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Abstract

This paper presents a generic low-power sensor interface chip compatible with smart microsystems and a wide range of capacitive
transducers. The interface chip is highly programmable, can communicate with an external microcontroller using a nine-line sensor bus
standard, contains a switched-capacitor readout circuit, supports sensor self-test, and includes a temperature sensor. The circuit can
interface with up to six external sensors and contains three internal programmable reference capacitors in the range of 0.15–8 pF. The
chip measures 3.2=3.2 mm in a standard 3-mm single-metal double-poly p-well process, dissipates less than 2.2 mW from a single 5 V
supply, and can resolve input capacitance variations of less than 1 fF in 10 Hz bandwidth. q 2000 Elsevier Science S.A. All rights
reserved.
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1. Introduction

Ž .As the MicroElectroMechanical Systems MEMS , or
Microsystems, industry continues to experience accelerat-
ing growth, there has been an obvious trend toward com-
bining MEMS transducers with increasingly sophisticated
circuits. One step in this evolution is to integrate circuitry
and transducers to form ‘‘smart’’ sensors, yet the low cost
and wide availability of present signal processing electron-
ics make it possible to go one step further and form entire
smart microsystems. These microsystems, which combine
multiple microsensors andror microactuators with signal
processing circuitry on a common substrate, are capable of
gathering electronic data from the physical world, process-
ing and acting on the information, and transferring the data
to other electronic systems which gain intelligence from

w xthis process 1 . It is precisely these capabilities which
ensure that microsystems will have a pervasive impact on
the future of the microelectronics industry in application
fields ranging from automotive systems to health care. A
significant subset of such microsystems will be small,

w xportable, autonomous units 2,3 that can be distributed to
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collect data over a long period of time. Because these
portable microsystems will be battery powered, one of
their key constraints is the overall power consumption,
which must be minimized without sacrificing performance.
A low-power transducer front-end is vital to this effort, yet
most of the devices being manufactured today are piezore-
sistive and consume large amounts of power. Capacitive
microsensors provide an attractive alternative since they
have no intrinsic power dissipation and can be read out
using relatively low-power circuit techniques while offer-

w xing high sensitivity and self-test capabilities 4,5 . How-
ever, the various capacitive transducers that have been
reported display a wide range of base capacitances and
sensitivities depending on the technology and structure of

w xeach device 6 . This variation among transducers places a
challenging requirement on the sensor interface circuit,
especially in microsystems with multiple sensors such as

w xthe one shown in Fig. 1 5 . For systems such as this, there
is a significant advantage to using a generic interface
circuit capable of reading out multiple microsensors, each
of which may have a different base capacitance and sensi-
tivity. Furthermore, a generic interface circuit should pro-
vide a standard communication link to the main microsys-
tem controller, support sensor self-test and self-calibration,
support multi-ranging within a single sensor, dissipate low
power, and occupy very small die area with no external
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Fig. 1. Block diagram of a microsystem that utilizes the generic capaci-
tive sensor interface chip and multiple microsensors to measure a variety
of physical parameters.

components. While numerous readout circuits for capaci-
w xtive microsensors have been introduced 7–11 and some

w xhave even been commercialized 12,13 , to date, a generic
interface with all of these features has not been reported. A

w xnovel universal transducer interface is reported in Ref. 11
that can read out capacitive sensors with a wide range of
base capacitances, however it does not support standard
communication with a microcontroller, self-test and self-
calibration.

This paper describes a generic capacitive sensor inter-
face for multi-parameter microsystems which satisfies all
the aforementioned requirements. First, a brief description
of a microsystem that utilizes this interface circuit is
presented to highlight both the requirements and the appli-
cation of the circuit. Then, the interface chip architecture is
presented, followed by a description of its major building
blocks. Finally, measurement and test results for the fabri-
cated chip are presented.

2. Microsystem description

The microsystem shown in Fig. 1 utilizes an open
architecture with a standard sensor bus which allows the
system to be populated with sensors and actuators as
required by various applications such as, weather monitor-
ing or electronic systems health monitoring for condition-
based maintenance. Such applications require that an array
of parameters be measured, and the generic capacitive
interface chip is a critical component of the overall system
because it allows a standard microcontroller to communi-

cate with, and collect data from, a wide variety of sensors.
For instance, the currently developed microsystem accom-
modates sensors for measuring a variety of environmental
parameters including temperature, barometric pressure, rel-

w xative humidity, and accelerationrvibration 4,5 . As shown
in Table 1, these sensors display a wide range of base
capacitance and sensitivity, which must be covered by the
interface chip.

The heart of the microsystem is a microcontroller unit
Ž .MCU that provides stored program control and data
handling as well as sensor-specific software routines for
in-module sensor calibration, digital compensation, and
self-test. The MCU communicates with the front-end trans-
ducers via the sensor interface chips and a nine-wire
sensor bus. Once sensor data has been collected and
compensated in-module, it can be stored in-module or
output through either a hardwired serial IrO port or an
on-board RF transmitter.

The sensor bus is a central part of the microsystem
architecture that provides access to multiple sensorsractu-
ators while using a limited number of interconnects. This
bus is based on a standard used at the University of
Michigan and was chosen for its functionality as well as its
compatibility with existing systems. Although a variety of
bus standards are still being used throughout the sensor
industry, this sensor bus provides a reduced line count
without requiring complex signal decoding, and it is a
predecessor to the very similar and recently adopted IEEE
P1451 standard. It consists of nine lines: three power
leads, four lines for synchronous serial communication, a

w xdata output line, and a data validrinterrupt signal 4 . The
three power leads are the system supply, ground reference,
and a switched reference voltage for devices that can be
powered-down during a low-power system sleep mode.
For synchronous communication with the front-end de-
vices, chip enable and data strobe signals provide hand-
shaking for use with a programmable-frequency clock and
a serial data line. The data out line is used for sensor data
output that can be either an analog voltage, a frequency
encoded set of pulses, or a serial bitstream. The last line of
the sensor bus is data valid, which signals the MCU when
valid data is present on the data out line. Data valid is also
used as an interrupt from the interface chip that can initiate
an event triggered sensor readout when the bus is other-
wise idle.

Table 1
Base capacitance and sensitivity of several sensors employed in the
microsystem

Sensor Base capacitance Full scale 8C Sensitivity
Ž . Ž .pF pF

Barometric pressure 4–8 1.5 7.5 fFrTorr
Relative humidity 6 0.25 4 fFr% RH
Acceleration 0.8 0.16 40 fFrg
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3. Chip architecture

Fig. 2 shows the block diagram of the interface chip.
Communication with the MCU is performed over the
sensor bus and is handled by the bus interface unit. Serial
data transmitted over the bus is received, decoded, and
applied to control various interface chip blocks. The read-
out circuit utilizes a low-noise front-end charge integrator
to read out the difference between the sensor capacitance

w xand a reference capacitor 8 . An input multiplexer enables
the chip to interface with up to six capacitive sensors.
Furthermore, the chip can be digitally programmed to
operate with one of three external andror internal refer-
ence capacitors. The on-chip reference capacitors are laser
trimmable in a range of 0.15–8 pF in 0.15-pF capacitance
steps. The programmability of the reference capacitors
allows the chip to interface with capacitive sensors having
a wide range of base capacitance and also provides input
offset control.

The chip analog signal path consists of an input multi-
plexer, the input charge integrator, a gain stage, an output
samplerhold circuit, and an output multiplexer. The gain
stage can be programmed on-line to one of three preset
gain values each set by laser-trimming. Also the gain can
be adjusted at the first stage by laser trimming the charge
integration capacitor. A digital gain control at this stage is
not used to avoid using additional switches in the charge
integration path at the input stage. Note that the thermal
noise of the series switches contributes to the total input-
referred noise. These gains can be used to accommodate
sensors with different sensitivities or for multi-ranging a
single sensor and can be adjusted by laser trimming the
on-chip capacitors. The overall readout sensitivity can be
varied from 0.23 to 73.5 mVrfF using both digital pro-
gramming and laser trimming, which gives an effective
gain variation from 1 to 312. The output multiplexer
provides access to the sensor bus for both the capacitive
readout circuitry and the on-chip temperature sensor.

Fig. 2. Block diagram of the capacitive sensor interface chip.

The interface chip also supports self-test and self-
calibration. A 3b on-chip DAC is utilized to generate a
variable-amplitude two-phase clock for driving the sense
and reference capacitors in each input charge integration
cycle. The variable amplitude clock can be used to apply a
programmable dc voltage and electrostatic force to the
sensor for self-test and self-calibration. In self-test mode,
the programmable electrostatic force is used to move a
sensor structure and generate a change in the sensor’s
output. In self-calibration mode, the sensor response can
be tracked and calibrated while a set of predetermined
electrostatic forces are applied. The variable amplitude
clock also provides additional control of the overall read-
out circuit sensitivity by setting the input charge trans-
ferred to the front-end charge integrator.

4. Circuit building blocks

4.1. Sensor bus interface unit

The sensor bus interface unit, illustrated in Fig. 3,
handles the communication between the microsystem con-
troller and the capacitive interface chip through the sensor
bus. The bus interface unit consists of a series of shift
registers that load the input serial data, logic circuitry that
decodes incoming instructions, on-chip memory to store
data written to the interface chip, and an output multi-
plexer. Each interface chip contains a 4b laser-programma-
ble chip address and a 4b comparator that checks the chip
address of an incoming instruction. The selected chip then
loads in a 3b command code and a 5b element address as
set by the sensor bus data format, which allows for eight

Žindividual commands to be issued to each of 32 read e.g.,
. Ž .sensor or write e.g., actuator or memory register ele-

ments. On the generic capacitive sensor interface, during a
read command, three of the element address bits are
decoded to select one of six external capacitive sensors or
the on-chip temperature sensor. The remaining two ele-
ment address bits are used to select one of three on-chip
reference capacitors used by the switched-capacitor read-
out circuit block. During a write command, data from the
microsystem controller is stored in one of three on-chip
registers. This data is used to control several other circuit
blocks on the chip such as the gain stage of the switched-
capacitor readout circuit and the DAC. Based on the input
instruction, the output multiplexer selects which sensor
data will be put on the shared data out line of the sensor
bus and ensures that the output signal is disabled at the end
of a sensor read command.

4.2. Switched-capacitor readout circuit

The readout circuit is a switched-capacitor circuit con-
sisting of a low-noise charge integrator, a digitally-pro-
grammable gain stage and a samplerhold circuit as shown
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Fig. 3. Diagram of the sensor bus interface unit of the capacitive sensor
interface chip. The four signals of this nine-wire bus, which are not
shown, are three power leads and a data valid line.

in Fig. 4. Since the circuit operates from a single supply,
an internal analog ground reference level, half way be-
tween the supply level and ground, is generated on-chip
and is shown as Vref in Fig. 4. A switched-capacitor
front-end is selected for the capacitance readout because
the gain of this circuit is less sensitive to variations in
input parasitic capacitance. In addition, the dc reference
voltage is preferred because a low noise reference can be
more easily generated on chip as compared to a low-noise
ac source. Note that any noise in the reference voltage
couples directly to the input. For instance, in an ac bridge
with a 10-kHz source voltage, an amplitude of 1 V, and 10

'pF sense capacitor, a noise level of 1 mVr Hz on the
source voltage is equivalent to 1 fF input capacitance
change. In a charge integrator using a 1 V switched dc
source with 1 mV noise, the equivalent input capacitance
change due to the voltage source noise is 10 af. In our
case, the front-end circuit has a calculated resolution of 0.4
fF in 500 Hz bandwidth considering 10 pF sense capacitor,
10 pF reference capacitor, 2 pF charge integrator capacitor,
30 pF parasitic capacitance, total input amplifier noise of
10 mV from dc to 1 kHz and a thermal noise of 50

'nVr Hz , a dc noise of 20 mV on a 5-V sensor charging

voltage, and a sampling frequency of 50 kHz. The kTrC
noise of the front-end charge integrator is reduced by using

Ža large integrating capacitor 2–8 pF, depending on the
.gain setting . Clock switching noise is reduced by using

sized dummy switches at the high-impedance nodes; a
fully differential circuit is not utilized in order to save
power and die area. The control clocks of the dummy

w xswitches are slightly delayed 14 since better charge com-
pensation occurs when the actual switches are first turned
off completely.

The input switches are controlled so that at each instant
Ž .only one of the sense capacitors Cs and one of the

Ž .reference capacitors Cref are connected to the circuit.
During f1, the reset switch of the charge integrator is
closed and Cs is charged through the charge integrator
output. Once f1 goes low, a packet of charge proportional
to the difference between Cs and Cref is integrated on the

Ž .feedback capacitor of the first stage Cf1 . Subsequently
f2 goes high, the second stage integrator is reset and
either Cg1, Cg2, or both Cg1 and Cg2 charge to the output
level of the first stage. The gain of the second stage is
determined by the ratio of the total capacitance switched

Ž .into its input to the feedback capacitance Cf2 . Clock
phases f3 and f4 are slightly delayed f1 and f2 clocks,
which become active only when gain 1 or 3 is selected.
Similarly, f5 and f6 are delayed f1 and f2 clock phases
that are active only when digital gain 2 or 3 is set.
Therefore, the gain of the second stage is selected by
controlling switching of Cg1 and Cg2 at its input. During

Ž .f3 f5 clock phase, the charge stored on Cg1 and Cg2
capacitors is integrated on Cf2. Finally, the output of the
second stage is sampled and held at the input of the third
stage during fs. The circuit is designed to operate with a
50-kHz clock. The non-overlap time of the clock phases
and the clock delays are both 250 ns.

Fig. 5 shows the schematic of the opamp used in the
switched-capacitor circuit. The opamp is designed to pro-
vide low noise and good high frequency PSRR with low
power dissipation and to drive capacitive loads over a wide
range. Transistors M1–M5 form the input differential stage,

Ž .with large PMOS transistors M1–M2 used to reduce
noise. The amplifier noise is primarily determined by the
noise of the input transistors. The main gain stage is a

Fig. 4. Schematic diagram of the switched-capacitor readout circuit.
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Fig. 5. Schematic diagram of the low-noise operational amplifier used in
the readout circuit front-end.

cascode output stage consisting of M8–M11. The domi-
nant pole is determined by the load capacitance, which
eliminates the need for a compensation capacitor and
effectively improves the high frequency PSRR. Also, the
load capacitance can vary over a wide range without
causing stability problems and is driven efficiently by the
output stage. The opamp dissipates less than 420 mW from
a 5-V supply and has a slew rate of 1 Vrms with a 50-pF
capacitive load.

4.3. Digital-to-analog conÕerter

Fig. 6 shows a schematic diagram of the self-test cur-
rent-mode DAC. The 3b DAC consists of three selectable

Ž .current mirrors Mp0–Mp3 driving an on-chip polysilicon
Ž .resistor R to obtain voltage-mode output. This configura-

tion is used for the DAC due to its simplicity while
satisfying the 3b self-testing requirements. The DAC out-
put voltage is buffered and is available at one of the chip
output pads. The DAC output also modulates the ampli-

tude of the clocks that drive the sense and reference
Ž .capacitors f1 and f1 . The amplitude modulation of

these clock lines is performed by four transmission-gate
Ž .switches S1–S4 which function as a multiplier. An out-

Ž .put multiplexer formed by switches S5–S8 chooses be-
tween the amplitude modulated clock lines or the input
digital clocks. Hence, when the output multiplexer select

Ž .line var is set, a variable amplitude two phase clock will
be provided to the input capacitive sensors. In a self-test-
ing or self-calibration mode of operation, this clock will be
applied for a sufficiently long period of time to generate a
controllable electrostatic force on the input sensors.

4.4. Temperature sensor

To measure the temperature in close proximity to the
other sensors on the microsystem, a temperature sensor is
integrated on the interface chip. This provides data that can
be used to digitally compensate for the temperature sensi-
tivity of any other sensors connected through this interface
chip. The temperature sensor exploits the temperature de-
pendence of the drain current of an MOS transistor in

w xweak inversion 15 as shown in Fig. 7. Here, the charging
current of the capacitively-loaded ring oscillator input
stage is set by a PMOS transistor biased for subthreshold
operation. Feedback from the ring oscillator is used to
discharge the input capacitor and maintain the oscillation.
Since the charging current is temperature dependent, the
frequency of the oscillator provides a measure of the local
temperature. Although there are secondary temperature

Žsensitivities within this circuit e.g., switching point of the
.Schmitt trigger, bias voltages, etc. , they will not have a

substantial effect on the overall response. Furthermore, any
secondary sensitivity will be accounted for during calibra-
tion of the temperature sensor, which is necessary because

Ž .this sensor does not provide a direct linear temperature
output as discussed in Section 5. While many integrated

w xcircuit temperature sensors exist 16 , this technique was
selected because it provides a direct digital output with a

Ž .low-power circuit that is accurate enough "18C to com-
pensate the temperature dependence of other transducers in

Fig. 6. Schematic diagram of self-test digital-to-analog converter.
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Fig. 7. A temperature-sensitive oscillator used to measure temperature in
close proximity to the other sensing elements on the microsystem.

the system. In addition, it can easily be implemented in a
standard CMOS process and does not require any bipolar
devices.

5. Test results

The chip has been fabricated using a standard 3-mm,
single metal, double poly, p-well, CMOS process at the

w xUniversity of Michigan 17 . Fig. 8 shows a photograph of
the chip, which measures 3.2=3.2 mm and dissipates less
than 2.2 mW from a single 5-V supply. Approximately
85% of the power dissipation is due to the quiescent
currents of the five opamps integrated on the chip. Table 2
summarizes the chip specifications. Test results have shown
full circuit functionality with an input capacitance resolu-
tion better than 1 fF in a 10-Hz bandwidth, and a maxi-
mum readout clock rate of 50 kHz. Although carefully
sized dummy switches are used in the switched-capacitor
circuit, the resolution is still limited by the clock switching
noise and the noise-coupling to the sense and reference
capacitor charging voltage lines rather than kTrC and
input amplifier flicker noise. Fig. 9 shows the output of the

Fig. 8. Die photograph of the generic capacitive sensor interface.
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Table 2
Summary of the interface chip specifications

Number of Six CapacitiveqTemperature
Sensing Channels
Reference Three InternalrExternal,
Capacitor Channels Internal Capacitor Programmable

0.15–8 pF
Chip Address 4 bits
Bus Interface -10 MHz
Clock
Complete Readr )500 kHz
Write Instruction Transfer
Rate over the Sensor Bus

w xSensitivity 1 mVrfF 0.23–22.3
w xSensitivity 2 mVrfF 0.23–50.9
w xSensitivity 3 mVrfF 0.47–73.5

Resolution -1 fF Input Capacitance
Ž .in 10 Hz BW

Readout Clock -50 kHz
DAC 3 bits for Self-Testing
Supply Single 5 V
Power Dissipation -2.2 mW

ŽTemperature: Dependence -0.16 fFr8C input referred
.of Offset capacitance variation

Temperature Sensor y208C to q608C
Range
Temperature Sensor 18C
Resolution

charge integrator with a 6-pF reference capacitor as the
sensor capacitance is varied from 3 to 8 pF. Fig. 10
illustrates the output of the readout circuit as the input
capacitance changes in 0.5-pF steps. The programmability
of the gain is illustrated in Fig. 11, where the measured
output is plotted for various digital gain selections of 2.66,
6, and 8.66. These gains result in the overall sensitivity of
2, 4.5, and 6.5 VrpF, as shown in Fig. 11. The overall
output linearity is better than 4% in the range of 0.6–3.8
V.

The temperature dependence of the readout circuit off-
set and sensitivity has been measured over the range
0–608C. The circuit sensitivity is not significantly affected
by its operating temperature and in all measurements the
temperature dependence of the output voltage has been
dominated by that of offset. The main source of offset
temperature dependence is due to junction leakage current
of the reset switches in parallel with the charge integrating
capacitors and the first stage opamp offset. The maximum
temperature dependence of offset is equivalent to less than
0.16 fFr8C input-referred capacitance. Note that the tem-
perature dependence of the readout circuit does not ad-
versely affect the performance of the overall microsystem
since it can easily be compensated as temperature compen-

Fig. 9. Upper trace: Reset control of the input charge integrator. Lower trace: Output of the charge integrator with a 6-pF reference capacitor as the sensor
capacitance changes from 3 to 8 pF.



( )N. Yazdi et al.rSensors and Actuators 84 2000 351–361358

Fig. 10. Readout circuit output as the input capacitance changes in 0.5 pF steps; no laser trimming for gain adjustment is performed and lowest
second-stage gain is selected.

sation of the sensor is performed using the on-chip temper-
ature sensor data and the microcontroller of the system.

The temperature sensor was tested over the range of
y208C to 608C and the output oscillation period was
measured. The results for a representative device are plot-
ted in Fig. 12 which illustrates a sensitivity from 4 msr8C

Fig. 11. Measured output of the chip as a function of the input capaci-
tance for different second-stage gain settings. The three programmed
gains are: G1s2.66, G2s6, and G3s8.66.

at high temperatures to 33 msr8C at low temperatures. A
device tested for 1 month demonstrated a stable resolution
better than 18C over its entire range of operation. In order
to calibrate the temperature sensor, the non-linear response

ŽFig. 12. Measured response of the temperature sensor diamonds at 108C
. Ž .intervals , and polynomial best fit to measured data dashed curve . Also

shown are the linear approximations used for calibration of this sensor in
steps of 108C.
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is approximated by eight piecewise linear intervals as
shown in Fig. 12. Using this method, the temperature is
obtained by evaluating a linear equation in-module, the
slope and y-intercept of which are determined by the
measured sensor output frequency. This provides a temper-
ature measurement accurate to within "18C that is stored
in the microsystem controller and used to digitally com-
pensate other sensors for temperature cross sensitivities. In
all tested cases, this accuracy was adequate for digital
compensation using polynomial evaluation.

The microsystem shown in Fig. 13 is an example of a
multi-parameter sensing system in which the generic ca-

w xpacitive sensor interface chip plays a key role 5 . This
microsystem utilizes four interface chips to link a commer-
cially available MCU to 22 sensor elements for measuring

w xtemperature, pressure, humidity, and acceleration 4,5 .
The interface chip can operate with a sensor bus clock
speed up to 10 MHz. With a minimum of 12b required for
an input read command, the instruction can be issued in
less than 2 ms including time for the strobe and chip
enable signals. The bus clock speed of the implemented
microsystem is 1 MHz bounded by the system microcon-

Ž .troller MCU speed. The maximum speed for issuing
consecutive read commands in the microsystem is slightly

greater than 10 kHz, which is mainly limited by the
switched-capacitor readout circuit, the MCU and interface
chip communication, and off-chip ArD conversion. If

Žadditional commands such as gain selection or DAC
.settings to the interface chip are required, an additional

2–3 ms is necessary, but a-10 kHz readout speed could
still be maintained.

6. Conclusions

In this paper, a generic interface circuit for capacitive
sensors for smart multielement microsystems has been
presented. This chip satisfies all the requirements of such
microsystems: It can interface with a large variety of
capacitive sensors with base-capacitance and sensitivity
spread over a wide range, supports communication with
any microcontroller over a standard sensor bus, has pro-
grammable gain and offset control, and supports sensor
self-test. In addition, the interface circuit integrates a tem-
perature sensor on-chip. It dissipates less than 2.2 mW
from a single supply, resolves input capacitance variations
better than 1 fF in 10 Hz bandwidth, and has a 18C
temperature resolution. A number of these generic capaci-

Fig. 13. Photograph of a working microsystem for environmental monitoring that uses several generic capacitive sensor interface chips.
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tive interface circuits are currently employed in a low-
power wireless multielement microsystem for environmen-
tal monitoring. While this wireless battery-powered system
provides a prototype for future small portable microsys-
tems, the presented generic interface chip and its combined
features will be essential for the successful realization of
similar microsystems of the future. The steady push toward
low-power high-performance electronics, combined with
the increasing attention being given to MEMS-based mi-
crosystems, will likely lead to improved versions of the
interface chip that still need to combine and implement
many of the same functions. Future designs are expected to

Žhave expanded range and programmability to improve
.gain and offset trim resolution , as well as improved bus

interface modules with more on-chip memory and the
ability to interface with a larger number of sensors and
actuators.

Acknowledgements

The authors would like to thank Dr. Chingwen Yeh for
the CMOS circuit fabrication and Mr. Babak Amirparviz
for some of the measurements. Also, the help of the staff
and students of the Center for Integrated Sensors and
Circuits at the University of Michigan is gratefully ac-
knowledged. This work was supported by the Defense
Advanced Research Projects Agency under contract JFBI
92-149 and in part by K. Najafi’s NSF-NYI grant aECS-
925 7400.

References

w x1 K.D. Wise, Integrated microsystems: device and technology chal-
Žlenges, in: Proc. European Solid-State Device Research Conf. ES-

. Ž .SDERC , The Hague, September,1995, pp. 15–24, Invited Plenary .
w x2 K.D. Wise, Integrated microinstrumentation systems: smart peripher-

als for distributed sensing and control, in: Digest IEEE Int. Solid-
State Circuits Conf., San Francisco, February,1993, pp. 126–127.

w x3 K. Bult et al., Wireless integrated microsensors, in: Digest, Solid-
State Sensor and Actuator Workshop, Hilton Head Island SC,
June,1996, pp. 205–210.

w x4 A. Mason, N. Yazdi, K. Najafi, K. Wise, A low-power wireless
microinstrumentation system for environmental monitoring, in: Di-

Ž .gest Int. Conf. on Sensors and Actuators Transducer 95 Stockholm,
Sweden, June,1995, pp. 107–110.

w x5 A. Mason, N. Yazdi, A. Chavan, K. Najafi, K. Wise, A generic
multielement microsystem for portable wireless applications, Proc.

Ž . Ž .IEEE 86 8 1998 1733–1746, August.
w x6 N. Yazdi, A. Mason, K. Najafi, K. Wise, A smart sensing microsys-

tem with a capacitive sensor interface, in: Digest IEEE Int. Sympo-
sium on Circuits and Systems, Atlanta, GA, May Vol. 41996, pp.
336–339.

w x7 K. Watanabe, W.S. Chung, A switched capacitor interface for
intelligent capacitive transducers, IEEE Trans. Instrum. Meas. IM35
Ž . Ž .4 1986 472–476, Dec.

w x8 Y. Park, K.D. Wise, An MOS switched-capacitor readout circuit for

Ž .capacitive pressure sensors, Proc. IEEE Custom Circuit Conf. 1983
380–384, May.

w x9 Y. Cao, G.C. Temes, High-accuracy circuits for on-chip capacitance
ratio testing or sensor readout, IEEE Trans. Circuits Syst. II: Analog

Ž . Ž .and Digital Signal Processing 41 9 1994 637–639, Sept.
w x10 S.L. Garverick et al., A capacitive sensing integrated circuit for

detection of micromotor critical angles, IEEE J. Solid-State Circuits
Ž . Ž .32 1 1997 23–30, Jan.

w x11 F.M. Van der Goes, G.C. Meijer, A universal transducer interface
for capacitive and resistive sensor elements, Analog Integr. Circuits

Ž .Signal Process. 14 1997 249–260.
w x Ž12 CSEM2003 Capacitive Sensor Interface with Gain and Offset Ad-

.justment data sheet, CSEM, 1995.
w x Ž .13 ISC721 Capacitive Sensor Interface Circuit preliminary data sheet,

Irvine Sensors, 1997.
w x14 Y.S. Lee, L.M. Terman, L.O. Heller, A 1 mV MOS comparator,

Ž .IEEE J. Solid-State Circuits SC-13 1978 294–297, June.
w x15 E. Vittoz, O. Neyroud, A low-voltage CMOS bandgap reference,

Ž . Ž .IEEE J. Solid-State Circuits SC-14 3 1979 573–577, June.
w x16 G.C.M. Meijer, Thermal sensors based on transistors, Sens. Actua-

Ž .tors 10 1986 103–125.
w x17 N. Yazdi, A. Mason, K. Najafi, K. Wise, A low-power generic

interface circuit for capacitive sensors, in: Digest, Solid-State Sensor
and Actuator Workshop, Hilton Head Island SC, June,1996, pp.
215–218.

Biographies

Ž .NaÕid Yazdi received the BS degree with Honors in 1988 from the
University of Tehran, Iran, and the MS degree in 1993 from the Univer-
sity of Windsor, Windsor, Canada, and PhD degree in 1999 from the
University of Michigan, Ann Arbor, MI — all in Electrical Engineering.
He is currently an Assistant Professor in the Department of Electrical
Engineering at Arizona State University, Tempe, AZ. From 1988 to 1991,
he was an R&D engineer at the University of Tehran, where he worked
on hardwarersoftware development for Computer Numerical Control
Ž .CNC machine tools and large data acquisition systems. From 1991 to
1993, he worked on architectures and mixed-signal circuit design for
VLSI implementation of artificial neural networks at the University of
Windsor. Since 1993, his research work at University of Michigan has
been focused on high performance mixed-signal interface circuits for
microsensors, high-precision microaccelerometer design and fabrication,
electromechanical oversampled sigma–delta modulators, and wireless
telemetry for microsystems. His research interests include integrated
sensors and actuators, micromachining and microstructure fabrication
technologies, and mixed analog–digital interface circuits for MEMS.

Andrew Mason received the BS degree in Physics with highest distinction
from Western Kentucky University in 1991, the BSEE from The Georgia
Institute of Technology in 1992, and the MS and PhD degrees in
Electrical Engineering from The University of Michigan, Ann Arbor, MI,
in 1994 and 2000, respectively. From 1993 to 1999, he was a Research
Assistant in the Center for Integrated Sensors and Circuits at the Univer-
sity of Michigan where he led the system integration activities in the
development of a microinstrumentation cluster for environmental moni-
toring. From 1994 to 1999, he was also a Research Engineer at Canopus
Systems, Ann Arbor, MI, where he designed several MEMS-based
microsystems for microgravity microaccelerometery, and environmental
monitoring in aerospace and defense applications. In 1999, he joined the
Department of Electrical Engineering at the University of Kentucky
where he is now an Assistant Professor. His current research activities
focus on the design of low power multi-sensor microsystems, highly-pro-
grammable mixed-signal sensor interface circuitry, sensor calibration,
compensation, and signal processing, and the design of innovative MEMS
devices.



( )N. Yazdi et al.rSensors and Actuators 84 2000 351–361 361

Khalil Najafi was born in 1958. He received the BS and MS degrees in
1980 and 1981, respectively, and the PhD degree in 1986 — all in
Electrical Engineering from the Department of Electrical Engineering and
Computer Science, University of Michigan, Ann Arbor. From 1986 to
1988, he was employed as a Research Fellow; from 1988 to 1990, as an
Assistant Research Scientist; from 1990 to 1993, as an Assistant Profes-
sor; and from 1993 to 1998, as an Associate Professor, and since
September 1998, he has been working as a Professor in the Center for
Integrated Microsystems, Department of Electrical Engineering and Com-
puter Science, University of Michigan. He is also currently director of
Solid-State Electronics Laboratory at University of Michigan. His re-
search interests include: development of microfabrication and microma-
chining technologies for solid-state integrated sensors and microactuators;
analog and digital integrated circuits; implantable microtelemetry systems
and transducers for biomedical applications and wireless communication;

Ž .technologies and structures for micro electromechanical systems MEMS
and microstructures; hermetic packaging techniques for microtransducers;
and low-power wireless sensingractuating systems.

Kensall D. Wise received the BSEE degree from Purdue University, West
Lafayette, IN, in 1963, and the MSEE and PhD degrees in electrical
engineering from Stanford University, Stanford, CA, in 1964 and 1969,
respectively. From 1963 to 1965 and from 1972 to 1974, he was a
Member of Technical Staff at Bell Telephone Laboratories. In 1974, he
joined the Department of Electrical Engineering and Computer Science at
the University of Michigan, where he is now the J. Reid and Polly
Anderson Professor of Manufacturing Technology and Director of the
Center for Integrated MicroSystems. He is a fellow of the IEEE and the
AIMBE and a member of the United States National Academy of
Engineering.


