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1
INTELLIGENT ILLUMINATION DEVICE

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.

RELATED APPLICATIONS

[This application] The present application is a reissue of
U.S. Pat. No. 9,848,482, issued on Dec. 19, 2017 from U.S.
patent application Ser. No. 15/296,258, filed Oct. 18, 2016,
which is hereby incorporated by reference herein in its
entivety. U.S. patent application Ser. No. 15/296,258 is a
divisional of U.S. patent application Ser. No. 12/803,805.
U.S. patent application Ser. No. 12/803,805 claims priority
to the following provisional application: Provisional Appli-
cation Ser. No. 61/224,904 entitled “INTELLIGENT ILLU-
MINATION DEVICE,” which was filed on Jul. 12, 2009,
and is hereby incorporated by reference in its entirety. [ This
application] U.S. patent application Ser. No. 12/803,805 also
claims priority to the following provisional applications:
U.S. Provisional Patent Application Ser. No. 61/273,518
filed Aug. 5, 2009 by David J. Knapp and entitled “Display
and Optical Pointer Systems and Related” Methods;” U.S.
Provisional Patent Application Ser. No. 61/273,536 filed
Aug. 5, 2009 by David J. Knapp and entitled “Display
Calibration Systems and Related Methods[:],” U.S. Provi-
sional Patent Application Ser. No. 61/277,871 filed Sep. 30,
2009 by David J. Knapp and entitled “LLED Calibration
Systems and Related Methods[:],” U.S. Provisional Patent
Application Ser. No. 61/281,046 filed Nov. 12, 2009 by
David J. Knapp and entitled “LED Calibration Systems and
Related Methods[:],> U.S. Provisional Patent Application
Ser. No. 61/336,242 filed Jan. 19, 2010 by David J. Knapp
and entitled “Illumination Devices and Related Systems and
Methods[:],” and U.S. Provisional Patent Application Ser.
No. 61/339,273 filed Mar. 2, 2010 by David J. Knapp, et al.
and entitled “Systems and Methods for Visible Light Com-
munication.” [This application] U.S. patent application Ser.
No. 15/296,258 is also a continuation-in-part application of
the following [co-pending] patent applications: U.S. patent
application Ser. No. 12/360,467 filed Jan. 27, 2009 by David
J. Knapp and entitled “Fault Tolerant Network Utilizing
Bi-Directional  Point-to-Point Communications Links
Between Nodes;” and U.S. patent application Ser. No.
12/584,143, filed Sep. 1, 2009 by David J. Knapp and
entitled “Optical Communication Device, Method and Sys-
tem;” which in turn claims priority to U.S. Provisional
Patent Application Ser. No. 61/094,595 filed on Sep. 5, 2008
by David J. Knapp and entitled “Optical Communication
Device, Method and System.”

TECHNICAL FIELD OF THE INVENTION

This invention relates to illumination devices and, more
particularly, to controlling illumination devices.

BACKGROUND

Conventional lighting historically has used incandescent
and fluorescent bulbs, but recently with the invention of the
blue LED, has started to use LED lights. The initial cost of
the LED light may be high, but over time the power savings
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can reduce the overall cost of lighting substantially. Part of
the high initial cost of a power efficient LED light is due to
the special electronics necessary to create a constant current
to the LEDs from a power source. With this special elec-
tronics, however, implementation of features such as remote
control, dimming, photo-sensing, timing, and color adjust-
ment in the light are possible at very little additional cost.
Such features for conventional lighting are performed by
separate electronic units that turn power to the light on and
off, which add cost and complexity.

Most LED lights today consist of multiple LEDs con-
nected together in series and/or parallel, and are driven by a
switching power supply. In an AC mains connected light, the
power supply converts from the mains voltage, 85-240V, to
a current for the LEDs, while the power supply in a battery
powered light converts from the battery voltage to a current
for the LEDs. Such circuits are offered by companies such
as OnSemi and Supertex for mains connected, and Maxim
for battery powered.

Less efficient LED lights simply connect the LEDs to the
power supply through a series resistor. Although cheaper, the
resistor dissipates substantial power, and when connected to
an AC supply, the light has a poor power factor. The power
factor is poor since the LEDs only conduct during the peaks
in the AC waveform.

The LED:s in a light can be any color or any combination
of colors, including white. White LEDs are typically made
with a blue LED covered in some type of yellow phosphor.
Much of the blue light from the LED is absorbed by the
phosphor and re-emitted at lower frequencies corresponding
to green, yellow, and some red colors. Some advantages of
this approach include low cost and more natural continuous
spectrum light. Some disadvantages include low efficiency
due to losses in the phosphor, a bluish color from the LED,
and reduced reliability due to degradation of the phosphor.
Companies such as Cree Lighting and Nichia market such
high brightness LEDs.

The spectrum of one particular Cree product shows a
sharp peak around 450 nm, which is the blue light produced
by the LED, and a broad peak around 550 to 600 nm, which
is yellow from the phosphor. At 500 nm and 700 nm, the
output power is only 20% of the peak power. In contrast, the
spectrum of sunlight is virtually flat from just below 500 nm
to just over 700 nm.

To overcome the lack of energy at the red end of the
spectrum, Cree Lighting produces a two color overhead
LED lamp that includes strings of red LEDs together with
strings of phosphor coated blue LEDs. When comparing the
spectrum produced by an RGB source, the Cree white LED
plus red LED solution, and the standard output from an
incandescent bulb, the spectrum of neither the RGB nor the
white plus red light match either the incandescent or sunlight
spectrum very well, although the white plus red light pro-
duces a good cost/performance compromise for many appli-
cations.

The ideal LED light from a color spectrum perspective
would consist of many different colored LEDs operating at
different power levels to produce a rough approximation of
either incandescent or sun light. The combination of red,
yellow, green, and blue is probably a minimum number of
colors. Although this approach should have a good spectrum
and be more energy efficient and reliable, control of the
relative power levels in each color is difficult and expensive
in practice today.

There are challenges to building even a three color (RGB)
LED light that controls the color over process variations,
temperature, aging, etc. Some techniques include feedback
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to the RGB driver circuits through three optically filtered
photodiodes. Each photodiode is tuned to the color of each
LED and is connected to a signal detection and signal
processing function on an IC. The signal processor then
controls the red, green, and blue drive currents accordingly.
Such color filter photodiodes are offered by Hamamatsu,
which are relatively expensive and consume board space
that would otherwise be dedicated to producing light instead
of receiving light.

National Semiconductor offers an RGB LED driver for
LCD display backlighting. Their LP5520 can calibrate out
the initial variation in LED optical output and then adjust
over temperature. However, it does not compensate for
aging. Since the output power of some LEDs goes up over
time and some go down, the only effective means of
compensation is through actual optical power measurement
of each light component.

Cree’s white plus red LED lamp includes two chains of 6
white LEDs, and one parallel/serial combination of 30 red
LEDs, for a total of 36 LEDs. It also includes a photode-
tector and a temperature sensor to maintain color as
described in US Published Patent Application No. 2008-
0309255. A wavelength selective photo-detector monitors
the shorter emission wavelength (green and shorter) and
adjusts the brightness of the red LEDs in response. Like-
wise, temperature is monitored with a temperature sensing
element, which is used to adjust the drive current to the red
LEDs to compensate for brightness degradation with
increasing temperature. Neither the optical power produced
by the red LEDs nor the optical power produced by the white
LEDs with wavelengths longer than green are measured.
Any changes in red LED brightness over lifetime are not
compensated. A cost effective solution for driving and
controlling different color LEDs with good color discrimi-
nation and without the cost and board space for additional
photodetectors and temperature sensors would be beneficial.

Conventional light dimming switches use a triac circuit
that only allows the mains AC voltage to be applied to an
incandescent light during part of the cycle. For instance,
when set at half power, the voltage signal that passes through
to the light is zero for the first 90 degrees of the sinusoidal
voltage, jumps to the peak amplitude and follows the sinu-
soid down to zero for the second 90 degrees, stays at zero for
the next 90 degrees, and finally jumps to the negative peak
voltage and follows the sinusoid back to zero. This approach
is a cheap and effective way for a consumer to dim a resistive
incandescent bulb.

Although the triac dimmer reduces power consumption in
the light bulb, it does not reduce the power that the utility
company must produce. Power companies produce current
that is in phase with the voltage. As the voltage increases, the
current increases. If the entire load on a power generation
plant consisted of lights dimmed 50% with triacs, the current
produced during the first half of the positive and negative
cycles would not go to the bulbs, but it would have to go
somewhere. The utility must generate the same amount of
power whether the lights are full on or dimmed and must
deal with potentially dangerous transients on the grid.

The light from an LED can be reduced by either reducing
the drive current or reducing the time that the current is
applied by using what is called pulse width modulation
(PWM). The current is turned on and off at a rate faster than
the eye can see, with the duty cycle proportional to the
desired light output. Since the wavelength of light produced
by an LED changes with drive current, PWM dimming is
sometimes preferred. When replacing an incandescent light
with an LED light, an existing triac dimmer still adjusts the

10

20

25

30

35

40

45

50

55

60

65

4

power supply to the light. To enable PWM dimming, the
LED light circuitry must filter the power supply, detect the
duty cycle of the supply, and adjust the PWM duty cycle
accordingly, which adds cost and complexity.

Photosensors are commonly used to measure ambient
light in a room or daylight outside and to adjust the bright-
ness of a lamp in response. An outdoor lamp may be turned
on and off at dusk and dawn respectively, or an indoor lamp
may be dimmed such that the light from a window plus the
light from the lamp remains constant. For existing technol-
ogy, such photosensors need to be placed away from lamps
so that the light from the lamp does not interfere with the
photosensor. Typically, the photosensor is a separate elec-
tronic device, which needs to be installed. A lamp with a
built in photosensor that is not affected by light output from
the lamp and that does not require any wiring changes would
be beneficial. Further, a lamp that could provide this func-
tionality without a photosensor would be more beneficial.

Timers that turn a light on and off typically plug into a
wall socket and connect and disconnect power to an attached
light based on time of day. Such devices are typically bulky.
An installed light socket cannot be changed to a timer
without significant wiring changes. A replacement bulb that
has a timer function built in that does not require additional
cost or any wiring changes would be beneficial.

Electrical wiring and lighting switches in a new home or
business construction consumes a significant portion of the
construction cost. Additionally, light switches with dimmers
are much more expensive than simple toggle switches, so
therefore are used much less frequently. Lights that could be
remotely controlled by for instance a device like a TV
remote could significantly reduce wiring costs and provide
additional features, which would be beneficial.

The developing world is leapfrogging developed world
technology. For instance, solar powered homes are wide
spread throughout the developing world (i.e., Kenya, India,
etc.) Lighting traditionally has been provided by firewood
and recently by kerosene, which are terribly inefficient. The
combination of a solar panel, a car battery, and led lights
provides a much better solution. During the day, the solar
panel charges the battery and at night the led light consumes
power. The effectiveness of the re-charging system deter-
mines the usefulness of the system. Any solar power effi-
ciency improvement is significant. LEDs are photosensitive
and can produce power when exposed to light. Harnessing
this energy would be beneficial.

The invention described herein, in various embodiments,
provides solutions to the issues described above.

SUMMARY

In certain exemplary embodiments, an improved illumi-
nation device uses the components in an LED lamp to
perform some or all of the above functions for very low cost.
The LEDs that produce light can be periodically turned off
momentarily, for example, for a duration that the human eye
cannot perceive, in order for the lamp to receive commands
optically. The optically transmitted commands can be sent to
the lamp, for example, using a remote control device. The
illumination device can use the LEDs that are currently off
to receive the data and then configure the light accordingly,
or to measure light. Such light can be ambient light for a
photosensor function, or light from other LEDs in the
illumination device to adjust the color mix.

In certain exemplary embodiments, an illumination
device uses LEDs to produce light and to provide bi-
directional communication to a controller that implements
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power saving features not possible with conventional light-
ing. The illumination device, for example, can be pro-
grammed with modulated light from a remote controller to
turn on and off, to adjust brightness or color, and to turn on
or off in response to changes in ambient light or timer count
values. The LEDs that produce the illumination during
normal operation are periodically used to receive modulated
light from a controller during short intervals undetectable by
the human eye. In response to a command from the remote
controller, the illumination device can produce light modu-
lated with data. Additionally, when the remote controller is
turned off and is exposed to sunlight, the LEDs in the
controller can provide a trickle charge current to maintain
full battery power.

In certain aspects, the invention provides a system of an
intelligent illumination device and, in some cases, a remote
controller. The illumination device, which is typically con-
nected to an. AC mains power supply, can receive com-
mands from the remote controller, which is typically battery
powered, via light. The remote controller then programs the
lamp for timer or photosensitive operation. For instance, at
dusk the lamp could turn on and then go off, the light could
come on when power is switched on and goes off a fixed
time later, the light could come on and go off at fixed times,
or the light could come on at dusk and off at dawn. Dimming
could also be enabled or disabled, or could be automatically
adjusted based ambient light.

When turned on, the illumination device periodically
turns off the LEDs to determine if any commands are being
sent or to measure ambient light. The remote control syn-
chronizes to these momentary “light off” periods and sends
a command if directed by the user. The commands can be
on/off, dim, timer, photo cell, color, etc. When the light is
turned off by the remote, ac power is still active. The device
goes into a low power mode. When the remote turns the light
on, the incident light can power the LEDs and enable the
light to turn on. The light can also be turned off by removing
AC power and turned on by turning AC power on. Cycling
power in a certain sequence can reset the light to a default
state.

In certain embodiments, the illumination device uses the
photosensitive LEDs (i.e., the red LEDs) to detect received
data or DC light during the intervals when the light output
is momentarily turned off. For multi-colored light, the
illumination device can use a chain of the longest wave-
length LEDs (i.e., the red LEDs) to detect the output power
of the other colors. With two chains of the longest wave-
length LEDs, each chain can measure the output power of
the other, thereby enabling a feedback loop to control the
output power of each color and the blended color mix.

Once the illumination device (i.e., the “lamp”) is installed
in an existing socket that may or may not be connected to a
dimming switch, the illumination device can be dimmed by
the remote controller. The remote controller sends com-
mands to increment or decrement the output light level
during the short “off” periods. The dimming function can be
performed by pulse width modulating the LED drive current
at a switching frequency preferably locked to the switching
regulator frequency or by simply adjusting the LED drive
current.

If photosensing is enabled, during the short light off
periods, the longest wavelength LED chain can be used to
measure ambient light. To do so, the LEDs may be config-
ured in photovoltaic mode, and produce a voltage propor-
tional to incident light. If the voltage is above a level
specified through a command, the lamp can turn off in
response. If the voltage drops back below the specified level,
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the lamp can turn on. Such a mechanism enables the light to
turn on at night and off during the day. In combination with
a timer, the light can turn on at dusk and off after a specified
amount of time.

When the timer is enabled, the lamp can turn on and off
at different times of day or turn off after a specified amount
of time after being turned on. The lamp can be turned on by
remote control, by power being applied through a switch, or
by the photosensor function. In a mains connected applica-
tion, the timer is synchronized to the AC frequency for a
precise frequency reference.

When powered by a battery, the photosensitive LED
chains can provide trickle current to re-charge the battery. A
chain of 30 red LEDs (e.g., in the CREE lamp) can produce
nearly 1 mW of power that can keep a re-chargeable battery
charged in applications, such as emergency lights, that are
not used often. For applications such as solar-powered,
off-grid systems that are common in the developing world,
the charging capability of the lamp can augment that of the
solar panel.

DESCRIPTION OF THE DRAWINGS

The present invention may be better understood, and its
numerous objects, features, and advantages made apparent
to those skilled in the art by referencing the accompanying
drawings.

FIG. 1 an exemplary system diagram of an illumination
device and a remote controller.

FIG. 2 is an exemplary list of functions performable by an
exemplary illumination device.

FIG. 3 is an exemplary timing diagram of data commu-
nication between the illumination device and the remote
controller.

FIG. 4 is an exemplary timing diagram of the bit timing
and coding scheme for transferring data between the illu-
mination device and the remote controller.

FIG. 5 is an exemplary illumination device block dia-
gram, according to one embodiment.

FIG. 6 is another exemplary illumination device block
diagram, according to another embodiment.

The use of the same reference symbols in different draw-
ings indicates similar or identical items. While the invention
is susceptible to various modifications and alternative forms,
specific embodiments thereof are shown by way of example
in the drawings and will herein be described in detail. It
should be understood, however, that the drawings and
detailed description thereto are not intended to limit the
invention to the particular form disclosed, but on the con-
trary, the intention is to cover all modifications, equivalents
and alternatives falling within the spirit and scope of the
present invention as defined by the appended claims.

DETAILED DESCRIPTION

Turning now to the drawings, FIG. 1 is one example of an
intelligent illumination device system 10 that comprises the
illumination device 11 and the remote controller 12. The
remote controller 12 is preferably battery powered like a
flashlight or TV remote control and is used to program the
illumination device 11 with modulated light. When the
illumination device 11 is powered preferably by the AC
mains of an electrical socket (e.g., an Edison base socket),
the illumination device 11 can be controlled by the remote
controller 12. When the illumination device 11 is enabled to
produce light (i.e., “turned on” or “producing light”), the
illumination device 11 briefly and periodically stops emit-
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ting light to detect commands from the remote controller 12
or ambient light from the environment, or to calibrate colors
in a multi-colored illumination device 11. When the illumi-
nation device 11 is powered by the AC mains, but is not
enabled to produce light (i.e., “turned off”), the illumination
device enters a low power state. Commands from the remote
controller 12 can still be detected by the illumination device
11 in this state. The illumination device 11 responds to the
remote controller 12 by momentarily producing light modu-
lated with data. To reset the illumination device 11 to a
default state, power to the illumination device 11 is cycled
in a specific sequence.

FIG. 1 is just one example of many possible intelligent
illumination device systems. For example, the illumination
device 11 could be powered with a battery or the remote
controller 12 could be powered by the AC mains. In another
example, if the illumination device is programmed when it
is designed or produced, no remote controller 12 is needed.
Examples of pre-programmed devices include pre-config-
ured night lights, and lights that automatically turn of
perhaps 1 hour (or other delay) after being turned on. In such
case, the functionality of the illumination device may be
reduced.

In another example, light from the remote controller 12
could power an un-powered illumination device 11 with
light while programming. For instance, a consumer could
buy a light bulb replacement including this remote control-
ler. The consumer could then hold the bulb to the remote and
configure it to turn off 35 minutes after being turned on, then
take the programmed bulb and screw in a socket somewhere.
Without this self-powered variant, the bulb would need to be
screwed into an energized socket in order to program it,
which may be possible, but still perhaps less convenient.

In a further example, the remote controller battery could
be charged by sunlight or ambient light when not in use.
Additionally, multiple illumination devices 11 could com-
municate with each other. For example, various govern-
ments have recently introduced mandates that certain build-
ings must have intelligent lights that automatically turn on
and off based on whether or not people are present. Some
large lighting companies provide systems consisting of
lamps with motion detectors and 900 MHz RF transceivers.
When one lamp in a room detects motion, it tells the rest of
the lights to turn on. The two main issues with this approach
are: (1) the lights are expensive, and (2) the RF signal passes
through walls to other rooms with no people. The devices
described herein could communicate with each other via
light which: (1) does not require the expense of the RF
circuitry, and (2) does not go through walls. Additionally,
functions like dimming or color control could benefit from
lamps communicating with each other. For example, a user
could program one lamp, and that lamp then reconfigures the
other lamps. Additional applications could be security where
two lamps constantly communicate with each other. If an
intruder passes between them and momentarily blocks the
light, the lamps detect this and broadcast info to other lamps
in the building in sort of a daisy chain way to a central
security system.

Table 2 is an example list of commands 14 for the
illumination device 11 that enable the remote controller 12
to turn the illumination device 11 on and off, adjust the
output power, and change the color to one of three different
settings. Additionally, the illumination device 11 can be
configured to automatically turn on in response to a time of
day counter reaching a particular count or ambient light
dropping below a certain level, and to automatically turn off
after a timer reaching a particular count from when the
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illumination device 11 is turned on or ambient light rising
above certain level. In this example, the color mix is always
automatically measured and adjusted to a specific setting.
The example set of commands 14 can use 4 bits to produce
hex codes 13.

Preferably, the hex codes 13 are preceded by a synchro-
nization pattern and followed by parity to produce an 8 bit
transfer sequence. Additionally, the commands that set a
time must be followed with the actual time. Since there are
1440 minutes in a day, a time with one minute resolution
requires 11 bits, which could be sent in two successive
transfers after the command.

Table 2 is just one example of many possible sets of
commands 14 and hex codes 13. For instance, in a multi-
color light each individual component could be dimmed or
color calibration could be enabled and disabled. As another
example the time of day counter could count days of the
week as well. The illumination device 11 could have a subset
of these functions or could have a variety of other functions
such as strobing or continuous color variation. Additionally,
illumination device 11 status and register contents could be
read. Further, the assignment of hex codes 13 to commands
14 could be completely different and could contain more or
less bits depending on the number of commands 14.

FIG. 3 is an example timing diagram for communicating
commands 14 between the illumination device 11 and the
remote controller 12 when the illumination device 11 is
producing light. Pulse width modulated light PWM 20 from
the illumination device 11 is periodically interrupted by gaps
21 when no light is produced. The gap period 22 in this
example is one second. The gap time 23 is equal to one half
the mains period or 8.33 mSec at 60 Hz. The remote
controller 12 synchronizes to gaps 21 in the PWM 20 light
from the illumination device 11 and can send commands
CMD 24 during gaps 21. When a CMD 24 is sent from the
remote controller 12 and is properly received by the illumi-
nation device 11, the illumination device 11 provides a
response RSP 25 immediately after CMD 24. The remote
controller 12 may preferably be narrowly focused (much
like a flashlight) to assist a user in directing the remote
commands to a particular illumination device in a room with
multiple such illumination devices. The user could see the
light beam and shine it directly on one light. This would
focus light from the remote on the illumination device and
light from the illumination device on the detector in the
remote.

In this example, the light from the illumination device 11
is pulse width modulated at 16 times the mains frequency or
960 Hz for 60 Hz AC, to enable dimming without changing
LED wavelengths. At full brightness, the off time is very
short or non-existent and at low light levels, the on time is
short. The frequency of the pulses stays fixed. To prevent the
remote controller 12 from losing synchronization with the
illumination device 11, the last pulse from the illumination
device 11 before a gap 21 is preferably not reduced below a
minimum width that the remote controller 12 can detect.

In another example, the one second gap time 22 can be
shortened to 200 mSec for instance, after the illumination
device 11 and remote controller 12 communicate a first
CMD 24 so that successive commands can be communi-
cated faster. This may be important for dimming since there
may be many power level steps between low and high
power. Once the remote controller 12 stops sending com-
mands, the gap period 22 widens back to one second
intervals.

When the illumination device 11 is not producing light,
the remote controller 12 does not detect gaps 21 and can
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send commands CMD 24 at any time. The protocol shown
in FIG. 3 remains the same except that the illumination
device 11 is not outputting PWM 20 light before and after
the transaction.

During gaps 21 when commands CMD 24 are not sent or
when the illumination device 11 is not producing light, the
illumination device 11 can measure ambient light. The
ambient light level is subtracted from the received light
when commands CMD 24 are sent and is used to determine
when to turn the illumination device 11 on or off when
photo-sensor functionality is enabled. More specifically,
when the illumination device is receiving commands, the
background or ambient light produces a DC offset in the
optically induced voltage across the LEDs (or photodiode).
This DC offset can be eliminated by measuring the optically
induced voltage during gaps 21 when no commands are sent,
and subtracting it from the induced voltage when receiving
commands. Alternatively, the receiver in the illumination
device can high pass filter the induced voltage to remove the
DC offset. Since the data rate is low, the receiver may use a
digital filter for DC blocking (and equalization). If the DC
offset is known prior to receiving a command, the initial
state of the digital filter can be set accordingly, and reduce
the settling time. When photosensor functionality is enabled,
ambient light is measured during gaps 21 when the illumi-
nation device is producing light, and measured all the time
when not producing light.

Additionally, in a multi-color illumination device 11, the
intensity of each individual color can be measured during
gaps 21 or when the illumination device 11 is not producing
light. For instance, when the illumination device 11 is turned
on, the illumination device 11 can briefly measure the
intensity of each color before producing the desired light.
Then periodically as the illumination device warms up for
instance, the color components can be measured during gaps
21.

FIG. 3 is just one example of many possible timing
diagrams. The gap period 22 and gap time 23 could be
substantially different depending on the applications. The
response RSP 25 can be sent at different times or not at all.
The commands CMD 24 could even be sent during the off
times of the PWM cycle and responses RSP 25 could be
variations in PWM duty cycle. To provide additional error
protection, commands CMD 24 could be repeated one or
more times before taking affect. Many different timing
diagrams and communication protocols could be imple-
mented. For an illumination device 11 that is powered by the
light from the remote controller 12 instead of a battery or AC
mains, the protocol can include significant illumination
durations in order to store sufficient charge on a capacitor for
instance to power the illumination device 11 and to com-
municate data.

FIG. 4 is an example timing diagram illustrating the bit
level communication between the illumination device 11 and
the remote controller 12 when the illumination device 11 is
producing light. Communication begins with the illumina-
tion device 11 stopping the PWM 20 output. The illumina-
tion device synchronization IDSYNC 30 pulse is the last
PWM pulse produced by the illumination device 11 prior to
a gap 21. The width of IDSYNC 30 is greater than the
minimum pulse width detectable by the remote controller
12. Other synchronization sequences, such as short series of
pulses, may also be produced before each gap 21. The CMD
24 from the remote controller 12 comprises a synchroniza-
tion pattern SYNC 31 of 3 ones, a hex code 13, and an even
parity bit P32 that are biphase encoded. In this example, the
command 14 is “light off”. If the illumination device 11
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receives the CMD 24 properly, the response RSP 25 com-
prises the same biphase encoded SYNC 31, hex code 13, and
parity P32 that comprised the CMD 24.

When the illumination device 11 is not producing light,
the protocol shown in FIG. 4 remains the same except that
the illumination device is not outputting PWM 20 light (nor
IDSYNC 30) before and after the transaction.

FIG. 4 is just one example of many possible bit timing
diagrams. Instead of biphase encoding, the protocol could
use any one of many well known coding schemes such 4b5b,
8b10b, or NRZ. The SYNC 31 could have a wide variety of
lengths and sequences including none at all. The hex codes
13 could have more or less bits and parity P32 could be even
or odd, more than one bit, or none at all. CRC codes could
be used for error detection. For an illumination device 11
that is powered by light from the remote controller 12, the
protocol could be substantially different. In particular, it may
be necessary to transmit data one bit at a time from the
illumination device 11 to the remote controller 12 with the
remote controller 12 emitting light to re-charge a capacitor
on the illumination device 11 for instance between bits sent
from the illumination device 11. Useful transceiver tech-
niques for so doing are described in U.S. patent application
Ser. No. 12/360,467 filed Jan. 27, 2009 by David J. Knapp
and entitled “Fault Tolerant Network Utilizing Bi-Direc-
tional Point-to-Point Communications Links Between
Nodes,” and in U.S. Provisional Application No. 61/094,595
filed Sep. 5, 2008 by David J. Knapp and entitled “Optical
Communication Device, Method and System,” and in U.S.
patent application Ser. No. 12/584,143, filed Sep. 1, 2009 by
David J. Knapp and entitled “Optical Communication
Device, Method and System,” each of which is hereby
incorporated by reference in its entirety.

FIG. 5 is an example block diagram for an exemplary
illumination device 11 that comprises an. EMI filter and
rectifier 41, an AC to DC converter, a voltage divider, an
integrated circuit IC 54, and the LED chain 53. The EMI
filter and rectifier 41 produces a full wave rectified version
of the AC mains VAC 40, and minimizes both transient
disturbances on the mains from affecting the rectified power,
and switching noise in the illumination device 11 from
affecting the mains. The voltage divider comprises resistors
R 42 and R 43 and produces signal S 57 that is a reduced
voltage version of the rectified mains signal for IC 54. The
AC to DC converter includes inductors 44 and 45 (also
referred to herein as inductors L 44 and L. 45), capacitors 46
and 47 (also “capacitors C 46 and C 47”), diode 48 (also
“diode D 48”), the N-channel switch transistor 49 (also
“switch N 49), and the power controller 62 on integrated
circuit 54 (IC. 54). This example shows LED chain 53
comprising of LED 50, LED 51, and LEDn 52, with the
dashed line between LED 52 and LEDn 53 indicating that
LED chain 53 can include many LEDs. This architecture is
typical for monochrome light or white light produced by
blue LEDs with a phosphor coating. A multi-color illumi-
nation device typically would have separate LED chains for
each color.

IC 54 includes memory and control 60, PLL and timing
61, power control 62, receiver 63, and output driver 64.
Memory and control 60 includes non-volatile memory for
storing configuration information, such as enabling the timer
or photo-sensor, and volatile (or non-volatile) memory for
settings such as dimming. Memory and control 60 also
includes logic that manages the transfer of data with the
remote controller 12, produces the pulse width modulated
(PWM) LED drive signal S 59, and implements the timers
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and state machines that control the overall function of IC 54
and the illumination device 11.

PLL and timing 61 includes a phase locked loop that
produces a high frequency clock that is phase locked to S 57
when the illumination device is powered. The voltage
divider comprising of R 42 and R 43 provides a low voltage
version of the rectified mains voltage S 57 that does not
exceed the voltage rating of IC 54 and that the PLL locks to.
All other circuitry on IC 54 is synchronized to the PLL and
timing 61 outputs (not shown).

PLL and timing 61 enables the illumination device 11 to
maintain a precise time base for time of day timer function-
ality by locking to the mains frequency. Likewise, gap
period 22 and gap time 23 can be precisely aligned to VAC
40 timing. Such timing could enable multiple illumination
devices 11 to synchronize and communicate directly
between each other with light. For example, multiple illu-
mination devices (i.e., “IDs”) can sync to each other by first
looking for GAPS (e.g., gaps 21) just before producing light.
If proper GAPs are found, the illumination device syncs to
them. If no gaps are found, there is nothing to sync to and
the illumination device effectively becomes a timing master
that other illumination devices lock to when turned on. Such
an illumination device preferably should also be able to
detect if sync is lost and to re-lock. It is further noted that
additional embodiments for illumination devices and sys-
tems as well as for visible light communication systems and
methods are described in U.S. Provisional Patent Applica-
tion No. 61/336,242, filed Jan. 19, 2010 by David J. Knapp
and entitled “Illumination Devices and Related Systems and
Methods,” and U.S. Provisional Patent Application No.
61/339,273, filed Mar. 2, 2010 by David J. Knapp, et al., and
entitled “Systems and Methods for Visible Light Commu-
nication,” each of which is hereby incorporated by reference
in its entirety. It is further noted that display related systems
and methods, display calibration systems and methods, and
LED calibration systems and methods are described in U.S.
Provisional Patent Application No. 61/273,518, filed Aug. 5,
2009 by David J. Knapp and entitled “Display and Optical
Pointer Systems and Related Methods,” and U.S. Provi-
sional Patent Application No. 61/273,536, filed Aug. 5, 2009
by David J. Knapp and entitled “Display Calibration Sys-
tems and Related Methods,” and U.S. Provisional Patent
Application No. 61/277,871, filed Sep. 30, 2009 by David J.
Knapp and entitled “LLED Calibration Systems and Related
Methods,” and U.S. Provisional Patent Application No.
61/281,046, filed Nov. 12, 2009 by David J. Knapp and
entitled “LED Calibration Systems and Related Methods,”
each of which is hereby incorporated by reference in its
entirety.

When VAC 40 is turned off, capacitor C 47 can maintain
power to IC 54 for some period of time. If VAC 40 is turned
off and on within this time, IC 54 can remain powered. To
reset the illumination device 11 to a default state, VAC 40
can be turned off and on a number of times for specified
amounts of time. For instance, the reset sequence could be
3 short off and on intervals, followed by 3 longer off and on
intervals, and followed finally by 3 more short off and on
intervals. PLL and timing 61 monitors signal S 57, signals
IC 54 to enter a low power state when signal S 57 stays low,
and measures the time between short VAC 40 off and on
periods. When PLL and timing 61 detects the proper VAC 40
off and on sequence, IC 54 is reset to a default state.

Power control 62, together with the external components
inductors [ 44 and L 45, capacitors C 46 and C 47, diode D
48, and switch N 49, and current sensing feedback from
output driver 64, implement the AC-to-DC converter func-
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tion. The configuration implemented is the well known
Single Ended Primary Inductor Converter (SEPIC). Switch
N 49 is turned on and off by power control 62 at a relatively
high frequency such as 1 MHz, with the duty cycle varying
to produce the desired current through LED chain 53. When
switch N 49 is closed, the current from L 44 and L 45 is
pulled through switch N 49 and charge stored on the
capacitor C 46 provides current to LED chain 53. When
switch N 49 is open, the current through inductors I 44 and
L 45 flows through the diode D 48 and to LED chain 53 and
C 47.

Power control 62 compares voltage feedback signal Vib
65 from output driver 64 to an internal reference voltage to
produce an error signal that adjusts the duty cycle of the
control signal S 58 that is coupled to switch N 49. The signal
Vib 65 is produced by LED chain 53 current flowing
through a small resistor in output driver 64 (not shown).
When LED chain 53 is turned off, Vb 65 becomes a divided
down version of V+ 55, which occurs when receiving data
and during the PWM dimming off times. A control loop
adjusts the feedback divider to maintain V+ 55 at the same
voltage as when LED chain 53 is on.

When output driver 64 turns the current to LED chain 53
on or off, large voltage transients can occur on V+ 55 before
the power control 62 can adjust to the new duty cycle of
signal S 58. When the LED chain 53 current is turned off, V+
55 will go high until the duty cycle of S 58 is reduced, and
when the LED chain 53 current is turned on, V+ 55 will go
low until the duty cycle of S 58 is increased. To minimize
such transients, power control 62 receives information from
memory and control 60 in advance of when such changes
will occur and adjusts S 58 duty cycle the instant such a
change is needed. Just prior to the output driver 64 turning
the LED chain 53 current off, power control 62 measures S
58 duty cycle and stores the result. This duty cycle is
restored instantly the next time LED chain 53 current is
turned off to prevent V+ 55 from spiking high. Likewise, the
S 58 duty cycle is measured when the LED current is turned
on, and the result is stored, and then restored to prevent V+
55 from spiking low.

Output driver 64 turns LED chain 53 current on and off
with a switch connected to ground (not shown). Current
flows from V+ 55 to ground through LED chain 53 and the
switch, when the switch is on, and no current flows when the
switch is off. A small resistor in series with the switch
produces Vib 65 when the switch is on. When the switch is
on, a control loop compares the output of a variable voltage
divider from V+ 55 to Vib 65 and adjusts the divider until
the output equals Vib 65. When the LED chain 53 current is
turned off, the V+ 55 voltage divider loop is also turned off
and the voltage divider remains fixed. While the LED chain
53 current is off, this divided version of V+ 55 is forwarded
to power control 62 through Vib 65.

Receiver 63 can receive data from the remote controller
12, when the LED chain 53 current is turned off by output
driver 64. Modulated light from remote controller 12 is
converted to a voltage signal S 59 by LED chain 53, which
operates in photo-voltaic mode as in a solar panel. Receiver
63 high pass filters S 59 to block the DC content from
ambient light and to cancel the low bandwidth of the
photo-voltaic LED chain 53. Such bandwidth typically
supports up to 1 k bits per second (1 kbps), but with the
proper equalization filter the data rate can be increased by 10
times or more. To support the protocol in FIGS. 3 and 4, 2
kbps are needed. Receiver 63 comprises an A/D converter
and a digital filter to equalize signal S 59. Timing recovery
is not needed since the data is sent from the remote con-
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troller 12 synchronously to the AC mains frequency that IC
54 is locked to. The output of the digital filter is simply
sampled at the appropriate times.

When the illumination device 11 is not producing light,
the remote controller 12 detects the absence of gaps 21.
Since the remote controller 12 is not synchronized to the
gaps 21 from the illumination device 11, and since the
remote controller 12 is battery powered, data from the
remote controller 12 is asynchronous to the timing in the
illumination device 11. Provided the remote controller 12
has a precise oscillator, such as a quartz crystal, the remote
controller 12 and the illumination device reference clocks
will typically be within a couple hundred parts per million
of each other. The illumination device 11 resets a timer
clocked at high frequency on the falling edge of the third
SYNC 31 pulse and uses this timer to sample received data
and produce transmitted data. The drift between the two
reference clocks over the 16 mSec period of one transfer is
insignificant.

The illumination device 11 measures ambient light during
gaps 21, and also when the illumination device 11 is not
producing light, by measuring the average voltage of signal
S 59 with the A/D converter in receiver 63. The A/D
converter should be architected to have small DC errors,
such as the well known chopper stabilization architecture, to
measure very low light levels.

FIG. 5 is just one example of many possible illumination
device 11 block diagrams. For example, an illumination
device 11 architecture for multi-colored light could comprise
of'an LED chain 53 and output driver 64 for each component
color. Example color combinations could comprise of red,
green, and blue, or of red, yellow, green, and blue, or of red
and white. During gaps 21, and also when the illumination
device 11 is not producing light, the lower light frequency
LEDs can measure the light intensity of each other and of the
higher light frequency LEDs. For instance, in a red and
white illumination device, during gaps 21 for instance, the
white LED chain could produce light and the red LED chain
could be connected to the receiver and could measure the
light power. If the red LEDs are organized in two separate
chains with separate output drivers, during gaps 21 for
instance, one red LED chain could measure the light power
of the other. By measuring the light power from each LED
chain, the illumination device could adjust the current to the
different LED chains to maintain a specific color point for
instance over LED variations, temperature variations, and
LED lifetime. A single receiver 63 could be shared and
connected at different times to different LED chains, or
multiple receivers 63 could be implemented.

In another example illumination device 11 can be pow-
ered by the remote controller 12 during configuration. The
receiver 63 could be powered by an LED chain receiving
modulated light and could store configuration information in
the non-volatile memory included within memory and con-
trol 60. The average voltage induced across the LED chain
by light is typically significantly lower than the voltage
necessary to produce light from the same LED chain. The
induced voltage could be stored across capacitor C 47 and a
smaller segment of the LED chain 53 could be connected to
output driver 64 to emit responses to the remote controller
12. The communication protocol to configure an illumina-
tion device 11 when not powered could be different from
FIG. 3 to enable capacitor C 47 to be re-charged after each
emitted light pulse. Useful techniques for so doing are
described in the aforementioned U.S. application Ser. No.
12/360,467 and the aforementioned U.S. Provisional Appli-
cation No. 61/094,595.
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The block diagram for an illumination device 70 that is
powered by a battery 71 (instead of the AC mains 40) would
have a battery 71 and potentially a different type of switch-
ing power supply such as the well known buck, boost, boost
buck, or flyback. With a re-chargeable battery, ambient light
or sunlight incident on the LEDs 53 could produce power to
re-charge the battery 71. A block diagram for such an
illumination device 70 is shown in FIG. 6 as having power
control 62 that manages the battery charger 72. An illumi-
nation device 11 powered by the AC mains could also have
any of a wide variety of different AC-DC converters, such as
the boost buck or flyback. Such an illumination device could
also have a backup re-chargeable battery (as shown in FIG.
6) that enables the illumination device to maintain the time
of day counter when power goes off. The timing for the
illumination device 11 could also be based on a local crystal
oscillator instead the mains frequency for instance.

As a further example, the block diagram for an illumina-
tion device that uses a silicon photodiode instead of LEDs
for instance for receiving data would have the receiver 63
connected to the photodiode instead of LED chain 53. Such
architectures would be particularly useful for illumination
devices that only use phosphor coated white LEDs that do
not operate well in photo-voltaic mode. The silicon photo-
diode could receive commands 24 from the remote control-
ler 12, measure ambient light, and measure emitted light
from the LED chain.

Multiple illumination devices could also communicate
with each other. In this example, an illumination device 11
could execute a protocol to synchronize to other illumination
devices and to arbitrate for transmission bandwidth. When
turned on, an illumination device 11 could monitor the
ambient light, search for gaps 21 with the proper gap period
22 and gap time 23, and synchronize to the gaps 21 if found.
If all the illumination devices are connected to the AC
mains, then very precise synchronization is possible. Illu-
mination devices could arbitrate for bandwidth according
any one of many well known arbitration protocols. For
instance, if two illumination devices transmit at the same
time, both illumination devices detect the collision and wait
a random amount of time before trying to communicate
again. As another possibility, a CMD 24 could include a
priority code that indicates in the case of a collision, which
illumination device stops transmitting.

As used herein, an illumination device is assumed to
produce a general light, usually of a human-perceivable
nature, but possibly infrared or some other wavelength. An
illumination device enabled to produce light (i.e., “turned
on”) may be thought of as being set to an “on-state” (i.e.,
having its illumination state set to an on-state), even though,
as described above, there may be very short periods of time
during which the light source is momentarily turned “off”
and is not actually emitting light, such as during the gaps,
and during the off-times in a PWM signal. The on-state and
off-state of the illumination device should be clear in the
context described above and not confused with the on and
off status of the actual light source.

An illumination device may be set to an on-state or
off-state by any of several events, such as application/
removal of power to the illumination device (such as by
energizing the light socket into which the illumination
device is inserted), by a timer event, by ambient light
control, and by a remote command.

Exemplary block diagrams are depicted herein. However,
other block partitionings of an illumination device may be
provided. As used herein, an illumination device attribute
may represent an operational state or a configuration param-
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eter of the illumination device. Examples include the illu-
mination state, timer settings, delay settings, color settings
for each of one or more light sources within the illumination
device, photosensing mode settings, dimmer settings, time-
of-day, etc.

While the invention is susceptible to various modifica-
tions and alternative forms, specific embodiments thereof
are shown and described by way of example. It should be
understood, however, that the drawings and detailed descrip-
tion thereto are not intended to limit the invention to the
particular form disclosed.

The invention claimed is:

1. An illumination device comprising:

a light source configured to provide illumination when
said illumination device is physically coupled to a
power source and set in an on-state; and

a light detector integrated circuit configured to:
detect[light], during certain times when the light source

is not providing illumination, ar optically modulated
data command received from an external device,
wherein the data command includes configuration
data;

[to automatically] adjust the illumination device based
on the [detected] received configuration data; and

[, receiving] if the illumination device is physically
decoupled from the power source, receive light from
the external device to power [an un-powered said
illumination device that is separate from an AC
mains socket before screwing] the integrated circuit
to store the received configuration data prior to
physically coupling the [[llumination] ilfumination
device [into] 7o the [AC mains socket] power source.

2. The illumination device [of] as recited in claim 1[,]
wherein the light source comprises a first LED configured to
provide the illumination, and wherein the first LED is also
configured to [be the light detector] convert incident light to
electrical energy during certain times when the first LED is
not providing illumination.

3. The illumination device as recited in claim 2 further
comprising a second LED, wherein the first LED detects
light emitted from the second LED.

4. The illumination device as recited in claim 3 wherein
the integrated circuit is further [comprising a control circuit]
configured 1o adjust a color of light produced by the illu-
mination device.

5. The illumination device as recited in claim 4 wherein
light produced by the first LED or the second LED or both
are adjusted in order to adjust the color.

6. A method for operating an illumination device com-
prising:

when said illumination device is set in an on-state,
[engaging] causing a light source included in said

illumination device to [provide illumination] i/fumi-
nate;

[and using] causing said light source to cease illumi-
nation for a period of time while detecting, via a light
detector integrated civcuit of the illumination device,
incident light, wherein the incident light is one or
move of ambient light, light from a second light
source included in the illumination device, or an
optically transmitted command; and

[to detect light during certain times when the light
source is not providing illumination, to automatically
adjust the] adjusting, by the light detector integrated
circuit, a level of llumination of said light source
based on the incident light; and
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[detected light, receiving light to power] when said illu-
mination device is set in an un-powered state in which
said illumination device [an unpowered said illumina-
tion device that] is separate from [an AC mains socket
before screwing the Illumination] a power source prior
to coupling said illumination device [into the AC mains
socket] 7o said power source,
receiving light and an optically transmitted command

comprising configuration data from an external
device, the light to power the integrated circuit to
store the configuration data.

7. The method as recited in claim 6[,] wherein the
[engaging] first causing step comprises engaging a first LED
to provide illumination, and wherein the [using] detecting
step in the second causing step comprises using the first
LED to [detect] convert the incident light to electrical
energy during certain times when the first LED is not
providing illumination.

8. The method as recited in claim 7 wherein the [using]
detecting step comprises using the first LED to detect light
emitted from a second LED.

9. The method as recited in claim 8 further comprising
adjusting a color of light produced by the illumination
device.

10. The method as recited in claim 9 wherein the adjusting
step comprises adjusting light produced by the first LED or
the second LED or both in order to adjust the color.

11. An illumination device comprising:

a light source configured to provide illumination when the

lumination device is set in an on-state; and

a light control circuit configured to:
control the light source at first times to provide pulse-

width-modulated (PWM) illumination at a modula-
tion frequency;
periodically turn the light source off at second times to
produce periodic gaps in the PWM illumination at a
frequency less than the modulation frequency of the
PWM illumination;
configure the light source during the periodic gaps to
detect incident light originating from outside the
illumination device, wherein the incident light com-
prises an optically modulated data command con-
veyed by an external device;
control the illumination device responsive to the inci-
dent light detected by the light source, wherein to
control the illumination device comprises to:
demodulate the incident light to decode the optically
modulated data command conveyed by the exter-
nal device; and
change an attribute of the illumination device in
response to the data command decoded from the
incident light; and
control the light source during third times for trans-
mitting a response to the external device after receiv-
ing the data command.
12. An illumination device comprising:
a first LED configured to:
provide illumination; and
when not providing illumination, output a voltage sig-
nal related to light incident on the first LED; and
an integrated circuit coupled to the first LED, the inte-

grated circuit configured to:

receive the voltage signal;

responsive to a physical connection of the illumination
device to a power source, adjust the illumination
produced by the first LED based on the received
voltage signal; and
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responsive to a physical separation of the illumination
device from the power source, use the received
voltage signal to power the integrated circuit to store
configuration information received from an external
device.

13. The illumination device as recited in claim 12 further
comprising a second LED, wherein the light incident on the
first LED is light emitted from the second LED.

14. The illumination device as recited in claim 13 wherein
the integrated circuit is further configured to adjust a color
of light produced by the illumination device.

15. The illumination device as recited in claim 14 wherein
the color of light of the first LED or the second LED or both
are adjusted.

16. The illumination device as recited in claim 12 wherein
the light incident on the first LED comprises an optically
transmitted command from the external device and wherein
the integrated circuit is further configured to change an
attribute of the illumination device in response to the com-
mand.

17. The illumination device as recited in claim 16 wherein
the integrated circuit is further configured to transmit a
response to the external device after receiving the command.

#* #* #* #* #*
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