclosing an optical
system for an LED head lamp, comprising a spherical or
elliptical cavity to éreate a virtual LED side-by-side with
the real LED. Locating the virtual LED side by éide next

to the real one can be theoretically considered as a

particular case of etendue squeezing, since the solid angle
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of emission is reduced by a factor of two in exchange for a
doubled spatial size of the effective source.

Regarding another preferred application, as
condenser optics, the objective can be to optimize the flux
transfer between a discharge lamp (Eypically metal halide or
Ultra High Pressure mercury) and a target at a finite .
distance (which may be the rectangular entry aperture of an
integrating prism) or located at infinity {which may be the
input field of a conventional Kohler integrator lenslet
array) .

In contrast to the headlamps, Kohler integration
is widely used in condenser optics (U.S. 2,186,123 by
Rantsch et. al., U.S. 3,296,923 by Miles, U.S. 4,769,750 by
Matsumoto et al., U.3. 5,098,184 by Van den Brandt et al.,
U.S. 4,497,013 by Masakatu, U.S. 5,786,939 by Watanabe,
U.S. 3,302,016 by Larraburu, JP 7174974 by Tadaaki, U.S.
5,662,401 by Shimizu et al.). Kohler integration has been
widely used as homogenizers for condenser systems, in the
form ofmlenslet arrays in projection displays. It has been
used sepérately, however, as a second stage of conventional
parabolic or elliptical condensers.

Some Kohler integrators, however, use lenslets
with rotationally symmetric optical surfaces (2-dimensional
integration) or cylindrical optical surfaces (l-dimensional
integration), while some present embodiments using Kohler
integration comprise free-form surfaces. In instances,
some embodiments comprise two free-form optical surfaces

that produce the combined functions of the condenser mirrors
and the integrator lenslet arrays.

The ideal condenser is usgually defined as that in
which the exit aperture is round (to fit the f/number of the

posterior imaging optics) and in which the contours of all
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projected images match the target aperture contour (the
etendue conservation theorem indicates that the area of such
a target is not arbitrary, but is given by the equality
between target and source etendues). |
Most condenser designs are based on rotationally
symmetric elliptic or parabolic reflectors, on the first
focus of which is located the source arc, aligned along the
optical axis, with the second focus located at the target or
at infinity, respectively. These conventional condensers,
however, are far from ideal because their projected arc-
images have the following three characteristics: (1) the
projected sizes vary, both in the meridian and sagittal
dimensions, from point to point on the condenser exit
surface; (2) projected meridian size is 2-4 times larger

than the sagittal size; and (3) the images rotate due to
the rotational symmetry of the mirror and the arc.

Therefore, the arc-image contours can neither match circular
targets (as in the case of a fiber optic illumination for
the Texas Instruments color recapture system, as disclosed
in U.S. Patent No. 6,771,325 by Dewald) nor rectangular
targets. (as in rectangular 4:3 or 16:9 integrating prisms
for projection TV). 1In this last case, the mismatch is
especially noticeable because the rotational symmetry of the
arc images causes darkening of the corners of a rectangular
target.

U.S. Patent No. 6,623,145 by Ishihara discloses an
improvement of the reflector profile of conventional
condensers for the correction of the distortion produced by
the refractions on the lamp bulb. This design, however,
also suffers from the above-mentioned three negative
characteristics of conventional condensers regarding the

projected arc-images.
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Two other patents, JP 7174974 by Tadaaki and U.S.
Patent No. 5,966,250 by Shimizu, disclose a modification of
the reflector profile and the addition of a rotational
aspheric lens at the exit to correct not only the envelope’s
distortion, but also the coma of the condenser, so that the
arc images have constant meridian length at the target
plane. The arc images, however, still rotate in the target
plane, as in the case of conventional condensers. The
sagittal image-width is wvariable and uncontrolled.

Other patents such as U.S. Patent No. 6,356,700 by
Stroebl and U.S. Patent No. 4,305,099 by True et al., as
well as the paper by H. Moench et al., “Higher Output, More
Compact UHP Lamp Systems”, SID conference 2002, disclose the
reduction of the solid angle collected by the elliptical or
parabolic reflector and the use of a substantially
spherical mirror cavity to send the remaining light rays
back to the arc region. This mirror cavity has the purpose
of creating a virtual image of the arc (less bright, due to
the transmission losses of the rays crossing the bulb): If
the virtual image is superimposed on the real arc (as done
by U.S. Patent No. 6,356,700 by Stroebl and in the paper by
Moench et al.), the mirror cavity has reduced the axc

etendue by about a factor of 2. Since the plasma is

‘partially absorbent, however, (60-70% transmissive in the

best cases) additional losses accrue, and the resulting
effective arc indeed has half the etendue, but not twice the
luminance (about 1.5 is claimed). If the virtual image is
set side-by-side with the real arc (as in U.S. Patent No.
4,305,099 by True et al.), the absorption losses in the bulb
gases are indeed lower, but neither is the etendue reduced
nor the luminance increased. A saving grace, however, is
that the envelope of the two arcs (real and virtual)

constitutes an apparent source that is less elongated that
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arc alone. This apparently wider source will better match
circular apertures.

The etendue-rotation capability of the 3D SMS
method confers control of the image rotation to maximize the
collection efficiency into rectangular apertures, especially
when the aspect ratio is far from one (as with the 16:9
format of HDTV). Several embodiments of the present
invention are etendue-rotators and are of interest in
condenser applications. The aforementioned U.S. Patent No.
6,356,700 by Stroebl, apart from the use of the mirror
cavity to increase the arc luminance, discloses the
orientation of the arc lamp as normal to the optical axis of
the ellipsoid, which reduces the arc image rotations
substantially and leads to an illuminance pattern on the
target that is approximately elliptical, better matching
16:9 apertures. Such matching, however, is still far from
perfect, since in contrast to the etendue rotators of some
present embodiments, the projected arc-image size still "

varies across the exit aperture. Also, the length-to-width
ratio of the arc-image is uncontrolled.

U.S. Patent No. 6,672,740 by Li‘also guggested
using the concept of a mirror cavity, with the virtual arc
also set side-by-side to the real arc. The apparent source
of the envelope of the two arcs (real and virtual) in this

" approach is collimated by a parabolic mirror and then is
concentrated again by a identical, symmetric parabolic
mirror, which creates a 1:1 magnified image of the apparent
source. In U.S. Patent No. 6,634,759 by Li the parabolic

‘mirrors are replaced by elliptical mirrors, but the
overarching principle is the same.

Locating the virtual arc side-by-side with the
real arc can be theoretically considered a particular case

of etendue squeezing, since the solid angle of emission is
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reduced by a factor of two in exchange for doubling the
spatial size of the effective source.

Some embodiments of the present invention, wh;ch
have application to condensers, produce an etendue squeeze.
The configuration of this etendue séueezing, however, is
totally different from the aforementioned, and no cavity is
used to send the light rays close to the arc volume. This
etendue squeeze will be used to reduce by a factor k the
meridional size of the arc’s projected image on the target,
in exchange for increasing the sagittal size of the arc’s
projected image by the same factor k. Since conventional
condensers produce images with meridian size 2-4 times
larger than the sagittal size, k values in the range of 1.5
to 2 will make the projected images of the arc approximately
round, which matches circular targets. Moreover, when the
former etendue squeezers are applied to sources that present
a large vertical etendue and a small horizontal etendue
(i.e., long filaments or arcs) they are competitive with
that of the aforementioned etendue rotators.

. U.S. Patent No. 5,662,401 by Shimizu et al.
discloses integrator arrays that produce an effect
equivalént to etendue squeezing. For instance, in Figure 2
of said patent the contour of the input integrator lens has"
a 4:1 aspect ratio, while the exit integrator lenses are é
by 2 (thus the area is preserved). Since the integrator
lens pairs image mutually, the angular distribution of the
input and output bundles are changed from 2 by 2 to 1 by 4.
An important limitation of this approach is that its lens
arrays are essentially flat, but the lens pairs are assigned
in such a way that they would be decentered. This will
produce light losses by blocking the entry lens array and
also will reduce the illuminated area of the exit lens

array.
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Here we disclose a special tessellation of the
lens unit in an array that, if applied to the configuration,
disclosed in Figure 2 of said patent U.S. Patent No.
5,662,401, makes all the lens pairs centered, thus
minimizing light blocking at the entry and maximizing the
illuminated area at the array exit.

Additionally, some embodiments with etendue
squeezing in the present invention are not integrator
elements but beam expanders in one dimension (the one in
which the angular extension of the bundle needs to be
reduced) and beam compressors in the other direction (the
one in which the angular extension of the bundle may be'
increased). This difference is advantageous at least in
some implementations because the size D of the lenticular
units of integrator arrays is proportional to the separation
S between lenses and to the arc length L, while the size of
the entry and output surfaces in two-surface beam
expanders/compressors does not show such dependence.
Therefore, when the arc length L is small (as occurs in
high-brightness projectors), either the number of lens 'units
is very high (D small) or the lens arrays are either long (S
large) . Both cases have drawbacks: the first case is more
difficult to manufacture while the second case does not
allow for compact projectors. Etendue squeezing with beam
expanders/compressors can have very few units (two at the
entry and two at the exit, is the minimum) with
substantially no limitation of compactness.

Finally, the Kohler integration devices in some
present embodiments have application in the field of LED
color mixing, or homogenization of non-homogeneous LED’s in
general illumination. This homogenization is excellent

with the proposed two-dimensional free-form integrators.
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In one-dimensional integrators, if the LEDs are aligned in
the direction of the integration, the homogenization is
also excellent. A particular case of practical interest
appears when the lenticulations have rotational symmetry,
in which the Kohler integration is one-directionally done
in the radial direction.

Some embodiments described herein are based on
the design of free-form optical surfaces comprising optical
elements that control the light beam by either of three
methods: Kohler integration, etendue squeezing and etendue
rotation. The design procedures and some embodiments of
the above methods are described below in three sections (1.
Kohler; 2. Etendue-squeeze; 3. Etendue rotators). Finally,
Section 4 will describe two algorithms referred to in

Section 1.
1. Kohler integration optics

For an introductory explanation, FIG. 3 shows the
cross-section of an elemental integrator 3b comprising
front lenslet array 31 and an identical but oppositely
oriented rear array 32, separated by a distance equal to
their focal length. Assuming that the aberrations are
weak, all rays impinging on the array 32 with half angle 34
from the vertical direction are ideally coupled with all
the rays exiting the array 31 within a half éngle 33, which
equals angle 34. This angle 34 (and 33) is given by the
half-angle size of a far light source {(not shown).

FIG. 3 also shows as 35 the same integrator 30
but with a tilted impinging parallel ray fan. The

modification of the incident angle of the parallel ray fan
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36 from normal incidence up to angle 34 does not affect the
far field of the exit rays. Only the emission points 37
are shifted. |

Thus an optical integratorxr has the property of
producing an intensity pattern that can be quite .
insensitive to lateral source-position errors of a point
source (e.g., a distant one that produces the parallel rays
in FIG.3) or more generally to extended sources within the
angular acceptance (in FIG.3, any ray bundle with non-zero
angular extent inside the maximum acceptance angle 34).

For an extended source containing the rays
comprised between the positive and negative angle 34, the
integrator 30 neither collimates nor concentrates light,
since the beam at the output has the same angular
extension. Typically such an integrator is used with
separate collimating or concentrating optics. In some
present embodiments, the lenslets take novel shapes in
order for the intedrator to also be a collimator or a
concentrator.

FIG. 4 is a diagram showing the calculation of
such a lenslet shape in two dimensions. Object RQ and
image ST are given. Assume that initial lenslet segment
KIMN has been accordingly set up, so that the ray paths a,
b, ¢, g, and m are known. The lens-profile segments shown
are Cartesian Ovals, a type of curve defined as the unique
surface passing through a prescribed point that transforms
one wavefront into another. Therefore, with the single
surface MP it is not possible to obtain a sharp cutoff at

both T and S as images of points O and L, respectively. In
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many applications such as automotive headlights, sharp
focusing is only needed at one point, call it T, so that
the Cartesian oval PM is designed to focus O on T, to give
the exit lens shape. Analogously, Cartesian oval OL can be
calculated, for instance, to focgs either R on P to give
the entry lens. |

In order to illustrate in more detail how the
design in FIG. 4 works, FIG. 5 shows how lenslet array 50
produces a sharp gradient in image 51 of source 52, which
has no such gradient. Image 51 i1s shown at a finite
distance but could equally well be at infinity. The
problem is solved by some present embodiments because
source 52 has a weak luminance gradient running from
brightest top portion to dimmer end-point ¥. Directly
forming image 51 from source 52 with conwventional optics
will give a similarly weak gradient around image—edge point
H, where instead a sharp boundary is required. 1In the
lenslet* array case of FIG. 5, the points just above H will
be illuminated from lens 53 by rays impinging just below
point O on lens 55. The slope-discontinuity at O
guarantees that for any point I between P and M, the rays
will come from points of source 52 below F, which are dark
ones, given the proper selection of point F. On the other
hand, the points just below H will be illuminated from lens
53 by rays impinging just above point O on lens 54. . Again,
the slope~discontinuity at O guarantees that for any point
I between P and M, the rays will come from points of source

52 above F, which are brighter than average.
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Point F can be considered as the lower edge of a
virtually enlarged source. 1In general, the seélection of
the lowest and highest point of this virtual source are
done not only to prevent a weak image-gradient but also to
allow for source-position tolerances. The integrator
design shown will guarantee that if the source moves inside
the integrator the illuminance at target will remain
largely unchanged.

FIG. 4 and FIG. 5 depict rays in a plane, acted
on by profiles in that same plane. Some present
embodiments, in general, calculate entire surfaces, but
such two-dimensional profiles typically can make
cylindrical or rotational symmetric surfaces. These are
but a particular case of the present embodiments, which in
general generates free-form surfaces, comprised of free-
form lenticular elements. Adjacent lenticular elements
will show slope discontinuities at their edge curves, which
means that the surface-normal vectors of adjacent |
lenticular elements will have an angular difference at
their curve of mutual intersection. Occasionally, there
may be not only an angular difference but a step between
the surfaces, usually small, which defines an inactive
face, as also occurs in a conventional Fresnel lens.

The 3D design method disclosed as a part of some
present embodiments comprise several steps. In the first,
given a source and target, the type of surfaces (refractive
or reflective) are defined.

In the second step, two free-form surfaces are

calculated by the 3D SMS method disclosed in U.S. Utility
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Application 10/901,919 by the present inventors. FIG. 6A
shows an example of a design for two refractive surfaces.
A person skilled in the art could clearly adapt that
explanation to other pairs of surface-types (refractive-
reflective, reflective-refractive, or reflective-
reflective). These free-form surfaces 600 and 601 may not
be part of the final design, but they will help design the
free-form integrator surfaces. In particular, the edges of
the lenticular surfaces (the equivalent to points K, L, M,
N, O, and P in FIG. 4) will be lines lying on these
surfaces, as indicated below.

The 3D SMS method makes use of three pairs of
two-parameter orthotomic bundles of rays (hereinafter, a 2-
bundle, where the term orthotomic means that the rays are
perpendicular to a wavefront). One 2-bundle of each pair
is defined at the source (input 2-bundles) and other 2-
bundle is defined at the target (output 2-bundles). 1In
FIG. 6A, the three input 2-bundles are the rays emitted by
three corners A, B, C of LED chip 602, while the output 2-
bundles will define the inverted three corners A’, B’ and
C’ of the images 603 of the LED chip, as projected to the
target plane 604. The 3D SMS method, as disclosed in U.S.
Utility Application No. 10/901,919, begins by generating a
first curve as 606, called the seed rib, on one of the
free-form surfaces (on 600 of FIG. 6A) with the proviso
that the bundle pairs A-A’ and C-C’' are coupled along the
seed rib. Departing from the seed rib, lines 607 and 608,
called SMS spines, are calculated with the proviso that the
bundle pair A-A’ is coupled to the pair B-B’. The design
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process induces a specific parameterization of the spines,
and the locus of points of different spines with the same
parameter value defines SMS ribs 609 on surface 600 (in ,
particular, the seed rib) and SMS ribs 610 on surface 601.
The SMS ribs and SMS spines constitute a mesh on free—?orm
surfaces 600 and 601. Finally, the skinning process of the
3D SMS method generates the intermediate points within the
mesh, making it into a smooth surface.

Since at least one of the objectives is to
provide insensitivity to LED luminance variations and
positioning variations, we should select the three input 2-
bundles as not being generated from the LED corners, but
from the corners A, B, and C of an enlarged zone
encompassing the actual chip. The trajectory of the rays
emitted by any other point of the chip (such as the fourth
corner, D) can be well approximated from the knowledge of
the trajectories of rays from A, B, and C.

" The third step is to select the type of
integration process and the calculation of the edge lines
of the lenticular elements. The choice of integrators
comes from the fact that in three-dimensions, two types of
Kohler integration are possible: one-directional
integration, in which the integration is provided for just
a single preferred direction on the chip (perpendicular to
sides AB and CD or perpendicular to sides AC and BD), and
bidirectional integration, in which the integfation is

performed for both the directions at the same time.
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The fourth and last step will be the calculation
of the lenticular surfaces that approximately lie on the
calculated edge lines.

In the next sections, 1.1 and 1.2, one-
directional integration and two-directional integrators are
disclosed. 1In section 1.3, the design process for an
example embodiment, the RXIR free-form integrator, is fully

disclosed.

1.1 One-directional Kohler integration.

FIG. 6B shows two surfaces 611 and 612 of a one-
directional Kohler free-form integrator lens. These
surfaces are formed by pairs of free-form lenticular
elements (as 614 and 615), whose edge-lines aré SMS spines
such as 607 and 608 of the initial 3D SMS device of FIG.6A.
The selection of the SMS spines that will perform as edge-
lines is explained later in section 1.3. The edge-lines
constitute one family of spaced lines that]do not cross one
another. These lines are analogous to the straight lines
obtained as edges of the usual cylindrical lenslets, when a
translation is applied to the profile of FIG. 4.

The one-directional integration only provides
insensitivity to LED variations along the integrated
dimension of the enlarged chip (then the other dimension
deoes not need to be enlarged). 4

All rays that can illuminate the target 604 from
the free-form surface 612 form a 4-parameter bundle,
(a,b,c,d). That is, for instance, a ray can come from any

spatial location (a,b) on its exit aperture, and take any
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pair (c,d) of direction cosines. As in the two-dimensional
case, the sharp cut-off will only be guaranteed by design
at one side of projected chip images (which is eqguivalent
to the guarantee of sharp cut-off at point T but not in 8
in FIG. 4, or at point H of FIG. 5). The analogue of the
point H of FIG. 5 for one-directional integration will be
given by the line 605, labeled also as H, defining the
sharp edge of a high-illumination patch. This line defines
a 3-parameter bundle (3-bundle, below). Without loss of
generality, consider the case in which the target plane -is
the far-field and the coordinate system can be aligned with
line H, so the target plane is d=0, that is, the H rays are
of the form(a,b,c,0), where d<0 in the illuminated zone,
and d>0 is in the dark zone. Some present embodiments make
it possible to essentialiy keep the illumination edge on H
despite a given amount of uncontrolled source-misalignment,
or, for that matter, a given degree of source-~luminance
inhomogeneity. )

Designing for the complete 3-parameter ray bundle
d=0 is too complex, and typically cannot be done with the
available degrees of freedom. Instead, we use one
particular 2-parameter bundle contained in the bundle d=0,
rather than its entirety.

As already mentioned, the initial 3-D SMS method
will produce two free-form surfaces that couple exactly a
given pair A, B of input 2-bundles of rays from the source
to the desired pair A’,‘B’ of exit 2-bundles, and couple

approximately a third bundle C with C’. As an example, the

~ 35 -



10

15

20

25

WO 2007/016363 PCT/US2006/029464

A, B, C 2-bundles are again the rays emitted by three of
the four corners A, B, €, and D of the LED chip 602.

FIG. 6B shows the case in which the one-
directional integration is to be done to make the system
insensitive to chip luminance variations and position ‘
errors perpendicular to sides AR and CD, and that the sharp
cut—-off line H is set. FIG. 6A shows that for this purpose
the exit 2-bundels A’ and B’ must be selected on the H
line, that is, A’ and B’ must be contained in the 3-bundle
d=0. One of these two bundles, say A’, is the one that
will be selected for the construction of the lenticular
free-form elements in surface 612. . Since only the 2-bundle
A’ is used in the design instead of the whole 3-bundle d=0,
the sharp cut-off will only be guaranteed around A’. This
means that, for instance, if the A’ bundle is set as
parallel rays (that is, the point A’ is fixed in the line H
of the far-field), the design procedure will guarantee a
sharp c¢ut off around A’ but not along the whole H line.
This is sufficient for automotive headlamps, since the
gradient at the cut-off line need to be maintained only
straight ahead, around just the centraﬂ-point of line H.

In FIG. 6B, the calculation of the free-form
surface element 616 is done with the following two
conditions: (1) it must contain one of its edge lines, for
instance 617; (2) the rays of bundle A&/, if traced
backwards, must come from the edge curve 613 6n surface
611. (Note that 617 and 613 are already known from the 3D
SMS initial design.) The focusing of the slope

discontinuity at 613 (as occurred in FIG.5 in two
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dimensions) is the reason why the sharp cut-off is defined
near A’. This calculation is analogous to the calculation
of the Cartesian oval PM of FIG.4 that focused O on T in
two-dimensions (O is analogous to 613 and T to A’).

When a 2-bundle at the target that is different
from A’ is traced back, the lenticular free-form surface
616 will not focus it perfectly on a curve of surface 611.
This is analogous to the aberrations that would appear in
two-dimensions in FIG.4, when point S is traced back
through Cartesian oval PM, which will not focus pérfecply
on L. In this three-dimensional case, however, we have
more bundles to trace back: as B’, C’ and D’. Regarding
B’, since it has been chosen to also lie on line H as shown
in FIG. 6.A, and the SMS spines are designed with bundles
A’ and B’, the backwards ray trace of B’ through 616 will
approximately pass through the edge 613 on surface 611, &k
A’ does exactly by design. Regarding C’ and D’, the
selection of the SMS spines as edge lines ,(described in
section 1.3) is done to ensure that when traced backwards
through 616, rays of C’ and D’ will also nearly pass though
the opposite edge curve 618.

The design of the free-form surface 616b of FIG.
6B, which is the lenslet coupled to 616, is done in a
symmetric way, that is, by applying the following two
conditions: (1) it must contain one of its edge lines, for
instance 613; (2) the rays of bundle C must prass through
the edge curve 617 on surface 612. This design of 616b is
not necessary for the sharp definition of line edge H, but

will maximize the illuminance on the target (or intensity,
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if the target is located at infinity) for a given exit-
aperture size. This calculation is analogous to the that
of the Cartesian oval OL focusing R on P in two-dimensions
shown in FIG.4 (R is analogous to C and P to 617).

The previous construction of the free-form
lenticular elements can be considered as a particular case
of the generalization of Cartesian oval’s definition, into
three dimensions. A generalized Cartesian oval surface is
defined as one that transforms a given input-wavefront into
a given output-wavefront, whether by refraction or ‘
reflection. The particular type of generalized Cartesian
oval, which we will label as COv(W,T¢,T'.) to explicitly show
its input data, is defined as the surface that contains a
particular curve I. and focuses a particular 2-bundle of one
of its wavefronts W to target T¢. The algorithm to
calculate it is disclosed in section 4.1 below.

One skilled in the art of computational lens
design could apply the previous description to
substantially any other combination of two surface types
(refractive, reflective). Another possible modification is
the realization of the design with lenticular elements on a
lens encapsulating the source, with their corresponding
lenticular elements as facets of a Fresnel or total
internal reflecting (TIR) lens. FIG. 6D shows the case of
TIR lens 635 and solid dielectric lens 636 encapsulating
source 641. The l-dimensional integration is produced by
lenticular pairs exemplified by 640-640b and 637-637b,

while nearly-vertical facets such as 638 are designed to
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have flat profiles, fulfilling the draft angle condition so

as to guarantee demolding.
1.2 Two-directional Kohler integration.

FIG. 6C shows a two-direc%ional Kohler free-form
integrator lens. For the initial SMS design of the 2-'
directional integrator, the output 2-bundles A’, B’ and C’
(not shown in the figures) are different from those chosen
for the l-directional integrator of section 1.1. The
difference in the output bundles can be appreciated by
comparing the position of the projected enlarged chip
images 631 in FIG.6C with that of 603 in FIG. 6A.

The bidirectional integrator comprises two
surfaces 619 and 620, which are formed by pairs of free-
form lenticular elements such as 621 and 622, whose edge
lines are the curve segments of the mesh of SMS spines and
SMS ribs of the initial 3D SMS design. Such an initial 3D
SMS dey;;e would be similar to that of FIG.6A.

FIG. 6C shows that lenticular element 621 is
bounded by spines 623 and 624, and by ribs 625 and 626,
while 622 is bounded by spines 627 and 628, and by ribs 629
and 630. The selection of the SMS spines that will perform
as edge lines is explained below in section 1.3. The edge-
lines constitute two crossing families of spaced lines on
the 3D SMS free-form surfaces, in general not mutually
orthogonal. This mesh is analogous to the rectangular-mesh
edges of a classical integrator lenslet array.

This bidirectional integration provides
insensitivity to LED-to-LED variation in the two dimensions

of the chip. This means that the pairs of lenticular
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elements approximately image one another, as is also dcne
in conventional Kohler integrators.

As in the one-directional case, the surfaces to
design only provide one degree of freedom to image
perfectly, for instance, a single 2-bundle. For instance,
621 of FIG. 6C can be designed as the Cartesian oval that
images sharply on bundle A’ the corner of lenticular
element 622, defined by the intersection of edge lines 628
and 629. A point on this Cartesian Oval must be specified
for its full definition. Such a point can be chosen as, any
of the corners of 621, defined in the second step when the
spines 623 and 624, and ribs 625 and 626 were calculated.
For anyone skilled in the art it is obvious that instead of
sharply imaging a corner of the lenticular element 622, the
global imaging quality could be optimized.

This sharp imaging of a corner, however, is

interesting for some automotive applications. If the 2-

‘bundle A’ is chosen in the first step as that providing a

fixed point on the target 634 (that is, parallel rays for
the case of the target at infinity), the A’ corner given by

the intersection of the H line 632 and the V line 633 will

"be sharply defined. This corner achieves the sharp

definition of the step of low beam pattern, while the
highly demanding minimum and maximum illuminance
photometric specifications near the step are not sensitive
to luminance variations across the LED chip.

The design of the free-form surface 622, which
couples to lenslet 621, is done in a symmetric way: for

instance, 622 can be designed as the Cartesian oval that

- 40 -



WO 2007/016363 PCT/US2006/029464

10

15

20

25

sharply images bundle C onto the corner of lenticular
element 621, defined by the intersection of edge lines 624
and 626. This design of 622 is not necessary for the sharp
definition of the corner A’ at the target, but will
maximize the illuminance on the target (or intensity, if

located at infinity) for a given exit-aperture size.
1.3 The RXIR free-form integrator

To set the stage for a detailed explanation of
how to generate the preferred embodiments disclosed herein,
FIG. 7 shows a cross-section of the RXIR lens 70, disclosed
in U.S. Patent 6,639,733 by Mifiano et al, and in the U.S.
Patent-Pending application 10/269,479. The RXIR is
centered on LED package 71, which hemispherically emits
rays 72 into surrounding entry éurface 73. The ‘RXIR’
designation refers to the actions that LED light undergoes,
but in reverse éequence. First is refraction (R) at the
entry surface 73. Next there is total internal reflection
(I) on the exit-face 74 (a small portion o% rays are
reflected by the central front surface coating 75). Next
is reflection (X) off coated rear surface 76. Then the
rays are refracted (R) out uncoated exit-face 74 to become
collimated rays 72c.

FIG. 8 is a cutaway view of circularly symmetric
RXIR lens 80, showing bell-shaped entry surface 81, top
exit surface 82, and reflectively coated lower surface 83.
LED chip 84 is immersed iﬁ hemispheric dome 85, and every
point on it is emitting a hemispheric wavefront upwards
onto dome 85. Sample-rays 86 of first input wavefront Wsy

radiate from one corner of chip 84 and exit the lens as
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wavefront-patch 86e, part of first output wavefront Wei.
Sample-rays 87 of second input wavefront Ws; radiate from an
adjacent corner of chip 84, and exit the lens as wavefront-
patch 87e, part of second output wawvefront Wee. Both sets
of rays can be seen going upward through dome 85 and ipput
surface 81, thence to totally internally reflect off of
front surface 82, move downward to rear-mirror surface 83,
and upward to be refracted by front surface 82 into their
final wavefront shape.

A specific example'of some embodiments is an LED
vehicqlar headlamp, fulfiiling all the low-beam
prescriptions of the United States and Europe. FIG. 9A is
an external perspective view of free-form RXIR integrator
headlamp lens 90, also showing the on-vehicle directions L
for left, F for frontward, and U for upward, which will be
used in the descriptions of FIG.9A to FIG. 9F below.

RXIR lens 90 has non-circular entry, reflective,
and top"' surfaces, as well as free-form lenticulations. As
described next, device 90 contains both l-directional and
2-directional lenticular elements. Indepéndently of the
inevitable on-chip spatial variation LED luminance and its
position tolerances, the l-directional integrator elements
will provide the sharp vertical cut-off gradient and the 2-
directional integrator elements will provide sharp vertical
and horizontal definition of the hot spot.

FIG. 9B shows the front surface of ﬁXIR lens 90.
This surface is analogous to surface 74 in FIG. 7. It
comprisés mirrors 91 and 92, exit surfaces 93 and 94, and

optical inactive flat surfaces 90f and corner flanges 90c.
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The perspective view in FIG. 9A shows the same surfaces as
well as optically inactive side surface 90s.

FIG. 9C is a left view of lens 90 showing all
these features.

FIG. 9D is a top view of lens 90, showing part of
the front surface 93 and part of the bottom-mirror X
surface, in which various free-form lenticular elements 95
and 95b can be seen.

FIG. 9E is a back view of lens 90. Optically
active lenticular surfaces 95, 95b, 96 and 96b are mirrgr
coated and belong to surface X of the RXIR, which is
analogous to surface 76 of FIG. 7. Alsc shown are
lenticular surfaces 97, 97s, 98, and 98s, which belong to
the RXIR entry surface (analogous to surface 73 of FIG. 7).

FIG. 9F reprises FIG. 97, but with front surfaces
92-94 removed, thereby révealing back lenticular reflective
surfaces 95, 95b, 96 and 96b and lenticular refractive
entry surface 97, 97s, 98 and 98s. i '

RXIR 90 can be design so an LED can produce the
low beam pattern shown in FIG. 10. A sharp cut-off line
101 and a sharp corner 102 are obtained independently of
the inhomogeneities of the LED luminance, and of changes of
the LED position within a pre-specified tolerance. The
sharp cut-off line 101 and the illumination for area 103
are provided by the lenticular mirror surfaces 95 and 96
and their corresponding entry lens couples 97 and 98, which
are l-directional integrators. On the other hand, the shaxp
corner 102 and the illumination for hot spot area 104 are

provided by the lenticular mirror surfaces 95b and 96b and

- 43 -



WO 2007/016363 PCT/US2006/029464

10

15

20

25

their corresponding entry lens couples 97s and 98s, which
are 2-directional integrators.

Next subsections 1.3.1, 1.3.2, 1.3.3, and 1.3.4
will describe the details of the design method of the RXIR

free-form integrator 90.

1.3.1. Initial 3D SMS RXIR design as base for the

RXIR free-form integrator design.

FIG. 11A is diagram of a portion of the initial
RXIR lens generated by the 3D SMS method. This lens will
be used as a basis for the generation of the final Kohler
integrator device. In order to simplify the drawings, the
dome of the LED has been suppressed. For anyone skilled in
the art it is obvious to include it in the design (just the
input wavefronts must first be refracted by the/LED dome) .

For the corners of LED L come arrows Wg and Wes.
They are edge rays representing the two in-air source
wavefronts used to 'generate the surfaces of the lens. As
FIG. 8 shows, however, the actual situwation is that such
rays fifst come out of dome 85, in which chip 84 is
optically immersed.

Next in FIG. 11A, in-air edge rays Ws1 and Wss
encounter entry surface C, whence they are refractively
deflected onto top surface I, by which in turn they are
totally internally reflected down to back surface X. The
coated reflector on surface X reflects the rays back
upwards to I, whereupon they are out-refracted to form the
two exit wavefronts W and Wes.

The 3D SMS RXIR lens can be designed by first

prescribing an adequate surface C, holding it constant and
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generating surfaces I and X simultaneously by the 3D SMS
method. This method, as disclosed in U.S. Utility
Application 10/901,919 by the present inventors, begins by
generating SMS spines and SMS ribs, in corresponding
segments on the two surfaces X and I. These spines are
subsequently linked with the crossing ribs. The resulting
mesh is ‘skinned’ by calculating the intermediate points to
give an array of separate surface-patches.

FIG. 11B shows a spine I'¢ on C spine Ty on X being
generated. Two rays each of wavefronts We and Wex are §hown
being reverse ray-traced back to two common points on spine
Ix. From there the two ray-pairs diverge to meet on surface
C and fo;m the segment shown of spine T¢, whence they are
refracted to their source-points on adjacent chip near-
corners. This cross-stitching effect is how the SMS method
generates successive segments of a spine. !

The initial seed-rib I'sc on surface € shown in
FIG. 12 is calculated in a analogous way, using, for '
instance, input wavefronts W, and Weg and their
corresponding associated exit wavefronts (not shown). Note
that in the design of this RXIR four different wavefronts
(at the input: We, Wez, Wey and Wsq) are being used, while in
the previous description of free-form integrator lens in
FIG. 6B and FIG. 6C only three were used (at the input: A,
B, and C). This due to the simpler wavefront selection in
the lens case for making that first explanation clearer: it
corresponds to the shift of Wsyw and Weq along the chip sides

until Wge and Wseq coincide.
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1.3.2. Selection of SMS ribs and spines as edges'
of the lenticular elements in the RXIR free-form
integrator.

The RXIR integrator comprises a lenticular
modification of the 3D RXIR lens, keeping surface I
unchanged while calculating a suitable pair of surface
lenticulations of C and X.

For the calculation of the edges of said
lenticulations pairs, we will find a one-to-one
correspondence between the SMS spines, and also a one-to-
one correspondence between the SMS ribs.

For defining the one-to-one correspondence
between the SMS spines, FIG. 12 shows the same (as in FIG.
11) surfaces C, I, and X, with seed rib curve T (u)
established on C, with explicit dependence on a parameter
u. Proceeding off of emitting chip I are wavefronts from
opposite mid-edges, namely W,y from the upper mid-edge and
Wsqa from the lower ﬁid—edge. The mean unit-~vector between
them is., vy, which is shown ray-traced through C to become
unit-vector wyp. The ray is reflected off 0of I to give unit-
vector tn, which ray intercepts surface X on curve Ig (1),
with one-to-one correspondence between the two mid-edges
according to parameter u.

FIG. 13 also shows first point (u=0) P at the
beginning of seed rib Ty, and corresponding f;rst point Pyxg
on surface X. Using the method shown in FIG. 11B, spines
Teo through Pcy and Ty through Pyy are established.

For defining the a one-to-one correspondence

between the SMS ribs, the same procedure can be applied
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replacing the rib Tsc(u) and the wavefronts W.u and Wsa by
the spine T¢, whose parameter v will define the one-to-one
correspondence, and the wavefronts from opposite left and
right mid-edges (not shown).

Once this one-to-one spine and ribs
correspondence is established, the specific spines that
will act as edges of the lenticular elements can be
calculated.

Let us describe the selection of the specific

spines as edge lines. The selection of ribs is completely

-analogous.

We can freely select the first spine on surface
¢, for instance, the one cof parameter u=0, already labeled
as T, whose point at the seed rib is Pn. The one-by-one
correspondence is used to calculate the corresponding first
spine on surface X as that with the same parameter value
u=0, that is, TI'xo, whose point at the seed rib is Py.

Next, the surface normal n of the lénticular‘
surface at Pg has to be calculated. FIG. 14 also shows that
lenticular surface normal n, which differs from the
surface-normal of C at Py, but remaining orthogonal to spine
Teo. Such difference is because normal vector n is
established to refract upper-edge ray Wise SO that it
intercepts spine Iy, in contrast to vm doing so in FIG. 13
refracting on the surface-normal of C at Pe.

FIG. 15 shows the same surface normal n
refracting lower-edge iay Wsa to point Px; on X. The u=u,
value of point Pm,cofresponds to point Pe; on C, wherefrom

both spines Tx; and T¢y established. The first lenticular
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elements are then located between the spines of parameters
u=0 and u=u1,‘that is, between curves T¢ and Te; on surface
C and between curves Iy and I'yx; on surface X.

Applying the same process replacing I¢p by Te1, the
parameter u=uz; and its corresponding spines Ty, and Tey are
obtained. The second lenticular elements are then located
between the spines of parameters u=u; and u=u,. This
process can be repeated to find the sequence of spine
edges.

In case one-directional integration is selected,
it can be done with the edges laying on the edge ribs or on
the edge spines (depending on the desired direction of
integration). If two directional integration is selected,
the mesh created by the edge ribs and spines will define
the lenticular elements boundaries. Note that the edges
will be the same for both the one-directional and two-
directional integrator designs, but obviously the free-

form surfaces will be different.

1.3.3. Design of the l-dimensional integrator

elements of the free-form RXIR integrator.

From a different viewing angle than previously,
FIG. 16 schematically shows Cartesian-Oval lenslets O,
through O, replacing the original entry surface C with
lenticulated entry-surface 160. Four rays of source
wavefront W, are shown going to the corners of this new
entry-surface, 160. Each lenslet O, through O, has its own
respective focal curve on target Ty through Tys.

FIG. 17 shows these focal lines on surface X.
They are analogous to the sharp illumination edge, P,
depicted in FIG. 5.



WO 2007/016363 PCT/US2006/029464

10

15

20

25

The construction of the first lenslet on surface C

of FIG. 15 is done with the condition that contains curve T,
and brings wavefront W, to a focus on target I',. This can
be done using a method similar to the COv(W, T,, T,)

referred to above in section 1.1. The difference come form
the existence of the intermediate surface I on which the
rays reflect by total internal reflection. We will refer to
this modified method as COv (W, ', T',I), which is explained
in section 4.2. This algorithm is applied, for instance, as
cov(w,, Ty, T,,I), to give a Cartesian Oval on X that will

focus wavefront W, having passed through surface I, onto
spine I, of lenslet O, of FIG. 16.

1.3.4. Design of the 2-dimensional integrator
elements of the free-form RXIR integrator.
FIG. 18A and FIG.18B show from another point of

view a schematic drawing of the RXIR device 90 of FIGS. 9A-
E. The construction of one pair of 2-directional
integrator free-form elements of the RXIR can as described
before for the case of the lens in FIG. 6C. Then just two
Cartesian ovals are calculated with the conditions that
they must contain one of the corners of the spine-rib mesh
(already calculated in 1.3.2) and that must focus one edge
of the chip/target to their corresponding corner of the
spine-rib mesh. An alternative definition of the
lenticular elements’ corners is via the following steps:

1. Assume that we have selected fhe source and
target wavefronts used for the design as the corners 181 to

184 of the (enlarged) chip and the corners of the hot spot
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area 104 in FIG. 10. The target wavefront 180 shown is the
one corresponding to the point 182 of the hot-spot.

2. Select the points 184a and 185 contained in
the lenticular element 183a of the entry surface € and in
the lenticular element 189 of the reflector X,
respectively.

3. Calculate the normal at point 184a of the
surface 183a with the condition that the ray coming from
183 pass through the point 185 of the surface 189 after its
reflection at the surface I. , '

4. Compute, along the ray that Aink the points
184a and 185, the optical path length between the spherical
wavefront centered at 184a and wavefront 180.

5. Calculate the surface 189 as the Cartesian
oval that couples the rays from 184a and wavefront 180.

6. Calculate the remaining corners 186, 187 and
188 of surface 189 by intersection of the rays passing
through 184a and emitted form the chip cofners 181; 182,
and 184 with the already calculated Cartesian oval 189.

7. Compute the optical path length between 181

and the spherical wavefront centered at 187 along the ray

"linking them and passing through 184c (shown in FIG. 18B).

8. Calculate the surface 183a as the Cartesian
oval that couples the wavefronts centered at 181 and 187.

9. Calculate the remaining corners 184a, 184b
and 184d of surface 183a by intersection of the rays
passing through 187 and emitted towards the corners of the
hot spot area 104 in FIG. 10 with the already calculéted

Cartesian oval 189.

- 50 -



WO 2007/016363 PCT/US2006/029464

10

15

20

25

30

1.3.5. Color mixing/homogenizer integrators

The Kohler integration devices in some embodiments
have application in the field of LED color mixing or
homogenization of non-homogeneous LED’s in general
illumination.

The free-form integrators with one-directional
integrators can achieve excellent color mixing if the LEDs
are aligned in the direction of the integration and are

similar in the direction perpendicular to the direction of

integration. When such alignment is not possible, the color
mixing may be still good enough for general illumination
application. This is the case of Kohler integrators in
which the lenticulations have rotational symmetry. The
integration is one-directionally dbne, in the radial
dimension.

FIG. 19A shows the cross section of solid "
dielectric two-mirror concentrator 190. It may be used as a
device that performs high collimation and radial integration
of outgoing light from source 193 that hits mirror 192. For
high efficiency, the source 193 cannot be isotropic. If an
isotropic source must be used, 193 should be a partially
collimated source created from the isotropic collimated
initial source. Alternatively, it can be used in the
reverse way to integrate the light coming from several
distant sources for concentration upon target 193.

This reversibility applies to all embodiments in
this patent application. The preferred embodiments of FIG.
19 to FIG. 29 are in the concentrating mode, while FIGS. 30-
33 are collimators. For any person skilled in the art of
illumination optics,'accomplishing the reverse operation is
obvious.
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For the device in FIG. 19A the entrance aperture
190 and the exit aperture 196 can be flat. The segmented
central secondary mirror 192 is substantially co-planar w1th
the entrance aperture 190 of the prlmary mirror 191. The
segments on the primary, such as 19a, are essentially
parabolic, with the focus at the associated mirror segment
(19b) on the secondary and vertical axis. The secondary
mirror segments 19b are essentially elliptical with one
focus at the location of the associated primary mirror
segment 19a and other at the source 193. There is
continuity in profile, but discontinuity in slope, in both
secondary and primary.

FIG. 19B shows how the edges of a given segment of
the secondary mirror 197b are designed so that their images
at infinity through 197a the associated primary segment
match the design acceptance angle of the concentrator. On
the other hand, the edges of a given segment 198b of the
primary are designed so that their images on the target
through the associated secondary segment match the target
size 198a. Since the segments on the primary are uniformly
illuminated, the illumination on the target is also uniform
in two dimensions. ‘ ‘

The mirror segments could be designed to optimize
the global performance. For instance, the parabola or
ellipses focal position(s), or the parabola’s axig, could be
consider parametric, so that a multi-parameter optimization
program could determine the acceptance angle of the whole
system. Alternatively, the parabola’s axis could be chosen
to coincide with one of the edges of the acceptance angle,
with its focus placed at on of the edges of the associated
secondary mirror. Also, the ellipses can have their focus
coinciding with the edges of the target and of the

associated primary mirrors.

- 52 -~



WO 2007/016363 PCT/US2006/029464

10

15

20

25

30

The actual three-dimensional device is
rotationally symmetric, as shown in FIG. 19C, so the
segments of primary and secondary (as 194a and 192b) form
rings. Since the Kohler integration is only done in thé
meridional cross-section, no sagittél mixing is obtained.

If the far source is off-center but still within
the design acceptance angle, the irradiance thin ring on
each segment annulus of the secondary is displaced but it is
still inside the segment. In the meridional cross-section,
at the limit of the acceptance angle 197a, the source images
are thus displaced from the center to edges 199a and 199b as
shown in FIG. 19D. The maximum irradiance levels on the
secondary and on the target remain unchanged.

For the concentrator as some embodiments disclosed
in FIG. 19A to FIG. 19D, there are two refractive surfaces:
the entry surface 190 and the exit surface 196. If the
entrance surface is not flat, the rays should be traced
through them in the design. For example, if ‘the segments of
the primary are parabolas when the entrance surface is flat,
for a non-flat entry, the primary’s shape should be
calculated to cause the impiﬁging parallel rays, after the
refraction on the non-flat aperture, to be focused on the
associated secondary. This calculation is called a
generalized Cartesian Oval, which in general solveg the
inverse problem of calculating the optical surface
(reflective or refractive) that couples the rays normal to
two given wavefronts. The same considerations apply to the
change of the exit surface from a flat. Hemispherical shape,
for instance, could be also prescribed.

FIG. 20 illustrates a more general two-mirror
Kohler radial integrator optical system, comprising volumes
200, 201, 202 and 203, of different refractive indices. If
202 is air and 200 and 201 are of the sgsame dielectric
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material (so that interface 2002 does not exist), the device
in Figure 20 reduces to that in Figure 19A. The optical
design of the device in Figure 20 is done in the same way as
described for the design of Figure 19A.

Another embodiment considers that 202 is air, in
which the optical losses due to absorption in that medium
are eliminated. In this case, the flat cover 200 prevents
dust from accumulating in the system, and protects mirrors:
from the environment. If medium 203 is also air, the target
is not encapsulated, which increases the system optical
efficiency by eliminating the Fresnel reflection on the
interface 2005. It may be preferable, however, to '
encapsulate the target with a dielectric dense medium 203,
such as silicone rubber. The prescribed surface 2005 of the
encapsulating dielectric material will be considered in the
design as a prescfibed surface through which the rays are
traced. Additional surfaces may be included as prescribed
in the system, and the application of the same design !
procedure of some embodiments is straight forward for anyone
skill in the art. For example, the encapsulating lens’'can
be made of glass or transparent plastic, and the target
coupled to it with a gel or a silicon rubber. In this case,
an additional interface (without a specific optical
function) will appear.

Instead of designing the two mirrors, any other
two surfaces of the five surfaces 2001, 2002, 2003, 2004,
and 2005 in FIG. 20 could be designed. Accordingly, nine
alternative families of devices are derived, as illustrated
in FIG. 21 to FIG. 29. For all these cases, the design is
done in four steps:

(1) Three of the five surfaces are prescribed;

(2) The remaining two surfaces are calculated as

the 2D profiles that couple two parallel input{wavefronts,
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those defined by the acceptance angle, into the two
spherical exit wavefronts centered on the target edges.
Alternatively, the target and acceptance angle can be scaled
down to converge to zero, and then resulting two surfaces
will be aplanatic (i.e., stigmatic énd fulfilling the Abbe
gine condition). If the calculated surfaces are not '
manufacturable, a new selection of the three prescribed
surfaces in step (1) is made, and step (2) repeated;

(3) Two of the five surfaces are selected;

(4) The two selected surfaces in (3) are
recalculated to include the Kohler integrator segments as
disclosed above, as ray traced through the prescribed or
pre-calculated surfaces of step (1).

FIG. 21 illustrates a Kohler integrator optical
system comprising volumes 210, 211, 212 and 213, of
different refractive indices. The Kohler homogenization is
done between the two surfaces 2101 and 2102 of the front top
dielectric cover 210. In some embodiments, the medium 212
is air and the lenses in cover 210 are top-down symmetric.
The Kohler homogeniZzation may be only in the radial
direction. Alternatively, the Kohler homogenization can be
done in both the radial and sagittal directions using with
rotational symmetric lens units in the lens array, displaced
either in a rectangular or hexagonal pattern. This
embodiment would further increase‘the mixing capability of
the lens. These Kohler integrating array lenses, acting
alone, are conceptually similar to the ones used after
parabolic mirror condensers in prior systems. ,

FIG. 22 illustrates a Kohler radial integrator
optical system comprising volumes 220, 221, 222 and 223, of
different refractive indices. The Kohler radial
homogenization is done between the entry surface 2201 and

the primary mirror 2203. In thig case, the focal length and
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pitch of the lens and mirror segment will decrease from the
optical axis to the rim, due to the progressively smaller
separation of the Kohler integrator-pairs. .

FIG. 23 illustrates a Kohler radial integrator
optical system comprising volumes 250, 231, 232 and 233, of
different refractive indices. The Kohler radial '
homogenization is done between the entry surface 2301 and
the secondary mirror 2304. In some embodiments, material
231 is air and dielectric material materials 230 and 232 are
identical (so interface 2302 is missing). Thus it can be
manufactured as a single piece.

FIG. 24 illustrates a Kohler radial integrator
optical system comprising volumes 240, 241, 242 and 243, of
different refractive indices. The Kohler radial
homogenization is done between the entry surface 2401 and
the exit surface 2405. In some embodiments, the material
242 is air, so that the lens segments of exit surface 2405
are convex. In another embodiment, the material 242 is a
dielectric and 243 is air, so that the lens segments of exit
surface- 2405 are concave.

FIG. 25 illustrates a Kohler radial integrator
opticallsystem comprising volumes 250, 251, 252 and 253, of
different refractive indices. The Kohler radial
homogenization is done between the inner surface 2502 of the
top cover and the primary mirror 2503. Also in this case,
the focal length and pitch of the lens and mirror segment
will decrease from the optical axis to the rim, due to the
progressively smaller separation of the Kohler integrator
pairs. '

FIG. 26 illustrates a Kohler radial integrator
optical system comprising volumes 260, 261, 262 and 263, of
different refractive indices. The Kohler radial

homogenization is done between the inner surface of the top
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cover 2602 and the secondary mirror 2604, In some
embodiments, material 2601 is air and dielectric material
materials 2600 and 2602 are identical (so interface 2302
does not exist). Thus it can be manufactured as a single
plece.

FIG. 27 illustrates a Kohler radial integrator
optical system comprising volumes 270, 271, 272 and 273 of
different refractive indices. The Kohler radial
homogenization is done between the inner surface of the top
cover 2702 and the exit surface 2705. In some embodiments,
material 271 is air and dielectric material materials 270
and 272 are identical (so interface 2702 does not exists.
Thus it can be manufactured as a single piece. In some
embodiments, the material 272 is air, so the lens segments
of exit surface 2705 are convex. In another embodiment, the
material 272 is a dielectric and 273 is air, so that the
lens segments of exit surface 2705 are concave.

FIG. 28 illustrates a Kohler radial integrator
optical system comprising volumes 280, 281, 282 and 283, of
different refractive indices. The Kohler ;adial
homogenization is done between the primary mirror 2803 and
the exit surface 2805. In some embodiments, the material
282 is air, so that the lens segments of exit surface 2805
are convex. In another embodiment, the material 282 is a
dielectric and 283 is air, so that the lens segments of exit
surface 2805 are concave.

FIG. 29 illustrates a Kohler radial integrator
optical system comprising volumes 290, 291, 292 and 293 of
different refractive indices. The Kohler radial
homogenization is done between the secondary mirror 2904 and
the exit surface 2905. In some embodiments, the material
292 is air, so that the lens segments of exit surface 2905

are convex. In another embodiment, the material 292 is a
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dielectric and 293 is air, that so the lens segments of exit
surface 2905 are concave.

FIG. 30 illustrates a Kohler radial integrator
comprising two dielectric pieces 300 and 301, separated by
surface 302, shown as a dotted line. The integration is
done by lenticulations in the mirror 304 and in the TIR
surface 302. Surface 302 is actually a gap filled with a
low-index of refraction material. The total internal
reflection is not fulfilled close to the central axis 305,
go that the small mirror 303 is needed. Since the low-index
gap is thin enough the modification of the ray trajectoyy
through it is negligible, so it is “transparent” for the
vertical rays and this design is similar to that of FIG.
19aA. This device achieves isotropic illumination of the
target, which is especially valuable at high concentrations
(or high collimation efficiency from an isotropic source, in
the reverse mode) .

FIG. 31 shows a Kohler radial integrator XRI
device for source 314, in which the integration is done
between mirror surface 311 and TIR mirroxr 312. Depending on
the design parameters, the small central mirror 313 may be
also needed if TIR fails.

FIG. 32 shows a Kohler radial integrator XR

device for source 323, with integrating lenticulations in
the mirror 321 and the lens 322. As in the preceding cases
a flat cover can be added to the system. This cover
introduces 2 plane refracting surfaces. The Kohler radial
integration can also be achieved with integrating
lenticulations in these two refracting surfaces or in one
of these refracting surfaces and the mirror or in one of
these refracting surfaces and the lens 322. Additionally,

the 2-directional integration method can also be applied to
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this XR configuration as explained previously, and then a
free-form XR with free-form lenticulations would be
obtained.

FIG. 33 shows the cross section of a radial
integrating dual-lens design. The source 334 may be either
encapsulated within a transparent dielectric material (or
alternatively, air) 333, to be coupled to lens 332. The
top profile of this lens and the bottom profile of lens 331
can have the lenticulations for integration. Lenslet 33b
will image the source 334 on to lenslet 33a, while 33a will
image 33b on the target.

FIG. 34A shows the cross section of a
modification of the previous radial integrating two lens
design, in which lens 341 has been implemented as a Fresnel
lens, in which each facet corresponds to a lenticulation.
Thus, facet 34a and lenticulation 34b are a Kohler
integration pair.

FIG. 34B shows the cross section, of another
modification of the previous radial integrating two lens,
in which the Fresnel lens 342 has very small facets, suéh
that a set of adjacent facets {(not just one) constitute the
equivalent lenticulation, as with set 34c pairing with
segment 34d.

FIG. 35 illustrates another embodiment consisting
in a TIR lens for a source 353 with radial integration as
lenticulations in the top surface as 351a and the TIR
facets as 351b. The central lens is refractive, and also

integrates with Kohler pairs 352a and 352b.
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FIG. 36A shows the profile of an RXIR device for
source 362 with radial integration performed via
lenticulations on the input refractive cavity (as 36la) .and
the mirror (as 36lb). FIG. 36B is a perspective view of
same. '

This RXIR is significantly simpler to manufacture
than the embodiment introduced for LED headlamps, which
comprised widely asymmetric free-form surfaces. For
illumination, an intermediate solution is shown in FIG. 36C
and FIG. 36D. This is a symmetric RXIR device for the
four-LED source 364, with two-directional integration
performed via free-form lenticulations on the input

refractive cavity (as 36la) and the mirror (as 361b).
2. Etendue-squeezing optics

FIG. 37A to 37D illustrate a simple example of
etendue squeezing. FIG.37A shows a simple collimating lens
collecting light from the s?uared source 3701, with squared
field of view 3701f. This lens is to illuminate a squared
distant.target with a squared emitted field of view 3702f
from the squared exit aperture. The angular extension
3702a of the field of view 3702f can be easily calculated
by 2D etendue conservation. The surfaces of such a
collimating lens could simply be rotationally symmetric
aspheres 3704 and 3705 (with contours truncated to match
the input and exit apertures).

FIG. 37B shows how an etendue-squeezing free-form
lens collects the light from the same squared source 3701
with the same squared input and exit apertures. The input

side of the lens has two lenticular elements 3706 and 3708
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that join at the horizontal plane. The output side has two
lenticular elements 3707 and 3709 that Jjoin at the vertical
plane.

To calculate the emitted field of view of the
lens of FIG. 37B, consider first the lens pair 3706 and
3707. These two surfaces can be designed as conventional
off-axis lenses (or with the 3D SMS method) to provide the
required collimation. Again, the emission angles 3703h and
3703v will be given by 2D etendue conservation. Since the
vertical extension of 3706 is half that of 3704 but the
vertical extensions of 3707 and 3705 are the same, the 2D
etendue conservation leads to angular extension 3703v being
half that of 3702a. On the other hand, since the
horizontal extension of 3706 is the same as that of 3704
but the horizontal extensions of 3707 is half that of 3705,
the 2D etendue conservation leads to angular extension "
3703h being twice 3702a. The same can be deduced for the
case of lens pair 3708 and 37089. '

Therefore, the lens in FIG. 37B produces etendue
sqﬁeezing by the combination of the two lenticular pairs
that produce a beam spatial expansion in the vertical
direction and a beam spatial compression in the horizontal
direction. Conseguently, the emitted field of view 3703f
is rectangular, with horizontal angular extension 3703h
twice that of 3702a and the vertical angular extension
3703v half that of 3702a. We will say that this device
produces a 2:1 etendue-squeeze factor

FIG. 37C shows another example of a 2:1 etendue

squeezer using three lenticular-element pairs (3710-3710b,
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3711-3711b and 3712-3712b), in which the positions of the
lenticular arrangement in FIG. 37B are modified for more
symmetry with respect to vertical planes. FIG. 37D shows
another example of a 2:1 etendue squeezer, in which the

position of the lenticular arrangement of in FIG. 37B are
additionally modified to provide higher symmetry as weil,
with respect to horizontal planes. This device has five
lenticular element pairs (from 3713-3713b to 3717-3717b),

with rays not shown for greater clarity.
2.1. Etendue-squeezing lenslet arrays

A perfectly centered lens design, with both
vertical and horizontal symmetry, is achieved when not only

the target but also the source is placed at infinity. FIG.

- 38A shows this case for the central lens in FIG. 37D. As

shown to the left, the vertical cross section of such a
lens is eésentially a Galilean afocal 2:1 beam expander,
while the horizontal cross section is the same afocal beam
expander, but reversed, to be used instead as a beam
compreséor. Note that this symmetry makes the optical
surfaces be normal to the line passing through their
central point 380. Thus these lens pairs are called
centered, in contrast to the decentered lenses in FIG. 37A.
The 3D surfaces 381 and 382 can be created in the
simplest approach as toroidal surfaces, deduced from the
spherical paraxial calculation of the 2D afocal systems.
For better performance, the 3D SMS method could be used to
create suitable free-form surfaces. Note also that the
output lens 382 can be the same shape as input lens 381,

merely rotated 90°.
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FIG. 38B shows front and perspective views of the
tessellation of the lens unit of FIG. 38A into array 384
and associated array 385, ,

FIG. 38C shows three afocal designs, alternative
to that of FIG. 38A. 1In FIG. 38A the two cross sections
are 2D Galilean‘afocal designs (vertical expander and |
horizontal compressor), thus not inverting the far-field 2D
imaging. Keplerian (inverting) designs are also possible,
as well as combinations of the two. Thus in the case lens
pair 381b and 383b, the horizontal cross section is
inverting but not the vertical one. In the case of lens
pair 38lc and 383c, the vertical cross section is inverting
but not the horizontal one, while lens pair 281d and 283d
inverts in both directions.

FIG. 39A shows how further 2:1 tessellations can
be obtained, by scaling in the vertical dimension the
contours of the tessellation diagram of FIG. 38B (the scale
factor can be greatér or smaller than one). In FIG. 39a,
the scale factor is 2, so that the aspect ratio of input
lens unit 3901 is 2:2 (that is, 1:1) while the aspect ratio
of the output lens unit 3902 is 4:1. ©Note that the lens
profiles do not scale, but now the horizontal and vertical
designs show different f-numbers. This scaling factor can
also be applied to the etendue squeezers explained below
(FIG. 39B to FIG. 40B).

FIG. 39B shows the procedure to buiid a centered
etendue squeezer with squeeze-factor N:1. The procedure
is: (1) generate the unit cell by taking the input 1:N

rectangular contour 3903, rotating it 90° to obtain the
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output N:1 contour 3904; and (2) generate the tessellation
by creating a copy of the unit cell, and moving it 1 to the
right and 1 to top (1 denotes the smaller dimension of the
rectangle), and so on. The figure shows case N=3, but the
procedure is general.

FIG. 39C shows an etendue squeezer with squeeze-
factor 3:2 = 1.5. For greater clarity, input and output
elements are shown separately on the left and on the right,
respectively, instead of how they are actually
superimposed, as in previous Figures. In contrast to the
previous squeezers, the contour of these lenticular
elements is not symmetric neither in a vertical plane nor
in a horizontal plane. If 3905 and 3905b are one lens
pair, the afocal design must be non-inverting in both
vertical and horizontal directions, and can be centered one
a center line passing through 3907 and 3907b (the same !
applies to the other lens pair 3906 and 3906b, with their
center line passing through 3908 and 3908b). On the ofher
hand, it is also possible to design 3905 and 3906b as a
lens pair and 3906 and 3905b as the other lens pair, but
then inversion in both horizontal and vertical dimensions
is needed, and the surfaces are not longer centered.

FIG. 39D shows other etendue sqgueezers with

squeeze factor 3:2 = 1.5, In this case, the contours are

symmetrical with respect to vertical planes, and thus they

can be use for both horizontal inverting and non-inverting
systems with horizontal centering. If also vertical
centering 1s required, no vertical inversion must be chosen

and lens pairs 3909-3909 and 3910-3910b are designed
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centered at lines 3911-3911b and 3912-3912b, respectively.
In case vertical inversion is preferred, lens pairs 3909~
3909¢c and 3910-3910c will not be centered vertically.

FIG. 39E shows another vertically centered,
inverting etendue squeezer with squeeze factor 3:2 = 1.5,
in which lens pairs 3913-3913b and 3914-3914b are designed
centered at lines 3915-3915b and 3916-3916b, respectively.

FIG. 39F shows another etendue squeezer with
squeeze factor 3:2 = 1.5 and lens pairs 3917-3917b and
3918-~3918b. In contrast to the previous 1.5 squeezers,
this is symmetric horizontally and vertically, and thus can
be designed as centered independently of the inversion or
non-inversion in the horizontal and vertical directions.

FIG. 39G shows a generalization of the previous
3:2 squeezers, a centered etendue squeezer similar to that
of FIG. 39C but with squeeze factor (N+2):(N+1l), with N )
indicating the number of steps in the contour (N=1 in FIG.
30C; N=2 in the example of FIG. 39F). . ’

In the previous etendue squeezers, afocal type
optical systems have been considered. These tessellations,
however, can also be considered for building integrator
arrays. For instance, the tessellation of FIG. 38B can be
applied not only to afocal lenses FIG. 38A, but to improve
the integrator array lenses disclosed in FIG.Z2 of U.S.
Patent 5,662,401, which were highly decentered. The
tessellation of FIG. 38B makes all the lens pairs centered,
thus minimizing light-blocking at the entry and maximizing

the illuminated area at the exit.
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FIG. 40A shows the centered rectangular lenses
401 and 402 imaging one to the other (i.e., the lens
surfaces have rotational symmetry and the same focal
length), with the same contour as afocal lenses of FIG.
38A. Light exiting lens 402 makes far-field pattern 402b,
while lens 401lmakes pattern 401b.

Since for integrating lenses the contour of the
input and output lens elements can be different, the same
advantages of the symmetry can be obtained for the
rectangle—to—hexagonVcentered tessellation shown in FIG.
40B. As can be easily checked, the aspect ratio of the
rectangular lens 405 is 2V3 = 3.46, as is the far-field
pattern 406b of hexagonal lens 406. The far-field pattern
405b is equally hexagonal.

The use of integrator elements causes input and
output bundles to replicate the lens contours. This is a
clear distinction with respect to afocal systems, in which
the angﬁiar expansién—compression of the input bundles is
done irrespective of the shape of the input field of view.
In the case of the integrator shown to the right in FIG.
40A, the input bundle with the 2:1 field of view 401b is
transformed into the 1:2 field of view 402b, with both
shown in outline to the left. But if the input bundle has
the 1:1 field. of view contained in 401b, the output will
remain as 402b, without reducing the vertical.spread. What
is reduced is the illuminated part of the surface 402,
which is reduced to the central part.

On the other hand, if high efficiency is

required, afocal systems with finite-sized sources may
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present additional problems, of crosstalk between lens
pairs of the integrators. To avoid them, slightly reduce
the expansion factor and increase the compression factor as
needed to illuminate a smaller portion of the exit lens
unit aperture. The lower the f-number of an afocal system,
the smaller is the importance of this edge effect.

Another distinguishing feature of afocal versus
integrator arrays is that the first are capable of image
formation. This means that if the 2:1 etendue squeezer
array of FIG. 38B is placed in front of a camera with a
telephoto objective, it will modify the field of view of
the camera, making the image on the photo stretch in one
dimension by a factor of 2 and compress the same in the
other. This feature, along with the corresponding image
processing, can be of interest in applications in which a
low-aspect-ratio (height/width) field of view is desired, "
but isn’t available in standard image sensors.

For anyone skilled in the art it .is obvious that
the aforementioned lens systems can be analogously deduced
for two-reflector systems, refractive-reflective
combinations, or lens systems separated by air.

The previous examples have shown etendue-
squeezing elements tessellating the plane in a Cartesian
coordinate grid, but the concept can be equally well
applied to other coordinate systems, For instance, the
embodiments of the following sections use polar-coordinate

tessellations.
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2.2, Application of the 3D SMS design method to
etendue-squeezing devices

FIG. 41 shows a lens with two free-form sides,
designed with the 3D SMS method, being two pairs of
centered non-inverting 3:2 etendue-squeezing lenticular .
elements. Pair 4102-4102b is analogous to those shown in
FIG. 39F, while pairs 4103-4103b to 4106-4106b are
analogous to those shown in FIG. 39C. The determination of
the contours of these lenses was based on an initial 3D SMS
free-form lens design, similar to the procedure fof the |
free-form integrator designs, as detailed in Sections 1.3.1
and 1.3.2 above.

Assume that an initial 3D SMS free-form lens
design is doné to transform the A, B, C bundles of the chip
4100 into the bundles A’, B’ and C’ of the target 4101.

The design method will produce a one-to-one correspondencé
between points of the SMS ribs 4107 and 4107b, given by the
common parameter u, and another one—to—onevcofrespondeﬂce
between SMS spines 4108 and 4108b, given by the common
parameter v, as was detailed in sectionyl.3.2. Since the

etendue-squeezing system will produce a projected image

'4101b that is 1.5 times shorter and 1.5 times wider, its

edges can be estimated by proper reparameterization of the
exit rib and spine. Consider the case of pair 4102-4102b,
and without loss of generality consider that the point u=0
and v=0 is where the rib 4107b and spine 4108b cross. ' The
reparameterization of 4107b with parameter u’=1.5u and
v/=u/1l.5 will define the proper vertical expansion and

horizontal compression of the exit contour.
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The calculation of the free-form surfaces with
the etendue squeezer of FIG. 41 is done with the 3D SMS
method as applied to the etendue-squeezed target 4101b of
bundles A’’, B’’ and C'’, ,

FIG. 42A-42D show another system comprising two
lenses with two prefixed flat sides and two free—from |
surfaces designed with the 3D SMS method. The function of
this lens-system is to improve the collimation of the
parabolic condenser 420. These lenses comprise 2:1 etendue
squeezing lenticular element pairs (421-421b, 422-422b and
423-423b), the contours of which follow polar coordinate |
planes centered at the parabolcid axis. These lenses not
only produce a meridional emission angle (correcting the
coma of the paraboloid) but, due to the 2:1 etendue-squeeze
factor, this angle is half of that produced by rotational
symmetric coma correctors of other lenses.

FIG. 422 and FIG. 42B shows perspective views of

the design, while FIG. 42C shows front views of the two

lenses.,
2.3. The XX free-form etendue-squeezing condenser
FIGS. 43A-43-C show another 2:1 etendue-squeezing
system, one tessellated in polar coordinates. It comprises

two free-form reflectors, designed with the 3D SMS, that
collect the light emitted by a light bulb 431 (which could
be halogen or discharge type) and collimates it to a target
placed at infinity. FIG. 43.A shows separately a side view
of two lenticular mirror pairs. Mirror 432 collects the
rays emitted by the source towards positive x, reflecting

them to its mirror pair 432b, which reflect them as a
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collimated beam. On the other hand, mirror 433 is
collecting the rays emitted by the source towards negative
¥, reflecting them to its mirror pair 433b, which also
reflects them as a collimated beam. In this example, both
mirror are inverting-type in this meridional direction, but
the other combinations are also %ossible.

FIG. 43.B shows the two mirror pairs 432-432b and
433-433b in a front view (that is, as it is seen from the
target). Both input mirrors 432 and 433 cover 90° sagittal
sectors from the source, but they are shifted 45°. The}r
respective output mirrors 432b and 433b are sagittally
centered with them, but due to the etendue squeeze factor,
they only occupy 45° sagittal sectors. Therefore, 432b and
433b do not overlap. These mirrors are of the non-
inverting type in the sagittal dimension, but other
combinations are also possible. "

The remaining six symmetrical mirror palirs 434-
434b to 439-439 will complete the device,, which is shown
in perspective view in FIG. 43C (in which mirror 432 has
been removed).

The device disclosed in FIG. 43A-43C has then the

-same functionality as a parabolic condenser. Not only does

it perform much better in term of collection efficiency for
small targets (gains up to 40% are predicted by ray traces
for circular targets), but the exit aperture is smaller.
This last feature means that when integrator array lenses
are used at the exit, the separation between the integrator

array lenses can be reduced.
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The selection of the sagittal-sector extension of
the input mirrors of the device in FIG. 43A-43C can be
changed from 90° degrees to any other value of the form-
360°/M, where M is in an integer, M22. FIG. 44A-44C show
the same design as FIG. 43A-43C but for M=3 and an etendue
squeeze factor 1.5 (using tessellation of FIG. 39D). 1In
this case, the device collects the light from lamp 441 and
directs it to a target placed a finite distance (not shown
in the figures), with the same functionality as an
elliptical condenser. The resulting device has six

symmetrical mirror pairs 442-442b to 447-447b.
3. Etendue-rotating optics

FIG. 45A to 45C discloses an etendue-rotating
optical design composed by mirrors. Here the target is
located at a finite distance, but it can as easily be done
for an infinite target. The 3D SMS method is used to
calculate the two free-form mirrors 454 and 454b, which
collect the light emitted by an arc (or filament) of light
bulb 450 towards directions with negative y-values, and

send it to the target, which is the inner face 456 of the

prism 455. The SMS ribs of the design are calculated such

that the 2-bundles generated at the two edge points of the
arc along the x-axis are coupled to the edge points 45la
and 451b of 456 at plane z=0 (see FIG. 45B). Therefore,
the arc’s projected images do not rotate, as desired.

The y-symmetric mirror pair 453 and 453b will
work analogously for the light emitted by light bulb 450
towards directions with positive y-values, and will

illuminate a y-symmetric target.
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The illumination ?f 456 from mirror 454b will be
totally internally reflected into the integration prism
455. The combined illumination of 453b and 454b and the
TIR reflections will produce an eqpivalent target 457
illuminated with the required f-number centered along x-
axis. Target 457 could be chosen, for instance, with 16:9
aspect ratio, and prism 455 will present a homogeneous
irradiance at the exit.

The advantages of this device in FIG. 45A-C over
the elliptical condenser are: (1) the collection efficiency
is improved due to the better matching with rectangular
apertures, (2) it presents a very low profile in the z-axis
direction, and (3) the distance from arc 450 to the entry
aperture 457 of the prism is also reduced. Advantages (2)
and (3) are of interest for its application for compact
projectors.

FIG. 46A and 46B show a further etendue rotating
optical design. The principle in which it is based is
illustrated in FIG. 46A, which shows a linear lens pair 461
and 461b with the 2D cross section of a 1:1 inverting
afocal system. This afocal system is 1:1 Keplerian
(inverting) in one direction and 1:1 Galilean (non-
inverting) in the transversal direction. Note that a 1:1
Galilean afocal system is just two parallel flat refracting
surfaces. Fans of input and output rays are represented as
isosceles triangles. The two equal-size sides of the
isosceles triangles are the rays 462 and 463 at the input
or the same rays at the output, labeled 462b and 463b.

Since the lens pair is linear, the rays conserve its cosine
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g with respect to the axis of linear symmetry (y axis).

Then if a ray proceeds towards increasing y at the input it
must proceed towards increasing output at the exit. The 1:1
inverting afocal system is such that it changes the sign of

the cosine r of the ray with respect the z axis (across the

1
'

entry aperture). Thus the r at the output is -r at the
input. Thus if the ray direction at the input is given by
these 2 cosines (q,r) the direction at the output is given
by (g,-r). For instance the ray 462 goes toward decreasing
z at the input 461 and goes toward increasing z at the
output 461b where it is labeled 462b. This ray proceeds
toward increasing y at the input and at the output. In 3D,
the linear lens transforms the plane fan of rays from 462
to 463 into a fan of rays which is the symmetric of the
first one with respect the plane x-y as can be seen in the
z-y view of FIG. 46A. Since this symmetry of the bundle is
similar to a rotation, we will also use the etendue rotator
name for ' this etendue mirroring system (although strictly
speaking the name is incorrect). \

FIG. 46B discloses the etendue rotating optical
device comprising a free-form lens that receives at its
input the collimated light from the parabolic condenser
464. The lens comprises lenticular elements that transform
the radially-oriented bundle emitted from axis line of the
arc 465 into the x-axis oriented exit bundle 466. In the
limit of small lens thickness, the lenticular'element edge
curves 467 are parabolas that bisect the radial coordinate

lines 468 and the x-coordinate lines 469. The calculation
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of the 3D surfaces can be done, for instance, with the 3D

SMS method.

4. Generalised Cartesian oval surfaces to focus a

2-bundle onto a prescribed curve

A generalized Cartesian-oval surface is defined
as the one that transforms a given input wavefront into a
given output wavefront, whether by refraction or
reflection.

Sections 4.1 and 4.2, along with FIGS. 47 to 49,
disclose the algorithms to calculate two particular types
of generalized Cartesian ovals, which we will label as

COv (W, T's,T:) and COv(W,T':, T, I).
4.1. Algorithm COv (W,T%¢,T%:)

The generalized Cartesian oval COv(W,Il:,T.) is
defined as the surface that contains a particular curve F;'
and focuses a particular 2-bunble given by one of its
wavefronts W to target curve T%. '

COv(W,I's, ') is a refracting or reflecting surface
containing curve I'. that deflects the rays of wavefront W
sending them to points of the target Ts. This Cartesian-
Oval surface is completely defined, given refractive
indices n; and n; on either side of it, target curve T,
design-wavefront W, and curve I to be included in it. 1In
the case of reflection n; = n;. FIG. 47 shows the design
method:

1. Trace the rays of W; that intercept curve T,
any position of which has unigue parameter u. Ray r(u) of

Wy is that which intercepts I'c at the point P.(u). FIG. 47
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shows unit-vector t.(u) tangent to curve I; at intercept-
point P.(u).

2. FIG. 47 shows cone 471 of rays exiting from
P.(u) having an optical scalar product with t.(u) equalling
that formed between r(u) and t.(u). That is, cone 471
comprises thosé rays having optical direction cosine with
respect to tc(u) given by ci(u)=n; rtc(u). Point Pe(u) is
the intersection of cone 471 with target curve Tk%.

3. FIG. 47 also shows ray rj(u) linking Pq(u)
and Pg{u). Unit vector te¢(u) is tangent to target Ts at
intercept point Ps{u), and forms optical direction cosine
with ray ri(u) of cz(u)=nz rj(u)-teg(u). Cone 472 comprises
rays issuing from Ps(u) that have optical direction cosine
with tr(u) equal to cz(u). The set of rays formed by all
such cones along target T¢ create a 2-parameter wavefront
W,. FIG. 47 also shows first parameter u and second
parameter v, which ;ndexes rays around cone 472.

o 4. Using parameter u along target Te¢ {although
any othér would do), calculate the function {(u):

v opP
du= Inzn (u) -—5uf—du

Y

o,
ou

1(u)= l:[cz (u) di= l:fnzri (u) - t.(u)

where dl is a differential of length along the target curve

T and up is the parameter u at an endpoint of the curve.

5. Now consider a point P along the trajectory

of one ray of W,. This ray must cross the curve It at some

point Pgs(u). Define the optical path length for the point
P:
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I(P) = sign{t (u)-(P=P.(u)}|P — P ()| + £(x)

From this it is possible to calculate a wavefront surface W
such that all its points have a constant I1(P). I

6. Once W, has been calchlated, then the
standard Cartesian oval is calculated for wavefronts W,'and
W., only imposing that it passes through a point of I'c (any
point is wvalid, since the method ensures that the Cartesian
oval will contain the curve T.).

Whenever such a calculation of W, may become
troublesome, FIG. 48 shows an alternative fourth step:

4, Establish parameterisation v of the rays of
the cone of optical direction cosine cz(u) with respect to
tc(u), as shown in FIG. 48, where ray r;(u) corresponds to
v=0. Move back along the rays of cone 481 departing from
the point Ps(u), and find the points P.(u,v) such that the
optical path length from W; to P.(u,v) (denoted by
P(Wy, Pcl{w,v)) plus the optical path length from P.(u,v) to

Ps(u) is a constant value, i.e.,
£(W, P () + sign{t () (P, () = P, (w,)) [P, (1) ~ P, (,9)| =
= ¢(W,,P.(u,0)) + sign {t FORIAOE PL_(u,O))}in(u) —P,(,0)|

The surface comprising all such points P.{(u,v) is the

Cartesian Oval linking W; and Ws.
4.2, Algorithm COv(W,T¢,T:,I),

The generalized Cartesian oval COv(W,T¢,I'c,I) is
the surface that contains a particular curve T, and focuses
to target curve I a particular wavefront W that has to be

first refracted at the surface I, then deflected at the
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Cartesian oval and finally reflected at the same surface I,
as shown in FIG. 49.

1. Refract W; through surface I. For the
remaining steps Wi will denote the wavefront after this

5 refraction.

2. For any value of parameter u along the curve
T. calculate the point P.(u) and the ray vector r{(u) of the
ray of Wy passing through P.(u). Let tc{(u) be the unit
vector tangent to Tc at P.{u) and let p.(u), g.{u) be the

10 unit vectors defined by the following equations.

t (u)xr(u
p () =—XIW__ g ) — b w)xp, )
1= (1,6 ¥ (w))
3. Calculate the optical direction cosine c¢j3(u)

with respect to tc(u), define as ci{u)=n; r(u)-tc(u).
4. Generate cone-of-rays 491 issuing from P.(u)

15 with an optical direction cosine with respect to tc(u) eqgual

to c1(u), i.e. those with ray vectors sc(u,0) given by

sxm9)=ﬂ§Qg00+ ﬁ—(ﬁfﬂJ(pgmMn9+qucm0)

5. Trace this cone of rays through deflection
at surface I and find the surface I';(u,0) formed by the rays
20 after this deflection.

6. Find the intersection point Ps(u) between the
surface I'; (u,0) and the curve I’y and find the value of 0 for

this point, 6;. Calculate the unit vector ts(u) tangent to

the curve T at the point Pr(u). Calculate the point I(u)

25 at which the ray corresponding to 0; is deflected at surface

I.
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7. Calculate cz(u)=n; s¢(u,0;) te(u). se(u,0;) is
the ray vector of ray s.(u,0) after reflection at surface I.
8. Calculate the optical path length from
wavefront Wiy to the point Ps(u) as (C, is the function
5 giving the optical path length from a point after the first

refraction at surface I referred in step 1)
1 (u) = C,07,P,(w),m,) +n, (Xut) = P, w)) - 5,(,0,) + , (P (1) —X(u))s,(u,6)
9. Calculate the vectors
t (u)xs, (u,6)
J1-(t,0)-5,(,6))°

10 10. Generate cone-of-rays 492 at Ps(u) with an

pf(u)= qf(u):tf(u)xpf(u)

_optical direction cosine with respect to tz(u) equal to

c2(u), i.e. those with ray vectors se(u,y)

2
s (u,p)= &n(—zultf(u)— 1- (—Ci}gi—)} (pf(u)sim// + qf(u)cost//)
« . Note that' for y=0, s:s(u,w¥)= s¢(u,0;)

15 11. Reflect these rays back through surface I
(the raf vectors before reflection at surface I are
consistently called sc.(u,y)) and find the points Pc(u, y)
along the trajectories of these rays for which:

C, (W, P.(u,w),m) +n, (X, ) =P, (u, 1)) -, (u, 1) +
+1, (P, () ~ X)) s, (,0) = 1 (u)

20 These points P.(u, y) define the desired Cartesian Oval,
COv(W,I'¢,I'c, I) . Note that since sz(u,y)= s¢(u,0;) for y=0,
then for y=0 Pq(u, y) = P.(u).

Some embodiments are based on the design of free-

form optical surfaces that control the light beam by three
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methods: etendue rotation, ,etendue-squeezing, and Kohler
integration. These three methods of light control, along
with the degree of freedom provided by the use of freesform
optics, open a novel range of capabilities and devices,
unattainable with state-of-the-art optics, in the fields of
headlamps, céndensers, or LED color mixing. |

Design methods are disclosed for illumination
lenses, with numerous embodiments, comprising pairs of
free-form surfaces. These free-form lenticulations can
beneficially provide robust tolerance to variations in
position or luminosity of multiple light sources.
Additionally or alternatively, they provide unprecedented
sharpness of a cutoff line.

. In addition, embodiments are also given for the
particular case where the lenticulations have rotational
symmetry. In this case, the Kohler integration is carried
out only in the radial direction.

™'  While the invention herein disclosed has been
described by means of specific embodiments and applications
thereof, numerous modifications and variations could be
made thereto by those skilled in the art without departing

from the scope of the invention set forth in the claims.
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CLAIMS

What is claimed is:

1. A Kohler-integration illumination optical
system, comprising:

a first surface; and

a second surface;

wherein each of the first and second surfaces
comprising a multiplicity of corresponding Cartesian-oval
lenticulations such that each lenticulation of the first
surface focuses a source upon a corresponding lenticulation
of the second surface and each lenticulation of the second
surface focuses a target upon a corresponding lenticulation
of the first surface.

2. The system of Claim 1, wherein at least for
one of the first and second surfaces, edges of its
lenticulations reside on a free-form surface.

3. The system of Claim 2 wherein the
lenticulations of the first surface correspond with the
lenticulations of the second surface to establish an output
image that is tolerant of positional variations of the
source.

4. The system of Claim 3, further comprising:

adjacent lenslets defined in part by the first
and second surfaces, where a slope discontinuities between
the adjacent lenslets are positioned to establish a sharp
illumination gradient at an edge of said output image.

5. The system of Claim 4 wherein edges of the
lenticulations of both the first and 'second surfaces reside
on free-form surfaces.

6. The system of Claim 1, wherein at least for
one of the first and second surfaces, the edges of its
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lenticulations reside on a rotational symmefric aspheric
surface. ,

7. A refraction, reflection, internal reflection
and refraction (RXIR) integrator headlamp lens, compriéing:

a non-circular cross-settion; and

three optically active free-form surfaces, ,said
three surfaces comprising an entry surface, an upper
internally reflecting surface, and a lower reflecting
surface, said entry surface comprising zones of two-
directional free-form lenticulations and zones of one-
directional lenticulations, said lower reflecting surface
comprising zones of two-directional free-form lenticulations
and zones of one-directional lenticulations acting in
concert with said lenticulations of said entry surface.

8. The lens of Claim 7, when the entry surface,
upper internally reflecting surface, and the lower
reflecting surface fulfill a vehicular illumination
prescription that includes cutoff-gradient and hot-spots in
the output intensity pattern

o 9. The lens of Claim 8, further comprising:
an LED light source with said lens positioned
over the LED light source.

10. The lens of Claim 9, wherein said zones of
two-directional free-form lenticulations of said entry
surface form at least one of said hot-spots and said zones
of one-directional lenticulations of the entry surface form
said gradient, said zones of two-directional free-form
lenticulations and zones of one-directional lenticulations
of said lower reflecting surface acting in concert with said
lenticulations of said entry surface to provide said
gradient and one or more of said hot spots, along with

tolerance to positional errors of said LED light source.
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11. A rotationally symmetric optical system
receiving light from a source and sending it to a target,
the system comprising:

five optical surfaces, which are ordered by'a
light trip from a source toward a Earget;

the five optical surfaces comprising a first
refractive surface, a second refractive surface, a primary
mirror surface, a secondary mirror surface, and a refractive
dome .

12. The system of claim 11, wherein the
refractive dome 1s positioned above the target.

13. The system of claim 11, wherein the fist
refractive surface and the second refractive surface define
a change of material and refractive index; and

two of the five surfaces have coordinated
lenticulations forming a Kohler radial integrator with the
source and the target.

14. The system of Claim 13, wherein the two
surfaces forming the Kohler integrator comprise the primary
mirror surface and the secondary mirror surface, and where
the second refractive surface does not define a change of
material and thus the material after the first surface is
the same until the light reaches the dome forming a single
solid piece.

15. The system of Claim 13, wherein the two
surfaces forming the Kohler integrator are the first and
second refractive surfaces.

16. The system of Claim 13, wherein the two
surfaces forming the Kohler integrator are the first
refractive surface and the primary mirror surface.

17. The system of Claim 13, wherein the two
surfaces forming the Kohler integrator are the first

refractive surface and the secondary mirror surface.
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18. The system of Claim 13, wherein the two
surfaces forming the Kohler integrator are the first
refractive surface and the refractive dome.

19. The system of Claim 13, wherein the two

5 surfaces forming the Kohler integrator are the second
refractive surface and the primary mirror surface.

20. The system of Claim 13, wherein the two
surfaces forming the Kohler integrator are the second
refractive surface and the secondary mirror surface.

10 21. The system of Claim 13, wherein the two
surfaces forming the Kohler integrator are the second
refractive surface and the refractive dome. ,

22. The system of Claim 13, wherein the two
surfaces forming the Kohler integrator are the primary

15 mirror surface and the refractive dome.

23. The system of Claim 13, wherein the two
surfaces forming the Kohler integrator are the secondary
mirror and the dome.

24. An optical system, comprising:

20 a refractive, reflective and internally
reflective (RXI) concentrator comprising an upper cover
comprising a flat upper surface receiving light from a
source and a lenticulated lower surface, a lower RXI
concentrator lens, a lower-index gap-filling material

25 Dbetween the lentuculated lower surface and the lower RXI
concentrator lens, and a refractive dome above a target,
said RXI lens comprising an upper lenticulated surface
matching said lenticulated lower surface lof said upper cover
and a correspondingly lenticulated primary mirror reflecting

30 said received light onto said upper lenticulated surface for
total intermal reflection by said gap-filler material onto

said dome and onto the target.
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25. The system of Claim 24, wherein the dome does
not define a change of material.

26. A rotational symmetric optical system
receiving light from a source and sending it to a target,
the system comprising:

four optical surfaces, which are ordered by a
light trip from the source towards the target, wherein the
four optical surfaces comprise a primary mirror, a first
refractive surface, a secondary mirror, and a refractive
dome above the target;

wherein the first refractive surface define a
change of material and refractive index and where two of the
four surfaces have coordinated lenticulations forming a
Kohler radial integrator with the source and the target.

27. The system of Claim 26, wherein the two
surfaces forming the Kohler integrator are the primary
mirror and the secondary mirror.

28. The system of Claim 26, wherein the two
surfaces forming the Kohler integrator are the primary '
mirror and the first refracting surface.

29. A rotational symmetric optical system'
receiving light from a source and sending it to a target,
the system comprising:

four optical surfaces, which are ordered by the
light trip from the source towards the target, comprising
first and the second refractive surfaces, a mirror, and a
refractive dome above the target;

where the first and second refractive surfaces
define a change of material and refractive index and where
two of the four surfaces have coordinated lenticulations
forming a Kohler radial integrator with the source and the

target.
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30. The system of Claim 29, wherein the two
surfaces forming the Kohler 'integrator are the mirror and
the refractive dome.

31. The system of Claim 29, wherein the two |

5 surfaces forming the Kohler integrator are the first
refractive surface and the refractive dome.

32. The system of Claim 29, wherein the two
surfaces forming the Kohler integrator are the second
refractive surface and the refractive dome.

10 33. The system of Claim 29, wherein the two
surfaces forming the Kohler integrator are the first
refractive surface and the mirror.

34. The system of Claim 29, wherein the two
surfaces forming the Kohler integrator are the second

15 refractive surface and the mirror.

35. A rotational symmetric optical system
receiving light from a source and sending it to a target,
the system comprising:

four optical surfaces, which are ordered by the

20 light path from the source towards the target, such that the
four ébtical surféces comprise a first flat refractive
surface, and second, third and fourth refractive surfaces;

wherein the first flat refractive surface and the
second, third and fourth refractive surfaces define changes

25 of material and refractive index, and where two of the four
surfaces have coordinated lenticulations forming a Kohler
radial integrator with the source and the target.

36. The system of Claim 35, wherein the two
surfaces forming the Kohler integrator are the second and

30 the third refracting surfaces. .

37. The system of Claim 36, wherein the second

refractive surface has Fresnel faceting.
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38. A refractive, reflective, internal reflective
and refractive (RXIR) concentrating lens surrounding a
central target, the lens comprising:

an exit surface and a reflecting surface, béth
the exit surface and the reflectiﬂg surface having
circumferential lenticulations; :

wherein said lenticulations providing radial
Kohler integration of an illumination of said target.

39. A refractive, reflective, internal reflective
and refractive (RXIR) concentrating lens surrounding a
central target, the lens comprising:

an exit surface comprising circumferential
lenticulations; and

a reflecting surface comprising hexagonal
lenticulations;

wherein said lenticulations of the exit surface
and said lectuculations of said reflecting surface providing
two-dimensional Kohler integration of an illumination of
said target.

S 40. An' etendue-squeezing lens, comprising:

an input surface; and

an output surface;

wherein said input and output surfaces are
tessellated with differently tilted lenslets.

41. The system of claim 40, wherein said lenslets
comprises differently tilted rectangular lenslets, said
rectangular lenslets being perpendicularly oriented such
that the rectangular lenslets of the input surface run
perpendicular to the rectangular lenslets of the output
surface.

42. The system of Claim 40, wherein said lenslets
comprises lenslets that are toroidal, with curvatures

coordinated to provide Kohler integration.
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43. The system of Claim 40, wherein said lenslets
comprises L-shaped rectangular lenses to form a decentered
etendue-squeezer.

44. The system of Claim 40, wherein said lenslets
comprises T-shaped rectangular lenses to form a decentered
etendue-squeezer.

45. The system of Claim 40, wherein said lenslets
comprises free-form 3D-SMS surfaces.

46. An condenser system, comprising:

a first lens; and

a second lens;

wherein each of the first and second lens
comprises an input surface and an output surface, said first
lens comprising a flat input surface, said second lens
comprising a paraboloidal output surface, said flat input
surface of the first lens and the paraboloidal output
surface of the second lens are tessellated with differently
tilted pie-shaped sectored lenslets, said sectored lenslets
providing coma-correcting meridional etendue squeezing.

47. A reflective condenser system for an arc
lamp, comprising:

a front lenticulated mirror; and

a rear lenticulated mirror;

wherein the front and rear lenticulated mirrors
are sectored to provide meridional etendue squeezing.

48. A bilaterally symmetric condenser system for
an arc lamp, comprising:

two etendue-rotating primary mirrors;

two totally internally reflecting secondary
mirrors; and

a homogenizer system receiving condensed light;

wherein said mirrors being laterally truncated

linear sweeps of coordinated lenticular profiles, and said
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homogenizer system comprising a triangular prism at an
entry.

49. An etendue-rotating illumination lens
comprising:

5 a lower parabolic refleétor with an axially

oriented cylindrical light source at its focus; and .

an upper etendue-rotating lenticulated cover,
said cover having lenticulations whose slope discontinuity
curves when projected on an aperture plane of the parabolic

10 reflector form confocal parabolic curves.
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