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Abstract — This paper is about the design and the
realization of a one-port microwave microstrip
resonator working in the frequency range from 3 GHz
to 6 GHz and its metrological evaluation in order to be
employed as a gas sensor. The prototype can be
tailored towards a gas target by depositing an
appropriate sensing layer of a nanostructured
material. The sensor device is achieved by depositing
the sensing material as film layer just on the gap of
the resonator. Here, the analysis is focused on an
Ag@o-Fe203 nanocomposite-based microstrip
resonator used for sensing the relative humidity that is
varied in the range from 0% to 75%. The increase of
humidity value brings to a frequency shift in the two
resonances observed in the measured reflection
coefficient. The characteristics of the fabricated device
suggest its promising use as humidity sensor.

I.  INTRODUCTION

Nowadays, growing attention is being paid to the
development of sensors with extremely low-power
consumption, in order to meet the increasingly stringent
energy-saving requirements of the tremendously
expanding market. This can be seen in the recent
proliferation of the battery-powered applications, like the
wireless sensor networks (WSNs) widely used in
environmental (e.g., weather forecasting) [1], industrial
(e.g., harmful gases detection) [2], and healthcare
(wearable and implantable medical devices) monitoring
systems [3,4].

New sensor topologies are continuously proposed to
obtain the best achievable trade-off between maximizing
performance and functionalities and minimizing power
consumption, thereby enabling improvement of the
battery lifetime, size, and weight and reduction of the
costs. Among the different sensor topologies, microwave
sensors are emerging as an attractive solution, owing to
their very interesting features, such as fast response time,
low-power consumption, full compatibility with wireless
communication technologies, and ability to operate at
room temperature without the need for a heater.

As well-known, the planar microstrip technology is
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widely utilized for microwave components (e.g.,
antennas, resonators, and filters) that find use in various
sensing applications, due to its easy fabrication, low cost,
and good performance [5- 9].

It should be underlined that microwave microstrip
sensors are well-suited in particular for gas sensing
applications. The operating principle is based on the
change in the permittivity of the sensitive material
covering the tested structure when the target gas is
adsorbed. The recent progress in nanotechnologies have
remarkably stimulated the development of gas sensors.
Evidence of this can be found in the use of the
nanostructured materials as the sensing layers [10-13].

This contribution focuses on the investigation of a one-
port microwave microstrip resonator aimed at gas sensing
applications. The proposed microstrip resonator consists
of three concentric rings with a central disk and is
coupled to the microstrip feedline through a small gap.
The structure is realized using copper as conductor for the
top and ground layers and FR4 as dielectric substrate. An
SMA connector is soldered to the input port of the
microstrip line for measurement purposes. The reflection
coefficient (/) of the studied sensor is straightforwardly
measured with a conventional vector network analyzer
(VNA). The magnitude of /" exhibits two resonant dips at
37 GHz and 54 GHz. To assess the resonator
performance for gas sensing purposes, humidity
monitoring is considered here as a case study. To
accomplish this goal, Ag@a-Fe,O3 nanocomposite acting
as humidity sensing layer is deposited on the structure
under test. The high porosity of the nanostructure enables
enhancement of the interaction with water vapour, thus
resulting in a higher humidity sensitivity of the developed
sensor. As will be shown, variations in humidity can be
easily detected and quantified by using the resonant
frequency (fz) values (fz; and fz2) of the two dips
appearing in the magnitude of /" as sensing parameters.
As a matter of fact, by gradually increasing the relative
humidity (RH) from 0% to 75% at room temperature,
both fz; and fr. progressively shift towards lower values.
By evaluating the absolute sensitivity (i.e., Sz =
Afr/ARH) of the two resonant frequencies of the proposed



sensor, it is found that fz> is the most sensitive parameter
for detecting humidity.

II.  RESONATOR DESIGN

In this project, a concentric rings microstrip (CRM)
resonator was employed as a transducer. This novel
resonator topology consists of three concentric copper
rings with a 6-mm copper disk in the centre (see Figure
1(d)). A 50-ohm microstrip line was designed as feedline
coupled to the resonator through a small gap (of 0.2 mm).
This new topology brings some advantages respect to the
more classic ring configuration [14,15] since the
additional rings increase the resonator quality factor. This
enables improvement of the measurement resolution in
the detection process.

During the design process, four different geometries
have been investigated through computer simulations (see
Figure 1): the classic ring resonator (Figure 1 (a)); two
concentric copper rings (Figure 1 (b)); three concentric
copper rings (Figure 1 (c)); and three concentric copper
rings with a central disk (Figure 1 (d)).
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Fig. 1. lllustration of four different resonator topologies.
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Fig. 2. Simulated reflection coefficient from 3 GHz to 6
GHz for the four resonator topologies.
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Fig. 3. Illustration of the two dips appearing in the
simulated reflection coefficient for the four resonator
topologies.

These four resonator topologies exhibited two
resonances in the studied frequency range from 3 GHz to
6 GHz. In particular, computer simulations showed a first
resonant dip at 3.7 GHz (fz;) and a second dip at 5.4 GHz
(fr2). In Figure 2, the magnitude of the simulated /™ is
reported for all the four topologies in the frequency range
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from 3 GHz to 6 GHz. In Figure 3, the two dips are
highlighted by zooming at the frequencies closer to the
resonances.

As said before, the main advantage of a CRM
resonator respect to the classic ring resonator is that,
according to the simulations, the quality factor is higher
considering the same resonator size for both geometries.
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Fig. 4. Variation of the Q factor of two resonances by
changing the number of rings of the resonator structure.

As shown in Figure 4, the quality factor, reported as
comparison with the singular ring configuration (Figure 1
(a)), increases with the number of concentric rings. In
particular, by adding a second ring to the design, the
quality factor for the resonant dip at higher frequency is
improved by 7%. In the final design (three rings and one
disk) the quality factor for the dips at low and high
frequency is improved by 6% and 44%, respectively. This
last design was selected for fabrication and testing.
Measurements on this device are reported in the present
paper.

The CRM resonator was fabricated on a 3.2 mm FR4
substrate (e, = 4.3, tand = 0.025) using copper as
conductor for the top and ground layers by means of the
Protomat S130 PCB milling machine. An SMA connector
was soldered at the end of the feedline as input port and
an Agilent 8753ES VNA was used, after calibration, to
measure /” of the device under test.

III.  SENSOR PROTOTYPING

After the prototype fabrication and testing, a
nanostructured material was deposited on the CRM
resonator surface. In particular, an aqueous solution of
Ag@a-Fe,O03; nanocomposite was deposited on the gap by
drop coating. The description and synthesis of this
material is reported in [16].

The sensing material deposition improved the quality
factor of both dips by one order of magnitude. A
comparison of the /" before and after the deposition
procedure is reported in Figure 5.
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Fig. 5. Measured performance of the studied resonator
before and after sensing material deposition.

The resonator was placed inside a plastic chamber and
characterized in terms of relative humidity from dry air
(0% RH) up to 75% RH. The reflection coefficient was
constantly monitored in terms of resonant frequency, QO
factor and dip amplitude for the two resonances at each
relative humidity set-point. The evaluation of these
parameters is described in detail in the next section.

IV.  METROLOGICAL EVALUATION

The estimation of the resonant frequency (fz), O factor
(Q) and dip amplitude (4) from a discrete frequency
response is not trivial. A simple linear interpolation of the
points constituting the frequency spectrum can provide an
inaccurate estimation of these quantities, especially if
data are affected by noise. A better approach consists of
using a Lorentzian function [17,18] to perform a fitting of
the acquired spectrum. From such equation, it is possible
to have a good estimation of fz, O and 4.

In this work the magnitude of the reflection coefficient
of the microwave resonator was modelled as a Lorentzian
function in the form:

1
-G
rOl=co— 2 —2—— (1)
T (F-fR)2+(56)
where: ¢y and ay are two real coefficients, G is the full
width at half maximum, fz is the resonant frequency.
From the above equation, 4 and Q can be calculated
respectively as:
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where Af'is the resonator half-power bandwidth.

The Levenberg-Marquardt algorithm was employed to
fit the Lorentzian function to the measured data points.
As shown in Figure 6, the Lorentzian curve fits very well
the resonant dip so that it is possible to consider a
continuous spectrum and get rid of the noise.

The fitting process allowed an accurate evaluation of
the resonator main parameters (fz, O, and 4) in the whole
RH range.

-50
—— Measurement
—— Lorentzian fitting
52
g
= .54 |
—
-56 |

5000

4000

Q factor

3000

2000

-u-Dip at 3.7 GHz

e o |eDipatsacHg 700

" ° [ -
46000
45000

° °
u ./ 14000

0 20 40 60 80

Relative Humidity (%)

101081 D

Fig. 7. Quality factor of the two dips in the magnitude of

the reflection coefficient at six relative humidity values.
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Fig. 6. Resonant dip in the reflection coefficient:
measurement (black line) and fitted function (red line).

V. EXPERIMENTAL RESULTS

The microwave device was characterized towards
different relative humidity concentrations from 0% RH to
75% RH at room temperature in six steps.

The relative humidity values were set using a fully
automated gas control system made by certified gas
bottles, permeation tubes and a bubbler inside a
thermostatic bath. The three parameters fz, O and 4 have
been observed for the whole experimental process.

As regards the @ factor and dip amplitude, no
monotonic trends were observed (see Figures 7 and 8).
On the other hand, the resonant frequency of both dips
seems to be strongly related to the relative humidity
concentration (see Figure 9).

A second order polynomial function was used to fit the
frequency points with fit residuals within £100 kHz.
Considering an absolute sensitivity Sz of 33 kHz/%RH,
this value corresponds to £3%RH.

The calculated polynomial functions are also reported
in Figure 9 for both frequency dips (3.7 GHz value
reported on left axis and 5.4 GHz on the right one).
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Fig. 8. Amplitudes of the reflection coefficient at the two
resonances at six relative humidity values.
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Fig. 9. Resonant frequencies at six relative humidity
values with 2" order polynomial fitting.

VI.  CONCLUSIONS

In conclusion, a concentric rings microstrip resonator
has been designed, realized, and characterized. The
reported simulation data show how the increasing of the
number of rings brings to an increasing of the quality
factor of the resonator. The microwave transducer was
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then tested as sensing device, by depositing a sensing
layer of Ag@oa-Fe,O3 nano-composite and by recording 7~
towards humidity in the range spanning from 0% RH to
75% RH at room temperature. This prototype is a good
starting point in order to develop low power gas sensors
devices tailored with specific sensing layers.
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