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ABSTRACT

This paper presents a generic low-power sensor interface circuit compeatible with
smart microsysems and a wide range of capacitive transducers. The interface chip is
highly programmable, can communicate with an externd microcontroller usng a nine-
line sensor bus standard, contains a switched-capacitor readout circuit, supports sensor
Hf-test, and includes a temperature sensor.  The circuit can interface with up to Sx
externd sensors and contains three internad  programmable reference capacitors in the
range of 0.15-8pF. The chip measures 3.2mm x 3.2mm in a sandard 3um single-meta
double-poly pwel process, disspates less than 2.2mW from a single 5V supply, and can

resolve input cgpacitance variations of less than 1fF in 10Hz bandwidth.
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|. INTRODUCTION

As the Micro-Electro-Mechanicd Systems (MEMS) industry continues to experience
accderating growth, there has been an obvious trend toward combining MEMS
transducers with increesngly sophidicated circuits  One gep in this evolution is to
integrate circuitry and transducers to form “smart” sensors, yet the low cost and wide
availability of present sgnd processng eectronics make it possble to go one dep
futher and form entire smat microsysems.  These microsysems, which combine
multiple microsensors and/or microactuators with  signa  processng circuitry on a
common subdrate, are capable of gathering eectronic data from the physical world,
processing and acting on the information, and transferring the data to other eectronic
systems which gan inteligence from this process [1]. It is precisdy these cgpabilities
that ensure microsysems will have a pevadve impact on the future of the
microgectronics industry in goplication fidds ranging from automotive sysems to hedth
cae. A dgnificant subset of such microsysems will be smal, portable, autonomous
units [2,3] that can be digtributed to collect data over a long period of time. Because
these portable microsystems will be battery powered, one of ther key condrants is the
overdl power consumption, which mugst be minimized without sacrificing performance.
A low-power transducer front-end is vitd to this effort, yet mogst of the devices being
manufactured today are piezoresstive and consume large amounts of power. Capacitive
microsensors provide an attractive aternative snce they disspate no power and can be
reed out usng reaively low-power dircuit techniques while offering high sengtivity and
Hdf-test capabilities [45]. However, the various capacitive transducers that have been

reported display a wide range of base capacitances and sengtivities depending on the



technology and dructure of each device [6]. This variation among transducers places a
chdlenging requirement on the sensor interface circuit, especidly in microsysems with
multiple sensors such as the one shown in Fig. 1 [5]. For sysems such as this, there is a
ggnificant advantage to usng a generic interface circuit capable of reading out multiple
microsensors, each of which may have a different base cgpacitance and sengtivity.
Furthermore, a generic interface circuit should provide a standard communication link to
the man microsysem controller, support sensor sdf-test and sdf-cdibration, support
multi-ranging within a sngle sensor, dissipate low power, and occupy very smdl die area
with no externd components. While numerous readout circuits for capacitive
microsensors have been introduced [7-11] and some have even been commercidized [12,
13], to date, a generic interface with al of these features has not been reported. A nove
universal transducer interface is reported in [11] that can read out capacitive sensors with
a wide range of base capacitances, however it does not support standard communication
with a microcontroller, sdf-test and sdf-cdibration. This paper describes a generic
cepacitive sensor interface for  multi-parameter  microsysems which sdisfies dl the
aforementioned requirements.  Firdt, a brief description of a microsystem that utilizes this
interface circuit is presented to highlight both the requirements and the agpplication of the
crcuit. Then, the interface chip architecture is presented, followed by a description of its
mgor building blocks. Finaly, measurement and test results for the fabricated chip are

presented.

Il. MICROSYSTEM DESCRIPTION



The microsystem shown in Fg. 1 utilizes an open architecture with a standard sensor
bus which dlows the sysem to be populated with sensors and actuators as required by
various goplications such as wesather monitoring or eectronic sysems hedth monitoring
for condition-based maintenance. Such applications require that an array of parameters
be measured, and the generic capacitive interface chip is a criticad component of the
oveadl system because it dlows a standard microcontroller to communicate with, and
collect data from, a wide variety of sensors. For instance, the currently developed
microsystem accommodates sensors for measuring a vaiety of environmenta parameters
including temperature, barometric pressure, relative humidity, and acceeration/vibration
[45]. As shown in Table 1, these sensors display a wide range of base capacitance and
sengtivity, which must be covered by the interface chip.

The heart of the microsystem is a microcontroller unit (MCU) that provides stored
program control and data handling as wdl as sensor-specific software routines for in-
module sensor cdibration, digital compensation, and sdf-test.  The MCU communicates
with the front-end transducers via the sensor interface chips and a nine-line sensor bus as
illustrated in Fig. 1. Once sensor data has been collected and compensated in-module, it
can be stored in-module or output through ether a hardwired serial 1/0 port or an o+
board RF transmitter.

The sensor bus is a centra part of the microsystem architecture that provides access
to multiple sensorg/actuators while usng a limited number of interconnects. It congdis of
nine lines three power leads, four lines for synchronous serid communication, a data
output line, and a data vaid/interrupt sgnd [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 deep mode. For synchronous communicetion
with the front-end devices, chip enable and data strobe signds provide handshaking for
use with a programmable-frequency clock and a serid data line. The data out line is used
for sensor data output that can be either an andog voltage, a frequency encoded set of
pulses, or a serid bitdream. The lagt line of the sensor bus is deata vdid, which sgnals
the MCU when valid data is present on the data out line. Data valid is dso used as a
interrupt from the interface chip that can initiate an event triggered sensor readout when
the bus is otherwise idle. This bus is based on a standard used a the Universty of
Michigan and was chosen for its functiondity as well as its compatibility with exising
gysems.  Although a variety of bus standards are ill being used throughout the sensor
indugtry, this sensor bus provides a reduced line count without requiring complex signd
decoding, and it is a predecessor to the very samilar and recently adopted |IEEE P1451

standard.

[Il. CHIP ARCHITECTURE

Figure 2 shows the block diagram of the inteface chip. Communicaion with the
MCU is performed over the sensor bus and is handled by the bus interface unit. Serid
data trangmitted over the bus is recelved, decoded, and applied to control various
interface chip blocks The readout circuit utilizes a low-noise front-end charge integrator
to read out the difference between the sensor capacitance and a reference capacitor [§].
An input multiplexer enables the chip to interface with up to Sx capacitive sensors.
Furthermore, the chip can be digitdly programmed to operate with one of three externd

and/or interna reference capacitors.  The on-chip reference capacitors are laser trimmable



in a range of 0.15pF to 8pF in 0.15pF capecitance steps.  Programmability of the
reference capacitors dlows the chip to interface with capacitive sensors having a wide
range of base capacitance and aso provides input offset control.

The chip andog sgnd pah consgs of an input multiplexer, the input charge
integrator, a gain sage, an output sample’hold circuit, and an output multiplexer. The
gain stage can be programmed on-line to one of three preset gain vaues each set by laser-
trimming. These gains can be ®ad to accommodate sensors with different senstivities or
for multi-ranging a sngle sensor and can be adjusted by laser trimming the on-chip
capacitors.  The overdl readout sengtivity can be varied from 0.23 mV/fF to 735 mV/fF
usng both digitd progranming and laser trimming, which gives an effective gan
vaiation 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.

The interface chip dso supports sdf-test and sdf-cdibration. A 3b on-chip DAC can
be 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 effective dc voltage and dectrogtatic force to the
sensor for sdf-test and sdlf-cdibration.  In sdf-test mode, the programmable eectrostatic
force is used to move a sensor dructure to generate a change in the sensor's output. In
sdf-cdibration mode, the sensor response can be tracked and cdibrated while a set of
predetermined eectrodtatic forces are applied.  The variable amplitude clock aso
provides additiond control of the overdl readout circuit sendtivity by setting the input

charge transferred to the front-end charge integrator.



V. CIRCUIT BUILDING BLOCKS

A. Sensor Bus Interface Unit:

The sensor bus inteface unit, illustrated in Fg. 3, handles the communication
between the microsystem controller and the capacitive interface chip through the sensor
bus. The bus interface unit congsts of a series of shift registers that load the input serid
data, logic circuitry that decodes incoming ingructions, on-chip memory to dtore data
written to the interface chip, and an output multiplexer. Each interface chip contains a 4b
laser-programmable chip address and a 4b comparator that checks the chip address of an
incoming indruction. The sdected chip then loads in a 3b command code and a 5b
element address as set by the sensor bus data format, which dlows for eight individud
commands to be issued to each of 32 read (e.g., sensor) or write (e.g., actuator or memory
regiser) elements. On the generic capacitive sensor interface, during a reed command,
three of the dement address bits are decoded to sdect one of Sx external capacitive
sensors or the on-chip temperature sensor.  The remaining two element address bits are
used to select one of three on-chip reference capacitors used by the switched-capacitor
readout circuit block. During a write command, data from the microsystem contraller is
gored in one of three on-chip registers. This data is used to control severd other circuit
blocks on the chip such as the gain stage of the switched-capacitor readout circuit and the
DAC. Based on the input indruction, 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 signd

isdisabled at the end of a sensor read command.

B. Switched-Capacitor Readout Circuit



The readout circuit is a switched-capacitor circuit consgting of a low-noise charge
integrator, a digitaly-programmable gain stage and a samplefhold circuit as shown in Fig.
4. Since the crcuit operates from a sngle supply, an internd andog ground reference
level, haf way between 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 sendgtive to variations n input parasitic capacitance.
In addition, this circuit utilizes a dc reference voltage, which is preferred because a low
noise reference can be easly generated on chip. Note that any noise in the reference
voltage couples directly to the input. The KI/C noise of the front-end charge integrator is
reduced by using a large integrating capacitor (2-8 pF depending on the gain setting).
Clock switching noise is reduced by using szed dummy switches a the high-impedance
nodes a fully differentid circuit is not utilized in order to save power and die area. The
control clocks of the dummy switches are dightly delayed [14] so tha better charge
compensation occurs when the actua switches are turned off completely.

The input switches are controlled so thet a each indant only one of the sense
capacitors (Cs) and one of the reference capacitors (Cref) are connected to the circuit.
During f 1, the reset switch of the charge integrator is closed and Cs is charged through
the charge integrator output. Once f 1 goes low, a packet of charge proportiona to the
difference between Cs and Cref is integrated on the feedback capacitor of the first stage
(Cf1). Meanwnhile, the second stage integrator is in reset mode and either Cgl, Cg2, or
both Cgl and Cg2 charge to the output leved of the fird stage. The gain of the second
dege is determined by the rétio of the tota capacitance switched into its input to the

feedback capacitance (Cf2). Clock phases f3 and f4 ae dightly ddayedf 1 andf 2



clocks which become active only when gain 1 or 3 is sdected. Smilaly, f5 andf 6 are
delayedf 1 andf 2 clock phases that are active only when digitd gan 2 or 3 is st
Therefore, the gain of the second stage is sdected by controlling switching of Cgl and
Cg2 a its input. During f3 (f5) clock phase, the charge stored on Cgl and Cg2
capacitors is integrated on Cf2.  Findly, the output of the second stage is sampled and
held at the input of the third stage during f s.

Figure 5 shows the schematic of the opamp used in the switched-capacitor circuit.
The opamp is designed to provide low noise and good high frequency PSRR with low
power disspation and to drive capacitive loads over a wide range. Tranastors M1-M5
form the input differentid stage, with large PMOS transstors (M1-M2) used to reduce
noise. The man gan dage is a class AB cascode output stage condisting of M8-M11.
The dominant pole is determined by the load capacitance, which eiminates the need for a
compensation cgpacitor and effectively improves the high frequency PSRR. Also, the
load capecitance can vary over a wide range without causng dability problems and is
driven efficiently by the class AB output stage. The opamp dissipates less than 420uwW

from a5V supply and has adew rate of 1V/uSec with a 50pF capacitive load.

C. Digital-to-Analog Converter

Figure 6 shows a schematic diagram of the sdf-test current-mode DAC. The 3b DAC
consgts of three switched current mirrors (MpO-Mp3) driving an on-chip polyslicon
ressor (R) to obtain voltage-mode output. This configuration is used for the DAC due to
its amplicity while saidfying the 3b sdf-testing requirements.  The DAC output voltage

is buffered and is availdble a one of the chip output pads. The DAC output aso



modulates the amplitude of the clocks that drive the sense and reference capacitors (f 1

and f_l). The amplitude modulation of these dock lines is peformed by four
tranamisson-gate switches (S1-4) which function as a multiplier. An output multiplexer
formed by switches (S5-S8) chooses between the amplitude modulated clock lines or the
input digital clocks. Hence, when the output multiplexer sdect line (var) is s, a variable
amplitude two phase clock will be provided to the input capacitive sensors.  This clock
aoplies an eectrogatic force to the input sensors which can be used for sdf-testing and

Hf-cdibration.

D. Temperature Sensor

To measure 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 digitaly compensate for the temperature sendtivity of any other sensors connected
through this interface chip. The temperature sensor exploits the temperature dependence
of the drain current of an MOS transgtor in weak inverson [15] as shown in Fig. 7.
Here, the charging current of the capacitively-loaded ring oscillator input dtage is set by a
PMOS transstor biased for subthreshold operation. Feedback from the ring oscillator is
used to discharge the input cgpacitor and maintain the oscillation. Since the charging
current is temperature dependent, the frequency of the oscillator provides a measure of
the locd temperature. While many integrated circuit temperature sensors exist [16], this
technigue was sdlected because it provides a direct digitd output with a low-power

circuit that is accurate enough ¢1°C) to compensate the temperature dependence of other



transducers in the system. In addition, it can eadly be implemented in a sandard CMOS

process and does not require any bipolar devices.

V. TEST RESULTS

The chip has been fabricated usng a standard 3um, single metal, double poly, pwall,
CMOS process a the University of Michigan [17]. Figure 8 shows a photograph of the
chip, which measures 3.2mm x 3.2mm and disspates less than 2.2mW from a single 5V
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. Text
results have shown full drcuit functiondity with an input cgpacitance resolution better
than 1fF in 10 Hz bandwidth, and a maximum readout clock rate of 50kHz. Although
caefully szed dummy switches are usad in the switched-capacitor circuit, the resolution
is dill limited by the clock switching noise rather than KT/C and input amplifier flicker
noise. Figure 9 shows the output of the charge integrator with a 6pF reference capacitor
as the sensor capacitance is varied from 3pF to 8pF. Figure 10 illustrates the output of
the readout circuit as the input capacitance changes in 0.5pF steps.  Programmability of
the gain is illusrated in Fg. 11, where the measured output is plotted for various digita

gain salections of 2.66, 6, and 8.66.

The temperature dependence of the readout circuit offsst and sengtivity has been
measured over the range from O to 60°C. The drcuit sendtivity is not Sgnificantly
affected by its operating temperaure and in adl measurements the temperature
dependence of the output voltage has been dominated by that of offset. The man source

of offset temperature dependence is due to junction leakage current of the reset switches



in padld with the charge integrating capacitors and the fird stage opamp offsst.  The
maximum temperature dependence of offset is equivdent to less than 0.16fF°C input-
referred capacitance. Note that the temperature dependence of the readout circuit does
not adversdy affect the performance of the overdl microsystem since it can eadly be
compensated as temperature compensation of the sensor is performed using the on-chip
temperature sensor data and the microcontroller of the system.

The temperature sensor was tested over the range of -20°C to 60°C and the output
oscillation period was measured. The results for a representative device are plotted in
Fg. 12 which illugrates a sengtivity from 4msec/°C a high temperatures to 33msec/°C
a low temperatures. A device tested for one month demongrated a stable resolution
better than 1°C over its entire range of operation. In order to cdibrate the temperature
sensor, the non-linear response is approximated by nine piecewise linear intervals as
shown in Fg. 12. Usng this method, the temperature is obtained by evauaing a linear
equaion in-module, the dope and y-intercept of which are determined by the measured
sensor output frequency.  This provides a temperature measurement accurate to within
+1°C that is dored in the microsystem controller and used to digitdly compensate other
sensors for temperature cross sengtivities. In al tested cases, this accuracy was adequate
for digitd compensation using polynomia evauation.

The microsygtem shown in Fg. 13 is an example of a multi-parameter sensing system
in which the generic capacitive sensor interface chip plays a key role [5]. This
microsystem utilizes four inteface chips to link a commercidly avaladle MCU to
twenty-two sensor eements for measuring temperature, pressure,  humidity, and

accderation [4,5]. The interface chip can operate with a sensor bus clock speed up to



10MHz.  With a minimum of 12b required for an input reed command, the ingruction
can be issued in less than 2uSec including time for the strobe and chip enable sgnds.
The bus cdock speed of the implemented microsystem is IMHz bounded by the system
microcontroller  (MCU) speed. The maximum speed for issuing consecutive read
commands in the microsysem is dightly greater than 10kHz, which is mainly limited by
the switched-capacitor readout circuit, the MCU and interface chip communication, and
off-chip A/D converson. If additiond commands (such as gan sdection or DAC
sttings) to the interface chip are required, an additiond 2-3uSec is necessary, but a

10kHz readout speed could till be maintained.

V1. CONCLUSIONS

In this paper a generic interface circuit for capacitive sensors for smart multidement
microsysems has been presented.  This chip sisfies dl the requirements of such
microsysems. It can inteface with a lage variety of capacitive sensors with base
capacitance and sendtivity goread over a wide range, supports communication with any
microcontroller over a standard sensor bus, has programmable gain and offset control,
and supports sensor sdf-test.  In addition the interface circuit integrates a temperature
sensor on-chip. It disspates less than 22mW from a single supply, resolves input
capacitance variations better than 1fF in 10 Hz bandwidth, and has a 1°C temperature
reolution. A number of these generic capacitive interface circuits are currently
employed in a low-power wirdess multidement microsysem for environmenta
monitoring.  While this wirdess battery-powered system provides a prototype for future

andl portable microsystems, the presented generic interface chip and its combined



features will be essential for the successful redization of dmilar microsystems of the
future. The steady push toward low-power high-performance eectronics, combined with
the increedng dtention being given to MEMS-based microsystems, will likdy lead to
improved versons of the interface chip that gill need to combine and implement many of
the same functions. Future desgns ae expected to have expanded range and
programmability (to improve gan and offsat trim resolution), as wel as improved bus
interface modules with more on-chip memory and the ability to interface with a larger

number of sensors and actuators.
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Table 1: Base capacitance and sengitivity of severd sensors employed in the

microsystem.
Sensor Base Capacitance Full Scale OC Sensitivity
Barometric Pressure 4-8 pF 1.5pF 75ftFTorr
Rdative Humidity 6 pF 0.25 pF 4 fFHY%RH
Accderation 0.8 pF 0.16 pF 40fF/g
Table 22 Summary of interface chip specifications.
Number of Senang Channds 6 Capacitive + Temperature
Reference Capacitor Channels 3 Interna/Externd, Internal Capacitor
Programmable 0.15pF-8pF
Chip Address 4 bits
Bus Interface Clock <10MHz
Complete Read/Write Ingtruction > 500kHz
Transfer Rate over the Sensor Bus
Sensitivity 1 [mV/F] 0.23-22.3
Sengttivity 2 [mV/fF] 0.23-50.9
Sensitivity 3 [mV/F] 0.47-735
Resolution < 1fF Input Capacitance (in 10Hz
BW)
Readout Clock <50 kHz
DAC 3 bitsfor Sdf-Teding
Supply Single5V
Power Disspation <22mw
Temperature. Dependence of Offset < 0.16 fFH/OC (input referred
capacitance varidion)
Temperature Sensor Range -20°Cto +60°C
Temperature Sensor Resolution 1°C




LIST OF FIGURES:

Figure 1. Block diagram of a microsysem that utilizes the generic capacitive sensor
interface chip and multiple microsensors to measure a vaiety of physcd
parameters.

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

Figure 3. Diagram of the sensor bus interface unit of the capacitive sensor interface chip.

Figure 4: Schemétic diagram of the switched- capacitor readout circuit.

Figure 5: Schematic diagram of the low noise operationd amplifier used in the readout
crcuit front-end.

Figure 6: Schematic diagram of sdf-test digita-to-anaog converter.

Figure 7: A temperature sensitive oscillator used to measure temperature in close
proximity to the other sensng dements on the microsystem.

Figure 8: Die photograph of the generic capacitive sensor interface.

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

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

Figure 11: Measured output of the chip as afunction of the input capacitance for
different second-stage gain settings. The three programmed gains are:
G1=2.66, G2=6, and G3=8.66.

Figure 12: Measured response of the temperature sensor. Also shown are the linear
approximations used to cdibrate the sensor in steps of 10°C.

Figure 13: Photograph of aworking microsystem for environmental monitoring that uses
severd generic capacitive sensor interface chips.



