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LED DRIVER WITH FEEDBACK CALIBRATION

FIELD OF THE DISCLOSURE

[0001] The present disclosure relates generally to light emitting diodes (LEDs) and more
particularly to LED drivers.

BACKGROUND

[0002] Light emitting diodes (LEDs) often are used as light sources in liquid crystal
displays (LCDs) and other displays. The LEDs often are arranged in parallel “strings”
driven by a shared voltage source, each LED string having a plurality of LEDs connected
in series. To provide consistent light output between the LED strings, each LED string
typically is driven at a regulated current that is substantially equal among all of the LED

strings.

[0003] Although driven by currents of equal magnitude, there often is considerable
variation in the bias voltages needed to drive each LED string due to variations in the
static forward-voltage drops of individual LEDs of the LED strings resulting from
process variations in the fabrication and manufacturing of the LEDs. Dynamic variations
due to changes in temperature when the LEDs are enabled and disabled also can
contribute to the variation in bias voltages needed to drive the LED strings with a fixed
current. In view of this variation, conventional LED drivers typically provide a fixed
voltage that is sufficiently higher than an expected worst-case bias drop so as to ensure
proper operation of each LED string. However, as the power consumed by the LED
driver and the LED strings is a product of the output voltage of the LED driver and the
sum of the currents of the individual LED strings, the use of an excessively high output
voltage by the LED driver unnecessarily increases power consumption by the LED
driver. Accordingly, an improved technique for driving LED strings would be

advantageous.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The present disclosure may be better understood, and its numerous features and
advantages made apparent to those skilled in the art by referencing the accompanying
drawings. The use of the same reference symbols in different drawings indicates similar

or identical items.

[0005] FIG. 1 is a diagram illustrating a light emitting diode (LED) system having
dynamic power management utilizing a calibrated feedback mechanism in accordance

with at least one embodiment of the present invention.

[0006] FIG. 2 is a flow diagram illustrating a method of operation of the LED system of

FIG. 1 in accordance with at least one embodiment of the present disclosure.

[0007] FIG. 3 is a flow diagram illustrating the method of FIG. 2 in greater detail in

accordance with at least one embodiment of the present invention.

[0008] FIG. 4 is a diagram illustrating an example implementation of a feedback
controller of the LED system of FIG. 1 in accordance with at least one embodiment of the

present invention.

[0009] FIG. 5 is a flow diagram illustrating a method of operation of the example
implementation of FIG. 4 in accordance with at least one embodiment of the present

invention.

[0010] FIG. 6 is a diagram illustrating another example implementation of the feedback
controller of the LED system of FIG. 1 in accordance with at least one embodiment of the

present invention.

[0011] FIG. 7 is a flow diagram illustrating a method of operation of the example
implementation of FIG. 6 in accordance with at least one embodiment of the present

invention.
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[0012] FIG. 8 is a diagram illustrating another example implementation of the feedback
controller of the LED system of FIG. 1 in accordance with at least one embodiment of the

present invention.

[0013] FIG. 9 is a flow diagram illustrating a method of operation of the example
implementation of FIG. 8 in accordance with at least one embodiment of the present

invention.

[0014] FIG. 10 is a diagram illustrating another example implementation of the feedback
controller of the LED system of FIG. 1 in accordance with at least one embodiment of the

present invention.

[0015] FIG. 11 is a flow diagram illustrating a method of operation of the example
implementation of FIG. 10 in accordance with at least one embodiment of the present

invention.

[0016] FIG. 12 is a flow diagram illustrating a method of determining a feedback
compensation factor for calibrating the feedback mechanism of the LED system of FIG. 1
during a start-up of the LED system in accordance with at least one embodiment of the

present invention.

[0017] FIG. 13 is a flow diagram illustrating a method of determining a feedback
compensation factor for calibrating the feedback mechanism of the LED system of FIG. 1
during a real-time operation of the LED system in accordance with at least one

embodiment of the present invention.

[0018] FIG. 14 is a diagram illustrating an integrated circuit (IC)-based implementation
of the LED system of FIG. 1 in accordance with at least one embodiment of the present

invention.

DETAILED DESCRIPTION

[0019] FIGS. 1-14 illustrate example techniques for power management in a light

emitting diode (LED) system having a plurality of LED strings. A voltage source
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provides an output voltage to drive the LED strings. An LED driver monitors the tail
voltages of the LED strings to identify the minimum, or lowest, tail voltage and adjusts
the output voltage of the voltage source based on the lowest tail voltage. In at least one
embodiment, the LED driver adjusts the output voltage so as to maintain the lowest tail
voltage at or near a predetermined threshold voltage so as to ensure that the output
voltage is sufficient to properly drive each active LED string with a regulated current in
view of pulse width modulation (PWM) timing requirements without excessive power

consumption.

[0020] Further, the feedback mechanism, or feedback loop, employed by the LED driver
to adjust the output voltage may be subject to deviation from an expected performance
characteristic. To illustrate, the feedback loop can employ a resistor-based voltage
divider to obtain a feedback voltage proportional to the output voltage. In certain
instances the ratio of the resistive values implemented in the voltage divider may not
match the specified resistive ratio for which the feedback loop is designed, or the actual
resistive ratio may dynamically change due to thermal conditions, fatigue, and the like.
Accordingly, in one embodiment, the LED driver implements a loop calibration module
configured to determine a feedback compensation factor based on the deviation of the
actual performance of the feedback mechanism with the expected performance and use

this feedback compensation factor to calibrate the feedback mechanism accordingly.

[0021] The term “LED string,” as used herein, refers to a grouping of one or more LEDs
connected in series. The “head end” of a LED string is the end or portion of the LED
string which receives the driving voltage/current and the “tail end” of the LED string is
the opposite end or portion of the LED string. The term “tail voltage,” as used herein,
refers the voltage at the tail end of a LED string or representation thereof (e.g., a voltage-

divided representation, an amplified representation, etc.).

[0022] FIG. 1 illustrates a LED system 100 having dynamic power management in
accordance with at least one embodiment of the present disclosure. In the depicted
example, the LED system 100 includes a LED panel 102, a LED driver 104, and a

voltage source 112 for providing an output voltage Vour to drive the LED panel 102.
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The LED panel 102 includes a plurality of LED strings (e.g., LED strings 105, 106, and
107). Each LED string includes one or more LEDs 108 connected in series. The LEDs
108 can include, for example, white LEDs, red, green, blue (RGB) LEDs, organic LEDs
(OLEDs), etc. Each LED string is driven by the adjustable voltage Vour received at the
head end of the LED string via a voltage bus 110 (e.g., a conductive trace, wire, etc.). In
the embodiment of FIG. 1, the voltage source 112 is implemented as a boost converter

configured to drive the output voltage Vour using an input voltage Vix.

[0023] The LED driver 104 includes a feedback controller 114 configured to control the
voltage source 112 based on the tail voltages at the tail ends of the LED strings 105-107.
As described in greater detail below, the LED driver 104, in one embodiment, receives
pulse width modulation (PWM) data 111 representative of activation of certain of the
LED strings 105-107 and at what times during a corresponding PWM cycle, and the LED
driver 104 is configured to either collectively or individually activate the LED strings
105-107 at the appropriate times in their respective PWM cycles based on the PWM data
111.

[0024] The feedback controller 114, in one embodiment, includes a plurality of current
regulators (e.g., current regulators 115, 116, and 117), a code generation module 118, a
code processing module 120, a control digital-to-analog converter (DAC) 122, an error
amplifier (or comparator) 124, a data/timing control module 128, and a loop calibration
module (LCM) 136. The feedback controller 114 further can include an over-voltage
protection (OVP) module 138 configured to monitor the output voltage Vour for an over-

voltage condition.

[0025] In the example of FIG. 1, the current regulator 115 is configured to maintain the
current I; flowing through the LED string 105 at or near a fixed current (e.g., 30 mA)
when active. Likewise, the current regulators 116 and 117 are configured to maintain the
current I, flowing through the LED string 106 when active and the current I, flowing
through the LED string 107 when active, respectively, at or near the fixed current. The
current control modules 125, 126, and 127 are configured to activate or deactivate the

LED strings 105, 106, and 107, respectively, via the corresponding current regulators.
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[0026] Typically, a current regulator, such as current regulators 115-117, operates more
optimally when the input of the current regulator is a non-zero voltage so as to
accommodate the variation in the input voltage that often results from the current
regulation process of the current regulator. This buffering voltage often is referred to as
the “headroom” of the current regulator. As the current regulators 115-117 are connected
to the tail ends of the LED strings 105-107, respectively, the tail voltages of the LED
strings 105-107 represent the amounts of headroom available at the corresponding current
regulators 115-117. However, headroom in excess of that necessary for current
regulation purposes results in unnecessary power consumption by the current regulator.
Accordingly, as described in greater detail herein, the LED system 100 employs
techniques to provide dynamic headroom control so as to maintain the minimum tail
voltage of the active LED strings at or near a predetermined threshold voltage, thus
maintaining the lowest headroom of the current regulators 105-107 at or near the
predetermined threshold voltage. The threshold voltage can represent a determined
balance between the need for sufficient headroom to permit proper current regulation by
the current regulators 105-107 and the advantage of reduced power consumption by

reducing the excess headroom at the current regulators 105-107.

[0027] The code generation module 118 includes a plurality of tail inputs coupled to the
tail ends of the LED strings 105-107 to receive the tail voltages V11, V1, and Vr, of the
LED strings 105, 106, and 107, respectively, and an output to provide a code value

Cumin min. In at least one embodiment, the code generation module 118 is configured to
identify or detect the minimum, or lowest, tail voltage of the LED strings 105-107 that
occurs over a PWM cycle or other specified duration and generate the digital code value
Cmin_min based on the identified minimum tail voltage. In the disclosure provided herein,
the following nomenclature is used: the minimum of a particular measured characteristic
over a PWM cycle or other specified duration is identified with the subscript “min_min”,
thereby indicating it is the minimum over a specified time span; whereas the minimum of
a particular measured characteristic at a given point in time or sample point is denoted
with the subscript “min.” To illustrate, the minimum tail voltage of the LED strings 105-
107 at any given point in time or sample point is identified as Vrmin, whereas the

minimum tail voltage of the LED strings 105-107 for a given PWM cycle (having one or

-6 -
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more sample points) is identified as Vrmin min. Similarly, the minimum code value
determined at a given point in time or sample point is identified as Cyin, whereas the
minimum code value for a given PWM cycle (having one or more sample points) is

identified as Cuin min-

[0028] The code generation module 118 can include one or more of a string select
module 130, a minimum detect module 132, and an analog-to-digital converter (ADC)
134. As described in greater detail below with reference to FIGS. 4, 5, 8 and 9, the string
select module 130 is configured to output the minimum tail voltage Vrmis of the LED
strings 105-107 (which can vary over the PWM cycle), the ADC 134 is configured to
convert the magnitude of the minimum tail voltage Vi, output by the string select
module 130 to a corresponding code value Cin for each of a sequence of conversion
points in the PWM cycle, the minimum detect module 132 is configured as a digital
component to detect the minimum code value Cy,in from the plurality of code values Cyin
generated over the PWM cycle as the minimum code value Cyin min for the PWM cycle.
Alternately, as described in greater detail below with reference to FIGS. 6 and 7, the
minimum detect module 132 is configured as an analog component to determine the
minimum tail voltage Vrmin min for the PWM cycle from the potentially varying
magnitude of the voltage Vi, output by the string select module 130 over the PWM
cycle, and the ADC 134 is configured to perform a single conversion of the voltage
Vmin min to the minimum code value Cuin min for the PWM cycle. As another
embodiment, as described in greater detail below with reference to FIGS. 10 and 11, the
string select module 130 is omitted and the ADC 134 can be configured as multiple
ADCs. Each ADC is configured to repeatedly convert the tail voltage of a corresponding
one of the LED strings 105-107 into a series of code values C; (whereby i represents the
corresponding LED string) having magnitudes representative of the magnitude of the tail
voltage at the time of the conversion. In this instance, the minimum detect module 132 is
configured as a digital component to determine the minimum of the code values C;
generated from all of the ADCs to identify the minimum code value Cpin min OVer the

PWM cycle.
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[0029] The code processing module 120 includes an input to receive the code value
Cmin min and an output to provide a code value C,, based on the code value Cyin min and
either a previous value for C., from a previous PWM cycle or an initialization value. As
the code value Cpin min represents the minimum tail voltage Vmin min that occurred during
the PWM cycle for all of the LED strings 105-107, the code processing module 120, in
one embodiment, compares the code value Cuin min to a threshold code value, Ciyresh, and
generates a code value C,, based on the comparison. The code processing module 120
can be implemented as hardware, software executed by one or more processors, or a
combination thereof. To illustrate, the code processing module 120 can be implemented
as a logic-based hardware state machine, software executed by a processor, and the like.
Example implementations of the code generation module 118 and the code processing

module 120 are described in greater detail with reference to FIGS. 4-11.

[0030] In certain instances, none of the LED strings 105-107 may be enabled for a given
PWM cycle. Thus, to prevent an erroneous adjustment of the output voltage Voyr when
all LED strings are disabled, in one embodiment the data/timing control module 128
signals the code processing module 120 to suppress any updated code value Cr,
determined during a PWM cycle in which all LED strings are disabled, and instead use
the code value C,, from the previous PWM cycle.

[0031] The control DAC 122 includes an input to receive the code value C,, and an
output to provide a regulation voltage V., representative of the code value Cree. The
regulation voltage V., 1s provided to the error amplifier 124. The error amplifier 124
also receives a feedback voltage Vi, representative of the output voltage Vour. In the
illustrated embodiment, a voltage divider 126 implemented by resistors 128 and 130 is
used to generate the voltage Vg, from the output voltage Vour. The error amplifier 124
determines the relationship between the regulation voltage V., and the output voltage
Vour by comparing the voltage Vg, and the voltage V., and the error amplifier 124 then
configures a signal ADJ based on this comparison. The voltage source 112 receives the
signal ADJ and adjusts the output voltage Vour based on the magnitude of the signal
ADJ.
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[0032] The OVP module 138 monitors the feedback voltage Vi, to determine whether
there is an over-voltage condition for the voltage Vour. In the event that an over-voltage
condition is detected, the OVP module 138 acts to disable the voltage source 112 or
otherwise reduce the magnitude of the output voltage Vour so as to prevent damage to the

LED driver 104.

[0033] As described above, there may be considerable variation between the voltage
drops across each of the LED strings 105-107 due to static variations in forward-voltage
biases of the LEDs 108 of each LED string and dynamic variations due to the on/off
cycling of the LEDs 108. Thus, there may be significant variance in the bias voltages
needed to properly operate the LED strings 105-107. However, rather than drive a fixed
output voltage Vour that is substantially higher than what is needed for the smallest
voltage drop as this is handled in conventional LED drivers, the LED driver 104
illustrated in FIG. 1 utilizes a feedback mechanism that permits the output voltage Vour
to be adjusted so as to reduce or minimize the power consumption of the LED driver 104
in the presence of variances in voltage drop across the LED strings 105-107, as described
below with reference to the methods 200 and 300 of FIG. 2 and FIG. 3, respectively. For
ease of discussion, the feedback duration of this mechanism is described in the context of
a PWM cycle-by-PWM cycle basis for adjusting the output voltage Voyr. However, any
of a variety of cycle durations may be used for this feedback mechanism without
departing from the scope of the present disclosure. To illustrate, the feedback duration
could encompass a portion of a PWM cycle, multiple PWM cycles, a duration of a certain
number of clock cycles, a duration between interrupts, a duration related to video display,

such as a video frame or a portion thereof, and the like.

[0034] The feedback mechanism of the LED driver 104 relies on the feedback voltage
Vi, in determining whether to adjust the output voltage Vour. As illustrated by the
embodiment of FIG. 1, this adjustment decision is made based on the relationship
between the feedback voltage Vi, (representing the output voltage Vour) and the voltage
Vieg generated by the feedback loop implemented via the ADC 134, the code processing
module 120, and the control DAC 122. The feedback voltage Vg, in one embodiment, is
generated via the voltage divider 126 and thus the ratio of the feedback voltage Vg, and
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the output voltage Vour is determined by the particular ratio of the resistive values of the
resistors 128 and 130 of the voltage divider 126. In an effort to ensure correct operation
of the feedback mechanism, a particular resistive ratio (or particular resistive values) may
be specified for the resistors 128 and 130 and the gains and other operating characteristics
of the ADC 134, the code processing module 120, and the control DAC 122 may be
configured based on the specified resistive values or the specified resistive ratio. In
implementation, however, the actual resistive values for resistors 128 and 130, or the
ratio thereof, may differ from the specified or expected resistive values/ratio. To
illustrate, the OVP module 138 may use the feedback voltage Vi, as the monitored
representation of the output voltage Vour. A manufacturer or provider of the LED
system 100 therefore may tailor the resistive ratio of the voltage divider 126 particularly
for the over-voltage protection process of the OVP module 138 and the resulting resistive
ratio may not be consistent with the specified resistive ratio for purposes of the feedback
mechanism. As another example, the resistive ratio may dynamically change due to

thermal conditions, degradation of the resistors 128 and 130 over time, and the like.

[0035] The deviation of the resistive ratio of the voltage divider 126 from the specified or
expected resistive ratio can result in sub-optimal performance of the feedback mechanism
because the ADC 134, the code-processing module 120 and the control DAC 122
typically are configured in view of the specified or expected resistive ratio. Accordingly,
the LCM 136, in one embodiment, calibrates the feedback mechanism by determining the
deviation of the actual performance of the feedback mechanism from the expected
performance and adjusting the feedback mechanism accordingly so as to compensate for
the difference between the actual resistive ratio of the voltage divider 126 and the
expected or specified resistive ratio. This calibration process also can compensate for
other unexpected deviations, such as circuit aging, deviations in the accuracies of the

DACs and ADCs described herein, and the like.

[0036] As described in greater detail below, the calibration process performed by the
LCM 136 includes stimulating the feedback mechanism with a predetermined stimulus,
observing the actual response of the feedback mechanism, and then comparing the actual

response with an expected response. To initiate this process, the LCM 136 asserts a

-10 -
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calibrate signal 140, in response to which the code processing module 120 increases the
current value of the code Ce, by a predetermined amount (e.g., by a value of 5 or 10 for
an 8-bit code value). This increase in the value of the code C, triggers the control DAC
122 to increase the value of the voltage Vi, which in turn results in an increase in the
voltage Vour. The increase in the voltage Vour increases the tail voltages of the LED
strings 105-107, and thus increases the minimum tail voltage Vrmin. As the code Cpin min
is generated, via the ADC 134, from the minimum tail voltage Vrmin, the increase in the
minimum tail voltage Vmi, results in an increase in the code Cuin min. Accordingly, the
LCM 136 compares the actual code Cpin min resulting from the predetermined increase in
the code C,, with an expected code Cpin min for the predetermined increase to determine
the deviation between the expected response of the feedback mechanism and the actual
response. From this deviation the LCM 136 can determine a feedback compensation
factor 142 representing an adjustment factor for the feedback loop. The LCM 136 then
provides the feedback compensation factor 142 to the code processing module 120 for
implementation in determining codes Cie, from incoming codes Cuin min during normal

operation.

[0037] The data/timing control module 128 receives the PWM data 111 and is configured
to provide control signals to the other components of the LED driver 104 based on the
timing and activation information represented by the PWM data 111. To illustrate, the
data/timing control module 128 provides control signals C;, C,, and C, to the current
control modules 125, 126, and 127, respectively, to control which of the LED strings
105-107 are active during corresponding portions of their respective PWM cycles. The
data/timing control module 128 also provides control signals to the code generation
module 118, the code processing module 120, and the control DAC 122 so as to control
the operation and timing of these components. Further, in one embodiment, the
data/timing control module 128 provides a steady state (SS) signal 144 that signals to the
LCM 136 whether there has been a change in the utilization of the LED strings 105-107
(i.e., a change in the display lighting provided by the LED strings 105-107). As a change
in the utilization of the LED strings 105-107 typically is signaled by a change in the duty
ratio of the PWM cycles of the PWM data 111, in one embodiment, the data/timing
control module 128 monitors the duty cycle of the PWM data 111 and asserts the SS

-11 -
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signal 144 whenever the duty cycle changes. The data/timing control module 128 can be
implemented as hardware, software executed by one or more processors, or a
combination thereof. To illustrate, the data/timing control module 128 can be

implemented as a logic-based hardware state machine.

[0038] FIG. 2 illustrates an example method 200 of operation of the LED system 100 in
accordance with at least one embodiment of the present disclosure. At block 202, the
LED system 100 enters a start-up mode from an initial application of power or from a
power-on-reset. At block 204, the LED driver 104 can implement a loop calibration
process at start up so as to determine a feedback compensation factor to compensate for

deviations of the particular implementation of the LED driver 104.

[0039] After initial loop calibration, the LED driver 104 enters an operational mode
whereby the LED display implementing the LED driver 104 and the LED strings 105-107
is used to display image content. Accordingly, at block 206, the voltage source 112
provides an initial output voltage Vgur. As the PWM data for a given PWM cycle is
received, the data/timing control module 128 configures the control signals C,, C,, and C,
so as to selectively activate the LED strings 105-107 at the appropriate times of their
respective PWM cycles. Over the course of the PWM cycle, the code generation module
118 determines the minimum detected tail voltage (Vmin min) for the LED tails 105-107
for the PWM cycle at block 208. At block 210, the feedback controller 114 configures
the signal ADJ based on the voltage Vmin min to adjust the output voltage Vour, which in
turn adjusts the tail voltages of the LED strings 105-107 so that the minimum tail voltage
Vmin of the LED strings 105-107 is closer to a predetermined threshold voltage. The
process of blocks 206-210 can be repeated for the next PWM cycle, and so forth.

[0040] As a non-zero tail voltage for a LED string indicates that more power is being
used to drive the LED string than is absolutely necessary, it typically is advantageous for
power consumption purposes for the feedback controller 114 to manipulate the voltage
source 112 to adjust the output voltage Vour until the minimum tail voltage Vrmin min
would be approximately zero, thereby eliminating nearly all excess power consumption

that can be eliminated without disturbing the proper operation of the LED strings.

-12 -
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Accordingly, the feedback controller 114 configures the signal ADJ so as to reduce the
output voltage Vour by an amount expected to cause the minimum tail voltage Vrmin min

of the LED strings 105-107 to be at or near zero volts.

[0041] However, while being advantageous from a power consumption standpoint,
having a near-zero tail voltage on a LED string introduces potential problems. As one
issue, the current regulators 115-117 may need non-zero tail voltages or headroom
voltages to operate properly. Further, it will be appreciated that a near-zero tail voltage
provides little or no margin for spurious increases in the bias voltage needed to drive the
LED string resulting from self-heating or other dynamic influences on the LEDs 108 of
the LED strings 105-107. Accordingly, in at least one embodiment, the feedback
controller 114 can achieve a suitable compromise between reduction of power
consumption and the response time of the LED driver 104 by adjusting the output voltage
Vour so that the expected minimum tail voltage of the LED strings 105-107 or the
expected minimum headroom voltage for the related current regulators 115-117 is
maintained at or near a non-zero threshold voltage Viesh that represents an acceptable
compromise between LED current regulation, PWM response time, and reduced power
consumption. The threshold voltage Vinesn can be implemented as, for example, a

voltage between 0.1 Vand 1 V (e.g., 0.5 V).

[0042] In at least one embodiment, the degree to which the feedback controller 114
adjusts the output voltage Vour via the ADJ signal at block 210 is modulated by the
feedback compensation factor 142 determined during the loop calibration process. As
noted above, the loop calibration process can be performed during start-up of the LED
system 100 at block 204. The loop calibration process also can be performed
dynamically or in real-time during operational mode of the LED system 100 at block 212,
in addition to or in place of the initial loop calibration process of block 204. To illustrate,
in certain implementations it may be expected that the feedback loop will not change
dynamically during normal operation and thus it may be sufficient to determine the loop
calibration process only in the start-up mode at block 204. In other instances,
temperature conditions and degradation of the components of the LED system 100 may

have the potential to alter the characteristics of the feedback mechanism and thus the loop
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calibration process may be performed dynamically during the operational mode of the
LED system 100 at block 212. Examples of the initial loop calibration process of block
204 and the dynamic loop calibration process of block 212 are discussed in detail below

with reference to FIGS. 12 and 13, respectively.

[0043] FIG. 3 illustrates a particular implementation of the process represented by block
210 of the method 200 of FIG. 2 in accordance with at least one embodiment of the
present disclosure. As described above, at block 208 (FIG. 2) of the method 200, the
code generation module 118 monitors the tail voltages Vi1, V12, and V1, of the LED tails
105-107 to identify the minimum detected tail voltage Vrmin min for the PWM cycle.
Following at block 302, the code generation module 118 converts the voltage Vimin min t0
a corresponding digital code value Cuin min. Thus, the code value Cpin min 15 a digital
value representing the minimum tail voltage Vrmin min detected during the PWM cycle.
As described in greater detail herein, the detection of the minimum tail voltage Vrmin min
can be determined in the analog domain and then converted to a digital value, or the
detection of the minimum tail voltage Vimin min can be determined in the digital domain
based on the identification of the minimum code value Cpin min from a plurality of code
values Cpin representing the minimum tail voltage Vrmin at various points over the PWM

cycle.

[0044] At block 304, the code processing module 120 compares the code value Cpin min
with a code value Cipresh to determine the relationship of the minimum tail voltage
Vmin min (represented by the code value Cpin min) to the threshold voltage Vingesn
(represented by the code value Curesh). As described above, the feedback controller 114
is configured to control the voltage source 112 so as to maintain the minimum tail voltage
of the LED strings 105-107 at or near a threshold voltage Vinesh during the corresponding
PWM cycle. The voltage Vresh can be at or near zero volts to maximize the reduction in
power consumption or it can be a non-zero voltage (e.g., 0.5 V) so as to comply with
PWM performance requirements and current regulation requirements while still reducing

power consumption.
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[0045] The code processing module 120 generates a code value C,, based on the
relationship of the minimum tail voltage Vrmin min to the threshold voltage Viesn revealed
by the comparison of the code value Ciin min to the code value Ciresh. As described
herein, the value of the code value C, affects the resulting change in the output voltage
Vour. Thus, when the code value Cuin min 1S greater than the code value Cipresh, @ value
for C,., 1s generated so as to reduce the output voltage Vour, which in turn is expected to
reduce the minimum tail voltage Vrmin closer to the threshold voltage Vinresh. To
illustrate, the code processing module 120 compares the code value Cuin min to the code
value Cinesh. If the code value Cuin min 15 less than the code value Cinresn, an updated value
for C,., is generated so as to increase the output voltage Vour, which in turn is expected
to increase the minimum tail voltage Vrmin min closer to the threshold voltage Vinresh.
Conversely, if the code value Cpin min 18 greater than the code value Cinresh, an updated
value for C,, 1s generated so as to decrease the output voltage Vour, which in turn is
expected to decrease the minimum tail voltage Vmin min closer to the threshold voltage

Vinresh. To 1llustrate, the updated value for C,, can be set to

C,, (updated) =C

reg

(current) +offsetl EQ.1

R Cz resh Cmin min
offsetl =—L2x (Coves o) EQ.2
R, +R,;, Gain_ADCxGain_DAC

whereby Ry and Ry, represent the resistance values of the resistor 128 and the resistor
130, respectively, of the voltage divider 126 and Gain_ ADC represents the gain of the
ADC (in units code per volt) and Gain_DAC represents the gain of the control DAC 122
(in unit of volts per code). Depending on the relationship between the voltage Vrmin min
and the voltage Viresh (0r the code value Cpin min and the code value Cipesn), the offsetl

value can be either positive or negative.

[0046] Alternately, when the code Cpin min indicates that the minimum tail voltage

VImin min 18 at or near zero volts (€.g., Cmin min = 0) the value for updated C., can be set to

C.,, (updated) =C

reg

(current) +offset2 EQ.3
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whereby offset2 corresponds to a predetermined voltage increase in the output voltage
Vour (e.g., 1 V increase) so as to affect a greater increase in the minimum tail voltage

Vijnimin .

[0047] EQs. 1-3 illustrate that the generation of the code value C,, is dependent on the
expected resistance values Ry and Ry, of the resistors 128 and 130 of the voltage divider
126 (FIG. 1). However, as noted above, the actual ratio of the resistance values of the
resistors 128 and 130 may differ from the expected ratio of resistance values, and thus the
LCM 136 determines a feedback compensation factor (identified as herein as
f(ADC/DAC)) that represents an adjustment or correction intended to compensate for this
difference. In one embodiment, the code processing module 120 utilizes the feedback
compensation factor as a scaling factor during the calculation of the code Cyes, whereby

EQs. 2 and 3 are expanded to incorporate the feedback compensation factor thusly:

_ R 12 (Cthresh - Cmin7 min )
offset] = x x f(ADC/DAC) EQ.4
R, +R,, Gain_ADCxGain_DAC

C.;(updated) = C,,, (current) + (0ﬁ’set2 x f(ADC/ DAC)) EQ.5

reg

[0048] Although EQs. 4 and 5 illustrate one implementation of the feedback
compensation factor as a scaling factor in adjusting the resulting code C,, the feedback
compensation factor can be implemented in alternate ways without departing from the
scope of the present disclosure. To illustrate, the feedback compensation factor can be
implemented as an additive or subtractive component in addition to, or instead of, as a

scaling component.

[0049] At block 306, the control DAC 122 converts the updated code value Cy, to its
corresponding updated regulation voltage V... At block 308, the feedback voltage Vg, is
obtained from the voltage divider 126. At block 310, error amplifier 124 compares the
voltage V., and the voltage Vg, and configures the signal ADJ so as to direct the voltage
source 112 to increase or decrease the output voltage Vour depending on the result of the
comparison as described above. The process of blocks 302-310 can be repeated for the

next PWM cycle, and so forth.
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[0050] FIG. 4 illustrates a particular implementation of the code generation module 118
and the code processing module 120 of the LED driver 104 of FIG. 1 in accordance with
at least one embodiment of the present disclosure. In the illustrated embodiment, the
code generation module 118 includes an analog string select module 402 (corresponding
to the string select module 130, FIG. 1), an analog-to-digital converter (ADC) 404
(corresponding to the ADC 134, FIG. 1), and a digital minimum detect module 406
(corresponding to the minimum detect module 132, FIG. 1). The analog string select
module 402 includes a plurality of inputs coupled to the tail ends of the LED strings 105-
107 (FIG. 1) so as to receive the tail voltages V11, V2, and Vr,. In one embodiment, the
analog string select module 402 is configured to provide the voltage Vi, that is equal to
or representative of the lowest tail voltage of the active LED strings at the corresponding
point in time of the PWM cycle. That is, rather than supplying a single voltage value at
the conclusion of a PWM cycle, the voltage Vmin output by the analog string select
module 402 varies throughout the PWM cycle as the minimum tail voltage of the LED

strings changes at various points in time of the PWM cycle.

[0051] The analog string select module 402 can be implemented in any of a variety of
manners. For example, the analog string select module 402 can be implemented as a
plurality of semiconductor p-n junction diodes, each diode coupled in a reverse-polarity
configuration between a corresponding tail voltage input and the output of the analog
string select module 402 such that the output of the analog string select module 402 is
always equal to the minimum tail voltage Vrmin where the offset from voltage drop of the

diodes (e.g., 0.5 V or 0.7 V) can be compensated for using any of a variety of techniques.

[0052] The ADC 404 has an input coupled to the output of the analog string select
module 402, an input to receive a clock signal CLK1, and an output to provide a
sequence of code values Ciin Over the course of the PWM cycle based on the magnitude
of the minimum tail voltage Vrmin at respective points in time of the PWM cycle (as
clocked by the clock signal CLK1). The number of code values Cyy, generated over the
course of the PWM cycle depends on the frequency of the clock signal CLK1. To
illustrate, if the clock signal CLK1 has a frequency of 1000 * CLK_PWM (where

CLK PWM is the frequency of the PWM cycle) and can convert the magnitude of the
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voltage Vmin to a corresponding code value Cy,in at a rate of one conversion per clock
cycle, the ADC 404 can produce 1000 code values C, over the course of the PWM

cycle.

[0053] The digital minimum detect module 406 receives the sequence of code values
Cumin generated over the course of the PWM cycle by the ADC 404 and determines the
minimum, or lowest, of these code values for the PWM cycle. To illustrate, the digital
minimum detect module 406 can include, for example, a buffer, a comparator, and
control logic configured to overwrite a code value Cpy stored in the buffer with an
incoming code value Cp, if the incoming code value Cyin 18 less than the one in the
buffer. The digital minimum detect module 406 provides the minimum code value Cyin
of the series of code values Cpin for the PWM cycle as the code value Cpin min to the code
processing module 120. The code processing module 120 compares the code value
Chin_min to the predetermined code value Ciyresh and generates an updated code value Cieg
based on the comparison as described in greater detail above with reference to block 304

of F1G. 3.

[0054] FIG. 5 illustrates an example method 500 of operation of the implementation of
the LED system 100 illustrated in FIGS. 1 and 4 in accordance with at least one
embodiment of the present disclosure. At block 502, a PWM cycle starts, as indicated by
the received PWM data 111 (FIG. 1). At block 504, the analog string select module 402
provides the minimum tail voltage of the LED strings at a point in time of the PWM
cycle as the voltage Vrmin for that point in time. At block 506, the ADC 404 converts the
voltage Vrmin to a corresponding code value Cy,in and provides it to the digital minimum
detect 406 for consideration as the minimum code value Cpin min for the PWM cycle thus
far at block 508. At block 510, the data/timing control module 128 determines whether
the end of the PWM cycle has been reached. If not, the process of blocks 504-508 is
repeated to generate another code value Cyin. Otherwise, if the PWM cycle has ended,
the minimum code value Cyy, of the plurality of code values C,;, generated during the
PWM cycle is provided as the code value Cuin min by the digital minimum detect module
406. In an alternate embodiment, the plurality of code values Cyin generated during the

PWM cycle are buffered and then the minimum value Cpin_min 1S determined at the end of
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the PWM cycle from the plurality of buffered code values Cyin. At block 512 the code
processing module 120 uses the minimum code value Cyin min and the feedback
compensation factor 142 provided by the LCM 136 (FIG. 1) to generate an updated code
value Cp, based on a comparison of the code value Cpin_min to the predetermined code
value Cyresh. The control DAC 122 uses the updated code value Cp, to generate the
corresponding voltage V.., which is used by the error amplifier 124 along with the

voltage Vg, to adjust the output voltage Vour as described above.

[0055] FIG. 6 illustrates another example implementation of the code generation module
118 and the code processing module 120 of the LED driver 104 of FIG. 1 in accordance
with at least one embodiment of the present disclosure. In the illustrated embodiment,
the code generation module 118 includes the analog string select module 402 as
described above, an analog minimum detect module 606 (corresponding to the minimum
detect module 132, FIG. 1), and an ADC 604 (corresponding to the ADC 134, FIG. 1).
As described above, the analog string select module 402 continuously selects and outputs
the minimum tail voltage of the LED strings 105-107 at any given time as the voltage
Vmin for that point in time. The analog minimum detect module 606 includes an input
coupled to the output of the analog string select module 402, an input to receive a control
signal CTL3 from the data/timing control module 128 (FIG. 1), where the control signal
CTL3 signals the start and end of each PWM cycle. In at least one embodiment, the
analog minimum detect module 606 detects the minimum voltage of the output of the
analog string select module 402 over the course of a PWM cycle and outputs the

minimum detected voltage as the minimum tail voltage Vimin min-

[0056] The analog minimum detect module 606 can be implemented in any of a variety
of manners. To illustrate, in one embodiment, the analog minimum detect module 606
can be implemented as a negative peak voltage detector that is accessed and then reset at
the end of each PWM cycle. Alternately, the analog minimum detect module 606 can be
implemented as a set of sample-and-hold circuits, a comparator, and control logic. One
of the sample-and-hold circuits is used to sample and hold the voltage Vmin and the
comparator is used to compare the sampled voltage with a sampled voltage held in a

second sample-and-hold circuit. If the voltage of the first sample-and-hold circuit is
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lower, the control logic switches to using the second sample-and-hold circuit for
sampling the voltage Vrmin for comparison with the voltage held in the first sample-and-

hold circuit, and so on.

[0057] The ADC 604 includes an input to receive the minimum tail voltage Vrmin min for
the corresponding PWM cycle and an input to receive a clock signal CLK2. The ADC
604 is configured to generate the code value Cpin min representing the minimum tail
voltage Vrmin min and provide the code value Cuin min to the code processing module 120,
whereby it is compared with the predetermined code value Cyesn to generate the

appropriate code value Cr, as described above.

[0058] FIG. 7 illustrates an example method 700 of operation of the implementation of
the LED system 100 illustrated in FIGS. 1 and 6 in accordance with at least one
embodiment of the present disclosure. At block 702, a PWM cycle starts, as indicated by
the received PWM data 111 (FIG. 1). At block 704, the analog string select module 402
provides the lowest tail voltage of the active LED strings at a given point in time of the
PWM cycle as the voltage Vmin for that point in time. At block 706, the minimum
magnitude of the voltage Vrmin detected by the analog minimum detect module 606 is
identified as the minimum tail voltage Vimin min for the PWM cycle thus far. At block
708, the data/timing control module 128 determines whether the end of the PWM cycle
has been reached. If the PWM cycle has ended, the ADC 604 converts the minimum tail
voltage Vrmin min to the corresponding code value Cpin min. At block 712, the code
processing module 120 converts the code value Cpin min to an updated code value Cieg
based on a comparison of the code value Cuin min to the predetermined code value Cipesn
and based on the feedback compensation factor 142 from the LCM 136 (FIG. 1). The
control DAC 122 converts the updated code value Cr, to the corresponding voltage Vg,
which is used by the error amplifier 124 along with the voltage Vg, to adjust the output

voltage Vour as described above.

[0059] In the implementation of FIGS. 4 and 5, the voltage Vs output by the analog
string select module 402 was converted into a sequence of code values Cpiy based on the

clock signal CLK1 and the sequence of code values Cpin was analyzed to determine the
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minimum code value of the sequence, and thus to determine the code value Cyin min
representative of the minimum tail voltage Vrmin min Occurring over a PWM cycle. Such
an implementation requires an ADC 404 capable of operating with a high-frequency
clock CLK1. The implementation of FIGS. 6 and 7 illustrates an alternate with relaxed
ADC and clock frequency requirements because the minimum tail voltage Vimin min OVer
a PWM cycle is determined in the analog domain and thus only a single analog-to-digital
conversion is required from the ADC 604 per PWM cycle, at the cost of adding the

analog minimum detect module 606.

[0060] FIG. 8 illustrates yet another example implementation of the code generation
module 118 and the code processing module 120 of the LED driver 104 of FIG. 1 in
accordance with at least one embodiment of the present disclosure. In the illustrated
embodiment, the code generation module 118 includes a plurality of sample-and-hold
(S/H) circuits, such as S/H circuits 805, 806, and 807, a S/H select module 802
(corresponding to the string select module 130, FIG. 1), an ADC 804 (corresponding to
the ADC 134, FIG. 1), and the digital minimum detect module 406 (described above).

[0061] Each of the S/H circuits 805-807 includes an input coupled to the tail end of a
respective one of the LED strings 105-107 (FIG. 1) to receive the tail voltage of the LED
string and an output to provide a sampled tail voltage of the respective LED string. In
FIG. 8, the sampled voltages output by the S/H circuits 805-807 are identified as voltages
Vix, Vax, and V,x, respectively. In at least one embodiment, a control signal for a
corresponding S/H circuit is enabled, thereby enabling sampling of the corresponding tail

voltage, when the corresponding LED string is activated by a PWM pulse.

[0062] The S/H select module 802 includes a plurality of inputs to receive the sampled
voltages Vix, Vax, and V,x and is configured to select the minimum, or lowest, of the
sampled voltages Vx, Vax, and V,x at any given sample period for output as the voltage
level of the voltage Vi for the sample point. The S/H select module 802 can be
configured in a manner similar to the analog string select module 402 of FIGS. 4 and 6.
The ADC 804 includes an input to receive the voltage Vmin and an input to receive a

clock signal CLK3. As similarly described above with respect to the ADC 404 of FIG. 4,
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the ADC 804 is configured to output a sequence of code values Cpji from the magnitude

of the voltage Vi, using the clock signal CLK3.

[0063] As described above, the digital minimum detect module 406 receives the stream
of code values Cpin for a PWM cycle, determines the minimum code value of the stream,
and provides the minimum code value as code value Cpin min to the code processing
module 120. The determination of the minimum code value Cpin min can be updated as
the PWM cycle progresses, or the stream of code values Cyin for the PWM cycle can be
buffered and the minimum code value Cuin min determined at the end of the PWM cycle
from the buffered stream of code values Cpin. The code processing module then
compares the code value Cyin min to the predetermined code value Cipes for the purpose

of updating the code value Ci,.

[0064] FIG. 9 illustrates an example method 900 of operation of the implementation of
the LED system 100 illustrated in FIGS. 1 and 8 in accordance with at least one
embodiment of the present disclosure. At block 902, a PWM cycle starts, as indicated by
the received PWM data 111 (FIG. 1). At block 903, the S/H circuit 805 samples and
holds the voltage level of the tail end of the LED string 105 as the voltage Vx when the
LED string 105 (e.g., when activated by a PWM pulse). Likewise, at block 904 the S/H
circuit 806 samples and holds the voltage level of the tail end of the LED string 106 as
the voltage V,x when the LED string 106 is activated by a PWM pulse, and at block 905
the S/H circuit 807 samples and holds the voltage level of the tail end of the LED string
107 as the voltage V,x when the LED string 107 is activated by a PWM pulse.

[0065] At block 906, the S/H select module 802 selects the minimum of the sampled
voltages Vix, Vox, and Vx for output as the voltage V. At block 908, the ADC 804
converts the magnitude of the voltage Vrmin at the corresponding sample point to the
corresponding code value Cy,in and provides the code value Cpj, to the digital minimum
detect module 406. At block 910, the digital minimum detect module 406 determines the
minimum code value of the plurality of code values C,,;, generated during the PWM
cycle thus far as the minimum code value Cpin min. At block 912, the data/timing control

module 128 determines whether the end of the PWM cycle has been reached. If not, the
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process of blocks 903, 904, 905, 906, 908, and 910 is repeated to generate another code
value Cpin and update the minimum code value Cpin min as necessary. Otherwise, if the
PWM cycle has ended, at block 914, the code processing module 120 converts the code
value Cpin_min to an updated code value Crg based on a comparison of the code value
Chmin_min to the predetermined code value Ciresh and based on the feedback compensation
factor 142 from the LCM 136 (FIG. 1). The control DAC 122 converts the updated code
value Cy, to the corresponding voltage V., which is used by the error amplifier 124

along with the voltage Vy, to adjust the output voltage Vour as described above.

[0066] FIG. 10 illustrates another example implementation of the code generation
module 118 and the code processing module 120 of the LED driver 104 of FIG. 1 in
accordance with at least one embodiment of the present disclosure. In the illustrated
embodiment, the code generation module 118 includes a plurality of ADCs, such as ADC
1005, ADC 1006, and ADC 1007 (corresponding to the ADC 134, FIG. 1) and a digital
minimum detect module 1004 (corresponding to both the string select module 130 and

the minimum detect module 132, FIG. 1).

[0067] Each of the ADCs 1005-1007 includes an input coupled to the tail end of a
respective one of the LED strings 105-107 (FIG. 1) to receive the tail voltage of the LED
string, an input to receive a clock signal CLK4, and an output to provide a stream of code
values generated from the input tail voltage. In FIG. 10, the code values output by the

ADCs 1005-1007 are identified as code values C;x, Cyx, and C,x, respectively.

[0068] The digital minimum detect module 1004 includes an input for each of the stream
of code values output by the ADCs 1005-1007 and is configured to determine the
minimum, or lowest, code value from all of the streams of code values for a PWM cycle.
In one embodiment, the minimum code value for each LED string for the PWM cycle is
determined and then the minimum code value Cpin min 1S determined from the minimum
code value for each LED string. In another embodiment, the minimum code value of
cach LED string is determined at each sample point (e.g., the minimum of C,x, Cyx, and

C.x at the sample point). The code processing module 120 then compares the code value
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Cin_min to the predetermined code value Cyyresh for the purpose of updating the code value

Creg.

[0069] FIG. 11 illustrates an example method 1100 of operation of the implementation of
the LED system 100 illustrated in FIGS. 1 and 10 in accordance with at least one
embodiment of the present disclosure. At block 1102, a PWM cycle starts, as indicated
by the received PWM data 111 (FIG. 1). At block 1103, the ADC 1005 converts the
voltage V1, at the tail end of the LED string 105 to a corresponding code value C;x when
the LED string 105 (e.g., when activated by a PWM pulse). Likewise, at block 1004 the
ADC 1006 converts the voltage Vr; at the tail end of the LED string 106 to a
corresponding code value Cyx when the LED string 106 is activated by a PWM pulse,
and at block 1005 the ADC 1007 converts the voltage Vr, at the tail end of the LED
string 107 to a corresponding code value C,x when the LED string 107 is activated by a

PWM pulse.

[0070] At block 1106, the digital minimum detect module 1004 determines the minimum
code value Cpin min Of the plurality of code values generated during the PWM cycle thus
far, or, in an alternate embodiment, at the end of the PWM cycle from the code values
generated over the entire PWM cycle. At block 1108, the data/timing control module 128
determines whether the end of the PWM cycle has been reached. If not, the process of
blocks 1103, 1104, 1105, 1106, and 1108 is repeated to generate another set of code
values from the tail voltages of the active LED strings and update the minimum code
value Cuin min as necessary. Otherwise, if the PWM cycle has ended, at block 1110, the
code processing module 120 converts the code value Cuin min to an updated code value
Cieg based on a comparison of the code value Cuin min to the predetermined code value
Cinresh and based on the feedback compensation factor 142 from the LCM 136 (FIG. 1).
The control DAC 122 converts the updated code value Cy, to the corresponding voltage
Vieg, which is used by the error amplifier 124 along with the voltage Vg, to adjust the

output voltage Vour as described above.

[0071] FIG. 12 illustrates an example implementation of the initial loop calibration

process of block 204 of method 200 of FIG. 2 in accordance with at least one
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embodiment of the present disclosure. As discussed above, the initial loop calibration
process can be initiated for the start-up mode of the LED system 100 and prior to entering
the operational mode. To initiate the calibration process, at block 1202 the LCM 136
enables one or more of the LED strings 105-107, either by directly controlling the current
regulators 115-117 or by signaling the data/timing control module 128 to control the
current regulators 115-117. As display of actual display content has not yet started, this
process of enabling LED strings for calibration purposes can produce a flash at the LED
panel 102, which may be potentially distracting to a viewer. Accordingly, in one
embodiment, the LCD filter of the LED panel 102 can be configured to an opaque state
so as to block the flash from being output to the viewer. Alternately, a minimum number
of LED strings (e.g., only one LED string) can be enabled and minimal current can be

used to drive the LED string(s) so enabled to minimize the intensity of the flash.

[0072] With one or more LED strings enabled, at block 1204 the LCM 136 signals the
code processing module 120 to increase the code C,, (and thereby increasing the output
voltage Vour in response) until the magnitude of the output voltage Vour is such that the
tail voltage(s) of the enabled LED string(s) are above 0 V or at other specified threshold
(monitored by checking whether the code Cpin min has become non-zero or above a
specified value). When this condition is reached, at block 1206 the LCM 136 asserts the
calibrate signal 140, in response to which the code processing module 120 stores the code
Creg and code Cuin cmin @8 code Creg o and code Cpin min 0 ;respectively, and then performs
a “soft-start” so as to ramp the code Cy, to a predetermined value or by a predetermined
amount such that Ciy = Crg 1. The predetermined value for the code Cp, or the
predetermined amount by which the current code C,., 1s incremented can be conveyed as
part of the calibrate signal 140, programmed via a register or via a resister-specific
voltage, hardcoded in the code processing module 120, and the like. The new value for
the code Creg (Croq 1) results in an increase in the output voltage Vour. The LCM 136
waits for a time sufficient to permit this increase in the output voltage Voyr to propagate
back to the feedback controller 114 at which time the LCM 136 determines the code
Cumin_min that the feedback controller 114 generates as a result of the increase in the output

voltage Vour. This resulting code value is stored as Cuin min 1.
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[0073] At block 1210 the LCM 136 determines the feedback compensation factor based
on the relationship between the predetermined increase in the code C,, (or the
predetermined value for the code C,.g) and the resulting value of code Cpin min. In one
embodiment, this relationship is represented as the ratio of the change in the value of the
code Cin_min to the change in the value of the code Cy, and thus the feedback
compensation factor (f{ADC/DAC)) can be calculated based on the difference between

the expected ratio and the actual ratio as:

f(ADC/DAC) = AC (actual)/ AC ( ted) EQ.6
=AC actua AC exp ecte 0.

min_min min_min

Because AC,__(actual) = AC  (expected), EQ.6 becomes:

reg reg

C i min (expected)
AC (actual)

f(ADC/DAC) = A EQ.7

min_min

[0074] Although an example relationship between the stimulus of the change in the code
Creg and the response of the resulting change in the code Cuin min are discussed, other
ways of representing this relationship can be implemented without departing from the
scope of the present disclosure. To illustrate rather than expressing the relationship as a
ratio of the change in the code Cpin_min to the change in the code Cyg, the inverse of this
relationship instead can be implemented to determined the feedback compensation factor
(with corresponding changes to the use of the feedback compensation factor in adjusting

subsequent values for the code Cieg).

[0075] FIG. 13 illustrates an example implementation of the dynamic loop calibration
process of block 212 of method 200 of FIG. 2 in accordance with at least one
embodiment of the present disclosure. The dynamic loop calibration process can
implemented to adjust for dynamic changes in the LED system 100 in the operational
mode during which image data is displayed. At block 1302, the LCM 136 sets the
feedback compensation factor 142 to an initial value. This initial value can include, for
example, the feedback compensation factor determined via the initial calibration process

of block 204 (FIG. 2). Alternately, the initial value of the feedback compensation factor
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142 can include a predetermined value, or the code processing module 120 can be

configured to disable use of the feedback compensation factor 142 at block 1302.

[0076] When the LED driver 104 has entered the operational mode, at block 1304 the
LCM 136 dynamically determines the feedback compensation factor 142 from the
operation of the feedback controller 114 during display of the image data. In one
embodiment, the LCM 136 determines the feedback compensation factor 142 in a manner
similar to the one described in FIG. 12 whereby the LCM 136 signals the code processing
module 120 to increment the current value of the code C,, by a predetermined amount
and then determines the feedback compensation factor 142 from the change in the code
Cmin min resulting from the increment in the code C.,. In another embodiment, rather
than actively incrementing the code Cree the LCM 136 instead can wait for a change in

the code Cie, to occur as a result of normal operation and then observe the resulting code

ijnimin .

[0077] A change in the display content of the image being displayed in conjunction with
the LED panel 102 (i.e., a frame change) can change the utilization of the LED strings
105-107 (i.e., change the particular combination of LED strings that are enabled). This
change in utilization of the LED strings 105-107 can result in a change in the particular
minimum tail voltage Vrmin min from which the code Cpin min 15 generated. Thus, a
change in the LED string utilization during the dynamic calibration process will render
the resulting code Cmin min unreliable because it potentially does not accurately reflect the
relationship between an increase in the code C., and the resulting increase in the code
Cmin min. Accordingly, while the LCM 136 is performing the process of determining the
feedback compensation factor at block 1306, the LCM 136 determines whether there has
been a change in the LED string utilization while conducting the calibration process, and
thus invalidating any results of the calibration process. As described above, the
data/timing control module 128 monitors the duty cycles of the PWM data 111 and
asserts the SS signal 144 in response to detecting a change in a duty cycle. As a change
in duty cycle signals a change in the display lighting, the LCM 136 can use the SS signal
144 to determine whether the LED string utilization has held constant while conducting

the dynamic calibration process. If not, the dynamic calibration process is halted, the
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results invalidated, and a new calibration process is initiated again at block 1304. If the
display lighting has held constant (i.c., the LED string utilization has been constant), at
block 1308 the LCM 136 identifies the results as valid and stores the resulting feedback
compensation factor in a storage component (e.g., a register, non-volatile memory, etc.)
for use by the code processing module 120 as the feedback compensation factor 142 for

adjusting the code C, as described above.

[0078] FIG. 14 illustrates an IC-based implementation of the LED system 100 of FIG. 1
as well as an example implementation of the voltage source 112 in accordance with at
least one embodiment of the present disclosure. In the depicted example, the LED driver
104 is implemented as an integrated circuit (IC) 1402 having the data/timing control
module 128 and the feedback controller 114. As also illustrated, some or all of the
components of the voltage source 112 can be implemented at the IC 1402. In one
embodiment, the voltage source 112 can be implemented as a step-up boost converter, a
buck-boost converter, and the like. To illustrate, the voltage source 112 can be
implemented with an input capacitor 1412, an output capacitor 1414, a diode 1416, an
inductor 1418, a switch 1420, a current sense block 1422, a slope compensator 1424, an
adder 1426, a loop compensator 1428, a comparator 1430, and a PWM controller 1432

connected and configured as illustrated in FIG. 14.

[0079] Other embodiments, uses, and advantages of the disclosure will be apparent to
those skilled in the art from consideration of the specification and practice of the
disclosure disclosed herein. The specification and drawings should be considered
exemplary only, and the scope of the disclosure is accordingly intended to be limited only

by the following claims and equivalents thereof.
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WHAT IS CLAIMED IS:

1. A method comprising:

generating a first voltage based on a first digital code value;

providing a second voltage to a head end of each of a plurality of light emitting
diode (LED) strings, each LED string having a corresponding tail voltage
responsive to the second voltage, and the second voltage based on the first
voltage;

determining a second digital code value representative of a first minimum tail
voltage of the plurality of LED strings responsive to the second voltage;

determining a feedback compensation factor based on a relationship between the
first digital code value and the second digital code value;

determining a third digital code value based on the feedback compensation factor;

generating a third voltage based on the third digital code value; and

providing a fourth voltage to the head end of each of the plurality of LED strings,
the fourth voltage based on the third voltage.

2. The method of claim 1, further comprising:

determining a fourth digital code value representative of a second minimum tail
voltage of the plurality of LED strings responsive to the fourth voltage;

determining a fifth digital code value based on the fourth digital code value and
the feedback compensation factor;

generating a fifth voltage based on the fifth digital code value; and

providing a sixth voltage to the head end of each of the plurality of LED strings,
the sixth voltage based on the fifth voltage.
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3. The method of claim 1, wherein:
generating the first voltage comprises generating the first voltage via a digital-to-
analog converter (DAC);
determining the second digital code value comprises determining the second
digital code value via an analog-to-digital converter (ADC); and

generating the third voltage comprises generating the third voltage via the DAC.

4. The method of claim 3, wherein:

providing the second voltage comprises generating the second voltage based on a
relationship between the first voltage and a first voltage output of a
voltage divider;

providing the fourth voltage comprises generating the fourth voltage based on a
relationship between the third voltage and a second voltage output of the
voltage divider; and

wherein the DAC and the ADC are configured based on an expected resistance

ratio of the voltage divider.

5. The method of claim 4, wherein the feedback compensation factor compensates for a
difference between the expected resistance ratio and an actual resistance ratio of the

voltage divider.

6. The method of claim 1, further comprising:
the relationship between the first digital code value and the second digital code
value comprises a ratio of the first digital code value and the second
digital code value; and
determining the feedback compensation factor comprises determining the
feedback compensation factor based on a difference between the ratio and

an expected ratio.
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7. The method of claim 1, further comprising:

generating the first digital code value based on a predetermined increase from a
fourth digital code value, wherein the relationship between the first digital
code value and the second digital code value comprises a ratio of the
second digital code value and a difference between the first digital code
value and the fourth digital code value; and

determining the feedback compensation factor comprises determining the
feedback compensation factor based on a difference between the ratio and

an expected ratio.

8. The method of claim 1, further comprising:
operating a LED panel comprising the plurality of LED strings in a start-up mode
and an operational mode, wherein image content is displayed via the LED
panel in the operational mode; and
wherein:
generating the first voltage comprises generating the first voltage in the
start-up mode;
providing the second voltage comprises providing the second voltage in
the start-up mode;
determining the second digital code value comprises determining the
second digital code value in the start-up mode;
determining the feedback compensation factor comprises determining the
feedback compensation factor in the operational mode;
determining the third digital code value comprises determining the third
digital code value in the operational mode;
generating the third voltage comprises generating the third voltage in the
operational mode; and
providing the fourth voltage comprises providing the fourth voltage in the

operational mode.
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9. The method of claim 1, further comprising;:
operating a LED panel comprising the plurality of LED strings in a start-up mode
and an operational mode, wherein image content is displayed via the LED
panel in the operational mode; and
wherein:
generating the first voltage comprises generating the first voltage in the
operational mode;
providing the second voltage comprises providing the second voltage in
the operational mode;
determining the second digital code value comprises determining the
second digital code value in the operational mode;
determining the feedback compensation factor comprises determining the
feedback compensation factor in the operational mode;
determining the third digital code value comprises determining the third
digital code value in the operational mode;
generating the third voltage comprises generating the third voltage in the
operational mode; and
providing the fourth voltage comprises providing the fourth voltage in the

operational mode.

10. The method of claim 9, wherein determining the feedback compensation factor
comprises determining the feedback compensation factor responsive to determining that a
utilization of LED strings of the plurality of LED strings has remained constant between

generating the first voltage and determining the second digital code value.

11. The method of claim 10, further comprising;:
monitoring a duty cycle of a pulse width modulation (PWM) data used to control
the LED strings to determine whether the utilization of LED strings has

remained constant.
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12. A system comprising:
a light emitting diode (LED) driver comprising:

a plurality of tail inputs, each tail input configured to couple to a tail end
of a corresponding one of a plurality of light emitting diode (LED)
strings; and

a feedback controller comprising;:
an analog-to-digital converter (ADC) configured to generate digital

code values representative of corresponding minimum tail
voltages of the plurality of LED strings;

a code processing module configured to, in a first mode, generate
digital code values based on the digital code values
generated by the ADC;

a digital-to-analog converter (DAC) configured to generate
voltages based on the digital code values generated by the
code processing module;

a loop calibration module configured to generate a feedback
compensation factor based on a relationship between a
digital code value generated by the code processing module
and a resulting digital code value generated by the ADC;
and

the code processing module is configured to, in a second mode,
generate digital code values based on digital code values
generated by the ADC and based on the feedback

compensation factor.

13. The system of claim 12, further comprising:
a voltage source configured to adjust an output voltage provided to a head end of
cach of the plurality of LED strings based on the voltages generated by the
DAC.
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14. The system of claim 13, further comprising:
a voltage divider configured to generate a voltage based on the output voltage of
the voltage source;
wherein the voltage source is configured to adjust the output voltage based on a
relationship between the voltage generated by the voltage divider and a
voltage generated by the DAC; and
wherein the DAC and the ADC are configured based on an expected resistance

ratio of the voltage divider.

15. The system of claim 14, wherein the feedback compensation factor compensates for

a difference between the expected resistance ratio and an actual resistance ratio of the

voltage divider.

16. The system of claim 12, wherein:

a relationship between the digital code value generated by the code processing
module and the resulting digital code value generated by the ADC
comprises a ratio of the digital code value generated by the code
processing module and the resulting digital code value generated by the
ADC; and

the loop calibration module is configured to determine the feedback compensation

factor based on a difference between the ratio and an expected ratio.

17. The system of claim 12, wherein the loop calibration module is configured to

determine the feedback compensation factor during a start-up mode.

18. The system of claim 12, wherein the loop calibration module is configured to
determine the feedback compensation factor during an operational mode responsive to
determining that a utilization of LED strings of the plurality of LED strings has remained
constant between generation of the digital code value by the DAC and generation of the

resulting digital code value by the ADC.
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19. The system of claim 18, further comprising:
a data/timing control module configured to monitor a duty cycle of a pulse width
modulation (PWM) data used to control the LED strings to determine

whether the utilization of LED strings has remained constant.

20. The system of claim 12, further comprising;:
a LED panel comprising the plurality of LED strings.
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