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ILLUMINATION DEVICE AND METHOD
FOR AVOIDING FLICKER

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.

The present application is a reissue of U.S. Pat. No.
9578,724, issued on Feb. 21, 2017 from U.S. patent appli-

cation Ser. No. 13/970,990, filed Aug. 20, 2013, which is

heveby incovporated by rveference hevein in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to illumination devices and, more
particularly, to illumination devices comprising a plurality
of light emitting diodes (LEDs) and to methods for calibrat-
ing and compensating individual LEDs 1n an 1llumination
device, so as to maintain a desired luminous flux and/or a
desired color point of the device over variations 1n tempera-
ture and process while avoiding undesirable visual artifacts,
such as brightness banding and flicker.

2. Description of the Relevant Art

The following descriptions and examples are provided as
background only and are intended to reveal information that
1s believed to be of possible relevance to the present inven-
tion. No admission 1s 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)
tor 1llumination are becoming increasingly popular 1n 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, no hazardous materials, and additional specific
advantages for different applications. When used for general
illumination, LEDs provide the opportumity 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 1n 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.

Although LEDs have many advantages over conventional
light sources, a disadvantage of LEDs 1s that their output
characteristics tend to vary over temperature, process and
time. For example, 1t 1s generally well known that the
luminous flux, or the perceived power of light emitted by an
LED, 1s directly proportional to the drive current supplied
thereto. In many cases, the luminous flux of an LED 1s
controlled by increasing/decreasing the drive current sup-
plied 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 increas-
ing temperature and as the LED ages over time. Further-
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2

more, the luminous flux tends to vary from batch-to-batch,
and even from one LED to another 1n 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 [chromacity] chromaticity
(or color), luminous flux and forward voltage. However,
binning alone cannot compensate for changes in LED output
characteristics due to aging and temperature fluctuations
during use of the LED device. In order to maintain a constant
(or desired) luminous flux, 1t 1s usually necessary to adjust
the drive current supplied to the LED to account for tem-
perature variations and aging eflects.

Many LED manufacturers have recognized a need for
temperature compensation, and there are several different
ways 1n which temperature compensation 1s currently imple-
mented 1n today’s LED devices. However, most of these
implementations follow the same, or roughly the same,
temperature compensation method. For example, most tem-
perature compensation methods begin by measuring the
temperature of an LED or a string of LEDs. In some cases,
one or more temperature sensors may be arranged near the
LEDs to measure the ambient temperature surrounding the
LEDs, or heat sinks may be coupled to the backside of the
LEDs to measure the heat generated thereby. While heat
sinks are generally needed for thermal dissipation, adding
temperature sensors to the chip unnecessarily increases the
cost of the LED device and consumes valuable chip real
estate. More 1importantly, the temperature sensors and heat
sinks added to the chip often cannot provide an accurate
temperature measurement for all LEDs included with the

LLED device.

For example, many LED devices combine diflerent colors
of LEDs within the same package to produce a multi-colored
LED device. An example of a multi-colored LED device 1s
one 1 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

(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 irom “warm white” (e.g., roughly
2600K-3700K), to “neutral white” (e.g., 3700K-5000K) to

“cool white” (e.g., 5000K-8300K).

However, the drive currents supplied to the differently
colored LEDs i a multi-colored LED device can vary
significantly from one another, depending on the desired
color temperature. For instance, when an RGB lamp 1is
configured for producing 2700K warm white light, the drive
current supplied to the blue LEDs can be less than 10% of
the drive current supplied to the red LEDs. Since an LED
driven with a significantly higher drive current necessarily
produces more thermal power, the junction temperature (1.¢€.,
the temperature of the active p-n region) of the red LEDs, in
this 1nstance, can be significantly greater than the junction
temperatures of the blue and green LEDs. In some cases, the
junction temperature of differently colored LEDs within the
same package can differ by 5° C. or more, even with the
same heat sink temperature. Therefore, it 1s usually more
desirable to measure or estimate the LED junction tempera-
tures, as opposed to the ambient or heat sink temperatures,
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and adjust the individual drive currents accordingly to
maintain a precise color point produced by a multi-colored
LED device.

It 1s generally well known that the forward voltage of an
LED changes linearly with junction temperature when a
fixed forward-biased drive current i1s supplied to the LED.
FIG. 14 demonstrates the linear relationship between for-
ward voltage and junction temperature with the forward
voltages normalized to °1” at 25° C. (roughly room tempera-
ture). As shown 1n FIG. 14, the forward voltage developed
across the LED junction decreases linearly as the junction
temperature increases (and vice versa). As a consequence,
LED forward voltages measured at a fixed drive current can
be used to provide a fairly precise estimate of junction
temperature for a particular LED.

However, most manufacturers of conventional LED
devices fail to account for the fact that the magnitude and
slope of the line correlating forward voltage to junction
temperature (shown, e.g., 1n FIG. 14) can vary significantly
between LED manufacturers, LED part numbers and even
individual LEDs arranged side by side on the same chip. To
illustrate this point, the dotted lines shown in FIG. 135 show
a possible range of forward voltage versus temperature
characteristics that may be seen from a particular manufac-
turer and part number, while the solid line indicates the
forward voltage versus temperature line generated by an
individual LED from that manufacturer and part number. As
shown 1n FIG. 15, the magnitude of the forward voltage can
vary significantly between individual LEDs at any given
temperature. In addition, FIG. 15 shows that the slope of the
line relating forward voltage to temperature can vary
between individual LEDs. While the differences 1n slope are
typically small, they can represent a few degrees C. mea-
surement error over the operating temperature range of an
LED. These measurement errors result in mnaccurate tem-
perature compensation 1 steps are not taken to account for
these variations when calibrating conventional LED devices.

In addition to variations 1n forward voltage, most manu-
facturers fail to account for the non-linear relationship
between luminous flux and junction temperature for certain
colors of LEDs, and the non-linear relationship between
luminous flux and drive current for all colors of LEDs.
Without accounting for such non-linear behavior, conven-
tional multi-color LED devices cannot be used to provide
accurate temperature compensation for all LEDs included
within the multi-color LED device.

For example, FIGS. 16 and 17 illustrate the relative
change in luminous flux over junction temperature produced
by differently colored LEDs supplied with fixed drive cur-
rents. As shown 1n FIG. 16, the luminous flux produced by
green, blue and white LEDs changes relatively little and
linearly with changes in junction temperature. However,
FIG. 17 shows that the luminous flux produced by red,
red-orange and, especially, yellow (amber) LEDs changes
significantly and sometimes dramatically over temperature,
and that these changes are substantially non-linear. In order
to provide accurate temperature compensation, the drive
currents supplied to each color of LED must be individually
calibrated and adjusted during use of the device. Conven-
tional multi-color LED devices fail to provide calibration
and compensation for each color of LED used 1n the device,
and thus, fail to provide accurate temperature compensation
in a multi-color LED device.

FIGS. 18 and 19 illustrate typical relationships between
luminous flux and LED drive current for different colors of
LEDs (e.g., red, red-orange, white, blue and green LEDs).
As shown m FIGS. 18 and 19, the relationship between
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luminous flux and LED drive current 1s non-linear for all
colors of LEDs, and this non-linear relationship 1s substan-
tially more pronounced for certain colors of LEDs (e.g.,
green LEDs). Without accounting for such non-linear behav-
ior, conventional LED devices cannot be used to provide
accurate temperature compensation for all LEDs included
within the LED device.

In addition to failing to account for non-linear behavior
and diflerences 1n output characteristics between individual
LEDs, conventional LED devices typically use pulse width
modulation (PWM) dimming to control the overall lumi-
nance of the LED device. In PWM dimming, the duty cycle
of the drive current (1.e., the ratio of time the drive current
1s “on”’) 1s adjusted to control the overall luminance of the
LED device. However, PWM dimming can be undesirable
for a number of reasons. On a human level, pulse width
modulation at certain frequencies has been shown to induce
seizures and eye strain 1 some people. On a more technical
level, PWM dimming causes 1ssues for the power supply and
the LEDs when switching large amounts of currents on and
ofl. For example, in order to prevent the output voltage from
varying too much, a larger output capacitor may need to be
coupled across the power supply, which adds cost and
consumes board space. However, this does not address the

transients that occur in the drive currents supplied to the
LEDs whenever the drive currents are turned on and off. In
some cases, these transients can be visible in the form of
flicker or color shuft.

Another issue arises, not only when using PWM dim-
ming, but whenever groups of LEDs are periodically turned
on and ofl for any reason in an LED array. Whenever LEDs
are periodically turned on and off, even at an imperceptibly
high rate, an undesirable artifact called “brightness banding”™
occurs. This banding artifact 1s demonstrated in the photo-

graphs of FIGS. 20 and 21 as alternating bands of light and
dark areas on a display screen backlit by an array of LEDs.
The photograph shown 1n FIG. 20 was taken with a slow
shutter speed to 1llustrate what the human eye sees, while the
photograph shown in FIG. 21 was taken with a higher
shutter speed to illustrate the bright and dark bands that
develop across the display screen as a result of PWM
dimming This banding artifact also occurs when the light
emitted by LEDs 1s modulated or turned on/ofl for other
reasons, such as when modulating light output to commu-
nicate data optically 1n visible light communication (VLC)
systems.

A need exists for improved illumination devices and
methods for calibrating and compensating individual LEDs
included within an illumination device, so as to maintain a
desired luminous flux and/or color point of the device over
variations in temperature and process. In order to overcome
the disadvantages and 1naccuracies associated with conven-
tional methods, the calibration and compensation methods
described herein take into account and adjust for vanations
in forward voltage magnitude and slope between 1ndividual
LEDs, the non-linear relationship between luminous flux
and junction temperature for certain colors of LEDs, and the
non-linear relationship between luminous flux and drive
current for all colors of LEDs. This enables the present
invention to provide a more highly precise method of
temperature compensation. Further, accurate temperature
compensation 1s provided herein without producing unde-
sirable visual artifacts, such as brightness banding, flicker
and color shift.

SUMMARY OF THE INVENTION

The following description of various embodiments of an
illumination device and a method for controlling an 1llumi-
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nation device 1s not to be construed 1in any way as limiting,
the subject matter of the appended claims.
According to one embodiment, a method i1s provided

herein for controlling an illumination device comprising a
plurality of light emitting diodes (LEDs) or chains of LEDs,
and more specifically, for compensating individual LEDs 1n
the 1llumination device, so as to maintain a desired luminous
flux and/or a desired color point of the device over vanations
in temperature and process while avoiding flicker 1n the
LED output. For the sake of simplicity, the term “LED” will
be used herein to refer to a single LED or a chain of serially
connected LEDs supplied with the same drive current.

In some cases, the compensation method described herein
may begin by driving the plurality of LEDs substantially
continuously with drive currents configured to produce
1llumination, and periodically turning the plurality of LEDs
ofl for short durations of time during a first period to take
measurements or communicate optical data. In order to
avoid flicker 1n either brightness and/or color during the first
period, the compensation method described herein may
increase the drive currents supplied to the plurality of LEDs
by a small amount when the LEDs are on during the first
pertod to compensate for lack of illumination when the
LEDs are periodically turned off during the first period. In
general, the small amount may be approximately 1% to
approximately 10% of the drive currents supplied to the
LEDs to produce illumination.

In one embodiment, the step of periodically turning the
plurality of LEDs off for the short durations of time may
include periodically turning the plurality of LEDs ofl 1n
synchronization with an AC mains frequency to generate a
plurality of time slots 1n the first period. The time slots may
be used in a variety of different ways. For example, the
compensation method described herein may include mea-
suring an output characteristic (e.g., forward voltage, lumi-
nous flux or [chromacity] chromaticity) of each LED, one
LED at a time, during the time slots. In another example, one
or more of the plurality of LEDs may be configured for
measuring ambient light during the time slots. In yet another
example, one or more of the plurality of LEDs may be
configured for communicating optical data during the time
slots.

According to another embodiment, an illumination device
1s provided herein with a plurality of light emitting diode
(LED) chains, a drniver circuit, a storage medium and a
control circuit. In some embodiments, each LED chain may
be configured for producing illumination at the same peak
wavelength, or one or more different peak wavelengths. As
such, each LED chain may be configured for producing light
of the same color, or one or more diflerent colors.

The driver circuit may be generally configured for driving
the plurality of LED chains with drive currents substantially
continuously to produce 1llumination, and periodically turn-
ing the plurality of LED chains off for short durations of
time during a first period to take measurements or commu-
nicate optical data. In addition, the driver circuit may be
configured for supplying a small drive current to each LED
chain, one chain at a time, during the short durations of time
so that an operating forward voltage developed across each
LED chain can be measured.

In some embodiments, the illumination device may fur-
ther include a phase locked loop (PLL) coupled for supply-
ing a timing signal to the drniver circuit for periodically
turning the plurality of LED chains ofl for the short dura-
tions of time during the first period. According to one
embodiment, the PLL may be coupled to an AC mains and
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may be configured for producing the timing signal i syn-
chronization with a frequency of the AC mains.

The control circuit may be generally configured for con-
trolling the drive currents supplied to each LED chain. In
order to avoid thicker 1n either brightness and/or color during
the first period, the control circuit may instruct the driver
circuit to increase the drive currents supplied to the plurality
of LED chains by a small amount when the LED chains are
on during the first period to compensate for lack of 1llumi-
nation when the LED chains are periodically turned off
during the first period. In general, the small amount may be
approximately 1% to approximately 10% of the drive cur-
rents supplied to the plurality of LED chains to produce
illumination substantially continuously.

The storage medium may be generally configured for
storing a table of calibration values correlating forward
voltage and drive current to luminous flux at a plurality of
temperatures for each of the plurality of LED chains. In one
embodiment, the table of calibration values may include, for
cach LED chain, a first forward voltage value measured
across the LED chain using a small drive current when the
LED chain was previously subjected to a first temperature,
and a second forward voltage value measured across the
LED chain using the small drive current when the LED
chain was previously subjected to a second temperature. As
noted above, the small drive current may range between
approximately 0.1 mA and approximately 10 mA, depend-
ing on the type and size of LED. The table of calibration
values may also include, for each LED chain, a first plurality
of luminous flux values detected from the LED chain using
a plurality of different drive currents when the LED chain
was previously subjected to the first temperature, and a
second plurality of luminous flux values detected from the
LED chain using the plurality of different drive currents
when the LED chain was previously subjected to the second
temperature.

The control circuit may be further configured for deter-
mining respective drive currents needed to achieve a desired
luminous flux from each LED chain using the operating
forward voltages measured across each LED chain during
the first period, the table of calibration values and one or
more nterpolation techniques. For example, the control
circuit may be configured to calculate a third plurality of
luminous tlux values corresponding to the operating forward
voltage measured across a given LED chain by interpolating
between the first plurality of luminous flux values and the
second plurality of luminous flux values stored within the
table of calibration values. In one embodiment, the control
circuit may be configured to calculate the third plurality of
luminous flux values using a linear interpolation technique
or a non-linear interpolation technique to interpolate
between the first and second plurality of luminous flux
values. The selection between the linear iterpolation tech-
nique and the non-linear interpolation technique 1s generally
made based on a color of the LED being compensated.

For example, a linear interpolation technique may be used
for blue, green and white LEDs, which exhibit a substan-
tially linear luminous flux vs. junction temperature (or
forward voltage) relationship over the operating temperature
range. Because of this linear relationship, the control circuit
1s able to calculate a third plurality of luminous flux values
at the present operating temperature for blue, green and
white LEDs by linearly interpolating between the first and
second plurality of luminous flux calibration values stored at
cach drnive current. However, red, red-orange and yellow
LEDs exhibit a substantially non-linear relationship between
luminous flux vs. junction temperature. For these LEDs, a
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non-linear interpolation technique may be used to determine
the third plurality of luminous flux values at the present

operating temperature for each drive current. The non-linear
interpolation technique may be a higher-order interpolation,
such as a quadratic interpolation.

In some embodiments, the control circuit may generate a
relationship between the third plurality of luminous flux
values, 1f the desired luminous flux differs from one of the
third plurality of luminous flux values. In one embodiment,
the control circuit may be configured to generate the rela-
tionship by applying a higher-order interpolation to the third
plurality of luminous flux values to generate a non-linear
relationship between luminous flux and drive current for the
LED chain. In another embodiment, the control circuit may
be configured to generate the relationship by applying a
piece-wise linear interpolation to the third plurality of lumi-
nous flux values to approximate a non-linear relationship
between luminous flux and drive current. In yet another
embodiment, the control circuit may be configured to gen-
crate the relationship by assuming a typical curvature from
data sheets provided by a manufacturer of the LED chain.

In some embodiments, the control circuit may determine
a drive current needed to achieve a desired luminous flux
from the given LED chain by selecting, from the generated
relationship, a drive current corresponding to the desired
luminous flux. However, 1t the desired luminous flux cor-
responds to one of the third plurality of luminous flux
values, the drive current may be determined without the
need to generate the relationship between the third plurality
of luminous flux values.

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 1s a flowchart diagram of an improved method for
calibrating an 1llumination device comprising a plurality of
LEDs, 1n accordance with one embodiment of the invention;

FIG. 2 1s a graph 1illustrating exemplary forward voltage
values measured from a given LED at two different tem-
peratures during the calibration method of FIG. 1 and the
linear relationship between forward voltage and tempera-
ture;

FIG. 3 1s a graph illustrating exemplary luminous flux
values measured from a given LED at three different drive
currents and two different temperatures during the calibra-
tion method of FIG. 1, and the substantially non-linear
relationship between luminous flux and drive current;

FIG. 4 1s a chart illustrating an exemplary table of
calibration values that may be obtained 1n accordance with
the calibration method of FIG. 1 and stored within the
illumination device;

FIG. 5 1s a flowchart diagram of an improved compen-
sation method, 1n accordance with one embodiment of the
invention;

FIG. 6 1s a graphical representation depicting how inter-
polation technique(s) may be used in the compensation
method of FIG. 5 to determine the drive current needed to
produce a desired luminous flux for a given LED using the
calibration values obtained during the calibration phase and
stored within the 1llumination device;

FIG. 7 1s a timing diagram for an illumination device
comprising four LEDs and illustrates how, 1n one embodi-
ment of the compensation method shown i FIG. 5, the
LEDs are driven substantially continuously to produce 1llu-
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mination, and the forward voltages developed across the
LEDs are repeatedly measured, one LED at a time, during

il

times when the plurality of LEDs are turned off;

FIG. 8 1s a graphical representation of an alternative
embodiment of the compensation method shown 1n FIG. 5,
in which forward voltages are only measured upon detecting
a significant change in ambient temperature to avoid bright-
ness banding, and drive currents are increased during the
compensation period to avoid tlicker;

FIG. 9 an exemplary timing diagram for communicating,
optical data between 1llumination devices without producing
flicker:

FIG. 10 1s an exemplary block diagram of an 1llumination
device, according to one embodiment of the invention;

FIG. 11 1s an exemplary block diagram of an LED dniver
circuit included within the illumination device of FIG. 10,
according to one embodiment of the invention;

FIG. 12 1s an exemplary block diagram of a current source
included within the driver circuit of FIG. 11, according to
one embodiment of the invention;

FIG. 13 1s an exemplary block diagram of a buck con-
verter included within the driver circuit of FIG. 11, accord-
ing to one embodiment of the invention;

FIG. 14 1s a graph 1llustrating typical forward voltage vs.
LED die junction temperature (normalized to 25° C.);

FIG. 15 1s a graph illustrating how the magmtude and
slope of the line correlating forward voltage to junction
temperature can vary significantly between LED manufac-
turers, LED part numbers and even individual LEDs
arranged side by side on the same chip;

FIG. 16 15 a graph 1llustrating the non-linear relationship
between relative luminous flux and junction temperature for
white, blue and green LEDs;

FIG. 17 1s a graph illustrating the substantially more
non-linear relationship between relative luminous flux and
junction temperature for red, red-orange and vellow (amber)
LEDs:

FIG. 18 1s a graph illustrating the non-linear relationship
between relative luminous tlux and forward current for red
and red-orange LEDs;

FIG. 19 1s a graph illustrating the substantially more
non-linear relationship between relative luminous flux and
forward current for white, blue and green LEDs;

FIG. 20 1s a photograph of a display backlit with an array
of LEDs and illustrates what the human eye sees during
operation of the display; and

FIG. 21 1s a photograph of the same display taken at a
higher shutter speed to illustrate the bright and dark bands
that develop across the display screen when LEDs within the
array are periodically turned on/off

While the invention 1s susceptlble to various modifica-
tions and alternative forms, specific embodiments thereof
are shown by way of example 1n the drawings and will
herein be described 1n detail. It should be understood,
however, that the drawings and detailed description thereto
are not intended to limit the mnvention to the particular form
disclosed, but on the contrary, the intention 1s 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 TH.
PREFERRED EMBODIMENTS

vy

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
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anode, to the n-side, or cathode, but not in the reverse
direction. Charge-carriers——electrons and holes—{flow 1nto
the junction from electrodes with different voltages. When
an electron meets a hole, 1t falls into a lower energy level,
and releases energy 1n 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 materials (e.g., AllnGaP) hav-
ing 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 approximately 580-600 nm,
respectively. On the other hand, green and blue LEDs are
commonly composed of matenals (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 1n the range of approximately
515-350 nm and approximately 450-490 nm, respectively.
When two or more differently colored LEDs are com-
bined within a single package, the spectral content of the
individual LEDs are combined to produce blended light. In
some cases, differently colored LEDs may be combined to
produce white light within a wide gamut of color points or

correlated color temperatures (CCTs) ranging from “warm
white” (e.g., roughly 2600K-3700K), to “neutral white”

(e.g., 3700K-5000K) to “cool white” (e.g., S000K-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 present invention 1s generally directed to 1llumination
devices having a plurality of light emitting diodes (LEDs),
and provides improved methods for controlling output char-
acteristics of the LEDs over vanations in temperature and
process. In some embodiments, the methods described
herein may be used to control the luminous flux emitted
from a plurality of LEDs, if the LEDs are all of the same
color, or may be used to control the luminous flux and color
point (or color temperature) of the LEDs, if the 1llumination
device comprises two or more differently colored LEDs.

Although not limited to such, the present invention 1s
particularly well suited to 1llumination devices 1n which two
or more different colors of LEDs are combined to produce
white light or near-white light, since the output character-
istics of differently colored LEDs vary differently over
temperature. The present invention 1s also particularly well
suited to 1llumination devices that include LEDs with lower
band gap energies, such as red, red-orange and vyellow
LEDs, as the output characteristics of these LEDs are
particularly susceptible to variations 1n temperature.

As shown i FIGS. 16-17, LEDs with lower band gap
energies (e.g., red, red-orange and yellow LEDs) are more
susceptible to vanations in temperature than LEDs with
larger band gap energies (e.g., white, blue and green). In
particular, the luminous flux (1.e., a perceived power of the
emitted light, measured m lumens) produced by red, red-
orange and yellow LEDs decreases much faster as tempera-
tures increase, than the luminous flux produced by white,
blue and green LEDs. This 1s because there are fewer
charge-carriers contributing to light emission 1n materials
having lower band gap energies; thus, LEDs comprised of
these materials generate less light (1.e., less luminous flux)
when subjected to increasingly higher temperatures.

When LEDs comprised of significantly diflerent band gap
materials are combined within a single package, the color
point of the resulting device may change significantly over
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variations 1n temperature. For example, when red, green and
blue LEDs are combined within a white light 1llumination
device, the color point of the device may appear increasingly
“cooler” as the temperature rises. This 1s because the lumi-
nous tlux produced by the red LEDs decreases significantly
as temperatures increase, while the luminous flux produced
by the green and blue LEDs remains relatively stable.

In order to maintain a constant luminous flux and a
constant color point 1n a multi-colored LED device over
changes in temperature and process, improved methods are
needed to individually calibrate and compensate each color
of LED used in the multi-colored illumination device. In
particular, improved calibration and compensation methods
are needed to overcome the disadvantages of conventional
methods, which fail to provide accurate temperature com-
pensation 1 a multi-colored LED device by failing to
account for variations between individual LEDs, non-linear
relationships between luminous flux and junction tempera-
ture, and non-linear relationships between luminous flux and
drive current.

FIG. 1 illustrates one embodiment of an improved method
for calibrating an i1llumination device comprising a plurality
of LEDs or chains of LEDs. For the sake of simplicity, the
term “LED” will be used herein to refer to a single LED or
a chain of serially connected LEDs supplied with the same
drive current. In some embodiments, the method shown 1n
FIG. 1 may be used to calibrate an illumination device
having LEDs all of the same color. However, the method
may be particularly well-suited for calibrating an 1llumina-
tion device comprising two or more differently colored
LEDs, since output characteristics of differently colored
LEDs tend to differ from one another.

As shown in FIG. 1, the improved calibration method may
begin by subjecting the illumination device to a first ambient
temperature (1n step 10). Once subjected to this temperature,
a forward voltage measurement and a plurality of luminous
flux measurements may be obtained from each of the LEDs
included within the illumination device. For example, a
relatively small drive current (e.g., approximately 0.1-10
mA ) may be supplied to each of the LED)s, so that a forward
voltage developed across the anode and cathode of the LEDs
can be measured (1n step 12). As used herein, a “relatively
small drive current” may be broadly defined as a non-
operative drive current, or a drive current level which 1s
insuilicient to produce significant illumination from the LED
device.

Most LED manufacturers, which use forward voltage
measurements to compensate for temperature variations,
supply a relatively large drive current to the LEDs (e.g., an
operative drive current level suilicient to produce 1llumina-
tion from the LEDs) when taking forward voltage measure-
ments. Unfortunately, forward voltages measured at opera-
tive drive current levels tend to vary rather significantly over
the lifetime of an LED. As an LED ages, the parasitic
resistance within the junction increases, which in turn,
causes the forward voltage measured at operating current
levels to increase over time, regardless of temperature. For
this reason, a relatively small (1.e., non-operative) drive
current 1s used herein when obtaining forward voltage
measurements—both within the calibration method of FIG.
1 and the compensation method of FIG. 5—to limit the
resistive portion of the forward voltage drop. For some
common types of LEDs with one square millimeter of
junction area, the optimum drive current used to obtain
forward voltage measurements in the presently described
methods may be roughly 0.3-3 mA. However, smaller/larger
LEDs may use proportionally less/more current to keep the




US RE49,421 E

11

current density roughly the same. As such, the optimum
drive current level may fall within a range of approximately
0.1-10 mA.

Forward voltage measurements are taken (in step 12) by
supplying a relatively small drive current to each LED, one
LED at a time. When taking these measurements, all other
emission LEDs 1n the illumination device are turned off to
avoid 1naccurate forward voltage measurements (since light
from these LEDs would induce additional photocurrents 1n
the LED being measured). The emission LEDs not currently
under test may be turned off by cutting off the drive current
supplied thereto, or at least reducing the supplied drive
currents to a non-operative level.

In some embodiments, the calibration method may con-
tinue (in step 14) by measuring the luminous flux output
from each LED at a plurality of different drive current levels.
Specifically, two or more diflerent drive current levels may
be successively applied to each LED, one LED at a time, and
the luminous flux produced by each LED may be detected at
cach of the different drive current levels. In general, the
drive currents used to measure luminous tlux may be opera-
tive drive current levels (e.g., about 20 mA to about 500
mA), and thus, may be substantially greater than the rela-
tively small, non-operative drive current (e.g., about 0.3 mA
to about 3 mA) used to measure forward voltage.

In some cases, increasingly greater drive current levels
may be successively applied to each LED to obtain luminous
flux measurements. In other cases, luminous flux may be
detected upon successively applying decreasing levels of
drive current to the LEDs. The order in which the drive
current levels are applied during the luminous flux measure-
ments 1s largely unimportant, only that the drive currents be
different from one another. In one embodiment, three lumi-
nous flux measurements may be obtained from each LED at
roughly a maximum drive current level (typically about 500
mA, depending on LED part number and manufacturer),
roughly 30% of the maximum drive current, and roughly
10% of the maximum drive current, as shown in FIG. 3 and
discussed below.

Although examples are provided herein, the present
invention 1s not limited to any particular value or any
particular number of dnve current levels, and may apply
substantially any value and any number of drive current
levels to an LED within the operating current level range of
that LED. However, it 1s generally desired to obtain the
luminous flux measurements at a suilicient number of dii-
ferent drive current levels, so that a luminous flux vs. drive
current relationship can be accurately characterized across
the operating current level range of the LED durning the
compensation method of FIG. 4.

While increasing the number of luminous flux measure-
ments improves the accuracy with which the relationship 1s
characterized, 1t may also increase the calibration time and
costs, and may not be desired 1n all cases. However, addi-
tional luminous flux measurements may be beneficial when
attempting to characterize the luminous flux vs. drive cur-
rent relationship for certain colors of LEDs. For instance,
additional measurements may be beneficial when character-
1zing the luminous tlux vs. drive current relationship for blue
and green LEDs, which tend to exhibit a significantly more
non-linear relationship (see, F1IGS. 17-18) than other colors
of LEDs. Thus, a balance should be struck between accuracy
and calibration time/costs when selecting a desired number
of drive current levels with which to obtain luminous flux
measurements for a particular color of LED.

After the forward voltage measurement (step 12) and the
plurality of luminous flux measurements (step 14) are
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obtained from each LED at the first temperature, the 1llu-
mination device 1s subjected to a second ambient tempera-
ture, which 1s substantially different from the first ambient
temperature (in step 16). Once subjected to this second
temperature, the calibration method may obtain an addi-
tional forward voltage measurement (in step 18), and in
some cases, a plurality of additional luminous flux measure-
ments (in steps 20 and 24), from each LED. The forward
voltage measurement and the plurality of (optional) lumi-
nous flux measurements may be obtained at the second
ambient temperature 1n the same manner described above
for the first ambient temperature. Once the measurements
are obtained, the measurement values may be stored (in step
22) within the 1llumination device, so that the stored values
can be later used to compensate the illumination device for
changes 1n luminance and/or color point that may occur with
variations 1n temperature and process. In one embodiment,
the luminous flux vs. forward voltage at each drive current
may be stored within a table of calibration values, as shown
for example 1in FIG. 4 and discussed below.

In one embodiment, the second ambient temperature may
be substantially less than the first ambient temperature. For
example, the second ambient temperature may be approxi-
mately equal to room temperature (e.g., roughly 25° C.), and
the first ambient temperature may be substantially greater
than room temperature. In one example, the first ambient
temperature may be closer to an elevated temperature (e.g.,
roughly 70° C.) or a maximum temperature (e.g., roughly
85° C.) at which the device 1s expected to operate. In an
alternative embodiment, the second ambient temperature
may be substantially greater than the first ambient tempera-
ture.

It 1s worth noting that the exact values, number and order
in which the temperatures are applied to calibrate the
individual LEDs 1s somewhat unimportant. However, 1t 1s
generally desired to obtain the forward voltage and luminous
flux measurements at a number of different temperatures, so
that the forward voltage vs. junction temperature relation-
ship and the luminous flux vs. drive current relationship can
be accurately characterized across the operating temperature
range of each LED. In one exemplary embodiment (shown,
e.g., in FIGS. 2-3 and discussed below), the illumination
device may be subjected to two (or more) substantially
different ambient temperatures selected from across the
operating temperature range of the 1llumination device.

In some embodiments, the illumination device may be
subjected to the first and second ambient temperatures by
artificially generating the temperatures during the calibra-
tion process. However, 1t 1s generally preferred that the first
and second ambient temperatures are ones which occur
naturally during production of the i1llumination device, as
this simplifies the calibration process and significantly
decreases the costs associated therewith. In one embodi-
ment, the elevated temperature forward voltage and lumi-
nous flux measurements may be taken after burn-in of the
LEDs when the illumination device 1s relatively hot (e.g.,
roughly 50° C. to 85° C.), and sometime thereafter (e.g., at
the end of the manufacturing line), a room temperature
calibration may be performed to measure the forward volt-
age and/or the luminous tflux output from the LEDs when the
illumination device 1s relatively cool (e.g., roughly 20° C. to
30° C.).

FIGS. 2 and 3 illustrate exemplary forward voltage and
luminous flux measurement values that may be obtained
from an individual LED by following the calibration method
steps shown 1n FIG. 1 and described above. In exemplary
embodiment of FIG. 2, two forward voltage measurements
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(V10, V11) are obtained from each LED, one LED at a time,
upon subjecting the 1llumination device to two substantially
different temperatures (10, T1). While 1t 1s possible to
measure the forward voltage of a given LED at three (or
more) temperatures, doing so may add significant expense,
complexity and/or time to the calibration process. Further-
more, calibrating the forward voltage measurements at addi-
tional temperatures may not significantly improve the accu-
racy of the calibration results, as the forward voltage vs.
temperature relationship 1s highly linear for all LEDs. For
these reasons, 1t 1s generally preferred that the forward
voltage measurements be calibrated at two different tem-
peratures (e.g., 25° C. and 70° C.) for each LED, so that the
forward voltage calibration values can be later used during
the compensation method.

In the exemplary embodiment of FIG. 3, six luminous tlux
measurements (L(I0, V10), L(1, V10), L2, V10), L(IO,
Vil), L(I1, V11) and L(I2, V11)) are obtained for each LED
by successively applying three different drive currents (e.g.,
T0, I1 and 12) to each LED, one LED at a time, upon
subjecting the i1llumination device to two different tempera-
tures (10, T1). While it 1s possible to obtain luminous flux
measurements at only one temperature, or even at three (or
more) temperatures, 1t 1s generally preferred that the mea-
surements be obtained at two temperatures, as shown 1n FIG.
3. While an exemplary number of drive current levels and
values of drive current are shown in FIG. 3, the present
invention 1s not limited to such examples. It 1s certainly
possible to obtain a greater/lesser number of luminous flux
measurements from each LED by applying a greater/lesser
number of drive current levels to the individual LEDs. It 1s
also possible to use substantially different values of drive
current, other than those specifically illustrated 1n FIG. 3.

In some embodiments, the number of drive current levels
and the particular values of the drive current used to obtain
luminous flux measurements from a particular LED may be
selected based upon the color of the LED being character-
ized. For example, the luminous flux vs. drive current
relationships for some LED colors, such as blue and green,
are comparatively more non-linear than other LED colors,
such as red and red-orange (see, FIGS. 17-18). LED colors
exhibiting substantially greater non-linear behaviors (such
as blue and green) may be more accurately characterized by
obtaining additional luminous flux measurements.

As noted above, the forward voltage and luminous flux
values measured during steps 12, 14, 18 and 24 may be
stored within the i1llumination device in step 22 of the
calibration method of FIG. 1. In one embodiment, the
calibration values may be stored within a table of calibration
values, as shown for example 1n FIG. 4. The stored calibra-
tion values may then be used 1n the compensation method of
FIG. § (discussed below) to adjust or maintain the luminous
flux output from each individual LED. If the 1llumination
device comprises multiple colors of LEDs, the stored cali-
bration values may also be used to adjust or maintain the
color point of the i1llumination device.

An exemplary method for calibrating an i1llumination
device comprising a plurality of LEDs has now been
described with reference to FIGS. 1-4. Although the method
steps shown in FIG. 1 are described as occurring i a
particular order, one or more of the steps of the illustrated
method may be performed 1n a substantially different order.
In one alternative embodiment, for example, the luminous
flux output from the LEDs may be detected at two or more
drive currents (e.g., in step 14) before the forward voltage 1s
measured (e.g., in step 12) from the LEDs. In addition, while
the embodiment shown in FIG. 1 indicates that forward
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voltage and luminous flux are measured at possibly two
different temperatures, an alternative embodiment of the
illustrated method may obtain such measurements at only
one temperature, or more than two temperatures. Further-
more, while the illustrated method illustrates the forward
voltage and luminous flux measurements as being stored at

the end of the calibration method (e.g., 1n step 22), a skilled
artisan would recognize that these values may be stored at
substantially any time during the calibration process without
departing from the scope of the mvention. The calibration
method described herein 1s considered to encompass all such
variations and alternative embodiments.

The calibration method provided herein improves upon
conventional calibration methods in a number of ways. First,
the method described herein calibrates each LED (or chain
of LEDs) individually, while turning off all emission LEDs
not currently under test. This not only improves the accuracy
of the forward voltage and luminous flux calibration values,
but also enables the stored calibration values to account for
process variations between individual LEDs, as well as
differences 1n output characteristics that inherently occur
between different colors of LEDs.

Accuracy 1s further improved herein by supplying a
relatively small (i.e., non-operative) drive current to the
LEDs when obtaining forward voltage measurements, as
opposed to the operative drive current levels used 1n con-
ventional calibration methods. By using non-operative drive
currents to obtain the forward voltage calibration values, and
again later to take forward voltage measurements during the
compensation method, the present invention avoids 1naccu-
rate compensation by ensuring that the forward voltage
measurements for a given temperature and fixed drive
current do not change significantly over time (due to para-
sitic resistances in the junction when operative drive cur-
rents are used to obtain forward voltage measurements).

As another advantage, the calibration method described
herein obtains a plurality of luminous flux measurements for
cach LED at a plurality of different drive current levels. This
turther improves calibration accuracy by enabling the non-
linear relationship between luminous flux and drive current
to be precisely characterized for each individual LED.
Furthermore, obtaiming forward voltage and luminous flux
calibration values at a number of different temperatures
improves compensation accuracy by enabling the compen-
sation method (described below) to interpolate between the
stored calibration values, so that accurate compensation
values may be determined for current operating tempera-
tures.

FIGS. 5-8 illustrate exemplary embodiments of an
improved method for controlling an illumination device
comprising a plurality of LEDs, and more specifically, for
compensating individual LEDs of the illumination device to
accurately account for vanations in temperature and process.
In general, the compensation method shown 1n FIG. 5 may
begin by driving the plurality of LEDs substantially con-
tinuously to produce illumination (in step 30). As used
herein, the term “substantially continuously” means that an
operative drive current 1s supplied to the plurality of LEDs
almost continuously, with the exception of periodic intervals
during which the plurality of LEDs are momentarnly turned
ofl for short durations of time (in step 32). These periodic
intervals may be utilized for obtaining operating forward
voltage measurements during a compensation period (in step
34), as shown in the embodiments of FIGS. 5 and 7-8. These

periodic 1mtervals may also be used for other purposes, as
shown 1 FIG. 9 and described below.
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FIG. 7 1s an exemplary timing diagram illustrating steps
30, 32 and 34 of the compensation method shown 1n FIG. 5,
according to one embodiment of the invention. As shown 1n
FIGS. 5 and 7, the plurality of LEDS are driven substantially
continuously with operative drive current levels (denoted
generically as 11 1 FIG. 7) to produce 1llumination (in step
30 of FIG. 5). At periodic intervals, the plurality of LEDs are
turned ofl for short durations of time (1n step 32 of FIG. 5)
by removing the drive currents, or at least reducing the drive
currents to non-operative levels (denoted generically as 10 1n
FIG. 7). During each perlodlc interval in which the plurality
of LEDs are turned off, one LED 1s driven with a relatively
small, non-operative drlve current (e.g., approximately 0.1-
10 mA, not shown i FIG. 7) and the operating forward
voltage developed across that LED 1s measured (e.g., V11,
V12, VI3 or Vi4). The forward voltage 1s measured across
cach LED, one LED at a time, and then the process repeats
in the embodiment shown 1n FIG. 7. Between the periodic
intervals, the 1llumination device produces continuous 1llu-
mination with DC current supplied to the LED:s.

FIG. 7 provides an exemplary timing diagram for mea-
suring the forward voltage developed across each LED 1n an
illumination device comprising four LEDs, such as RGBY
or RGBW. Although four LEDs are used in the embodiment
of FIG. 7, the timing diagram and method described herein
can easily be modified to accommodate a fewer or greater
number of LEDs.

Once the operating forward voltage (VIX) 1s measured
from each LED, the compensation method shown in FIG. 5
determines the drive current (Ix) needed to achieve a desired
luminous flux (Lx) from each LED using the operating
forward voltages, the table of stored calibration values
generated during the calibration method of FIG. 1 and one
or more interpolation techniques (in step 36 of FIG. 5). For
example, the compensation method may calculate a lumi-
nous flux value for the present forward voltage/operating
temperature at each of the previously calibrated drive cur-
rent levels by interpolating between the stored calibration
values. Once a luminous flux value 1s calculated at each of
the previously calibrated (1.e., known) drive current levels,
another interpolation technique may be used to determine an
unknown drive current needed to produce a desired lumi-
nous flux, should the desired luminous flux differ from one
of the calculated luminous flux values.

FIG. 6 1s a graphical illustration depicting how one or
more interpolation technique(s) may be used to determine
the drive current needed to produce a desired luminous flux
from the stored calibration values. In FIG. 6, the six solid
dots represent the luminous flux calibration values, which
were obtained during the calibration phase at three diflerent
drive currents (10, 11, and 12) and two diflerent temperatures
(TO and T1) for each LED and stored within the table of
calibration values shown, e.g., in FIG. 4. In the example
used herein, the luminous tlux calibration values (solid dots)
were taken at 10%, 30% and 100% of the maximum drive
current for a given LED at two different temperatures. The
three X’s represent luminous flux values, which are calcu-
lated during the compensation method at the same three
drive currents (10%, 30% and 100% of the maximum drive
current) for the present operating temperature (Ix). The
value at each X 1s calculated, in one example, by interpo-
lating between the stored calibration values. However, the
exact interpolation technique used to determine the lumi-
nous flux value at each X may generally depend on the color
of the LED being compensated.

For example, the luminous flux vs. junction temperature
(or forward voltage) relationship for blue, green and white
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LEDs 1s substantially linear over the operating temperature
range (see, FIG. 16). Because of this linear relationship, the
compensation method 1s able to calculate luminous flux
values at the present V1 (e.g., X values in FIG. 6) for blue,
green and white LEDs by linearly interpolating between the
calibration values stored at each drive current. However, red,
red-orange and yellow LEDs exhibit a substantially non-
linear relationship between luminous flux vs. junction tem-
perature (see, FIG. 17). For these LEDs, a higher-order
interpolation technique may be used to determine the lumi-
nous tlux values at the present V1 (e.g., X values 1n FIG. 6)
for each drive current.

In one embodiment, the higher-order interpolation tech-
nique may be in the form of a quadratic interpolation, which
follows the general equation:

ax’+bx+c=y

EQ. 1

where ‘X’ 1s V1 (or temperature), ‘y’ 1s luminous flux, and
‘a,” ‘b” and ‘¢’ are coefhicients. If forward voltage and
luminous flux values were previously obtained during the
calibration phase at three different temperatures, the ‘a,” ‘b’
and ‘¢’ coeflicient values may be precisely determined by
inserting the stored calibration values into EQ. 1 and sepa-
rately solving the equation for ‘a,” ‘b’ and ‘c’. If, on the other
hand, the LED was calibrated at only two different tempera-
tures, the ‘a’ coellicient may be obtained from data sheets
provided by the LED manufacturer, while the ‘b’ and °
coellicients are determined from the calibration values, as
described above. While the latter method (sometimes
referred to as a “poor man’s quadratic interpolation™) may
sacrifice a small amount of accuracy, 1t may 1n some cases
represent an acceptable trade-off between accuracy and
calibration costs.

In some embodiments, a relationship (solid black line 1n
FIG. 6) between the luminous flux values calculated at the
three X’s may be determined through another interpolation
technique, i a desired luminous flux (Lx) differs from one
of the calculated values. However, since the relationship
between luminous flux and drive current 1s non-linear for all
LED colors (see, FIGS. 18-19), the relationship may be
derived, 1n some embodiments, through a higher-order inter-
polation of the calculated luminous flux values. Alterna-
tively, a piece-wise linear interpolation could be used to
characterize the non-linear relationship between the calcu-
lated luminous flux values, or a typical curvature could be
assumed from data sheets provided by the LED manufac-
turer.

In some embodiments, an appropriate mterpolation tech-
nique may be selected based on trade-ofls between memory
and processing requirements, and/or based upon the particu-
lar color of LED being compensated. As noted above, some
LED colors, such as blue and green, exhibit a comparatively
more non-linear luminous tlux vs. drive current relationship
than other LED colors, such as red and red-orange (see,
FIGS. 18-19). LED colors exhibiting substantially greater
non-linear behaviors (such as blue and green) may be more
accurately compensated by obtaining more luminous flux
calibration values and using a piece-wise linear interpolation
technique, or by obtaimng fewer calibration values and
using a higher-order imnterpolation technique or an assumed
curvature to generate the non-linear relationship between
luminous flux and drive current.

Once the relationship between luminous flux and drnive
current 1s dertved for a given LED, the drive current (Ix)
needed to produce a desired luminous flux (Lx) may be
selected from the generated relationship, as shown in the
example of FIG. 6. The selected drive current may then be
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used to drive the LED to produce illumination having the
desired luminous flux (1n step 38 of FIG. 5). This process 1s
then repeated for each of the plurality of LEDs, until each 1s
configured for producing a desired luminous flux at the
present operating temperature. The drive currents supplied
to the LEDs may be adjusted to meet the selected drive
currents either by adjusting the drive current level (i.e.,
current dimming), or by changing the duty cycle of the drive
current through Pulse Width Modulation (PWM) dimming.

As with the calibration method of FIG. 1, the compensa-
tion method shown 1n FIG. 5 provides many advantages over
conventional compensation methods. For example, the pres-
ent compensation method uses a relatively small drive
current to obtain operating forward voltage measurements
from each LED individually, while turning off all emission
LEDs not currently under test. This improves the accuracy
of the operating forward voltage values and enables each
LED to be individually compensated for temperature and
process. Unlike conventional methods, some of which rely
on typical values or linear relationships between luminous
flux and drive current, the compensation method described
herein derives a non-linear relationship between luminous
flux and drive current for each LED at the present operating
temperature (or V1) using the stored calibration values taken
at the different temperatures during the calibration process.
This enables the present compensation method to precisely
characterize the luminous flux vs. drive current relationship
for each LED, and provide accurate temperature compen-
sation, regardless of process. As a consequence, the com-
pensation method described herein 1s able to more precisely
control the luminous flux (if the LEDs are all of the same
color), or the luminous flux and color point (if the 1llumi-
nation device comprises two or more differently colored
LEDs).

A Turther advantage of the present compensation method
1s the ability to provide accurate temperature compensation
while avoiding undesirable visible artifacts 1in the generated
light. One undesirable artifact, called “brightness banding,”
often occurs whenever LEDs are periodically turned on and
ofl for any reason, even at imperceptibly high rates. This
banding artifact 1s demonstrated in the photograph of FIG.
21 and described above as alternating bands of light and dark
areas on a display screen backlit by an array of LEDs. The
bright and dark bands that develop across the display screen
may occur whenever light emitted by the LEDs 1s modulated
or turned on/ofl for any reason, such as when obtaining
forward voltage measurements for temperature compensa-
tion or when modulating light output to commumnicate optical
data 1n visible light communication (VLC) systems.

Another visual artifact, called “tlicker,” may occur during
times when the LEDs are periodically turned ofl to measure
forward voltage or communicate optical data. When the
LEDs are turned ofl, the amount of light produced by the
illumination device decreases, and when the LEDs are
turned back on, the amount of light produced by the 1illu-
mination device increases. This phenomenon may cause the
illumination device to appear to flicker 1n either brightness
and/or color. A solution for avoiding brightness banding and
flicker during temperature compensation 1s illustrated 1n
FIGS. § and 8. A solution for avoiding flicker in a VLC
system 1s illustrated in FIG. 9.

In some embodiments, the compensation method
described herein may achieve a desired luminous tlux and/or
color point from an illumination device, while avoiding
undesirable visual artifacts, such as brightness banding and
flicker. Such embodiments are illustrated 1n the optional
method steps of FIG. 5 and the timing diagrams of FIG. 8.
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As shown 1n the uppermost graph of FIG. 8, the ambient
temperature (Ta) surrounding an i1llumination device
increases steadily over time during operation of the device,
until the temperature stabilizes (e.g., at Ta2). Since it 1s only
necessary to perform the compensation method while the
ambient temperature changes, alternative embodiments of
the compensation method described herein may determine 11
there has been a significant change 1n ambient temperature
(1n optional step 31 of FIG. 5) belore proceeding with steps
32-38. A “sigmificant change” may be any incremental
increase or decrease 1n ambient temperature. For example, a
“s1ignificant change™ may be a 1° C. increase or decrease 1n
temperature. Other temperature increments may be used in
other examples.

At specific increments of ambient temperature (e.g., 1°
C.), the plurality of LEDs are turned off for short durations
of time (1n step 32 of FIG. 5), and the LED forward voltages
(e.g., VI1, V12, V13, and V14 of FIG. 8) are measured using

a relatively small drive current (in step 34 of FIG. 5). New
LED drive currents are calculated and applied to compensate
for the change in temperature (1n steps 36-38 of FIG. 5).
However, once the ambient temperature stabilizes (“No”
branch of step 31 of FIG. 5; Ta2 1in the uppermost graph of
FIG. 8), forward voltage measurements are no longer needed
and the LEDs are driven to produce continuous 1llumination
so that brightness banding does not occur.

In addition to brightness banding, FIG. 8 provides a
solution for avoiding flicker during the times when the LEDs
are periodically turned off to measure forward voltage.
When forward voltage 1s measured from a given LED, all
other emission LEDs are turned ofl to avoid inducing
photocurrents within the LED under test. Because the
amount of light produced by the illumination device
decreases when the LLEDs are turned ofl, and increases when
the LEDs are turned back on, the illumination device may
appear to flicker 1 brightness and/or color. The flicker
phenomenon 1s avoided in the present compensation method
by 1ncreasing the drive currents supplied to the LEDs by a
small amount when the LEDs are turned on during the
compensation period (in optional step 35 of FIG. 5). This 1s

illustrated graphically in the two lowermost graphs of FIG.
8.

As shown 1n the two lowermost graphs of FIG. 8, the
LEDs are driven with a first drive current level (denoted
generically as 11) to produce continuous illumination. Dur-
ing the compensation period (shown most clearly 1n the
bottom graph of FIG. 8), the LEDs are momentarily and
periodically turned off to take forward voltage measure-
ments (e.g., VI1 , VI2, V13, and V14) from each LED, one
LED at a time. Whenever the plurality of LEDs are turned
on during the compensation period, the drive currents sup-
plied to the plurality of LEDs are increased or boosted to a
second drive current level (denoted generically as 12). By
increasing the drive currents supplied to the plurality of
LEDs by a small amount when the LEDs are turned on
during the compensation period, the compensation method
described herein avoids tlicker by compensating for the lack
of 1llumination when the LEDs are periodically turned off
during the compensation period.

When current dimming techniques are used to control the
illumination device, as shown in FIG. 8, flicker may be
avoided by increasing the drive current level by approxi-
mately 1-10% during the compensation period, such that 12
1s substantially 1-10% greater than I1. When PWM dimming
techniques are used to control the i1llumination device (not
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shown), the duty cycle of the drive current may also be
increased by approximately 1-10% during the compensation
period to avoid flicker.

Brightness banding and tlicker may also occur whenever
light emitted by the LEDs 1s modulated to communicate
optical data in visible light communication (VLC) systems.
One example of a VLC system 1s described U.S. Publication
No. 2011/0069960, which 1s assigned to the present inventor
and incorporated by reference herein. In this patent, LEDs
are used for producing illumination, transmitting and receiv-
ing optical data, detecting ambient light and measuring
output characteristics of other LEDs. Synchronized timing
signals are supplied to the LEDs to produce time division
multiplexed communication channels 1n which data 1s com-
municated optically by the same LEDs that produce 1llumi-
nation. In one embodiment, the timing signals are synchro-
nized i {requency and phase to a common source,
preferentially to the AC mains, so that the LEDs within the
illumination devices can be periodically turned off 1n syn-
chronization with the AC mains to produce a plurality of
time slots 1 a first communication channel for communi-
cating optical data. Additional communication channels may
be generated when additional timing signals are synchro-
nized to the same frequency, but different phase, used to
produce the first communication channel. During these time
slots, data may be communicated optically between 1llumi-
nation devices when one device produces light modulated
with data, while the LEDs of other 1llumination devices are
configured to detect and recerve the optically communicated
data. In addition to communicating optical data, the time
slots may be used for other purposes. For example, one or
more of the LEDs can be configured to measure ambient
light or an output characteristic (e.g., forward voltage,
luminous flux or [chromacity] chromaticity) from other
LEDs 1n the i1llumination device during the time slots.

Brightness banding and flicker occur in VLC systems,
such as the one described in U.S. Publication No. 2011/
0069960, whenever the LEDs of an illumination device are
periodically turned off to receive data, measure ambient light
or measure output characteristics from other LEDs during
the time slots. In some cases, brightness banding may be
reduced by limiting VLC communications to short period(s)
of time. For example, VLC may only occur periodically,
only when initiated manually by a user or automatically by
a controlling system, or only at designated times, such as
during start-up when the illumination device 1s mnitially
turned on. In other cases, brightness banding may be
reduced by restricting the use of VLC to certain applications.
For example, VLC may be limited to commuissioning a set of
illumination devices (e.g., establishing groupings of devices,
setting addresses and output characteristics of the devices,
etc.) mcluded 1n a lighting system. A solution for avoiding
the flicker phenomenon 1n a VLC system 1s illustrated in
FIG. 9.

FIG. 9 1s an exemplary timing diagram for communicat-
ing optical data between illumination devices without pro-
ducing flicker. In particular, FIG. 9 illustrates a relationship
between the AC mains timing (typically 50 or 60 Hz) and
four different communication channels labeled Channel O
through Channel 3. The communication channels are gen-
erated by driving a plurality of LEDs substantially continu-
ously with drnive currents configured to produce 1llumina-
tion, and periodically turning the plurality of LEDs off for
short durations of time to produce gaps within the 1llumi-
nation, or time slots, within which data can be communi-
cated optically or measurements can be taken. In this
example, Channels O through 3 provide a plurality of com-
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munication gaps or time slots having different non-overlap-
ping phases relative to the AC mains timing.

In this example, the four communication channels com-
prise alternating 1llumination and gap times. During 1llumi-
nation times, light from an 1llumination device may be on
continually to produce a maximum brightness, or Pulse
Width Modulated (PWM) to produce less brightness. During
the periodic time slots, data can be sent from one device to
any or all other devices, or measurements can be taken. In
this example, the time slot duration i1s one quarter of the AC
mains period, which enables four data bytes to be commu-
nicated at an instantaneous bit rate of 60 Hzx4x32, or 7.68K
bits per second, with an average bit rate of 1.92K bits per
second for each channel.

In order to avoid the flicker phenomenon, the drive
currents supplied to the plurality of LEDs may be increased
by a small amount (e.g., about 1-10%) when the LEDs are
turned on for producing i1llumination, thereby compensating
for the lack of illumination when the LEDs are periodically
turned ofl to receive optical data or take measurements. This
1s illustrated in FIG. 9 by increasing the current level from
I1 to 12 over the entire 1llumination period between each of
the gap times. If PWM dimming 1s used (not shown) instead
of current dimming, the duty cycle of the drive current
supplied to each of the LEDs during the 1llumination periods
may be increased by about 1-10% to avoid flicker.

Although the timing diagram of FIG. 9 appears to indicate
that the same drnive currents (I1 and 12) are supplied to the
plurality of LEDs to produce illumination, one skilled in the
art would understand that the plurality of LEDs may each be
driven with a respective drive current deemed appropriate
for that particular LED. For example, each LED may be
driven with a drive current needed to produce a desired
luminous flux from that LED, regardless of process and
temperature variations. The individual drive currents needed
to drive each LED may be determined and applied according
to the method steps shown 1n FIG. 5, and may be increased
by approximately 1-10% during the illumination periods
shown 1 FIG. 9 to avoid flicker during times of VLC
communications.

FIG. 10 1s one example of a block diagram of an 1llumi-
nation device 40, which 1s configured to accurately maintain
a desired luminous flux and/or a desired color point over
variations 1n temperature and process. The illumination
device illustrated in FIG. 10 provides one example of the
hardware and/or software that may be used to implement the
calibration and compensation methods shown respectively

i FIGS. 1 and 5.
In the illustrated embodiment, 1llumination device 40 1s

connected to AC mains 42 and comprises an AC/DC con-
verter 44, a DC/DC converter 46, a phase locked loop (PLL)
48, a wireless interface 50, a control circuit 52, a driver
circuit 34 and a plurality of LEDs 56. The LEDs 56, 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 1n series and receive the
same drive current. In the i1llustrated embodiment, the LEDs
56 may include a chain of red LEDs, a chain of green LEDs,
a chain of blue LEDs, and a chain of yellow LEDs. The
present mvention 1s noted limited to any particular number
of LED chains, any particular number of LEDs within the
chains, or any particular color or combination of LED
colors. However, the present invention may be particularly
well suited when one or more different colors of LEDs are
included within the illumination device 40.

In the illustrated embodiment, the AC/DC converter 44
converts AC mains power (e.g., 120V or 240V) to a DC
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voltage (labeled V5, 1n FIG. 10), which 1s supplied to the
driver circuit 54 for producing the respective drive currents
tfor LEDs 56. The DC/DC converter 46 converts the DC
voltage V.~ (e.g., 15V) to a lower voltage V; (e.g., 3.3V),
which may be used to power the low voltage circuitry
included within the illumination device, such as PLL 48,
wireless interface 50, and control circuit 52.

In the illustrated embodiment, the PLL 48 locks to the AC
mains frequency (50 or 60 HZ) and produces a high speed
clock (CLK) signal and a synchronization signal (SYNC).
The CLK signal provides the timing for the control circuit 52
and the driver circuit 34. In one example, the CLK signal 1s
in the tens of mHz range (e.g., 23 MHz), and 1s precisely
synchronized to the AC Mains frequency and phase. The
SNYC signal 1s used by the control circuit 52 to create the
timing used to obtain the forward voltage measurements. In
one example, the SNYC signal frequency 1s equal to the AC
Mains frequency (e.g., 30 or 60 HZ) and also has a precise
phase alignment with the AC Mains.

In some embodiments, the wireless interface 50 may be
used to calibrate the illumination device 40 during manu-
facturing. For example, an external production calibration
tool (not shown) could communicate luminous flux mea-
surements and other information to a device under test via
the wireless intertace 50. The calibration values may then be
stored within a storage medium of the control circuit 52, for
example. However, the wireless interface 50 1s not limited to
receiving only calibration data, and may be used for com-
municating information and commands for many other
purposes. For example, the wireless interface 50 could be
used during normal operation to communicate commands
used to control the illumination device 40 or to obtain
information about the illumination device. For example,
commands may be communicated to the illumination device
40 via the wireless interface 30 to turn the illumination
device on/off, to control the dimming and/or color of the
illumination device, to mitiate forward voltage measure-
ments, or to store measurement results in memory. In other
examples, the wireless interface 50 may be used to obtain
status 1nformation or fault condition codes associated with
the 1llumination device 40.

In some embodiments, the wireless interface 50 could
operate according to ZigBee, WiF1, Bluetooth, or any other
proprietary or standard wireless data communication proto-
col. In other embodiments, the wireless intertace 50 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 50
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 the PLL 48, the
control circuit 52 calculates and produces values indicating
the desired drive current to be used for each LED chain 56.
This information may be communicated from the control
circuit 52 to the driver circuit 34 over a serial bus conform-
ing to a standard, such as SPI or 12C, for example. In
addition, the control circuit 52 may provide a latching signal
that instructs the driver circuit 54 to simultaneously change
the drive currents supplied to each of the LED 56 to prevent
brightness and color artifacts.

In one embodiment, the control circuit 52 may include a
storage medium (e.g., non-volatile memory) for storing a
table of calibration values correlating forward voltage and
drive current to luminous flux at a plurality of different
temperatures for each of the LEDs 56. The control circuit 52
may be configured for determining respective drive currents
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needed to achieve a desired luminous flux from each LED 1n
accordance with the compensation method shown 1n FIG. 5
and described above. In some embodiments, the control
circuit 52 may determine the respective drive currents by
executing program 1nstructions stored within the storage
medium. Alternatively, the control circuit 52 may include
combinatorial logic for determining the desired drive cur-
rents.

In general, the LED driver circuit 54 may include a
number of driver blocks equal to the number of LED chains
56 included within the 1llumination device. In the exemplary
embodiment discussed herein, LED driver circuit 54 com-
prises four driver blocks, each configured to produce illu-
mination from a different one of the LEDs chains 56. The
LED dniver circuit 54 also comprises the circuitry needed to
measure ambient temperature (optional) and forward volt-
age, and to adjust LED drive currents accordingly. Each
driver block recerves data indicating a desired drive current
from the control circuit 52, along with a latching signal
indicating when the driver block should change the drive
current.

FIG. 11 1s an exemplary block diagram of an LED drniver
circuit 34, according to one embodiment of the invention. As
shown 1n FIG. 11, the driver circuit 34 includes four driver
blocks, each block 58 including a buck converter 60, a
current source 62, a difference amplifier 64, and an LC filter
66 for producing illumination and taking forward voltage
measurements from a connected LED chain 56a. In addition,
the LED dniver circuit 54 includes an analog to digital
converter (ADC) 68 for digitizing the output of the difler-
ence amplifiers 64 included within each driver block 58, and
controller 70 for the control circuit 52 to use to adjust the
current produced by the current source 62.

In some embodiments, the LED driver circuit 34 may
include an optional temperature sensor 72 for taking ambient
temperature (Ta) measurements, and a multiplexor (mux) 74
for multiplexing the ambient temperature (1a) and forward
voltage (V1) measurements sent to the ADC 68. In some
embodiments, the temperature sensor 72 may be a thermis-
tor, and may be included on the dniver circuit chip for
measuring the ambient temperature surrounding the LEDs,
or a temperature from a heat sink coupled to the LEDs. In
other embodiments, the temperature sensor 72 may be an
LED, which 1s used as both a temperature sensor and an
optical sensor to measure ambient light conditions or output
characteristics of the LED chains 356.

In some embodiments, the buck converter 60 may pro-
duce a pulse width modulated (PWM) voltage output (Vdr)
when the controller 70 drives the “Out_En” signal high. This
voltage signal (Vdr) 1s filtered by the LC filter 66 to produce
a forward voltage on the anode of the connected LED chain
56a. The cathode of the LED chain 1s connected to the
current source 62, which forces a fixed drive current equal
to the value provided by the “Current” signal through the
LED chain 56a when the “Led_On” signal 1s high. The V¢
signal from the current source 62 provides feedback to the
buck converter 60 to output the proper duty cycle and
minimize the voltage drop across the current source 62. The
difference amplifier 64 produces a signal relative to ground
that 1s equal to the forward voltage (V1) drop across the LED
chain 56a during forward voltage measurements. The ADC
68 digitizes the forward voltage (V1) output from the dif-
terence amplifier 64 and provides the result to the controller
70. The controller 70 determines when to take forward
voltage measurements and produces the Out_En, Current,
and Led_On signals.
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In some embodiments, such as those shown in FIGS. 8
and 9 and the optional method steps of FIG. 5, the forward
voltage (V1) output from the difference amplifier 64 may be
multiplexed with the ambient temperature (Ta) output from
the temperature sensor 72 and connected to the ADC 68. In
these embodiments, the ADC 68 digitizes the temperature

sensor and difference amplifier outputs and provides the
results to the controller 70. The controller 70 determines
when to take the temperature and forward voltage measure-
ments and produces the Out_En, Current, and Led_On
signals.

FIG. 12 1s an exemplary block diagram of the current
source 62 shown 1n FIG. 11, according to one embodiment
of the invention. As shown 1n FIG. 12, the current source 62
includes a current digital to analog converter (DAC) 72 that
1s connected to ground through an N-channel Field Effect
Transistor (NFET) 74, an error amplifier 76, and stack of
two NFETs 78 and 80, which are connected to the cathode

of the LED chain 56a. The DAC 1s coupled for recerving the
“Current” signal from the controller 70 and for producing a

reference current (Iref). The NFET 74 coupled to the DAC
operates as a resistor to generate a reference voltage (Vret)
for the error amplifier 76. The gate of the top NFET 78
provides the V¢ signal, which 1s input to the buck converter
60 to adjust the voltage on the LED chain anode to a
mimmum needed by the current source 62.

In the current source 62 of FIG. 12, the error amplifier 76
adjusts the gate of the top NFET 78 until the drain voltage
of the bottom NFET 80 1s the same as the reference voltage
(Vrel). The impedance of the bottom NFET 80 i1s precisely
/1000th that of NFET 74 when the “Led_On” signal 1s high.
This forces the drive current (Idr) through the LED chain
56a to be precisely 1000 times the value of the reference
current (Iref) generated by the current DAC 72. The value of
the drive current 1s adjusted through the “Current” signal
provided by the controller 70. In some embodiments, the
reference current (Iref) generated by the DAC 72 may range
from about 0.1 uA to about 1 mA, so that the LED drive
current (Idr) can range between about 1 mA to about 1 A. As
indicated above, a 0.1 mA-10 mA drive current setting 1s
preferably used during forward voltage measurements,
while substantially greater drive current settings (e.g., about
20 mA to about 500 mA) are used to produce illumination
from the LED chain 56a.

FIG. 13 1s an exemplary block diagram of a buck con-
verter 60, according to one embodiment of the invention. As
shown 1 FIG. 13, the buck converter 60 may include a
reference voltage 82, a comparator 84, an up/down counter
86, a pulse width modulator (PWM) 88, and a driver 90. The
comparator 84 compares the Vc signal from the current
source 62 to the reference voltage 82 and produces an
output, which causes the up/down counter 86 to increment
or decrement whenever the V¢ signal 1s lower or higher,
respectively, than the fixed reference voltage 82. The
up/down counter 86 operates as an integrator in the loop that
adjusts the filtered buck converter output (LED chain anode)
to a level that causes the Vc signal voltage to equal the
reference voltage 82. The pulse width modulator 88 pro-
duces a PWM clock signal that has a duty cycle equal to the
value 1n the up/down counter 86. When the “Out_FEn” signal
1s supplied to the driver 90 (FIG. 13) and the “Led_On”
signal supplied to the current source 62 (FIG. 12) are both
high, the driver 90 applies the PWM clock signal to the LC
filter 66, which converts the PWM clock signal to a rela-
tively constant voltage proportional to the duty cycle of the
clock.

10

15

20

25

30

35

40

45

50

55

60

65

24

When the “Out_En” signal 1s low, the driver 90 1s
tri-stated. If the “Led_On” signal supplied to the current
source 62 (see, FIG. 12) 1s high while “Out_En” 1s low, the
LED drive current will cause the capacitor within the LC
filter 66 to discharge. If the “Led_On” signal 1s low while
“Out_En” signal 1s high, the buck converter 60 will charge
the capacitor within the LC filter 66.

During forward voltage measurement times, the buck
converters 60 and the current sources 62 connected to all
LED chains that are not being measured, should be turned
ofl at the same time by simultaneously applying low
“Led_On” and “Out_En” signals to these LEDs. Since no
current will be flowing through these LEDs, the LC capaci-
tor voltage should not change during the forward voltage
measurement times. Since no time 1s needed for the buck
converter to settle, there should be no LED current transients
to produce visible artifacts.

During forward voltage measurement times, the buck
converter 60 connected to the LED chain under test should
also be turned ofl to prevent the switching noise of the buck
converter from interfering with the forward voltage mea-
surement. While the current source 62 connected to this
LED chain should remain on, the drive current (Idr) should
be switched from the operating current level (e.g., about 20
mA to about 500 mA) to the relatively small drive current
level used to take forward voltage measurements (e.g., about
0.1 mA-10 mA). Because this small drive current level will
naturally cause the voltage on the LC capacitor to droop, the
buck converter 60 should remain on for one or more PWM
cycles after the LED current 1s switched to the relatively
small drive current, but before the forward voltage measure-
ments are taken. This enables the LC capacitor voltage to
charge by a small amount to compensate for the voltage
droop during the forward voltage measurement.

One implementation of an improved 1llumination device
40 has now been described 1n reference to FIGS. 10-13. A
skilled artisan would understand how the 1llumination
device could be alternatively implemented within the scope
of the present invention.

It will be appreciated to those skilled 1n the art having the
benefit of thus disclosure that this mvention 1s believed to
provide an improved illumination device and improved
methods for calibrating and compensating individual LEDs
in the illumination device, so as to maintain a desired
luminous flux and/or a desired color point over variations 1n
temperature and process. Further modifications and alterna-
tive embodiments of various aspects of the invention will be
apparent to those skilled 1n the art in view of this description.
It 1s mtended, therefore, that the following claims be inter-
preted to embrace all such modifications and changes and,
accordingly, the specification and drawings are to be
regarded 1n an illustrative rather than a restrictive sense.

What 1s claimed 1s:

1. An illumination device, comprising:

a plurality of light emitting diode (LED) chains;

a driver circuit configured for driving the plurality of LED
chains with drive currents substantially continuously to
produce illumination, periodically turning the plurality
of LED chains off during a first period to take mea-
surements or communicate optical data, and supplying
a non-operative drive current to each LED chain, one
chain at a time, during short durations of time to
measure an operating forward voltage developed across
each LED chain; and

a control circuit configured for determining respective
drive currents needed to achieve a desired luminous
flux from each LED chain using the operating forward
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voltages measured across each LED chain, a table of
calibration values and one or more nterpolation tech-
niques, wherein during the first period, the control
circuit mstructs the driver circuit to increase the respec-
tive drive currents supplied to the plurality of LED
chains by a small amount when the plurality of LED
chains are on to compensate for a decrease 1n or lack of
illumination when the LED chains are periodically
turned ofl during the first period.

2. The 1llumination device as recited 1n claim 1, wherein
cach LED chain 1s configured for producing illumination at
a different peak wavelength.

3. The 1llumination device as recited in claim 1, wherein
the small amount comprises approximately 1% to approxi-
mately 10% of the drive currents supplied to the plurality of
LED chains to produce illumination substantially continu-
ously.

4. The 1llumination device as recited 1n claim 1, further
comprising a phase locked loop (PLL) coupled to an AC
mains and configured for producing a timing signal in
synchronization with a frequency of the AC mains, wherein
the timing signal 1s supplied to the driver circuit for peri-
odically turning the plurality of LED chains off for the first

period.

5. The illumination device as recited in claim 1, further
comprising a storage medium configured for storing the
table of calibration values, and wherein the table of calibra-
tion values correlate forward voltage and drive current to
luminous flux at a plurality of temperatures for each of the
plurality of LED chains.

6. The 1llumination device as recited in claim 5, wherein
for each LED chain, the table of calibration values com-
Prises:

a first forward voltage value measured across the LED

chain using a non-operative drive current when the
LED chain was previously subjected to a first tempera-
ture;
a second forward voltage value measured across the LED
chain using the non-operative drive current when the
LED chain was previously subjected to a second tem-
perature;
a first plurality of luminous flux values detected from the
LED chain using a plurality of different drive currents
when the LED chain was previously subjected to the
first temperature; and
a second plurality of luminous flux values detected from
the LED chain using the plurality of different drive
currents when the LED chain was previously subjected
to the second temperature.

7. The 1llumination device as recited in claim 1, wherein
the non-operative drive current ranges between approxi-
mately 0.1 mA and approximately 10 mA.

8. The 1llumination device as recited 1in claim 6, wherein
the control circuit 1s further configured to:

calculate a third plurality of luminous flux values corre-

sponding to an operating forward voltage measured
across a given LED chain by interpolating between the
first plurality of luminous flux values and the second
plurality of luminous flux values associated with the
given LED chain;

generate a relationship between the third plurality of

luminous flux values, 1 the desired luminous flux
differs from one of the third plurality of luminous flux
values; and

determine a drive current needed to achieve a desired

luminous flux from the given LED chain by selecting,
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from the generated relationship, a drive current corre-
sponding to the desired luminous flux.

9. The 1llumination device as recited 1n claim 8, wherein
the control circuit 1s configured to calculate the third plu-
rality of luminous tlux values by using a linear interpolation
technique or a non-linear interpolation techmque to inter-

polate between the first and second plurality of luminous
flux values, and wherein selection between the linear inter-

polation technique and the non-linear interpolation tech-

nique 1s made based on a color of the given LED chain.

10. The illumination device as recited 1n claim 8, wherein
the control circuit 1s configured to generate the relationship
by applying a higher-order interpolation to the third plurality
of luminous flux values to generate a non-linear relationship
between luminous flux and drive current for the given LED
chain.

11. The 1llumination device as recited 1in claim 8, wherein
the control circuit 1s configured to generate the relationship
by applying a piece-wise linear interpolation to the third
plurality of luminous flux values to approximate a non-linear
relationship between luminous flux and drive current for the
given LED chain.
12. The 1llumination device as recited in claim 8, wherein
the control circuit 1s configured to generate the relationship
by assuming a typical curvature from data sheets provided
by a manufacturer of the given LED chain.
13. The i1llumination device as recited 1n claim 1, further
comprising a phase locked loop (PLL), which 1s coupled to
an AC mains and configured to lock onto a frequency and
phase of the AC mains.
14. The illumination device as recited 1n claim 13,
wherein the control circuit 1s coupled to the PLL and
configured to produce a timing signal in synchronization
with the AC mains, wherein the timing signal 1s supplied to
the driver circuit for periodically turning the LED chains off
in synchronization with the AC mains to produce a plurality
of time slots 1n a first communication channel for commu-
nicating optical data.
15. A method for controlling an illumination device
comprising a plurality of light emitting diodes (LEDs), the
method comprising:
driving the plurality of LEDs substantially continuously
with drive currents configured to produce 1llumination;

periodically turning the plurality of LEDs off during a first
period to take measurements or communicate optical
data;

supplying a non-operative drive current to each LED, one
LED at a time, during the first period, 1n Wthh the
LEDs are periodically turned ofl, to measure an oper-
ating forward voltage developed across each LED;

determining respective drive currents needed to achieve a

desired luminous flux from each LED using the oper-
ating forward voltages measured across each LED, a
table of calibration values and one or more 1nterpola-
tion techniques; and

increasing the respective drive currents supplied to the

plurality of LEDs by a small amount when the LEDs
are on during the first period to compensate for a
decrease 1n or lack of 1llumination when the LEDs are
periodically turned ofl during the first period.

16. The method as recited 1n claim 15, wherein the small
amount comprises approximately 1% to approximately 10%
of the drive currents configured to produce 1llumination.

17. The method as recited 1n claim 15, wherein the step of
periodically turning the plurality of LEDs off for the short
durations of time comprises periodically turning the plural-
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ity of LEDs off in synchronization with an AC mains a second forward voltage value measured across the LED
frequency to generate a plurality of time slots 1n the first chain using the non-operative drive current when the
period. LED chain was previously subjected to a second tem-

perature;

a first plurality of luminous flux values detected from the
LED chain using a plurality of different drive curvents
when the LED chain was previously subjected to the
first temperaturve; and

a second plurality of luminous flux values detected from

10 the LED chain using the plurality of different drive

currvents when the LED chain was previously subjected
to the second temperature.
27. The device as recited in claim 26, wherein the control
circuit is further configured to:
calculate a third plurality of luminous flux values corre-
sponding to an operating forward voltage measured
across a given LED chain by interpolating between the
first plurality of luminous flux values and the second
plurality of luminous flux values associated with the

given LED chain;

18. The method as recited 1n claim 17, further comprising
measuring an output characteristic of each LED, one LED at >
a time, during the time slots.

19. The method as recited in claim 18, wherein the output
characteristic 1s selected from a group consisting of forward
voltage, luminous flux or [chromacity] chromaticity.

20. The method as recited 1n claim 17, further comprising
configuring at least one of the plurality of LEDs for com-
municating optical data during the time slots.

21. The method as recited 1n claim 17, further comprising,
configuring at least one of the plurality of LEDs for mea-
suring ambient light during the time slots. 15

22. A device for controlling a plurality of light emitting
diodes (LEDs) chains, the device comprising:

a driver circuit configured to drive the plurality of LED

chains with respective drive currents to produce illu-

nation; and 20
p gzi;[ozrf;r configured to: generate a relationship between the thivd plurality of
periodically turn each of the plurality of LED chains off luminous flux values; and

determine a drive currvent needed to achieve a desived
[luminous flux from the given LED chain by selecting,
from the generated relationship, a dvive current corre-
sponding to the desived luminous flux for the given LED
chain.

28. The device as recited in claim 27, wherein the control
circuit is configured to calculate the third plurality of
[uminous flux values by using a linear interpolation tech-
nigue or a non-linear interpolation technique to interpolate
between the first and second plurality of luminous flux
values, the control circuit configured to select between the
linear interpolation technique and the non-linear interpo-
lation technique based on a colov of the given LED chain.

29. The device as recited in claim 26, wherein for each
LED chain, the table of calibration values further com-
prises.

a thivd forward voltage value measured across the LED
chain using the non-operative drive current when the
LED chain was previously subjected to a thivd tem-
perature; and

a thivd plurality of luminous flux values detected from the
LED chain using the plurality of diffevent drive curvents
when the LED chain was previously subjected to the
thivd temperature; and

wherein to determine the vespective drive curvent needed
to achieve the desived luminous flux from each LED
chain comprises using the table of calibrvation values
measured at the first, second, and third temperatures.

during a compensation period;

measure a respective operating forward voltage across
each LED chain by supplyving a non-operative drive 23
curvent to each LED chain, one chain at a time, for
short durations of time during the compensation
period; and

determine a vespective drive curvent needed to achieve
a desived luminous flux from each LED chain using 3"
the operating forward voltage measured across each
LED chain, a table of calibration values, and one or
more interpolation techniques.

23. The device as recited in claim 22, wherein each LED
chain is configured for producing illumination at a different 33
peak wavelength.

24. The device as recited in claim 22, wherein the non-
operative drive curvent ranges between approximately 0.1
mA and approximately 10 mA.

25. The device as recited in claim 22, further comprising: Y

a storage medium configured to stove the table of cali-
bration values;

whevrein the table of calibration values correlate forward
voltage and drive currvent to luminous flux at a plurality
of temperatures for each of the plurality of LED chains. 4>

26. The device as recited in claim 25, wherein for each
LED chain, the table of calibration values comprises:

a first forward voltage value measured across the LED
chain using a non-operative drive current when the
LED chain was previously subjected to a first tempera- Y
lure; k0 %k ok sk 3k
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