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ABSTRACT

In one example, a light-emitting diode display driver system
includes a digital pixel driver circuit. The digital pixel driver
circuit is to receive an input current, to produce a current that
is linearly dependent on the input current, and to provide the
produced current to one or more light-emitting diodes.
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LOW POWER DISSIPATION PIXEL FOR
DISPLAY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is related to U.S. patent applica-
tion Ser. No. , filed on even date herewith, titled
“Digital Driver for Displays” (Attorney Docket P106422).
This application is also related to U.S. patent application Ser.
No. , filed on even date herewith, titled “Display
Driver” (Attorney Docket P106425). This application is also
related to U.S. patent application Ser. No. , filed on
even date herewith, titled “Current Programmed Pixel
Architecture for Displays” (Attorney Docket P106427).

TECHNICAL FIELD

[0002] This disclosure relates generally to pixel driver
circuitry for displays (for example, digital or analog driven
pixel circuitry for micro light-emitting diode displays).

BACKGROUND

[0003] Displays based on light-emitting diodes (LEDs)
such as organic light-emitting diodes (OLEDs) and/or inor-
ganic micro light-emitting diodes (also referred to as micro
LEDs or uLLEDs) may be used for applications in emerging
portable electronics and wearable computers (for example,
head mounted displays, head worn displays, wristwatches,
wearable watch displays, Virtual Reality displays, Aug-
mented Reality displays, OLED displays, micro LED dis-
plays, etc).

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The following detailed description may be better
understood by referencing the accompanying drawings,
which contain specific examples of numerous features of the
disclosed subject matter.

[0005] FIG. 1 illustrates an LED drive pixel circuit;
[0006] FIG. 2 illustrates an LED drive pixel circuit;
[0007] FIG. 3 illustrates an LED drive pixel circuit;
[0008] FIG. 4 illustrates a block diagram of a display pixel
driving system;

[0009] FIG. 5 illustrates a block diagram of a computing
device;

[0010] In some cases, the same numbers are used through-

out the disclosure and the figures to reference like compo-
nents and features. In some cases, numbers in the 100 series
refer to features originally found in FIG. 1; numbers in the
200 series refer to features originally found in FIG. 2; and
S0 on.

DESCRIPTION OF THE EMBODIMENTS

[0011] Some embodiments relate to displays, mobile dis-
plays and/or light-emitting diode (LED) displays.

[0012] As described above, displays based LEDs such as
organic light-emitting diodes (OLEDs) and/or micro light-
emitting diodes (also referred to as micro LEDs or pLEDs)
may be beneficial for applications in emerging portable
electronics and wearable computers (for example, head
mounted displays, head worn displays, wristwatches, wear-
able watch displays, Virtual Reality displays, Augmented
Reality displays, OLED dislays, micro LED displays, etc).
In view of the typical small size of micro LEDs (for
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example, in the range of 10 um or less), the current needed
to drive a single micro LED (ULED) for maximum lumi-
nance (for example in a range of 30 to 300 nits) can be very
low, and may be in the 1 to 100 nA (nanoamp) range. Several
challenges can arise in implementing pixel driver circuits for
micro LEDs for such low current levels.

[0013] It can be difficult for a current-source drive circuit
to respond quickly enough to keep up with the display
refresh rate when generating the small pixel currents nec-
essary for micro LEDs. Additionally, the width to length
(W/L) ratio of the drive transistor (or transistors) might need
to shrink by a factor of about 10 to 100 relative to other
display drive circuits in order to produce nanoamp-level
(nA-level) currents. This is particularly difficult to realize
given the dimensions of micro LED pixels and the capa-
bilities of the lithography used in display manufacturing.
[0014] In some embodiments, digital driving of display
pixels may be used to control gray levels using pulse width
modulation (PWM) or pulse density modulation (PDM).
Digital driving is compatible with digital video signals, and
can help to simplify the system while additionally enhancing
display resolution and gray levels. Additionally, in digital
driving implementations according to some embodiments, a
luminance uniformity of the pixels may not be affected by
threshold voltage shifts, since all transistors can work as
switches, and all of the pixels can be driven by a uniform
power supply current that can drive the light emitting diodes
(LEDs) in a manner that the brightness of the pixel can be
controlled with a different programming signal.

[0015] Some embodiments relate to one or more digitally
driven pixel circuits (for example, for mobile displays
and/or for LED displays). Some embodiments relate to one
or more analog pixel driver circuits (for example, for mobile
displays and/or for LED displays). In some embodiments, an
analog driver circuit uses a capacitor to hold a voltage and
wait for a next signal to update the voltage in an analog
fashion.

[0016] Insome embodiments, digital driving controls gray
levels using pulse width modulation (PWM) or using pulse
density modulation (PDM). In some embodiments, an input
current (for example, an input current 1) is provided from
a control circuit (for example, from outside of the display
backplane based on LED characteristics such as pLED
characteristics). In some embodiments, a current I, is an
input current signal supplied (or forced) to the a driver
circuit from an external control circuit, which is, for
example, outside of the TFT (thin-film-transistor) display
backplane based on LED characteristics (for example, based
on OLED characteristics and/or micro LED characteristics).
In some embodiments, a digital signal (for example, using
pulse width modulation or pulse density modulation) con-
trols an average current flowing through one or more LEDs
(for example, one or more pLEDs), which controls the
average brightness of the one or more LEDs.

[0017] Insome embodiments, current mirroring is used to
mirror current from the input (for example, using on and off
current). In some embodiments, the current mirroring is
implemented in a digital fashion. In some embodiments, the
current mirroring is implemented in an analog fashion.
[0018] FIG. 1 is a circuit diagram of an LED digital drive
pixel circuit 100. In some embodiments, circuit 100 is a
current driver circuit. In some embodiments circuit 100 is a
micro LED digital drive pixel circuit. In some embodiments
circuit 100 is an organic LED (OLED) digital drive pixel
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circuit. Circuit 100 includes a transistor T1 102 (for
example, an n channel Metal Oxide Semiconductor transis-
tor, or nMOS transistor), a transistor T2 104 (for example,
an nMOS transistor), a transistor T3 106 (for example, an
nMOS transistor), a transistor T4 108 (for example, an
nMOS transistor), and a capacitor Cg 110. Circuit 100
additionally includes an LED 112 (for example, in some
embodiments a micro LED or in some embodiments an
OLED). As illustrated in FIG. 1, in some embodiments some
or all of transistors 102, 104, 106, and 108 are nMOS
transistors.

[0019] In some embodiments, a current I, is an input
digital current signal supplied (or forced) to circuit 100 from
an external control circuit, which is, for example, outside of
the TFT (thin-film-transistor) display backplane based on
LED characteristics (for example, based on OLED charac-
teristics and/or micro LED characteristics). The current I,
(for example using Pulse Width Modulation or Pulse Den-
sity Modulation), controls the average current I, .., flowing
through the LED 112, which controls the average brightness
of the LED 112. In some embodiments, the I, current is
converted into the I, ., current through a multiplication
factor that is dependent on the size of the transistors used in
circuit 100.

[0020] In some embodiments of circuit 100 in FIG. 1,
when the SCAN signal is high (for example, in a program-
ming mode), transistor T3 106 is off, and the data current I,
passes through transistor T4 108. In some embodiments,
transistor T4 108 operates in saturation mode. During the
programming phase, the current I, passing through transistor
T1 102 charges the capacitor Cg 110. The current I, is the
average (DC) value of a pulse train representing the input
image signal during the high SCAN pulse, and the capacitor
Cs 110 is charged and kept at the voltage value V.

[0021] In some embodiments, when the SCAN signal is
low (for example, in an emission phase), transistor T3 106
operates in saturation and transistor T4 108 operates in a
triode region.

[0022] In some embodiments, circuit 100 is a true current
driver circuit. In some embodiments, circuit 100 is a true
current mirror circuit with a scalable output current (the s,
scalable current I, .., through the load LED device 112).
[0023] FIG. 2 is a circuit diagram of an LED digital drive
pixel circuit 200. In some embodiments, circuit 200 is a
current driver circuit. In some embodiments circuit 200 is a
micro LED digital drive pixel circuit. In some embodiments
circuit 200 is an organic LED (OLED) digital drive pixel
circuit. Circuit 200 includes a transistor T1 202 (for
example, an n channel Metal Oxide Semiconductor transis-
tor, or nMOS transistor), a transistor T2 204 (for example,
an nMOS transistor), a transistor T3 206 (for example, an
nMOS transistor), a transistor T4 208 (for example, an
nMOS ftransistor), and a capacitor C 210. Circuit 200
additionally includes an LED 212 (for example, a micro
LED or an OLED) and an LED 214 (for example, a micro
LED or an OLED). As illustrated in FIG. 2, in some
embodiments transistors 202, 204, 206, and 208 are nMOS
transistors. In some embodiments, transistors 202, 204, 206,
and 208 and capacitor 210 operate the same as, or similarly
to transistors 102, 104, 106, and 108, and capacitor 110 of
FIG. 1.

[0024] In some embodiments, a current I, is an input
digital current signal supplied (or forced) to circuit 200 from
an external control circuit, which is, for example, outside of
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the TFT (thin-film-transistor) display backplane based on
LED characteristics (for example, based on OLED charac-
teristics and/or micro LED characteristics). The current I,
(for example using Pulse Width Modulation or Pulse Den-
sity Modulation), controls the average current I, ., flowing
through the LEDs 212 and 214, which controls the average
brightness of the LEDs 212 and 214. In some embodiments,
the I, current is converted into the I, -, current through a
multiplication factor that is dependent on the size of the
transistors used in circuit 200.

[0025] In some embodiments of circuit 200 in FIG. 2,
when the SCAN signal is high (for example, in a program-
ming mode), transistor T3 206 is off, and the data current I,
passes through transistor T4 208. In some embodiments,
transistor T4 208 operates in saturation mode. During the
programming phase, the current I, passing through transistor
T1 202 charges the capacitor Cg 210. The current I, is the
average (DC) value of a pulse train representing the input
image signal during the high SCAN pulse, and the capacitor
Cs 210 is charged and kept at the voltage value VA.

[0026] In some embodiments of circuit 200 of FIG. 2,
when the SCAN signal is low (for example, in an emission
phase), transistor T3 206 operates in saturation and transistor
T4 208 operates in a triode region.

[0027] In some embodiments, circuit 200 is a true current
driver circuit. In some embodiments, circuit 200 is a true
current mirror circuit with a scalable output current (the is,
scalable current I, ., through the load LED devices 212 and
214).

[0028] In some embodiments, driver circuit 200 handles
multiple LEDs 212 and 214, and drives current to both of
those LEDs. In some embodiments, redundant LEDs (such
as, for example, micro LEDs or OLEDs) may be imple-
mented. For example, redundant LEDs may be used where
those redundant LEDs (such as LEDs 212 and 214) together
provide brightness for a single pixel (and/or single color for
each pixel) in a display array of pixels (for example, a
mobile display array of pixels or an LED display array of
pixels). In this manner, redundant LEDs may be used to
provide a fault tolerance relating to the LEDs and the current
1, zp that is driving the LEDs based on the input current I,.
In this manner, if one LED is dead or not working for some
reason, the other LED still provides the same amount of
luminance that the two LEDs would have provided in
parallel. While two redundant LEDs 212 and 214 have been
illustrated and described herein, according to some embodi-
ments, one single LED could be used and current driven to
that one single LED, and according to some embodiments,
more than two LEDs could be used and current driven to
those LEDs (for example, using three redundant LEDs, or
any other number of redundant LEDs). It is noted that
embodiments are not limited to one LED as illustrated in
FIG. 1 or to two redundant LEDs as illustrated in FIG. 2.

[0029] In some embodiments, a width to length ratio
(W/L) of transistor 106 of circuit 100 of FIG. 1 may be
adjusted in order to obtain a desired target LED driving
current I, -,,. In some embodiments, a width to length ratio
(W/L) of transistor 206 of circuit 200 of FIG. 2 may be
adjusted in order to obtain a desired target LED driving
current 1, -, In some embodiments, a width to length ratio
(W/L) of transistor 108 of circuit 100 of FIG. 1 may be
adjusted in order to obtain a desired target LED driving
current 1, . In some embodiments, a width to length ratio
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(W/L) of transistor 208 of circuit 200 of FIG. 2 may be
adjusted in order to obtain a desired target LED driving
current I; o,

[0030] In some embodiments, a width to length ratio
(W/L) of transistor 106 and a width to length ratio (W/L) of
transistor 108 of circuit 100 of FIG. 1 may both be adjusted
in order to obtain a desired target LED driving current I, -,
In some embodiments, a width to length ratio (W/L) of
transistor 206 and a width to length ratio (W/L) of transistor
208 of circuit 200 of FIG. 2 may both be adjusted in order
to obtain a desired target LED driving current I; -,

[0031] In some embodiments, a width to length ratio
(W/L) of one or more transistors may be adjusted in order to
obtain a desired target LED driving current 1,.,. For
example, different transistor size adjustments may be made
for different driver circuits such as, for example, circuit 100
of FIG. 1 and/or circuit 200 of FIG. 2 for circuits in the same
pixel driver array of a system (for example, for different
LED colors). For example, according to some embodiments,
one or more transistor in red LED driver circuits might be
one size transistor to optimize the LED driving current I, -,
for that color, one or more transistor in green LED driver
circuits might be another size transistor to optimize the LED
driving current 1, .., for that color, and one or more transistor
in blue LED driver circuits might be yet another size
transistor to optimize the LED driving current I, ., for that
color.

[0032] In some embodiments, a width to length ratio
(W/L) of one or more transistors may be adjusted in order to
obtain a desired target supply voltage (for example, supply
voltage V,, of circuit 100 of FIG. 2 and/or of circuit 200 of
FIG. 2). For example, different transistor size adjustments
may be made for different driver circuits such as, for
example, circuit 100 of FIG. 1 and/or circuit 200 of FIG. 2
for circuits in the same pixel driver array of a system (for
example, for different LED colors). For example, according
to some embodiments, one or more transistor in red LED
driver circuits might be one size transistor to optimize
supply voltage V,, for the driving circuit for that color
LED, one or more transistor in green LED driver circuits
might be another size transistor to optimize supply voltage
V pp for the driving circuit for that color LED, and one or
more transistor in blue LED driver circuits might be yet
another size transistor to optimize supply voltage V,, for
the driving circuit for that color LED.

[0033] In some embodiments, the circuit 100 in FIG. 1
(and/or the circuit 200 in FIG. 2) may be implemented using
nMOS technology. In some embodiments, transistors 102,
104, 106 and 108 of FIG. 1 and/or transistors 202, 204, 206
and 208 of FIG. 2 may be nMOS fransistors. In some
embodiments, the circuit 100 in FIG. 1 and/or the circuit 200
in FIG. 2 may be implemented using IGZO (indium gallium
zinc oxide) technology (using, for example, IGZO channel
thin film transistors). In some embodiments, the circuit 100
in FIG. 1 and/or the circuit 200 in FIG. 2 may be imple-
mented using LTPS (low-temperature polycrystalline sili-
con) technology (using, for example, LTPS channel thin film
transistors).

[0034] Insome embodiments (for example, some embodi-
ments illustrated in and described in reference to FIG. 1
and/or FIG. 2), current I, ., may be calculated based on the
following equation:

Jun. 28,2018

(W/Ly
W/L, +W/D, "

(EQUATION 1)
Iep =

[0035] Where I, ., is the current [, z,, in FIG. 1 and/or
FIG. 2, for example, where (W/L); is the width to length
ratio (W/L) of transistor T3 106 and/or of transistor T3 206,
(W/L), is the width to length ratio (W/L) of transistor T4 108
and/or of transistor T4 208, and I, is the input current I, of
circuit 100 of FIG. 1 and/or of circuit 200 of FIG. 2.
[0036] Equation 1 can be derived as follows:

[0037] When the SCAN signal is high (for example, in a
programming phase),

Vos3s=V4Vz=0

[0038] Where V ;, is the gate-source voltage of transistor
T3 106 and/or of transistor T3 206, V , is the voltage at V,
in FIG. 1 and/or in FIG. 2, and V; is the voltage at V; in
circuit 100 of FIG. 1 and/or in circuit 200 of FIG. 2.
[0039] Thus, transistor T3 106 and/or transistor T3 206 is
OFF, and the data current I, passes through transistor T4 108
and/or transistorT4 208.

[0040] If transistor T4 108 and/or transistor T4 208 oper-
ates in saturation (in some embodiments, conditions of
circuit 100 and/or circuit 200 are provided to guarantee that
transistor T4 108 and/or transistor T4 208 does operate in
saturation), then:

(EQUATION 2)

To=Li=1/2 pky(V-V7-0)?

[0041] Where I, is the current flowing through transistor
T4 108 and/or transistor T4 208, p is the mobility of
electrons in the transistor channel, k, is the width to length
ratio of transistor T4 108 and/or transistor T4 208, that is, k,
is equal to (W/L),, and V is the threshold voltage of all
transistors in the circuit.

(EQUATION 3)

[0042] Thus, the following equation is derived:
o (EQUATION 4)
Vi=Vps [
kg p
[0043] During the programming phase, the current I,

passing through transistor T1 102 and/or transistor T1 202
charges the capacitor C 110 and/or capacitor Cg 210 given
by EQUATION 4. The current I, in circuit 100 and/or in
circuit 200 is the average (DC) value of a pulse train
representing the input image signal during the phase where
SCAN is high.

[0044] For purposes of this derivation, x is defined accord-
ing to the following equation 5:

21 (EQUATION 5)
x=_{—— Thus
N kaop
Va=Vr+ax (EQUATION 6)

[0045] During the phase where the SCAN pulse signal is
high, the capacitor Cg 110 and/or the capacitor Cg 210 is
charged and kept at the voltage value V, given in EQUA-
TION 4. When the SCAN pulse signal is low (for example,
during an emission phase), transistor T3 106 and/or transis-
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tor T3 206 operates in saturation and transistor T4 108
and/or transistor T4 208 operates in a triode region, and the
following equation is derived:

Lep=l=ly (EQUATION 7)

[0046] Where L, is the current flowing through transistor
T3 106 and/or through transistor T3 206.
[0047] Thus:

172 pky(V =V = VP =ik, [(V.~V=0)Vp=1/2V7]  (EQUATION 8)

[0048] Where k; is the width to length ratio of transistor
T3 106 and/or the width to length ratio of transistor T3 206.
That is, k5 is equal to (W/L),.

[0049] Solving the above equations for V, the following
equation becomes:

k
Vg=xxx m Therefore:

1
Igp = 5 H ks (Va—Vr-Vp)i=

(EQUATION 9)

(EQUATION 10)

1 ) , 1 2
zﬂkserﬂc—Vr—VB) =§ﬂk3 (x=Vp)

[0050] Substituting for V using equation 9, we can find:

, k3 (EQUATION 11)
LED = m 0

[0051] Substituting the dimensions of the transistors T3
206 and T4 208, equation 11 becomes:

(W/L)

o (EQUATION 12)
P WID, WDy

[0052] Additionally, in some embodiments, needed values
of (and/or optimal values of) the supply voltage (for
example, supply voltage V ,, of circuit 100 of FIG. 1 and/or
supply voltage V ,, of circuit 200 of FIG. 2) may be derived
as follows:

[0053] In order for transistor T4 108 and/or for transistor
T4 208 to operate in triode region, the following condition
should be satisfied:

Ve<Vosa-Vr (EQUATION 13)
[0054] Where Vs, is the gate-source voltage of transistor
T4 108 and/or the gate-source voltage of transistor T4 208,
and Vis the threshold voltage of all transistors in the circuit
100 and/or in the circuit 200.

[0055] We can find:
Vesa=Va-Vr (EQUATION 14)
[0056] Using equations 14, 4, 5 and 13, the following

equation can be derived:

Vp<x (EQUATION 15)
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[0057] Equation 15 and 9 lead to the following:

Vg = ks
p=x—x k3+k4

[0058] In order for transistor T3 106 and/or transistor T3
206 to operate in a saturation region, the following inequal-
ity is satisfied:

(EQUATION 16)

Voss>VessVr (EQUATION 17)

Thus:

Vop=Viep-Ve>Va-Vp-Vr

[0059] Using equations 4, 16, and 18, the following supply
voltage V,, can be derived:

v v 2 1y
> + =
BB DT A W Ly Con

[0060] Where V; ., is the turn on voltage of one or more
LEDs being driven (for example, the turn on voltage of LED
112, and/or the turn on voltage of LEDs 212 and 214, and/or
the turn on voltage of a number of LEDs such as a number
of redundant parallel LEDs in some embodiments); and
where C_, is the gate oxide capacitance (or capacitance of
the oxide layer) of the transistors in the circuit. It is noted
that in some embodiments, all transistors in the circuit (for
example, in the circuit 100 and/or in the circuit 200 ) have
similar gate oxide capacitance (and/or the same gate oxide
capacitance within a tolerance) and/or similar gate oxide
thickness (and/or the same gate oxide thickness within a
tolerance).

[0061] In some embodiments, different LEDs have differ-
ent turn on voltages, and the driving circuit supply voltage
may be adjusted accordingly (for example, by varying a size
of one or more transistors in the driving circuit). In some
embodiments, for example, for one or more LEDs, the turn
on voltage V; -, can be a maximum of 3 volts (for example,
in some embodiments V, ., can be approximately 2.9 volts,
and the “additional component” of

2 Iy
(W/L)y Cox pt

in EQUATION 19 can be around 0.4 volts for a total supply
voltage V5, of around 3.3 v or more. This can be much
smaller than the supply voltage that has previously been
used for driving organic LEDs, which can be around 7 volts.
A lower supply voltage according to some embodiments can
allow significant power savings, particularly when multi-
plied over many pixels of different locations and colors in a
display array.

[0062] For example, in some embodiments, the turn on
voltage V, z, for a blue LED is:

(EQUATION 18)

(EQUATION 19)

VLED,blue""z'9 v

[0063] For some embodiments using indium gallium zinc
oxide (IGZO) channel thin film transistors (TFTs), [,=1 pA,

(EQUATION 20)
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(W/L),=2, C,.=0.1 pF/cm?, and p=10 cm*/V-s. Therefore,
according to some embodiments, the supply voltage V,,
could be calculated to be:

Voprezo73.9V

[0064] For some embodiments using low-temperature
polycrystalline silicon (LTPS) channel thin film transistors
(TFTs), I,=1 pA, (W/L),=2, C_=0.1 pF/cm*, and u=50
em’/V-s. Therefore, according to some embodiments, V
could be calculated to be:

(EQUATION 21)

Voprres™33V

[0065] In some embodiments, digital pixel driving circuit
100 and/or digital pixel driving circuit 200 are implemented
using nMOS technology (for example, using nMOS devices,
nMOS transistors, etc.). In some embodiments, digital pixel
driving circuit 100 and/or digital pixel driving circuit 200
are implemented using low-temperature polycrystalline sili-
con (UTPS) channel thin film transistors (TFTs). In some
embodiments, digital pixel driving circuit 100 and/or digital
pixel driving circuit 200 are implemented using indium
gallium zinc oxide (IGZO) channel thin film transistors
(TFTs).

[0066] In some embodiments, the LED current I, ., (for
example, the LED current I, of circuit 100 of FIG. 1
and/or of circuit 200 of FIG. 2) is smaller than the input
current (or bias current) I,. This allows the circuit to receive
a very large current I, and scale that current down to a
specific relatively small LED current (for example, a current
in the nanoamp range). This can provide an advantage over
other circuits due to the scaling factor, allowing low power
usage and other advantages while still maintaining circuit
speed and quick settling times due to the larger input current.
[0067] In some embodiments (for example, in some
embodiments of the circuit 100 of FIG. 1 and/or in the circuit
200 of FIG. 2), the current I, ., flowing through one or more
LEDs (for example, the current 1, -, flowing through LED
112 and/or the current I; ., flowing through LEDs 212 and
214) is proportional to the input current (for example, the
input current I,)). In some embodiments, more than one LED
is provided in parallel in a redundant fashion (for example,
LEDs 212 and 214 of FIG. 2). In this manner, the input
current I, is propagated and spread to a current I, 5, that
flows to the redundant LEDs (for example, LEDs 212 and
214). In some embodiments, if one of the LEDs is not
working for some reason, the entire current I, ., will flow
through the other LED that is still working (for example, due
to a manufacturing defect in one of the LEDs or other loss
of an LED). If all redundant LEDs are working (for example,
both LEDs 212 and 214 are working), a proportional amount
of the current I; ., will flow through each of the redundant
LEDs (for example, in some embodiments, half of the
current I o, will flow through LED 212 and the other half
of the current I, ., will flow through the LED 214). In each
of these situations, the luminance of the redundant LEDs is
the same. For example, if current I, ., is flowing through
only one of the LEDs 212 and 214 because the other LED
is not working for some reason, the luminance of the
working LED will be the same as the total luminance of both
LED:s in a situation where both LEDs are working, and half
of the driving current (I, z,/2) is flowing through one of the
LEDs and half of the driving current (I, ,/2) is flowing
through the other LED. Therefore, the visual appearance in
each of these situations to a viewer of the display will be the
same whether all LEDs are working or if one is not working.

(EQUATION 22)
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Similarly, in an embodiment where three LEDs are in
parallel and one LED is not working, half the current I, -,
will flow through each of the working LEDs, and in an
embodiment where more LEDs are in parallel and one or
more LED is not working, a proportional current I, ., will
flow through each of the working LEDs. A target brightness
including luminance of all working LEDs is the same in each
situation. The current I; -, is passed through the LEDs in
such a way that the same luminance is provided when an

LED goes out for any reason (and/or is dead upon manu-

facture thereof).

[0068] In some embodiments, a width to length ratio

(W/L) of one or more transistors in an LED current driving

circuit may be adjusted in order to obtain a desired target

LED driving current.

[0069] In some embodiments, a circuit may be used to

control current through one or more LEDs (for example,

OLEDs and/or micro LEDs) using:

[0070] a very low current passed through the LEDs (for
example, OLEDs and/or micro LEDs) using an input
current that is large enough to improve circuit speed,

[0071] all transistors in the circuit operating in a strong
inversion operating region, which is more stable and less
vulnerable to variability;

[0072] aself-compensated circuit with regard to threshold
voltage variation (for example, due to process variations
and/or due to transistor instability);

[0073] a true digital current driving circuit without having
long settling time issues; and/or

[0074] multiple ways (or knobs) to control LED current
(for example, micro LED current) in the nano-ampere
(nA) level without sacrificing speed (for example, settling
times) or display quality.

[0075] Insome embodiments, an input current (and/or bias
current such as current I,) is pulsed and provided as an input
to an LED current driving circuit. In some embodiments, an
input current (and/or bias current such as current 1) is scaled
based on device sizes down to a smaller LED current (for
example, current I, -,). In some embodiments, a voltage
supply (for example, supply voltage V) can be as small as
the turn off voltage of the LED or LEDs (V;zp,), and/or as
small as the turn off voltage of the LED(s) plus a small offset
voltage.

[0076] In some embodiments, the current driving one or

more LEDs (for example, in some embodiments, 1, -,,) has

a linear dependence on the input current (for example, in

some embodiments, I,). In some embodiments, the current

driving one or more LEDs (for example, in some embodi-
ments, I,,) is proportional to the input current (for
example, in some embodiments, ).

[0077] In some embodiments, low power consumption

may be enabled. In this manner, in some embodiments, a

good user experience may be obtained through low power

consumption, leading to thin displays and/or long battery
life at a low cost.

[0078] In some embodiments, different size transistors are

used for different circuits driving current for different col-

ored LEDs (for example, due to different currents needed to
drive different colored LEDs). In some embodiments, dif-
ferent supply voltages are used for different colored LEDs

(for example, due to different supply voltages needed for

different colored LEDs). For example, in some embodi-

ments, different size circuit elements (for example, different
size width to length ratios of transistors) may be used to
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provide different LED currents based on the color of the
LED or LED:s in that particular circuit. According to some
embodiments, the current flowing through the LED(s) can
be changed by changing the size of transistors in the circuit.
This can be very favorable in a display array (for example,
in a mobile display array and/or an LED display array).

[0079] FIG. 3 is a circuit diagram of an LED digital drive
pixel circuit 300. In some embodiments, circuit 300 is a
current driver circuit. In some embodiments, circuit 300 is a
digital current driver circuit. In some embodiments, circuit
300 is an analog current driver circuit. In some embodiments
circuit 300 is a micro LED digital drive pixel circuit. In some
embodiments circuit 300 is an organic LED (OLED) digital
drive pixel circuit. Circuit 300 includes a transistor T1 302
(for example, a p channel Metal Oxide Semiconductor
transistor, or pMOS transistor), a transistor T2 304 (for
example, a pMOS transistor), a transistor T3 306 (for
example, a pMOS transistor), a transistor T4 308 (for
example, a pMOS transistor), a transistor T5 310 (for
example, a pMOS transistor), a transistor T6 312 (for
example, apMOS transistor), and a capacitor C 314. Circuit
300 additionally includes an LED 322 (for example, in some
embodiments a micro LED or in some embodiments an
OLED) and an LED 324 (for example, in some embodi-
ments a micro LED or in some embodiments an OLED). As
illustrated in FIG. 3, in some embodiments some or all of
transistors 302, 304, 306, 308, 310 and 312 are pMOS
transistors.

[0080] In some embodiments, current I, is an input digital
current signal supplied (or forced) to circuit 300 from a
driver circuit (for example, a driver integrated circuit exter-
nal from circuit 300). In some embodiments, current I, is an
input digital current signal supplied (or forced) to circuit 300
from an external control circuit, which is, for example,
outside of the TFT (thin-film-transistor) display backplane
based on LED characteristics (for example, based on OLED
characteristics and/or micro LED characteristics). The cur-
rent I (for example using Pulse Width Modulation or Pulse
Density Modulation), controls the average current I, .,
flowing through the LEDs 322 and/or 324, which controls
the average brightness of the LEDs 322 and/or 324. In some
embodiments, the 1, current is converted into the I, .,
current through a multiplication factor that is dependent on
the size of the transistors used in circuit 300.

[0081] In some embodiments, driver circuit 300 handles
multiple LEDs 322 and 324, and drives current to both of
those LEDs. In some embodiments, redundant LEDs (such
as, for example, micro LEDs or OLEDs) may be imple-
mented. For example, redundant LEDs may be used where
those redundant LEDs (such as LEDs 322 and 324) together
provide brightness for a single pixel (and/or single color for
each pixel) in a display array of pixels (for example, a
mobile display array of pixels and/or an LED display array
of pixels). In this manner, redundant LEDs may be used to
provide a fault tolerance relating to the LEDs and the current
1, zp that is driving the LEDs based on the input current I,.
In this manner, if one LED is dead or not working for some
reason, the other LED still provides the same amount of
luminance that the two LEDs would have provided in
parallel. While two redundant LEDs 322 and 324 have been
illustrated and described herein, according to some embodi-
ments, one single LED could be used and current driven to
that one single LED, and according to some embodiments,
more than two LEDs could be used and current driven to
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those LEDs (for example, using three redundant LEDs, or
any other number of redundant LEDs). It is noted that
embodiments are not limited to two redundant LEDs as
illustrated in FIG. 3.

[0082] In some embodiments, one or more of the transis-
tors in circuit 300 are thin film transistors (TFTs). In some
embodiments, circuit 300 is implemented using pMOS
technology (for example, using pMOS transistors). In some
embodiments, circuit 300 may be implemented using LTPS
(low-temperature polycrystalline silicon) technology (using,
for example, LTPS channel thin film transistors).

[0083] In some embodiments, in a programming phase of
circuit 300, when the SCAN pulse goes low, transistor T1
302 and transistor T4 308 turn on. Capacitor Cg 314 charges
as current [, flows through transistor T1 302 and transistor
T4 308. In steady state, according to some embodiments, the
current flowing through transistor T2 304 and transistor T3
306 is equal.

[0084] Insomeembodiments, if transistor T3 306 operates
in a saturation region, the following equation will apply:

1o=I3=1/2 pks(V -V - VT)2

[0085] Where I, is the input current I, of circuit 300 of
FIG. 3, I, is the current flowing through transistor T3 306,
u is the mobility of electrons in the transistor channel, k5 is
the width to length ratio of transistor T3 306, V, is the
voltage at point V, in FIG. 3, V 5, 1s the supply voltage V5,
(for example. voltage VDD in FIG. 3), and V ;-is a threshold
voltage of all transistors in the circuit (for example, in circuit
300).

[0086] Equation 23 can be used to derive the following,
solving for voltage potential V

(EQUATION 23)

h (EQUATION 24)
Va=Voo +Vr— [ =

[0087] X is defined as:

2 I (EQUATION 23)
x= | —— Therefore

N kaop

V= Vop + Vr—x (EQUATION 26)

[0088] During the SCAN pulse where SCAN is a low
value, the capacitor Cg 314 is charged and kept at the value
V , represented by EQUATION 24 and EQUATION 26.
[0089] During an emission phase of circuit 300, when the
SCAN pulse is at a high value, transistor T1 302 and
transistor T4 308 turn off, and the current through transistor
T5 310 and the current through transistor T6 312 is deter-
mined by the voltage V, from EQUATIONS 24 and 26.
When transistor T6 312 operates in a saturation region and
transistor T5 310 operates in a triode region, the following
is true:

L= (EQUATION 27)

[0090] Where I, ., is the current I, ., flowing to the
parallel LEDs 322 and 324 in circuit 300, I is the current
flowing through transistor T5 310, and I, is the current
flowing through transistor T6 312.
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[0091] Therefore:
12 uke(Vy= Vo=Vl ks [(V 4=V~ Vo) (Va=Viop) -1/
2Va=Vop) (EQUATION 28)
[0092] Where k, is a width to length ratio of transistor T6

312, k, is a width to length ratio of transistor T5 310, and V5
is a voltage at point V in circuit 300 of FIG. 3.

[0093] Using the above equations, the following is true:
& (EQUATION 29)
Ve—-Vpp=xtx m

[0094] Using the above equations, the LED current I; o, in
FIG. 3 can be calculated as follows:

1 , 1 (EQUATION 30)
1LED=§ t ke (Va=Vr=Vp) =5 # ke

2
ks

Vop+ Vr+x+Vp—Vpp—x+ P

[DD THX+Vr—Vpp—X%X k5+k6]

[0095] Using Equations 25 and 30, the LED current I, -,
1s simplified as:

ks
ks + kg

]2 (EQUATION 31)
Iy

I —/E“+
LED—k34

[0096] Therefore, in some embodiments a current I, .,
supplied to one or more LEDs (for example, LED current
I, supplied to LEDs 322 and 324 of circuit 300) is
dependent on an input current I, and/or on a size of one or
more transistors in the circuit (for example, based on a width
to length ratio of one or more transistors in the circuit). In
some embodiments, a current I, -, supplied to one or more
LEDs (for example, LED current I, ., supplied to LEDs 322
and 324 of circuit 300) is dependent on an input current I,
and/or on a size of transistor T3 306, a size of transistor T3
310, and/or a size of transistor T6 312 in the circuit 300 (for
example, based on a width to length ratio of transistor T3
306, a width to length ratio of transistor T5 310, and/or a
width to length ratio of transistor T6 312).

[0097] In some embodiments, current I, ., is determined
when circuit 300 is designed. For example, in some embodi-
ments a different current i, ., is desired depending on
whether the LED(s) in circuit 300 are red, green, or blue (for
example, depending on whether circuit 300 is to be used as
a driver circuit for one or more red, green, or blue LEDs).
In some embodiments, the width to length ratios of transis-
tors in circuit 300 are designed according to Equation 31.

[0098] According to some embodiments, a certain supply
voltage V ,, of circuit 300 may need to be used in order for
the LED current I, 5, to behave according to the equations
described above. In some embodiments, in order for tran-
sistor T5 310 to operate in a triode region (as assumed in
some of the equations leading to derivation of the LED
current 1; -, as described above), the following condition
should be satisfied:

Ve=Vop<Vess—Vr (EQUATION 32)
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[0099] Where Vs is a gate to source voltage of transistor
T5 310.
[0100] Using equations such as Equation 26 and Equation

32, results in:

Vess=Va-Vpp=Vr+x (EQUATION 33)

[0101] Using Equations 25, 32 and 33 results in:
Ve-Vop<x (EQUATION 34)
[0102] Equations 29 and 34 lead to:

' (EQUATION 35)

Vo= Vpp+x-x.| ——
B=VDD X e

[0103] In some embodiments, in order for transistor T6
312 to operate in a saturation region, the following inequal-
ity should be satisfied:

Vose™Vess—Vr (EQUATION 36)

[0104] Where V4 is a drain to source voltage of tran-
sistor T6 312 and Vg is a gate to source voltage of
transistor T6 312.
[0105] Therefore:

Viep—Ve>Vi-Vp-Vr
[0106] Where V, ., is an LED voltage (or LED turn on
voltage) at the point between transistor T6 312 and the LEDs
322 and 324.

[0107] Using Equation 25 and Equation 37, the following
condition on the supply voltage V,,, is determined:

< + =
DD DT A WD Con e

[0108] Where (W/L); is equal to k;, and represents the
width to length ratio of transistor T3 306, and C_ is the gate
oxide capacitance (or capacitance of the oxide layer) of the
transistors in circuit 300,

(EQUATION 37)

(EQUATION 38)

[0109] For a red LED, the V., turn on voltage is:
Viep el 9V (EQUATION 39)
[0110] For low-temperature polycrystalline silicon (LTPS)

channel thin film transistors (TFTs), for example, according
to some embodiments, I,=1 uA, (W/L);=2, C, =0.1 pF/cm?,
and p=50 cm*V-s. Using Equations 38 and 39, in some
embodiments, for a red LED the following supply voltage
Vpp needed for some embodiments of circuit 300 is:

V<2 V

[0111] In some embodiments, similar calculations using
V,zp turn on voltages for blue and green LEDs in conjunc-
tion with EQUATION 38 to determine a supply voltage of
less than 3 volts for a blue LED pixel driving circuit such as
circuit 300 and less than 2.5 volts for a green LED pixel
driving circuit such as circuit 300. Since in some embodi-
ments, a supply voltage V,, is less than 2 V for red LED
circuits, a supply voltage V,, less than 3 V for blue LED
circuits, and a supply voltage V ,, less than 2.5 V for green
LED circuits, to set conditions for all three RGB circuits in
a display pixel driver system, a supply voltage V,, less than
2 V can be used according to some embodiments for all

(EQUATION 40)
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circuits (that is, for all red, green and blue pixel driver
circuits). In some embodiments, a supply voltage V,,, of
less than 2 V may be used for red LED circuits, a supply
voltage V,, of less than 3 V may be used for blue LED
circuits, and a supply voltage V,,, of less than 2.5V may be
used for green LED circuits in a display pixel driver system.
In embodiments where different supply voltages V,,, are
used for different pixel driver circuits (for example, different
supply voltages V,,, for each of red, blue and green LED
pixel driver circuits) different circuits would need to be
designed for each of the different circuits, with for example,
different V,,, supply voltage values.

[0112] In some embodiments, some transistors in circuit
300 work in a triode region, and/or some transistors in
circuit 300 work in a saturation region. In some embodi-
ments (for example, as described according to some of the
equations above) the supply voltage V,,,, is provided at a
voltage level such that transistors in the circuit (for example,
transistors in circuit 300) work in a manner to satisfy certain
conditions (such as, for example, conditions of equations
such as Equations 31 and 38). In some embodiments, the
supply voltage V,,,, and/or an input current I, are provided
in a manner that provide a scalable output current (for
example, LED current I ., to or through LED devices in an
LED pixel driver circuit 300. In some embodiments, circuit
300 provides LED current I, ,, that is proportional to an
input current I,. In some embodiments, circuit 300 provides
LED current I, ., that is dependent on a size of one or more
transistors in the circuit. In some embodiments, circuit 300
provides LED current I, -, that is dependent on a width to
length ratio of one or more transistors in the circuit.

[0113] In some embodiments, all transistors in circuit 300
have the same threshold voltage V, the same gate oxide
capacitance C,, and/or the same mobility p. In some
embodiments, transistors with different width to length
ratios (W/L or k values) can be used for different LED color
pixel driver circuits. For example, in some embodiments, a
first width to length ratio is used for some or all transistors
in some or all red LED pixel driver circuits 300, a second
width to length ratio is used for some or all transistors in
some or all blue LED pixel driver circuits 300, and a third
width to length ratio is used for some or all transistors in
some or all green LED pixel driver circuits 300.

[0114] As discussed herein, in some embodiments LEDs
322 and 324 (and/or other LEDs in some embodiments) can
be pLEDs, and in some embodiments LEDs 322 and 324
(and/or other LEDs in some embodiments) can be OLEDs.

[0115] In some embodiments, one current source per pixel
can be provided by an external circuit, and the current for
red, green, and blue LEDs (for example, red, green and blue
OLEDs or red, green and blue pLEDs) can be set by
designing a size of transistors in circuit 300 (for example, by
designing width to length ratios of one or more transistors in
circuit 300).

[0116] In some embodiments, a very low current (for
example, current I; ) can be passed to LEDs in circuit 300,
but the input current I, can still be large enough to improve
circuit speed.

[0117] In some embodiments, all transistors in circuit 300
can operate in a strong inversion operating mode (and/or a
strong inversion operating region) that can be stable and
have a low vulnerability to variability.
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[0118] In some embodiments, circuit 300 is a self-com-
pensated circuit relative to threshold voltage variations that
might be caused, for example, due to process variations
and/or transistor instability.

[0119] In some embodiments, circuit 300 can provide
digital current driving without long settling times. In some
embodiments, circuit 300 can provide analog current driving
without long settling times.

[0120] In some embodiments, circuit 300 can provide
multiple ways to control LED current (for example, to
control pLED current) at a nano ampere level without
sacrificing speed (for example, settling times) or display
quality.

[0121] In some embodiments, circuit 300 is an analog
driver circuit that uses capacitor Cg 314 to hold the voltage
at point V , and wait for the next signal to come and update
the voltage. The voltage held in capacitor Cg 314 is the
difference between voltage V,, and voltage V, and is held
until the next signal arrives at the circuit 300. Capacitor Cg
314 is used according to some embodiments to drive the
current I, ., in an analog fashion based on the input current
I,. Analog driving according to some embodiments can
allow the circuit 300 to work at a low frequency. In some
embodiments, circuit 300 allows mirroring the current
(which is on and off current) from the input, and the current
I; zp to the LEDs 322 and 324 is provided in an analog
manner.

[0122] In some embodiments, use of pMOS devices in
circuit 300 can allow the LEDs 322 and 324 to be grounded.
That is, in some embodiments, the LEDs 322 and 324 each
have a terminal that is coupled to a ground voltage. In this
manner, the LEDs 322 and 324 can have a common cathode
during the fabrication process of the LEDs. Additionally, in
some embodiments, current I ., is allowed to sink to the
ground.

[0123] In some embodiments, the current I, in circuit
300 is proportional to the input current I, by a factor. The
factor can be designed using transistor sizes (that is, for
example, using width to length ratios of the transistors).
[0124] In some embodiments, a current mirror with a
scalable output current is provided (for example, a scalable
output load current such as current I ., show in circuit 100,
circuit 200, circuit 300, etc.) Current mirrors can be used to
provide current programming pixels to compensate for cur-
rent non-uniformities in active matrix flat panel display
arrays (for example, such as active matrix LED or AMLED
display arrays). According to some embodiments, for
example, using ptLED arrays, a large pixel charging time due
to a small pixel current (for example, in a 1-100 nA range)
can be reduced by providing a large data current (for
example, current 1) that exceeds a desired LED current.
According to some embodiments, a large input current is
provided and a current mirror is used to transfer a low
current (for example, current I, ) to an LED load.

[0125] In some embodiments, current provided to one or
more LEDs (for example, current 1, ,,) is controlled using
a small width to length ratio for transistors (which can result
in a small area being used), and/or can also be controlled
using a relatively large bias current (for example, current 1)
such as, for example, a bias current in a range of around 10
to 20 micro A (which can result in an ultrashort settling
time).

[0126] In some embodiments, a driver circuit (for
example, such as driver circuit 100, driver circuit 200, driver
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circuit 300, etc.) is provided for each pixel in a display. For
example, a display with 400 lines and 400 columns could
include 160,000 driver circuits times the number of colors.
For example, in some embodiments there are three colors in
a red green blue (or RGB) system, and there could be
480,000 driver circuits (and 960,000 LEDs since there are
two LEDs per circuit) for the 400x400 display (160,000
times 3, since each color would have a separate driver circuit
for each of the pixels in the array).

[0127] FIG. 4 illustrates a display pixel driver system 400
(for example, a mobile display pixel driver system, an
OLED pixel driver system, and/or a micro LED pixel driver
system). Pixel driver system 400 displays pixels in X rows
and Y columns. In some embodiments, pixel driver system
400 displays pixels in 400 rows and 400 columns. Each pixel
in the system 400 includes a number of driver circuits. For
example, as illustrated in FIG. 4, each pixel includes a driver
circuit for each of a number of colors in the driver system
(for example, as illustrated in FIG. 4, a separate pixel driver
circuit for each of red (R), blue (B), and green (G) pixels.
FIG. 4 illustrates Y pixels in each row. Row 1 includes pixel
11 (402) with a red pixel driver circuit 402R, a green pixel
driver circuit 402G and a blue pixel driver circuit 402B,
pixel 12 (404) with a red pixel driver circuit 404R, a green
pixel driver circuit 404G and a blue pixel driver circuit
404B, pixel 13 (406) with a red pixel driver circuit 406R, a
green pixel driver circuit 406G and a blue pixel driver circuit
4068, . . ., pixel 1Y (408) with a red pixel driver circuit
408R, a green pixel driver circuit 408G and a blue pixel
driver circuit 408B. Row 2 includes pixel 21 (412) with ared
pixel driver circuit 412R, a green pixel driver circuit 412G
and a blue pixel driver circuit 412B, pixel 22 (414) with a
red pixel driver circuit 414R, a green pixel driver circuit
414G and a blue pixel driver circuit 414B, pixel 23 (416)
with a red pixel driver circuit 416R, a green pixel driver
circuit 416G and a blue pixel driver circuit 416B, . . ., pixel
2Y (418) with a red pixel driver circuit 418R, a green pixel
driver circuit 418G and a blue pixel driver circuit 418B.
Row 3 includes pixel 31 (422) with a red pixel driver circuit
422R, a green pixel driver circuit 422G and a blue pixel
driver circuit 422B, pixel 32 (424) with a red pixel driver
circuit 424R, a green pixel driver circuit 424G and a blue
pixel driver circuit 424B, pixel 33 (426) with a red pixel
driver circuit 426R, a green pixel driver circuit 426G and a
blue pixel driver circuit 426B, . . ., pixel 3Y (428) with ared
pixel driver circuit 428R, a green pixel driver circuit 428G
and a blue pixel driver circuit 428B. Row X includes pixel
X1 (492) with a red pixel driver circuit 492R, a green pixel
driver circuit 492G and a blue pixel driver circuit 492B,
pixel X2 (494) with a red pixel driver circuit 494R, a green
pixel driver circuit 494G and a blue pixel driver circuit
494B, pixel X3 (496) with a red pixel driver circuit 496R, a
green pixel driver circuit 496G and a blue pixel driver circuit
496B, . . ., pixel XY (498) with a red pixel driver circuit
498R, a green pixel driver circuit 498G and a blue pixel
driver circuit 498B.

[0128] In some embodiments, one or more of the pixel
driver circuits in the system 400 (for example, circuits 402R,
402G, 402B, 404R, 404G, 404B, 406R, 406G, 4068, . . .,
408R, 408G, 408B, 412R, 412G, 412B, 414R, 414G, 414B,
416R, 416G, 416B, . . . , 418R, 418G, 418B, 422R, 422G,
4228, 424R, 424G, 424B, 426R, 426G, 4268, . . ., 428R,
428G, 428B, . . ., 492R, 492G, 492B, 494R, 494G, 494B,
496R, 496G, 4968, . . ., 498R, 498G, 498B) may be
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implemented using one or more of the circuits 100, 200 or
300 described herein. In some embodiments, each of the
pixel driver circuits in the system 400 (for example, circuits
402R, 402G, 402B, 404R, 404G, 404B, 406R, 406G, 406B,
..., 408R, 408G, 408B, 412R, 412G, 412B, 414R, 414G,
414B, 416R, 416G, 416B, . . ., 418R, 418G, 418B, 422R,
422G, 422B, 424R, 424G, 424B, 426R, 426G, 4268B, . . .,
428R, 428G, 428B, 492R, 492G, 492B, 494R, 494G, 494B,
496R, 496G, 4968, . . ., 498R, 498G, 498B) may be
implemented using one or more of the circuits 100, 200 or
300 described herein.

[0129] In some embodiments of FIG. 4, a driver circuit
(for example, such as driver circuit 100 of FIG. 1, driver
circuit 200 of FIG. 2, and/or driver circuit 300 of FIG. 3) is
provided for one or more pixel (or each pixel) in a display.
For example, a display with 400 lines and 400 columns can
include 160,000 driver circuits times the number of colors.
For example, in some embodiments there are three colors in
a red green blue (or RGB) system, and 480,000 driver
circuits (and in some embodiments, 960,000 LEDs, with two
redundant LEDs per driver circuit) for the 400x400 display
(160,000 times 3, since each color has a separate driver
circuit for each of the pixels in the array).

[0130] In some embodiments, a self-compensated circuit
is provided with regard to threshold variation (for example,
due to process variations, transistor instability, etc). In some
embodiments, a true digital current driving circuit may be
implemented without long settling time issues. In some
embodiments, micro LED current may be controlled in the
nano ampere level without sacrificing display quality or
sacrificing speed due to settling times. In some embodi-
ments, a pixel driving circuit consumes ultralow power.
[0131] In some embodiments, a digital pixel driving cir-
cuit is implemented using n channel Metal Oxide Semicon-
ductor (nMOS) technology (for example, using nMOS tran-
sistors). In some embodiments, a digital pixel driving circuit
using nMOS can provide, for example, low cost and/or low
power requirements. In some embodiments, a digital pixel
driving circuit is implemented using low-temperature poly-
crystalline silicon (LTPS) channel thin film transistors
(TFTs). In some embodiments, a digital pixel driving circuit
is implemented using indium gallium zinc oxide (IGZO)
channel thin film transistors (TFTs).

[0132] In some embodiments, a circuit is used to receive
an input current and create an LED driving current propor-
tional to that voltage. In some embodiments, the width to
length ratio of one or more transistors (for example, in some
embodiments, the W/L ratio of one or more of transistors
102, 104, 106 and 108 of FIG. 1, and/or one or more of
transistors 202, 204, 206 and 208 of FIG. 2, and/or one or
more of transistors 302, 304, 306, 308, 310 and 312 of FIG.
3) may be adjusted to obtain a target driving current (for
example, driving current I, ., in one or more of the embodi-
ments described herein).

[0133] Insome embodiments, multiple LEDs are arranged
(for example, in parallel with each other) for each pixel in
a display for fault tolerance purposes. Some embodiments
relate to handling multiple LEDs (for example, multiple
micro LEDs and/or multiple OLEDs) using one driver
circuit. For example, in some embodiments, multiple redun-
dant LEDs (for example, two or more LEDs) are arranged
(for example in parallel) for each pixel in a display. In some
embodiments, a driver circuit provides linear dependence of
the current that is driving the LEDs based on the input
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current. In some embodiments, a current provided to one or
more LEDs is linearly dependent on the input current.

[0134] In some embodiments, a driver circuit (for
example, circuit 200 of FIG. 2 and/or circuit 300 of FIG. 3)
handles multiple LEDs, and provides a driving current to
each of those LEDs. In some embodiments, redundant LEDs
(such as, for example, micro LEDs) may be implemented.
For example, redundant LEDs may be used where those
redundant LEDs together provide brightness for a single
pixel (and/or single color for each pixel) in a display array
of pixels (for example, a mobile display array of pixels
and/or an LED display array of pixels). In this manner,
redundant LEDs may be used to provide a fault tolerance
relating to the LEDs and the current I, ., that is driving the
LEDs based on the input current (for example, input current
Iy). In this manner, if one LED is dead or not working for
some reason, one or more other LEDs still provide the same
amount of luminance that all of the LEDs would have
together provided in parallel. While two redundant LEDs
have been illustrated and described herein (for example, in
FIG. 2 and/or in FIG. 3), according to some embodiments,
one single LED could be used and current driven to that one
single LED (for example, as illustrated in FIG. 1). Similarly,
according to some embodiments. more than two LEDs could
be used and current driven to those LEDs (for example,
using more than two redundant LEDs). It is noted that
embodiments are not limited to one LED or even two
redundant LEDs as illustrated and described herein.

[0135] According to some embodiments, a true current
mirror circuit is implemented with a scalable output current
(that is, a scalable current through the load LED devices). In
some embodiments, a true current mirror circuit provides a
scalable output current through one or more LED devices
(for example, in some embodiments micro LEDs and/or
OLEDs).

[0136] Some embodiments relate to current programming
of LED pixel drivers. According to some embodiments,
programming LED pixels using current programming pro-
vides an advantage over voltage programming of pixels. For
example, advantages can include compensation for current
non-uniformities in active matrix flat panel display arrays
such as, for example, AMLEDs (Active Matrix LEDs).
However, for micro LED arrays, a small pixel current of 1
to 100 nA will result in a rather large pixel charging time in
a current programming pixel. In order to reduce the pixel
charging time, according to some embodiments, a large data
current exceeding the desired LED current (for example, the
desired micro LED current) is provided. In some embodi-
ments, a current mirror is used to transfer the desired low
current to the micro LED load. For example, in some
embodiments as illustrated in FIG. 1, FIG. 2 and/or FIG. 3,
some transistors can work together to operate as a current
mirror.

[0137] According to some embodiments, current through
LEDs (for example, current I, ) can be controlled using a
small W/L ratio for one or more of the transistors of the
circuit, which results in a small area used for the circuit due
to a small size of the transistors. According to some embodi-
ments, current through LEDs (for example, current I, ) can
be controlled using a large bias current (for example a large
bias current and/or input current I,), resulting in a shorter
settling time. For example, in some embodiments (for
example, current driving circuits for driving one or more
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micro LEDs), a bias current and/or input current (for
example, current I,) in a range of approximately 10 to 20 A
(micro amps) can be used.

[0138] FIG. 5 is a block diagram of an example of a
computing device 500 that can drive pixels in a display. In
some embodiments, any portion of the circuits and/or sys-
tems illustrated in any one or more of FIGS. 1-4, and any of
the embodiments described herein can be included in and/or
be implemented by computing device 500. The computing
device 500 may be, for example, a mobile phone, mobile
device, handset, laptop computer, desktop computer, or
tablet computer, among others. The computing device 500
may include a processor 502 that is adapted to execute stored
instructions, as well as a memory device 504 (and/or storage
device 504 ) that stores instructions that are executable by
the processor 502. The processor 502 can be a single core
processor, a multi-core processor, a computing cluster, or
any number of other configurations. For example, processor
502 can be an Intel® processor such as an Intel® Celeron,
Pentium, Core, Core i3, Core 15, or Core 17 processor. In
some embodiments, processor 502 can be an Intel® x86
based processor. In some embodiments, processor 502 can
be an ARM based processor. The memory device 504 can be
a memory device and/or a storage device, and can include
volatile storage, non-volatile storage, random access
memory, read only memory, flash memory, or any other
suitable memory or storage systems. The instructions that
are executed by the processor 502 may also be used to
implement display driver control as described in this speci-
fication.

[0139] The processor 502 may also be linked through the
system interconnect 506 (e.g., PCI®, PCI-Express®,
NuBus, etc.) to a display interface 508 adapted to connect
the computing device 500 to a display device 510. The
display device 510 may include a display screen that is a
built-in component of the computing device 500. The dis-
play device 510 may also include a computer monitor,
television, or projector, among others, that is externally
connected to the computing device 500. The display device
510 can include light emitting diodes (LEDs), organic light
emitting diodes (OLEDs), and/or micro-LEDs, among oth-
ers.

[0140] In some embodiments, the display interface 508
can include any suitable graphics processing unit, transmit-
ter, port, physical interconnect, and the like. In some
examples, the display interface 508 can implement any
suitable protocol for transmitting data to the display device
510. For example, the display interface 508 can transmit
data using a high-definition multimedia interface (HDMI)
protocol, a DisplayPort protocol, or some other protocol or
communication link, and the like

[0141] Insome embodiments, display device 510 includes
a display controller 530. In some embodiments, the display
controller 530 can provide control signals within and/or to
the display device 510. In some embodiments, display
controller 530 can be included in the display interface 508
(and/or instead of the display interface 508). In some
embodiments, display controller 530 can be coupled
between the display interface 508 and the display device
510. In some embodiments, the display controller 530 can be
coupled between the display interface 508 and the intercon-
nect 506. In some embodiments, the display controller 530
can be included in the processor 502. In some embodiments,
display controller 530 can implement driving of display
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pixels as described herein (for example, as illustrated in and
described in reference to any of the circuits and/or systems
of FIGS. 1-4). In some embodiments, display controller 530
and/or display device 510 can include a display driver pixel
system such as system 400 of FIG. 4. In some embodiments,
a driver circuit (for example, such as driver circuit 100 of
FIG. 1, driver circuit 200 of F1G. 2, and/or driver circuit 300
of FIG. 3) is provided for one or more pixel (or each pixel)
in a display, and is included in display device 510 and/or
display controller 530.

[0142] In addition, a network interface controller (also
referred to herein as a NIC) 512 may be adapted to connect
the computing device 500 through the system interconnect
506 to a network (not depicted). The network (not depicted)
may be a cellular network, a radio network, a wide area
network (WAN), a local area network (LAN), or the Internet,
among others.

[0143] The processor 502 may be connected through sys-
tem interconnect 506 to an input/output (/O) device inter-
face 514 adapted to connect the computing host device 500
to one or more I/O devices 516. The I/O devices 516 may
include, for example, a keyboard and/or a pointing device,
where the pointing device may include a touchpad or a
touchscreen, among others. The I/O devices 516 may be
built-in components of the computing device 500, or may be
devices that are externally connected to the computing
device 500.

[0144] In some embodiments, the processor 502 may also
be linked through the system interconnect 506 to a storage
device 518 that can include a hard drive, a solid state drive
(SSD), a magnetic drive, an optical drive, a USB flash drive,
an array of drives, or any other type of storage, including
combinations thereof. In some embodiments, the storage
device 518 can include any suitable applications. In some
embodiments, the storage device 518 can include a basic
input/output system (BIOS) 520.

[0145] It is to be understood that the block diagram of
FIG. 5 is not intended to indicate that the computing device
500 is to include all of the components shown in FIG. 5.
Rather, the computing device 500 can include fewer or
additional components not illustrated in FIG. 5 (e.g., addi-
tional memory components, embedded controllers, addi-
tional modules, additional network interfaces, etc.). Further-
more, any of the functionalities of the BIOS 520 may be
partially, or entirely, implemented in hardware and/or in the
processor 502. For example, the functionality may be imple-
mented with an application specific integrated circuit, logic
implemented in an embedded controller, or in logic imple-
mented in the processor 502, among others. In some
embodiments, the functionalities of the BIOS 520 can be
implemented with logic, wherein the logic, as referred to
herein, can include any suitable hardware (e.g., a processor,
among others), software (e.g., an application, among others),
firmware, or any suitable combination of hardware, soft-
ware, and firmware.

[0146] Reference in the specification to “one embodi-
ment” or “an embodiment” or “some embodiments” of the
disclosed subject matter means that a particular feature,
structure, or characteristic described in connection with the
embodiment is included in at least one embodiment of the
disclosed subject matter. Thus, the phrase “in one embodi-
ment” or “in some embodiments” may appear in various
places throughout the specification, but the phrase may not
necessarily refer to the same embodiment or embodiments.

Jun. 28,2018

EXAMPLE 1

[0147] In some examples, a light-emitting diode display
driver system includes a digital pixel driver circuit. The
digital pixel driver circuit is to receive an input current, to
produce a current that is linearly dependent on the input
current, and to provide the produced current to one or more
light-emitting diodes.

EXAMPLE 2

[0148] In some examples, the system of EXAMPLE 1,
where the one or more light-emitting diodes include a
plurality of redundant light-emitting diodes. If any one or
more of the redundant light-emitting diodes is not func-
tional, the produced current is to be provided to one or more
of the redundant light-emitting diodes that are functional. In
some examples, the produced current is not to be provided
to one or more of the redundant light-emitting diodes that are
not functional.

EXAMPLE 3

[0149] In some examples, the system of EXAMPLE 1,
where each or some of the one or more light-emitting diodes
is a micro light-emitting diode, and/or where each or some
of the one or more light-emitting diodes is an organic
light-emitting diode.

EXAMPLE 4

[0150] In some examples, the system of EXAMPLE 1,
where the digital pixel driver circuit includes a plurality of
transistors.

EXAMPLE 5

[0151] In some examples, the system of EXAMPLE 4,
where the digital pixel driver circuit is to convert the input
current into the produced current using a multiplication
factor that is dependent on one or more sizes of one or more
of the transistors.

EXAMPLE 6

[0152] In some examples, the system of EXAMPLE 4,
where the current to be provided is dependent on a size of
one or more of the transistors.

EXAMPLE 7

[0153] In some examples, the system of EXAMPLE 4,
where the current to be provided is dependent on a width to
length ratio of one or more of the transistors.

EXAMPLE 8

[0154] In some examples, the system of EXAMPLE 4,
where the transistors are nMOS transistors.

EXAMPLE 9

[0155] In some examples, the system of EXAMPLE 4,
where the transistors are low-temperature polycrystalline
silicon channel thin film transistors.
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EXAMPLE 10

[0156] In some examples, the system of EXAMPLE 4,
where the transistors are indium gallium zinc oxide channel
thin film transistors.

EXAMPLE 11

[0157] In some examples, the system of EXAMPLE 4,
where the transistors are to be operated in a strong inversion
operating region.

EXAMPLE 12

[0158] In some examples, the system of EXAMPLE 1,
where the input current is much larger than the current to be
provided to the light-emitting diodes.

EXAMPLE 13

[0159] In some examples, the system of EXAMPLE 12,
wherein the input current is in a micro ampere range, and the
current to be provided to the light-emitting diodes is in a
nano ampere range.

EXAMPLE 14

[0160] In some examples, the system of EXAMPLE 1,
where the digital pixel driver circuit is to self-compensate
for threshold voltage variation.

EXAMPLE 15

[0161] In some examples, the system of EXAMPLE 1,
where the input current is large enough to maintain settling
time.

EXAMPLE 16

[0162] In some examples, a light-emitting diode display
driver system includes a plurality of digital pixel driver
circuits. Each of the digital pixel driver circuits is to drive
current for a respective pixel in the display driver system. At
least one of the plurality of digital pixel driver circuits is to
receive an input current, to produce a current that is depen-
dent on the input current, and to provide the produced
current to one or more light-emitting diodes corresponding
to the respective pixel.

EXAMPLE 17

[0163] In some examples, the system of EXAMPLE 16,
where two or more of the plurality of digital pixel driver
circuits is to receive an input current, to produce a current
that is linearly dependent on the input current, and to provide
the produced current to one or more light-emitting diodes.

EXAMPLE 18

[0164] In some examples, the system of EXAMPLE 17,
where a first of the two or more digital pixel driver circuits
is to provide a first produced current to a first set of one or
more light-emitting diodes. A second of the two or more
digital pixel driver circuits is to provide a second produced
current to a second set of one or more light-emitting diodes.
The first produced current is different than the second
produced current.
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EXAMPLE 19

[0165] In some examples, the system of EXAMPLE 18,
where the first set of one or more light-emitting diodes
include light-emitting diodes of a first color and the second
set of one or more light-emitting diodes include light-
emitting diodes of a second color.

EXAMPLE 20

[0166] In some examples, the system of EXAMPLE 18,
where the first of the two or more digital pixel driver circuits
includes a first plurality of transistors and the second of the
two or more digital pixel driver circuits includes a second
plurality of transistors. The first produced current is depen-
dent on a first width to length ratio of one or more of the first
plurality of transistors. The second produced current is
dependent on a second width to length ratio of one or more
of the second plurality of transistors. The second width to
length ratio is different than the first width to length ratio.

EXAMPLE 21

[0167] In some examples, the system of EXAMPLE 16,
where the plurality of digital pixel driver circuits includes a
plurality of red pixel driver circuits, a plurality of green pixel
driver circuits, and a plurality of blue pixel driver circuits.

EXAMPLE 22

[0168] In some examples, the system of EXAMPLE 16,
where each of the light-emitting diodes is a micro light-
emitting diode, or each of the light-emitting diodes is an
organic light-emitting diode, and/or each of the light-emit-
ting diodes is either a micro light-emitting diode or an
organic light-emitting diode.

EXAMPLE 23

[0169] In some examples, the system of EXAMPLE 16,
where the at least one of the plurality of digital pixel driver
circuits includes a plurality of transistors. The current to be
provided is dependent on a width to length ratio of one or
more of the plurality of transistors.

EXAMPLE 24

[0170] In some examples, the system of EXAMPLE 16,
where the at least one of the plurality of digital pixel driver
circuits includes one or more low-temperature polycrystal-
line silicon channel thin film transistors and/or includes one
or more indium gallium zinc oxide channel thin film tran-
sistors.

EXAMPLE 25

[0171] In some examples, the system of EXAMPLE 16,
where the input current is in a micro ampere range, and the
current to be provided is in a nano ampere range.

EXAMPLE 26

[0172] In some examples, the system of EXAMPLE 16,
where the at least one of the plurality of digital pixel driver
circuits includes transistors to be operated in a strong
inversion operating region.
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EXAMPLE 27

[0173] In some examples, the system of EXAMPLE 16,
where the at least one of the plurality of digital pixel driver
circuits is to self-compensate for threshold voltage variation.

EXAMPLE 28

[0174] In some examples, the system of EXAMPLE 16,
where the input current is large enough to maintain settling
time.

EXAMPLE 29

[0175] In some examples, a light-emitting diode display
driver system includes a digital pixel driver circuit. The
digital pixel driver circuit is to receive an input current, to
produce a current that is linearly dependent on the input
current, and to provide the produced current to one or more
light-emitting diodes.

EXAMPLE 30

[0176] In some examples, the system of EXAMPLE 29,
where the one or more light-emitting diodes include a
plurality of redundant light-emitting diodes. If any one or
more of the redundant light-emitting diodes is not func-
tional, the produced current is to be provided to one or more
of the redundant light-emitting diodes that are functional.

EXAMPLE 31

[0177] In some examples, the system of EXAMPLE 29,
where each of the one or more light-emitting diodes is either
a micro light-emitting diode or an organic light-emitting
diode.

EXAMPLE 32

[0178] In some examples, the system of EXAMPLE 29,
where the input current is much larger than the current to be
provided

EXAMPLE 33

[0179] In some examples, the system of EXAMPLE 32,
where the input current is in a micro ampere range, and the
current to be provided is in a nano ampere range.

EXAMPLE 34

[0180] In some examples, the system of EXAMPLE 29,
where the digital pixel driver circuit is to self-compensate
for threshold voltage variation.

EXAMPLE 35

[0181] In some examples, the system of EXAMPLE 29,
where the input current is large enough to maintain settling
time

EXAMPLE 36

[0182] In some examples, the system of any of
EXAMPLES 29-35, where the digital pixel driver circuit
includes a plurality of transistors.

EXAMPLE 37

[0183] In some examples, the system of EXAMPLE 36,
where the digital pixel driver circuit is to convert the input
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current into the produced current using a multiplication
factor that is dependent on one or more sizes of one or more
of the transistors.

EXAMPLE 38

[0184] In some examples, the system of EXAMPLE 36,
where the current to be provided is dependent on a size of
one or more of the transistors.

EXAMPLE 39

[0185] In some examples, the system of EXAMPLE 36,
where the current to be provided is dependent on a width to
length ratio of one or more of the transistors.

EXAMPLE 40

[0186] In some examples, the system of EXAMPLE 36,
where the transistors are nMOS transistors, the transistors
are low-temperature polycrystalline silicon channel thin film
transistors, and/or the transistors are indium gallium zinc
oxide channel thin film transistors.

EXAMPLE 41

[0187] In some examples, the system of EXAMPLE 36,
where the transistors are to be operated in a strong inversion
operating region.

EXAMPLE 42

[0188] In some examples, a light-emitting diode display
driver system includes a plurality of digital pixel driver
circuits. Each of the digital pixel driver circuits is to drive
current for a respective pixel in the display driver system. At
least one of the plurality of digital pixel driver circuits is to
receive an input current, to produce a current that is depen-
dent on the input current, and to provide the produced
current to one or more light-emitting diodes corresponding
to the respective pixel.

EXAMPLE 43

[0189] In some examples, the system of EXAMPLE 42,
where two or more of the plurality of digital pixel driver
circuits is to receive an input current, to produce a current
that is linearly dependent on the input current, and to provide
the produced current to one or more light-emitting diodes.

EXAMPLE 44

[0190] In some examples, the system of EXAMPLE 43,
where a first of the two or more digital pixel driver circuits
is to provide a first produced current to a first set of one or
more light-emitting diodes. A second of the two or more
digital pixel driver circuits is to provide a second produced
current to a second set of one or more light-emitting diodes.
The first produced current is different than the second
produced current.

EXAMPLE 45

[0191] In some examples, the system of EXAMPLE 44,
where the first set of one or more light-emitting diodes
includes light-emitting diodes of a first color and the second
set of one or more light-emitting diodes includes light-
emitting diodes of a second color.
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EXAMPLE 46

[0192] In some examples, the system of EXAMPLE 44 or
45, where the first of the two or more digital pixel driver
circuits includes a first plurality of transistors and the second
of the two or more digital pixel driver circuits includes a
second plurality of transistors. The first produced current is
dependent on a first width to length ratio of one or more of
the first plurality of transistors and the second produced
current is dependent on a second width to length ratio of one
or more of the second plurality of transistors. The second
width to length ratio is different than the first width to length
ratio.

EXAMPLE 47

[0193] In some examples, the system of any of
EXAMPLES 42-45, where the plurality of digital pixel
driver circuits includes a plurality of red pixel driver circuits,
a plurality of green pixel driver circuits, and a plurality of
blue pixel driver circuits.

EXAMPLE 48

[0194] In some examples, a light-emitting diode display
driver system includes digital pixel driver means for receiv-
ing an input current and producing a current that is linearly
dependent on the input current. The light-emitting diode
display driver system also includes means for providing the
produced current to one or more light-emitting diodes.

EXAMPLE 49

[0195] In some examples, the system of EXAMPLE 48,
including means for converting the input current to the
produced current in response to a multiplication factor that
is dependent upon a size of transistors included in the digital
pixel driver means.

EXAMPLE 50

[0196] In some examples, a display driver method
includes receiving an input current, digitally producing a
current that is linearly dependent on the input current, and
providing the produced current to one or more light-emitting
diodes.

EXAMPLE 51

[0197] In some examples, the method of EXAMPLE 50,
including, if any one or more of the light-emitting diodes is
not functional, providing the produced current to one or
more of the light-emitting diodes that are functional.

EXAMPLE 52

[0198] In some examples, the method of EXAMPLE 50,
where the input current is large enough to maintain settling
time, and is much larger than the produced current.

EXAMPLE 53

[0199] In some examples, the method of any of
EXAMPLES 50-52, including self-compensating for thresh-
old voltage variation.
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EXAMPLE 54

[0200] Insome examples, a display driver method includ-
ing receiving an input current, digitally producing a current
that is linearly dependent on the input current, and providing
the produced current to one or more light-emitting diodes.

EXAMPLE 55

[0201] In some examples, the method of EXAMPLE 54,
including, if any one or more of the light-emitting diodes is
not functional, providing the produced current to one or
more of the light-emitting diodes that are functional.

EXAMPLE 56

[0202] Insome examples, the method of EXAMPLE 54 or
55, where the one or more light-emitting diodes include one
or more micro light-emitting diode and/or one or more
organic light-emitting diode.

EXAMPLE 57

[0203] In some examples, the method of any of
EXAMPLES 54-56, where the digitally producing is imple-
mented using a plurality of transistors.

EXAMPLE 58

[0204] In some examples, the method of EXAMPLE 57,
including digitally converting the input current into the
produced current using a multiplication factor that is depen-
dent on one or more sizes of one or more of the transistors.

EXAMPLE 59

[0205] Insome examples, the method of EXAMPLE 57 or
58, where the current is to be provided is dependent on a size
of one or more of the transistors, and/or where the current is
to be provided is dependent on a width to length ratio of one
or more of the transistors, and/or where the transistors are
nMOS transistors, and/or where the transistors are low-
temperature polycrystalline silicon channel thin film tran-
sistors, and/or where the transistors are indium gallium zinc
oxide channel thin film transistors, and/or where the tran-
sistors are to be operated in a strong inversion operating
region.

EXAMPLE 60

[0206] In some examples, the method of any of
EXAMPLES 54-59, where the input current is large enough
to maintain settling time, and/or where the input current is
much larger than the current to be provided, and/or where
the input current is in a micro ampere range and the current
to be provided is in a nano ampere range.

EXAMPLE 61

[0207] In some examples, the method of any of
EXAMPLES 54-60, including compensating for threshold
voltage variation.

EXAMPLE 62

[0208] In some examples, the method of any of
EXAMPLES 54-61, including for a plurality of pixels in the
display receiving an input current that is the same or
different than the input current received for other pixels,
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digitally producing a current for that pixel that is linearly
dependent on the same or different input current, and pro-
viding the produced current for that pixel to a set of one or
more light-emitting diodes corresponding to that pixel.

EXAMPLE 63

[0209] In some examples, the method of EXAMPLE 62,
where the produced current for a first of the pixels is
different than the produced current for a second of the pixels.

EXAMPLE 64

[0210] In some examples, the method of EXAMPLE 63,
where the set of light-emitting diodes for the first of the
pixels include light-emitting diodes of a first color and the
set of light-emitting diodes for the second of the pixels
include light-emitting diodes of a second color.

EXAMPLE 65

[0211] In some examples, the method of EXAMPLE 63 or
64, where the digitally producing for the first of the pixels
includes a first plurality of transistors and the digitally
producing for the second of the pixels includes a second
plurality of transistors. The digitally produced current for the
first pixel is dependent on a first width to length ratio of one
or more of the first plurality of transistors. The digitally
produced current for the second pixel is dependent on a
second width to length ratio of one or more of the second
plurality of transistors. The second width to length ratio is
different than the first width to length ratio.

EXAMPLE 66

[0212] In some examples, the method of any of
EXAMPLES 62-65, where the plurality of pixels includes a
plurality of red pixels, a plurality of green pixels, and a
plurality of blue pixels.

EXAMPLE 67

[0213] Insome examples, an apparatus including means to
perform a method as claimed in any preceding EXAMPLE.

EXAMPLE 68

[0214] In some examples, a light-emitting diode display
system, includes one or more light-emitting diodes. A pixel
driver circuit is to receive an input current, is to produce a
current that is dependent on the input current, and is to
provide the produced current to the one or more light-
emitting diodes.

EXAMPLE 69

[0215] In some examples, the system of EXAMPLE 68,
where the pixel driver circuit is an analog pixel driver
circuit.

EXAMPLE 70

[0216] In some examples, the system of EXAMPLE 68,
where the one or more light-emitting diodes includes a
plurality of redundant light-emitting diodes. If any one or
more of the redundant light-emitting diodes is not func-
tional, the current is to be provided to one or more of the
redundant light-emitting diodes that are functional.
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EXAMPLE 71

[0217] In some examples, the system of EXAMPLE 68,
where each of the one or more light-emitting diodes is either
a micro light-emitting diode or an organic light-emitting
diode. All of the one or more light-emitting diodes may be
a micro light-emitting diode. All of the one or more light-
emitting diodes may be an organic light-emitting diode.

EXAMPLE 72

[0218] In some examples, the system of EXAMPLE 68,
where the pixel driver circuit includes a plurality of tran-
sistors.

EXAMPLE 73

[0219] In some examples, the system of EXAMPLE 72,
where the current to be provided is dependent on a size of
one or more of the transistors.

EXAMPLE 74

[0220] In some examples, the system of EXAMPLE 72,
where the current to be provided is dependent on a width to
length ratio of one or more of the transistors.

EXAMPLE 75

[0221] In some examples, the system of EXAMPLE 72,
where the transistors are pMOS transistors.

EXAMPLE 76

[0222] In some examples, the system of EXAMPLE 72,
where the transistors are low-temperature polycrystalline
silicon channel thin film transistors.

EXAMPLE 77

[0223] In some examples, the system of EXAMPLE 72,
where the transistors are indium gallium zinc oxide channel
thin film transistors.

EXAMPLE 78

[0224] In some examples, the system of EXAMPLE 72,
where the transistors are to be operated in a strong inversion
operating region.

EXAMPLE 79

[0225] In some examples, the system of EXAMPLE 68,
where the input current is in a micro ampere range, and the
current to be provided is in a nano ampere range.

EXAMPLE 80

[0226] In some examples, the system of EXAMPLE 68,
where the pixel driver circuit is to self-compensate for
threshold voltage variation.

EXAMPLE 81

[0227] In some examples, the system of EXAMPLE 68,
where the input current is large enough to maintain circuit
speed.
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EXAMPLE 82

[0228] In some examples, the system of EXAMPLE 68,
where the one or more light-emitting diodes each have a
terminal that is coupled to a ground voltage.

EXAMPLE &3

[0229] In some examples, the system of EXAMPLE 68,
where the pixel driver circuit includes a plurality of tran-
sistors and at least one capacitor. The pixel driver circuit is
to use the at least one capacitor and one or more of the
transistors to mirror current to the one or more light-emitting
diodes in an analog fashion.

EXAMPLE 84

[0230] In some examples, a light-emitting diode display
driver system, includes a plurality of pixel driver circuits to
each drive current for a respective pixel in the display driver
system. At least one of the plurality of pixel driver circuits
is to receive an input current, and is to produce a current to
be provided to one or more light-emitting diodes of the
respective pixel that is dependent on the input current.

EXAMPLE 85

[0231] In some examples, the system of EXAMPLE 84,
where the at least one pixel driver circuit is an analog pixel
driver circuit.

EXAMPLE 86

[0232] In some examples, the system of EXAMPLE 84,
where each of the plurality of pixel driver circuits is to
receive an input current, and to produce a current to be
provided to one or more light-emitting diodes. The produced
current is dependent on the input current.

EXAMPLE 87

[0233] In some examples, the system of EXAMPLE 84,
where the plurality of pixel driver circuits includes a plu-
rality of red pixel driver circuits, a plurality of green pixel
driver circuits, and a plurality of blue pixel driver circuits.

EXAMPLE 88

[0234] In some examples, the system of EXAMPLE 84,
where each of the light-emitting diodes is one of a micro
light-emitting diode or an organic light-emitting diode.

EXAMPLE 89

[0235] In some examples, the system of EXAMPLE 84,
where the at least one of the plurality of pixel driver circuits
includes a plurality of transistors. The current to be provided
is dependent on a width to length ratio of one or more of the
plurality of transistors.

EXAMPLE 90

[0236] In some examples, the system of EXAMPLE 84,
where the at least one of the plurality of pixel driver circuits
includes one or more pMOS transistors, one or more low-
temperature polycrystalline silicon channel thin film tran-
sistors, and/or one or more indium gallium zinc oxide
channel thin film transistors.
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EXAMPLE 91

[0237] In some examples, the system of EXAMPLE 84,
where the input current is in a micro ampere range, and the
current to be provided is in a nano ampere range.

EXAMPLE 92

[0238] In some examples, the system of EXAMPLE 84,
where the at least one of the plurality of pixel driver circuits
includes transistors to be operated in a strong inversion
operating region.

EXAMPLE 93

[0239] In some examples, the system of EXAMPLE 84,
where the at least one of the plurality of pixel driver circuits
is to self-compensate for threshold voltage variation.

EXAMPLE 94

[0240] In some examples, the system of EXAMPLE 84,
where the input current is large enough to maintain circuit
speed.

EXAMPLE 95

[0241] In some examples, the system of EXAMPLE 84,
where the one or more light-emitting diodes each have a
terminal that is coupled to a ground voltage.

EXAMPLE 96

[0242] In some examples, the system of EXAMPLE 84,
where the at least one of the plurality of pixel driver circuits
includes a plurality of transistors and at least one capacitor.
The at least one pixel driver circuit is to use the at least one
capacitor and one or more of the transistors to mirror current

to the one or more light-emitting diodes in an analog
fashion.

EXAMPLE 97

[0243] In some examples, a light-emitting diode display
system includes one or more light-emitting diodes. The
light-emitting diode display system also includes a pixel
driver circuit to receive an input current, to produce a current
that is dependent on the input current, and to provide the
produced current to the one or more light-emitting diodes.

EXAMPLE 98

[0244] In some examples, the system of EXAMPLE 97,
where the pixel driver circuit is an analog pixel driver
circuit.

EXAMPLE 99

[0245] In some examples, the system of EXAMPLE 97,
where the one or more light-emitting diodes include a
plurality of redundant light-emitting diodes. If any one or
more of the redundant light-emitting diodes is not func-
tional, the current is to be provided to one or more of the
redundant light-emitting diodes that are functional.
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EXAMPLE 100

[0246] In some examples, the system of EXAMPLE 97,
where each of the one or more light-emitting diodes is one
of a micro light-emitting diode or an organic light-emitting
diode.

EXAMPLE 101

[0247] In some examples, the system of EXAMPLE 97,
where the input current is in a micro ampere range, and the
current to be provided is in a nano ampere range.

EXAMPLE 102

[0248] In some examples, the system of EXAMPLE 97,
where the pixel driver circuit is to self-compensate for
threshold voltage variation.

EXAMPLE 103

[0249] In some examples, the system of EXAMPLE 97,
where the input current is large enough to maintain circuit
speed.

EXAMPLE 104

[0250] In some examples, the system of EXAMPLE 97,
where the one or more light-emitting diodes each have a
terminal that is coupled to a ground voltage.

EXAMPLE 105

[0251] In some examples, the system of EXAMPLE 97,
where the pixel driver circuit includes a plurality of tran-
sistors and at least one capacitor. The pixel driver circuit is
to use the at least one capacitor and one or more of the
transistors to mirror current to the one or more light-emitting
diodes in an analog fashion.

EXAMPLE 106

[0252] In some examples, the system of any of
EXAMPLES 97-105, where the pixel driver circuit includes
a plurality of transistors.

EXAMPLE 107

[0253] In some examples, the system of EXAMPLE 106,
where the current to be provided is dependent on a size of
one or more of the transistors.

EXAMPLE 108

[0254] In some examples, the system of EXAMPLE 106,
where the current to be provided is dependent on a width to
length ratio of one or more of the transistors.

EXAMPLE 109

[0255] In some examples, the system of EXAMPLE 106,
where the transistors are pMOS transistors, and/or where the
transistors are low-temperature polycrystalline silicon chan-
nel thin film transistors, and/or where the transistors are
indium gallium zinc oxide channel thin film transistors.

EXAMPLE 110

[0256] In some examples, the system of EXAMPLE 106,
where the transistors are to be operated in a strong inversion
operating region.
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EXAMPLE 111

[0257] In some examples, a light-emitting diode display
driver system, including a plurality of pixel driver circuits to
each drive current for a respective pixel in the display driver
system. At least one of the plurality of pixel driver circuits
is to receive an input current, and is to produce a current to
be provided to one or more light-emitting diodes of the
respective pixel that is dependent on the input current.

EXAMPLE 112

[0258] In some examples, the system of EXAMPLE 111,
where each of the plurality of pixel driver circuits is to
receive an input current, and is to produce a current to be
provided to one or more light-emitting diodes that is depen-
dent on the input current.

EXAMPLE 113

[0259] In some examples, the system of EXAMPLE 111,
where the plurality of pixel driver circuits includes a plu-
rality of red pixel driver circuits, a plurality of green pixel
driver circuits, and a plurality of blue pixel driver circuits.

EXAMPLE 114

[0260] In some examples, the system of EXAMPLE 97,
where the one or more light-emitting diodes each have a
terminal that is coupled to a ground voltage.

EXAMPLE 115

[0261] In some examples, the system of EXAMPLE 111,
where the at least one of the plurality of pixel driver circuits
includes a plurality of transistors and at least one capacitor.
The at least one pixel driver circuit is to use the at least one
capacitor and one or more of the transistors to mirror current

to the one or more light-emitting diodes in an analog
fashion.

EXAMPLE 116

[0262] In some examples, the system of any of
EXAMPLES 111-115, where the at least one of the plurality
of pixel driver circuits includes a plurality of transistors. The
current to be provided is dependent on a width to length ratio
of one or more of the plurality of transistors.

EXAMPLE 117

[0263] In some examples, a light-emitting diode display
driver system including one or more light-emitting diodes,
analog pixel driver means for receiving an input current and
producing a current that is dependent on the input current,
and means for providing the produced current to the one or
more light-emitting diodes.

EXAMPLE 118

[0264] In some examples, the system of EXAMPLE 117,
including means for converting the input current to the
produced current in response to a factor that is dependent
upon a size of transistors included in the analog pixel driver
means.
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EXAMPLE 119

[0265] In some examples, the system of any of
EXAMPLES 117-118, including means for mirroring cur-
rent to the one or more light-emitting diodes in an analog
fashion.

EXAMPLE 120

[0266] In some examples, a method for driving current to
one or more light-emitting diodes, including receiving an
input current, producing a current that is dependent on the
input current, and providing the produced current to the one
or more light-emitting diodes.

EXAMPLE 121

[0267] Insome examples, the method of EXAMPLE 120,
including mirroring current to the one or more light-emitting
diodes in an analog fashion.

EXAMPLE 122

[0268] In some examples, a method of driving current to
one or more light-emitting diodes in a display, including
receiving an input current, producing a current that is
dependent on the input current, and providing the produced
current to the one or more light-emitting diodes.

EXAMPLE 123

[0269] In some examples, the method of EXAMPLE 122,
including producing the current in an analog fashion, and/or
mirroring current in an analog fashion, and/or mirroring
current in an analog fashion using at least one capacitor and
one or more transistors.

EXAMPLE 124

[0270] In some examples, the method of any of
EXAMPLES 122-123, where the one or more light-emitting
diodes include a plurality of redundant light-emitting diodes.
If any one or more of the redundant light-emitting diodes is
not functional, the method includes providing the current to
one or more of the redundant light-emitting diodes that are
functional.

EXAMPLE 125

[0271] In some examples, the method of any of
EXAMPLES 122-124, where each of the one or more
light-emitting diodes is one of a micro light-emitting diode
or an organic light-emitting diode.

EXAMPLE 126

[0272] In some examples, the method of any of
EXAMPLES 122-125, including using a plurality of tran-
sistors to produce the current that is dependent on the input
current.

EXAMPLE 127

[0273] In some examples, the method of EXAMPLE 126,
where the produced current is dependent on a size of one or
more of the transistors.
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EXAMPLE 128

[0274] In some examples, the method of any of
EXAMPLES 126-127, where the produced current is depen-
dent on a width to length ratio of one or more of the
transistors.

EXAMPLE 129

[0275] In some examples, the method of any of
EXAMPLES 126-128, where the transistors are pMOS
transistors, and/or where the transistors are low-temperature
polycrystalline silicon channel thin film transistors, and/or
where the transistors are indium gallium zinc oxide channel
thin film transistors.

EXAMPLE 130

[0276] In some examples, the method of any of
EXAMPLES 126-129, including operating the transistors in
a strong inversion operating region.

EXAMPLE 131

[0277] In some examples, the method of any of
EXAMPLES 122-130, where the input current is in a micro
ampere range, and the current to be provided is in a nano
ampere range.

EXAMPLE 132

[0278] In some examples, the method of any of
EXAMPLES 122-131, including self-compensating for
threshold voltage variation.

EXAMPLE 133

[0279] In some examples, the method of any of
EXAMPLES 122-132, wherein the input current is large
enough to maintain circuit speed.

EXAMPLE 134

[0280] In some examples, the method of any of
EXAMPLES 122-133, where the one or more light-emitting
diodes each have a terminal that is coupled to a ground
voltage.

EXAMPLE 135

[0281] In some examples, the method of any of
EXAMPLES 122-134, including for each of a plurality of
pixels in the display, receiving an input current, producing a
current that is dependent on the input current, and providing
the produced current to a corresponding group of one or
more light-emitting diodes corresponding to that pixel.

EXAMPLE 136

[0282] In some examples, an apparatus comprising means
to perform a method as claimed in any preceding
EXAMPLE.

[0283] Although an example embodiment of the disclosed
subject matter is described with reference to circuit and
block diagrams in the drawings, persons of ordinary skill in
the art will readily appreciate that many other ways of
implementing the disclosed subject matter may alternatively
be used. For example, the order of execution of the blocks
in flow diagrams may be changed, and/or some of the blocks
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in block/flow diagrams described may be changed, elimi-
nated, or combined. Additionally, some of the circuit ele-
ments may be changed, eliminated, or combined.

[0284] In the preceding description, various aspects of the
disclosed subject matter have been described. For purposes
of explanation, specific numbers, systems and configura-
tions were set forth in order to provide a thorough under-
standing of the subject matter. However, it is apparent to one
skilled in the art having the benefit of this disclosure that the
subject matter may be practiced without the specific details.
In other instances, well-known features, components, or
modules were omitted, simplified, combined, or split in
order not to obscure the disclosed subject matter.

[0285] Various embodiments of the disclosed subject mat-
ter may be implemented in hardware, firmware, software, or
combination thereof, and may be described by reference to
or in conjunction with program code, such as instructions,
functions, procedures, data structures, logic, application
programs, design representations or formats for simulation,
emulation, and fabrication of a design, which when accessed
by a machine results in the machine performing tasks,
defining abstract data types or low-level hardware contexts,
or producing a result.

[0286] Program code may represent hardware using a
hardware description language or another functional
description language which essentially provides a model of
how designed hardware is expected to perform. Program
code may be assembly or machine language or hardware-
definition languages, or data that may be compiled and/or
interpreted. Furthermore, it is common in the art to speak of
software, in one form or another as taking an action or
causing a result. Such expressions are merely a shorthand
way of stating execution of program code by a processing
system which causes a processor to perform an action or
produce a result.

[0287] Program code may be stored in, for example, one
or more volatile and/or non-volatile memory devices, such
as storage devices and/or an associated machine readable or
machine accessible medium including solid-state memory,
hard-drives, floppy-disks, optical storage, tapes, flash
memory, memory sticks, digital video disks, digital versatile
discs (DVDs), etc., as well as more exotic mediums such as
machine-accessible biological state preserving storage. A
machine readable medium may include any tangible mecha-
nism for storing, transmitting, or receiving information in a
form readable by a machine, such as antennas, optical fibers,
communication interfaces, etc. Program code may be trans-
mitted in the form of packets, serial data, parallel data, etc.,
and may be used in a compressed or encrypted format.
[0288] Program code may be implemented in programs
executing on programmable machines such as mobile or
stationary computers, personal digital assistants, set top
boxes, cellular telephones and pagers, and other electronic
devices, each including a processor, volatile and/or non-
volatile memory readable by the processor, at least one input
device and/or one or more output devices. Program code
may be applied to the data entered using the input device to
perform the described embodiments and to generate output
information. The output information may be applied to one
or more output devices. One of ordinary skill in the art may
appreciate that embodiments of the disclosed subject matter
can be practiced with various computer system configura-
tions, including multiprocessor or multiple-core processor
systems, minicomputers, mainframe computers, as well as
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pervasive or miniature computers or processors that may be
embedded into virtually any device. Embodiments of the
disclosed subject matter can also be practiced in distributed
computing environments where tasks may be performed by
remote processing devices that are linked through a com-
munications network.

[0289] Although operations may be described as a sequen-
tial process, some of the operations may in fact be performed
in parallel, concurrently, and/or in a distributed environ-
ment, and with program code stored locally and/or remotely
for access by single or multi-processor machines. In addi-
tion, in some embodiments the order of operations may be
rearranged without departing from the spirit of the disclosed
subject matter. Program code may be used by or in conjunc-
tion with embedded controllers.

[0290] While the disclosed subject matter has been
described with reference to illustrative embodiments, this
description is not intended to be construed in a limiting
sense. Various modifications of the illustrative embodi-
ments, as well as other embodiments of the subject matter,
which are apparent to persons skilled in the art to which the
disclosed subject matter pertains are deemed to lie within the
scope of the disclosed subject matter. For example, in each
illustrated embodiment and each described embodiment, it is
to be understood that the diagrams of the figures and the
description herein is not intended to indicate that the illus-
trated or described devices include all of the components
shown in a particular figure or described in reference to a
particular figure. In addition, each element may be imple-
mented with logic, wherein the logic, as referred to herein,
can include any suitable hardware (e.g., a processor, among
others), software (e.g., an application, among others), firm-
ware, or any suitable combination of hardware, software,
and firmware, for example.

What is claimed is:

1. A light-emitting diode display driver system, compris-
ing:

a digital pixel driver circuit to receive an input current, to
produce a current that is linearly dependent on the input
current, and to provide the produced current to one or
more light-emitting diodes.

2. The system of claim 1, wherein the one or more
light-emitting diodes comprise a plurality of redundant
light-emitting diodes, wherein the produced current is not to
be provided to any one or more of the redundant light-
emitting diodes that are not functional, and wherein the
produced current is to be provided to one or more of the
redundant light-emitting diodes that are functional.

3. The system of claim 1, wherein each of the one or more
light-emitting diodes is a micro light-emitting diode or an
organic light-emitting diode.

4. The system of claim 1, wherein the digital pixel driver
circuit includes a plurality of transistors.

5. The system of claim 4, wherein the digital pixel driver
circuit is to convert the input current into the produced
current using a multiplication factor that is dependent on one
or more sizes of one or more of the transistors.

6. The system of claim 4, wherein the current to be
provided is dependent on a size of one or more of the
transistors.

7. The system of claim 4, wherein the current to be
provided is dependent on a width to length ratio of one or
more of the transistors.
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8. The system of claim 4, wherein the transistors are
nMOS transistors.

9. The system of claim 4, wherein the transistors are
low-temperature polycrystalline silicon channel thin film
transistors.

10. The system of claim 4, wherein the transistors are
indium gallium zinc oxide channel thin film transistors.

11. The system of claim 4, wherein the transistors are to
be operated in a strong inversion operating region.

12. The system of claim 1, wherein the input current is
much larger than the current to be provided.

13. The system of claim 12, wherein the input current is
in a micro ampere range, and the current to be provided is
in a nano ampere range.

14. The system of claim 1, wherein the digital pixel driver
circuit is to self-compensate for threshold voltage variation.

15. The system of claim 1, wherein the input current is
large enough to maintain settling time.

16. A light-emitting diode display driver system, com-
prising:

a plurality of digital pixel driver circuits to each drive
current for a respective pixel in the display driver
system, at least one of the plurality of digital pixel
driver circuits to receive an input current, to produce a
current that is dependent on the input current, and to
provide the produced current to one or more light-
emitting diodes corresponding to the respective pixel.

17. The system of claim 16, wherein two or more of the
plurality of digital pixel driver circuits is to receive an input
current, to produce a current that is linearly dependent on the
input current, and to provide the produced current to one or
more light-emitting diodes.

18. The system of claim 17, wherein a first of the two or
more digital pixel driver circuits is to provide a first pro-
duced current to a first set of one or more light-emitting
diodes, and a second of the two or more digital pixel driver
circuits is to provide a second produced current to a second
set of one or more light-emitting diodes, where the first
produced current is different than the second produced
current.

19. The system of claim 18, wherein the first set of one or
more light-emitting diodes comprise light-emitting diodes of
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a first color and the second set of one or more light-emitting
diodes comprise light-emitting diodes of a second color.

20. The system of claim 18, wherein the first of the two
or more digital pixel driver circuits includes a first plurality
of transistors and the second of the two or more digital pixel
driver circuits includes a second plurality of transistors,
wherein the first produced current is dependent on a first
width to length ratio of one or more of the first plurality of
transistors and the second produced current is dependent on
a second width to length ratio of one or more of the second
plurality of transistors, wherein the second width to length
ratio is different than the first width to length ratio.

21. The system of claim 16, wherein the plurality of
digital pixel driver circuits includes a plurality of red pixel
driver circuits, a plurality of green pixel driver circuits, and
a plurality of blue pixel driver circuits.

22. The system of claim 16, wherein each of the light-
emitting diodes is a micro light-emitting diode or an organic
light-emitting diode.

23. The system of claim 16, wherein the at least one of the
plurality of digital pixel driver circuits includes a plurality of
transistors, and the current to be provided is dependent on a
width to length ratio of one or more of the plurality of
transistors.

24. The system of claim 16, wherein the at least one of the
plurality of digital pixel driver circuits includes one or more
low-temperature polycrystalline silicon channel thin film
transistors or one or more indium gallium zinc oxide channel
thin film transistors.

25. The system of claim 16, wherein the input current is
in a micro ampere range, and the current to be provided is
in a nano ampere range.

26. The system of claim 16, wherein the at least one of the
plurality of digital pixel driver circuits includes transistors to
be operated in a strong inversion operating region.

27. The system of claim 16, wherein the at least one of the
plurality of digital pixel driver circuits is to self-compensate
for threshold voltage variation.

28. The system of claim 16, wherein the input current is
large enough to maintain settling time.
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