Office de la Proprieté Canadian
Intellectuelle Intellectual Property
du Canada Office

Un organisme An agency of
d'Industrie Canada Industry Canada

CA 2729785 C 2014/09/02

(11)(21) 2 729 785

(12 BREVET CANADIEN
CANADIAN PATENT

13) C

(86) Date de déepot PCT/PCT Filing Date: 2009/07/02

(87) Date publication PCT/PCT Publication Date: 2010/01/07
(45) Date de délivrance/lssue Date: 2014/09/02

(85) Entree phase nationale/National Entry: 2010/12/30

(86) N° demande PCT/PCT Application No.: US 2009/049629
(87) N° publication PCT/PCT Publication No.: 2010/003126
(30) Priorité/Priority: 2008/07/02 (US61/077,747)

51) Cl.Int./Int.Cl. F27K 99/00(2010.01),
F218 2/00(2006.01), HO7L 33/00(2010.01)

(72) Inventeurs/Inventors:
SIPES, DONALD, US;
KAUFFMAN, RICK, US

(73) Proprietaire/Owner:
EVOLUCIA INC., US

(74) Agent: MBM INTELLECTUAL

PROPERTY LAW LLP

(54) Titre : UNITE DE LUMIERE AVEC MOTIF DE SORTIE DE LUMIERE SYNTHETISEE A PARTIR DE MULTIPLES

SOURCES DE LUMIERE

(54) Title: LIGHT UNIT WITH LIGHT OUTPUT PATTERN SYNTHESIZED FROM MULTIPLE LIGHT SOURCES

(57) Abregé/Abstract:
The present disclosure provides an LE

LIS LR NSt
7

400

=W =\
A vl

kv hvned S5
et ’ __.__.._E S yar gty ] —— .ﬁyr———;‘ \ /‘,;;;/;f.;’"“
NV A=imizimimiNW- T

i
b g

SNt
S

~ .

NNNNN

410

D based light unit that produces an output lighting pattern that meets desired lighting

characteristics using a reduced number of LED elements. The present disclosure provides a number of point sources that are
directed into a desired direction such that, when combined with other point sources, a synthesized light output Is provided that

minimizes the LED headcount.

C anadg htip.//opic.gc.

SN S S ]
T e R

Y 7 7 7
R KA SN

N --:‘:-.*-:-:-:5:-}.:‘51'
R RN \Q&-\é\?‘
) > - l.: ) .T: :\:f :Jh

ca * Ottawa/Gatineau K1A 0C9 - attp:/cipo.gecca o p1cC
OPIC - CIPO 191




2010/003126 A2 NI 0D 0 R0 0 N0 0 0 R

W

CA 02729785 2010-12-30

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date
7 January 2010 (07.01.2010)

(10) International Publication Number

WO 2010/003126 A2

(51)
(21)

(22)

(25)

(26)
(30)

(71)

(72)
(75)

(74)

International Patent Classification: Not classitied

International Application Number:
PCT/US2009/049629

International Filing Date:
2 July 2009 (02.07.2009)

Filing Language: English
Publication Language: English
Priority Data:

61/077,747 2 July 2008 (02.07.2008) US
Applicant (for all designated States except US):
SUNOVIA ENERGY TECHNOLOGIES, INC.

[US/US]; 6408 Parkland Drive, Suite 104, Sarasota, FL
34243 (US).

Inventors; and

Inventors/Applicants (for US only). SIPES, Donald
[US/US]; 3245 Cedar Heights Drive, Colorado Springs,
CO 80904 (US). KAUFFMAN, Rick [US/US]; 3280
Fmma Marie Place, Buford, GA 30519 (US).

Agents: WINTERTON, Kenneth, C.
8749, Denver, CO 80201 (US).

et al.; Po Box

(81)

(84)

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT,
TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available). ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
/W), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: LIGHT UNIT WITH LIGHT OUTPUT PATTERN SYNTHESIZED FROM MULTIPLE LIGHT SOURCES

Py ———
—

e T LT —

406

T BTy, .::57( .65!’ NVt AEET
i B s s

i })]W‘V)b)ﬁ?
e

. ,77,’, -

410

FIG. 15

Wanay A = = S N
o B C_dC L C ¢ N

SRRLR

=.. iy ————————

e

) &
AN
Ww\x\\‘{:&\\

406

(57) Abstract: The present disclosure provides an LED based light unit that produces an output lighting pattern that meets desired
lighting characteristics using a reduced number of LED elements. The present disclosure provides a number of point sources that
are directed mto a desired direction such that, when combined with other point sources, a synthesized light output is provided that

o minimizes the LED headcount.
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LIGHT UNIT WITH LIGHT OUTPUT PATTERN SYNTHESIZED FROM
MULTIPLE LIGHT SOURCES

FIELD

[0002]  The present disclosure related fo LED-based light units, and more
specifically, to an LED-based light unit with a synthesized output pattern using reduced

numbers of LED elements and reduced optics.

BACKGROUND

[0003] Lighting systems traditionally use various different types of illumination
devices, commonly including incandescent lights, fluorescent lights, and Light Emitting
Diode (LED) based lights. LED based lights generally rely on multiple diode elements to
produce sufficient light for the needs of the particular light or lighting system. As an
approach to offset the ever increasing price of energy and make a meaningful indent to
the production of greenhouse gases, LED lighting offers great promise in this regard.

With efficacies approaching 150 lumens per Watt, and lifetimes at over 50,000 Hours,
LEDs and lighting products based on LED technology may potentially make significant

inroads 1n the lighting market in residential and commercial, indoor and outdoor
applications.

[0004]  LED based lights offer significant advantages in efficiency and longevity
compared to, for example, incandescent sources and produce less waste heat. For
example, if perfect solid-state lighting devices were to be fabricated, the same level of
luminance can be achieved by using merely 1/20 of the energy that an equivalent

incandescent lighting source requires. LEDs offer greater life than many other lighting
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sources, such as incandescent lights and compact fluorescents, and contain no
environmentally harmful mercury that 1s present in fluorescent type lights. LED based
lights also offer the advantage of instant-on and are not degraded by repeated on-off
cycling.

[0005] As mentioned above, LED based lights generally rely on multiple LED
elements to generate light. An LED element, as 1s well known 1n the art, 1s a small area
light source, often with associated optics that shape the radiation pattern and assist in
reflection of the output of the LED. LEDs are often used as small indicator lights on
electronic devices and increasingly in higher power applications such as flashlights and
area lighting. The color of the emitted light depends on the composition and condition of
the semiconducting material used to form the junction of the LED, and can be infrared,
visible, or ultraviolet.

[0006] Within the visible spectrum, LEDs can be fabricated to produce desired
colors. For applications where the LED 1s to be used in area lighting, a white light output
is typically desirable. There are two common ways of producing high intensity white-
light LED. One is to first produce individual LEDs that emit three primary colors (red,
green, and blue), and then mix all the colors to produce white light. Such products are
commonly referred to as multi-colored white LEDs, and sometimes referred to as RGB
LEDs. Such multi-colored LEDs generally require sophisticated electro-optical design to
control the blend and diffusion of different colors, and this approach has rarely been used
to mass produce white LEDs in the industry to date. In principle, this mechanism has a
relatively high quantum efficiency in producing white light.

[0007] A second method of producing white LED output is to fabricate a LED of
one color, such as a blue LED made of InGaN, and coating the LED with a phosphor
coating of a different color to produce white light. One common method to produce such
and LED-based lighting element 1s to encapsulate InGaN blue LEDs inside of a phosphor
coated epoxy. A common yellow phosphor material 1s cerium-doped yttrium aluminum
garnet (Ce3+:YAG). Depending on the color of the original LED, phosphors of different

colors can also be employed. LEDs fabricated using such techniques are generally
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referred to as phosphor based white LEDs. Although less costly to manufacture than
multi-colored LEDs, phosphor based LEDs have a lower quantum efficiency relative to
multi-colored LEDs. Phosphor based LEDs also have phosphor-related degradation
issues, in which the output of the LED will degrade over time. Although the phosphor
based white LEDs are relatively easier to manufacture, such LEDs are affected by Stokes
energy loss, a loss that occurs when shorter wavelength photons (e.g., blue photons) are
converted to longer wavelength photons (e.g. white photons). As such, it 1s often
desirable to reduce the amount of phosphor used in such applications, to thereby reduce
this energy loss. As a result, LED-based white lights that employ LED elements with
such reduced phosphor commonly have a blue color when viewed by an observer.

[0008] Various other types of solid state lighting elements may also be used in
various lighting applications. Quantum Dots, for example, are semiconductor
nanocrystals that possess unique optical properties. The emission color of quantum dots
can be tuned from the visible throughout the infrared spectrum. This allows quantum dot
LEDs to create almost any output color. Organic light-emitting diodes (OLEDs) include
an emitting layer material that is an organic compound. To function as a semiconductor,
the organic emitting material must have conjugated p1 bonds. The emitting material can

be a small organic molecule in a crystalline phase, or a polymer. Polymer materials can

be flexible; such LEDs are known as PLEDs or FLED:s.

SUMMARY

10009] The present disclosure provides an LED based light unit that produces an
output lighting pattern that meets desired lighting characteristics using a reduced number
of LED clements. The present disclosure provides a number of point sources that are
directed into a desired direction such that, when combined with other point sources, a
synthesized light output 1s provided that minimizes the LED headcount and does not
require additional beam-steering optics.

[0010] One aspect of the present disclosure provides a lamp assembly,

comprising: (a) a housing having a plurality of mounting surfaces, the plurality of
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mounting surfaces comprising surfaces having a plurality of different angles relative to a
first plane that is substantially parallel to a surface that 1s to be 1lluminated by the lamp
assembly; and (b) at least one solid state light element mounted to each mounting surface,
each of at least a subset of the plurality of light elements providing light output along a
respective primary axis that intersects a second plane that 1s perpendicular to the first
plane and intersects a centerline of the housing, the output of the plurality of solid state
light elements combining to provide a synthesized 1llumination pattern. In one
embodiment, at least one of the plurality of solid state light elements comprises a
collimating component that collimates light produced by the associated solid state light
element, the collimating component may collimate light output by the solid state light
clement to a beam angle of 5° or less. In an embodiment, light provided by the solid state
lighting element i1s collimated to provide an angular intensity that is substantially
equivalent to the angular intensity of the other of the plurality of solid state lighting
elements. The illumination pattern of the lamp assembly of various embodiments has a
uniformity greater than uniformity provided by incandescent or gas discharge lamps. In
some embodiments, the illumination pattern is asymmetrical relative to the lamp
assembly.

[0011] In one embodiment, the lamp assembly includes mounting surfaces that
comprise a first plurality of mounting surfaces and a second plurality of mounting
surfaces, the first plurality of mounting surfaces having, on average, smaller angles
relative to the second plane than the second plurality of mounting surfaces. In a further
embodiment, solid state lighting elements mounted on the first plurality of mounting
surfaces provide 1llumination for a first area of the illumination pattern, and solid state
lighting elements mounted on the second plurality of mounting surfaces provide
illumination for a second area of the illumination pattern. In still further embodiments,
the first area may be larger than the second area, or the areas may be similar in size but
offset.

[0012] Another aspect of the disclosure provides a lamp assembly, comprising:

(a) a plurality of solid state light elements mounted to the lamp assembly, the lamp
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assembly configured to provide an illumination pattern and having a primary axis
extending substantially perpendicularly from the lamp assembly to a surface to be
1lluminated by the lamp assembly; and (b) a mounting surface having a plurality of angles
relative to the primary axis, with the plurality of solid state light elements mounted on the
mounting surfaces and each providing light output along an output axis that is normal to
the mounting surface, the output axis of at least a subset of the plurality of the solid state
light elements intersecting a plane containing the primary axis and a centerline of the
lamp assembly. The output pattern may be asymmetrical relative to a center-line of the
lamp assembly. In one embodiment, the asymmetrical output pattern includes a first
illumination area and a second 1llumination area that is smaller than the first illumination
area. In another embodiment, the asymmetrical output pattern includes a first
illumination area and a second illumination area that is substantially the same area as the
first illumination area. In a further embodiment, the first 1llumination area is offset from
the second illumination area. In some embodiments, uplight emitted from the lamp
assembly 1s reduced due to light elements being mounted and directed toward other light
elements, thereby allowing the lamp assembly to comply with various “dark sky” goals.

[0013]  Another aspect of the present disclosure provides a lamp assembly,
comprising: (a) a housing having a primary axis extending substantially perpendicularly
from the lamp assembly to a surface to be illuminated by the lamp assembly, the housing
comprising a plurality of mounting surfaces; (b) a plurality of solid state light elements
mounted to the mounting surfaces; (c) a plurality of collimating components mounted to
at least a subset of the solid state light elements that collimate light output from
respective light elements; and (d) a plurality of spreading optics mounted to at least a
subset of the collimating components that spread the light output from the collimating
component to a beam width selected based on a distance from the light element of an
object to be 1lluminated by the light element.

[0014] A further aspect of the disclosure provides a method for generating a
desired illumination pattern from a solid state lighting assembly, comprising: (a)

modeling light output from a plurality of different solid state light elements as a vector,
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the direction of each vector is determined based on the pointing of the central lobe of the
respective light element output, and the length of each vector 1s determined based on the
intensity of the peak illumination of the light element; (b) determining a desired intensity
pattern that is to be output from the lighting assembly; and (c¢) determining the direction
and length of a plurality of pointing vectors to achieve the desired intensity pattern. In an
embodiment, the method further comprises: (d) determining a configuration of a housing
for the lighting assembly based on the determined direction and length of the plurality of
pointing vectors. In one embodiment, a solid state lighting element and associated
collimating element are selected based on the length of the associated pointing vector.
An angle of the surface to which the lighting element 1s mounted may be determined
based on the direction of the associated pointing vector.

[0015] These, and other aspects, of the present disclosure will become apparent to
one of skill in the art when reading the present disclosure, particularly with reference to

the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Fig. 1 1s a chart illustrating the cost of a lamp versus the output of the
lamp for an LED lamp and a Gas Discharge Lamp;
[0017] Fig. 2 1s a chart 1llustrating the cost of a lamp versus the output of the

lamp,-including total-life-cyele-costs; for-an LED-lamp-and-a-Gas-Discharge L.amp;

[0018] Fig. 3 1s a chart illustrating the relative luminous intensity of an LED
versus angle from the defined propagation for the peak intensity of the LED;

[0019] Fig. 4 1s a cross-sectional 1llustration of an array of LED elements of an
embodiment of the disclosure;

10020] Fig. 5 1s a perspective illustration of an array of LED elements of an
embodiment of the disclosure;

[0021]  Fig. 6 1s an exploded view of a collimating optic element of an

embodiment of the disclosure;
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[0022] Fig. 7 is a diagrammatic 1llustration of angular intensity of the output of a
lighting element;

[0023] Fig. 8 is a diagrammatic illustration of a two-dimensional surface of an
embodiment having point light sources thercon that provide light output in the direction
normal to the surface;

[0024] Fig. 9 is a diagrammatic illustration of a two-dimensional surface of
another embodiment having point light sources thereon that provide light output with
varying light intensities and different collimation;

[0025]  Fig. 10 1s an illustration of beam steering optics of another embodiment of
the disclosure;

[0026] Fig. 11 1s an illustration of a roadway illuminated using luminaries with an
asymmetric output pattern of an embodiment;

[0027] Fig. 12, 1s an 1llustration of output areas on a roadway surface of an
embodiment;

[0028] Fig. 13, 1s an 1llustration of offset output areas on a roadway surface of
another embodiment;

10029] Fig. 14 1s a top plan view of a lamp assembly of an embodiment of the
disclosure;

[0030]  Fig. 15 1s a side elevation view of the lamp assembly of Fig. 14,

[0031] Fig. 16 1s a 1s a perspective view of the lamp assembly of Fig. 14;

[0032] Fig. 17 1s-a bottom-perspective-view-of a lamp-assembly of another
embodiment of the disclosure;
[0033]  Fig. 18 1s a side elevation view of the lamp assembly of Fig. 17;
[0034] Fig. 19 1s a cross-sectional 1llustration of the of the lamp assembly of Fig.
17; and
[0035] Fig. 20 1s a bottom plan view of a partially assembled lamp assembly of
Fig. 17.
[0036]



CA 02729785 2010-12-30
WO 2010/003126 PCT/US2009/049629

DETAILED DESCRIPTION

[0037]  The present disclosure recognizes that it 1s desirable in LED-based
lighting design to create a low-cost LED lamp containing an array of LEDs. The present
disclosure also recognizes that 1t 1s desirable to create a uniform illumination pattern or,
in cases, where a specific non-uniform illumination pattern is desired, it 1s desirable to
provide illumination in the desired pattern. Furthermore, the present disclosure
recognizes that in order to further reduce cost, the number of LEDs requiring collimation
should also be minimized. The present disclosure provides light units that meet these
criteria, as well as a methodology to produce such an enhanced design. The application
in which the lamp is to be used, such as roadway illumination, office or other workplace
lighting, or residential lighting, has a basic output pattern requirement. Such an output
pattern requirement may include minimum illumination in foot candles, and an area range
of 1llumination depending on the height of the lamp and the spacing between the lamps.
First, when the required pattern width 1s sufficient to allow it, a sufficient number of un-
collimated LEDs are used to establish a central 1llumination peak. After this, narrow
LED beams are pointed to "fill in" the output pattern to create a uniform output pattern
that meets the output pattern requirement. Thus, the present disclosure provides a lamp
with a desired output pattern while reducing lamp cost through reduced numbers of light
elements and reduced optics required to a lamp.

[0038] With reference first to Fig. 1, a graph illustrating relative costs for
different types of lamps 1s discussed. As can be observed from Fig. 1, the cost per lumen
output of a typical gas discharge lamp falls with increasing lumen output. In order to
increase the lumen output of an LED lamp, however, requires adding more LED elements
such that the cost of the LED lamp is linear with output. Stated differently, the cost per
lumen output of an LED lamp i1s essentially constant for increasing output. According to
present day designs, this creates a scenario where there are at least three regimes where a
LED based luminare can be cost competitive with a gas discharge lamp. The first is at

lower lumen output levels, as is commonly observed in low power specialty lighting
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market such as for automotive lighting and flashlights, where LED based lighting has
gained significant market share. The second 1s where the cost of the decorative fixture is
a high percentage of the total luminare cost, such as in architectural lighting. The third 1s
where the cost of relamping (often referred to as life cycle costs or total cost of
ownership) 1s high, such as 1n high, difficult to access lighting applications.

[0039] As technology continues to advance, LED outputs are increasing while
costs are falling, which has the effect of lowering the slope of the LED lamp curve
illustrated in Fig. 1, making the higher power applications much more attractive.
Because LED lamps for general lighting applications generally require an array of LED
lamps (multiple lamps placed at locations to provide adequate illumination for the entire
area to be lighted), there exists a quasi — trade between the efficacy of the LED lamp and
the number of lamps required for an application. This trade works to balance the
anticipated life cycle savings with the incurred 1nitial cost penalty.

[0040] With reference now to Fig. 2, a graph 1llustrating relative life cycle costs
for different types of lamps is discussed. The graph of Fig. 2 illustrates two LED lamp
cost curves, and one gas discharge lamp cost curve. The curve labeled LED Lamp 1
illustrates life cycle costs for an LED lamp that has an increased number of LED
elements that operate using a lower operating current. The curve labeled LED Lamp 2
illustrates life cycle costs for an LED lamp that has a reduced number of LED elements
that operate using a higher operating current, relative to LED Lamp 1. The curve labeled
Gas Discharge Lamp illustrates life cycle costs for a gas discharge lamp, 1llustrating
several discontinuities 1n the curve that correspond to re-lamping costs. Of the two LED
lamp scenarios illustrated in Fig. 2, LED Lamp 1 has a higher efficacy yet at a higher
initial cost. LED Lamp 1 has a higher life cycle savings than LED Lamp 2 yet at the
penalty of a higher initial cost. The preferred lamp for a particular application will
depend on various economic factors. From a total cost of ownership perspective, LED
Lamp 1 would be preferable due to overall lower costs. However, secondary factors such
as the time value of money (discounts future savings) and the psychology of cost versus

time might create the situation where LED Lamp 2, or even a gas discharge lamp, is more
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attractive. An ideal scenario would provide an LED lamp with a reduced number of LED
elements that operate using relatively low operating currents, thereby reducing operating
costs and extending the lifetime of the lamp.

[0041] As discussed above, from a light output perspective, a single LED 1s a
relatively low light level device, typically about 100 lumens. In order to create the output
of a normal incandescent or compact fluorescent light bulb, between 10 and 20 LED
emitters are required using present day technoiogy. This leads to lamps with relatively
high initial installation costs relative to traditional lighting counter parts. The present
disclosure provides LED based lighting products that are cost competitive with current
products by providing LED lamps that minimize the number of LED's utilized 1n the
design. The number of LED elements used in a lamp 1s referred to as LED headcount.

[0042]  LED headcount 1s affected by a number of factors. One, lumen
maintenance, refers to the manner in which LED's age and loose power over time. A
traditional approach is to design the lamp such that the over production of light at the
beginning of life of the lamp is the same as the reduction of light output at the designated
end of lifetime. For example, since a typical LED's lifetime 1s defined when 1ts power
drops by 30% relative to its initial value, an LED based lighting product will contain a
30% higher LED headcount to account for this lumen maintenance. Another factor in
LED headcount is the number of LED elements required to produce the desired beam
pattern that is emitted from the lamp. Still another factor in LED headcount is the total
output required from the lamp, with a lamp that requires a higher lumen output requiring
a higher LED headcount.

[0043]  Because LED Based lighting devices use a multiplicity of single LED
emitters, the resulting illumination pattern is the incoherent sum of the patterns of the
individual LEDs. For example, often illumination patterns are created using a pattern
that is the sum of the pattern of the multiplicity of LEDs that all point in the same
direction. In this case the output pattern of the ensemble of LEDs closely follows the
pattern of each individual LED. Other designs may use groups of LED elements that

have associated optics to provide a beam shape that, when combined with the output of
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other LED elements, provides a lamp output that meets specified criteria. Thus, the
overlapping beams from the discrete LED elements are used to create crude
approximations of the required illumination patterns. Generally, such designs provide a
central peak of the illumination pattern that is higher than necessary in order to lift the
light intensity at the outer edges of the 1llumination pattern to the minimum required
intensity. However, this creates a design that is significantly less than optimum with
respect to LED headcount. The present disclosure provides substantial gains through a
closer tailoring of the illumination pattern to the actual requirements of the luminare.

[0044] With reference now to Fig. 3, a graph of the basic outputs of an
uncollimated white LED and an uncollimated color LED are illustrated. As can be
observed, the relative luminous intensity is essentially of the form Cos(theta) where theta
is the angle from the defined propagation for the peak intensity of the LED. This type of
radiation pattern is often referred to as a Lambertian pattern. A key consideration in
working with LED beams is defining the width of the beam. For IESNA/ANSI/NEMA
definitions for Type B distributions the "Beam Angle" 1s defined as 50% of max. and the
"Field Angle" as 10% of max. These angles refer typically to a half angle. In the graph
of Fig. 3, the beam angle of the uncollimated LED would be approximately 50 degrees,
and the field angle would be approximately 20 degrees. The light intensity on a flat
surface a distance away from the source is arrived at by propagating the above angular
.distribution to the projection on the desired surface.

[0045]  With reference now to Fig. 4, a cross-sectional 1llustration of an array of
five LEDs, and associated collimating optics, 1s 1llustrated for an embodiment. The array
100, in this embodiment, includes five individual LEDs 104 that are mounted on
substrate 108. The substrate 108 includes interconnects that connect each LED 104 to an
associated power source (not illustrated). The substrate 108 may also include a heat
transfer mechanism, such as a heat sink, that acts to dissipate heat that 1s generated by the
LEDs 104. Collimating optics 112 are mounted on the substrate 108 and over each
associated LED 104 to provide an output light pattern from each LED 104 that 1s

collimated relative to a beam that would be produced without the collimating optics 112.
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The cross section of Fig. 4 illustrates a hybrid type design, where the central rays from
each LED 104 experience collimation via a refraction component 116 and the outer rays
experience collimation via a reflection component 120. Such optical components are
known in the art, and a refraction component may include optical lenses that act to refract
light in a desired pattern, and a reflection component may include a reflective material
deposited to create a mirrored surface to reflect light in a desired pattern. In one
embodiment, the collimation of an LED 104 produces a beam angle in the 5% range In
another embodiment, an LED 104 produces a beam angle of about 2%. In the illustration
of Fig. 4, it should also be noted that the five optics are all pointing in the same direction,
and will have a distant profile whose intensity profile 1s the same as that of the individual
beams. As described with respect to Fig. 3, an LED without any secondary optics will
generally radiate the Cos(theta) or Lambertian pattern. Adding an optic with positive
power of the appropriate focal length and numerical aperture will act to collimate the
radiation pattern to create a beam with a divergence pattern that 1s narrower than the
pattern generated by the LED without any optics.

[0046] In order to understand the effect of collimation upon the far field intensity,
it is first noted that the uncollimated LED with a Lambertian radiation pattern has the

intensity profile:

Io =PT/2 [cos(0)]

Where PT is the Total emitted power. A collimated LED with have the profile:

Io =nPT/2 [cos(nb)]

A standard Lambertian Pattern has full-width half-maximum (FWHM) angle of 120°, and

a 5° FWHM collimated pattern will have an n=24. Thus, in the embodiment of Fig. 4,

each of the LEDs in the array provides an intensity as defined in the equation for the

collimated LED.
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[0047] With reference now to Fig. 5, a perspective illustration of the array 150 of
LED elements is discussed for an embodiment. In this embodiment, an array of five
LEDs 154 are mounted on a substrate 158. Similarly as described above with respect to
Fig. 4, the substrate 158 includes interconnects that connect each LED 154 to an
associated power source (not illustrated). The substrate 158 may also include a heat
transfer mechanism, such as a heat sink, that acts to dissipate heat that 1s generated by the
LEDs 154. Collimating optics 162 are mounted on the substrate 158 and over each
associated LED 154 to provide an output light pattern from each LED 154 that 1s
collimated relative to a beam that would be produced without the collimating optics 162.
In this embodiment, in order to provide additionai shaping of the LED 154 output, frensel
type lenses 166 are attached to the collimating optics 162 to further shape the collimated
light output. These snap-on lenses 166 types can create wider and oval type patterns.
Thus, the output of the array of LEDs 150 may be selected to provide an aggregate, or
synthesized, pattern that has desired characteristics.

[0048] Figure 6 is an illustration of a collimating optic component 162. The
collimating optic 162 includes lens portion 170 that is adapted to receive an LED hght
element 154. The lens 170 is mounted to a substrate using an adhesive pad 174, in this
embodiment. As described above, frensel type lenses may be attached to the lens 170 to
further shape the light output. As will be described in additional detail below, a low cost
lamp with a uniform output, which reduces the number of LED's required for a given
illumination, can be achieved by using an appropriate combination of uncollimated,
narrowly collimated, wide angle and/or oval projection LED beam patterns.

[0049] As discussed above with respect to Fig. 3, nearly all LED emitters have a
central lobe where the intensity of the emitted light is peak, and the intensity drops oft as
a function of angle away from the centerline. This is also the case for collimated and
shaped individual LED emitters. This central lobe can be thought of as a vector whose
direction coordinates in XYZ space describe the propagation direction of the central lobe,
and the magnitude of the vector is the peak intensity of the light. In the case of the

uncollimated LED, the central lobe vector would be at Zero degrees and have a
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magnitude equal to Pt/2. A collimated LED would have a similar direction and a
magnitude of nPt/2 where n 1s the degree of collimation, as described above.
[0050] When creating a lamp having a uniform illumination pattern, angular

intensity of a light element must also be considered. With reference to Fig. 7, a lamp at
height h illuminates a surface. For a given angle (0), the 1lluminated surface for that
angle will grow the farther one gets from the normal to the 1lluminated surface. For
uniform illumination, the angular intensity must follow the relationship:

h[tan(0 + 0/2) - tan(0 - 6/2)]
In typical lighting environments, the spacing of lamps 1s defined in terms of the lamp
height; 1.¢€. 1f the spacing between lamps 1s nh, then the maximum angle to be considered
1s where tan(0max )=n/2. The creation of a uniform illumination pattern will correspond
to a situation where the LED light propagated into an angle delta theta must increase by
the relationship shown above in order to provide the desired intensity of light.

[0051] In one embodiment, LED elements are selected for placement in a lamp
assembly so as to provide a desired output pattern. The lamp assembly itself, in this
embodiment, includes LEDs that are mounted on different surfaces to provide light
output from the LEDs 1n different directions. By selecting the light directions, in
conjunction with the uncollimated optics, narrowly collimated, wide angle and oval
projection LED beam patterns, a synthesized lamp output may be developed that provides
a uniform lighting pattern with a minimum number of LED elements. Such a lamp will
provide lighting on a surface at or above desired lighting levels, and have a cost that is
reduced based on the presence of few, if any, additional LED elements beyond the
minimum number required to provide the specified lighting levels throughout the desired
lighting area.

[0052] Such a LED lamp assembly 1s achieved, in one embodiment, by designing
the placement of LED elements to create the desired output light pattern. For LED
illumination, light intensities from individual LED elements add linearly through
incoherent additions. When designing LED layout, it 1s assumed that when the half-

intensity points of each beam match, the intensity between the two beams is nearly equal.
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In such an embodiment, as mentioned above, the output central lobe can be thought of as
a vector whose direction coordinates in XYZ space describe the propagation direction of
the central lobe, and the magnitude of the vector would correspond to the peak intensity
of the light. In one embodiment, an i1llumination pattern can be synthesized by creating a
surface such that the LED central lobe vectors are normal to this surface. For example,
Figs. 8 and 9 illustrate 2-dimensional surfaces having LED elements thereon that
illuminate different areas on an illuminated area. In the example of Fig. 8, a surface 200
includes five LED elements, A through E. In this example, each LED element, A-E,
includes collimating optics that collimate the beam output from each LED to provide a 5°
beam angle. The portions of the illuminated area are illustrated as areas Al through E1,
respectively, as illuminated by the corresponding LED element A through E. Figure 9
illustrates an embodiment where different optics are implemented on different LEDs on a
surface 250. In this embodiment, a first LED, illustrated as “A” 1s an uncollimated LED
with a beam angle of 20°, thus providing illumination to the portion A1 of the illuminated
area. A second LED, illustrated as “B” includes collimating optics to provide an LED
with a beam angle of 5°, thus providing illumination to the portion B1 of the 1lluminated
area. Similarly, a third LED, illustrated as “C” includes collimating optics to provide an
LED with a beam angle of 5°, thus providing illumination to the portion C1 of the
illuminated area. The remaining LEDs mounted to the surface 250 may be uncollimated,
or include collimating optics and/or spreading lenses, in order to provide a desired
intensity of light to the illuminated area with a consistent uniformity throughout the
illuminated area.

[0053] In such a manner, a LED based lamp may be produced that provides
desired optical illumination patterns. Modeling lamp output as a combination of vectors
can allow various techniques, such as creating a density and intensity of pointing vectors
in order to create the desired intensity pattern; selecting the density of converging vectors
to create desired intensity; and selecting the density of parallel vectors to provide tiling of
LED output. Of course, combinations of vectors may be used to create intensity

variations of both density and tiling. Furthermore, variations in shaping types in the LED
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array may be modeled as well. The 1deal pattern results in the optimal combination of
vectors based on: variation in direction of vectors; variation of density of vectors; and
variation in length (Intensity) of vectors.

[0054] With reference now to Fig. 10, another embodiment is described. Rather
than arrange LEDs on a lamp surface that has multiple vector directions, beam steering
optics in combination with LED elements are used to generate a desired illumination
pattern. In the example of Fig. 10, a surface 300 includes two LED elements 304, 308.
Each LED element has an associated beam steering optic, 312, 316, respectively. Thus,
the beam generated from LED 304 1s directed through beam steering optic 312 in a
desired direction. Similarly, the beam generated from LED 308 is directed through beam
steering optic 316 in a desired direction. A number of LED elements may be included on
a surface, with different LEDs, or groups of LEDs, associated with a specific beam
steering optic, to generate a synthesized illumination pattern that meets the needs of a
particular application. Furthermore, in other embodiments, both a lamp surface with
multiple vector directions, and beam steering optics, may be used in conjunction to
generate a desired 1llumination pattern.

[0055] In one embodiment, a pattern synthesis is used to determine a
configuration for a luminaire based on the desired output pattern from the luminaire.

This method is described schematically in Figure 11. In this embodiment, it is desired to
enhance the visibility of objects in the roadway. Since the purpose of roadway lighting is
not only to see the road but also see any objects that that might be in the road. Asis
understood in the art of roadway lighting, bidirectional luminaires normally used on
streets with no median and two way traffic create small target visibility (STV) by both
positive and negative contrast. Reversal of contrast normally occurs twice in the spacing
cycle, on a line beneath the luminaire and again about one third of the distance between
luminaires. With staggered arrangements the number of contrast reversals may increase.
It is desirable to reduce the number of times there is a reversal between positive and
negative contrast and to reduce the reversal area. In an area of positive contrast, the

target face should be made as bright as possible and the roadway surface against which it
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1s seen should be reasonably dark. In an area of negative contrast the reverse should be
true. It 1s desirable therefore to achieve the desired average pavement luminance with
luminance uniformity varying from close to the maximum permitted to the minimum
permitted. The choice of the correct luminaire distribution and spacing is very critical to
the achievement of high values of STV.

[0056] Referring again to Fig. 11, Lamps 320 having a mounting height of height
h, and separation d, are shown 1n relationship with respect to the direction of travel on a
roadway 324. The major extent of the illumination pattern before the light is illustrated
as X, and the major extent of the illumination pattern after the light is 1llustrated as y, and
the overlap between the lights 1s shown as z. The angle from the light to the ground away
from the post 1s defined as theta, with the light pole as theta = 0. A desired illumination
pattern will have major extent of the 1llumination pattern before the light such that the
distance x corresponds to an angle less than the angle that 1s visible by an oncoming
motorist. This will reduce glare experienced by a motorist traveling in the direction of
travel on the roadway surface 320. The major extent after the light y is limited by issues
such as excessive trespass and creating glare for motorists in the opposing lane.
Furthermore, target visibility 1s enhanced by minimizing the area of overlap z between
the lights. By careful control of the fall off area of the light this can be achieved. A
uniform illumination pattern will have an angular intensity described essentially as a
tangent function. In one embodiment, relatively narrow beams are employed to provide
this termination, a transition from the tan(theta) angular intensity line to a transition that
goes to zero as quickly as possible. This transition line should follow the beam pattern of
the outermost beam components of the light. The use of highly collimated beams as
defined by the pattern synthesis process can be employed to create the pattern termination
properties required for minimizing the veiling luminance, glare, and increasing target
visibility. A top plan view of an exemplary roadway 324 with lamps 320 and the areas x,
y, and z, 1s 1llustrated in Fig. 12.

[0057] The 1llustration of Fig. 12 1s well suited for use in applications where one

or more lanes of a roadway 324 have a single direction of travel. Such applications may
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include divided highways, and one-way thoroughfares. It has been found that the
optimum angle for directing light down a roadway (along the direction of travel) 1s
between sixty and seventy-six degrees, and more preferably between about seventy-two
degrees and seventy-six degrees. It has been found that the optimum angle for upstream
light (into the direction of travel) is between zero and about fifty degrees. Light emitted at
a higher angle against the flow of traffic 1s more likely to shine directly in the eyes of
drivers and create a safety hazard. In the embodiment of Fig. 11, LED modules are
configured within each lamp to provide light output at approximately 72 degrees in the
direction along the direction of travel, and about 45 degrees 1n the direction into the
direction of fravel.

[0058] In applications where two (or more) lanes of traffic having opposed
directions of travel are present on a roadway, lamps such as illustrated as lamps 320 in
Fig. 12 are less well suited, as traffic in one direction will have more glare and thus
reduced visibility of small targets. In another embodiment, illustrated in Fig. 13, each
luminaire outputs a light pattern in which the illuminated area on a roadway surface 350
is shifted based on the direction of travel for particular lanes in the roadway 350. In this
embodiment, a luminaire 354 outputs light along about a 72 degree angle along the
direction of travel for a first lane in the roadway 350, this 1lluminated area 1dentified as
area ‘a’ in Fig. 13. The luminaire 354 outputs light along about a 45 degree angle against
the direction of travel for the first lane, this illuminated area identified as area ‘b’ in Fig.
13. Similarly, the luminaire 354 outputs light along about a 45 degree angle against the
direction of travel for the second lane and along about a 72 degree angle against the
direction of travel for the second lane, these areas 1dentified as areas ‘c’ and ‘d’
respectively, in Fig. 13.

[0059] A design procedure to utilize pattern synthesis to design lighting fixtures
that achieve these desired output patterns includes several elements. In one embodiment,
photometric files that provide a model of light output for the LED package are provided.
Such files may be provided by the LED manufacturer, or generated by an optical

laboratory. The LED photometric files are used to make a lamp model. Next, a
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photometric file is generated for the LED in combination with any secondary optics. If
the necessary secondary optics are not available, they can be designed using modeling
surfacing or solid modeling software such as Rhino and Solidworks. A lighting
application software that predicts 1lluminance on horizontal and/or vertical surfaces from
luminaire systems, such as AGI32, i1s then used to aim the individual LED’s or LED
modules. Once the LED’s have been positioned and aimed, the lighting application
software calculates the system performance. Several iterations of this step may be
necessary to fine tune the aiming. At this point, a surfacing software may be used to
make what is called a disk or module. A disk or module, as referred to herein, is a
conglomeration of LED’s combined into and modeled as a single light source. The
surfacing software is then used to aim the disks per the diagram generated by the lighting
application software. Solid modeling software, such as Solidworks, 1s then used to model
a luminaire, that is the housing, lens, and other components. The photometric
performance of the new luminaire is then simulated. The luminaire model may then be
used in lighting application software, such as AGI32, to calculate the luminaire
performance in various lighting applications.

[0060] With reference now to Figs. 14 through 16, a LED based lamp assembly
of an embodiment is described. In this embodiment, the lamp assembly 400 includes a
surface 404 that has a number of different angled mounting surfaces 406 onto which LED
assemblies 408 are mounted. The lamp assembly 400 provides light output in the
direction of primary axis 410. LED assemblies 408, in this embodiment, are similar to
the LED arrays 100 and 150 as described previously with respect to Figs. 4 and 5. The
LLED assemblies 408, in this embodiment, include an array of five LED elements, and
may include collimating or other beam shaping optics associated with the LEDs. The
lamp assembly 400, of this embodiment, 1s designed to provide a replacement for
traditional 150 Watt metal halide type architectural street lights. The LED assemblies
408 include one type of standard LED, and in one embodiment the LED 1s a white LED
that operates at a current of approximately 500 to 600 mA and provides an output flux of
approximately 170 to 250 lumens.
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[0061] The LED assemblies 408, in an embodiment, include three types of
collimation, namely a 5 degree narrow beam, a 20 degree beam (uncollimated), and a 20
degree by 5 degree oval beam. The LED assemblies of this embodiment, as mentioned
above, include five LEDs, and provide tiling of the LED outputs. Such assemblies
provide simplified manufacturing by allowing a five-element array to be mounted to the
surface 404. However, it will be readily recognized that individual LEDs may be
mounted on a surface, or arrays of LEDs having differing numbers of LEDs on the array
may be employed. In another embodiment, the LED assemblies 408, each include a
collimator that collimates output light to a 2 degree narrow beam, and then a spreading
optic may be placed on the LED/collimator to spread the output light to a different
desired spread. In one such embodiment, each lamp assembly has a mounting height of
30 feet, and a distance between lamps of 6 mounting heights (180 feet), with each lamp
illuminating an area slightly greater than +/- 3 mounting heights up and down the
roadway from the location of the lamp. In this embodiment, LEDs pointing to an area
three mounting heights and greater (90+ feet) from the centerline of the lamp are not
coupled with any spreading lens. LEDs pointing to an area three between 2.5 and 3
mounting heights (75 to 90 feet) from the centerline of the lamp are coupled with a
spreading lens having a 5 degree spread. LEDs pointing to an area between 2 and 2.5
mounting heights (60 to 75 fees) from the centerline of the lamp are coupled with a
spreading lens having a 15 degree spread. LEDs pointing to an area three between 1 and
2 mounting heights (30 to 60 feet) from the centerline of the lamp are coupled with a
spreading lens having a 25 degree spread. Finally, LEDs pointing to an area three
between zero and 1 mounting heights (0 to 30 feet) from the centerline of the lamp are
coupled with a spreading lens having a 50 degree spread.

[0062] With reference now to Figs. 17 through 20, a LED based lamp assembly
500 of another embodiment is described. In this embodiment, the lamp assembly 500 1s a
“bell” shaped assembly that includes an exterior housing 504 and an exterior lens 508.
Several mounting subassemblies 512, 516, 520 are assembled within housing 504, each

subassembly 512, 516, 520 having a number of different angled mounting surfaces 524
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onto which LED assemblies 528 are mounted on one side, and heat dissipation devices
532 are mounfed on an opposite side. The lamp assembly 500 provides light output
within the area identified by dashed lines 410. LED assemblies 528, in this embodiment,
are similar to the LED arrays 100 and 150 as described previously with respect to Figs. 4
and 5. The LED assemblies 528, 1n this embodiment, include an array of five LED
elements, arranged in a 3/2 configuration, and may include collimating or other beam
shaping optics associated with the LEDs. The lamp assembly 500, of this embodiment, is
designed to provide a replacement for traditional 150 Watt metal halide type architectural
street lights. The LED assemblies 528 include one type of standard LED, and in one
embodiment the LED 1s a white LED that operates at a current of approximately 500 to
600 mA and provides an output flux of approximately 170 to 250 lumens. The LED
assemblies 528, of this embodiment, as mentioned above, include five LEDs, and provide
tiling of the LED outputs and simplified manufacturing by allowing a five-element array
to be mounted to the surface 524. However, 1t will be readily recognized that individual
LEDs may be mounted on a surface, or arrays of LEDs having differing numbers or
configurations of LEDs on the array may be employed.

[0063] In another embodiment, the LED assemblies 528, each include a
collimator that collimates output light to a 2 degree narrow beam, and then a spreading
optic may be placed on the LED/collimator to spread the output light to a different
desired spread. In one such embodiment, each lamp assembly has a mounting height of
30 feet, and a distance between lamps of 6 mounting heights (180 feet), with each lamp
illuminating an area slightly greater than +/- 3 mounting heights up and down the
roadway from the location of the lamp. In this embodiment, LEDs pointing to an area
three mounting heights and greater (90+ feet) from the centerline of the lamp are not
coupled with any spreading lens. LEDs pointing to an area three between 2.5 and 3
mounting heights (75 to 90 feet) from the centerline of the lamp are coupled with a
spreading lens having a 5 degree spread. LEDs pointing to an area between 2 and 2.5
mounting heights (60 to 75 fees) from the centerline of the lamp are coupled with a

spreading lens having a 15 degree spread. LEDs pointing to an area three between 1 and
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2 mounting heights (30 to 60 feet) from the centerline of the lamp are coupled with a
spreading lens having a 25 degree spread. Finally, LEDs pointing to an area three
between zero and 1 mounting heights (0 to 30 feet) from the centerline of the lamp are
coupled with a spreading lens having a 50 degree spread.

[0064]  As may be observed in the described embodiments, provided are
luminaries that provide several features, including a positive contrast roadway lighting
system having an asymmetric light distribution providing improved visibility with
reduced glare. The system meets IESNA RP-8-2000 and AASHTO freeway lighting
requirements and also meets a Mounting Height ratio of 5:1 or better for luminaire pole
spacing. Systems of some embodiments described herein provide improved visibility
with positive contrast and reduced uplight that reduces light pollution by achieving full
cutoff and reducing amount of light projected upward from the luminaires. Reduced
uplight is further achieved by having beams of light produced by the several light
elements in a cross pattern such that any stray light from light elements 1s contained
within lamp housings. Such reduced uplight, and reduced trespass that is provided by the
more directive and targeted output pattern, greatly reduces light pollution and helps
achieve “dark sky” goals that are present in many jurisdictions. Furthermore, lighting
systems of several embodiments save energy by providing better lamp utilization and
light output at higher vertical angles.

10065] In another embodiment, the present disclosure provides a method for
generating a desired illumination pattern from an LED based lamp. The method includes
determining an illumination pattern to be implemented. The i1llumination pattern may be
determined based on specifications for certain types of lighting applications, such as
minimum lighting requirements and minimum height of lamps, etc. The i1llumination
pattern may also be based on a custom set of criteria provided for a particular application.
For example, if the lamp is to be used as a street light, there are various specification for
street lighting that include minimum lighting requirements. In such cases, the relevant
specification is one factor in determining an illumination pattern. Another factor in

determining the illumination pattern 1s the height and spacing of lamp assemblies. The
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height and spacing of lamp assemblies may be determined based on specifications for
particular applications. For example, street lighting applications may have specifications
as to the maximum spacing between lamps, and minimum heights of lamps that are
located over a roadway. Alternatively, the height and spacing of lamp assemblies may be
determined after designing a lamp assembly and associated LED elements. For example,
a lamp assembly may be designed to provide a uniform illumination over a particular area
when placed at a particular height. In such a case, the spacing of lamp'assemblies 1S
determined based on the desired uniformity of lighting for the area to be illuminated.

[0066] The type, or types, of LED elements to be used in the lamp are selected,
and the illumination provided by the selected LED elements 1s determined for different
types of collimation and for different angles relative to a primary axis of the lamp
assembly. The uniformity of lighting is determined, including a minimum flux level for
the area to be illuminated. Next, a lamp surface 1s determined that includes a number of
different mounting surfaces having different angles with respect to the primary axis, such
that when LEDs are mounted to the mounting surfaces, the lamp will provide the desired
illumination pattern with the desired uniformity. The intensity and beam angle of the
light output from LED elements is selected to provide a uniform angular intensity.

[0067] The previous description of the disclosed embodiments 1s provided to
enable any person skilled in the art to make or use the present invention. Various
modifications to these embodiments will be readily apparent to those skilled 1n the art,
and the generic principles defined herein may be applied to other embodiments without
departing from the spirit or scope of the invention. Thus, the present invention is not
intended to be limited to the embodiments shown herein but is to be accorded the widest

scope consistent with the principles and novel features disclosed herein.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE PROPERTY
OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A lamp assembly, comprising:

a housing having a plurality of mounting surfaces, the plurality of mounting surfaces comprising
surfaces having a plurality of different angles relative to a first plane that 1s parallel to a surface
that 1s to be i1lluminated by the lamp assembly, the mounting surfaces comprising at least a first
plurality of mounting surfaces and a second plurality of mounting surfaces each having a
plurality of solid state light elements mounted therein, the first plurality of mounting surfaces
having smaller average angles relative to a second plane than the second plurality of mounting
surfaces, wherein the second plane 1s perpendicular to the first plane and intersects a centerline

of the housing having the first and second plurality of solid state elements; and

at least a subset of the plurality of solid state light elements providing light output along a
respective primary axis that intersects the second plane, the output of the solid state light
elements combining to provide a synthesized illumination pattern, wherein an angular intensity
of at least the first and second plurality of solid state light elements 1s determined based on the

different angles of intersection of the primary axis of each respective light element and the

second plane.

2. The lamp assembly of claim 1, wherein at least one of the plurality of solid state light
elements comprise a collimating component that collimates light produced by the associated

solid state light element.

3. The lainp assembly of claim 2, wherein the collimating component collimates light

output by the solid state light element to a beam angle of 5° or less.

1. The lamp assembly of claim 3, wherein the collimating component collimates light

output by the solid state light element to a beam angle of about 2°.
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5. The lamp assembly of claim 1, wherein the synthesized illumination pattern 1s generated

independently of any additional beam steering optics.

6.  The lamp assembly of claim 1, wherein the solid state light elements are light emitting
diodes.
7. The lamp assembly of claim 1, wherein light provided by the solid state light element is

collimated to provide an angular intensity that is substantially equivalent to the angular intensity

of the other of the plurality of solid state light elements.

8. The lamp assembly of claim 1, wherein the 1llumination pattern of the lamp assembly has

a uniformity greater than uniformity provided by incandescent or gas discharge lamps.

9. The lamp assembly of claim 1, wherein the illumination pattern 1s asymmetrical relative

to the lamp assembly.

10.  The lamp assembly of claim 1, wherein solid state light elements mounted on the first
plurality of mounting surfaces provide illumination for a first area of the illumination pattern,
and solid state light elements mounted on the second plurality of mounting surfaces provide

illumination for a second area of the i1llumination pattern.

11.  The lamp assembly of claim 10, wherein the first area is larger than the second area.
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12. A solid state lamp assembly, comprising:

a plurality of solid state light elements mounted to the lamp assembly, the lamp assembly
configured to provide an illumination pattern and having a primary axis extending from the lamp

~assembly to a surface to be illuminated by the lamp assembly;

a mounting surface comprising at least a first plurality of mounting surfaces and a second
plurality of mounting surfaces each having a plurality of solid state light elements mounted
therein, the first and second plurality of mounting surfaces each having a plurality of angles
relative to a first plane, and wherein the first plurality of mounting surfaces have smaller average
angles relative to the first plane than the second plurality of mounting surfaces, the light output
of the light elements configured to provide a synthesized illumination pattern, with a plurality of
solid state light elements mounted on the first and second plurality of mounting surfaces, each
providing light output along an output axis that is normal to the mounting surface, the output axis
of at least a subset of the plurality of the solid state light elements intersecting a second plane

containing the primary axis and a centerline of the lamp assembly; and

a plurality of secondary optics mounted to at least a subset of the plurality of solid state light
elements, each of the secondary optics configured to collimate the light output of the
corresponding solid state light element, and wherein the secondary optic for a particular light
element 1s selected to provide an angular intensity of the light output from the solid state light

element that 1s based on the respective angle of the plurality of different angles of intersection of

the light output and the primary axis.

13.  The lamp assembly, as claimed in claim 12, wherein the mounting surface comprises

more than five different angles relative to the primary axis.

14.  The lamp assembly, as claimed in claim 12, wherein the mounting surface comprises

more than 10 different angles relative to the primary axis.
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15.  The lamp assembly, as claimed in claim 12, wherein the sohid state hight elements include
collimating components that collimate light output from the light elements to beam angles of

less than approximately 5°.

16.  The lamp assembly, as claimed 1n claim 12, wherein the solid state light elements include
collimating components that are selected to provide uniform angular intensity throughout all of

the different angles of the mounting surfaces.

17.  The lamp assembly, as claimed in claim 12, wherein the output pattern 1s asymmetrical

relative to a center-line of the lamp assembly.

18.  The lamp assembly, as claimed in claim 17, wherein the asymmetrical output pattern
includes a first illumination area and a second illumination area that is smaller than the first

1llumination area.

19.  The lamp assembly, as claimed in claim 17, wherein the asymmetrical output pattern
includes a first i1llumination area and a second illumination area that 1s substantially the same

area as the first illumination area.

20.  The lamp assembly, as claimed in claim 19, wherein the first illumination area 1s offset

from the second illumination area.

21. A lamp assembly, comprising:

a housing having a primary axis extending from the lamp assembly to a surface to be illuminated
by the lamp assembly, the housing comprising a plurality of mounting surfaces comprising at
least a first plurality of mounting surfaces and a second plurality of mounting surfaces each

having a plurality of solid state light elements mounted therein, the first and second plurality of
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mounting surfaces each having a plurality of different angles relative to a first plane, wherein the
first plurality of mounting surfaces have smaller average angles relative to the first plane than the

second plurality of mounting surfaces, the light output of the light elements configured to

provide a synthesized illumination pattern;

a plurality of collimating components mounted to at least a subset of the solid state light

clements that collimate light output from respective light elements; and

a plurality of spreading optics mounted to at least a subset of the collimating components that
spread the light output from the collimating component to a beam width selected based on a
distance from the respective one of the light element to an object to be illuminated by the
plurality of solid state light elements and an angle of intersection between the corresponding
beam and the primary axis, wherein an angular intensity is determined for at least a portion of the
plurality of solid state light elements of each of the first and second plurality of mounting
surfaces based on the plurality of different angles of intersection of the primary axis of each

respective light element and the first plane.

22.  The lamp assembly of claim 21, wherein each of the plurality of solid state light elements

provides a beam of light, the plurality of beams from the plurality of solid state light elements

combining to provide a synthesized illumination pattern.

23. The lamp assembly, as claimed 1n claim 21, wherein the plurality of mounting surfaces

comprise at least five different mounting surfaces each having different angles relative to the

primary axis.

24, The lamp assembly, as claimed in claim 21, wherein the plurality of mounting surfaces

comprise at least ten different mounting surfaces each having different angles relative to the

primary axis.
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25. The lamp assembly, as claimed in claim 21, wherein the collimating components

collimate light output from the plurality of solid state light elements to beam angles of less than

approximately 5°.

26. A method for generating a desired illumination pattern from a solid state lighting

assembly, comprising:

modeling light output from a plurality of different solid state light elements as a vector having a
direction and a length, the direction of each vector determined based on the pointing of a central
lobe of the respective light element output, and the length of each vector determined based on an

intensity of peak i1llumination of the solid state light element;
determining a desired intensity pattern that 1s to be output from the lighting assembly;

determining the direction and length of a plurality of pointing vectors to achieve the desired

Iintensity pattern; and

determining a configuration of a plurality of mounting surfaces in a housing for the lighting
assembly based on the determined direction and length of the plurality of pointing vectors, the
mounting surfaces comprising at least a first plurality of mounting surfaces and a second
plurality of mounting surfaces each having a plurality of solid state light elements mounted
therein, the first and second plurality of mounting surfaces each having a plurality of different
angles relative to a first plane, wherein the first plurality of mounting surfaces have smaller
average angles relative to the first plane than the second plurality of mounting surfaces, the light
output of the light elements configured to provide a synthesized 1llumination pattern, wherein the
desired intensity pattern 1s determined for at least a subset of the plurality of solid state light
elements of each of the first and second plurality of mounting surtaces based on the plurality of

different angles of intersection of the pointing vector of each respective light element and the

first plane.

27. The method of claim 26, wherein each solid state light element and associated

collimating element are selected for each mounting surface based on the length of the associated

pointing vector.
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28.  The method of claim 27, wherein an angle of the surface to which the solid state light

element 1s mounted 1s determined based on the direction of the associated pointing vector.

29.  The method of claim 26, wherein the desired intensity pattern has a uniformity of density

of greater than uniformity provided by incandescent or gas discharge lamps.

30. The method of claim 26, wherein the pointing vectors include vectors in at least five

different directions.

31.  The method of claim 26, wherein the pointing vectors include vectors in at least ten

different directions.
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