EP 3 686 875 A1

(19)

Europdisches
Patentamt

European

Patent Office

Office européen
des brevets

(12)

(43) Date of publication:
29.07.2020 Bulletin 2020/31

(21) Application number: 20153036.7

(22) Date of filing: 22.01.2020

(51)

(11) EP 3 686 875 A1

EUROPEAN PATENT APPLICATION

Int Cl.:
GO09G 3/3233(2016.01)

(84) Designated Contracting States:
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB
GRHRHUIEISITLILTLULV MC MK MT NL NO
PL PT RO RS SE SI SK SM TR
Designated Extension States:
BA ME
Designated Validation States:
KH MA MD TN

(30) Priority: 28.01.2019 CN 201910079924
22.02.2019 US 201916283481

(71) Applicant: Apple Inc.
Cupertino, CA 95014-2094 (US)

(72) Inventors:
« JIN, Jiayi
Cupertino, CA 95014 (US)
* DOYLE, David
Cupertino, CA 95014 (US)
* KOO, Kyung Hoae
Cupertino, CA 95014 (US)

(74)

YANG, Maofeng
Cupertino, CA 95014 (US)
LIM, Michael

Cupertino, CA 95014 (US)
SACCHETTO, Paolo
Cupertino, CA 95014 (US)
JOHNSON, Timothy
Cupertino, CA 95014 (US)
RAJENDRAN, Venkatesh
Cupertino, CA 95014 (US)
YAO, Weijun

Cupertino, CA 95014 (US)
CHU, Yue Jack
Cupertino, CA 95014 (US)

Representative: Lang, Johannes
Bardehle Pagenberg Partnerschaft mbB
Patentanwalte, Rechtsanwilte
Prinzregentenplatz 7

81675 Miinchen (DE)

(54)
THRESHOLD VOLTAGE

(57) A display may have an array of organic
light-emitting diode display pixels. Each display pixel may
include a drive transistor coupled in series with one or
more emission transistors and a respective organic
light-emitting diode (OLED). A semiconducting-oxide
transistor may be coupled between a drain terminal and
a gate terminal of the drive transistor to help reduce leak-
age during low-refresh-rate display operations. To com-
pensate for variations in the threshold voltage of the sem-
iconducting-oxide transistor, the magnitude of a high volt-
age level of a scan control signal provided to the gate
terminal of the semiconducting-oxide transistor may be
adjusted. Sensing circuitry may be used to sense a dis-
play current while displaying a calibration image. The
sensed display current may be compared to an expected

display current associated with the calibration image.

Processing circuitry may update the high voltage level
based on the actual display current compared to the ex-
pected display current.
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Description

[0001] This application claims priority to U.S. patent
application No. 16/283,481, filed on February 22, 2019,
and CN patent application No. 201910079924.8, filed
January 28, 2019, which are hereby incorporated by ref-
erence herein in their entireties.

Field

[0002] Thisrelates generally to electronic devices and,
more particularly, to electronic devices with displays.

Background

[0003] Electronic devices often include displays. For
example, cellular telephones and portable computers in-
clude displays for presenting information to users.
[0004] Displays such as organic light-emitting diode
displays have an array of display pixels based on light-
emitting diodes. In this type of display, each display pixel
includes a light-emitting diode and thin-film transistors
for controlling application of a signal to the light-emitting
diode to produce light.

[0005] For instance, a display pixel often includes a
drive thin-film transistor that controls the amount of cur-
rent flowing through the light-emitting diode and a switch-
ing transistor connected to the gate terminal of the drive
thin-film transistor. The switching transistor may be im-
plemented as a semiconducting-oxide transistor, which
typically exhibits low leakage when the switching tran-
sistor is turned off. This low-leakage property of the sem-
iconducting-oxide switching transistor helps to keep the
voltage atthe gate terminal of the drive thin-film transistor
relatively constant during a given emission period of the
display pixel when the drive thin-film transistor passes
current to the light-emitting diode to produce light.
[0006] The semiconducting-oxide switching transistor,
however, exhibits reliability issues over the lifetime of the
display. In particular, the semiconducting-oxide transis-
tor has a threshold voltage that drifts over time as the
semiconducting-oxide transistor is repeatedly turned on
and off. As the threshold voltage of the semiconducting-
oxide transistor changes, the voltage at the gate terminal
of the drive thin-film transistor immediately prior to emis-
sion will also be affected. This directly impacts the
amount of current flowing through the light-emitting di-
ode, which controls the amount of light or luminance pro-
duced by the display pixel. This sensitivity of the light-
emitting diode current to the threshold voltage of the sem-
iconducting-oxide switching transistor increases the risk
of non-ideal display behaviors such as luminance drop
over the lifetime of the display, undesired color shifts over
the lifetime of the display (e.g., resulting in a cyan/green-
ish tint on the display), etc.
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Summary

[0007] An electronic device may include a display hav-
ing an array of display pixels. The display pixels may be
organic light-emitting diode display pixels.

[0008] Each display pixel may include a light-emitting
diode, a drive transistor coupled in series with the light-
emitting diode, a transistor of a first semiconductor type
(e.g., a semiconducting-oxide thin-film transistor) cou-
pled between the drain terminal and the gate terminal of
the drive transistor, a first emission transistor coupled in
series with the drive transistor and the light-emitting di-
ode, a second emission transistor coupled in series with
the drive transistor and a power line, an initialization tran-
sistor coupled to the light-emitting diode, and a data load-
ing transistor coupled to the source terminal of the drive
transistor. In particular, the semiconducting-oxide tran-
sistor may be configured to reduce leakage at the gate
terminal of the drive transistor.

[0009] The scan control signal that controls the semi-
conducting-oxide transistor may be adapted to changes
in the threshold voltage of the semiconducting oxide tran-
sistor to compensate for any luminance drop in the dis-
play. In one compensation scheme, a prediction of the
change in threshold voltage of the semiconducting oxide
transistor may be used to change the high voltage level
of the scan control signal according to a predetermined
profile. The changes in the high voltage level of the scan
control signal may track the changes in the threshold
voltage of the semiconducting oxide transistor, prevent-
ing luminance drop in the display.

[0010] In another suitable arrangement, current sens-
ing circuitry may be coupled to the display to measure a
display current while a calibration image is displayed.
The expected display current associated with the cali-
bration image may be known. The actual display current
(obtained by the current sensing circuitry) may be com-
pared to the expected display current. Differences be-
tween the actual and expected display current may occur
due to changes of the threshold voltage of the semicon-
ducting oxide transistor. If a difference is detected, the
high voltage level of the scan control signal of the sem-
iconducting oxide transistor may be compensated ac-
cordingly. In one example, the high voltage level may be
set based on a lookup table that includes information
associated with the expected display current, actual dis-
play current, and temperature. In another example, the
high voltage level may be adjusted incrementally until
the actual display current matches the expected display
current.

Brief Description of the Drawings

[0011]

FIG. 1is adiagram of an illustrative electronic device
having a display in accordance with an embodiment.
FIG. 2 is a diagram of an illustrative organic light-
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emitting diode display having an array of organic
light-emitting diode (OLED) display pixels in accord-
ance with an embodiment.

FIG. 3 is a diagram of a low refresh rate display driv-
ing scheme in accordance with an embodiment.
FIG. 4 is a circuit diagram of an organic light-emitting
diode display pixel configured to produce an emis-
sion current in accordance with an embodiment.
FIG. 5 is a timing diagram that illustrates the opera-
tion of the organic light-emitting diode display pixel
shown in FIG. 4.

FIG. 6 is a diagram illustrating how the threshold
voltage of a semiconducting-oxide transistor and
how the threshold voltage of a silicon transistor vary
over time in accordance with an embodiment.
FIG.7is adiagramillustrating the sensitivity of OLED
emission current to the threshold voltage of the sem-
iconducting-oxide transistor in the organic light-emit-
ting diode display pixel shown in FIG. 4 in accord-
ance with an embodiment.

FIG. 8 is a diagram of a scan control signal that may
be provided to the gate of a semiconducting-oxide
transistor such as T3 in FIG. 4 in accordance with
an embodiment.

FIG. 9 is a diagram illustrating how the high voltage
level of the scan control signal of a semiconducting
oxide transistor in a pixel may be predictively de-
creased to track expected drift in the threshold volt-
age of the transistor in accordance with an embod-
iment.

FIG. 10 is a schematic diagram of an illustrative dis-
play that includes sensing circuitry for actively mon-
itoring display current and accordingly compensat-
ing the high voltage level of the scan control signal
of a semiconducting oxide transistor in accordance
with an embodiment.

FIG. 11 is a schematic diagram of an illustrative dis-
play that includes a sensing resistor and analog-to-
digital converter for actively monitoring display cur-
rent in accordance with an embodiment.

FIG. 12 is a flowchart of an illustrative method of
compensating the high voltage level of the scan con-
trol signal of a semiconducting oxide transistor based
on a measured display current and using a lookup
table in accordance with an embodiment.

FIG. 13 is a flowchart of an illustrative method of
compensating the high voltage level of the scan con-
trol signal of a semiconducting oxide transistor by
incrementally changing the high voltage level in ac-
cordance with an embodiment.

Detailed Description

[0012] An illustrative electronic device of the type that
may be provided with an organic light-emitting diode dis-
play 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, atablet com-
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puter, 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 earpiece device, a device embedded in eyeglasses or
otherequipmentwornonauser’s head, orotherwearable
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.

[0013] Device 10 may include control circuitry 15. Con-
trol circuitry 15 may include storage and processing cir-
cuitry for supporting the operation of device 10. The stor-
age and processing circuitry may include storage such
as nonvolatile memory (e.g., flash memory or other elec-
trically-programmable-read-only memory configured to
form a solid state drive), volatile memory (e.g., static or
dynamic random-access-memory), etc. Processing cir-
cuitry in control circuitry 15 may be used to gather input
from sensors and other input devices and may be used
to control output devices. The processing circuitry may
be based on one or more microprocessors, microcontrol-
lers, digital signal processors, baseband processors and
other wireless communications circuits, power manage-
ment units, audio chips, application specific integrated
circuits, etc.

[0014] To supportcommunications between device 10
and external equipment, control circuitry 15 may com-
municate using communications circuitry 21. Circuitry 21
may include antennas, radio-frequency transceiver cir-
cuitry, and other wireless communications circuitry
and/or wired communications circuitry. Circuitry 21,
which may sometimes be referred to as control circuitry
and/or control and communications circuitry, may sup-
port bidirectional wireless communications between de-
vice 10 and external equipment over a wireless link (e.g.,
circuitry 21 may include radio-frequency transceiver cir-
cuitry such as wireless local area network transceiver
circuitry configured to support communications over a
wireless local area network link, near-field communica-
tions transceiver circuitry configured to support commu-
nications over a near-field communications link, cellular
telephone transceiver circuitry configured to support
communications over a cellular telephone link, or trans-
ceiver circuitry configured to support communications
over any other suitable wired or wireless communications
link). Wireless communications may, for example, be
supported over a Bluetooth® link, a WiFi® link, a 60 GHz
link or other millimeter wave link, a cellular telephone link,
or other wireless communications link. Device 10 may,
if desired, include power circuits for transmitting and/or
receiving wired and/or wireless power and may include
batteries or other energy storage devices. For example,
device 10 may include a coil and rectifier to receive wire-
less power that is provided to circuitry in device 10.
[0015] Device 10 may include input-output devices
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such as devices 12. Devices 12 may be mounted in a
housing of the electronic device (e.g., an electronic de-
vice housing formed from metal and/or glass that forms
exterior surfaces of the electronicdevice). In cases where
electronic device 10 is a wristwatch device, a wrist strap
may be attached to the electronic device housing. For
example, the wrist strap may be attached to first and sec-
ond opposing sides of the electronic device housing, with
display 14 interposed between the first and second op-
posing sides. Input-output devices 12 may be used in
gathering user input, in gathering information on the en-
vironment surrounding the user, and/or in providing a us-
er with output. Devices 12 may include one or more dis-
plays such asdisplay(s) 14. Display 14 may be an organic
light-emitting diode display, a liquid crystal display, an
electrophoretic display, an electrowetting display, a plas-
ma display, a microelectromechanical systems display,
a display having a pixel array formed from crystalline
semiconductor light-emitting diode dies (sometimes re-
ferred to as microLEDs), and/or other display. Display 14
may have an array of pixels configured to display images
for a user. The display pixels may be formed on a sub-
strate such as a flexible substrate (e.g., display 14 may
be formed from a flexible display panel). Conductive elec-
trodes for a capacitive touch sensor in display 14 and/or
an array of indium tin oxide electrodes or other transpar-
ent conductive electrodes overlapping display 14 may be
used to form a two-dimensional capacitive touch sensor
for display 14 (e.g., display 14 may be a touch sensitive
display).

[0016] Sensors 17 in input-output devices 12 may in-
clude force sensors (e.g., strain gauges, capacitive force
sensors, resistive force sensors, etc.), audio sensors
such as microphones, touch and/or proximity sensors
such as capacitive sensors (e.g., a two-dimensional ca-
pacitive touch sensor integrated into display 14, a two-
dimensional capacitive touch sensor overlapping display
14, and/or a touch sensor that forms a button, trackpad,
or other input device not associated with a display), and
other sensors. If desired, sensors 17 may include optical
sensors such as optical sensors thatemitand detect light,
ultrasonic sensors, optical touch sensors, optical prox-
imity sensors, and/or other touch sensors and/or prox-
imity sensors, monochromatic and color ambient light
sensors, image sensors, fingerprint sensors, tempera-
ture sensors, sensors for measuring three-dimensional
non-contact gestures ("air gestures"), pressure sensors,
sensors for detecting position, orientation, and/or motion
(e.g., accelerometers, magnetic sensors such as com-
pass sensors, gyroscopes, and/or inertial measurement
units that contain some or all of these sensors), health
sensors, radio-frequency sensors, depth sensors (e.g.,
structured light sensors and/or depth sensors based on
stereo imaging devices), optical sensors such as self-
mixing sensors and light detection and ranging (lidar)
sensors that gather time-of-flight measurements, humid-
ity sensors, moisture sensors, gaze tracking sensors,
and/or other sensors. In some arrangements, device 10
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may use sensors 17 and/or other input-output devices to
gather user input (e.g., buttons may be used to gather
button press input, touch sensors overlapping displays
can be used for gathering user touch screen input, touch
pads may be used in gathering touch input, microphones
may be used for gathering audio input, accelerometers
may be used in monitoring when a finger contacts an
input surface and may therefore be used to gather finger
press input, etc.).

[0017] If desired, electronic device 10 may include ad-
ditional components (see, e.g., other devices 19 in input-
output devices 12). The additional components may in-
clude haptic output devices, audio output devices such
as speakers, light-emitting diodes for status indicators,
light sources such as light-emitting diodes that illuminate
portions of a housing and/or display structure, other op-
tical output devices, and/or other circuitry for gathering
input and/or providing output. Device 10 may alsoinclude
a battery or other energy storage device, connector ports
for supporting wired communication with ancillary equip-
ment and for receiving wired power, and other circuitry.
[0018] A display in an electronic device may be pro-
vided with driver circuitry for displaying images on an
array of display pixels. An illustrative display is shown in
FIG. 2. As shown in FIG. 2, display 14 may have one or
more layers such as substrate 24. Layers such as sub-
strate 24 may be formed from planar rectangular layers
of material such as planar glass layers. Display 14 may
have an array 27 of display pixels 22 for displaying im-
ages for a user. The array of display pixels 22 may be
formed from rows and columns of display pixel structures
on substrate 24. These structures may include thin-film
transistors such as polysilicon thin-film transistors (e.g.,
thin-film transistors having an active region formed from
polysilicon), semiconducting oxide thin-film transistors
(e.g., thin-film transistors having an active region formed
from semiconducting oxide), etc. There may be any suit-
able number of rows and columns in the array of display
pixels 22 (e.g., ten or more, one hundred or more, or one
thousand or more).

[0019] Display driver circuitry such as display driver
integrated circuit 16 may be coupled to conductive paths
such as metal traces on substrate 24 using solder or con-
ductive adhesive. Display driver integrated circuit 16
(sometimes referred to as a timing controller chip) may
contain communications circuitry for communicating with
system control circuitry over path 25. Path 25 may be
formed from traces on a flexible printed circuit or other
cable. The system control circuitry may be located on a
main logic board in an electronic device such as a cellular
telephone, computer, computer tablet, television, set-top
box, media player, wrist watch, portable electronic de-
vice, or other electronic equipment in which display 14
is being used. During operation, the system control cir-
cuitry may supply display driver integrated circuit 16 with
information on images to be displayed on display 14 via
path 25. To display the images on display pixels 22, dis-
play driver integrated circuit 16 may supply clock signals
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and other control signals to display driver circuitry such
as row driver circuitry 18 and column driver circuitry 20.
Row driver circuitry 18 and/or column driver circuitry 20
may be formed from one or more integrated circuits
and/or one or more thin-film transistor circuits on sub-
strate 24.

[0020] Row driver circuitry 18 may be located on the
left and right edges of display 14, on only a single edge
of display 14, or elsewhere in display 14. During opera-
tion, row driver circuitry 18 may provide row control sig-
nals on horizontal lines 28 (sometimes referred to as row
lines or "scan" lines). Row driver circuitry 18 may there-
fore sometimes be referred to as scan line driver circuitry.
Row driver circuitry 18 may also be used to provide other
row control signals such as emission control lines, if de-
sired.

[0021] Column driver circuitry 20 may be used to pro-
vide data signals D from display driver integrated circuit
16 onto a plurality of corresponding vertical lines 26. Col-
umn driver circuitry 20 may sometimes be referred to as
data line driver circuitry or source driver circuitry. Vertical
lines 26 are sometimes referred to as data lines. During
compensation operations, column driver circuitry 20 may
use paths such as vertical lines 26 to supply a reference
voltage. During programming operations, display data is
loaded into display pixels 22 using lines 26.

[0022] Eachdataline 26 is associated with arespective
column of display pixels 22. Sets of horizontal signal lines
28 run horizontally through display 14. Power supply
paths and other lines may also supply signals to pixels
22. Each set of horizontal signal lines 28 is associated
with a respective row of display pixels 22. The number
of horizontal signal lines in each row may be determined
by the number of transistors in the display pixels 22 that
are being controlled independently by the horizontal sig-
nal lines. Display pixels of different configurations may
be operated by different numbers of control lines, data
lines, power supply lines, etc.

[0023] Row driver circuitry 18 may assert control sig-
nals on the row lines 28 in display 14. For example, driver
circuitry 18 may receive clock signals and other control
signals from display driver integrated circuit 16 and may,
inresponse to the received signals, assert control signals
in each row of display pixels 22. Rows of display pixels
22 may be processed in sequence, with processing for
each frame of image data starting at the top of the array
of display pixels and ending at the bottom of the array
(as an example). While the scan lines in a row are being
asserted, the control signals and data signals that are
provided to column driver circuitry 20 by circuitry 16 direct
circuitry 20 to demultiplex and drive associated data sig-
nals D onto data lines 26 so that the display pixels in the
row will be programmed with the display data appearing
on the data lines D. The display pixels can then display
the loaded display data.

[0024] In an organic light-emitting diode (OLED) dis-
play such as display 14, each display pixel contains a
respective organic light-emitting diode for emitting light.
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A drive transistor controls the amount of light output from
the organic light-emitting diode. Control circuitry in the
display pixel is configured to perform threshold voltage
compensation operations so that the strength of the out-
put signal from the organic light-emitting diode is propor-
tional to the size of the data signal loaded into the display
pixel while being independent of the threshold voltage of
the drive transistor.

[0025] Display 14 may be configured to support low
refresh rate operation. Operating display 14 using a rel-
atively low refresh rate (e.g., a refresh rate of 1 Hz, 2 Hz,
1-10 Hz, less than 100 Hz, less than 60 Hz, less than 30
Hz, less than 10 Hz, less than 5 Hz, less than 1 Hz, or
other suitably low rate) may be suitable for applications
outputting content that is static or nearly static and/or for
applications that require minimal power consumption.
FIG. 3 is a diagram of a low refresh rate display driving
scheme in accordance with an embodiment. As shown
in FIG. 3, display 14 may alternate between a short data
refresh phase (as indicated by period T_refresh) and an
extended blanking period T_blank. During period T re-
fresh, the data value in each display pixel may be re-
freshed, "repainted," or updated.

[0026] As an example, each data refresh period
T_refresh may be approximately 16.67 milliseconds (ms)
inaccordance with a 60 Hz data refresh operation, where-
as each period T_blank may be approximately 1 second
so that the overall refresh rate of display 14 is lowered
to 1 Hz (as an example of a low refresh rate display op-
eration). Configured as such, the duration of T_blank can
be adjusted to tune the overall refresh rate of display 14.
For example, if the duration of T_blank is tuned to half a
second, the overall refresh rate would be increased to 2
Hz. As another example, if the duration of T_blank was
tuned to a quarter of a second, the overall refresh rate
would be increased to 4 Hz. In the embodiments de-
scribed herein, the blanking interval T_blank may be at
least two times the duration of T refresh, atleast 10 times
the duration of T_refresh, at least 20 times the duration
of T_refresh, at least 30 times the duration of T refresh,
at least 60 times the duration of T_refresh, 2-100 times
the duration of T_refresh, more than 100 times the du-
ration of T_refresh, etc.

[0027] A schematic diagram of an illustrative organic
light-emitting diode display pixel 22 in display 14 that can
be used to support low refresh rate operation is shown
in FIG. 4. As shownin FIG. 4, display pixel 22 may include
a storage capacitor Cst and transistors such as n-type
(i.e., n-channel) transistors T1, T2, T3, T4, T5, and T6.
The transistors of pixel 22 may be thin-film transistors
formed from a semiconductor such as silicon (e.g., poly-
silicon deposited using a low temperature process,
sometimes referred to as LTPS or low-temperature poly-
silicon), semiconducting oxide (e.g., indium gallium zinc
oxide (IGZQ)), or other suitable semiconductor material.
In other words, the active region and/or the channel re-
gion of these thin-film transistors may be formed from
polysilicon or semi-conducting oxide material.
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[0028] Display pixel 22 may include light-emitting di-
ode 304. A positive power supply voltage ELVDD (e.g.,
1V,2V, morethan 1V, 0.5to 5V, 1to 10 V, or other
suitable positive voltage) may be supplied to positive
power supply terminal 300 and a ground power supply
voltage ELVSS (e.g.,, 0V, -1V, -2 V, or other suitable
negative voltage) may be supplied to ground power sup-
ply terminal 302. The power supply voltages ELVDD and
ELVSS may be provided to terminals 300 and 302 from
respective power supply traces. For example, a conduc-
tive layer may serve as a ground power supply voltage
trace that provides the ground power supply voltage
ELVSS to all of the pixels within the display. The state of
transistor T2 controls the amount of current flowing from
terminal 300 to terminal 302 through diode 304 and there-
fore controls the amount of emitted light 306 from display
pixel 22. Transistor T2 is therefore sometimes referred
to as the "drive transistor." Diode 304 may have an as-
sociated parasitic capacitance Cq gp (not shown).
[0029] Terminal 308 is used to supply an initialization
voltage Vini (e.g., a positive voltage suchas 1V, 2V,
less than 1V, 1to 5V, or other suitable voltage) to assist
in turning off diode 304 when diode 304 is not in use.
Control signals from display driver circuitry such as row
driver circuitry 18 of FIG. 2 are supplied to control termi-
nals such as terminals 312, 313, 314, and 315. Terminals
312 and 313 may serve respectively as first and second
scan control terminals, whereas terminals 314 and 315
may serve respectively as first and second emission con-
trol terminals. Scan control signals Scan1 and Scan2
may be applied to scan terminals 312 and 313, respec-
tively. Emission control signals EM1 and EM2 may be
supplied to terminals 314 and 315, respectively. A data
input terminal such as data signal terminal 310 is coupled
to a respective data line 26 of FIG. 2 for receiving image
data for display pixel 22.

[0030] Transistors T4, T2, T5, and diode 304 may be
coupled in series between power supply terminals 300
and 302. In particular, transistor T4 has a drain terminal
that is coupled to positive power supply terminal 300, a
gate terminal that receives emission control signal EM2,
and a source terminal (labeled as node N1) coupled to
transistors T2 and T3. The terms "source" and "drain"
terminals of a transistor can sometimes be used inter-
changeably. Drive transistor T2 has a drain terminal that
is coupled to node N1, a gate terminal coupled to node
N2, and a source terminal coupled to node N3. Transistor
T5 has a drain terminal thatis coupled to node N3, a gate
terminal that receives emission control signal EM1, and
a source terminal coupled to node N4. Node N4 is cou-
pled to ground power supply terminal 302 via organic
light-emitting diode 304.

[0031] Transistor T3, capacitor Cst, and transistor T6
are coupled in series between node N1 and terminal 308.
In particular, transistor T3 has a drain terminal that is
coupled to node N1, a gate terminal that receives scan
control signal Scan1 from scan line 312, and a source
terminal that is coupled to node N2. Storage capacitor
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Cst has a first terminal that is coupled to node N2 and a
second terminal that is coupled to node N4. Transistor
T6 has a drain terminal that is coupled to node N4, a gate
terminal that receives scan control signal Scan1 via scan
line 312, and a source terminal that receives initialization
voltage Vini via terminal 308.

[0032] Transistor T1 has a drain terminal that receives
a data signal via data line 310, a gate terminal that re-
ceives scan control signal Scan2 via scan line 313, and
a source terminal thatis coupled to node N3. Connected
in this way, emission control signal EM2 may be asserted
to enable transistor T4 (e.g., signal EM2 may be driven
to a high voltage level to turn on transistor T4); emission
control signal EM1 may be asserted to activate transistor
T5; scan control signal Scan2 may be asserted to turn
on transistor T1; and scan control signal Scan1 may be
asserted to simultaneously switch on transistors T3 and
T6. Transistors T4 and T5 may sometimes be referred
to as emission transistors. Transistor T6 may sometimes
be referred to as an initialization transistor. Transistor T1
may sometimes be referred to as a data loading transis-
tor.

[0033] Inone suitable arrangement, transistor T3 may
be implemented as a semiconducting-oxide transistor
while remaining transistors T1, T2, and T4-T6 are silicon
transistors. Semiconducting-oxide transistors exhibit rel-
atively lower leakage than silicon transistors, so imple-
menting transistor T3 as a semiconducting-oxide tran-
sistor will help reduce flicker at low refresh rates (e.g.,
by preventing current from leaking through T3 when sig-
nal Scan1 is deasserted or driven low).

[0034] FIG. 5 is a timing diagram that illustrates the
operation of organic light-emitting diode display pixel 22
showninFIG. 4. Priortotimet1, signals Scan1and Scan2
are deasserted (e.g., the scan control signals are both
at low voltage levels), whereas signals EM1 and EM2
are asserted (e.g., the emission control signals are both
at high voltage levels). When both emission control sig-
nals EM1 and EM2 are high, an emission current will flow
through drive transistor T2 into the corresponding organic
light-emitting diode 304 to produce light 306 (see FIG.
4). The emission current is sometimes referred to as the
OLED current or OLED emission current, and the period
during which the OLED current is actively producing light
at diode 304 is referred to as the emission phase.
[0035] At time t1, emission control signal EM1 is de-
asserted (i.e., driven low) to temporarily suspend the
emission phase, which begins a data refresh or data pro-
gramming phase. Attime t2, signal Scan1 may be pulsed
high to activate transistors T3 and T6, which initializes
the voltage across capacitor Cst to a predetermined volt-
age difference (e.g., ELVDD minus Vini).

[0036] At time t3, scan control signal Scan1 is pulsed
high while signal Scan2 is asserted and while signals
EM1 and EM2 are both deasserted to load a desired data
signal from data line 310 into display pixel 22. At time t4,
scan control signal Scan1 is deasserted (e.g., driven
low), which signifies the end of the data programming
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phase. The emission phase then commences at t5 when
emission control signals EM1 and EM2 are reasserted.
[0037] Although implementing transistor T3 as a sem-
iconducting-oxide transistor helps minimize leakage cur-
rent at the gate terminal of drive transistor T2, semicon-
ducting-oxide transistor T3 may suffer from reliability is-
sues. During data programming operations of display pix-
el 22, scan clock signal Scan1 may be pulled up to a high
voltage level VSH (e.g., 10.5V, more than 10V, 1-10V,
more than 5V, 1-5V, 7-11V, 10-15V, 20 V, more than
20 V, or other suitable positive/elevated voltage level)
and also pulled down to a low voltage level VGL (e.g., -
5V,-1V,0to-5V,-5t0-10V, less than 0 V, less than
-1V, less than -4 V, less than -5 V, less than -10 V, or
other suitable negative/depressed voltage level). In par-
ticular, the application of negative voltage VGL at the
gate terminal of semiconducting-oxide transistor T3 dur-
ing the emission phase places a negative gate-to-source
voltage stress across transistor T3, which can lead to
oxide degradation (sometimes referred to as aging ef-
fects) and will cause the threshold voltage of semicon-
ducting oxide transistor T3 (sometimes referred to as
Vth_ox) to drift over time.

[0038] FIG.6isadiagramillustrating how the threshold
voltage of semiconducting-oxide transistor T3 varies
over time. Trace 550 represents the threshold voltage of
a silicon transistor over the lifetime of display 14. As
shown, the threshold voltage may remain relatively
steady throughout the lifetime of the display. In contrast,
trace 500 represents the threshold voltage of semicon-
ducting-oxide transistor T3 over the lifetime of display
14. As illustrated by trace 500, Vth_ox will change over
time (e.g., over 1-4 weeks of normal display operation,
over 1-12 months of normal display operation, over at
least one year of display operation, over 1-5 years of
display operation, over 1-10 years of display operation,
etc.). In particular, Vth ox may decrease over time as the
display operates. This may be in a problem in cases
where display 14 is expected to be used much of the day
(e.g., adisplay in a wearable device such as a wristwatch
device, sometimes referred to as an 'always on’ display),
as Vth_ox may degrade more quickly (due to frequent
use) than in displays that are not ‘always on.’

[0039] FIG.7 plots the percentage change ofthe OLED
emission current lg gp as a function of the amount of
voltage change in Vth_ox. As shown by trace 552, the
OLED emission current |l gp is not very sensitive to
changes in the threshold voltage of silicon transistors
within the pixel. Trace 502 illustrates the sensitivity of
loLep to threshold voltage Vth ox of transistor T3 in or-
ganic light-emitting diode display pixel 22 of FIG. 4. As
shown by trace 502 in FIG. 7, current |o gp may increase
by approximately 50% if Vth_ox deviates from the nom-
inal threshold voltage amount by 1.5V and may decrease
by approximately 40% if Vth_ox deviates from the nom-
inal threshold voltage amount by -1.5 V. This relatively
high sensitivity of the OLED current to changes in Vth_ox
as represented by trace 502 can cause non-ideal behav-
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iors such as luminance drop and undesired color shifts
in the display as Vth_ox drifts over time.

[0040] FIG.8isadiagram of ascan control signal (e.g.,
Scan1)thatis used to control T3 during operation of pixel
22. As shown, the control signal may rise to a positive
voltage level VSH to assert transistor T3. To turn off T3
(among other transistors), signal Scan 1 may be driven
from the positive voltage level VSH (sometimes referred
to as an active voltage level, on voltage level, or high
voltage level) to a negative voltage level VGL (sometimes
referred to as an inactive voltage level, off voltage level,
or low voltage level).

[0041] When T3 is deasserted (by driving scan control
signal Scan1 from VSH to VGL), the voltage on N2 may
change by an amountthatis proportional to the difference
between VSH and Vth_ox (e.g., AV a VSH - Vth_ox). As
the voltage on N2 controls the amount of current through
diode 304 and therefore the luminance of the pixel, pre-
cise control of the N2 voltage is important for optimal
operation of the display. The Vth_ox drift experienced by
T3 therefore causes non-ideal behaviors (because it
causes the AV on N2 to vary over time). To prevent non-
ideal behaviors caused by the Vth ox drift, VSH may be
changed to track the changes in Vth_ox. If VSH is
changed by a similar amount to Vth_ox, then AV will re-
main constant over time (despite the Vth_ox drift).
[0042] There are numerous schemes that may be used
to update VSH to compensate for Vth_ox drift. In one
example, VSH may drop at a predetermined rate based
on the expected Vth_ox drop over time. FIG. 9 is a dia-
gram showing how VSH of scan control signal Scan1 can
be adjusted to adapt to the changes in Vth_ox and there-
by mitigate display luminance drop in accordance with
an embodiment. At time T (i.e., when the display is still
relatively new), VSH may be biased at a nominal positive
power supply level VSH,,. After some period of time and
at time T1, the luminance of display 14 might have
dropped by some amount due to the threshold voltage
drift of oxide transistor T3. The amount of time between
TO and T1 might be at least 50 hours, at least 100 hours,
100 to 500 hours, more than 500 hours, or other suitable
time period of operation during which display 14 might
have suffered from undesirable changes in luminance.
To mitigate the luminance drop, VSH might be reduced
to a new positive power supply level VSH,. After an ad-
ditional period of time and at time T,, the luminance of
display 14 might have dropped by some amount due to
the threshold voltage drift of oxide transistor T3 between
t; and t,. The amount of time between T1 and T2 might
be at least 50 hours, atleast 100 hours, 100 to 500 hours,
more than 500 hours, or other suitable time period of
operation during which display 14 might have suffered
from undesirable changes in luminance. To mitigate the
luminance drop, VSH might be reduced to a new positive
power supply level VSH,.

[0043] This process may continue indefinitely until the
end of the life cycle of display 14, lasting for least 2 years
of normal operational use, 2-5 years or normal opera-
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tional, 5-10 years of normal operational use, or more than
10 years of normal operational usage.

[0044] VSH may be adjusted by display driver integrat-
ed circuit 16. Alternatively, additional control and
processing circuitry (e.g., control circuitry 15 in FIG. 1)
may send instructions to display driver integrated circuit
16 to update VSH. To know when and by how much to
adjustVSH, testing may be done to determine an average
drift curve for Vth_ox. For example, a given number of
devices (e.g., one hundred devices, five hundred devic-
es, more than one hundred devices, more than one thou-
sand devices, less than one thousand devices, etc.) may
have their Vth_ox monitored over time. The average Vth
ox value of the devices may be obtained at various times.
The average Vth ox values may then be used to create
an average Vth_ox drift curve. The average Vth_ox drift
curve may inform the VSH updates. VSH may be updated
in a stepwise fashion that approximates the Vth_ox drift
curve, if desired.

[0045] During use of an electronic device, the actual
Vth ox drift may deviate from the average Vth_ox drift
curve. However, updating VSH according to the average
Vth_ox drift curve may still improve display performance
relative to displays where VSH is never updated. To fur-
ther improve display performance, current sensing may
be used to actively monitor display performance and pe-
riodically update VSH to maintain display brightness.
VSH is therefore updated based on a real-time data in-
stead of a predicted Vth_ox change.

[0046] A schematic diagram of an illustrative display
that includes sensing circuitry for active VSH compensa-
tion is shown in FIG. 10. As shown in FIG. 10, display 14
includes a pixel array 27 with a plurality of pixels 22. Each
pixel may be coupled to the ground power supply trace
ELVSS. In oneillustrative example, ground power supply
trace ELVSS may be a blanket metal layer that is formed
over the entire pixel array, with each pixel having a cor-
responding diode terminal electrically connected to the
blanket metal layer.

[0047] To actively compensate VSH, an image (e.g.,
a calibration image) may first be displayed on the pixel
array using a starting VSH value. The VSH value may
be provided to the pixel array from display driver integrat-
ed circuit 16. Ground power supply trace ELVSS (some-
times referred to as ground power supply terminal
ELVSS) may be electrically connected to sensing circuit-
ry 102. Sensing circuitry 102 may include circuit compo-
nents that allow the detection of the current at ground
power supply terminal ELVSS while the calibrationimage
is displayed by the pixel array. Sensing circuitry 102 may
output the sensed current value to processing circuitry
104. Processing circuitry 104 may use the sensed current
value to determine an updated VSH value that is then
provided to the display driver integrated circuit.

[0048] Toallow processing circuitry 104 to update VSH
based on the sensed current value while the calibration
image is displayed, expected display current values may
be needed. For example, testing may be performed be-
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fore manufacturing of the device is completed to deter-
mine that, when the calibration image is displayed at a
first brightness value, a first display current value should
be sensed by sensing circuitry 102. Then, during opera-
tion of the device, the calibration image may be displayed
at the first brightness value. If the sensed display current
value matches the expected, first display current value,
processing circuitry 104 may determine that the display
is operating correctly and no changes to VSH are re-
quired. However, if the sensed display current value is
different (e.g., lower) than the first display current value,
processing circuitry may determine that VSH needs to
be updated to correct for Vth_ox drift. Calibration at nu-
merous brightness levels and temperatures may be per-
formed to determine the expected display current value
in a variety of conditions. Then, when operating the elec-
tronic device, the actual display current value may be
compared to the expected display current value for the
present conditions. The processing circuitry may then
take remedial action (e.g., updating VSH) based on the
comparison.

[0049] Any desired circuitry may be used to form the
sensing circuitry of FIG. 10. FIG. 11 is a schematic dia-
gram of an illustrative embodiment for sensing circuitry
102 in which a sensing resistor is used to sense the dis-
play current. As shown in FIG. 102, ground power supply
terminal ELVSS may be coupled to sensing resistor 106.
By sinking the display current into sensing resistor 106,
a voltage proportional to the current may be present at
node 108, which may optionally be coupled to an amplifier
110. Amplifier 110 may amplify the voltage from node
108 to allow for higher resolution current sensing (and
therefore more accurate sensing at low current levels).
Amplifier 110 may optionally be omitted if desired. The
voltage from node 108 (either amplifier or not amplified)
may be provided to analog-to-digital converter (ADC)
112. The sensed current value output from ADC 112 may
be a digital value representative of the display current.
[0050] Processing circuitry 104 may receive the
sensed current value and determine an updated VSH
value based on the sensed current value. Processing
circuitry 104 may factor in other information when deter-
mining an updated VSH value. For example, the display
current may be dependent on the ambient temperature
in which the electronic device operates. Processing cir-
cuitry 104 may use a lookup table 114 to determine an
updated VSH. The lookup table may output an updated
VSH value based on the temperature (e.g., temperature
data received from a temperature sensor), the actual dis-
play current, the display brightness, and/or the expected
display current. Once the updated VSH value is deter-
mined, the updated VSH value may be provided to dis-
play driver IC 16 for subsequent operation of the display.
[0051] The examples of sensing circuitry 102 and
processing circuitry 104 shown in FIG. 11 are merely
illustrative. In general, sensing circuitry 102 may include
any desired circuit components. Additionally, in FIGS. 10
and 11 the sensing circuitry is depicted as being formed
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separately from the display driver integrated circuit 16
(e.g., sensing circuitry may be formed as discrete com-
ponents outside of the display driver IC). This example
is merely illustrative. Sensing circuitry 102 may instead
be incorporated into display driver IC 16 if desired. Sim-
ilarly, in FIGS. 10 and 11 processing circuitry 104 is de-
picted as being formed separately from the display driver
integrated circuit 16. For example, processing circuitry
104 may be formed as part of control circuitry 15 in FIG.
1, may be formed in the main processor for the electronic
device, etc. These examples are merely illustrative, and
processing circuitry 104 may be incorporated into display
driver IC 16 if desired.

[0052] In the embodiments of FIGS. 10 and 11, the
display senses current for the entire display globally (e.g.,
the current at ground power supply terminal ELVSS that
is electrically connected to all of the pixels in the pixel
array). It should be understood that, in other embodi-
ments, each pixel (or groups of pixels with more than one
pixel but less than all of the pixels in the array) may have
its current measured and the VSH for that pixel may be
updated locally. In other words, VSH may instead be up-
dated on a per-pixel basis instead of globally. However,
herein the example of VSH being updated globally will
be discussed.

[0053] FIG. 12 is a flowchart of illustrative method
steps that may be used to operate a display with sensing
circuitry fordynamic VSH compensation (e.g., the display
of FIG. 11). As shown in FIG. 12, at step 202 a calibration
image may be displayed on the display. The calibration
image may be any image for which the expected display
current is known (due to testing of the display before the
display operates in the field). The calibration image must
be displayed any time VSH updating is performed so that
there is a known standard with which to compare the
actual display current.

[0054] It may be desirable for the calibration to be un-
detectable to the user of the electronic device. Therefore,
an image that is displayed during routine use of the dis-
play may be selected as the calibration image. For ex-
ample, an image with a keypad for unlocking the elec-
tronic (sometimes referred to as alock screen), animage
of a logo for the electronic device, a startup screen that
is displayed during startup of the electronic device, or an
image of a battery charge status symbol (sometimes re-
ferred to as a battery charge status screen) may be se-
lected as the calibration image. Consider the battery
charge status symbol as one example. To operate an
electronic device, the user may routinely charge the de-
vice, thus guaranteeing that the battery charge status
screenis displayed on a regular basis. This provides reg-
ular opportunities for VSH compensation without being
detectable to the user. If desired, calibration data may
be obtained for more than one calibration image (e.g., a
battery charge status screen and lock screen). This may
increase the flexibility of times in which VSH compensa-
tion may be performed without detection by the user.
[0055] Another factor that may be taken into consider-
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ation when choosing the calibration image is the magni-
tude of the display current generated by that image. To
ensure sufficiently accurate testing of the display current,
it may be desirable for the display current to be above a
given magnitude. Increasing the display brightness may
increase the magnitude of the display current. Similarly,
increasing the percentage of pixels within the array that
are active may increase the magnitude of the display
current. For example, if a calibration image primarily in-
cludes active pixels (e.g., a primarily white image), the
requisite display brightness for VSH calibration may be
lower than if the calibration image includes a low per-
centage of active pixels (e.g., a primarily black image).
At step 202, the calibration image may be displayed at a
brightness level thatis sufficiently high to enable accurate
current sensing.

[0056] Next, at step 204, the actual display current val-
ue may be determined using sensing circuitry (e.g., sens-
ing circuitry 102 in FIGS. 10 and 11). The display current
value may be determined by coupling the ground power
voltage supply terminal ELVSS to a sensing resistor and
sensing a corresponding voltage that is proportional to
the display current. Atstep 206, the actual display current
value may be used to determine a new VSH currentvalue
(VSHNgw)- For example, a lookup table (e.g., lookup ta-
ble 114 in FIG. 11) or algorithm may be used to generate
VSHygw based on the actual display current value, ex-
pected display current value, temperature, etc. Finally,
at step 208, VSHygy may be used as VSH for subse-
quent display operations. In general, VSH may be ad-
justed between any desired voltage values. For example,
VSH may be adjusted between 7 V and 11 V, between
7V and 10.5 V, or between any other desired voltages.
[0057] Negative voltage level VGL of Scan1 may op-
tionally be adjusted at step 210. In general, the lower the
voltage of VGL, the faster T3 will shut off during operation
of the display. However, a lower VGL may result in a
bigger bias on the transistor, ultimately causing deterio-
ration of pixel performance over time. If VGL is too high,
however, T3 may not completely shut off when Scan1 is
driven to VGL as desired. VGL may be updated in step
210 based on a number of factors such as VSH, the age
of the display, etc. In one illustrative example, VGL may
track VSH. This means that the difference between VGL
and VSH may remain constant (even as VSH changes).
For example, if VSH drops from 10.5 V to 9.5 V, VGL
may have a corresponding drop from -5 V to -6 V. The
difference between VGL and VSH may instead be al-
lowed to change if desired (e.g., VGL may remain at -5
V even if VSH drops from 10.5 V to 9.5 V). In general,
processing circuitry within the electronic device (e.g.,
processing circuitry 104 in FIG. 10) may update VGL to
be any desired voltage.

[0058] The method shown in FIG. 12 may be intermit-
tently repeated to ensure VSH continuously tracks
Vth_ox drift. The VSH compensation process (e.g., the
method of FIG. 12) may be performed once every day,
once every week, once every month, more than once a
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day, more than once a week, less than once a day, etc.
The VSH compensation process may be performed
based on the elapsing of real-time (e.g., calendar days,
calendar weeks, etc.) or may be performed based on the
elapsing of time in which the display is on. In general,
VSH compensation may be performed at any desired
time with any desired frequency.

[0059] Inthe example of FIG. 12, an updated VSH val-
ue is generated based on the sensed current value. How-
ever, this example for updating VSH is merely illustrative.
Instead of using calibration data to select an updated
VSH value (e.g., based on the lookup table), VSH may
be incrementally adjusted until the actual display current
matches (or is within a given percentage of matching)
the expected display current. AVSH compensation meth-
od of this type is shown in the flowchart of FIG. 13.
[0060] As shown in FIG. 13, at step 212 a calibration
image may be displayed on the display. As previously
discussed, the calibration image may be any image for
which the expected display current is known (e.g., a bat-
tery charge status screen). The calibration image may
be displayed at a brightness level that is sufficiently high
to enable accurate current sensing. A high scan voltage
VSH may be used for scanning signal Scan1 when the
image is displayed.

[0061] Next, at step 214, the actual display current val-
ue may be determined using sensing circuitry (e.g., sens-
ing circuitry 102 in FIGS. 10 and 11). The display current
value may be determined by coupling the ground power
voltage supply terminal ELVSS to a sensing resistor and
sensing a corresponding voltage that is proportional to
the display current. At step 206, the actual display current
value (Iyctyal) may be compared to the expected display
current value (IexpecTED) @ssociated with the calibration
image. If the actual display current value does not match
the expected display current value, the method may pro-
ceed to step 218.

[0062] At step 218, VSH may be incrementally
adjusted by adding (or subtracting) a predetermined
adjustment factor to VSH (e.g., VSHygw = VSH +/-
ADJUSTMENT). The adjustment factor may be 10 mV,
10-50 mV, 30-70 mV, 50-100 mV, less than 1 mV,
between m1V and 10 mV, less than 10 mV, less than 50
mV, less than 100 mV, less than 1V, greater than 10mV,
greater than 50 mV, greater than 100 mV, greater than
1V, or other suitable adjustment factor. After adjusting
VSH, the method may loop back to step 212 per feedback
loop 222. Before step 212 occurs again, VSH is set to
VSHygw from step 218. The process may repeat as long
as IactuaL does not equal lgxpectep. Once lactual
equals lgxpecTeD, the method may proceed to step 220
where the VSH compensation is determined to be
complete and normal display operations continue using
VSH.

[0063] For example, at the beginning of the lifetime of
the display, VSH may be equalto 10.5 V. If, during testing,
itis determined thatthe |yctyaL is Notequalto lgxpecTED:
VSH may be reduced by 0.1 V to 10.4 V. The test will be
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repeated to obtain a new lycrya. Value. The updated
lacTuaL Will again be compared to IgxpgcTED- IN this ex-
ample, it is determined that the I5ctya is still not equal
to lexpecTep: VSH may be reduced again by 0.1 V to
10.3 V. The test will be repeated to obtain a new lyctya.
value. In this example, IyctyaL NOW equals lgxpecTED-
Accordingly, the VSH compensation may be complete
and the new value of VSH (10.3 V) may be used moving
forward in operating the display.

[0064] It should be understood that the determination
of whether | yc1uaL €9uals lgxpectep May include a tol-
erance. For example, |yctyaL May be deemed to equal
(match) lexpectep If lacTual 18 Within 1% of lexpecteD,
within 2% of |gxpecTED, Within 3% Of lexpecTED, Within
5% of lexpecTED, Within 10% Of IgxpEcTED €tC.

[0065] Inthe aforementioned examples, oxide transis-
tor T3 is controlled by an active-high scan control signal
(e.g., Scan1 is high when T3 is asserted and Scan1 is
low when T3 is deasserted). However, this example is
merely illustrative and is not intended to limit the scope
of the present embodiments. One of ordinary skill can
appreciate that T3 may instead be a p-channel thin-film
transistor that is controlled by an active-low scan control
signal (i.e., scan control signal Scan1 is driven low to turn
on transistor T3 and driven high to turn off transistor T3).
In this type of embodiment, the principles described
above (of modifying VSH to track Vth_ox) may still be
applied. However, instead of lowering VSH to compen-
sate for Vth_ox decreasing, VGL may be raised when T3
is a p-channel thin-film transistor. The same techniques
for adjusting VSH as described above may be applied to
adjusting VGL when T3 is a p-channel thin-film transistor.
[0066] In accordance with an embodiment, a display
is provided that includes an array of pixels, each pixel in
the array of pixels includes a light-emitting diode, a drive
transistor and a switching transistor, gate driver circuitry
configured to provide a control signal to the switching
transistor at a first voltage level to turn on the switching
transistor, sensing circuitry coupled to the array of pixels
and processing circuitry configured to change the first
voltage level based on information from the sensing cir-
cuitry.

[0067] In accordance with another embodiment, the
switching transistor has a channel formed in semicon-
ducting oxide.

[0068] In accordance with another embodiment, the
drive transistor has a channel formed in silicon.

[0069] In accordance with another embodiment, the
light-emitting diode of each pixel is coupled between a
first power supply terminal and a second power supply
terminal.

[0070] In accordance with another embodiment, the
sensing circuitry includes a current sensing resistor cou-
pled to the second power supply terminal and an analog-
to-digital converter coupled to the sensing resistor.
[0071] In accordance with another embodiment, the
sensing circuitry includes an amplifier interposed be-
tween the current sensing resistor and analog-to-digital
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converter.

[0072] In accordance with another embodiment, an
output terminal of the analog-to-digital converter is cou-
pled to the processing circuitry.

[0073] In accordance with another embodiment, the
processing circuitry is configured to change the first volt-
age level based on a comparison between an actual cur-
rent sensed by the current sensing resistor and an ex-
pected current.

[0074] In accordance with another embodiment, the
processing circuitry is configured to incrementally
change the first voltage level until the actual current
sensed by the current sensing resistor matches the ex-
pected current.

[0075] In accordance with another embodiment, the
gate driver circuitry is configured to provide the control
signal to the switching transistor at a second voltage level
to turn off the switching transistor and the processing
circuitry is configured to change the second voltage level
[0076] In accordance with another embodiment, the
processing circuitry is configured to lower the first voltage
level by a first amount and the second voltage level by
the firstamountin response to determining that the actual
current is less than the expected current.

[0077] In accordance with another embodiment, the
processing circuitry is configured to use a lookup table
to determine an updated first voltage level based at least
on the actual current sensed by the sensing resistor and
a temperature.

[0078] In accordance with an embodiment, a method
of operating a display with an array of pixels, sensing
circuitry coupled to the array of pixels, and processing
circuitry coupled to the sensing circuitry is provided that
includes displaying an image using the array of pixels,
while displaying the image using the array of pixels, using
the sensing circuitry to obtain a display current value,
and based at least on the display current value and an
expected display current value, updating an active volt-
age level of a scan control signal that is provided to the
array of pixels.

[0079] In accordance with another embodiment, each
pixel in the array of pixels includes a light-emitting diode,
a drive transistor connected in series with the light-emit-
ting diode and a switching transistor that has a gate ter-
minal that receives the scan control signal and updating
the active voltage level of the scan control signal includes
lowering the active voltage level of the scan control signal
in response to determining that the display current value
is less than the expected display current value.

[0080] In accordance with another embodiment, the
switching transistor has a channel formed in semicon-
ducting oxide.

[0081] In accordance with another embodiment, up-
dating the active voltage level of the scan control signal
includes using a lookup table to determine an updated
active voltage level based at least on the display current
value, the expected display current value, and a temper-
ature.
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[0082] In accordance with another embodiment, up-
dating the active voltage level of the scan control signal
includes repeatedly displaying the image using the active
voltage level of the scan control signal, using the sensing
circuitry to obtain the display current value, and incre-
mentally adjusting the active voltage level of the scan
control signal until the display current value matches the
expected display current value.

[0083] In accordance with another embodiment, dis-
playing the image using the array of pixels includes dis-
playing a battery charge status screen using the array of
pixels.

[0084] In accordance with an embodiment, an elec-
tronic device that includes a display is provided that in-
cludes an array of pixels, each pixel in the array of pixels
includes a light-emitting diode, a drive transistor coupled
in series with the light-emitting diode, the drive transistor
has a drain terminal and a gate terminal and a switching
transistor coupled between the drain terminal and the
gate terminal of the drive transistor, the switching tran-
sistor has a gate terminal that receives a scan control
signal that switches between a high voltage level and a
low voltage level a ground power supply voltage trace,
the light-emitting diode of each pixel in the array of pixels
is coupled to the ground power supply voltage trace,
sensing circuitry coupled to the ground power supply volt-
age trace that is configured to determine a display current
and processing circuitry configured to change a magni-
tude of the high voltage level of the scan control signal
for each pixel based on the display current determined
by the sensing circuitry.

[0085] In accordance with another embodiment, the
drive transistor has a channel formed in silicon and the
switching transistor has a channel formed in semicon-
ducting oxide.

[0086] In accordance with another embodiment, the
electronic device includes a housing, the display is
mounted in the housing between first and second oppos-
ing sides of the housing and a wrist strap attached to the
first and second sides of the housing, the switching tran-
sistor is a first switching transistor and each pixel in the
array of pixels further includes a first emission transistor
coupled between the drive transistorand a positive power
supply voltage trace, a second emission transistor cou-
pled between the drive transistor and the light-emitting
diode, a second switching transistor coupled between a
data line and a node that is interposed between the drive
transistor and the second emission transistor, a capacitor
coupled between the gate terminal of the drive transistor
and a node that is interposed between the second emis-
sion transistor and the light-emitting diode and a third
switching transistor coupled between an initialization
voltage terminal and the capacitor.

[0087] The foregoing is merely illustrative and various
modifications can be made to the described embodi-
ments. The foregoing embodiments may be implement-
ed individually or in any combination.
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Claims

1.

A display, comprising:

an array of pixels, wherein each pixelin the array
of pixels comprises alight-emitting diode, adrive
transistor, and a switching transistor;

gate driver circuitry configured to provide a con-
trol signal to the switching transistor at a first
voltage level to turn on the switching transistor;
sensing circuitry coupled to the array of pixels;
and

processing circuitry configured to change the
first voltage level based on information from the
sensing circuitry.

The display defined in claim 1, wherein the switching
transistor has a channel formed in semiconducting
oxide.

Thedisplay defined in claim 2, wherein the drive tran-
sistor has a channel formed in silicon.

Thedisplay defined in claim 1, wherein the light-emit-
ting diode of each pixel is coupled between a first
power supply terminal and a second power supply
terminal.

The display defined in claim 4, wherein the sensing
circuitry comprises a current sensing resistor cou-
pled to the second power supply terminal and an
analog-to-digital converter coupled to the sensing re-
sistor.

The display defined in claim 5, wherein the sensing
circuitry comprises an amplifier interposed between
the current sensing resistor and analog-to-digital
converter.

The display defined in claim 5, wherein an output
terminal of the analog-to-digital converter is coupled
to the processing circuitry.

The display defined in claim 7, wherein the process-
ing circuitry is configured to change the first voltage
level based on a comparison between an actual cur-
rent sensed by the current sensing resistor and an
expected current, wherein the processing circuitry is
configured to incrementally change the first voltage
level until the actual current sensed by the current
sensing resistor matches the expected current,
wherein the gate driver circuitry is configured to pro-
vide the control signal to the switching transistor at
a second voltage level to turn off the switching tran-
sistor, wherein the processing circuitry is configured
to change the second voltage level, and wherein the
processing circuitry is configured to lower the first
voltage level by a first amount and the second volt-
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10.

1.

12.

13.

age level by the first amount in response to deter-
mining that the actual currentis less than the expect-
ed current.

The display defined in claim 7, wherein the process-
ing circuitry is configured to use a lookup table to
determine an updated first voltage level based at
least on the actual current sensed by the sensing
resistor and a temperature.

A method of operating a display with an array of pix-
els, sensing circuitry coupled to the array of pixels,
and processing circuitry coupled to the sensing cir-
cuitry:

displaying an image using the array of pixels;
while displaying the image using the array of pix-
els, using the sensing circuitry to obtain a display
current value; and

based at least on the display current value and
an expected display current value, updating an
active voltage level of a scan control signal that
is provided to the array of pixels.

The method defined in claim 10, wherein each pixel
in the array of pixels includes a light-emitting diode,
a drive transistor connected in series with the light-
emitting diode, and a switching transistor that has a
gate terminal that receives the scan control signal
and wherein updating the active voltage level of the
scan control signal comprises lowering the active
voltage level of the scan control signal in response
to determining that the display current value is less
than the expected display current value.

The method defined in claim 11, wherein the switch-
ing transistor has a channel formed in semiconduct-
ing oxide and wherein updating the active voltage
level of the scan control signal comprises repeatedly
displaying the image using the active voltage level
of the scan control signal, using the sensing circuitry
to obtain the display current value, and incrementally
adjusting the active voltage level of the scan control
signal until the display current value matches the ex-
pected display current value.

An electronic device that includes a display, the dis-
play comprising:

an array of pixels, wherein each pixel in the array
of pixels comprises:

a light-emitting diode;

a drive transistor coupled in series with the
light-emitting diode, wherein the drive tran-
sistor has a drain terminal and a gate termi-
nal; and

a switching transistor coupled between the
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drain terminal and the gate terminal of the
drive transistor, wherein the switching tran-
sistor has a gate terminal that receives a
scan control signal that switches between
a high voltage level and a low voltage level; 5

a ground power supply voltage trace, wherein

the light-emitting diode of each pixel in the array

of pixels is coupled to the ground power supply
voltage trace; 10
sensing circuitry coupled to the ground power
supply voltage trace that is configured to deter-
mine a display current; and

processing circuitry configured to change a
magnitude of the high voltage level of the scan 15
control signal for each pixel based on the display
current determined by the sensing circuitry.

14. The electronic device defined in claim 13, wherein
the drive transistor has a channel formed in silicon 20
and wherein the switching transistor has a channel
formed in semiconducting oxide.

15. The electronic device defined in claim 13, further
comprising: 25

a housing, wherein the display is mounted in the
housing between first and second opposing
sides of the housing; and

a wrist strap attached to the first and second 30
sides of the housing, wherein the switching tran-
sistoris a first switching transistor and each pixel

in the array of pixels further comprises:

a first emission transistor coupled between 35
the drive transistor and a positive power
supply voltage trace;

a second emission transistor coupled be-
tween the drive transistor and the light-emit-

ting diode; 40
a second switching transistor coupled be-
tween a data line and a node that is inter-
posed between the drive transistor and the
second emission transistor;

a capacitor coupled between the gate ter- 45
minal of the drive transistor and a node that

is interposed between the second emission
transistor and the light-emitting diode; and
athird switching transistor coupled between

an initialization voltage terminal and the ca- 50
pacitor.
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