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(57) ABSTRACT

A display system includes a pixel circuit and an external
compensation system that is operable with the pixel circuit

to compensate for differences in a property of the drive
transistor and/or light-emitting device. The pixel circuit
includes a drive transistor configured to control an amount
of current to a light-emitting device; a second transistor
having a first terminal connected to the gate of the drive
transistor and a second terminal connected to a data voltage
input that is supplied by the external compensation system,
and a gate of the second transistor is connected to a first
control signal; a third transistor having a first terminal
connected to a second terminal of the drive transistor and a
second terminal connected to a second voltage supply input
that is supplied from the external compensation system,
wherein a current flow from the second voltage supply input
is measured by the external compensation system, and
wherein a gate of the third transistor is connected to a second
control signal; and a fourth transistor having a first terminal
connected to the second terminal of the drive transistor and
a second terminal connected to a third voltage supply input,
wherein a gate of the fourth transistor is connected to a third
control signal. The external voltage compensation system is
configured to adjust the data voltage input based on the
measured current flow to compensate for a variation in a
property of the drive transistor and/or the light-emitting
device.
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TFT PIXEL CIRCUIT FOR OLED
EXTERNAL COMPENSATION

TECHNICAL FIELD

[0001] The present invention relates to design and opera-
tion of electronic circuits for delivering electrical current to
an element in a display device, such as for example to an
organic light-emitting diode (OLED) in the pixel of an active
matrix OLED (AMOLED) display device.

BACKGROUND ART

[0002] Organic light-emitting diodes (OLED) generate
light by re-combination of electrons and holes, and emit
light when a bias is applied between the anode and cathode
such that an electrical current passes between them. The
brightness of the light is related to the amount of the current.
If there is no current, there will be no light emission, so
OLED technology is a type of technology capable of abso-
lute blacks and achieving almost “infinite” contrast ratio
between pixels when used in display applications.

[0003] Several approaches are taught in the prior art for
pixel thin film transistor (TFT) circuits to deliver current to
an element of a display device, such as for example an
organic light-emitting diode (OLED), through a drive tran-
sistor. In one example, an input signal, such as a high
“SCAN” signal, is employed to switch transistors in the
circuit to permit a data voltage, VDAT, to be stored at a
storage capacitor during a programming phase. When the
SCAN signal is low and a switch transistor isolates the
circuits from the data voltage, the VDAT voltage is retained
by the capacitor and this voltage is applied to a gate of a
drive transistor. With the drive transistor having a threshold
voltage V ,, the amount of current to the OLED is related
to the voltage on the gate of the drive transistor by:

B ?
lorrp = E(VDAT = Vorep - Vi)

where V;zp 1s the voltage at anode of the OLED.

[0004] TFT device characteristics, especially the TEFT
threshold voltage V ,;, may vary, for example due to manu-
facturing processes and/or stress and aging of the TFT
device during the operation. With the same VDAT voltage,
the amount of current delivered by the TFT drive transistor
could vary by a large amount due to such threshold voltage
variations. Therefore, pixels in a display may not exhibit
uniform brightness for a given VDAT value. In addition,
OLED device characteristics may vary due to manufacturing
processes, and/or stress and aging during the operation of the
OLED. For example, the threshold voltage of the OLED for
light emission may change. Conventional circuit configura-
tions, therefore, often include elements that operate to
compensate for at least some of these component variations
to achieve an OLED display with more uniform brightness
among sub-pixels.

[0005] Accordingly, there are various methods that have
been employed to compensate for the drive TFT and OLED
variations. Normally, such methods use a circuit configura-
tion having several transistors. The size required by many of
these circuit configurations may not be suitable for high
resolution displays having high pixels per inch (ppi), in
which each subpixel occupies only a small area. With a
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small area and limited number of transistors, external mea-
surement and compensation may be used to measure the
circuit performance and device properties, such as threshold
voltage and mobility of the drive transistor and the OLED.
An external circuit, therefore, may be used to generate a
compensated data signal according to those measurements
for appropriate compensation.

[0006] One approach for external compensation is
described in U.S. Pat. No. 6,433,488 (Bu, issued Aug. 13,
2002). During measurements, the current to the OLED is
diverted to an external current comparator and compared
with a reference current. An output data voltage is used to
adjust the current through the drive transistor. This approach
is deficient, however, because the current is diverted from
the OLED, and thus the OLED properties are not measured.
The drive transistor may not work in the same condition as
in the emission phase, and thus the compensation measure-
ments may not be accurate.

[0007] Another approach for external compensation is
described in U.S. Pat. No. 7,876,292 (Cho et al., issued Jan.
25, 2011). During the measurement stage, the current
through the OLED is sensed and compared with a reference
current and then the difference is converted to a data voltage.
This data voltage is then applied to the gate of the drive
transistor. This approach also is deficient because the anode
and cathode of the OLED have to connect to the pixel
circuit. During the manufacturing process, normally only
one of the nodes, the anode or cathode, is accessible from the
pixel circuit, and thus compensation during use may not be
sufficiently accurate.

[0008] Another approach for external compensation is
described in U.S. Pat. No. 9,336,717 (Chaji, issued May 10,
2016).). A monitor line is used to monitor the current
through the drive transistor while the OLED is turned off.
The programming data voltage is adjusted according to the
monitored current. This approach is deficient because the
pixel circuits have five transistors, and thus the number of
transistors is undesirably high in the external compensation
scheme.

[0009] Another approach for external compensation is
described in U.S. Pat. No. 9,997,106 (Chaji, issued Jun. 12,
2018). A monitor line is used to monitor the current through
the drive transistor while the OLED is turned off. The
programming data voltage is adjusted according to the
monitored current. In the pixel circuits, the storage capacitor
is connected between the source and gate of the drive
transistor. This approach is deficient because the parasitic
capacitance of the OLED could affect the charge distribution
between the storage capacitor and the parasitic capacitors.
The OLED mismatch could cause more variations in light
emission than other methods.

[0010] It is desirable that the measurement time for the
pixel circuitry be as short as possible for optimal perfor-
mance of the display system. A significant challenge with
respect to conventional external compensation systems is
minimizing the measurement time.

SUMMARY OF INVENTION

[0011] The present invention relates to pixel circuits that
can be used in combination with an external compensation
system. During a test current measurement phase, the cur-
rent that flows through the drive transistor and the OLED is
sensed through a duplicate voltage supply line. The dupli-
cate voltage supply line is configured to have the same
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voltage as the pixel circuit voltage supply line. The pixel
circuits have only four transistors and one capacitor, which
fits into a small area that is suitable for high-resolution
display applications. The architecture of the pixel circuits is
suitable for both analogue and digital external compensation
systems.

[0012] In exemplary embodiments, a sensed current
through the duplicate voltage supply line is fed into an
analogue external compensation system, in which the cur-
rent is compared with a programming reference current. The
difference between the sensed current and the reference
current is converted to an adjusted data voltage, which
controls the current through the OLED during the emission
phase. The updated or adjusted data voltage provides for
adequate compensation of drive transistor and OLED char-
acteristics, and the updated data voltage becomes stable
when the difference between the measured sensed current
and the reference current is smaller than the system resolu-
tion.

[0013] In other exemplary embodiments, the sensed cur-
rent through the duplicate voltage supply line is fed into a
digital external compensation system, in which the applied
data voltage and the measured current can be compared with
a predefined data voltage and a corresponding current data-
base. A compensated data voltage is then obtained to provide
adequate compensation of drive transistor and OLED char-
acteristics. The compensated data voltage is applied to the
pixel circuit, and based on the compensation algorithm, the
variations of drive transistor properties and/or the variations
of the OLED are compensated.

[0014] An aspect of the invention, therefore, is a display
system comprising a pixel circuit and an external compen-
sation system that is operable with the pixel circuit to
compensate for differences in a property of the drive tran-
sistor and/or light-emitting device. In exemplary embodi-
ments, the pixel circuit includes: a drive transistor config-
ured to control an amount of current to a light-emitting
device depending upon a voltage applied to a gate of the
drive transistor, wherein the light-emitting device is con-
nected at a first node to a first terminal of the drive transistor
and at a second node to a first voltage supply input; a second
transistor having a first terminal connected to the gate of the
drive transistor and a second terminal connected to a data
voltage input that is supplied by the external compensation
system, and a gate of the second transistor is connected to a
first control signal; a third transistor having a first terminal
connected to a second terminal of the drive transistor and a
second terminal connected to a second voltage supply input
that is supplied from the external compensation system,
wherein a current flow from the second voltage supply input
is measured by the external compensation system, and
wherein a gate of the third transistor is connected to a second
control signal; and a fourth transistor having a first terminal
connected to the second terminal of the drive transistor and
a second terminal connected to a third voltage supply input,
wherein a gate of the fourth transistor is connected to a third
control signal. The external voltage compensation system is
configured to adjust the data voltage input based on the
measured current flow to compensate for a variation in a
property of the drive transistor and/or the light-emitting
device.

[0015] In exemplary embodiments, the external compen-
sation system is an analogue external compensation system
including a current mirror that mirrors the current flow from
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the second voltage supply input and outputs the mirrored
current; and an integrator that receives the output of the
mirrored current and receives a programming reference
current, wherein the integrator outputs the adjusted data
voltage based on a comparison between the mirrored current
and the programming reference current. In such embodi-
ments, a method of operating the display system comprises
the steps of: during a current sensing and data programming
phase: disconnecting the drive transistor from the third
voltage supply input and connecting the drive transistor to
the second voltage supply input; measuring a current
through the third transistor using the analogue external
compensation system; comparing the measured current with
a programming reference current, wherein a difference
between the measured current and reference current is
converted to an adjusted data voltage: and outputting the
adjusted data voltage to the pixel circuit; and during an
emission phase: disconnecting the drive transistor from the
second voltage supply input and connecting the drive tran-
sistor to the third voltage supply input, wherein the adjusted
data voltage is applied to the gate of the drive transistor to
control the current through the light-emitting device.

[0016] In other exemplary embodiments, the external
compensation system is a digital external compensation
system including a current measurement device that mea-
sures the current flow from the second voltage supply input;
a memory device that stores said measured current flow; a
compensation calculator that obtains the measured current
flow from the memory device and receives an image data
input, and a data voltage generation unit that generates a
compensated data voltage and outputs the compensated data
voltage to the pixel circuit. In such embodiments, the
method of operating the pixel circuit comprises the steps of:
during a measurement data programming phase of a current
measurement stage: disconnecting the drive transistor from
the third voltage supply input, and applying a data voltage
to the gate of the drive transistor; during a test measurement
phase of the current measurement stage, connecting the
drive transistor to the second voltage supply input, measur-
ing the current from the second voltage supply input and
storing the measured current in a memory device; and
disconnecting the drive transistor from the second voltage
supply input; and during a data programming phase of a
normal operation stage, executing the compensation algo-
rithm to generate the compensated data voltage by compar-
ing programming image data and the measured current data
from the memory device based on a predefined data voltage
as related to a corresponding current database stored as part
of the compensation algorithm ;applying the compensated
data voltage to the gate of the drive transistor; and during an
emission phase of the normal operation stage, connecting
the drive transistor to the third voltage supply input, wherein
the compensated data voltage applied to the gate of the drive
transistor controls the current through the light-emitting
device. The current measurement stage is performed in a
frame once every N frames of performing the normal
operation stage, wherein N>1 and preferably N is in a range
of 1800 to 18000 for a 60Hz refresh rate.

[0017] To the accomplishment of the foregoing and related
ends, the invention, then, comprises the features hereinafter
fully described and particularly pointed out in the claims.
The following description and the annexed drawings set
forth in detail certain illustrative embodiments of the inven-
tion. These embodiments are indicative, however, of but a
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few of the various ways in which the principles of the
invention may be employed. Other objects, advantages and
novel features of the invention will become apparent from
the following detailed description of the invention when
considered in conjunction with the drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0018] FIG.1is a drawing depicting an exemplary display
system including an external compensation system with a
display panel including a pixel array of pixels arranged in
“n” columns by “m” rows.

[0019] FIG. 2 is a drawing depicting an exemplary display
system including an analogue external compensation system
in combination with a pixel circuit in accordance with
embodiments of the present invention.

[0020] FIG. 3 is a drawing depicting a first pixel circuit
configuration as shown in FIG. 2 in accordance with
embodiments of the present invention.

[0021] FIG. 4 is a drawing depicting a timing diagram
illustrating the operation of the pixel circuit of FIG. 3.
[0022] FIG. 5is a drawing depicting a second pixel circuit
configuration that may be used with the analogue external
compensation system of FIG. 2 in accordance with embodi-
ments of the present invention.

[0023] FIG. 6 is a drawing depicting a timing diagram
illustrating the operation of the circuit of FIG. 5.

[0024] FIG. 7 is a drawing depicting an exemplary display
system including a digital external compensation system in
combination with a pixel circuit in accordance with embodi-
ments of the present invention.

[0025] FIG. 8 is a drawing depicting a third circuit con-
figuration as shown in FIG. 7 in accordance with embodi-
ments of the present invention.

[0026] FIG. 9 is a drawing depicting a timing diagram
illustrating the operation of the circuit of FIG. 8.

[0027] FIG. 10 is a drawing depicting a fourth circuit
configuration that may be used with the digital external
compensation system of FIG. 7 in accordance with embodi-
ments of the present invention.

[0028] FIG. 11 is a drawing depicting a timing diagram
illustrating the operation of the circuit of FIG. 10.

[0029] FIG. 12 is a drawing depicting a timing relating the
current measurement stage and the normal operation stage
for operation of the digital external compensation system of
FIG. 7.

DESCRIPTION OF EMBODIMENTS

[0030] Embodiments of the present invention will now be
described with reference to the drawings, wherein like
reference numerals are used to refer to like elements
throughout. It will be understood that the figures are not
necessarily to scale.

[0031] FIG. 1 is a drawing depicting a display system
including an external compensation system 10 with a display
panel 12 including a pixel array of pixels 14 arranged in “n”
columns by “m” rows. As further detailed below, control
signals applied to the rows enable each row, one row at a
time from a first row to the last row, to be programmed to
generate one image frame. A data voltage VDAT is applied
from a VDAT generation system 16 in the column during a
scan period for each row. The data voltage in the column will
change to corresponding image data for the next row. Also
during the scan period, each pixel has a sense line through
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which a current flows through a duplicate supply voltage
line VSENSE to the OLED in the pixel, and the current that
flows through the VSENSE line is measured or sensed in the
external compensation system 10 using a current measure-
ment device 18. The pixels in one column share one sense
line, and thus when there are n columns in the display panel
12, there will be n sense lines. The current in each pixel 14
only is sensed when the corresponding row is selected. For
each sense line, there is only one pixel sensed at any time as
selected by application of the appropriate control signal.
Details and various embodiments of this overall system
configuration are described with respect to the subsequent
figures below.

[0032] FIG. 2 is a drawing depicting a display system
including an exemplary analogue external compensation
system 20 in combination with a pixel circuit 22 in accor-
dance with embodiments of the present invention. Current
flows through a duplicate supply line at the terminal
VSENSE in the pixel 22 to the OLED, the current through
the VSENSE line being denoted 1,; -, This current to the
OLED is sensed in the analogue external compensation
system 20 using a current mirror 24, and any suitable current
mirror 24 as is known in the art may be used. The sensed
current is mirrored by the current mirror 24 to the internal
circuits in the compensation system, and the mirrored cur-
rent is compared with a programming reference current,
Ipros- In particular, the mirrored current and the program-
ming reference current are inputted into an integrator 26,
which calculates a difference between the mirrored current
and the reference current and converts the current difference
to an adjusted data voltage VDAT. The adjusted data voltage
is applied to the gate of a drive transistor T1 in the pixel 22
by operation that is described in detail below. In general, the
drive transistor controls the current to the OLED, 1,5y
When the current difference between the sensed OLED
current and the programming reference current is smaller
than the system resolution, the data voltage becomes stable.
In this manner, the programming reference current is pro-
grammed to the pixel circuits by application of the adjusted
data voltage VDAT to the drive transistor T1.

[0033] To illustrate more detailed operation, FIG. 3 is a
drawing depicting a first pixel circuit configuration 22 as
shown in FIG. 2 in accordance with embodiments of the
present invention. FIG. 4 is a drawing depicting a timing
diagram illustrating the operation of the pixel circuit 22 of
FIG. 3. In this example, the pixel circuit 22 is configured as
a thin film transistor (TFT) circuit that includes multiple
n-type transistors T1-T4 and one capacitor C,. The circuit
elements drive a light-emitting device, such as for example
an OLED. The light-emitting device (OLED) has an asso-
ciated internal capacitance, which is represented in the
circuit diagram as C,_,,,. In addition, although the embodi-
ments are described principally in connection with an OLED
as the light-emitting device, comparable principles may be
used with display technologies that employ other types of
light-emitting devices, including for example micro LEDs
and quantum dot LEDs.

[0034] More specifically, FIG. 3 depicts the TFT pixel
circuit 22 configured with multiple n-MOS or n-type TFTs.
T1 is a drive transistor that is an analogue TFT, and T2-T4
are digital switch TFTs. As referenced above, C, is a
capacitor, and C,_,,, is the internal capacitance of the OLED
device (i.e., C,,,, s not a separate component, but is inherent
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to the OLED). The OLED further is connected to a first
power supply ELVSS as is conventional.

[0035] The OLED and the TFT circuit 22, including the
transistors, capacitors and connecting wires, may be fabri-
cated using TFT fabrication processes conventional in the
art. It will be appreciated that comparable fabrication pro-
cesses may be employed to fabricate the TFT circuits
according to any of the embodiments.

[0036] For example, the TFT circuit 22 (and subsequent
embodiments) may be disposed on a substrate such as a
glass, plastic, or metal substrate. Each TFT may comprise a
gate electrode, a gate insulating layer, a semiconducting
layer, a first electrode, and a second electrode. The semi-
conducting layer is disposed on the substrate. The gate
insulating layer is disposed on the semiconducting layer, and
the gate electrode may be disposed on the insulating layer.
The first electrode and second electrode may be disposed on
the insulating layer and connected to the semiconducting
layer using vias. The first electrode and second electrode
respectively may commonly be referred to as the “source
electrode” and “drain electrode” of the TFT. The capacitor
may comprise a first electrode, an insulating layer and a
second electrode, whereby the insulating layer forms an
insulating barrier between the first and second electrodes.
Wiring between components in the circuit, and wiring used
to introduce signals to the circuit (e.g. SCAN, EMI, VDAT)
may comprise metal lines or a doped semiconductor mate-
rial. For example, metal lines may be disposed between the
substrate and the gate electrode of a TFT, and connected to
electrodes using vias. The semiconductor layer may be
deposited by chemical vapour deposition, and metal layers
may be deposited by a thermal evaporation technique.
[0037] The OLED device may be disposed over the TFT
circuit. The OLED device may comprise a first electrode
(e.g. anode of the OLED), which is connected to transistors
T1 in this example, one or more layers for injecting or
transporting charge (e.g. holes) to an emission layer, an
emission layer, one or more layers for injecting or trans-
porting electrical charge (e.g. electrons) to the emission
layer, and a second electrode (e.g. cathode of the OLED),
which is connected to first power supply ELVSS in this
example. The injection layers, transport layers and emission
layer may be organic materials, the first and second elec-
trodes may be metals, and all of these layers may be
deposited by a thermal evaporation technique.

[0038] Referring to the TFT pixel circuit 22 of FIG. 3 in
combination with the timing diagram of FIG. 4, the pixel
circuit 22 operates to perform in two phases: (1) a current
sensing and data programming phase, and (2) an emission
phase for light emission. In this first embodiment, during the
previous emission phase, a control signal EMI signal level
has a high voltage value, so transistor T4 is in an on state to
apply the emission current from the voltage supply line
VDD through the drive transistor to the OLED. A control
signal SCAN signal level has a low voltage value so
transistors T2, T3 are in an off state.

[0039] At the beginning of the current sensing and data
programming phase, the EMI signal level is changed from
the high voltage value to the low voltage value, causing
transistor T4 to be turned off. With transistor T4 turning off,
the power supply, VDD, is disconnected from the pixel
circuit.

[0040] Then, the SCAN signal level is changed from the
low voltage value to the high voltage value, causing tran-
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sistors T3 and T2 to be turned on. With transistor T3 turning
on, the pixel is connected to the duplicate power supply
VSENSE as supplied by the analogue external compensation
system of FIG. 2. With transistor T2 turning on, the data
voltage, VDAT, is connected to the gate of the drive tran-
sistor through T2 and to the storage capacitor, C,. With
applying VDAT at the gate of the drive transistor, a current
may flow from the duplicate power supply VSENSE through
transistor T3 and through the drive transistor T1 to the
OLED. As the pixel drive transistor is an n-type TFT, the
current through OLED in first order is

Torep™BVparVoren— VTH)Z

where V,, -, is the voltage at anode of the OLED.

[0041] The voltage between the drain and source of the
drive transistor T1, V,, is only a second order, and thus a
difference of V causes only a small current variation.
Accordingly, even when there are small differences between
VDD and VSENSE, the OLED current I,; -, could be still
similar with such difference when VDD is connected to the
pixel, such that V,=V,-V, . The current mirror for
current sensing is connected to the VSENSE terminal of the
pixel, such that V=V ver—V o zp. Accordingly, when
measuring the current flow through the duplicate power
supply VSENSE, the sensed current should be similar to the
current flow to the OLED during emission when the pixel is
connected to the power supply VDD. Because of such
current similarity, the current sensing may be used to com-
pensate for any variations of the drive transistor and OLED
properties.

[0042] In particular, the current that flows through the
duplicate power supply VSENSE is sensed in the analogue
external compensation system 20 of FIG. 2 using the current
mirror 24. The sensed current is then mirrored by the current
mirror 24, and this mirrored current is inputted to the
integrator 26 of the analogue external compensation system.
The mirrored current of the current mirror 24 is compared
with a programming reference current 1, that also is
inputted to the integrator 26. The difference between the
mirrored and programming reference currents is integrated
by the integrator 26 and converted to an adjusted data
voltage, VDAT. This VDAT voltage is applied through the
on-state transistor T2 to the gate of the drive transistor T1.
The current through the drive transistor of the pixel circuit
thus is changed according to the change of the adjusted
VDAT voltage level. When the difference between the
sensed current and the programming reference current is
below the system resolution, the VDAT voltage becomes a
stable voltage level.

[0043] In essence, therefore, during the current sense and
data programming phase, a test current is applied through
the VSENSE line to the OLED. The test current is mirrored
and applied to the integrator for comparison to the program-
ming reference current. The test current could be the current
from the previous frame or initialized by a test data voltage,
VDAT. As the currents are similar and optimally should be
the same, the difference of the two currents is used to adjust
the VDAT voltage applied to the drive transistor of the pixel
circuit to an optimal level. The adjusted and optimized
VDAT is then used in the emission phase for light emission.
[0044] At the end of the current sense and the data
programming phase, the SCAN signal level is changed from
the high voltage value to the low voltage value, causing
transistors T2 and T3 to be turned off. With transistor T2
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turning off, the VDAT input is disconnected from the gate of
drive transistor T1, and the voltage VDAT is stored at the top
plate of the storage capacitor C, for the emission phase. The
bottom plate of the capacitor C, is connected to a power
supply, such as reusing the pixel power supply, VDD, for
reducing the number of supplies in the pixel. Such power
supply alternatively can be another independent power sup-
ply, such as VREF. As described above, the VDAT voltage
is the optimized voltage for the drive transistor to output the
defined programming reference current. With transistor T3
turning off, the pixel is disconnected from the duplicate
power supply VSENSE.

[0045] At the beginning of the emission phase, the EMI
signal level is changed from the low voltage value to the
high voltage value, causing transistor T4 to be turned on.
With T4 turning on, the pixel is connected to the power
supply VDD, and current will flow from VDD through the
drive transistor T1 and to the OLED. The current flowing
through the pixel is approximate to the programming refer-
ence current based on the operation during the current
sensing and data programming phase. Accordingly, any
threshold or mobility variations of the drive transistor and
OLED are compensated and do not affect the programmed
current in the pixel.

[0046] FIG. 51is a drawing depicting a second pixel circuit
configuration 32 that may be used with the analogue external
compensation system 20 of FIG. 2 in accordance with
embodiments of the present invention. FIG. 6 is a drawing
depicting a timing diagram illustrating the operation of the
circuit of FIG. 5. The circuit configuration 32 of FIG. 5
operates comparably as the circuit configuration 22 of FIG.
3, except that the circuit configuration 32 employs p-type
transistors rather than n-type transistors. As is known in the
art, the drive properties of an OLED may be more suitable
for one or other of p-type versus n-type transistors, and the
principles of the present invention are applicable to either
type of configuration. Accordingly, in this example, the
circuit 32 is configured as a TFT circuit that includes
multiple p-type transistors T1-T4 and one capacitor C,. The
circuit elements drive a light-emitting device, such as for
example an OLED. Similarly as in the first embodiment, this
embodiment is described principally in connection with an
OLED as the light-emitting device, and comparable prin-
ciples may be used with display technologies that employ
other types of light-emitting devices, including for example
micro LEDs and quantum dot LEDs.

[0047] More specifically, FIG. 5 depicts the TFT pixel
circuit 32 configured with multiple p-MOS or p-type TFTs.
T1 is a drive transistor that is an analogue TFT, and T2-T4
are digital switch TFTs. As referenced above, C, is a
capacitor, and C_,_, is the internal capacitance of the OLED
device (i.e., C,,,, is not a separate component, but is inherent
to the OLED). The OLED further is connected to a first
power supply ELVSS as is conventional.

[0048] Referring to the TFT circuit 32 of FIG. 5 in
combination with the timing diagram of FIG. 6, the pixel
circuit 32 operates to perform in two phases: (1) a current
sense and data programming phase, and (2) an emission
phase for light emission. In this exemplary embodiment,
during the previous emission phase, the EMI signal level has
a low voltage value, so transistor T4 is an on state for light
emission by applying the emission current from the voltage
supply VDD through the drive transistor T1 to the OLED.
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The SCAN signal level has a high voltage value so transis-
tors T2 and T3 are in an off state.

[0049] At the beginning of the current sensing and data
programming phase, the EMI signal level is changed from a
low voltage value to a high voltage value, causing transistor
T4 to be turned off. With transistor T4 turning off, the power
supply VDD is disconnected from the pixel circuit. The
SCAN signal level is changed from a high voltage value to
a low voltage value, causing transistors T3 and T2 to be
turned on. With transistor T3 turning on, the pixel circuit is
connected to the duplicate power supply VSENSE. With
transistor T2 turning on, the data voltage, VDAT, is con-
nected to the gate of the drive transistor and the storage
capacitor, C,. With applying VDAT through transistor T2 to
the gate of the drive transistor T1, a current may flow from
the duplicate power supply VSENSE through the drive
transistor T1 to the OLED. As the pixel drive transistor T1
is p-type TFT, the current through the OLED in first order is

Ioien =PVpar-Vop- VTH)2 if VDD is connected

Ioreo=PVpar=Vsense— VTH)2 if VSENSE is con-
nected

[0050] When the applied VDAT voltage is the same and
the VSENSE voltage level is the same as the VDD voltage
level, the current that flows from the voltage supply
VSENSE should be the exactly same as the current flow
from the supply VDD. Accordingly, similarly as in the
previous embodiment, when measuring the current flow
through the duplicate power supply VSENSE, the sensed
current should be similar to the current flow to the OLED
during emission when the pixel is connected to the power
supply VDD.

[0051] The current that flows through the duplicated
power supply VSENSE is sensed in the analogue external
compensation system 20 by the current mirror 24. The
sensed current is then mirrored by the current mirror 24 and
inputted to the integrator 26 of the analogue external com-
pensation system. The mirrored current is then compared by
the integrator with a programming reference current, [ ..
that also is inputted to the integrator 26. The difference
between the mirrored and programming reference currents is
integrated by the integrator 26 and converted to an adjusted
data voltage, VDAT. This VDAT voltage is applied through
the on-state transistor T2 to the gate of the drive transistor
T1. The current through the drive transistor of the pixel
circuit thus is changed according to the change of the
adjusted VDATA voltage level. When the difference
between the sensed current and the programming reference
current is below the system resolution, the VDAT voltage
becomes a stable voltage level.

[0052] In essence, therefore, during the current sensing
and data programming phase, similarly as in the previous
embodiment, a test current is applied through the VSENSE
line to the OLED. The test current is mirrored and applied
to the integrator for comparison to the programming refer-
ence current. As the currents are similar and optimally
should be the same, the difference of the two currents is used
to adjust the VDAT voltage applied to the drive transistor of
the pixel circuit to an optimal level. The adjusted and
optimized VDAL is then used in the emission phase for light
emission.

[0053] At the end of the current sense and the data
programming phase, the SCAN signal level is changed from
the low voltage value to the high voltage value, causing
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transistor T2 and T3 to be turned off. With transistor T2
turning off, the VDAT is disconnected from the gate of drive
transistor, and the adjusted voltage VDAT is stored at the top
plate of the storage capacitor C,, for the emission phase. The
bottom plate of the capacitor C, is connected to the power
supply VDD. As described above, the adjusted VDAT volt-
age is the optimized voltage for the drive transistor to output
the defined programming reference current. With transistor
T3 turning off, the pixel is disconnected from the duplicate
power supply line VSENSE.

[0054] At the beginning of the emission phase, the EMI
signal level is changed from the high voltage value to the
low voltage value, causing transistor T4 to be turned on.
With T4 turning on, the pixel is connected to the power
supply VDD, and current will flow from VDD through the
drive transistor T1 and to the OLED. The current flowing
through the pixel is approximate to the programming refer-
ence current based on the operation during the current sense
and data programming phase. Accordingly, any threshold or
mobility variations of the drive transistor and OLED are
compensated and do not affect the programmed current in
the pixel.

[0055] In the previous embodiments, an analogue external
compensation system is employed to compensate for varia-
tions in drive transistor and OLED characteristics. Alterna-
tive embodiments employ a digital external compensation
system.

[0056] FIG. 7 is a drawing depicting a display system
including an exemplary digital external compensation sys-
tem 40 in combination with a third pixel circuit 42 in
accordance with embodiments of the present invention. As
further detailed below, the digital external compensation
system 40 operates in two stages including (1) a current
measurement stage, and (2) a normal operation stage. The
current measurement stage is divided into sub-stages,
including (1a) a measurement data programming phase, and
(Ib) a test measurement phase. The normal operation stage
also is divided into two sub-stages, including (2a) a data
programming phase, and (2b) an emission phase.

[0057] Generally, during the current measurement stage, a
measurement test data voltage is applied to the pixel circuit
42. The current flowing through a duplicate power supply
VSENSE to the OLED, I, zp, in the pixel circuit is mea-
sured by a current measurement device 44 in the digital
external compensation system 40. The current measuring
device may be any suitable current measurement device,
including, for example a current input analogue-to-digital
converter, ADC. The measured current is stored in a memory
unit 46 of the digital external compensation system 40. The
memory unit 46 may be any suitable non-transitory com-
puter readable medium as are known in the art, such as a
RAM element, flash memory device, or like device. Each
pixel in the device array is measured one to several times,
the number of iterations being selected depending on a
predetermined compensation algorithm executed by a com-
pensation calculator 48 to perform a sufficient number of test
measurements as may be suitable for any particular appli-
cation.

[0058] The compensation calculator 48 may be configured
as an electronic processing device that executes the prede-
termined compensation algorithm, which may be embodied
as computer code that is stored in a memory device that may
be any suitable non-transitory computer readable medium,
and may be the memory unit 46 or a separate memory
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device. The amount of memory storage dedicated for the
current measurements may be equal to the number of
measurements times the total number of pixels in the display
panel array. The stored measurement values as generated in
accordance with the compensation algorithm 48 are then
used by a data voltage generation unit 50, which generates
a compensated data voltage output that is inputted as VDAT
to the pixel circuit 42. The data voltage generation unit may
be any suitable current measurement device, including, for
example a voltage digital-to-analogue converter, DAC. The
compensated data voltage compensates the data voltage for
use in the normal operation stage that includes light emis-
sion.

[0059] More particularly, during the normal operation
stage, image data is input to the compensation calculator 48
of the digital external compensation system 40.

[0060] The image data and the inputted measurement data
from the memory unit 46 are processed by the compensation
calculator 48 executing the compensation algorithm to gen-
erate a compensated data voltage VDAT. The compensated
data voltage VDAT is then generated by the data voltage
generation unit 50 and inputted through the transistor T2 and
programmed to the gate of the drive transistor T1 in the pixel
circuit 42 at the storage capacitor C,,.

[0061] FIG. 8 is a drawing depicting the third circuit
configuration 42 shown in FIG. 7 that may be used with the
digital external compensation system 40 of FIG. 7 in accor-
dance with embodiments of the present invention. FIG. 9 is
a drawing depicting a timing diagram illustrating the opera-
tion of the circuit of FIG. 8. In this example, similarly to
previous embodiments, the pixel circuit 42 is configured as
a TFT circuit that includes multiple n-type transistors T1-T4
and one capacitor C,. The circuit elements drive a light-
emitting device, such as for example an OLED. Similarly as
in the previous embodiments, this embodiment is described
principally in connection with an OLED as the light-emit-
ting device, and comparable principles may be used with
display technologies that employ other types of light-emit-
ting devices, including for example micro LEDs and quan-
tum dot LEDs.

[0062] More specifically, FIG. 8 depicts the TFT circuit 42
configured with multiple n-MOS or n-type TFTs. T1 is a
drive transistor that is an analogue TFT, and T2-T4 are
digital switch TFTs. As referenced above, C, is a capacitor,
and C,,,, is the internal capacitance of the OLED device
(i.e, C,, 18 not a separate component, but is inherent to the
OLED). The OLED further is connected to a first power
supply ELVSS as is conventional.

[0063] Referring to the TFT pixel circuit 42 of FIG. 8 in
combination with the timing diagram of FIG. 9, the TFT
pixel circuit 42 operates to perform in two stages: a current
measurement stage and a normal operation stage. As refer-
enced above, the current measurement stage is divided into
sub-stages, including a measurement data programming
phase and a test measurement phase as seen in FIG. 9.
During the previous emission phase, the EMI signal level
has a high voltage value, so transistor T4 is in an on state for
light emission. The SCAN signal level has a low voltage
value so transistor T2 is an off state. For embodiments
employing the digital external compensation system 40, a
third control signal SEN is applicable to transistor T3, and
during the previous emission phase the SEN signal level also
has a low voltage value so transistor T3 also is in an off state.
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[0064] At the beginning of the measurement data pro-
gramming phase of the current measurement stage, the EMI
signal level is changed from a high voltage value to a low
voltage value, causing transistor T4 to be turned off. With
transistor T4 turning off, the power supply VDD is discon-
nected from the pixel circuit 42 and there is no light
emission. Then, the SCAN signal level is changed from a
low voltage value to a high voltage value, causing transistor
T2 to be turned on. With transistor T2 turning on, the data
voltage, VDAT, is connected to the gate of the drive tran-
sistor T1 through transistor T2 and stored at the storage
capacitor C,, and thus a measurement test data voltage (see
FIG. 7) is applied to the gate of the drive transistor. At the
end of the measurement data programming phase, the SCAN
signal level is changed from the high voltage value to the
low voltage value, causing transistor T2 to be turned off.
With transistor T2 turning off, the VDAT is disconnected
from the gate of drive transistor, and the measurement test
data voltage VDAT is stored at the top plate of the storage
capacitor C, for the next measurement phase. The bottom
plate of the storage capacitor C, is connected to VDD.

[0065] At the beginning of the test measurement phase of
the current measurement stage, the SEN signal level is
changed from the low voltage value to the high voltage
value, causing transistor T3 to be turned on. Accordingly, in
embodiments incorporating the digital external compensa-
tion system, T3 is operated independently of T2 using the
additional control signal SEN. With T3 turning on, the drive
transistor is connected to the duplicate power supply
VSENSE. The current I, , will flow from VSENSE through
the drive transistor T1 via T3 and to the OLED based on the
measurement test data voltage stored at the capacitor. In
addition, the current is measured by the current measure-
ment device 44 of the digital external compensation system
40, and the current measurement is stored in the memory
unit 46. At the end of the test measurement phase, the SEN
signal level is changed from the high voltage value to the
low voltage value, causing transistor T3 to be turned off.

[0066] With T3 turning off, the pixel circuit 42 is discon-
nected from the duplicate voltage supply line VSENSE. As
the EMI signal is still low, there is no current to the OLED,
and the current measurement stage proceeds to apply test
measurements for the next pixels in turn in the device array
until the test measurement phase is complete for the pixels
in the device array. The test measurement time is normally
set to a few hundred microseconds to a few milliseconds,
which is a fraction of the light emission time. The test
measurement time also depends on the current through the
OLED during test measurement, and any light emission
during the test measurement should be insufficient to be
noticeable with human eyes. With the completion of the test
measurements, the current measurement stage is complete.

[0067] After the current measurement stage, the compen-
sation calculator 48 executing the compensation algorithm
compares programming image data and the measured cur-
rent data from the memory unit 46 based on a predefined
data voltage as related to a corresponding current database
stored as part of the compensation algorithm (see FIG. 7). In
this manner, a compensated data voltage can be determined.
The compensated data voltage is generated by the data
voltage generation unit 50 as a result of the determination of
the compensation calculator 48 executing the compensation
algorithm, and such compensated data voltage is applied to
the pixel circuit 42 as an input to transistor T2 as shown in
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FIG. 7. Based on the compensation algorithm, the variations
of drive transistor properties and/or the variations of the
OLED properties are compensated.

[0068] Once the compensated data voltage is determined,
the pixel circuit 42 can operate in the normal operation
stage. As referenced above, the normal operation stage also
is divided into two sub-stages, including a data program-
ming phase and an emission phase as seen in FIG. 9. At the
beginning of the data programming phase, the EMI signal
level is held at the low voltage value if immediately after the
current measurement stage, or changed from the low voltage
value to the high voltage value if during the subsequent
normal operation stage, causing transistor T4 to be in the off
state. With transistor T4 remaining off, the power supply still
is disconnected from the pixel circuit 42. Then, the SCAN
signal level is changed from the low voltage value to the
high voltage value, causing transistor T2 to be turned on.
With transistor T2 turning on, the compensated data voltage,
VDAT, is connected through transistor T2 to the gate of the
drive transistor T1 and the storage capacitor C,. At the end
of the data programming phase, the SCAN signal level is
changed from the high voltage value to the low voltage
value, causing transistor T2 to be turned off. With transistor
T2 turning off, the compensated VDAT is disconnected from
the gate of drive transistor, and the compensated VDAT is
stored at the top plate of the storage capacitor C, for the
emission phase. The bottom plate of the capacitor C, is
connected to the power supply VDD as referenced above.

[0069] At the beginning of the emission phase, the EMI
signal level is changed from the low voltage value to the
high voltage value, causing transistor T4 to be turned on.
With T4 turning on, the drive transistor is connected to the
power supply VDD via T4, and current will flow from VDD
through the drive transistor T1 and to the OLED. Accord-
ingly, the current to the OLED has been compensated
according to the previously measured current data and the
generation of the compensated data voltage, VDAT. Based
on the compensation algorithm, the variations of drive
transistor properties and/or the variations of the OLED
properties are compensated.

[0070] FIG. 10 is a drawing depicting a fourth pixel circuit
configuration 52 that may be used with the digital external
compensation system 40 of FIG. 7 in accordance with
embodiments of the present invention. FIG. 11 is a drawing
depicting a timing diagram illustrating the operation of the
circuit of FIG. 10. The circuit configuration 52 of FIG. 10
operates comparably as the circuit configuration 42 of FIG.
8, except that the circuit configuration 52 employs p-type
transistors rather than n-type transistors. As is known in the
art, the drive properties of an OLED may be more suitable
for one or other of p-type versus n-type transistors, and the
principles of the present invention are applicable to either
type of configuration. Accordingly, in this example, the
circuit 52 is configured as a TFT circuit that includes
multiple p-type transistors T1-T4 and one capacitor C,. The
circuit elements drive a light-emitting device, such as for
example an OLED. Similarly as in the previous embodi-
ments, this embodiment is described principally in connec-
tion with an OLED as the light-emitting device, and com-
parable principles may be used with display technologies
that employ other types of light-emitting devices, including
for example micro LEDs and quantum dot LEDs.

[0071] Moe specifically, FIG. 10 depicts the TFT pixel
circuit 52 configured with multiple p-MOS or p-type TFTs.
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T1 is a drive transistor that is an analogue TFT, and T2-T4
are digital switch TFTs. As referenced above, C, is a
capacitor, and C,,,, is the internal capacitance of the OLED
device (ie., C,,,,is not a separate component, but is inherent
to the OLED). The OLED further is connected to a first
power supply ELVSS as is conventional.

[0072] Referring to the TFT pixel circuit 52 of FIG. 10 in
combination with the timing diagram of FIG. 11, the TFT
pixel circuit 52 operates to perform in two stages: a current
measurement stage and a normal operation stage. As refer-
enced above, the current measurement stage is divided into
sub-stages, including a measurement data programming
phase and a test measurement phase as seen in FIG. 11.
During the previous emission phase, the EMI signal level
has a low voltage value, so transistor T4 is in an on state for
light emission. The SCAN signal level has a high voltage
value so transistor T2 is in an off state. Again, for embodi-
ments employing the digital external compensation system
40, a third control signal SEN is applicable to transistor T3,
and during the previous emission phase the SEN signal level
has a high voltage value so transistor T3 also is in an off
state.

[0073] At the beginning of the measurement data pro-
gramming phase of the current measurement stage, the EMI
signal level is changed from a low voltage value to a high
voltage value, causing transistor T4 to be turned off. With
transistor T4 turning off, the power supply VDD is discon-
nected from the pixel circuit 52 and there is no light
emission. Then, the SCAN signal level is changed from a
high voltage value to a low voltage value, causing transistor
T2 to be turned on. With transistor T2 turning on, the data
voltage, VDAT, is connected to the gate of the drive tran-
sistor T1 through transistor T2 and stored at the storage
capacitor C,, and thus a measurement test data voltage (see
FIG. 7) is applied to the gate of the drive transistor. At the
end of the measurement data programming phase, the SCAN
signal level is changed from the low voltage value to the
high voltage value, causing transistor T2 to be turned off.
With transistor T2 turning off, the VDAT is disconnected
from the gate of drive transistor, and the measurement test
data voltage VDAL is stored at the top plate of the storage
capacitor C, for the next test measurement phase. The
bottom plate of the storage capacitor C, is connected to
VDD as referenced above.

[0074] At the beginning of the test measurement phase of
the current measurement stage, the SEN signal level is
changed from the high voltage value to the low voltage
value, causing transistor T3 to be turned on. Accordingly, as
in the previous embodiment incorporating the digital exter-
nal compensation system, T3 is operated independently of
T2 using the additional control signal SEN. With T3 turning
on, the drive transistor T1 is connected to the duplicate
power supply, VSENSE. The current [, , will flow from
VSENSE through the drive transistor T1 via T3 and to the
OLED. In addition, the current is measured by the current
measurement device 44 of the digital external compensation
system 40, and the current measurement is stored in the
memory unit 46. At the end of the test measurement phase,
the SEN signal level is changed from the low voltage value
to the high voltage value, causing transistor T3 to be turned
off.

[0075] With T3 turning off, the pixel circuit 52 is discon-
nected from the duplicate voltage supply line VSENSE. As
the EMI signal is still high, there is no current to the OLED,
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and the current measurement stage proceeds to apply test
measurements to the next pixels in turn in the device array
until the test measurement phase is complete for the pixels
in the array. As referenced above, the test measurement time
is normally set to a few hundred microseconds to a few
milliseconds, which is a fraction of the light emission time.
The test measurement time also depends on the current
through the OLED during test measurement, and any light
emission during the test measurement should be insufficient
to be noticeable with human eyes. With the completion of
the test measurements for the pixels in the device array, the
current measurement stage is complete.

[0076] After the current measurement stage, comparably
as in the previous embodiment, compensation calculator 48
uses the compensation algorithm to compare programming
image data and the measured current data from the memory
unit 46 based on a predefined data voltage as related to a
corresponding current database stored as part of the com-
pensation algorithm 48. In this manner, a compensated data
voltage can be determined. The compensated data voltage is
generated by the date voltage generation unit 50 as a result
of the determination of the compensation algorithm 48, and
such compensated data voltage is applied as VDAT to the
pixel circuit 52 as an input to transistor T2 as shown in FIG.
7. Based on the compensation algorithm, the variations of
drive transistor properties and/or the variations of the OLED
properties are compensated.

[0077] Once the compensated data voltage is determined,
the pixel circuit 52 can operate in the normal operation
stage. As referenced above, the normal operation stage also
is divided into two sub-stages, including a data program-
ming phase and an emission phase as seen in FIG. 11. At the
beginning of the data programming phase, the EMI signal
level is held at the high voltage value if immediately after
the current measurement stage, or changed from the low
voltage value to the high voltage value if during the subse-
quent normal operation stage, causing transistor T4 to be in
the off state. With transistor T4 remaining off, the power
supply VDD still is disconnected from the pixel circuit 52.
Then, the SCAN signal level is changed from the high
voltage value to the low voltage value, causing transistor T2
to be turned on. With transistor T2 turning on, the compen-
sated data voltage, VDAT, is connected through transistor T2
to the gate of the drive transistor T1 and the storage capacitor
C,. At the end of the data programming phase, the SCAN
signal level is changed from the low voltage value to the
high voltage value, causing transistor T2 to be turned off.
With transistor T2 turning off, the compensated VDAT is
disconnected from the gate of drive transistor, and the
compensated VDAT is stored at the top plate of the storage
capacitor C, for the emission phase. The bottom plate of the
capacitor C, is connected to the power supply VDD as
referenced above.

[0078] At the beginning of the emission phase, the EMI
signal level is changed from the high voltage value to the
low voltage value, causing transistor T4 to be turned on.
With T4 turning on, the drive transistor is connected to the
power supply VDD via T4, and current will flow from VDD
through the drive transistor T1 and to the OLED. Accord-
ingly, the current to the OLED has been compensated
according to the previously measured current data and the
generation of the compensated data voltage, VDAT. Based
on the compensation algorithm, the variations of drive
transistor properties and/or the variations of the OLED
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properties are compensated. The emission phase continues
until the next image frame, at which the next data program-
ming phase is performed as shown in FIG. 11, and so for
subsequent frames.

[0079] The digital external compensation system 40 takes
advantage of the fact that the drive transistor and OLED
characteristic do not change rapidly. Accordingly, the cur-
rent measurement phase only needs to be performed once
every “N” frames of the normal operation stages that include
emission. In this regard, FIG. 12 is a drawing depicting an
exemplary timing relating the current measurement stage
and the normal operation stage for operation of the digital
external compensation system of FIG. 7. As seen in FIG. 12,
the current measurement stage is performed during a first
frame 60 followed by subsequent “N” frames 62 of the
normal operation stage in which no current measurement
stage is performed, wherein N>1. In exemplary embodi-
ments, N is substantially greater than one, and typically is on
the order of hundreds or thousands of frames or more. As the
drive transistor and OLED characteristics change slowly, the
current measurement stage measurement can be performed
such as every 30 to 300 seconds, and the corresponding “N”
would be 1800 to 18000 for 60Hz refresh rate.

[0080] As a comparison of the analogue external compen-
sation system 20 and the digital external compensation
system 40, the measurement control signals for the analogue
system are different from the control signals for the digital
system, with the digital system including the additional SEN
control signal. For the analogue system, the transistors T2
and T3 are operated together with the common control signal
SCAN, as such transistors need to be in the on state together
to enable the continuous adjustment of VDAT with the
current measurement until the difference between the mea-
sured current and programming reference current are smaller
than the system tolerance.

[0081] In contrast, for the digital system the current mea-
surement is normally taken when the voltage on the storage
capacitor settles after transistor T2 turns off. In this manner,
the timing sequence of the current measurement of the
digital system is similar to normal operation. Any voltage
disturbance caused by control signals changing from one
level to another level and T2 switching is similar between
the current measurement stage and the normal operation
stage. With a similar VDAT voltage, the measured current is
more similar to the actual current during emission than
otherwise, and thus the digital compensation system tends to
be more accurate than the analogue compensation system,
but at the cost of the added control signal SEN that is not
utilized in the analogue compensation system. The selection
of analogue versus digital external compensation system,
therefore, can be based on whether a particular application
is more suitable for a more simple analogue system, versus
a more accurate but slightly more complex digital system.
[0082] An aspect of the invention, therefore, is a display
system comprising a pixel circuit and an external compen-
sation system that is operable with the pixel circuit to
compensate for differences in a property of the drive tran-
sistor and/or light-emitting device. In exemplary embodi-
ments, the pixel circuit includes a drive transistor configured
to control an amount of current to a light-emitting device
depending upon a voltage applied to a gate of the drive
transistor, wherein the light-emitting device is connected at
a first node to a first terminal of the drive transistor and at
a second node to a first voltage supply input; a second
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transistor having a first terminal connected to the gate of the
drive transistor and a second terminal connected to a data
voltage input that is supplied by the external compensation
system, and a gate of the second transistor is connected to a
first control signal; a third transistor having a first terminal
connected to a second terminal of the drive transistor and a
second terminal connected to a second voltage supply input
that is supplied from the external compensation system,
wherein a current flow from the second voltage supply input
is measured by the external compensation system, and
wherein a gate of the third transistor is connected to a second
control signal; and a fourth transistor having a first terminal
connected to the second terminal of the drive transistor and
a second terminal connected to a third voltage supply input,
wherein a gate of the fourth transistor is connected to a third
control signal. The external voltage compensation system is
configured to adjust the data voltage input based on the
measured current flow to compensate for a variation in a
property of the drive transistor and/or the light-emitting
device. The display system may include one or more of the
following features, either individually or in combination.
[0083] In an exemplary embodiment of the display sys-
tem, the external compensation system is an analogue exter-
nal compensation system.

[0084] In an exemplary embodiment of the display sys-
tem, the first control signal is the same as the second control
signal.

[0085] In an exemplary embodiment of the display sys-

tem, the analogue external compensation system comprises:
a current mirror that mirrors the current flow from the
second voltage supply input and outputs the mirrored cur-
rent; and an integrator that receives the output of the
mirrored current and receives a programming reference
current, wherein the integrator outputs the adjusted data
voltage based on a comparison between the mirrored current
and the programming reference current.

[0086] In an exemplary embodiment of the display sys-
tem, the external compensation system is a digital external
compensation system.

[0087] In an exemplary embodiment of the display sys-
tem, the first control signal is different from the second
control signal.

[0088] In an exemplary embodiment of the display sys-
tem, the digital external compensation system comprises: a
current measurement device that measures the current flow
from the second voltage supply input; a memory device that
stores said measured current flow; a compensation calculator
that obtains the measured current flow from the memory
device and receives an image data input, wherein the com-
pensation calculator determines a compensated data voltage
based on a comparison between the measured current flow
and a reference current corresponding to the image data; and
a data voltage generation unit that generates the compen-
sated data voltage and outputs the compensated data voltage
to the pixel circuit.

[0089] In an exemplary embodiment of the display sys-
tem, the second voltage supply input and the third voltage
supply input have the same voltage level.

[0090] In an exemplary embodiment of the display sys-
tem, the second voltage supply input and the third voltage
supply input have a voltage difference, and current flow to
the light-emitting device is compensated to be the same
when the pixel circuit is connected to the second voltage
supply input or the third voltage supply input.
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[0091] In an exemplary embodiment of the display sys-
tem, the transistors are n-type transistors.

[0092] In an exemplary embodiment of the display sys-
tem, the transistors are p-type transistors.

[0093] In an exemplary embodiment of the display sys-
tem, the pixel circuit further comprises a storage capacitor
connected to the gate of the drive transistor that stores the
data voltage.

[0094] In an exemplary embodiment of the display sys-
tem, the light-emitting device is one of an organic light-
emitting diode, a micro light-emitting diode (LED), or a
quantum dot LED.

[0095] Another aspect of the invention is a method of
operating a display system comprising a pixel circuit accord-
ing to any embodiments and an analogue external compen-
sation system according to any of the embodiments. In
exemplary embodiments, the method of operating includes
the steps of: during a current sensing and data programming
phase: disconnecting the drive transistor from the third
voltage supply input and connecting the drive transistor to
the second voltage supply input; measuring a current
through the third transistor using the analogue external
compensation system; comparing the measured current with
a programming reference current, wherein a difference
between the measured current and reference current is
converted to an adjusted data voltage; and outputting the
adjusted data voltage to the pixel circuit; and during an
emission phase: disconnecting the drive transistor from the
second voltage supply input and connecting the drive tran-
sistor to the third voltage supply input, wherein the adjusted
data voltage is applied to the gate of the drive transistor to
control the current through the light emitting device. The
method of operating may include one or more of the
following features, either individually or in combination.
[0096] In an exemplary embodiment of the method of
operating, the adjusted data voltage becomes stable when
the measured current approaches the programming reference
current.

[0097] In an exemplary embodiment of the method of
operating, the method further includes storing the adjusted
data voltage on a storage capacitor that is connected to the
gate of the drive transistor.

[0098] Another aspect of the invention is a method of
operating a display system comprising a pixel circuit accord-
ingly to any embodiments and a digital external compensa-
tion system according to any of the embodiments that is
operable with the pixel circuit. In exemplary embodiments,
the method of operating includes the steps of: during a
measurement data programming phase of a current measure-
ment stage: disconnecting the drive transistor from the third
voltage supply input, and applying a measurement test data
voltage to the gate of the drive transistor; during a test
measurement phase of the current measurement stage, con-
necting the drive transistor to the second voltage supply
input, measuring the current from the second voltage supply
input and storing the measured current in a memory device;
comparing the stored measured current to input image data
and generating a compensated data voltage based on the
comparison; and disconnecting the drive transistor from the
second voltage supply input; during a data programming
phase of a normal operation stage, applying the compen-
sated data voltage to the gate of the drive transistor; and
during an emission phase of the normal operation stage,
connecting the drive transistor to the third voltage supply
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input, wherein the compensated data voltage applied to the
gate of the drive transistor controls the current through the
light emitting device. The method of operating may include
one or more of the following features, either individually or
in combination.

[0099] In an exemplary embodiment of the method of
operating, the method further includes, during the emission
phase of the normal operation stage, storing the compen-
sated data voltage on a storage capacitor that is connected to
the gate of the drive transistor, and disconnecting the gate of
the drive transistor from the compensated voltage data input.
[0100] In an exemplary embodiment of the method of
operating, the current measurement stage is performed in a
frame once every N frames of performing the normal
operation stage, wherein N>1.

[0101] In an exemplary embodiment of the method of
operating, N is in a range of 1800 to 18000 for a 60 Hz
refresh rate.

[0102] Although the invention has been shown and
described with respect to a certain embodiment or embodi-
ments, it is obvious that equivalent alterations and modifi-
cations will occur to others skilled in the art upon the reading
and understanding of this specification and the annexed
drawings. In particular regard to the various functions per-
formed by the above described elements (components,
assemblies, devices, compositions, etc.), the terms (includ-
ing a reference to a “means”) used to describe such elements
are intended to correspond, unless otherwise indicated, to
any element which performs the specified function of the
described element (i.e., that is functionally equivalent), even
though not structurally equivalent to the disclosed structure
which performs the function in the herein illustrated exem-
plary embodiment or embodiments of the invention. In
addition, while a particular feature of the invention may
have been described above with respect to only one or more
of several illustrated embodiments, such feature may be
combined with one or more other features of the other
embodiments, as may be desired and advantageous for any
given or particular application.

INDUSTRIAL APPLICABILITY

[0103] Embodiments of the present invention are appli-
cable to many display devices to permit display devices of
high resolution with effective threshold voltage compensa-
tion and true black performance. Examples of such devices
include televisions, mobile phones, personal digital assis-
tants (PDAs), tablet and laptop computers, desktop moni-
tors, digital cameras, and like devices for which a high
resolution display is desirable.

REFERENCE SIGNS LIST

[0104] 10’external compensation system

[0105] 12—display panel

[0106] 14—pixels

[0107] 16—VDAT generation system

[0108] 18—current measurement device

[0109] 20—exemplary analogue external compensation
system

[0110] 22—first pixel circuit

[0111] 24—current mirror

[0112] 26—integrator

[0113] 32—second pixel circuit
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[0114] 40—exemplary digital external compensation sys-
tem

[0115] 42—third pixel circuit

[0116] 44—current measurement device

[0117] 46—memory unit

[0118] 48—compensation calculator

[0119] 50—data voltage generation unit

[0120] 52—fourth pixel circuit

[0121] T1-T4—multiple transistors

[0122] OLED—organic light emitting diode (or generally

light-emitting device)

[0123] C,—storage capacitor

[0124] VDAT—data voltage

[0125] VDD—power supply

[0126] ELVSS—power supply

[0127] SCAN/EMI/SEN—control signals

1. A display system comprising a pixel circuit and an
external compensation system that is operable with the pixel
circuit;

the pixel circuit comprising:

a drive transistor configured to control an amount of
current to a light-emitting device depending upon a
voltage applied to a gate of the drive transistor, wherein
the light-emitting device is connected at a first node to
a first terminal of the drive transistor and at a second
node to a first voltage supply input;

asecond transistor having a first terminal connected to the
gate of the drive transistor and a second terminal
connected to a data voltage input that is supplied by the
external compensation system, and a gate of the second
transistor is connected to a first control signal,

a third transistor having a first terminal connected to a
second terminal of the drive transistor and a second
terminal connected to a second voltage supply input
that is supplied from the external compensation system,
wherein a current flow from the second voltage supply
input is measured by the external compensation system,
and wherein a gate of the third transistor is connected
to a second control signal; and

a fourth transistor having a first terminal connected to the
second terminal of the drive transistor and a second
terminal connected to a third voltage supply inpur,
wherein a gate of the fourth transistor is connected to
a third control signal;

wherein the external voltage compensation system is
configured to adjust the data voltage input based on the
measured current flow to compensate for a variation in
a property of the drive transistor and/or the light-
emitting device.

2. The display system of claim 1, wherein the external
compensation system is an analogue external compensation
system.

3. The display system of claim 2, wherein the first control
signal is the same as the second control signal.

4. The display system of claim 2, wherein the analogue
external compensation system comprises:

a current mirror that mirrors the current flow from the
second voltage supply input and outputs the mirrored
current; and

an integrator that receives the output of the mirrored
current and receives a programming reference current,
wherein the integrator outputs the adjusted data voltage
based on a comparison between the mirrored current
and the programming reference current.
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5. The display system of claim 1, wherein the external
compensation system is a digital external compensation
system.

6. The display system of claim 5, wherein the first control
signal is different from the second control signal.

7. The display system of claim 5, wherein the digital
external compensation system comprises:

a current measurement device that measures the current

flow from the second voltage supply input;

a memory device that stores said measured current flow;

a compensation calculator that obtains the measured cur-
rent flow from the memory device and receives an
image data input, wherein the compensation calculator
determines a compensated data voltage based on a
comparison between the measured current flow and a
reference current corresponding to the image data; and

a data voltage generation unit that generates the compen-
sated data voltage and outputs the compensated data
voltage to the pixel circuit.

8. The display system of any of claim 1, wherein the
second voltage supply input and the third voltage supply
input have the same voltage level.

9. The display system of claim 1, wherein the second
voltage supply input and the third voltage supply input have
a voltage difference, and current flow to the light-emitting
device is compensated to be the same when the pixel circuit
1s connected to the second voltage supply input or the third
voltage supply input.

10. The display system of claim 1, wherein the transistors
are n-type transistors.

11. The display system of claim 1, wherein the transistors
are p-type transistors.

12. The display system of claim 1, wherein the pixel
circuit further comprises a storage capacitor connected to the
gate of the drive transistor that stores the data voltage.

13. The display system of claim 1, wherein the light-
emitting device is one of an organic light-emitting diode, a
micro light-emitting diode (LED), or a quantum dot LED.

14. A method of operating a display system comprising a
pixel circuit and an analogue external compensation system
that is operable with the pixel circuit;

wherein the pixel circuit comprises:

a drive transistor configured to control an amount of
current to a light-emitting device depending upon a
voltage applied to a gate of the drive transistor; wherein
the light-emitting device is connected at a first node to
a first terminal of the drive transistor and at a second
node to a first voltage supply input;

a second transistor having a first terminal connected to the
gate of the drive transistor and a second terminal
connected to a data voltage input that is supplied by the
analogue external compensation system, and a gate of
the second transistor is connected to a first control
signal,

a third transistor having a first terminal connected to a
second terminal of the drive transistor and a second
terminal connected to a second voltage supply input
that is supplied from the analogue external compensa-
tion system, wherein a current flow from the second
voltage supply input is measured by the analogue
external compensation system, and wherein a gate of
the third transistor connected to the first control signal,
and
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a fourth transistor having a first terminal connected to the
second terminal of the drive transistor and a second
terminal connected to a third voltage supply input,
wherein a gate of the fourth transistor is connected to
a second control signal;

the method of operating comprising the steps of:

during a current sensing and data programming phase:
disconnecting the drive transistor from the third voltage
supply input and connecting the drive transistor to the
second voltage supply input; measuring a current
through the third transistor using the analogue external
compensation system; comparing the measured current
with a programming reference current, wherein a dif-
ference between the measured current and reference
current is converted to an adjusted data voltage; and
outputting the adjusted data voltage to the pixel circuit;
and

during an emission phase: disconnecting the drive tran-
sistor from the second voltage supply input and con-
necting the drive transistor to the third voltage supply
input, wherein the adjusted data voltage is applied to
the gate of the drive transistor to control the current
through the light emitting device.

15. The method of operating of claim 14, wherein the
adjusted data voltage becomes stable when the measured
current approaches the programming reference current.

16. The method of operating of claim 14, further com-
prising storing the adjusted data voltage on a storage capaci-
tor that is connected to the gate of the drive transistor.

17. A method of operating a display system comprising a
pixel circuit and a digital external compensation system that
is operable with the pixel circuit;

wherein the pixel circuit comprises:

a drive transistor configured to control an amount of
current to a light-emitting device depending upon a
voltage applied to a gate of the drive transistor; wherein
the light-emitting device is connected at a first node to
a first terminal of the drive transistor and at a second
node to a first voltage supply input;

asecond transistor having a first terminal connected to the
gate of the drive transistor and a second terminal
connected to a data voltage input that is supplied by the
digital external compensation system, and a gate of the
second transistor is connected to a first control signal,

a third transistor having a first terminal connected to a
second terminal of the drive transistor and a second
terminal connected to a second voltage supply input
that is supplied from the digital external compensation
system, wherein a current flow from the second voltage
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supply input is measured by the digital external com-
pensation system, and wherein a gate of the third
transistor connected to a second control signal different
from the first control signal; and
a fourth transistor having a first terminal connected to the
second terminal of the drive transistor and a second
terminal connected to a third voltage supply input,
wherein a gate of the fourth transistor is connected to
a third control signal;

the method of operating comprising the steps of:

during a measurement data programming phase of a
current measurement stage: disconnecting the drive
transistor from the third voltage supply input, and
applying a measurement test data voltage to the gate of
the drive transistor;

during a test measurement phase of the current measure-

ment stage, connecting the drive transistor to the sec-
ond voltage supply input, measuring the current from
the second voltage supply input and storing the mea-
sured current in a memory device; and disconnecting
the drive transistor from the second voltage supply
input;

during a data programming phase of a normal operation

stage, executing a compensation algorithm to generate
a compensated data voltage by comparing program-
ming image data and the measured current data from a
memory device based on a predefined data voltage as
related to a corresponding current database stored as
part of the compensation algorithm; applying the com-
pensated data voltage to the gate of the drive transistor;
and

during an emission phase of the normal operation stage,

connecting the drive transistor to the third voltage
supply input, wherein the compensated data voltage
applied to the gate of the drive transistor controls the
current through the light emitting device.

18. The method of operating of claim 17, further com-
prising, during the emission phase of the normal operation
stage, storing the compensated data voltage on a storage
capacitor that is connected to the gate of the drive transistor,
and disconnecting the gate of the drive transistor from the
compensated voltage data input.

19. The method of operating of claim 17, wherein the
current measurement stage is performed in a frame once
every N frames of performing the normal operation stage,
wherein N>1.

20. The method of operating of claim 19, wherein N is in
a range of 1800 to 18000 for a 60 Hz refresh rate.
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