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Abstract: Gas sensors have wide applications in several fields, spanning diverse areas such as
environmental monitoring, healthcare, defense, and the evaluation of personal and occupational
exposure to hazardous chemicals. Different typologies of gas sensors have been proposed over
the years, such as optical, electrochemical, and metal oxide gas sensors. In this paper, a relatively
new typology of gas sensors is explored: the microwave gas sensor. It consists of a combination
of a microwave transducer with a nanostructured sensing material deposited on an interdigitated
capacitor (IDC). The device is designed and fabricated on a Rogers substrate (RO4003C) using
microstrip technology, and investigated as a microwave transducer over the frequency range from
1 GHz to 6 GHz by measuring the scattering (S) parameters in response to gas adsorption and
desorption. The sensing material is based on a nano-powder of barium titanate oxalate with a
coating of urea (BaTiO(C2O4)2/CO(NH2)2). It is deposited on the IDC surface by drop coating,
thus creating a sensing film. The developed prototype has been tested toward different oxygen (O2)
concentrations and exhibits a sensitivity of 28 kHz/%O2. Special attention has been devoted to the
measurement process. Besides the canonical short-open-load-thru (SOLT) calibration of the measured
S-parameters, a thru-reflect-line (TRL) calibration has been performed in order to get rid of the
parasitic electromagnetic (EM) contributions of the board connectors and the feedlines, thus moving
the measurement reference planes to the edges of the IDC.

Keywords: gas sensors; oxygen; microwave; measurements; TRL standards; calibration; interdigitated
capacitor; IDC; microwave transducers

1. Introduction

Nanotechnology has witnessed tremendous progress, especially in recent years be-
cause of its wide applications. This technology provides the opportunity to manipulate
and organize matter systematically at the nanometric scale. In this field, special attention
has been devoted to the development of new nanostructured materials with features and
properties sometimes quite distinct from the corresponding bulk materials. In general,
nanostructured materials may be defined as those materials whose structural elements
(clusters, crystallites or molecules) have dimensions in the range from 1 nm to 100 nm.
Their special structure makes them more advantageous to specific applications.

Nanostructured materials are used in many scientific areas such as chemistry, biology,
medicine, and engineering. However, a common thread in these areas is represented by
sensors and, in general, by sensing applications. Biosensors based on nanostructured
material have been widely used for the identification of viral pathogens [1,2]. More
recently, nanomaterial-based sensors have been employed for the detection of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus responsible for the
coronavirus disease 2019 (COVID-19) that has caused a global pandemic [3]. Because

Chemosensors 2022, 10, 127. https://doi.org/10.3390/chemosensors10040127 https://www.mdpi.com/journal/chemosensors

https://doi.org/10.3390/chemosensors10040127
https://doi.org/10.3390/chemosensors10040127
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0001-6500-2232
https://orcid.org/0000-0002-6666-6812
https://orcid.org/0000-0002-1554-2182
https://doi.org/10.3390/chemosensors10040127
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors10040127?type=check_update&version=1


Chemosensors 2022, 10, 127 2 of 12

of their porous structure, nanostructured materials have been successfully used for gas
detection, involving several typologies including electrochemical gas sensors [4], metal
oxide (MOX) gas sensors [5–8] and microwave gas sensors [9,10].

The main advantage of the use of nanomaterials over the more common bulk materi-
als is that the surface-to-volume ratio significantly increases for the adsorbed target gas.
This leads to improved sensitivity, reduced power consumption, and reduced operating
temperature. Moreover, the sensor response as well as recovery times are usually faster
using nanomaterials. MOX sensors are today the predominant solid-state gas detecting
devices for environmental, healthcare, and industrial applications [5–8].

A relatively new frontier of gas sensors is represented by microwave gas sensors. They
are usually characterized by a propagative structure (e.g., a microwave planar resonator)
surrounded by a sensing film, often in the form of a nanostructured material. The sensing
principle is based on the propagation and reflection of electromagnetic (EM) waves into
the sensitive material. When exposed to the gas target, the gas molecules interact with
the sensing material surface and this may cause a change in the sensing material complex
permittivity defined as follows:

εr = ε′r − jε′′r . (1)

The real part εr
′ represents the energy stored in the material and is often referred

to as dielectric constant. The imaginary part εr
′′, also known as dielectric loss factor, is

related to the material conductivity [11,12]. After gas interaction with the sensing material,
a conductivity change (i.e., a change in the imaginary part of the complex permittivity) may
vary the amplitude of the reflected/transmitted signal. On the other hand, a resonance
frequency shift is linked to a change in the real part of the complex permittivity [12].

Since the propagation characteristics of the EM wave are related to the chemical and
physical properties of the propagation medium (i.e., the sensing material), the gas molecules
adsorbed on the material surface affect the measured reflection and transmission scattering
(S-) parameters. In particular, variations in both modulus and phase of the S-parameters
are observed due to gas adsorption and desorption on the film surface. Such variations can
be easily quantified and related to the target gas to be characterized. More details on the
microwave transduction principle for gas sensing applications, the nanomaterials used, the
propagation structures, and the signal analysis can be found in [12].

Microwave gas sensors have several advantages over the other competing technologies:
they can work at ambient temperature with fast response and recovery times, the fabrication
processes are the same as those used for manufacturing conventional printed circuit boards,
and they are considered low-power devices. Moreover, since they work in the microwave
frequency range, they are inherently compatible with wireless technology. They can be
easily integrated into electronic boards and/or coupled to antennas thus making wireless
sensor nodes. Several advances are described in the literature in which a microwave gas
sensor is combined with an antenna with the aim of developing a low-cost and reliable
wireless sensor node [13–18].

In the past decade, several microwave-based gas sensors have been proposed. In [19],
a planar capacitor working in microwave range is covered by a nanostructured sensing
material and explored as a sensor for harmful gases to monitor environmental pollution.
In [9], Bailly et al. used a microstrip interdigital capacitor surrounded by a sensing layer of
titanium dioxide (TiO2) nanoparticles for the detection of ammonia concentration in the
range from 100 ppm to 500 ppm. More recently, Sadabadi et al. proposed a reconfigurable
platform for toxic gas detection based on a microwave ring resonator [10]. Microwave
transducers have been employed for the detection of oxygen [20,21], humidity [13,22],
ammonia [23], and volatile organic compounds [24].

In this work, a microwave transducer is explored as a gas sensor by depositing a
nanostructured sensing material on its surface. A two-port interdigital capacitor (IDC) is
employed for this purpose. It is designed using microstrip technology for operation in
the frequency range from 1 GHz to 6 GHz. After the IDC design and fabrication, a nano-
powder of barium titanate oxalate (BaTiO(C2O4)2) with a coating of urea (CO(NH2)2) is
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deposited by drop-coating on the IDC surface to prepare the sensing film. The combination
of IDC and the sensing material (referred to as the device under test or DUT) is finally
tested in a controlled atmosphere as an oxygen sensor. By using a fully automatic gas bottle
controlled-flow system, the fabricated device is subjected to a binary gas mixture made
by nitrogen (N2) and oxygen (O2) with different concentrations, from 0% O2 (100% N2) to
100% O2 (0% N2). The response of the microwave device in terms of scattering parameters
is measured and evaluated using a vector network analyzer (VNA).

The innovation in this paper involves special attention devoted to the sensor response
measurement process. Before carrying out the tests on the DUT, the VNA needs to be
calibrated thereby allowing subtraction of the contributions associated with the cables,
connectors, and feedlines. To do so, besides the conventional short-open-load-thru (SOLT)
standards, in this research custom thru-reflect-line (TRL) standards are designed and
fabricated based on the IDC template. The calibration process then involves two steps. First,
the VNA is calibrated using the commercial SOLT calibration standards, which establishes
the reference plane at the apertures of the coaxial connectors to be connected to the DUT.
Next, the S-parameters of the TRL standards are measured using SOLT calibration, and the
offline post-processing of these parameters results in an improved SOLT + TRL (henceforth
referred to as TRL) calibration. The proposed TRL standards enable improvement of the
measurement accuracy by moving the measurement reference planes from the coaxial
connector interface to the edges of the studied IDC structure. Thus, unlike the conventional
SOLT calibration, the TRL calibration compensates for the effects of the connector transitions
between coaxial and microstrip lines and the length of the microstrip feed lines connected
to the DUT.

The article is organized as follows. Section 2 is divided into four subsections: the first
part is devoted to the description of the design and fabrication of the microwave device
(i.e., the IDC); the TRL calibration and the developed standards are briefly described in
the second subsection; the details of the nanostructured material are provided in the third
subsection, and finally the measurement setup is presented in the last subsection. The tests
involving exposure to O2 gas, and the measured results, subjected to TRL calibration, are
reported and discussed in Section 3, while conclusive remarks are presented in Section 4.

2. Materials and Methods

In this section the design and fabrication of the studied IDC are presented. This design
has been previously used as a sensing element of a sensor-integrated patch antenna [13,25]
but the sensing performance of the IDC without the antenna has not been characterized. In
this paper, TRL calibration is used to characterize the IDC as a microwave transducer for
O2 detection without the effect of the connecting transmission lines, connectors and the
antenna. Unlike the integrated antenna sensor described in [13] where only the reflected
wave is considered, the prototype proposed in this paper is a two-port device wherein both
reflected and transmitted EM waves are considered for the device characterization. In this
section a detailed description of the design and fabrication of the TRL standards and the
microwave measurement setup is presented. The synthesis of the sensing material and its
deposition on the microwave transducer is described. The application of TRL calibration to
the measured S-parameters of the IDC is discussed in Section 3.

2.1. Microwave Transducer Design and Fabrication

The IDC has been designed using a multi-finger configuration based on the connection
in parallel of ten fingers with a length and width of 11.5 mm and 0.5 mm, respectively, and
a spacing of 0.5 mm. The substrate selected in this project is Rogers RO4003C characterized
by a thickness of 1.52 mm, a dielectric constant εr = 3.38, and a loss tangent tan δ = 0.0027.
A sketch of the IDC design is depicted in Figure 1a. Two microstrip lines acting as feedlines
for the two-port signals to the IDC are included. Their width is selected considering the sub-
strate parameters (i.e., thickness and dielectric constant) in order to have a line impedance
of 50 Ω. The overall dimensions of the prototype are 25 mm × 25 mm × 1.52 mm. Due to
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a symmetrical network (i.e., S11 = S22 and S21 = S12), only S11 and S21 will be considered
in the final DUT measurements. However, all the four S-parameters are considered in
measuring the TRL standards.

The device is fabricated employing the LPKF Protomat s103 rapid prototyping milling
machine. After fabrication, the board is burnished and two coaxial SMA connectors
are soldered at the end of the two feedlines as input and output ports. This allows the
connection of the device to the vector network analyzer for tests and measurements. A
photo of the final prototype is shown in Figure 1b.

Figure 1. Microwave transducer prototype: (a) Sketch of the IDC with dimensions; (b) photo of the
fabricated device.

2.2. TRL Calibration Standards

In microwave engineering, before performing measurements on the DUT, the vector
network analyzer needs to be calibrated in order to get rid of systematic errors such as effects
of the cables, non-ideal loads, frequency dispersion etc. This SOLT calibration, performed
using well-characterized, verified and validated commercial coaxial transmission line and
load standards, shifts the reference planes to the coaxial connector interfaces at the two
edges of the printed circuit board. Often, it is desirable to move the measurement reference
planes further down to the edges of the DUT (e.g., the IDC). In these cases, a TRL calibration
can be applied to increase the calibration accuracy.

While SOLT calibration is based on well-defined coaxial reference standards, on
the other hand, the TRL calibration involves design and measurement of DUT-specific
standards in the microstrip or other non-standard transmission line medium containing
the DUT. While the SOLT calibration is useful to remove the contributions of the coaxial
cables, the TRL calibration is used to move the measurement reference planes from the
coaxial interface to the microstrip interface on the printed circuit board. This additional
calibration using the TRL standards removes the effects of coaxial connector transitions
and microstrip feedlines. This is the reason why TRL calibration is especially useful for
on-wafer measurements. On the other hand, the TRL calibration method suffers from some
disadvantages as well. At higher frequencies (usually above 6 GHz), the measurement
accuracy can be strongly dependent on the repeatability and quality of the employed TRL
standards. In order to reach a higher accuracy, it is needed to rigorously consider the
non-ideality of the standards, like fringe EM fields, temperature stability of the dielectric
substrate, and mechanical tolerances of the printed conductors and the boards.

In this activity, calibration is carried out using both SOLT and TRL standards. The
former are commercially available standards (Agilent 85052 mechanical calibration kit),
whereas the latter are developed on purpose based on the IDC design template. The idea
of using both standards is to remove the effects of coaxial cables, connector transitions and
the microstrip feedlines, and move the measurement planes to the edges of the IDC. The
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SOLT calibration is performed by connecting the commercial standards to the VNA and
following the standard calibration procedure recommended by the manufacturer. On the
other hand, the TRL calibration is performed “offline” by using the Scikit-rf tool [26] to
process the SOLT-calibrated measurements with the TRL standards. Scikit-rf is a Python
package designed for microwave engineering applications. It allows basic operations on
microwave networks (e.g., reading/writing Touchstone files, de-embedding operations,
interpolations, plotting, etc.,) as well as advanced ones like VNA calibration, vector fitting,
and the extraction of statistical network properties. Moreover, Scikit-rf is capable of directly
communicating with VNAs [26]. Among all the features provided by Scikit-rf, we utilize
the offline TRL calibration. The term “offline” refers to the fact that the calibration is not
made onboard the VNA but rather performed on a computer by using the calibration
algorithms provided by Scikit-rf.

As suggested by the name, the TRL calibration involves three standards: the “thru”, the
“reflect”, and the “line”. There are no stringent rules for the design of these standards [27,28].
A brief description of the common rules is reported below.

• Thru standard: it includes the two feed lines connected together without the DUT in
the middle.

• Reflect standard: it can be made by using either an open or a short in order to obtain
180◦ phase shift. Usually, an open standard is recommended at lower frequencies.

• Line standard: it is a microstrip line that should be designed with an electrical length
between 20◦ and 160◦ in the frequency range of interest. It is recommended to have at
least 20◦ at the minimum operating frequency and 160◦ at the higher frequency limit.
If it is not possible to cover the entire frequency range with a single line standard,
multiple line standards can be employed to perform the TRL calibration.

The custom-made TRL standards employed in this work are designed to be used in
the frequency range from 1 GHz to 6 GHz. They are intended to move the measurement
reference planes to the IDC edges. For this reason, their geometry is selected starting from
the IDC design and their design is optimized considering the operating frequency range
and the rules described above. Moreover, the same substrate material that is used for
the IDC fabrication (i.e., Rogers RO4003C) should be employed for the TRL standards as
well. The design of the TRL standards is conducted by using CST Studio (Student Edition)
software. The three standards are then fabricated and characterized using the VNA.

A picture of the developed TRL standards is shown in Figure 2. As reflect, an “open”
standard is preferred for two reasons: (1) It is easier to fabricate since it is not necessary
to include vias in the board; (2) the IDC working frequency is not very high and the open
circuit fringing effects can be considered negligible.

Figure 2. Boards fabricated using the prototype PCB milling machine: the IDC device and the thru,
reflect and line standards.
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A comparison of simulations and measurements of the TRL standards in terms of
S-parameters is depicted in Figure 3. Good agreement can be observed in the frequency
range from 1 GHz to 5 GHz. Therefore, this range is considered for the IDC calibration. It
is noted that the simulated results overlap in the symmetrical S-parameters whereas slight
differences exist in the measured symmetry of the S-parameters due to imperfections at
the coax-microstrip junctions. The line standard offers a phase difference (lag) between
20◦ and 160◦ in the frequency range from 1 GHz to 5 GHz. The simulation results do
not include the effects of the coaxial-microstrip transitions at the edges of the board, and
therefore discrepancies can be observed at the higher frequencies (above 5 GHz), especially
in the phase of the Line standard. The isolation between the ports (Figure 3b) is better than
60 dB. The simulation results are not used in the TRL calibration. Only the S-parameter
measurements of the standards are utilized.

Figure 3. Comparison between simulations and measurements of the S-parameters for the three
TRL standards in the frequency range from 1 GHz to 6 GHz: (a) Thru standard (S-parameters
magnitude comparison); (b) Reflect standard (S-parameters magnitude comparison); (c) Line standard
(S-parameters magnitude comparison); and (d) Line standard (S21 phase comparison).

2.3. Sensing Material Synthesis and Deposition

A nano-powder of barium titanate oxalate with a coating of urea (BaTiO(C2O4)2/
CO(NH2)2) is deposited on the IDC surface by drop coating. The synthesis of this sensing
material is similar to that described in [13,29,30]. First, barium chloride (BaCl2) is mixed
with water (300 mL) at 60 ◦C. The obtained composite is then stirred for a few minutes in
order to obtain a stable BaCl2 solution, which is defined as Solution A. A second solution
is made by mixing 300 mL of water (60 ◦C) with oxalic acid (H2C2O4). Later, after its
solubilization, titanium tetrachloride (TiCl4) is added to the compound, thus making the
so-called Solution B. The two solutions are then stirred at 60 ◦C for one hour, leading to
the creation of intermediate barium titanate (BaTiO(C2O4)2). The obtained composite is
then filtered, cleaned, and placed inside a muffle furnace for 12 h at 80 ◦C. The precipitate
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is dispersed in a solution of urea with a ratio of 1:3 and mixed for half an hour. The formed
BaTiO(C2O4)2/CO(NH2)2 is filtered, washed with water, and dried once again in the oven
at 80 ◦C for 12 h.

The final product looks like white powder. The scanning electron microscopy (SEM)
reveals the presence of nanoparticle agglomerates with a maximum size of 5 µm. Such
structures have a spherical shape and appear to be formed by primary grains of nanometric
size. The presence of these grains is revealed by the transmission electron microscopy
(TEM) analysis. In particular, the TEM analysis highlights that each grain is made by an
inner core of barium titanate in crystalline form and an external amorphous coating of urea
with a thickness of 4 ± 1 nm. Further details on the sensing material synthesis and on its
structural characterization are available in [13].

The synthesized sensing material is finally suspended in water and deposited on
the IDC surface by drop coating. Only the material between the fingers is left (with
a thickness of approximately 17 µm), whereas the material in excess is removed. The
resultant device (i.e., IDC + sensing material) is dried and then tested in a controlled
gas atmosphere. Further details on the measurement setup and the obtained results are
reported in Sections 2.4 and 3, respectively.

2.4. Measurement Setup

The prototype IDC sample is placed inside a three-dimensional (3D)-printed test
chamber, whose small volume (about 40 cm3) ensures rapid gas evacuation. The chamber
is designed with an inner cylindrical shape to avoid turbulence effects and dead volumes
during the measurement. The chamber is also characterized by some holes for potential
connections; two of them are used for connection of the gas inlet and outlet pipes, other
two apertures are used for connection of the two-port DUT to the instrument through the
RF cables. A picture of the test chamber is shown in Figure 4a.

Figure 4. (a) Test chamber containing the IDC covered by the sensing material. Two holes of the
chamber are used for the inlet and outlet gas pipes, additional two holes are used for the RF cables
connections, while the other two apertures are sealed with leak-proof plugs. (b) Picture of the
experimental measurement setup.

The combination of IDC + sensing material (i.e., the DUT) is tested with two gas
mixtures: a reference and a target. The reference line is made by pure nitrogen (N2), while
the target line contains a binary gas mixture composed of a variable concentration of O2
(from 0% to 100%) and N2. The gas control system is fully automated and consists of
certified gas bottles and mass flow controllers. They allow the selection of the preferred
gas mixture in order to get a controlled atmosphere inside the testing chamber. Therefore,
the gas control system allows selecting the gas mixture, setting the concentration value for
each gas, and controlling/monitoring the gas flow.



Chemosensors 2022, 10, 127 8 of 12

A picture of the experimental measurement setup is shown in Figure 4b. It consists of
the gas control system, the measurement chamber holding the sample, the Agilent 8753ES
VNA, and a desktop computer used for real-time measurement acquisition and recording.

3. Results

The IDC combined with the sensing material is tested using different concentrations
of oxygen, from 0% (pure N2) to 100% (no N2 inside the test chamber) in six different
steps. Measurements were made by alternating the target line (N2 + O2) with the reference
line (N2 only) and the sensor exhibited a good reversibility since the response reached its
baseline every time the reference line was connected to the test chamber. For each oxygen
set-point, the device response is evaluated in terms of S-parameter responses. In particular,
the S11 and S21 parameters are acquired in order to examine how the changes in oxygen
concentration relate to response changes in the resonant frequency, the quality (Q) factor,
and the amplitude at resonance.

It is reemphasized that while the SOLT calibration is performed onboard the VNA,
the TRL calibration is performed as a post-processing operation by means of the Scikit-rf
tool [25], previously described. The acquired S-parameters are processed by the Scikit-rf
algorithm in conjunction with the measured S-parameters of the TRL standards (Figure 3).
Noise is reduced by smoothing the acquired data points. As an output of the TRL algo-
rithm, we get the DUT S-parameters without the contribution of connectors, transitions,
and feedlines.

The proposed device is tested in the frequency range from 1 GHz to 6 GHz. In this
interval, the IDC exhibits several resonant dips. Among these dips, we focus on the 4.4 GHz
dip (see Figure 5) since it exhibits a good compromise between Q factor and amplitude.
Moreover, it is within the band 1 GHz–5 GHz, in which the calibration standards are most
effective (see Figure 3). For this reason, the 4.4 GHz dip is selected for examining the
accuracy of TRL calibration toward various oxygen concentrations.

In the frequency range from 4.2 GHz to 4.6 GHz both S11 and S21 magnitudes display
a dip, as shown in Figure 5a,b. It may be noted that both dips are affected by the oxygen
content inside the test chamber. In particular, as the concentration increases, the resonant
frequency undergoes a slight shift toward lower frequencies, and, at the same time, the dip
amplitude decreases, as detailed in Figure 5c,d. A possible explanation to this behavior is
that the O2 molecules, once adsorbed on the surface of the sensing material, interact with it,
thus affecting both the real (εr

′) and imaginary parts (εr
′′) of the complex permittivity. This

results in a change of the dip amplitude and in a variation of the resonant frequency.
Even if it is not evident, the Q factor associated with the dips is affected too. To better

highlight and quantify such variations, in Figure 6 we plot the change of the resonant fre-
quency (fr), the Q factor, and the dip amplitude (A) as functions of the oxygen concentration
(O2 %), for both S11 and S21 responses. The Q factor is calculated as the ratio between
the resonant frequency and the half power bandwidth [31]. The resonant frequency is the
frequency at which the S-parameter magnitude reaches a minimum value (A); while the
half-power bandwidth is the frequency range at which the magnitude of the S-parameter is
below the threshold of A + 3 dB. For these three resonant parameter features investigated
in this work (i.e., fr, Q, and A), the sensor response can be considered linear with a good
approximation. For the sake of completeness, the residual sum of squares, the adjusted R2,
the line intercept, and slope along with their standard errors are reported in Table 1.

For microwave gas sensors the resonant frequency provides an attractive feature for
tracking gas detection [22,23]. In order to investigate the validity of resonance, we plot the
phase of both S11 and S21 as a function of frequency in Figure 7, using the response for 0%
O2 for illustration. At resonance, the phase of S11 goes through zero and that of S21 reaches
a maximum. Due to the damping losses and frequency dispersion of the sensor material,
the S11 phase does not go through the ideal 180◦ phase shift and the resonant frequencies
of S11 and S21 are slightly displaced. Nonetheless, the resonant behavior is quite evident.
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Figure 5. Magnitude of S11 (a,c) and S21 (b,d) versus frequency for six different O2 concentrations,
ranging from 0% O2 to 100% O2. The selected frequency range goes from 4.2 GHz to 4.6 GHz.

Figure 6. Behavior of the resonant frequency, quality factor, and amplitude at the resonance for the
studied sensor by considering six different O2 concentrations. The plotted trends refer to the dips
observed at about 4.4 GHz in (a) |S11| and in (b) |S21| (b). A linear interpolation has been carried
out on the acquired points with a R2 higher than 0.9.

Using the resonance frequency variation depicted in the calibration plots of Figure 6,
we calculate a sensitivity of 28.0 kHz/%O2 for the S11 dip, and 23.6 kHz/%O2 for the S21
dip. On the other hand, the dip amplitude could be used instead [32,33] as a gas tracker. In
this case, the sensor proposed has a sensitivity of 0.0031 dB/%O2 and 0.0043 dB/%O2 for
S11 and S21, respectively.
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Table 1. Adjusted R2, residual sum of squares and coefficients (with standard errors) of the fitting
carried out on the experimental measurements.

S11 S21

fr Q A fr Q A

Adjusted R2 0.90 0.94 0.97 0.95 0.95 0.92
Residual sum

of squares 4.92 × 10−7 GHz2 2.99 0.0015 dB2 1.66 × 10−7 GHz2 19.96 0.0085 dB2

Intercept 4.4474 GHz 174.28 −13.63 dB 4.3802 GHz 348.58 −28.89 dB
Intercept

standard error 253.83 kHz 0.63 0.014 dB 147.312 kHz 1.62 0.0334 dB

Slope −28 kHz/%O2 −0.092 0.0031 dB/O2 −23.57 kHz/O2 −0.25 0.0043 dB/O2
Slope standard

error 4.19 kHz/%O2 0.010 2.32 × 10−4 dB/O2 2.43 kHz/%O2 0.0267 5.52 × 10−4 dB/O2

Figure 7. Phase behavior of S11 and S21 around the resonant frequency using 0% O2 concentration as
an example.

4. Conclusions

In this paper, a microwave interdigitated capacitor coated with a sensitive nanomate-
rial is exploited as a gas sensor. It consists of a combination of a microwave propagative
structure, i.e., an IDC, and a sensitive layer of barium titanate oxalate with a coating of urea.
The device is tested in a controlled environment employing a fully automated gas control
system characterized by certified gas bottles and mass flow controllers. The developed
prototype is subjected to a binary mixture of O2 and N2, in which the O2 concentration is
varied from 0% to 100% in six equally spaced steps. The device is sensitive to the oxygen
variations, as demonstrated by the response changes observed in the resonant dip at about
4.4 GHz. In particular, the resonant frequency, the Q factor, and the dip amplitude in both
S11 and S21 are computed for each O2 concentration set-point. A linear trend (R2 > 0.9) is
observed for the selected resonant parameters and the sensitivity toward O2 is evaluated
for each of them. It is worth noting that no saturation effects are recorded and the device
exhibits a constant sensitivity and linear response in the entire measurement range of the
oxygen concentrations explored.

Special attention is devoted to the TRL calibration process in this paper. Besides the
conventional SOLT calibration, an offline TRL calibration is also carried out as a post-
processing operation, compensating the effects of the board connectors, transitions, and
the feedlines by moving the measurement reference planes to the edges of the IDC. The
developed IDC microwave device could be potentially integrated into an antenna for a
wireless node as demonstrated in [13].
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As a future work, we are planning to extend the sensor characterization by evaluating
its selectivity toward other gases and the potential effects of relative humidity changes and
temperature drifts.
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