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Data Signal Adjustment for Displays

This application claims priority to U.S. patent application No. 15/989,066, filed on
May 24, 2018, and provisional patent application No. 62/553,745, filed on September 1,

2017, each of which are hereby incorporated by reference herein in their entireties.

Background

[0001] This relates generally to electronic devices, and more particularly, to electronic
devices with displays.

[0002] Electronic devices often include displays. For example, cellular telephones and
portable computers often include displays for presenting information to a user.

[0003] Displays contain arrays of pixels for presenting images to a user. The active area may
be rectangular and may be bordered by an inactive area that does not include pixels. Data
lines provide data signals from a display driver integrated circuit mounted outside of the
active area to the pixels in the array.

[0004] Difficulties may arise in attempting to display images on displays that do not have
uniformly rectangular shapes (e.g., displays having rounded corners and/or inactive areas that
extend into the active area to form an inactive notch). For example, data lines may be
provided with data signals corresponding to pixels that would exist in a uniformly rectangular
display, but that do not exist due to the presence of rounded corner portions or a notch-shaped
inactive area. These data signals may be adjusted so that the image can be displayed. If care
is not taken, however, adjusting the display data signals may cause undesirable visual

artifacts on the display.
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Summary

[0005] A display may have an active area that includes display pixels. The display may
include an inactive notch region that extends into the active area of the display to
accommodate a speaker or other components. Data lines may provide data signals from
display driver circuitry to the display pixels. Gate lines may control loading of the data
signals into the display pixels.

[0006] When displaying data for a rectangular image, the data lines may be provided with
data signals corresponding to pixels that would exist in a uniformly rectangular display, but
that do not exist due to the presence of the inactive notch region. These data signals for
nonexistent pixels (null data signals) may cause nonuniformities in a displayed image. The
null data signals can be adjusted to minimize the nonuniformities (e.g., smooth the edge
between the active area and the inactive notch region), but these adjustments may create
abrupt transitions in the voltages that are provided on the data lines. These abrupt transitions
may lead to undesirable display artifacts.

[0007] Data signal compensation operations may be used to gradually transition the voltages
on the data lines. Null data signals corresponding to the inactive notch region may be highest
closer to the border between the active area and the inactive notch, and decrease to zero
farther from the border. All of the data signals corresponding to a portion of the display in

which there are no actual pixels may be set to a uniform gray level.
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Brief Description of the Drawings

[0008] FIG. 1 is a diagram of an illustrative electronic device having a display in accordance
with an embodiment.

[0009] FIG. 2 is a perspective view of an illustrative electronic device having a display with
an active area and an inactive area in accordance with an embodiment.

[0010] FIG. 3 is a diagram of an illustrative organic light-emitting diode display in
accordance with an embodiment.

[0011] FIG. 4 is a diagram of a portion of an illustrative organic light-emitting diode display
having an inactive notch that extends into the active area in accordance with an embodiment.
[0012] FIG. 5 is a diagram of an illustrative pipeline for displaying images on a display in
accordance with an embodiment.

[0013] FIG. 6 is a flow chart of illustrative steps involved in adjusting display signals in a

display in accordance with an embodiment.
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Detailed Description

[0014] An illustrative electronic device of the type that may be provided with a display is
shown in FIG. 1. Electronic device 10 may be a computing device such as a laptop computer,
a computer monitor containing an embedded computer, a tablet computer, a cellular
telephone, a media player, or other handheld or portable electronic device, a smaller device
such as a wrist-watch device, a pendant device, a headphone or earpiece device, a device
embedded in eyeglasses or other equipment worn on a user’s head, or other wearable or
miniature device, a display, a computer display that contains an embedded computer, 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 a display is
mounted in a kiosk or automobile, or other electronic equipment.

[0015] As shown in FIG. 1, electronic device 10 may have control circuitry 16. Control
circuitry 16 may include storage and processing circuitry for supporting the operation of
device 10. The storage and processing circuitry may include storage such as hard disk drive
storage, nonvolatile memory (e.g., flash memory or other electrically-programmable-read-
only memory configured to form a solid state drive), volatile memory (e.g., static or dynamic
random-access memory), etc. Processing circuitry in control circuitry 16 may be used to
control the operation of device 10. The processing circuitry may be based on one or more
microprocessors, microcontrollers, digital signal processors, baseband processors, power
management units, audio chips, application specific integrated circuits, etc.

[0016] Input-output circuitry in device 10 such as input-output devices 12 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 devices 12 may include buttons, joysticks, scrolling wheels,
touch pads, key pads, keyboards, microphones, speakers, tone generators, vibrators, cameras,
sensors, light emitting diodes and other status indicators, data ports, proximity sensors,
ambient light sensors, etc. A user can control the operation of device 10 by supplying
commands through input-output devices 12 and may receive status information and other

output from device 10 using the output resources of input-output devices 12.

[0017] Input-output devices 12 may include one or more displays such as display 14. Display

14 may be a touch screen display that includes a touch sensor for gathering touch input from
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a user. A touch sensor for display 14 may be based on an array of capacitive touch sensor

electrodes, acoustic touch sensor structures, resistive touch components, force-based touch
sensor structures, a light-based touch sensor, or other suitable touch sensor arrangements. A
touch sensor for display 14 may be formed from electrodes formed on a common display
substrate with the pixels of display 14 or may be formed from a separate touch sensor panel
that overlaps the pixels of display 14. If desired, display 14 may be insensitive to touch (i.e.,
the touch sensor may be omitted).

[0018] Control circuitry 16 may be used to run software on device 10 such as operating
system code and applications. During operation of device 10, the software running on control
circuitry 16 may display images on display 14. If desired, control circuitry 16 may include a
data signal attenuator 55 for attenuating image data signals provided to display 14. In one
illustrative example, control circuitry 16 may also include a data signal compensator 57 for
adjusting data signals that have been attenuated by attenuator 55. In another illustrative
example, data signal compensator 57 may be incorporated into display 14, where it may
receive and adjust data signals that have been attenuated by attenuator 55.

[0019] A perspective view of an illustrative electronic device 10 is shown in FIG. 2. Device
10 may have a housing 11 in which components such as input-output devices 12, display 14,
and control circuitry 16 are mounted. Housing 11, which may sometimes be referred to as an
enclosure or case, may be formed of plastic, glass, ceramics, fiber composites, metal (e.g.,
stainless steel, aluminum, titanium, gold, etc.), other suitable materials, or a combination of
any two or more of these materials. Housing 11 may be formed using a unibody
configuration in which some or all of housing 11 is machined or molded as a single structure
or may be formed using multiple structures (e.g., an internal frame structure, one or more
structures that form exterior housing surfaces, etc.).

[0020] As shown in FIG. 2, display 14 may have an active area AA and an inactive area IA
that together take up most or all of the front face of device 10. Active area AA may include
pixels that emit light to display images for a user. Inactive border area IA may surround
active area AA and be used to accommodate display driver circuitry, gate driver circuitry,
power supply circuitry, and conductive paths for providing display signals to the pixels in the
active area. Inactive area IA may be free of display pixels. Active area AA and inactive area
IA may meet at a border 51 (sometimes referred to herein as the active area border, inactive

area border, boundary, or dividing line between the active area and the inactive area) In order
5



P36353SGl1
to accommodate input-output components 12 such as a speaker, camera, ambient light sensor,

or proximity sensor in device 10, a portion of inactive area IA may extend into active area
AA to form a notch 50 (sometimes referred to herein as a notched region, inactive notch, or
notch-shaped recess). The shape of border 51 between the active area and the inactive area
may have bent portions (sometimes referred to herein as curved portions, deflected portions,
meandering portions, or serpentine portions) where notch 50 extends into the active area. As
shown in FIG. 2, the border 51 may have rounded corners. Since inactive area IA is free of
display pixels, input-output components may be mounted in the notched area 50 without
being obstructed by the active display structures.

[0021] Display 14 may be an organic light-emitting diode display. In an organic light-
emitting diode display, each pixel contains a respective organic light-emitting diode. A
positive power supply voltage ELVDD may be supplied to a positive power supply terminal
of the organic light-emitting diode and a ground power supply voltage ELVSS may be
supplied to ground power supply terminal of the organic light emitting diode. The diode has
an anode (terminal AN) and a cathode (terminal CD). The state of a drive transistor controls
the amount of current flowing through the diode and therefore the amount of emitted light
from the display pixel. The cathode is coupled to the ground terminal, so the cathode terminal
of the diode may sometimes be referred to as the ground terminal.

[0022] As shown in FIG. 3, display 14 may include layers such as substrate layer 24.
Substrate

24 and, if desired, other layers in display 14, may be formed from layers of material such as
glass

layers, polymer layers (e.g., flexible sheets of polyimide or other flexible polymers), etc.
Substrate 24 may be planar and/or may have one or more curved portions. Substrate 24 may
have a rectangular shape with left and right vertical edges that extend along the Y-axis and
upper and lower horizontal edges that extend along the X-axis, or may have a non-rectangular
shape. In configurations in which substrate 24 has a rectangular shape with four corners, the
corners may, if desired, be rounded.

[0023] Display 14 may have an array of image pixels 22 arranged in rows and columns.
Pixels 22 form an active area AA of display 14 that displays images for a user. Inactive

border portions of display 14 such as inactive areas [A along one or more of the edges of
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substrate 24 do not contain pixels 22 and do not display images for the user (i.e., inactive area

IA is free of pixels 22).

[0024] Each pixel 22 (sometimes referred to herein as light-emitting pixels 22) may have a
light-emitting diode such as organic light-emitting diode and associated thin-film transistor
circuitry. The array of pixels 22 may be formed from rows and columns of pixel structures
(e.g., pixels formed from structures on display layers such as substrate 24). There may be any
suitable number of rows and columns in the array of pixels 22 (e.g., ten or more, one hundred
or more, or one thousand or more). Display 14 may include pixels 22 of different colors. As
an example, display 14 may include red pixels that emit red light, green pixels that emit green
light, and blue pixels that emit blue light. Configurations for display 14 that include pixels of
other colors may be used, if desired. The use of a pixel arrangement with red, green, and blue
pixels is merely illustrative.

[0025] Display driver circuitry 20 for display 14 may be mounted on a printed circuit board
that is coupled to substrate 24 or may be mounted on substrate 24. Signal paths such as
signal path 26 may couple display driver circuitry 20 to control circuitry 16. Circuitry 20 may
include one or more display driver integrated circuits and/or thin-film transistor circuitry.
[0026] During operation, the control circuitry of device 10 (e.g., control circuitry 16 of FIG.
1) may supply circuitry such as display driver circuitry 20 with information on images (e.g.,
frames of image data) to be displayed on display 14. To display the images on display pixels
22, display driver circuitry 20 may supply corresponding image data to data lines D while
issuing clock signals and other control signals to supporting display driver circuitry such as
gate driver circuitry 18. Data lines D are associated with respective columns of pixels 22.
Gate driver circuitry 18 may produce gate line signals (sometimes referred to as scan signals,
emission enable signals, etc.) or other control signals for pixels 22. The gate line signals may
be conveyed to pixels 22 using lines such as gate lines G. There may be one or more gate
lines per row of pixels 22. Gate driver circuitry 18 may include integrated circuits and/or
thin-film transistor circuitry and may be located along the edges of display 14 (e.g., along the
left and/or right edges of display 14 as shown in FIG. 3) or elsewhere in display 14 (e.g., as
part of circuitry 20, along the lower edge of display 14, etc.). The configuration of FIG. 3 is
merely illustrative.

[0027] Gate driver circuitry 18 may assert gate line signals on the gate lines G in display 14.

For example, gate driver circuitry 18 may receive clock signals and other control signals from
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display driver circuitry 20 and may, in response to the received signals, assert a gate signal on

gate lines G in sequence, starting with the gate line signal G in the first row of display pixels
22. As each gate line is asserted, data from data lines D is loaded into the corresponding row
of display pixels. In this way, control circuitry in device 10 such as display driver circuitry 20
may provide pixels 22 with signals that direct pixels 22 to generate light for displaying a
desired image on display 14.

[0028] The circuitry of pixels 22 and, if desired, display driver circuitry such as circuitry 18
and/or 20 may be formed using thin-film transistor circuitry. Thin-film transistors in display
14 may, in general, be formed using any suitable type of thin-film transistor technology (e.g.,
silicon transistors such as polysilicon thin-film transistors, semiconducting-oxide transistors
such as indium gallium zinc oxide transistors, etc.).

[0029] Conductive paths (e.g., one or more signal lines, blanket conductive films, and other
patterned conductive structures) may be provided in display 14 to route data signals D, gate
signals G, and power signals such as positive power supply signal ELVDD to pixels 22. As
shown in FIG. 3, these signals may be provided to pixels 22 in active area AA using signal
routing paths that receive signals D, gate lines G, and ELVDD.

[0030] As shown in FIG. 3, notch 50 may protrude into the active area AA of display 14.
While notch 50 is free of display pixels 22, the portions of the active area AA adjacent to the
notch (e.g., active area portions AA’ on the left and right sides of notch 50) may include
display pixels 22. In order to provide gate signals from gate driver circuitry 18 to the pixels
22 on both sides of notch 50, gate lines G may have bent portions (sometimes referred to
herein as curved portions, serpentine portions, meandering portions, or deflected portions)
that are routed around notch 50. Although there are no pixels 22 in notch 50 to which these
gate lines G provide gate signals, notch 50 may include other circuitry such as dummy pixels
or capacitor structures that are coupled to these gate lines. Dummy pixel structures and/or
capacitor structures may help prevent undesirable display artifacts that can arise due to the
fact that gate lines G that are routed through notch 50 (e.g., gate lines that provide gate
signals to pixels in active area region AA’) are coupled to different numbers of display pixels
22 than gate lines G formed in the rest of active area AA.

[0031] A display of the type shown in FIG. 3 may, as an example, include approximately
2,500 rows of display pixels 22 and 1,250 columns of display pixels 22. In the illustrative

arrangement of FIG. 3, such a display 14 would have 2,500 gate lines G and 1,250 data lines
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D. As shown in FIG. 3, the data lines D that run along the left and right edges of the display

may provide data signals to a pixel in each of the rows of the display, including pixels that
are formed in active area portions AA’ on either side of notch 50. Due to the presence of
notch 50, however, some data lines D that run through the center of the display may provide
data signals to less than each row of the display (i.e., data lines D that are under notch 50 may
run into notch 50 and terminate earlier than data lines that provide data signals to pixels in
active area region AA’). In one example, notch 50 may have a height in the Y-direction of
approximately 100 rows of pixels. In such an arrangement, data lines D that run into notch
50 may be coupled to approximately 100 fewer display pixels 22 than data lines that extend
across the entire height of the display (e.g., data lines that extend through active area region
AA’ and into the edge of the active area in region AA’).

[0032] Because gate lines G control the loading of data signals (data loading) from the data
lines D into the pixels 22, the presence of notch 50 may result in an arrangement in which a
first set of gate lines that extend edge-to-edge across the active area of the display in the X
direction (e.g., gate lines that do not run into notch 50 and are not in active area portion AA’)
to control data loading for both a first set of data lines and a second set of data lines. The first
set of data lines may extend across the display in the Y direction to the edge of the active area
adjacent to the notch in active area portion AA’ (e.g., data lines that do not run into notch 50).
The second set of data lines may extend across the display and terminate at the notch. A
second set of gate lines that do extend through active area portion AA’ and that run into notch
50 may control data loading for the first set of data lines that are present adjacent to the notch
in active area portion AA’, but not for the second set of data lines that extend across the
display and terminate at the notch. The first and second sets of gate lines may each include
any suitable numbers of gate lines (e.g., three, five, ten, one hundred, five hundred, or other
suitable numbers of gate lines). The first and second sets of data lines may each include any
suitable numbers of data lines (e.g., three, five, ten, one hundred, five hundred, or other
suitable numbers of data lines).

[0033] Despite the fact that there are no actual image pixels 22 in notch 50, data lines that
provide data signals to the columns of pixels that terminate at notch 50 may still generate data
signals as if there were pixels in notch 50. For example, these data lines may still be toggled
between different data voltages for every row of pixels as the gate lines load a frame of data

into the display. Since there are no display pixels in notch 50, however, these data signals are
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not actually received by any display pixels 22 and are simply replaced with a new data signal

on data line D when the next row of pixels is programmed. These data signals may be
referred to as data signals for virtual pixels 22’ (because the data signals correspond to pixels
that do not actually exist), inactive data (because the data corresponds to the inactive notch
area of the display), non-image data (because the data signals do not correspond to any image
content displayed in the active area), null data signals (because even though the data signals
may have a value greater than zero, they are not being used to drive pixels in the active area),
constant or constant value data (because the data that is driven onto the data lines D
corresponding to the inactive notch may not change between frames), dummy data signals,
filler data signals, or notch data signals. Once programming for the frame has reached a row
that does include display pixels coupled to the data lines D that terminate early (i.e., the data
lines that run into notch 50), the data signals on these data lines D will be provided to a
display pixel 22.

[0034] Null data/non-image data may correspond to data signals that, if provided to a pixel,
would cause the pixel to emit no light (e.g., the pixel would remain off and would appear
black). In this way, null data/non-image data may have the minimum data signal voltage
level (e.g., 0 volts) and correspond to a gray level of 0, and may be referred to as black data.
Null data/non-image data may correspond to data signals that, if provided to a pixel, would
cause the pixel to emit some light while remaining below the pixel’s maximum luminance.
In this way, null data/non-image data may have a data signal voltage level higher than the
minimum and correspond to a gray level of 1 or greater, and may be referred to as gray data.
[0035] In arrangements in which the active area AA of display 14 has rounded corners as
shown in FIG. 3, the inactive area may include corner regions 59 (sometimes referred to
herein as inactive corners) that would include display pixels if not for the rounded corners of
the active area AA (e.g., if active area AA had a completely rectangular shape). Corner
regions 59 may cause the premature termination of data lines D that run into corner regions
59. In this type of arrangement, at least some of the data signals on these data lines are
actually for virtual pixels 22’ that correspond to locations in the corner regions 59.

[0036] In organic light-emitting diode displays, colored emissive material may be used to
provide the light-emitting diodes with the ability to emit red, green, and blue light (or light of
other colors). For example, red organic light-emitting diodes may contain red organic

emissive material, green organic light-emitting diodes may contain green organic emissive
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material, and blue organic light-emitting diodes may contain blue organic emissive material.

The emissive material may degrade as the light-emitting diodes are used. Heavy use, in
which diodes are driven with large currents, may age the diodes more rapidly than light use,
in which the diodes are driven with small currents. As the diodes age, the degraded emissive
material will cause the diodes to emit a reduced amount of light for a given drive current.
Pixel luminance in organic light-emitting diode displays is therefore generally a function of
the aging history of the pixels in the display. Pixel luminance and aging may be monitored
based on the data signals that are provided to the pixels. For example, a pixel that is provided
with data signals that cause the pixel to be driven at a high luminance level using large
currents will degrade more quickly than if the same pixel were provided with data signals that
cause the pixel to be driven at a low luminance level using low currents. Because data
signals sent out on data lines D generally correspond to a gray value between 0 and 255 (i.e.,
the larger the value of the data signal/gray value, the more brightly the pixel is driven),
circuitry in electronic device 10 may be able to track the aging of the pixels of the display
based on these data signals as they are provided on data lines D.

[0037] To compensate for these undesired aging-induced changes in display pixels 22 and
therefore ensure that display 14 can display images accurately, device 10 may be provided
with pixel luminance degradation compensation capabilities (sometimes referred to herein as
burn-in compensation). In particular, the control circuitry of device 10 may be used to
implement a pixel luminance degradation tracker and/or pixel luminance degradation
compensator that maintains information on the aging history of each of the pixels (sometimes
referred to herein as burn-in statistics) in display 14. Based on this aging information, the
pixel luminance degradation compensator can adjust the luminance values supplied to each of
the pixels in display 14. As the luminance of pixels that have degraded due to aging
decreases over time, the data signals (sometimes referred to herein as pixel luminance values
or gray values) provided to other pixels in the display may be altered (e.g., reduced) so that
the overall luminance of the display matches the reduced luminance of the pixels that have
aged more quickly.

[0038] As described above in connection with FIG. 3, display driver 20 may send out
inactive data signals for pixels that would be present (but are not actually present) if not for
the presence of notch 50. Because display aging is monitored based on the data signals sent

out on data lines D (whether or not they are actually received by any pixels 22), however,
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these inactive data signals that are being provided for virtual pixels 22’ (e.g., in notch 50 or

corner regions 59) may cause inaccuracies in pixel luminance degradation tracking. For
example, if display driver 20 is sending inactive data signals corresponding to high luminance
values, but no pixels are actually receiving these data signals or displaying bright content
because the data signals are for virtual pixels 22°, pixel luminance degradation tracking may
nonetheless take these inactive data signals into account when determining pixel aging.
When the pixel luminance degradation compensator compensates (reduces) the brightness of
the display based on pixel aging information for pixels that do not actually exist, display 14
may be dimmed inaccurately or prematurely.

[0039] In order to prevent the pixel luminance degradation compensator from reducing the
brightness of the display based on pixel aging information for pixels that do not actually
exist, electronic device 10 may implement data signal attenuation (sometimes referred to
herein as data signal reduction, data signal minimization, adaptive border gain, or edge
filtering) that adjusts the values of the inactive data signals that are being provided for virtual
pixels 22’ (e.g., in notch 50 or corner regions 59) before these data signals are distributed on
data lines D. For example, data signal attenuation may be implemented in control circuitry
16 such that the values of the inactive data signals for virtual pixels 22’ are adjusted to zero
(i-e., minimum luminance or black pixel data) before being provided to display driver
circuitry 20 or distributed on data lines D. Since these data signals are adjusted to 0, their
effect on pixel luminance degradation tracking can be reduced or eliminated, thereby
preventing the pixel luminance degradation compensator from reducing the brightness of the
display based on pixel aging information for pixels that do not actually exist. Data signal
attenuation may not adjust data signals for display pixels 22 in the active area AA of the
display, so these data signals will be distributed normally on data lines D.

[0040] If desired, adaptive border gain operations (data signal attenuation) of the type
described above may also be used to provide a smooth visual transition between the active
area AA and the inactive area IA in the region around notch 50. For example, when the
border 51 has curved portions as shown in FIG. 3, adaptive border gain operations may adjust
the data signals provided to pixels 22 near the curved portions of border 51. Adjusting some
of the data signals provided to the display pixels 22 in active area AA may help to avoid
abrupt brightness transitions that can create visible jagged edges along border 51.

[0041] If desired, data signal attenuation operations may be performed using circuitry in
12
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control circuitry 16 and/or display driver circuitry 20. In another example, electronic device

10 may include hardware structures such as a data signal attenuator (sometimes referred to
herein as data signal attenuation circuitry, a data signal minimizer, a data signal reducer, an
edge filter engine, or an adaptive border gain mechanism) that performs data signal
attenuation operations. If desired, data signal attenuator 55 may be formed in control
circuitry 16, in display driver 20, or from other circuitry in device 10.

[0042] As described above in connection with FIG. 3, each pixel 22 may receive a positive
power supply voltage ELVDD on a positive power supply voltage line (e.g., a positive power
supply voltage mesh) and data signals on data lines D. Due to the arrangement of the data
lines D and the positive power supply voltage lines in the display panel 14, there may be
capacitive coupling between the data lines D and the positive power supply voltage line
during normal operation of display 14. Data lines D that extend beneath notch 50 may be
driven with a data signal (sometimes referred to herein as a gray level) of O for the
programming of approximately the first 100 rows of the display (i.e., the inactive notch)
when data signal attenuation is implemented. Once programming begins for a row of the
display that includes display pixels 22 to which these data lines D provide data signals,
however, the data signal attenuation will no longer be applied and these data lines D will be
provided with normal data signals. In some scenarios, this can lead to a large change in the
data signal that is provided on a data line D. For example, a data line D beneath notch region
50 may transition from providing a gray value of 0 for the first 100 rows to a gray value of
approximately 225 at row 101. This sudden change in the voltage on data line D can alter the
capacitive coupling (sometimes referred to herein as horizontal cross-talk) between the data
line D and the positive power supply voltage line, causing a voltage drop on the positive
power supply voltage line in the vicinity of the row at which the transition takes place (e.g.,
in one or more of rows 90-110 of display 14). Because the amount of current passing through
the organic light-emitting diode in each pixel 22 is based on the positive power supply
voltage, this voltage drop on the positive power supply voltage line may cause the current
passing through the organic light-emitting diodes in the vicinity of row 100 to also drop.

This drop in the current passing through the organic light-emitting diodes can cause a
resultant drop in the brightness of these pixels, causing a dim, horizontal line to appear on the
display in the vicinity of row 100. If care is not taken, this dim line may be visible to a user

of electronic device 10, creating an undesirable display artifact.
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[0043] To reduce or eliminate the dim line at the border between the central active area AA

and the portion of the active area AA’ adjacent to notch 50 without causing premature display
dimming due to pixel luminance degradation compensation, the null data signals that are
provided for virtual pixels 22’ (e.g., in notch 50 or corner regions 59) may be adjusted to a
value that eases the data signal value transition at the active area beneath notch 50 or near
corner regions 59. Operations that adjust the data signals to ease this transition may be
referred to herein as data signal compensation, data signal correction, data signal adjustment,
or data signal masking. In one example, data signal compensation operations may be
performed using circuitry in control circuitry 16 and/or display driver circuitry 20. In another
example, electronic device 10 may include hardware structures such as a data signal
compensator 57 (sometimes referred to herein as data signal compensation circuitry or a data
signal nullifier) that performs data signal compensation operations. If desired, data signal
compensator 57 may be formed in control circuitry 16, in display driver 20, or using other
circuitry in device 10. Data signal compensation operations may be performed using a
mathematical mask that is applied to the null data signals, using a look-up table that relates
specific pixel addresses (e.g., the specific row and column in which a pixel is located) with
respective compensated inactive data signals or inactive data signal compensation factors
(e.g., gain values), using a look-up table that relates specific pre-compensation data signals to
compensated inactive data signal values, or using other operations.

[0044] An illustrative diagram of a portion of display 14 in the vicinity of notch 50 is shown
in FIG. 4. FIG. 4 shows a group of display pixels 22 in active area AA beneath notch 50 that
are provided with data signals (gray levels) of an exemplary value “A.” Inactive notch 50
may include a transition region 61 (sometimes referred to herein as a border region) and an
upper region 63 (sometimes referred to herein as a central region). Transition region 61 and
upper region 63 correspond to virtual pixels 22° for which data lines D still carry data signals,
although there are not actually light-emitting pixels in this area. In transition area 61, the data
signals (gray levels) that are provided on data lines D for these imaginary pixels 22’ are
shown to have an exemplary value of “T;” for the bottommost row of virtual pixels 22’ in
notch 50 (i.e., the last row of virtual pixels 22’ before active area AA), and an exemplary
value of “TN” for a row of virtual pixels in transition region 61 that is farther from notch-
active area border (e.g., the last row of pixels in transition area 61). Transition region 61 may

correspond to (include) two, three, five, ten, twenty-five, fifty, one hundred, or other numbers
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of rows of virtual pixels 22’ (e.g., the value of N in Tx may be between 2 and 500, inclusive).

The data signals (gray levels) that are provided on data lines D for imaginary pixels 22’ in
upper portion 63 are shown to have an exemplary value of “Z.” Upper region 63 may
correspond to (include) two, three, five, ten, twenty-five, fifty, one hundred, or other numbers
of rows of virtual pixels 22’.

[0045] In one illustrative example, the values of inactive data signals corresponding to
transition area 61 may gradually decrease for rows of virtual pixels 22’ that are farther from
the border between the inactive notch and the active area. For example, the gray level value
A for display pixels 22 in active area AA may be 150. Rather than adjusting the gray level
values for all virtual pixels 22’ to zero (which may cause undesirable display artifacts), the
gray level T, for a first row of virtual pixels 22’ in transition area 61 may be set to 100. The
gray level Tn for the last row of virtual pixels may be set to 1. The gray levels for the virtual
pixels 22’ between the first and last rows of virtual pixels in transition zone 61 may have
values between 1 and 100. In this way, null data corresponding to the inactive notch (e.g.,
transition zone 61) may be referred to as gray data or gray image data that includes a plurality
of different gray levels. The gray levels may decrease linearly or exponentially the farther
into transition zone 61 the virtual pixel is. In other words, gray levels (data signals)
corresponding to the inactive notch may decrease linearly or exponentially with increasing
distance from the active area-inactive notch border (e.g., the farther from the inactive notch-
active area border the location in transition zone 61 to which the null data signal corresponds
is, the lower the gray level may be). The gray level Z for virtual pixels 22’ in upper zone 63
may be set to zero. In this way, null data corresponding to the inactive notch (e.g., upper
zone 63) may be referred to as black data. By gradually reducing (tapering) the gray levels
provided on data lines D that terminate at notch 50, the voltage drop on the positive power
supply line may be limited and the presence of the dim line around the border 53 may be
reduced or eliminated. Because the inactive data signals provided on data lines D are still
taken to zero for some of the virtual pixels 22°, and because the inactive data signals that are
higher than zero are still reduced relative to the data signals that are being provided to display
pixels 22 in active area AA, the impact of these inactive data signals on pixel luminance
degradation tracking may be limited such that premature display dimming is minimized.
[0046] Because transition region 61 and upper region 63 of notch 50 correspond to rows of

pixels into which notch 50 extends, the null data corresponding to the values of Z, T1, Tx,
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and/or the other gray values for transition region 61 may be provided when the gate lines for

these rows are being used control data loading. For example, while using a first gate line(s)
corresponding to a row(s) of pixels into which notch 50 extends, display driver circuitry 20
may provide a data line(s) D that truncates at notch 50 with null data signals corresponding to
gray values of Ti, Tn, and/or the other gray values (e.g., gray data) for transition region 61.
There may be one, two, three, four, five, ten, or more gate lines for which display driver
circuitry 20 operates in this manner to provide gray data. The gray levels associated with the
gray data may decrease linearly or exponentially with increasing distance (of the gate line)
from the border between inactive notch 50 and the active area AA. While using a second
gate line(s) corresponding to a second row(s) of pixels into which notch 50 extends, display
driver circuitry 20 may provide the data line(s) D that truncates at notch 50 with null data
signals corresponding to gray values of Z (e.g., black data). There may be one, two, three,
four, five, ten, or more gate lines for which display driver circuitry 20 operates in this manner
to provide black data.

[0047] The example described above is merely illustrative. If desired, the gray levels for
virtual pixels 22’ may be determined in other ways. For example, the gray levels for virtual
pixels 22” may decrease with distance from border 51 according to functions other than linear
or exponential functions, may be adjusted using fixed or dynamically determined offset
values, may be adjusted from a value of O (or other value) as previously determined by data
signal attenuation operations, may be adjusted from an original gray level that was not
determined by data signal attenuation operations, or may be determined in other ways. If
desired, the values of Z, T1, Tx, and/or the other gray values for transition region 61 may all
be the same. For example, all of the virtual pixels 22° may be provided with the same gray
level (e.g., a gray level between 0 and 255). In another illustrative arrangement, the values of
Z, T1, T, and/or the other gray values for transition region 61 may be random gray levels,
some or all of which are between 0 and 255. The values of gray levels for display pixels 22
and virtual pixels 22’ provided above are also merely illustrative. The gray levels provided to
display pixels in active area AA may vary based on the frame of image data behind displayed
on display 14. The adjusted gray levels provided on data lines D for virtual pixels 22” may
vary based on the gray levels of pixels 22 near notch 50 and based on the function or other
method used for determining the adjusted gray levels. Gray levels for virtual pixels 22" may

be static (e.g., may be predetermined and held constant between multiple frames of display
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data) or may be dynamic (e.g., changing between frames of display data and determined

based on the data provided to pixels 22 in active area AA, if desired).

[0048] In arrangements in which gray values for virtual pixels 22’ are predetermined or
random gray values (as opposed to being gradually reduced to zero as a function of distance
from the border 51), the gray values may be selected so as to minimize the impact of these
inactive data signals on pixel luminance degradation tracking and limit premature display
dimming. For example, the pixel luminance degradation compensator may not take into
account (i.e., may be insensitive to) gray levels that are below a threshold value when
tracking pixel luminance degradation. In one illustrative example, this threshold value may
be a gray level of 50. Setting the gray levels for virtual pixels 22’ below this threshold may
not affect pixel luminance degradation tracking (e.g., pixel luminance degradation tracking
can be effectively bypassed for inactive data signals provided on data lines D that are not
actually provided to pixels 22) while still easing the gray level transition at border 51.

[0049] Although data signal compensation operations are described above in connection with
notch 50 in FIG. 4, the same or similar data compensation operations may be performed for
inactive data signals that are provided for virtual pixels 22’ in corner regions 59.

[0050] A diagram of an illustrative pipeline for displaying an image on display 14 using gray
level compensation of the type described above in connection with FIG. 4 is shown in FIG. 5.
As shown in block 28, the display pipeline may begin with a frame of image data. In one
illustrative example, the frame of image data is provided by control circuitry16 of device 10.
At block 30, sub-pixel rendering may process (e.g., using a sub-pixel rendering engine) the
frame of image data to produce data signals corresponding to the specific arrangement of red,
green, and blue sub-pixels used in display 14. At block 32, data signal attenuation may be
performed. At block 36, pixel luminance degradation tracking and compensation may be
performed. At block 38, dithering operations may be performed (e.g., using a dithering
engine) on the data signals. Dithering operations may adjust gray levels such that the average
gray level for a group of pixels is equal to the desired gray level for all of the pixels in the
group, even though none of the individual pixels in the group may be programmed with the
desired gray level. Dithering operations may be used to smooth the visual appearance of the
border between notch 50 and active area AA. At block 40, the data signals may be provided
to display driver circuitry 20. At block 42, display driver circuitry 20 may drive the data

signals onto data lines D in display 14 to display the frame of image data.
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[0051] At block 34, data signal compensation operations of the type described above in

connection with FIG. 4 may be performed. In one illustrative example, data signal
compensation operations may be performed before pixel luminance degradation tracking and
compensation are performed at block 36 (e.g., between blocks 32 and 34). In an arrangement
such as this, the data signals are adjusted to be low enough so as to not affect pixel luminance
degradation tracking or cause premature display dimming, while still easing the gray level
transition between the active area and the inactive notch.

[0052] In another illustrative arrangement, data signal compensation operations at block 34
may not be performed until after pixel luminance degradation tracking and compensation are
performed at block 36. In this type of arrangement, the gray levels for virtual pixels 22’ are
still adjusted to a low value (e.g., a gray level between 0 and 10, inclusive) using data signal
attenuation operations before pixel luminance degradation tracking and compensation are
performed at block 36 so that the effects of these inactive data signals on pixel luminance
degradation tracking are minimized. In order to make the gray level transition between the
active area and the inactive area more gradual, however, the inactive data signals can be
adjusted again before being driven onto data lines D. In one arrangement, data signal
compensation operations in block 40 may include applying an offset to the gray values (e.g.,
adding to the gray value) as reduced by the data signal attenuation and applying a gain to the
gray levels as reduced by the data signal attenuation (and/or as adjusted by the offset). The
combination of the offset and the gain may adjust all of the inactive data signals for virtual
pixels 22’ to an arbitrary gain level (e.g., 255) that reduces or eliminates the presence of
undesirable display artifacts such as dim lines near notch 50.

[0053] In another illustrative arrangement, data signal compensation operations in block 34
may include applying a gain to the gray levels that have been reduced by the data signal
attenuation operations without applying an offset. In such an arrangement, the inactive data
signals may have been adjusted by the data signal attenuation operations to a value greater
than O (e.g., between 1 and 10). The gain may adjust all of the inactive data signals for
virtual pixels 22’ to an arbitrary gain level (e.g., 255) that reduces or eliminates the presence
of undesirable display artifacts such as dim lines near notch 50.

[0054] When performed after pixel luminance degradation tracking and compensation
operations of block 36, data signal compensation operations may be performed in display

driver circuitry 20. If desired, data signal compensation may be performed at the same time
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as other pixel compensation operations that occur in display driver circuitry 20. In another

example, data signal compensation operations may be performed between the time at which
the data signals are transmitted from display driver circuitry 20 in block 36 and when they are
displayed on display 14 in block 38.

[0055] In another example, display driver circuitry 20 may be configured to not provide data
signals to the data lines D that terminate under notch 50 when the display rows that are being
programmed do not include pixels that receive data signals from those data lines D (i.e., rows
of the display into which notch 50 extends). In other words, display driver circuitry 20 may
temporarily suspend data line toggling when the data signals would not actually be provided
to display pixels 22 (and instead correspond to virtual pixels 22’). In this arrangement, there
would be no data signals being provided for virtual pixels 22’ to affect pixel luminance
degradation tracking compensation or to create a sudden gray level transition, helping to
minimize both premature display dimming and undesirable display artifacts at the active area-
inactive area border 51. Because display driver circuitry 20 suspends data signal writing
operations for a period of time, operating display 14 in this manner may also help to conserve
power.

[0056] An illustrative flow chart of steps that may be taken in a method of adjusting display
signals corresponding to notch 50 is shown in FIG. 6.

[0057] At step 100, control circuitry 16 may provide a frame of display data to be displayed
on display 14.

[0058] At step 102, data signal attenuator 55 may attenuate (convert to black data) the
inactive data signals (e.g., data signals corresponding to virtual pixels 22”) in the frame to
minimize the effect of the data signals on pixel luminance degradation tracking.

[0059] At optional step 104, data signal compensator 57 may adjust (convert to gray data) the
attenuated data signals to ease the transition between the data signals that are provided to the
pixels in the active area AA of display 14 and the inactive data signals for virtual pixels. If
optional step 104 is performed, optional step 108 may be skipped and step 106 may proceed
directly to step 110.

[0060] At step 106, the data signals may be tracked using pixel luminance and degradation
compensation to monitor the aging of pixels in display 14.

[0061] At optional step 108, data signal compensator 57 may adjust the attenuated data

signals to ease the transition between the data signals that are provided to the pixels in the
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active area AA of display 14 and the inactive data signals for virtual pixels. If optional step

108 is performed, optional step 104 may be skipped and step 102 may proceed directly to
step 106.

[0062] At step 110, the compensated data signals may be conveyed on data lines D without
actually being provided to pixels 22 in the active area of the display.

[0063] In accordance with an embodiment, a display includes pixels that form an active area,
an inactive notch in the active area that does not include pixels, and display driver circuitry
that provides image data to the pixels in the active area and that provides null data
corresponding to the inactive notch. The null data includes black data and gray data.

[0064] In accordance with another embodiment, the inactive notch includes a transition
portion adjacent to the active area, and the gray data provided by the display driver circuitry
corresponds to the transition portion.

[0065] In accordance with another embodiment, the inactive notch includes an upper portion,
the transition portion is between the active area and the upper portion, and the black data
provided by the display driver circuitry corresponds to the upper portion.

[0066] In accordance with another embodiment, the display driver circuitry provides the gray
data to the transition portion using a plurality of different gray levels.

[0067] In accordance with another embodiment, the plurality of different gray levels includes
first, second, and third gray levels that decrease linearly.

[0068] In accordance with another embodiment, the plurality of different gray levels includes
first, second, and third gray levels that decrease exponentially.

[0069] In accordance with another embodiment, the inactive notch accommodates a speaker,
a camera, and an ambient light sensor.

[0070] In accordance with another embodiment, the pixels comprise organic light-emitting
diodes.

[0071] In accordance with an embodiment, a display includes rows and columns of pixels
that form an active area that is configured to display images. The active area has a notch-
shaped recess. The display further includes first data lines that extend across the rows of
pixels and that terminate in an edge of the active area adjacent to the notch-shaped recess,
second data lines that extend across the active area and terminate at the notch-shaped recess,
first gate lines that control data loading from the first data lines and the second data lines into

a first set of the rows of pixels in the active area, second gate lines that control data loading
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into a second set of the rows of pixels in the active area from the first data lines and not the

second data lines, and display driver circuitry. The display driver circuitry is configured to
provide the second data lines with image data while using the first gate lines to control the
data loading, provide the second data lines with first non-image data while using a first set of
the second gate lines to control the data loading, and provide the second data lines with
second non-image data that is different than the first non-image data while using a second set
of the second gate lines to control the data loading.

[0072] In accordance with another embodiment, the first non-image data is black image data,
and the second non-image data includes gray image data.

[0073] In accordance with another embodiment, the gray image data includes a plurality of
different gray levels.

[0074] In accordance with another embodiment, the second set of the second gate lines is
interposed between the first set of the second gate lines and the first gate lines.

[0075] In accordance with another embodiment, the second set of the second gate lines
includes a first gate line between the first gate lines and the first set of the second gate lines,
and the display driver circuitry is configured to provide a first gray level to the second data
lines while using the first gate line to control the data loading. The second set of the second
gate lines further includes a second gate line between the first gate line and the first set of the
second gate lines, and the display driver circuitry is configured to provide a second gray level
to the second data lines while using the second gate line to control the data loading. The
second set of the second gate lines further includes a third gate line between the second gate
line and the first set of the second gate lines, and the display driver circuitry is configured to
provide a third gray level to the second data lines while using the third gate line to control the
data loading.

[0076] In accordance with another embodiment, the gray levels decrease exponentially from
the first gray level to the third gray level.

[0077] In accordance with another embodiment, the gray levels decrease linearly from the
first gray level to the third gray level.

[0078] In accordance with another embodiment, the first non-image data and the second non-
image data are not provided to any of the pixels.

[0079] In accordance with an embodiment, a method of operating a display having display

driver circuitry that provides image data to data lines, a data signal attenuator, a data signal
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compensator, and pixels that form an active area configured to display the image data

includes adjusting the image data to black data with the data signal attenuator, adjusting the
black data to gray data with the data signal compensator, and providing the gray data to the
data lines with the display driver circuitry. The gray data does not drive any of the pixels.
[0080] In accordance with another embodiment, the image data adjusted by the data signal
attenuator corresponds to a notch-shaped inactive region in the active area, and the method
further includes providing at least some of the image data to the pixels that form the active
area with the display driver circuitry.

[0081] In accordance with another embodiment, the method further includes providing at
least some of the black data to the data lines with the display driver circuitry. The black data
does not drive any of the pixels.

[0082] In accordance with another embodiment, the method further includes adjusting all of
the black data from the data signal attenuator to gray data with the data signal compensator.
[0083] The foregoing is merely illustrative and modifications can be made to the described
embodiments. The foregoing embodiments may be implemented individually or in any

combination.
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Claims

What is claimed is:
1. A display comprising:
pixels that form an active area;
an inactive notch in the active area that does not include pixels; and
display driver circuitry that provides image data to the pixels in the
active area and that provides null data corresponding to the inactive notch, wherein the null

data includes black data and gray data.

2. The display defined in claim 1, wherein the inactive notch includes a
transition portion adjacent to the active area, and wherein the gray data provided by the

display driver circuitry corresponds to the transition portion.

3. The display defined in claim 2, wherein the inactive notch includes an
upper portion, wherein the transition portion is between the active area and the upper portion,
and wherein the black data provided by the display driver circuitry corresponds to the upper

portion.

4. The display defined in claim 3, wherein the display driver circuitry

provides the gray data to the transition portion using a plurality of different gray levels.

5. The display defined in claim 4, wherein the plurality of different gray

levels includes first, second, and third gray levels that decrease linearly.

6. The display defined in claim 4, wherein the plurality of different gray

levels includes first, second, and third gray levels that decrease exponentially.

7. The display defined in claim 1, wherein the inactive notch

accommodates a speaker, a camera, and an ambient light sensor.

8. The display defined in claim 7, wherein the pixels comprise organic
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light-emitting diodes.

9. A display comprising:
rows and columns of pixels that form an active area that is configured
to display images, wherein the active area has a notch-shaped recess;
first data lines that extend across the rows of pixels and that terminate
in an edge of the active area adjacent to the notch-shaped recess;
second data lines that extend across the active area and terminate at the
notch-shaped recess;
first gate lines that control data loading from the first data lines and the
second data lines into a first set of the rows of pixels in the active area;
second gate lines that control data loading into a second set of the rows
of pixels in the active area from the first data lines and not the second data lines; and
display driver circuitry configured to:
while using the first gate lines to control the data loading,
provide the second data lines with image data;
while using a first set of the second gate lines to control the
data loading, provide the second data lines with black data; and
while using a second set of the second gate lines to control the
data loading, provide the gray data, wherein the black and gray data comprise null date

corresponding to the notch-shaped recess.

10. The display defined in claim 9, wherein the gray data includes a
plurality of different gray levels.

11. The display defined in claim 10, wherein the second set of the second

gate lines is interposed between the first set of the second gate lines and the first gate lines.

12. The display defined in claim 11, wherein the second set of the second
gate lines includes:
a first gate line between the first gate lines and the first set of the

second gate lines, wherein the display driver circuitry is configured to provide a first gray
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level to the second data lines while using the first gate line to control the data loading;

a second gate line between the first gate line and the first set of the
second gate lines, wherein the display driver circuitry is configured to provide a second gray
level to the second data lines while using the second gate line to control the data loading; and

a third gate line between the second gate line and the first set of the
second gate lines, wherein the display driver circuitry is configured to provide a third gray

level to the second data lines while using the third gate line to control the data loading.

13. The display defined in claim 12, wherein the gray levels decrease

exponentially from the first gray level to the third gray level.

14. The display defined in claim 12, wherein the gray levels decrease

linearly from the first gray level to the third gray level.

15. The display defined in claim 9, wherein the null data is not provided to

any of the pixels.

16. A method of operating a display having display driver circuitry that
provides image data to data lines, a data signal attenuator, a data signal compensator, and
pixels that form an active area configured to display the image data, the method comprising:

with the data signal attenuator, adjusting the image data to black data;

with the data signal compensator, adjusting a firsrt portion of the black
data to gray data, wherein the gray data and a second portion of the black data comprise null
data; and

with the display driver circuitry, providing the null data to the data

lines corresponding to a notch-shaped recess in the active area.

17. The method defined in claim 16, further comprising:
with the display driver circuitry, providing at least some of the image

data to the pixels that form the active area.

18. The method defined in claim 17, wherein the black data does not drive
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any of the pixels.
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