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SYSTEM AND METHOD FOR LIGHTING POWER AND CONTROL SYSTEM

TECHNICAL FIELD

[001] The present invention relates to the field of electronic systems arranged in series. In
particular, but not by way of limitation, the present invention discloses techniques for providing
electrical power and control signals to drive electronic components such as Light Emitting Diodes on

a series line,

BACKGROUND

[002] Light Emitting Diodes (LEDs) are a very energy efficient electronic lighting source.
The early generation of LEDs emitted red light with a very small amount of illuminating power.
However, modern LEDs can now generate light across the visible, ultraviolet, and infra red
wavelengths. Furthermore, modern LEDs can be provided with a signiﬁcanf amount of current such
that LEDs can produce enough light to be used as illumination sources.

[003] LEDs present many advantages over traditional sources of lighting including energy
efficiency, a longer lifetime, greater durability, a small form factor, and a very fast switching speed.
These many advantages fueled the use of LEDs in a wide variety of applications. However, LEDs
are still relatively expensive in up-front costs compared to traditional incandescent and fluorescent
light sources. Furthermore, LEDs generally require more precise current and heat management than
traditional lighting sources. The first generation of LEDs were used mainly as indicator lights on
electronic equipment. LEDs have been ideal for portable electronics due to their low-energy usage
and small form factor. However, in more recent years, the availability of new LED colors and
increases in brightness have allowed LEDs to be used in many new applications.

[004] The small size of LEDs and the ability to control the switching of LEDs using digital
control systems have allowed for the development of LED based display systems. Specifically, a
two dimensional array of individually controlled LEDs can be used to display words and images.
Thus, LEDs now provide the light source for many modern electronic scofeboards and very large
scale video display systems such as the large video display systems seen at sports arenas and at New
York City’s Times Square.

[005] Although LED-based display systems have proven to work very well, the inherent
difficulties and expense involved in creating such LED based video display systems have limited the
deployments of LED-based video display systems. Carefully metered and individually controlled
electric power must be provided to each LED in a two dimensional array of LEDs that creates a LED

based video display system. To construct a monochrome high definition display system with a
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resolution of 1920 x 1080 picture elements (pixels) requires that the system provide 2,073,600

individual LEDs with carefully controlled electrical power. To create a multi-color high definition
display system, three different colored LEDs (red, green, and blue) are required for each individual
pixel such that 6,220,800 individual LEDs must receive carefully controlled electrical power. Thus,
the design and manufacture of such large scale video display systems is both complex and very
expensive.

[006] Due to the challenges of controlling so many independent LEDs, large LED based
video display systems cost many millions of dollars such that only very high end applications, such
as large sports arenas, are able to purchase large LED based video display systems. Public video
display systems for other situations generally use smaller conventional display technologies
associated with television displays or use much simpler display systems such as large electronic
scoreboards with only limited pre-arranged LED patterns for displaying team scores and game time.
It would therefore be desirable to simplify the task of designing and constructing LED based display
and lighting systems.

SUBSTITUTE SHEET (RULE 26)
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BRIEF DESCRIPTION OF THE DRAWINGS

[007] In the drawings, which are not necessarily drawn to scale, like numerals describe
substantially similar components throughout the several views. Like numerals having different letter
suffixes represent different instances of substantially similar components. The drawings illustrate
generally, by way of example, but not by way of limitation, various embodiments discussed in the
present document.

[008] Figure 1 illustrates a diagrammatic representation of a machine in the example form
of a computer system within which a set of instructions, for causing the machine to perform any one
or more of the methodologies discussed herein, may be executed.

[009] Figure 2A illustrates a block diagram of the overall architecture of the single-wire
multiple-LED control system of the present disclosure. v

[0010] Figure 2B illustrates an example data packet that may be sent to LED units.

[0011] Figure 3A illustrates a timing diagram with digital information modulated as current
ramp deviations from a nominal current value.

[0012] Figure 3B illustrates a timing diagram with digital information modulated as
sinusoidal deviations about a nominal current value.

[0013] Figure 3C illustrates a timing diagram with digital information modulated as current
dips from a nominal current value.

[0014] Figure 4A illustrates a LED line driver circuit for a first embodiment.

[0015] Figure 4B illustrates a LED line driver circuit for a second embodiment.

[0016] Figure 5A illustrates how having the LED line driver turning on an external field
effect transistor allows the line current to ramp upward.

[0017] Figure 5B illustrates how having the LED line driver turning off an external field
effect transistor allows the line current to ramp downward.

[0018] Figure SC illustrates current modulated by the circuit of Figures SA and SB.

[0019] Figure 6A illustrates ideal symmetrical and non ideal current pulses.

[0020] Figure 6B graphically illustrates how the FET switch timing computer works.

[0021] Figure 6C illustrates a timeline of phases during a single data bit cycle.

[0022] Figure 6D illustrates a ramp mode modulated current signal as the nominal current
level is reduced to save energy.

[0023] Figure 7 illustrates one embodiment of an individually controllable LED unit.

[0024] Figure 8 illustrates a flow diagram describing how the power system the of
individually controlled LED units operate.

[0025] Figure 9A illustrates data cycle misalignment issues for ramp mode modulation.

. [0026] Figure 9B illustrates data cycle misalignment issues for dip mode modulation.
3
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[0027] Figure 10A illustrates pulses created with traditional pulse width modulation.

[0028] Figure 10B illustrates pulses created with a reduced flicker modulation system.

[0029] Figure 10C illustrates the creation of reduced flicker modulation output patterns.

[0030] Figure 10D illustrates an imperfect current pulse and an ideal square pulse.

[0031] Figure 10E illustrates the reduced flicker modulation data pattern of Figure 10C after
various different randomizations that reorder the pulses.

[0032] Figure 11A illustrates a block diagram of a first possible LED lighting system based
upon the teachings of the present disclosure.

[0033] Figure 11B iilustrates the LED lighting system of Figure 11A wherein multiple LED
lighting fixtures are controlled from a single controller.

[0034] Figure 12 illustrates a block diagram of a second possible LED lighting system based
upon the teachings of the present disclosure. |

[0035] Figure 13 illustrates the LED driver system of the present disclosure implemented as
a DMXS512-A protocol based stage lighting system.

[0036] Figure 14 illustrates an application wherein a single LED line driver is driving sixty-
four individually controlled LED units that have been arranged in an eight by eight array.

[0037] Figure 15 conceptually illustrates how smaller modular two-dimensional arrays
(illustrated in Figure 14) may be combined to create larger two-dimensional display systems.

[0038] Figure 16 illustrates several strings of individually controlled LED units hung parallel
to each other to create a two dimensional display system.

[0039] Figure 17 illustrates a flow diagram describing a method of deploying, calibrating,
and operating a display system created from multiple strings of LED units.

[0040] Figure 18 illustrates a data flow diagram describing how an incoming video signal
may be decoded and processed by a LED display system model to generate LED control commands

that drive a display system constructed using a deployed set of LED strings.
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DETAILED DESCRIPTION

[0041] The following detailed description includes references to the accompanying drawings,
which form a part of the detailed description. The drawings show illustrations in accordance with
example embodiments. These embodiments, which are also referred to herein as “examples,” are
described in enough detail to enable those skilled in the art to practice the invention. It will be
apparent to one skilled in the art that specific details in the example embodiments are not required in
order to practice the present invention. For example, although the example embodiments are mainly
disclosed with reference to a system that efficiently transmits power and data to control Light
Emitting Diodes (LEDs), the teachings of this disclosure can be used to transmit power and data to
control any other type of electronic device. The example embodiments may be combined, other
embodiments may be utilized, or structural, logical and electrical changes may be made without
departing from the scope what is claimed. The following detailed description is, therefore, not to be
taken in a limiting sense, and the scope is defined by the appended claims and their equivalents.

[0042] In this document, the terms “a” or “an” are used, as is common in patent documents,
to include one or more than one. In this document, the term “or” is used to refer to a nonexclusive
or, such that “A or B” includes “A but not B,” “B but not A,” and “A and B,” unless otherwise
indicated. Furthermore, all publications, patents, and patent documents referred to in this document
are incorporated by reference herein in their entirety, as though individually incorporated by
reference. In the event of inconsistent usages between this document and those documents so
incorporated by reference, the usage in the incorporated reference(s) should be considered
supplementary to that of this document; for irreconcilable inconsistencies, the usage in this document
controls.

[0043] Computer Systems

[0044] The present disclosure concerns computer systems since computer systems are
generally used to control LED lighting and display systems. Figure 1 illustrates a diagrammatic
representation of a machine in the example form of a computer system 100 that may be used to
implement portions of the present disclosure. Within computer system 100 there are a set of
instructions 124 that may be executed for causing the machine to perform any one or more of the
methodologies discussed herein. In a networked deployment, the machine may operate in the
capacity of a server machine or a client machine in client-server network environment, or as a peer
machine in a peer-to-peer (or distributed) network environment. The machine may be a personal
computer (PC), a tablet PC, a set-top box (STB), a Personal Digital Assistant (PDA), a cellular
telephone, a web appliance, a network router, switch or bridge, or any machine capable of executing

a set of computer instructions (sequential or otherwise) that specify actions to be taken by that
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machine. Furthermore, while only a single machine is illustrated, the term “machine” shall also be
taken to include any collection of machines that individually or jointly execute a set (or multiple sets)
of instructions to perform any one or more of the methodologies discussed herein.

[0045] The example computer system 100 includes a processor 102 (e.g., a central processing
unit (CPU), a graphics processing unit (GPU) or both), a main memory 104 and a static memory 106,
which communicate with each other via a bus 108. The computer system 100 may further include a
video display adapter 110 that drives a video display system 115 such as a Liquid Crystal Display
(LCD) or a Cathode Ray Tube (CRT). The computer system 100 also includes an alphanumeric
input device 112 (e.g., a keyboard), a cursor control device 114 (e.g., amouse or trackball), a disk
drive unit 116, an output signal generation device 118, and a network interface device 120.

[0046] The disk drive unit 116 includes a machine-readable medium 122 on which is stored
one or more sets of computer instructions and data structures (e.g., instructions 124 also known as
‘software’) embodying or utilized by any one or more of the methodologies or functions described
herein. The instructions 124 may also reside, completely or at least partially, within the main
memory 104 and/or within the processor 102 during execution thereof by the computer system 100,
the main memory 104 and the processor 102 also constituting machine-readable media. Note that the
example computer system 100 illustrates only one possible example and that other computers may
not have all of the components illustrated in Figure 1 '

[0047] The instructions 124 may further be transmitted or received over a computer network
126 via the network interface device 120. Such transmissions may occur utilizing any one of a
number of well-known transfer protocols such as the File Transport Protocol (FTP).

[0048] While the machine-readable medium 122 is shown in an example embodiment to be a
single medium, the term "machine-readable medium" should be taken to include a single medium or
multiple media (e.g., a centralized or distributed database, and/or associated caches and servers) that
store the one or more sets of instructions. The term "machine-readable medium" shall also be taken
to include any medium that is capable of storing, encoding or carrying a set of instructions for
execution by the machine and that cause the machine to perform any one or more of the
methodologies described herein, or that is capable of storing, encoding or carrying data structures
utilized by or associated with such a set of instructions. The term "machine-readable medium" shall
accordingly be taken to include, but not be limited to, solid-state memories, optical media, and
magnetic media.

[0049] For the purposes of this specification, the term “module” includes an identifiable
portion of code, computational or executable instructions, data, or computational object to achieve a

particular function, operation, processing, or procedure. A module need not be implemented in
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software; a module may be implemented in software, hardware/circuitry, or a combination of
software and hardware.

[0050] In the present disclosure, a computer system may comprise a very small
microcontroller system. A microcontroller may comprise a single integrated circuit that contains the
four main components that create a computer system: an arithmetic and logic unit (ALU), a control
unit, a memory system, and an input and output system (collectively termed 1/O). Microcontrollers
are very small and inexpensive integrated circuits that are very often used in digital electronic
devices.

[0051] Multiple-LED Control System Overview

[0052] To control multiple Light Emitting Diodes (LEDs), or any other controllable
electronic device (such as other types of electronic light sources), this document discloses a single-
wire series-organized power and control system for multiple units coupled to the series. Specifically,
individually controlled electronic units that control LEDs in one embodiment are arranged in a series
configuration that is driven by a control unit located in the series. The series of separate individually
controlled electronic units may be referred to as a “line” or “string” of lighting devices. The control
unit used to provide power and data for the series may be referred to as the “line driver”, “string
driver”, or "head-end controller" since the control unit provides the electrical power and control
signals to drive all of the individually controlled electronic units on the line or string. Although the
present disclosure is focused on controlling LEDs or other light sources, the teachings of the present
disclosure may be used to control any other type of electronic device such as sound systems, motors,
sensors, cameras, Liquid Crystal Displays (L.CD), etc.

[0053] Figure 2A illustrates a block diagram of the overall architecture of a single-wire
multiple-LED unit control system built using the teachings of the present disclosure. A LED line
driver circuit 220 is situated within a series of individually controlled LED units (250-1 to 250-N).
In the example embodiment of Figure 2A, the LED line driver circuit 220 receives electrical power
from an external power supply circuit 210 that will be described in detail later in this document. The
LED line driver circuit 220 also receives LED control data from a master LED controller system
230. (Note that although this document will refer to an 'LED line driver circuit', the line driver
circuit can be used to send power and data to other types of circuits coupled to the driver line that
perform operations other than controlling LEDs.)

[0054] The master LED controller system 230 provides detailed control data describing how
the various LEDs on the individually controlled LED units (250-1 to 250-N) on the string should be

powered on or off and the brightness of each powered on LED. In one embodiment, each
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individually controlled LED unit 250 has multiple LEDs of different colors such that the master LED
controller system 230 supplies a color value and a brightness.

[0055] The master LED controller system 230 can be any type of digital electronic system
that provides LED control data in the appropriate format to the LED line driver circuit 220. The
master LED controller system 230 may range from a simple single chip microcontroller to a
sophisticated computer system that drives many LED strings in a coordinated manner. For example,
in a relatively simple embodiment, the parts of a microcontroller implemented master LED controller
system 230, the power supply 210, and the LED line driver 220 may be combined into a single LED
Driver System 239 that controls a string of LED units 250. In a more sophisticated embodiment, an
external computer system, such as computer system 100 illustrated in Figure 1, can be programmed
to output an appropriate LED control data signal to the LED line driver circuit 220 using signal
generation device 118 or any other appropriate data output system.

[0056] In one particular embodiment, the well-known Serial Peripheral Interface (SPI) is
used to provide LED control data 231 from the master LED controller system 230 to the LED line
driver circuit 220. In this manner, many LED strings can be coupled to and controlled by a single
master LED controller system 230 such as computer system 100. However, in alternate
embodiments any other appropriate digital communication system such as the Universal Serial Bus
(USB), Ethernet, or the IEEE 1394 interface (FireWire) may be used to provide LED control data to
the LED line driver circuit 220. In an embodiment geared toward stage lighting applications, the
data interface may be programmed to handle the well-known DMXS512-A protocol used for
controlling stage lighting. In such an embodiment, multiple LED line driver devices can be coupled
in a daisy-chain arrangement for controlling multiple strings of independently controlled LED units.

{0057} Using the power 211 received from the power supply 210 and the LED control data
231 from the master LED controller system 230, the LED line driver circuit 220 drives an electrical
signal on a current loop (made up of line starting at 221 and returning at 229) that provides both
electrical power and control data to the entire string of the individually controlled LED units (250-1
to 250-N). This system of providing both power and control data on a single wire greatly simplifies
the design and construction of LED lighting and display systems. Furthermore, the use of a single
wire to carry both power and control data significantly reduces the cost of constructing such a
multiple LED display or lighting system. With the disclosed system, the single current loop (also
referred to as the driver line) may serve seven or more different functions for the individually
controlled LED units on the string such as: (1) electrical power for the LED units 250, (2) control
and configuration commands to LED units, (3) LED output data, (4) a clock reference value used to

generate a local clock signal, (5) a current reference value used to calibrate current output to LEDs,
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(6) heat dissipation, and (7) physical structure for supporting the individually controlled LED units
(250-1 to 250-N). Details on each of the functions will be provided in later sections of this
document.

[0058] Figure 2B illustrates one embodiment of a data frame that may be modulated onto the
driver line linking the individually controlled LED units (250-1 to 250-N). At the head of the data
frame is é synchronization byte 291. Since there is no separate clock signal sent to the LED units
250, the synchronization byte is used by the LED units 250 to help lock onto the digital data signal
and determine where each new data frame begins. Next, a command field 292 specifies a particular
command to be executed by the recipient LED unit 250. An address field 293 specifies a specific
address (or group of addresses) to select which of the LED units (250-1 to 250-N) will respond to the
command. After the address field 293 is a data field 294 that contains a payload of data. Finally, an
optional Cyclic Redundancy Check (CRC) code 295 may be used to help ensure data integrity.

[0059] Referring back to Figure 2A, a number of individually controlled LED units (250-1 to
250-N) are coupled in a series arrangement to the driver line (that starts at 221 and returns at 229).
Each individually controlled LED unit 250 comprises one or more LEDs, a LED control circuit, and
any additional components needed to complete the individually controlled LED unit 250. In one
embodiment, the only additional electrical component needed at each LED unit 250 is a capacitor to
store a reservoir of electrical energy for driving the LED control circuit and the LEDs on the
individually controlled LED unit 250. In other embodiments that handle greater amounts of
electrical current, an external diode and a small heat sink may be used in addition to the capacitor
used to store electrical energy. When there are more than one LED coupled to an individually
controlled LED unit 250, each different LED on that LED unit 250 is referred to as a LED ‘channel’
on that LED unit 250.

{0060] In some embodiments, more than one capacitor may be used to store power to éperate
the individually controlled LED unit 250. For example, in one embodiment, there are different
capacitors used to store power for different LEDs. This may be done since different colored LEDs
operate at different voltage levels and by matching up capacitors with each different colored LED,
the capacitors can be used to store just the right amount of voltage needed to drive that particular
colored LED. In this manner, LEDs that needed higher voltage amounts are given those higher
voltage amounts but LEDs that need lower voltage amounts are given those proper lower voltages.
This prevents the inefficient use of a voltage dropping circuit that would simply burn off excess
voltage as wasted heat.

[0061] A critical component on each of the individually controlled LED units (250-1 to 250-

N) is the LED controller circuit. The LED controller circuit performs most of tasks required to

9

SUBSTITUTE SHEET (RULE 26)



WO 2011/056242 PCT/US2010/003124

intelligently control the various LEDs on an individually controlled LED unit 250. These tasks
include obtaining electrical energy from the driver line and storing that electrical energy in a supply
capacitor used to power the LED unit, generating the required regulated voltages to power the LED
controller cifcuit, demodulating a data signal modulated onto the driver line, decoding the
demodulated data signal to extract a data frame, executing commands received in the data frame, and
driving the various LEDs to the specified brightness level. Details on each of these functions will be
presented in the section on the individually controlled LED unit.
[0062]  The LED Line Driver

[0063] As set forth in the previous section, the LED line driver circuit 220 of Figure 2A is

responsible for providing both electrical power and LED control data to all of the individually
controlled LED units (250-1 to 250-N) coupled in series to the LED line driver circuit 220 on the
driver line that starts at 221 and returns at 229. To make LED lighting and display systems simple
and inexpensive to construct, the LED line driver circuit 220 provides both electrical power and
control data to all of the LED units 250 on the single driver line. This single-wire driver line greatly
simplifies the construction of lighting and display systems that use large numbers of individually
controllable lighting elements since those individually controllable lighting elements may be
arranged in a simple daisy chain arrangement with a single wire coupling together each lighting
element.

[0064] To provide power to the individually controlled LED units 250, the LED line driver
circuit 220 functions as an electrical current source that drives a direct current (DC) signal on the
single driver line. In some embodiments, the DC signal is driven at a nominally constant level.
However, the main goals are to provide a data signal that each LED unit 250 can lock onto and
enough current to provide energy to the LED units 250. Each of the individually controlled LED
units (250-1 to 250-N) coupled to the driver line in a series arrangement will demodulate data from
the direct current signal and draw needed operating power from the direct current signal driven on
the driver line.

[0065] To provide LED control data to all of the individually controlled LED units 250 on
the string, the LED line driver circuit 220 modulates data onto the electrical current driven on the
driver line. Various different methods of modulating data may be used. This document describes
two different methods that have been used, however other data modulation systems may be
implemented as will be appreciated by one skilled in the art.

[0066] In one embodiment, the line driver circuit modulates data onto the driver line by using
small up and down current ramps from a nominal current level. In such an embodiment, each data

bit period may be broken up into 2 cycles comprising either a positive current ramp followed by a
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negative current ramp or a negative current ramp followed by a positive current ramp. These two
different data patterns are used to represent a one (““1”) or a zero (“0”) for a digital communication
system. Figure 3A illustrates a current diagram graphically depicting the current on a driver line
controlled by the LED line driver circuit 220 as data is modulated onto the electrical current. In the
example of Figure 3A, a local zero (“0”) is represented by a positive ramp of current followed by a
negative ramp of current and a one (**1”) is represented by a negative current ramp followed by a
positive current ramp. Note that contents of each data phase contains both a positive current ramp
and a negative current ramp sﬁch that average current value on the line remains at a nominal current
level 310. Figure 3B illustrates a similar embodiment that uses sinusoidal current changes about the
nominal current level 310. '

[0067] Other means of coding the data include using Manchester coding and Non-Return-To-
Zero with Manchester. Other means of modulating data onto an electrical current may also be used.
For example, in one alternate embodiment a first electrical current level may be used to designate a
logical zero (“0”) and a second electrical current level may be used designate a logical one (“1”). In
this manner, a stream of data bits may be encoded by switching between the two electrical current
levels.

[0068] Figure 3C illustrates another data modulation system referred to as a "dip mode”
modulation. In the dip mode modulation system illustrated in Figure 3C each data bit period is
divided into a first half and a second half. The modulation system them modulates data by having a
current dip occur either in the first half or the second half of the data bit period. In the particular
embodiment of Figure 3C, a zero (“0”) data bit is represented by having a current dip in the first half
and a one (*“1”) data bit is represented by having a current dip in the second half. Example
modulation circuits will be presented for the ramp mode and dip mode data modulation systems
illustrated in Figures 3A and 3C, respectively.

[0069] A First LED Line Driver Embodiment that uses Ramp Mode

[0070] Figure 4A illustrates a block diagram of the internals of a LED Line Driver circuit
425 for an embodiment that modulates data using the system illustrated in Figure 3A. The LED
Line Driver circuit 425 of Figure 4A implements a current modulation system referred to as "ramp
mode" modulation. The ramp mode modulation system was designed for a low cost implementation
that can modulate data using a LED line driver IC 420, one field-effect transistor (FET), one 1
inductor, and a few resistors.

[0071] The main component of the LED Line Driver circuit 425 is the sophisticated LED
Line Driver IC (integrated circuit) 420 that controls the overall operation of the LED Line Driver

circuit 425. The LED line driver IC 420 includes a clocking circuitry block 485 to generate the
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needed clock signals for driving the digital circuitry. The clocking circuitry block 485 may receive
input from an external clock 486 (or resonator) to generate the various needed internal clock signals.
The clocking circuitry block 485 may contain a prescaler for reducing the speed of the clock signal
from external clock 486 for the internal core clock generation, some synchronization logic to ensure
that the chip's clocks properly start up after a power reset, and a timing generator for sending the
modulating data onto the driver line with the proper data rate.

[0072] Referring to the bottom left of the LED Line Driver 1C 420 of Figure 4A, a data
interface 430 receives control data from an outside controller such as the master LED controller
system 230 illustrated in Figure 2A. The data interface 430 extracts the incoming control data and
passes that control data to a command parser and handler circuit 440. Ina simple embodiment, the
LED Line Driver IC 420 itself may include the circuitry for generating a pattern of LED control data
such that no external LED controller is required.

[0073] In one particular embodiment, the data interface 430 implements the well-known
Serial Peripheral Interface (SPI) protocol. An SPI implementation may include the standard Data In
432, Data Out 431, Data Clock (not shown), and Chip Select (not shown) pins typically used by the
Serial Peripheral Interface (SPI)-protocol. The operation of the SPI system will vary depending on
the particular implementation. In a traditional SPI implementation, an external SPI master (such as
master LED controller system 230 of Figure 2A) sends data to the Data In 432 pin on each LED line
driver IC 420 and specifies which LED line driver circuit(s) should act upon the data by activating
the Chip Select Pins on their respective LED line driver IC(s). The SPI protocol is a two-way
protocol such that individual LED line driver circuits can send back status information to the external
SPI master system. One embodiment of the LED line driver circuit uses the return data path to
return responses to status queries such as requests for calibration information and buffer status. In an
alternate implementation of the SP1 protocol, the Data Out 431 line could be coupled to the Data In
interface on another LED line driver circuit in a daisy-chain arrangement such that a series of LED
line driver circuits could be controlled by a single master LED controller system.

[0074] The Command Parser and Handler circuit 440 examines the incoming control data
and reacts to the incoming control data appropriately. In one embodiment, the LED Line driver IC
420 handles three main types of incoming commands: configuration requests, status requests, and
requests to pass data down the driver line to the individually controlled LED units coupled to the
driver line. Configuration requests may instruct the LED Line driver IC 420 to set specified control
registers in the Control and Status Registers block 441. Configuration requests may also instruct the
LED Line driver IC 420 to burn non volatile configuration fuses on the LED Line driver IC 420 such

that permanent configuration information may be programmed onto the LED Line driver IC 420.
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Incoming status requests may request status information from the LED Line driver IC 420 such as its
buffer status, operating status, and current configuration. Such status requests sent to the LED Line
driver IC 420 may be handled by fetching information from the Control and Status Registers 441 and
transmitting a response back to the master controller on the data out line 431.

[0075] Requests sent from a master LED controller to the LED Line driver IC 420 to pass
LED control data down the driver line to the individually controlled LED units will generally make
up the majority of the communication to LED Line driver ICs. The Command Parser and Handler
circuit 440 will handle these LED control data passing requests by passing the LED control data to a
Line Data Transmitter Block 450. The Line Data Transmitter Block 450 stores the control data into
a frame buffer. In the embodiment of Figure 4A, the LED Line driver IC 420 contains two frame
buffers (451 and 452) such that the LED Line driver IC 420 may receive incoming LED control data
from the master LED controller into a first frame buffer while simultaneously modulating LED
control data from the second frame buffer onto the driver line. The frame buffers (451 and 452)
temporarily store LED control data destined for one or more individually controlled LED units (470-
1 10 470-N) coupted to the driver line.

'[0076] In some embodiments, the LED units 470 may communicate back to the LED Line
driver IC 420. For example, a LED unit 470 may be able to signal back to the LED Line driver IC
420 by turning its shunt transistor on and off during a designated time slot such that the effect would
be detectable by the LED Line driver IC 420. In such embodiments, an incoming status request
message on Data In 432 may request status from individually controlled LED units 470 coupled to
the driver line. The Command Parser and Handler circuit 440 would then translate this LED unit
status request into a second status request message that is then given to the Line Data Transmitter
Block 450 and modulated onto the driver line. When a response is received from a LED unit 470 the
LED Line driver IC 420 may then send a corresponding response message on the data out line 431.

[0077] The Line Data Transmitter Block 450 is responsible for transmitting LED control data
(and status requests in some embodiments) onto the driver line to the LED units 470. The Line Data
Transmitter Block 450 takes the control data (or status request) passed to it from the Command
Parser and Handler circuit 440 and fills the next available frame buffer. In one embodiment, the
Line Data Transmitter Block 450 block is capable of calculating an optional frame Cyclic
Redundancy Check (CRC) byte if a control register 441 specifies that this should be done. In one
embodiment, when the Line Data Transmitter Block 450 has no pending LED control data (or status)
to modulate onto the driver line, then the Line Data Transmitter Block 450 will modulate an idle data

frame onto the driver line. The idle data frame will be ignored by all of the individually controlled
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LED units 470 but will help those individually controlled LED units 470 maintain synchronization
with the data stream being modulated onto the driver line.

[0078] The Line Data Transmitter Block 450 passes formatted data frames from the frame
buffers (451 and 452) to the Current Modulation Block 490. The Current Modulation Block 490 is
responsible for modulating a (nominally) constant direct current signal on the driver line to provide a
stream of data to the LED units 470 on the driver line. Specifically, the Current Modulation Block
490 modulates the electrical current by inducing small sharp increases and decreases of the electrical
current in order to transmit LED control data down the driver line to control the LED units 470. In
one embodiment, the Current Modulation Block 490 accomplishes this goal by controlling an
external transistor that biases an inductor on the driver line.

[0079] Before discussing the Current Modulation Block 490 in greater detail, a review of
electrical power sources is useful. Most electronic circuits are constructed using a voltage power
source as an electrical power source to power the electronic circuits. An ideal voltage source is a
conceptual mathematical model that is capable of generating infinite current at a particular
designated voltage level to drive a load circuit and has zero internal resistance. Of course real world
voltage sources, such as batteries and DC power supplies, are unable to generate infinite current and
have non zero internal resistance. However, as long as the load circuit powered by a real world
voltage source does not exceed the current capacity of the real world voltage source and a non zero
internal resistance is added in series with load circuit, an ideal voltage source can be used for circuit
modelling a voltage source.

[0080] A current source is a much lesser used method for modelling an electrical power
source when designing electronic circuits. An ideal current source is a mathematical model of an
electrical power source that has an infinite internal resistance and is capable of generating infinite
voltage at a specified current level to drive a load circuit. Again, no real world current source is
capable of providing infinite voltage nor will a real world current source have infinite resistance.
But as long as the load circuit driven by a real world current source does not have too high of a total
resistance that would require very high voltage values, a real world current source can be modelled
as a ideal current source with a non infinite internal resistance in parallel with the ideal current
source (a circuit known as the Norton equivalent circuit). The present disclosure uses a current
source as the power source model. Specifically, the Current Modulation Block 490 of the LED line
driver IC 420 and the supporting external circuitry may be used to drive electrical current on the
driver line at a specified nominal level that may be adjusted during operation. Furthermore, the

Current Modulation Block 490 may vary the current level about a specific nominal current value
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with small increases and decreases of current away that nominal current value used to modulate data
onto the electrical current as set forth in Figures 3A to 3C.

[0081] Referring back to Figure 4A, an external power supply 410 generates electrical
current that is transmitted down a driver line through the LED units 470. The output voltage (labeled
as Vsupply 411) of the external power supply 410 at the head of the driver line is at a voltage
potentialA above what is needed by the sum of all the LED units 470 on the driver line. After all of
the LED units 470 on a string, the current passes through an. inductor 462 and a field effect transistor
(FET) 461 to ground. The Current Modulation block 490 carefully modulates the current level on
the driver line by controlling the inductor 462 using FET 461 to create the modulated current pattern
illustrated in Figure 3A. Note that the FET 461 will generally be implemented externally from the
LED line driver IC 420 since the FET 461 must be able to handle relatively high voltage potentials
that cannot be handled within an ordinary CMOS semiconductor.

[0082] Referring back to current diagram of Figure 3A, the current on the driver line is
modulated around a nominal constant current value 310 with small up and down current variations
above and below the nominal constant current value 310 used to modulate data onto the driver line.
Figures 5A, 5B, and 5C illustrate how the LED line driver controls inductor 562 using FET 561 to
modulate the current around the designated nominal current value 310. Note that current control
circuits other than a FET may be used instead.

[0083] In a steady state direct current (DC) circuit, an inductor acts as a short circuit with no
effect on the circuit. However, when in a state of change, an inductor resists current level changes.
Thus, when current passing through an inductor is being increased, that inductor will slow the
increase of current by storing energy in a magnetic field. Similarly, when current passing through an
inductor is being decreased, that inductor will resist the decrease in current by using the energy
stored in the magnetic field to supplement the slowing current.

[0084] Referring to Figure 5A, when a LED line driver 425 is initially turned on, that LED
line driver will turn on FET 561 to allow electrical current to flow from Vsupply 511 down through
all the LED units 570 on the string, through inductor 562, through FET 561 (which controls the
current), and finally through resistor 564 to ground 565 of the power supply. This electrical path
from the Vsupply 511 of the external power supply to the ground 565 of the external power supply is
referred to as the current loop. Note that after inductor 562 there is a circuit branch that passes
through diode 563 to a second voltage source Vclamp 512 from external power supply. However,
current will not flow towards Vclamp 512 when the FET 561 is turned on since Vclamp 512 will be

at a voltage potential higher than ground 565.
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[0085] When FET 561 is initially turned on, the electrical current will increase on the driver
as illustrated in Figure SC. However, the increase in electrical current will be slowed by inductor
562 that will resist a rapid current increase by storing energy in a magnetic field. Thus, the current
on the driver line will ramp upwards during a start-up phase 521 as illustrated in Figure SC. Note
that there will be voltage drop across the inductor 562 during this time as indicated by the “+” and **-
” symbols on>Figure SA. The LED line driver IC 420 will keep the FET 561 turned on during start-
up phase 521 thus allowing the current level on the driver line to increase until the current exceeds a
desired nominal current level 510 by a specified amount.

[0086] Once the current flowing on the driver line exceeds the desired nominal current level
510 by a specified amount, the LED line driver IC 420 will turn off FET 561 as depicted Figure 5B
such that the current can no longer flow through FET 561 toward the ground 565 of the power
supply. However, the inductor 562 will resist an immediate change in current flow and instead cause
the current to begin ramping downward as illustrated by current drop 531 in Figure 5C. Since the
current can no longer flow through FET 561 to ground 565, the slowing current will instead flow in
the branch circuit through diode 563 toward Vclamp 512 as illustrated in Figure SB which depicts
the flow of current when the FET 561 has been turned off. This will occur even though Vclamp 512
is at a higher voltage than Vsupply $11 since inductor 562 will use energy in its magnetic field to
continue driving the current.

[0087] Although the current will begin to ramp downward just due to the fact that the FET
561 has been turned off, a downward ramp due only to turning off the FET 561 would be relatively
slow. (Slow relative to the upward ramping of current when the FET 561 is turned on, thus creating
an asymmetry between the up and down current ramps.) To accelerate the downward ramping of
current and thus cause the upward and downward current ramps to approximately match, Vclamp
512 is set to a higher voltage potential than Vsupply 511 such that a reverse voltage bias (as
indicated by the “+” and “-”” symbols in Figure SB) will be placed across inductor 562 thus
accelerating the ramp down of current.

[0088] Referring to Figure S5C, once the current 531 drops more than a specified amount
below the desired nominal current value 510, the LED line driver will turn on the FET 561 (reverting
back to the state of Figure 5A) to allow the current to ramp back upward as illustrated by current rise
532. The LED line driver IC 420 does not allow the current on the driver line to reach a final steady
state of direct current. Instead, it will continually turn the FET 561 on and off to keep the current on
the driver line around the desired nominal current level 510.

[0089] By turning the FET 561 on and off, the LED line driver IC 420 can modulate the

amount of current flowing on the driver line in relatively steady upward and downward ramps. By
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turning the FET 561 on and off in a manner correlated with control data, the LED line driver IC 420
can modulate control data on to the driver line as current patterns as illustrated by the data phase 522
of Figure SC. Note that when a LED line driver IC 420 lacks any data that must be transmitted then
the LED line driver IC 420 will modulate empty packets onto the driver line. In this manner, various
LED units on the driver line will be able to maintain synchronization with the data stream modulated
by the LED line driver IC 420. |

[0090] Referring back to Figure 4A, the current modulation block 490 receives data frames
from the Line Data Transmitter Block 450 to modulate onto the driver line as patterns of current
ramps. As set forth above, the current modulation block 490 may accomplish this task by either
turning on external FET 461 (which allows current to ramp upward by allowing the current to pass to
the ground 465 of the power supply 410) or turning off external FET 461 (which ramps current
downward by applying a reverse bias across inductor 462).

[0091] In one specific embodiment that uses the current on the driver line as a current
reference value, the Current Modulation block 490 is responsible for ensuring that despite the current
changes induced onto the driver line to modulate data, the current averages out to a proper desired
nominal direct current (DC) level. In this manner, the LED units coupled to the driver line may
detect the average current level on the driver line and use that current level as a current reference
value. Specifically, the LED units coupled to the driver line may use the average current level on the
driver line as a current reference when creating electrical current used to driQe the LEDs coupled to
the LED unit. " |

[0092] The Current Modulation block 490 may control the external FET 461 by controlling
its own internal FET 493. In one embodiment, the internal FET 493 is designed to handle 10 volt
swings in order to be able to control the larger external FET 461 that is directly responsible for
controlling the current on the driver line.

[0093] The modulation of data onto the driver line current is not a trivial process. The
operation of the various LED units 470 on the driver line will make it difficult for the LED line
driver circuit 425 to consistently control the electrical current on the driver line. Specificaily,
referring to Figure 5A, the various LED units 570 will either be drawing current to charge a local
capacitor (which causes a larger voltage drop across the LED unit) or shunting the line current
(which causes only a small voltage drop across the LED unit) such that the voltage drop between
Vsupply 511 and Vline 514 will vary depending on whether the LED units are shunting or not. As a
consequence, the voltage across inductor 562 will also vary such that the upward ramp of current
(when the FET 561 is on) will not always be at the exact same slope. The same issue applies during

downward ramps of current. Specifically, referring to Figure 5B, the varying voltage drop across
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LED units 570 means that the reverse voltage bias from Vclamp 512 across the inductor to Vline 514
will not always be the same such that the slope of downward current ramps will vary. To reduce this
issue, the various LED units 570 should restrict their unshunting to times near the edge of the data
bits. However, the shunting and unshunting by the LED units 570 near the data bit edges will still
affect the task of modulating and demodulating data.

(0094] Ideally, the LED line driver 425 would generate current ramps that always begin and
end at the nominal current value 610 and are perfectly symmetrical during each half of a bit cycle
and as illustrated by the ideal current ramp drawn with a dashed line on Figure 6A. However, the
varying conditions on the driver line will prevent such ideal current ramps from always being
achieved. For example, if the there is relatively low voltage drop across the cumulative LED units
570 on the driver line then a higher voltage across inductor 562 may cause the current to increase
faster (as illustrated by the solid line) than the ideal current ramp (as illustrated by the dashed line) in
Figure 6A. Note that the exact height of the peak of a current ramp is not so important as long as it
is larger than the threshold amount needed to be detectable.

[0095] To compensate, the downward current ramp should begin should begin at an
appropriate time (determined by taking into account the anticipated downward slope) such that the
current level crosses the nominal current level 610 in the middle of the data cycle. In the example of
Figure 6A, it is anticipated that the downward current slope will be less steep than the ideal such that
the downward phase begins earlier than normal thus producing a slightly left-shifted peak of the
current ramp. In general, if the absolute value of the slope during the first part of a ramp is greater
than the absolute value of the slope during the second part of a ramp then the peak will be shifted
earlier (to the left on a timeline diagram) and if the absolute value of the slope during the first part of
a ramp is less than the absolute value of the slope during the second part of é ramp then the peak will
be shifted later (to the right on a timeline diagram).

[0096] To carefully create the current ramps, the current modulation block 490 of the LED
line driver circuit 425 may create models of the current behavior to estimate the proper time to
change the external FET 461. Various different methods may be used to model the current ramps.

In one particular implementation, the Current Modulation block 490 uses analog computers to model
the current ramps in order to determine when to turn the FET on and off.

[0097] Referring to Figure 4A, the Current Modulation block 490 has two substantially
identical analog computer circuits labelled as Ramp A 491 and Ramp B 492. The Current
Modulation block 490 uses these two analog computer circuits in an alternating manner wherein one
analog computer is used during the first half of a data cycle and the other analog computer is used

during the second half of a data cycle. Each of the two analog computer circuits uses an analog ramp
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circuit to estimate when to turn on or off the gate signal of the field effect transistor (FET) 493
(which will in effect turn on or off the larger external transistor 461) to have the current ramp end up
back at the nominal line current value at the end of the half of a bit cycle. In one embodiment, these
analog ramp circuits build a model of how much the current would change during the remainder of
the half of a bit cycle if the FET 493 were immediately switched. In the case of an upward ramp, the
model specifies the how much the current would drop from its present amount if the FET 493 were
immediately switched. This will vary from a large amount of current drop if the FET 493 were
switched at the start of a half of a bit cycle to zero current change if the FET 493 were switched at
the end of the half of a bit cycle.

[0098] As set forth earlier, the speed at which the current changes is dependent upon the
voltage across the inductor 462. To determine the voltage across inductor 462, three different
voltage values are provided to the current modulation circuit 490: Vline 414, Vclamp 412, and
Vfetsrc 417. When the FET 461 is turned on, the voltage across inductor 462 is determined as the
voltage difference from Vline 414 to Vfetsrc 417 (minus a small drop across FET 461). When the
FET 461 is turned off, the voltage across inductor 462 may be determined as the voltage difference
from Vline 414 to Vclamp 412 (minus a small drop across diode 463). Using these voltage values,
the rate of the current change (as depicted by the slope) can be estimated and used to determine the
proper time to switch the FET 461. Note that these voltage values may actually be read as current
through a resistor, however, the current is proportional to the voltage as per Ohm's law.

[0099] The analog computer circuits (Ramp A 491 and Ramp B 492) may be implemented
with a ramp circuit and a multiplier circuit. A ramp circuit is used to generate a ramp signal that
starts at a fixed full scale value and ramps down to zero at the end of the half of a bit cycle. This
ramp signal is then multiplied in an analog multiplier circuit by the voltage difference value that
determines the rate of the current change (graphically illustrated as the slope). If the FET 493 is
currently turned on then the ramp signal is multiplied by an amount correlated to Vclamp 412 - Vline
414 since this will be the voltage across the inductor 462 once the FET 493 is turned off. [fthe FET
493 is currently off then the ramp signal is multiplied by an amount correlated to Vfetsrc 417 - Vline
414 since this will be the voltage across the inductor 462 once the FET 493 is turned back on.

[00100] The output of an analog ramp circuit is combined with the present time value
of the electrical current on the driver line (or an estimate of that current). When the absolute value of
present current difference the nominal current level equals the amount of the current change that will
occur as predicted by the ramp circuit, the state of the FET 461 is changed. The electrical current on
the driver line when the FET 461 is turned on can be determined from the Vfetsrc 417 voltage value

since the current on the driver line will equal the Vfetsrc 417 voltage divided by the resistance of
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resistor 464 as per Ohm’s law. However, when the FET 461 is turned off, a line current estimation
circuit 495 can be used to estimate the electrical current on the driver line when the FET 461 is off
using the last known current value and the voltage across the inductor 462 as determined by Vline
414 and Vclamp 412.

[00101] To best describe the operation of the ramp circuits, some examples are hereby
provided with reference to Figure 6B. At the start of a data cycle, one of the ramp circuits is
charged up and multiplied by the voltage difference across the inductor to generate a value that
corresponds to the amount of a current change that would occur if the FET 493 were immediately
switched. This amount of current change will drop down to zero (assuming it was charged properly)
at the end of the half of the bit cycle. This is conceptually illustrated in Figure 6B as lines 651, 652,
and 653 that have been drawn for different voltage values across the inductor. Each line starts at a
maximum current drop amount relative to the nominal current level 610 if the FET were switched
immediately and drops down to zero current change at point 691 at the end of the half of the bit
cycle. The slope of the different lines 651, 652, and 653 indicate how fast the current is expected to
change based upon the voltage across the inductor.

[00102] To use the output of the analog computers, the present current value (relative
to the nominal current level 610) is compared with the current drop that is predicted to occur during
the remainder of the half of the bit cycle by the ramp circuit. When the present current value crosses
the predicted amount of current drop, the FET 493 is switched. In the diagram of 6B, three different
examples are presented. [n a first example, the current increase 661 is faster than the predicted
current drop rate 651 such that the system must switch the FET 493 before the midpoint 631 thus
causing the peak of the current ramp to be slightly shifted to the left. Note that both the current rise
rate and the current fall rate are both affected by the voltage across the inductor such that each
different example current rise rate will have a different predicted current fall rate. In another
example, the current increase 663 is slower than the predicted current drop rate 653 such that the
system must switch the FET 493 after the midpoint 631 thus causing the peak of the current ramp to
be slightly shifted to the right. When the current increase rate 662 substantially equals the predicted
current decrease rate 652, the ideal ramp centered at the midpoint 631 will be created. However, as
long as the current ramps peak within a reasonable distance of the midpoint 631, the demodulation
logic will have no problem identifying the current ramps properly.

[00103] As previously set forth, when the FET 493 is off, it is difficult to determine the
current passing through the driver line since the current is temporarily being diverted towards
Vclamp 512 as illustrated in Figure 5. Thus, the technique of determining the current by measuring

the voltage at Vfetsrc 417 in Figure 4 cannot be used since no current is passing through resistor 464
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to generate voltage. Instead, another ramp circuit, line current estimation circuit 495, may be used to
estimate the current during downward ramps. Thus, referring back to Figure 6B, line current
estimation circuit 495 may be used to predict the current on the driver line as illustrated by prediction
line 680. Note that the rate of current change will again be correlated with the voltage drop across
the inductor. Similarly, one of the ramp circuits (491 or 492) will be used to predict the amount that
the current will rise for the remainder of the half of the bit cycle if the FET 493 were immediately
switched. When the two prediction circuits are outputting equal absolute values (relative to the
nominal line current) the FET 493 is switched.

[00104] The internal logic of the current modulation block 490 may be implemented in
various different ways. In one embodiment, the system digitally determines the current in the line
when the FET 493 is on using the Vfetsrc 417 voltage measurement. Then a digital-to-analog
converter (DAC) converts this digital current value to an analog current value to compare with the
predicted analog current drop value output by an Analog Ramp generator (491 or 492). When the
two values are equal, the system switches FET 493 (which will in effect turn on or off the larger
external transistor 461). |

[00105] Referring to Figure 6C, a full data cycle comprising an upward current ramp
followed by a downward current ramp is illustrated. During time period 620, one of the analog ramp
circuits (such as Ramp A 491) is charged up to help determine the transition time. At time 621, the
FET 461 is turned on (if it was not already on) to begin the current increase and the charged analog
Ramp A circuit 491 is started (to generate a representation of how much the current will drop when
the FET is switched off). During time period 622, the electrical current on the driver line (as
calculated from Vfetsrc 417 voltage value) is compared with output of the analog Ramp A circuit
491 that predicts how much the current will drop during the remainder of the half of a bit cycle if the
FET 493 is switched off. When the two values are substantially equal (within a threshold value of
each other) then the Current Modulation block 490 turns the FET 461 to allow the electrical current
level to drop back down to the nominal current value 610 during time period 624.

[00106] The time at which the system may determine that the state of the FET 461
should be changed and the time at which the effects of the change are detectable at FET 461 will not
be equal due to propagation delays. Specifically, there are delays in the comparison circuit, there is a
delay as the internal driver FET 493 is activated, and there is a delay as the external FET 461 is
activated. To compensate for these propagation delays, an adjustment factor may be used to have the
ramp circuit (491 or 492) make the request to change the FET state slightly before the two values are
equal. In one embodiment, this may be implemented by applying a fixed offset to the input of the

comparator circuit that results in having the comparator fire earlier. Thus, the system will change the
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state of the FET when the two values (the current value and the predicted current drop value) become
within a defined threshold amount of each other. In this manner, the FET will be switched a little bit
earlier than the exact time when the two values (the line current and the predicted current drop)
actually cross. A closed loop system may be employed to determine the proper value for the fixed
offset adjustment to the comparator.

[00107] During time period 624, the current on the driver line will drop back down
toward the nominal current value 610. Ifthe system accurately predicted the behavior of the
electrical current then the electrical current level will pass through the nominal current value 610 at
the midpoint 625 of the data bit cycle. During the fall time period 624, the Current Modulation block
490 will charge the other analog ramp circuit (such as Ramp B 492 since Ramp A 491 was using
during the first half of the data cycle) to estimate the amount the current would rise if the FET 493
were switched back on. And in an embodiment wherein the current on the driver line is predicted
instead of measured during downward current ramps, the system also charges up the line current
estimation circuit 495 for predicting the current level prediction as it drops.

[00108] At data cycle midpoint 625, the charged analog Ramp B circuit 492 and the
charged line current estimation circuit 495 are started. In addition, the current level at the data cycle
midpoint 625 may be sampled to see if the system properly determined the transition time (in the
previous half of a bit cycle) needed to return the current level back to the nominal current level 610.
If no current sample is available, then final output of the ramp circuit at the data bit cycle midpoint
625 may be tested. If the (real or predicted) current level at the midpoint 625 was below the nominal
current level 610 then the parameters for using the analog Ramp A circuit may be adjusted to make it
less aggressive (reduce the predicted rate at which the current will drop). On the other hand, if the
(real or predicted) current level at the midpoint 625 was above the nominal current level 610 then the
parameters for using the analog Ramp A circuit will be adjusted to make it more aggressive (increase
the predicted rate at which the current will drop).

[00109] During phase 626 in the second half of the data cycle, the estimated current
level on the driver line (as estimated using line current estimation circuit 495) is compared with the
analog Ramp B circuit 492 output that predicts how much the current will rise during the remainder
of the half of a bit cycle if the FET 493 is immediately turned on. When the comparison is within a
specified threshold at point 627, the FET 493 is turned off to allow the current level to begin rising.
Again, a propagation delay adjustment factor (such as the threshold value) may be used to make the
request to turn on the FET 493 occur slightly before the two values are equal. After the FET 493 has

been turned back on, the current level will rise during time period 628 until the end of the data cycle
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is reached at point 629. During time period 628, the current modulation circuit 490 will charge up
the other analog ramp circuit (Ramp A 491 in this example) for use in the next data cycle.

[00110] At the endpoint 629 of the data cycle, the current modulation circuit 490 will
sample the current level to determine if the system properly estimated the transition time in order to
return the current level back to the nominal current level 610. If the current level at the endpoint 629
was below the nominal current level 610 then the parameters for using the analog Ramp B circuit
will be adjusted to make it more aggressive. On the other hand, if current level at the endpoint 629
was above the nominal current level 610 then the parameters for using the analog Ramp B circuit
will be adjusted to make it less aggressive.

[00111] In the particular embodiment illustrated in Figure 4A, the current modulation
circuit 490 used analog ramp circuits (491 and 492) as analog computers to create a predicted model
of the line current behavior when the FET 461 is switched in order to estimate when to switch FET
461. The analog ramp circuits (491 and 492) are calibrated by a digital system that tested the results
after each usage to determine if the parameters for the analog ramp circuits needed to be adjusted
thus forming a closed loop system.

[00112] However, in various alternate embodiments, a digital system may be used to
predict when to switch the FET 461 in order to return the current level back to the nominal current
level at the end of the half of a bit cycle. In such a system, analog to digital converters would be
used to sample various relevant values and then a digital computer system, such as a digital signal
processor (DSP), would determine when to switch the FET. In such an embodiment, the digital
computer system may be used to model the future behavior of the electrical current on the driver line
ifthe FET 461 were switched. Similarly, the digital computer system could also estimate the current
in the line when the current could not easily be sampled. However, implementing such a digital
system would require high-speed analog to digital converters, more die area to implement the digital
process, and consume more power than the analog system as disclosed above.

[00113] In a very different embodiment of the current modulation circuit 490, current
mirrors could be used to drive the proper current on the driver line. However, such an
implementation has been found to be less efficient that the disclosed combination of a transistor 461
controlling an inductor 462 to control the current on the driver line.

[00114] Referring back to Figure 4A, the LED Line driver IC 420 includes a power
system circuit block 480. The power system circuit block 480 receives source power from an
external power supply 410 and uses that power to generate the needed power signals to operate the
LED Line driver IC 420. In one embodiment, the power system circuit block 480 receives a

relatively high voltage source, around 10 volts, that is used to drive the FET 493 in the Current
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Modulation block 490. Other needed voltage levels are generated from the input voltage source to
create voltage sources for other circuits in on the LED Line driver IC 420. A band gap voltage
reference circuit is used by the power system circuit block 480 to create the various voltage levels.
In one embodiment, the high voltage input is used to generate a regulated 5 volt supply for driving
analog circuitry and a 3 volt supply for powering digital circuitry in the LED Line driver IC 420.

[00115] In one embodiment, the 3 volt supply and/or the 5 volt supply from the power
system circuit block 480 have extra current generation capabilities such that the 3 volt supply and/or
the 5 volt supply can be used to power small external devices. For example, the 3 volt supply and/or
the § volt supply from the power system circuit block 480 may be used to power a small master LED
Controller system such as a microcontroller device coupled to the LED Line driver 425.

[00116] The LED Line driver IC 420 may implement a ground fault circuit interrupter
(GFCI) system for safety and compliance. Specifically, the power system 480 of the LED Line
driver IC 420 may receive information from the external power supply 410 as to how much current is
being transmitted down the driver line starting at point VSupply 411. Alternatively, the LED line
driver IC 420 may detect this current in some manner well known in the art such as using a current
sensor. This source current amount may then be compared with the amount of current a the end of
the driver line (the output current). For example, the amount of current reaching the end of the driver
line may be detected by measuring the voltage at point Vfetsrc 417, (Note that some current may
also pass toward the VClamp 412 location such that the current passing that location may also need
to be considered.) If the source current differs significantly from the output current then some
electrical current may be leaking to ground at a location other than the ground 465 of the power
supply 410 at the end of the driver line. If there is a current leaking to locations other than points
Vfetsrc 417 and VClamp 412, then some type of potentially dangerous malfunction may be
occurring. In response, the LED Line driver IC 420 may turn off the system and stop driving current
down the driver line. In some embodiments, the LED Line driver IC 420 may stop for a period of
time and then retry operation at a later time to determine if the problem was misdiagnosed or just a
transient problem. Whether a transient problem or a significant problem has been detected, the LED
Line driver IC 420 may transmit error and diagnostic information up to a controller system using
data output 431.

[00117] A Second LED Line Driver Embodiment that uses Dip Mode

[00118] As set forth earlier, there are various different methods that may be used to
modulate data on to the driver line. Figure 4B illustrates a second embodiment of a LED Line
Driver circuit 425 that uses a different type of Current Modulation block 490 along with different

external circuitry for modulating data onto a current. Specifically, the Current Modulation block 490

24

SUBSTITUTE SHEET (RULE 26)



WO 2011/056242 PCT/US2010/003124

and the associated external circuitry implement a "dip mode" modulation system that modulates data
onto a nominal current using current dips as illustrated in the timing diagram of Figure 3C.

[00119] Referring to Figure 4B, the LED Line Driver circuit 425 uses two external
field-effect transistors (FETSs) (481 and 482) and a dual winding inductor 483. The Current
Modulation block 490 uses the first FET 481 to maintain a nominal current on the driver line loop in
a standard forward converter configuration using the primary winding of the inductor 483. The
Current Modulation block 490 uses the second FET 482 to drive the secondary winding of the
inductor 483 so that when the second FET 482 is enabled the loop current quickly drops to 0. This
drop of current is referred to as a 'current dip' and the Current Modulation block 490 modulates data
onto the line using such current dips. The Current Modulation block 490 includes a loop current |
sense circuit 496 that monitors the current on the driver line by measuring the voltage just above
resistor 494 to ground 465.

[00120] In one embodiment, the current Modulation block 490 modulates data onto the
driver line by modulating the timing of the current drops. In this manner, the LED units coupled to
the driver line may demodulate the data by detecting current drops and determining the relative
timing between the different current drops. For example, in the timing diagram of Figure 3C, the
line driver modulates a zero ("0") data bit with a current dip 1/4 of the way into a data bit time period
and modulates a one ("1") data bit with a current dip 3/4 of the way into a data bit time period.

[00121] Rather than using a single dual winding inductor, a system may be
implemented with two different inductors. A first inductor may be used to maintain current on the
driver line. A second inductor may be used to create the current drops using the second current dip
driver FET 482. In such an embodiment, the loop current may be sensed using resistors in the source
terminal of the FETs to ground, turning the current maintenance FET 481 off when loop current
reaches a proper value, and turning FET 481 back on when the second FET 482 modulates a bit and
the current has dropped below the proper value.

[00122] Adjustable Current Based on Energy Requirements

[00123] In the system of the present disclosure, the current used to drive circuits on the
units coupled on the driver line is decoupled from the current driven on the driver line. Specifically,
each individual unit coupled to the driver line creates its own local energy reservoir in a capacitor
and operates using that local energy reservoir. Because of this, it is possible to have generate local
currents on each unit (such as currents used to drive LEDs) that are significantly larger than the
current on the driver line. However, the total average power used by all of the individual nodes on a

driver line cannot exceed the total average put on the driver line by the line driver circuit. Thus, the
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peak power usage by individual units may temporarily exceed the power on the available on the
driver line due to the use of local capacitors that act as energy reservoirs.

[00124] When the cumulative power usage of all the individual units coupled to a
driver line drops significantly below the amount of power available on the driver line current, then
some of the power from the driver line current will be wasted. Specifically, various resistive
elements on the driver line, such as the shunts on each individual unit and the driver line wire itself,
will waste power proportional to I’R where I is the current on the driver line and R is the cumulative
resistance of the resistive elements on the driver line.

[00125] To prevent this unnecessary loss of energy, a line driver may instead reduce
the amount of current placed on the driver line when it is known that less power will be required by
the individual nodes on the driver line. For example, if the individual units on the driver line are
LED units used to construct an outdoor digital LED sign then those individual LED units will require
significantly less power at night. At night, human's pupils will dilate such that more light enters the
eye such that less energy will be required to make the sign visible. Thus, when a digital LED sign
operates at night, far less power will be required to operate the sign. This will improve the sign's
appearance and save energy.

[00126] To take advantage of this fact, the LED line driver can reduce the nominal
current amount to a lower level that still provides enough power to operate all the individual LED
units. The individual LED units on the line will still drive each local LED with an appropriate
current amount but a reduced duty cycle will be used to reduce the brightness of the LEDs. Since the
reduced duty cycle requires less power, the individual LED units will draw less power from the
driver line. Thus, the line driver can reduce the nominal current level on the driver line. Since
power losses due to parasitic resistance is proportional to the current squared (power loss of I’R),
reducing the nominal current can save significant amounts of energy.

[00127] Note that a master control system will know when it is appropriate to reduce
the current level output by the line drivers since that master control system provides the data for
controlling the brightness of the LEDs. Thus, a master control system will determine when the
various line drivers should lower (and raise) the nominal current level.

[00128] Figure 6D illustrates a timing diagram of the current signal produced by a line
driver as it changes from a day operation mode to a night operation mode wherein the energy
requirements are reduced. The line driver slowly drops the nominal current level 610. The data
continues to be modulated around the nominal current level. As long as each of the individual LED
units on the line can track where the nominal current level is, each LED unit can adjust itself to the

gradually changing nominal current level 610.
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[00129] Alternative Current Line Drivers

[00130] Although the primary embodiments disclosed in this document mainly
describe direct current (DC) powered embodiments, it is possible to create alternating current (AC)
embodiments. Direct current embodiments have the advantage that integrated circuits natively
oberate using direct current. However, units coupled to an AC line may include additional circuitry
to create local direct current for powering the integrated circuit on the unit.

{00131] There are several different methods of creating a system that operates with
alternating current. A first method would have an AC line driver unit power two different strings.
Diodes at the line driver would be used to have one string operate using positive pulses and the other
string operating using negative pulses.

[00132] In another embodiment, diodes may be used at the individual line units such
that each line unit operates with a half-wave rectifier. Using a local diode, the individual line units
chips may be configured to only see one current direction. Half of the individual units may be
configured to see current on positive pulses and the other half of the individual units may be
configured to see current on negative pulses. In a more expensive embodiment, each line unit
coupled to the driver line may included a full wave rectification system to maximize current
utilization. .

Various different systems may be used to modulate data onto a driver line with AC current.
The modulation systems may use phase, frequency, duty cycle, or run length encoding. There are
some advantages that may be achieved using alternating current AC to drive a current loop. For
example, alternating current allows transformer coupling such that loop voltages higher than readily
available semiconductors can generate may be available at each unit on the driver line.

[00133] The Individually Controlled LED Unit
[00134] As set forth in the preceding sections and illustrated in Figure 2A, the LED

line driver circuit 220 drives a modulated current source on driver line 221 that is coupled to one or
more individually controllable LED units (250-1 to 250-N). The only means of electrical contact to
a LED unit 250 is through that single driver line 221. Thus, a LED unit 250 must receive all the
resources the LED unit 250 needs to operate from that single driver line 221. To accomplish this, the
driver line 221 serves multiple functions for the LED units 250. Each of the LED units (250-1 to
250-N) draws its needed operating power from the electrical current on driver line 221. Each LED
unit also demodulates LED control data modulated onto that electrical current by LED line driver
circuit 220. In one embodiment, each LED unit 250 also uses the nominal electrical current level of
the driven on the single driver line 221 as a current reference value. This section describes the

internals of the LED units 250 in greater detail.
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[00135] Figure 7 illustrates a block diagram of one embodiment of an individually
controllable LED unit 750. In the particular embodiment illustrated in Figure 7, the LED unit 750 is
made up of a LED controller 760, four light emitting diodes (ILEDs) 781, and a supply capacitor 729.
The supply capacitor 729 captures, stores, and supplies operating power to the LED unit 750. The
LED controller 760 may be an integrated circuit that provides most of the functionality of the LED
unit 750.

[00136] The LED unit 750 is coupled to string that is driven by an upstream LED line
Driver circuit (such as the LED line driver 4285 illustrated in Figure 4A) through driver line input
721. Specifically, the driver line input 721 provides a modulated electrical current source to a power
system 720 on the LED controller 760. The operation of the power system 720 will be described
with reference to Figure 8.

[00137] When a line of LED units is operating in normal operation mode, very few
LED units will attempt to draw charge from the driver line at the same time such that the cumulative
drop across all of the LED units coupled the line will not be very large. For example, if a driver line
has 48 LED units wherein each LED unit draws 4 Volts when charging but only 1/4 of the LED units
will attempt to a charge at any particular time, then the power supply only needs to supply a total of
48 units * 4 Volts/unit * 1/4 or 48 Volts. However, when a line driver initially commences
operation, that line driver must activate all of the LED units on the driver line. Initially, every LED
unit on the same driver line will all attempt to charge at the same time to start operation. If only 48
Volts is available from the power supply during start-up then this may result in each of the LED units
charging to about 1 volt (48 Volts / 48 LED units) and then being stuck in a non-operational state.
Thus, while a particular power supply voltage amount may be enough to operate a line of LED units
once the entire system has initialized, that same power supply voltage may have difficulty in starting
up all the LED units coupled to the driver line. A

[00138] To solve this potential problem, the power system on each of the LED
controller chips includes an analog boot-strap power circuit that causes the LED controller chip to
draw current up to a specified fairly low voltage limit and then the start-up power system switches
off as the voltage increases. Thus, when a LED controller 760 starts in a powered-down state, the
analog boot-strap power system is initially activated as set forth in stage 805. The analog boot-strap
power system draws increasing current while testing if it has exceeded a specified low voltage
threshold (approximately 1.3 Volts in one embodiment) at stage 807. When the analog boot-strap
power system reaches the specified threshold voltage value, the analog boot-strap power system is
turned off and the main power system 720 is activated. The main power system 720 will begin

drawing charge from the driver line to charge the local supply capacitor 729 at stage 810.
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[00139] This charging of the local supply capacitor 729 will increase the voltage drop
across the LED controller 760 from the driver line input 721 to the driver line output 722. The
increased voltage drop across this LED controller 760 will thus mean less voltage for the other LED
controllers on the same line such that the other LED controllers will not reach the threshold to start
charging. When a LED controller completes charging, the power system 720 of that LED controller
will shunt the current directly from the driver line input 721 to the driver line output 722 and operate
on local power from the local supply capacitor 729 thus significantly decreasing the voltage drop
across the LED controller 760. This allows other LED controllers on the same line to receive
increased voltage such that one of the other LED controllers will pass the threshold voltage value and
commence charging.

[00140] For this start-up system to properly work, the average voltage of a LED
controller chip must drop once that LED controller chip has charged up. Thus, the operating current
of the LED controller chip divided by the switch off threshold multiplied by the current draw must
be less than the loop start-up current. In order to meet this requirement, the LED controller chips are
designed to draw very little current until the line driver on the string decides all the LED units on the
loop have fully started and sends commands to enable normal operation. In one embodiment, the
LED controller chips have a start-up threshold voltage of 1.3 Volts @ 15 milliamps and an initial
operating current of 2.4 milliamps @ 3.5 Volts. Since 2.4*(3.5/1.3) is less than 15ma, the start-up
condition is met. Thus, the line driver of the only needs to be able to generate 1.3 Volts times the
number of LED controller chips on the line to ensure a proper start-up of all the LED units coupled
to the line.

[00141] Referring back to Figure 8, after a LED controller has passed the threshold
voltage, the power system 720 will charge up the external supply capacitor 729 at stage 810 until the
power system 720 determines at stage 815 that the external supply capacitor 729 enough power to
activate the logic circuitry in the LED controller 760 (including the power system 720). The external
supply capacitor 729 essentially acts as a small battery for powering the LED controller 760 on the
LED unit 750. The power system 720 will periodically unshunt to draw current from the driver line
721 to recharge the supply capacitor 729 as power requirements dictate.

[00142] Once enough power is stored in external capacitor 729 to begin operation, the
circuitry in the LED controller 760 will then enter a start-up mode at step 820 wherein only a subset
of circuits are active. For example, the LED driver circuits 780 are not yet active. During the start-
up mode, the control circuitry in the LED controller 760 will perform a set of start-up actions
wherein the LED controller 760 configures itself based on the state of non-volatile fuses in the fuse

block 741. The LED controller 760 will then wait at stage 825 for a command to commence normal
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operation. During this wait stage 825 the LED controller will not activate any LEDs and will draw
very little power while in order to other LED units on the same driver line to charge up and enter the
start-up mode without creating a high cumulative voltage on the driver line. Basically, during the
wait state 825 the LED controller will only lock onto the driver line data stream to listen for
commands and occasionally draw power to continue operating.

[00143] After the line driver has determined that the entire loop has started, the line
driver will send out various commands to the LED units to configure the LED units and allow the
LED units to enter a normal operation. The commands sent to configure the LED units include
commands for current tweaks, calibration, brightness scaling, addressing, and driver circuit routing
as will be described in later sections. Upon receiving the proper commands, the LED controllers 760
will enter a normal operating mode at step 840.

[00144] During normal operation 840, the power system 720 will monitor the state of
charge in the supply capacitor and switch from line shunting to capacitor charging as necessary to
ensure that sufficient charge is available in the external capacitor 729 in order to operate the LED
controller 760. Specifically, when power is needed, the shunt will be turned off and charge will
accumulate in the external capacitor 729. When the capacitor is deemed full, the power system 720
stops charging and shunts the line current such that the current coming in driver line input 721 passes
through power system 720 to driver line output 722 with just a small voltage drop. The current
passing out the driver line output 722 will drive subsequent downstream LED units and eventually
loop back to the LED line driver circuit to complete the circuit.

[00145] In addition to maintaining the needed charge in the capacitor to operate, the
power system 720 may also be used to carefully monitor the power needs of the LED controller 760
at stage 845 such that the amount of charge stored in the capacitor may be adjusted accordingly. For
example, when a LED controlier 760 first turns on some blue LEDs, the power needs of the LED
controller 760 may increase such that the system proceeds to stage 850 to indicate the additional
needed power to drive the blue LEDs. If the LED controller 760 later turns off the blue LEDs and
turns on lower-power consuming red LEDs, then the LED controller 760 may proceed to step 860 to
indicate that less power is needed to drive the LEDs. In this manner, the LED controller 760 uses
power in a very efficient manner since only the minimum needed voltage to operate the LED unit
750 is maintained on the external capacitor 729.

[00146] If there are a large number of LED units 750 on a single driver line, then the
cumulative voltage of multiple LED units 750 in series wherein each LED unit 750 is attempting to
charge a local capacitor can become high. In a worst case situation, every LED unit 750 on a driver

line may attempt to draw charge at the same time such that the cumulative voltage drop on the line is
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the number of LED units on the line multiplied by the voltage drop across each LED unit when
charging. With a driver line having many LED units, this cumulative voltage drop may become a
problem due to regulatory compliance or power supply limitations.

[00147] To prevent the worst case situation, the current on the driver line may be
increased and the multiple LED units 750 on the same driver line can be instructed to draw charge in

-a coordinated manner. For example, only a limited number of LED units 750 may be permitted to

unshunt to charge the local supply capacitors at the same time. By using an increased amount of
current on the line, each LED unit 750 on the line will be able to charge its supply capacitor at a
faster rate. By increasing the line current and limiting the number of units that may simultaneously
draw current, the overall voltage of the line can be kept within a prescribed range.

[00148] One method of coordinating the shunting of different LED units 750 is on a bit
by bit basis. Each data bit in the data frame can be assigned a number starting from zero to N-1
wherein N is the number of bits in a data frame. Then, each LED unit 750 can be instructed to only
unshunt every X bits where X is a number selected by the LED line driver. For example, if the
number four is selected as X then first group of LED units 750 will only unshunt when the bit
number modulo 4 = 0 (bits 0, 4, §, etc.). A second group of LED units 750 will only unshunt when
the bit number modulo 4 =1 (bits 1, 5, 9, etc.) A third group of LED units 750 will only unshunt
when the bit number modulo 4 = 2 (bits 2, 6, 10, etc.). And a fourth group of LED units 750 will
only unshunt when the bit number modulo 4 =3 (bits 3, 7, 11, étc.) By coordinating unshunting on a
bit by bit basis (as opposed to a longer time period) every LED unit 750 will not have to wait very
long before being given another time when the LED unit can draw more charge from the driver line.

[00149] The power system 720 may include an analog circuit section that generates a
band-gap reference voltage and has the capability to set the regulated voltage to just the right amount
to allow all the local LEDs to turn on as set forth above. The power system 720 monitors for bad
LED outputs (short circuits or open circuits) and attempts to regulate the voltage to the minimum
voltage level needed to work with the LEDs that are powered on. All changes to the shunt/unshunt
operation of the line current is performed in coordination with the data on the line, so that all LED
chips are transitioning at the same time. This coordination is done to minimize potential data errors.

[00150] The analog section of the power system 720 contains a band-gap reference,
that is used as a voltage reference for thfee of the power system’s four main power related functions.
First, the band-gap reference is used to generate a voltage source (approximately 2.8 to 3.2 volts) for
the core digital circuitry. Second, the band-gap reference is a reference to a digitally controlled
voltage divider circuit that samples the LED driver supply and compares it to the band-gap reference.

Finally, band-gap reference voltage may be used in an over-voltage/over-current detector. The over-
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voltage detector uses carefully matched poly resistors to detect excessive voltage on the LED driver
supply and measure line current. The over-voltage detector is enabled any time the capacitor 729 is
charging. If there is an insufficiently sized capacitor such that an over-voltage condition is detected,
then the chip will transition immediately to protect the chip.

[00151] The fourth function of the power system 720 is line shunting operation
performed by a line shunt and line current rectifier section that is digitally set to shunt line current to
the driver line out 722 or charge the supply capacitor 729. In normal operation, the power system
720 will periodically unshunt the line current such that current is directed to recharge the supply
capacitor 729. This unshunting may be performed in a manner coordinated with other LED units
coupled to the same driver line such that not too many LED units are simultaneously attempting to
draw power current from the driver line.

[00152] The power system 720 unshunting of the driver line 721 to charge the supply
capacitor 729 is a very critical function for the LED controller 760 since the charging of the supply
capacitor is required to obtain the electrical power required to operate the LED controller 760.
Similarly, the shunting of the driver line 721 after supply capacitor charging is also very critical
since if the power system 720 fails to quickly shunt the current to the output driver line 722 when the
supply capacitor 729 is fully charged, then the LED controller 760 may malfunction due to excessive
voltage that breaks down the integrated circuitry of the LED controller 760. Thus, the shunting and
unshunting of the input driver line 721 is a task that requires careful control by power system 720.

[00153] Fortunately, this situation requiring a careful balance provides a very graceful
manner in which a malfunctioning LED controller on a driver line in series with other LED
controllers may malfunction without significantly affecting the other LED controllers on the same
driver line. Specifically, if the circuitry in a malfunctioning LED controller 760 malfunctions in
some manner wherein the power system 720 no longer charges the external supply capacitor 719 but
instead remains in a permanent shunted state, then that vpower system 720 acts as a short circuit that
the line current passes through (generally with a slight voltage drop across the shunt). Thus, the
other individual LED controllers on the same driver line will continue to receive current from the
line driver.

[00154] On the other hand, if the circuitry in a malfunctioning LED controller 760
malfunctions in a different manner wherein the power system 720 becomes stuck in an unshunted
state thus continually charging the external supply capacitor (and fails to enter a shunting state that
directs the current around the external supply capacitor), then that the power system 720 acts as an
open circuit that would affect all of the other LED controllers on the same driver line. However, all

of that current entering the LED controller 760 will increase the voltage across the power system 720
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of that LED controller 760 until the voltage across power system 720 eventually causes a breakdown
of the integrated circuit (similar to a Zener diode or perhaps just a short circuit). Once such a
breakdown occurs, the driver line current will then again pass from the driver line input 721, through
the malfunctioned LED controller 760 and out the driver line output 722. The current passing
through the malfunctioned LED controller 760 will then allow the other LED controllers on the same
driver line (721 and 722) to continue operating normally. For additional protection,'a breakdown
device (such as a Zener diode or similar device) that requires a higher voltage than normally
exhibited by the LED controller 760 may be placed in parallel with a LED controller 760. In this
manner, if the LED control'ler 760 malfunctions in an open circuit manner, the voltage will increase
until the higher voltage needed to activate the breakdown device is reached thereby causing an
electrical path around the malfunctioned LED controller 760.

[00155] To prevent damage to the LED controller 760, a temperature system may
monitor the temperature of the LED controller 760 integfated circuit. If the temperature exceeds a
danger threshold, the power system 720 may enter a shut down state to prevent any damage to the
LED controller 760. In one embodiment, the power system 720 may enter a state wherein the power
system 720 enters a permanently shunted state such that current coming in the driver line input 721
passes directly through to the driver line output 722. In this manner, the other LED units on the
same driver line can continue to operate normally. If a particular LED controller 760 repeatedly
enters such a shut down state, that LED controller 760 may need to be replaced. In other
embodiments, the LED controller 760, may enter a reduced functionality state wherein just a subset
of the electronics continues to operate and it only rarely unshunts to obtain additional power. In this
manner, the LED controller 760, could periodically retest the temperature and reactivate itself if the
temperature is reduced.

[00156] Two non power related functions that may be provided by the power system
720 are the creation of a current reference value and the creation of a current copy for data
extraction. To drive a LED with the most consistent light output properties, a constant current
amount should be passed through the LED. When the brightness of a LED is controlled by varying
the amount of current passed through the LED then the spectrum of colors emitted by the LED may
vary with the amount of current passed through the LED. Since a consistent spectrum of colors is
the ideal goal, the technique of modulating the current amount does not provide the desired
performance. Furthermore, the brightness of a LED has a non linear relationship to the current
strength such that it is difficult to accurately control the LED brightness using current variance.

[00157] Instead of using the current strength to control the brightness of an individual
LED, the brightness of a LED is typically controlled by controlling a timed on/off duty cycle of a
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constant current amount. One well-known system of implementing this technique for controlling
power is generally known as “pulse width modulation” since the brightness of the LED is
proportional to the width of constant current strength pulses during a defined time period. In one
embodiment, the system of the present disclosure uses a different technique wherein both the number
of constant current pulses and the width of those constant current pulses during a defined time period
are modulated to obtain the desired brightness. This alternative system is named “Reduced Flicker
Modulation” (RFM) and will be fully described in a later section covering the LED driver circuits
780.

[00158] For optimal LED output performance, the amount of cﬁrrent used to drive the
LEDs 781 during each constant current pulse should as consistent as possible. Thus, a consistent
current reference value is needed. Various different methods may be used to create a current
reference value. Two different systems of having the power system 720 create a current reference
value are hereby provided.

[00159] A first method of having the power system 720 construct a consistent current
reference value is to use a voltage reference value. Specifically, a consistent current reference value
may be created by generating a consistent voltage reference value with a band-gap circuit and then
passing that consistent voltage reference through a resistor to create a desired consistent current
reference value. This current reference value may then be provided to the LED driver circuits 780
that will use the current reference to create a constant current that will be used to drive the LEDs 781
in a consistent manner.

[00160] In an alternate embodiment, the power system 720 may create a current
reference by sampling the current on the driver line. Specifically, the power system 720 may sample
the driver line current to determine an average driver line current value (the nominal line current as
illustrated in Figure 3A) from the driver line 721. This average line current value may then be used
as a current reference value to the LED driver circuits 780. The driver line current average is only
updated/determined while the power system 720 is shunting the driver line.

[00161] The other non power related function performed by the power system 720 is
the creation of a line current copy for data extraction. To enable the recovery of data modulated onto
the line current of driver line 721, the power system 720 provides a downscaled copy of either the
shunting current sense or the unshunting (or diode) current sense to the data extractor block 730.

The shunting current sense is provided when the power system 720 is in shunting mode and the
unshunting (or diode) current sense is provided when the power system 720 is charging the external

supply capacitor 729.
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[00162] The clocking and data extractor block 730 receives a copy of the driver line
current from the power system 720 and is responsible for demodulating the data (such as LED
controller configuration commands and actual LED control data) that has been modulated onto the
driver line current by the LED line driver circuit 425 of Figure 4A. In order to demodulate the data
from the driver line current, the data extractor block 730 must first generate its own internal clock
signal, then use a digital phase-locked loop (DPLL) to synchronize itself with the data rate of the
data modulated onto the driver line current, and finally properly align itself with the current ramps
modulated onto the driver line current to extract the data.

[00163] To generate an internal clock signal, a digital subsection of the clocking and
data extractor block 730 implements a fast ring oscillator and has an associated section of digital .
logic that runs at the fast ring oscillator rate. This fast oscillator rate digital logic subsection provides
several functions that can only be provided with the faster clock rate. First, the fast clock section
provides the digital support to ensure the centering logic that locates the center of current ramps is
properly centered on the line current data stream. The second function is a divide by N counter of
the fast free running ring oscillator clock. The divide by N counter only updates on core clock
boundaries to help prevent glitches. The divide by N counter value from the fast clock section is
used to help implement the DPLL circuit that locks onto the data modulated on the driver line 721.
The data rate of the data stream on the driver line obtained using the digital phase-locked loop circuit
is then used to create a core clock signal that is used to drive most of the LED controller 760. In one
embodiment, the core clock rate operates at eight times (8X) the data rate of the driver line.

[00164] In one embodiment, the clocking logic initially sets a fixed value into the
divide by N counter, and counts the shunt A/D converter crossings to generate an initial estimate of
the data clock frequency value. The clocking logic then loads this initial estimated frequency value
into the digital phase-locked loop circuit and the digital phase-locked loop circuit tries to lock onto
the driver line data rate. If the clocking logic does not obtain a lock confirmation from the digital
phase-locked loop circuit within a particular time period, it enters a resynchronization mode where
the clocking logic restarts the clock frequency measurement process. ‘

[00165] The main portion of the clocking and data extractor block 730 operates at the
core clock rate that is generated using the digital phase-locked loop circuit. Much of main portion of
the clocking and data extractor block 730 comprises the circuitry used to implement that digital
phase-locked loop circuit (with help from the fast clock section).

[00166] In addition to the digital phase-locked loop, the main portion of the clocking
and data extractor block 730 includes the data extractor logic for extracting the actual data from the

driver line signal. The data extractor logic is responsible for discriminating between the data center
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and data edge transitions because the digital phase-locked loop might lock to the data bit edge
transition instead of the data bit center. Specifically, referring to Figure 9A, the ramp mode signal in
a proper data bit time 921 may appear almost identical to the signal in an incorrect data bit time 922
where the DPLL has locked onto the data bit edge transition instead of the data bit center. To
prevent this problem, the data extractor logic looks for the signal before data bit center to be different
than after the center since a proper data bit will always appear this way. Specifically, incorrect data
bit time 925 illustrates how the signal appears the same both before 931 and after 932 the incorrect
data center (an actual data bit edge). This informs the data extractor logic that the digital phase-
locked loop has locked onto a data bit edge transition instead of a data bit center. If there are too
often the same value before and after, the data extractor logic moves the alignment a 1/2 bit cycle to
properly align with the data bit center.

[00167] Figure 9B illustrates the same problem for a dip mode modulated signal.
Referring to Figure 9B, the dip mode signal in a proper data bit time 971 may appear almost
identical to the dip mode signal in an incorrect data bit time period 972. To prevent improperly
locking onto the wrong data bit period, the centering circuitry ensures that the first half and the
second half of the data bit period are different. Thus, if the bit time period contains no dips as
illustrated in time period 975 or the bit time period contains two dips as illustrated in time period 976
then the centering logic will determine that it has locked onto the wrong time period.

[00168] Referring back to Figure 7, after obtaining a proper lock onto the data rate and
properly aligning with the data bit centers, the clocking and data extractor block 730 passes the
demodulated data stream to the data processing core 740. The data processing core 740 is a block of
digital logic that processes the incoming LED control data. In one embodiment, the data processing
core 740 is responsible for identifying individual data frames; parsing the data frames to obtain LED
controller configuration commands, LED control commands, and LED parameter data; and then
executing the commands extracted from the LED control data.

[00169] In one embodiment, the first action performed by the data processing core 740
on incoming LED control data is descrambling of the data stream. The data stream encoded onto the
driver line 721 may be scrambled for various different reasons.

[00170] One reason for scrambling is to prevent the LED unit 750 from locking to the
wrong data framing signal. Ifa LED control data value repeatedly sent to a particular LED unit 750
happened to be the same as the framing synchronization header value, then the LED controllers
might lock to the wrong place of the data stream and never see valid data frames. Scrambling of data
prevents this situation since even if the data payload is fixed value, the data scrambling causes it to

be different on the driver line each data frame. Thus, the data scrambling greatly reduces the
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probability of creating false framing patterns in the data stream. Another reason to scramble the data
is to reduce electromagnetic interference issues since the scrambling of the data spreads out the
energy. To handle the scrambled data stream, a descrambler unit 742 in the data processing core 740
initially processes the incoming data by looking for frame synchronization markers and then
descrambles the scrambled data frame to obtain the actual data commands in the data frame.

[00171] In one particular embodiment, a LED control data frame consists of 40 bytes
as illustrated in Figure 2B. The following table illustrates the structure of the example data frame
illustrated in Figure 2B:

[00172] Table 1 — Example Data Frame

Name Byte Function/Value
Position

This is the ‘start frame’ synchronization indicator for the state

StartFrame | [0] machines to lock onto. This value is not scrambled.

Cmd [1] The command which is being send to the LED controller.
The LED controller address associated with the frame. This address
Addr [2] is used to select which LED units on a driver line will respond to the

command in this data frame

36 byte payload. For LED control commands, this data payload is the
parameter data associated with individual pixels may be 4, 6, 8, or 12
bits wide. For LED controller configuration commands, the payload
data may identify fuses or control registers to be changed.

Payload [38:3]

A CRC check, which can be enabled to improve immunity to any

CRC [39] erroneous commands.

[00173] Referring to the preceding table, the first byte is a frame header used to
indicate the start of a data frame. The frame header byte is not scrambled and the remaining thirty-
nine (39) bytes may be scrambled using a v.34 self synchronizing scrambler. The data frame
detection logic of the descrambler unit 742 searches the incoming data for a repeating frame header
in the data stream. The descrambler unit 742 attempts to lock onto that pattern. If no data frame is
found after a certain amount of time then the descrambler unit 742 will inform the clocking and data
extractor block 730 of the problem. The clocking and data extractor block 730 may then switch to a
new frequency and assert a resynchronize signal. This action will reset any possible frame locks that
might have been started and start the frame detection logic of the descrambler unit 742 searching for
a data frame once again.

[00174] When the frame detection logic of the descrambler unit 742 detects a data
frame pattern, the descrambler unit 742 will assert a valid frame signal back to the clocking and data
extractor block 730 to indicate valid data. In one embodiment, the descrambler unit 742 is active at

least one frame before the data parser block 743 gets valid data to make sure that the descrambler
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unit 742 has locked onto the incoming data stream and has the proper output data. This ensures that
the descrambler unit 742 has synchronized with the incoming data stream. Once the descrambler
unit 742 has obtained a proper lock on the incoming data and completed descrambling processing,
the descrambler unit 742 passes the descrambled data frames to the Data Parser 743 for processing of
the contents of the data frame.

[00175] The Data Parser 743 parses the data frames. The Data Parser 743 identifies
the command in the data frame (a LED controlier configuration command or a LED control
command) and decodes the payload of data frame (LED controller configuration parameter or LED
control data parameters). In one embodiment, the Data Parser 743 will perform the optional cyclic
redundancy code (CRC) check and if the data is good the Data Parser 743 passes the decoded
command and parameter data to execution logic in the data processing core 740.

[00176] In one embodiment, the Data Parser 743 has multiple different pixel
addressing modes that are used to determine if a particular data frame that was received should be
applied to this specific LED controller 760. A standard addressing mode places a specific LED unit
address in the address field of a data frame. In one embodiment that address specifies a start address
for the LED control data in the data field. The specific LED unit identified in the address field will
use the first item of LED control data in the payload field up to the LED control data width. The
next sequentially addressed LED unit will use the next item of LED control data in the data payload
field up to the LED control data width and so on; In other embodiments, the address may specify a
single LED unit or a specified number of consecutive LED units. Note that in the present system, the
size of the data payload is 288 bits such that it may store even multiples of 2, 4, 6, 8, or 12 bit wide
data values.

[00177] In a group address mode, the LED control data in the data payload wiil only be
applied to LED units assigned to a particular group. The control data may simply be applied to all
the LED units in the group. In one embodiment, the system uses a bitmap processing engine that
may examine a bit map in the payload to determine which subset of LED unit members of a group
should change and how those LED unit members should change. Thus, each LED is addressable
individually in the standard linear addressing system and each LED is addressable individuaily as
part of an assigned group.

[00178] Data errors detected by the cyclic redundancy code (CRC) check may be
handled in various different manners. In one embodiment, if the optional CRC protection has been
enabled, the data processing core 740 will start to ignore data if two CRC errors are detected during a
window of about 25 data frames. Furthermore, the LED outputs may be turned off during this period

and the data processing core 740 will not respond to new commands. In one embodiment, the data
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processing core 740 will continue examining incoming LED control data frames until four data
frames with correct CRC values are received. At that point, the data processing core 740 will begin
processing new commands.

[00179] Many different types of commands may be implemented on a LED Controller
760. In one particular embodiment, three main types of commands are implemented: a pixel data
update without a global update, a pixel data update with a global update, and a write to a control
register within the LED Controller 760. A pixel update without a global update stores a set of
parameters for driving one or more LEDs into a shadow register. However, those LED parameters
are not immediately used. Then, when a global update command is received (addressed to this LED
controller 760 or any other LED controller) the stored pixel data parameters are then used change the
output of the LED driver circuits 780. In this manner, changes to many pixels can be synchronized
as is needed for video displays and other display systems that operate with a series of distinct display
frames.

[00180] When the data processing core 740 receives a write to a control register, the
data processing core 740 will identify the appropriate control register in the control registers & fuses
block 741 and write the associated data value into that control register. The contents of the control
registers are volatile control bits that control the operation of the circuitry in the LED controller 760.
Certain patterns of writes to control registers can be used to activate various functions instead of just
setting the value of a specified control register.

[00181] In addition to the volatile control registers, the control registers & fuses block
741 also contains a set of non volatile fuses. The fuses may be burned in order to specify a set of
permanent configuration information in a LED controller 760. For example, one embodiment of a
LED unit 750 implements an eight bit address value using eight fuses. In this manner a string of 256
uniquely addressable LED Units may be coupled to a single LED line driver circuit. To program the
fuses in the control registers & fuses block 741, a specific pattern of writes to specified control
register addresses is sent. (Note that there may or may not actually be real control registers at those
specific control register addresses.) When the proper pattern of writes to specified control register
addresses is sent, the data processing core 740 wiil burn a particular identified fuse in the control
registers & fuses block 741.

[00182] The fuses in the control registers & fuses block 741 may both be used by a
manufacturer that creates LED controllers 760 and a user of LED controllers 760. The manufacturer
may use the fuses in the control registers & fuses block 741 to create a wide variety of different LED
controllers with different performance characteristics and capabilities from the same integrated

circuit design. For example, fuses in the control registers & fuses block 741 may be used to specify
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the number of LEDs controlled by the LED controllers 760, the accuracy of the LED control (4 bit, 6
bit, 8 bit, or 12 bit, in one embodiment), and various other LED controller features that may be
enabled or disabled. In this manner, the manufacturer of LED controllers 760 may segment the
marketplace of LED controllers 760 depending on how many features are required for a particular
application.

[00183] Fuses in the control registers & fuses block 741 may also be used to store
calibration information in LED controllers 760. Imperfections and inconsistencies in semiconductor
process technology mean that no two integrated circuits will behave exactly the same. With purely
digital integrated circuits, small differences will not affect the operation due to the discrete quantized
data values used in digital circuits. (Large imperfections in the manufacturing of digital integrated
circuit devices will create inoperable devices that are discarded.) With the LED controller 760, the
presence of numerous analog circuits will mean that manufacturing differences may noticeably affect
the behavior of different LED controllers.

[00184] To deal with these behavioral differences, each individual LED controller 760
will be tested and various differences between different LED controllers can be compensated for by
using the fuses to store calibration data that adjusts for slight differences between different LED
controllers. For example, the brightness of a LED is controlled by the amount of current that passes
through the LED. But due to imperfections in integrated circuit manufacturing, the amount of
current provided by the LED driver circuits 780 of different LED controllers when commanded to
provide the exact same brightness level may not be identical. Thus, fuses in the control registers &
fuses block 741 may be used to store current tweak/trim values designed to calibrate the current
delivered to LEDs by the LED driver circuits 780. Each different LED channel on a LED controller
760 may receive its own individual current tweak/trim value.

[00185] Note that LEDs themselves may also suffer from imperfect manufacturing
technology. Different LEDs that receive the exact same amount of current will not output the exact
same brightness. Thus, by coupling LEDs 781 to a LED controller 760 before testing, slight
manufacturing differences in both the LED controller 760 and the LEDs 781 can be compensated for
with current tweak/trim calibration data programmed into the LED controller 760. This ability to
calibrate current output provided by the LED driver circuits 780 allows the LED controller 760 to
use less expensive LEDs that have not passed strict brightness calibration tests since the current
calibration values will compensate for the varying LED in addition to the varying LED driver
circuits 780.

[00186] The users of a LED controller 760 may program a set of user accessible fuses

for various different application specific features made available to the users. For example, a LED
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controller 760 may be designed to operate with either common anode LEDs or common cathode
LEDs. The usage of a CRC value to test data frames for errors may be specified by a fuse. And, as
set forth earlier, a set of device address fuses may also be user programmable.

[00187] On rare occasions, a fuse that has been burned out may later appear as not
burned out if various elements within an integrated circuit migrate due to heat or other causes. If this
occurs, the fuse programming done to a LED controller 760 may become corrupted thus causing the
device to operate improperly. To prevent this from occurring, one embodiment allows for extra
fuses that may be burned in order to implement an error correcting coding (ECC) scheme. Thus, ifa
fuse becomes unburned, the ECC can be used to determine which fuse changed and adjust the
operation of the LED controller 760 accordingly.

[00188] As set forth earlier, some embodiments of the disclosed system may allow the
LED line driver to request status from a LED unit such that the LED unit will respond to the status
request with the requested information. Similarly, some embodiments may have the LED units
provi'de an acknowledgement after receiving a command. To respond to a status request (or provide
an acknowledgement), the data processing core 740 may request the power system 720 to operate its
shunt circuitry in a manner that is detectable by the LED line driver during a specified time window.
In order to determine which LED unit 750 is responding, the LED line driver may only make one
request at a time or provide a different time window for each LED unit 750 to respond within.
Another method of signalling with the shunt circuitry is to have a power system perform a high
frequency burst of unshunt and shunt operations such that the LED line driver could detect a
frequency.

[00189] Referring back to Figure 7, the final circuit block of the LED controller 760 is
a circuit block containing LED driver circuits 780 for driving the LEDs 781. There is an
independent LED driver circuit for each LED output on the LED controller 760. In the embodiment
of Figure 7, there are four different LED driver circuits for driving the four different LEDs 781.
However, other embodiments contain LED driver circuits for handling a different number of LEDs
781. In the particular embodiment depicted in Figure 7 the LEDs 781 are wired in a common
cathode configuration. In a common anode 