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A smart meter is essential for realizing the smart grid. In order to further reduce
the energy loss in the power grid, an extremely fine-grain power monitoring sys-
tem is desirable and it will require an enormous number of low-cost power
meters. Existing power meters, however, do not meet the cost and size require-
ments. On the other hand, organic devices on flexible films have great potential
to realize low-cost power meters. In this paper, a 100-V AC power meter based
on System-on-a-Film (SoF) concept is demonstrated.

Figure 12.2.1 shows the photograph of the proposed 100-V AC power meter on
a flexible film, including: (a) analog circuits composed of a 20-V organic CMOS
opamp for AC current sensing, (2) logic circuits composed of a 20-V organic
CMOS frequency divider for integrating the measured current, (3) AC-to-DC
power converter composed of a 100-V organic PMOS rectifier to generate 20-V
DC power for the power meter, (4) an OLED [1] bar indicator, and (5) an AC con-
nector inserted between the power plug and the AC outlet are fully integrated on
a 200×200mm2 flexible film. The entire sheet can be folded and the total size of
the proposed AC power meter can be shrunk to 70×70mm2. In this work, the sys-
tem dimensions are mainly determined by the design-rule of the organic transis-
tors and can be further reduced by scaling of the design-rule. Figure 12.2.2
shows the block diagram of the proposed 100-V AC power meter. The measured
100V 50Hz AC load current iL is first converted into the sense voltage (v) by
means of the sense resistor (R). The converted sense voltage v is then amplified
by the amplifier and rectified into VSENSE, which is compared with the triangular
waveform (VTRI) by the comparator. The output of the comparator enables or dis-
ables the 10-bit counter. five most-significant bits in the counter are connected
to the OLED bar indicator. To get the accumulated results, the maximum integra-
tion time of the power meter is designed to be 43min. The 0.05-Hz clock for the
input of the triangular waveform generator and the 0.4-Hz clock for the counter
are generated by a 10-bit frequency divider, for which the clock is generated by
a half-wave rectifier from 100-V 50-Hz AC signal. The required DC power for the
power meter is provided by converting the 100-V 50-Hz AC power into 20-V DC
power by the full-wave rectifier.

We implement a full-wave rectifier using 100-V organic PMOS. The current con-
sumption of the system, mainly consumed by the 5-digit OLED bar indicator, is
around 2mA. Since the driving capability of organic NMOS is weaker than that of
PMOS by an order, we choose an all-PMOS full-wave rectifier. In a typical recti-
fier as shown in Fig. 12.2.3(a), each PMOS operates at the pinch-off region. To
increase the output current of the rectifier, two PMOS diodes are replaced with a
pair of cross coupled PMOS operating in the linear region as shown in Fig.
12.2.3(b). Both two rectifiers are implemented by PMOSs with gate length and
width of 20µm and 100mm, respectively, which can supply up to 2-W DC power,
the highest power level ever reported. Figure 12.2.3 (c) shows the comparison
of the rectifiers. While the PMOS diode rectifier supplies 2.1-mA output current
at 20V, the cross-coupled PMOS rectifier can increase the output current by
24%. Figure 12.2.3(d) shows the measured waveform of the 21.9-V output volt-
age of the cross-coupled PMOS rectifier.

In our 20-V CMOS, DNTT-based PMOS has 8 times higher carrier mobility than
NTCDI-based NMOS [2, 3]. In addition, our CMOS inverter gain was only 3.2 at
20V and this leads to functional errors in the large scale logic circuits. To solve
the problem, we designed the frequency divider with high-gain Pseudo-CMOS
inverters [4]. The Pseudo-CMOS inverter uses only PMOS. The gain of 148, stat-
ic noise-margin of 6.7V, and 156-Hz oscillation frequency of a 3-stage ring-oscil-
lator can be achieved at 20V supply voltage. Figure 12.2.4 shows the schemat-

ics and measured waveform of the Pseudo-CMOS inverter and the proposed fre-
quency divider. In the divider, NMOSs are used only for transmission gates, in
which high gain is not required. Thanks to high gain Pseudo-CMOS, the divider
successfully operates at 50Hz and 20V. In the frequency divider, the dynamic
slave latch, which consists of only an inverter and the parasitic capacitance as
the charge keeper, is used to reduce the number of transistors.

A major challenge in organic analog circuit design is to compensate for large
process variations. The offset voltage in the differential pair of the amplifier due
to the device mismatch should be reduced to lower than the sense voltage gen-
erated by the sense resistor R in Fig. 12.2.2. Some variation compensation tech-
niques using back gate biasing [5, 6] were presented. However, the back gate
voltages of each organic device should be biased throughout the operation time.
To tackle this problem, we employ floating gate (FG) PMOS technology [7] to
compensate for the process variations in the input stage of the opamp. The cross
section of the device with FG is shown in Fig. 12.2.5(a). By applying -60V
100ms-width pulses to the gate terminal as shown in Fig. 12.2.5(b), holes can
be injected into FG, which increases VTH of the FG-PMOS. The key advantages
include: 1) the variation compensation can be carried out by single high voltage
source with the fixed voltage, 2) the controllability is provided by varying the
voltage pulse width and the number of pulses, and 3) once the variation com-
pensation is completed, no external DC voltage sources are required throughout
the operation time. As shown in Fig. 12.2.5(c), the input differential pair of the
opamp is composed of two PMOS (M1, M2) with FG and five IO pads are added
for the use of mismatch compensation. 

Figure 12.2.6 shows measured results of the variation compensation. Figure
12.2.6(a) shows ID-VGS characteristics of M1 and M2 in Fig. 12.2.5(c). VTH of M1
is monotonically shifted toward VTH of M2 by increasing the compensation time.
As the result, VOUT-VIN characteristics of the opamp can be modified as shown
in Fig. 12.2.6(b). Figure 12.2.6(c) shows the dependence of differential voltage
gain at VINP = VINN = 15V on the compensation time derived from Fig. 12.2.6(b).
The initial gain of 2.7 can be raised to 4.9 by applying 2 pulses (=200ms). Figure
12.2.6(d) shows the dependence of VOUT on the compensation time. VOUT is
shifted from 8.4V to 12.5V by applying 2 pulses. In this way, the performance of
the opamp can be optimized. Figure 12.2.7 shows the photographs of organic
circuits and summarizes key features. The AC power meter consists of 609 tran-
sistors and the total area excluding AC connector is 200 × 200mm2 (unfolded
form) or 70 × 70mm2 (using form).

Acknowledgement:
This study was partially supported by JST/CREST and the Special Coordination
Funds for Promoting and Technology. We also thank Prof. K. Takimiya,
Hiroshima Univ. and Drs. H. Kuwabara, and M. Ikeda, Nippon Kayaku Co., Ltd.
for high purity DNTT.

References:
[1] H. Nakajima et al., “Flexible OLEDs poster with gravure printing method,”
Society for Information Display 2005 Digest Vol.XXXVI, Book2, pp.1196-1199,
May 2005.
[2] T. Yamamoto and K. Takimiya, “Facile Synthesis of Highly π-Extended
Heteroarenes, 
Dinaphtho[2,3-b:2’,3’-f]chalcogenopheno[3,2-b]chalcogenophenes, and Their
Application to Field-Effect Transistors,” Journal of American Chemical
Society,vol.129, no.8, pp. 2224-2225, Aug. 2007.
[3] H. E. Katz et al., “A Soluble and Air-stable Organic Semiconductor with High
Electron Mobility,” Nature, vol.404, pp478-481. Mar. 2000.
[4] T.-C. Huang et al., “Pseudo-CMOS: A Novel Design Style for Flexible
Electronics,” Design, Automation & Test in Europe Conference & Exhibition
(DATE) 2010, pp. 154-159, Mar. 2010.
[5] M. Takamiya et al., “An Organic FET SRAM with Back Gate to Increase Static
Noise Margin and its Application to Braille Sheet Display,” IEEE Journal of Solid-
State Circuits, Vol. 42, No. 1, pp. 93 - 100, Jan. 2007.
[6] H. Marien et al., “An Analog Organic First-Order CT ΔΣ ADC on a Flexible
Plastic Substrate with 26.5dB Precision,” ISSCC Dig. of Tech. Papers, pp.136-
137, Feb. 2010.
[7] T. Sekitani et al., “Organic Nonvolatile Memory Transistors for Flexible Sensor
Arrays,” Science, vol.326, no.5959, pp.1516-1519, Dec. 2009.

978-1-61284-302-5/11/$26.00 ©2011 IEEE



219DIGEST OF TECHNICAL PAPERS  •

ISSCC 2011 / February 22, 2011 / 2:00 PM

Figure 12.2.1: Prototype of 100V AC power meter on a folded film. Figure 12.2.2: System block diagram of the AC power meter.

Figure 12.2.3: 100V organic PMOS rectifier.

Figure 12.2.5: 20V organic CMOS opamp with floating gate for variation 
compensation. Figure 12.2.6: Measured mismatch compensation of opamp in Fig. 12.2.5.

Figure 12.2.4: 20V organic Pseudo-CMOS based frequency divider.
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Figure 12.2.7: Photographs and key features.




