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Abstract—In this article, the theoretical and experimental feasi-
bility analyses of a high-sensitivity imaging system for non-invasive
detection of pathological inclusions within biological tissues are
presented. The radiating system, exploiting a low frequency mag-
netic field operating at 3 MHz, consists of an inner resonant spiral
sensor, inductively coupled to an unloaded external planar probe
loop. The proposed configuration produces a focused magnetic field
distribution, therefore a high-sensitivity imaging with respect to the
wavelength can be accomplished (detecting inclusions with size in
the order of λ/10000, i.e., 1 cm). In particular, the inclusion detec-
tion is carried out by observing the amplitude shift of the external
probe loop input impedance while scanning the region of interest,
leading to a non-invasive and contactless imaging procedure. In
addition, we demonstrate the possibility to detect an inclusion,
placed within the investigated tissue, either with or without the
use of a ferromagnetic contrast medium. To evaluate the proposed
imaging system effectiveness, we first perform full-wave numerical
simulations. Then, we report the experimental measurements ac-
quired over a fabricated prototype interacting with a representative
biological phantom, observing a very good agreement with the
numerical simulations. The results confirm the potential for an in-
novative near-field imaging system to be employed for non-invasive
detection of malignant inclusions, expanding the adoption of low
RF frequencies in biomedical applications.

Index Terms—Biomedical applications, high sensitivity, imaging
system, inductive methods, low frequency, resonant coil, sensor.

I. INTRODUCTION

R ECENTLY, imaging systems are emerging as a very im-
portant research field, increasingly finding applications in

different technological areas. Biomedical field is probably one
of the most interesting, due to the huge impact of diagnostic
imaging on the healthcare environment [1], [2], [3], [4], [5].
Beside traditional approaches, as Magnetic Resonance Imaging,
X-rays tomography and ultrasound, novel imaging techniques
based on the adoption of electromagnetic fields recently ap-
peared in the literature [6]. The reasons for the diffusion of
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electromagnetic imaging systems rely on the reduced instrumen-
tation complexity, minor side effects for patients and relatively
lower costs that allow an easier and deeper adoption in healthcare
facilities. Nevertheless, as any high-performing imaging device,
they should allow an accurate, precise, and rapid diagnosis,
therefore also optimizing the therapeutic procedure.

More specifically, among the various imaging solutions ex-
ploiting a radiofrequency magnetic field, magnetic particle
imaging (MPI) raises as one of the most promising, providing
high resolution and sensitivity by exploiting magnetic nanoma-
terials as contrast medium [7], [8], [9], [10], [11], [12]. In details,
the contrast medium is placed in the target region directly in situ
or through biological targeting mechanisms [13], [14].

The magnetic nanofluid reacts to the excitation field, produc-
ing a magnetization vector that contains the excitation frequency
and also higher order harmonics due to non-linearities of its hys-
teresis cycle. By spatially selecting small regions to be excited
with the RF magnetic field, it is possible to detect the higher order
harmonics signal content and to finally reconstruct the image
[15], [16]. Clearly, a crucial aspect is represented by the design
of a radiating system able to produce a focused RF magnetic field
distribution in a small portion of tissue, to progressively scan
the entire volume of interest. This task is not trivial, since the
adopted low frequencies are characterized by large wavelengths,
making difficult the RF magnetic field focusing. A technical
solution to face this issue is reported in [15]. The entire volume
of interest is homogeneously exposed to a non-focused radio
frequency magnetic field, superimposing a static magnetic field,
characterized by a peculiar spatial distribution. Indeed, the static
magnetic field, easier to be spatially shaped from a physical
point of view, is absent only in a small region, from which the
signal is collected. As a matter of fact, magnetic nanoparticles
response to the RF excitation is suppressed if a sufficiently
strong static field is superimposed. Then, this field-free re-
gion is progressively moved to cover the volume of interest
and the nanoparticles localization is possible by observing the
harmonics presence. Nevertheless, the required instrumentation
is extremely complex [17]. Beside MPI, another promising
contactless and non-invasive imaging technique exploiting an
RF magnetic field is Magnetic Induction Tomography (MIT)
[18], [19], [20], [21], [22]. By avoiding the use of any magnetic
contrast medium, this method applies a radiofrequency magnetic
field produced by an excitation coil to induce eddy currents in
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the investigated tissue. Eddy currents arise because of the tissue
dielectric properties, in particular the electrical conductivity.
Generally, healthy and pathological tissues present different
values of conductivity, mainly due to the water content, therefore
generating a natural contrast [22], [23], [24]. The imaging is
achieved by evaluating the magnetic field perturbation through
an arrangement of receiving coils [21], [22], [23], [24], [25]. By
measuring the induced secondary magnetic field, it is possible
to have the inclusion spatial localization. A problematic aspect
of MIT technique consists in the low resolution due to the
weak signal of the secondary magnetic field. To improve this
quantity, the imaging instrumentations have to include a higher
receiving coils number, making the system more complex, bulky
and expensive [26], [27], [28], [29].

To address the above-mentioned limits, we propose an in-
novative imaging system for contactless, high-sensitivity and
non-invasive inclusions detection by using a low frequency
magnetic field, operating at 3 MHz. This radiating element
allows producing a focused magnetic field distribution, although
the adopted low frequency. The most significant and innova-
tive contributions, compared to traditional technologies, rely
on the combination of low frequency, good sensitivity, and
small dimensions, thus making the system safe, reliable, and
portable. By monitoring the amplitude shift of the probe loop
input impedance while scanning the investigated tissue, both
in presence and in absence of a magnetic contrast medium,
the imaging procedure can be accomplished. The object spatial
localization is correlated to the magnetic field perturbation, due
to the inclusion presence, that influences the system frequency
response. In particular, the same exciting radiating element
has also the function of receiver, significantly simplifying the
required instrumentation.

The article is organized as follows. Section II describes the
imaging system design and the physical model behind the in-
clusion detection, both with and without the use of a magnetic
contrast medium. In Section III, the numerical and experimental
test cases are reported while Section IV is devoted to present
the numerical and experimental results. Finally, conclusions and
future developments are discussed.

II. METHODS

A. Imaging System Design

Following the Introduction, the proposed radiating arrange-
ment consists in an internal planar passive resonant coil, in-
ductively coupled to an external, unloaded, concentric probe
loop operating at 3 MHz [30], [31], [32]. The dual-spiral con-
figuration has been adopted to avoid the power supply output
impedance going in series with the sensing coil (thus, preserv-
ing its Q-factor) and, additionally, to guarantee more electrical
safety. Therefore, the basic idea behind this configuration re-
lies in creating a self-standing, resonating sensor, able to be
extremely sensitive to changes in the electromagnetic properties
of the surrounding medium. The external probe loop has the role
to both feed the inner spiral sensor and to pick up the resulting
impedance variations.

Fig. 1. Equivalent circuit of the proposed radiating configuration: the non-
resonant probe is mutually coupled with the inner spiral resonator.

The operative frequency selection (3 MHz) is a trade-off
between achieving a significant penetration depth inside tissues
and obtaining an acceptable sensitivity. Moreover, the radiating
system is designed to optimize the internal resonant coil Q-factor
and, thus, the device sensitivity.

The imaging step is performed by placing the radiating sys-
tem in proximity to the investigated object, and progressively
carrying out a circular scanning around the volume of interest.
Specifically, the spatial encoding of the target within the tissue
is achieved by observing the variation of the external probe
input impedance during the scan. Indeed, the target dielectric
or magnetic contrast with respect to the surrounding tissues
affects the magnetic field distribution and, consequently, the
device input impedance. In this context, one of the more relevant
advantages of the proposed system relies in the integration of
the transmitting and receiving functions in one single device.

More quantitatively, the equivalent circuit of the described
radiating configuration is depicted in Fig. 1. In the figure, Rprobe

and Lprobe represent, respectively, the external probe loop re-
sistance and inductance; Rcoil, Lcoil and Ccoil indicate the in-
ternal spiral coil resistance, inductance and capacitance (the
latter required for obtaining resonance). Finally, M denotes the
inductive mutual coupling term between the probe and the coil.
At this point, we can analytically express the probe loop input
impedance Zinput:

Zinput = Rprobe + jωLprobe +
ω2M2

Rcoil + jωLcoil +
1

jωCcoil

(1)

In details, the useful signal for imaging is created by observing
the maximum value of the probe input impedance, correspond-
ing to the resonance frequency of the inner coil, for each scan an-
gular position. Picking up the resonance point of the inner sensor
allows exploiting the optimum sensitivity. Since the probe input
impedance is dependent, in particular, on the electromagnetic
properties of the surrounding biological medium (and also of
the inclusion), the detection can be performed.

The aim of this work consists in the detection of a target placed
inside the investigated tissue both with and without the use of
a magnetic contrast medium; therefore, the next paragraphs are
devoted to explaining the physical concepts behind the imaging
procedure.
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B. Case 1: Use of Magnetic Contrast Medium

As explained, a ferromagnetic medium can be an extremely
effective way to increase the imaging performance in biomedical
applications [33], [34], by realizing a high contrast with respect
to biological tissues. Indeed, biological tissues are naturally
non-magnetic, showing a relative permeability equal to 1. To
implement a realistic scenario, the magnetic inclusion is simu-
lated as a 10 mm diameter spherical geometry, with the typical
electromagnetic properties of magnetite (Fe3O4) nanoparticles
fluids [6], [11], [24], [25]. This spherical inclusion has been
placed within the phantom, represented by a 100 mm diameter
sphere of breast fat. As a matter of fact, the magnetic inclusion
presence perturbs the magnetic field distribution by interacting
with it. In particular, such interaction depends both on the target
distance in relation to the radiative system and to its dimension.
More specifically, the closer the inclusion to the radiating sys-
tem, the stronger the effect on the magnetic field distribution.
Similarly, larger inclusions are able to affect deeper the radiating
system response.

One possibility to model the presence of the inclusion within
the biological phantom is to adopt the mixing rules formulation
to obtain an effective magnetic permeability which should be
a function of the target position and size [35]. Therefore, the
effective magnetic permeability can be expressed as:

μeff (x, y, z) = μtissue + 3ημtissue

× μinclusion + μtissue

μinclusion + 2μtissue − η (x, y, z) · (μinclusion − μtissue)
(2)

where μtissue indicates the investigated tissue permeability.
Instead, μinclusion describes the inclusion complex magnetic
permeability, estimated from the literature. Finally, the param-
eter η denotes the volumetric fraction between inclusion and
tissue but weighted for the magnetic field spatial distribution
produced by the radiating system. This weighting operation
has the role to consider that the inclusion has an effect on the
radiating system which is dependent from the spatial amplitude
of the magnetic field. Therefore, η can be defined as:

η (x, y, z) =
Vinclusion ·H (x, y, z)

Vfield
(3)

For this reason, in (3), the term H(x, y, z) corresponds to
the normalized magnetic field point value within the region of
interest. By referring to the specific set-up configuration, the
radiating system senses the biological phantom presence in only
one half space while free space is in the opposite half. Therefore,
an equivalent system magnetic permeability μequ can be defined
as:

μequ (x, y, z) =
μeff (x, y, z) + 1

2
(4)

At this point, it is possible to introduce the retrieved equivalent
permeability μequ inside the external probe input impedance
expression, in particular affecting the inductance values (1). The

final expression becomes:

Zinput = Rprobe + jωLprobe · μequ (x, y, z)

+
ω2M2

Rcoil + jωLcoil · μequ (x, y, z) +
1

jωCcoil

(5)

To summarize, the inclusion providing a magnetic contrast
is able to affect the input impedance of the radiating system
external probe, correlated to the distance between the inclusion
and the device. This is due to the higher amplitude of the
magnetic field in proximity of the coils. In addition, a stronger
impedance variation can be also obtained with a larger inclusion
size. In both the cases, the equivalent permeability increases and,
thus, the input impedance varies consequently.

C. Case 2: Natural Dielectric Contrast

Another physical modality to generate a variation in the
external probe input impedance consists in exploiting a form of
contrast directly coming from the natural properties of healthy
and malignant tissues, due to the significantly different water
content. In particular, considering a biological tissue, the di-
electric permittivity can be expressed as a complex value (i.e.,
ε′ − jε′′). The imaginary term refers to the losses happening in-
side the tissue, and it can be related to the electrical conductivity
σ(S/m) by the following relationship:

σ = ωε0ε
′′ (6)

where ε0 = 8.85 · 10−12 F
m is the vacuum dielectric permittivity

and ω(rad/s) is the considered magnetic field pulsation.
Also in this scenario, we can define an equivalent complex

permittivity, εequ, as the average of the two half-planes permit-
tivity (one characterized by the tissue and inclusion presence,
while the other with free space). Now, the variation is due to an
effect on the capacitance term of the input impedance:

Zinput = Zprobe +
ω2M2

Rcoil + jωLcoil + 1
jωεequCcoil

(7)

Since the equivalent dielectric permittivity is a complex value,
it is possible to explicitly report its contributions in the real and
imaginary components.

⎧⎪⎨
⎪⎩
Requ = Rcoil +

ε
′′
equ

ωCcoil

(
ε′′equ

2
+ ε′equ

2
)

Cequ = Ccoil

(
ε
′′
equ

2
+ ε′equ

2
)

ε′equ

(8)

Hence, the probe input impedance can be expressed as:

Zinput = Zprobe +
ω2M2

Requ + jωLcoil + 1
jωCequ

(9)

where also the resistance term has been modified by the tissue
presence. To conclude, as for the magnetic contrast, also the
tissue dielectric properties variation influences the radiative
system response. This allows, in principle, to detect and local-
ize a dielectric inclusion inside the investigated tissue without
recurring to a magnetic contrast medium.
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Fig. 2. CAD model of the proposed experimental set-up. The inclusion rep-
resents the pathological region inside the investigated tissue.

TABLE I
IMAGING SYSTEM RF COILS GEOMETRICAL PROPERTIES

TABLE II
MAGNETIC AND DIELECTRIC PROPERTIES OF THE ADOPTED BREAST TISSUE

WITH AND WITHOUT MAGNETIC NANOPARTICLES’ FLUID (MNF)

III. NUMERICAL AND EXPERIMENTAL TEST-CASE

A. Numerical Test-Case

In order to demonstrate the validity of the described theory, we
conceived a numerical test-case, exploiting an electromagnetic
solver based on the Method of Moments (Feko Suite, Altair,
Troy, MI, USA).

Firstly, we designed the radiating system adopting 3 MHz
as operating frequency. Both the external and internal coils
were made with a 28 AWG single strand lossy copper wire.
The corresponding CAD is reported in Fig. 2, while Table I
summarizes the geometrical features of the RF coils. The inner
coil was made resonant at the operative frequency by adding
an opportune tuning capacitor of 1.10 nF, thus achieving a
Q-factor equal to 130. Beside the radiating system, we also
designed a spherical biological phantom to realistically simu-
late the investigated tissue (specifically, a human breast). The
phantom diameter has been selected as 100 mm while its di-
electric properties, reported in Table II, are representative of the
human breast at 3 MHz [23]. Since the imaging procedure is
envisioned to be contactless, the biological phantom was placed
2 mm above from the radiating system (Fig. 2). To evaluate

Fig. 3. Fabricated prototype. (a) Upper view; (b) bottom view.

TABLE III
MAGNETIC AND GEOMETRICAL PROPERTIES OF THE FERRITE ROD USED AS

FERROMAGNETIC CONTRAST MEDIUM

the inclusion detection capability, we recreated the pathological
target by realizing a 10 mm diameter sphere, placed inside the
tissue (Fig. 2). In the first configuration, we assumed that the
inclusion contains also magnetite nanoparticles fluids, whose
electromagnetic properties are reported in the literature and in
Table II ([33], [34]). In the second test-case, we considered a
purely dielectric inclusion with the electromagnetic properties
of a pathological breast tissue region (“Tumoral Inclusion” in
Table II). All the other parameters (radiating system, phantom
size) remained unchanged with respect to the first scenario.

B. Experimental Test-Case: Fabricated Prototype

Beside numerical simulations, we fabricated prototypes of the
proposed configurations to experimentally validate the imaging
system performance. To reduce the ohmic losses with respect
to adopting copper traces etched with PCB technology, we used
a 0.8 mm thick FR4 slab ( εr = 4.3 and tanδ = 0.025) as
supporting substrate over which 28 AWG single strand copper
wire was glued following the spiral coils patterns (Fig. 3) [36].
On the bottom, we equipped the external probe coil with a
50-Ω-micro-SMA connector to enable measurements with a vec-
tor network analyzer (Fieldfox series VNA N9918A, Keysight,
Santa Rosa, CA, USA), while the internal coil was made resonant
by soldering a 1.10 nF capacitor. The biological phantom was
realized by employing agar (E406) at 2% w/v in water, inside a
cylindrical glass container having a diameter of 100 mm and
a height of 150 mm. The phantom was placed 2 mm away
from the radiating system, as specified in the numerical model.
With regard to the target inclusion, due to the difficulty to find
commercial availability for nanoparticles fluids, we emulated the
ferromagnetic contrast medium by inserting within the phantom
a small ferrite rod, which properties are reported in Table III.
Clearly, the contrast produced by the ferrite is much larger than
what a magnetic nanoparticles fluid can achieve; nevertheless,
the physical mechanism of interaction with the RF magnetic field
is the same in this frequency band. In the second experimental
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Fig. 4. Complete experimental set-up.

configuration, we evaluated the system capability to detect a
purely dielectric inclusion. In this case, we realized a dielectric
sphere (diameter equal to 10 mm) using agar at 5% w/v in
water. In addition, to simulate the different conductivity between
healthy and pathological region, we added 6% w/v of NaCl.
To perform a circular scanning, the phantom is positioned on
a rotating platform, controlled by a stepper motor (NEMA17
Bipolar Stepper Motor). The stepper motor is driven by a mi-
crocontroller (Arduino UNO board). Finally, VNA acquisition
and platform rotation are synchronized through a code devel-
oped in Matlab. The whole acquisition system is reported in
Fig. 4.

IV. NUMERICAL AND EXPERIMENTAL RESULTS

In this section, we reported the imaging results of numerical
simulations and experimental measurements by following the
previously described procedure. In particular, the external probe
loop impedance acquisition has been carried out with an angular
step of dϑ = 10 , both in simulation and in measurement,
placing the biological phantom with the inclusions presence
over the rotating platform at 2 mm from the radiating system. In
order to validate the described physical imaging mechanism,
we performed circular scans with the magnetic/dielectric in-
clusions at different radial distances from the radiating system
(i.e., at different depths within the phantom). During this scan,
the external probe loop impedance value corresponding to the
resonance frequency of the inner spiral (3 MHz, see (1)) was
registered. Specifically, Fig. 5(a) shows the amplitude of the
full-wave signals during a circular scan when the nanoparticles’
fluid inclusion (Table II) is placed 1.5 and 3.5 cm far from
the radiating system, respectively (i.e., progressively deeper
in the phantom). In particular, the signal has been normalized
by subtracting the minimum impedance value obtained during
the scan to the other angular positions. Therefore, in Fig. 5(a)
the maximum impedance variation corresponds to the angular
position in which the radiating system and the inclusion are
aligned (at 0° in this case); indeed, in that position, the inclusion
influence on the equivalent medium experienced by the radiating
system is maximum, as theoretically predicted (1). Beside the
angular position, the magnetic inclusion contribution to the input

impedance at 3 MHz is also basically related to the exciting
magnetic field amplitude, as also expected. The field intensity
rapidly decreases with the distance between the radiating system
and the phantom. Indeed, at 1.5 cm, the maximum impedance
variation is around 45.23 Ω. At 3.5 cm, this value drops at
0.54 Ω. Therefore, it is also possible to correlate the target
inclusion depth with the impedance maximum variation. Beside
numerical simulations, we reproduced the same configuration
through our experimental set-up; Fig. 5(b) reports the measured
signals in presence of the agar phantom with the ferrite inclusion
(μeff at 3MHz equal to 125) for the same two distances (i.e., 1.5
and 3.5 cm). As a general observation, the experimental results
are in excellent agreement with the simulations; the differences
on the signal values can be imputed to the intrinsic differences
between the numerical and the experimental phantoms. After
having validated the imaging for a magnetic inclusion, the same
procedure has been applied to the dielectric target immersed
within the phantom (Table II). In Fig. 5(c), the obtained numeri-
cal results have been reported for two distances between the tar-
get and the radiating system, i.e., 5 mm and 10 mm, respectively.
The smaller distances with respect to the magnetic inclusion are
due to the inferior contrast produced by the dielectric target,
which limits the useful imaging range. In particular, we observed
a maximum input impedance variation of 2.4 Ω and 1.9 Ω for
the two positions, respectively. As before, the angle position of
the minimum of the impedance graph is related to the angle
position of the target (in this case −40°), whereas the signal
variation is correlated to the inclusion depth. We then compared
the simulation results about the dielectric inclusion case against
experimental measurements. Fig. 5(d) shows the results where
an overall good agreement with the numerical simulations can
be appreciated. Nevertheless, also in this second inclusion case,
the experimental results present an amplitude smaller than the
simulation, again due to the different phantom properties and
unavoidable experimental noise. Finally, by starting from these
preliminary scenarios, we also faced the issue to create a bi-
dimensional image. In order to accomplish this task, we noticed
that the signal obtained from a single circular scan closely
resembles a typical signal obtained with a X-rays tomographic
scanner [37], [38]. Therefore, we applied the algorithm of back
projection to a data set. In particular, the signals showed in
Fig. 5 are related to one sensor rotating around the phantom.
To have a complete sinogram, N linear sensor for each angular
position have to be employed (Fig. 6(a)-(b)). Backed by the
good agreement between numerical and experimental results,
we simulated a linear array of 9 sensors rotating around the
phantom, in which we placed a magnetic inclusion. To evaluate
the capability of the approach to achieve accurate spatial infor-
mation, we acquired two images with different target position
inside the phantom. The obtained 2D images are reported in
Fig. 6(c)-(d), where both the dimension and the position of
the inclusion are satisfactorily reconstructed. Finally, the metric
employed to evaluate the quality of the reconstructed 2D images
with respect to the ground truth consists in the percentage Mean
Squared Error (MSE) calculation, resulting equal to an average
value of 4.12%.
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Fig. 5. Numerical (a) and experimental (b) results of the imaging procedure single scan with the magnetic inclusion placed at 1.5 cm and 3.5cm far from the
radiating system. The normalized signals are obtained by subtracting the minimum value registered during the scan. Numerical (c) and experimental (d) results
of the imaging procedure single scan with the dielectric inclusion placed at 5 mm and 10 mm far from the radiating system. Again, the normalized signals are
obtained by subtracting the minimum value registered during the scan.

Fig. 6. (a)—(b) CAD model representing a linear array; (c)—(d) numerically
obtained 2D image applying the back projection imaging algorithm.

V. CONCLUSION

In this article, the theorical and experimental feasibility anal-
yses of a hand-held and high-sensitivity imaging system exploit-
ing a low-frequency magnetic field and suited for non-invasive

pathological inclusion detection have been presented. In par-
ticular, the hardware configuration consists of a resonant spiral
coil inductively coupled to an unloaded concentric planar probe
loop able to produce a focused field distribution, even at low
frequency (3 MHz). By developing an opportune circuital model,
we conceived the possibility to detect an inclusion both with a
magnetic or a naturally dielectric contrast. In order to verify
the circuital model, we designed a radiating system, performing
accurate numerical simulations on biological phantoms with
dielectric and magnetic inclusions. After that, we also fabricated
an experimental set-up of the radiating system and of the signal
acquisition chain, achieving an excellent agreement with the
simulations. The obtained spatial sensitivity (around 10 mm,
λ/10000) is extremely satisfying, considering that the operating
wavelength is extremely large at 3 MHz. Finally, we proved the
possibility to reconstruct 2D images adopting a back projection
algorithm, increasing the flexibility of the procedure. To con-
clude, these results reveal promising and future works will be
directed to further optimize the radiating system performance.
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