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FIG. 1

(57) Abrégé/Abstract:

An emitter module for a light-emitting diode (LED) light source may comprise a substrate, and a plurality of emitters mounted to the
substrate, where each emitter is configured to produce illumination at a different wavelength, and the number of emitters is greater
than four (e.g., five emitters). The emitter module may also comprise a dome mounted to the substrate and encapsulating the
plurality of emitters. Each of the plurality of emitters is arranged such that a center of the emitter is located on a circular center line
that has a center that is the same as a center of the dome. Each of the plurality of emitters is located on a different primary radial
axis of the emitter module. Each of the primary radial axes of the emitter module is equally spaced apart by an offset angle. The
emitter module may also comprise an additional one of each of the emitters at each of the different wavelengths (e.g., ten total
emitters).
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(57) Abstract: An emitter module for a light-emitting diode (LED)
light source may comprise a substrate, and a plurality of emitters
mounted to the substrate, where each emitter is configured to pro-
duce illumination at a different wavelength, and the number of emit-
ters is greater than four (e.g., five emitters). The emitter module may
also comprise a dome mounted to the substrate and encapsulating
the plurality of emitters. Each of the plurality of emitters is arranged
such that a center of the emitter is located on a circular center line
that has a center that is the same as a center of the dome. Each of
the plurality of emitters is located on a different primary radial axis
of the emitter module. Each of the primary radial axes of the emitter
module is equally spaced apart by an offset angle. The emitter mod-
ule may also comprise an additional one of each of the emitters at
each of the different wavelengths (e.g., ten total emitters).
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LIGHT SOURCE HAVING MULTIPLE DIFFERENTLY-COLORED EMITTERS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Patent Application No. 62/780,681, filed

December 17, 2017, the entire disclosure of which is incorporated by reference herein.

BACKGROUND

[0001] Lamps and displays using efficient light sources, such as light-emitting diodes (LED)
light sources, for illumination are becoming increasingly popular in many different markets. LED
light sources provide a number of advantages over traditional light sources, such as incandescent and
fluorescent lamps. For example, LED light sources may have a lower power consumption and a
longer lifetime than traditional light sources. In addition, the LED light sources may have no
hazardous materials, and may provide additional specific advantages for different applications.
When used for general illumination, LED light sources provide the opportunity to adjust the color
(e.g., from white, to blue, to green, etc.) or the color temperature (e.g., from warm white to cool

white) of the light emitted from the LED light sources to produce different lighting effects.

[0002] A multi-colored LED illumination device may have two or more different colors of
LED emission devices (e.g., LED emitters) that are combined within the same package to produce
light (e.g., white or near-white light). There are many different types of white light LED light
sources on the market, some of which combine red, green, and blue (RGB) LED emitters; red, green,
blue, and yellow (RGBY) LED emitters; phosphor-converted white and red (WR) LED emitters; red,
green, blue, and white (RGBW) LED emitters, efc. By combining different colors of LED emitters
within the same package, and driving the differently-colored emitters with different drive currents,
these multi-colored LED illumination devices may generate white or near-white light within a wide
gamut of color points or correlated color temperatures (CCTs) ranging from warm white (e.g.,
approximately 2600K-3700K), to neutral white (e.g., approximately 3700K-5000K) to cool white

(e.g., approximately S000K-8300K). Some multi-colored LED illumination devices also may enable
-1-
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the brightness (e.g., intensity or dimming level) and/or color of the illumination to be changed to a
particular set point. These tunable illumination devices may all produce the same color and color
rendering index (CRI) when set to a particular dimming level and chromaticity setting (e.g., color set

point) on a standardized chromaticity diagram.

SUMMARY

[0003] As described herein, an emitter module for a light-emitting diode (LED) light source
may comprise a substrate, and a plurality of emitters mounted to the substrate, where each emitter is
configured to produce illumination at a different wavelength, and the number of emitters is greater
than four (e.g., five emitters). The emitter module may also comprise a dome mounted to the
substrate and encapsulating the plurality of emitters. Each of the plurality of emitters is arranged
such that a center of the emitter is located on a circular center line that has a center that is the same
as a center of the dome. Each of the plurality of emitters is located on a different primary radial axis
of the emitter module. Each of the primary radial axes of the emitter module is equally spaced apart

by an offset angle.

[0004] As further described herein, an emitter module for an LED light source may
comprises a substrate, and a plurality of emitters mounted to the substrate, where the plurality of
emitters includes a number of pairs of emitters configured to produce illumination at a different
wavelength with the emitters of each pair of emitter configured to produce illumination at the same
wavelength and the number of pairs of emitters being greater than four (e.g., five pairs of emitters).
The emitter module may also comprise a dome mounted to the substrate and encapsulating the
plurality of emitters. A first emitter of each of the pairs of emitters may be arranged such that a
center of the respective emitter is located on a first circular center line that has a center that is the
same as a center of the dome. A second emitter of each of the pairs of emitters may be arranged
such that a center of the respective emitter is located on a second circular center line that has a center
that is the same as a center of the dome. The second circular center line may have a radius that is
bigger than a radius of the first circular center line. Each of the plurality of emitters arranged on the
first circular center line may be located on a different primary radial axis of the emitter module.

Each of the plurality of emitters arranged on the second circular center line may be located on a

.
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different secondary radial axis of the emitter module. Each of the primary radial axes of the emitter
module may be equally spaced apart by an offset angle. The primary radial axis of the first emitter
of each pair of emitters may extend in the opposite direction of the secondary radial axis of the

second emitter of the respective pair of emitters.

[0005] Further, an emitter module for an LED light source may comprise a substrate, and a
plurality of emitters mounted to the substrate, where the plurality of emitters includes a number of
sets of emitters configured to produce illumination at a different wavelength with the emitters of
each set of emitter configured to produce illumination at the same wavelength and the number of sets
of emitters being greater than four (e.g., five sets of emitters). The emitter module may also
comprise a dome mounted to the substrate and encapsulating the plurality of emitters. A first emitter
of each of the sets of emitters may arranged such that a center of the respective emitter is located on
a first circular center line that has a center that is the same as a center of the dome. A second emitter
of each of the sets of emitters may be arranged such that a center of the respective emitter is located
on a second circular center line that has a center that is the same as a center of the dome. The second
circular center line may have a radius that is bigger than a radius of the first circular center line.

Each of the plurality of emitters arranged on the first circular center line may be located on a
different primary radial axis of the emitter module. Each of the plurality of emitters arranged on the
second circular center line may be located on a different secondary radial axis of the emitter module.
Each of the primary radial axes of the emitter module may be equally spaced apart by an offset
angle. The primary radial axis of the first emitter of each set of emitters may extend in the opposite
direction of the secondary radial axis of the second emitter of the respective set of emitters. Third
and fourth emitters of each of the sets of emitters may be arranged such that a center of the
respective emitter is located on a third circular center line that has a center that is the same as a
center of the dome. The third circular center line may have a radius that is bigger than the radius of

the second circular center line.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 is a simplified perspective view of an example light source.

_3-
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[0007] FIG. 2 is an exploded view of another example light source.

[0008] FIGs. 3A-5B are top views of example emitter modules.

[0009] FIG. 6 is a simplified block diagram of an example controllable lighting device.
DETAILED DESCRIPTION

[0010] FIG. 1 is a simplified perspective view of an example illumination device, such as a

light source 100 (e.g., an LED light source). The light source 100 may have a parabolic form factor
and may be a parabolic aluminized reflector (PAR) lamp. The light source 100 may include a
housing 110 and a lens 112 (e.g., an exit lens), through which light from an internal lighting load
(not shown) may shine. The lamp 100 may include a screw-in base 114 that may be configured to be
screwed into a standard Edison socket for electrically coupling the lamp 100 to an alternating-current

(AC) power source.

[0011] FIG. 2 is an exploded view of another example light source 200 (e.g., a LED light
source) having a parabolic form factor (e.g., which may have a similar assembly as the light

source 100 shown in FIG. 1). The light source 200 may comprise an emitter housing 210 that
includes a heat sink 212 and a reflector 214 (e.g., a parabolic reflector), and a lens 216 (e.g., an exit
lens). The light source 200 may comprise a lighting load, such an emitter module 220, that may
include one or more emission light-emitting diodes (LEDs). The emitter module 220 may be
enclosed by the emitter housing 210 and may be configured to shine light through the lens 216. The
lens 216 may be made of any suitable material, for example glass. The lens 216 may be transparent
or translucent and may be flat or domed, for example. The reflector 214 may shape the light
produced by the emission LEDs within the emitter module 220 (e.g., into an output beam). The
reflector 216 may comprise planar facets 218 (e.g., lunes) that may provide some randomization of
the reflections of the light rays emitted by the emitter module 220 prior to exiting light source 220
through the lens 216. The lens 216 may comprises an array of lenslets (not shown) formed on both
sides of the lens. An example of a light source having a lens with lenslets is described in greater

detail in U.S. Patent No. 9,736,895, issued August 15, 2017, entitled COLOR MIXING OPTICS

-4 -
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FOR LED ILLUMINATION DEVICE, the entire disclosure of which is hereby incorporated by

reference.

[0012] The light source 200 may comprise a driver housing 230 that may be configured to
house a driver printed circuit board (PCB) 232 on which the electrical circuitry of the light source
may be mounted. The light source 200 may include a screw-in base 234 that may be configured to
be screwed into a standard Edison socket for electrically coupling the light source 200 to an
alternating-current (AC) power source. The screw-in base 234 may be attached to the driver
housing 230 and may be electrically coupled to the electrical circuitry mounted to the driver

PCB 232. The driver PCB 232 may be electrically connected to the emitter module 120, and may
comprise one or more drive circuit and/or one or more control circuits for controlling the amount of
power delivered to the emitter LEDs of the emitter module 220. The driver PCB 232 and the emitter

module 220 may be thermally connected to the heat sink 212.

[0013] FIG. 3A is a top view of an example emitter module 300 (e.g., the emitter module 220
of the light source 200). FIG. 3B is a top view of the emitter module 300 of FIG. 3A illustrating a
number of radial axes of the emitter module. The emitter module 400 may comprise a plurality of
emitters 310A-310E (e.g., emission LEDs) of N different colors (e.g., N differently-colored emitters.
The emitter module 400 may also comprise a plurality of detectors 312 (e.g., detection LEDs). For
example, the emitter module 300 may comprise five emitters 310A-310E and two detectors 312 as
shown in FIG. 3A. The emitters 310A-310E and the 312 may be mounted on a substrate 314 and
encapsulated by a primary optics structure, such as a dome 316. The emitters 310A-310E, the
detectors 312, the substrate 314, and the dome 316 may form an optical system. The

emitters 310A-310E may be located as possible together in the center of the dome 326, so as to
approximate a centrally-located point source. The detectors 312 may be any device that produces
current indicative of incident light, such as a silicon photodiode or an LED. For example, the
detectors 312 may each be an LED having a peak emission wavelength in the range of
approximately 550 nm to 700 nm, such that the detectors 312 may not produce photocurrent in

response to infrared light (e.g., to reduce interference from ambient light). For example, the
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detectors 312 may comprise a red LED and a green LED, which may each be used to measure a

respective luminous flux of the light emitted by one of more of the LEDs of the emitters 310.

[0014] Each of the emitters 310A-310E may be configured to produce illumination at a
different peak emission wavelength (e.g., emit light of different colors), and are labeled with A-E in
FIGs. 3A and 3B to illustrate the different colors (e.g., red, green, blue-purple, yellow, and cyan). In
addition, the emitter module 400 could include emitters of other sets of five differing colors, for
example, red, amber, green, cyan, and blue emitters, or deep red, orange, yellow, green, and blue
emitters. The emitters 310A-310E may be arranged such that a center of each of the emitters 310 is
located on a circular center line L that may have a center that is the same as a center of the

dome 326 of the emitter module 300. The circular center line L; may be characterized by a radius ri.
The emitters 310A-310E may be oriented at angles with respect to each other. Each of the

emitters 310A-310E may be oriented at an offset angle Oorr with respect to the adjacent emitters
(e.g., Borr = 360°/N, where N is the number of emitters 310A-310E in the emitter module 300). For
example, when the emitter module 300 has five emitters 310, the offset angle Oorr may be

approximately 72°.

[0015] Each of the emitters 310A-310E of the emitter module 300 may be located on a
different radial axis of the emitter module. A radial axis of the emitter module 300 is an axis that
starts at the center of the dome 316 and extends outward. The emitters 310A-310B may be located
on respective primary radial axes ai- as of the emitter module 300. Each of the primary radial

axes ai- as of the emitter module 300 may be spaced apart (e.g., equally space apart) by
approximately the offset angle 8opr. The first emitter 310A may be located on a first primary radial
axis a1, and may be oriented in line with (e.g., at the same angle as) the first primary radial axis (e.g.,
the sides of the first emitter may be parallel and/or perpendicular with the first primary radial axis)
as shown in FIG. 3B. Each of the other emitters 310B-310E may be located on a respective primary
radial axis o2-0s, where each additional primary radial axis is offset by an angle 0, from the first
primary radial axis o1 (e.g., On = (n-1)-0orr, where n ranges from two to N). For example, as shown
in FIG. 3B, the second emitter 310B may be located on a second primary radial axis oz that is offset

from the first primary radial axis a1 by an angle 02 of 72° (e.g., the offset angle Oorr); the third

-6 -
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emitter 310C may be located on a third primary radial axis as that is offset from the first primary
radial axis ou by an angle 03 of 144° (e.g., 2-0orr); the fourth emitter 310D may be located on a
fourth primary radial axis a4 that is offset from the first primary radial axis a1 by an angle 64 of 216°
(e.g., 3-00rFF); and the fifth emitter 310E may be located on a fifth primary radial axis as that is offset
from the first primary radial axis a1 by an angle 05 of 288° (e.g., 4-0orr). Each of the

emitters 310A -310E may be oriented in line with (e.g., at the same angle as) the respective primary
radial axis oi- o5 (e.g., the emitter may have sides that are perpendicular and/or parallel to the
respective primary radial axis). The emitters 310A-310E may be located as close as possible to each

to other, resulting in inner sides of the emitters 310A-310E form a pentagon as shown in FIG. 3A.

[0016] FIG. 4A is a top view of another example emitter module 400 (e.g., the emitter
module 220 of the light source 200). FIG. 4B is a top view of the emitter module 400 of FIG. 4A
illustrating a number of radial axes of the emitter module. The emitter module 400 may comprise a
plurality of emitters 410A-410E (e.g., emission LEDs) of N different colors. For example, the
emitter module 400 may comprise the same number of different colors of emitters 410A-410E (e.g.,
five different colors) as the emitter module 300 of FIGs. 3A and 3B. The emitter module 400 may
comprise twice as many total emitters 410A-410E (e.g., ten total emitters) as the emitter module 300
of FIGs. 3A and 3B. In other words, the emitter module 400 may comprise five pairs of
differently-colored emitters 410A-410E, where the emitters of each pair produce illumination at the
same peak emission wavelength (e.g., emit light of the same color). The emitter module 400 may
also comprise a plurality of detectors 412 (e.g., detection LEDs), such as two detectors 412 as shown
in FIGs. 4A and 4B. The emitters 410A-410E and the detectors 412 may be mounted on a

substrate 414 and encapsulated by a primary optics structure, such as a dome 416. The

emitters 410A-410E, the detectors 412, the substrate 414, and the dome 416 may form an optical
system. The emitters 410A-410E may be located as possible together in the center of the dome 416,

so as to approximate a centrally located point source.

[0017] The emitter module 400 may comprise five emitters 4 10A-410E (e.g., one of each
pair of emitters) that are located and arranged in the same manner as the emitters 310A-310E of the

emitter module 300 of FIGs. 3A and 3B. For example, the first five emitters 410A-410E may be

-7 -
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arranged such that a center of each of those emitters 410A-410E may be located on the first circular
center line L1 and on the respective primary radial axis ai- as, and oriented at the same angle as the
respective primary radial axis ai- as. The second five emitters 410A-410E (e.g., the other emitters
of the pairs of emitters) may be arranged such that a center of each of those emitters 410A-410E may
be located on a second circular center line L», which may be characterized by a radius r2 that may be
greater than the radius 11 of the first circular center line L;. The second circular center line L, may

have a center that is the same as the center of the dome 416 of the emitter module 400.

[0018] Each of the emitters 410A-410E that are arranged on the secondary center line L
may be located on a respective secondary radial axis Bi- s that may extend in an opposite direction
as the respective primary radial axis a1- o5 (e.g., the primary radial axis and the secondary radial axis
of each pair of emitters are 180° apart). Each of the secondary radial axes Bi- Bsof the emitter
module 400 may be equally spaced apart by the offset angle 6orr. Each of the primary radial

axes 0.1- a5 may be spaced apart from the adjacent secondary radial axes B1- 5 by a half-offset

angle On.orr (e.g., Borr = 180°/N or 36° when N = 5). Each of the emitters 410A-410E located on
the respective secondary radial axes Bi- Bs may be oriented in line with (e.g., at the same angle as)
the respective secondary radial axis Bi- s (e.g., the emitter may have sides that are perpendicular
and/or parallel to the respective radial axis). As such, the emitters 410A-410E of each pair of

emitters may have the same orientation and may be located on a diameter line of the dome 416.

[0019] The emitters 410A-410E of each pair of emitters (e.g., emitters having the same
color) may be located on opposite sides of the dome 416 (e.g., opposites sides of the center of the
dome 416), and may be spaced apart by a distance equal to the sum of the radius r1 of the first
circular center line L and the radius r2 of the second circular center line L. The

emitters 410A-410E positioned along the second circular center line L> may be located as close as
possible to the emitters that are positioned along the first circular center line L;. The

emitters 410A-410E positioned along the second circular center line L> may be located in gaps
formed between adjacent ones of the emitters positioned along the first circular center line Li. For

example, the emitter 410A positioned along the second circular center line L> may be located in a
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gap formed between the emitters 410C, 410D that are positioned along the first circular center

line L;.

[0020] The emitters 410A-410E of each pair of emitters may be electrically coupled together
in series to form a “chain” of emitters (e.g., series-coupled emitters). The emitters 410A-410E of
each chain may conduct the same drive current and may produce illumination at the same peak
emission wavelength (e.g., emit light of the same color). The emitters 410A-410E of different
chains may emit light of different colors. For example, the emitter module 400 may comprise five

differently-colored chains of emitters 410A-410E (e.g., red, green, blue-purple, yellow, and cyan).

[0021] FIG. 5A is a top view of another example emitter module 500 (e.g., the emitter
module 220 of the light source 200). FIG. 5B is a top view of the emitter module 500 of FIG. 5A
illustrating a number of radial axes of the emitter module. The emitter module 500 may comprise a
plurality of emitters 510A-510E (e.g., emission LEDs) of N different colors (e.g., five different
colors). The emitter module 500 may comprise twice as many total emitters S10A-510E (e.g.,
twenty total emitters) as the emitter module 400 of FIGs. 4A and 4B. The emitter module 500 may
comprise five sets of differently-colored emitters 510A-510E, where each set of emitters comprises
four emitters that produce illumination at the same peak emission wavelength (e.g., emit light of the
same color). The emitters S10A-510B of each set of emitters may have the same orientation (e.g., as
will be described below). The emitter module 500 may also comprise a plurality of detectors 512
(e.g., detection LEDs), such as two detectors 512 as shown in FIGs. 5A and 5B. The

emitters 510A-510E and the detectors 512 may be mounted on a substrate 514 and encapsulated by a
primary optics structure, such as a dome 516. The emitters S10A-510E, the detectors 512, the
substrate 514, and the dome 516 may form an optical system. The emitters 510A-510E may be
located as possible together in the center of the dome 516, so as to approximate a centrally located

point source.

[0022] Ten of the emitters 510A-510E of the emitter module 500 may be located and
arranged in the same manner as the emitters 410A-410E of the emitter module 400 of FIGs. 4A
and 4B. For example, five emitters 510A-510E may be arranged such that a center of each of those

emitters 510A-510E may be located on the first circular center line L1 and on the respective primary

-9._



CA 03123580 2021-06-15

WO 2020/131969 PCT/US2019/066992

radial axis ai- os, and oriented at the same angle as the respective primary radial axis a1- as. In
addition, five emitters 510A-510E may be arranged such that a center of each of those

emitters 510A-510E may be located on the second circular center line L and on the respective
secondary radial axis Pi- Bs, and oriented at the same angle as the respective secondary radial

axis PBi- Bs.

[0023] The remaining ten emitters S10A-510E of the emitter module 500 may be arranged
such that a center of each of those emitters 510A-510E may be located on a third circular center

line L3, which may be characterized by a radius r3 that may be greater than the radius r2 of the
second circular center line L2. The third circular center line L3 may have a center that is the same as
the center of the dome 416 of the emitter module 400. There may be two emitters S10A-510E of
each color located on the third circular center line Ls. These two emitters S10A-510E of each color
located on the third circular center line L3 may have the same orientation as the other two emitters of
the same color (e.g., those emitters of the same color located on the first circular center line L1 and
the second circular center line L2). Each pair of emitters 5S10A-510E of the same color on the third
circular center line L3 may be located at approximately opposite sides of the third circular center

line Ls. As aresult, one emitter 510A-510E of each of the other colors may be located on the third
circular center line L3 between each pair of oppositely-located emitters of the same color on the third

circular center line L.

[0024] Each pair of emitters 5S10A-510E of the same color on the third circular center line L3
may be located on a straight center line that may be perpendicular to the respective primary radial
axis ai- as of the emitter of the same color on the first circular center line L1 (e.g., and thus
perpendicular to the respective secondary radial axis Bi- Bs of the emitter of the same color on the
second circular center line L2). For example, as shown in FIG. 5D, the pair of emitters 510A on the
third circular center line L3 may be located on a straight center line L4 that may be perpendicular to
the first primary radial axis a1 of the emitter S10A on the first circular center line L1 (e.g., and thus
perpendicular to the first secondary radial axis 1 of the emitter 510A on the second circular center

line L2). One of each of the other emitters 510B-510E may be located on the third circular center
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line L3 between the emitters 510A on each half of the third circular center line Lz as shown in

FIGs. 5A and 5B.

[0025] Each of the emitters 510A-510E located on the third circular center line L3 may be
located adjacent to another emitter of a different color (e.g., to form five pairs of differently-colored
emitters on the third circular center line L3). Each pair of adjacent emitters 510A-510E on the third
circular center line L3 may be oriented at slightly different angles, and may be centered around one
of the primary radial axes o1- os. The emitters SI0A-510E on the third circular center line L3 may be
located as close as possible to the emitters on the second circular center line L,. Each pair of
adjacent emitters S10A-510E on the third circular center line L3 may be located in gaps formed
between differently-colored emitters positioned along the first circular center line L; and the second
circular center line L. For example, the emitters 510B, S510E on the third circular center line L3 may
be located in a gap formed between the emitters S10A, 510C, 510D (e.g., there is one emitter of each

color in this group of five emitters).

[0026] The emitters 510A-410E of each set of emitters may be electrically coupled together
in series to form a “chain” of emitters (e.g., series-coupled emitters). The emitters S10A-510E of
each chain may conduct the same drive current and may produce illumination at the same peak
emission wavelength (e.g., emit light of the same color). The emitters 510A-510E of different
chains may emit light of different colors. For example, the emitter module 500 may comprise five

differently-colored chains of emitters 510A-510E (e.g., red, green, blue-purple, yellow, and cyan).

[0027] FIG. 6 is a simplified block diagram of a controllable electrical device, such as a
controllable lighting device 600 (e.g., the light source 100 shown in FIG. 1 and/or the light

source 200 shown in FIG. 2). The controllable lighting device 600 may comprise one or more
emitter modules 610 (e.g., the emitter modules 300, 400, 500 shown in FIGs. 3A-5B). For example,
if the controllable lighting device 600 is a PAR lamp (e.g., as shown in FIGs. 1 and 2), the
controllable lighting device comprise a single emitter module 610. The emitter module 410 may
comprise one or more emitters 611, 612, 613, 614, 615. Each emitter 611-615 is shown in FIG. 4 as
a single LED, but may each comprise a plurality of LEDs connected in series (e.g., a chain of

LEDs), a plurality of LEDs connected in parallel, or a suitable combination thereof, depending on
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the particular lighting system. In addition, each emitter 611-615 may comprise one or more organic
light-emitting diodes (OLEDs). For example, the first emitter 611 may represent a chain of red
LEDs, the second emitter 612 may represent a chain of green LEDs, the third emitter 613 may
represent a chain of blue-purple LEDs, the fourth emitter 614 may represent a chain of yellow LEDs,
and the fifth emitter 615 may represent a chain of cyan LEDs. The emitters 611-615 may be
controlled to adjust an intensity (e.g., a luminous flux) and/or a color (e.g., a color temperature) of a
cumulative light output of the controllable lighting device 600. The emitter module 610 may also
comprise one or more detectors 616, 618 (e.g., photodiodes, such as a red LED and a green LED)
that may produce respective photodiode currents Ipp1, Ipp2 (e.g., detector signals) in response to
incident light. While two detectors 616, 618 are shown in FIG. 6, the emitter module 610 may

comprise less or more detectors.

[0028] The controllable lighting device 600 may comprise a power converter circuit 620,
which may receive a source voltage, such as an AC mains line voltage Vac, via a hot connection H
and a neutral connection N, and generate a DC bus voltage Vsus (e.g., approximately 15-20V) across
a bus capacitor Cgus. The power converter circuit 620 may comprise, for example, a boost
converter, a buck converter, a buck-boost converter, a flyback converter, a single-ended primary-
inductance converter (SEPIC), a Cuk converter, or any other suitable power converter circuit for
generating an appropriate bus voltage. The power converter circuit 620 may provide electrical
isolation between the AC power source and the emitters 611-614, and may operate as a power factor
correction (PFC) circuit to adjust the power factor of the controllable lighting device 600 towards a

power factor of one.

[0029] The controllable lighting device 600 may comprise one or more emitter module
interface circuits 630 (e.g., one emitter module interface circuit per emitter module 610 in the
controllable lighting device 600). The emitter module interface circuit 630 may comprise an LED
drive circuit 632 for controlling (e.g., individually controlling) the power delivered to and the
luminous flux of the light emitted of each of the emitters 611-615 of the respective emitter
module 610. The LED drive circuit 632 may receive the bus voltage Vpus and may adjust

magnitudes of respective LED drive currents I ep1, ILep2, ILED3, ILED4, ILEDS conducted through the
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LED light sources 611-615. The LED drive circuit 632 may comprise one or more regulation
circuits (e.g., five regulation circuits), such as switching regulators (e.g., buck converters) for

controlling the magnitudes of the respective LED drive currents I ep1-ILEDs.

[0030] The emitter module interface circuit 630 may also comprise a receiver circuit 334 that
may be electrically coupled to the detectors 616, 618 of the emitter module 610 for generating
respective optical feedback signals Vrs1, Ves2 in response to the photodiode currents Ipp1, Ipp2. The
receiver circuit 634 may comprise one or more trans-impedance amplifiers (e.g., two
trans-impedance amplifiers) for converting the respective photodiode currents Ippi1, Ipp2 into the
optical feedback signals Vg1, Vrs2. For example, the optical feedback signals Vg1, Vrs2 may have

DC magnitudes that indicate the magnitudes of the respective photodiode currents Ippi1, Ipp2.

[0031] The emitter module interface circuit 630 may also comprise an emitter module
control circuit 636 for controlling the LED drive circuit 332 to control the intensities of the

emitters 611-614 of the emitter module 610. The emitter module control circuit 636 may comprise,
for example, a microprocessor, a microcontroller, a programmable logic device (PLD), an
application specific integrated circuit (ASIC), a field-programmable gate array (FPGA), or any other
suitable processing device or controller. The emitter module control circuit 636 may generate one or
more drive signals Vpri, Vbr2, VDr3, VDr4, VDrs for controlling the respective regulation circuits in
the LED drive circuit 632. The emitter module control circuit 336 may receive the optical feedback
signals Veg1, Veg2 from the receiver circuit 634 for determining the luminous flux Lg of the light
emitted by the emitters 611-614. The emitter module control circuit 636 may have one or more gain
compensation circuits 638 that may receive the respective optical feedback signals Vg1, Ves2 and

generate values that indicate the luminous flux Lg of the light emitted by the emitters 611-615.

[0032] The emitter module control circuit 636 may also receive a plurality of emitter
forward-voltage feedback signals Vre1, Vre2, VEE3, VEe4, VEes from the LED drive circuit 632 and a
plurality of detector forward-voltage feedback signals Vep1, Vep2 from the receiver circuit 634. The
emitter forward-voltage feedback signals Veei-Vres may be representative of the magnitudes of the
forward voltages of the respective emitters 611-615, which may indicate temperatures Tg1, Te2, Tes,

Te4, Tes of the respective emitters. If each emitter 611-615 comprises multiple LEDs electrically
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coupled in series, the emitter forward-voltage feedback signals Veei1-Vees may be representative of
the magnitude of the forward voltage across a single one of the LEDs or the cumulative forward
voltage developed across multiple LEDs in the chain (e.g., all of the series-coupled LEDs in the
chain). The detector forward-voltage feedback signals Vepi, Vrm2 may be representative of the
magnitudes of the forward voltages of the respective detectors 616-618, which may indicate
temperatures Tpi, Tz of the respective detectors. For example, the detector forward-voltage
feedback signals Vep1, Vip2 may be equal to the forward voltages Vep of the respective

detectors 616, 618.

[0033] The controllable lighting device 600 may comprise a light source control circuit 640
that may be electrically coupled to the emitter module control circuit 636 of each of the one or more
emitter module interface circuits 630 via a communication bus 642 (e.g., an I*C communication
bus). The light source control circuit 640 may be configured to control the emitter modules 630 to
control the intensity (e.g., the luminous flux) and/or color of the cumulative light emitted by the
controllable lighting device 600. The light source control circuit 640 may comprise, for example, a
microprocessor, a microcontroller, a programmable logic device (PLD), an application specific
integrated circuit (ASIC), a field-programmable gate array (FPGA), or any other suitable processing
device or controller. The light source control circuit 640 may be configured to adjust (e.g., dim) a
present intensity Lpres of the cumulative light emitted by the controllable lighting device 600
towards a target intensity LtrcT, which may range across a dimming range of the controllable light
source, e.g., between a low-end intensity Lig (e.g., a minimum intensity, such as

approximately 0.1% - 1.0%) and a high-end intensity Lyue (e.g., a maximum intensity, such as
approximately 100%). The light source control circuit 640 may be configured to adjust a present
color temperature Tpres of the cumulative light emitted by the controllable lighting device 600
towards a target color temperature TtrgT, Wwhich may range between a cool-white color temperature
(e.g., approximately 3100-4500 K) and a warm-white color temperature (e.g., approximately

2000-3000 K).

[0034] The controllable lighting device 600 may comprise a communication circuit 634

coupled to the light source control circuit 640. The communication circuit 634 may comprise a
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wireless communication circuit, such as, for example, a radio-frequency (RF) transceiver coupled to
an antenna for transmitting and/or receiving RF signals. The wireless communication circuit may be
an RF transmitter for transmitting RF signals, an RF receiver for receiving RF signals, or an

infrared (IR) transmitter and/or receiver for transmitting and/or receiving IR signals. The
communication circuit 634 may be coupled to the hot connection H and the neutral connection N of
the controllable lighting device 600 for transmitting a control signal via the electrical wiring using,
for example, a power-line carrier (PLC) communication technique. The light source control

circuit 640 may be configured to determine the target intensity Ltrgr for the controllable lighting
device 600 in response to messages (e.g., digital messages) received via the communication

circuit 634.

[0035] The controllable lighting device 600 may comprise a memory 646 configured to store
operational characteristics of the controllable lighting device 600 (e.g., the target intensity Ltrcr, the
target color temperature Ttror, the low-end intensity Lig, the high-end intensity Ly, efc.). The
memory may be implemented as an external integrated circuit (IC) or as an internal circuit of the
light source control circuit 640. The controllable lighting device 600 may comprise a power

supply 648 that may receive the bus voltage Veus and generate a supply voltage Vcc for powering
the light source control circuit 640 and other low-voltage circuitry of the controllable lighting

device.

[0036] When the controllable lighting device 600 is on, the light source control circuit 640
may be configured to control the emitter modules 610 to emit light substantially all of the time. The
light source control circuit 640 may be configured to control the emitter modules 610 to disrupt the
normal emission of light to measure one or more operational characteristics of the emitter modules
during periodic measurement intervals. For example, during the measurement intervals, the emitter
module control circuit 636 may be configured to individually turn on each of the different-colored
emitters 611-615 of the emitter modules 610 (e.g., while turning of the other emitters) and measure
the luminous flux of the light emitted by that emitter using one of the two detectors 616, 618. For
example, the emitter module control circuit 636 may turn on the first emitter 611 of the emitter

module 610 (e.g., at the same time as turning off the other emitters 612-615) and determine the
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luminous flux Lg of the light emitted by the first emitter 611 from the first gain compensation
circuit 638 in response to the first optical feedback signal Vg1 generated from the first detector 616.
In addition, the emitter module control circuit 636 may be configured to drive the emitters 611-615
and the detectors 616, 618 to generate the emitter forward-voltage feedback signals Vee1-Vres and
the detector forward-voltage feedback signals Vepi, Vepz2 during the measurement intervals.
Methods of measuring the operational characteristics of emitter modules in a light source are
described in greater detail in U.S. Patent No. 9,332,598, issued May 3, 2016, entitled
INTERFERENCE-RESISTANT COMPENSATION FOR ILLUMINATION DEVICES HAVING
MULTIPLE EMITTER MODULES, the entire disclosure of which is hereby incorporated by

reference.

[0037] Calibration values for the various operational characteristics of the controllable
lighting device 600 may be stored in the memory 646 as part of a calibration procedure performed
during manufacturing of the controllable lighting device 600. Calibration values may be stored for
each of the emitters 611-615 and/or the detectors 616, 618 of each of the emitter modules 630. For
example, calibration values may be stored for measured values of luminous flux (e.g., in lumens),
x-chromaticity, y-chromaticity, emitter forward voltage, photodiode current, and detector forward
voltage. For example, the luminous flux, x-chromaticity, and y-chromaticity measurements may be
obtained from the emitters 611-615 using an external calibration tool, such as a spectrophotometer.
The values for the emitter forward voltages, photodiode currents, and detector forward voltages may
be measured internally to the controllable lighting device 600. The calibration values for each of the
emitters 611-615 and/or the detectors 616, 618 may be measured at a plurality of different drive

currents, e.g., at 100%, 30%, and 10% of a maximum drive current for each respective emitter.

[0038] In addition, the calibration values for each of the emitters 611-615 and/or the
detectors 616, 618 may be measured at a plurality of different operating temperatures. The
controllable lighting device 600 may be operated in an environment that is controlled to multiple
calibration temperatures and value of the operational characteristics may be measured and stored.
For example, the controllable lighting device 300 may be operated at a cold calibration

temperature TcarL-coLp, such as room temperature (e.g., approximately 25°C), and a hot calibration
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temperature TcarL-not (e.g., approximately 85°C). At each temperature, the calibration values for
each of the emitters 611-615 and/or the detectors 616, 618 may be measured at each of the plurality

of drive currents and stored in the memory 646.

[0039] After installation, the light source control circuit 640 of the controllable lighting
device 600 may use the calibration values stored in the memory 646 to maintain a constant light
output from the emitter modules 610. The light source control circuit 640 may determine target
values for the luminous flux to be emitted from the emitters 611-615 to achieve the target

intensity Ltrgr and/or the target color temperature Ttrgr for the controllable lighting device 600.
The light source control circuit 640 may determine the magnitudes for the drive currents Ipr for each
of the emitters 611-615 based on the determined target values for the luminous flux to be emitted
from the emitters 611-615. When the age of the controllable lighting device 600 is zero, the
magnitudes of the drive currents Ipr for the emitters 611-615 may be controlled to initial magnitudes

IDR-INITIAL.

[0040] The light output of the emitter modules 610 may decrease as the emitters 611-615
age. The light source control circuit 640 may be configured to increase the magnitudes of the drive
current Ipr for the emitters 611-615 to adjusted magnitudes Ipr-abrustep to achieve the determined
target values for the luminous flux of the target intensity Ltrct and/or the target color

temperature Ttrgr. Methods of adjusting the drive currents of emitters to achieve a constant light
output as the emitters age are described in greater detail in U.S. Patent Application Publication

No. 2015/0382422, published December 31, 2015, entitled ILLUMINATION DEVICE AND AGE
COMPENSATION METHOD, the entire disclosure of which is hereby incorporated by reference.
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What is claimed is:

CLAIMS

1. An emitter module comprising:

a substrate;

a plurality of emitters mounted to the substrate, each emitter configured to produce
illumination at a different wavelength, the number of emitters being greater than four;

a dome mounted to the substrate and encapsulating the plurality of emitters; and

wherein each of the plurality of emitters is arranged such that a center of the emitter is
located on a circular center line that has a center that is the same as a center of the dome, each of the
plurality of emitters located on a different primary radial axis of the emitter module, each of the

primary radial axes of the emitter module being equally spaced apart by an offset angle.

2. The lighting device of claim 1, wherein the offset angle is equal to approximately

360° divided by the number of emitters in the emitter module.

3. The lighting device of claim 2, wherein the number of emitters arranged on the

circular center line is five and the offset angle is 72°.

4. The lighting device of claim 3, wherein the emitters are located as close as

possible to the center of the dome.

5. The lighting device of claim 4, wherein each of the emitters is oriented at an angle

of the respective primary radial axis, such that inside edges of the emitters form a pentagon.

6. The lighting device of claim 1, wherein each of the emitters is oriented at an angle

of the respective primary radial axis.
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7. An emitter module comprising:

a substrate;

a plurality of emitters mounted to the substrate, the plurality of emitters including a
number of pairs of emitters configured to produce illumination at a different wavelength, the
emitters of each pair of emitter configured to produce illumination at the same wavelength, the
number of pairs of emitters being greater than four; and

a dome mounted to the substrate and encapsulating the plurality of emitters;

wherein a first emitter of each of the pairs of emitters is arranged such that a center of the
respective emitter is located on a first circular center line that has a center that is the same as a center
of the dome, and a second emitter of each of the pairs of emitters is arranged such that a center of the
respective emitter is located on a second circular center line that has a center that is the same as a
center of the dome, the second circular center line having a radius that is bigger than a radius of the
first circular center line; and

wherein each of the plurality of emitters arranged on the first circular center line is
located on a different primary radial axis of the emitter module, and each of the plurality of emitters
arranged on the second circular center line is located on a different secondary radial axis of the
emitter module, each of the primary radial axes of the emitter module being equally spaced apart by
an offset angle, the primary radial axis of the first emitter of each pair of emitters extending in the
opposite direction of the secondary radial axis of the second emitter of the respective pair of

emitters.

8. The lighting device of claim 1, wherein the emitters of each pair of emitters are

oriented at the same angle.

9. An emitter module comprising:
a substrate;

a plurality of emitters mounted to the substrate, the plurality of emitters including a
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number of sets of emitters configured to produce illumination at a different wavelength, the emitters
of each set of emitter configured to produce illumination at the same wavelength, the number of sets
of emitters being greater than four; and

a dome mounted to the substrate and encapsulating the plurality of emitters;

wherein a first emitter of each of the sets of emitters is arranged such that a center of the
respective emitter is located on a first circular center line that has a center that is the same as a center
of the dome, and a second emitter of each of the sets of emitters is arranged such that a center of the
respective emitter is located on a second circular center line that has a center that is the same as a
center of the dome, the second circular center line having a radius that is bigger than a radius of the
first circular center line;

wherein each of the plurality of emitters arranged on the first circular center line is
located on a different primary radial axis of the emitter module, and each of the plurality of emitters
arranged on the second circular center line is located on a different secondary radial axis of the
emitter module, each of the primary radial axes of the emitter module being equally spaced apart by
an offset angle, the primary radial axis of the first emitter of each set of emitters extending in the
opposite direction of the secondary radial axis of the second emitter of the respective set of emitters;
and

wherein third and fourth emitters of each of the sets of emitters are arranged such that a
center of the respective emitter is located on a third circular center line that has a center that is the
same as a center of the dome, the third circular center line having a radius that is bigger than the

radius of the second circular center line.

10. The lighting device of claim 1, wherein each set of emitters includes four

emitters.
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