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(57) ABSTRACT

An LED backlight structure and technique for setting the
voltages and currents for the LEDs are described. In one
embodiment, red LEDs are connected in series between a

first voltage regulator and a first controllable current source,
green LEDs are connected in series between a second
voltage regulator and a second controllable current source,
and blue LEDs are connected in series between a third
voltage regulator and a third controllable current source. The
current sources may linear current regulators. After all the
LEDs are mounted on a printed circuit board, each voltage
regulator is controlled so that there is a minimum voltage
drop across the current source to minimize energy dissipa-
tion by the current source. Also, after all the LEDs are
mounted on the printed circuit board, the current sources are
controlled to balance the three colors to achieve a target light
output of the board using a light detection chamber. In
another embodiment, a constant current source is connected
to the series string of LEDs. PWM controllers control
transistor switches connected in parallel across groups of
LEDs, where the duty cycles set the average current through
each group of LEDs. The control values used to achieve the
target light characteristics are then stored in a memory on the
board. With such a technique, LEDs do not need to be
binned to match their efficiencies, since the controllable
voltage and current sources compensate for the variety of
LED efficiencies. Accordingly, all boards will have the same
target light output using the particular values stored on each
board. In other embodiments, not all the LEDs of a particular
color are connected in series. The brightness levels of the
LEDs may be further controlled by a PWM controller. The
backlight may be for an LCD television or other color
display.

45 38

Voo \ 4 \ N 46
i | 1 !
SMPS -SMPS SMPS
Voltage Voltage Voltage
Source Source Source
Veer 71+ Yo Vage |+ Vo- . Veee |+ Jo
Vi Vre 5 Vo
GND | | L] :
; / ! /1 . B4 i
i R \E¥
: ! :
Yy — ; S
48 Li{r}\lase: . Linear ' Linear
. : - . CI3 |
e /R g mo |
\ ‘ —En - 1? ~— EN ‘D . EN ‘D
A “Currént Level ' ‘ :
Control "W Controlier B
PWM
Control
\
30

Petitioner Hisense USA Corporation
Exhibit 1006 - Page 1 of 19



Patent Application Publication Mar. 1,2007 Sheet 1 of 11 US 2007/0046485 A1

R =
VAA__‘lh m
14 N
T 2
L T £
N > ™
z o)
wl —
~N L
<
N
o~
©
A
\ : il Lo
>—P > SE— T
/111—35 ©
O v o
3 o)
e
O
/@ S’
°— 2|5 “
T |9 o
T LL
5
0
o
t
4)]
l o
"
Q.
g
-
o
L

Petitioner Hisense USA Corporation
Exhibit 1006 - Page 2 of 19



US 2007/0046485 Al

Patent Application Publication Mar. 1,2007 Sheet 2 of 11

AE

) A
n
\ §_o.zc,omm,. IM'
; ,._.9,6.. E,m::o.m
N3 “ N3 | N fal —T
Q, wv : Q, WY m, - WY Y : /m
S0 , | s | s, gy | ouen
Jeaur] ; Jeaury . ~ Fesur
O _‘v\ a \.v\
N A 4 t » 114
m | 1
II“/ . ' i
e - -
D—€D _mm D> ct M <
. [ ] |
8ip Sdp *A )
AQS Tor~ 4y .AH_&E>
8nog - |ainog aunog
sBeyop aBejop aBeyop
SdINS ‘ SdNS SdNS
» l < - | 5 i
: _ A
o g¢ S L€ v’ o€

lenuad
Wnd

[esuo)
v

aND

UU>

Petitioner Hisense USA Corporation

Exhibit 1006 - Page 3 of 19



US 2007/0046485 Al

Patent Application Publication Mar. 1,2007 Sheet 3 of 11

GG

¥s

14]

9 big

Aowsuw pieoq-uo
ul sanjea
|OJJUOD JUBLIND DALP BI0)S

A

pJeoq jo yndino
46| 1ob1e) ansIyoe 0} bBuls
@37 Yoea 1o} Juand SAUP 189S

A

$901Nn0S
Juauno ssouoe doip abejjon
aziwiuiw o} sabeyjjon aalp 189S

A

Bunss) {eondo Aq seuas ul
sS@37 JO Sa10UaIDYS BUILLRRQ

A

Bal1) pue Baip
u2aM}a(q SaLSS Uj J0|0D BUO

JO $O37198UU09 ‘gDd B UQ

G b4

104303 WA

Nos

Petitioner Hisense USA Corporation

Exhibit 1006 - Page 4 of 19



US 2007/0046485 Al

Patent Application Publication Mar. 1,2007 Sheet 4 of 11

. ‘Bl
m m 1 1 1 H
I Vo ! ! ioxua)
Wind
. _ . - deqonuop | 4 5D
A weuny [~ v
QJ N3 QU N3 m- E= mr. N3 .my ”._z.ml mv « NI wﬂ o * .
Wy ny WY 1N Wy 3/ WY \L/ L SR
s || | s so || | s so || g ousH
ioury s L mony | Jeur) . | meun e T
m ./
....... =
>
aND
©A

Petitioner Hisense USA Corporation
Exhibit 1006 - Page 5 of 19



Patent Application Publication Mar. 1,2007 Sheet 5 of 11

™

US 2007/0046485 Al

68

67

66

B

R
Fig. 8

Petitioner Hisense USA Corporation
Exhibit 1006 - Page 6 of 19



US 2007/0046485 Al

Patent Application Publication Mar. 1,2007 Sheet 6 of 11

6 b4

= R :
Lo — %H
[ 1] ' I lo5uoD
WS
Y,
- . _ J9jonuo] foquod
\.~ .|E |_ I.l ‘_ feac? wauny [~V Wy
o N3 .. . napH e N Na [ nap |
m Wy ﬁ Wy Q WY — A, Y mr Wy QJ Wy 8y a_
s || | s» s [--| | so] d e
Jesury seourt ) mouny | saury [N amhm._ Ema\w:,./ \
. . (84 oy yA4
- _‘ - - 3
—] . -1 ) - ’ -1 2
L A X A A
] 13 1 " "
L. 1 e ] 1 et | | ekttt
i H o i H
W A S Y SR \
BN b T B
s + b FEN S S 2
< g = < & &
T 7 1 aNo
7Y & C
% + oA + ‘.Wx> o
oMSQm ) samog m&:ow
alejion n efeyopr ] _abeyoA -
SdAS . Wm SdWS ™ wu_w‘% . //
| - I L8 | o9¢ o4

Petitioner Hisense USA Corporation

Exhibit 1006 - Page 7 of 19



Patent Application Publication Mar. 1,2007 Sheet 7 of 11 US 2007/0046485 A1

[0 0]
= A TR
=)
RE 3/
o -
) @)
o0 - —
A i
2" 3/ ) | |
Q
£ S S
(] o
O
O
|

80
S

Petitioner Hisense USA Corporation
Exhibit 1006 - Page 8 of 19



Patent Application Publication Mar. 1,2007 Sheet 8 of 11 US 2007/0046485 A1

I

I
L

(=]
S~ SP\ <| m | ol 01
S
S/ S/ S/
S/ / S/
Pt ) Pl Pt Pt Pt
:thl §hl 81 .
| © = | 2 %a—,
“: -— -~ o =
T £
cc
23
>
w -~
o 9 1 2 A
© o @ ] K] .
S |53 “12g| F|Z% — =
ll"g n_"g‘ n_"g Xx L
O o o ©
N
= >
[o]
£
[ H]
=

Petitioner Hisense USA Corporation
Exhibit 1006 - Page 9 of 19



US 2007/0046485 Al

Mar. 1,2007 Sheet 9 of 11

Patent Application Publication

1£4"

€cl

(44"

icl

0zl

¢l bi4

soljsuajoeleyd indino Y6 1a61e) sy}
aAey 0] pJeoq sy} asneo 0} dn-ue)s uodn
Alowawl Ul senjeA |013U02 peojuMO(]

[

wiod ayym pue ssauybiq jjeleno
3y} }snipe 0} 1asn 8y} Mo||e 0} SJ3||0uUoD
[BUJS)XD P3||CJUOD-1aSN SPIACI]

A

Alowsw pieoq
-UO UEB Ul S8NjeA [01JUOD NANG 81018

1

pJeoq ay} Joj Juiod ajym pue
ssaujybuq jabie} ay) }9sw 0} sg3T Jo
Buuys sauas ayj jo ssaujybuq je1ano ay}
}snipe 0] pue Bulys sauas ay; ul sg37 4o
sdnoub Jo ssaujybug isnipe 0} Jojsisues;
yoea 104 91940 AInp NAAG |01U0D)

1

s3] jo sdnoub
ssoloe sio)sisuel) Buiyoyms 3oauuco pue
92IN0S JUa.1INS JUB)SUOD B 0} J0j0d 3buls
B JO S(J37 S81I8S J93UU0d ‘gad B U0

Petitioner Hisense USA Corporation

Exhibit 1006 - Page 10 of 19



Patent Application Publication Mar. 1,2007 Sheet 10 of 11 US 2007/0046485 A1

™

N

112

y
y
) 4
y
y
y

- r%._
7 L) L Tl BEE
= - 0
- - -~ o =
SE |
o]
- A
- N /_ .
00/22 cn/ g o g D
2|g8| %|58| ~*|Z@ i
o c o c o c D
Q o o ~
O O o 5
“| g
£
(]
=

Petitioner Hisense USA Corporation
Exhibit 1006 - Page 11 of 19



Patent Application Publication Mar. 11,2007 Sheet 11 of 11 US 2007/0046485 A1

|
|
|
|
\_/ |
o~ |
AN |
|
Ve Ve S/ |
S/ S/ S/ |
>— b >——bt >— i |
I
ly A 14 '
S ) QT 5‘{_ I o)
— o
|z & Sls8 s T2
3 EE-—ETe: §§< e 9
- flg o€ ot §g
o S 3 o ©
.
~
<r

Memory

Petitioner Hisense USA Corporation
Exhibit 1006 - Page 12 of 19



US 2007/0046485 Al

LED LIGHT SOURCE FOR BACKLIGHTING
WITH INTEGRATED ELECTRONICS

FIELD OF THE INVENTION

[0001] This invention relates to controlling light emitting
diodes (LEDs) for creating a white light backlight, such as
for liquid crystal displays (LCDs).

BACKGROUND

[0002] LCDs require a backlight. For full color LCDs, the
backlight is a white light. The white point of the white light
is typically designated by the LCD manufacturer and may be
different for different applications. The white point is speci-
fied as a temperature. One application of an LCD is a
television or computer monitor.

[0003] Common white light backlights are created by
either a fluorescent bulb or a combination of red, green, and
blue LEDs.

[0004] For medium and large backlights, multiple LEDs
of each color are used. All LEDs of one color on a printed
circuit board (PCB) are typically connected in series. Gen-
erally, in backlights, external current drivers are used, each
driving one string of red, green, or blue LEDs.

[0005] The amount of current through an LED controls the
brightness. The most straightforward way to control the
current of an LED driver, as shown in FIG. 1, is to measure
the voltage across a current sense resistor 6 in series with the
LEDs 8 (represented by a single LED) and compare this
voltage, using a differential amplifier 10, to an accurate
reference voltage Vref. The feedback loop automatically
adjusts the output of the driver to cause the sense voltage to
match the reference voltage.

[0006] An alternative is to use a linear current source with
a separate voltage source, although this method is not
commonly used for backlighting. FIG. 2 illustrates a series
string of LEDs of a single color being driven by a linear
current source 13. In a linear current source, the current is
controlled by controlling the conductance of a pass transistor
14. The current source may be controlled to generate a preset
current by detecting the current with a current detector 16
and applying the detected current as a feedback signal to a
control circuit 18 to maintain the current at a preset level.

[0007] As shown in FIG. 3, the current detector may
comprise a low value resistor 20 with a differential amplifier
22 measuring the voltage drop across the resistor 20. The
control circuit 18 may be a second differential amplifier 24
that receives the current feedback signal and receives a
settable reference voltage Vref. The amplifier 24 controls
transistor 14 to maintain the output of amplifier 22 at Vref.
Vref may be set by selecting a resistance in a voltage divider
between a fixed voltage and ground or may be set by other
means. An enable signal (EN) turns the amplifier 24 (and the
transistor 14) on or off. Many other embodiments are
possible.

[0008] Whichever of the above drivers are used, the com-
mon practice for backlighting is to control the current
through the LED strings externally, i.e., not on the PCB.
Furthermore to limit the number of drivers, multiple boards
of LEDs are placed in series, with the consequence that the
strings of equal color have the same drive current on
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multiple boards. Without further precautions, this will lead
to large variations in brightness and color, due to the
inherent variations in color and brightness between indi-
vidual LEDs.

[0009] Generally, color and brightness uniformity is
improved by selecting LEDs for specific locations on the
boards. This is done by testing the individual LEDs, then
“binning” each LED according to its characteristics, and
then placing LEDs on the boards in accordance with pre-
calculated bin patterns. Additionally, the boards’ light emit-
ting characteristics are measured after placing of the LED,
and the boards are combined such that only boards with
closely matching white points are used in a single backlight.
This process is called grading. The process of using bin
patterns and grading in an attempt to create boards with
uniform light characteristics and achieve a target white point
is costly and time consuming. Furthermore, variations
within a PCB are not fully suppressed.

SUMMARY

[0010] An LED light source for backlighting is described
that can store optimal current settings for strings of LEDs,
such that color and brightness uniformity in the backlight
application is ensured. Storing the optimal current settings
for a particular light source board on the board results in all
light source boards having uniform light output character-
istics.

[0011] Instead of using binning and grading to precisely
match the characteristics of the LEDs and predetermine the
proper driving voltage and driving current, the LEDs are first
mounted and electrically connected on a printed circuit
board (PCB), then tested. The testing is typically performed
by varying the driving signals and optically detecting the
overall brightness of the LEDs. The voltage and current
values may then be set to their optimum values based on the
tested overall efficiency of the LEDs while already con-
nected. The optimal driving voltage is one where there is a
minimum voltage drop across the current source. The driv-
ing currents are set so that the board meets predetermined
overall light output characteristics. This greatly simplifies
the creation of the backlight since all the boards have
uniform characteristics.

[0012] A memory is integrated on the LED PCB, where
the memory stores the optimal current settings per LED
string. When the backlight is powered up, the settings from
the memory are downloaded and control the various current
drivers to achieve the desired light output characteristics.
The memory may also store optimal values for the driving
voltage to minimize the voltage drop across the linear
current source.

[0013] The length of the LED string on a PCB can vary
between one LED to all LEDs of the same color that are on
the PCB. The optimal string length should be determined by
a cost/performance trade off, and will vary from application
to application.

[0014] When clusters of LEDs are used in a reflective box
for a backlight, the positions of the clusters in the box affect
the uniformity of the light output by the LCD. For example,
the light around the edges of the LCD can be brighter or
dimmer than light in the middle of the LCD depending on
reflections from the sidewalls of the box. To avoid this
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problem, the current to the clusters along the sides is reduced
relative to the current to the clusters in the middle of the box.
The settings are saved in the on-board memory. By enabling
full control of the driving currents to the LEDs for each
cluster, the currents may be tailored to obtain uniform light
output across the LCD while achieving a desired white
point.

[0015] In one embodiment, each series string is connected
at one end to a voltage regulator that sets the voltage to an
optimum voltage so that almost all of the voltage is dropped
across the series string. The other end of each series string
is connected to a controllable linear current source to adjust
the brightness of each series string. The voltage drop across
the current source is minimal so that energy is not wasted.

[0016] There may be only one series string for each color,
or multiple series strings for a single color may be connected
in parallel, or each individual LED may be connected across
its own voltage regulator and current source, or there may be
a combination of the above arrangements.

[0017] In another embodiment, a PWM controller controls
a transistor in parallel with one or more LEDs in a serial
string mounted on a printed circuit board. There may be a
separate transistor in parallel with different groups of LEDs
in the serial string. The transistors are each controlled with
a separate PWM controller on the PCB to substantially
equalize the brightness of each group of LEDs and make the
overall brightness of the entire string or cluster match a
target value. A separate set of PWM controllers is provided
for each LED color. The control values for each PWM
controller are set to cause the board to have a target light
output (e.g., predetermined brightness and white point).
These control values are stored in a memory on the board.
When the board is powered up, the control values from the
memory are used to set the PWM duty cycles so that the
board meets the target light output characteristics. In this
way, all boards have the same light output characteristics
when sold to the customers. Additionally, the brightness of
each string of LEDs may be separately controlled by an
external PWM or amplitude modulation controller (operat-
ing in conjunction with the aforementioned PWM control-
lers) to allow the user to adjust the brightness and white
point to meet the particular specifications of the user.

[0018] In one example, the backlight is for a large LCD
television. Each primary color is created by one or more
series strings of a single color LED. The primary colors used
are red, green, and blue; however, secondary colors or other
colors may be used.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 illustrates a prior art arrangement of LEDs
controlled by a current source.

[0020] FIG. 2 illustrates a prior art series arrangement of
LEDs controlled by a linear current source.

[0021] FIG. 3 illustrates one embodiment of a prior art
linear current source.

[0022] FIG. 4 illustrates one embodiment of the inventive
backlight PCB where each series string of LEDs is con-
trolled by its own voltage regulator and current regulator,
and the driver settings are stored in an on-board memory.
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[0023] FIG. 5 illustrates a PWM controller of any type that
outputs a square wave whose duty cycle is set to control the
current through an LED series string.

[0024] FIG. 6 is a flowchart of one embodiment of the
inventive method of controlling LEDs in a backlight.

[0025] FIG. 7 illustrates another embodiment of the inven-
tive backlight PCB where each series/parallel arrangement
of LEDs is controlled by its own voltage regulator and
current regulator.

[0026] FIG. 8 illustrates clusters of RGB LEDs in a
backlight.

[0027] FIG. 9 illustrates another embodiment of the inven-
tive backlight PCB where each series string of LEDs in a
cluster is controlled by its own voltage regulator and current
regulator.

[0028] FIG. 10 illustrates an LCD using the backlight of
the present invention.

[0029] FIG. 11 is another embodiment of a portion of the
inventive backlight PCB for a single color, illustrating PWM
controllers controlling transistors in parallel with sections of
the series string of LEDs.

[0030] FIG. 12 illustrates the relative duty cycles of the
PWM controllers in FIG. 11.

[0031] FIG. 13 is a flowchart of the method for operating
the controllers of FIGS. 11, 14, and 15.

[0032] FIG. 14 is a variation of the backlight PCB of FIG.
11.

[0033] FIG. 15 is another variation of the backlight PCB
of FIG. 11.

[0034] Elements designated with the same numerals may
be the same or equivalent.

DETAILED DESCRIPTION

[0035] FIG. 4 illustrates the electronics and light source of
a backlight PCB for an LCD. In one embodiment, the LEDs
and current sources are mounted on a single printed circuit
board (PCB) 30. In another embodiment, the voltage regu-
lators are also mounted on the PCB 30.

[0036] Series strings of red LEDs 32, green LEDs 33, and
blue LEDs 34 are shown. By adjusting the currents through
the RGB LEDs, any white point may be achieved by the
backlight.

[0037] The anode of each string is connected to its own
voltage regulator 36, 37, 38, and the cathode of each string
is connected to its own current source 40, 41, 42.

[0038] The voltage regulators are preferably switching
regulators, sometimes referred to as switch mode power
supplies (SMPS). Switching regulators are very efficient.
One suitable type is a conventional pulse width modulation
(PWM) regulator. The regulators are represented as a dif-
ferential amplifier 44, 45, 46 outputting a voltage Vo and
receiving a reference voltage Vref and a feedback voltage
V1b. The input voltage Vce can be any value within a range.
Each voltage regulator 36-38 maintains Vo so that Vib is
equal to Vref. Vref is set so that Vib is approximately the
minimum voltage (e.g., 100 mV-1 V) needed to drop across
the current source (described below) for adequate operation.
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By maintaining Vo at a level only slightly above the com-
bined forward voltages of the series LEDs, excess voltage is
not dropped across the current source. Thus, there is a
minimum of energy (and heat) dissipated by the current
source. The voltage dropped across the current source
should be less than 2 volts.

[0039] The optimum Vref for each voltage regulator may
be determined empirically. Since each string of LEDs has its
own forward voltage, the Vref for each voltage regulator
36-38 may be different.

[0040] Each voltage regulator may be a buck-boost PWM
switching regulator such as used in the LTC3453 Synchro-
nous Buck-Boost High Power White LED Driver, whose
data sheet is incorporated by reference. Such buck-boost
regulators are well known and need not be described herein.

[0041] Each current source 40-42 is controllable to control
the brightness of its associated LEDs to achieve the desired
white point. Each current source may be that shown in FIG.
1, 2, or 3, with control inputs being Vref (or Iset) and enable
(EN). In FIG. 4, the Vref or Iset terminals are labeled AM
(amplitude modulation), and the EN terminals are coupled to
a PWM controller. Either the magnitude of AM or the duty
cycle of EN may be used to control the brightness of the
respective LEDs. The AM lead is used to control the “linear”
conductivity of the pass transistor 14 when the current
source is enabled by the signal EN.

[0042] In a backlight, the white point is controlled by the
balance of the R, G, and B intensities. Although the LCD
may have a user-controlled brightness control that controls
the overall combined brightness of the R, G, and B LEDs
(i.e., the gray scale), the balance (white point) between the
three colors is still retained. In one embodiment, this balance
is achieved by selecting the AM signal for each current
source that provides the desired white point (or other target
characteristic) and fixing the AM value for each current
source. The light sensing may be performed in a conven-
tional light detection chamber. In FIG. 4, the AM input may
be a resistance, a voltage, a current, or any other value that
sets the balance for the three primary colors.

[0043] In another embodiment, the AM signal for each
current source is empirically selected to achieve any other
desired balance, not necessarily the white point. For
example, the AM values may be chosen simply to cause the
light output of all boards to be identical when controlled
with the same PWM signals even though the individual
LEDs on the different boards have different characteristics.
The PWM signals are then set by the user to achieve the
desired white point. In other words, the AM signal causes all
boards to have the same light characteristics when controlled
with the same PWM signals.

[0044] The AM control value for each of the current
sources 40-42 may be programmed into an on-board
memory 47 for setting the desired balance between the LED
strings. The digital values in memory 47 are then converted
to the appropriate control signals by a current level control-
ler 48. For example, the digital signals may be converted by
a D/A converter and used as a reference voltage. The size of
the memory 47 is determined by the required accuracy of the
AM signal and the number of drivers to control. The levels
may be controlled and programmed via an AM control pin
49. Although only a single line is shown output from the

Mar. 1, 2007

current level control 48, there may be one or more lines from
the current level control 48 to each current source 40-42.

[0045] The memory 47 need not be an integrated circuit
memory but may take any form, including variable resistors,
etc.

[0046] The overall intensity of the backlight (the gray
scale) may be controlled by controlling the duty cycle of the
current sources at a relatively high frequency to avoid
flicker. The duty cycle is the ratio of the on-time to the total
time. Conventional PWM controllers may be used to output
a square wave of the desired frequency and duty cycle. Since
the same change in duty cycle may not control the brightness
of'red, green, and blue LEDs by the same amount, a separate
PWM input is usually needed for each color. The change in
duty cycle for each color to maintain the white point is
determined empirically, and the outputs of the PWM con-
trollers are adjusted accordingly.

[0047] Further, the PWM control signals may be used to
control different sections of the backlight differently, as
further described with respect to FIGS. 8 and 9.

[0048] The PWM settings may be determined by the user
based on the specific requirements for the application in
which the backlight is incorporated. For example, the con-
trol signals for the PWM controllers may be set by the user
in hardware (e.g, by resistors) or may be set using digital
signals from an external device, where the digital signals are
converted to a control voltage. A programmed microproces-
sor, a memory, or other controller may provide the control
signals to the PWM controller. The AM values stored in the
on-board memory 47 are used to offset intrinsic variations
between the LED strings.

[0049] FIG. 5 illustrates any of the PWM controllers 50,
connected to a PWM control line in FIG. 4, that receive a
control signal to vary the duty cycle of an oscillator oper-
ating at a fixed frequency.

[0050] FIG. 6 summarizes the basic steps of the process to
set the white point (or other target light output) and maxi-
mize efficiency. In step 51, the LEDs are mounted on a PCB
and connected in series between the voltage regulator and
the current regulator. In step 52, the efficiencies (drive signal
vs. brightness) of the LEDs are tested by, for example,
adjusting the drive signals and monitoring the brightness in
a light detection chamber. The outcome of the test is then
used to determine the drive settings for the LED strings
required to meet the target light output (color point and
brightness). All boards for the same application should have
the same target light output. In step 53, the drive voltages are
set for maximum efficiency (i.e., minimum energy dissipa-
tion by the current source). Step 53 is optional. In step 54,
the current controls (AM signals) are set to control the
individual R, G, and B brightness to achieve the desired
target light output of the board 30. In step 55, the selected
drive values are stored in the on-board memory so that
uniform light characteristics are reproduced in the backlight
application.

[0051] FIG. 7 illustrates another embodiment of the back-
light, where there are multiple series strings connected in
parallel (series/parallel groups 56, 57, and 58) for each
primary color. Since the forward voltage (i.e., on voltage)
for each series string connected in parallel may be different,
it is important that the driving voltage be greater than the
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highest forward voltage in the group. A minimum voltage
detector 60, 61, 62 for each group detects when all of the
voltages at the cathodes of the series strings have exceeded
a certain minimum voltage. At that point, the feedback
voltage Vb is set for that series/parallel group of LEDs. All
other aspects are the same as described with respect to FIG.
4.

[0052] FIG. 8 illustrates clusters 66, 67, 68 of RGB LED
dies, where each cluster generates white light when its colors
are mixed. In the cluster example, there are two red LEDs
connected in series, two green LEDs connected in series,
and one blue LED. Other combinations of RGB LEDs in a
cluster are also suitable. The clusters are distributed in a
reflective box 70 for mixing the light. An LCD panel (not
shown) is mounted over the front opening of the backlight
box 70. There may be many more clusters in a box,
depending on the size of the LCD.

[0053] It is important that the light across the LCD be
uniform. Due to the proximity of the clusters 66 and 68 to
the reflective sides of the box 70, the edges of the LCD can
have a different brightness than in the middle. To adjust the
brightness of those edge clusters to achieve uniform illumi-
nation, the current through those LEDs must be different
from the currents through the LEDs located in the middle of
the box 70.

[0054] FIG. 9 illustrates an embodiment of a backlight that
separately controls each color of LEDs in each cluster. Thus,
the brightness of any cluster may be individually controlled
to achieve uniform brightness across the LCD after the
clusters have been mounted on the board. In FIG. 9, red
LEDs 72 in series in a middle cluster are controlled sepa-
rately from red LEDs 73 in an edge cluster. The voltage
regulator connected to the series string of LED 73 is not
shown for simplicity. Other strings of red LEDs are shown
by dashed lines and have their own voltage regulators and
current sources. The relative brightness of any series string
may be individually fixed by the AM control and/or PWM
control to set the white point and achieve uniform illumi-
nation of the LCD panel. The separate controls for the blue
LEDs strings 74, 75 and green LED strings 76, 77 are also
shown.

[0055] The PWM control may be used to control the
overall brightness (grayscale) and color balance.

[0056] If each color of LEDs in each cluster is separately
controlled and the clusters of FIG. 8 are used in the
backlight, then there would be no blue LEDs connected in
series since there is only one blue LED per cluster.

[0057] Inanother embodiment, each individual LED in the
backlight is separately controlled.

[0058] FIG. 10 is a cross-sectional view of the backlight
78 of the present invention as part of an LCD 80 or other
display that uses a backlight. Common uses are for televi-
sions, monitors, cellular phones, etc. One or more of the
RGB LED clusters 82, described above, are mounted on a
printed circuit board 84. The clusters 82 may form a
two-dimensional array. The bottom and sidewalls 86 of the
backlight box are preferably coated with a white reflec-
tively-diffusing material. The light from the various multi-
colored LEDs is mixed in the box to create a uniform white
light. A diffuser 88 further mixes the light. An LCD panel 90
has controllable RGB pixels (shutters) and polarizers to
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create a full color image. RGB filters (not shown) may be
used to illuminate the RGB pixel areas with the appropriate
light color. Alternatively, the red, green, and blue LEDs may
be sequentially energized to eliminate the need for the RGB
filters.

[0059] FIG. 11 illustrates another embodiment of a back-
light PCB 100. Only the circuitry for a single color of LEDs
is shown. The circuitry may be duplicated for each LED
color on the board.

[0060] A string of LEDs 102 is divided into groups. Three
groups are shown. There may be any number of groups,
including one group. Each group has a transistor connected
in parallel with the group. MOSFETs 104, 105, and 106 are
shown as examples, although bipolar transistors or other
types of switches may be used. The on/off duty cycle of each
transistor is controlled by an associated PWM controller
108, 109, 110. Each PWM controller may be the type that
contains an oscillator generating a sawtooth waveform at the
switching frequency. The PWM controller switches the
transistor on at the beginning of the cycle and turns the
transistor off when the rising sawtooth exceeds a threshold
level. The threshold is set by a control voltage applied to the
PWM controller. Many other types of PWM controllers can
be used instead.

[0061] A constant current source 112 of any suitable type
supplies a constant current through the string of LEDs or
through any transistor that is turned on. If a transistor is
turned on, the current bypasses the group of LEDs and
passes through the transistor. The constant current source
112 should be robust enough to not significantly vary its
current when the voltage drop suddenly changes by a
transistor turning on.

[0062] The PWM controllers 108-110 are controlled dur-
ing testing of the board 100 so that the brightness of each
group meets a target brightness level. The duty cycle for
each group determines the average current through the LEDs
in that group, and the average current determines the per-
ceived brightness. Due to different efficiencies of the indi-
vidual LEDs, each group may have a different duty cycle to
achieve the target brightness. If each group meets the target
brightness level, then the overall brightness of the entire
serial string will achieve a target brightness. If this is
performed for each color of LEDs, the overall brightness and
white point of the board will meet a predetermined target
brightness and white point. Accordingly, all boards will have
the same light output characteristics when operated with the
control values determined during testing the individual
boards.

[0063] Digital representations of these control values are
stored in an on-board memory 47. Upon the board being
powered-up, the stored digital values are converted into the
control voltages by suitable D/A circuitry or other means so
that the board produces the baseline target light output.

[0064] Typically, the user wants control over the overall
brightness and white point of the backlight. A external PWM
controller 114 is provided for each color of LEDs to vary the
brightness of each serial string of LEDs. In this way, the
RGB balance and overall brightness of the backlight may be
adjusted by the user. In one embodiment, the external PWM
controller 114 generates a blanking signal for each PWM
controller 108-110 at a frequency that is the same as or
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higher than the switching frequency of the PWM controllers
108-110. AND gates 116-118 are used for blanking the
PWM signals. The switching frequency of the external
PWM controller 114 will typically be 1 to 128 times that of
the frequency of the controllers 108-110. In one embodi-
ment, the external PWM controller 114 generates a common
clock for synchronizing all the controllers 108-110 and 114.

[0065] FIG. 12 illustrates sample waveforms for each
PWM controller 114 and 108-110, labeled A, B, C, and D,
respectively. This assumes all controllers receive a common
clock.

[0066] FIG. 13 is a flowchart of the method for achieving
target light output values for each board 100. In step 120, the
LEDs are connected on a PCB. In one embodiment, there are
red, green, and blue LEDs, with the LEDs of a single color
connected in series. Other connections, such as series/
parallel or one LED per color are also envisioned. Switching
transistors are connected across groups of LEDs. A constant
current source for each color drives the LEDs.

[0067] Instep 121, a PWM controller is connected to each
switching transistor to control the relative brightnesses of
the LED groups to meet a target brightness of each group
and a target brightness of the particular color.

[0068] In step 122, the control values of the PWM con-
trollers used to meet the target values are stored in an
on-board memory. In all embodiments of the light boards,
the memory may instead be external to the board.

[0069] In step 123, the user may provide and adjust
external PWM controllers or other suitable controllers to
adjust the brightness of each particular color to allow the
user to control the overall brightness and white point of the
board.

[0070] In step 124, upon the board being powered up, the
control values from the memory cause the board to have the
target light output characteristics, which are consistent from
board to board. The user can then adjust these target char-
acteristics to meet the user’s particular specifications for
brightness and white point.

[0071] FIG. 14 illustrates an embodiment of a portion of
a board 120, showing the circuitry for one color only (e.g.,
R, G, or B), where the external PWM controller 132 controls
the duty cycle of the constant current source 112. One way
to do this is by intermittently removing power from the
current source or disconnecting it from the circuit.

[0072] FIG. 15 is an alternative embodiment where the
external PWM controllers 114 and 132 in FIGS. 11 and 14
are replaced by an amplitude modulation (AM) controller
136 that adjusts either the magnitude of the gate drive
voltages for the switching transistors 104-106 or the mag-
nitude of the current generated by the constant current
source 112. The control line for the constant current source
112 is shown as a dashed line to illustrate the control as an
alternative to varying the gate drive voltages.

[0073] Other techniques for controlling the brightness of
the LEDs may also be used.

[0074] Various combinations of the above-described cir-
cuits may be possible.

[0075] Having described the invention in detail, those
skilled in the art will appreciate that, given the present
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disclosure, modifications may be made to the invention
without departing from the spirit and inventive concepts
described herein. Therefore, it is not intended that the scope
of the invention be limited to the specific embodiments
illustrated and described.

What is claimed is:
1. A light emitting diode (LED) light source for use in a
backlight for a display comprising:

at least one LED of a first color;
at least one LED of a second color;
at least one LED of a third color;

a plurality of current controllers, each controller con-
nected to at least one LED of the first color, at least one
LED of the second color, and at least one LED of the
third color for controlling a brightness level of each
color;

the at least one LED of the first color, the at least one LED
of the second color, the at least one LED of the third
color, and the plurality of controllers being mounted on
a same circuit board; and

a memory mounted on the circuit board, the memory
storing values for controlling an output current mag-
nitude of each of the controllers so that a combined
light output of the light source has characteristics set by
the values stored in the memory.

2. The light source of claim 1 where the values in the
memory control the controllers to achieve a target white
point.

3. The light source of claim 1 where the values in the
memory control the controllers such that light characteristics
of the board are substantially the same as light characteris-
tics of another board despite the LEDs on the two boards
having different operating characteristics.

4. The light source of claim 1 where the first color is red,
the second color is green, and the third color is blue, wherein
the values in memory control the controllers to set the
relative brightness of the red, green, and blue colors to
achieve a desired overall light output from the board.

5. The light source of claim 1 where each controller is a
current source connected to a cathode end of a string of
LEDs connected in series.

6. The light source of claim 5 further comprising a first
voltage regulator connected to an anode end of the at least
one LED of the first color, a second voltage regulator
connected to an anode end of the at least one LED of the
second color, and a third voltage regulator connected to an
anode end of the at least one LED of the third color.

7. The light source of claim 6 wherein the first voltage
regulator, the second voltage regulator, and the third voltage
regulator are adjusted to provide a voltage drop across a
respective current source of 1 volt or less.

8. The light source of claim 1 wherein the at least one
LED of the first color comprises a plurality of LEDs of the
first color connected in series.

9. The light source of claim 1 wherein the at least one
LED of the second color comprises a plurality of LEDs of
the second color connected in series.

10. The light source of claim 1 wherein the at least one
LED of the third color comprises a plurality of LEDs of the
third color connected in series.
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11. The light source of claim 1 further comprising a
reflective box at least partially surrounding the at least one
LED of the first color, at least one LED of the second color,
and at least one LED of the third color to mix the first color,
second color, and third color.

12. The light source of claim 1 wherein the at least one
LED of a first color comprises a plurality of LEDs of the first
color, the at least one LED of a second color comprises a
plurality of LEDs of the second color, and the at least one
LED of a third color comprises a plurality of LEDs of the
third color, wherein the LEDs of the first color, second color,
and third color are arranged in clusters of at least one LED
of the first color, at least one LED of the second color, and
at least one LED of the third color, each cluster of LEDs
being controlled by a respective controller for each color
such that at least one cluster is controlled by at least three
controllers to have a desired combined color point and
brightness.

13. The light source of claim 12 wherein the clusters are
housed in a reflective box at least partially surrounding the
clusters, a cluster proximate to an edge of the box being
controlled to have a brightness level lower than a brightness
level of a cluster further from the edge of the box.

14. The light source of claim 1 wherein the at least one
LED of the first color comprises a plurality of series strings
of LEDs of the first color connected in parallel.

15. The light source of claim 1 wherein the plurality of
controllers comprises a plurality of controllable linear cur-
rent sources.

16. The light source of claim 1 further comprising a
current level controller on the circuit board for receiving
digital values from the memory and converting the digital
values to signals for controlling the plurality of controllers.

17. The light source of claim 1 wherein the at least one
LED of the first color comprises a plurality of LEDs of the
first color connected in series, and wherein each current
controller comprises:

a constant current source connected to the plurality of
LEDs of the first color connected in series;

atransistor switch connected in parallel across at least one
LED in the plurality of LEDs of the first color con-
nected in series; and

a pulse width modulated (PWM) controller connected to
the transistor switch for setting a duty cycle of the
switch to cause an average current magnitude, deter-
mined by the duty cycle, to pass through the at least one
LED in the plurality of LEDs of the first color con-
nected in series.

18. The light source of claim 17 wherein the transistor
switch is connected in parallel across a group of LEDs in the
plurality of LEDs of the first color connected in series.

19. The light source of claim 17 further comprising one or
more additional transistor switches, each switch connected
in parallel across at least one LED in the plurality of LEDs
of the first color connected in series, and each switch being
controlled by an associated PWM controller.

20. The light source of claim 17, wherein the PWM
controller controls the duty cycle to achieve a target bright-
ness of the first color.

21. The light source of claim 17 further comprising a
PWM controller for blanking the output of the PWM con-
troller at a duty cycle to control an overall brightness of the
first color.
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22. The light source of claim 17 further comprising a
PWM controller for controlling the constant current source
to apply either a full current or no current to the plurality of
LEDs of the first color connected in series at a duty cycle to
control an overall brightness of the first color.

23. The light source of claim 17 further comprising a
controller for controlling a magnitude of the constant current
source to control an overall brightness of the first color.

24. The light source of claim 17 wherein the at least one
LED of the second color comprises a plurality of LEDs of
the second color connected in series, and wherein each
current controller further comprises:

a constant current source connected to the plurality of
LEDs of the second color connected in series;

a transistor switch connected in parallel across at least one
LED in the plurality of LEDs of the second color
connected in series; and

a pulse width modulated (PWM) controller connected to
the transistor switch for setting a duty cycle of the
switch to cause an average current magnitude, deter-
mined by the duty cycle, to pass through the at least one
LED in the plurality of LEDs of the second color
connected in series.

25. A method for producing a light source for use as a

backlight comprising:

providing on a circuit board at least one LED of a first
color, at least one LED of a second color, and at least
one LED of a third color;

providing on the circuit board a plurality of current
controllers, each controller connected to at least a
cathode end of a respective one of the at least one LED
of the first color, at least one LED of the second color,
and at least one LED of the third color;

providing on the circuit board a memory, values stored in
the memory determining a current output of each of the
controllers;

controlling the plurality of controllers to vary brightness
levels of the at least one LED of the first color, at least
one LED of the second color, and at least one LED of
the third color while detecting a combined light output
of the at least one LED of the first color, at least one
LED of the second color, and at least one LED of the
third color;

determining control signals for the plurality of controllers
needed to obtain a target light output of the board from
the combination of the first color, second color, and
third color; and

storing in the memory values corresponding to the control

signals needed to obtain the target light output.

26. The method of claim 25 wherein the at least one LED
of a first color comprises a plurality of LEDs of the first
color, the at least one LED of a second color comprises a
plurality of LEDs of the second color, and the at least one
LED of a third color comprises a plurality of LEDs of the
third color, wherein the LEDs of the first color, second color,
and third color are arranged in clusters of at least one LED
of the first color, at least one LED of the second color, and
at least one LED of the third color, wherein each cluster of
LEDs is controlled by a respective controller for each color
such that a first cluster is controlled by at least three
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controllers to have a desired brightness level and color point,
the method further comprising storing in the memory values
for setting brightness levels of the first cluster and the second
cluster to be different.

27. The method of claim 25 further comprising:

downloading the values stored in the memory to control
the plurality of controllers; and

energizing the at least one LED of a first color, at least one
LED of a second color, and at least one LED of a third
color to obtain the same target light output achieved
when determining control signals for the plurality of
controllers needed to obtain the target light output.

28. The method of claim 27 wherein the first color is red,
the second color is green, and the third color is blue, wherein
downloading the values in memory causes the controllers to
control the relative brightness of the red, green, and blue
colors to achieve the target light output.

29. The method of claim 25 wherein the at least one LED
of the first color comprises a plurality of LEDs of the first
color connected in series, and wherein each current control-
ler comprises:

a constant current source connected to the plurality of
LEDs of the first color connected in series;
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a transistor switch connected in parallel across at least one
LED in the plurality of LEDs of the first color con-
nected in series; and

a pulse width modulated (PWM) controller connected to
the transistor switch,

wherein the step of controlling the plurality of controllers
to vary brightness levels comprises setting a duty cycle
of the switch to cause an average current magnitude,
determined by the duty cycle, to pass through the at
least one LED in the plurality of LEDs of the first color
connected in series.

30. The method of claim 29 wherein the transistor switch
is connected in parallel across a group of LEDs in the
plurality of LEDs of the first color connected in series.

31. The method of claim 29 further comprising one or
more additional transistor switches, each switch connected
in parallel across at least one LED in the plurality of LEDs
of the first color connected in series, and each switch being
controlled by an associated PWM controller, wherein the
step of controlling the plurality of controllers to vary bright-
ness levels comprises setting duty cycles of the switches to
cause an average current magnitude, determined by each
duty cycle, to pass through the associated at least one LED
in the plurality of LEDs of the first color connected in series.

#* #* #* #* #*
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