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Abstract

Electronic noses (e-noses) are pervasive devices for
enhanced gas-sensing applications in many industrial
applications, including environmental protection, indoor
quality air control, and, recently, medical/clinical
diagnosis. However, implementing e-noses based on
microwave gas sensors is still pending. This paper presents
the development of a microwave-based e-nose with six
sensors, where various metal oxides have been used as gas-
sensitive layers. Thanks to machine learning algorithms,
the 2n+2 gases can be selectively detected. However, the
theoretical analysis suggests that more gases can be
distinguished when thermal and frequency modulation are
conducted and when the thickness of the gas-sensitive layer
is optimized.

1. Introduction

The development of gas sensors enables the utilization of
such devices in daily life, including air quality and air
pollution monitoring, air quality indoor comfort
measurements, several industrial (e.g., in petroleum
processing) applications, and recently medical applications
(e.g., exhaled breath analysis - EBA). Using gas sensors in
EBA was possible thanks to developing cheap, easy-to-use,
and efficient gas-sensitive layers supported by machine
learning algorithms. The research achievements in this
field pave the way for the development of electronic noses
that can compete with conventional analytical apparatus
such as selected-ion flow-tube mass spectrometry (SIFT-
MS), gas chromatography-mass spectrometry (GC-MS)
[1]. Several electronic noses have been developed and
released on the market, for example, the Cyranose® 320,
the aeoNose™, and the SpiroNose [2]. However, all
approaches mostly use gas sensors operating in the direct
current (DC) mode, including metal oxide (MOX) based
gas sensors. Electrochemical, optical, and photoacoustic
gas sensors have also been investigated, although they still
await commercial e-nose implementation.

Microwave-based gas sensors (MGS) are quite a novel
concept in gas-sensing applications, although they have
been researched for over two decades [3]. The MGS
concept is based on two approaches: resonant frequency
shift and wideband measurements [4]. Both methods
provide pros and cons, so the decision about what
measurement should be used is highly related to the target
gas measurement and environmental limitations. Financial
aspects should also be taken into account. It has to be

underlined that there is still a lack of commercially
available e-noses based on microwave-based gas sensors.
One of the significant advantages of the MGSs is the ability
to operate at room temperature instead of higher
temperatures, such as 300-500°C, known for MOX-based
gas sensors. Moreover, the changes in the microwave
measurement parameters pave the way for enhanced
sensitivity and selectivity, allowing the development of e-
noses capable of detecting gases in the mixture of
compounds, as in the exhaled human breath where more
than 3500 volatile organic compounds (VOC) have been
detected so far. Each breath consists of approximately 500
VOCs [5]. One limitation of developing such an e-nose
device is the requirement for a gas-sensing chamber where
all sensors in the matrix can be placed. It is mandatory to
evaluate the gas-sensing response at the same condition,
mainly when low target gas concentrations are evaluated —
such as part per million (ppm) or lower.

This paper presents the progress made by the Biomarkers
Analysis LAB and the Microwave Research Group
research groups at AGH University of Krakow in
developing an e-nose based on microwave gas sensors.

2. The concept of the electronic nose for
microwave-based gas sensors

The central part of the electronic nose is the gas-sensing
chamber, where all sensors are placed and tested under the
same conditions, including relative humidity changes
(RH%) and temperature (T). Although the microwave-
based gas sensors showed promising results in operating at
room temperature (RT), the increased operating
temperature (OT), in many cases, enables thermal
modulation of the gas-sensing layer (e.g., the gas-sensing
layer based on metal oxides). Thus, the sensitivity and/or
selectivity can be modulated. For example, a sensor based
on copper oxide showed various selectivity when operated
at lower and higher temperatures [6]. Therefore, the
microwave-based e-nose is equipped with external heaters
that can be used in parallel or separately if only one sensor
needs to be heated. If such a case is required, the gas sensor
chamber should probably be divided into two zones: one
where the sensors are working at RT and another where
increased OT is used to avoid influencing one sensor to
another. Figure 1 shows the developed gas-sensing
chamber where microwave-based gas sensors (n=6) are
installed with additional heaters (Fig. 1C). The heater is
based on a plate heater that achieves OT 250°C.



Figure 1. (A) The photo of the sensors installed in the
chamber; (B) the mocap of the sensor installation with
heaters; (C) the photo of the sensors installed with the
heaters before other elements of the e-nose construction.

The microwave circuits are meander-shaped lines (Fig. 1A)
with a 0.05” transmission line width fabricated on
RO4003™ microwave laminate. 50 Ohm matching was
achieved to the eight-port reflectometer (§PR) equipped
with four quadrature couplers (4QC), two in-phase power
dividers (2-IPPD), and a transmission line to equalize the
electrical length of suitable singles lines, as presented
previously. The calibration protocol was described in detail
in [7]. All sensors (here: 6) are connected to a CCR-38S360
(Teledyne Relays) mechanical switch to enable microwave
measurements with a single unit. The major limitation of
the mechanical switch is the total number of switches that
can be done during the lifecycle of such a device.
Therefore, we have developed a measurement protocol that
reduces the number of switches without losing essential
information about the gas-sensing characteristics.

3. Results and Discussion

The e-nose setup (Figure 2) was developed as a proof of
concept. The prototype was mostly fabricated with 3D-
printed parts; however, the design can be adapted
depending on industrial demand. The setup is vertically
oriented. The gas-sensing chamber has 6 sensors, separate
heaters, and a heating control unit. The gas inlet/outlet
ports are placed in the middle of the gas-sensing chamber;
thus, the gas stream is equally distributed to each sensor.
The mechanical switch is connected via waveguides. Two
fans are installed to reduce the heat transfer via waveguides
to the switch module. The microwave circuit measurement
unit is also connected to the mechanical switch via a central
waveguide. The prototype is software controlled by a
Python-based application.

The major limitation of the mechanical switch is the
number of switches that can be made. In gas-sensing
applications, parameters such as resistivity, conductivity,
voltage/current, or microwave parameters such as phase
changes and S-parameters [8] are used to calculate the gas
concentrations. The measurements are in specific time
slots, as illustrated in Figure 3. Each sensor is tested in the
continue mode once per cycle, starting with S1 and ending
with S6. In contrast, during other cycles, the signal features

(here, phase signal) are measured shortly before and after
the introduction of gases into the gas-sensing chamber.
Further, the gas sensor response (S) is calculated, for
example, as S=@gus-@air, Where @gus and @i represent the
phase values under exposure to target gas and synthetic air
(or ambient air), respectively.
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Figure 2. The developed e-nose setup for R&D of MGSs.
The setup enables testing up to six sensors under exposure
to target gases in the same environmental conditions:
relative humidity and temperature, as well as at various
operating temperatures due to the utilization of separate
heaters for each sensor in the setup.

Figure 3. The gas-sensing characteristics of the six sensors
installed in the setup, where sensors S1-S5 are covered by
a gas-sensitive layer (various metal oxides were used), and
S6 is a reference sensor without a gas-sensitive layer.

Generally, the gas-sensing layer is chosen depending on the
target gas detection. For example, graphene oxide (GO)-
based sensors have been evaluated for enhanced acetone
detection at room temperature using microwave gas
sensors [9]. The developed sensor’s reflection coefficient
was measured at 2.4 GHz in the 0-200 ppm range of
acetone and other common VOCs such as ethanol,



methanol, and isopropanol. In another approach, CuO-
based MGS were evaluated under exposure to acetone in
the 0.5-5 ppm range [10]. The reflection coefficient was
measured with a novel wideband multiport reflectometer.
Thanks to the advanced measurement protocol where
measurement uncertainty can be precisely adjusted, the
detection limit was estimated at 0.05 ppm. At the same
time, 0.5 ppm was measured due to the system's gas-dosing
limitations. In addition, the developed CuO-based sensors
showed a stable response after 105 days of continuous
testing [10]. Recently, WOs-based MGS was tested in
automotive applications, where NO; concentrations in the
city and countryside in Poland were evaluated [11]. The
research results have shown that ~410 nm of WOs is the
optimal thickness of the NO»-sensitive layer in a rash
environment (high RH%). Interestingly, the WOs;-based
sensors showed responses (defined as phase changes/GHz)
to NOz, C2H50H, and CgH](), while C3Hg and C3H6O did
not affect the sensor's properties. NO, was also a research
subject for MoOs-based microwave sensors [ 12]. However,
a single frequency of 5.8 GHz was used instead of a wide-
range frequency operation. Such an approach enables the
reduction of microwave components and reduces the cost
and complexity of the measurement setup. The reference
sensors were used to compensate for the ambient condition.
However, the selectivity was not outstanding, and cross-
sensitive issues must be considered. Moreover, the MOX-
based MGSs were evaluated above the 10 GHz range. In
paper [13], CuO, SnO,, WO3, and TiO; sensors have been
tested in the 100-1200 GHz range. However, the sub-THz
measurements require more sophisticated measurement
methods and devices. It can be an interesting approach for
space applications. On the other hand, SnO,-based [14]
gas-sensing films were also tested in the Hz-kHz range.

In summary, the e-nose based on microwave gas sensors
must include parameters such as (i) several gas sensors that
can be installed. At some point, this number results from
the number of gases that must be detected according to the
2n+2 hypothesis; (ii) the type of the gas-sensing layers.
However, this issue is limited by the deposition techniques
that can be used, and (iii) operating temperatures. It has
been proven that for MOX-based sensors, the sensitivity
and selectivity can be modulated by thermal modulation
(e.g., detection of one gas at lower temperatures — room
temperature, and another gas at higher temperatures); (iv)
the thickness and form of the gas-sensitive layer (e.g.,
nanorods, nanofilms, nanowires). However, this parameter
is limited by the microwave circuit design and fabrication
method: Cu-based laminate microfabrication vs. silicon
technology; (v) the operating mode: resonant vs. wideband
frequency measurements and frequency range (kHz-THz).
The decision on this should be supported by budget
planning for the e-nose fabrication if more than one
prototype is coming.

Besides the abovementioned issues, ML algorithms (MLA)
can enhance sensitivity and selectivity. MLA and neural
networks can improve sensitivity using data preprocessing
techniques, such as noise reduction, long-term sensor drift
elimination [15], and advanced feature extraction methods.
Advanced models, such as neural networks [16] or support

vector machines (SVM) [17], can be trained to detect even

minimal variations in the signal amplitude or phase,

leading to higher accuracy in identifying low-concentration
gases.

Classification algorithms such as k-nearest neighbors (k-

NN), random forests, or deep learning models can be used

to increase selectivity, which enables the detection of

differences in multidimensional data collected from
multiple gas sensors. Additionally, dimensionality
reduction techniques such as principal component analysis

(PCA) [18] can be used to visualize data in a reduced

feature space and provide visualizations that will enable

better feature analysis. Feature importance analysis, e.g.

using the SHAP [19] method, allows for visualization of

the impact of each feature on the model decision. This
enables optimization of layer parameters such as layer
composition, thickness, and operating temperature.

As mentioned earlier, MLA, particularly those using

adaptive models and drift compensation techniques [20],

can also improve the stability of sensor responses over time

by eliminating drift caused by environmental factors,
sensing material aging, or operating conditions changes. In
the case of the microwave gas sensors, the number of

MGSs implicates the number of gases that can be detected.

Therefore, we suggested that 2n+2 gases can be detected if

n MGSs are used. The analysis is based on the table shown

in Figure 4. The table was made based on previous

measurements [11,13-14]. Thus, we considered two cases
where n was equal to 1 and 2. In the case of n =1, 2n+2 is
then 4. We will only modify the measurement frequency if
we analyze sensors numbered S6 (WOs, RT, THz) and S10

(WOs, RT, GHz), RT, and GHz). Therefore,

© S10 shows a positive response to CsHjo a slightly negative
response to C;HsOH, and a moderately negative response,
which could indicate CsHs, NO-, or acetone. If S6 reacts
with a low positive reaction, we can identify acetone.

e Assuming S10 does not respond to methanol or responds
positively (we lack data for this), if S6 shows a low
positive response and S10’s reaction is different from low
or moderately positive, it is likely methanol.

In the case of n=2, 2n+2=6. The measurements are the

same as those of S6 and S10. Additional sensors S1 (SnOx,

175°C, kHz) and S5 (SnO:, RT, THz). We modify the
measurement temperature and frequency. Thus:

o A high response from S1 indicates H-S.

e No response from S1 combined with a moderate response
from S10 suggests propane or NOs-.
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Figure 4. Sensors’ response summary.

4. Conclusions

E-noses enable enhanced gas-sensing detection, and by
combining them with machine learning algorithms,
sensitivity, and selectivity can be improved. In the case of



microwave gas sensors based on metal oxides, where
wideband and resonant measurement methods are used,
various oxides, including p-type and n-type, and different
operating temperatures, the number of gases that can be
detected by using n sensors is as well as 2n+2. The
theoretical analysis suggests that more gases can be
distinguished when thermal and frequency modulation are
conducted and when the thickness of the gas-sensitive layer
is optimized.
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