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Principle and Applications of an
Autocharge-Compensated Sample and Hold Circuit
Takeshi Shima, Senior Member, IEEE, Tetsuro Itakura, Shigeru Yamada, Hironori Minamizaki, and Takeshi Ishioka

Abstract- This paper describes an autocharge-compensated
sample and hold circuit (ACC-SH) for thin film transistor active
matrix liquid-crystal displays (TFT-AM-LCD's, TF'T-LCD's, or
LCD's). The operating principle and actual application problems for TFT-LCD's are also discussed. The applicability of the
ACC-SH is verified not only by circuit simulation but also by
experimental circuit die measurement.

I.

INTRODUCTION

L

IQUID-CRYSTAL displays (LCD's) are widely used in
TV and computer terminals. Fig. 1 shows the configuration of an LCD module composed of an LCD panel, video
signal driver IC's (driver IC's), and a scanning-line controller.
Just as with a CRT display, visual information in the form of
RGB signals is scanned from left to right. The scanning line is
selected by the scanning line controller. The visual information
in one horizontal line scanning time is divided and segmented
by many driver IC's. The driver IC contains massive parallel
sample and hold (S/H) circuits. Each pixel of the LCD panel
is composed of a TFT switch and a liquid crystal cell that
are also electrically equivalent to a S/H circuit. Comparing
these two kinds of S/H circuits, severe performance is not
normally demanded of the S/H circuit in each pixel. If the
S/H circuit in each pixel shows some deviations, which are
random in nature, the human visual information processing
system compensates for such deviations. On the other hand,
the circuit in the driver IC is responsible for all of the pixels
in one column. The deviations are correlated, and the person
watching the display perceives such deviations.
A S/H circuit comprising a CMOS switch and a capacitor is
a candidate for such a driver IC because of its simple configuration. However, increasing the -3-dB cut-off frequency of
the series CMOS switch and capacitor by widening the CMOS
switch or reducing the capacitor increases the sampled offset
pedestal. Many techniques have been reported to overcome
this problem [ 11, 121. Conventional approaches are reviewed
in Section 11.
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Fig. 1. TR-LCD module.

The requirements for such a S/H circuit are as follows: 1)
sampling frequency fS/H, which is determined by
number of horizontal pixels

"IH = horizontal line scanning time

(1)

where no parallel processing is assumed, 2) 5-V full-scale
operating range to control LC transparency, 3) wide signal
bandwidth, 4) low output offset standard deviation both within
a chip and between chips, and 5) simple configuration. These
specifications are discussed in Section 111.
An autocharge-compensatedsample and hold circuit (ACCSH) that will reduce conventional drawbacks is proposed
in this paper. In Section IV, the principle of operation of
the proposed S/H circuit is described. In Section V, design
considerations for developing the LSI are discussed. Some
experimental results are presented in Section VI.
11. CONVENTIONAL
APPROACHES
To define the problems that must be solved, a few conventional techniques are reviewed. Fig. 2(a) shows the S/H circuit
composed of a sample switch and a hold capacitor, where the
switch is an N-channel MOS transistor. When the circuit is
in sample mode, the transistor is turned ON, and charge Qc
is accumulated in the inversion layer that is located beneath
the gate electrode. In hold mode, the transistor is turned OFF,
and the input signal is held. At the moment, the input signal
is held, channel charge Qc is split and flows out from the
source and drain terminals. Some of the charge is injected to
the hold capacitor and is added to the signal charge Qsignal.
The split and additional charge is called the offset pedestal
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of the S/H circuit. (Note that the offset pedestal includes
coupling from the gate overlap capacitors. Channel charge is
emphasized in this discussion.) Channel charge accumulated
on the capacitor shows input voltage dependent nonlinear
characteristics because of the operating mechanism of the
MOS transistor.
Many techniques exist for reducing the effect of MOS
transistor channel charge. Fig. 2(b) and (c) illustrates two such
techniques. For effective offset cancellation, the size of M2 in
Fig. 2(b) is selected to be half of M1. The circuit shown in
Fig. 2(c) does not cancel channel charge itself, but the channel
charge effect never shows input voltage dependent nonlinear
characteristics because the switch transistor operating point is
independent of the input signal [2]. Concerning the application
of the S/H circuit for the driver IC, offset deviation should be
minimal because more than ten chips are used in an LCD
panel.
111. SPECIFICATION OF THE DRIVERIC
A. Specific Specification

LC cell Input or S/H output (VI

Fig. 4. Relative optical transmittance characteristics.

the S/H circuit's inherent sampling error. For example, in the
case that the driver IC's are applied to a workstation display, an
error compensation time of a few microseconds is permitted
for the S/H circuit.

B. Accuracy Requirement and Operating Range
The relation between the LC cell input and the LC cell
optical transmittance is important for specifying the S/H
circuit held signal accuracy requirement. Fig. 4 shows relative
LC transparency characteristics. The LC cell input in the
horizontal axis is equivalent to the output of the S/H circuit.
In the vertical axis, 0% represents black and 100% represents
white. This figure also shows that a 5-V full-scale operating
range is required to control LC transparency.

The S/H circuit is normally used for quantizing the continuous incoming signal in the time domain. Normally, the
S/H circuit functions, which include S/H operation and the
inherent error compensation, must be completed during the
sampling interval. The S/H circuit described here is not
IV. PRINCIPLE OF OPERATION OF THE PROPOSED ACC-SH
necessarily restricted by such a severe error compensation
interval. Fig. 3(a) shows the role of the S/H circuits for the
Of
Charge '&'lit
driver IC. Two parallel S/H circuits are driven in turn as shown A.
Channel charge split is a dynamic phenomenon. To examine
in Fig. 3(b). In one horizontal interval, the even set of S/H
circuits is in sample mode, and the odd set of the S/H circuits is this phenomenon, the test circuit shown in Fig. 5(a) was
in hold mode. The blanking interval can be used to compensate fabricated for measuring this effect [3]. The experimental
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Fig. 6. ACC-SH. (a) Circuit diagram. (b) Switch control sequences, where
1) SWl and SW2 are ON, both capacitors charge to IN, 2) SW2 turns OFF
(SW1is still ON), SW2 charge is injected to Cz, 3) SWl turns OFF,
SW1 charge is injected to C1.4)SW3 tums ON,Vcl matches Vc,, 5) SW3
leaving vc,
6) sW2 turns oN, sw1 charge on c1
returns to SW2.

3

(b)

Fig. 5. Channel charge split phenomenon. (a) Test circuit. (b) Measured and
simulated results.

results in Fig. 5(b) show the characteristics of the channel
charge split ratio. Split channel charges are accumulated on
capacitor C1 and CZ, where CZ is a hold capacitor, and
C1 is connected to a low impedance input voltage source
through resistor R. The fabricated test chip characteristics are
as follows: fabrication process is 0.8-pm CMOS, capacitors
C1 and CZ are both 10 pF, the switch transistor gate length
is 6.4 pm, and the gate width is 320 pm. The reason a 6.4pm-long channel gate is used is that the coupling effect from
the gate should be relatively small, and a large transistor is
used to improve measured data accuracy. In Fig. 5(b), R is
set to about 0 R. The parameter of this experiment is the fall
time T of the switch control signal. The graph shows that if
the fall time is long, such as when T is equal to 1 ms, almost
all of the channel charge returns to the input voltage source,
and very little charge remains on CZ.However, if very quick
switching is possible, such as when the fall time is less than
1 ns, exactly half of the channel charge flows to capacitor CZ
and ?jQc stays on Cz.
The channel charge-splittingphenomenon is analyzed in [4].
Analytical results predict that the channel charge split ratio is
close to 0.5, if the term
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Fig. 7. ACC-SH operations to reduce the effect of channel charge.

additional capacitor. The ACC-SH can compensate two different types of offset pedestals. One is caused by the switch
transistor channel charge, and the other is caused by the
overlap capacitors of the transistor.
Fig. 7 shows the detailed operating mechanism for compensating the offset pedestal in the ACC-SH, where the buffer
amplifier is ideal, and the switches are the N-channel MOS
transistors. Signal charge Qsignal is neglected, and offset
charge is emphasized. In sample mode, channel charge Qc is
is small enough, where P = pCz
p is mobility, C . is oxide generated beneath the gate electrode of the switch transistor.
capacitance per unit area, W is the transistor width, and L is In hold mode, the inversion layer vanishes and channel charge
the transistor length. This analysis supports the experimental leaves the channel. At the beginning of this hold mode, half
data [3] and the circuit simulation model in Fig. 5. The circuit of the channel charge i Q c is injected to C2, while the other
operation described later is verified by this charge-oriented half returns to the input voltage source. This phenomenon
is supported by the experiment previously described. i Q c is
MOS transistor model [5], [6].
the undesirable offset pedestal of the S/H circuit. The buffer
amplifier and SW3 are used in charge duplication mode. The
B. Principle of Operation
voltage across CZ is sensed and transferred to C1 through
The ACC-SH in Fig. 6 consists of a conventional S/H the buffer amplifier and SW3. If C1 equals C2, charges
circuit, a buffer amplifier, two additional switches, and one accumulated on C1 and CZ are also forced to be equal. i Q c

F,
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on C, is duplicated on C1. The final mode is offset-free hold
mode. At the beginning of this mode, the transistor is turned
ON again, and the transistor absorbs charge for reforming the
channel. The required charge in the reformed inversion layer is
Qc because the operating point of the switch transistor returns
to the operating point at the beginning of hold mode. Half of
Qc comes from the source terminal, and the other half comes
from the drain terminal. Charges on C1 and C, are completely
absorbed into the transistor channel, and the offset pedestal
becomes nearly zero.
The offset caused by the gate signal feed-through is also
compensated during the above procedure. Because the state of
SW2 moves from ON to OFF and back to ON, the final state
of SW2 is equal to its initial state, and the offset caused by the
gate signal feed-through is cancelled in offset-free hold mode.
V. DESIGNCONSIDERATIONS
In this section, the ACC-SH design considerations that are
encountered during the circuit design stage are discussed.
A. CMOS Switch

In the fabricated LSI, the switches are realized by CMOS.
In the case that CMOS switches are used in the ACCSH, the following inherent problems arise. One problem is
whether the N-channel MOS transistor or the P-channel MOS
transistor is dominant in the CMOS switch. If the input
voltage is high, e.g., 4.5 V, mainly the P-channel MOS
transistor operates, and the N-channel MOS transistor does
not conduct. On the other hand, if the input voltage is low,
e.g., 0.5 V, mainly the N-channel MOS transistor operates.
In these two cases, the operating scheme in the ACC-SH
is successfully applied. However, the difficulty occurs when
the input voltage is about 2.5 V, when both transistors are
active. The other problem is that the channel charge behavior
depends on two applied sampling pulses 4 and
for each
transistor of the CMOS switch. The difference T between the
varies within a chip. The chargedelay times of 4 and
oriented MOS transistor model is used for simulation. The
simulated results in Fig. 8 indicate that the switching time
difference must be less than 2 ns for the 4 mV peak-topeak output offset to be attained. It is not difficult to realize
such an inverter delay time difference. Therefore, CMOS
switches are used in the ACC-SH. An example of a 4 and
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Fig. 10. Schematic diagram of the buffer amplifier.

signal generator is shown in Fig. 9, which satisfies the above
specification.

B. Buffer Amplijier
The unity gain buffer amplifier used is a two-stage amplifier
as shown in Fig. 10. The input stage consists of two pairs
of P-channel and N-channel source followers M7, M8, M23,
M24, and M9, M10, M19, M20, respectively, and one pair
of inside and outside differential transistors M14, M16, and
M13, M17, respectively. To achieve the rail-to-rail commonmode input voltage range, the inside and outside differential
pairs are automatically selected by the +terminal input voltage
level. If the +terminal voltage is low, transistor M12 is cut
off, and the inside differential transistors M14 and M16 are
dead. On the other hand, if the +terminal voltage is high,
the inside and outside differential pairs are active. The middle
part, which is made by M25, M26, M27, and M28, is the signal
inversion stage to drive the class AB output stage, where the
gain in this stage is minus one. The class AB output stage
is used to reduce power consumption. The measured data for
the amplifier shows the following characteristics: open loop
gain is 71 dB, CMRR is 67 dB, unity gain bandwidth is 2.5
MHz, and the settling time is less than 2 ps. Using this buffer
amplifier, charge duplication mode (3) in Fig. 7 is carried out
within about 2 ps.
The switches in Fig. 10, SW1, SW2, SW3, and SW4, are
used to separate the buffer-core from the source followers,
where the buffer-core is indicated by the dotted line in Fig. 10.
The reason such separation is required is that the slow settling
time of the buffer amplifier causes a long sampling interval of
the ACC-SH if the S/H circuit and the buffer are coupled to
each other. Note that the main function of the buffer amplifier
is to transmit the sampled signal to the liquid crystal cell
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capacitance C;, of the source followers is defined by

Cin M Cph + CECh
C,Pch
in
- CPch
,d
+C,P,."(I-A)+CgPbCh

Fig. 11. Actual configuration of ACC-SH for TFT-LCD.

in
CNch
= Cp"d""+ Cgch(l- A) + Cg"b""

(4)

where c g d is the MOS transistor gate-drain capacitance, C,, is
the gate-source capacitance, c&is the gate-bulk capacitance,
A is the source follower gain, and superscripts indicate the
type of the MOS transistor. Assuming that the source follower
input transistors operate in the cutoff or saturation regions
because of the rail-to-rail input voltage range, Equation (4)is
rewritten as

V o f t a (mv)

effect simulation.
Fig. 12. Buffer Voffset

through a transparent wiring capacitance of the LCD panel,
which is estimated to be a capacitive load (greater than 100
pF). Further, power dissipation must be minimal since over
192 buffers are necessary for the driver IC. The actually
fabricated circuit is shown in Fig. 11. In this figure, two buffer
amplifiers are required, where the buffer-core is commonly capacitor, and the subscript indicates that the transistor
operates in the cutoff or saturation region. Equation (5) is
used for chip size and power consumption reduction.
The buffer amplifier has some undesirable characteristics further rewritten as
that cause non-ideal ACC-SH operations. These are 1) nonzero Cin
input offset voltage and 2) capacitive input impedance. Fig. 12
where both source followers are saturated,
is used to explain the effect of the input offset voltage Voffset. M C E h where N-channel source follower is saturated,
The ACC-SH operating mechanism does not compensate for
C E h where P-channel source follower is saturated.
the effect of the input offset, although it can slightly reduce it.
(6)
In the ACC-SH, the effect induced by Voffsetcan be reduced by
about one half because the error caused by Voffsetis added only The ACC-SH capacitors must satisfy the following equation:
on capacitor C1 through the feedback path. No error charge is
c1 = c 2 Ci,.
(7)
generated on C2. Charges on C1 and C2 are averaged when
the switch is turned ON. The effective buffer amplifier output The following two cases of C1 are experimentally fabricated
offset is estimated by
to find the optimum Cin:
1-1

("

+

-~c 2 c2

cl

+

Voffset.

(3)

If C1 = C2, the effective offset by Voffsetcan be relaxed to one
half. To minimize the input offset itself, large-size transistor
and common centroid layout techniques are used for the offsetsensitive parts of the circuits in the fabricated LSI. Fig. 13
shows actually measured Voffsetdeviation characteristics. In
this figure, the circuit in Fig. 10 is measured. The number of
measured samples is 512.
Concerning the problem of the capacitive input of the
buffer, where the S/H output terminal is connected to the Pchannel and N-channel source followers of the buffer, the input

e. sw3
SW3 is also a CMOS switch. In the transit states to charge
duplication mode and to offset-free hold mode, SW3 turns
ON and OFF, respectively. The ACC-SH never compensates
undesirable channel charge injected from SW3. SW3 is not
included in the high speed video signal path. A very small size
of SW3 is possible. The other technique is to control the fall
time of the SW3 control signals. As shown in Fig. 5, if the fall
time is longer than 1 ,us, almost all SW3 channel charge returns
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Fig. 15. ACC-SH offset frequency characteristics.

to the low impedance buffer output terminal. The undesirable
effect of SW3 is reduced by these two techniques.
VI. EXPERIMENTAL
RESULTS
The fabricated LSI is an experimental die to verify the ACCSH operating mechanism. The main part of the die includes
194 S/H circuits of which two are dummy circuits required
to avoid interference from the peripheral circuits. Using two
dummy circuits, each 192 S/H circuit is surrounded by the lefthand and right-hand S/H circuits. The remaining part consists
of the test circuits. Each SM circuit is composed of a 1-b
shift register, switch control logic, two S/H circuits, and buffer
amplifier, and it occupies a rectangle 62 pm by 1200 pm in
size.
Fig. 14 shows the measured waveform of one S/H output,
where the offset cancellation mechanism of the ACC-SH is
observed. Fig. 14(a) shows the ACC-SH input and output
waveforms. Fig. 14(b) shows the difference between input and
output waveforms. In Fig. 14, digit 1 indicates the voltage
of the offset pedestal, and digit 2 indicates the voltage after
offset cancellation. Fig. 15 shows the small signal frequency
characteristics of the output peak-to-peak voltage that were
measured by sweeping sinusoidal input and by applying a
sampling clock asynchronously. Sinusoidal input frequency is
20 kHz, the sampling time is 10 ns, and sampling interval

Fig. 17. Photograph ol chip

is about 50 ps. The frequency characteristics were measured
under the conditions of 0.5 V, 2.5 V, and 4.5 V input biases. 60
MHz -3-dB cutoff frequency is measured at 2.5-V input bias.
In the case of 0.5-V and 4.5-V input biases, -3-dB cutoff
frequencies of over 80 MHz are attained for both. Fig. 16
shows the inter-chip averaged values of the ACC-SH offset and
their standard deviations cr. The number of measured samples
is 512, and the sampling frequency is 100 MHz. Maximum
offset standard deviation of 4.7 mVrms is observed. Linearity
error is less than 0.3% for 4-V full-scale range. Fig. 17 shows
a die micrograph. The chip statistics are as follows: Process:
0.8-pm double-metal single-polysilicon CMOS; die size, 2.47
mm x 13.51 mm. 192 S/H outputs are available on 48 pads
by 2-b addressing for experimental use only.

VII. CONCLUSION
The principle and applications of an ACC-SH are discussed
in this paper. Concrete design problems are also discussed. It is
concluded that if a SM circuit is implemented with an interval
for error compensation, not only can the ACC-SH concept be
applied to LCD panel displays, but the concept can also be
employed for other applications.
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