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(54) Title: PACKED PILLOW OPTIC ARRAY

1100~
Y

FIG. 11A

(57) Abstract: A pillow optic array (1100) comprising a plurality of first order pillow optic elements (1110) arranged as a two-di-
mensional grid with a plurality of interstice spaces between adjacent first order pillow optic elements. Each of a plurality of second
order pillow optic elements (1120) is located within respective interstice spaces. The second order pillow optic elements of (1120)
have a predetermined dimension that is less than a predetermined dimension for pillow optic elements of the first order. A ratio of a
cross-sectional width of pillow optic elements to a cross-sectional height of pillow optic element is the same proportion for each or -
der of pillow optic elements in the pillow optic array, the cross-sectional width being located in a plane along the pillow optic array
and the cross-sectional height located in a plane vertical to the pillow optic array. The higher order pillow optic elements
(1120,1130) are touching about tangentially the lower order pillow optic element (1110,1120).
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PACKED PILLOW OPTIC ARRAY
BACKGROUND

[0001]  An optical designer is often times faced with the challenge of designing an optic
that receives near collimated light rays from a Fresnel lens or parabolic reflector and
creating a diffuse beam that has a precisely diverging beam while maintaining a round

beam shape. An efficiency requirement is specified for the output beam.

[0002] Conventionally, concave or convex spherical impressions can be milled or
machined by electronic discharge into the face of an injection mold tool. Depending on the
pattern of the impressions the resultant beam pattern might vary from square, diamond or
hexagonal shapes. Alternatively, to create a round beam shape the designer could settle for
a substantial amount of non-diffused collimated light in the resultant optical pattern. Other
approaches use sandblasted, chemical and/or laser etched holographic surfaces to obtain a
round beam pattern. These conventional approaches can have low efficiencies caused by

over-scattering the light rays, or come at a premium cost (¢.g., holographic surfaces).
BRIEF DESCRIPTION OF THE DRAWINGS

[0003] FIG. 1 depicts a light ray diagram representing an implementation in accordance

with some embodiments;

[0004] FIGS. 2A and 2B depict beam spread plots of a conventional beam spread

pattern for a nearly collimated light ray source;

[0005]  FIG. 3 depicts a conventional array of linear pillow optics without any overlap;
[0006] FIGS. 4A and 4B depict beam spread plots of the linear pillow optic array of Fig.
3;

[0007]  FIG. 5 depicts a conventional array of linear pillow optics with full overlap;
[0008]  FIGS. 6A and 6B depict beam spread plots of the linear pillow optic array of Fig.
5

[0009]  FIG. 7 depicts a conventional array of hexagonal pillow optics with no overlap;
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[0010]  FIGS. 8A and 8B depict beam spread plots of the hexagonal pillow optic array of
Fig. 7;

[0011]  FIG. 9 depicts a conventional array of hexagonal pillow optics with full overlap;

[0012]  FIGS. 10A and 10B depict beam spread plots of the hexagonal pillow optic array
of Fig. 9;

[0013] FIG. 11A depicts a hexagonal pillow optic array with circle packing in

accordance with an embodiment;

[0014] FIG. 11B depicts an exploded view of a portion of the hexagonal pillow optic
array with circle packing of Fig. 11A;

[0015]  FIGS. 12A-12F depict elements of a hexagonal pillow optic array with various

orders of circle packing in accordance with embodiments;

[0016] FIGS. 13A and 13B depict beam spread plots of a hexagonal pillow optic array

with third order circle packing in accordance with an embodiment; and

[0017]  FIG. 14 is a cross-sectional view of a pillow optic element in accordance with an

embodiment.
BREIF DESCRIPTION

[0018] In accordance with embodiments, a packed pillow optic array includes a plurality
of first order pillow optic elements having a first predetermined dimension, the plurality of
first order pillow optic elements arranged as a two-dimensional grid, where the adjacent
first order pillow optic elements touch about tangentially. Between the adjacent first order
pillow optic elements are a plurality of interstice spaces, within the plurality of interstice
spaces are located a plurality of second order pillow optic elements, each of the plurality of
second order pillow optic elements having a second predetermined dimension, at least one
respective elements of the plurality of second order pillow optic elements located within
respective ones of the plurality of interstice spaces, and the second predetermined

dimension being less than the first predetermined dimension. A packed pillow optic array
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in accordance with embodiments can be incorporated into a lamp having a lamp base and a

light source emitter located between the lamp base and the packed pillow optic array.
DETAILED DESCRIPTION

[0019] In accordance with some embodiments, a lens provided with a first set of circular
pillow optics on at least one surface has its interstice spaces (i.c., spaces without any pillow

optics) packed with one or more sets of circular pillow optics of decreasing diameter.

[0020]  Figure 1 depicts a light ray diagram representing an implementation of a pillow
optic lens element in accordance with an embodiment. Emitter 110 is a generic
representation of a device that emits collimated light. The emitter receives light rays from
a finite light source, and provides nearly collimated light rays 120. Emitter 110 can be any
light source that can provide nearly collimated light rays for impingement upon the lens
having a packed pillow optic array. For purposes of simulation, emitter 110 may be

modeled as having zero thickness.

[0021]  Emitter 110 can be for example, an optical system that consists of a light source
(lamp, LED, or LED array) emitting light which can reflect off of a parabolic reflector, or
refract through a Fresnel lens to produce nearly collimated light 120. A diffuser (e.g.,
packed circle pillow optic lens in accordance with some embodiments) can be placed in the
path of the nearly collimated light produced by emitter 110. For purposes of simulation,
the diffuser could be modeled as a square object. The addition of a diffuser in front of an

optical arrangement can re-disperse the nearly collimated light into a non-collimated and/or

diffuse beam 140.

[0022]  Figure 2A depicts a two-dimensional, x-y rectangular plot of beam spread pattern
150 formed by nearly collimated light rays 120 (e.g., with only emitter 110 and no optic
lens as diffuser 130) as a representation of an undiffused beam pattern. Figure 2B depicts a
polar plot of beam spread pattern 150 illustrating iso-lines of beam intensity. Both Figs.
2A and 2B illustrate that beam spread pattern 150 is highly focused (i.e., the light is
concentrated over a small angular region), and fairly symmetric about its axis of

propagation.
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[0023] Beam spread pattern 150 is an ideal pattern produced by nearly collimated light
120, and has a full width half maximum (FWHM) beam angle of 3 degrees in both azimuth
and elevation planes. To simulate the properties of circle packing pillow optics in
accordance with described embodiments, beam spread pattern 150 is modeled as being
placed in the path of circle packing pillow optics embodiments so that the nearly collimated

light is re-dispersed into a non-collimated or diffuse beam.

[0024] Figure 3 depicts a conventional pillow optic array 300 arranged on a two-
dimensional grid in rows and columns. Pillow optic array 300 has no overlap of optic
clements. In one implementation, pillow optic array 300 is modeled as having .25 inch
diameter concave pillow optics with .25 inch radius curvature as a base optic. Each pillow
optic can be spherical, ellipsoid, parabolic, toroidal, or other geometric shape that can form
a concave or convex shape with respect to the array surface. Modeling linear pillow optics
300 as the diffuser for nearly collimated light 120 rays results in the diffused beam
depicted in Figs. 4A and 4B. This diffused beam has a beam spread pattern with less
intensity (peak power) than beam spread pattern 150, and with an elevated level at angles
out to about = 15° from the beam axis. This reduction in peak power is due to the high

intensity peak of beam spread pattern 150 being spread out across a larger angular region.

[0025] In one implementation, an ideal diffused beam pattern can have a light intensity
distribution that is uniform over a broad angular region about the light propagation axis so
as to form a round polar plot. This ideal diffused beam pattern is commonly referred to as
a ‘top hat’ distribution. Although linear array 300 produces a diffused beam with elevated
intensity, it still retains a high beam peak about the propagation axis. The high peak
formed by linear pillow optic 300 is caused by the large amount (per unit area) of interstice
space 310 surrounding the pillow optic elements. The light rays pass through interstice

space 310 to collimate as the high center peak.

[0026]  Figure 5 depicts a conventional pillow optic array arranged on a two-dimensional
grid in rows and columns. The pillow optic array of Fig. 5 has a full overlap of optic
clements (i.e., a full density lens where there is ideally no interstice spaces between the

optic elements). Because the circular elements are overlapping, each can be modeled as a
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square optic with a 0.25 inch length. Modeling a linear pillow optics array with full
overlap as the diffuser for nearly collimated light 120 rays results in the diffused beam
depicted in Figs. 6A and 6B. This diffused beam has a beam spread pattern with about a
10% variation in level across a broad angular region, no discernible peak along a central
axis, and a sharp drop-off. However, as can be seen in Fig. 6B, the beam spread pattern is
not equally distributed about the axis of propagation, but is squared indicating a narrower

beam pattern along the cardinal planes perpendicular to the axis of propagation.

[0027]  Figure 7 depicts a conventional pillow optic hexagonal array arranged on a two-
dimensional grid in rows and columns, where the centers of pillow optic elements in
adjacent rows are offset so as to form a triangular grid. The pillow optic hexagonal array
of Fig. 7 has no overlap of optic elements. The offset of the pillow optics results in less
interstice space than the linear arrangement depicted in Fig. 3. Modeling this hexagonal
array with no overlap as the diffuser for nearly collimated light 120 rays results in the
diffused beam depicted in Figs. 8A and 8B. This diffused beam has a beam spread pattern
with high peak about the axis of propagation, and clevated levels at angles out to about +
17° from the beam axis. These elevated levels are higher than the elevated levels achieved
by the rectangular grid depicted in Fig. 3. Additionally, the polar plot shown in Fig. 8B
depicts a rounder, more uniform beam pattern distribution about the axis of propagation

than the full overlap shown in Fig. 6B.

[0028]  Figure 9 depicts a conventional pillow optic hexagonal array with full overlap of
optic elements. Because the circular pillow optics are staggered along a triangular grid,
with full overlap the pillow optics can be modeled as a hexagonal shape having 0.2 inch
lengths. Modeling this hexagonal array with full overlap as the diffuser for nearly
collimated light 120 rays results in the diffused beam depicted in Figs. 10A and 10B. This
diffused beam has a beam spread pattern with about a 10% variation in level across a broad
angular region. There is no discernible peak along its central axis, and the beam has a
sharp drop-off. However, as can be seen in its polar plot (Fig. 10B), the beam spread
pattern formed by the hexagonal pillow optic will full overlap is not an equally distributed

beam pattern about the axis of propagation. Rather the beam pattern is hexagonal in shape
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about the propagation axis. Thus, the beam has a narrower beam pattern along the

intercardinal planes perpendicular to the axis of propagation.

[0029]  Figure 11A depicts hexagonal pillow optic array 1100 with circle packing
arranged on a two-dimensional grid in rows and columns, in accordance with an
embodiment. Hexagonal pillow optic array 1100 includes pillow optic elements 1110,
which in some embodiments are circular in cross section along at least one plane. Each
pillow optic can be spherical, ellipsoid, parabolic, toroidal, or other geometric shape that
can form a concave or convex shape with respect to the array surface. In the depicted
embodiment, the pillow optic elements are offset in adjacent rows so as to be arranged in a
triangular grid. Other embodiments can include the pillow optic array arranged in a

rectangular grid or other geometric orientations.

[0030] The optic array includes interstice space in arcas between adjacent pillow optic
clements. In some implementations, pillow optic elements 1110 touch, and/or nearly
touch, adjacent optic elements about tangentially (i.e., within manufacturing capabilities

and tolerances).

[0031] Figure 11B is an exploded view of a portion of hexagonal pillow optic array
1100 in accordance with an embodiment. In accordance with this embodiment, in the
interstice spaces between adjacent, about tangentially-touching pillow optic elements 1110
are two orders of additional pillow optics — second order optic elements 1120 and third
order optic elements 1130. Other embodiments can include additional orders of additional
optic elements in the interstice space. In accordance with some embodiments, these higher

order (i.c., second, third, fourth, etc.) optic elements can be pillow optic elements.

[0032] In accordance with some embodiments, a single second order optic element 1120
is located within the interstice space. This second order optic element can touch, and/or
nearly can touch, adjacent optic elements about tangentially (i.e., within manufacturing
capabilities and tolerances). For example, for the triangular grid of pillow optic array
1100, second order optic element 1120 can touch, and/or nearly touch, each of the three

pillow optic elements 1110 bordering the interstice space. Second order optic element
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1120 has a cross section that is less than the cross section of the first order optic element

(i.e., pillow optic element 1110).

[0033] Third order optic element 1130 has a cross section that is less than the cross
section of second order optic element 1120. The third order optic element is located in a
remaining portion of the interstice space, and can touch, and/or nearly touch, at least one of
the pillow optic elements 1110 bordering the interstice space and the second order optic
clement located in the interstice space. Second order optic element 1120 has a cross
section that is less than the cross section of the first order optic element (i.e., pillow optic

clement 1110).

[0034] In accordance with embodiments, pillow optic array with circle packing 1100
can include multiple orders of optic elements within the interstice space. These optic
clements are non-overlapping. The more orders of optic elements located within the
interstice space reduces the remaining amount of interstice space between the adjacent

pillow optic elements 1110.

[0035]  Figure 12 depicts various orders of circle packed optical elements in accordance
with embodiments. Fig. 12A depicts a first order optic element arrangement formed from
circular cross section pillow optic elements. Adjacent rows of the array are offset so as to
be arranged on a triangular grid, and interstice space 1200 is surrounded by three about
tangentially-touching optic elements. This first order array (with no optic elements in the
interstice space) is similar to the conventional array depicted in Fig. 7. Fig. 12B depicts the
array shown in Fig. 12A with a second order circle pack optic element 1210 as described
above. Fig. 12C depicts the third order circle pack optic element array with circle pack
optic element 1210 and circle pack optic element 1220, as also described above. Figs.
12D-12F depict higher order (e.g., respectively fourth, fifth, and sixth) circle pack optic

clement arrays.

[0036]  Figures 13A and 13B depict beam spread plots of a hexagonal pillow optic array
with third order circle packing in accordance with an embodiment. The introduction of the
second and third order circle packing into the array interstice space causes a much broader,

and higher uniform level of light distribution. A comparison of Figs. 13A-13B to Figs. 8A-
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8B illustrate that the central beam of the pillow optic array with circle packing is narrower,
the broad beam pattern is at a higher light intensity, and the shoulder drop-off is steeper

with the circle packing in the interstice space.

[0037]  Each order of optic element located in the interstice space can reduce the peak of
the beam pattern, provide a more uniform distribution of power over a wider angular range,

and form a more pronounced shoulder, or beam drop-off at the far-out angular region.

[0038]  Figure 14 is a cross-sectional view of pillow optic element 1400 in accordance
with an embodiment. In accordance with certain embodiments having hemispherical
pillow optics, the cross section width of pillow optic element 1400 within the same order is
about (i.e., within manufacturing capabilities and tolerances) twice the cross section height
of the pillow optic above the lens surface — i.e., Dcs=2h; where Dcs is the cross section
width, and H is the cross section height of the pillow optic above the lens surface. Pillow
optic element 1400, as depicted, is a portion of a sphere having its center at point C. In this
example, the cross section radius Res of the sphere is .250 inches, the pillow optic cross
section diameter Dcs equals .250 inches, and the cross section height H of the pillow optic
element is 0.33 inches. In accordance with other embodiments, a pillow optic element
which is a portion of a spherical geometric shape could have a diameter located in a plane
along the pillow optic array surface that is less than twice the radius of the pillow optic
along a plane vertical to the lens surface. Preserving the ratio between width and height
among pillow optic elements within each order of pillow optic elements to be the same
proportionate ratio provides the most uniform distribution in the beam spread pattern
produced by the pillow optic array. As noted above, additional orders of pillow optic

elements in the interstice space cause a greater impact towards a more uniform distribution.

[0039]  The pillow optic elements of each order on a circle packed pillow optic array can
be formed as protrusions from the surface of the lens, or in other implementations as
depressions into the surface of the lens. The optic elements can be formed by such

manufacturing techniques as periodic machining or by molding techniques.

[0040]  For example, mold tools can be formed by periodic machining by perhaps a

numerically controlled machine, or by burning away material from the mold using Electric
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Discharge Machining (EDM). Other techniques to produce a suitable mold are also
acceptable. The mold can be shaped to form convex or concave lens elements above (or
into) a surface of the lens material. The pillow optic array can be formed in a lens material
that can be a clear material (e.g., plastic, glass, etc.). Plastic can be injected into a mold,

and glass can be pressed into the mold to form the pillow optic array.

[0041]  Although specific hardware and methods have been described herein, note that
any number of other configurations may be provided in accordance with embodiments of
the invention. Thus, while there have been shown, described, and pointed out fundamental
novel features of the invention, it will be understood that various omissions, substitutions,
and changes in the form and details of the illustrated embodiments, and in their operation,
may be made by those skilled in the art without departing from the spirit and scope of the
invention. Substitutions of elements from one embodiment to another are also fully
intended and contemplated. The invention is defined solely with regard to the claims

appended hereto, and equivalents of the recitations therein.
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CLAIMS

1. A pillow optic array comprising:

a plurality of first order pillow optic clements having a first predetermined
dimension;

the plurality of first order pillow optic elements arranged as a two-dimensional
grid, the adjacent first order pillow optic elements touching about tangentially;

a plurality of interstice spaces, the plurality of interstice spaces located between
adjacent first order pillow optic elements;

a plurality of second order pillow optic elements, each of the plurality of second
order pillow optic elements having a second predetermined dimension;

at least one respective element of the plurality of second order pillow optic
elements located within respective ones of the plurality of interstice spaces; and

the second predetermined dimension being less than the first predetermined

dimension.

2. The pillow optic array of claim 1, wherein a ratio of a cross-sectional width of pillow

3.

optic clements to a cross-sectional height of pillow optic element is the same
proportion for each order of pillow optic elements in the pillow optic array, the cross-
sectional width being located in a plane along the pillow optic array and the cross-

sectional height located in a plane vertical to the pillow optic array.
The pillow optic array of claim 1, where adjacent rows of the pillow optic array are
offset so as to form a triangular grid between centers of pillow optic elements in the

adjacent rows.

The pillow optic array of claim 1, where the pillow optic elements have a circular

cross section in at least one plane.

10
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5. The pillow optic array of claim 4, wherein the pillow optic element is a portion of

spherical pillow optic element.

6. The pillow optic array of claim 1, including the respective elements of the plurality of
second order pillow optic elements touching about tangentially first order pillow optic

elements adjacent to the respective ones of the plurality of interstice spaces.

7. The pillow optic array of claim 1, including:

a plurality of third order pillow optic elements, each of the plurality of third order
pillow optic elements having a third predetermined dimension;

two or more respective elements of the plurality of third order pillow optic
clements being located within respective ones of the plurality of interstice spaces
adjacent to the respective eclements of the plurality of second order pillow optic
clements; and

the third predetermined dimension being less than the second predetermined

dimension.

8. The pillow optic array of claim 7, wherein a ratio of a cross-sectional width of pillow
optic elements to a cross-sectional height of pillow optic element is the same for each
order of pillow optic elements in the pillow optic array, the cross-sectional width
being located in a plane along the pillow optic array and the cross-sectional height

located in a plane vertical to the pillow optic array.

9. The pillow optic array of claim 7, including the respective elements of the plurality of
third order pillow optic elements touching about tangentially the respective second
order pillow optic elements located in the respective ones of the plurality of interstice

spaces.

10. The pillow optic array of claim 7, including:

11
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11.

12.

13.

14.

one or more pluralities of higher order pillow optic elements, each of the pluralities
of higher order pillow optic elements having a respective predetermined dimension;

two or more respective elements of the pluralities of higher order pillow optic
elements being located within respective ones of the plurality of interstice spaces
adjacent to respective elements of a plurality of lower order pillow optic elements;
and

cach of the respective predetermined dimensions being less than a predetermined

dimension for each of the plurality of lower order pillow optic elements.

The pillow optic array of claim 10, wherein a ratio of a cross-sectional width of
pillow optic elements to a cross-sectional height of pillow optic element is the same
for each order of pillow optic elements in the pillow optic array, the cross-sectional
width being located in a plane along the pillow optic array and the cross-sectional

height located in a plane vertical to the pillow optic array.

The pillow optic array of claim 10, including the respective elements of the
pluralities of higher order pillow optic eclements touching about tangentially the
respective lower order pillow optic element located in the respective ones of the

plurality of interstice spaces.
A lamp comprising the pillow optic array of claim 1, the lamp including a lamp base
located distal from the pillow optic array and a light source emitter located between

the lamp base and the pillow optic array.

The lamp of claim 13, wherein the light source is one of a light emitting diode LED
and an LED array.

12
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