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Design of Analog Pixel Memory for Low Power
Application in TFT-LCDs
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Abstract—Two types of analog memory cells realized in a 3-yum
low temperature polycrystalline silicon (LTPS) technology are
proposed to achieve low power application for thin film transistor
liquid crystal displays (TFT-LCDs). By employing the inversion
signal in the storage capacitor with complementary source fol-
lower, the frame rate to refresh the static image can be reduced
from 60 to 3.16 Hz with the output decay less than 0.1 V under the
input data from 1 to 4 V. To further diminish threshold voltage
drop from source follower structure, a compensation technique is
implemented to the proposed analog memory cells. In addition,
asymmetric output voltage can be also minimized by adding a
reference voltage to achieve symmetric output waveform.

Index Terms—Analog memory, low power consumption, low
temperature polycrystalline silicon (LTPS), thin-film transistor
liquid-crystal displays (TFT-LCDs).

I. INTRODUCTION

HIN-FILM transistor liquid crystal displays (TFT-LCDs)

have become a mainstream in display markets due to its
compact, light weight, and high contrast ratio. However, power
consumption becomes a serious issue for the TFT-LCDs, espe-
cially for the portable products. The research reports mentioned
that the power consumption almost comes from the backlight
system and AC power supplying to liquid crystal of the source
drivers [1]. Therefore, the memory-in-pixel (MIP) concept was
proposed to meet low power application [2]—[8], which provided
a low power standby mode for continuous display of static im-
ages without the power wastage on the source drivers. By re-
freshing the voltage level of scan lines, polarity inversion could
be easily achieved even though the data is no longer furnished.
So far, the literatures were reported with the digital MIP cir-
cuits [2]-[5]. They can be classified as two basic approaches:
the static type and the dynamic type. In general, the static digital
MIP circuit exhibits the lowest power consumption since the dy-
namic power is only consumed while pixels are charged during
polarity inversion. However, the main drawback of the static
digital MIP is too large in layout area for displays with a fine
pixel pitch. The static MIP circuits typically required seven or
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Fig. 1. Dynamic digital MIP circuit realized with three n-type TFTs for one bit
operation [2].
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Fig. 2. Block diagram of the proposed analog memory cell in a conventional
pixel.

eight TFTs and six row lines per pixel. On the contrary, the dy-
namic digital MIP circuits are more attractive because of fewer
TFTs and row lines per pixel. Fig. 1 shows the dynamic dig-
ital MIP circuit which is realized with three n-type TFTs for
one bit operation [2]. The manipulation starts at pre-charging
the data line in the initial state. During the reading period, the
data line voltage can be defined by the gate bias (Vp) of M3.
Whereas Vp is a higher voltage, the voltage of data line will be
a lower one. After that, the inverse data is then written back onto
Vp via M1 in the writing period. Consequently, Vp is coupled
by the scan signal through Cs and held until the next operation
period, where Cp,c and Cs are the capacitance of liquid crystal
and storage capacitor. The refresh operation must be performed

1551-319X/$26.00 © 2011 IEEE
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Fig. 3. Schematic of (a) the proposed memory cell I and (b) its corresponding control signals. The circuit is composed of two driving transistors (M1 and M2)

and five switch transistors denoted as (M3, M4, M5, M6, and M7).

row by row so the largest power is consumed in pre-charging of
the data line.

For multi-bits application, static and dynamic digital MIP
circuits still require many scan lines and capacitors to reach
polarity inversion. Therefore, the adoption of analog concept
for MIP circuit is attempted since it can achieve higher image
quality with fewer components. However, the output voltage
of the analog memory circuit may have inaccuracy with corre-
sponding data signal, which means that the static image may be
distorted by the asymmetric inversion voltage.

In this work, two types of analog memory cells with self
voltage inversion for MIP application are proposed, which have
been realized in a conventional 3-pm LTPS process without
additional process modification. By using the proposed circuits,
the operating rate to refresh static image can be reduced from
60 to 3.16 Hz. Asymmetric inversion voltage can be also
minimized by adding a reference voltage to achieve symmetric
output waveform. Moreover, a compensation technique is im-
plemented to improve the threshold voltage drop on the output
from the input data [9].

II. OPERATION AND SIMULATION OF PROPOSED CIRCUITS

Fig. 2 shows the block diagram of the proposed analog
memory cell in a conventional pixel of LCD. There are two
modes for dynamic and static operation of LCD image. During
the normal mode, dynamic image can be performed by the
conventional pixel operation through Mp. Furthermore, during
the standby mode for static image, the scan driver switches
input from row signal (Row[N]) to control signals. The pro-
posed analog memory cell samples Vdata from source driver
and cooperates with control signals to generate self inversion
voltage at Vout.

A. New Proposed Analog Memory Cell [

Source driver provides Vdata (Vdata = |[Vp| 4 |Vt]) to the
data line for the proposed analog memory cell I, where Vp is
the original pixel data and Vt is the threshold voltage of Poly-Si
TFT. Fig. 3(b) depicts its corresponding waveforms of scan
lines [10]. After the proposed analog memory cell I samples the
Vdata, the source driver can be turned off until the specific time
is arrived. With 315.4 ms as an example (19 times of typical
TFT-LCD frame time), the source driver can be operated from
60 to 3.16 Hz for refreshing static image to save power.

The proposed analog memory cell I shown in Fig. 3(a) is com-
posed of two driving transistors (M1 and M2), and five switch
transistors (M3, M4, M5, M6, and M7). During the standby
mode, the operation of the proposed analog memory cell I is
divided into three periods, including the pre-charging period
(T1), the positive voltage holding period (T2), and the negative
voltage holding period (T3). In the T1 period, Scan2 and Scan3
are set to turn M3 and M6 off. The driving transistor M1 is oper-
ated as a source follower, and Vout becomes Vdata— Vtn at the
end of this period, where Vtn is the threshold voltage of M 1. In
the meanwhile, the node voltages of the storage capacitor (Cst)
are set with V5 = Vdata and Vg = Vref. In the T2 period,
Scanl becomes low to turn M7 off, and the other transistors are
all kept at the previous states. The gate voltages of M1 and M2
are Vdata and Vref, respectively. Vout remains Vdata — Vtn
at the positive data holding period (T2). At the T3 period, Scan2
and Scan3 are set to turn M4 and M5 off. Because M3 is turned
on, Vref is applied to the node A. The voltage of node B goes to
2 Vref — Vdata because Cst is boosted by the voltage at node A
(V). At the beginning of T3 period, M2 is operated as a source
follower. The output voltage goes to 2Vref — Vdata + |Vtp|
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Fig. 4. Simulation results of the output (Vout) in the proposed analog memory
cell I under: (a) Vdata of 1, 2, 3, and 4 V, respectively, in 20-frame time per
Scanl pulse and (b) the partial enlarged plot when Vdata is 4 V.

and then holds this voltage level until the next period comes,
where |Vtp| is the absolute threshold voltage of M2.

The aspect ratio of channel width (W) to channel length
(L), W/L, for M1 and M2 are 30 pm/5 pm, and those for
switch transistors (M3, M4) and (M5, M6, M7, M8, M9) are
3 pm/5 pm and 5 pm/5 pm, respectively. Furthermore, the
storage capacitor (Cst) is 5 pF and the DC voltage supplies
are Vpp = 5 V and Vgg = —5 V. Fig. 6 depicts the sim-
ulation results of the output (Vout) for the proposed analog
memory cell II under Vdata of 1, 2, 3, and 4 V, respectively.
The output voltage levels of Fig. 6(a) are all the same as the
input data. These results have successfully verified that the
outputs are independent to the threshold voltage. Fig. 6(b)
gives the partial enlarged plot of Fig. 6(a) when Vdata is
4 V. After 19-frame time, the simulation result shows that the
output voltage decay (AV) is only 0.06 V. This represents
the proposed circuit can be effectively operated higher than
6-bit (data range/one gray scale = 4/0.06 = 66.67) digital
memory at the frame rate of 3.16 Hz. Fig. 7 shows the output
voltage (Vdata = 3 V) for M1 and M2 with equal threshold
voltage shifts. The threshold voltage shifts are caused by the
process variation or the stress under operation. The initial
threshold voltage shifts can be minimized by adding the ref-
erence voltage (Vref) to achieve symmetric output waveform
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in the proposed analog memory cells. Besides, the proposed
analog memory cells are composed of complementary source
follower, the stress condition at V5 and Vp in Fig. 3(a) and
Fig. 5(a) are similar under different input data. In Fig. 7, there is
no apparent difference between the absolute threshold voltages
from 0.9 to 1.9 V with the step of 0.5 V. The error rates, which
is derived from the output voltage difference (AV in Fig. 7)
dividing the threshold voltage difference, are just 1.14% and
2.12%. The proposed analog memory cells are quite suitable for
MIP application. In the standby mode, Vout is varied according
to the M1 and M2 source followers, respectively. The threshold
voltage difference AVt between Vtn and |[Vtp| will cause
non-symmetric output waveforms at Vout, so liquid crystal
can’t present equal transmittance. In order to solve this issue,
assume

AVt = Vin — [Vip|. (1)

The request for the negative data holding period (T3) is gener-
ating the opposite sign of the output voltage (—Vout) during the
positive data holding period (T2). Hence, Vout can be defined
as —(Vdata — Vtn), and which gives

—(Vdata — Vtn) = Vg + |Vtp| = 2Vref — Vdata + [Vtp|.
@)

Derived from (2), the optimized reference voltage (Vref) can
be set to achieve the cancellation of threshold voltage difference
between M1 and M2. The reference voltage should be

Vref = (Vin — |Vtp|) /2 = AVi/2. 3)

By adjusting the reference voltage, the problem of asym-
metric inversion voltage in the proposed analog MIP can be
solved by this design.

The proposed analog pixel memory cell I has been designed
and verified by the HSPICE simulation with the RPI model
(Level = 62) of a 3-um LTPS process provided by the foundry.
The threshold voltage values of Vtn and Vtp are 0.9 V and
—0.9 V, respectively. The aspect ratio of channel width (W) to
channel length (L), W/L, for driving transistors M1 and M2
are 30 um/5 pm, and those for switch transistors (M3, M4) and
(M5, M6, M7) are 3 um/5 pm and 5 pm/5 pm, respectively.
Furthermore, the storage capacitor is Cst = 5 pF and the DC
voltage supplies are Vpp = 5 V and Vgg = —5 V. Fig. 4
depicts the simulation results of the output (Vout) for the pro-
posed analog memory cell I under Vdata of 1, 2, 3, and 4 V,
respectively. The 20-frame time (20 * 16.6 ms = 332 {ms) per
Scanl pulse is set for the timing duration of Scanl signal. The
power consumption comes from the source driver only when
Vdata is sampled by the proposed analog memory cell 1. Af-
terward, the cell works between the positive and negative data
holding periods to generate positive and negative pixel voltages
at Vout only by the control signals. Fig. 4(a) shows the simu-
lated output symmetric voltages no matter how the input data
changes. Besides, the high and low voltage levels are decreased
approximately a threshold voltage due to the operation of source
followers.

Fig. 4(b) gives the partial enlarged plot of Fig. 4(a) when
Vdata is 4 V. After nineteen frame time, the simulation re-
sult shows that the output voltage decay (AV) is only 0.05 V.



CHU et al.: DESIGN OF ANALOG PIXEL MEMORY FOR LOW POWER APPLICATION IN TFT-LCDs

65

Vdata

Scan 1 —| M9

V
oe | | w1 [ ms|
Scan 2 A Scan 3
M8 I M3|
Scan 1
—— Vout
= Cst Scan 3 @ \ref
I M4|
B Scan 3
Vee |M2 I I MGI
(a)
m T2, T3 T4 T3 T4
Scan 1 . 4
.‘ 25us
Scan 2 |
=i
120us;
Scan 3 . .

Frame (16.6ms) Frame (16.6ms)

Frame (16.6ms) " Frame (16.6ms)

(b)

Fig. 5. Schematic of (a) the proposed memory cell II and (b) its corresponding
and seven switch transistors denoted as (M3, M4, M5, M6, M7, M8, and M9).

This represents the proposed circuit can be effectively operated
higher than 5-bit (data range/one gray scale = 3/0.05 = 60)
digital memory at the frame rate of 3.16 Hz.

B. New Proposed Analog Memory Cell II With Threshold
Voltage Compensation

Due to the threshold voltage drop of the output voltage from
the input data in the proposed analog memory cell I, the analog
memory cell Il is then proposed to release this limitation. By ap-
plying the proposed analog memory cell II, source driver needs
not provide Vdata of |Vp|+|Vt| to data line but provide Vdata
of |Vp| only. Therefore, source driver doesn’t have to modify
the data signal with a threshold voltage shift and further reduce
the algorithm complexity of source driver.

Fig. 5(a) depicts the proposed analog memory cell II and its
corresponding waveforms of scan lines. The proposed analog
memory cell I is composed of two driving transistors (M1 and
M2), and seven switch transistors (M3, M4, M5, M6, M7, M8,
and M9). The operation is divided into four periods, including
the pre-charging period (T1), the threshold voltage (Vt) com-
pensation period (T2), the positive voltage holding period (T3),
and the negative voltage holding period (T4). In the T1 period,
scan signals turn on the switches (M4, M5, M7, M8, and M9)
and turn (M3 and M6) off, respectively. Vout becomes Vdata
through M9, and V 4 is charged to Vpp. In the T2 period, Scan2
goes to high to turn M7 off. M1 starts to release charge from
V 4 through M8 in a diode connect structure and V 5 becomes
Vdata+ Vtn at the end of this period, where Vtn is the threshold
voltage of M1. In the meanwhile, the storage capacitor (Cst) is

control signals. The circuit is composed of two driving transistors (M1 and M2)

set to Vo = Vdata 4+ Vtn and Vg = Vref. In the T3 period,
Scanl becomes low to turn M8 and M9 off. Scan2 goes to low
to turn on M7, and the other transistors are all kept at the pre-
vious states. The gate voltages of M1 and M2 are Vdata + Vtn
and Vref, respectively. Vout remains Vdata at the positive data
holding period (T3). At the T4 period, Scan3 becomes high to
turn M4 and M5 off. Because M3 is turned on, Vref is applied
to the node A. The voltage of node B goes to 2Vref — (Vdata +
Vtn) because Cst is boosted by the voltage at node A (V4 ). At
the beginning of T4 period, M2 is operated as a source follower.
The output voltage goes to 2Vref — (Vdata+ Vtn) 4+ |Vtp| and
then holds this voltage level until the next period comes, where
[Vtp| is the absolute threshold voltage of M2.

The threshold voltage difference between Vtn and [Vtp| will
cause non-symmetric output waveforms, so that liquid crystal
cannot present equal transmittance. In order to solve this issue,
the request for negative data holding period (T4) is to generate
opposite sign voltage (—Vout) during the positive data holding
period (T3). Vout will become —Vdata, which gives

—Vdata =Vp + |Vtp|

=2Vref — (Vdata + Vtn) + |Vtp|. 4)

Derived from (4), the optimized reference voltage (Vref) can
be set to achieve the cancellation of threshold voltage difference
between M1 and M2. The reference voltage is the same as that
shown in (3). By adjusting this reference voltage, the problem of
asymmetric inversion voltage for analog MIP can be completely
solved by the proposed analog memory cell II.
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Fig. 7. Output voltage for M1 and M2 with equal shifts on threshold voltage
of 0.9V, 1.4V, and 1.9 V when Vdata is3 V.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. New Proposed Analog Memory Cell 1

For measurement setup, synchronous signals are generated
by the pulse card option for Keithley 4200 (4205-PG2). Input
range of Scanl is set as 0 to 10 V. Scan2 and Scan3 are set as
—5to 5 V. Digital oscilloscope is utilized to observe the output
waveforms. The die photo of fabricated two types of the pro-
posed analog memory cells are shown in Fig. 8. A large layout
area is occupied by the storage capacitor (Cst) since it is fab-
ricated by the interlayer oxide. The equivalent oxide thickness
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Fig. 8. Die photo of the proposed. (a) Analog memory cell I. (b) Analog
memory cell II, fabricated in a 3-pzm LTPS process.

of the interlayer oxide is about eight times thicker than the gate
oxide in TFT. For circuit verification, twenty frame time per
Scanl is used to verify the output waveforms whether it can
meet the desired function. As shown in Fig. 9, the output in-
version signal (Vout) are from 0 to O V, 1 to —0.998 V, 2 to
—2.015V,and 3 V to —2.975 V, when Vdata varies from 1 to 4
V with astep of 1 Vand Vrefis 0.2 V (AVt is about 0.4 V). The
definition of the inaccuracy for polarity inversion difference is
[Vout_positive — | Vout_negative||, and which is no more than
0.025 V because of Vref feeding. The threshold voltages of M1
(Vtn) and M2 (Vtp) are about 1 V and —0.6 V from the output
results. Fig. 10 shows the enlarged plot for Vout as 0.5 V/scale
in Fig. 9(d) when Vdata is 4 V. The frame numbers are listed
from the Istto 19th, and which are corresponding to 3 V (Y2: the
first frame number) and 2.925 V (Y 1: the 19th frame number).
Fig. 11 shows the summary of the output voltage under different
frame numbers with Vdata of 2, 3, and 4 V, respectively, in the
proposed analog memory cell I for the positive output voltage.
The maximum output voltage decay is less than 0.075 V after
nineteen frame time when Vdata is 4 V. It verified that the op-
erating frequency of source driver can be reduced from 60 to
3.16 Hz for static image. Besides, frame number can be chosen
by the tolerance of specified output decay for higher resolution.

B. New Proposed Analog Memory Cell II With Threshold
Voltage Compensation

Fig. 12 shows the output inversion signal (Vout) of the pro-
posed analog memory cell II which are from 1 to —0.998 V,
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0.2 V (AVt is about 0.4 V). The inaccuracy for polarity inver-
sion difference is no more than 0.025 V. The output voltage can
be directly obtained from Vdata without the threshold voltage
issues which are consistent with the simulation results. Further-
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nineteen frame time when Vdata is 4 V. Fig. 13 shows the en-
larged plot for Vout as 1 V/scale in Fig. 12(d) when Vdata is
4 V. The entire output waveform is contained to show the output
symmetry. The frame numbers are listed from Ist to 19th, and
which are corresponding to 4 V (Y1: the first frame number) and
3.9 V (Y2: the 19th frame number). Fig. 14 shows the summary
of output voltage under different frame numbers with Vdata of
1, 2, 3, and 4 V, respectively, in the proposed analog memory
cell II for the positive output voltage. The frame number can
be chosen by the tolerance of specified output decay for the ap-
plication of better resolution. By integrating the proposed MIP
circuit into the pixel, better image quality can be obtained.

The reason for the voltage decay as shown in Fig. 11 and
Fig. 14 is caused by the parasitic effects of transistors. During
the T3 to T4 periods in Fig. 5, V o changes from Vdata+ Vtn to
Vref, and this transient voltage will couple the node B through
the storage capacitor (Cst). Nevertheless, the existence of para-
sitic capacitance will decrease the coupling amount, and which
will directly affect the output voltage. The voltage at node B can
be shown in the following [11]:

Cst

\Y%
B Cgs2 + Cgd2 + Cst + Cgs4

= Vref

(Vdata 4+ Vtn — Vref).
)
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Fig. 12. Measured results of analog memory cell II with: (a) Vdata = 1 V;
(b) Vdata = 2 V; (c) Vdata = 3 V; and (d) Vdata = 4 V in t20-frame time
(16.6 ms * 20 = 332 ms) per Scanl pulse.

The second term of (5) shows that the coupling amount
is reduced due to the capacitive division, where
Cgs2,Cgd2, and Cgsd4 are the parasitic capacitance of
M2 and M4. Moreover, this effect takes place at every
transition of polarization inversion to cause the output decay
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Fig. 13. The enlarged plot for Vout as 1 V/scale in Fig. 12(d) when Vdata is
4 V. The entire Vout waveform is contained to show the output symmetry.
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Fig. 14. The output voltage under different frame numbers with Vdata of 1,
2,3, and 4 V, respectively, in the proposed analog memory cell II for the positive
output voltage.

since there is no refreshed data to the storage capacitor. After
more frame cycles, the holding voltage will be smaller than
the previous one. In order to reduce such a non-ideal effect,
storage capacitor (Cst) has to be designed as greater as
possible to meet the ideal case in (4). However, it will become
a trade off to the LCD’s aperture ratio. The row time of this
work is approximately 25 us and which limits the aspect ratio
of M1 and M2 to charge the output. The simulation results
show that the aspect ratio of 3 pm/5 pum is quite enough for
the output loading of real pixel (300 fF) in TFT-LCDs. On
the contrary for the measurement consideration, the larger
aspect ratio of 30 um/5 pm has to be designed for the output
loading of oscilloscope (10 pF) and it leads to greater parasitic
capacitance. Therefore, the storage capacitor (Cst = 5 pF)
is applied to verify the functionality of the proposed circuits.
The comparison of the conventional storage capacitor is about
0.2-0.3 pF.

Although equal threshold voltage shifts is applied in the pro-
posed analog memory cell II in Fig. 7, the different threshold
voltage shifts should be concerned in the real devices. When
the stress poses different threshold voltage shifts between M1
and M2, the error rate (the output voltage difference (AV in
Fig. 7) dividing the threshold voltage difference) of the proposed
analog memory cell II becomes quite larger. Besides, the error
rate is proportional to the difference value between the threshold
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voltage shifts of M1 and M2, since the threshold voltage of M1
is utilized to compensate the threshold voltage of M2 in the pro-
posed analog memory cell II. Even though it can not compen-
sate this difference value, the design concept still can decrease
the effect of the equal threshold voltage shifts. Furthermore, the
same Vref is utilized in the proposed analog memory cells under
different input data. It can be derived that the higher input data
(Vdata) results to larger inaccuracy for polarity inversion dif-
ference from the (2), (4), and (5). Nevertheless, the pixels are
addressed in rows and columns in TFT-LCDs. The layout of
Vref line should be parallel with the gate line (row) or source
line (column) to control a large number of pixels. Therefore, the
same Vref is applied in the measurement results under different
input data.

IV. CONCLUSION

Two proposed analog pixel memory cells for power saving
application in TFT-LCDs have been successfully verified in a
3-pum LTPS process. The frame rate to refresh the static image
can be reduced from 60 to 3.16 Hz with the voltage decay at
the output only less than 0.1 V under the input data varies from
1 to 4 V. Experimental results have successfully verified that
both of the proposed analog memory cells are suitable for the
MIP application of high resolution. Besides, the compensation
technique is used to improve the output voltage decay due to the
threshold voltage drop.
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