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Abstract — In this paper we present a novel low–
cost and low–power MEMS gas sensor based on
an ultrasonic resonance cavity. The sensor consists
of an ultrasonic MEMS transducer embedded to
an acoustic resonance cavity. Measurements with
different carbon dioxide (CO2) concentrations with
a simple readout electronics yield resolution of 10
– 20 ppm, which is competitive with the existing
commercially available CO2 sensors.
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I – Introduction

Measuring gas concentrations with high resolution is
important for a wide variety of applications for example
in healtcare, in ventilation control and in process in-
dustry. There is an increasing demand for low–cost and
low–power applications, where it would be beneficial
to measure gas concentrations in battery operated sys-
tems. Also, e.g. personal health care applications would
benefit of a low–cost sensors, since this would justify
disposal of the sensors after use.

Typically gas sensors are based on optical absorption
properties of the gas composition, change of electrical
properties such as resistance or capacitance of a sen-
sor, change in thermal conductivity or e.g. change in
mechanical resonance frequency (mass) of a MEMS
resonator with functional coating or on mass spectrom-
etry. However, many of these solution are expensive,
complicated or will saturate over time. In this paper, we
demonstrate a novel low–cost and low–power MEMS
sensor concept based on ultrasonic resonance cavity, we
call this sensor UltraGas.

II – Operating principle

UltraGas sensor consist of a capacitive microma-
chined ultrasonic transducer (CMUT) [1], which is
embedded into an acoustic resonance cavity with a
rigid termination. The mechanical impedance Z0 of the
resonance cavity depends on the length of the cavity
l and the composition/concentration of the gas in the
resonance cavity via the relation [2]

Z0 =
ρ0c
Sc

S2
t coth(γl) (1)

where ρ0 is the gas density, c the speed of sound,
Sc area of the cavity, St area of the transducer and γ

is the complex propagation vector of the ultrasound
including the losses in the cavity. In the gas sensor
application the length of the cavity, i.e. the distance

between the CMUT and the termination, is fixed and
properties (γ , c and ρ0) of the gas composition or
gas concentratrion are changed. The changes in the
gas composition/concentration can be measured simply
by measuring the electrical impedance of the cavity
coupled transducer. Hence, the sensor is not gas specific
as such. In the resonance condition, the Q factor of the
acoustic cavity provides gain to the signal. In addition
to the device, the measurement setup contained readout
electronics to measure the change of the impedance
with the gas composition or concentration.

III – Experimental setup

CMUTs used in the experiment were fabricated at
VTT Micronova clean room, more details of the fab-
rication process can be found e.g. in Ref. [3]. The trans-
ducer contained 51 CMUT elements with the resonance
frequency of about 2.69 MHz.

Photograph of the gas sensor with readout electronics
is shown in Fig. 1 (a). The sensor and the readout
electronics is attached to a gas tight KF–50 flange
equipped with an o–ring, thus the whole package (read-
out electronics and the sensor) can be placed in the
gas chamber for experiments. An ultrasonic MEMS
transducer embedded to the resonance cavity can be
represented as an electrical equivalent circuit of the
transducer impedance Zt and the cavity impedance Z0
connected in parallel with the parasitic capacitance Cp
which represents the actual electrical capacitance of the
transducer, see Fig. 1 (b) top.

Schematics of the measurement circuitry is shown in
Fig. 1 (b) bottom. The ultrasonic transducer is biased
with a constant DC voltage, typically 20 V, on top
of which is added an AC excitation with a typical
amplitude of 1 V. The AC voltage generates mechanical
vibration of the transducer membrane, and thus creates
sound wave emitted by the membrane of the transducer,
while DC voltage amplifies the generated ultrasonic
amplitude by a factor of VDC. In the cavity setup, a
single ultrasonic transducer is used for both genera-
tion and detection of the ultrasound. In the resonance
condition of the cavity, which is determined by the
length of the cavity l, a standing wave is generated
between the termination of the acoustic cavity and
the transducer. The reflected ultrasonic wave from the
cavity termination generates motional current, which is
measured with a help of transimpedance amplifier and
the actual signal (amplitude and phase) is detected with
a spectrum analyzer.

Figure 1 c) and d) show a photograph and schematics
of the gas measurement setup. The setup consists of
carrier gas (air) and sample gas (e.g. CO2), the gas



Figure 1: Schematics of the sensor and the measurement setup. a) UltraGas sensor with readout electronics. b) Top: electrical
equivalent circuit for an ultrasonic transducer embedded to the acoustic resonance cavity, bottom: schematics of a readout. c)
Gas measurement setup, d) schematics of the gas setup.

concentration in the gas chamber, where the sensor is
located, can be controlled with mass flow controllers
(MFC). The gas concentration is determined by the flow
rates of different MFCs. In addition, the setup has an
additional carrier gas line equipped with a water bath,
which provides an option to add humidity the carrier
gas.

IV – Results

Measured phase of the impedance (transfer function)
as a function of frequency with different CO2 concen-
trations is shown in Fig. 2 (a). Clear change in the
resonance frequency of the sensor is observed with
different gas concentrations, highest gas concetration
is the leftmost data and lowest the rightmost data. The
measured gas concentrations varied from about 35 000
ppm (leftmost, green, curve in Fig. 2 (a)) down to
about 6900 ppm. In addition, the reference data was
taken in dry air (0 % CO2) (rightmost, black, curve
in Fig. 2 (a)). The concentration range was limited
by the initial concentration of the sample CO2 gas in
the CO2 cylinder and the MFCs: the CO2 cylinder
contained pure (100 %) CO2, and the maximum ratio
of MFC flow rates was about 7:1000. More dilute initial
concentration of the sample gas in the cylinder would
have allowed us to reach lower final concentrations in
the experiment. However, the measured data allow us
resolve the sensitivity of the detector. Figure 2 (b) shows

frequency at fixed phase of -60◦ (depicted by the red,
dashed line in Fig. 2 (a)) as a function of concentration.
The sensor shows a linear response of the frequency to
the concentration, linear fit to the data yields a slope
of 0.072 Hz/ppm. With our simple readout electronics
the measured noise level was about 0.8 – 1 Hz, which
corresponds to the resolution of 10 – 20 ppm.

V – Discussion

We have demonstrated a proof of concept of a novel
MEMS gas sensor based on an ultrasonic transducer
embedded to an acoustic cavity. The initial experiments
show a clear shift of the resonance frequency of the
sensor as a function of CO2 gas concentration. Since
CO2 is heavier than air, the resonance frequency shifts
to lower frequencies when concentration is increased. In
addition to CO2, we also performed experiments with
methane CH4 (data not shown here), which showed a
shift to the higher resonance frequencies as expected,
since CH4 is lighter than air. Experiments with these
two different gases demonstrate that the sensor mea-
sures a correct quantity and can be used for a wide
variety of gases.

Response of the sensor to the CO2 concentration
was about 0.072 Hz/ppm, corresponding to 10 – 20
ppm resolution with the existing readout electronics
(current resolution is limited by the readout, not the
sensor). However, we have estimated that there is room



Figure 2: Measurement data of the gas sensor with different CO2 concentrations. (a) The phase of the impedance as a function
of frequency with different CO2 concentrations. (b) Frequency as a function of CO2 concentration, open circles are measured
data points obtained at -60◦ of a constant phase (red, dashed line in (a)), green solid line represents linear fit to the data with
a slope of 0.072 Hz/ppm.

to improve the noise properties of the readout, and
thus it might be possible to achieve about one order of
magnitude better resolution with an optimized readout
circuitry.

In summary, current resolution of the UltraGas sensor
is competitive with the existing commercially available
CO2 sensors used e.g. in ventilation control. The major
advantages of the UltraGas sensor are low cost, low
power consumption and small size, and thus ease of
integration to a wide variety of systems. Despite of its
advantages, a disadvantage of the UltraGas sensor is
difficulty to differentiate signal between different gas
components in gas mixtures. Hence, in its current form,
the UltraGas sensor would be suitable for ventilation
control applications and for leak detection applications
in process industry, where the monitored gas composi-
tion is known.
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