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(54) Active matrix pixel drive circuit with switching device and symmetrical follower circuit

(57) A two transistor pixel drive circuit is presented
for use with active matrix displays. A first transistor (T1)
transfers video information from a video line to a storage
capacitor (Cgo) when strobed. The stored charge modu-
lates an alternating current (56, 60) flowing through a
second transistor (T2). A light-modulating element (44),
in series with an AC power supply (56) in one leg of the
second transistor (T2), is activated by the modulated
current for the duration of a frame time. A second AC
power supply (60), in series with an additional capaci-
tance (C,) in the other leg of the second transistor (T2),
generates a waveform of equal magnitude and opposite

polarity to the first supply (56). The additional capaci-
tance (C,) provides an impedance that is about equal to
that of the light-modulating element (44) at the activa-
tion frequency provided by the AC supplies (56, 60).
With equal impedances in each leg of the second tran-
sistor (T2), a symmetrical circuit is created that holds
the input to the second transistor (T2) at a fairly con-
stant DC level independent of the relative phase
between the strobe and AC power supply waveforms.
This feature prevents the appearance of moving bands
across the display.
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Description

BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates to the field of pixel drive cir-
cuits, particularly those used to drive active matrix LCD
displays.

Description of the Related Art

A pixel is the smallest resolvable and addressable
segment of a display screen. A pixel comprises a light-
modulating element, such as a liquid crystal device
(LCD) or an electro-luminescent device, and a drive cir-
cuit to control the element in response to a video signal.
A number of pixels are arranged in rows and columns to
form a display. When the drive circuit employs a transis-
tor to modulate current through the light-modulating ele-
ment, the display is called an "active matrix."

A conventional active matrix is shown in FIG. 1.
Each pixel in a given column is connected to a video sig-
nal (VIDEO1-VIDEQOB), and each row is connected to a
strobe line (STROBE1-STROBES3). Each pixel 10
includes a drive circuit, typically a FET transistor 12,
and a light-modulating element 14. All the pixels in the
matrix are essentially identical. An image is formed on
the display by placing video information on the video
lines (VIDEO1-VIDEQS), and sequentially activating the
strobe lines (STROBE1-STROBERS) to "address” each
row. When a row is addressed, the transistor 12 is
switched on and the information on the video line is
transferred to the light-modulating element; when not
addressed, all transistors in a row are switched off, and
conduct no current. The amount of time used to address
one row is the "line time,” and the time needed to
address all rows of the matrix is called the "frame time.”
A display must be updated about 30 times a second to
avoid the appearance of flickering, necessitating a
frame time of 32 ms or less. Displays of this type are dis-
cussed in L. Tannas, Jr., Flat-Panel Displays and CRTs,
Von Nostrand Reinhold Company Inc. (1985), pp. 113-
116.

A conventional drive circuit and the equivalent cir-
cuit of an LCD light-modulating element as might be
used in the active matrix of FIG. 1 are shown in FIG. 2.
The gate 20 of the FET transistor 12 is connected to
STROBEH1, and the transistor's drain 22 is connected to
VIDEO1. When STROBET1 is activated, the transistor 12
is switched on and conducts current from its drain 22 to
its source 24. The light-modulating element 14 is con-
nected to the source 24 and modulates light in response
to the current received through transistor 12. The equiv-
alent circuit for light-modulating element 14 includes an
inherent resistance R1 and an inherent capacitance C1.

FIG. 1 shows an example of an active matrix with
only three rows, but a practical modern display typically
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has hundreds of rows. To maintain a 30 frame per sec-
ond update rate for a 1000 row display, each row can be
addressed for only 32 ps. During this short time, a rela-
tively large charge representing the video signal must
be transferred by transistor 12 to the light-modulating
element 14, where it is stored on inherent capacitor C1.
With a duty cycle of 1/1000, it is difficult if not impossible
to keep the element activated throughout the frame.

To minimize the decay of the voltage on the light-
modulating element 14 within a frame time, and with it
the light on the display, a large storage capacitance Cg4
is usually added to the drive circuit. The resistance R1
of the element is also maximized so that a time constant
is created by C1, Cgy and R1 that will keep the light-
modulating element 14 essentially fully activated for the
whole duration of a frame time.

There are quite a few disadvantages to this circuit,
which is manufactured using integrated circuit fabrica-
tion techniques:

1) Since a large storage capacitance is needed, Cg4
is fabricated with a thin dielectric layer having a
large area. Pinholes through the thin layer are com-
mon, which results in a defective pixel.

2) The light-modulating element 14 is often an
organic material, as is the case with an LCD. The
inherent resistance of such a material will decrease
over time, reducing the time constant obtained with
R1, C1 and C4, and thus the display's brightness.
3) During the short time in which transistor 12 is
switched on (32 us for a 1000 row display), enough
current must be conducted through the transistor to
maintain the brightness of the light-modulating ele-
ment for one entire frame time (32 ms). The need to
conduct this large burst of current requires a large
transistor, which takes up a considerable amount of
areaon an |.C. layout and leaves. less room for light
transmission.

4) The organic materials from which an LCD is
made, such as MLC-9500-000 from Merck of Darm-
stadt , Germany, must be activated with an AC sig-
nal. If a DC signal is used, the material's ions can
be pulled apart and the element destroyed. Also,
many light-modulating elements, including LCDs
and some electro-luminescent devices, consist of a
number of layers on either side of a light-modulating
layer, some of which are made of a dielectric mate-
rial. A reflective mode LCD, for example, uses a die-
lectric layer to form a dielectric mirror. These
dielectric layers will not conduct a DC signal to the
modulating layer, so an AC signal must be used. To
accomplish this, the polarity of the video signal con-
nected to transistor 12 must be inverted with each
frame, producing a quasi-AC signal across element
14. With a frame rate of about 30 frames per sec-
ond, the AC frequency is about 15 Hz. This low fre-
quency, referred to as the "activation frequency,”
does not transfer well through the dielectric layers
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mentioned above.

SUMMARY OF THE INVENTION

A two transistor pixel drive circuit is presented that
solves the problems listed above, requires no more area
than past designs, and may provide higher fabrication
yields.

A switching device, preferably a transistor, is con-
nected to a video signal and a strobe line, as before.
When the strobe line is pulsed, the transistor conducts
and charges a capacitance with current from the video
signal, with the charge stored on the capacitance after
the strobe signal ends. However, instead of using this
charge to directly activate a light-modulating element,
the stored charge is connected to the gate of a second
transistor which modulates the flow of current from a
separate current source to the light-modulating ele-
ment, providing a current sufficient to activate the ele-
ment for the duration of a frame time. Since the first
transistor need only control the second transistor, and
the current to the light-modulating element can be sup-
plied continuously rather than in a short burst, both tran-
sistors can be small. In fact, both transistors, which are
preferably FETs, can be accommodated in the same
area that a single large transistor previously required.
This feature also allows the use of a much smaller stor-
age capacitance, reducing the possibility of pixel
defects due to pinholes, and increasing fabrication
yields.

The current source is AC, which provides the alter-
nating polarity needed to transfer video information
through the dielectric layers of some types of light-mod-
ulating elements, eliminating the need to alternate the
polarity of the video signal. Use of an AC current also
allows the activation frequency to be much higher than
the 15 Hz of prior designs, which permits the inherent
resistance of the light-modulating element to be lower
than before, and reduces the problems associated with
an inherent resistance that lessens over time.

The preferred embodiment of the pixel drive circuit
connects in series a first AC power supply, the light-
modulating element, the drain-source circuit of the sec-
ond transistor, an additional capacitance and a second
AC power supply. The pixel's activation frequency is
established by the first and second AC power supplies,
which generate waveforms that are about equal in mag-
nitude and 180 degrees out-of-phase with each other,
so that current flows through the transistor in one direc-
tion during one-half cycle of the activation frequency,
and in the other direction during the other half cycle.
The additional capacitance provides an impedance that
is about equal to that of the light-modulating element at
the activation frequency. The matched impedances in
the legs of the second transistor create a symmetrical
circuit, which holds the gate input to the second transis-
tor at a fairly constant DC level independant of the rela-
tive phase of the strobe and the power supplies. Without
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the matched impedances, the gate input to the second
transistor may drift due to a relative phase difference
between the AC power supplies and the strobe signal,
resulting in moving bands on the display screen.

Further features and advantages of the invention
will be apparent to those skilled in the art from the fol-
lowing detailed description, taken together with the
accompanying drawings.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a prior active
matrix.

FIG. 2 is a schematic diagram of a prior pixel drive
circuit.

FIG. 3 is a schematic diagram of a two transistor
pixel drive circuit in accordance with the invention.

FIG. 4 is a schematic diagram of the preferred
embodiment of the invention.

FIG. 5 is a schematic diagram of an active matrix
display using pixel drive circuits as shown in FIG. 4.

DETAILED DESCRIPTION OF THE INVENTION

A two transistor pixel drive circuit which provides
significant performance improvements over past
designs is shown in FIG. 3. A switching device, prefera-
bly a FET transistor T1, has its gate 30 connected to a
strobe signal STROBE1 and its drain connected to a
video signal VIDEQO1. T1 is used as a switch, and when
STROBET is pulsed T1 conducts current between its
drain 32 and source 34. Video information present at
the drain 32 when T1 is "strobed," i.e., switched on by a
pulse on the strobe line, is stored on a storage capacitor
C¢o which is connected to T1's source 34. The common
node 36 formed by T1's source and one side of Cy» is
connected to the gate 38 of a second transistor T2, and
the stored voltage on C,, modulates the conductance of
T2. T2's drain 40 is preferably connected to an AC
power supply 42 and its source 43 is connected to a
light-modulating element 44. Current derived from AC
power supply 42 flows through and is modulated by T2
in accordance with the stored voltage on Cg5, to activate
the light-modulating element 44.

This circuit configuration offers several advantages
over previous designs. T1 is switched on and conducts
current just once per frame time, for about 32 ps. With
the prior circuit of FIG. 2, storage capacitor C¢¢ needs to
receive enough current in 32 us to activate the light-
modulating element for an entire frame time, without
losing a significant fraction of its charge. With the inven-
tion, however, C,» need only store enough charge to
modulate T2. Therefore, Cgs is very small, on the order
of 1 pF, and in some cases could be just the parasitic
capacitance of T2's gate-source junction. This lower
charge requirement also means that T1 can be much
smaller than before. Additionally, since the current
needed to activate the light-modulating element 44 can
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be supplied continuously throughout the frame time, T2
can also be small.

Another major advantage is that the activation fre-
quency, which was previously only 15 Hz and required
the video signal to alternate its polarity for each frame
time, is now derived from the AC power supply 42. The
video signal need only be of one polarity, and the alter-
nating polarity necessary to activate an organic light-
modulating element 44 formed from dielectric layers is
provided by the AC supply, which can have a very high
activation frequency, preferably between 100 Hz and 10
MHz. Light-modulating element 44 has an inherent
resistance R2 and capacitance C2; a higher activation
frequency permits R2 to be small and to degrade over
time, because a long time constant is no longer needed
to maintain the element's brightness essentially con-
stant over a full frame time. Also, dielectric layers, such
as a dielectric mirror (represented by C,,) that might be
found in a reflective LCD, are not a problem at higher
activation frequencies since the AC is easily transmitted
through these layers.

The circuit of FIG. 3, while providing many advan-
tages over existing designs, has one important disad-
vantage. Parasitic capacitances Cp; and Cpp exist
between the gate 38 and source 43 and the gate and
drain 40, respectively, of T2. These capacitances are
charged by the instantaneous voltages existing
between T2's gate and source and gate and drain,
which depend on the relative phase between the strobe
signal STROBE1 and the AC power supply 42 wave-
form. The charges stored by the parasitic capacitances
causes the voltage on the gate 38 of T2 to vary from the
value that accurately represents the video signal after
T1 is switched off. Thus the conductance of T2, and
therefore the light modulation provided by the light-mod-
ulating element, are partly dependent upon this relative
phase.

The same situation occurs in the other rows of an
active matrix display, except that the relative phase
between the strobe signal and the AC power supply
waveform will be different for each row, and will thus
affect the conductance of respective T2's differently.
The net result is that a moving band is seen on the dis-
play due to the variation in relative phase from row to
row.

The present invention, the preferred embodiment of
which is shown in FIG. 4, offers a pixel drive circuit that
solves the relative phase problem of the FIG. 3 circuit,
while retaining that circuit's advantages. As before, tran-
sistor T1 is connected to a strobe line (STROBE1) and
a video signal (VIDEO1). When the strobe line is
pulsed, T1 is briefly switched on and conducts current to
charge a storage capacitance Cg,. The DC voltage on
Cqo is proportional to the voltage of VIDEQO1 at the time
of the strobe pulse. This DC voltage is applied to the
gate 38 of second transistor T2 to modulate T2's con-
ductance. Connected in series with the drain 40 of T2 is
a light-modulating element 44 and a first AC power sup-
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ply 56. Connected in series with the source 43 of T2 is
a capacitor C, and a second AC power supply 60. The
light-modulating element 44 is activated by the current
that flows through T2, which is modulated in accord-
ance with the DC voltage at its gate 38, which in turn
reflects the level of the VIDEO1 signal strobed into the
pixel.

C, is selected to provide an impedance that is
about equal to the impedance of the light-modulating
element 44. T2 is designed to be highly symmetrical, so
that the parasitic capacitance Cp,¢ that may exist
between T2's gate 38 and source 43 is about equal to a
parasitic capacitance C, between T2's gate and drain
40. Finally, AC power supplies 56 and 60 provide volt-
age waveforms that are about equal in magnitude and
about 180 degrees out-of-phase. Under these condi-
tions, via the mechanism described below, the voltage
at the gate 38 of T2 will remain about constant while T1
is switched off, regardless of the phase relationship
between either AC power supply and the strobe pulse.
With a constant voltage at gate 38, no moving bands
are seen on the display.

The relative phase problem is solved by making the
circuits on either side of transistor T2 symmetrical. T2
itself is built so that its gate-drain and gate-source
resistance and capacitance characteristics are nearly
equal, and the impedance of the light-modulating ele-
ment 44 and C, are also closely matched. This symme-
try is the key feature that makes the circuit independant
of the relative phase between the strobe signal and the
AC supplies. A strobe signal that comes when AC
power supply 56 is high and AC supply 60 is low will
have the same effect on T2's gate voltage as when a
strobe comes and the supply polarities are the opposite
way. The impedances in each leg of T2 create a source
follower circuit with T2, with each acting as a feedback
impedance for one-half of a cycle of the activation fre-
quency generated by the the AC supplies. Charge that
does arise from the relative phases between the AC
supplies and strobe signal is stored on the parasitic
capacitances Cp,¢ and Cpp during one-half of a cycle.
When the waveforms from the AC power supplies invert,
Cp1 simply exchanges its charge with Cp,p, making the
voltage at gate 38, and the circuit, independent of the
relative phase difference. The frequency of the AC
power supplies is the activation frequency, which is pref-
erably about 2 kHz or more. The circuit will work as
described as long as the waveforms from the AC sup-
plies are periodical, including square waves and sinu-
soidal waveforms, have equal magnitudes, and are 180
degrees out-of-phase.

Most transistors, including the transistor T2 shown
in FIG. 4, have an inherent resistance R3 and capaci-
tance C3 between their drain and source which create
leakage paths through the transistor when the transistor
is switched off. A light-modulating element such as a lig-
uid crystal typically has a characteristic threshold or
"pedestal” voltage which a modulating signal must
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exceed before the element exhibits an electro-optical
effect. When there is zero video signal to a pixel, T2's
off-state leakage current must be low enough to keep
the light-modulating element 44 below its threshold volt-
age. This is accomplished by keeping the physical
dimensions of T2 small, which is made possible by the
reduced current carrying requirements of the circuit.

To determine an appropriate value for C,, the
impedance of the light-modulating element must be
determined. The equivalent circuit of an LCD is shown
in FIG. 4, which includes an inherent resistance R2 and
capacitance C2 in parallel, in series with capacitance
Cno introduced by a dielectric mirror if the display oper-
ates in a reflective mode. The impedance at a particular
activation frequency is calculated in a conventional
manner, as is described for example in Hayt and Kem-
merly, Engineering Circuit Analysis, McGraw-Hill, Inc.
(1971), pp. 261-263. For activation frequencies above
about 1 kHz, the resistive component of the light-modu-
lating element's impedance becomes negligible, and a
simple capacitor having about the same impedance will
be a good match for the light-modulating element. A
good match is obtained if the two impedances are within
about 3% of each other.

The AC waveforms used to control the light-modu-
lating elements must have a magnitude and frequency
sufficient to properly activate and control the elements
for the full duration of a frame time, and must be able to
produce complementary outputs. The magnitude and
frequency values needed depend on the type of light-
modulating element used. For most LCDs, a magnitude
of 10-30 volts peak-to-peak and an activation frequency
of about 2 kHz is sufficient.

Only a small amount of charge is needed to control
the conductance of T2, and the capacitance provided by
parasitic capacitances Cy and Cp, may store enough
charge to provide this function. Therefore, storage
capacitance Cg, may not be needed.

An active matrix incorporating the two transistor
pixel drive circuit of FIG. 4 is shown in FIG. 5. All pixels
in the matrix are essentially identical. Each pixel loca-
tion includes a second transistor (T2) and an additional
capacitor (C,), and the matrix receives the complemen-
tary AC waveforms produced by AC power supplies 56
and 60.

The active matrix shown in FIG. 5 is fabricated
using conventional techniques. Since the two transis-
tors of this design can be considerably smaller than the
large single transistor of the prior art, this design
requires no additional area per pixel. Also, using two
smaller transistors and a smaller storage capacitor is
likely to result in a higher fabrication yield than is real-
ized by previous single transistor designs. Fabrication of
active matrix displays is discussed in L. Tannas, Jr.,
Flat-Panel Displays and CRTs, Von Nostrand Reinhold
Company Inc. (1985), pp. 130-136. The present inven-
tion imposes no limits on the size of an active matrix that
can be formed from pixels as described herein.
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Switching device T1 is preferably a FET, due to the
ease with which a FET is integrated with the other pixel
components. Other devices that connect one terminal to
another on command will work, however, including bipo-
lar transistors, and mechanical switches and relays;
these devices are likely to be more difficult or impossible
to integrate with the other pixel components.

Transistor T2 is preferably a MOSFET: a MOS-
FET's very high input impedance helps the storage
capacitance maintain its charge, and a MOSFET is eas-
ily integrated with the other drive circuit components. A
thin-film type of FET (TFT) is preferred in this applica-
tion. Other current modulating devices may be used as
well, however, including bipolar transistors. It is impor-
tant that the device used be capable of symmetrical
operation for either direction of current flow, i.e., sym-
metrical parasitic capacitance, breakdown voltage, for
example, and that the device have a high input imped-
ance, for the reason stated above.

Light-modulating element 44 is preferably an LCD,
and will work equally with in either reflective or transmis-
sive modes. However, other types of light-modulating
elements having a structure that requires an AC signal
to activate the element may benefit from the pixel drive
circuit. For example, electro-luminescent displays,
which typically require an AC voltage to excite their
phosphors, may be able to use the pixel drive circuit.
Electro-luminescent devices typically require a activa-
tion higher voltage than does an LCD however. The
construction of LCDs and electro-luminescent devices
is discussed in L. Tannas, Jr., Flat-Panel Displays and
CRTs, Von Nostrand Reinhold Company Inc. (1985),
pp. 247-250 and 426-432.

In summary, a two transistor pixel drive circuit is
presented for use with active matrix displays. A first
transistor T1 transfers video information from a video
line to a storage capacitor C¢5 when strobed. The stored
charge modulates an alternating current 56, 60 flowing
through a second transistor T2. A light-modulating ele-
ment 44, in series with an AC power supply 56 in one
leg of the second transistor T2, is activated by the mod-
ulated current for the duration of a frame time. A second
AC power supply 60, in series with an additional capac-
itance C, in the other leg of the second transistor T2,
generates a waveform of equal magnitude and opposite
polarity to the first supply 56. The additional capaci-
tance C, provides an impedance that is about equal to
that of the light-modulating element 44 at the activation
frequency provided by the AC supplies 56, 60. With
equal impedances in each leg of the second transistor
T2, a symmetrical circuit is created that holds the input
to the second transistor T2 at a fairly constant DC level
independent of the relative phase between the strobe
and AC power supply waveforms. This feature prevents
the appearance of moving bands across the display.

While particular embodiments of the invention have
been shown and described, numerous variations and
alternate embodiments will occur to those skilled in the
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art. Accordingly, it is intended that the invention be lim-
ited only in terms of the appended claims.

Claims

A pixel drive circuit, comprising:

a switching device (T1) that, when switched on,
transfers a voltage from an input (VIDEO) to an
output (36), and
a light-modulating element (44),

characterized by

a transistor (T2) having a control input (38)
and a current circuit controlled by its con-
trol input (38), said control input (38) con-
nected to receive said voltage from said
output (36) and to modulate an AC current
receivable at a current terminal (40, 43) in
accordance with said voltage,

said light-modulating element (44) con-
nected to receive said modulated AC cur-
rent, said element (44) providing an
impedance to said transistor (T2) when
current flows through said transistor (T2) in
a first direction, and

a capacitance (C,) providing an imped-
ance to said transistor (T2) when current
flows through said transistor (T2) in a sec-
ond direction, said impedance provided by
said capacitance (C,) about equal to said
impedance provided by said light-modulat-
ing element (44),

said impedances forming symmetrical fol-
lower circuits with said transistor (T2), said
symmetrical follower circuits tending to
maintain said voltage received by said
transistor (T2) substantially constant when
said switching device (T1) is switched off.

2. An active matrix display, comprising:

a plurality of pixels (10) arranged in rows and
columns to form a matrix, each column of pix-
els (10) connected to a respective video signal
(VIDEQ) and each row of pixels (10) connected
to a respective strobe signal (STROBE), each
pixel (10) comprising a pixel drive circuit of
claim 1,

said switching device (T1) connected to trans-
fer said video signal (VIDEQ) from said input to
said output, when switched on by said strobe
signal (STROBE),

said transistor (T2) connected to receive said
video signal (VIDEO) from said switching
device (T1) output and to modulate said AC
current receivable at said current terminal (40,
43) in accordance with said video signal
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10.

(VIDEO), and

said follower circuits tending to maintain said
voltage received by said transistor (T2) sub-
stantially independent of the relative phase
between said strobe (STROBE) and AC current
signals.

The active matrix display of claim 2, characterized
in that said video signal (VIDEO) is of one polarity.

The apparatus of any of claims 1 - 3, characterized
in that said current modulating transistor (T2) is
highly symmetrical, such that parasitic capaci-
tances (Cpq, C2) between the current modulating
transistor's control input (38) and either side of its
current circuit are approximately equal.

The apparatus of any of claims 1 - 4, characterized
by a storage capacitor (Cg5) connected to the con-
trol input (38) of said current modulating transistor
(T2), said capacitor (C4,) being charged by the sig-
nal (VIDEQ) presented to said control input (38).

The apparatus of any of claims 1 - 5, characterized
in that said current modulating transistor (T2) is a
MOSFET with an off-state current leakage below
an operating threshold for said light-modulating ele-
ment (44).

The apparatus of any of claims 1 - 6, characterized
in that said light-modulating element (44) is an LCD.

The apparatus of any of claims 1 - 6, characterized
in that said light-modulating element (44) is an elec-
tro-luminescent device.

The apparatus of any of claims 1 - 8, characterized
in that said AC current is provided by two AC power
supplies (56, 60), with one supply (56) connected to
said light-modulating element (44) and one supply
(60) connected to said capacitance (C,), said sup-
plies (56, 60) generating respective waveforms that
are about equal in frequency and magnitude and
180 degrees out-of-phase.

The apparatus of claim 9, characterized in that said
frequency is substantially higher than 15 Hz.
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