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Abstract—This article introduces the design and fabrica-
tion of a microwave contactless sensor used to detect the
presence of millimetric inclusions in a biological medium for
biomedical applications. The hardware system comprises a
self-resonant planar spiral resonator (SR) (sensing element)
inductively coupled to an external concentric single-loop
probe (reading probe), working at 648 MHz. The microwave
sensor configuration relies on the Q-factor maximization
of the spiral coil, that is, the sensing element, through an
optimization process, to obtain a stronger sensitivity and,
thus, a millimeter resolution for the inclusions’ detection.
The detection is achieved by recording both the amplitude
variation and the frequency shift of the input impedance
of the reading probe. To validate the proposed solution,
full-wave simulations have been performed to design and
preliminary evaluate the radiating system performance in
detecting millimetric biological inclusions. As an applicative
example, we focus on air bubbles detection in hemodialysis
procedures; in particular, we carried out the experimental verification by employing an agar phantom to replicate
the dielectric characteristics of the blood tissue and polylactic acid (PLA) samples of various sizes to represent the
air inclusions. We proved that the theoretical assumptions were in excellent agreement with both the numerical and
experimental results, encouraging further analysis of the potential use of such sensors in biomedical applications.
Indeed, the radiating device can be very helpful for all operations where it is necessary to detect the presence of
undesired and dangerous contaminants in a contactless way, making the procedure safer for patients.

Index Terms— Hemodialysis, microwaves, Q-factor, sensors, target detection.

I. INTRODUCTION

IN RECENT decades, major medical discoveries have
been accomplished, thanks to the evolution of clinical

technology. In this context, the demand for biological sensors
has increased rapidly. These devices are employed in a
wide range of medical equipment, including medical image
analysis, portable and clinical diagnostics, and laboratory
applications [1], [2]. In agreement with the common definition,
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biological sensors are electronic devices capable of converting
biomedical signals into electrical signals that can be accurately
measured [1], [3]. Based on the type of physiological
information requested, it is possible to identify four main
categories of sensors: physical, chemical, thermal, and
biological. The first category also includes sensors for the
detection of biological inclusions, which have gained much
attention in recent years due to the development of wearable
technologies [4].

As a matter of fact, the target to be opportunely detected
is represented by an external or undesired object (e.g.,
molecules and contaminants) that might compromise the
patient’s health. For instance, lipid accumulations are the
target in hypercholesterolemia, as well as blood clots in
thrombosis and air bubbles in gas embolism. The latter disease
is particularly important and has an increasing incidence due
to the rise in the number of dialysis treatments. Indeed,
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gas bubbles of various sizes are often produced during the
hemodialysis cycle [5]. Clinically, the presence of air bubbles
in the bloodstream might be fatal to the patient, causing
cardiac arrest or shock [6], [7].

In the literature, a lot of efforts have been directed to
develop sensors for target detection in biomedical applications.
The earlier developed technology is the optical sensor, which
consists of a visible or infrared light source that activated a
photoelectric cell on the same or opposite side [8]. The oper-
ating principle of an optical sensor is based on the variation
of the light refraction and reflection caused by the presence of
the target. More specifically, the absence of the target results
in a well-defined light path and a standard response from
the photocell. Otherwise, the presence of the target causes
a change in the photocell’s activity, allowing detection [9].
Although they still represent a simple and cost-effective
solution, this kind of sensor has significant drawbacks. First,
this device is unable to respond if the path of light is obstructed
by an obstacle. In addition, the same ambient light could reach
the photocell and trigger false alarms; lastly, it is extremely
susceptible to external conditions [10].

In [11], another type of target detection sensor has been
described, known as a capacitive sensor, which consists
of two (or more) capacitors arranged around the target’s
passage structure. The target is identified by measuring the
variation of the capacitive circuit’s output voltage. In fact,
the presence of the specific target induces changes in the
dielectric properties, resulting in a variation of the output
voltage. This type of sensor has the potential advantage
of being able to detect the target in various media and
with an excellent resolution (up to submillimetric inclusion
dimensions) [12], [13]. However, as discussed in [14], the
transit of the target may result in rapid volume changes,
which are followed by a corresponding pressure change
that makes the system difficult to utilize and prone to
spurious detections. More in detail, the capacity is inversely
proportional to the distance between the plates; therefore,
it is subject to variation whenever there is a volume change,
regardless of the target’s presence. A further disadvantage of
capacitive sensors is the considerable sensitivity to the external
electric field, which has the potential to alter the sensing
performance [13], [14].

Currently, the most popular target detection technology is
based on ultrasonic sensors. The ultrasonic wave is generated
by a transmitting piezoelectric crystal and it is received
by a second piezoelectric crystal [12], [15]. As described
in [16], the detection principle is based on the variation of the
ultrasonic wave’s reflection in the presence of the target, which
alters the intensity of the signal that reaches the piezoelectric
receiver. Ultrasonic detectors are probably the most performant
solution currently used in the clinical field. Despite its wide
use, several disadvantages are associated with this type of
sensor. First, it is necessary to consider that multiple factors
may affect the accuracy of target detection, such as the
homogeneity of the ultrasonic beam, the quality of the acoustic
coupling, and external interferences [14]. Furthermore, the
high production costs associated with this technology reduce
its accessibility. The last disadvantage of ultrasonic sensors

is the footprint, caused by the physical constraint associated
with the size of the crystals. For instance, in the specific case
of dialysis, the main risk is that the weight of the sensor
may cause local damages at the point where it is located and,
consequently, hemodynamics may be altered [13].

To overcome the limitations of the current technologies,
we propose a microwave sensor for millimetric target detection
in biological media for biomedical applications. Although
this technology is widely employed in the biomedical field,
such as in systems for heating treatments, imaging, dielectric
characterization of tissues, and monitoring of biological
parameters application [17], [18], [19], to the best of the
author’s knowledge, microwave technique has never been
used for the proposed application. By exploiting microwave
radiations, it is possible to perform a contactless measurement
of the presence of undesired inclusions in a biological medium.

Although the system is suitable for multiple cases of
biomedical target detection, we report a novel sensor design
and provide numerical and experimental data to demonstrate
the potential feasibility of the particular application of air
inclusions detection in hemodialysis systems. Among the
various types of microwave resonating sensors, a planar and
conformal configuration has been chosen due to its advantages
of compact size and easy manufacturing and integration [20].
Indeed, by exploiting printed circuit board (PCB) technology,
the proposed sensing system is an affordable and space-saving
alternative with respect to the other solutions that appeared in
the literature [21]. Furthermore, by leveraging the Q-factor
optimization to achieve the best design, it was possible to
maximize the sensitivity and the resolution of the system [22].
Hence, for the aforementioned reasons, the advantages of the
solution suggested in this article are multiple in terms of cost,
placement, and performance. In particular, through an accurate
sensor design, it is possible to simultaneously ensure high
sensitivity of the system and good penetration depth inside
the investigated volume.

The rest of the article is organized as follows. Section II
presents the analytical model to describe the operating
principle of the sensing system. In Section III, we report the
numerical design and characterization of the PCB prototype,
while Section IV is devoted to describing and discussing
the obtained numerical and experimental results. Finally, the
conclusion follows.

II. ANALYTICAL MODEL

As illustrated in Fig. 1(a), the sensing system presented in
this article consists of two primary components: a self-resonant
microstrip planar spiral coil and an external concentric
and coplanar nonresonant single loop probe, inductively
coupled [23]. The inner spiral resonator (SR) allows the
detection of the inclusion, whereas the external probe has
the function of collecting the signal variations. More in
detail, as well described in [24], the inner resonator has a
subwavelength dimension, that is, the applied electromagnetic
(EM) wave has a wavelength that is larger than its physical
size. As shown in Fig. 1(b), at the resonant frequency, the
SR produces a large electric field in the gap between the
loops, which makes this region extremely sensitive to changes
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Fig. 1. (a) Front view of the proposed microwave sensing system 3-D
CAD. (b) Normalized electric field strength (V/m) over the surface of the
structure at 648 MHz. (c) Volumetric electric field distribution (V/m) in the
absence of the target within the sensitive region. (d) Volumetric electric
field distribution (V/m) in the case of target presence within the sensitive
region.

in the dielectric properties of the surrounding medium [25].
Therefore, depending on the presence and EM characteristics
of inclusion, the SRs behavior presents a variation that can be
quantified by measuring the external probe input impedance
(both in amplitude and phase). Fig. 1(c) and (d) depicts the
volumetric distribution of the electric field in the analysis
domain in the absence and presence of the target, respectively.

In the literature, several works have been carried
out to characterize the analytical model of passive
SRs [26], [27], [28], [29], [30]. Conventionally, the equivalent
circuit of a planar SR can be modeled as an RLC series
resonator, and these lumped parameters could be accurately
determined following the extraction procedure described
in [28]. This latter study provides a reliable strategy not only
to predict the resonance frequency, but also the behavior of the
resonator. It must be considered that the lumped parameters
extraction is strictly valid as long as the electrical size of
the SR is significantly small with respect to the applied
wavelength. It is worth noticing that, in this case, the term
resonance refers to the self-resonance of the SR, that is,
originated from the intrinsically inductive behavior and the
parasitic capacitance, avoiding the use of external lumped
reactive elements. Therefore, it is possible to deduce that this
feature strongly depends on the geometry of the spiral inductor
and the properties of its constituent materials.

The probing loop is fed through a coaxial cable and it is
modeled as an inductance in series with a resistance, due to its
purely inductive nature. The passive SR positioned nearby is
activated via inductive coupling, according to Faraday’s law.
Basically, the magnetic field generated by the current flowing
through the fed circuit induces a secondary current on the
passive component by concatenating through the surface of the

Fig. 2. Schematic of the equivalent lumped circuit for the inductively
coupled SR and probe loop.

SR. As a result, there is an energy exchange between the two
components [31]. The inductive coupling approach does not
require a direct electrical connection to the energized system
and therefore it facilitates an on-site integration of the sensing
device.

The equivalent circuit of the overall sensing system
is depicted in Fig. 2. In this model, RSR represents the
metal trace resistance, LSR the inductance, and CSR the
parasitic capacitance for the SR, whereas the external probe
loop is schematized by Rloop and L loop due to its purely
inductive behavior. The mutual coupling between the two
main components is taken into consideration by the coupling
coefficient MloopSR.

Given the voltage on the probing loop V1, by exploiting
the frequency domain, it is possible to express Kirchhoff’s
equations in the following form:

(
Rloop + jωL loop

)
I1 + jωMloopSR I2 = V1(

RSR + jωLSR +
1

jωCSR

)
I2 + jωMloopSR I1 = 0.

(1)

Therefore, through simple algebraic manipulations, the input
impedance can be defined as

Z input (ω) =
V1

I1

Z input (ω) = Rloop + jωL loop +

ω2 M2
loopSR

RSR + jωLSR +
1

jωCSR

.

(2)

The presented sensing system performs the target detection
inside the surrounding biological medium by capturing the
resonant frequency shift and the peak variation of the input
impedance amplitude. Indeed, as previously mentioned, the
overall dielectric characteristics vary when the target is
present inside the sensitive region, mainly influencing the SR
response.

As anticipated, the physical principle at the basis of
the proposed method consists of the interactions between
the radiating system and biological tissues. Indeed, it is
well known that the EM properties of a medium are
substantially determined by the interactions of polar molecules
and ions with the electric field. For biological tissues, such
interactions are mainly due to the water content, which is
the main component [32]. Therefore, due to their different
compositions, each tissue is characterized by specific dielectric
properties, quantifiable by the relative permittivity, εr , and
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the electrical conductivity, σ (S/m). With regard to magnetic
permeability µr , as profusely demonstrated in the literature,
biological tissues can be considered nonmagnetic [33].

Owing to the dissipative behavior exhibited by biological
tissues, relative permittivity has two components: a real and
an imaginary part, as

εr = ε′
r − jεr

′′. (3)

The real part describes the material’s capability to store
electric field energy, whereas the imaginary part describes the
loss due to heat dissipation. These parameters are frequency-
dependent according to the physical mechanisms excited
inside the material; indeed, biological tissues are intrinsically
dispersive media [34], [35]. The loss component can be linked
to the electrical conductivity σ

εr
′′

=
σ

ε0ω
(4)

where ε0 is the dielectric permittivity of the vacuum.
In view of the foregoing considerations, the interaction

of biological tissues with EM radiation gives rise to three
main effects. First, polarization effects occur, related to the
dielectric behavior of the biological tissue. Indeed, the total
electric field in a dielectric material is the sum of the applied
and the induced electric field, which is the result of the
material polarization. Second, electric conduction currents
are generated, proportionally with the conductivity value of
the considered tissue. Lastly, as has been demonstrated in
recent numerical and experimental studies [36], [37], when
a conductive biological tissue is invested by a time-varying
EM field, eddy currents are also induced, altering the initial
EM field. The induction of currents is extremely important in
numerous biomedical applications, for example, in magnetic
resonance imaging (MRI) systems [38], transcranial magnetic
stimulation (TMS) [39], and magnetic hyperthermia [40].

As a result, it is possible to include the above-mentioned
effects of the surrounding medium properties on the radiating
systems in terms of equivalent circuits (2). Exploiting the
procedure described in [28], we can analytically link the
circuital lumped parameters with the variations in ε′

r and ε
′′

r .
In particular, the complex dielectric permittivity is going to
multiplicate the capacitive free space term CSR in (2) [41].
More in detail, the equivalent complex permittivity values can
be estimated by using the Maxwell–Garnett formula, taking
into account the presence of the biological tissue and the target
of interest. As an example, we herein report different cases,
considering an increasing dimension of air inclusion in a fixed
volume of blood

εeff = εblood + 3ηεblood
εair − εblood

εair + 2εblood − η(εair − εblood)
. (5)

In the previous relation, η is the volumetric fraction of
the inclusion in the mixture, while εblood and εair are the
complex permittivity of blood and air, respectively. Finally, εeff
is the total effective permittivity. The reader can find further
details in [42]. The real part of the complex permittivity and
conductivity values for different blood and air mixture are
shown in Table I.

TABLE I
EFFECTIVE DIELECTRIC CONSTANT AND CONDUCTIVITY OF

BLOOD–AIR MIXED SOLUTION AT 648 MHZ

Fig. 3. Probe loop input impedance behavior for increasing fractions
of air within the blood volume. The real part is increasing its maximum
peak value as the air fraction increases with a corresponding resonant
frequency shift towards higher frequencies.

Clearly, as the air content increases within the volume
of analysis, the percentage of water and electrolytes
decreases [43]. Consequently, both the relative dielectric
permittivity and conductivity decrease. Therefore, as the
fraction of air grows, the real part of the input impedance
undergoes a progressive increase in its maximum peak and a
resonance shift to higher frequencies, as shown in Fig. 3 and
as predicted by (2).

III. DESIGN PROCEDURE

A. Numerical Design
The numerical design has been carried out by exploiting the

EM simulation software CST STUDIO SUITE1 (CST Studio
Suite, Dassault, France). As mentioned previously, the sensing
coil consists of a multiturn planar SR, while the probing loop
is a simple single-turn structure.

To obtain the optimal SR geometry for our application,
one of the most important parameters consists of its quality
factor. According to the formal definition, the Q-factor is
the total energy absorbed by the resonator divided by the
energy lost per cycle (Q = E/1E), which can be optimized
either by increasing the absorbed energy or by minimizing the
losses [44]. Basically, this means that the higher the value of
the Q-factor, the greater the contribution of stored reactive
energy over the losses. Since the stored energy is primarily
responsible for the inclusion detection, it can be inferred that
an optimized Q-factor will lead to a more sensitive system.

To carry out an optimized design of the sensing device
for our specific application, the first point was to maximize

1Registered trademark.
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Fig. 4. Flowchart summarizing the main steps for achieving the best
geometry of the sensor.

the SR’s area. Since our target applicative example is a
hemodialysis procedure, we dimensioned the SR’s external
diameter to be equal to the maximum size allowed, which
corresponds to the circumference of a typical 6-mm diameter
catheter. Naturally, the SR size could differ according
to the particular application specifications. Moreover, the
adopted detecting system’s operating frequency was selected
as 648 MHz. This frequency ensures both a high-quality
factor and a good level of system miniaturization. All the
system components were designed by adopting a lossy copper
microstrip. Conversely, the probing loop was conceived as a
single-turn loop with an external diameter of 28 mm.

At this point, once the external dimensions of the SR
have been selected, the quality factor was optimized. Several
studies have been conducted to determine how the resonator
geometric parameters affect its performance [45], [46]. It is
worth highlighting that for an RLC circuit, as in the current
case, the Q-factor can also be calculated as follows:

QF =
ωL
R

∣∣∣∣
ω=ω0

(6)

where ω0 is the resonant frequency. Therefore, we imple-
mented the approach described in [28] to find the highest
Q-factor configuration. The main geometric characteristics of
a microstrip SR have been evaluated: the number of turns, strip
width, strip thickness, and the gap between two consecutive
turns. The flowchart in Fig. 4 summarizes the major steps for
identifying the optimal geometry of the sensor.

Fig. 5. Evaluation of the quality factor as a function of: (a) number of
SR windings; (b) strip width; (c) strip thickness; and (d) strip spacing.

The behavior of the quality factor in relation to each of
these characteristics is shown in Fig. 5(a)–(d), respectively.
In each graph, it is possible to identify the optimal value of
the corresponding geometric characteristic which leads to the
maximum Q-factor value. Thus, following the optimization
process, an SR design with a Q-factor of about 391 was
obtained, which is a considerable value for a microstrip planar
structure [47], [48], [49].

A multiturn structure with a number of six windings and a
winding pitch of 1.4 mm has been identified as the best SR
design. It is important to keep in mind that the quality factor,
as depicted in Fig. 5(c), is essentially independent of the
microstrip’s thickness. As a result, this parameter was selected
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TABLE II
SYSTEM DESIGN PARAMETERS

Fig. 6. Real part of the probe loop input impedance as a
function of the frequency. The operating frequency of the system is
approximately 648 MHz.

as the conventional standard thickness for PCB technology,
that is, 35 µm. Table II reports all of the proposed design’s
geometrical features.

Once the final sensing geometry was identified [as reported
in Fig. 1(a)], we first assessed the system response in the
stand-alone configuration, that is, without any biological
medium placed in the sensing device nearby. By analyzing the
probe loop input impedance behavior (reported in Fig. 6), it is
possible to clearly observe the inner SR resonance at 648 MHz,
confirming the reliability of the design process.

B. Prototype Fabrication
PCB technology was selected for the realization of the

prototype due to its benefits in terms of cost, ease of
fabrication, large-scale production, and electronic integration.
In addition, by exploiting this manufacturing process, it is
possible to obtain prototypes with good mechanical properties
and excellent repeatability [50].

By following the geometrical constraints from the
design process, we used, for the probing loop prototype,
a 0.8-mm-thick FR4 (εr = 4.3, δ = 0.025) substrate
with 35-µm-thick and 1-mm-wide copper strips etched on
the top layer [refer to Fig. 7(a)]. On the other hand,
the sensor substrate [whose prototype is represented in
Fig. 7(b)] has been made of FR4 with a lower thickness
substrate, equal to 100 µm, to ensure both mechanical
strength and excellent bending capability, as illustrated in
Fig. 7(c). This feature is fundamental for realizing a conformal
sensor with respect to the chosen structure, in our case a

Fig. 7. Representation of experimental prototypes and setup:
(a) probing loop’s PCB; (b) SR PCB; (c) bending test for SR PCB;
(d) comparison of the size of the SR PCB with an object of common use,
underlining the good miniaturization of the system; and (e) experimental
measurement setup, which includes also VNA and PC laptop.

catheter. To provide an understanding of the sensor prototype
dimension, Fig. 7(d) shows the comparison with a commonly
used object. Naturally, as it was discussed for the numerical
design, no external capacity was included in the prototype
design.

Finally, we connected the probing loop to a vector
network analyzer (VNA) (VNA P9374A, 300 kHz–20 GHz,
Keysight, USA) by using a subminiature version A (SMA)
PCB connector soldered to it. The instrumentation for the
experimental measurements is reported in Fig. 7(e).

IV. RESULTS AND DISCUSSION

A. Numerical Results
To verify our methodology, we carried out full-wave

simulations, exploiting an EM solver based on the finite-
element method (CST Studio Suite). Therefore, we imple-
mented a simplified, but representative, numerical model,
which included the microwave sensor [the 3-D CAD is shown
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Fig. 8. Two simulated scenarios were conceived to evaluate the
designed sensor performance. (a) Increasing relative distance by
maintaining the same inclusion size. (b) Increasing the size of the
spherical blood inclusion for a fixed distance from the sensor.

in Fig. 1(a)] and, 1 mm above it, a small spherical inclusion
with blood dielectric properties, simulating a small target to
be detected [51]. This basic model allows us to reduce the
complexity of the geometry and, consequently, avoid incurring
numerical issues associated with the tiny size of the target.
The values of the dielectric properties used for the biological
tissue are reported in the first row of Table I. This setup
allows us to evaluate the resolution capability of our sensing
design in spotting small details, without recurring to high-
demanding simulations from a computational cost point of
view.

In particular, to evaluate the system sensing performance,
two different scenarios have been simulated. In the first
configuration [see Fig. 8(a)], the system response in the
presence of inclusion with a fixed size and an increasing
relative distance from the sensor was studied. Conversely,
in the second numerical case, depicted in Fig. 8(b), we fixed
the relative distance between the sensor and the inclusion, but
varying its diameter.

In Fig. 9(a), we assessed the sensor response by changing
the distance between the radiating system and the inclusion
(with a fixed diameter equal to 1.7 mm), from 2 to 4 mm.
As expected, by increasing the relative distance, the input
impedance of the probe showed a proportional amplitude
variation and a frequency shift toward the case with the
absence of the inclusion. According to the above-mentioned
theoretical concepts, as long as the relative distance increases,
the target is correspondingly moving away from the near-field
region, resulting in an attenuation of the EM field produced
by the sensor and, therefore, in detecting effectiveness
degradation.

In the second case study, whose results have been reported
in Fig. 9(b), we evaluated the sensor response as a function
of the blood spherical inclusion dimension (from 0.6 to
0.85 mm). Basically, we observed a progressive downshift
in the operating frequency and a proportional amplitude
reduction with respect to the baseline case (i.e., absence
of target), for increasing inclusion size. Even in this case,
the behavior is coherent with the physical concept, as the

Fig. 9. System response following the two investigated numerical
scenarios. (a) Real part of the system input impedance as a function
of different inclusion distances (fixing the inclusion dimension). (b) Real
part of the system input impedance against inclusion dimensions.

TABLE III
RESONANCE FREQUENCY AND MAXIMUM AMPLITUDE VARIATION OF

THE PROBING LOOP’S INPUT IMPEDANCE, SIMULATED FOR

THE FIRST CASE STUDY AGAINST THE BASELINE

TABLE IV
RESONANCE FREQUENCY AND MAXIMUM AMPLITUDE VARIATION OF

THE PROBING LOOP’S INPUT IMPEDANCE, SIMULATED FOR THE

SECOND CASE STUDY AGAINST THE BASELINE

presence of the inclusion enhances the equivalent dielectric
permittivity and conductivity values experienced by the sensor.
Tables III and IV report the percentage variations of the
resonance frequency and of the maximum amplitude of the
probing loop’s input impedance, respectively, measured for
different SR-inclusion relative distances and for different
inclusion sizes involved in the two numerical scenarios. These
percentage levels are calculated against the baseline case (i.e.,
absence of target).
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B. Experimental Results
As the last step, we experimentally tested the sensing

performance of our prototype, in accordance with the
analytical model and the numerical simulations previously
presented.

To conceive a practical scenario, we selected the detection
of a small inclusion within a catheter, similar to the air
bubble detection task in hemodialysis procedures. Due to
ease of availability, the catheter was simply represented by a
commercial syringe, presenting a volume of 5 ml. Second, the
biological phantom that mimicked blood tissue was created
by diluting agar (E406) in water with a concentration of
2% w/v, using the syringe as a container. At this point, to test
the response of the system in the presence of increasing
size inclusions, it would have been required to fabricate and
inject in the syringe dimensionally controlled air bubbles.
Nevertheless, as it is well known in the literature, the creation
of time-stable and dimensionally controlled air bubbles is a
really challenging task [52], [53]. Therefore, to recreate stable
inclusions, we make use of polylactic acid (PLA) spheres
made by 3-D printing [Anycubic I3 Mega, represented in
Fig. 10(a)]. Fig. 10(b), instead, shows the PLA inclusions
obtained through the 3-D printing process. In particular,
PLA has been selected as the inclusion material because
it represents a good compromise between machinability in
small samples and a dielectric permittivity comparable to
that of air (since it is a plastic material, εr = 2.75 [54]).
Lastly, the PLA spheres were precisely positioned in each
biological sample [see Fig. 10(c)] and the sensing prototype
was bent on the syringe by employing a digital caliper,
to set an equal distance between the sensor and the base of
the syringe for each sample [see Fig. 10(d)]. We employed
biological samples containing inclusions of sizes 0.4, 0.6, 0.8,
1, 1.7, 2, and 3 mm, respectively. The final experimental setup
is depicted in Fig. 10(e). The biological sample, equipped
with the sensor, was positioned and firmly attached to the
holder. We performed the measurement by placing the probing
loop above the sample, fixing it stably to the support, and
connecting it to the VNA. It is noteworthy to mention
that, in this preliminary experimental stage, the probing
loop was positioned in contact with the resonator to avoid
measurement errors due to the placement. Future studies will
analyze how the reading-sensor relative arrangement affects
the outcomes and how this uncertainty source might be
minimized, such as by the use of convolutional neural network
approaches [55], [56].

Conversely, Fig. 11 shows the obtained experimental
results. In particular, as evident from Fig. 11(a), we observed
a significant upshift of the sensor resonance frequency and
a general trend showing the maximum peak growth of the
real part of the probe loop input impedance for increasing
dimension inclusions. Therefore, as also discussed for the
numerical results, the experimental outcomes demonstrate
a good agreement with the theoretical principle. Indeed,
the presence of the PLA inclusion within the biological
phantom produces a decrease in the equivalent permittivity and

Fig. 10. (a) Anycubic I3 Mega 3-D printer used for the realization of PLA
inclusions. (b) Printing process of PLA inclusions. (c) Final biological
samples containing PLA inclusions. (d) Sensor placement around the
syringe surface, exploiting a digital caliper. (e) Final experimental setup,
including the sample under test (placed on the black support), above
which is positioned the probing loop’s PCB, connected to the VNA.

conductivity. Specifically, the larger the size of the inclusion,
the stronger the input impedance variation (both in terms of
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Fig. 11. (a) Real part of the probe loop input impedance as a function
of frequency for different inclusion dimensions (reported in legend).
The baseline case is represented by the red star line. (b) Resonant
frequency shift percentage variation with respect to the baseline case.
(c) Percentage variation of the probe loop input impedance (maximum
value of the real component) with respect to the baseline case.

frequency shift and impedance value). It is worth noticing that
an overestimation of the results in the case of the 0.6 and 2 mm
inclusions may have occurred due to errors in the PLA sample
positioning.

In addition, Fig. 11(b) and (c) reports the percentage
variations in terms of resonance frequency shift and maximum
peak of the probe loop input impedance (real component)
with respect to the baseline (i.e., absence of any inclusion).
By means of this representation, it is easier to quantify the
variations of the control parameters. In particular, evaluating
the graph of the input impedance percentage variation, it can
be worth underlining that a percentage change in terms of
real impedance greater than 1%, which can be appreciated
by common reading systems such as the VNA, is observed
for any PLA inclusion. Therefore, the excellent resolution of
our microwave sensor is proved. In Tables V and VI, different
statistical parameters derived by collecting a sufficient number
of measurements (20 measures for each inclusion size) for
both the control parameters are presented. In particular, after
calculating the mean value of each dataset for every inclusion

TABLE V
STATISTICAL PARAMETERS RELATED TO THE RESONANCE FREQUENCY

FOR DIFFERENT INCLUSION SIZES, USED FOR EVALUATING

SENSOR PERFORMANCE

TABLE VI
STATISTICAL PARAMETERS RELATED TO THE MAXIMUM AMPLITUDE

VARIATION OF THE PROBING LOOP’S INPUT IMPEDANCE FOR

DIFFERENT INCLUSION SIZES, USED FOR EVALUATING

SENSOR PERFORMANCE

size, we evaluated the mean relative error (MRE), standard
deviation (SD), and sensitivity (S) of the measurements,
as suggested in [57], [58], and [59]. The relations used to
calculate the mentioned statistical parameters are detailed
below

MRE =
1

nȲ

n∑
i=1

∣∣Yi − Ȳ
∣∣ (7)

SD =

√∑n
i=1 (Yi − Ȳ )

2

(n − 1)
(8)

S =
∂y
∂x

. (9)

Clearly, additional work must be conducted to ameliorate
the stability of the measurements and to obtain a more reliable
experimental setup. To summarize and have a better insight
into the performance of microwave sensors for nondestructive
sensing, a comparison between the solution described in this
work and the state-of-art permittivity detection sensors is
reported in Table VII.
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TABLE VII
COMPARISON OF MICROWAVE SENSORS FOR NONDESTRUCTIVE PERMITTIVITY DETECTION

V. CONCLUSION

In this article, a novel microwave contactless sensor based
on the dielectric contrast with a millimetric resolution has been
investigated. The implemented detection system comprises an
internal SR sensitive to the target composition variation, and
a probe loop required for both power supply and output signal
reading. The overall hardware system works at 648 MHz. The
operating principle of the sensor was analytically described
and demonstrated using the equivalent RLC circuit model and
the Maxwell–Garnett formula. The design was achieved by
following a Q-factor optimization procedure, to maximize the
sensitivity of the proposed system.

In particular, the inclusion detection and monitoring are
achieved by recording the system parameter variations which
are dependent on the inclusion dielectric properties, size,
and location. Once an inclusion is present, an operating
frequency shift and an amplitude variation of the probe loop
input impedance can be accordingly observed. The improved
sensitivity of the system allows to effectively detect millimeter
inclusions in the investigated region. The sensor performance
has been evaluated both numerically and experimentally,
finding good agreement.

While the developed sensing system has been specifically
suggested in this work for the detection of air bubbles during
a hemodialysis treatment, the proposed sensor is an excellent
candidate for every electronic device (biological, medical,
industrial, and other applications) where fine target detection
is a key aspect. Likewise, the proposed sensor is a compact,
cost-effective, and easy-to-integrate solution.

In summary, the obtained preliminary results confirmed the
theoretical approach and encourage future work. Definitely,
one of the main goals is to use this technology to improve
safety and lead to less invasive and more effective biomedical
treatments.
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