US 20110181632A1

12) Patent Application Publication (o) Pub. No.: US 2011/0181632 Al

a9y United States

Xu et al,

(43) Pub. Date: Jul. 28, 2011

(54) METHOD AND DRIVER FOR ACTUATING A
PASSIVE-MATRIX OLED DISPLAY

(75) Inventors: Chihao Xu, Saarbruecken (DE);

Andreas Karrenbauer, Konstanz

(DE); Cosmin Codrea, Sterrebeek

(BE)
(73) Assignee: X-Motive GmbH, Saarbruecken
(DE)
(21) Appl. No.: 12/993,081
(22) PCT Filed: May 13, 2009
(86) PCT No.: PCT/EP2009/003397
§ 371 (e)(1),
(2), (4) Date: Mar. 11, 2011
(30) Foreign Application Priority Data
May 19,2008 (DE) .occoreveervcnnnnn. 102008 024 126.1

G1

Publication Classification
(51) Imt.Cl

G09G 3/32 (2006.01)

G09G 5/10 (2006.01)
(52) US.CL cooooeoeoeeeeeeeeeeses e 345/691; 345/77
(57) ABSTRACT

A method and unit for controlling a passive matrix-OLED-
display with OLEDs assembled in matrix form, wherein col-
umns for controlling an OLED are connected with a current
source, and rows are connected consecutively during row
addressing time. The lightness of a pixel located on the inter-
section point of'a column with an addressed row is influenced
by the turn-on time being within the row addressing time and
by the amplitude of the column current. To reach an energy-
efficient control it is proposed to control the lightness of the
pixel subject to the charge quantity converted into light and
subject to a charge quantity during a post luminescence time
and converted into light by switching the column potential-
free during post luminescence time and considering the
charge quantity stored in the capacity of OLEDs before the
addressing at determination of the charge quantity converted
at the OLED.
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METHOD AND DRIVER FOR ACTUATING A
PASSIVE-MATRIX OLED DISPLAY

[0001] The invention concerns a method and a unit to con-
trol a passive matrix-OLED-display with OLEDs assembled
in matrix form according to the topic of claim 1, whereby the
columns are connected individually, or may be several col-
umns or all columns simultaneously are connected with a
current source for driving an OLED or are supplied a voltage,
and the rows are connected resp. addressed continuously one
after another for the duration of the row addressing time, so
that the OLEDs are supplied with current at the intersection
points of the columns with the activated rows and glow. By
addressing the rows, they are scanned one by one at a voltage,
which was applied for current feeding the OLED assembled
on this column. The charge converted at an OLED leads to the
lightness of a pixel, located on the intersection point of a
column with an addressed row, and this lightness is influ-
enced by the turn-on time being within the row-addressing-
time, and by the amplitude of the column current. In particu-
lar, also the capacities of all OLEDs ofthe column are charged
by the column current, independent if the OLEDs at that time
are being activated or not.

[0002] The whole display can also be assembled by one or
several displays operated in parallel, spatially complement-
ing one another. In the notation of the application, the serials
driven with current are considered as columns, and the con-
secutively activated resp. addressed serials are considered as
rows, regardless of a possibly horizontal and vertical arrange-
ment of columns and/or rows. The terms columns and rows
are defined by the function mentioned above. In a typical
application the columns form the anodes and the rows form
the cathodes of the passive matrix-OED-display.

[0003] The intrinsic capacities of an OLED are coupled
with each other in a passive matrix-display. By switching-on
and switching-off the OLED (organic light emitting diode)
the capacity is in each case charged resp. discharged. There-
fore these capacities generate for their control a relatively
high power loss in a passive matrix-display corresponding to
the used driving schemes. The power loss increases quadrati-
cally with the number of the rows. This problem leads to a
hesitant usage of the passive matrix-OLED-displays in high-
quality applications, because these applications do not toler-
ate the relatively high power loss.

[0004] As the capacities of the OLED are coupled with
each other, an unwanted flashing of passive i.e. not controlled
pixels, caused by the capacitive coupling, can appear, unless
this can be avoided by an appropriate driving scheme. This
case of the unwanted activation is also designated as
“crosstalk”.

[0005] To avoid this not tolerated crosstalk, all row connec-
tions are connected in a conventional driving scheme—as
known for example from US 2004/0233148 A1 or US 2002/
0169675 Al—with a fixed potential, in an active resp.
addressed case of a pixel with the ground, in a passive resp.
non-addressed case with a higher voltage. At each activation,
at first the columns are mostly pre-charged with a positive
voltage (pre-charge). Then current is supplied at the column
connections to the addressed row, according to the lightness
of the pixels. When the intended lightness is reached, the
column connections are applied by a low voltage (for the most
part connected with the ground), so that the capacities are
discharged, and the OLEDs of the respective pixels do not
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contribute to a crosstalk. Such a passive matrix-OLED-dis-
play is also described in the U.S. Pat. No. 6,351,255 BI1.
[0006] As at each addressing the capacities of all OLEDs
are charged, and are discharged again after the activation of
the row, a bigger part of the power, required for controlling, is
wasted, and the efficiency of the display decreases. Further-
more the driver chip and the display are heated by this power
loss, whereby the total power loss will get possibly so high,
that it can no more dissipated, and the display will heat itself.
By this fact, also the display lifetime, keenly decreasing with
rising temperature, will decrease. This problem escalates
with the number of the addressed rows in the display, as the
number of the addressing in a frame-period, in which all
pixels of the display are activated once, is proportional to the
row number.

[0007] Inthis contextitis known from DE 102005039 538
A1, where the post luminescence of the OLED after operning
the row switch or the column switch is described, that this
charge stored in the capacities of the OLED:s is to redistribute
serially by circuiting with an inductance.

[0008] Itisachallenge of the present invention to create an
energy-efficient possibility for controlling a passive matrix
OLED-display such as for a corresponding display itself.
[0009] According to the invention, this challenge is solved
by the properties of claim 1 by controlling the lightness of the
pixel subject to a charge quantity generated during the turn-on
time of the column current, and to a charge quantity supplied
from the capacity of the OLED during the post luminescence
time. The benefit of this method is that the charged capacities
of the OLEDs of a column release their power by emitting
light via the OLED and convert this energy into useful energy.
During the post luminescence time, no current injection into
the column is intended. The energy required for charging the
capacities is now regained, as the discharging of the capaci-
ties of the OLED is converted into light for the most part.
According to the invention, the charge quantity stored in the
capacity of the OLEDs before the addressing will be consid-
ered at the determination of the charge quantity converted at
the OLED.

[0010] This is reached by potential-free switching the col-
umn during the post luminescence time, this means, that for
example a column switch remains in an open state. In this
state, the charge stored in the capacities cannot be dissipated
as power loss by a current flow in the driver ship.

[0011] According to the invention, it is to the best advan-
tage, if the lightness of a pixel occurs by adjusting the charge
quantity, converted at the OLED into photon charge. This can
particularly happen by regulating the duration of the turn
on-time and the post luminescence time. On principle, a cal-
culation of the turn on-time and the post luminescence time
could be effected in a driver, in which the process for control-
ling the passive matrix-OLED-display is implemented. Due
to the complexity and non-linearity of the reached lightness,
in dependence on the charge quantity and the high control
speed at the playing out of moving images, the duration of the
turn on-times, subject to the desired lightness, can be simply
stored in Look up-tables and determined by an appropriate
interpolation. It is especially utile to provide for tolerances,
caused by production, parameters for the dates stored in the
Look-up tables.

[0012] Values can be concretely stored in the Look up-table
for the charge quantity generated during the turn on-time of
the column current and converted into photon charge, and for
the charge quantity converted into photon charge during the
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post luminescence time and also for their sum for different
turn on-times and post luminescence times. Then by using
these values, the turn on-time and the post luminescence time
can be obtained.

[0013] Itisalso possible to vary, according to the invention,
the row addressing time subject to the lightness of subse-
quently controlled rows. To this, an extension of the address-
ing time can preferably be intended, if a controlled pixel,
which follows a very light controlled pixel, shows only a low
brightness. In this case, the extended row addressing time can
be used to discharge the bright pixel. But the addressing time
extension within the scope of the frame-time, in which each
pixel of the display is once controlled, must be saved, as the
total control time for the display is usually not to extend.
[0014] Furthermore it can be intended according to the
invention, to vary the sequence of the addressed rows. This
can be used for example, to minimize the differences in the
lightness of the pixels of the subsequently controlled rows in
order to avoid a variation of the row addressing times or a
discharging by force, which will be explained in the follow-
ing.

[0015] An external discharging of the capacities can be
necessary, if the power stored in the capacities of the several
OLED:s is higher than that energy required during the next
row addressing. Inthis case it can be intended according to the
invention, that a charge quantity, surplus during the address-
ing time, is discharged preferably on a threshold voltage,
whichis corresponding to a voltage on the OLED, at which no
light is emitted through this OLED. This threshold voltage
can be selected display-specifically and operation-specifi-
cally, whereby also the sequence of the addressed rows can be
varied to avoid the forced discharging, as described above.
The discharging of the surplus charge on the level of the
threshold voltage leads at methods and displays resp. at driv-
ers, implemented to control the displays, to a lower power loss
and thus to the benefits, described above, even if this post
luminescence time would not exist. Furthermore, a shorter
charge time of the capacities immediately after the addressing
1s reached, so that more time will remain for the glow of the
individual OLED during the control time.

[0016] According to the invention, the threshold voltage,
corresponding to that voltage, with which a capacity of
OLED is pre-charged without light emission of this OLED,
can be determined while the passive matrix-OLED-display is
under operation, for example by applying a defined current
pulse and a long waiting time, until the voltage is dropped to
the threshold voltage. This threshold voltage can be mea-
sured, for instance, at a micro processor and be digitalized by
means of an analogue-to-digital converter integrated into the
micro processor.

[0017] To avoid the accumulation of errors at the charge
quantity, drawn upon—according to the invention—the
specification of the lightness of a pixel and converted on the
OLED, the charge states of the capacities of OLEDs can be set
back to the threshold voltage after a predetermined period,
which can be fixed or has to meet certain requirements. Alter-
natively a complete discharging of the capacities of the
OLED:s is certainly possible. By this discharging to a defined
state, the driver control can be brought again into agreement
with the real charge states in the display.

[0018] According to a special embodiment, the capacities
of the OLEDs cannot be discharged completely, but dis-
charged to the threshold voltage after each row-addressing.
Hereby it can be reached, that less parameter for the Lookup-
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tables must be provided, and a defined charge state in the
display is existent before each addressing. The power loss,
however, is significantly reduced, as a complete discharge of
the capacities of the different OLEDs does not occur.

[0019] To permit a more detailed determination of the
charge being available, the column voltage can be measured
in a column preferably before, during or after each control,
and can be considered at a charge balance of the charge
quantity converted into photon charge and/or of the stored
charge quantity. This makes particularly sense, if the column
voltage is not set to a certain voltage before each activation
and—if necessary—surplus charge is discharged before. But
in the last case, the possibility of a measurement of the col-
umn voltage for inspection purposes is given.

[0020] To reach a quicker control of the different pixels in
the display, a pre-charge with preferably increased charging
current can be made for the duration of a pre-charge time at
the beginning of the row addressing time. This pre-charge
serves to the supply of the parasitic capacities until a higher
OLED-voltage is achieved, from which the OLED generates
light in a considerable extent.

[0021] For an effective control of the display it can be
reasonable to control particularly several rows, if necessary,
also several columns at the same time.

[0022] Furthermore the invention refers to a driver for con-
trolling a passive matrix-OLED-display with OLEDs
assembled in matrix form, at which the columns have sepa-
rately or—if necessary—several columns or all columns
simultaneously have a switch for controlling the OLEDs. This
switch has the function to connect with a current source resp.
to supply a voltage, such as particularly to connect with a
reference voltage. Also the rows have a switch to connect with
the ground and a reference potential in order that an address-
ing for the duration of the row addressing time can be
executed in repeating sequence. The drivers are provided to
influence the lightness of a pixel, located on the intersection
point of a column with an addressed row, by the turn-on time
being within the row addressing time, and by the amplitude of
the column current. According to the invention, the driver is
furthermore provided to control the lightness of the pixel,
subject to acharge quantity, generated during the turn-on time
of the column current, and to a charge quantity supplied from
the capacity of the OLEDs during a post luminescence time.
Furthermore the driver can also be provided to execute the
method, described above and in the following, or to perform
different steps of it.

[0023] Finally the invention also refers to a passive matrix-
OLED-display with OLEDs assembled in matrix form,
whereas the columns of the matrix have for controlling a
switch to connect with a current source such as to connect
preferably with a reference voltage. The rows of the matrix
have a switch to connect with the ground and with the refer-
ence potential in order to permit the addressing in repeating
sequence for the duration of the row addressing time. Fur-
thermore a driver in the display is provided to influence the
lightness of a pixel, located on the intersection point of a
column with an addressed row, by the turn-on time being
within the row addressing time, and by the amplitude of the
column current, whereby the lightness of the pixel is to adjust
subject to a charge quantity generated during the turn-on time
of the column current and to a charge quantity supplied from
the capacity of the OLEDs during the post luminescence time.
According to the invention, this application of the proposed
method resp. of the proposed driver for a passive matrix-
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OLED-display leads to a clearly reduced power loss of the
display and so to a lower heat and increased durability of the
display.

[0024] Further benefits, properties and application possi-
bilities of the present invention also result from the following
description of examples of embodiment and the illustrations.
All described and/or illustrated properties constitute the topic
of the present invention apart or in other configurations, also
regardless of their summary in the claims or their back refer-
ences.

[0025] FIG. 1 an equivalent circuit for a passive matrix-
OLED-display with control connections

[0026] FIG. 2 an equivalent circuit of an OLED

[0027] FIG. 3 a column of the display during turn-on time
[0028] FIG.4 a column of the display during post lumines-
cence time

[0029] FIG. 5 transient of column current und column volt-

age of an OLED during row addressing time

[0030] FIG. 6 acolumnofthe display at finishing of the row
addressing time

[0031] FIG. 7 a column of the display at addressing of the
subsequent row

[0032] FIG. 8 the discharging of the capacities of the
OLED:s after row addressing time

[0033] FIG. 9 the time response of the column voltage and
the column current at discharging

[0034] FIG. 10 the time response of column current and
column voltage of an OLED during row addressing time

[0035] FIG. 11 amethod to determine the threshold voltage

[0036] FIG. 12 the comparison of the column voltage and
the OLED-current for different driving schemes

[0037] FIG. 13 a comparison of the luminance in depen-
dence on the pulse width for the driving schemes according to
FIG. 12

[0038] FIG. 14 the column voltage and the OLED-current
in connection with a pre-charging

[0039] FIG. 1 illustrates by diagram a passive matrix-
OLED-display 1 with in columns C, to C_ andn rows R ;to
R,,. The whole display can have several displays of in FIG. 1
illustrated display 1, which are operated in parallel. Alterna-
tively the display can also consist of only one display 1.
[0040] At the intersection points of the columns C and the
rows R, there are in each case OLEDs 2, which can be sup-
plied by a current source 3—assembled as constant current
source of the column. For this, an appropriate column switch
4 is connected. The addressed row in each case (in the figure
illustrated as R,) is connected with ground. The non-ad-
dressed rows, however, are set on a common potential V.,
via a column switch 5. To minimize the power loss of the
OLED-leakage-currents, this potential can correspond to the
OLED forward voltage according to the invention.

[0041] FIG. 2 illustrates now a simple model for an OLED-
pixel. The injection current I, illustrated by arrows, splits
into two current paths—namely a capacity current I -, »into a
parallel capacity C, of the OLED (in the following also sim-
ply called “capacity”), in which charge is stored, and into a
diode-current I ,; 1, led to the real OLED-diode, which gen-
erates in the diode a photon current, proportional to the diode
current, i.e. light.

[0042] Inthe first approximation the generated light Lum(t)
is proportional to the diode current I ... The integration of
the photon current of this pixel in photons is corresponding
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about to the charge Q, ., converted in the OLED. Therefore
the light visible to the eye is proportional to Q;,,, at a suffi-
ciently high frame rate.

JLum(ty dtocflo pp()dt=0 o

[0043] As there is no negative light, the photon charge resp.
the light Lum(t) is always positive. The photon charge Lum(t)
is considered as “zero”, if within a certain period (frame
period) it is small in comparison with the photon charge of an
illuminated pixel, so that this pixel with the lower photon
charge is not realized in a display. In this case, the electrical
voltage of the capacity is called as threshold voltage V ,, of
the OLED, whereby the diode current I ., from this thresh-
old voltage correlates to the voltage at the capacity.

[0044] The control, usually executed by a driver chip, is
able to inject only the whole current, i.e. the injected current
17 This current is the sum of the capacity current I, » and
the diode current 1, z5,. Consequently the injected charge is
the sum of the capacitively stored charge and the photon
charge.

Ivi=lcarHoren

[0045] The injection current I, and the capacity current
I4p can be positive as well as negative—in contrast to the
always positive diode current I,z A negative injection
current I, means, that the potential of the column in display
(anode) is lowered. A negative capacity current I, means
that the before charged capacity of the diode is discharged.
Therefore a diode current I, can still flow, even the injec-
tion current I, 1s switched off, as the capacities of the diodes
are discharged.

[0046] This effect can be used by this invention, which
regulates the desired lightness L of the pixel, which is pro-
portional to the photon charge Lum(t) in a frame period; the
capacitively stored charge and/or energy is hereby converted
into light.

[0047] On the basis of equivalent circuit diagram of an
OLED, described before, the circuit illustrated in FIG. 1,
means, that each column C is capacitively decoupled from
other columns. At the same time, all capacities C, of the
diodes 2 are effectively shorted-circuited in this one column
C. In consequence of the capacitive decoupling of the differ-
ent columns, in further figures one controlled column is illus-
trated in place of all columns in each case.

[0048] At a closed column switch 4—as illustrated in FIG.
3—aninjection current I, flows into this column C. In static
state the current flows through the addressed OLEDs 2,
because the non-addressed OLEDs 2 have a much lower
voltage due to the high common voltage V -5, and according
to the properties of the OLEDs 2 they do not conduct resp.
they conduct only on a small scale, and thus they do not
generate light. Therefore the voltage injected to these non-
addressed OLEDs is lower than a threshold voltage V 4,
which defines the limit to a glow of the OLED 2.

[0049] At non-static, transient case, the capacities Cpofthe
OLED:s are, however, very important. To bring an OLED into
the conducting and thus into the luminous state, the voltage at
the OLED has to be increased. This means the charging of all
capacities C, in the column including all non-addressed
OLEDs. Hereby the current flow in the current paths, as
illustrated in FIG. 3 by arrows. The charging of the capacities
C, requires, especially at larger displays 1 with a great num-
ber of rows, a considerable lot of charge resp. energy without
the immediate production of the desired power output (light).
Just for a short light pulse, an essential part of time and of the
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injected charge is required for charging the capacities of the
diodes (OLED 2) assembled in the column. As the current
also flows into the voltage source V., the charge is also
stored there, i.e. from the output capacity of the voltage
source.

[0050] This charge resp. energy, flown into the capacities
C,ofthe OLEDs 2 and the voltage source V ., s stored. As
far as no current is injected in the column C, at usual driving
schemes the column connector is connected with a fixed
potential (mostly ground). By this, the capacities are dis-
charged, and the energy, dissipated in the switches of the
driver chip, whereby heat is generated. This process is also
called “discharge”.

[0051] After the addressing, all rows and columns on the
switches 4,5 have a defined potential, i.e. all capacities C are
applied by a fixed defined voltage. This voltage must be below
the threshold voltage V 5, so that none of the diodes 2 will
conduct and generate light. But at the addressing of the next
rows, the capacities C, must be recharged.

[0052] This process of discharging, described before, must
be avoided as far as possible at the present invention. For this,
the charge stored in the capacities C, of the diodes 2 is used
in such a manner, that it is not discharged by switches in the
driver chip, but by the OLED 2, as shown in FIG. 4. During
the row addressing time tz,y, the column switch 4 is opened
after a turn-on time t,,,,, so that the column connector stands
open resp. “floated”. Now the turn-on time of the column
switch 4 is not only determined by the desired lightness and
by the amplitude of the injection current I, as in the state of
the art, but also by the charge state of the capacity C, in the
OLED 2 before the addressing. Furthermore it depends on the
time, which is required to supply the pixel, controlled by the
OLED 2, with the capacity C, of the diodes 2 in order to post
luminescence. This time is called as post luminescence time
t,.

[0053] As already mentioned, the photon charge Q;,,, is
determined by the following equation:

ROW
Qrom = loLep - dt
0

whereas t,,;;- is the row addressing time. The charge Q,,,to
be injected in order to reach this photon charge Q;,,,, (resp.
the desired pixel lightness), results from

Omv=AQcuptQrinr=Ccur_in~Qcur_+Cring

whereas AQ,.,, is the difference of the capacitively stored
charge of row i+1 and the row i. The capacitive charge is
defined by

Qcap=nCpVeor

[0054] This charge Q,,,,, whichisto beinjected, is provided
by the injection current I, during the turn-on time t,;,.

Omr=Imvrtm

[0055] The charge Q,,,,is injected by the driver circuit, for
which a pulse width modulation is usually applied.

[0056] The capacitively stored charge at the beginning and
the end of a row addressing need not to be equal. For example,
more photons than injected charges can be emitted, if the
capacitively stored charges Q. are lower at the end of the
addressing than at the beginning of the addressing.

AQcup=0cur_in1-Qcar_s
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[0057] 1In the first approximation the capacitively stored
charge is proportional to the column voltage and the number
of diodes with their individual capacities C,.

[0058] The magnitude of the actual diode current 1, -p,
correlates to the column voltage V ., and to the capacitively
stored charge Q. ,», where also the voltage at the capacities
could be used as state variable for the calculation.

[0059] At a pulse width modulated process, the constant
current source 3 is used with constant current amplitude,
whereby the duration of the current pulses is variable accord-
ing to the desired lightness. The desired lightness is con-
trolled in the state of the art in such a way. that the turn-on time
of the column switch 4 corresponds to the desired lightness.
As the lightness on a row can be different and rarely corre-
sponds to the maximum value, most of the pixels on an
addressed row have a phase, in which no current is injected.
[0060] The transient behavior of the injected current resp.
of the injection current I, of the column voltage V -, and
of the diode current 1, ., representing the glowing of diode
2, is illustrated in FIG. 5. 1,z 1s proportional to the light.
The whole row addressing time tam is divided into a turn-on
time t;,;; and a post luminescence time t.,.

[0061] Inthe first phase t;,, current resp. charge is injected
on the column side by the driver. All capacities Cp of this
column are firstly charged. The injected current I, flows into
the capacities C, of the diodes as well as into the diode itself
to achieve a luminous effect. Successively the column voltage
V cor at the diode increases together with the diode current
lozep In the course of time, the column voltage V., gets
nearly constant, and after charging of the capacities the
injected current I, corresponds mainly to the pure diode
current 1,; -, when the capacities Cp reach their maximum
stationary voltage.

[0062] Inthe second phase t, the current source 3 is turned
off by opening the column switch 4, so that the column
connector remains in an open state. This has the effect, that
the capacities Cp of the diodes 2, charged in the first phase
t» are discharged now again in the connected column by, the
diode current 1 . The column voltage V- decreases as
well as the diode current I, .. Although external current is
not injected, light is generated in this phase anyhow. The
charge, also flowing now from the common voltage source
V conr Was injected in the first phase—as described before.
Thus the charge flown in the first phase and not immediately
converted into light, but remaining stored, can be converted
into light in the second phase to increase the effective power.
[0063] If the lightness of the actually controlled pixel is
small, the column voltageV .,; and the light current 1, o, do
not reach the static state by the diode, so that the courses
possibly do not show the plateau, illustrated in FIG. 5.
[0064] The driver circuit (control), required according to
the invention, decides on the amount of the charge Q.
which is to inject during the row addressing time t,,,,, and
which depends on the desired lightness of the pixel as well as
on the charge states of the capacities C, of the diodes 2 before
and after the addressing. As just mentioned, the charge states
of the capacities C resp. the column voltage V .., need not to
be equal before and after the addressing. Their values can also
be directly controlled according to the invention. Thus, the
charge remaining in the capacities C shall be small or high,
if the subsequently controlled pixel is dark or light.

[0065] Due to the before described control principle of the
driver, the capacity C, of the correspondent addressed OLED
2, however, is at the end of addressing so highly charged, that
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the voltage on the capacity C,is above or at least at the same
level as the threshold voltage V ,; of the diode.

[0066] After the addressing, the column switch 5, which
was connected on ground during the addressing of a row, is
also connected to the common potential V., as shown in
FIG. 6. This leads to a discharging of the capacity C, of the
just addressed diode 2. This charge is divided evenly on the
capacities Cp of the other diodes 2 in the column; by this the
column voltage V ., is lightly increased.

[0067] Now the addressing of the next row follows by con-
necting the switch 5 of the next row to ground, as illustrated
in FIG. 7 for the row R,,,. The capacity C, of the now
addressed pixel with the diode 2 is charged, as described
before, while all capacities C, of the remaining diodes 2 are
discharged. The column voltage V ,; decreases at the same
level as at the end of the addressing of the previous row.
[0068] The switching operations, illustrated in FIG. 6 and
FIG. 7, can happen in any chronological order. Unlike the
illustration before, also the column switch 5 of the subse-
quently connected row can be opened (i.e. connected to
ground), before the column switch 5 of the previously con-
trolled row is closed (i.e. connected to the common potential
V cong- The change over also can happen simultaneously.
[0069] As after opening the column switch 5 of the next
row, the voltage on this OLED 2 is delivered by charging the
capacity Cp from the capacities C, of the remaining diodes 2
of the column, the column voltage V ., at the now addressed
diode s above or about in the same dimension of the threshold
voltage V4, so that a pre-charging is not necessary. The
losses due to the charge redistribution are low, regardless of
the number of rows in display 1.

[0070] As at the present invention, a discharge in the con-
trol scheme at the end of the row addressing is necessary only
in exceptional cases, the power loss can be kept to a mini-
mum.

[0071] According to this invention, it will therefore be pos-
sible to make the time of the post luminescence dependent on
the actual addressing time and on the lightness of the pixel of
the next controlled row.

[0072] In aconventional method, the row addressing time
trow 18 constant and is divided evenly on all rows resp. all to
be activated rows by the frame-period minus a pre-charge
time or a discharge-time. Furthermore methods are known, at
which the row addressing time is divided evenly on the
maxima of all rows. This is also designated as FSLA (Flat-
tened Singleline Addressing).

[0073] Within the scope of this invention, the row address-
ing time tam is given corresponding to FIG. 5:

TRow™tivrtlz
[0074]

te(2P-1-L,) or

The minimal time for t z is proportional to

tzxe(Max(Lyy, L, - - - Li)=Ly)

whereby L is the desired lightness of the pixel it in the row i
and the column j. In case of a constant row addressing time the
post luminescence time t, results from the first of the both
above-mentioned formulas, whereas B is the Bit-number of
the grey scale (e.g. 8). The lower of the both formulas presents
the post luminescence time 1, in case of the Flattened Single-
line Addressing (FSLA).

[0075] Of course, it will also be possible to select a longer
time t,, either constant for all times or variable according to
the requirements. As the increase of the post luminescence
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time t,, reduces necessarily the duration of the current injec-
tion (or extends the frame period) and increases the current
amplitude, the increase of the post luminescence time t,, shall
be effected only then, if this will be reasonable within the
scope of the utilization of the capacitive charge. Such a case
will occur, if the lightness of the actual pixel is very high (e.g.
maximal), while the lightness of the subsequent pixel is very
low (limit case=0). The method in such a case will be
described later.

[0076] In the following, the charge balance of the method
shall be presented, according to the invention.

[0077] The photon charge emerging during injection of the
current resp. column current 1, is a function of the turn-on
time ty,,, of the injection current I, and of the charge of the
parallel capacity Q. », which is the charge in the capacities
C, of the concerned column before the addressing of the row
L

QL UM_INJ :fINJ( QCAP?i:IINJJ ZINJ)

[0078] After injection of current [, the following charge
remains in the capacities

QCAP,z'Z = QCAP,#IINJ'ZINJ_ QL UM_INJ

[0079] Theintegrated lightness, arising in the post lumines-
cence time t, is given by

Orune_z72Qcap_izlz)

whereby the whole lightness, emitted from the addressed
pixel, is given by:

Qrom = Qrum_ivg + Crum z

= fviQcapi> Iings ting) + 2(Qcap iz, 1z)

= f(Qcap_is Ivis tvg» 12)

[0080] Hereby Q, n, ;s 18 the charge emitted during the
turn-on time, and Q; , », - is the charge emitted during the post
luminescence time. The last mentioned charge increases with
the duration of the post luminescence time t,.

[0081] According to the invention, the post luminescence
time t,, can still be extended by an addressing time extension
At:

tz= s Max(dy, dig, . - - dyg)=tpyrHAL

whereby in the above-mentioned formula the first summand
corresponds to the row addressing time t 5,5~ As by the exten-
sion of the post luminescence t, the duration of a frame shall
not be increased altogether, the addressing time extension At
within the frame must be saved again somewhere else, and
must therefore be limited. The duration of the addressing time
extension At can be selected by applying the following crite-
rion:

OQcar_in1=Qcap_iz~Crins_z

<
QCAP,HIZLHI

[0082] Ifthe post luminescence time t is long enough, the
addressing time extension At will be selected at “zero”.
Should the lightness of a pixel be very high, and the lightness
of the subsequently controlled pixel should be very low, a
relatively high addressing time extension At can be necessary.
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Hereby the addressing time extension At should be limited in
such a way, that the following equation is approximately
satisfied:

1
Oruom_z = fz(Qcapizs 17) < 3 iy iz

whereby the parameter V2 is arbitrary and can be substituted
by another number between 0 and 1. The smaller number for
the addressing time extension At among the above mentioned
formulas is used, unless a fixed addressing time extension At
is selected.

[0083] The remaining charge is still determined by

Qcar_in1=Qcar_izCrun_z

and can violate the condition, established in
QCAPJHgLHl

[0084] In this case, a forced discharge is necessary.

[0085] For this, the discharging switch 6 is closed to dis-
charge the capacities C, of the diodes 2 in the column. But
hereby the column potential is not reduced to zero resp. to
ground, as in the state of the art, but only to the threshold
voltage V 7, of the OLEDs. The discharging of the capacities
Cp is illustrated in FIG. 8.

[0086] It is utile to carry out the forced discharging of the
capacities Cp during the subsequent row addressing. If the
lightness of the subsequent pixel is zero in extreme case, the
column connection with the next addressing, at which the row
switch 5 for the row R,,, is connected on ground, will be
discharged on the threshold voltage V ;. Otherwise a post
luminescence time t, for the row i+1 after addressing of the
row 1+1 must be awaited, until the following equation is valid:

Orune_+ DA Qcapyy plz_sv1) Lot

whereby the desired lightness of the pixel in the controlled
column and the addressed row i+l corresponds to photon
charge Q,,,, - emitted during the post luminescence time.
When the desired lightness L in the post luminescence time t,,
of row i+1 is reached, the column connection is lowered to the
threshold voltage V .

[0087] So the capacitively stored charge Q. p is firstly
exploited at a maximum. Then the forced discharging will
occur during the addressing of the next row, so that additional
time will not be required. The time response of the column
voltage resp. diode voltage V-, and of the diode current
lorep 1s illustrated in FIG. 9. After discharging the charge
state of the column voltage V .,; is exactly

Veor ™V

[0088] A forced discharge should be avoided as far as pos-
sible, as hereby undesired losses can occur. Therefore it is
proposed according to the invention, to select the order of the
addressed rows variably and not according to their geometric
arrangement. As a forced discharging is usually necessary at
the time, when the preceding pixel is very light and the sub-
sequent pixel is very dark, and at in reversed order—when a
pixel is firstly dark an then light—a forced discharge would
not be necessary, the order of the addressed pixels can be
arranged in such a way, that the total number of the forced
discharges is minimal. According to the invention, a certain
number of subsequent addressing in the memory chip can be
considered.
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[0089] Because the diode current I, ., is not constant, as
described in FIG. 5, the emitted light is also not linearly
proportional to the turn-on time t,,,, which determines the
time of the injected current I, In fact, the lightness also
depends on the duration of the post luminescence in the post
luminescence time t,,. The post luminescence phase is as long
as the row addressing time tg,y less the turn-on time t,,,,.
While the row addressing time tz,;-is equal for all pixels on
a row, the duration for the post luminescence t, is different
from pixel to pixel and from column to column. In conse-
quence, the states of the capacities C,, are different in each
column. In addition, the duration of the current injection t;,,
has to consider the initial state. To this, there are three possi-
bilities for the driver to control the display 1. At first, the
injected charge Qp,,, can usually be varied by a constant
current amplitude and a variable pulse width. Then, a post
luminescence time t is provided, in which a light-emitting
discharging of all capacities C,, is effected by a high-imped-
ance column driver. The next step is a forced column dis-
charge on the threshold voltage V ;,; of the OLED.

[0090] At all these possibilities it is important to ensure,
that the desired lightness L of the appropriate pixel is reached,
and simultaneously all capacities C of the diodes 2 are dis-
charged at the end of the addressing on and/or below the
requested state for the lightness of the next pixel by post
luminescence resp. by discharging.

[0091] The photon charge Q; ., equivalent to the emitted
light is a function of the charge state of the parallel capacity
Q.4 of the amplitude of the injection current Iy, the turn-
on time t,,,,, which determines the duration of the current

INT?
injection and the post luminescence time t.:

Orune A Qear_slivstmstz)=L;

[0092] The remaining charge after the addressing is:

Ocar_in=Lear_+9mrCrum

[0093] The control for passive matrix-OLED-displays 1
according to the invention, sets correspondingly the charges
whereby the turn-on time t;,;; and the row addressing time
tzow- are the control variables, which can be controlled in a
driver chip exactly, simply and with high resolution. The post
luminescence time t,, results from the subtraction of the turn-
on time t;,,; from the row addressing time tz, -

[0094] The function determining the lightness L for the
photon charge is, however, not linear and also depends on the
diode capacity C,and the DC characteristics of OLED, which
are individual, but nearly constant for each display. Thus, for
each display type there is a specific function with an own
multi-dimensional course. Therefore a calculation of the turn-
on time t,,;,and the post luminescence times t, can be reached
only heavily due to the non-linearity and the complexity of
the calculation in memory chips of usual processing power.
[0095] This dependence, however, can be determined pre-
viously by measurement of the display 1 resp. a simulation,
and can be stored as Lookup-table in the driver, e.g. in a
memory of the driver chip. By this, a linear conversion of the
desired lightness is possible in spite of the high capacity.
[0096] In case, that the lightness of the subsequent pixel to
be addressed is high, it is reasonable to start the post lumi-
nescence phase, i.e. the post luminescence time t;, before the
current injection, as shown in FIG. 10. Also this case is a
matter of “post luminescence”, as the remaining charge of the
previous addressing post luminescence now. The advantage
is, that the capacities C, of the diodes are charged high at the
end of the row addressing time t,y- before the next row will
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be addressed by a light pixel. So the next pixel can begin
quickly with the light generation. The time required for this is
minimized. In this case, the emitted light is another, non-
linear function:

Orum z = Jz(Qcar i» Iz)
Qcapiz = Qcapi — QLuv 2z

Qrum_ing = fivi(Qcap_izs livg, tins)

Qrom = Qrum_z + Qrum_ivg
=g(Qcap_i» 1z, vy ting)
=1

[0097] Also this dependence can be converted as a Lookup-
table, so that the duration of the current injection t;,;; can be
taken at a given current amplitude, desired lightness and last
charge state of the parallel capacity and at selected duration of
the post luminescence time. The charge conservation, indi-
cated before, remains valid.

[0098] In a further embodiment of the method, the post
luminescence time t, can be divided into two phases, i.e.
firstly a discharge will happen, then a current injection, and
finally another second discharge will follow.

[0099] As the Lookup-tables have many input variables, a
high memory requirement can be necessary altogether. This
memory requirement can be considerably reduced by a linear
approximation and a thinning of the Look-up table, if only
few sample points are selected for an input variable, and the
intermediate values are to calculate by interpolation.

[0100] In the previous examinations, the diode current
lorep of all non-addressed pixels was neglected. In reality,
however, an appropriate current usually being low according
to the quality of OLEDs flows. But should the number of rows
of display 1 be high, the leakage current has to be possibly
considered in the charge balance, as obvious the following:

O~ 0Qcar_ir=Qcar_stOrinet =1 Iy catrow

whereby the leakage current 1, ., 1s the current through a
non-addressed diode.

[0101] This current can be positive or negative, subject to
the common potential V -, The current also depends on the
voltage i.e., above all on the magnitude of the common poten-
tial Vg, This current is mainly a leakage current. The
photon current rate I, ., basing on a charge recombination,
is low.

[0102] Consequently, the common potential V.5, shall be
dimensioned in such a manner, that it is about so large like the
column voltage V -, 1.¢. the typical mean value of the col-
umn voltage. By this, the leakage current I, . - is minimized
and approaches zero, so that the leakage current I; .-, 1s not
to consider in this case. Otherwise the last term of the above-
mentioned formula should be included into the charge bal-
ance. Also the leakage current can be estimated as constant
value or can be seen from a simple Lookup-table, subject to
the common potential V., and/or to the current amplitude
[0103] The threshold voltage V, is a sensitive value and
can vary from display to display even at the same type. Par-
ticularly it also depends on the actual temperature of display
1. Therefore the determination of the actual value of the
threshold voltage V o, in regular intervals is reasonable.
[0104] A first value can be determined by switching on the
display. This is illustrated in FIG. 11. To this, a pixel is
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addressed, and a defined current pulse is injected. The total
charge shall be so large, that the addressed pixel flashes up
shortly. After the current pulse a long waiting time is kept,
during which the voltage V., of the column drops off to the
threshold voltage V ;. Then the voltage can be determined
for example by an analogue-digital-converter, which can be
integrated into a driver chip. The result is fixed as threshold
voltageV ., and the value for the discharging-voltage-source
will be adjusted.

[0105] As the temperature of display 1 changes during
operating, a continuous determination of the threshold volt-
age V,; can be reasonable. For example, the threshold volt-
ageV ;. can be determined once in each frame. In addition, an
artificial waiting time can be added to a row, and a column
voltage V -, of a column, which was previously not subject
to a forced discharge, can be measured. In principle, it is
possible to adjust the frequency of the actualization of the
threshold voltage V ,4, and to increase or to reduce it. In the
same way another pixel can be measured at an actualization to
avoid systemic errors, for example by the defect of a specific
pixel.

[0106] The method according to the invention for control-
ling a passive/matrix-OLED-display 1 of this invention is
based on the determination of the charge Q;,,, (photon
charge). In the course of time, errors can accumulate at the
determination of the photon charge Q;;,,, 1.e. the discrep-
ancy between the measured and the real charge for the injec-
tion and generation of light can increase. This can lead to a
reduction of the quality of the illustration of display 1, if the
discrepancy is too large. Discrepancies, smaller than 1%, are
usually not realized.

[0107] As the photon charge Q;,,, is continuously calcu-
lated and transmitted, there is a risk of accumulating these
errors, which get visible then. In this case, a regular resetting
of the control would be helpful. This can be done one time per
frame by adjusting all column voltages V .o, to the threshold
voltage V,;; after a completion of each frame i.e. after a
complete control cycle for the display 1. Shorter or longer
time intervals are certainly also possible.

[0108] Variations of the display properties, caused by pro-
duction, such as the extent of the diode capacity C,orthe DC
characteristics are a further error source. Resulting errors can
be eliminated or minimized by a calibration at the production
by means of quotients for the Lookup-table.

[0109] As the charge capacity resp. the charge state Q. is
correlated to the voltage V., also a measurement of the
column voltage V., can provide valuable information
regarding the charge state. The deviation between the calcu-
lation by a Lookup-table and the measurement of the column
voltage V-, also implicates a deviation of the capacity Cp
and the Dc characteristics of the OLED. The reason can be
found among other things in the variation concerning the
production, but also in the operating temperature. Therefore
the measured values of the column voltage V., can be
implicated into the calculations, so that the control of the
display will get more exactly.

[0110] As it is costly to implement a Lookup-table with
many input variables, the driver scheme applied at the method
according to the invention can be simplified in such a manner,
that the columns are discharged on the threshold voltage V -,
after the addressing of a row. The disadvantage of a power
loss is given here. But the advantage is, that the charge state is
in each case constant and defined before the addressing of a
new row. The post luminescence, according to the invention,
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in the post luminescence time t,, will continue to be applied,
and furthermore the column voltage V-, is only discharged
on the threshold voltage V ,, but not to zero. Therefore such
a method still provides an essential economy of the power
consumption with regard to the state of the art.

[0111] A conventional Singleline-Addressing (SLA) with a
constant row addressing time will also continue to reduce the
dependence. In this case the formula

Orome A Qcar_slmintivatz)=Ls

has only two input variables, even the desired pixel-lightness
L and the current amplitude I,,,,, corresponding to the global
lightness of the display.

[0112] In FIG. 12 can be seen the transients of column
voltages V-, at adiode 2 and the diode currents [, ., fora
conventional SLA-driver scheme with individual switching
of the pixels on ground potential at the end of the active time
(state of the art, case a) such as their optimization by intro-
ducing the high-impedance column state in the post lumines-
cence time (case b) and a discharge voltage-level on the
threshold voltage V5 of the OLEDs (case ¢). At same
injected charge, proportional to the turn-on time t,, , and thus
to injected energy, the integral will increase via the diode
current I, ., and thus the generated light quantity will
increase, too.

[0113] Thedetermination of the required injection time t,
is considerably simplified because of the invariable condi-
tions of the constant row addressing time and the constant
initial charge in order to realize a linear lightness conversion
(gamma-correction).

[0114] The direct comparison of the achieved luminosity is
illustrated in FIG. 13, in which the obtained lightness is
shown as function of the turn-on time (pulse width) of the
injected current for the three above mentioned driver
schemes.

[0115] For each discrete lightness value, a corresponding
turn-on time t,,,, is taken to guarantee a linear lightness gen-
eration. The driver scheme according to the invention can be
combined very well with the control described in DE 10 2005
063 159, whereby further Lookup-tables for two- and multi-
line-addressing are necessary. Now the row addressing time
trop 18 N0 More constant, but variable.

[0116] As at the beginning of the addressing, the injection
current I, flows primarily into the parasitic capacities and
thus light is not generated, a sufficient injection time (turn-on
time t;,,) has to be given also for the smallest lightness. As a
result, the row addressing time ;- is extended by the lin-
earization.

[0117] Thus the variable row addressing times would
shorten the reduction of the current amplitude; but this would
counteract, however, the advantages of the present method.
Therefore it is stipulated according to the invention, to pro-
vide in the row addressing time t5,;-a pre-charge time t,
(pre-charge-phase), preceding the real turn-on time (t,;;).
This is shown in FIG. 14.

[0118] Hereby the OLEDs are supplied with a short current
impulse with a larger amplitude during the pre-charge time
tprzs SO that the parasitic capacities C, of the OLEDs 2 are
charged more quickly, and the light can be generated by a
lower delay. The pre-charge time t - is so dimensioned, that
in this phase only minimal light is generated. To this it is
guaranteed, that the generated light quantity does not exceed
the lowest adjustable lightness.
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[0119] The current controlled pre-charging can be imple-
mented well, particularly within the scope of the multiline-
addressing, as described in DE 10 2005 063 153, because
higher anode currents must be secured anyway in this case. Of
course, the pre-charging can also be adjusted by defined volt-
age and by defined duration.

[0120] The pre-charging-phase t,, and the current injec-
tion phase t,,, are certainly not to apply, if the pixels are dark.
The pre-charging time t,., and the pre-charge current [,
can be selected in such a way that the hereby generated
lightness L is smaller than one and a halftimes of the smallest
lightness value. The benefit of the pre-charging is that the
necessary row addressing time tam is altogether lower, so that
the current amplitude can strongly be reduced at variable row
addressing times.

[0121] Altogether the energy efficiency of passive matrix-
OLED-displays is essentially increased by introducing the
stipulated post luminescence time according to the invention.

LIST OF REFERENCE NUMERAL
[0122] 1 Display
[0123] 2 Diode, OLED
[0124] 3 Constant Current Source
[0125] 4 Column Switch
[0126] 5 Row Switch
[0127] 6 Discharge Switch
[0128] Vo, Common Potential
[0129] V,, Threshold Voltage
[0130] I, Injection Current
[0131] I, Capacity Current
[0132] I,;zpDiode Current
[0133] I,z Pre-charge Current
[0134] C,p Parallel Capacity
[0135] Q;,,,Photon charge
[0136] Q. Injected Charge
[0137] Lum(t) Light
[0138] tj,, Turn-on time
[0139] t,Post luminescence Time
[0140] At Addressing Time-Extension
[0141] tg,, Row-Addressing-Time
[0142] t,py Pre-charge Time
[0143] Q,,p Capacitively Stored Charge
[0144] Cj Diode Capacity
[0145] V., Column Voltage
[0146] L Lightness, Luminosity
[0147] 1, .z Leakage Current

1. A system for controlling a passive-matrix-OLED-dis-

play comprising:

OLEDs assembled in matrix form of rows and columns,
wherein the columns for controlling an OLED are con-
nected with a current source and the rows are connected
consecutively one after another for the duration of the
row addressing time, wherein a lightness of a pixel
located on the intersection point of a column with an
addressed row influenced by the turn-on time being
within a row addressing time and by the amplitude of the
column current,

and that the lightness of the pixel is controlled subject to a
charge quantity converted into light during the turn on-
time of the column current and to a charge quantity
supplied and converted into light from the capacities of
the OLEDs during a post luminescence time by switch-
ing the column potential-free during the post lumines-
cence time (t,) and for the determination a charge quan-
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tity converted at the OLED the charge quantity stored in
the capacity of OLEDs before the addressing is consid-
ered.

2. The system according to claim 1, wherein the control of
the charge quantity (Q,,,,) converted on the OLED is
effected by adjusting the duration of the tum-on time (i)
and the post luminescence time ().

3. The system according to claim 1, wherein the values for
the charge quantity (Q; .5, ) converted into light and gen-
erated during the turn-on time (t,,,) of the column current
(I;n,) and for the charge quantity (Q,,,, ») converted into
light during the post luminescence time (t,) and/or their sum
(Qz0) for different turn-on times (t,,,,), post luminescence
times (t;), current amplitudes (I5,,) and/or charge states
(Qcup Vo) are stored in a Lookup-table.

4. The system according to claim 1, wherein the row
addressing time (1) is varied subject to the lightness (L) of
rows subsequently controlled.

5. The system according to claim 1, wherein the order of
the rows is varied.

6. The system according to claim 1, wherein a surplus
charge quantity (Q,») is discharged during a row addressing
time (tzo5), if the energy stored in the capacities of the
respective OLEDs is higher than the energy required during
the next row addressing.

7. The system according to claim 6, wherein a threshold
voltage (V ;) is determined while the passive matrix-OLED-
display is operating.

8. The system according to claim 1, wherein the charge
(Qcyp) of the capacities (Cp) of the OLEDs will be reset after
a predetermined period.

9. The system according to claim 6, wherein the capacities
(Cp) of the OLEDs are discharged on the threshold voltage
(V) after each row-addressing.

10. The system according to claim 1, wherein the column
voltage (V) is measured in a column and is considered at
a charge balance of the charge quantity converted into photon
charge (Q,,,,) and/or of the stored charge quantity (Q,z)-

11. The system according to claim 1, wherein a pre-charge
is effected for the duration of a pre-charge time (t ;) at the
beginning of the row addressing time (tzop).

12. The system according to claim 1, wherein several rows
and/or columns of the display are controlled simultaneously.

13. Drivers for controlling a passive matrix-OLED-dis-
play, comprising:
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OLEDs assembled in matrix form, wherein the columns of
the matrix-shaped assembled OLEDs for controlling the
OLED have a switch for connecting with a current
source and for connecting with a reference voltage and
rows of the matrix-shaped assembled OLEDs have a
switch for connecting with ground and with a reference
potential for an addressing in repeating sequence for a
duration of the row addressing time furthermore with a
driver, established for influencing a lightness of a pixel,
located on an intersection point of a column with an
addressed row, by a turn-on time being within the row
addressing time and by an amplitude of the column
current wherein that the driver is equipped to control the
lightness of the pixel subject to a charge quantity con-
verted into light during the turn-on time of the column
current and subject to a charge quantity supplied by the
capacities of the OLEDs and converted into light during
the post luminescence time by switching the column
potential-free during the post luminescence time and by
considering the charge quantity stored in the capacity of
OLEDs before the addressing at determination of the
charge quantity converted at the OLED.

14. A passive matrix-OLED-display, comprising:

OLEDs assembled in matrix form, wherein the columns of
the matrix-shaped assembled OLED:s for controlling the
OLED have a switch for connecting with a current
source and for connecting with a reference voltage, and
the rows of the matrix-shaped assembled OLEDs have a
switch for connecting with a ground and with a reference
potential for an addressing in repeating sequence for a
duration of a row addressing time and a driver, equipped
for influencing a lightness of a pixel, located on an
intersection point of a column with an addressed row, by
the turn-on time being within a row addressing time and
by an amplitude of a column current, wherein the driver
is equipped to control the lightness of a pixel subject to
a charge quantity converted during a turn-on time of the
column current and to a charge quantity supplied by the
capacities of the OLEDs during a post luminescence
time by switching the column potential-free during a
post luminescence time and by considering a charge
quantity stored in the capacity of the OLEDs before the
addressing at determination of the charge quantity con-
verted at the OLED.
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