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Abstract—Vapor detection using highly sensitive miniaturized
resonant sensors is of great interest for many applications, in-
cluding consumer, industrial, and environmental applications. An
operational-amplifier-based multichannel oscillator that inter-
faces with a 50-MHz capacitive micromachined ultrasonic trans-
ducer array is presented for chemical sensing applications. The
circuit was implemented in a 0.18-μm CMOS technology to
reduce power consumption, number of wires, and active area
per channel. The presented integrated circuit also addresses the
potential-frequency-locking problem between channels by allow-
ing the open-loop gain to be adjustable off-chip. The feasibility
of the developed oscillator for the chemical sensing application is
demonstrated. Two channels that were operated simultaneously
achieved excellent volume sensitivities of 8.5 × 10−4%/Hz and
3.9 × 10−4%/Hz, respectively, to relative humidity in N2.

Index Terms—Capacitive micromachined ultrasonic trans-
ducer (CMUT), chemical sensor, humidity detection, multichannel
oscillators.

I. INTRODUCTION

THE DEMAND for microelectromechanical systems
(MEMS)-based miniaturized chemical sensors is continu-

ously increasing in a wide range of applications because of their
small size, low power consumption, and CMOS compatibility
[1]–[5]. Potential applications span across many fields, such as
industrial, environmental, medical, automotive, and consumer
applications. Micromachined resonant devices that are based on
the mass-loading effect are promising platforms for miniatur-
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Fig. 1. Conceptual diagram of transient frequency shift of a resonant chemical
sensor based on mass loading.

ized chemical sensor systems. They offer superior sensitivity,
high resolution, and a wide dynamic range (Fig. 1) [6]. These
devices include thin film bulk acoustic resonators (FBARs) [7],
surface acoustic waves (SAWs) [8], capacitive micromachined
ultrasonic transducers (CMUTs) [9], and micromachined can-
tilevers [10], [11].

Among these resonant sensors, the CMUT sensor is a
promising platform for practical and versatile applications be-
cause of its high mass sensitivity, its multiresonant array struc-
ture, and a high quality factor. Using the 50-MHz CMUT sensor
with a mass sensitivity at the zeptogram range (∼10−21), the
state-of-the-art volume sensitivity and resolution to dimethyl
methylphosphonate, a common simulant for sarin gas, have
been demonstrated for homeland security applications [9], [12].
In addition, the versatility of the CMUT as a chemical sensor
has been demonstrated through the detection of volatile organic
compounds [13], detection of carbon dioxide (CO2) and rela-
tive humidity for environmental monitoring applications [14],
and detection of antibodies for biomedical applications [15].

A practical resonant sensor system requires not only a highly
sensitive resonant device, such as the CMUT, but also an
appropriate circuit to interface with the sensor. Sensor interface
circuits dictate how the information is delivered to the end user
and they often contribute to the system noise [16], [17], i.e.,
a low-noise oscillator circuit is key in achieving a high sensor
resolution. Various oscillator topologies, such as single-stage
tuned oscillators or amplifier-based series oscillators, have been
used for resonant devices, such as Quartz, FBARs, and SAWs.
However, these oscillator topologies are not suitable for the
CMUT sensor because of three constraints: common ground
between sensors, higher Q at parallel resonant frequency, and
requirement for a high gain from the oscillator. Thus, a different
oscillator topology must be explored for the CMUT sensors.
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Fig. 2. Photographs of (a) a die of a CMUT array and (b) a CMUT resonant
sensor with 817 circular cells. (c) Schematic diagram of bias scheme for a single
circular CMUT resonator.

In addition, multichannel capability is beneficial to accom-
modate an array of resonant sensors. A resonant sensor based
on the mass-loading mechanism not only detects the change
in mass due to the analyte of interest but also responds to
environmental changes, such as temperature and pressure fluc-
tuations. One solution to address this issue is the use of an array
of resonant sensors to perform pattern recognition [18], [19],
which requires multichannel interface circuits. A multichannel
implementation, however, requires more area and many elec-
trical connections when implemented using discrete electronic
components. Another challenge with the multichannel detec-
tion is the potential frequency locking (i.e., channels oscillating
at the same frequency) between channels [13].

Thus, in this paper, we present a multichannel interface inte-
grated circuit (IC), designed specifically for an array of 50-MHz
CMUT sensors. Each channel contains a low-noise oscillator
that tracks the resonant frequency of a single CMUT sensor in
real time and an output buffer. The IC, which was implemented
in a 0.18-μm CMOS technology, significantly improved our
sensor system in terms of area and power consumption com-
pared to the previous implementation using discrete electronic
components [9]. In addition, the frequency-locking problem
was solved by designing the gain of the amplifiers in the os-
cillator loop to be adjustable off-chip using an external voltage.
The operation of the developed interface IC for CMUT resonant
sensors was demonstrated through two-channel detection of
relative humidity.

II. SENSOR AND OPERATIONAL PRINCIPLE

A. Structure of the CMUT Resonant Sensor

A 2.5-mm-by-5-mm die consists of 22 CMUT resonant
sensors in an array structure to allow multichannel detection
[Fig. 2(a)]. These sensors share a common ground through the
conductive silicon substrate. A single CMUT resonant sensor

is composed of hundreds to thousands of identical circular
resonators, which are all electrically connected in parallel
through the top electrode [Fig. 2(b)]. The number of resonators
n in each device was varied in this design to experiment with
different device input impedance values. When n resonators are
connected in parallel, the motional impedance is reduced by a
factor of n, and the thermal noise is hence reduced by a factor
of

√
n [20]. Thus, this multiresonator configuration is beneficial

in achieving a low minimum level of detection (LOD), i.e.,
improving the resolution of the sensor system. The individual
resonator in the multiresonator configuration is a parallel-plate
capacitor with a circular single-crystal silicon plate [Fig. 2(c)].
The first flexural-mode resonant frequency of this circular plate
is defined by [21]

f0 =
0.83

a

√
Et3

m(1− v2)
(1)

where a is the radius, E is Young’s modulus (tensile modulus)
of silicon, t is the thickness, v is the Poisson ratio, and m
is the mass of the circular plate. A high mechanical resonant
frequency of ∼50 MHz was achieved with a plate radius of
5.3 μm and a plate thickness of 500 nm. Details of the CMUT
fabrication, structure, and various characterizations have been
described previously [22].

The CMUT-based resonators offer two main advantages for
the resonant sensor applications: high quality factor and com-
patibility for versatile chemical functionalization. The vacuum-
sealed cavity eliminates the damping from the backside of the
flexural-mode resonant plate. Thus, the quality factor (Q) of
such a structure at the fundamental mode is higher than that
of other flexural-mode resonators when the conditions such as
materials, thickness, and detection area (i.e., ∼88 μm2) are
the same [23]–[26]. In addition, because the backside of the
resonant plate is protected by the vacuum-sealed cavity, various
methods of chemical functionalization such as spin coating and
dip coating can be adopted. In comparison to chemical sensor
systems based on other electromechanical devices, such as bulk
acoustic wave, SAW, and micro-/nanocantilevers, the sensor
system based on CMUTs has been demonstrated to offer the
best sensitivity and LOD to formaldehyde and CO2 [12].

B. Electrical Characterization of the CMUT Resonant Sensor

The resonant characteristics of CMUTs used in this study
were measured by using an impedance analyzer (Agilent Tech-
nologies, Model 4294A, Palo Alto, CA, USA). The CMUTs
were biased at different dc voltages, and the impedance an-
alyzer provided a sinusoidal ac signal with an amplitude of
50 mVrms. As the dc voltage increased, the resonant frequency
decreased due to the spring softening effect [27], as shown
in Fig. 3(a). In the resonant sensor application, the CMUT is
biased at a fixed dc voltage that results in a high quality factor.
For example, 44 V was chosen as the operating voltage because
the CMUT sensor exhibited a high quality factor of ∼300 at the
parallel resonant frequency of 44.83 MHz. Close examination
of the input impedance shows that the quality factor at the
parallel resonant frequency (∼300) is higher than that at the
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Fig. 3. (a) Measured input impedance of the CMUT (solid: measurement;
dashed: best fit). (b) Zoom-in input impedance at a bias voltage of 44 V (inset:
equivalent circuit model).

series resonant frequency (∼65) because the nonuniformity
between resonators in the multiresonant structure of the CMUT
is more visible at the series resonant frequency [Fig. 3(b)]. The
conventional Butterworth van Dyke model [28] was used to
fit the input impedance at a given dc bias voltage [Fig. 3(b)
inset], which was used to design and simulate the free-running
oscillator.

C. Operational Principle

Mass loading is the main operational principle of the CMUT
chemical sensor. As estimated in (1), the resonant frequency of
a circular plate decreases when the mass of the resonant struc-
ture increases. For chemical detection, the resonant structure is
functionalized with a chemically sensitive layer to be sensitive
to the analyte of interest. The analyte absorption results in
an increase in the mass and thus a decrease in the frequency
(Fig. 1).

The LOD of a resonant sensor (2) is estimated by differen-
tiating (1), which indicates that the LOD is a function of both
the mass sensitivity of the device and the frequency noise of the
resonant sensor system (Δf), i.e.,

Δm = −2 ·Δf · m
f
. (2)

As the 50-MHz CMUT offers an excellent mass sensitivity of
4.3 ag/Hz (or ∼49 zg/Hz/μm2), the sensor interface circuit
must exhibit a good frequency noise performance.

III. SENSOR INTERFACE CIRCUITRY

A four-channel oscillator circuit was designed and imple-
mented in a 0.18-μm CMOS process to interface with the array
of CMUT resonant sensors. The oscillator tracks the frequency

shift due to mass loading in real time. The Allan deviation
[29] was measured to estimate the noise floor and, thus, the
resolution.

A. Oscillator Topology for CMUT Sensors

There are two characteristics of CMUTs that constrain the
choice of the oscillator topology: First, the 22 CMUT sensors
in a die share a common ground through the silicon substrate.
Thus, for multichannel detection using CMUTs, topologies
such as the Pierce oscillator [30] that require access to both
electrodes of the individual resonator are not suitable. Second,
the quality factor at the parallel resonance is often higher
than that at the series resonance for the CMUTs because of
the multiresonator configuration. Each resonator in the mul-
tiresonator configuration has a slightly different resonant fre-
quency due to the errors incurred during the fabrication process.
This resonator-to-resonator nonuniformity is more visible at
the series resonance for CMUTs because the displacement
is maximum at this frequency. Therefore, for such resonator
arrays, we propose an oscillator topology that oscillates near
the parallel resonance rather than at the series resonance, such
as the Colpitts oscillator [30], to achieve a low-frequency
noise.

There are two popular Colpitts oscillator topologies for
MEMS resonators [31]: single-stage tuned and amplifier-based
oscillators. The single-stage tuned oscillators offer the benefits
of low power consumption and low noise but could suffer from
an unreliable start-up behavior [31]. Oscillation will not start if
the resonator is too lossy compared to the maximum negative
resistance provided by a single-stage amplifier. In contrast,
despite the potentially higher thermal noise and power con-
sumption, the amplifier-based Colpitts oscillators are designed
to guarantee a reliable start-up by providing enough gain (often
higher than an open-loop gain of one) to satisfy the Barkhausen
criteria at resonance. The CMUT, a flexural-mode resonator,
is considered lossy as the topside of the resonant plate must
be exposed to the medium for chemical detection and thus is
subject to air damping. Therefore, we chose the amplifier-based
Colpitts oscillator to ensure a reliable start-up behavior.

B. Design and Simulation of the Four-Channel
Opamp-Based Oscillator

Our design approach for the amplifier-based Colpitts oscil-
lator was to achieve an open-loop gain and phase shift near
parallel resonance (∼50 MHz) to satisfy the Barkhausen criteria
for oscillation: an open-loop gain of one and a phase shift of
zero [Fig. 4(a)]. The open-loop characteristics were observed
when the loop was opened at the XA node. First, the CMUT is
biased at a fixed dc voltage (Vdc) through a bias network that is
composed of RB and CB to prevent shortage and to decouple
the dc voltage, respectively. The CMUT is then interfaced with
the input of a gain stage through a capacitive divider. The value
of the capacitor in the divider (CDIV,1) with respect to the
device capacitance (C0 or CDIV,2) is chosen to consider the
tradeoff between gain and loading. For example, a large CDIV,1

will result in a large gain. However, the large CDIV,1 results in
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Fig. 4. (a) Block diagram of the opamp-based oscillator. (b) Schematic
diagram of the variable capacitor.

a large loading across the CMUT, degrading the loaded quality
factor. For this design, we added the flexibility to select between
two CDIV,1 values by adding a switch controlled by VC at the
secondary capacitor [Fig. 4(b)]. (An NMOS switch was chosen
instead of a transmission gate mainly to save the die area as
on-resistance value and charge injection are not critical in this
design.) The main purpose of the added flexibility is to supply
additional gain for a given CMUT.

In addition, the noise performance of the oscillator is impor-
tant because the short-term frequency stability of the oscillator
Δf determines the limit of detection Δm of a resonant sensor
based on mass loading and, thus, the sensor resolution. When
a resonant sensor is developed for an environment monitoring
application to detect CO2, a reasonable desired resolution is
around 0.003%, an order of magnitude smaller than the CO2

concentration in ambient. Based on the known volume sensitiv-
ities of CMUTs functionalized with chemically sensitive layers
[14], the required frequency noise ranges from 18 to 40 Hz.
Thus, the target specification for the frequency noise is set to
10 Hz. In effort to reduce the frequency noise and to meet
this requirement, CDIV,1 that minimizes the device loading
(i.e., loaded Q) is chosen since the frequency noise is inversely
proportional to Q.

The subsequent two stages were designed to provide suffi-
cient gain, phase shift, and filtering for the loop condition to
satisfy the Barkhausen criteria near the parallel resonance. The
open-loop gain was designed to be larger than four near the
parallel resonant frequency to achieve a reliable start-up [30].
In a self-sustaining oscillator with no input source, a thermal
noise or a sudden voltage change in the resonator when powered
is amplified through the loop by an excessive open-loop gain.
The loop signal continues to increase until circuit nonlinearities
such as amplifier saturation limit further amplification, and the
effective loop gain reduces to one to achieve a stable oscillation.
Thus, in our design, we aimed to achieve an excess loop gain
larger than four.

Fig. 5. Simulated open-loop ac magnitude and phase (inset: close-in plot
where the frequencies are in megahertz).

Fig. 6. Schematic diagram of two-stage OTA.

As the maximum closed-loop gain of our amplifier is ap-
proximately three when the 3-dB bandwidth is approximately
250 MHz, two amplifier stages are employed. The two non-
inverting gain stages serve as inherent low-pass filters due to
the limited gain–bandwidth product of the amplifiers. The RC
stage between these two stages serves as a high-pass filter.
Overall, a broadband bandpass filter with a center frequency
near the parallel resonance is achieved (Fig. 5). In addition, the
gain of each stage was designed to be adjustable to allow os-
cillation for various 50-MHz CMUTs on the die with different
quality factors and device capacitances (C0). In the feedback
loop, an NMOS resistor is used to achieve an adjustable feed-
back resistance. When the gate voltage of this NMOS resistor
is increased from 2 to 2.5 V, the gain is adjusted from 3 to 1.8.

The basic block of the two gain stages and the buffer stage
is a simple two-stage operational transconductance amplifier
(OTA) optimized for low power consumption (Fig. 6). This
OTA was designed to achieve a dc gain of 70 dB, a phase margin
of 60◦, and a 3-dB bandwidth of 800 MHz (Fig. 7). The bias for
the current mirror is adopted from Steininger [32] with a start-
up circuitry [33] (Fig. 8). For the output buffer stage, a source-
follower stage is added to achieve low output impedance.
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Fig. 7. Simulated ac open-loop characteristics of the OTA.

Fig. 8. Schematic diagram of current buffer with a start-up circuitry.

Fig. 9. Transient simulation.

The transient simulation was performed using Cadence Spec-
tre. In the simulation, the oscillators were interfaced with equiv-
alent circuit models of 50-MHz CMUTs biased at the same dc
voltage of 50 V but with different sizes (n = 631 ∼ 919). A
larger device (i.e., larger C0) results in a smaller gain in the
capacitor divider. Thus, for larger devices, the voltages across
the NMOS resistors were decreased to increase the feedback
resistances to compensate for the loss in the open-loop gain.
When the gate voltage of the NMOS resistor is decreased
from 2.5 to 2 V, the on-resistance was designed to increase
from 0.9 to 1.5 kΩ (R in the feedback of each amplifier stage
[Fig. 4(a)] is 500 Ω). All four oscillators successfully started
up, demonstrating the functionality of the designed oscillator
for various impedance sets of 50-MHz CMUTs (Fig. 9). The
start-up time for the larger devices (n = 817, 919) is longer,
however, because the open-loop gain cannot be increased in-
definitely.

Fig. 10. Die photograph of the IC.

Fig. 11. Photographs of (a) chip carrier and (b) PCB.

Four identical amplifier-based Colpitts oscillators for
∼50-MHz CMUTs were designed and fabricated in the
0.18-μm CMOS technology with ±2.5-V supply voltage
(Fig. 10). These oscillators share power, ground, and a voltage
line to select the divider capacitor (CDIV), while they have sep-
arate ports for CMUT inputs, oscillator outputs, and voltages to
adjust the amplifier gains.

C. Characterization of the Four-Channel Oscillator Chip

The test setup for the fabricated chip consists of a
ceramic chip carrier to interface with the external cir-
cuitry and a printed circuit board (PCB) to connect to
power supplies and frequency counters. The implemented
application-specified integrated circuit chip and the CMUT
die were mounted on the same chip carrier (1.7 cm ×
1.4 cm) and were connected to the pads through Al bond
wires [Fig. 11(a)]. For the purpose of characterization, a CMUT
sensor (n = 721) without a functionalization layer was used.
On power-up, the gate voltages of NMOS resistors in the feed-
back of two amplifiers were initially set at 2 V. The feedback
resistance of one of the amplifiers was then reduced until an
oscillation is observed.

The noise of the oscillator was estimated in the time domain
using the Allan deviation [29]. We used a frequency counter
(Stanford Research Systems, Model SR620, Sunnyvale, CA,
USA) to compute the overlapped Allan deviation from the data
collected at a sampling rate of 200 Hz. The Allan deviation at
different averaging times shows the lowest Allan deviation of
9.72× 10−8 at an averaging time of 2 s and a corresponding
frequency noise of 4.34 Hz (1σ) (Fig. 12). (This frequency
noise is ten times higher than that of a circuit implemented
using discrete components [9] since this circuit consumes less
power [29], [34] but is still low enough to achieve a high sensor
resolution.)
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Fig. 12. Allan deviation.

TABLE I
IC OSCILLATOR PERFORMANCE SUMMARY

The IC implementation of the oscillators offers three advan-
tages compared to the previous implementation using discrete
electronic components: smaller footprint (∼1.8 mm2), lower
power consumption, and capability to control frequency lock-
ing (Table I). The IC footprint for a single channel including
IC pads (i.e., 485 μm × 930 μm or 0.45 mm2) is ∼1300 times
smaller than the footprint of the single-channel oscillator im-
plemented using discrete electronic components (excluding
external connectors for both cases). The power consumption
per channel (i.e., 72.5 mW) is reduced by approximately ten
times, which, in particular, is beneficial for a multichannel
implementation (Table I).

In such a multichannel implementation, the issue of fre-
quency locking between channels needs to be addressed. The
frequency locking due to electrical and/or mechanical cross-
coupling between CMUT resonators in the array can be pre-
vented both in the device implementation and in the circuit
design. Adding wafer isolation trenches between the resonators
in the array is one method to reduce mechanical cross-coupling
between adjacent resonators [13].

The presented circuit has a knob to adjust the open-loop gain
for each oscillator which can be used to unlock the frequency
output of one channel from the other. The resonant frequency of
the CMUT is a function of bias voltage [Fig. 3(a)], and thus, one
way to unlock is to adjust the bias voltage of one of the locked
CMUT sensors. However, because Q and C0 of the CMUTs are
also functions of bias voltage, the open-loop gain must be com-
pensated accordingly to sustain the oscillation. Without the ca-
pability to adjust the open-loop gain, the range of bias voltages
allowed for an oscillation is limited, and the unlocking of two
channels might not be possible. When two CMUT devices from
an array without the wafer isolation trenches [Fig. 2(a)] were
interfaced with the presented circuit, the frequency outputs of

Fig. 13. Frequency outputs of two channels (a) locked and (b) unlocked.

two channels were easily locked [Fig. 13(a)]. By adjusting the
value of the feedback resistance of the amplifier stage in the
oscillator loop and the CMUT bias voltages, both frequencies
were modified. Both frequency outputs were measured over 5 h
to confirm that the two frequencies did not merge back to the
same frequency [Fig. 13(b)].

IV. CHEMICAL RESULTS

A. Functionalization and Chemical Setup

The CMUT sensors were functionalized with an approxi-
mately 85-nm-thick mesoporous silica layer and an approxi-
mately 70-nm-thick guanidine polymer layer to enhance the
sensitivity to water. Successful detections of CO2 [14] and
trinitrotoluene [35] were previously demonstrated using func-
tionalized mesoporous silica as a chemically sensitive layer
on resonant sensors. The mesoporous silica layer was self-
assembled on top of the CMUT die using the evaporation-
induced self-assembly method developed by Zhao et al. [14],
[36]. The average measured frequency shift due to the addition
of this functionalization layer was 1.3 MHz [14], which is
within the reasonable range of estimated frequency shift of
1.16 MHz assuming 50% porosity. Guanidine polymer was pre-
pared by mixing 20% aqueous polyhexamethylene biguanide
(Arch Chemicals, Inc., Norwalk, CT, USA) in a solution that
contains 50% isopropanol and 50% distilled water [37]. This
mixture was applied on top of the CMUT using spin coating
with a spin speed of 2000 r/min.

Different concentrations of water vapor were generated using
the saturation bubbler method. A mass flow controller adjusts
the flow rate of the carrier gas (dry N2) that is injected into the
bubbler. The saturated vapor generated from the bubbler is then
merged back with the carrier gas. In this setup, we set the total
flow rate of the final mixture to be constant. The final mixture
is then delivered into a glass chamber (0.8 cm3), which was
custom designed to fit on top of the chip carrier to enclose the
sensor.
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Fig. 14. Transient responses to relative humidity.

Fig. 15. Chemical sensitivity to relative humidity in N2.

B. Results From Chemical Experiments

Transient responses of two functionalized sensors to various
concentrations of water vapor from 0% to 20% were measured
(Fig. 14). As predicted, the oscillation frequency began to
decrease at 120 s when the relative humidity reacted with
the chemically sensitive layer on top of the CMUT sensor.
When the chamber was purged with the carrier gas at 300 s,
the frequency recovered back to the baseline. The maximum
frequency shifts at different concentrations are plotted, and the
slope is estimated by using a best fit linear regression. The
volume sensitivity is estimated by taking the inverse of this
slope (Fig. 15).

The first sensor functionalized with mesoporous silica layer
exhibited a volume sensitivity of 8.53× 10−4%/Hz, while the
second sensor functionalized with the guanidine polymer ex-
hibited a volume sensitivity of 3.89× 10−4%/Hz (∼2.2 times
more sensitive). Although estimating the magnitudes of fre-
quency shifts due to various relative humidity concentrations
based on the chemical reaction is beyond the scope of this work,
the measured volume sensitivities are found to be comparable
to other resonant sensors, such as FBAR and SAW [14]. The
volume resolutions derived using the Allan deviation (i.e.,
3.7× 10−3 and 1.7× 10−3 Hz) are one of the lowest reported
in the literature [14].

The different volume sensitivities demonstrate that the fre-
quencies of two channels were not locked during the chemical
experiment, and thus, the results can provide a useful set of
information to a pattern recognition algorithm. In addition, the
average fall and rise time constants to 90% of full responses for
both channels were computed. The rise and fall time constants
of channel 1 were 88 and 105 s, respectively, while that of

channel 2 were 53 and 53 s, respectively. This information can
be served as extra data for more accurate pattern recognition.
The developed IC oscillators can thus be interfaced with an
array of resonant sensors that are functionalized with different
chemically sensitive layers. Demonstration of more chemical
detections and pattern recognition using an array of sensors will
be part of future work.

V. DISCUSSION

In comparison to sensor systems based on other resonant
structures, the CMUT-based chemical sensor system offers the
advantages of high sensitivity, array structure for multichannel
detection, and low thermal noise [9]. While the sensor systems
based on SAW resonators are well established and offer the
capability of dual channels, they suffer from the limitations of
low sensitivity and relatively large size (approximately millime-
ters) [12]. FBARs operate at high resonant frequencies (approx-
imately gigahertz), but the systems based on FBARs suffer from
a high-frequency noise, resulting in low LOD (approximately
ag/cm2) [12]. Micro-/nanocantilevers are another promising
sensor platforms which exhibit high sensitivity and are fabri-
cated with a straightforward fabrication process. However, there
are three distinctive disadvantages of cantilevers in comparison
to CMUTs. First, to achieve a high mass sensitivity, the device
dimension must be decreased further toward the nanometer
regime [23], resulting in a small detection area. Second, both
sides of the structure are exposed to air, and thus, consistent
and uniform functionalization of such structure is challenging
particularly in the nanometer regime. Finally, implementing an
array of cantilevers for multichannel detection is challenging
due to process variations.

Although the CMUT is a promising candidate for a portable
chemical sensor system, there are still issues that need to
be addressed and resolved in the future. For example, the
presented sensor system does not address frequency drifts
due to the changes in temperature and pressure in ambient.
The measured temperature sensitivity of the 50-MHz CMUT
was −1.59 kHz/◦C(−32.6 ppm/◦C), which is high enough to
require for a temperature compensation scheme. One possible
solution to compensate for the temperature and pressure fluc-
tuations is to use a lookup table or a reference channel with a
bare CMUT.

Another limitation of the presented system lies in further
increasing the number of channels, which requires a large
number of power supplies. The current system requires a power
supply per CMUT sensor to provide the dc bias voltage and
additional power supplies to adjust the open-loop gain. One
potential method to minimize the power supply is to use a single
power supply for all the CMUT devices by improving the open-
loop gain adjustment scheme, which is part of future work. Im-
plementing a scheme to adjust the open-loop gain, on-chip, not
only would save the number of power supplies but also would
be more practical. One potential solution is to implement an
automatic gain control (AGC) circuit to restore the oscillation
amplitude [38]. The AGC circuit not only compensates for the
gain changes due to temperature drifts but also helps to reduce
the distortion of the sinusoidal output.
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VI. CONCLUSION

By developing four identical amplifier-based oscillators for
∼50-MHz CMUTs in a 0.18-μm CMOS technology, we have
demonstrated ∼1300 and ∼10 times reductions in circuit foot-
print and power consumption per channel, respectively. Fur-
thermore, we have addressed the potential-frequency-locking
problem between channels by allowing the open-loop gain to
be adjustable off-chip. We have demonstrated the feasibility of
the developed oscillator for the chemical resonant applications
for the CMUT sensors. Two channels that were operated simul-
taneously achieved excellent volume sensitivity and resolution
to relative humidity. By resolving the concerns on the increase
in the power consumption, the number of external electrical
connections, and footprint area, the presented IC enabled the
multichannel detection of a CMUT sensor array, a promis-
ing candidate for the future miniaturized chemical sensor
system.
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