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CIRCUMFERENTIALLY EMITTING
LUMINAIRES AND LENS-ELEMENTS
FORMED BY TRANSVERSE-AXIS
PROFILE-SWEEPS

PRIORITY CLAIM

This application claims the benefit of U.S. Provisional
Application No. 60/491,184, filed Jul. 29, 2003, which is
incorporated herein by reference in its entirety.

BACKGROUND

The present invention relates generally to illumination,
and more particularly to producing circular or semicircular
emission with in an equatorial-type solid angle.

Numerous illumination situations require lighting devices
that emit a planar 360° pattern, like a time-exposure picture
of a lighthouse-beam sweeping around the horizon. U.S. Pat.
No. 6,473,554, by Pelka and Popovich, incorporated herein
by reference, utilizes a conicoid figure of revolution situated
just over an LED light source, with the axis of revolution in
a vertical direction. This cuspated reflector laterally deflects
the rays going upward from the source, by internal reflection
within a dielectric material. Similar configurations in metal-
lic reflectors have been known for far longer. The principal
characteristic of this approach is its aspect ratio, with device
diameter two or more times device thickness. This is advan-
tageous in applications where devices height must be mini-
mized. In other situations, however, horizontal size must be
minimized, such as with LEDs on a circuit board. Also, for
light-injection such devices must be surrounded by the
waveguide, since a less-than-360° emission-pattern wastes
light.

A 180° emission pattern, however, is desirable, for injec-
tion into the edge of a waveguide. Doing this in accordance
with the prior devices and/or methods would throw away
half the light.

SUMMARY OF THE EMBODIMENTS

The present embodiments advantageously address the
needs above as well as other needs by providing an appa-
ratus for use in providing illumination.

In some embodiments, an illumination lens is provided.
The lens comprises a two-dimensional beam-forming lens-
profile where the profile acts to deflect light rays from a light
source into a relatively narrow output beam. The lens-profile
encloses a zone of higher refractive index than that of the
area outside the profile where the higher refractive-index
zone admits the light rays. A transverse axis of revolution is
further included and extends transversely across and outside
of the lens-profile so that the transverse axis extends gen-
erally laterally with respect to a luminous centroid-direction
of the output beam. The lens further includes a surface of
revolution formed by circularly sweeping the lens-profile
about the axis of revolution forming a circumferential beam
from the output beam emitted by said surface of revolution.

Some alternative embodiments provide methods for gen-
erating or designing a lens. These methods define a two
dimensional profile having an output surface and an input
surface; define an axis of symmetry; and circularly sweep
the profile about the axis of symmetry defining the output
surface in three-dimensions, wherein the output surface is
radially distanced generally laterally with respect to the axis
of symmetry.
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In some preferred embodiments, methods for generating
a light output are provided. Theses methods refract initial
light, internally reflecting the light, and again refracting the
light producing an output light that is circumferentially
emitted.

An apparatus is provided in some embodiments for use in
directing an output beam. This apparatus includes a two-
dimensional profile, an axis of symmetry, a three-dimen-
sional volume defined by rotating the two-dimensional pro-
file about the axis of symmetry, and an output surface
defined on the three-dimensional volume such that a lumi-
nous centroid-direction of an output beam is directed lateral
to the axis of symmetry from the three-dimensional volume
through the output surface.

Some embodiments additionally and/or alternatively pro-
vide an apparatus that includes a two-dimensional beam-
forming lens-profile with a relatively small focal zone from
which geometric-optical design-rays diverge with a rela-
tively wide angular swath. The profile acts to deflect said
design-rays from said focal zone into a relatively narrow
output beam, the lens-profile enclosing a zone of higher
refractive index than that of the area outside it, and the
higher refractive-index zone has a profile admitting said
design-rays. The apparatus further includes a transverse axis
of revolution passing through said focal zone and running
transversely across and outside of said lens-profile so that it
runs generally laterally with respect to a luminous centroid-
direction of said output beam, and a surface of revolution
formed by circularly sweeping said lens-profile about an
axis of revolution. The sweeping acts on said focal zone to
outline a focal volume, and the sweeping action on said
output beam forms a circumferential beam emitted by said
surface of revolution. The apparatus can further include a
light source positioned in the focal volume. Additionally, the
lens-profile can further include totally internally reflecting
facets.

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

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features and advantages of
the present embodiments will be apparent from the follow-
ing more particular description thereof, presented in con-
junction with the following drawings wherein:

FIG. 1A is a perspective view of cuspated conicoid
reflectors for 360° waveguide injection of immersed light
sources via total internal reflection;

FIG. 1B is a cross-section of the cuspated conicoid
reflectors of FIG. 1A taken along line 1B—1B as indicated
in FIG. 1A;

FIG. 1C is a close-up view of a center of the cuspated
conicoid reflectors of FIG. 1B;

FIG. 2 is cross-section view of a variation of the cuspated
conicoid reflectors of FIG. 1C used in a stand-alone fashion
for proximity illumination, wherein performance-represen-
tative rays are shown;

FIG. 3A is a 180° swept TIR lens forming a cavity in an
edge of an illumination waveguide;

FIG. 3B is a close-up view of the 180° swept TIR lens of
FIG. 3A showing the position of an LED chip and size of the
LED chip relative to a thickness of the illumination
waveguide;
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FIG. 3C shows an exit sign employing 180° TIR lenses
such as the 180° swept TIR lens of FIG. 3A;

FIG. 3D shows the lens of FIG. 3A with the addition of
light rays proceeding from TIR lens profile;

FIG. 3E shows a close-up view of the lens of FIGS.
3A-3D

FIG. 4A is a perspective view of a 360° swept TIR lens;

FIG. 4B is a cross section of the 360° swept TIR lens of
FIG. 4A, wherein rays show how the 360° swept TIR lens
produces an illumination pattern around the 360° swept TIR
lens;

FIG. 5 is a cross-section of the embodiment of FIG. 4A,
showing the 360° swept TIR lens installed on an LED
package;

FIG. 6 shows a split-lens variation of the lens of FIG. §;

FIG. 7 shows a further variation of the 360° swept TIR
lens of FIG. 6, shaped for equatorial beam forming;

FIG. 8 shows a vertical stack of equatorial beam forming
lens, such as the further variation of the 360° swept TIR lens
of FIG. 7, for high-candlepower applications;

FIG. 9 shows another variation of the 360° swept TIR lens
of FIG. 8 shaped as a compact equatorial beam forming lens
with a reflective coating;

FIG. 10 shows an additional variation of the 360° swept
TIR lens of FIG. 9 shaped as another equatorial lens with a
reflective coating;

FIG. 11 shows yet a further additional variation of a
proximal-illumination version of the 360° swept TIR lens of
FIG. 10,

FIG. 12 shows an added variation of the 360° swept TIR
lens of FIG. 10 shaped with horizontal extrusions for a
reflective coating;

FIG. 13 shows a supplementary variation of the 360°
swept TIR lens of FIG. 11 shaped with tilted extrusions for
a reflective coating;

FIG. 14 is a further added variation of the 360° swept TIR
lens of FIG. 12 shaped from an SMS collimator converted
to an equatorial lens;

FIG. 15A shows a 180° sweep for a 360° swept TIR lens
of FIG. 14 shaped as a variation of the transverse-axis TIR
lens that sends light downward;

FIG. 15B shows an ocular illumination pattern of the 180°
sweep for the variation of the swept TIR lens of FIG. 15A
on a plane at a base of a mounting post;

FIG. 16 shows the 360° swept TIR lens of FIG. 10 plus
an external conical reflector for collimation;

FIG. 17 shows a variation of the 360° swept TIR lens of
FIG. 16 wherein a collimating lens is comprised of a
transversely swept TIR lens with one external facet;

FIG. 18 shows a variation of the 360° swept TIR lens of
FIG. 17 wherein a collimating lens is comprised of a
transversely swept TIR lens with multiple external facets
and a central refractive lens; and

FIG. 19 shows a variation of the 360° swept TIR lens of
FIG. 18 wherein a collimating lens comprised of a trans-
versely swept TIR lens with variable-height external facets.

Corresponding reference characters indicate correspond-
ing components throughout the several views of the draw-
ings.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The present embodiments relate generally to illumination,
and particularly to producing circular or semicircular emis-
sion with in an equatorial-type solid angle.
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A circular emission pattern is useful for circumferential
illumination, while semicircular emission is particularly
advantageous for waveguide injection, such as for exit signs,
instrument displays and other similar implementations.
Some preferred embodiments utilize profiles of faceted
total-internal-reflection lenses. Totally internally reflecting
(TIR) lenses, such as those disclosed in U.S. Pat. No.
5,404,869 by Parkyn, Pelka, and Popovich, and U.S. Pat.
Nos. 5,676,453 and 5,806,955 by Parkyn and Pelka, which
are incorporated in there entirety herein by reference, utilize
faceted profiles as circularly swept around an axis parallel to
the output beam, or linearly swept along a line perpendicular
to the faceted profile.

Some present embodiments instead utilize the transverse
axis of a lens profile as the symmetry axis of a circular
sweep. This advantageously allows a narrower angular
thickness of equatorial emission, as well as the ability to
tailor a conical emission pattern for illumination of a nearby
surface. A manufacturing method is disclosed to deal with
the negative draft angles on the interior facets.

One of the significances of a transverse-axis profile sweep
is that the sweep includes the output beam of the swept
profile, whereas in the above-mentioned lenses that are
circularly swept around an axis parallel to the output beam
or linearly swept along a line perpendicular to the faceted
profile, the output beam is not so swept, and thus has the
same directionality as that of the profile being swept. The
lens profile has a focal zone from which originate design-
rays lying in the plane of the lens profile, and diverging from
that focal zone. These mathematical design rays will be
deflected into a relatively narrow beam, such as +25° or less.
This planar output is then circularly swept to form a cir-
cumferential beam.

The planar output of a lens profile consists of design rays
originating from the profile’s focal zone, having weighted
luminance values that express the characteristics of the light
source to be used. These weighted luminance values can be
used to calculate the radiant centroid, the average beam
direction. Depending upon the particular lens profile, this
radiant centroid can be perpendicular to or oblique to the
sweep axis. The former can be termed equatorial emission,
the latter latitude emission. Both are types of circumferential
emission, which the current embodiments produce.

Some embodiments the also provide several means of
creating highly collimated beams from extended sources
(such as LEDs) by redirecting the equatorial output from the
aforementioned apparatus, back along the axis of circular
symmetry. This is accomplished, in one embodiment, by
using a single conical reflector. Alternatively or additionally,
a highly collimated beam is achieved through the incorpo-
ration of 90-degree turning TIR facets onto the exterior of
the solid dielectric transverse swept TIR lens. The resulting
design is a single solid dielectric part that typically requires
no metallization.

This approach is very useful for sources with a nearly
Lambertian hemispherical intensity pattern, such is the case
with most LEDs. In this case the rays emanating from the
source with the maximum intensity (those which are
approximately normal to the front emitting surface of the
source), strike those facets on the inner TIR lens, which are
furthest from the source. This is not the case for previous
TIR lens, which typically have central lens areas very close
to the source, while its exterior edges are furthest from the
source.

The present embodiments provide designs with several
performance benefits over other lenses. One of these benefits
is that the beam can be more highly collimated then a
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traditional TIR lens, and therefore can approach the theo-
retical divergence angle limits set by laws of nonimaging
optics. Another benefit of using such devices is that it is
possible to create a very uniform beam with outputs that
have a very sharp cutoff. This is useful for many applications
that need tight collimation, such as automotive forward
lighting and other lighting that employ sharp cutoffs.

Some embodiments additionally and/or alternatively uti-
lize the transverse axis of a lens profile as the symmetry axis
of a circular sweep in generating lens that are capable of
producing off-axis beams. For example, some embodiments
employ the teachings of U.S. patent application Ser. No.
10/622,874, filed Jul. 18, 2003, entitled ASYMMETRIC
TIR LENSES CREATING OFF-AXIS BEAMS, which is
incorporated herein by reference in its entirety, to provide
lenses having a circularly swept profile that generate off-axis
beams.

In some embodiments, the solid dielectric part has four
optical redirecting surfaces, 2 refractive surfaces and 2 TIR
surfaces, one more than a traditional TIR surface, this
confers an increased degree of controllability on the output
beam pattern. For example, the external TIR facets can be
curved using tailored shapes designed via simultaneous
multiple surface (SMS) methods referenced earlier, or by
other traditional design methods known to those versed in
the field of nonimaging optics.

By combining the above-mentioned equatorial collima-
tors with an adjustable angle-redirecting reflector, some
embodiments are capable of producing beams with an
adjustable beam divergence. Such variable output devices
are useful for such applications as flashlights, theater light-
ing and other similar uses.

Referring to FIG. 1A, a depiction is shown of a waveguide
1 with a top surface 2, a side surface 3, and an indented
central region 5, which is similar to the waveguide shown in
FIG. 15 of U.S. Pat. No. 6,473,554. Also shown is cross
section 1B, as depicted in FIG. 1B.

Referring to FIG. 1B, shown is a cross-section of the
waveguide 1 of FIG. 1A, showing the top surface 2, the side
surface 3, and a bottom surface 4, which is similar to the
waveguide shown in FIG. 16A of U.S. Pat. No. 6,473,554.
The indented central region (central indentation 5) is formed
by an indentation curve 6 that ends at a central cusp 7. Just
beneath the central cusp 7 is a light source 10, generally an
LED.

Referring to FIG. 1C, shown is a close-up of the
waveguide 1 of FIGS. 1A-1B, showing the bottom surface
4, and the indentation curve 6 ending in the central cusp 7,
which is situated just above the light source 10, which is
similar to the waveguide shown in FIG. 16B of U.S. Pat. No.
6,473,554. Also shown is a cavity 11 enclosing the light
source 10. A diffuse reflector 12 is installed on the bottom
surface 4 and the side surface 3, as shown in FIG. 1B. A
symmetry axis 8 passes through the central cusp 7 and acts
as the axis of revolution of the waveguide 1. The more
pointed the central cusp 7 is the less light that leaks through
along a line of sight 13, suppressing a visual hot spot. An
exemplary ray 14 is shown emitted from the light source 10
and internally reflected at the indentation curve 6. An overall
device thickness 15 is minimized when the indentation curve
6 is an equiangular spiral for a point source.

The lens 1 is deficient in that it must be installed within
a waveguide, not along its edges. This is because it cannot
be used in a 180° sweep angle without losing half the
luminous output of light source 10.

Referring to FIG. 2, a depiction is shown of a device not
illustrated in U.S. Pat. No. 6,473,554. FIG. 2 depicts a
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standalone discoidal lens 20 used for proximate illumination
by emission out of an outer edge 24, made from a transparent
dielectric. Discoidal lens 20 has a central indentation 21 with
a cusp 22. The central indentation 21 is formed by a 360°
sweep of a curve 23 around a vertical axis 25, which runs
through a cusp 22 and a focal point 26. Instead of the
waveguide-injection function of the waveguide 1 of FIG.
1A, the discoidal lens 20 is used to illuminate a horizontal
surface 27, such as a diffuse reflector. A ray fan 28 proceeds
outward from the focal point 26, representing a luminous
output of, e.g., an LED chip, radiating from 0 to 90° from the
vertical axis 25. The rays striking a top surface of the
discoidal lens 20 will be internally reflected downward to an
outer edge 24, proceeding radially outward therefrom as
illumination rays 291, with external angles in accordance
with Snell’s law. Upward going external rays 29W were
those that missed the upper surface and hit the outer edge 24
directly, so that they are wasted for illumination of the
horizontal surface (or other target plane 27). Illumination
rays 291 act to illuminate annular zone 29Z of circumfer-
ential illumination, surrounding lens 20.

Discoidal lens 20 is optically deficient in at least two
ways:

(i) The loss of upward-going rays 20W; and

(i) The small size and uneven illumination of a zone 29Z.

The present embodiments improve upon this approach by
alleviating at least the above-mentioned deficiencies. The
present embodiments include novel luminaires for light-
emitting diodes, for any number of implementations and
particularly for the above-mentioned applications of
waveguide injection and near-field illumination.

Referring to FIG. 3A, shown is one embodiment of a lens
30 formed as an indentation into an edge of an illumination
waveguide. Semi-disc 30 is formed of a transparent dielec-
tric such as acrylic, advantageously available for injection
molding, or other similar material. This semicircular shape
is for illustration and represents any illumination waveguide
needing edge-injected light.

FIG. 3A depicts lens 30, according to some embodiments,
comprising a waveguide with thickness 31, typically con-
stant. Lens 30 is a 180° sweep about axis 34. Compound
Parabolic Concentrator (CPC) section 32 expands inward in
thickness to accommodate faceted indentation 33 that is
shown about 5 times wider than 31. Indentation 33 is formed
by a 180° sweep of TIR profile 35. CPC profile 36 is shown
as the full ideal extent, but in some embodiments, it is
truncated at line 367, which moves inward to coincide with
axis 34. In some embodiments, CPC profile is implemented
through dual-semiconic section defined by the profile para-
bolic curve (which deviates slightly in some implementa-
tions from a straight line) or some other similar configura-
tion. The top and bottom portions of lens 30 are generally in
bilateral symmetry.

Referring to FIG. 3B, edge-on view is shown of the
faceted indentation 33 of FIG. 3A, also showing waveguide
thickness 31 and rotational axis 34. Also shown is LED chip
37, and its width is about %4 that of waveguide thickness 31.
For refractive index n (e.g., here about 1.5) the waveguide
thickness at the indentation interface is at least n times
greater than the chip width, for substantially all of the chip’s
luminous output to be injected into the waveguide. Faceted
indentation 33 can be big enough to accommodate nearly
any packaging for chip 37, so that is why it is bigger than
thickness 31.

The profile of the semiconic section 32 is determined by
applying the methods of nonimaging optics. The semiconic
section, at least in part, transforms the highly collimated



























