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CMOS Baseline Tracking and
Cancellation Instrumentation
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Daniel J. Rairigh, Member, IEEE, Garrett A. Warnell, Chao Xu, Edward T. Zellers, and
Andrew J. Mason, Senior Member, IEEE

Abstract—Chemiresistor (CR) sensors and sensor arrays coated
with thiolate-monolayer-protected gold nanoparticle (MPN) in-
terfaces show great promise as detectors in gas-chromatographic
microsystems with applications in biomedical and environmental
analysis including breath biomarkers of disease. This paper
describes a new readout circuit that overcomes the wide range
of baseline resistances and drift in baseline values inherent to
MPN-coated CRs to achieve a 57 ppm readout resolution. The
0.5-um CMOS circuit operates at 5 V and provides a response
resolution of 74 pV. It can cancel baseline voltages from 0.3 to
4.3 V with an accuracy of 4.2 mV and can track and compen-
sate for drifts up to 30 mV/min. Performance was verified with
MPN-coated CRs, where drift was measured and effectively
cancelled. The circuit topology and size support an on-chip
MPN-coated CR sensor array.

Index Terms—Baseline cancellation, chemiresistor, sensor array
microsystem, volatile organic compounds.

I. INTRODUCTION

EASUREMENT of wvolatile organic compounds
M (VOCs) enables a wealth of biomedical applications.
Determining the levels of disease biomarkers in breath, moni-
toring ambient air quality, and detecting explosives for national
security are just a few of the possible applications for a portable,
widely distributable and inexpensive microsystem capable of
measuring low concentrations of VOCs. However, current
chemical sensor systems, such as the gas chromatograph with
mass spectrometer detector (GC-MS) [1] [3] and tunable diode
laser spectroscopy (TDLAS) [4], [5] are large, expensive,
and require a highly trained technician to operate. The steady
rise in health care costs motivates development of new VOC
measurement systems to overcome these drawbacks.

Signi cant progress has been made in recent years toward
miniaturizing a number of instruments capable of analyzing
multiple VOCs [6] [12] including the micro-GC. A micro-GC
is comprised of a microfabricated chromatographic column
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Fig. 1. Microscale sensor array of thiolate-monolayer-protected gold nanopar-
ticle chemiresistors.

that separates or partially separates mixture components and
microsensor array detectors that measure the time-separated
vapor concentration peaks. Micro-GC detectors based on sur-
face acoustic-wave (SAW) and chemiresistor (CR) arrays have
been reported [6], [11], [13]. However, CRs utilizing interfa-
cial layers of thiolate-monolayer-protected gold nanoparticles
(MPN), as shown in Fig. 1, offer several advantages over other
VOC microsensors, including post-CMOS compatible fabri-
cation, low-temperature operation, lower detection limits than
microsensors employing sorptive interface layers, differential
sensitivities to a broad range of VOCs, and scaling properties
that permit them to be fabricated on the microscale without
loss of sensitivity [14]. When employed within a micro-GC,
the response patterns generated by CR arrays incorporating
MPNs with varied thiolate ligand structures provide selective
determination of a wide range of vapors.

To fully exploit the high sensitivity of MPN-coated CR sen-
sors, instrumentation is needed that addresses the shortcom-
ings of chemiresistors, particularly their large baseline resis-
tance (Ry,), up to 10° times the actual sensor response (AR), the
wide variability of R,, between sensor elements, and the drift in
Ry, over time at a different rates for each sensor. To date, much
of the instrumentation developed for CRs has not provided the
baseline tracking and cancellation that is needed to permit high
resolution readout of the actual response portion of the sensor s
resistance. Resistance-to-frequency interface circuits [15] [17]
are well suited for digitizing a wide range of resistances. How-
ever, because they digitize the baseline resistance and sensor
response together, their resolution is limited. Likewise, loga-
rithmic converters support wide resistance ranges but have lim-
ited resolution [18].
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High resolution measurements have been reported using a
passivated (nonsensing) element as a reference for baseline can-
cellation [19]. This work demonstrated that the achievable res-
olution of resistance-to-frequency conversions dropped signif-
icantly without baseline cancellation. However, this approach
has limited utility because forming two sensors with identical
initial baseline and drift characteristics is nearly impossible in
most sensor technologies. Alternatively, baseline cancellation
using an op-amp with resistive feedback and a power gain stage
has also been reported [20], [21] and shown to provide a reso-
lution (AR/Ry,) of about 200 ppm [21].

In this paper, a compact, mixed-signal, baseline cancellation
circuit is presented. The circuit does not require a passivated
reference; rather it periodically recalibrates to track the baseline
of the sensor being measured and then subtracts the baseline in
the analog domain to provide a high resolution measurement of
the actual sensor response. The unique subtraction circuit elim-
inates the need for feedback resistors and a power gain stage
to eliminate multiple noise sources and reduce area and power
consumption. The baseline tracking and cancellation circuit was
fabricated in 0.5-um CMOS, requires an area of only 5100 zm?
for the core cancellation block, and achieves a resolution (A
R/Ry,) of 57 ppm. In Section Il, the MPN sensor technology
is summarized and demonstrated for an example breath anal-
ysis application. Section 111 describes the baseline cancellation
architecture and circuitry. In Section IV, the test setups used
to characterize the chip and to measure vapors are described,
and Section V presents and analyzes the measurement results.
Section VI concludes the paper. Brief descriptions of this circuit
have been presented in [22] and [23] without the design details
and results provided herein.

Il. THIOLATE-MONOLAYER-PROTECTED GOLD
NANOPARTICLE-BASED CHEMIRESISTORS

A. Sensor

MPN-coated CRs were rst reported a decade ago [17]. Elec-
trical conduction through thin MPN Ims occurs by electron
tunneling between adjacent gold cores, creating an initial or
baseline resistance (Ry,). Vapors can reversibly partition into the

Im and change the average inter-core distance as well as the di-
electric constant of the organic layers separating the cores. This
leads to a reversible shift in the electrical resistance (AR) of
the Im, which can be measured using an underlying interdig-
itated electrode (IDE). Because the process is fully reversible
nothing is consumed or depleted and the sensor lifetime is nom-
inally unlimited. Changes in the baseline-normalized resistance
(AR/R},) of MPN-coated CRs are proportional to the air con-
centration of the vapor, and detection limits in the part-per-bil-
lion concentration range are achievable [14]. The MPN coating
dictates the CR response, resulting in partial selectivity to dif-
ferent vapors. Usually an array of CRs is prepared with several
distinct MPN coatings and is exposed simultaneously to a vapor
at different concentrations, each forming a response of AR/Ry,
per ppm vapor concentration (or R-ppm/C-ppm). A relative re-
sponse pattern is constructed by normalizing the CR responses.
Pattern recognition algorithms can then be employed to provide
full selectivity.

The exibility in MPN synthesis offers the possibility to cus-
tomize MPNs for desirable selectivities to targeted vapors, and
the improved vapor recognition capability of a sensor array has
encouraged uses in applications for detecting complex vapor
mixtures, such as detectors in meso- and micro-scale GC instru-
ments for the determination of indoor air contaminants and envi-
ronmental tobacco smoke markers have been reported [6], [24].

In this study, CR sensors were fabricated by patterning
Cr/Au IDEs on a thick thermal oxide layer via a standard
lift-off process. Each IDE consists of 20 pairs of electrodes
that are 15 um wide, 1.4 mm long, and spaced 15 pm apart.
MPN Ims were spray deposited from toluene solution using
an air brush. It has been shown that AR /Ry, is virtually inde-
pendent of the thickness of the MPN layer over the range of
useful Im thicknesses (~10 200 nm) [14]. For reference, the
n-octanethiolate MPNs described in [14] had resistivities of
340 kQ2-cm; however, the resistivity is expected to vary with
core size, ligand functionality, and the extent of ligand overlap
in deposited Ims.

B. Application to Breath Analysis

The determination of volatile biomarkers of disease in breath
has garnered renewed interest in recent years [3], [25]. With
advances in instrumentation, it is now more feasible to explore
correlations between clinical or pre-clinical disease states and
changes in the levels of multiple breath constituents [1], [3],
[25]. The GC-MS is considered the gold standard for multi-
component breath analysis [1] [3] but has many drawbacks, as
noted above.

Fig. 2(b) presents the output during one exposure cycle from
a single MPN-coated CR sensor in a four-element integrated
array [26] that was used as the detector in a prototype portable
GC instrument equipped with an inlet preconcentrator and
dual-column separation module. Details of the instrument de-
sign, MPN structures, and  Im deposition methods can be found
in [24] and [27]. Sensor responses are measured as a change in
voltage, which is proportional to the change in resistance. The
sample analyzed was a synthetic test-atmosphere containing
four reported biomarkers of lung cancer [28] [30] and 16
potentially interfering VOCs, commonly found in the breath
of healthy individuals, in clean air. Mixture components are
preconcentrated, separated in the series-coupled GC columns,
and presented to the CR array for detection. Since breath VOCs
are typically present at concentrations in the ppt-ppb range,
and CR sensor detection limits are typically in the ppb-ppm
range, preconcentration factors of ~103 are generally required.
To account for baseline variations, CR instrumentation can be
recalibrated after each exposure.

Fig. 2(a) shows the normalized response patterns obtained
from the CR array for the four cancer biomarkers and a selected
subset of the background VOCs. Not only are the biomarkers
separated from the other compounds in less than 2 min, but the
response patterns are also unique. Note, however, that there is
signi cant asymmetry in the baseline anking the larger peaks
as well as some drift in the baseline. The asymmetry in the base-
line is an artifact of an earlier circuit which used a Iter with a
time constant that was not well matched to the signal. The exact

Authorized licensed use limited to: Michigan State University. Downloaded on October 15, 2009 at 09:24 from IEEE Xplore. Restrictions apply.



RAIRIGH et al.: CMOS BASELINE TRACKING AND CANCELLATION INSTRUMENTATION 269

Fig. 2. (a) Bar chart for each vapor re ects the relative sensitivity

» Of each of the four CR sensors to that vapor, and each chart has been normalized

to the sensor providing the highest sensitivity for the vapor to which it applies. The normalized responses illustrate the additional selectivity provided by the
CR-array detector. The acronyms in the response patterns refer to the structures of the ligands of the MPNs: n-ctanethiolate (C8), 1-mercapto-6-phenoxyhexane
(OPH), 7-mercaptoheptanitrile (CCN), and methyl 6-mercaptohxanoate (HME). (b) Voltage over time (chromatogram trace) for a single exposure of a single-sensor
(OPH). The peak numbers correspond to four lung cancer biomarkers and 16 common VOCs found in normal human breath. Drift in the baseline is present because

no baseline cancellation was used [26].
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Fig. 3. When the entire sensor response is digitized, receives only a small
portion of the ADC s resolution. If, however,  is rst canceled, the full res-
olution of the ADC may be used.

mechanism of drift in MPN-CRs is still being studied. Regard-
less, the readout circuitry described here addresses both of these
issues.

111. BASELINE CANCELLATION CIRCUITRY

The chemiresistor s normalized resistance change (AR/Ry,)
indicates the gas concentration, but the value read from the CR
is AR + Ry,. Thus, to focus on the sensor s response (AR) with
high resolution, R;, must be determined and subtracted from the
total resistance. Furthermore, Ry, drifts with time and thus must
be tracked. Baseline cancellation could be achieved using digital
signal post processing, but a great deal of resolution would be
lost in subtracting Ry, after digitization. It is preferable to cancel
Rj, in the analog domain before ampli cation, permitting the
full range of an analog to digital converter (ADC) to be applied
to the AR output component. As illustrated in Fig. 3, when the
total response is digitized, the majority of the ADC s resolution
is expended digitizing the base resistance, and the resolution
available to digitize AR is very small. Additionally, because
Ry, is so much greater than AR in MPN-coated CRs, removing

Vdd
I P T T ] .
! Base A :V
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Fig. 4. Baseline tracking and cancellation system diagram. The Base Cancella-
tion stage reads the voltage across the sensor and subtracts ,, which is stored
in the Analog Memory, outputting to the differential gain stage.

Ry, very early in the analog signal path permits much larger am-
pli cation of AR, thus signi cantly improving the SNR. This
section describes the analog baseline cancellation system that
meets these requirements and is suitable for a broad range of
resistive sensors, including CRs.

A. Architecture and Calibration Cycle

The overall base cancellation instrumentation system is
shown in Fig. 4. The reference current source, I, applies a
constant current to the CR sensor so that a voltage proportional
to the sensor s resistance is presented to the base cancellation
stage. Because R; varies widely from device to device, a
reference current that is programmable over a wide range of
currents permits all the sensors in an array to be biased within
the operating input range of the base cancellation circuitry.
Note that because Iy is constant during any measurement cycle,
AR/Ry, and AV/Vy, are equal and will be used interchange-
ably. AV + Vy, is the total voltage response of the sensor.
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The purpose of the base cancellation stage is to provide highly
linear analog subtraction. This stage reads the input voltage
from the biased sensor, AV + V,, = IRAR + IgRy,, and sub-
tracts a value close to Vy,, which has been stored in the analog
memory during calibration (discussed below). It then outputs
only AV to the differential gain stage. The base cancellation
stage also converts the signal-ended input into a differential
output signal that is maintained throughout the rest of the analog
signal path to improve noise immunity by canceling all common
mode noise.

The hardware used for readout is also used for calibration.
Calibration can be performed any time the sensor is not ex-
posed to measurement samples, which is easily controlled in
a micro-GC system. During calibration, AR. is zero and the
voltage across the CR is only Vy,. The analog memory is initially
set to a small value and is then incrementally (either linearly
or using a binary search algorithm) increased to approach the
baseline voltage V,. Observing when the output voltage Vs
is closest to 0 V determines when the value in analog memory
is as close as possible to Vy,, thus ending the calibration cycle.
Note that all offsets within the circuit will automatically be ac-
counted for in this calibration process.

The differential gain stage boosts AV above the circuitry
noise level so that it is ready to be transmitted off chip or multi-
plexed with other outputs from an array. Note that for the target
CR sensors, Vi, is on the order of 1 V while AV may be in the
tens of microvolts. If the baseline were not cancelled, the max-
imum possible gain would be very small, leaving AV close to
the circuitry noise oor. However, once Vy, is removed, a much
larger gain can be applied. In this design, the differential ampli-

er applies a gain of 20 V/V, raising AV well above the noise

oor and providing a much improved SNR. A higher gain is
possible, however would limit the input dynamic range of the
ampli er.

B. Baseline Cancellation Stage

The baseline cancellation function is realized by a specially
designed subthreshold differential pair shown in Fig. 5. This
design makes use of the exponential properties of subthreshold
operation to perform the required analog subtraction. When the
voltage in the analog memory, V aur, is equal to Vi, and Ve,
is AV + Vy,, the two branch currents in Fig. 5 are given by

1
=1 (Vo (AV V)]
Ltexp|———p—
1
=1 (1)
1+ exp (%)
1
I = lh————F—— (2
1+ exp (“[‘/%T‘ )

where & is the gate ef ciency and U~ is the thermal voltage. I;
and I must sum to I,. Combining (1) and (2) gives

I KAV
- exp < Ur ) . ?3)

vdd

V.
(18/3)&5# ™ vad out

Vsens

Fig. 5. Subthreshold differential pair provides highly linear analog subtraction.
Transistor sizes are shown in parentheses. 1, is set to 5 nA.

The diode connected transistors M3 and M4 provide a natural
log conversion, assuming x = 1, such that the difference in the
two output voltages de ned by Fig. 5 is

U I
V—i—out - V—out = _T In <—1> . (4)
K IQ

Substituting (3) into (4) gives
V+0ut - V—out = AV (5)

which shows that the differential output voltage is purely de-
termined by AV, the voltage generated by the sensor response,
and that the temperature dependence (Ur) of the transistors is
cancelled at the output.

As the inputs vary over a wide range, the voltage at the
common source of M1 and M2 can vary signi cantly. However,
to ensure high linearity the current bias I, must be very stable.
Consequently, T;, is implemented as a cascoded current source.
Power supply scalability is not a targeted feature of this circuit,
so this is a reasonable solution.

Resistive feedback was used in [21] to provide linear sub-
traction over a wide range of AV values, and both [21] and
[19] use ampli ers with single ended output. However, to im-
prove noise rejection and boost readout resolution, a fully dif-
ferential signal is preferable. Supporting resistive feedback in a
fully differential ampli er would require a power gain stage and
a common mode feedback stage that would adversely impact
circuit size and compromise the ability to perform single-chip
readout of sensor arrays. Also, fully differential ampli ers typ-
ically support only a limited input common mode range, which
in this system would undesirably limit the range over which V,
can vary. The subthreshold differential pair input stage in Fig. 5
overcomes these limitations. It provides a much more compact
solution (than resistive feedback) for linear subtraction over a
very wide AV range, making it ideal for sensor arrays. It also
tolerates a much wider input common mode in a much more
compact form than could be achieved with a fully differential
ampli er.
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C. Analog Memory

In designing the analog memory for the base cancellation
system, it is important to note that measurements with CR sen-
sors can take several minutes, particularly in GC applications
where gasses are separated over time. Holding the calibration
baseline value for this long duration on a capacitor for the analog
memory would result in signi cant drift due to capacitor leakage
currents. A more reliable choice is a digital-to-analog converter
(DAC), which can hold its output value inde nitely. Further-
more, recall that Ry, is needed to normalize the sensor response
and determine vapor concentration (AR/Ry,). Thus, an addi-
tional advantage to using a DAC is that the approximate value
of V, can readily be obtainable by reading the digital value set
on the DAC at the end of the calibration cycle. Because Vy, =
IrRy, and Ig is a known constant, Ry, is easily determined. In
this prototype version of the baseline cancellation circuit, the
DAC was implemented off chip using a data acquisition card so
that the required resolution of the analog memory DAC could
be determined experimentally.

IV. TEST SETUP

A. Circuit Verification

The baseline cancellation circuit was fabricated in a standard
0.5-um CMOS process. To verify operation and characterize
performance, a test interface was developed using a National
Instruments 6259 data acquisition card (DAQ). The DAQ pro-
vided voltage stimulus and digital control signals to the chip and
digitized the chip output voltage. A chip test PCB was designed
to interface the chip with the DAQ and provide connections for
the CR sensors. The sensor values R}, and AR are proportional
to Vy, and AV by a constant reference current. To minimize ex-
perimental variables, many of the tests were performed using
voltage inputs, and thus some results will show inputs as volt-
ages rather than resistances.

B. Vapor Measurements

For vapor measurements, the system was controlled by a
custom LabVIEW program which executed the calibration
routine and recorded the chip output. The LabVIEW program
also applied a high order digital low-pass Iter to the output.
A daughter PCB was also designed to be small enough to t
within an existing vapor test system. The daughter PCB held
the sensor and an external reference current generator, and it
interfaced to the chip on the main PCB via a twisted pair cable.

MPN-coated CR sensors having the following thiolate tail
groups were tested: C8, 7-hydroxy-7, 7-(tri uoromethyl)-hep-
tanethiol (HFA), and OPH. For initial veri cation, each CR was
fabricated on a separate substrate to simplify sensor prepara-
tion. The C8 sensor was exposed to both 1-propanol and toluene
over a wide concentration range. The HFA and OPH sensors
were each exposed to toluene. Each sensor was mounted on the
daughter board, placed in the vapor test chamber, and exposed
separately to each test vapor over a range of concentrations. A
portion of the test vapor was diverted to a calibrated ame ion-
ization detector to con rm the concentration.

Fig. 6. Chip photo of baseline cancellation system fabricated in 0.5- m
CMOS.
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Fig. 7. Circuit response to for many baseline voltage values. The outputs
are almost entirely independent of |, and demonstrate good linearity for small

V. TEST RESULTS

A. Circuit Realization

The critical components were fabricated in a 0.5-uCMOS
process and are shown in Fig. 6. These include two readout
channels (baseline cancellation stage and differential ampli er)
as well as digital control logic, and an on-chip resistor to simu-
late a CR sensor. The core cell for an array implementation (base
cancellation stage and differential gain stage) occupies only 116
um x 44 um. With a 5-V power supply, the core cell consumes
77.6 uW of power.

B. Baseline Cancellation

The chip should amplify and output AV (related to AR by
a reference current) completely independent of the baseline
voltage applied at the input. To verify this behavior, V;, was
stepped from 0.3 to 4.3 V and AV was swept (£0.05 V)
for each baseline value. The results in Fig. 7 show that the
chip s output is nearly independent of V;, (RMS variation
due to Vy, is less than 7.6% of mean) within the linear gain
range (AV;, + 0.03 V). At the edge of the linear range the
transistors in one side of the differential pair begin to move out

Authorized licensed use limited to: Michigan State University. Downloaded on October 15, 2009 at 09:24 from IEEE Xplore. Restrictions apply.



272

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 3, NO. 5, OCTOBER 2009

20 S 20
g " -t
> —_
2 ol
=3 G e
2 Gain £
= 10 —Linear Fit 105
= + . i =
[ + Linearity Err. &
f Q
L ‘g E
= |
o +  ++t +++
Q T - ++
0 & + + T oarts 10
ik <+
+ ++++++++ +
1 L L L _5
0 1 2 3 4
vV, (V)

Fig. 8. Gain applied to small over the full range of baseline values. The

gain is nearly constant for b . Measurement points are sampled

at 0.1 V intervals. The linear t over that range shows a slope of 1.015 with an
2 of 0.93.

of their proper operation region. At these edges, cancellation is
imperfect and some V}, dependence is seen.

Fig. 8 shows the measured gain over the full range of baseline
voltage inputs. This plot demonstrates that the gain is nearly
constant in the range 0.3 V < V3, < 4.3 V. Within this range,
the gain is a linear function (linear regression has an R? of 0.93)
of V4, with only a slight slope (1.015 V/V?) that can be readily
accounted for after calibration, when Vy, will be known. The
average gain within this range is 20.5 V/V.

Together, the result in Figs. 7 and 8 show that the baseline can
change by a factor of ten and still be tracked by the circuit. This
is more than suf cient to enable baseline drift tracking. These
results utilize a constant reference current, but an even broader
range of baseline resistances can be accommodated with a vari-
able reference current.

C. Baseline Tracking

To track baseline drift, the measurement cycle begins with a
calibration to record the baseline value, storing this to the analog
memory DAC and setting the circuit output to ~0 V. Subsequent
measurements will report any voltage change from the measured
baseline value until the next calibration is performed. To verify
this behavior, a 30-mV/min voltage ramp was applied to the chip
input using the DAQ. Fig. 9 shows the output readjusting to the
present baseline value at each calibration cycle, every 2 min.
During calibration the output returns to zero and then correctly
reports only voltage changes relative to the baseline until the
next calibration cycle.

When a calibration is performed, the DAC is incremented in
successively smaller steps until,

[Vout| < e (6)

where ¢ is a predetermined tolerance. For a tighter tolerance,
more steps will be required and the calibration time will be
longer. For Fig. 9, the average calibration time was 25.7 s for
ameasured e of 14.5 mV gy Which is much faster than needed

—— Drifting Input 5 :
—Drift Correcting Output (normalized) |: /

15

Voltage (V)

Time (min)

Fig. 9. Baseline tracking of simulated sensor drift. The input voltage is
changing at a rate of 30 mV/min. The output is normalized by the system gain
to keep both traces on the same scale. For each calibration cycle, the present
baseline value is measured and removed and only voltage changes relative to
that baseline are reported until the next calibration cycle.

to track the observed drift in MPN-coated CR sensors. e also de-

nes the residual baseline voltage after calibration. An e of up
to 17 mV, which can be provided by an 8-bit AM DAC, is well
within the linear range of the ampli er stage and is therefore ac-
ceptable. Experiments show that the minimum achievable toler-
ance is 4.2 mV with a 16-bit AM DAC.

D. Baseline Tracking and Cancellation Circuit Resolution

To characterize the noise over a range of input values, the
input was increment over 0 V < AV < 1.4 mV with a baseline
of Vi, = 1.31 V. The inputs were generated by the DAQ through
a resistive voltage divider that attenuated the input steps to be
600 1V each. Fig. 10 shows this input and resulting base can-
cellation circuit output. De ning noise as the variation from the
mean output within each step and resolution as six standard de-
viations (+3) of the noise, the chip s raw output demonstrated a
resolution of 583.1 1 V. This equates to a AV /Vy, resolution of
444.7 ppm for the selected baseline. Observing that most of the
noise is at a frequency well beyond the sensor signal bandwidth,
the output was then passed through a rst order low-pass lter
with a 5-Hz cutoff frequency. With this simple Iter, the output
resolution improved to 74.2 1V or 56.6 ppm. While this lter
was realized in software, a lter of even higher quality could
easily be implemented in the digital domain within a system mi-
crocontroller. For comparison, a low frequency neural ampli er
with integrated lIter, also implemented in 0.5-um CMOS, has
an input referred noise level of 8 ;,\VVrms [31]. However, that am-
pli er cannot measure dc signals, thus icker noise, which dom-
inates in DC CR measurements, is excluded from this number.
Also it has a per channel area of 0.072 mm?2, 14 times the area
of our CR ampli er, limiting its use in array systems.

A 10-bit ADC would be suf cient to digitize the linear
output range (—556 mV < V¢ < 659 mV) given the Itered
resolution. If the same 10-bit ADC were used to measure the
sensor directly, without analog baseline cancellation, it would
only be able to achieve a resolution of 3.9 mV. Thus, the
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Fig. 10. Input steps of 600 V on a 1.31-V baseline voltage to characterize
noise at the output. The upper plot shows the input voltage to the chip. The
lower plot shows the chip output voltage as measured directly (dotted) and after
asimple rst order digital lter was applied (solid). The relative standard devi-
ation is 4.29 m% for the direct output and 578 % for the Itered output.

Fig. 11. Measured calibration curves for C8 in toluene (square), C8 in
1-propanol (diamond), HFA in toluene (triangle), and OPH in toluene (cross).
The curves show good linearity and agreement with previous characterization
of the sensors.

baseline cancellation system provides greater than a 50-fold
increase in achievable resolution.

E. Measurements Using Chemiresistors

Using the test setup described in Section IV, the baseline can-
cellation chip was used to record outputs from three different
MPN-coated CR sensors, one of which was tested with two dif-
ferent analytes. Fig. 11 shows the measured results for AV /Vy,
as a function of test vapor concentration, which represent the

TABLE |
MEASURED SENSOR LINEARITY AND SENSITIVITY

TABLE 11
MINIMUM MEASURED CONCENTRATIONS AND RESOLUTION

calibration curves of the sensors. The responses of the com-
bined sensor and circuit system are observed to be linear, with
R? values listed in Table I. The recorded values of AV/V,,
are directly proportional to the baseline-normalized resistance
(AR/Ry,) and therefore to the air concentration of the tested
vapor. Table I lists the sensitivity of each sensor based on the
slopes in Fig. 11.

These resolutions do not achieve the maximum sensitivity of
the readout circuit for the following reasons: First, due to high
concentrations causing the very large sensor responses in this
test, the signal only received a gain near unity, reducing reso-
lution by a factor of 20; second, this prototype system utilized
an external current bias that added more noise to the measure-
ments than an on-chip bias should (measurements show it added
15 pVrms in the 5-Hz band); third, the available vapor test
chamber required the sensor to be separated from the readout
chip by over a meter, the wiring connecting the two acts as a re-
ceiver for all interference present (measurements show it added
63 p\VVrms in the 5-Hz band). This antenna for noise would be
eliminated in a monolithic implementation, which the readout
circuit is capable of supporting. With a higher level of integra-
tion in a future version of the system, it should be possible to
approach the resolution of the circuit reported in Section V-D.

The high concentration limit of detection (LOD) can be com-
puted by normalizing the resolution with the baseline in Table II,
then dividing by the sensitivity from Table I. However, low con-
centrations used in the xGC system will bene t from the cir-
cuit gain (20x) and the gain from the preconcentrator (103 x).
This results in a projected LOD for C8 and toluene of less than
5 C-ppb.

Tests were also conducted to verify that baseline tracking was
properly preformed by the circuit for actual sensors exhibiting
drift. Fig. 12 shows the measured response from a drifting C8
sensor (in toluene) before (top) and after (bottom) baseline can-
cellation. The dashed lines show a drift of 44 mV over 1200 s in
the raw sensor data that is reduced to 14.2 mV at the output of
the circuit. The output data is also smoothed by a low-pass Iter,
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