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includes bringing to a level insufficient to produce illumi-
nation the respective drive current of all except one of
multiple emission LED elements for the duration of a first
measurement interval and a later-occurring second measure-
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control circuit is adapted to perform steps of the method.
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INTERFERENCE-RESISTANT
COMPENSATION FOR ILLUMINATION
DEVICES USING MULTIPLE SERIES OF
MEASUREMENT INTERVALS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CONTINUING DATA

The present application is a reissue of U.S. Pat. No.
9,345,097, issued on May 17, 2016 from U.S. application
Ser. No. 14/510,266, filed Oct. 9, 2014, which is a continu-
ation-in-part of the following: U.S. application Ser. No.
13/970,990 filed Aug. 20, 2013; U.S. application Ser. No.
14/097,339 filed Dec. 5, 2013; and U.S. application Ser. No.
14/314,530 filed Jun. 25, 2014; each of which is hereby
incorporated by reference in their entirety and for all pur-
poses as if completely and fully set forth herein.

BACKGROUND

1. Field of the Invention

This invention relates to illumination devices and, more
particularly, to illumination devices comprising a plurality
of light emitting diode (LED) elements and to interference-
resistant methods for monitoring and adjusting the illumi-
nation devices during operation.

2. Description of the Relevant Art

The following descriptions and examples are provided as
background only and are intended to reveal information that
is believed to be of possible relevance to the present inven-
tion. No admission is necessarily intended, or should be
construed, that any of the following information constitutes
prior art impacting the patentable character of the subjected
mater claimed herein.

Lamps and displays using LEDs (light emitting diodes)
for illumination are becoming increasingly popular in many
different markets. LEDs provide a number of advantages
over traditional light sources such as incandescent and
fluorescent light bulbs, including low power consumption,
long lifetime, lack of hazardous materials, and additional
specific advantages for different applications. When used for
general illumination, LEDs 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”) to
produce different lighting effects. In addition, LEDs are
rapidly replacing the Cold Cathode Fluorescent Lamps
(CCFL) conventionally used in many display applications
(such as LCD backlights), due to the smaller form factor and
wider color gamut provided by LEDs. Organic LEDs
(OLEDs), which use arrays of multi-colored organic LEDs
to produce light for each display pixel, are also becoming
popular for many types of display devices.

LED devices may combine different colors of LEDs
within the same package to produce a multi-colored LED
device, or lamp. An example of a multi-colored LED device
is one in which two or more different colors of LEDs are
combined to produce white or near-white light. There are
many different types of white light lamps on the market,
some of which combine red, green and blue (RGB) LEDs,
red, green, blue and yellow (RGBY) LEDs, white and red
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2

(WR) LEDs, RGBW LEDs, etc. By combining different
colors of LEDs within the same package, and driving the
differently colored LEDs with different drive currents, these
lamps may be configured to generate white light or near-
white light within a wide gamut of color points or color
temperatures ranging from “warm white” (e.g., roughly
2600K-3700K), to “neutral white” (e.g., 3700K-5000K) to
“cool white” (e.g., SO000K-8300K).

Although LEDs have many advantages over conventional
light sources, a disadvantage of LEDs is that their output
characteristics tend to vary over temperature, process and
time. For example, it is generally known that the luminous
flux, or the perceived power of light emitted by an LED, is
directly proportional to the drive current supplied thereto. In
many cases, the luminous flux of an LED is controlled by
increasing/decreasing the drive current supplied to the LED
to correspondingly increase/decrease the luminous flux.
However, the luminous flux generated by an LED for a given
drive current does not remain constant over temperature and
time, and gradually decreases with increasing temperature
and as the LED ages over time. Furthermore, the luminous
flux tends to vary from batch to batch, and even from one
LED to another in the same batch, due to process variations.

LED manufacturers try to compensate for process varia-
tions by sorting or binning the LEDs based on factory
measured characteristics, such as chromaticity (or color),
luminous flux and forward voltage. However, binning alone
cannot compensate for changes in LED output characteris-
tics due to aging and temperature fluctuations during use of
the LED device. In order to maintain a constant (or desired)
luminous flux, it is usually necessary to adjust the drive
current supplied to the LED to account for temperature
variations and aging effects.

As discussed further below, such adjustment may involve
compensation measurements of one or more LED elements
within a lamp. Interference from a nearby lamp can cause
errors in such measurements for a given lamp, potentially
resulting in incorrect compensation for the lamp. It would
therefore be desirable to develop interference-resistant com-
pensation methods for LED illumination devices, and illu-
mination devices incorporating such methods.

SUMMARY

The following description of various embodiments of an
illumination device and a method for controlling an illumi-
nation device is not to be construed in any way as limiting
the subject matter of the appended claims.

A method is provided herein for controlling an illumina-
tion device comprising multiple emission light emitting
diodes (LED) elements. An “LED element” as used herein
refers to either a single LED or a chain of serially connected
LEDs supplied with the same drive current. An “emission
LED element” as used herein is an LED element configured
for light emission, as opposed to, for example, an LED
configured as a light detector. An embodiment of the method
includes operating one or more of the multiple emission
LED elements at a respective substantially continuous drive
current sufficient to produce illumination, bringing to a level
insufficient to produce illumination the respective drive
current of all except one of the emission LED elements
within the illumination device for the duration of a first
measurement interval, and bringing to a level insufficient to
produce illumination the respective drive current of all
except one of the emission LED elements for the duration of
a second measurement interval subsequent to the first mea-
surement interval. The first measurement interval is one of
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a first series of measurement intervals interspersed with
periods of operating the emission LED elements to produce
illumination, and the second measurement interval is one of
a second series of measurement intervals interspersed with
periods of operating the emission LED elements to produce
illumination. The first series of measurement intervals and
second series of measurement intervals are separated by
respective first and second offsets from a timing reference.
In an embodiment, the method further includes discontinu-
ing use of the first series of measurement intervals at a time
subsequent to the end of the first measurement interval.

The method may further include applying a drive current
sufficient to produce illumination to one of the emission
LED elements during each of the first and second measure-
ment intervals, and monitoring a measurement photocurrent
induced in a measurement photodetector within the lamp
while the drive current is applied. In an embodiment, the
method also includes determining that a result of monitoring
the measurement photocurrent during the first measurement
interval is outside of an expected range. In an embodiment,
this determining includes comparing the result to a previ-
ously stored result. In another embodiment, bringing to a
level insufficient to produce illumination the respective drive
current of all except one of the emission LED elements for
the duration of the second measurement interval is in
response to the determination that the result of monitoring
the measurement photocurrent during the first measurement
interval is outside of the expected range. In another embodi-
ment the method also includes, in response to the determi-
nation that the result of monitoring the measurement pho-
tocurrent during the first measurement interval is outside of
the expected range, repeating, during an additional one of
the first series of measurement intervals, applying the drive
current sufficient to produce illumination to the one of the
emission LED elements and said monitoring the measure-
ment photocurrent induced in the measurement photodetec-
tor. The method may further include determining whether a
predetermined number of out-of-range measurements using
the first series of measurement intervals has occurred. In
such an embodiment, bringing to a level insufficient to
produce illumination the respective drive current of all
except one of the emission LED elements for the duration of
a second measurement interval may be in response to a
determination that the predetermined number of out-of-
range measurements using the first series of measurement
intervals has occurred.

In a further embodiment, the method includes, for each of
the first and second measurement intervals, bringing the
drive current applied to the one of the emission LED
elements to a level insufficient to produce illumination for a
portion of the measurement interval, such that the respective
drive currents of all of the emission LED elements within the
illumination device are at a level insufficient to produce
illumination for the portion of the measurement interval. The
method may further include monitoring a background pho-
tocurrent induced in the measurement photodetector during
the portion of the measurement interval with the drive
currents of all of the emission LED elements at a level
insufficient to produce illumination, and subtracting the
background photocurrent from the measurement photocur-
rent. In an embodiment, the result of monitoring a measure-
ment photocurrent during the first measurement interval
includes a result of subtracting the background photocurrent
from the measurement photocurrent for the first measure-
ment interval.

In addition to the method embodiments described above,
an illumination device is contemplated herein. In one

10

15

20

25

30

35

40

45

50

55

60

65

4

embodiment, the device includes multiple emission LED
elements, one or more photodetectors, and a control circuit
operably coupled to the multiple emission LED elements
and the one or more photodetectors. In an embodiment, the
control circuit is adapted to operate one or more of the
multiple emission LED elements at a respective substan-
tially continuous drive current to produce illumination, bring
to a level insufficient to produce illumination the respective
drive current of all except one of the emission LED elements
within the illumination device for the duration of a first
measurement interval, and bring to a level insufficient to
produce illumination the respective drive currents of all
except one of the emission LED elements for the duration of
a second measurement interval subsequent to the first mea-
surement interval. The first measurement interval is one of
a first series of measurement intervals interspersed with
periods of operating the emission LED elements to produce
illumination, and the second measurement interval is one of
a second series of measurement intervals interspersed with
periods of operating the emission LED elements to produce
illumination. The first series of measurement intervals and
second series of measurement intervals are separated by
respective first and second offsets from a timing reference.

In a further embodiment, the illumination device also
includes a timing reference generator operatively coupled to
the control circuit and adapted to generate a periodic timing
reference. In such an embodiment, the control circuit may be
further adapted to generate the first series of measurement
intervals synchronized to the timing reference with a first
offset from the timing reference and generate the second
series of measurement intervals synchronized to the timing
reference with a second offset from the timing reference. In
another embodiment, the control circuit is adapted to dis-
continue use of the first series of measurement intervals at a
time subsequent to the end of the first measurement interval.

In another embodiment, the illumination device also
includes an LED driver and receiver circuit operably
coupled to the multiple emission LED elements, the one or
more photodetectors, and the control circuit. In such an
embodiment, the control circuit is adapted to use the LED
driver and receiver circuit to adjust the respective drive
currents of the emission LED elements. In a further embodi-
ment, the control circuit is adapted to use the LED driver and
receiver circuit to, during each of said first measurement
interval and said second measurement interval, bring to a
level insufficient to produce illumination the respective drive
currents of all except one of the emission LED elements,
apply a drive current sufficient to produce illumination to the
one of the emission LED elements, and monitor a measure-
ment photocurrent induced in the measurement photodetec-
tor while the drive current is applied. In a still further
embodiment, the control circuit is further adapted to deter-
mine whether a result of monitoring the measurement pho-
tocurrent during the first measurement interval is outside of
an expected range. The control circuit may also be adapted
to bring to a level insufficient to produce illumination the
respective drive currents of all except one of the emission
LED elements for the duration of the second measurement
interval in response to a determination that the result is
outside of the expected range. In an embodiment, the
illumination device also includes a storage medium operably
coupled to the control circuit, and the control circuit is
adapted to compare the result of monitoring the measure-
ment photocurrent during the first measurement interval
with a result previously stored in the storage medium. In
another embodiment, the control circuit is further adapted to



US RE48,956 E

5

determine whether a predetermined number of out-of-range
measurements using the first series of measurement intervals
has occurred.

In a further embodiment of the illumination device con-
templated herein, the control circuit is further adapted to, for
each of'the first and second measurement intervals, bring the
drive current applied to the one of the emission LED
elements to a level insufficient to produce illumination for a
portion of the measurement interval, such that the respective
drive currents of all of the emission LED elements within the
illumination device are at a level insufficient to produce
illumination for the portion of the measurement interval. In
such an embodiment, the control circuit may further be
adapted to monitor a background photocurrent induced in
the measurement photodetector during the portion of the
measurement interval and subtract the background photo-
current from the measurement photocurrent. In a still further
embodiment, the control circuit is further adapted to deter-
mine whether a result of subtracting the background photo-
current from the measurement photocurrent during the first
measurement interval is outside of an expected range.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the invention will
become apparent upon reading the following detailed
description and upon reference to the accompanying draw-
ings.

FIG. 1 is a graph of the 1931 CIE chromaticity diagram
illustrating the gamut of human color perception and the
gamut achievable by an illumination device comprising a
plurality of multiple color LEDs (e.g., red, green and blue);

FIG. 2 is a graph illustrating the non-linear relationship
between relative luminous flux and junction temperature for
white, blue and green LEDs;

FIG. 3 is a graph illustrating the substantially more
non-linear relationship between relative luminous flux and
junction temperature for red, red-orange and yellow (amber)
LEDs;

FIG. 4 is a graph illustrating the non-linear relationship
between relative luminous flux and drive current for red and
red-orange LEDs;

FIG. 5 is a graph illustrating the substantially more
non-linear relationship between relative luminous flux and
drive current for white, blue and green LEDs;

FIG. 6 is an exemplary timing diagram for an illumination
device comprising four emission LEDs, illustrating intervals
during which emitter forward voltage measurements are
obtained from each emission LED, one LED at a time;

FIG. 7 is a graphical representation depicting how one or
more interpolation technique(s) may be used in a compen-
sation method to determine the drive current needed to
produce a desired luminous flux for a given LED using
previously-obtained calibration values stored within the
illumination device;

FIG. 8 is an exemplary timing diagram for an illumination
device comprising four emission LEDs and one or more
photodetectors, illustrating intervals during which measure-
ments are taken of photocurrent, detector forward voltage
and emitter forward voltage;

FIG. 9 is a graphical representation depicting how one or
more interpolation technique(s) may be used in a compen-
sation method to determine the expected photocurrent value
for a given LED using the present forward voltage, the
present drive current and previously-obtained calibration
values stored within the illumination device;
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FIG. 10 is an exemplary timing diagram illustrating an
embodiment for which the measurement intervals of FIG. 6
or FIG. 8 are within compensation periods occurring rela-
tively infrequently, and for which illumination drive currents
are increased during a compensation period to avoid flicker;

FIG. 11A is a graph illustrating subtraction of ambient
light detected when the measured LED element is turned off;

FIG. 11B is a graph illustrating error that can result from
ambient subtraction when a nearby lamp is performing
compensation measurements;

FIG. 12 is an exemplary timing diagram illustrating
overlap of compensation measurements by neighboring
lamps;

FIG. 13A is an exemplary timing diagram illustrating a
series of detection intervals followed by a series of mea-
surement intervals;

FIG. 13B is a timing diagram illustrating a series of
detection intervals interspersed with intervals for taking
non-sensitive measurements, followed by a series of inter-
vals for taking sensitive measurements;

FIG. 14 is an exemplary timing diagram illustrating
overlapping but non-interfering measurement sequences by
neighboring lamps;

FIG. 15 is an exemplary timing diagram illustrating a
timing reference synchronized to the AC mains, and first and
second sets of measurement intervals separated from the
timing reference by first and second offset times;

FIG. 16A is a flow chart illustrating an exemplary method
disclosed for controlling a lamp to perform compensation
measurements;

FIG. 16B is a flow chart illustrating an exemplary method
for controlling a lamp to initiate compensation measure-
ments;

FIG. 16C is a flow chart illustrating another exemplary
method for controlling a lamp to initiate compensation
measurements;

FIG. 17 is a chart illustrating exemplary configuration
information that may be stored within an illumination device
and used in embodiments of methods described herein;

FIG. 18A is a photograph of an exemplary multi-lamp
illumination device;

FIG. 18B is a computer generated image showing a top
view of an exemplary emitter module, or lamp, that may be
included within the exemplary illumination device of FIG.
18A;

FIG. 19A is a photograph of an exemplary illumination
device;

FIG. 19B is a computer generated image showing a top
view of an exemplary emitter module, or lamp, that may be
included within the exemplary illumination device of FIG.
19A;

FIG. 20 is an exemplary block diagram of circuit com-
ponents that may be included within an embodiment of an
illumination device disclosed herein;

FIG. 21 is an exemplary block diagram of an embodiment
of an LED driver and receiver circuit that may be included
within the illumination device of FIG. 20;

FIG. 22 is an exemplary block diagram of circuit com-
ponents that may be included within an embodiment of a
multi-lamp illumination device disclosed herein; and

FIG. 23 is an exemplary block diagram of an embodiment
of interface and emitter circuitry that may be included within
the illumination device of FIG. 22.

While the invention is susceptible to various modifica-
tions and alternative forms, specific embodiments thereof
are shown by way of example in the drawings and will
herein be described in detail. It should be understood,
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however, that the drawings and detailed description thereto
are not intended to limit the invention to the particular form
disclosed, but on the contrary, the intention is to cover all
modifications, equivalents and alternatives falling within the
spirit and scope of the present invention as defined by the
appended claims.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

An LED generally comprises a chip of semiconducting
material doped with impurities to create a p-n junction. As
in other diodes, current flows easily from the p-side, or
anode, to the n-side, or cathode, but not in the reverse
direction. Charge-carriers—electrons and holes—flow into
the junction from electrodes with different voltages. When
an electron meets a hole, it falls into a lower energy level,
and releases energy in the form of a photon (i.e., light). The
wavelength of the light emitted by the LED, and thus its
color, depends on the band gap energy of the materials
forming the p-n junction of the LED.

Red and yellow LEDs are commonly composed of mate-
rials (e.g., AllnGaP) having a relatively low band gap
energy, and thus produce longer wavelengths of light. For
example, most red and yellow LEDs have a peak wavelength
in the range of approximately 610-650 nm and approxi-
mately 580-600 nm, respectively. On the other hand, green
and blue LEDs are commonly composed of materials (e.g.,
GaN or InGaN) having a larger band gap energy, and thus,
produce shorter wavelengths of light. For example, most
green and blue LEDs have a peak wavelength in the range
of approximately 515-550 nm and approximately 450-490
nm, respectively.

In some cases, a “white” LED may be formed by covering
or coating, e.g., a violet or blue LED having a peak emission
wavelength of about 400-490 nm with a phosphor (e.g.,
YAG), which down-converts the photons emitted by the blue
LED to a lower energy level, or a longer peak emission
wavelength, such as about 525 nm to about 600 nm. In some
cases, such an LED may be configured to produce substan-
tially white light having a correlated color temperature
(CCT) of about 3000K. However, a skilled artisan would
understand how different colors of LEDs and/or different
phosphors may be used to produce a “white” LED with a
potentially different CCT.

When two or more differently colored LEDs are com-
bined within a single package, the spectral content of the
individual LEDs is combined to produce blended light. In
some cases, differently colored LEDs may be combined to
produce white or near-white light within a wide gamut of
color points or CCTs ranging from “warm white” (e.g.,
roughly 2600K-3000K), to “neutral white” (e.g., 3000K-
4000K) to “cool white” (e.g., 4000K-8300K). Examples of
white light illumination devices include, but are not limited
to, those that combine red, green and blue (RGB) LEDs, red,
green, blue and yellow (RGBY) LEDs, white and red (WR)
LEDs, and RGBW LEDs.

The illumination devices disclosed herein may in certain
embodiments include one or more emitter modules, which
may also be called lamps. An emitter module has a plurality
of LED elements and one or more photodetectors combined
into a package. As noted above, an LED element may be
either a single LED or a chain of serially connected LEDs
supplied with the same drive current. An LED element
configured for its junction(s) to have sufficient forward bias
for light emission may be referred to herein as an “emission
LED element.” An LED may also be configured as a
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photodetector, typically by applying zero bias or reverse bias
to the LED junction and collecting photocurrent induced by
incident light. In an embodiment, multiple LEDs configured
as photodetectors may be connected in parallel so that their
photocurrents can be combined.

Although not limited to such, the present invention is
particularly well suited to multi-colored illumination
devices in which two or more different colors of LEDs are
combined to produce blended white or near-white light,
since the output characteristics of differently colored LEDs
vary differently over drive current, temperature and time.
The present invention is also particularly well suited to
illumination devices (i.e., tunable illumination devices) that
enable the target dimming level and/or the target chroma-
ticity setting to be changed by adjusting the drive currents
supplied to one or more of the LEDs, since changes in drive
current inherently affect the lumen output, color and tem-
perature of the illumination device. These tunable illumina-
tion devices should all produce the same color and color
rendering index (CRI) when set to a particular dimming
level and chromaticity setting (or color set point) on a
standardized chromaticity diagram.

A chromaticity diagram maps the gamut of colors the
human eye can perceive in terms of chromaticity coordinates
and spectral wavelengths. An example of a chromaticity
diagram is shown in FIG. 1. The spectral wavelengths of all
saturated colors are distributed around the edge of an
outlined space (called the “gamut” of human vision), which
encompasses all of the hues perceived by the human eye.
The curved edge of the gamut is called the spectral locus and
corresponds to monochromatic light, with each point repre-
senting a pure hue of a single wavelength. The straight edge
on the lower part of the gamut is called the line of purples.
These colors, although they are on the border of the gamut,
have no counterpart in monochromatic light. Less saturated
colors appear in the interior of the figure, with white and
near-white colors near the center. .

In the 1931 Commission Internationale de 1’Eclairage
(CIE) Chromaticity Diagram of FIG. 1, colors within the
gamut of human vision are mapped in terms of chromaticity
coordinates (%, y). The diagram of FIG. 1 is only one
illustrative example of how perceived colors may be repre-
sented using a two-dimensional space, and other “color
spaces,” with corresponding chromaticity values, may also
be used. Some exemplary color spaces include the CIE 1931
XYZ color space, the CIE 1931 RGB color space, the CIE
1976 LUV color space, and various other RGB color spaces
(e.g., sSRGB, Adobe RGB, etc.). Wavelength in nanometers
(nm) of the corresponding monochromatic light is indicated
along the curved edge of the gamut in FIG. 1. The dominant
wavelength, as perceived by the eye, of a point within the
gamut may be found using a line including the point and a
reference point for the illumination source, such as point C
of FIG. 1 corresponding to the CIE-C reference. The domi-
nant wavelength under the reference illumination is read at
the intersection of the line with the curved edge of the
gamut. For example, a red (R) LED with a dominant
wavelength of about 640 nm may have a chromaticity
coordinate of (0.68, 0.28), a green (G) LED with a dominant
wavelength of about 525 nm may have a chromaticity
coordinate of (0.17, 0.72), and a blue (B) LED with a
dominant wavelength of 465 nm may have a chromaticity
coordinate of (0.16, 0.11). This dominant wavelength per-
ceived by the eye does not necessarily correspond to the
peak wavelength, or wavelength of highest intensity, emitted
from an LED.
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The color of an incandescent black body as a function of
temperature in Kelvin is also plotted on the diagram of FIG.
1, in a curve known as the blackbody locus. The chroma-
ticity coordinates (i.e., color points) that liec along the
blackbody locus obey Planck’s equation, E(A)=AA"%/
(€¥'P-1). Color points that lie on or near the blackbody
locus provide a range of white or near-white light with color
temperatures ranging between approximately 2500K and
10,000K. These color points are typically achieved by
mixing light from two or more differently colored LEDs. For
example, light emitted from the RGB LEDs plotted in FIG.
1 may be mixed to produce a substantially white light with
a color temperature in the range of about 2500K to about
5000K.

Although an illumination device is typically configured to
produce a range of white or near-white color temperatures
arranged along the blackbody curve (e.g., about 2500K to
5000K), some illumination devices may be configured to
produce any color within the color gamut, such as triangular
color gamut 18 of FIG. 1, formed by the individual LEDs
(e.g., RGB). The chromaticity coordinates of the combined
light, e.g., (0.437, 0.404) for 3000K white light, define the
target chromaticity or color set point at which the device is
intended to operate. In some devices, the target chromaticity
or color set point may be changed by altering the ratio of
drive currents supplied to the individual LED:s.

In general, the target chromaticity of the illumination
device may be changed by adjusting the drive current levels
(in current dimming) or duty cycle (in PWM dimming)
supplied to one or more of the emission LEDs. For example,
an illumination device comprising RGB LEDs may be
configured to produce “warmer” white light by increasing
the drive current supplied to the red LEDs and decreasing
the drive currents supplied to the blue and/or green LEDs.
Since adjusting the drive currents also affects the lumen
output and temperature of the illumination device, the target
chromaticity must be carefully calibrated and controlled to
ensure that the actual chromaticity equals the target value.

FIGS. 2-3 illustrate how the relative luminous flux of an
individual LED changes over junction temperature for dif-
ferent colors of LEDs. As shown in FIGS. 2-3, the luminous
flux output from all LEDs generally decreases with increas-
ing temperature. For some colors (e.g., white, blue and
green), the relationship between luminous flux and junction
temperature is relatively linear (see FIG. 2), while for other
colors (e.g., red, orange and especially yellow) the relation-
ship is significantly non-linear (see, FIG. 3). The chroma-
ticity of an LED also changes with temperature, due to shifts
in the dominant wavelength (for both phosphor converted
and non-phosphor converted LEDs) and changes in the
phosphor efficiency (for phosphor converted LEDs). In
general, the peak emission wavelength of green LEDs tends
to decrease with increasing temperature, while the peak
emission wavelength of red and blue LEDs tends to increase
with increasing temperature. While the change in chroma-
ticity is relatively linear with temperature for most colors,
red and yellow LEDs tend to exhibit a more significant
non-linear change.

FIGS. 4 and 5 illustrate the relationship between luminous
flux and drive current for different colors of LEDs (e.g., red,
red-orange, white, blue and green LEDs). In general, the
luminous flux increases with larger drive currents, and
decreases with smaller drive currents. However, the change
in luminous flux with drive current is non-linear for all
colors of LEDs, and this non-linear relationship is substan-
tially more pronounced for certain colors of LEDs (e.g., blue
and green LEDs) than others. The chromaticity of the
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illumination also changes when drive currents are increased
to combat temperature and/or aging effects, since larger
drive currents inherently result in higher LED junction
temperatures (see, FIGS. 2-3). While the change in chroma-
ticity with drive current/temperature is relatively linear for
all colors of LEDs, the rate of change is different for
different LED colors and even from part to part.

U.S. application Ser. Nos. 13/970,990 and 14/314,530,
co-pending with the present application and commonly
owned and/or subject to assignment with the present appli-
cation, describe methods of compensation for variation in
quantities including temperature and drive current, and
illumination devices employing such methods. Approaches
described in these applications to compensating for varia-
tions in luminous flux from LEDs, such as the effects
illustrated by FIGS. 2-5, in some embodiments include the
use of calibration tables created for the LEDs within an
illumination device. Such calibration tables store results of
calibration measurements previously made using the LEDs.
In an embodiment, a calibration table stores values of
photocurrent induced on a photodetector within the illumi-
nation device when a drive current is applied to each LED
within the device separately. Such a calibration table may in
some embodiments store photocurrent values obtained when
applying multiple different drive current levels to an LED.
In some embodiments in which photocurrent values are
obtained when applying different drive current levels, for-
ward voltage measurements are obtained for each LED after
each drive current is applied. Such forward voltage mea-
surements can be used as an indication of junction tempera-
ture in the LED. The calibration table may in further
embodiments store photocurrent values obtained at different
values of ambient temperature. Other types of data and
variations of the above-described data may also be included
in a calibration table, as described in more detail in co-
pending application Ser. Nos. 13/970,990 and 14/314,530.
In general, the data stored in a calibration table is in some
embodiments used for comparison to measurements made
during operation of the illumination device. Such compari-
son can be used to indicate whether properties of one or
more of the LEDs within the device have changed, and
whether the corresponding drive current of the LED should
be adjusted.

Exemplary compensation approaches for an illumination
device including multiple emission LED elements and at
least one photodetector are illustrated by FIGS. 6-8. FIG. 6
is an exemplary timing diagram illustrating substantially
continuous operation of one or more of the LED elements to
produce illumination. As used herein, the term “substantially
continuously” means that an operative drive current (de-
noted generically as I1 in FIG. 6) is supplied to the emission
LED elements almost continuously, with the exception of
intervals in which all of the emission LED elements are
momentarily turned “off” for short durations of time 610. As
used herein, “off” in connection with an LED element refers
to the LED element having a drive current reduced to a
non-operative level, such that the LED element does not
produce illumination that is generally detectable by the
detectors used in the illumination device or in nearby
devices. In an embodiment, drive current I1 represents a
combination of different drive currents applied as appropri-
ate to respective different LED elements within the illumi-
nation device, to produce the desired illumination. In the
exemplary embodiment of FIG. 6, the intervals are utilized
for obtaining forward voltage measurements from each of
four emission LED elements (Vfe), one LED element at a
time, by supplying a relatively small drive current to each
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LED and measuring the forward voltage developed there-
across. The intervals may also be used for other types of
measurements, as shown in FIGS. 8-9 and discussed in more
detail below. In certain embodiments discussed further
below, all LED elements within the illumination device
remain off throughout some of the intervals to allow detec-
tion to determine whether measurements are being con-
ducted by a different illumination device.

In the embodiment of FIG. 6, the illumination device
includes at least four emission LED elements. In an embodi-
ment, the device includes exactly four emission LED ele-
ments, and the forward voltage across each element is
measured, one at a time during successive respective mea-
surement intervals. Unless specified otherwise, a measure-
ment performed “during” an interval as used herein is
performed within the interval, but not necessarily for the
entirety of the interval. In such an embodiment the four
emission LED elements may be of different colors to form
a multi-color lamp. In some embodiments the multicolor
lamp may be configured to produce white light, as described
above. During illumination periods 620, one or more of the
LED elements are driven with respective DC drive currents
to produce illumination. In an embodiment, all of the LED
elements in the lamp are driven during illumination periods
620. In other embodiments, depending on the color, inten-
sity, and/or pattern of light desired, fewer than all of the LED
elements may be driven during the illumination periods.
With the exception of the LED under test, all emission LED
elements within the device are turned off throughout inter-
vals 610, however, with their respective drive currents
removed or at least reduced to non-operative levels (denoted
as 10 in FIG. 6). In an embodiment, intervals 610 are part of
aperiodic series having a specific offset (which may be zero)
from a periodic timing reference.

The plot in FIG. 7 of luminous flux vs. LED drive current
illustrates an exemplary technique of using calibration val-
ues to determine the drive current (Ix) needed to achieve a
desired luminous flux (Lx) from an emission LED element
at its present operating temperature (reflected in the present
value of Vfe, Vfe_present, for the LED element measured
during one of intervals 610 of FIG. 6). Data points 710,
denoted by filled circles, represent luminous flux values
from a calibration table, obtained during calibration of the
LED element using three different drive currents (10%, 30%
and 100% of the maximum drive current, in the embodiment
of FIG. 7) and two different ambient temperatures T0 and
T1. Each of data points 710 may be associated with a
respective forward voltage value Vfe in the calibration table,
obtained just before or just after the respective luminous flux
measurement at the respective drive current and ambient
temperature value. Comparison of these forward voltages in
the calibration table for a given LED element to a forward
voltage measured during operation can allow the present
temperature T_present to be estimated. In an embodiment,
interpolation between the calibration values 710 is used to
predict luminous flux values 720, denoted by unfilled tri-
angles, corresponding to the calibration drive currents at the
current operating temperature (T_present). In a further
embodiment, an interpolation or curve-fitting using pre-
dicted values 720 is used to generate a relationship, plotted
as curve 730, for luminous flux vs. drive current at the
present operating temperature. The drive current Ix needed
to produce the desired luminous flux Lx can then be obtained
from the generated relationship. As described further in the
above-referenced co-pending applications, the specific inter-
polation techniques used may depend on the characteristics
of the LED element being compensated, along with consid-
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erations such as memory and processing capability. The
approach illustrated in FIGS. 6 and 7 is employed in
embodiments of methods for maintaining a target luminous
flux from an LED element in spite of changes in the LED
element’s temperature.

Another example of a compensation method is illustrated
by FIGS. 8 and 9. The timing diagram of FIG. 8 is similar
to that of FIG. 6, with operative drive current I1 supplied to
one or more of the emission LED elements within an
illumination device almost continuously, with the exception
of intervals during which all of the emission LED elements,
except for the emission LED under test, are momentarily
turned off for short durations of time 810. In the embodiment
of FIG. 8, the first four of intervals 810 are used for
measuring a photocurrent (Iph) induced on a photodetector
within the illumination device, in response to illumination
that is produced by each emission LED element, one LED
element at a time. During each photocurrent measurement,
the emission LED under test is driven with an operative
drive current level. In an embodiment, such photocurrent
measurements allow detection of changes in the luminous
flux produced by an LED element at a given drive current,
as may occur in LEDs over time.

The plot in FIG. 9 of photocurrent induced on a detector
as a function of LED drive current illustrates an exemplary
technique of using calibration values to determine the
expected photocurrent (Iph_exp) induced by a particular
drive current (Ix) applied to an emission LED element at the
present detector temperature (reflected in the present value
of the forward voltage measured across the detector,
V1d_present, during one of intervals 810 of FIG. 8). Data
points 910, denoted by filled circles, represent photocurrent
values from a calibration table, obtained during calibration
of'an LED element using three different drive currents (10%,
30% and 100% of the maximum drive current, in the
embodiment of FIG. 9) and two different ambient tempera-
tures (corresponding to VId0 and Vfdl measured at ambient
temperatures T0 and T1). In an embodiment, interpolation
between the calibration values is used to predict expected
photocurrent values 920, denoted by unfilled triangles, cor-
responding to the calibration drive currents at the current
detector temperature (VId_present). In a further embodi-
ment, an interpolation or curve-fitting using predicted values
920 is used to generate a relationship, plotted as curve 930,
for expected photocurrent vs. drive current at the present
detector temperature. The expected photocurrent induced on
the detector by an LED operated at the present value of drive
current (for example, a drive current obtained using the
method illustrated in FIGS. 6 and 7) can then be obtained
from the generated relationship. This expected value can
then be compared to the corresponding presently measured
photocurrent obtained during one of intervals 810 shown in
FIG. 8. In an embodiment of a compensation method, a
difference between the measured and expected values indi-
cates a change in the light intensity generated by the LED
element over time. Such an “aging” effect may be compen-
sated for by adjusting the drive current applied to the LED
element, as described in co-pending application Ser. No.
14/314,530.

FIGS. 6-9 illustrate two examples of compensation meth-
ods. As discussed further in the above-referenced co-pend-
ing applications, other compensation methods may be used
instead of or in combination with these methods. For
example, variations in additional quantities, such as x and y
chromaticity values, can be compensated for. In some
embodiments, adjustment to compensate for one quantity
may cause a variation in another, such that compensation
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methods are iterated until stable desired settings are
achieved. Other embodiments of compensation methods
may also include taking additional or different measure-
ments than those indicated in FIGS. 6 and 8. For example,
photocurrent measurements may include measurements
using each of multiple photodetectors, where each photode-
tector is configured for sensitivity to a different spectral
range.

As shown by the examples above and described further in
the co-pending applications referenced herein, it can be
advantageous to take measurements during brief interrup-
tions in illumination by an LED illumination device. When
used in conjunction with calibration data, such measure-
ments allow monitoring and correction of variations from
desired settings. In one embodiment, a series of intervals
such as intervals 610 of FIG. 6 may extend for the entire
time that an illumination device is operating. In such an
embodiment, a sequence of compensation measurements
may be repeated continuously, one measurement per inter-
val, while the illumination device is operating.

In an alternative embodiment, compensation using inter-
vals such as intervals 610 of FIG. 6 is performed only at
certain times during operation of an illumination device. For
example, compensation may be performed when a signifi-
cant change in ambient temperature has been detected, or
when there has been a change in settings for the illumination
device. Timing diagrams illustrating performance of com-
pensation at selected times are shown in FIG. 10. The upper
diagram of FIG. 10 illustrates periods 1010 of continuous
illumination produced by application of an operative drive
current designated I1 to one or more LED elements. In an
embodiment, drive current I1 represents a combination of
different drive currents applied to respective different LED
elements within the illumination device, to produce the
desired illumination. In the embodiment of FIG. 10, illumi-
nation periods 1010 are occasionally interrupted by com-
pensation periods 1020, during which measurements are
taken as part of a compensation method. In an embodiment,
initiation of a compensation period 1020 is in response to a
determination that there has been a change in some quantity
such as ambient temperature or illumination settings for the
device. In such an embodiment, compensation periods may
be repeated until a changing quantity has stabilized. In an
alternative embodiment, compensation periods 1020 may be
initiated at previously specified times or for a fixed number
of times, including one time.

The lower diagram of FIG. 10 is an expanded timing
diagram of an exemplary compensation period 1020. Inter-
vals 1022 are similar to intervals 610 of FIG. 6 or intervals
810 of FIG. 8. Within intervals 1022, all emission LED
elements are turned off except for a single LED element that
may be turned on as part of a particular measurement.
Between intervals 1022, one or more of the LED elements
within the lamp are supplied with an operative drive current
during illumination periods 1024. In the embodiment of
FIG. 10, the drive current applied during illumination peri-
ods 1024 is “boosted” to an increased level designated
generically as 12. In an embodiment, drive current level 12
represents a combination of different drive currents applied
to respective different LED elements, each at a higher level
than is applied to the LED element in connection with drive
current level I1 during illumination periods 1010. As dis-
cussed in more detail in co-pending application Ser. No.
13/970,990, use of a boosted drive current during compen-
sation periods may counteract a “flicker” effect that can
result from the interruptions in illumination occurring during
a compensation period such as period 1020.
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As discussed above in connection with FIGS. 8-9, in some
embodiments compensation methods for an LED illumina-
tion device such as an emitter module rely upon measure-
ments of photocurrent induced in a photodetector when a
drive current is applied to an LED element. In such an
embodiment, it is critical that the photocurrent induced
reflect the LED element being measured rather than inter-
ference from other light sources. In some embodiments of
methods disclosed herein, subtraction of ambient-induced
photocurrent is employed to mitigate the effects of interfer-
ence. An embodiment for which interference-related illumi-
nation can be effectively subtracted is illustrated in FIG.
11A.

The upper diagram of FIG. 11A plots luminous flux vs.
time during an interval 1102 similar to, for example, interval
1022 of FIG. 10. In the embodiment of FIG. 11A, a first
portion 1104 of the interval is a measurement portion of the
interval during which a particular emission LED element
may be turned on (while all other emission LED elements in
the illumination device are turned off). Second portion 1106
in this embodiment is a portion of the interval used for
ambient detection, during which all emission LED elements
within the illumination device are turned off Although
portions 1104 and 1106 each have a duration of approxi-
mately one-half of interval 1102, the portions could have
different relative durations in other embodiments. Waveform
1110, denoted with a solid line, represents the luminous flux
resulting from turning on an LED element during interval
portion 1104 for a measurement, then turning the LED
element off during interval portion 1106. Waveform 1112,
denoted with a dashed line, represents the luminous flux
resulting from ambient light that is constant in intensity for
at least the duration of interval 1102.

The lower diagram of FIG. 11A plots photocurrent
induced in a photodetector in response to the luminous flux
plotted in the upper diagram. For purposes of illustration, it
is assumed that the photodetector has equal sensitivity to the
LED illumination represented by waveform 1110 and the
ambient illumination represented by waveform 1112. Wave-
form 1114, denoted with a solid line, represents the total
photocurrent induced by the LED and ambient illumination,
or the sum of the photocurrent induced by each type of
illumination. Waveform 1116, denoted by a dashed line,
represents the difference between the total photocurrent at
any time and an ambient current value 1, where 1, is the
total current measured at a point during portion 1106 of
interval 1102. For example, 1, corresponds to the total
photocurrent at time T,. In other embodiments, 1, can be
obtained by averaging multiple measurements taken during
interval portion 1106, or by using other signal processing
techniques known to one of ordinary skill in the art in view
of'this disclosure. Similarly, total photocurrent I is obtained
by one or more measurements of photocurrent in the detec-
tor during interval portion 1104, accompanied by averaging
and/or other signal processing as understood by one of
ordinary skill in the art in view of this disclosure. Subtrac-
tion of ambient photocurrent [, from total photocurrent I,
results in corrected photocurrent 1. attributable to the LED
illumination corresponding to waveform 1110.

In an embodiment, the detector used to measure induced
ambient photocurrent I, is the same detector used to measure
total photocurrent 1, during interval portion 1104 when the
target LED element is driven at an operative current level. In
this way, the ambient photocurrent induced during measure-
ment of the tested LED element may be most accurately
accounted for by the ambient photocurrent detected during
interval portion 1106 when the tested LED element is off. In
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some embodiments, a separate detector may be used for
ambient light detection, alternatively or in addition to a
detector used for ambient detection during photocurrent
measurements. A separate detector for ambient light mea-
surement may be particularly useful, for example, in
embodiments for which target settings of the illumination
device are adjusted depending on ambient light conditions.

The importance of the ambient subtraction of FIG. 11A
can be appreciated by reference back to the method illus-
trated by FIGS. 8-9. As described above, FIG. 9 illustrates
determination of an expected photocurrent value by inter-
polation from stored calibration values. The expected value
is compared to the photocurrent measured for the corre-
sponding LED element—for example, Iph1 of FIG. 8. If the
measured photocurrent includes photocurrent induced by
illumination other than that from the LED element, such as
total current I, of FIG. 11A, comparison to the expected
photocurrent determined as shown in FIG. 9 will provide an
inaccurate indication of how illumination from the LED
element has changed. The resulting scaling and adjustment
of drive current to the LED element may therefore move the
LED element away from its target settings rather than
helping to maintain them. Comparison of the expected
photocurrent to corrected photocurrent I in the embodiment
of FIG. 11 A, however, should provide an accurate indication
of how the illumination from the LED element may have
changed.

A situation in which the subtraction technique illustrated
in FIG. 11A is not effective in mitigating interference is
illustrated by FIG. 11B. The upper diagram of FIG. 11B is
a plot of luminous flux during the same interval 1102 having
first and second portions 1104 and 1106, respectively, as that
shown in the upper diagram of FIG. 11A. The upper diagram
also includes waveform 1110 as also shown in FIG. 11A,
representing luminous flux from an LED element turned on
during interval portion 1104. Instead of the constant ambient
illumination 1112 shown in FIG. 11A, however, the upper
diagram of FIG. 11B includes waveform 1120 representing
an additional illumination source that is on during interval
portion 1104 and off during interval portion 1106. In an
embodiment, waveform 1120 represents illumination from
an additional LED element within a separate illumination
device or emitter module than that of the LED element
represented by waveform 1110.

The lower diagram of FIG. 11B plots photocurrent
induced in a photodetector in response to the luminous flux
plotted in the upper diagram, assuming equal sensitivity of
the photodetector to the LED illumination represented by
waveforms 1110 and 1120. Like waveform 1114 of FIG.
11A, waveform 1122 in FIG. 11B represents the total
photocurrent induced by the illumination sources corre-
sponding to waveforms 110 and 1120. In the embodiment of
FIG. 11B, the difference between the total photocurrent and
current I , measured at a point during portion 1106 of interval
1102 is also represented by waveform 1122, because 1, is
zero in FIG. 11B. Using I, I, and I defined in the same
manner as for FIG. 11A, [~ is equal to I in the embodiment
of FIG. 11B because 1, is zero. Therefore, I~ in FIG. 11B
does not represent the photocurrent induced solely by illu-
mination from the LED element corresponding to waveform
1110. Use of the photocurrent from FIG. 11B in a compen-
sation method such as that illustrated in FIGS. 8 and 9 would
lead to serious errors since a photocurrent not corresponding
to a given LED element would be used for determining the
adjustment to the drive current of that LED element.

In the example of FIG. 11B, an extreme case is illustrated
of an interfering light source that is turned on and off at
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exactly the same times as the LED element being compen-
sated. It is noted that any interference source not having
constant intensity over interval 1102 can produce an error in
measured photocurrent, even if the interference source does
not turn on and off at exactly the same times as the target
LED element. If the “ambient” photocurrent measured dur-
ing interval portion 1106 is not equal to the interference-
generated portion of the photocurrent measured during inter-
val portion 1104, ambient subtraction will not be effective in
extracting the photocurrent corresponding to the LED ele-
ment being compensated. An embodiment including a non-
constant interference source as shown in FIG. 11B may of
course include constant ambient illumination as well, in the
manner shown in FIG. 11A. In such an embodiment, the
photocurrent associated with the constant illumination could
be subtracted out, while the non-constant interfering illumi-
nation would lead to compensation errors.

“Non-constant illumination™ as used herein refers to illu-
mination having a substantial variation with time during a
measurement interval, or during a portion of a measurement
interval in which detection of background or ambient illu-
mination is being performed. In an embodiment, a substan-
tial variation is a variation that would result in a significant
error for a photocurrent measurement conducted during the
same interval. The size of the variation that would result in
a significant error depends on the relative magnitudes of
photocurrents induced by a measured LED element and by
the external illumination in the photodetector used for the
photocurrent measurement.

A further illustration of how the kind of interference
shown in FIG. 11B can arise is given by FIG. 12. Two timing
diagrams are shown in FIG. 12. The upper diagram, desig-
nated Lamp A, is associated with a first emitter module
including multiple LED elements and a photodetector. The
lower diagram, designated Lamp B, corresponds to a second
emitter module. The two lamps may in some embodiments
be part of a single larger illumination device. In other
embodiments, the two lamps may be in separate illumination
devices that are installed in proximity to one another, or even
facing one another. Each timing diagram corresponds to a
portion of a compensation period such as period 1020 of
FIG. 10, in which periods of illumination 1202 are inter-
rupted by intervals including intervals 1210, 1220, 1230 and
1240, during which the emission LED elements within the
lamp are turned off and a measurement associated with a
particular LED element and/or detector may be taken. In
some embodiments, drive currents applied to LED elements
during the illumination periods may be “boosted” as shown
in FIG. 10, to a higher level as compared to the level during
longer illumination periods not interrupted by measure-
ments, such as periods 1010 of FIG. 10.

During interval 1210 of FIG. 12, a forward voltage
measurement (denoted as V , ,) is taken of an emission LED
element 1 within Lamp A. No measurements are taken for
Lamp B during interval 1210; instead, drive currents are
applied to one or more of the emission LED elements of
Lamp B to produce the desired illumination. In other words,
interval 1210 is an interval for Lamp A but not for Lamp B.
Whether illumination from Lamp B interferes with the
forward voltage measurement taken for Lamp A depends on
the relative magnitudes of the bias-induced current in the
LED element being measured and the photocurrent induced
in the LED element by the external illumination. The
magnitude of the photocurrent induced may depend on
multiple factors, such as the relative locations of Lamp B
and Lamp A, the relative wavelengths of the driven LED
element in Lamp B and Lamp A, and the carrier recombi-
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nation lifetimes under measurement conditions for the mea-
sured LED element in Lamp A. In an embodiment, the
induced photocurrent from external radiation is on the order
of a microampere or less, while the forward bias induced
current in the measured element is on the order of a
milliampere. In such an embodiment, illumination by Lamp
B in interval 1210 of FIG. 12 would not have a significant
effect on the forward voltage measurement taken by Lamp
A. The forward voltage measurement in such an embodi-
ment may be considered to not be sensitive to illumination
from the other illumination device.

In an alternative embodiment in which Lamp A were
taking a photocurrent measurement during interval 1210
rather than a forward voltage measurement, the magnitude
of the externally-induced photocurrent may be significant by
comparison to the measured current. However, the constant
illumination provided by the illumination from Lamp B
during interval 1210 could be successfully subtracted out if
a photocurrent measurement were taken by Lamp A during
that interval. This subtraction would correspond to the
situation illustrated in FIG. 11A above.

During each of intervals 1220 and 1240, one of the lamps
is performing a photocurrent measurement on an LED
element, while the other lamp is performing a forward
voltage measurement. During interval 1240, for example, a
forward voltage measurement V,,, of emission LED ele-
ment 2 of Lamp A is performed, while a photocurrent
measurement 1., measures the photocurrent induced in a
detector of Lamp B by operation of emission LED element
2 of Lamp B. In an embodiment, forward voltage measure-
ments of emission LED elements are taken using non-
operative levels of drive current, meaning drive current
levels insufficient to produce significant illumination from
the LED. In such an embodiment, the forward voltage
measurement taken using one lamp would not be expected
to interfere with the photocurrent measurement taken using
the other lamp. Whether there is interference in the opposite
direction—i.e., whether the photocurrent measurement of
Lamp B interferes with the forward voltage measurement of
Lamp A—depends upon the relative magnitudes of the
forward bias induced current in the measured LED element
of Lamp A and the photocurrent induced in that LED
element by the illumination from Lamp B. This can depend
on various factors, as discussed above in the discussion of
interval 1210.

During interval 1230, however, a photocurrent measure-
ment is taken in both Lamp A and Lamp B. Because
illumination is produced by both of these measurements,
errors will be introduced into each measurement, and any
resulting drive current adjustments, to the extent that illu-
mination produced by one lamp is detectable by the other
lamp. Interference from these two photocurrent measure-
ments cannot be mitigated using ambient subtraction tech-
niques. An attempt to subtract interference-related photo-
current from the photocurrent measured by each lamp would
in one embodiment lead to a situation similar to that shown
in FIG. 11B: each LED element would be turned on during
one portion of interval 1230 and off during the other portion,
causing the “corrected” photocurrent values to be too large.
(Even in an embodiment for which one lamp turned its LED
element on during a first portion of the interval and the other
lamp turned its LED element on during a second portion, the
ambient subtraction would still be incorrect: in this case the
“ambient” subtracted would be too large and the resulting
“corrected” photocurrent too small.) Another way of avoid-
ing interference caused by two lamps taking measurements
during the same interval is needed.
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In an embodiment of a method described herein for
avoiding interference, detection is performed during one or
more intervals before a photocurrent measurement is per-
formed during one of the intervals. In a further embodiment,
the detection during one or more intervals is performed
before any measurement associated with compensation of an
illumination device is performed. Photocurrent measure-
ments, or in some embodiments any measurements, are
initiated after detection has been performed for enough
intervals to indicate that interference from compensation
measurements of another lamp is unlikely. In an embodi-
ment, a photodetector is used to determine whether outside
illumination is present that is not constant throughout the
measurement interval.

In an embodiment, the number of intervals used for
detection depends on the particular sequences of measure-
ments used by the illumination device performing the
method and by any potentially interfering devices. As noted
above in the discussion of FIG. 12, some types of measure-
ment used for compensation of LED elements in an illumi-
nation device are more likely to interfere with other illumi-
nation devices than other types of measurement. In an
embodiment, the specific measurements most likely to cause
interference include measurements of photocurrent induced
in a detector by an illuminated LED element. In such an
embodiment, those are the measurements most likely to
produce a non-constant illumination that could interfere with
a photocurrent measurement by a different illumination
device. In a typical embodiment, the measurements that are
most likely to result in interference are also the measure-
ments most likely to be detected by a different illumination
device employing detection intervals before starting its own
photocurrent measurements. The number of intervals used
for detection may depend on how many total measurements
are expected to be performed in a compensation measure-
ment sequence, as well as how many of those measurements
are expected to be of the kind most likely to cause interfer-
ence.

As an example, consider an emitter module including 4
LED elements and at least one photodetector. The photode-
tector(s) may be dedicated photodetectors or may in some
embodiments be emission LEDs configured at certain times
as photodetectors. In an embodiment, such an emitter mod-
ule may use a sequence of 12 measurements for compen-
sation. For example, 4 of the compensation measurements
could be forward voltage measurements for each of the 4
LED elements. Another 4 measurements could be photocur-
rent measurements for each of the 4 LED elements using one
dedicated photodetector. Another 2 measurements could be
photocurrent measurements for two of the LED elements
using an additional photodetector. The remaining 2 mea-
surements could be forward voltages across each of two
detectors. In this example, 6 of the 12 compensation mea-
surements are photocurrent measurements.

In one embodiment of the above example, it may be
expected that any interfering illumination devices will also
be configured to use a sequence of 12 compensation mea-
surements, 6 of which are photocurrent measurements. If the
particular sequence of measurements that an interfering
device may be configured to use is not known, one approach
would be to detect for 12 measurement intervals before
starting compensation measurements. If no non-constant
illumination is detected during any of the 12 intervals, it is
likely that no nearby illumination device is performing
compensation measurements. In another embodiment, if it is
expected that 6 of the compensation measurements per-
formed by an interfering device are photocurrent measure-
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ments, detection could be performed for 7 intervals before
starting compensation measurements if no non-constant
illumination is detected. If another device were performing
compensation measurements including six photocurrent
measurements, one of the 6 photocurrent measurements
would be expected to occur within a sequence of 7 intervals.
In still another embodiment, if the 6 photocurrent measure-
ments were expected to be uniformly spaced within the
12-measurement sequence (in this case, every other mea-
surement of the 12 measurements would be a photocurrent
measurement), 2 consecutive intervals in which no non-
constant illumination is detected may be sufficient to indi-
cate that no nearby device is likely to be currently perform-
ing compensation measurements.

In a further embodiment of the emitter module example
described above, the various photocurrent measurements
included in the compensation measurement sequence are not
equally detectable. Some of the photocurrent measurements
may be easier to detect, and more likely to cause interfer-
ence, than others. This may particularly be the case in
embodiments with emitter modules containing emission
LED elements emitting different colors of light. Certain
combinations of LED element and detector may result in
significantly higher photocurrent signals. Measurements
using these emitter/detector combinations may be referred to
as “beacon” measurements. The magnitude of the photocur-
rent signal for a particular measurement depends on factors
including the luminous flux emitted by the LED element, the
sensitivity of the detector, and how well the emitter and
detector are matched in terms of spectral response. As an
example, one measurement for a multi-color emission mod-
ule that may result in a relatively high photocurrent signal is
measurement of a green emission LED element using a
detector configured to detect red light (in an embodiment,
the detector is a red LED configured as a detector).

For the example described above of an emitter module
having 12 compensation measurements including 6 photo-
current measurements, consider an embodiment in which
two of the photocurrent measurements result in significantly
higher photocurrent signals than the other photocurrent
measurements. In such an embodiment, the number of
detection intervals used before starting compensation mea-
surements may be chosen such that one of these higher-
photocurrent signals would be expected to occur if a nearby
device is performing compensation measurements. If the
sequence of the measurements is not known, for example, 11
intervals without detection of a non-constant illumination
would be needed to be certain that one of the 2 “beacon”
measurements should have occurred if interfering measure-
ments are in progress. Alternatively, if the 2 “beacon”
measurements are known to be evenly spaced within the
measurement sequence (6 measurements apart, in this
example), 6 intervals without detection of a non-constant
illumination would be sufficient before beginning compen-
sation measurements.

The embodiments described above relating to determin-
ing a number of detection intervals to use before starting
compensation measurements can be illustrated using a tim-
ing diagram such as that of FIG. 13A. In FIG. 13 A, detection
intervals 1310 are used to determine whether measurements
taken by another lamp can be detected. If no other measure-
ments are detected, compensation measurements are initi-
ated during subsequent intervals denoted in FIG. 13A as
measurement intervals 1320. The necessary number of
detection intervals 1310 in which no interfering measure-
ment is detected depends on factors such as the number,
nature and sequencing of compensation measurements, as
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discussed further above. The specific measurements illus-
trated in FIG. 13A as being performed during the first of
measurement intervals 1320 are merely exemplary.

An alternative approach to that of FIG. 13A is shown in
FIG. 13B. In the timing diagram of FIG. 13B, detection
intervals 1310 are alternated with intervals in which non-
sensitive measurements 1322 are taken. Non-sensitive mea-
surements as used herein are measurements not affected
significantly by external illumination. In an embodiment,
non-sensitive measurements include forward voltage mea-
surements across an LED element or a photodetector. As
discussed further above in connection with FIG. 12, such
forward voltage measurements are expected to be non-
sensitive if the forward-bias induced current in the measured
LED element is large compared to the photocurrent induced
by the external illumination. A timing sequence such as that
of FIG. 13B may allow non-sensitive measurements to be
taken earlier, while it is still being determined whether
measurements sensitive to interfering illumination (denoted
as sensitive measurements 1324) can be taken without
interference. In an embodiment, detection for interfering
measurements may be performed during the same interval as
one of non-sensitive measurements 1322, as long as the
detector used for detecting interference is not involved in the
non-sensitive measurement. In an embodiment for which the
non-sensitive measurement is a forward voltage measure-
ment, the forward voltage measurement would need to be
performed at a non-illuminating level of drive current to
avoid error in performing detection at the same time.

In an embodiment for which non-sensitive measurements
are performed during an overall detection sequence but
detection is not performed during the intervals in which
non-sensitive measurements are taken, the expected mea-
surement sequence of any interfering devices would need to
include enough consecutive higher-intensity measurements
that a measurement sequence performed by a nearby device
would be detected during one of the intervals when detection
is performed. For example, in an embodiment of FIG. 13B
in which no detection is performed during one or both of the
intervals allocated to non-sensitive measurements 1322,
higher-intensity measurements performed by an interfering
device would need to be grouped so that at least two of the
high-intensity measurements are performed in consecutive
intervals. In this way, if the interfering device is performing
measurements and one high-intensity measurement occurs
in the same interval as a non-sensitive measurement 1322
and is not detected, the other consecutive high-intensity
measurement would be detected during either the preceding
or succeeding detection interval 1310.

The timing diagrams of FIGS. 13A and 13B illustrate
examples of an approach in which some number of detection
intervals is used to obtain an indication that no nearby device
is performing interfering measurements. When no interfer-
ing measurement is observed after a sufficient number of
detection intervals, compensation measurements are initi-
ated during subsequent intervals. If, on the other hand, a
non-constant illumination is detected during a detection
interval, this is an indication that a nearby device is per-
forming interfering measurements. Detection of a constant
illumination during the interval is not associated with an
interfering measurement in such an embodiment, because
the effects of a constant external illumination on a photo-
current measurement can be removed by ambient subtrac-
tion such as that illustrated in FIG. 11A. In some embodi-
ments, detection can be performed by taking photocurrent
measurements during each of two portions of the interval,
and then subtracting the photocurrents, in the manner
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described above for FIG. 11A. A non-zero result of the
subtraction in such an embodiment indicates a non-constant
illumination during the interval.

In an embodiment, detection of a non-constant illumina-
tion during a detection interval causes an illumination device
to discontinue the detection sequence and return to driving
the emission LED elements in the device to provide con-
tinuous illumination. In such an embodiment, the illumina-
tion device may be returned to a continuous illumination
state uninterrupted by detection intervals or measurement
intervals, similar to illumination periods 1010 of FIG. 10
above. In an alternative embodiment, a sequence of alter-
nating illumination periods and intervals with the emission
LED elements turned to non-operative levels may be con-
tinued after the detection sequence is discontinued, but
without measurement taking place during the intervals. In a
further embodiment, any intervals present after the detection
sequence is suspended would not be used for detection or
measurement until such time that a detection sequence is
restarted.

When the detection sequence is discontinued after detec-
tion of a non-constant illumination during a detection inter-
val, the measurement control circuit of the illumination
device waits, in one embodiment, for some delay time
before restarting the detection sequence. In a further
embodiment, the delay time is a randomized delay time.
After waiting for the delay time, the measurement control
circuit may in one embodiment start again at the beginning
of the detection sequence that was aborted upon detection of
the non-continuous illumination. Alternatively, in some
embodiments the detection sequence may be picked up at a
point after the beginning of the sequence. In an embodiment,
the detection sequence is started again at the point in the
sequence when the non-continuous illumination was previ-
ously detected. Such an embodiment may be suitable, for
example, in a sequence such as that of FIG. 13B in which
some non-sensitive measurements are performed success-
fully in an earlier detection sequence before it is aborted.

As an alternative to the above-described embodiments of
suspending a detection sequence and resuming detection
after a delay, another approach to handling detection of a
non-constant illumination during a detection interval may be
suitable in certain embodiments. In an embodiment for
which the sequence of measurements expected to be per-
formed by an interfering device is known, detection of a
non-constant illumination during one or more detection
intervals may allow a measurement control circuit to predict
which upcoming intervals will or will not contain interfering
measurements. In such an embodiment, the measurement
control circuit may be able to select a starting interval for its
own measurement sequence such that each of the two
devices is able to complete its respective measurement
sequence without obtaining erroneous results. An example
of such a scenario is illustrated by FIG. 14.

The pair of timing diagrams in FIG. 14 is for two emitter
modules, designated Lamp A and Lamp B, similar to those
described in the discussion of FIG. 12 above. Each lamp is
operating in a compensation mode such as that within a
compensation period 1020 of FIG. 10, in which periods of
illumination 1402 are interrupted by intervals including
intervals 1410, 1420, 1430, 1440 and 1450. At the beginning
of each interval the emission LED elements within the lamp
are turned off (or to a non-illuminating level) and detection
may be performed or a measurement associated with a
particular LED element and/or detector may be taken. In the
embodiment of FIG. 14, intervals 1410 and 1420 are detec-
tion intervals for Lamp A. These intervals are measurement
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intervals for Lamp B, however. In the embodiment of FIG.
14, Lamp B is carrying out a sequence of 8 measurements
in which a forward voltage for each of four emission LED
elements is followed by a measurement of photocurrent
induced in a detector when a drive current is applied to that
LED element. The lower timing diagram in FIG. 14 there-
fore shows the entire sequence of measurements carried out
by Lamp B. In an embodiment, this measurement sequence
is repeated continuously using subsequent intervals. In
another embodiment, the lamp returns to a continuous
illumination mode such as an illumination period 1010 of
FIG. 10, and the measurement sequence is repeated if a
change in operating conditions is detected or at certain
preset times.

During interval 1410, Lamp B carries out a forward
voltage measurement V, 5 of a first emission LED element.
Even in an embodiment for which Lamps A and B are in
close proximity and/or facing one another, Lamp A does not
detect any significant non-constant illumination from the
measurement by Lamp B as long as the drive current for the
measurement V5 is at a level too low to result in illumi-
nation. During interval 1420, however, Lamp A does, in this
embodiment, detect a non-constant illumination associated
with the measurement by Lamp B of photocurrent 1,5
induced in a detector when the first LED element is illumi-
nated. In the embodiment of FIG. 14, the sequence of
measurements employed by potentially interfering lamps,
including Lamp B, is known to the control circuit of Lamp
A, and Lamp A employs the same sequence for its own
compensation measurements. Upon detecting a non-con-
stant illumination during interval 1420, the control circuit of
Lamp A determines that an interfering lamp made a photo-
current measurement during that interval. Because the mea-
surement sequence is known to alternate photocurrent mea-
surements with  non-illuminating forward voltage
measurements, the control circuit of Lamp A can predict that
the interfering lamp will make a forward voltage measure-
ment during the next interval, interval 1430. Because the
measurement sequence begins with a forward voltage mea-
surement, the control circuit of Lamp A waits for one
additional interval and begins the measurement sequence for
Lamp A at interval 1440. In this way, the photocurrent
measurements by Lamp B line up in the same intervals as the
non-sensitive, and non-interfering, forward voltage mea-
surements by Lamp A.

In the embodiment of FIG. 14, both Lamps A and B can
keep repeating the measurement sequence continuously in
subsequent intervals, if desired, without interfering with
each other’s measurements. An approach such as that of
FIG. 14, in which potentially interfering lamps perform
measurement sequences in an overlapping manner that
avoids interference, may be particularly suitable for embodi-
ments in which a measurement sequence is repeated con-
tinuously. In an embodiment with continuous compensation
measurements, the alternate approach described above, of
suspending measurements when an interference is detected
and attempting measurements again after a delay, may be
less effective. For the measurement sequence used in FIG.
14 having alternating photocurrent and forward voltage
measurements, the control circuit of Lamp A can determine
an interval for starting a non-interfering measurement
sequence after detection of just one interfering measure-
ment. In embodiments using different measurement
sequences, the control circuit may need to detect multiple
interfering measurements in order to determine a starting
interval for a non-interfering measurement sequence. In the
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case of some measurement sequences, overlapping but non-
interfering measurement sequences may not be available.

The approach of FIG. 14 depends on access by the control
circuit of an illumination device to the measurement
sequence used by potential interfering devices. One embodi-
ment in which the control circuit may have such information
is an installation in which the lamps in close proximity to
one another are all made by the same manufacturer and use
the same control sequence. In another embodiment, a control
circuit has information on measurement sequences of poten-
tial interfering lamps because the lamps in close proximity
to one another are manufactured to a common standard that
specifies the measurement sequence. In installations having
lamps in close proximity that use different measurement
sequences, information regarding the measurement
sequences of various other lamps may in some embodiments
be available to the control circuit of an illumination device.
An illumination device may in certain embodiments include
a data structure storing configuration information including
compensation measurement sequences for various poten-
tially interfering lamp models. In embodiments for which
interference by lamps having multiple different measure-
ment sequences is a possibility, the control circuit may need
to detect multiple interfering measurements before deter-
mining which measurement sequence is being used by
another device and whether overlapping measurement
sequences are possible without interference.

The discussion above of FIGS. 13 and 14 describes ways
that detection during some number of intervals before per-
forming compensation measurements during subsequent
intervals can help to avoid measurement errors caused by
interfering measurements by nearby illumination devices. In
some cases, however, measurement errors may occur despite
use of the above-described detection techniques. For
example, a prediction that a lamp may safely begin making
measurements based on the expected measurement sequence
of a single interfering lamp may be in error if multiple
nearby lamps are making measurements. As another
example, measurement errors can occur if two or more
lamps are performing detection during the same intervals
and, each detecting no other measurements, both begin
measurements at the same time.

In an embodiment, measurement errors are detected by
checking to see whether a measured value is within an
expected range. In a further embodiment, the expected range
is based on the most recently stored value of the measured
quantity. In such an embodiment, the expected range
accounts for the magnitude of expected variations in the
measured quantity caused by factors such as LED aging or
temperature change of an LED element. In one embodiment,
a measured value is outside of the expected range if it varies
by more than about 5 percent from the most recently stored
value of the measured quantity. In another embodiment, a
measured value is outside of the expected range if it varies
by more than about 3 percent from the most recently stored
value. In yet another embodiment, a measured value is
outside of the expected range if it varies by more than about
2 percent from the most recently stored value. Other thresh-
olds for considering a measurement out-of-range may be
used, depending on factors such as the volatility of the
particular quantity being measured and the degree of accu-
racy required for compensation and control of the illumina-
tion device. If the measured value is outside of the expected
range, the measured value is discarded rather than stored. In
an embodiment, the measurement sequence continues after
an out-of range measurement is detected, with in-range
measurements stored while out-of-range measurements are
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discarded. In an alternative embodiment, an out-of-range
measurement causes the measurement sequence to be sus-
pended. In such an embodiment, the control circuit of the
illumination device may wait for a delay time and then
attempt the measurement sequence again. The new attempt
may start at the beginning of the sequence, or alternatively
may start with the measurement that was out of range. In
another embodiment in which the measurement sequence is
suspended after an out-of-range measurement, the control
circuit may wait for a delay time and then begin a detection
sequence before attempting measurements again.

Checking for whether a measurement is in range is in
some embodiments combined with methods described
above for detection during some number of intervals before
performing compensation measurements. In an alternative
embodiment, measurements are performed without any
detection intervals beforehand, with the measured values
checked for being out of an expected range. In still another
embodiment, measurements are initially performed without
detection beforehand, but if an out-of-range value is
obtained, a detection method as described above is
employed before resuming measurements. In some embodi-
ments, checking for whether a measurement is in range is
performed only for interference-sensitive measurements
such as photocurrent measurements. In other embodiments,
all measured values are checked for being within an
expected range.

Approaches described above to avoiding interference
from nearby illumination devices when performing compen-
sation measurements include performing detection to predict
interference-free intervals for taking measurements, check-
ing measured values to determine whether measurement
error has occurred, and suspending and reattempting detec-
tion and/or measurements in the event that interference is
detected. Another approach to avoiding interference is to use
a different set of intervals than that used by a potentially
interfering device. In an embodiment of this approach, one
set of periodic intervals is established having a first offset
time from a periodic timing reference, while another set of
periodic intervals is established having a second offset time
from the timing reference. An exemplary timing diagram
illustrating such an embodiment is shown in FIG. 15.

In the embodiment of FIG. 15, a timing reference signal
1520 is generated from an AC reference signal 1510. In an
embodiment, timing reference signal 1520 is generated from
AC signal 1510 using a phase locked loop (PLL) circuit. In
the example of FIG. 15, reference signal 1520 has a fre-
quency of six times that of AC signal 1510. In an embodi-
ment, AC signal 1510 is the AC mains signal, typically
having a frequency of 50 Hz or 60 Hz. For an AC mains
frequency of 60 Hz, reference signal 1520 has a frequency
of 360 Hz in the embodiment of FIG. 15. Waveform 1530
illustrates the drive current variation with time for an
illumination device, such as an emitter module, using a first
set of intervals for compensation measurements. As dis-
cussed in connection with FIG. 6 above, “on” current I ,
represents a combination of one or more different drive
currents applied as appropriate to respective different LED
elements within the illumination device, to produce the
desired illumination. During periodic measurement intervals
the drive currents are reduced to a level I, -at which none of
the LED elements are operating, or illuminated, except for
a single LED element that may be subject to measurement
during the interval. Each of the intervals has a duration 1532
and is separated from a rising edge of timing reference 1520
by a first offset 1536. Waveform 1540 illustrates the drive
current variation with time for an illumination device using
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a second set of intervals for compensation measurements.
Waveform 1540 is similar to waveform 1530, except that the
periodic intervals in waveform 1540 are separated from a
rising edge of timing reference 1520 by a second offset
1546.

If one emitter module is configured to perform compen-
sation measurements using a first set of measurement inter-
vals such as those of waveform 1530, and another emitter
module is configured to perform its compensation measure-
ments using a second set of measurement intervals such as
those of waveform 1540, measurements by the two emitter
modules will not interfere with one another because the two
sets of measurement intervals are displaced in time. In an
embodiment, lamps or emitter modules that are to be placed
in close proximity are assigned to different sets of measure-
ment intervals. Such an embodiment may be particularly
suitable for illumination fixtures containing multiple lamps
or emitter modules. In another embodiment, an emitter
module may initially use one set of measurement intervals
and later switch to another set of measurement intervals if
interference from nearby devices is encountered. This type
of embodiment may be suitable in the case of an individual
emitter module, since the configuration of lamps that it may
be operated in proximity to is typically not known.

In the example described above of a 60 Hz AC signal and
a 360 Hz timing reference signal used in the embodiment of
FIG. 15, timing reference signal 1520 has a period of
approximately 2.8 milliseconds. Using these values and the
dimensions as drawn in FIG. 15, the measurement intervals
of waveforms 1530 and 1540 have a duration of approxi-
mately 550 microseconds while the first offset is approxi-
mately 800 microseconds and the second offset approxi-
mately 2 milliseconds. It should be noted that the
measurement intervals may have any duration sufficient to
perform any compensation measurement needed. In an
embodiment, the measurement interval should be long
enough to allow a period of measuring the desired quantity
and a period for ambient measurement. At the same time, it
is preferred in some embodiments to have measurement
intervals be as short as possible in order to reduce effects
such as “flicker” caused by turning the LED elements on and
off. In one embodiment, the measurement interval duration
is approximately 100 microseconds. The number of different
sets of measurement intervals that may be used depends on
the period of the timing reference signal and the duration of
the measurement interval.

In one embodiment having a timing reference signal with
frequency of an integer N times the frequency of an AC
reference signal (like the embodiment of FIG. 15, where
N=6), the number of intervals in a measurement sequence is
set to be an integral multiple of N. For the example of FIG.
15 in which N=6, the number of intervals in the measure-
ment sequence in this embodiment would be set to a multiple
of 6, even if some intervals were left empty in order to do
so. In this way, repetition of the measurement sequence
would cause repetitions of any individual measurement to
occur at the same point in the phase of the AC signal. In an
alternative embodiment with a timing reference signal hav-
ing a frequency of N times the AC reference signal, the
number of intervals in the measurement sequence is instead
set to a number that is not an integral multiple of N. In such
an embodiment repetition of the measurement sequence
would cause repetitions of any individual measurement to
occur at different points in the phase of the AC signal. In a
further embodiment, values obtained from repetitions of an
individual measurement are averaged. In such an embodi-
ment, use of a number of measurements that is not an
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integral multiple of N may provide a more accurate mea-
surement when results from repetitions of a measurement
taken at different AC phase points are averaged.

Flowcharts of exemplary methods of performing interfer-
ence-resistant compensation measurements using the
approaches described above are shown in FIGS. 16A
through 16C. The flowchart of FIG. 16A is for a method in
which no detection is performed before beginning a
sequence of measurements. In the embodiment of FIG. 16 A,
photocurrent measurements include subtraction of ambient
photocurrent, and the method includes determining whether
photocurrent values are within an expected range. The
starting point for the method is operation of one or more
emission LED elements within an illumination device or
emitter module at respective drive currents to produce the
desired illumination (step 1602). This illumination is con-
tinued until the control circuit of the illumination device
determines that it is time to take compensation measure-
ments (decision 1604). In some embodiments, compensation
measurements are performed at specific times. In other
embodiments the measurements may be performed when a
change is detected in operating conditions, such as tempera-
ture of the illumination device or a change in drive current
supplied to one or more of the emission LEDs to alter the
lumen output or color point setting of the illumination
device. In still other embodiments, periodic compensation
measurement intervals may be created throughout the time
the illumination fixture is operating, and compensation
measurement sequences may be continually repeated using
those intervals.

In the embodiment of FIG. 16A, a measurement counter
is initialized to keep track of which measurements in a
measurement sequence have been performed (step 1606).
All of the emission LED elements are then turned off (to
non-operative or non-illuminating levels) at the start of the
next measurement interval (step 1608). The measurement
interval is one of a set of intervals such as those discussed
in connection with FIGS. 6, 8 and 10-15 above. If the
measurement to be performed is not a photocurrent mea-
surement, the measurement is performed during the interval
and the result of the measurement is stored (decision 1610,
step 1612, step 1614). A non-photocurrent measurement
may include, for example, a forward voltage measurement
across an emission LED or a photodetector. Methods of
performing forward voltage measurements are described
further in the co-pending applications referenced herein.
After the result is stored, the measurement counter is incre-
mented and the emission LED elements are turned back on
to produce illumination (steps 1616, 1618).

If a photocurrent measurement is performed, the emission
LED element to be tested is turned on using the desired drive
current during a first part of the measurement interval
(decision 1610 and step 1622). In one embodiment, the
emission LED element is turned on for half of the measure-
ment interval. In other embodiments, the emission LED
element is turned on for a different fraction of the measure-
ment interval. The photocurrent on a detector within the
illumination device or emitter module is measured during
the part of the measurement interval when the tested LED
element is turned on (step 1624). The detector used in the
measurement may be referred to herein as a measurement
photodetector and the photocurrent detected by the measure-
ment may be referred to as a measurement photocurrent.
During a second part of the measurement interval, the tested
LED element is turned off (while the other emission LED
elements remain turned off) (step 1626). The ambient or
background photocurrent induced in the detector is mea-
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sured during this second part of the measurement interval
(step 1628). As noted in the discussion of FIG. 11 above, the
photocurrent values may be obtained using averaging and/or
other signal processing techniques known to those of ordi-
nary skill in the art in view of this disclosure. In some
embodiments, the first part of the measurement interval
during which the LED element is turned on is at the
beginning of the interval, as illustrated by portion 1104 of
FIG. 11. In other embodiments, the first part is at the end of
the interval, and the ambient measurement in the second part
of the interval is done before the measurement of photocur-
rent from the driven LED element.

When both the photocurrent induced by the driven LED
element and the ambient photocurrent have been measured,
the ambient photocurrent is subtracted from the photocurrent
induced by the driven emission LED element to obtain a
corrected photocurrent (step 1630). In an embodiment, this
subtraction is done in hardware. The corrected photocurrent
is then checked to see whether it is within an expected range
(decision 1632). In an embodiment, the expected range is
based on a target value of the photocurrent, or on the most
recent reliable measured value. The expected range is in
some embodiments set to be larger than the expected varia-
tion of the photocurrent caused by temperature variation or
LED aging. If the corrected photocurrent is within the
expected range, it is stored (step 1614) and the measurement
counter is incremented (step 1616).

In the embodiment of FIG. 16A, if the corrected photo-
current is out of the expected range, storage of the corrected
value is skipped (N branch of decision 1632). Incrementing
of the measurement counter and continuing on with the next
measurement in the sequence (steps 1616 and 1618, decision
1620) are performed in the same way whether the photo-
current measurement is stored or discarded. In this embodi-
ment, a measurement for which the result is not stored can
be attempted again when its turn comes up in the next
measurement sequence. In an alternate embodiment to that
of FIG. 16A, the measurement sequence is suspended when
an out-of-range measurement is discovered. In such an
embodiment, the measurement sequence may be re-at-
tempted after a delay time or after changing to a different set
of measurement intervals. Some of these options are illus-
trated in the method of FIG. 16B discussed below.

At the end of the measurement interval, one or more of the
emission LED elements are again operated to produce the
desired illumination (step 1618). As compensation measure-
ments are taken and evaluated, the drive currents applied to
the respective LED elements to obtain desired illumination
may be adjusted, as described further in the co-pending
applications referenced herein. In the embodiment of FIG.
16A, the sequence of measurements is continued, with any
photocurrent measurements either stored or discarded, until
the end of the sequence (decision 1620). At the end of the
sequence, a new measurement sequence may be started as
determined by the control circuit (decision 1604). As dis-
cussed above, measurement sequences may be repeated
continually in some embodiments, or performed only at
certain times or under certain conditions. In one embodi-
ment, a measurement sequence is repeated if an out-of-range
measurement is detected in the previous sequence.

Variations of the method of FIG. 16 A will be recognized
by one of ordinary skill in the art in view of this disclosure.
For example, for this and all flowcharts described herein, a
group of steps in between two decision points of the flow-
chart may often be performed in more than one order.
Although the embodiment of FIG. 16A performs ambient
subtraction only for photocurrent measurements, in another
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embodiment a similar scheme of interval portions and
subtraction could be used for non-photocurrent measure-
ments. In some embodiments, non-photocurrent measure-
ments can also be checked for being within an expected
range.

An exemplary flowchart for a method of detecting during
a series of intervals prior to starting compensation measure-
ments is shown in FIG. 16B. In the same manner as
discussed above for FIG. 16A, the method begins with
operation of one or more emission LED elements to produce
the desired illumination (step 1602). This illumination is
continued until the control circuit of the illumination device
determines that it is time to take compensation measure-
ments (decision 1604). After it is determined that compen-
sation measurements are to be taken, the control circuit
initializes a counter for “collisions,” or determinations that
another device is making a measurement during an interval.
Counters are also initialized for free intervals, or intervals in
which no measurement by another device is detected, and
for contiguous free intervals since the last collision (step
1634). All of the emission LED elements are turned “off”; or
to non-operative levels, at the start of the next interval (step
1636), which in the embodiment of FIG. 16B is used as a
detection interval similar to intervals 1310 in FIG. 13. The
photocurrent induced in a detector within the illumination
device is monitored during the detection interval (step
1638). The detector used during a detection interval may be
referred to herein as a “detection interval photodetector,”
and the photocurrent induced during the detection interval as
“detection photocurrent.” In an embodiment, the detection
interval photodetector and measurement photodetector used
during compensation measurements are the same photode-
tector. In an alternative embodiment, the detection interval
photodetector and measurement photodetectors are different
detectors. In some embodiments, different measurement
photodetectors are used for photocurrent measurements of
different LED elements. Such embodiments may allow a
more favorable combination of wavelengths of the tested
LED element and the photodetector. Unless otherwise speci-
fied, any of the detectors referenced herein may be either a
dedicated photodetector or an LED element temporarily
configured as a photodetector.

If no non-constant illumination is detected during the
interval (decisions 1640 and 1654), a “free” interval is
recorded by incrementing the free interval counter and
contiguous free interval counter (step 1658). The emission
LED elements are turned back on to resume illumination at
the end of the interval (step 1656). In the embodiment of
FIG. 16B, a number of contiguous free intervals has been
designated as an indicator that no other device is likely to be
taking measurements using the same set of intervals. Con-
siderations for determining a suitable number of free con-
tiguous intervals are described above in the discussion of
FIGS. 12 and 13. When the designated number of contigu-
ous free intervals has been reached, compensation measure-
ments are started in the next interval (decision 1660 and step
1662). Measurements may then proceed in any suitable
manner, including a manner similar to that illustrated in FI1G.
16A.

If non-constant illumination is detected during an interval,
the collision counter is incremented and the contiguous free
interval counter is reset (decision 1640 and steps 1644 and
1646). The emission LED elements are turned back on as
usual to resume illumination at the end of the interval (step
1642). If a maximum number of collisions has not been
reached, the control circuit waits for a delay time before
attempting detection again (decision 1648, steps 1650 and
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1636). In an embodiment, the delay time is a randomized
delay time. In a further embodiment, the delay time is
determined using the collision counter, such that after each
successive collision the delay time is progressively longer.
For example, in one embodiment the delay time is random-
ized within a specific range, and that range is set to pro-
gressively higher values after each successive collision. In a
further embodiment, the delay time increases after each
successive collision at an exponential rate.

In an embodiment of the method of FIG. 16B, detection
of non-constant illumination refers to detection of illumina-
tion having an intensity that varies substantially with time
during the detection interval, or during a portion of the
detection interval in which detection is performed. In a
further embodiment, illumination intensity varies substan-
tially with time if the variation would be large enough to
induce a significant error in a photocurrent measurement
conducted during the same interval. In some embodiments,
a substantial variation in intensity is defined in terms of the
intensity of illumination produced by a photocurrent mea-
surement within the illumination device performing a
method such as that of FIG. 16B. In a further embodiment,
a substantial variation in intensity is defined in terms of the
intensity of illumination produced by the LED element
within the illumination device producing the lowest illumi-
nation intensity during photocurrent measurements per-
formed as part of a compensation measurement sequence.
For example, a substantial variation in intensity with time
may be defined in one embodiment as a variation large
enough that the change in intensity during the interval is
greater than about 5% of the intensity produced by the LED
element within the illumination device having the lowest
illumination intensity during photocurrent measurements. In
a further embodiment, a substantial variation is a variation
large enough that the change in intensity during the interval
is greater than about 3% of the intensity produced by the
LED element within the illumination device having the
lowest illumination intensity during photocurrent measure-
ments. In a still further embodiment, a substantial variation
is a variation large enough that the change in intensity during
the interval is greater than about 2% of the intensity pro-
duced by the LED element within the illumination device
having the lowest illumination intensity during photocurrent
measurements. Other thresholds for detecting interference
may be used, depending on factors such as the degree of
accuracy required for compensation and control of the
illumination device.

If measurements by other devices continue to be detected
during repeated attempts separated by delay times, a maxi-
mum number of collisions may be reached (decision 1648).
At this point, the control circuit changes to a different series
of measurement intervals, separated from a timing reference
by a different offset time (step 1652). Such sets of intervals
are described above in connection with waveforms 1530 and
1540 in FIG. 15. In the embodiment of FIG. 16B, the
detection sequence is restarted by resetting all counters after
a change to a new set of intervals (step 1634). A change to
a new series of intervals such as that of FIG. 16B may be
particularly suitable in the case of an illumination device
including a single lamp or emission module. Changing of an
interval series may be less appropriate in the case of a
multiple-lamp device, such as that described below in con-
nection with FIG. 18. In a multi-lamp device, each lamp may
be assigned to a specific interval series in order to avoid
interference between them, such that changing of the inter-
val series could in some cases increase the likelihood of
interference.
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Variations of the method of FIG. 16B will be recognized
by one of ordinary skill in the art in view of this disclosure.
For example, in the embodiment of FIG. 16B a collision is
detected by monitoring the entire detection interval for
non-constant illumination. In another embodiment, only a
portion of the detection interval is monitored, based on
knowledge of when during the interval a change in illumi-
nation intensity caused by an interfering measurement is
expected to take place. For example, the expected intensity
variation may be associated with a transition between driv-
ing an LED element for a photocurrent measurement and
having the LED element turned off for an ambient photo-
current measurement, as shown in FIG. 11A. In such an
embodiment, if the time of the change between the LED
measurement and ambient measurement portions of the
interval is known, the monitoring can be done over a range
including that transition time.

An alternative method of detecting prior to starting com-
pensation measurements is illustrated by the flowchart of
FIG. 16C. The method of FIG. 16C is similar in some
respects to that of FIG. 16B, but in FIG. 16C there does not
always have to be a certain number of contiguous free
intervals detected before compensation measurements can
start. In certain situations the method of FIG. 16C allows a
measurement sequence to be started if it can be overlapped
with an ongoing measurement sequence of another device in
such a way that the measurements do not interfere with (i.e.
cause measurement errors for) one another.

Although not shown in FIG. 16C, the context of the
method is the same as for FIGS. 16 A and 16B in that one or
more LED elements are operated to produce the desired
illumination until the control circuit of the illumination
device determines that it is time to take compensation
measurements (see steps 1602 and 1604 of FIGS. 16A and
16B). Monitoring for non-constant illumination is per-
formed in the same manner as for FIG. 16B, and in the event
that a designated number of contiguous free intervals is
reached, a measurement sequence is started in the same way
as in the method of FIG. 16B (steps 1638-1662, going down
right side of flowchart). The method of FIG. 16C differs
from that of FIG. 16B in the event that a collision is detected,
however. Instead of automatically instituting a delay or a
change in interval series after a collision is detected, the
control circuit in the embodiment of FIG. 16C determines
whether the measurement sequence causing the detected
collision is known (decision 1664). If the interfering mea-
surement sequence is known, the control circuit determines
whether it can initiate compensation measurements that
overlap with those of the other device in a manner that
avoids interference (step 1670).

In an embodiment, determinations as to whether an inter-
fering measurement sequence is known and whether over-
lapping, but non-interfering, measurements may be con-
ducted are done using configuration information such as that
shown in FIG. 17. The chart of FIG. 17 includes exemplary
configuration information that may be contained in a data
structure stored on the illumination device. In an embodi-
ment, such configuration information may be stored in the
same storage medium that contains a calibration table used
for compensating the operation of the illumination device to
account for changes in temperature or LED characteristics.
In the embodiment of FIG. 17, configuration information
1700 includes measurement sequences for three different
illumination devices, designated Brand A, Brand B, and
Brand C. In an embodiment, the three illumination devices
are made by different manufacturers. Configuration infor-
mation 1702 is for the Brand A device, while information
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1704 and 1706 is for the Brand B and Brand C devices,
respectively. Controlled device information 1710 indicates
that the controlled device (the one that configuration infor-
mation 1700 is stored in) is a Brand A device in this
embodiment.

Sequence information 1708 includes the sequence of
compensation measurements performed for each device. In
the embodiment of FIG. 17 sequence information 1708
includes the specific measurement performed in each inter-
val of the sequence, as well as whether the measurement is
Sensitive or Non-sensitive (to external illumination) and
whether the measurement is Interfering or Non-interfering.
In this embodiment, photocurrent measurements are all
considered to be both sensitive and interfering, since pho-
tocurrent measurements both detect illumination (and are
therefore sensitive to external illumination) and create illu-
mination from the tested LED element (and therefore can
interfere with another photocurrent measurement). In this
embodiment, forward voltage measurements, whether
across an emission LED element (e.g. V ;) or a detector (e.g.
V1), are considered to be non-sensitive and non-interfer-
ing. That a forward voltage measurement is non-interfering
is believed to be a suitable assumption when the forward
voltage measurements are performed with low drive current
levels so that the measured devices do not produce illumi-
nation. In other embodiments with higher drive current
levels, a forward voltage measurement may be an interfering
measurement (though probably still not a sensitive measure-
ment). As discussed further above with reference to FIGS.
12 and 13, a forward voltage measurement can be consid-
ered non-sensitive if the forward bias induced current in the
measured LED element is large with respect to any photo-
current induced by external illumination. In the embodiment
of FIG. 17, the measurement sequence for each device
includes two empty intervals to bring the length of the
sequence to 12 intervals. Such empty intervals are non-
sensitive and non-interfering. The 12 interval length of the
measurement sequences in FIG. 17 is merely exemplary.
Any number of intervals may be used to form a measure-
ment sequence, and a set of measurement sequences
included in configuration information such as configuration
information 1700 may include sequences having different
lengths (i.e., including different numbers of measurement
intervals).

In the embodiment of FIG. 17, actual measurement
sequences for all three devices are known. In other embodi-
ments, specific measurement sequences for devices made by
other manufacturers may not be known. In such an embodi-
ment, data on whether measurements are sensitive or inter-
fering may be experimentally obtainable (for example,
through use of an external detector), even if the actual
measurements are unknown. In an alternative embodiment
of the method of FIG. 16C, decision block 1664 determines
whether the order of interfering and non-interfering mea-
surements within the interfering measurement sequence is
known, rather than whether the actual measurements within
the sequence are known.

The remaining information in configuration data 1700
characterizes the measurement sequence for each device in
ways that may be helpful in determining whether an over-
lapping measurement sequence can be formed. In an
embodiment, an overlapping but not interfering measure-
ment sequence can be conducted as long as any sensitive
measurements in one sequence of measurements performed
by one device are not performed in the same interval as an
interfering measurement in another sequence of measure-
ments performed by a nearby device. Because in the
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embodiment of FIG. 17 sensitive measurements and inter-
fering measurements are the same, much of the configura-
tion information is described in terms of sensitive measure-
ments, but is also applicable to interfering measurements. In
this embodiment, the rule for conducting overlapping but
not interfering measurements can be restated as making sure
that a sensitive measurement in one sequence is not per-
formed in the same interval as a sensitive measurement in
the other sequence.

Within configuration information 1700, number of sensi-
tive measurements 1712 indicates the number of sensitive
measurements within each sequence. In the embodiment of
FIG. 17 there are four sensitive measurements (the four
photocurrent measurements) in each sequence. The number
of' non-sensitive measurements 1714 is accordingly eight for
each of the devices. As a first-order indicator, a high fraction
of sensitive (or interfering) measurements in a measurement
sequence can make it less likely that an overlapping mea-
surement sequence can be performed. For example, if in an
alternate embodiment the measurement sequence for the
Brand A device had 7 out of 12 interfering measurements
rather than 4 out of 12, it would be very difficult to overlap
measurement sequences for two Brand A devices in close
proximity to one another without having a sensitive mea-
surement by one device performed in the same interval as a
sensitive (and interfering) measurement by the other device.
It could be done if each device ran its measurement sequence
only once without repeating, and most of the sensitive
measurements by one device were finished before the sec-
ond device started its sequence. A non-interfering overlap
would not be possible in this embodiment, however, if either
of the devices were configured to immediately repeat its
measurement sequence.

Same-sequence non-interfering offset 1716 refers to a
number of intervals by which a device performing a mea-
surement sequence needs to offset (i.e., delay) its sequence
with respect to another device performing the same
sequence. For example, if a Brand A device detected a
photocurrent measurement performed by an interfering
device and it was known that the interfering device was also
a Brand A device, it would be known from Brand A
configuration information 1702 that the next measurement,
if any, by the interfering device would be a non-interfering
(non-photocurrent) measurement. The detecting device
could not start its measurement sequence during that next
interval, because the non-interfering first measurement of its
sequence would align with the non-interfering next mea-
surement of the interfering sequence. Because much of the
Brand A measurement sequence alternates between interfer-
ing and non-interfering measurements, aligning two non-
interfering measurements between the devices would likely
cause alignment of two interfering (and sensitive) measure-
ments in a subsequent interval of the sequence. If the
detecting device delays one more interval before starting its
sequence, however, any remaining sensitive (photocurrent)
measurements by the interfering device should align with a
non-sensitive measurement by the detecting device. This
delay has the effect of offsetting, or shifting, the measure-
ment sequence of the detecting device by an odd number of
intervals from that of the interfering device.

Using a similar analysis for the measurement sequence of
the Brand B device, it can be seen from configuration
information 1704 that an offset 1716 of either 2 or 6 intervals
would allow another Brand B device to perform an over-
lapping measurement sequence. Similarly, for the sequence
of the Brand C device, an offset of between 4 and 8 intervals
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would allow another Brand C device to perform an over-
lapping but non-interfering measurement sequence.

Another quantity included in configuration information
1700 is interval range 1718 including all sensitive measure-
ments. The Brand A sequence has a range 1718 of 7
intervals, from interval 2 to interval 8, in which all of the
sensitive measurements are performed. The Brand B
sequence has a range 1718 of 6 intervals, from interval 3 to
interval 8. For the brand C device, all of the sensitive
measurements are performed within a range 1718 of 4
intervals.

Also included in configuration information 1700 is inter-
val range 1720 of the most contiguous non-sensitive mea-
surements within a measurement sequence. Interval range
1720 is 5 for the sequence of Brand A, from interval 9 to
interval 1 (assuming that the measurement sequence is
continually repeated). For the measurement sequence of
Brand B, interval range 1720 is 6 intervals, from interval 9
to interval 2. For the sequence of Brand C, interval range
1720 is eight intervals, from interval 5 to interval 12.
Interval ranges 1718 and 1720 may be useful in determining
whether different measurement sequences, such as those
used by different device manufacturers, may be overlapped
without interference. For example, the measurement
sequences of the three devices of configuration information
1700 are too different to allow non-interfering overlap of
two different device sequences using a simple one- or
two-interval shift. In some cases, however, a larger shift can
align a contiguous range of non-sensitive measurements in
one sequence with the entire range of sensitive measure-
ments in another sequence. To illustrate, the measurement
sequence of Brand A in FIG. 17 can overlap with the
sequence of Brand C if the Brand A sequence is shifted so
that interval 2 of the Brand A sequence is aligned with
interval 5 or 6 of the Brand C sequence. In this way, all of
the sensitive measurements in the Brand A sequence are
performed in intervals with non-sensitive measurements by
the Brand C device. On the other hand, the measurement
sequence of a Brand A device cannot overlap with that of a
Brand B device, because there is no contiguous range of
non-sensitive measurements in the Brand B sequence large
enough to accommodate the range of intervals in the Brand
A sequence including sensitive measurements.

Returning to the method of FIG. 16C, configuration
information such as that of FIG. 17 may be used by the
control circuit of an illumination device in determining (for
decision 1664) whether a measurement sequence associated
with a detected measurement is known. In an embodiment
for which the configuration information of FIG. 17 is used,
a single detection of an interfering measurement by another
device would not in itself be enough to determine whether
which of the known measurement sequences is being used
by the interfering device. If the interfering measurement
sequence is not known, the control circuit initiates a detec-
tion process during the next interval to get further informa-
tion (N branch of decision 1664 and step 1636). In the
embodiment of FIG. 16C, a change of interval series after a
maximum number of collisions is included (decision 1666
and 1668) to avoid an endless loop if the control circuit is
unable to determine the measurement sequence used by the
interfering device. This change to a different series of
intervals is similar to that described above for FIG. 16B.

In some embodiments, the control circuit is able to
determine a measurement sequence used by the interfering
device by monitoring the collision, free interval, and con-
tiguous free interval counters during successive intervals.
For example, a sequence of a detected photocurrent mea-
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surement (i.e., a collision), followed by a non-sensitive
measurement (which increments the free interval and con-
tiguous free interval counters), followed by another sensitive
measurement (which increments the collision counter and
clears the contiguous free interval counter) indicates that the
sequence of Brand A is used by the interfering device. A
sequence of three sensitive measurements in a row, on the
other hand, would indicate that the sequence of Brand C is
used by the interfering device.

If the sequence of the interfering measurements is known,
the control circuit determines whether an overlapping, but
non-interfering, measurement sequence by the controlled
device is possible (decision 1670). In an embodiment,
configuration information such as that of FIG. 17 is used to
determine whether such an overlapping measurement con-
figuration is possible. In addition to the considerations
discussed above in connection with FIG. 17, the control
circuit may in an embodiment consider whether the mea-
surement sequence of the controlled device should be
changed. For example, in an embodiment for which an
interfering device uses a different measurement sequence
than the controlled device, an overlapping measurement
sequence may become easier or possible if the controlled
device changes its measurement sequence to be more com-
patible with that of the interfering device. Changing of a
device’s measurement sequence may in some embodiments
make prediction of a device’s behavior by other devices
more difficult. However, in embodiments in which there are
a limited number of measurement sequences used and the
illumination devices are capable of detecting the sequence
used by an interfering device, temporary adjustment of a
device’s measurement sequence may be a useful option for
avoiding interference.

In the embodiment of FIG. 16C, if overlapping measure-
ments are a possibility, the measurement sequence is revised
if necessary to achieve the non-interfering overlap (decision
1670 and step 1672). The measurement sequence is started
in the next interval if appropriate, or delayed for a suitable
number of intervals if needed to achieve a non-interfering
measurement sequence (decision 1674 and step 1662). If
overlapping measurements are not possible, the control
circuit changes to a different set of intervals and begins the
detection sequence again (decision 1670, steps 1668 and
1634). In an alternate embodiment, another approach such as
a delay time is used instead of changing to a different set of
intervals. Variations of the method of FIG. 16C will be
recognized by one of ordinary skill in the art in view of this
disclosure. It is noted, for example, that configuration infor-
mation for compensation measurement sequences of illumi-
nation devices may be more complex than that shown in
FIG. 17. Additional measurements may be taken in some
embodiments, such as additional forward voltage measure-
ments using alternate detectors. In some embodiments of
illumination devices storing configuration information for
other illumination devices, measurement sequences are not
necessarily the same length for each device. In embodiments
for which non-sensitive measurements are not necessarily
non-interfering measurements, configuration information
such as that of FIG. 17 may include quantities defined
separately for sensitive measurements and interfering mea-
surements. Analysis in such an embodiment may be more
complex than that described for FIG. 17. Variations of the
methods of FIGS. 16A, 16B and 16C may be combined,
resulting in many possible methods of avoiding interference-
related error when performing compensation measurements
for illumination devices.
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Exemplary Embodiments of Improved Illumination Devices
The improved methods described herein for controlling an
illumination device may be used within substantially any
LED illumination device having a plurality of emission LED
elements and one or more photodetectors. As described in
more detail below, the improved methods described herein
may be implemented within an LED illumination device in
the form of hardware, software or a combination of both.

Tlumination devices, which benefit from the improved
methods described herein, may have substantially any form
factor including, but not limited to, parabolic lamps (e.g.,
PAR 20, 30 or 38), linear lamps, flood lights and mini-
reflectors. In some cases, the illumination devices may be
installed in a ceiling or wall of a building, and may be
connected to an AC mains or some other AC power source.
However, a skilled artisan would understand how the
improved methods described herein may be used within
other types of illumination devices powered by other power
sources (e.g., batteries or solar energy).

Exemplary embodiments of an improved illumination
device are described with reference to FIGS. 18-21, which
show different types of LED illumination devices, each
having one or more emitter modules. Although examples are
provided herein, the present invention is not limited to any
particular type of LED illumination device or emitter mod-
ule design. A skilled artisan would understand how the
method steps described herein may be applied to other types
of LED illumination devices having substantially different
emitter module designs.

FIG. 18A is a photograph of a linear lamp 1810 compris-
ing a plurality of emitter modules (not shown in FIG. 18A),
which are spaced apart from one another and arranged
generally in a line. In an embodiment, each emitter module
included within linear lamp 1810 includes a plurality of
emission LEDs and at least one dedicated photodetector, all
of which are mounted onto a common substrate and encap-
sulated within a primary optics structure. The primary optics
structure may be formed from a variety of different materials
and may have substantially any shape and/or dimensions
necessary to shape the light emitted by the emission LEDs
in a desirable manner. Although the primary optics structure
is described below as a dome, one skilled in the art would
understand how the primary optics structure may have
substantially any other shape or configuration, which encap-
sulates the emission LEDs and the at least one photodetector.

A computer-generated representation of a top view of an
exemplary emitter module 1820 that may be included within
the linear lamp 1810 of FIG. 18A is shown in FIG. 18B. In
the illustrated embodiment, emitter module 1820 includes
four differently colored emission LEDs 1830, which are
arranged in a square array and placed as close as possible
together in the center of a primary optics structure (e.g., a
dome) 1840, so as to approximate a centrally located point
source. In some embodiments, the emission LEDs 1830 may
each be configured for producing illumination at a different
peak emission wavelength. For example, the emission LEDs
1830 may include RGBW LEDs or RGBY LEDs. In addi-
tion to the emission LEDs 1830, a dedicated photodetector
1850 is included within the dome 1840 and arranged some-
where around the periphery of the emission LED array. The
dedicated photodetector 1850 may be any device (such as a
silicon photodiode or an LED) that produces current indica-
tive of incident light.

FIGS. 19A and 198 illustrate a substantially different type
of illumination device and emitter module design. Specifi-
cally, FIG. 19A depicts an illumination device 1910 having
a parabolic form factor (e.g., 2 PAR 38) and a single emitter

10

15

20

25

30

35

40

45

50

55

60

65

36

module (not shown in FIG. 19A). As these illumination
devices have only one emitter module, the emitter modules
included in such devices typically include a plurality of
differently colored chains of LEDs (LED elements), where
each chain includes two or more LEDs of the same color.
FIG. 19B illustrates an exemplary emitter module 1920 that
may be included within the PAR lamp 1910 shown in FIG.
19A.

In the illustrated embodiment, emitter module 1920
includes an array of emission LEDs 1930 and a plurality of
dedicated photodetectors 1950, all of which are mounted on
a common substrate and encapsulated within a primary
optics structure (e.g., a dome) 1940. In some embodiments,
the array of emission LEDs 1930 may include a number of
differently colored chains of LEDS, wherein each chain is
configured for producing illumination at a different peak
emission wavelength. According to one embodiment, the
array of emission LEDs 1930 may include a chain of four
red LEDs, a chain of four green LEDs, a chain of four blue
LEDs, and a chain of four white or yellow LEDs. Each chain
of LEDs is coupled in series and driven with the same drive
current. In some embodiments, the individual LEDs in each
chain may be scattered about the array, and arranged so that
no color appears twice in any row, column or diagonal, to
improve color mixing within the emitter module 1920.

In the exemplary embodiment of FIG. 19B, four dedicated
photodetectors 1950 are included within the dome 1940 and
arranged around the periphery of the array. In some embodi-
ments, the dedicated photodetectors 1950 may be placed
close to, and in the middle of, each edge of the array and may
be connected in parallel to a receiver of the illumination
device. By connecting the dedicated photodetectors 1950 in
parallel with the receiver, the photocurrents induced on each
photodetector may be summed to minimize the spatial
variation between the similarly colored LEDs, which may be
scattered about the array. The dedicated photodetectors 1950
may be any devices that produce current indicative of
incident light (such as a silicon photodiode or an LED). In
one embodiment, however, the dedicated photodetectors
1950 are preferably LEDs with peak emission wavelengths
in the range of 500 nm to 700 nm. Photodetectors with such
peak emission wavelengths will not produce photocurrent in
response to infrared light, which reduces interference from
ambient light. To the extent some amount of ambient light is
nonetheless detectable during, for example, a photocurrent
measurement, methods as described herein may be used to
minimize compensation errors caused by such ambient light.
For example, effects of a constant ambient illumination on
a photocurrent measurement may be removed by subtraction
as discussed above. In the case of non-constant external
illumination, methods as described herein may be used to
avoid taking photocurrent measurements in the presence of
such non-constant illumination.

The illumination devices shown in FIGS. 18A and 19A
and the emitter modules shown in FIGS. 18B and 19B are
provided merely as examples of illumination devices in
which the interference-resistant compensation methods
described herein may be used. Further description of these
illumination devices and emitter modules may be found in
U.S. application Ser. No. 14/097,339 and U.S. Application
No. 61/886,471, which are commonly assigned and incor-
porated herein by reference in their entirety. Still further
description of additional emitter module embodiments may
be found in co-pending U.S. application Ser. No. 14/314,
530. However, the inventive concepts described herein are
not limited to any particular type of LED illumination
device, any particular number of emitter modules that may
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be included within an LED illumination device, or any
particular number, color or arrangement of emission LEDs
and photodetectors that may be included within an emitter
module. Instead, the methods described herein may contem-
plate only an LED illumination device including a plurality
of emission LEDs and at least one photodetector. In some
embodiments, a dedicated photodetector may not be
required, if one or more of the emission LEDs is configured,
at times, to provide such functionality.

FIG. 20 is one example of a block diagram of an illumi-
nation device 2000 configured to avoid interference-related
errors when compensating for variations in parameters such
as drive current, temperature, and LED characteristics. The
illumination device illustrated in FIG. 20 provides one
example of the hardware and/or software that may be used
to implement interference-resistant measurement methods
such as those shown in FIGS. 16A through 16C.

In the illustrated embodiment, illumination device 2000
comprises a plurality of emission LED elements 2045 and
one or more dedicated photodetectors 2050. The emission
LED elements 2045, in this example, comprise four chains
of any number of LEDs. In typical embodiments, each chain
may have 2 to 4 LEDs of the same color, which are coupled
in series and configured to receive the same drive current. In
one example, the emission LED elements 2045 may include
a chain of red LEDs, a chain of green LEDs, a chain of blue
LEDs, and a chain of white or yellow LEDs. However, the
methods and devices described herein are not limited to any
particular number of LED chains, any particular number of
LEDs within the chains, or any particular color or combi-
nation of LED colors.

Similarly, the methods and devices described herein are
not limited to any particular type, number, color, combina-
tion or arrangement of photodetectors. In one embodiment,
the one or more dedicated photodetectors 2050 may include
a small red, orange or yellow LED. In another embodiment,
the one or more dedicated photodetectors 128 may include
one or more small red LEDs and one or more small green
LEDs. In some embodiments, one or more of the dedicated
photodetector(s) 2050 shown in FIG. 20 may be omitted if
one or more of the emission LEDs 2045 is configured, at
times, to function as a photodetector. The plurality of
emission LEDs 2045 and the (optional) dedicated photode-
tectors 2050 may be included within an emitter module, as
discussed above. In some embodiments, an illumination
device may include more than one emitter module, as
discussed above.

In addition to including one or more emitter modules,
illumination device 2000 includes various hardware and
software components, which are configured for powering
the illumination device and controlling the light output from
the emitter module(s). In one embodiment, the illumination
device is connected to AC mains 2005, and includes an
AC/DC converter 2010 for converting AC mains power
(e.g., 120V or 240V) to a DC voltage (V). As shown in
FIG. 20, this DC voltage (e.g., 15V) is supplied to the LED
driver and receiver circuit 2040 for producing the operative
drive currents applied to the emission LEDs 2045 for
producing illumination. In addition to the AC/DC converter,
a DC/DC converter 2015 is included for converting the DC
voltage V. (e.g., 15V) to a lower voltage V; (e.g., 3.3V),
which is used to power the low voltage circuitry included
within the illumination device, such as PLL 2020, wireless
interface 2025, and control circuit 2035.

In the illustrated embodiment, PLL 2020 locks to the AC
mains frequency (e.g., 50 or 60 HZ) and produces a high
speed clock (CLK) signal and a synchronization signal
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(SYNC). The CLK signal provides the timing for control
circuit 2035 and LED driver and receiver circuit 2040. In
one example, the CLK signal frequency is in the tens of
MHz range (e.g., 23 MHz), and is precisely synchronized to
the AC Mains frequency and phase. The SYNC signal is
used by the control circuit 2035 to create the timing of the
intervals used for the detection and compensation measure-
ments described above. In one example, the SYNC signal
frequency is equal to the AC Mains frequency (e.g., 50 or 60
HZ) and also has a precise phase alignment with the AC
Mains. In another embodiment, the SYNC signal frequency
is an integral multiple of the AC mains frequency. In an
embodiment, timing reference signal 1520 of FIG. 15 is an
example of the SYNC signal of FIG. 20.

In some embodiments, a wireless interface 2025 may be
included and used to calibrate the illumination device 2000
during manufacturing. As discussed in the co-pending appli-
cations referenced herein, an external calibration tool (not
shown in FIG. 20) may communicate calibration values
(e.g., luminous flux, chromaticity and/or other optical mea-
surement values) to an illumination device under test via the
wireless interface 2025. The calibration values received via
the wireless interface 2025 may be stored in the table of
calibration values within a storage medium 2030 of the
control circuit 2035, for example. In some embodiments, the
control circuit 2035 may use the calibration values to
generate calibration coefficients, which are stored within the
storage medium 2030 in addition to, or in lieu of, the
received calibration values.

Wireless interface 2025 is not limited to receiving only
calibration data, and may be used for communicating infor-
mation and commands for many other purposes. For
example, wireless interface 2025 could be used during
normal operation to communicate commands, which may be
used to control the illumination device 2000, or to obtain
information about the illumination device 2000. For
instance, commands may be communicated to the illumina-
tion device 2000 via the wireless interface 2025 to turn the
illumination device on/off, to control the dimming level
and/or color set point of the illumination device, to initiate
the calibration procedure, or to store calibration results in
memory. In other examples, wireless interface 2025 may be
used to obtain status information or fault condition codes
associated with illumination device 2000.

In some embodiments, wireless interface 2025 could
operate according to ZigBee, WiFi, Bluetooth, or any other
proprietary or standard wireless data communication proto-
col. In other embodiments, wireless interface 2025 could
communicate using radio frequency (RF), infrared (IR) light
or visible light. In alternative embodiments, a wired inter-
face could be used, in place of the wireless interface 2025
shown, to communicate information, data and/or commands
over the AC mains or a dedicated conductor or set of
conductors.

Using the timing signals received from PLL 2020, the
control circuit 2035 calculates and produces values indicat-
ing the desired drive current to be used for each LED chain
2045. This information may be communicated from the
control circuit 2035 to the LED driver and receiver circuit
2040 over a serial bus conforming to a standard, such as SPI
or I*C, for example. In addition, the control circuit 2035 may
provide a latching signal that instructs the LED driver and
receiver circuit 2040 to simultaneously change the drive
currents supplied to each of the LEDs 2045 to prevent
brightness and color artifacts.

Control circuit 2035 may be configured for determining
the respective drive currents needed to achieve a desired
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luminous flux and/or a desired chromaticity for the illumi-
nation device in accordance with one or more compensation
methods as described above in connection with FIGS. 6-9
and described further in the co-pending applications refer-
enced herein. Control circuit 2035 is further configured for
operations described herein in connection with avoiding
interference. Depending on the particular embodiment such
operations include, for example, determining whether an
interfering photocurrent measurement is made by another
device during a detection interval or measurement interval,
waiting for a delay time before continuing to monitor
detection intervals, changing to a different series of inter-
vals, determining whether detection has indicated that com-
pensation measurements may be started without likely inter-
ference, or determining the measurement sequence used by
an interfering device.

In some embodiments, the control circuit 2035 may
determine the respective drive currents and perform the
interference-related operations described herein by execut-
ing program instructions stored within the storage medium
2030. In one embodiment, the storage medium may be a
non-volatile memory, and may be configured for storing the
program instructions along with a table of calibration values
used in the compensation methods and a data structure
including configuration information such as that of FIG. 17.
Alternatively, the control circuit 2035 may include combi-
national logic for determining the desired drive currents or
performing other operations, such that program instructions
for determining drive currents are not stored on storage
medium 2030. In a further embodiment, operations of con-
trol circuit 2035 may be carried out using a combination of
program instructions and combinational logic. Storage
medium 2030, along with other memory or storage
described herein, includes a plurality of storage locations
addressable by control circuit 2035 or a processor such as
that associated with controller 2190 in FIG. 21 for storing
software programs and data associated with the methods
described herein. As such, storage medium 2030 and other
memory or storage media described herein may be imple-
mented using any combination of built-in volatile or non-
volatile memory, including random-access memory (RAM)
and read-only memory (ROM) and integrated or peripheral
storage devices such as magnetic disks, optical disks, solid
state drives or flash drives. In an embodiment, storage
medium 2030 may be used to store one or more counters
such as the collision counter, free interval counter, and
contiguous free interval counters described in connection
with FIGS. 16B and 16C above.

In general, the LED driver and receiver circuit 2040 may
include a number (N) of driver blocks 2115 equal to the
number of emission LED chains 2045 included within the
illumination device. In the exemplary embodiment dis-
cussed herein, LED driver and receiver circuit 2040 com-
prises four driver blocks 2115, each configured to produce
illumination from a different one of the emission LED chains
2045. The LED driver and receiver circuit 2040 also com-
prises the circuitry needed to measure ambient temperature
(optional), the detector and/or emitter forward voltages, and
the detector photocurrents, and to adjust the LED drive
currents accordingly. Each driver block 2115 receives data
indicating a desired drive current from the control circuit
2035, along with a latching signal indicating when the driver
block 2115 should change the drive current.

FIG. 21 is an exemplary block diagram of an LED driver
and receiver circuit 2040, according to one embodiment of
the invention. As shown in FIG. 21, the LED driver and
receiver circuit 2040 includes four driver blocks 2115, each
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block including a buck converter 2120, a current source
2125, and an L.C filter 2145 for generating the drive currents
that are supplied to a connected emission LED element
2045(a) to produce illumination and obtain forward voltage
(Vfe) measurements. In some embodiments, buck converter
2120 may produce a pulse width modulated (PWM) voltage
output (Vdr) when the controller 2190 drives the “Out_En”
signal high. This voltage signal (Vdr) is filtered by the LC
filter 2145 to produce a forward voltage on the anode of the
connected LED chain 2045(a). The cathode of the LED
chain is connected to the current source 2125, which forces
a fixed drive current equal to the value provided by the
“Emitter Current” signal through the LED chain 2045(a)
when the “Led_On” signal is high. The “Vc¢” signal from the
current source 2125 provides feedback to the buck converter
2120 to output the proper duty cycle and minimize the
voltage drop across the current source 2125.

As shown in FIG. 21, each driver block 2115 includes a
difference amplifier 2140 for measuring the forward voltage
drop (Vfe) across the chain of emission LEDs 2045a. When
measuring Vfe, the buck converter 2120 is turned off and the
current source 2125 is configured for drawing a relatively
small drive current (e.g., about 1 mA) through the connected
chain of emission LEDs 2045(a). The voltage drop (Vfe)
produced across the LED chain 2045(a) by that current is
measured by the difference amplifier 2140. The difference
amplifier 2140 produces a signal that is equal to the forward
voltage (Vfe) drop across the emission LED chain 2045(a)
during forward voltage measurements.

As noted above, some embodiments of the invention may
use one of the emission LEDs (e.g., a green emission LED),
at times, as a photodetector. In such embodiments, the driver
blocks 2115 may include additional circuitry for measuring
the photocurrents (Iph_d2), which are induced across an
emission LED, when the emission LED is configured for
detecting incident light. For example, each driver block 2115
may include a transimpedance amplifier 2130, which gen-
erally functions to convert an input current to an output
voltage proportional to a feedback resistance. As shown in
FIG. 21, the positive terminal of transimpedance amplifier
2130 is connected to the Vdr output of the buck converter
2120, while the negative terminal is connected to the cath-
ode of the last LED in the LED chain 2045(a). Transimped-
ance amplifier 2130 is enabled when the “LLED_On” signal
is low. When the “LED_On” signal is high, the output of
transimpedance amplifier 2130 is tri-stated.

When measuring the photocurrents (Iph_d2) induced by
an emission LED, the buck converters 2120 connected to all
other emission LEDs should be turned off to avoid visual
artifacts produced by LED current transients. In addition, the
buck converter 2120 coupled to the emission LED under test
should also be turned off to prevent switching noise within
the buck converter from interfering with the photocurrent
measurements. Although turned off, the Vdr output of the
buck converter 2120 coupled to the emission LED under test
is held to a particular value (e.g., about 2-3.5 volts times the
number of emission LEDs in the chain) by the capacitor
within LC filter 2145. When this voltage (Vdr) is supplied to
the anode of emission LED under test and the positive
terminal of the transimpedance amplifier 2130, the transim-
pedance amplifier produces an output voltage (relative to
Vdr) that is supplied to the positive terminal of difference
amplifier 2135. Difference amplifier 2135 compares the
output voltage of transimpedance amplifier 2130 to Vdr and
generates a difference signal, which corresponds to the
photocurrent (Iph_d2) induced across the LED chain 2045

(a).
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In addition to including a plurality of driver blocks 2115,
the LED driver and receiver circuit 2040 may include one or
more receiver blocks 2150 for measuring the forward volt-
ages (Vid) and photocurrents (Iph_d1 or Iph_d2) induced
across the one or more dedicated photodetectors 2050.
Although only one receiver block 2150 is shown in FIG. 21,
the LED driver and receiver circuit 2040 may generally
include a number of receiver blocks 2150 equal to the
number of dedicated photodetectors included within the
emitter module.

In the illustrated embodiment, receiver block 2150 com-
prises a voltage source 2155, which is coupled for supplying
a DC voltage (Vdr) to the anode of the dedicated photode-
tector 2050 coupled to the receiver block, while the cathode
of the photodetector 2050 is connected to current source
2160. When photodetector 2050 is configured for obtaining
forward voltage (Vid), the controller 2190 supplies a
“Detector_On” signal to the current source 2160, which
forces a fixed drive current (Idrv) equal to the value provided
by the “Detector Current” signal through photodetector
2050.

When obtaining detector forward voltage (Vid) measure-
ments, current source 2160 is configured for drawing a
relatively small amount of drive current (Idrv) through
photodetector 2050. The voltage drop (V1id) produced across
photodetector 2050 by that current is measured by difference
amplifier 2175, which produces a signal equal to the forward
voltage (V{fd) drop across photodetector 2050. As noted
above, the drive current (Idrv) forced through photodetector
2050 by the current source 2160 is generally a relatively
small, non-operative drive current. In the embodiment in
which four dedicated photodetectors 2050 are coupled in
parallel, the non-operative drive current may be roughly 1
mA. However, smaller/larger drive currents may be used in
embodiments that include fewer/greater numbers of photo-
detectors, or embodiments that do not connect the photode-
tectors in parallel.

Similar to driver block 2115, receiver block 2150 also
includes circuitry for measuring the photocurrents (Iph_d1
or Iph_d2) induced on photodetector 2050 by ambient light,
as well as light emitted by the emission LEDs. As shown in
FIG. 21, the positive terminal of transimpedance amplifier
2165 is coupled to the Vdr output of voltage source 2155,
while the negative terminal is connected to the cathode of
photodetector 2050. When connected in this manner, the
transimpedance amplifier 2165 produces an output voltage
relative to Vdr (e.g., about 0-1V), which is supplied to the
positive terminal of difference amplifier 2170. Difference
amplifier 2170 compares the output voltage to Vdr and
generates a difference signal, which corresponds to the
photocurrent (Iph_d1 or Iph_d2) induced across photode-
tector 2050. Transimpedance amplifier 2165 is enabled
when the “Detector_On” signal is low. When the “Detecto-
r_On” signal is high, the output of transimpedance amplifier
2165 is tri-stated.

As noted above, some embodiments of the invention may
scatter the individual LEDs within each chain of LEDs 2045
about the array of LEDs, so that no two LEDs of the same
color exist in any row, column or diagonal (see, e.g., FIG.
19B). By connecting a plurality of dedicated photodetectors
2050 in parallel with the receiver block 2150, the photocur-
rents (Iph_dl1 or Iph_d2) induced on each photodetector
2050 by the LEDs of a given color may be summed to
minimize the spatial variation between the similarly colored
LEDs, which are scattered about the array.

As shown in FIG. 21, the LED driver and receiver circuit
2040 may also include a multiplexor (Mux) 2180, an analog
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to digital converter (ADC) 2185, a controller 2190, and an
optional temperature sensor 2195. In some embodiments,
multiplexor 2180 may be coupled for receiving the emitter
forward voltage (Vfe) and the (optional) photocurrent
(Iph_d2) measurements from the driver blocks 2115, and the
detector forward voltage (Vid) and detector photocurrent
(Iph_d1 and/or Iph_d2) measurements from the receiver
block 2150. The ADC 2185 digitizes the emitter forward
voltage (Vfe) and the optional photocurrent (Iph_d2) mea-
surements output from the driver blocks 2115, and the
detector forward voltage (Vid) and detector photocurrent
(Iph_d1 and/or Iph_d2) measurements output from the
receiver block 2150, and provides the results to the control-
ler 2190. The controller 2190 determines when to take
forward voltage and photocurrent measurements and pro-
duces the Out_En, Emitter Current and Led_On signals,
which are supplied to the driver blocks 2115, and the
Detector Current and Detector_On signals, which are sup-
plied to the receiver block 2150 as shown in FIG. 21.

In some embodiments, the LED driver and receiver circuit
2040 may include an optional temperature sensor 2195 for
taking ambient temperature (Ta) measurements. In such
embodiments, multiplexor 2180 may also be coupled for
multiplexing the ambient temperature (Ta) with the forward
voltage and photocurrent measurements sent to the ADC
2185. In some embodiments, the temperature sensor 2195
may be a thermistor, and may be included on the driver
circuit chip for measuring the ambient temperature sur-
rounding the LEDs, or a temperature from the heat sink of
the emitter module. If the optional temperature sensor 2195
is included, the output of the temperature sensor may be
used in some embodiments to determine if a significant
change in temperature is detected. In some embodiments
detection of a significant change in temperature may cause
compensation measurements to be initiated.

One implementation of an improved illumination device
2000 has now been described in reference to FIGS. 20-21.
Further description of such an illumination device may be
found in commonly assigned U.S. application Ser. Nos.
13/970,944; 13/970,964; 13/970,990; and 14/097,339. A
skilled artisan would understand how the illumination
device could be alternatively implemented within the scope
of the methods and devices described herein.

An exemplary block diagram of circuit components for an
illumination device including multiple emitter modules is
shown in FIG. 22. In the embodiment of FIG. 22, the circuit
components are housed on a power supply board 2202 and
emitter board 2204 which are dimensioned to fit within the
housing of a linear illumination device. An external view of
an embodiment of such a linear illumination device is shown
in FIG. 18A. Emitter board 2204 in the embodiment of FIG.
22 includes 6 emitter modules 2212 arranged in a linear row.
A representation of a top view of an exemplary embodiment
of emitter module 2212 is shown in FIG. 18B.

In the embodiment of FIG. 22, power supply board 2202
comprises AC/DC converter 2206 and controller 2208.
AC/DC converter 2206 converters AC mains power to a DC
voltage of typically 15-20V, which is then used to power
controller 2208 and emitter board 2204. The DC voltage
from AC/DC converter 2206 may be converted to lower
voltages as well elsewhere within the illumination device.
Controller 2208 communicates with emitter board 2204
through a digital control bus, in this example. Controller
2208 could comprise a wireless, power line, or any other
type of communication interface to enable the color of the
linear illumination device to be adjusted. In an embodiment,
controller 2208 also provides to each of interface circuits
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2210 a timing signal and an offset from the timing signal at
which measurement intervals and/or detection intervals for
the associated emitter module are to occur. In a further
embodiment, adjacently positioned emitter modules within
the illumination device are assigned different offsets from
the timing reference, so that compensation measurements
performed by adjacent emitter modules are performed using
non-overlapping sets of intervals. In one such embodiment,
an illumination device including six emitter modules such as
that illustrated in FIG. 22 uses three different offsets from a
timing reference: a first offset for the first and fourth emitter
modules (counting from one end of the device), a second
offset for the second and fifth emitter modules, and a third
offset for the third and sixth emitter modules. In alternative
embodiments a different number of offsets may be used,
including the use of a different offset for each individual
emitter module.

In the illustrated embodiment, emitter board 2204 com-
prises six emitter modules 2212 and six interface circuits
2210. Interface circuits 2210 communicate with controller
2208 over the digital control bus and produce the drive
currents supplied to the LEDs within the emitter modules
2212. FIG. 23 illustrates exemplary circuitry that may be
included within interface circuitry 2210 and emitter modules
2212. Interface circuitry 2210 comprises control logic 2302,
LED drivers 2304, and receiver 2306. Emitter module 2212
comprises emission LEDs 2308 and a detector 2310. Control
logic 2302 may comprise a microcontroller or special logic,
and communicates with controller 2208 over the digital
control bus. Control logic 2302 also sets the drive current
produced by LED drivers 2304 to adjust the color and/or
intensity of the light produced by emission LEDs 2308, and
manages receiver 2306 to monitor the light produced by
each individual LED 2308 via detector 2310. In some
embodiments, control logic 2302 may comprise memory for
storing calibration information necessary for maintaining
precise color, or alternatively, such information could be
stored in controller 2208. Similarly, other information used
in performing the methods described herein is in some
embodiments stored in memory locations within control
logic 2302, within controller 2208, or distributed between
both of these circuits. Such other information may include
configuration information such as that discussed in connec-
tion with FIG. 17 above.

In an embodiment, the circuit components on power
supply board 2202 are implemented in a similar manner as
the power supply and control circuitry shown in FIG. 20,
including AC/DC converter 2010, DC/DC converter 2015,
PLL 2020, wireless interface 2025, and control circuit 2035.
Similarly, interface circuit 2210 is in some embodiments
implemented in a manner similar to driver and receiver
circuit 2040 shown in FIGS. 20-21. LEDs 2308 and detector
2310 are in some embodiments implemented using LED
chains 2045 and detectors 2050 of FIG. 20, respectively.
Functions of control circuit 2035 in FIG. 20 may in some
embodiments be distributed between control logic 2302 of
FIG. 23 and controller 2208 of FIG. 22. In some embodi-
ments, certain functions of control circuit 2035 may be
duplicated in both controller 2208 and control logic 2302.
Controller 2208 may also be referred to as a device control
circuit herein. In an embodiment, the device control circuit
is configured to control the entire illumination device. Con-
trol logic 2302 may also be referred to herein as a module
control circuit for its respective emitter module 2212. In an
embodiment, the module control circuit is configured to
control functionality of its respective emitter module,
including performance of compensation measurements and
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adjustment of illumination settings. Certain functions of the
module control circuits may in some embodiments be per-
formed by the device control circuit 2208.

One implementation of an improved illumination device
has now been described in reference to FIGS. 22-23. Further
description of such an illumination device may be found in
commonly assigned U.S. application Ser. Nos. 13/970,944;
13/970,964; 13/970,990; and 14/097,339. A skilled artisan
would understand how the illumination device could be
alternatively implemented within the scope of the methods
and devices described herein.

It will be appreciated to those skilled in the art having the
benefit of this disclosure that this invention is believed to
provide an improved illumination device and methods for
avoiding interference-related errors when compensating
individual LEDs in the illumination device for variations in
quantities such as drive current and temperature. Further
modifications and alternative embodiments of various
aspects of the invention will be apparent to those skilled in
the art in view of this description. It is intended, therefore,
that the following claims be interpreted to embrace all such
modifications and changes and, accordingly, the specifica-
tion and drawings are to be regarded in an illustrative rather
than a restrictive sense.

What is claimed is:

1. A method for controlling an illumination device com-
prising multiple emission light emitting diode (LED) ele-
ments, the method comprising:

operating one or more of the multiple emission LED

elements to produce illumination substantially continu-
ously by supplying a respective drive current at an
operative drive current level to each of the one or more
of the multiple emission LED elements;

bringing the respective drive current of all except one of

the emission LED elements within the illumination
device to a non-operative drive current level, which is
insufficient to produce illumination, for [the] @ duration
of a first measurement interval, wherein the first mea-
surement interval is one of a first series of measurement
intervals interspersed with periods of said illumination;
and

bringing the respective drive current of all except one of

the emission LED elements to a non-operative drive
current level, which is insufficient to produce illumi-
nation, for [the] a duration of a second measurement
interval subsequent to the first measurement interval,
wherein the second measurement interval is one of a
second series of measurement intervals interspersed
with periods of said illumination, and wherein the first
series of measurement intervals and second series of
measurement intervals are separated by respective first
and second offsets from a timing reference.

2. The method of claim 1, further comprising, at a time
subsequent to the end of the first measurement interval,
discontinuing use of the first series of measurement inter-
vals.

3. The method of claim 1, further comprising:

during each of said first measurement interval and said

second measurement interval, applying a drive current
at an operative drive current level, which is sufficient to
produce illumination, to the one of the emission LED
elements; and

monitoring a measurement photocurrent induced in a

measurement photodetector during said applying a
drive current.



US RE48,956 E

45

4. The method of claim 3, further comprising determining
whether a result of said monitoring a measurement photo-
current during the first measurement interval is outside of an
expected range.
5. The method of claim 4, wherein said bringing the
respective drive current of all except one of the emission
LED elements to a non-operative drive current level which
is insufficient to produce illumination, for the duration of a
second measurement interval is in response to a determina-
tion that the result of said monitoring a measurement pho-
tocurrent is outside of the expected range.
6. The method of claim 4, further comprising, in response
to a determination that the result of said monitoring a
measurement photocurrent during the first measurement
interval is outside of the expected range:
repeating, during an additional one of the first series of
measurement intervals, said applying a drive current at
an operative drive current level, which is sufficient to
produce illumination, to the one of the emission LED
elements and said monitoring a measurement photo-
current induced in the measurement photodetector; and

determining whether a predetermined number of out-of-
range measurements using the first series of measure-
ment intervals has occurred.

7. The method of claim 6, wherein said bringing the
respective drive current of all except one of the emission
LED elements to a non-operative drive current level, which
is insufficient to produce illumination, for the duration of a
second measurement interval is in response to a determina-
tion that the predetermined number of out-of-range mea-
surements using the first series of measurement intervals has
occurred.

8. The method of claim 4, further comprising, for each of
the first and second measurement intervals:

bringing the drive current applied to the one of the

emission LED elements to a non-operative drive cur-
rent level, which is insufficient to produce illumination,
for a portion of the measurement interval, such that the
respective drive currents of all of the emission LED
elements within the illumination device are at a non-
operative drive current level for the portion of the
measurement interval;

monitoring a background photocurrent induced in the

measurement photodetector during the portion of the
measurement interval; and

subtracting the background photocurrent from the mea-

surement photocurrent.

9. The method of claim 8, wherein the result of said
monitoring a measurement photocurrent during the first
measurement interval comprises a result of said subtracting
the background photocurrent from the measurement photo-
current for the first measurement interval.

10. The method of claim 4, wherein said determining that
a result of said monitoring a measurement photocurrent
during the first measurement interval is outside of an
expected range comprises comparing the result to a previ-
ously stored result.

11. An illumination device, comprising:

multiple emission light emitting diode (LED) elements;

one or more photodetectors; and

a control circuit operably coupled to the multiple emission

LED elements and the one or more photodetectors,

wherein the control circuit is adapted to:

operate one or more of the multiple emission LED
elements to produce illumination substantially con-
tinuously by supplying a respective drive current at
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an operative drive current level to each of the one or
more of the multiple emission LED elements;

bring the respective drive currents of all except one of
the emission LED elements within the illumination
device to a non-operative drive current level, which
is insufficient to produce illumination for [the] a
duration of a first measurement interval, wherein the
first measurement interval is one of a first series of
measurement intervals interspersed with periods of
said illumination; and

bring the respective drive currents of all except one of the

emission LED elements to a non-operative drive cur-
rent level, which is insufficient to produce illumination,
for [the] a duration of a second measurement interval
subsequent to the first measurement interval, wherein
the second measurement interval is one of a second
series of measurement intervals interspersed with peri-
ods of said illumination, and wherein the first series of
measurement intervals and second series of measure-
ment intervals are separated by respective first and
second offsets from a timing reference.

12. The illumination device of claim 11, further compris-
ing a timing reference generator operatively coupled to the
control circuit and adapted to generate a periodic timing
reference, and wherein the control circuit is further adapted
to:

generate the first series of measurement intervals synchro-

nized to the timing reference with a first offset from the
timing reference; and

generate the second series of measurement intervals syn-

chronized to the timing reference with a second offset
from the timing reference.
13. The illumination device of claim 11, wherein the
control circuit is further adapted to discontinue use of the
first series of measurement intervals at a time subsequent to
the end of the first measurement interval.
14. The illumination device of claim 11, further compris-
ing an LED driver and receiver circuit operably coupled to
the multiple emission LED elements, the one or more
photodetectors, and the control circuit, and wherein the
control circuit is adapted to use the LED driver and receiver
circuit to adjust the respective drive currents of the emission
LED elements.
15. The illumination device of claim 14, wherein, during
each of said first measurement interval and said second
measurement interval, the control circuit is further adapted
to use the LED driver and receiver circuit to:
bring the respective drive currents of all except one of the
emission LED elements to a non-operative drive cur-
rent level, which is insufficient to produce illumination;

apply a drive current to an operative drive current level,
which is sufficient to produce illumination, to the one
of the emission LED elements; and

monitor a measurement photocurrent induced in the mea-

surement photodetector during said applying a drive
current.

16. The illumination device of claim 15, wherein the
control circuit is further adapted to determine whether a
result of monitoring the measurement photocurrent during
the first measurement interval is outside of an expected
range.

17. The illumination device of claim 16, further compris-
ing a storage medium operably coupled to the control circuit,
and wherein the control circuit is adapted to compare the
result of monitoring the measurement photocurrent during
the first measurement interval with a result previously stored
in the storage medium.
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18. The illumination device of claim 16, wherein the
control circuit is further adapted to bring the respective drive
currents of all except one of the emission LED elements to
a non-operative drive current level, which is insufficient to
produce illumination, for the duration of the second mea-
surement interval in response to a determination that the
result is outside of the expected range.

19. The illumination device of claim 16, wherein the
control circuit is further adapted to determine whether a
predetermined number of out-of-range measurements using
the first series of measurement intervals has occurred.

20. The illumination device of claim 16, wherein, for each
of the first and second measurement intervals, the control
circuit is further adapted to:

bring the drive current applied to the one of the emission

LED elements to a non-operative drive current level,
which is insufficient to produce illumination, for a
portion of the measurement interval, such that the
respective drive currents of all of the emission LED
elements within the illumination device are at a non-
operative drive current level for the portion of the
measurement interval;

monitor a background photocurrent induced in the mea-

surement photodetector during the portion of the mea-
surement interval; and

subtract the background photocurrent from the measure-

ment photocurrent.

21. The illumination device of claim 20, wherein the
control circuit is further adapted to determine whether a
result of subtracting the background photocurrent from the
measurement photocurrent during the first measurement
interval is outside of an expected range.

22. A method for controlling an illumination device com-
prising a first light emitting diode (LED) element and a
second LED element, the method comprising:

supplying a respective operative drive current to each of

the first LED element and the second LED element to
produce illumination;

performing a first measurement that comprises measuring

a first photocurrent induced in at least one photode-
tector while supplying a respective non-operative drive
current to each of the first LED element and the second
LED element;
at an end of the first measurement, supplying a respective
operative drive current to each of the first LED element
and the second LED element to produce illumination;
based at least in part on the first photocurrent, determin-
ing that a non-constant illumination is detected;
based at least in part on determining that a non-constant
illumination is detected:
waiting a delay time; and
at an end of the delay time, performing a second
measurement that comprises measuring a second
photocurrent induced in the least one photodetector
while supplying a respective non-operative drive
current to each of the first LED element and the
second LED element;
at an end of the second measurement, supplying a respec-
tive operative drive current to each of the first LED
element and the second LED element to produce illu-
mination;
based at least in part on the second photocurrent, deter-
mining that no non-constant illumination is detected;

based at least in part on determining that no non-constant
illumination is detected, performing a subsequent mea-
surement that comprises:
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measuring a first photocurrent induced in the at least
one photodetector while supplying an operative
drive current to the first LED element to produce
illumination and supplying a non-operative drive
current to the second LED element; and
measuring a second photocurrent induced in the at
least one photodetector while supplying a respective
non-operative drive current to each of the first LED
element and the second LED element;
based at least in part on the subsequent measurement of
the first photocurrent and the second photocurrent,
obtaining a corrected photocurrent; and
at an end of the subsequent measurement, supplying to the
first LED element an operative drive current that is
determined based at least in part on the corrected
photocurrent.
23. The method of claim 22, wherein the delay time
comprises a randomized delay time.
24. The method of claim 22, further comprising:
performing a plurality of consecutive measurements and
determining from the plurality of measurements that no
non-constant illumination is detected; and
wherein performing the subsequent measurement com-
prises performing the subsequent measurement based
at least in part on determining from the plurality of
measurements that no non-constant illumination is
detected.
25. An illumination device comprising:
a first light emitting diode (LED) element and a second
LED element; and
a control circuit operably coupled to the first and the
second LED elements, wherein the control circuit is
adapted to:
supply a respective operative drive current to each of
the first LED element and the second LED element to
produce illumination;
perform a first measurement, wherein to perform the
first measurement comprises to measure a first pho-
tocurrent induced in at least one photodetector while
supplying a respective non-operative drive current to
each of the first LED element and the second LED
element;
at an end of the first measurement, supply a respective
operative drive current to each of the first LED
element and the second LED element to produce
illumination;
based at least in part on the first photocurrent, deter-
mine that a non-constant illumination is detected;
based at least in part on determining that a non-
constant illumination is detected:
wait a delay time; and
at an end of the delay time, perform a second
measurement, wherein to perform the second mea-
surement comprises to measure a second photo-
current induced in the least one photodetector
while supplying a respective non-operative drive
current to each of the first LED element and the
second LED element;
at an end of the second measurement, supply a respec-
tive operative drive current to each of the first LED
element and the second LED element to produce
illumination;
based at least in part on the second photocurrent,
determine that no non-constant illumination is
detected;
based at least in part on determining that no non-
constant illumination is detected, perform a subse-
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quent measurement, wherein to perform the subse-
quent measurement comprises to:
measure a first photocurrent induced in the at least
one photodetector while supplying an operative
drive current to the first LED element to produce
illumination and supplying a non-operative drive
current to the second LED element; and
measure a second photocurrent induced in the least
one photodetector while supplying a respective
non-operative drive current to each of the first
LED element and the second LED element;
based at least in part on the subsequent measurement
of the first photocurrent and the second photocur-
rent, obtain a corrected photocurrent; and
at an end of the subsequent measurement, supply to the
first LED element an operative drive current that is
determined based at least in part on the corrected
photocurrent.
26. The illumination device of claim 25, wherein the delay
time comprises a randomized delay time.
27. The illumination device of claim 25, wherein the
control circuit is further adapted to:
perform a plurality of comsecutive measurements and
determine from the plurality of measurements that no
non-constant illumination is detected: and
wherein to perform the subsequent measuremement com-
prises to perform the subsequent measurement based at

least in part on determining from the plurality of

measurements that no non-constant illumination is
detected.
28. The method of claim 22,
wherein the first, second, and subsequent measurements
are part of a first series of measurement intervals; and
wherein the method further comprises:
performing a plurality of measurements and determin-
ing from the plurality of measurements that non-
constant illumination is detected; and
changing to a second series of measurement intervals
based on determining that non-constant illumination
is detected, wherein the first series of measurement
intervals and the second series of measurement inter-
vals are separated from a timing reference by dif-
ferent offset times.
29. The method of claim 28, wherein the method further
comprises.
performing, during the second series of measurement
intervals, a plurality of measurements to determine
whether non-constant illumination is detected.
30. The method of claim 22, further comprising:
based at least in part on determining that no non-constant
lumination is detected,
measuring a first photocurrent induced in the at least
one photodetector while supplying an operative
drive current to the second LED element to produce
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illumination and supplying a non-operative drive
current to the first LED element; and
measuring a second photocurvent induced in the
least one photodetector while supplying a respec-
tive non-operative drive current to each of the first
LED element and the second LED element;
based at least in part on the first photocurrent and the
second photocurrent, measured as a result of deter-
mining that no non-constant illumination is detected,
obtaining another corrected photocurrent; and
supplying to the second LED element an operative
drive current that is determined based at least in part
on the another corrected photocurrent.
31. The illumination device of claim 25,
wherein the control circuit is adapted to perform the first,
second, and subsequent measurements as part of a first
series of measurement intervals; and

wherein the control circuit is further adapted to:

perform a plurality of measurements and determine
from the plurality of measurements that non-constant
illumination is detected; and

change to a second series of measurement intervals
based on determining that non-constant illumination
is detected, wherein the first series of measurement
intervals and the second series of measurement inter-
vals are separated from a timing reference by dif-
ferent offset times.

32. The illumination device of claim 31, wherein the
control circuit is further adapted to perform, during the
second series of measurement intervals, a plurality of mea-
surements to determine whether non-constant illumination is
detected.

33. The illumination device of claim 25, wherein the
control circuit is further adapted to:

based at least in part on determining that no non-constant

lumination is detected,

measure a first photocurrvent induced in the at least one
photodetector while supplying an operative drive
current to the second LED element to produce illu-
mination and supplying a non-operative drive cur-
rent to the first LED element; and

measure a second photocurrent induced in the at least
one photodetector while supplying a respective non-
operative drive current to each of the first LED
element and the second LED element;

based at least in part on the first photocurrent and the

second photocurrvent, measured as a result of determin-
ing that no non-constant illumination is detected,
obtain another corrected photocurrent; and

supply to the second LED element an operative drive

current that is determined based at least in part on the
another corrected photocurrent.
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