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A Mixed-Voltage Sensor Readout Circuit With
On-Chip Calibration and Built-In Self-Test

Andrew Mason, Senior Member, IEEE, Abhijeet V. Chavan, and Kensall D. Wise, Life Fellow, IEEE

Abstract—This paper reports a mixed-voltage mixed-signal
chip for interfacing multiple capacitive transducers to em-
bedded processors in integrated microsystems. A programmable
switched-capacitor readout circuit accommodates capacitive sen-
sors from 16 fF to 40 pF and allows self-test and online calibration.
The 20 mm2 chip has a sensitivity of 1.25 mV/fF and is realized in
a 1 m n-well BiCMOS 2 P/2 M process that permits high-voltage
operation, large-value resistors, and nonvolatile on-chip memory.
An on-chip charge pump generates voltages up to 30 V that per-
mits transducer electrostatic self-test. In normal operation mode,
the chip provides a fast sensor readout consuming only 90 nJ of
energy, making it suitable for portable applications.

Index Terms—Capacitive sensor, electrostatic force feedback,
sensor interface, sensor self-test, switched-capacitor (SC).

I. INTRODUCTION

THE PROLIFERATION of real-time sensing applications
has driven the need for cost-effective, highly accurate in-

terface circuits. This is especially true in portable microsys-
tems [1], [2], where capacitive transducers are preferred for their
low power and electrostatic self-test capabilities. The readout
circuits for capacitive sensors that have been reported can be
broadly classified as analog [3]–[15], sigma-delta [16], [17], and
digital/oscillator-based [18]–[22]. These circuits offer a range of
performance and are either tailored to specific sensors or have
built-in flexibility for use with several sensors. However, as the
applications of sensors expand, there is a growing need to ad-
dress sensor reliability and testability. Because testing is a sig-
nificant factor % of sensor cost, an important aspect of
next-generation sensor interface circuits is their ability to min-
imize the expense associated with offset and gain adjustments
and other calibration and temperature compensation (CTC) op-
erations. Careful partitioning is necessary to determine the most
suitable architecture for efficient CTC, and analog [22], [23],
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Fig. 1. Functional block diagram of the mixed-voltage capacitive sensor inter-
face chip.

digital [24], or hybrid methods can be used. In the hybrid case,
calibration, namely setting the dc offset and range (gain), is
done on-chip using nonvolatile memory, while digital compen-
sation of temperature sensitivities is performed in an off-chip
microsystem controller using polynomials evaluation. In a pro-
duction environment, two-temperature CTC is adequate due to
the linear nature of the temperature drift.

This paper reports a chip specifically designed to support the
readout, calibration, and self-test of multiple capacitive sensors
within a single microsystem. The architecture of the chip is
based on an analog interface for sensor output data but also em-
ploys a serial bus interface for addressing multiple sensors and
for programming specific elements on the interface chip that
implement CTC functions. The chip achieves high resolution
and low-noise capacitive readout in a highly programmable
platform that can apply fixed offset and gain settings from
on-chip EPROM or, alternatively, allows online modification
of readout parameters. Furthermore, the chip permits a variety
of self-test methods, including the ability to electrostatically
actuate external transducers with up to 30 V dc. The unique
combination of features supported by this chip allows the
development of low cost, highly-autonomous microsystem for
applications that demand information from multiple capacitive
sensors, including environmental awareness and personal/asset
security monitoring.

II. CHIP ARCHITECTURE

Fig. 1 highlights the primary functional blocks of the
chip, comprising a sensor bus interface, an EPROM, a
CMOS temperature sensor, and a unique, multifunctional,
mixed-voltage capacitive transducer interface circuit. The
overall chip architecture assumes implementation within an
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integrated microsystem, where precision digital calibration
and data compensation can be performed by an embedded
microcontroller. The transducer interface block includes a
three-stage switched-capacitor (SC) transducer readout chain
with a fully differential charge-integrator front end, two sets
of programmable capacitor arrays for electronic trimming, a
voltage controlled oscillator (VCO)-based charge pump and
a digital-to-analog converter (DAC) used for mixed-voltage
self-test, and a high-voltage-compatible multiplexer for multiple
transducer inputs. The entire circuit is highly programmable,
accepting configuration data either through the bus interface or
via on-chip EPROM. The on-chip temperature sensor measures
the ambient environment and permits digital compensation of
secondary transducers sensitivities within the microsystem. An
on-chip mid-rail voltage reference provides the analog ground
reference.

The sensor bus interface block connects this chip to a nine-
line sensor bus capable of linking several front-end sensor nodes
to an embedded microcontroller with minimal hardware within
each node [1]. Serial input data (4b chip address, 8b instruc-
tion, and 16b data word) received by the interface chip selects
a sensor element to be read or writes to on-chip static RAM.
During a read instruction, the chip data output is generated by ei-
ther the on-chip temperature sensor, one of five capacitive trans-
ducers multiplexed into the SC readout circuitry, or an external
sensor containing its own readout circuitry. During a write in-
struction from the bus, data is stored in on-chip RAM for pre-
cision control of external actuators or circuit blocks on the chip
including the DAC, high-voltage generator, SC readout circuit,
and temperature sensor. In addition, the on-chip self-contained
65-bit EPROM [25] can be used to store predetermined trans-
ducer calibration coefficients to set the gain and offset of the
SC circuit. Five 8b offset and three 10b gain settings can be
stored on chip; more precise calibration/compensation can be
done digitally in the processor. The bus interface block also in-
cludes a pass-through to external sensors, consisting of a data
line, a 3b address, and read/write enable signals. This allows
the microsystem to access, through this interface chip and the
sensor bus, a wide variety of sensors that otherwise would not
be bus compatible.

III. HIGH-VOLTAGE FRONT END

The use of electrostatic forces for actuating different struc-
tures in micromechanical systems is well established but has
been limited to relatively low voltages in sensors containing
monolithic readout circuitry due to the difficulty of integrating
high-voltage circuits on a chip. The readout chain discussed here
has the ability to use higher voltages for sampling the transducer
capacitance. This high-voltage capability is provided for use in
self-test and for optional operation in a closed-loop force-feed-
back configuration. Fig. 2 illustrates the circuits that control and
implement the analog data path on the chip.

During low-voltage (5 V) operation, the SC integrator input
voltage is selected from the on-chip voltage reference generator
or the output of the 6b DAC. Alternatively, during high-voltage
operation, an on-chip charge pump provides up to 30 V. It is thus
necessary to provide proper isolation between the low-voltage

Fig. 2. Functional schematic for the highly configurable, mixed-signal, mixed-
voltage, switched capacitor sensor readout circuit with self-test and calibration
capabilities.

Fig. 3. Mixed voltage switching front end for the switched capacitor sensor
readout circuit.

circuitry and high-voltage section of the front end. This isola-
tion is achieved by a switching path composed of high-voltage
CMOS transistors fabricated with thicker gate oxides and more
lightly doped sources and drains. The gate switching voltages
and output voltage transitions under low- and high-voltage con-
ditions are shown in Fig. 3. Transistors 1–4 have dc gate signals
to program the configuration of the high-voltage analog multi-
plexer. Transistors 5–8 are involved in clocked switching of the
SC circuit input. The clock voltages on these pMOS gates are
limited to 5 V to minimize charge injection effects. When the
input is selected to be from a low voltage source (
or ), the input will be at most 5 V and switches 5, 6 can
turn completely off when the gate signal, , reaches 5 V. How-
ever, when is selected as the input, pMOS transistors 5,
6 will continue to source current when their gate voltage, Vg,
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Fig. 4. Switched-capacitor front-end switching model for (a) low-voltage and
(b) high-voltage operation.

reaches 5 V because . In this case, nodes A
and B will only be partially discharged because devices 5, 7,
and 6, 8 are all on and form carefully ratioed voltage dividers,
with . For example, if the HV input is
20 V during the sampling phase, then nodes A and B will drop
to 19 V during the integration phase for an average dc bias of
19.5 V.

The SC switching circuit can be represented as shown in
Fig. 4(a) for low-voltage operation, and as shown in Fig. 4(b) for
high-voltage operation. The average current in these two cases
is given as

(1)

(2)

where is the resultant voltage due to the partial discharge of
capacitor , and is either or from Fig. 3. For a
sensor capacitance of 10 pf, a clock frequency of 100 kHz and

of 2.5 V, (1) gives A. Alternatively, if is set
to 20 V, (2) evaluates to A.

The resistor equivalent of the SC is the same in both cases ex-
cept that a smaller amount of charge is integrated in each clock
period during high-voltage operation. The resulting dc bias can
be used, for example, to apply a force on the moving plate of
a capacitive transducer as described by

(3)

where is the area, is the dc bias, and is the gap across the
capacitor plates. At an applied bias of 30 V and an initial gap
of 1 m, about 310 mN of force is generated across a 1 mm-di-
ameter sensor. This applied force can be used for electrostatic
self-test or for modifying the operating range of the transducer.

IV. SWITCHED-CAPACITOR READOUT

A. Performance Considerations

The chip contains a three-stage SC readout circuit that can
multiplex up to five sensor elements at its input. As shown
in Fig. 5, this circuit features programmable capacitor arrays
capable of calibrating gain and offset over a wide range of
base capacitances (16 fF–40 pf) and sensitivities (20.8 V/fF–
1.25 mV/fF). The first stage includes a fully differential charge
integrator based on a self-biased folded-cascode amplifier
that uses continuous-time current-summing common-mode

feedback (CMFB) for dc stabilization, reduced charge injection
effects, and improved bias stability and common mode rejec-
tion [26]. With dc input sampling, the output of the first-stage
charge integrator is given by

(4)

where the parameters are defined in Fig. 5. is limited to
V.

The clocking scheme uses correlated double sampling (CDS)
to suppress flicker noise and amplifier offset effects. Due to
CDS, the power spectral density of the noise is multiplied by

(5)

where is the input signal frequency and is the
clock period. Thus, CDS eliminates the dc offset and also
suppresses noise at dc and around , etc. The effects
of minimum-sized nMOS switch channel charge injection and
clock feed through are cancelled to first order by the fully
differential scheme [27]. The other major sources of noise are
the noise and amplifier thermal noise, where is
the equivalent capacitance at the amplifier input node. The

noise is minimized due to the large capacitance used
for integration and gain. Thermal noise cannot be eliminated
and needs to be quantitatively evaluated and minimized. This
noise can be estimated by multiplying the amplifier thermal
noise by the gain and integrating over the entire bandwidth.
The output of the first stage feeds a differential gain stage with
single-ended output conversion. Considering the integration
and gain stages together, the thermal noise is approximated as
[28]

(6)

where is the input referred rms noise of integrator stage,
is the input referred rms noise of gain stage, is the gain

in the gain stage, and BW is the unity gain bandwidth. This is
numerically estimated to be 594 nV/ Hz, which is well below
the required resolution.

B. Calibration and Self-Test

The chip has several features for online self-test and drift cor-
rection. Time-dependent drift in the circuitry itself can be mea-
sured, independent of the input transducer, using an array of
on-chip reference capacitors. For self-testing movable-electrode
transducers, a charge pump generates a high-voltage ( V)
dc bias for electrostatic actuation. The programmable output of
the charge pump can be used to set several test points, allowing
any transducer gain drift to be measured. The other selectable
input to the front end (Fig. 2) comes from a 6b DAC. This DAC
is a binary-weighted current-mode converter [29] that uses a
folded cascode OTA at the output to obtain an analog voltage
level. The DAC voltage reference is scalable between 3.5 and
5 V, which in turn scales the least significant bit (LSB) and al-
lows the minimum voltage step to be programmed between 55
and 78 mV. If a field self-test detects minor drift in the circuit
or the transducer, software selection of a different DAC input
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Fig. 5. Three-stage balanced input differential switched capacitor readout chain and clock signal timing.

Fig. 6. Structure of the BiCMOS charge pump circuit with two parallel ten-
stage pumps.

voltage changes the values of and in (4), allowing
the output to be brought back to its original calibrated value.

The block level architecture of the charge pump is shown
in Fig. 6. The BiCMOS charge pump is based on the Dickson
pump configuration [30] and uses vertical bipolar transistors for
high-voltage generation with adequate current drive/recovery
capacity. For an ideal charge pump with stages, the output
voltage is given as

(7)

where is the parasitic capacitance at each stage, is the
amplitude of the clock, is the charging capacitance at each
stage, and is the BJT diode drop ( V) at each stage. For a
ten-stage charge pump with a clock amplitude of 5 V, a parasitic
capacitance of 2 pF, and a stage capacitance of 20 pF, (7) gives
an output voltage of 43.39 V. However, this assumes that the
output impedance is infinite and no output current is required.
When an output current is required, the voltage is reduced by

(8)

where is the output current and is the VCO charge-
pump frequency. Thus, to ensure the output voltage can reach
30 V, two parallel charge pump circuits have been implemented

Fig. 7. Voltage-controlled oscillator used in the charge pump.

(Fig. 6). This doubles the current delivery capability and effec-
tively halves any reduction in the output voltage due to finite
output impedance.

Fig. 7 shows the VCO used in the charge pump. It consist
of a programmable 2–33 MHz Schmitt-based relaxation oscil-
lator to provide eight different output voltages up to 30 V that
can be selected online. The VCO has two modes of operation.
The first is the fixed-frequency mode and the other is the vari-
able-frequency mode. In the fixed-frequency mode, the VCO
frequency is programmable to four different values using a pro-
grammable current source that controls the charge supplied to
the oscillator capacitor, as shown in Fig. 7. The fixed-frequency
operation mode is used for dc self-test. The oscillator design
uses a grounded-capacitor configuration that results in a VCO
output frequency (assuming identical charging and discharging
currents) given by

(9)

where is the timing capacitance and as
seen in Fig. 7. For example, when V, V,

pF and the programmable current source is set to
A, the frequency is 5 MHz. If the current is changed to

150 A, the frequency becomes 7.5 MHz. The trigger points
are set by the reference voltage level generated by a fixed resis-
tive divider. The Schmitt trigger noise contribution is inversely
proportional to the slope of the comparator output waveform,
which is designed to be very high, making the Schmitt noise
very small. The dominant factor in the jitter is the uncertainty
in the switching point of the comparator as determined by the
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Fig. 8. Organization of memory and programmable elements for offset and
gain calibration.

slope of the waveform across the capacitor [31] and is experi-
mentally determined to be 4.66 ppm in this design.

As is evident from (8) and (9), we have a number of factors
at our disposal to achieve dynamic control of the high-voltage
output. The in Fig. 6 is adjustable from 0 to 5 V and
produces a variable-amplitude charging clock for half the
stages in the charge pump. It is kept fixed at for the re-
maining stages. This provides the ability to set the charge pump
output range as desired. When (9) is substituted into (8), we have
a frequency-dependent charge pump output. This permits the
use of a tunable VCO to control the charge pump voltage level.
At maximum current output, the charge pump can generate up
to 10 mW of output power as a current driver.

The chip utilizes embedded memory to digitally configure
much of its analog operation, including the high-voltage cir-
cuitry and the readout offset and gain. A 65b EPROM pro-
vides nonvolatile storage of multiple configuration parameters.
EPROM outputs are multiplexed with on-chip SRAM that can
be written through the bus interface circuit. Thus, the chip can
either operate using preset parameters stored in EPROM, or
the microsystem can choose to upload new parameters to the
SRAM. Selection of EPROM or SRAM is included within the
sensor read command sent through the sensor bus. Fig. 8 shows
the connections of memory to programmable capacitor banks
that control the offset and gain of the capacitance readout cir-
cuit, illustrating a portion of the chip’s programmability.

C. Temperature Sensor

Many transducers display undesirable temperature sensitiv-
ities that can be removed using digital processing algorithms
within the microsystem [1]. A temperature sensor has been in-
tegrated on-chip to facilitate compensation and provide data for
general use. The temperature sensor shown in Fig. 9 uses ver-
tical bipolar transistors and high-value resistors to generate a
current that is proportional to absolute temperature (PTAT). The
PTAT current is mirrored to four branches and scaled in bi-
nary weights to provide a 4b programmable current source that
charges the input node of a Schmitt ring oscillator. The oscillator
output pulses are counted on-chip to generate a 12b digital tem-
perature code with an acquisition time of 1 ms. The temperature
sensor is highly programmable, via digital control of charge and
discharge currents, to maximize sensitivity over a broad range
of temperature scales. For three example temperature ranges (a
narrow 25 C human body temperature range, a broader C

Fig. 9. Simplified schematic of the on-chip, range/sensitivity controllable,
CMOS temperature sensor with digital output.

Fig. 10. Die photograph of the 4.5� 4.5 mm capacitive interface chip with
major functional blocks labeled. The high-voltage charge pump capacitors are
shown across the top of the chip and consume roughly 6% of the chip area.

to 70 C environmental range, and a very wide 300 C range) the
circuit provides an output sensitivity (one LSB of the counter)
of approximately 0.009 C, 0.026 C, and 0.07 C, respectively.

V. TEST RESULTS

The chip was realized in a 1 m n-well BiCMOS 2 P/2 M
process that permits high-voltage operation, large-value re-
sistors, and nonvolatile on-chip memory. Fig. 10 shows a
photograph of the 20 mm chip, with the main functional
blocks labeled. Additional bond pads are included for probing
internal points on the chip and are not required for normal
operation. The chip was tested at probe level and the measured
characteristics of the analog readout circuit are given in Table I.
Fig. 11 verifies proper operation of the switched capacitor
readout circuit, showing the integration and reset cycle at the
output of the second stage ( in Fig. 5) and the variation of
the output voltage for different values of sense capacitance. To
demonstrate the chip’s ability to dynamically adjust readout
gain, Fig. 12 shows the chip output voltage verses increasing
values of the digital parameter that sets gain, where and
are the sense and reference capacitors, respectively, tested at
two different differential values. To test charge pump operation,
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TABLE I
SUMMARY OF CAPACITIVE READOUT CIRCUIT TEST RESULTS

Fig. 11. Voltage transitions at the output of the gain stage (second stage) for
five different sense capacitance values.

Fig. 12. Output voltage versus digitally programmable gain settings at different
sense and reference capacitor ratios; voltages above 2.5 V are for Cs > Cr,
while those below 2.5 V are for Cs < Cr.

its output voltage was measured for different VCO frequencies.
Fig. 13 shows that the output voltage changes from 10 to 17 V
when the VCO frequency changes from 2 to 8 MHz. In its
typical operation mode, the chip consumes about 220 A from
a 5 V supply with a 50 kHz SC clock. This amounts to 90 nJ
of energy for a single readout making it suitable for portable
applications.

To verify the chip could be employed in a highly integrated
multisensor microsystem, it was also extensively tested within
the prototype microsystem illustrated in Fig. 14 with a MEMS
barometric pressure sensor array [32], a MEMS humidity sensor
[33], and the on-board temperature sensor. The two external

Fig. 13. Charge pump output voltage as a function of VCO frequency.

Fig. 14. Prototype microsystem implementation for testing the capacitive
sensor interface chip.

Fig. 15. Output voltage as a function of pressure for four elements of a multi-
range pressure sensor array.

sensors have very different nominal capacitances and sensitiv-
ities, thus demonstrating the versatility of this adaptive circuit.
The output voltage as a function of applied pressure is shown in
Fig. 15 for four different elements on the sensor array simultane-
ously interfaced through the readout chip. With gain adjustable
over two orders of magnitude, Fig. 16 shows output voltage of
one pressure sensor element at four different gain settings. Sim-
ilarly, Fig. 17 shows the output voltage measured from the hu-
midity sensor verses humidity at three different gain settings.

After establishing the digital settings most appropriate to set
the temperature sensor within the three ranges described above,
the on-chip temperature sensor output was measured and the
results plotted in Fig. 18. Analysis of test results suggests the
accuracy of the sensor is better than 0.2 C at and below room
temperature decreasing to approximately 1 C at temperatures
over 100 C due to secondary effects in the circuit or inability
to hold stable temperatures in the test chamber. The uncompen-
sated pressure sensor system temperature coefficient of offset
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Fig. 16. Variation of output voltage for different digital gain settings versus
pressure.

Fig. 17. Output voltage for different gain settings versus humidity.

Fig. 18. Temperature sensor output for three different temperature range con-
figurations: 15 C–40 C, �30 C–70 C, and �100 C–200 C.

(TCO) was found to be 3900 ppm/ C with a circuit contribu-
tion of ppm/ C, and the system temperature coefficient of
sensitivity (TCS) was measured as 1000 ppm/ C with a circuit
contribution of ppm/ C. After modeling temperature sen-
sitivities, the system TCO was reduced to ppm/ C using dig-
ital compensation via bivariate polynomial evaluation in the mi-
crosystem controller.

VI. CONCLUSION

A sensor interface chip has been described that combines
mixed-voltage capacitive readout, high-voltage output drive,
sensor bus interface, embedded EPROM, and on-chip temper-
ature sensing into a highly configurable, highly self testable,
interface solution for low-power multisensor microsystems.

The bus interface allows a single microsystem to communicate
with multiple sensor nodes and permits online control of the
interface chip configuration parameters. The fully balanced
low-noise capacitive readout circuit provides 1.25 mV/fF
sensitivity for up to five sensing elements utilizing a highly
adaptive structure that can read out base capacitances ranging
from 16 fF to 40 pF and produce gain ranging from 20.8 V/fF
to 1.25 mV/fF. The VCO-controlled charge pump and mixed
voltage front end enable the chip to drive up to 30 V outputs for
electrostatic test of external sensors. The entire readout chain is
specifically tailored to permit self-test and online adjustment of
readout calibration parameters, which can be stored in the em-
bedded 65b EPROM or uploaded to SRAM through the sensor
bus. The on-chip, range-programmable BiCMOS temperature
sensor samples the ambient environment to permit digital
compensation in the microsystem controller. This 20 mm chip
uniquely demonstrates a successful method for incorporating
mixed voltage (3–30 V) capabilities alongside highly sensitive,
configurable, and testable capacitive interface circuitry.
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