1.5V Sub-mW CMOS Interface Circuit for
Capacitive Sensor Applications in
Ubiquitous Sensor Networks

Sungsik Lee, Ahra Lee, Chang-Han Je, Myung-Lae Lee, Gunn Hwang, and Chang-Auck Choi

In this paper, a low-power CMOS interface circuit is
designed and demonstrated for capacitive sensor
applications, which is implemented using a standard
0.35-um CMOS logic technology. To achieve low-power
performance, the low-voltage capacitance-to-pulse-width
converter based on a self-reset operation at a supply voltage
of 1.5 V is designed and incorporated into a new interface
circuit. Moreover, the external pulse signal for the reset
operation is made unnecessary by the employment of the
self-reset operation. At a low supply voltage of 1.5 V, the new
circuit requires a total power consumption of 0.47 mW with
ultra-low power dissipation of 157 pW of the interface-
circuit core. These results demonstrate that the new
interface circuit with self-reset operation successfully
reduces power consumption. In addition, a prototype
wireless sensor-module with the proposed circuit is
successfully implemented for practical applications.
Consequently, the new CMOS interface circuit can be used
for the sensor applications in ubiquitous sensor networks,
where low-power performance is essential.
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1. Introduction

Recently, the low-voltage operation of CMOS signal-
processing circuitry for sensor applications has been a key
performance requirement for portable and wireless devices,
such as PDAs, cell phones, navigation systems, and structural
health monitoring systems in sensor networks including
ubiquitous sensor networks (USNs) [1]-[3]. In sensor networks,
capacitive sensors can show relatively low power
characteristics due to the reduction of the leakage current level
in the sensor part, compared to resistive sensors [2]. Moreover,
low-power CMOS circuits for various sensors need to be
designed for reduction of power dissipation in the circuit part
[3]. In this respect, the interface circuitry for the signal-readout
of sensors is an important part of low-power sensor systems
[4]-[6].

Prior interface circuit designs for capacitive sensing were
mainly focused on high sensitivity and low noise, but low-
power performance has not been achieved [5]. For example,
battery powered wireless sensor applications in USNs
normally are required to consume at most hundreds of
microwatts for long-time operation. Therefore, the design of
interface circuits with medium to high performance at very low
power consumption is very important [6].

Depending on requirements of low power consumption,
some advanced interface circuits and low-power circuit
techniques have been proposed and can be used to measure the
sensor capacitance at low supply voltages [7]. At a low supply
voltage, capacitance-to-voltage conversion can be performed
using the switched-capacitor (SC) charge amplifier [8].
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Fig. 1. (a) Conceptual circuit diagram of the differential capacitive sensor and (b) block diagram of the proposed interface circuit,
including the capacitance-to-pulse-width converter with simple self-reset circuitry.

However, the low-voltage operational amplifier for the SC
amplifier is difficult to design while maintaining both a wide
output voltage-swing and high slew-rate at a low supply
voltage [6]-[8]. This leads to degraded performance in terms of
low signal-to-noise ratio (SNR) and low dynamic-range. To
reduce the power consumption of capacitive sensor systems,
boost-trapped signaling techniques have been proposed [9],
[10].

While boosting the signal level, a noise signal with a
relatively high voltage level also can be amplified. Moreover, a
drawback of the boost-trapping technique is that it can give rise
to hot-carrier related reliability problems, especially in a sub-
micrometer technology, and this significantly reduces the
circuit lifetime [10].

As another approach, quasi-digital interface circuits have
been proposed with capacitance-to-frequency (phase)
conversion operation [11]. The signal of the capacitance-to-
frequency (phase) converter can be easily read out by the
microcontroller unit with a reference frequency. However, it
should be observed that the output frequency or phase is
strongly dependent on the device parameters, such as the
passive elements values (resistances and capacitances) and
the transistor DC performance, which can be affected by
threshold voltage variation associated with process variations
and difficulties of low-voltage operation due to the down-
scaling of the supply voltage [12]. In this respect, this
implementation is also difficult to operate at low voltages.

In this paper, a 1.5 V sub-mW CMOS interface circuit
based on a capacitance-to-pulse-width conversion operation
is demonstrated for capacitive sensor applications. It is
implemented using a standard 0.35 pum CMOS logic
technology. To achieve this, a low-power capacitance-to-
pulse-width converter based on self-reset operation is
incorporated into the new circuit design. The details of the
new circuit structure, simulated results, and measured
performance characteristics are discussed in the following
sections.
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II. Architecture of the Proposed Interface Circuit

Figure 1(a) shows the conceptual circuit diagram of the
capacitive differential sensor. A block diagram of the proposed
interface circuit is shown in Fig. 1(b). To drive the differential
capacitive sensor, the low-voltage capacitive-to-pulse-width
converter is incorporated into the new circuit design, which
consists of low-voltage Schmitt trigger circuits with a
maximized upper trigger point (UTP) below the supply voltage
(Vpp). In addition, a simple self-reset circuit is employed for the
reset operation. For the pulse-width-to-digital conversion
operation, a time-to-digital converter is also designed and
employed with the serial peripheral interface (SPI) as shown in
Fig. 1(b). The details of the circuit structure and operating
principle are presented in the following subsection.

1. Capacitance-to-Pulse-Width Conversion Operation

Figure 2 shows the schematic diagram of the new interface
circuit-core including the capacitance-to-pulse-width converter,
self-reset circuit, and bidirectional readout circuit [13]. The
equivalent capacitors Cs; and Cs, of the capacitive sensor are
connected to the interfacing nodes S+ and S—, respectively. The
proposed circuit is operated with the capacitance-to-pulse-
width conversion operation based on self-reset operation for
the differential capacitive sensors [13].

Figure 3 shows the conceptual voltage waveforms of the
new interface circuit for the capacitance-to-pulse-width
conversion operation. When the new circuit is turned on, the
reset signal is initially and automatically applied at the reset
signal node (Vst) through the pull-up resistor (Rp) connecting
to the supply voltage (Vpp). Then, the transistors (M1, M3) are
automatically turned-on, which leads to the low voltage levels
of Vs and Vg,. In addition, low voltage levels simultaneously
appear at the output nodes (Vo;, Vop) of the Schmitt trigger
circuit (U2, U4). Under these conditions, the PMOS transistors
(M2, M4) are turned on, which results in an increase in the
voltage levels (Vs;, Vsp) arising from the charging current
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As shown in Fig. 3, the voltage levels (Vs;, Vs,) of the sensor
capacitors linearly increase to the UTP of the low-voltage
Schmitt trigger circuit. In this readout-operation, the step
signals (Vo1, Vo) are generated at the starting time of #5; and fs;,
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which are proportional to the sensor capacitances (Cs;, Csp),
respectively, as

urp
- CsdVy, _ Gy UTP W
. [Cl ICI ’
urp
Cs,dVs, C,,-UTP
fy == A )
C2 C2

On the one hand, two rectangular pulse-signals (Voy, Vo) are
used for the generation of the pulse width (PW) signal as
shown in Fig. 3. Using the exclusive-OR gate (US) with two
input signals of Vo, and V,, the PW signal appears at the
output node of U5 as shown in Figs. 2 and 3. In this operation,
the PW |t51—s,| of the PW signal is made, which is proportional
to the difference between Cs; and Cs,:

| ¢y -Cg,|-uTP

|t51_tsz|_Tr

©)
where /¢ is the charging current, assuming /c;=I=Ic. Equation
(3) shows the theoretical and mathematical principle of the
capacitance-to-pulse-width conversion operation. Therefore,
the capacitance difference |Cs;—Cs,| of the sensor can be read
out by the new conversion operation.

When the voltage levels (Vs;, Vs,) of the sensor capacitors
reach the voltage level of the UTP, the transistors M2 and M4,
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which are charging-current (/c;, I») paths for the charging
process, are automatically turned-off by the high voltage levels
at the outputs (Vo1, Vop) of the Schmitt trigger circuit. The
additional and unnecessary current-consumption arising from
the charging process can be minimized and reduced. Hence,
low-power performance can be achieved by the reduction of
this charging current and time.

In addition, the Schmitt trigger circuit is employed to operate
at the low supply voltage of 1.5 V as shown in Fig. 4(a) [15],
[16]. The basic operating principle of the Schmitt trigger circuit
is the same as that of the conventional circuit [15]. In the new
circuit configuration, the UTP level is especially designed and
tuned for low-voltage operation, which is determined by a
threshold voltage level shift due to the body-bias conditions
and a factor R associated with transistor-sizing (W/L) [14]-[16]
as

VD_VTP+R'VTN

UTP=-2 Rl . ()]
R= ﬁ _ My LWy Q)
\ e \ L,

where Vrp is the threshold voltage of the pMOSFET, Vry is the
threshold voltage of the nMOSFET, 4y is the electron mobility
in the channel of the nMOSFET, g4 is the hole mobility in the
channel of the pMOSFET, Ly is the channel length of the
nMOSFET, Lp is the channel length of the pMOSFET, Wy is
the channel width of the nMOSFET, W} is the channel width of
the pMOSFET, and R is the design factor for the UTP level.

For the design of the UTP, the body-bias conditions are very
important and directly affect the threshold voltages (Vrp, V1n)
[14]. In particular, the UTP is determined by the high-level
input (¥7). When the high-level signal is applied to ¥}, Vo
reaches the high level due to the inverter operation. The high
level of Vo provides a forward body-bias to the transistor
Mn—Mn, and a zero body-bias to the transistor Mp—Mp,.
Under these body-bias conditions, the threshold voltages of Vp
and Vpyare determined. For 1.5 V operation, in the proposed
interface circuit, UTP is set to 1.2 V by choosing proper values
for R and threshold voltages.

2. Self-Reset Operation

Figure 4(b) shows the self-reset circuit, which consists of a
NAND gate, two inverters, and two nMOSFETs. Two
inverters are used for intensive time-delay.

The operating sequence for the self-reset operation is shown
in Fig. 5. During the time period of |ft5;—s,|, the PW stays at the
high level, and both V5 and Vo, are set to the high level as
shown in Fig. 5. Hence, the high level of the self-reset signal
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Fig. 4. Diagrams of (a) the low voltage Schmitt trigger circuit
(U2, U4) and (b) the proposed self-reset circuit with two
inverters.

(Vrst) appears at the output of the AND-gate, generated by the
high level of both ¥, and Vg, (D). Next, the high level of Vgt
is applied at the transistors (M1, M3) for the self-reset
operation, which results in Vg, = Ve, =Vor= Vop= 0 (@ and
(). Then, Vg is set to the low voltage level because of AND-
gate operation between Vg, and Vg, (@). Hence, the proposed
interface circuit is automatically reset and restarted by this self-
reset operation.

The self-reset operation makes the external pulse signal for
the reset operation in the interface circuit unnecessary. This can
reduce the power consumption that is incurred by the large
circuit complexity and bias circuitry for the external reset signal.
In addition, the minimum time-consumption for the reset and
restart processes can be achieved by timely and effective self-
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Fig. 5. Timing and sequential diagram of the proposed interface
circuit for the self-reset operation.

reset pulse generation as a result of the self-reset operation, and
this also results in low-power performance. Hence, the new
interface circuit achieves low-voltage operation and low-power
performance by using low-voltage capacitance-to-pulse-width
conversion based on the self-reset operation. The simulated
results are discussed in the following sub-section.

3. Simulation Results

The new interface circuit was simulated and analyzed by
using high precision circuit-simulators (SPECTRE and
HSPICE). For the capacitive sensor simulation, capacitors of
0.2 pF and 0.3 pF were used for the sensor parts, and a supply
voltage of 1.5 V was applied to the overall circuit. Figure 6
shows the simulated results. The PW (| #5—s;|) was observed
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Fig. 6. Simulated results of (a) the proposed capacitance-to-pulse-
width conversion and (b) the self-reset operation.

to be proportional to the difference between Cs; and Cs, as
shown in Fig. 6(a). In addition, the proposed interface circuit
was automatically reset and restarted by the desired self-reset
operation as shown in Fig. 6(b). The results show that the UTP
was about 1.2 V. Thus, the new interface-circuit operation at
the low supply voltage of 1.5 V is verified by circuit simulation.
In the next section, the experimental results are discussed.

III. Experimental Results and Discussion

Figure 7(a) shows a die-photo of the fabricated chip with the
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Fig. 7. (a) Layout of the proposed IC and (b) die-photo of the
fabricated chip with the proposed interface circuits

(CPWC-1, 2, and 3) for a 3-axis accelerometer
application with the proposed interface-circuit core with
the small chip size of 0.16 mm®.

proposed interface circuits (CPWC-1, 2, and 3) for three
capacitive sensors. A microphotograph of the new small
circuit-core of 0.16 mm? is shown in Fig. 7(b). The fabricated
interface circuit was implemented using a standard 0.35 um
CMOS logic technology due to its low cost. For the
experimental test and measurement, the fabricated IC was
made by using the standard 64-LQFP package. Capacitive
sensors were used for the dynamic test and power-related
measurements. The overall measurements were performed at a
low supply voltage of 1.5 V. In addition, MEMS capacitive
sensors with a rest capacitance of 1 pF and acceleration
sensitivity of 0.2 pF/g were used in the overall measurements.
To verify the capacitance-to-pulse-width conversion and self-
reset operation, the transient responses were measured.

Figure 8 shows the measured results for the transient
responses. The PW [tg—fsp| was generated, which appeared
with the desired triangular signal at the capacitive sensor nodes.
In addition, the desired self-reset operation was observed with
timely self-reset pulse as shown in Fig. 8. Therefore, the new
proposed circuit and its operation were successfully
demonstrated by the transient measurements. The measured
UTP is 1.2 V during operation at the given supply voltage.
However, the slope of the ramp signal is not constant as shown
in Fig. 8. This is mainly due to the parasitic resistance and
capacitance in the test board. For the characterization of SNR,
the power-spectral-density was measured.

The PW was converted to a digital value obtained by the
TDC block and the SPI block. In the SPI block, the parallel
data of the TDC was converted to serial samples. By using
these serial samples, the power density was found by
performing an 8,192-point fast Fourier transformation (FFT).
Figure 9(a) shows the power spectral density which was
measured at an input signal of 1-g acceleration with 20 Hz
sinusoidal. The signal power and noise power, which were
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Fig. 8. Measured transient response for the desired operations of
the proposed interface circuit.

measured and characterized at the bandwidth of 200 Hz, were -
4.1 dB and -79.4 dB, respectively. Therefore, the SNR was
characterized to 75.3 dB, which is equivalent to 12.5-bit
resolution. To characterize the sensitivity of the new interface
circuit, the PW was measured as a function of the capacitance
difference of |Cs—Cs,|. Figure 9(b) shows the measured PW
versus the capacitance difference. The measured mean
sensitivity was 42 ps/pF, which is comparable to other results
[17]. To verify the power performance of the new interface
circuit, the total biasing current was measured at the supply
voltage of 1.5 V. Figure 9(c) shows the power consumption
versus Vpp. At the supply voltage of 1.5 V, the measured DC
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Fig. 9. Experimental results of the proposed IC for (a) power
spectral density, (b) transfer characteristics for PW vs.
capacitance difference, and (c¢) power dissipation
measured at room temperature (300 K).

current was about 0.31 mA and the biasing current of the core
circuit was about 0.1 mA, which is significantly reduced due to
the low-voltage operation and small size of 0.16 mm®. These
results correspond to total power consumption and core-circuit
power dissipations of 0.47 mW and 157 pW, respectively,
which are mainly due to the low level of the bias current. The
power consumption of the new interface circuit was significantly
reduced by more than 40% compared to that of other interface
circuits operating at the supply voltage of 1.5 V [18].

The major performance characteristics are summarized in
Table 1. The summarized results indicate that the proposed
interface circuit provides the desired low-voltage capacitance-
to-pulse-width conversion based on the desired self-reset
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Table 1. Performance summary and comparison.

Parameters Value
Technology Chartered O.Ef(;s:slSCMOS logic
Chip size 2.8 mm x 2.8 mm
Sensor rest-capacitance 3 pF
Sensor sensitivity 0.2 pF/g
Core size 0.16 mm’
IC sensitivity 42 ps/pF
Sensor + IC sensitivity 8.4 us/g
Power density Signal 4148
Noise -79.4 dB
This work | Ref. [17] | Ref. [18]
Supply voltage 1.5V 33V 1.5V
I:S:Zirifcﬂf“mption ofthe | 157w | 895uwW | 270 uw

operation with sub-mW power consumption while operating at
the low supply voltage of 1.5 V, which is relatively low power
consumption compared to previously reported interface circuit
structures [17], [18].

As shown in Fig. 10, the prototype wireless sensor module
with the new interface circuit was implemented for 3-axis (X Y,
and Z) accelerometers, which is one of the wireless sensor
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network applications [19], [20]. Figure 10(a) shows a photo of
the implemented wireless sensor-node with a ZigBee
transmitter. The ZigBee receiver for the wireless sensor-node is
shown in Fig. 10(b), which has a USB-type port. The sensed
data, obtained from the 3-axis acceleration sensors and
interface circuit was transmitted to the ZigBee receiver. In the
PCs of local users, the received data was plotted as signal-
waveforms of the acceleration for 3 axes as shown in Fig. 10(c).
Hence, this implemented sensor-node with the proposed IC
chip is suitable for practical applications, such as structural
health monitoring for buildings and bridges [21], [22].

IV. Conclusion

A low-power low-cost CMOS interface circuit based on
standard 0.35 um CMOS logic technology was proposed and
demonstrated. At a low supply voltage of 1.5 V, the new
interface-circuit provides a total power consumption of
0.47 mW. Moreover, the interface-circuit core shows the ultra-
low power dissipation of 157 uW due to the desired
capacitance-to-pulse-width conversion operation based on self-
reset operation at a supply voltage of 1.5 V and the reduction of
the circuit area. The results demonstrate that the new interface
circuit with self-reset operation successfully reduces power
consumption. The proposed CMOS interface circuit provides a
low-power performance compatible with microsystems and
capable of interfacing with a large variety of capacitive sensors.
It is very promising for low-voltage sensor applications in
ultra-low-power USNS.

References

[1] Q. Huang and C. Melnofi, “A 0.5-mW Passive Telemetry IC for
Biomedical Applications,” /EEE J. Solid-State Circuits, vol. 33,
no. 7, July 1998, pp. 937-946.

[2] R. Martins, S. Selberherr, and F.A. Vaz, “A CMOS IC for
Portable EEG Acquisition Systems,” [EEE Trans. Instrum. Meas.,
vol. 47,1998, pp. 1191-1196.

[3] J. Ramirez-Angluo, “The Flipped Voltage Follower: A Useful
Cell for Low-Voltage Low-Power Circuits Design,” Proc. of the
IEEE Int’l Symp. on Circuits and Systems, ISCAS 2002, vol. 1, pp.
725-728.

[4] S. Pennisi, “High-Performance and Simple CMOS Interface
Circuit for Differential Capacitive Sensors,” IEEE Trans. on
Circuits and Systems-I1, vol. 52, no. 6, June 2005, pp. 327-330.

[5] R.R. Harrison and C. Charles, “A Low-Power Low-Noise CMOS
Amplifier for Neural Recording Applications,” I[EEE J. Solid-
State Circuits, vol. 38, no. 6, June 2003, pp. 958-965.

[6] M.SJ. Steyaert, WM.C. Sansen, and C. Zhongyuan, “A
Micropower Low-Noise Monolithic Instrumentation Amplifier

ETRI Journal, Volume 30, Number 5, October 2008

for Medical Purposes,” IEEE J. Solid-State Circuits, vol. SC-22,
Dec. 1987, pp. 1163-1168.

[7] A. Golaetal., “A 80 dB-SMR 1 g Fully-Integrated Biaxial Linear
Accelerometer in a Standard 0.5-um CMOS Technology for
High-Sensitivity Applications,” Proc. ESSCIRC, Florence, Italy,
Sept. 2002, pp. 631-634.

[8]J.C. Ltters et al., “A Sensitive Differential Capacitance to Voltage
Converter for Sensor Applications,” IEEE Trans. Instrum. Meas.,
vol. 48, no. 1, Feb. 1999, pp. 89-96.

[9] S.A. Jawed et al., “A Low-Voltage Boostrapping Technique for
Capacitive MEMS Sensors Interface,” Proc. IMTC, May 2007,
pp- 14.

[10] S. Lee and K. Yang, “Sub-1-V Supply Self-Adaptive CMOS
Image Sensor Cell with 86-dB Dynamic Range,” IEEE Electron
Device Letters, vol. 28, no. 6, June 2007, pp. 492-494.

[11] S. Chatzandroulis and D. Tsoukalas, “Capacitance-to-Frequency
Converter Suitable for Sensor Applications Using Telemetry,”
Analog Integrat. Circuits Signal Process, vol. 27,2001, pp. 31-38.

[12] F. Krummenacher, “A High-Resolution Capacitance-to-
Frequency Converter,” IEEE J. Solid-State Circuits, vol. SC-20,
no. 3, June 1985, pp. 666-670.

[13] S.S. Lee et al, “A Bidirectional Readout Integrated Circuit
(ROIC) with Capacitance-to-Time Conversion Operation for
High Performance Capacitive MEMS Accelerometers,” Proc.
IEEE Sensors, Oct. 2007, pp. 288-291.

[14] S.F. Al-Sarawi, “Low-Power Schmitt Trigger Circuit,” /EK
Electronics Letters, vol. 38, no. 18, Aug. 2002, pp. 1009-1010.

[15] C. Zhang, A. Srivastava, and P. K. Ajmera, “Low Voltage CMOS
Schmitt Trigger Circuits,” IEK Electronics Letters, vol. 39, no. 24,
Nov. 2003, pp. 1696-1698.

[16] P. Cong-Kha, “CMOS Schmitt Trigger Circuit with Controllable
Hysteresis Using Logical Threshold Voltage Control Circuit,”
Proc. ICIS, July 2007, pp. 48-53.

[17] P. Bruschi, N. Nizza, and M. Piottto, “A Current-Mode, Dual-Slope,
Integrated Capacitance-to-Pulse Duration Converter,” [EEE J.
Solid-State Circuits, vol. 42, no. 9, Sept. 2007, pp. 1884-1891.

[18] A. Thanachayanont and S. Sangtong, “Low Voltage Current-
Sensing CMOS Interface Circuit for Piezo-Resistive Pressure
Sensor,” ETRI Journal, vol. 29, no. 1, Feb. 2007, pp. 70-78.

[19] C.U. Grosse, M. Kruger, and S.D. Glaser, “Wireless Acoustic
Emission Sensor Networks for Structural Health Monitoring in
Civil Engineering,” Proc. ECNDT, 2006, pp. 1-8.

[20] S. Sarkar et al., “Development of 2.4 GHz RF Transceiver Front-
End Chipset in 0.25-um CMOS,” Proc. 16th Int. Conf. VLSI
Design, 2003, pp. 42-47.

[21] P.S. Choi et al, “An Experimental Coin-Sized Radio for
Extremely Low-Power WPAN Application at 2.4 GHz,” IEEE J.
Solid-State Circuits, vol. 38, no. 12, Dec. 2003, pp. 2258-2268.

[22] C. Cojocaru et al., “A 43 mW Bluetooth Transceiver with -91
dBm Sensitivity,” ISSCC Dig. Tech. Papers, 2003, pp. 90-91.

Sungsik Lee etal. 651



Sungsik Lee graduated from Korea Advanced
Institute of Science and Technology (KAIST) in

2006 and is now with ETRI as a researcher in
-l

the research area of integrated circuit design for
¥ various sensors, such as capacitive and resistive
sensors. He has been the first author of major
SCI journal papers related to CMOS image
sensors, published in journals such as IEEE Electron Device Letters
and /EEFE Transactions on Electron Devices. He has presented many
international conference papers and holds many patents as the first
author. His research interests include a novel and high performance
interface circuit and system design for various physical sensors,
including ubiquitous sensors in ubiquitous sensor networks.

Ahra Lee received the BS degree in electronic
| and electrical engineering from Kyungpook
National University, Korea, in 2003. She
completed an integrated MS/PhD course with
the School of Electrical Engineering and
Computer Science at Seoul National University
in 2007. She is currently a PhD candidate with
the Advanced Device Engineering division of the University of
Science and Technology-ETRI. Her research interests include MEMS
inertial sensors.

| Chang-Han Je received the BS degree in
mechanical engineering from Yonsei University,
Seoul, Korea, in 2002, and the MS degree in
mechanical Korea
Advanced Institute of Science and Technology
(KAIST), Dagjeon, Korea in 2004. Since 2004,

he has been with ETRI, Daejeon, Korea, as a

engineering from the

member of engineering staff, where he has been with the
Microsystems Research Department. He is currently a PhD candidate
with the Department of Mechanical Engineering at KAIST. His
research interests include the design, fabrication, and characterization
of MEMS devices and MEMS packaging.

Myung-Lae Lee received his BS degree in
Physics from Dong-A University, Busan, Korea,
in 1989, and his MS and PhD degrees in
Physics from Korea Advanced Institute of
Science and Technology (KAIST), Daejeon,
Korea, in 1992 and 1998, respectively. Since
1998, he has been working for ETRI. His
research interests include the design, fabrication, and characterization

of MEMS devices with signal processing ICs for applications in the
areas of optics, RF, and USN.

652  Sungsik Lee et al.

Gunn Hwang received the BS degree from
Korea University, Seoul, Korea in 1983, and the
MS and PhD degrees in mechanical engineering
from Korea Advanced Institute of Science and
Technology, Daejeon, in 1985 and 1999,
respectively. He is a senior member of
~ 1 engineering staff with the Advanced I-MEMS
Team of ETRI, Daejeon, Korea, where he has been employed for 22
years. His current work centers on developing MEMS devices,
especially accelerometers with MEMS technology.

Chang-Auck Choi received his MS and PhD
degrees in
Kyungpook National University, Taegu, Korea,
in 1988 and 1999, respectively. Since 1980, he
has worked for ETRI in the area of developing
system (MEMS)
devices and advanced semiconductor process

electronic  engineering  from
micro-electro-mechanical
technology. He is currently the project manager of MEMS sensor

technology development. He is currently researching physical sensors
and integrated MEMS sensors for ubiquitous sensor networks.

ETRI Journal, Volume 30, Number 5, October 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


