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(7) ABSTRACT

An electronic device that includes a display is provided. The
display may have a brightness that is controlled using a series
of cascaded digital-to-analog converter circuits. The display
may be calibrated at a series of predetermined display bright-
ness settings. For display brightness settings that fall between
two consecutive display brightness settings in the series of
predetermined display brightness settings, voltage interpola-
tion operations may be performed to obtain the corresponding
display brightness settings. Performing voltage interpola-

Int. CL. tions instead of digital brightness setting interpolation helps
G09G 3/32 (2006.01) minimize luminance jumps and unexpected color shifts when
G09G 3/20 (2006.01) adjusting the brightness of the display.
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ORGANIC LIGHT-EMITTING DIODE
DISPLAY WITH SMOOTH DIMMING
CONTROL

[0001] This application claims the benefit of provisional
patent application No. 62/138,915, filed Mar. 26, 2015 which
is hereby incorporated by reference herein in its entirety.

BACKGROUND

[0002] This relates generally to electronic devices, and
more particularly, to electronic devices with displays.
[0003] Electronic devices often include displays. For
example, cellular telephones and portable computers often
include organic light-emitting diode displays for presenting
visual information to a user.

[0004] To ensure that organic light-emitting diode displays
do not consume too much power, electronic devices often use
apeak luminance control algorithm (sometimes referred to as
automatic current limiting). When this functionality is
enabled, the peak luminance of displayed images is limited
whenever the content being displayed exhibits large values of
average luminance. When the average luminance of a frame
of image data is low, the display is allowed to display content
with a large peak luminance. In this situation, a display with
sparse content such as a few icons on a black background can
display the content brightly.

[0005] When the average luminance of a frame of image
data is high, there is a potential for excessive current draw by
the display if all of the content in the frame is displayed at
maximum luminance. When the peak luminance control
algorithm is used, the peak luminance of the content is
reduced automatically by the display. This ensures that the
amount of current and therefore the amount of power that is
drawn by the display will be capped. In addition to limiting
power consumption, this may help limit temperature rise in
the display and thereby help extend the lifetime of display
pixels in the display.

[0006] Manuvally and automatically controlled display
brightness settings also are used to adjust how brightly
organic light-emitting diode displays operate. Organic light-
emitting diode displays produce light by applying current to
emissive organic materials. Conventionally, analog data sig-
nals are driven to corresponding thin-film transistors that pass
the current to the emissive organic materials. The analog data
signals are typically derived based on a set of reference volt-
ages values, which are calibrated for specific display bright-
ness settings. The display may include a display driver having
a cascaded gamma circuit for generating the set of reference
voltage values.

[0007] In particular, the display brightness settings can be
adjusted to dim the brightness of the display by scaling the
references voltages using the cascaded gamma circuit. As the
voltage scales, the display needs to be re-calibrated to main-
tain the accuracy of the color that is being displayed. When a
user of the displays adjusts the display brightness settings to
intermediate levels that are between the calibrated brightness
settings, the reference voltage values may be interpolated
from the calibrated settings. In particular, the interpolation is
performed in the digital domain. Because of the cascaded
structure of the gamma circuit, digital interpolation intro-
duces errors that can ripple and accumulate across the refer-
ence voltages, which can lead to luminance jumps (especially
at low dimming levels) and unexpected color shifts in the
display.
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SUMMARY

[0008] An electronic device may include display circuitry
for displaying image content to a user. In accordance with an
embodiment, the display circuitry may include multiple cas-
caded data converters (e.g., digital-to-analog data converting
circuits) configured to generate reference voltages and inter-
polation circuitry that generates register settings for config-
uring the cascaded data converters and that performs voltage
interpolation when generating the register settings.

[0009] The electronic device may also include memory for
storing predetermined scaling factors that are retrieved when
performing the voltage interpolation. Fach of the cascaded
data converters is associated with a respective digital value
thatis used to compute the predetermined scaling factors. The
interpolation circuitry may be configured to compute delta
values based on the digital values associated with the cas-
caded data converters. The interpolation circuitry is further
configured to compute a ratio based on the predetermined
scaling factors and the delta values. The register settings may
be computed based on the ratio and a user display brightness
setting.

[0010] In accordance with another embodiment, a method
for operating a display that is characterized by a plurality of
dimming bands is provided. Each dimming band may be
defined by a right edge and a left edge. The method may
involve placing the display in a first state using a first display
brightness setting (e.g.. a calibrated setting) that corresponds
to one ofthe right and left edges of a first dimming band in the
plurality of dimming bands, placing the display in a second
state by adjusting the first display brightness setting to a
second display brightness setting, and in response to deter-
mining that the second display brightness setting falls
between the right and left edges of the first dimming band,
performing voltage interpolation operations to obtain addi-
tional display control settings.

[0011] The voltage interpolation operations may include
performing linear interpolation between a first voltage value
corresponding to the right edge of the first dimming band and
a second voltage value corresponding to the left edge of the
first dimming band, where the first and second voltage values
correspond to an identical gray level. Performing voltage
interpolation in this way can generate additional display con-
trol settings for a set of predetermined tap points which define
agamma characteristic for the display. The additional display
control settings may be used to configure a plurality of cas-
caded digital-to-analog converters having outputs connected
to the predetermined tap points.

[0012] Further features of the invention, its nature and vari-
ous advantages will be more apparent from the accompanying
drawings and following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1is a perspective view of an illustrative elec-
tronic device such as a laptop computer with a display in
accordance with an embodiment.

[0014] FIG. 2 is a perspective view of an illustrative elec-
tronic device such as a handheld electronic device with a
display in accordance with an embodiment of the present
invention.

[0015] FIG. 3 is a perspective view of an illustrative elec-
tronic device such as a tablet computer with a display in
accordance with an embodiment.
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[0016] FIG. 4 is a perspective view of an illustrative elec-
tronic device such as a computer display with a display in
accordance with an embodiment.

[0017] FIG. 5 is a schematic diagram of an illustrative
electronic device with a display in accordance with an
embodiment.

[0018] FIG. 6 is a diagram of display circuitry in accor-
dance with an embodiment.

[0019] FIG. 7 is a schematic diagram of an illustrative
organic light-emitting diode display pixel in accordance with
an embodiment.

[0020] FIG. 8 is a diagram of an illustrative display con-
troller in accordance with an embodiment.

[0021] FIG. 9 is a circuit diagram of reference voltage
generation circuitry that includes voltage interpolation logic
in accordance with an embodiment.

[0022] FIG.10is a plot of Tuminance versus display bright-
ness settings showing a luminance jump.

[0023] FIG. 11 an electro-optical response curve showing
different display operating points in accordance with an
embodiment.

[0024] FIG. 12 is a diagram illustrating how an intermedi-
ate reference voltage setting can be derived via interpolation
in accordance with an embodiment.

[0025] FIG. 13 is a flow chart of illustrative steps involved
in performing interpolation in the voltage domain in accor-
dance with an embodiment.

DETAILED DESCRIPTION

[0026] Electronic devices may include displays. The dis-
plays may be used to display images to a user. Illustrative
electronic devices that may be provided with displays are
shown in FIGS. 1, 2, 3, and 4.

[0027] FIG. 1 shows how electronic device 10 may have the
shape of a laptop computer having upper housing 12A and
lower housing 12B with components such as keyboard 16 and
touchpad 18. Device 10 may have hinge structures 20 that
allow upper housing 12A to rotate in directions 22 about
rotational axis 24 relative to lower housing 12B. Display 14
may be mounted in upper housing 12A. Upper housing 12A,
which may sometimes referred to as a display housing or lid,
may be placed in a closed position by rotating upper housing
12A towards lower housing 12B about rotational axis 24.
[0028] FIG. 2 shows how electronic device 10 may be a
handheld device such as a cellular telephone, music player,
gaming device, navigation unit, or other compact device. In
this type of configuration for device 10, housing 12 may have
opposing front and rear surfaces. Display 14 may be mounted
on a front face of housing 12. Display 14 may, if desired, have
openings for components such as button 26. Openings may
also be formed in display 14 to accommodate a speaker port
(see, e.g., speaker port 28 of FIG. 2).

[0029] FIG. 3 shows how electronic device 10 may be a
tablet computer. In electronic device 10 of FIG. 3, housing 12
may have opposing planar front and rear surfaces. Display 14
may be mounted on the front surface of housing 12. As shown
in FIG. 3, display 14 may have an opening to accommodate
button 26 (as an example).

[0030] FIG. 4 shows how electronic device 10 may be a
computer display or a computer that has been integrated into
acomputer display. With this type of arrangement, housing 12
for device 10 may be mounted on a support structure such as
stand 27. Display 14 may be mounted on a front face of
housing 12.
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[0031] The illustrative configurations for device 10 that are
shown in FIGS. 1, 2, 3, and 4 are merely illustrative. In
general, electronic device 10 may be a laptop computer, a
computer monitor containing an embedded computer, a tablet
computer, a cellular telephone, a media player, or other hand-
held or portable electronic device, a smaller device such as a
wrist-watch device, a pendant device, a headphone or ear-
piece device, or other wearable or miniature device, a televi-
sion, a computer display that does not contain an embedded
computer, a gaming device, a navigation device, an embedded
system such as a system in which electronic equipment with
adisplay is mounted in a kiosk or automobile, equipment that
implements the functionality of two or more of these devices,
or other electronic equipment.

[0032] Housing 12 of device 10, which is sometimes
referred to as a case, may be formed of materials such as
plastic, glass, ceramics, carbon-fiber composites and other
fiber-based composites, metal (e.g., machined aluminum,
stainless steel, or other metals), other materials, or a combi-
nation of these materials. Device 10 may be formed using a
unibody construction in which most or all of housing 12 is
formed from a single structural element (e.g., a piece of
machined metal or a piece of molded plastic) or may be
formed from multiple housing structures (e.g., outer housing
structures that have been mounted to internal frame elements
or other internal housing structures).

[0033] Display 14 may be a touch sensitive display that
includes a touch sensor or may be insensitive to touch. Touch
sensors for display 14 may be formed from an array of capaci-
tive touch sensor electrodes, a resistive touch array, touch
sensor structures based on acoustic touch, optical touch, or
force-based touch technologies, or other suitable touch sen-
sor components.

[0034] Display 14 for device 10 includes display pixels
formed from organic light-emitting diode (OLED) display
components or other suitable display pixel structures.
[0035] A schematic diagram ofan illustrative configuration
that may be used for electronic device 10 is shown in FIG. 5.
As shown in FIG. 5, electronic device 10 may include control
circuitry such as storage and processing circuitry 28. Storage
and processing circuitry 28 may include storage such as hard
disk drive storage, nonvolatile memory (e.g., flash memory or
other electrically-programmable-read-only memory config-
ured to form a solid state drive), volatile memory (e.g., static
or dynamic random-access-memory), etc. Processing cit-
cuitry in storage and processing circuitry 28 may be used to
control the operation of device 10. The processing circuitry
may be based on one or more microprocessors, microcontrol-
lers, digital signal processors, baseband processors, power
management units, audio codec chips, application specific
integrated circuits, etc. If desired, storage and processing
circuitry 28 may include a system-on-chip integrated circuit
or multiple system-on-chip devices.

[0036] Storage and processing circuitry 28 may be used to
run software on device 10, such as internet browsing appli-
cations, voice-over-internet-protocol (VOIP) telephone call
applications, email applications, media playback applica-
tions, operating system functions, etc. To support interactions
with external equipment, storage and processing circuitry 28
may be used in implementing communications protocols.
Communications protocols that may be implemented using
storage and processing circuitry 28 include internet proto-
cols, wireless local area network protocols (e.g., IEEE 802.11
protocols—sometimes referred to as WiFi®), protocols for
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other short-range wireless communications links such as the
Bluetooth® protocol, cellular telephone protocols, etc.

[0037] Circuitry 28 may supply display 14 with content that
is to be displayed on display 14. The content may include still
image content and moving image content such as video con-
tent for a movie, moving graphics, or other moving image
content. Image data for the content that is being displayed by
display 14 may be conveyed between control circuitry 28 and
display driver circuitry in display 14 over a data path (e.g., a
flexible circuit cable with multiple parallel metal traces that
serve as signal lines or other suitable communications path).

[0038] Input-output circuitry 30 may be used to allow data
to be supplied to device 10 and to allow data to be provided
from device 10 to external devices. Input-output circuitry 30
may include input-output devices 32. Input-output devices 32
may include one or more displays such as display 14 (e.g., an
organic light-emitting diode display). Input-output devices
32 may also include touch screens, buttons, joysticks, click
wheels, scrolling wheels, touch pads, key pads, keyboards,
light-emitting diodes and other status indicators, data ports,
etc. Input-output devices 32 may also include sensors and
audio components. For example, input-output devices 32 may
include an ambient light sensor, a proximity sensor, a gyro-
scope, an accelerometer, cameras, a temperature Sensor,
audio components such as speakers, tone generators, and
vibrators or other audio output devices that produce sound,
microphones, and other input-output components.

[0039] During operation, a user can control the operation of
device 10 by supplying commands through input-output
devices 32 and may receive status information and other
output from device 10 using the output resources of input-
output devices 32.

[0040] Communications circuitry 34 may include wired
and wireless communications circuitry for supporting com-
munications between device 10 and external equipment.

[0041] A circuit diagram of display 14 and other circuitry in
device 10 is shown in FIG. 6. As shown in the illustrative
configuration of FIG. 6, display 14 may have display pixels 54
organized in an array such as display pixel array 52. Display
pixel array 52 may contain rows and columns of organic
light-emitting diode display pixels 54 (e.g., tens, hundreds, or
thousands or more rows and/or columns). Display driver cir-
cuitry 62 may include display driver circuitry 66. Display
driver circuitry 66 may be implemented using an integrated
circuit (e.g., display driver circuitry 66 may include a display
driver integrated circuit). Display driver circuitry 66 may
include timing controller circuitry and may therefore some-
times be referred to as a timing controller (TCON) chip or
timing controller integrated circuit.

[0042] Display driver circuitry 62 may include display
driver circuitry 66, row driver circuitry 56, and column driver
circuitry. Row driver circuitry 56 may, if desired, be imple-
mented using thin-film transistor circuitry on the substrate of
display 14 or other circuitry (e.g., circuitry in an integrated
circuit). Thin-film transistor circuitry may also be used to
form array 52. The column driver circuitry for display 14 may,
as an example, be formed using an integrated circuit that is
mounted on the substrate of display 14.

[0043] Column driver circuitry may be implemented in an
integrated circuit (e.g., a column driver integrated circuit—
sometimes referred to as a source driver) that is separate from
a timing controller integrated circuit that is being used to
implement display driver circuitry 66 or may be formed as an
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integral part of a timing controller integrated circuit used in
implementing display driver circuitry 66.

[0044] Display driver circuitry 62 (e.g. display driver inte-
grated circuit 66) may receive still and/or moving image data
(sometimes referred to as display or image data) from control
circuitry 28 using communications path 68. In response, dis-
play driver circuitry 62 may provide control signals to pixels
54 on lines 58 and 60. In particular, display driver circuitry 62
may provide corresponding analog data signals Vdata on data
lines 58 and may use row drivers 56 to provide scan signals
SCAN on scan lines 60. There may be a different respective
data line 58 for each column of display pixels 54 in display
pixel array 52 and a different respective scan line 60 for each
row of display pixels 54.

[0045] Power can be provided to display 14 using a power
management unit integrated circuit. A power management
unit may, for example, provide each of the display pixels 54 in
display pixel array 52 with a positive power supply voltage
ELVDD using positive power supply path 72 and a ground
power supply voltage ELVSS using ground power supply
path 74.

[0046] Display driver circuitry 66 may analyze image data
from control circuitry 28 that is received over path 68. This
analysis may, for example, reveal information on the content
ofthe image data such as the average luminance of each frame
of the image data. Using information such as average lumi-
nance information, display driver circuitry 66 can implement
functions such peak luminance control functions. Brightness
control functions may be used to adjust display brightness
based on manual user input and/or ambient light sensor data
(as examples).

[0047] A circuit diagram of an illustrative display pixel in
display pixel array 52 of display 14 is shown in FIG. 7. The
circuitry of illustrative display pixel 54 of FIG. 7 contains
thin-film transistor (TFT) switching circuitry 80 for control-
ling the application of data signal Vdata to gate G of drive
transistor TDR in response to scan signal SCAN being
asserted (taken high). Transistor TDR is used to apply current
Idiode to organic light-emitting diode 76. The amount of light
78 that is produced by light-emitting diode 76 can be adjusted
by adjusting the magnitude of current Idiode. The FIG. 7
example includes current regulating (drive) transistor TDR
and switching circuitry 80. This is merely illustrative. Other
configurations may be used for the circuitry of display pixel
54 if desired. In general, display pixel 54 may contain any
suitable number of transistors (e.g., two or more, three or
more, four or more, five or more, six or more, etc.). Capacitor
structures may, if desired, be used to store data on a pixel
between successive frames.

[0048] Transistor TDR and diode 76 are connected in series
between positive power supply terminal 72 and ground power
supply terminal 74. The drain terminal of transistor TDR is
coupled to positive power supply terminal 72 and the source
terminal of transistor TDR is coupled to light-emitting diode
76 at the anode terminal of light-emitting diode 76. The
cathode terminal of light-emitting diode 76 is coupled to
ground power supply terminal ELVSS. Positive power supply
voltage terminal 72 may receive positive power supply volt-
age ELVDD. Ground power supply voltage terminal 74 may
receive ground power supply voltage ELVSS. The voltage
that is applied to gate G of transistor TDR by switching
circuitry 80 controls the magnitude of diode current Idiode
and therefore the amount of light 78 that is emitted by display
pixel 54.
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[0049] If care is not taken, the performance of a display
pixel can deteriorate when operated for extended periods of
time at large values of diode current Idiode, particularly under
conditions where the temperature of diode 76 is elevated.
Static image content on display 14 that produces elevated
Idiode values therefore may undesirably burn images into
display 14. To avoid undesired image burn-in effects, display
driver circuitry 66 may detect the presence of static image
content and may take appropriate actions to adjust the drive
currents to the diodes in the pixel array to minimize image
burn-in effects. For example, display driver circuitry 66 may
reduce the drive currents Idiode in some or all of pixels 54
using display brightness adjustments, using adjustments to a
peak luminance value in a peak luminance control algorithm,
or by mapping bright display pixel data values to less bright
display pixel values.

[0050] Illustrative display controller circuitry that may be
included in display driver circuitry 66 of FIG. 6 is shown in
FIG. 8. Display controller 92 may be used to supply data
signals Vdata to display pixel array 52 using output 58. As
shown in FIG. 8, display controller 92 may include peak
luminance control and brightness control circuitry 100,
gamma circuitry 102, source driver circuitry 104, and a tim-
ing controller 106.

[0051] Timing controller 106 may display data on display
pixels 54 of array 52 by providing data to source drivers 104
via path 136. In response to receive of data from timing
controller 106 on path 136, corresponding analog data signals
Vdata may be supplied by source driver circuitry 104 to
display pixel array 52 via lines 58.

[0052] The relationship between the value of the digital
data supplied by timing controller 106 and the resulting lumi-
nance of display pixels 54 (i.e., the magnitude of analog data
signals Vdata) is defined by a function that is sometimes
referred to as a gamma curve. Gamma circuitry 102 may
contain a resistor ladder that helps define the shape of the
gamma curve. Using multiplexing circuitry that is responsive
to the digital data from timing controller 106, gamma cir-
cuitry 102 and source driver circuitry 104 may drive analog
output signals Vdata onto the lines of path 58.

[0053] Peak luminance control and brightness control cir-
cuitry 100 may be used to implement display brightness con-
trol functions. For example, circuitry 100 may be used in
making display brightness adjustments responsive to user
brightness settings input and/or automatic brightness levels
determined using ambient light measurements from an ambi-
ent light sensor. Image data that is to be displayed may be
received by peak luminance control and brightness control
circuitry 100 via path 138. Circuitry 100 can process the
image data and can compute image data parameters such as
average luminance values for received data frames.

[0054] Based on average luminance values for the frames
of data that are being displayed on array 52 or other informa-
tion, circuitry 100 may control peak luminance values for
display 14. If, for example, average luminance is high, a peak
luminance control algorithm that is implemented on circuitry
100 may select a gamma curve using gamma circuitry 102
that is appropriate for displaying image data with a reduced
peak luminance. When average luminance is low, the peak
luminance control algorithm may select a different gamma
curve. In addition to adjusting diode currents Idiode in array
52 by implementing different peak luminance values using a
peak luminance control algorithm, circuitry 100 may adjust
diode currents by adjusting display brightness settings.
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Brightness control (e.g., global dimming or brightening of all
of the display pixels 54 in array 52) may, for example, be
performed by circuitry 100 in response to user dimming set-
tings and/or ambient light data from an ambient light sensor.
[0055] Illustrative display reference voltage generation cir-
cuitry that may be used in displaying images on display 14
using a gamma curve selected based on inputs such as a
display brightness setting and a peak luminance control scal-
ing factor is shown in FIG. 9. As shown in FIG. 9, reference
voltage generation circuitry 230 may receive inputs such as a
display brightness setting VREG1[9:0] and a peak luminance
control scaling factor VREG2[7:0] and may produce corre-
sponding reference voltages V255,V191,V127, ..., V15, V0
on paths 214. The magnitude of the voltages on paths 214 can
be supplied to additional digital-to-analog converter (DAC)
circuitry (not shown in FIG. 9) for use in producing analog
output signals Vdata corresponding to the digital image data
that is to be displayed. In general, signals Vdata generated in
this way can be distributed to red (R), green (G), and blue (B)
display pixels in the display pixel array in a time multiplexed
fashion.

[0056] In the illustrative configuration of FIG. 9, circuitry
230 includes digital-to-analog converter (DAC) circuitry for
converting digital inputs to analog outputs. For example, the
digital input signal VREG1[9:0] that corresponds to the user
brightness setting can be converted to an analog output signal
VREG10UT using a digital-to-analog converter circuit that
includes resistor ladder 232, multiplexer 238, and buffer 240.
Resistor ladder 232 may be provided with a first voltage
(VREFGOUT) on terminal 234 and a second voltage on
terminal 236. Resistors in resistor ladder 232 may be coupled
in series between terminals 234 and 236. Terminal 236 may
be provided with a fixed voltage (e.g., a ground voltage).
Multiplexer 238 may have a digital input that receives user
brightness setting VREG1[9:0]. The inputs to multiplexer
238 are coupled to the resistor terminals of the resistors in
resistor ladder 232. In response to its digital input, multi-
plexer 238 will couple a selected one ofits inputs to its output,
which is passed to terminal 242 as voltage VREG1OUT. The
value of VREGIOUT is determined by the user-selected
brightness setting. When a user does not dim display 14,
VREG10OUT will have its maximum value. When a user dims
display 14, VREG1OUT will have a reduced magnitude.
[0057] The VREGI1OUT signal is provided to another digi-
tal-to-analog converter circuit that receives digital input
VREG2[7:0]. This DAC circuit includes resistor ladder 244,
multiplexer 252, and buffer 254. Resistor ladder 244 has a
chain of resistors coupled in series between terminal 242 and
terminal 246. Terminal 246 may be provided with a fixed
voltage (e.g., ground). Terminal 242 receives voltage
VREG10UT, which is determined by the user brightness
setting. The inputs of multiplexer 252 are coupled to the
terminals of the resistors in resistor ladder 244. The output of
multiplexer 252 is passed to terminal 258 via buffer 254.
[0058] Peak luminance control circuitry 100 (FIG. 8) may
be used to implement a peak Iuminance control algorithm.
Circuitry 100 may, for example, receive frames of image data
signals and may analyze the data associated with each image
frame to compute image characteristics such as average lumi-
nance (e.g., the average luminance of each frame). A peak
luminance control algorithm may be used to produce a
desired peak luminance scaling factor VREG2[7:0] in
response to the computed average luminance value or from
other information gathered from the image data.
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[0059] Inresponse to receiving the peak luminance control
algorithm scaling factor VREG2[7:0], multiplexer 252 may
supply output voltage VREGOUT2 to terminal 258 of resistor
ladder 256. The scaling factor supplied to the input of multi-
plexer 252 directs multiplexer 252 to produce a value of
VREGOUT?2 that is a scaled version of the voltage
VREG1OUT on terminal 242 of resistor ladder 244. The
value of VREGOUT? is therefore a function both of the user
brightness setting supplied to multiplexer 238 and the peak
luminance control algorithm scaling factor provided to mul-
tiplexer 252.

[0060] Thevalue of VREGOUT2 may beused in producing
the voltages on path 214. Still referring to FIG. 9, a resistor
ladder 256 includes a chain of resistor that are coupled
between terminals 258 and 264. A fixed voltage may be
provided to terminal 264 (e.g., a ground power supply voltage
signal V0). If desired, the ground reference voltage V0 may be
provided to terminal 264 and to terminals 236 and 246 via a
common shorting path 290 (as an example).

[0061] Resistor ladder 256 may be coupled to a plurality of
digital-to-analog converter (DAC) circuits that arranged in a
cascaded chain. A first DAC circuit in the chain may include
multiplexer 260 having inputs coupled to resistor ladder 256,
control inputs that receive register settings AM2[7:0]', and an
output that is coupled to a first path 214 (e.g., an output path
on which reference voltage V255 is generated) via buffer 262.
Register settings AM?2 that are used in generating V255 are
sometimes represented herein as a digital value T255. Value
T255 may, for example, be a value between zero and one that
is reflective of how far V255 is away from the lower reference
voltage V1.

[0062] Voltage V255 may be used to power a second DAC
circuit 270 in the chain (as indicated by cascaded path 274).
Although not explicitly shown, the second DAC circuit 270
may also include its own resistor ladder and multiplexer for
selectively outputting reference voltage V191 on a second
output path 214 based on register settings GR5[ 7:0]'. Register
settings GRS that are used in generating V191 are sometimes
represented herein as a digital value T191. Value T191 may,
for example, be a value between zero and one that is reflective
of how far V191 is away from the lower reference voltage V1
(e.g., TI91=V191/[V255-V1]).

[0063] Similarly, voltage V191 may be used to power a
third DAC circuit 270 in the chain. Although not explicitly
shown, the third DAC circuit 270 may also include its own
resistor ladder and nultiplexer for selectively outputting ref-
erence voltage V127 on a third output path 214 based on
register settings GR4[7:0]'". Register settings GR4 that are
used in generating V127 are sometimes represented herein as
adigital value T127. Value T127 may, for example, be a value
between zero and one that is reflective of how far V127 is
away from the lower reference voltage V1 (e.g., T127=V127/
[V255-V1]).

[0064] Voltage V127 may be used to power a fourth DAC
circuit 270 in the chain. Although not explicitly shown, the
fourth DAC circuit 270 may also include its own resistor
ladder and multiplexer for selectively outputting reference
voltage V63 on a fourth output path 214 based on register
settings GR3[7:0]'. Register settings GR3 that are used in
generating V63 are sometimes represented herein as a digital
value T63.

[0065] Voltage V63 may be used to power a fifth DAC
circuit 270 in the chain. Although not explicitly shown, the
fifth DAC circuit 270 may also include its own resistor ladder
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and multiplexer for selectively outputting reference voltage
V31 on a fifth output path 214 based on register settings
GR2[7:0]'. Register settings GR2 that are used in generating
V31 are sometimes represented herein as a digital value T31.

[0066] Voltage V31 may be used to power a sixth DAC
circuit 270 in the chain. Although not explicitly shown, the
sixth DAC circuit 270 may also include its own resistor ladder
and multiplexer for selectively outputting reference voltage
V15 on a sixth output path 214 based on register settings
GR1[7:0]'. Register settings GR1 that are used in generating
V15 are sometimes represented herein as a digital value T15.

[0067] A seventh DAC circuit in the chain may include
multiplexer 261 having inputs coupled to resistor ladder 256,
control inputs that receive register settings AM1[7:0]', and an
output that is coupled to a seventh path 214 (e.g., an output
path on which reference voltage V1 is generated) via buffer
263. Register settings AM1 that are used in generating V1 are
sometimes represented herein as a digital value T1. In the
example of FIG. 9, signal V1 may also be used as a low power
supply voltage to power the resistor chains in each of the
second, third, fourth, fifth, and sixth DAC circuits 270 in the
chain.

[0068] The reference voltages V255-V1 generated in this
way help establish a desired gamma curve corresponding to
the user brightness setting and peak luminance control scal-
ing factor. The portion of circuitry 230 that includes the
chained DAC circuits 270 is therefore sometimes referred to
collectively as a cascaded gamma structure. Each of the seven
reference voltages V255, V191, V127, V63, V31, V15, and
V1 generated in this way are often referred to as “tap points.”

[0069] Inaccordance with an embodiment, the register set-
tings for the cascaded gamma structure (e.g., settings AM2,
AMI1, GR5-GR1) may be calibrated for a selected subset of
the user-selected display brightness settings VREG1 (some-
times referred to as display brightness values or DBVs). FIG.
10 is a plot of luminance versus display brightness settings.
Specific VREGT settings at which calibration can be per-
formed is indicated by the dotted lines 310-1, 310-2, 310-3, .
.., and 310-7. As shown in FIG. 10, the brightness tuning
interval between lines 310-1 and 310-2 may define a first
dimming band B1, the brightness tuning interval between
lines 310-2 and 310-3 may define a second dimming band B2,
the brightness tuning interval between lines 310-3 and 310-4
may define a third dimming band B3, and so on for seven
bands (in this particular example). This is merely illustrative.
In general, any suitable number of diming bands of varying
ranges can be used.

[0070] Consider a scenario in which a user inputs a com-
mand to an electronic device to gradually dim the brightness
of the display. In such scenarios, it is generally desirable for
the device to lower the luminance of the display at a smooth
rate to help provide a pleasant user experience. When the user
brightness settings correspond to intermediate display bright-
ness settings between successive calibration points, interpo-
lation circuitry may be used to perform interpolation on the
calibrated values to generate corresponding interpolated reg-
ister settings for the gamma structure so that desired reference
voltages V255-V1 can be properly generated. Conventional
interpolation circuitry, however, is only capable of perform-
ing interpolation in the digital domain. Just relying on digital
interpolation when using the cascaded gamma structure,
where each tap point is referenced to all register settings
above the desired tap point, will accumulate errors and can
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often lead to luminance jumps (as shown in region 302 of
FIG. 10) and undesired color shifts in the display.

[0071] Referring back to FIG. 9, circuitry 230 may be pro-
vided with interpolation logic 298 that is capable of perform-
ing interpolation in the voltage domain. As shown in FIG. 9,
interpolation logic 298 may receive brightness settings
VREG1 and registers settings AM and GR that control the
cascaded gamma structure. In particular, interpolation logic
298 may perform voltage interpolation based on the received
settings and generate corresponding adjusted settings AM'
and GR' for controlling each of the multiplexers in the respec-
tive DAC circuits in the cascaded gamma structure.

[0072] FIG. 11 is a diagram of an electro-optical response
curve showing different display operating points in accor-
dance with an embodiment. As shown in FIG. 11, curve 400
plots luminance (in units of nits or cd/m?) versus analog
signal Vdata. In this example, point 410 on curve 400 may
correspond to a maximum VREGT setting of 1023 (aligned to
the right band edge of dimming band B1 in FIG. 10) at a gray
level of 255, whereas point 412 may correspond to a VREG1
setting of 851 (aligned to the left band edge of dimming band
B1) at a gray level of 255. The gamma structure register
settings should be calibrated for both of these points since
they corresponding to the band edges. Any voltage level
between the two points (as indicated by arrow 414), if not
corresponding to one of the band edges, may require genera-
tion of register settings using the voltage interpolation logic
298 of FIG. 9.

[0073] As another example, point 420 on curve 400 may
correspond to a maximum VREGI setting of 1023 (aligned to
the right band edge of dimming band B1 in FIG. 10) at a gray
level of 191, whereas point 422 may correspond to a VREG1
setting of 851 (aligned to the left band edge of dimming band
B1) at a gray level of 191. The gamma structure register
settings should be calibrated for both of these points since
they corresponding to the band edges. Any voltage level
between the two points (as indicated by arrow 424), if not
corresponding to one of the band edges, may require genera-
tion of register settings using the voltage interpolation logic
298 of FIG. 9. It may be worth noting that not all gray levels
corresponding to the band edges are being calibrated. Since
the cascaded gamma structure is only configured to generate
specific reference voltagelevels, only gray levels correspond-
ing to the predetermined tap points should be calibrated.
[0074] FIG. 12 is a diagram illustrating how an intermedi-
ate reference voltage setting can be derived via interpolation
in accordance with an embodiment. As shown in FIG. 12, a
first calibrated operating point 500 may correspond to a first
display brightness setting (indicated as DBV1) and a first
analog voltage value V151 (which represents the Vdata at a
gray level of 15 at the right edge of band B1), whereas a
second calibrated operating point 502 may correspond to a
second display brightness setting (indicated as DBV2) and a
second analog voltage value V152 (which represents Vdata at
a gray level of 15 at the left edge of band B1). Line 504
connecting the two points 500 and 502 may represent an ideal
transition between the two operating points.

[0075] Suppose, as an example, that brightness setting
VREG1 is adjusted to an intermediate level between DBV1
and DBV2 (e.g., at level DBVX). In this example, ideally, the
gamma structure would perform interpolation to obtain a
corresponding V15, lying on the ideal curve 504. To accom-
plish this in the voltage domain, the following equation can be
use:
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V15, - V15, 1

V1S = | ———— X (DBVx = DBV))[+ V15
X = | DBV, DBV, (DBVx 1) 1

[0076] As shown in equation 1, magnitudes may be refer-
enced to the right band edge so values are subtracted from
DBV, and V15, instead of DBV, and V15,. The general
expression for voltage V185 as a function of the T values of the
cascaded gamma structure is as follows:

V15=T15x[T31x T63x T1 27xT191x(1255-T1)]DBV+
T11xDBV @

[0077] Using equation 2, V151 and V152 can therefore be
expressed as follows:
¥15,=a115,+71,;xDBV, 3)
V15,=pT15,+T1,xDBV, )
where:
a=731,x763,xT127 xT191,x(1255,~T1,)]DBV, (5)
B=[731xT63,x 7127, T1915x(1255,x T15)] DBV, (6)
[0078] In the equations above, o may refer to coefficients

associated with the right edge, whereas [} may refer to coef-
ficients associated with the left edge. Substituting o and {3 into
equation 1 yields:

Visy = | T2 2B ppy DBV | +aTis, +T1 xDBY,
x—mx( x —DBV))| +aT15, +T1, x DBVy
[0079] In order to output V154, a corresponding T15,

needs to be derived. This can be accomplished by defining a
new variable 1):

nT15x = ®

aT15, - BT15,

DBV, DBV X(DBVx — DBV)|+aT15; + T1; x DBVx

where:
N=1T31, 763571277191 (1255 - T15)] (9)
[0080] Solving now for T15,-and assuming T1,=T1,~T1,:
Cris,-Lris, ) o
_|n 1 _ ; d
T15x = DBV, DBV, x(DBVx — DBV))| + qT151
where:
@ Az Ag3 Apy Ajgy Agss (1D
7o (1 N ﬁ)(l - ﬁ)(l T TI27; )(1 - T1911)(1 - TZSSI)
and where:
A3 =T31-T31y (12)
Ag3=T63,-T63 (13)
[0081] Ingeneral, thedelta Avalues can be computed onthe

fly during normal operation of the display (when it is desired
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to perform voltage interpolation). The remaining delta values
can also be computed similar to equations 12 and 13. To
minimize the number of divisions that need to be carried out
by the voltage interpolation logic during normal operation,
the inverse T values may be precomputed and stored in
memory (e.g., burned into non-volatile memory in the elec-
tronic device). The values that may be stored may include:

1 1 1 1 1 (14

=TT T TR T T M T TS,

[0082] Thea0-a6 values stored on the device along with the
delta A values computed in real time can be used to compute
a/m, which can be used to generate the desired T15 accord-
ing to equation 10. T15, computed in this way can be used to
adjust the gamma register settings GR1[7:0]' so that the sixth
DAC circuit 270 outputs the desired V15. The steps described
above for obtaining interpolated setting T15x is merely illus-
trative. In general. interpolated T settings may be computed
for any of the predetermined tap points (e.g., for display
brightness settings associated with voltages V1, V31, V63,
V127, V191, and V255 in FIG. 9).

[0083] The steps and equations shown above are merely
illustrative and are not intended to limit the scope of the
present invention. Equations 11-14 above show computation
associated with the right edge of band B1. In other suitable
embodiments, similar values may be computed for the left
edge of band B1 (e.g., edge 310-2 of FIG. 10), for band edge
310-3, for band edge 310-4, etc. In other words, the voltage
interpolation can be performed for any dimming band that is
bounded by calibrated operating points.

[0084] Interpolation in the voltage domain can be per-
formed during normal operation for each of the tap points in
this way (as illustrated in the flow chart of FIG. 13). Follow-
ing calibration of each band edge, the T values corresponding
to the predetermined tap points may be computed for each
band edge (at step 600). For example, T1,, T15,,T31,, .. .,
and T255, may be computed for the right edge of the first
band edge (e.g., edge 310-1in FIG. 10). As another example,
T1,, T15,, T31,, . . ., and T255, may be computed for the
right edge of the second band edge (e.g., edge 310-2 in FIG.
10). As yetanother example, T15, T15,, T31,,. .., and T255,
may be computed for the right edge of the third band edge
(e.g., edge 310-3 in FIG. 10).

[0085] At step 602, an inverse of the T values gathered
during step 600 may be computed to obtain the fixed scaling
factors (e.g., scaling factors such as those shown in equation
14). These scaling factors may be stored in memory such as
non-volatile memory circuitry within the electronic device
(e.g., stored in memory that is part of storage circuitry 28 in
FIG. 5).

[0086] During normal operation, voltage interpolation may
selectively be performed when the display brightness setting
falls between precalibrated settings. In response to detecting
that voltage interpolation needs to be performed, the interpo-
lation logic (e.g., interpolation logic 298 in FIG. 9) may
retrieve the stored scaling factors from memory (step 606).
[0087] At step 608, the delta values A may be computed on
the fly using calculations of the type shown and described in
connection with equations 12 and 13. At step 610, a corre-
sponding o/v value may be computed for the right edge
whereas a corresponding 3/ value may be computed for the
left edge (if necessary) based on the retrieved scaling factors
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and the delta values using an expression such as that disclosed
in equation 11 (as an example).

[0088] At step 612, the desired T value may then be com-
puted for the intermediate display brightness setting using an
expression such as that disclosed in equation 10 (as an
example). Voltage interpolation performed in this way can
help minimize luminance jumps and undesired color shifts.
[0089] The foregoing is merely illustrative of the principles
of this invention and various modifications can be made by
those skilled in the art without departing from the scope and
spirit of the invention. The foregoing embodiments may be
implemented individually or in any combination.

What is claimed is:

1. Display circuitry, comprising;

a plurality of cascaded data converters configured to gen-

erate reference voltages; and

interpolation circuitry that generates register settings for

configuring the plurality of cascaded data converters and
that performs voltage interpolation when generating the
register settings.

2. The display circuitry defined in claim 1, further com-
prising:

memory for storing predetermined scaling factors that are

retrieved when performing the voltage interpolation.

3. The display circuitry defined in claim 2, wherein each of
the plurality of cascaded data converters is associated with a
respective digital value that is used to compute the predeter-
mined scaling factors.

4. The display circuitry defined in claim 3, wherein the
interpolation circuitry is configured to compute delta values
based on the digital values associated with the plurality of
cascaded data converters.

5. The display circuitry defined in claim 4, wherein the
interpolation circuitry is further configured to compute a ratio
based on the predetermined scaling factors and the delta
values.

6. The display circuitry defined in claim 1, wherein one of
the plurality of cascaded data converters is controlled by a
user display brightness setting.

7. The display circuitry defined in claim 6, further com-
prising:

peak luminance control and brightness control circuitry

that outputs a peak luminance scaling factor that con-
trols another one of the plurality of cascaded data con-
verters.

8. The display circuitry defined in claim 7, wherein the
interpolation circuitry receives only a selected one of the user
display brightness setting and the peak luminance scaling
factor.

9. A method for operating a display characterized by a
plurality of dimming bands each having a right edge and a left
edge, the method comprising:

placing the display in a first state using a first display

brightness setting that corresponds to one of the right
and left edges of a first dimming band in the plurality of
dimming bands;

placing the display in a second state by adjusting the first

display brightness setting to a second display brightness
setting; and

in response to determining that the second display bright-

ness setting falls between the right and left edges of the
first dimming band, performing voltage interpolation
operations to obtain additional display control settings.
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10. The method defined in claim 9, wherein performing the
voltage interpolation operations comptrises interpolating
between a first voltage value corresponding to the right edge
of the first dimming band and a second voltage value corre-
sponding to the left edge of the first dimming band.

11. The method defined in claim 10, wherein the first and
second voltage values correspond to an identical gray level.

12. The method defined in claim 10, wherein performing
the voltage interpolation operations comprises performing a
linear interpolation between the first and second voltage val-
ues.

13. The method defined claim 9, wherein performing the
voltage interpolation comprises performing the voltage inter-
polation operations to obtain the additional display control
settings for a set of predetermined tap points.

14. The method defined in claim 13, further comprising:

using the set of predetermined tap points to define a gamma

characteristic for the display.

15. The method defined in claim 14, further comprising:

configuring a plurality of cascaded digital-to-analog con-

verters using the additional display control settings,
wherein the plurality of cascaded digital-to-analog con-
verters each have an output that is coupled to arespective
one of the predetermined tap points.

16. The method defined in claim 9, further comprising:

performing calibration operations to obtain display control

settings corresponding to the first display brightness
setting.
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17. A method for operating a display characterized by a
plurality of dimming bands defined by edges, the method
comprising:

storing calibrated display control settings associated with

display brightness settings that correspond to the edges
of the dimming bands; and

performing voltage interpolation for display brightness
settings that lie within the edges of a given dimming
band in the plurality of dimming bands.

18. The method defined in claim 17, further comprising:

computing delta values for a set of predetermined tap
points.

19. The method defined in claim 17, further comprising:

computing a first ratio for a first edge of the given dimming
band; and

computing a second ratio for a second edge of the given
dimming band.

20. The method defined in claim 19, further comprising:

computing a gamma register setting based on the first ratio,
the second ratio, and a current display brightness setting
for the display; and

using the gamma register setting to at least partially con-
figure a digital-to-analog converter in a plurality of cas-
caded digital-to-analog converters.
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