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Abstract: Dielectric characterization of biological tissues has become a fundamental aspect of the
design of medical treatments based on electromagnetic energy delivery and their pre-treatment
planning. Among several measuring techniques proposed in the literature, broadband and
minimally-invasive open-ended probe measurements are best-suited for biological tissues. However,
several challenges related to measurement accuracy arise when dealing with biological tissues in both
ex vivo and in vivo scenarios such as very constrained set-ups in terms of limited sample size and
probe positioning. By means of the Finite Integration Technique in the CST Studio Suite® software,
the numerical accuracy of the reconstruction of the complex permittivity of a high water-content tissue
such as liver and a low water-content tissue such as fat is evaluated for different sample dimensions,
different location of the probe, and considering the influence of the background environment. It is
found that for high water-content tissues, the insertion depth of the probe into the sample is the
most critical parameter on the accuracy of the reconstruction. Whereas when low water-content
tissues are measured, the probe could be simply placed in contact with the surface of the sample but
a deeper and wider sample is required to mitigate biasing effects from the background environment.
The numerical analysis proves to be a valid tool to assess the suitability of a measurement set-up for a
target accuracy threshold.
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1. Introduction

In recent years, the rapid growth of medical applications based on electromagnetic (EM) fields such
as hyperthermic treatments [1–3], medical imaging [4], on-body and implant-based communications [5]
has focused a strong interest in the accurate dielectric characterization of biological tissues. Dielectric
properties of tissues mediate the interaction between EM fields and the human body, and their values
as well as the way these values change e.g., as a function of frequency, tissue status, temperature,
are critical in the different applications [3,6]. This is particularly evident when numerical models are
used e.g., to design new applications or to develop treatment planning procedures [7–9]. Accordingly,
enhanced knowledge of the dielectric properties of human tissues and how these parameters change
with time, temperature, hydration, and blood perfusion can inform the design of safer and more
efficacious therapeutic, diagnostic and theranostic EM-based devices.

It was in 1984 when Joines [10] reported that diseased tissues show different dielectric values from
healthy ones, giving momentum to the search of new techniques based on interaction of EM fields
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with the biological tissues. Dielectric spectroscopy has been facilitated by a deeper understanding of
the interaction of complex biological tissues and EM energy across different frequency, power and
duration settings. Extensive literature reviews of dielectric properties of biological tissues have been
carried out over a wide frequency range [11]. Earlier studies mainly reported dielectric properties of
animal tissues [12–14]; starting from 2000’s the focus of several studies has shifted towards human
tissues [15]. Tissue properties datasets have been built from both in vivo and ex vivo measurements
for animal tissues and ex vivo measurements for human tissues [16–20]. At microwave frequencies,
the dominant and divergent components of the dielectric dispersion in biological tissues are the dipolar
relaxation of water and the insulating behaviour of fat [13]. This defines the range of variability of
dielectric properties in biological tissue within the limit conditions of fat tissue and highly-perfused
tissues with high-water content. For this reason, the dielectric characterisation can be used to monitor
thermal ablation treatments which induce loco-regional coagulative necrosis and a consequent dramatic
dehydration of the targeted body region [6,21].

Recent studies have also started to address the impact of heterogeneity of biological tissues
on dielectric properties measurements [22,23]. To this extent, it was proposed to cross-correlate
the histological characterization of the volume of tissues that contribute to the dielectric properties
measured by the probe. However, while improved protocols for the characterization of heterogeneous
biological tissue are investigated, research efforts are also required to make the measurement set-up
minimally invasive.

Non-destructive techniques are required to measure the dielectric properties of biological tissue
samples to mitigate the risk of alteration of the tissue structure. There are several methods to measure
the dielectric properties of biological tissues, including the transmission line, cavity, tetrapolar (or multi
electrode) probe, and open-ended coaxial probe techniques [24–26]. Amongst these methods, the coaxial
probe technique is the most commonly used [27,28]. The technique was extensively investigated and
used not only to measure biological tissues but also dielectric for microwave circuits [29–32].

The open-ended coaxial probe consists of a truncated section of a transmission line.
The electromagnetic field propagates along the coaxial line and reflection occurs when the
electromagnetic field encounters an impedance mismatch between the open tip of the probe and the
tissue sample. The reflected signals at different frequencies are measured and then converted into
complex permittivity values. This broadband and minimally-invasive measurement technique is
best-suited to measure semi-solid, pliable-solid, and liquid tissue samples [33,34] and can be potentially
minimally invasive if the cross-section of the probe interfacing with the tissue is kept small in terms
of the sample size. Stuchly and Stuchly extensively studied the open-ended probe method both
theoretically and experimentally [35]. They made a critical review of coaxial-line reflection methods
and started building a database with the dielectric properties of numerous tissues in the frequency
range 10 kHz–10 GHz.

The accuracy of the open-ended probe measurement technique strongly depends on the probe’s
dimensions and the frequency employed, as well as the position of the probe and the size of the sample
in term of the wavelength in the unknown medium. In particular, when the boundaries of the samples
are too close to the probe, the measurement can be strongly biased. For instance, according to the
Keysight N1501A Dielectric Slim-form Probe Kit manual, the slim form probe should be inserted
into the material under test at least for 5 mm, and 5 mm minimum are needed around the tip of the
probe [34]. However, these operating conditions may be very challenging when dealing with biological
tissues in both ex vivo and in vivo scenarios where the size of the specimen is often smaller than
minimum requirements and the probe may not be inserted at recommended depth.

In this numerical investigation the impact on accuracy of the sample size and the probe positioning
will be calculated for different conditions and for two reference tissues representing very different
water-content levels (i.e., liver and fat). In particular, liver and fat tissues were used as reference for two
main reasons: they are representative of the range of variability of dielectric properties in biological
tissue, being the first a high water content tissue (about 70% [36]) and the latter a low-content one
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(about 18% [36]), i.e., two very distinct cases encountered when measuring dielectric properties of
biological tissues; and these two tissues represent very often the target scenario in some of the above
cited clinical applications (e.g., hyperthermia and microwave thermal ablation).

Aim of this paper is to introduce an accurate numerical model to validate the measurement set-up
in terms of the expected complex permittivity of the medium under test. Moreover, once the numerical
model is benchmarked against reference data from literature, it enables the analysis of the influence of
the dimension of the sample under test on the accuracy of the reconstruction. Section 2 describes the
numerical model and solver adopted for this investigation. But it also illustrates the methodology
proposed for the sensitivity analysis of the reconstruction accuracy for different set-up configurations.
Results of the numerical analysis carried out on liver and fat tissue are reported in Section 3 and
extensively discussed in Section 4. Finally, in the last section, conclusions are drawn on the validity
and the applicability of the proposed approach.

2. Materials and Methods

In this section the numerical method used in the analysis is described first. Then, to allow
understanding the geometry implemented and simulated into the software, the experimental set-up
for the measurement of dielectric properties of biological tissue by means of the open-ended probe
technique is briefly recalled. The conducted sensitivity analysis is finally presented at the end of
the section.

2.1. Numerical Method and Model of the Open-Ended Probe Technique Experimental Set-Up

CST Studio Suite® software (Dassault Systèmes, Vélizy-Villacoublay, France) was used to perform
numerical simulations. CST Studio Suite® is a full-wave electromagnetic software suitable for the
design, analysis and optimization of electromagnetic components. In the software, several numerical
methods can be chosen to solve Maxwell’s equation, according to the problem at hand. In this work,
the Transient Solver was used, that allows the calculation of the electromagnetic field in a broad
frequency range. The Transient Solver implements the Finite Integration Technique to solve Maxwell’s
equations in the time domain [37]. To this end, a mesh is used to discretize the domain under study.
Both hexahedral and tetrahedral meshes can be used; moreover, several techniques are implemented
to deal with boundaries which do not conform to the cells’ geometry [38].

Into the software a model of the experimental set-up used in the measurement of dielectric
properties of biological tissues by way of the open-ended coaxial probe technique was implemented.

The technique is based on the measurement by a vector network analyser (VNA) of the reflection
coefficient of a section of coaxial cable open-terminated (open-ended probe), when the tip is immersed
in the material under test (MUT). The unknown dielectric properties are then calculated starting from
the reflection coefficients and taking advantage of an equivalent circuit representing the probe as well
as the MUT from an electric point of view [35,39,40].

Before the measurement in the MUT, a calibration procedure is performed to rule out systematic
errors, as well as to characterize the elements of the equivalent circuit [12,39,41]. Stuchly et al. proposed
a calibration technique using three standard loads - an open circuit, a short circuit and a liquid with
known dielectric properties - which generate known reflection coefficients at the end of the line [12,42].
Recently, a calibration procedure made by using an open circuit condition and two well-characterized
liquids has been proposed also, to allow reducing the uncertainty linked to the realization of the short
condition at the terminal end of the coaxial cable [40,41].

After calibrating the set-up, the experimental procedure foresees the insertion of the open-ended
probe into the MUT and the measurement of the resulting frequency dependent complex reflection
coefficient (magnitude and phase). Then, from the measured data, inversion techniques are used to
derive the unknown dielectric properties [40].

Several open-probes have been developed, both custom-made [41,43] and commercial ones [33,34].
In this study, the Keysight slim-form probe [33,34] was taken as a reference in terms of dimensions
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and applicability requirements, being one of the most frequently used probes in the experimental
studies [44,45]. The Keysight slim-form probe is made by a 20 cm long section of coaxial cable, with
an external diameter of 2.2 mm. According to the Keysight’s manual, the slim form probe should be
used to measure liquid or semi-solid materials which could conform to the probe tip [34]. It operates
in a frequency range between 500 MHz and 50 GHz (the maximum frequency is limited by MUT
properties), and it should be inserted into the MUT at least for 5 mm, with 5 mm around the tip of
the probe [34]. These conditions should approximate a material “infinite” in size, which is one of the
hypotheses of the reconstruction models. Moreover, the MUT is supposed to be homogeneous and
isotropic [33].

In the CST software, a section of coaxial cable 10 cm long open terminated in one end and excited
with the fundamental TEM mode on the other end was modelled. Cable dimensions and materials
were defined in order to conform to the slim-form structure (i.e., inner conductor 0.7 mm diameter,
outer conductor inner diameter 1.8 mm and external diameter 2.2 mm, and relative permittivity of
dielectric 1.28 to achieve 50 Ω impedance). Finally, no flange is present.

Simulations were conducted defining an initial mesh with a side of λ/30, where λ is the lowest
wavelength in the simulation, and defining local mesh properties at the open tip of the probe imposing
an edge refining factor of 10. Then simulations were carried out activating the adaptive mesh refinement
process, with convergence criteria defined by the S-parameter values in the full frequency range of
the simulation (0–5 GHz). Following the adaptive process, a mesh requirement of λ/40 in the domain,
with the refinement factor of 10 at the edge of the probe was found as the optimal choice for accurate
and stable results. The boundary conditions settled in the simulations where the “open boundary
conditions” asking for at least 1 additional wavelength of space (at 1.5 GHz) around the studied
geometry, with an estimated reflection level at the boundary of 0.0001.

To reconstruct the dielectric properties of materials, the model proposed by Stuchly&Stuchly
(in the following reported as S&S’s model) representing the probe’s load as an admittance made by
capacitive components, was used [12,35]. The model shows a good accuracy in the frequency range
between 100 MHz and 5 GHz [35,46]. The high frequency limit is given by the increasing influence of
radiation, and the low frequency limit by a decreasing sensitivity of the load capacitance model for
varying permittivity [31,35].

Before considering any biological tissue, three distinct simulations were carried out leaving the tip
of the probe in air, or inserting it into distilled water and methanol. Then the simulation was carried
out with the probe inserted in the material under test, and the calculated reflection coefficient used to
reconstruct the unknown dielectric properties.

The materials under test were liver and fat, representatives of a high and low water content
tissue [36], i.e., two very distinct cases encountered when measuring dielectric properties of biological
tissues. Their properties were implemented into the software according to the Debye’s dispersion
model, i.e., taking into account the frequency-dependence of the dielectric properties of the two
tissues [17].

The simulated frequency band was between 0 and 5 GHz, which covers most of medical
applications of electromagnetic fields as microwave imaging, hyperthermia, thermal ablation [1–3].

To evaluate the error introduced by reducing the sample’s dimensions or the insertion depth of the
probe, the general rules reported in the Keysight manual were taken as a reference [34]. In particular,
according the manual, the model accuracy is typically about 3% to 5% for both the real and imaginary
part of the relative complex permittivity; then, the overall measurement accuracy is calculated adding
this data to the accuracy in reconstructing the calibration loads, reaching typical values of 10% in the
case of the slim form probe [34].

Accordingly, in the following analysis of the achieved results, a threshold of 5% has been chosen
to comment on the accuracy of the reconstruction of the unknown dielectric properties.
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2.2. Sensitivity Analysis

As initial condition, both calibration liquids (i.e., distilled water and methanol) and the MUT were
represented as a 7 cm long parallelepiped, with a square base of 3 cm side. The probe was inserted into
the materials in the centre of their base, for a 2 cm length. Figure 1 shows the corresponding geometry.
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Figure 1. Geometry of the probe inserted into a parallelepiped of material (distilled water for calibration
purposes, or liver and fat tissues).

The dielectric properties of the MUT as reconstructed with the S&S’s model were then compared
with the values implemented in the CST software to validate the accuracy both of the simulations and
of the reconstruction model. In particular, the comparison of the calculated data with the true values in
the reference condition allows to validate the numerical model in terms of MUT dimensions, studied
domain dimensions, and software settings. Figure 2 shows a schematic view of the adopted procedure.Sensors 2020, 20, x FOR PEER REVIEW 6 of 19 
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Figure 2. Flow diagram showing reconstruction error calculation.

Then, the sensitivity analysis was conducted reducing the dimensions of the MUT (length L and
width w, Figure 1) as well as the insertion depth of the probe (h, Figure 1). The presence of a support
to hold the sample under test was considered also simulating the lifting tables used in experimental
conditions to press the biological sample against the probe tip in order to make a good contact without
moving the probe after calibration [47]; in the simulations, the support was modelled as a perfect
electric conductor (PEC) placed below the MUT.
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Table 1 shows all cases considered in the sensitivity analysis. Starting from the reference condition
(height 70 mm, width 15 mm—i.e., 30 mm sample’s side, probe insertion depth 20 mm, background
material air), the height of the sample was reduced first, then its width. Both these two cases (2 and 3,
Table 1) maintain the measurement conditions reported in the Keysight’s manual, i.e., 5 mm insertion
depth and 5 mm tissue all around the probe tip [34]. Then, the insertion depth of the probe was
nullified both with the reference dimensions and with reduced height and width of the sample (4 and
5, Table 1).

Table 1. Cases considered in the sensitivity analysis.

N Case Height
(L mm)

Width
(w, mm)

Insertion
Depth (h, mm) Backing

1 reference 70 15 20 air
2 shorter 25 15 20 air
3 narrow 70 5 20 air
4 0 insertion 70 15 0 air
5 shorter + narrow + 0 ns. 25 5 0 air
6

influence of the height
(narrow, small insertion

depth)

10 5 5 air
7 9 5 5 air
8 8 5 5 air
9 7 5 5 air
10 6 5 5 air
11 influence of the width

(short, small insertion
depth)

10 4 5 air
12 10 3 5 air
13 10 2 5 air
14

influence of the insertion
depth (short, narrow)

9 5 4 air
15 8 5 3 air
16 7 5 2 air
17 6 5 1 air
18 5 5 0 air
19 influence of the support 10 5 5 PEC 1

20 8 5 3 PEC 1

1 PEC = Perfect Electric Conductor.

Successively, the sample height was gradually reduced keeping the minimum allowable sample’s
width and probe insertion depth (6–10, Table 1). From the data in the Table, for case 10, a distance of
1 mm between the probe’s tip and the bottom surface of the sample can be calculated (L–h). Similarly,
keeping the smallest allowable height and insertion depth of the probe, the sample width was gradually
reduced (11–13, Table 1). Then, the insertion depth was varied, reducing the height of the sample and
the insertion depth at the same time, in order to keep the distance between the tip of the probe and the
bottom surface of the sample constant (i.e., 5 mm; cases 14–18, Table 1).

Finally, the presence of the lifting table used to hold the sample and to lift it was considered,
backing the bottom surface of the sample with a perfect electric conductor. The presence of the PEC
was considered in the case of sample and measurement conditions equal to the minimum requirements
(19, Table 1) and with reduced distance between the probe’s tip and the sample’s bottom surface,
still keeping the 5 mm insertion depth (20, Table 1).

The accuracy of the reconstruction in the different cases was evaluated calculating the percentage
error at each considered frequency according to Equation (1):∣∣∣XCST( f ) −Xsim( f )

∣∣∣
XCST( f )

·100, (1)

where XCST represents either the real part (ε′) or the imaginary part (ε′′ ) of the complex relative
permittivity of the MUT implemented in the CST software, i.e., the actual values for this study, Xsim
the corresponding quantity calculated from the simulations, and f represents the frequency. In total
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980 frequency points were considered in the range from 100 MHz to 5 GHz, corresponding to a
frequency resolution of 5 MHz.

Among all frequency values, average values and standard deviations where then calculated.

3. Results

In the following, the results achieved in the reference condition are presented first. Then, the results
achieved changing the dimensions of the MUT are presented, both with reference to liver and to
fat tissue.

3.1. Reference Condition

Figure 3 shows the real (Figure 3a) and imaginary part (Figure 3b) of the relative complex
permittivity of liver at 25 ◦C as a function of the frequency as reconstructed by the Stuchly model
compared with the values in the CST software (i.e., the actual ones for this study). To evidence the
accuracy of the reconstruction, Figure 4 shows the corresponding percentage error. Similarly, Figure 5
compares the real (Figure 5a) and imaginary part (Figure 5b) of the relative complex permittivity of fat
at 25 ◦C as a function of the frequency reconstructed by the Stuchly model with the values in the CST
software, and Figure 6 shows the corresponding percentage errors.
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be derived in the frequency range of the probe, i.e., from 0.5 GHz up to 5 GHz. In particular, Figures 3
and 5 evidence the frequency applicability of the reconstruction model, showing increasing differences
in the reconstructed values for frequency values below 100 MHz. Indeed, as stated in Section 2.1,
at the lower frequencies the model loses sensitivity due to too small changes of the admittance load
linked to different MUT. Looking at the percentage errors, i.e., Figure 4; Figure 6, in the considered
frequency range an oscillating behaviour with the frequency is found, with maximum values below
0.04 and 0.07 for the real and imaginary part of the complex permittivity of liver (Figure 4), and below
0.03 and 0.1 for the real and imaginary part of the complex permittivity of fat (Figure 6), with the
exception of the imaginary part at the highest frequencies (Figure 6b). In this respect, it can be noted
that the slim form probe is not recommended for measurement of materials with low loss tangent
(loss tangent < 0.5) when the real part of the complex permittivity is greater than 5 [34]. In the case of
fat, the loss tangent is below 0.5 from about 250 MHz, and the real part of the complex permittivity
is greater than 5 up to 4.5 GHz, and equal to 4.93 at 5 GHz. Accordingly, the considered material
shows dielectric properties which are at the limit of the usability of the open-ended probe technique
with the probe’s dimensions here considered. However, the literature shows that the advantages of
the open-ended probe technique in terms of minimal invasiveness and broad frequency range have
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induced its large adoption also at limit conditions for the dielectric characterization of biological tissues
with low water content [10–19,27,28,35,43–45].

From Figures 3–6 it can be noted that a good agreement is kept even for frequencies lower than
0.5 GHz; following this result, the percentage errors and related statistics were evaluated starting from
100 MHz. In the case of liver, the average percentage error is 1.9% (st. dev. 2.0) for the real part and
2.1% (st. dev. 1.7) for the imaginary part of the complex permittivity; while in the fat the percentage
error is 1.3% (st. dev. 1.0) and 4.6% (st. dev. 2.9), respectively. As a matter of fact, differences below 5%
of the actual values are found from 360 MHz in the case of liver and from 140 MHz in the case of fat.

3.2. Sensitivity Analysis

Table 2 reports the average values and standard deviations of the error in the frequency range
from 100 MHz to 5 GHz for all considered cases when the MUT is liver, while Table 3 shows the same
data in the case of fat. The column “Case” in the Tables reports a short reference to the considered
case, as detailed in Table 1, given by an explicative name followed in parentheses by the geometrical
dimensions (height, width, insertion depth of the probe) and backing material (i.e., air or Perfect
Electric Conductor, PEC).

In the Tables, values in red colour evidence the errors which are above a value of 5%.
From Table 2; Table 3, it can be noted that the average errors evaluated for the imaginary part of

the complex permittivity are always greater than the related errors for the real part.
Comparing the reference cases with all others, it can be noted that the minimum dimensions and

probe insertion usually considered in experimental studies (5 mm insertion depth, and 5 mm distance
between the probe and the surfaces of the MUT in all directions) increase the achievable average error
from a minimum value of 1.9 to 2.8 for ε′ and from 2.1 to 4.8 for ε′′ in the case of liver, and from 1.3 to
1.6, from 4.6 to 8.1, respectively, in the case of fat (comparison of case 1 with case 6).

Table 2. Average errors achieved in the evaluation of the real and imaginary part of the relative complex
permittivity of liver in several geometrical conditions.

N Case Name
(L; w; h; Backing)

ε′ Error Average
(st. dev)

ε′′ Error Average
(st. dev)

1 reference (70; 15; 20; air) 1.9 (2.0) 2.1 (1.7)
2 shorter (25; 15; 20; air) 2.1 (2.1) 2.4 (1.8)
3 narrow (70; 5; 20; air) 2.6 (2.5) 3.3 (2.5)
4 0 insertion (70; 15; 0; air) 2.8 (2.2) 9.4 (3.9)
5 s + n + 0 ins (25; 5; 0; air) 2.9 (2.7) 10.3 (3.7)
6 height (10; 5; 5; air) 2.8 (2.8) 4.8 (2.9)
7 height (9; 5; 5; air) 2.8 (2.8) 4.6 (2.7)
8 height (8; 5; 5; air) 2.5 (2.8) 4.3 (2.7)
9 height (7; 5; 5; air) 1.7 (3.0) 6.8 (3.1)
10 height (6; 5; 5; air) 11.1 (3.0) 19.6 (4.3)
11 width (10; 4; 5; air) 2.9 (2.9) 4.9 (2.6)
12 width (10; 3; 5; air) 1.8 (3.0) 9.0 (3.7)
13 width (10; 2; 5; air) 8.8 (3.1) 17.6 (4.2)
14 insertion (9; 5; 4; air) 3.1 (2.9) 5.2 (3.9)
15 insertion (8; 5; 3; air) 3.4 (2.9) 5.0 (3.2)
16 insertion (7; 5; 2; air) 3.2 (3.0) 4.7 (2.3)
17 insertion (6; 5; 1; air) 2.5 (3.0) 6.1 (2.6)
18 insertion (5; 5; 0; air) 3.0 (3.3) 10.7 (3.4)
19 support (10; 5; 5; PEC) 1.9 (2.6) 4.6 (2.8)
20 support (8; 5; 3; PEC) 2.1 (2.9) 4.9 (3.3)
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Table 3. Average errors achieved in the evaluation of the real and imaginary part of the relative complex
permittivity of fat in several geometrical conditions.

N Case Name
(L; w; h; Backing)

ε′ Error Average
(st. dev)

ε′′ Error Average
(st. dev)

1 reference (70; 15; 20; air) 1.3 (1.0) 4.6 (2.9)
2 shorter (25; 15; 20; air) 1.5 (1.0) 5.2 (3.5)
3 narrow (70; 5; 20; air) 1.8 (1.0) 6.5 (3.8)
4 0 insertion (70; 15; 0; air) 2.8 (1.0) 4.6 (3.5)
5 s + n + 0 ins (25; 5; 0; air) 3.0 (1.0) 5.6 (3.6)
6 height (10; 5; 5; air) 1.6 (0.9) 8.1 (4.5)
7 height (9; 5; 5; air) 0.9 (0.7) 8.5 (4.6)
8 height (8; 5; 5; air) 2.0 (0.9) 9.2 (4.7)
9 height (7; 5; 5; air) 3.4 (0.9) 11.4 (4.8)
10 height (6; 5; 5; air) 10.7 (0.8) 21.0 (4.7)
11 width (10; 4; 5; air) 2.0 (0.9) 8.6 (4.5)
12 width (10; 3; 5; air) 2.8 (0.9) 9.4 (4.4)
13 width (10; 2; 5; air) 6.6 (1.1) 12.9 (3.4)
14 insertion (9; 5; 4; air) 1.6 (0.9) 8.1 (4.5)
15 insertion (8; 5; 3; air) 1.7 (0.9) 8.1 (4.6)
16 insertion (7; 5; 2; air) 1.9 (0.9) 8.0 (4.5)
17 insertion (6; 5; 1; air) 2.1 (0.8) 7.7 (3.7)
18 insertion (5; 5; 0; air) 3.1 (1.0) 6.9 (3.4)
19 support (10; 5; 5; PEC) 1.2 (0.7) 6.2 (3.4)
20 support (8; 5; 3; PEC) 1.3 (0.7) 6.2 (3.8)

In the case of liver, shown in Table 2, calculated errors are below 5% in most considered cases
with the exception of the cases in which the probe is just put in contact with the surface of the MUT
(0 insertion, cases n. 4, 5, 18), when the height of the sample is reduced such that the distance between
the probe tip and the bottom surface of the MUT is 2 mm or lower (cases 9 and 10), when the MUT
width is 3 mm or lower (cases 12 and 13), and when the insertion of the probe is minimum (1 mm,
case 17). Comparing cases 4 and 17, i.e., a big MUT but with the probe placed in contact to the upper
surface (4) and a small MUT (17) with the probe inserted for 1 mm, so that the distance between the
probe tip and the bottom surface of the sample is 5 mm, it can be noted that the errors in the real part
of the complex permittivity are almost the same, while the error in the imaginary part is greater for the
case with the big sample. Accordingly, it can be derived that the main source of error in evaluating the
MUT complex permittivity is when the probe is not inserted into the MUT but simply put in contact
with its surface. Finally, the greatest values for the average error are achieved in the case of reduced
sample height, when the distance between the probe tip and the bottom surface of the MUT is greatly
reduced (case 10), and when the width of the sample is reduced with respect to the probe dimensions
(case 13). Considering a maximum allowable accuracy equal to 5%, it can be concluded that the sample
height can be slightly reduced from 10 mm to 8 mm if the insertion depth of the probe is kept at least
5 mm, while the sample width should be at least 4 mm, i.e., very close the experimental indications [34].
However, if the insertion depth is reduced, even keeping the distance between the probe tip and the
bottom surface of the MUT at 5 mm, the error increases above the threshold.

Finally, in both liver and fat, if the MUT is placed on a conductive support (cases 19 and 20),
the error is slightly reduced with respect the case of the same geometrical conditions and background
medium air, in both considered materials (6 vs. 19, and 15 vs. 20).

Figure 7 shows the behaviour of the complex permittivity of liver (real part Figure 7a; imaginary
part Figure 7b) comparing the “real values”, i.e., the data implemented in the CST software, with those
reconstructed from the reflection coefficient of the probe in the reference case (70,15,20,a) and in the
case where the maximum average error was calculated, i.e., case 10 in Table 2 (6,5,5,a). To evidence
the distance between the “real values” and the reconstructed ones, Figure 8 shows the corresponding
percentage error.
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Figure 7. Relative complex permittivity of liver at 25 ◦C. (a) real part; (b) imaginary part. The values
implemented into the CST software (red line) are compared with those reconstructed by the S&S model
from the simulated reflection coefficient of the open probe in the reference case (dashed blue line),
and in the case in which the maximum percentage error was evaluated (dashed black line, 6; 5; 5; air).
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material is increased. 

Figure 8. Percentage errors in the evaluation of the relative complex permittivity of liver at 25 ◦C
through the reflection arrangement of the open probe technique. (a) real part; (b) imaginary part.
The red curves give the error evaluated in the reference case, while the dashed blue line shows the
error in the case where the maximum average error was calculated, i.e., case 10 in Table 2 (6; 5; 5; air).

Similarly, Figure 9 shows the behaviour of the complex permittivity of fat (real part Figure 9a;
imaginary part Figure 9b) comparing the “real values” with those reconstructed from the reflection
coefficient of the probe in the reference case (70,15,20,a) and in the case where the maximum average
error was calculated, i.e., case 10 in Table 3 (6,5,5,a). Again, to evidence the distance between the “real
values” and the reconstructed ones, Figure 10 shows the corresponding percentage error. From Figures 7
and 9 it is shown that the error is due to lower values calculated with the reconstruction algorithm in
all the frequency band considered, with a slight increase in the upper frequencies for the imaginary
part. Accordingly, the calculated error behaves as a systematic error with, in the worst case (i.e., 6; 5; 5;
air), an average weight across all frequencies equal to 11.1% for ε′ and 19.6% for ε” in the case of liver,
and 10.7% and 21.0% for ε′ and ε” in the case of fat (Tables 2 and 3, case 10).
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Figure 9. Relative complex permittivity of fat at 25 ◦C. (a) real part; (b) imaginary part. The values
implemented into the CST software (red line) are compared with those reconstructed by the S&S model
from the simulated reflection coefficient of the open probe in the reference case (dashed blue line),
and in the case in which the maximum percentage error was evaluated (dashed black line, 6; 5; 5; air).
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Figure 10. Percentage errors in the evaluation of the relative complex permittivity of fat at 25 ◦C
through the reflection arrangement of the open probe technique. (a) real part; (b) imaginary part.
The red curves give the error evaluated in the reference case, while the dashed blue line shows the
error in the case where the maximum average error was calculated, i.e., case 10 in Table 2 (6; 5; 5; air).

Figure 11 shows the root mean squared (RMS) electric field calculated at 0.5 GHz when the probe
is immersed in the fat with a height of 70 mm, a width of 15 mm all around the probe, and the probe
is inserted up to a 20 mm depth (i.e., the reference condition). For comparison, Figure 12 shows the
RMS electric field in the case of a sample height of 6 mm, width 5 mm, and insertion depth 5 mm
(i.e., 6; 5; 5; air). From the figures it is evident that, when the tissue sample has greater dimension,
the electric field emitted by the open end of the probe is wholly confined within the MUT. On the
contrary, if the sample’s dimensions are reduced with respect to the probe’s dimension, frequency,
and complex permittivity of the material, then the electric field goes beyond the MUT. This condition
is not taken into account in the equivalent circuit used in the reconstruction algorithm, so that the error
in the evaluation of the complex permittivity of the material is increased.
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4. Discussion

In this paper, the experimental set-up used to measure dielectric properties of biological tissues
based on the open-ended probe technique was numerically studied to evidence the influence of the
dimension of the MUT and location of the probe on the measured data.

The study was motivated by the increasing number of experimental studies devoted to the
dielectric characterization of biological tissues, which look for the influence on the dielectric properties
of factors as the temperature, blood perfusion, ex vivo vs. in vivo, healthy vs. diseased tissue,
and so on [21,45,48]. Such attention is in turn driven by the ever-increasing proposal of medical
applications of electromagnetic fields, both as diagnostic tools and therapeutic agents [1–6]. Given
the requirement for the measurement of slight changes in the dielectric properties and the availability
of human samples which are very often limited in dimensions, the measurement error control is
mandatory to prevent biasing the dielectric characterization of subtle tissue changes with variability in
the experimental set-up.

The study was conducted representing into the CST software the slim-form open-ended coaxial
probe and evaluating through the electromagnetic simulation and application of the S&S reconstruction
algorithm, the dielectric properties of liver and fat in the frequency range from 0 to 5 GHz. The sample
under test was represented by a parallelepiped with varying dimensions; the insertion depth of
the probe was also varied. The reconstructed complex permittivity was then compared with the
dielectric properties of MUT as implemented in the software, thus deriving a true error related to the
performed procedure.

With the aim of validating the numerical model, the first case considered studies a MUT with
very big dimensions as well as a very deep insertion depth of the probe (L = 70 mm; w = 15 mm;
h = 20 mm) with respect the minimum values reported by the experimental guidelines [34]. Results
show an average percentage error, evaluated averaging among the frequency band 100 MHz–5 GHz,
of 1.9% (st. dev. 2.0) for the real part and 2.1% (st. dev. 1.7) for the imaginary part of the complex
permittivity of liver, and 1.3% (st. dev. 1.0) and 4.6% (st. dev. 2.9), respectively in the case of fat
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(Table 2; Table 3, case 1). Comparing these values with those reported in the Keysight’s manual, where
it is stated that the open-probe should be able to achieve a 5% accuracy in the reconstruction of the
dielectric properties of tissue, it can be stated that the numerical evaluation of the complex permittivity
of liver and fat conforms to the experimental practice.

Changing the dimensions of the MUT, i.e., reducing the sample’s dimensions, and reducing
the insertion depth of the probe with respect the reference condition, the error increases in most of
the considered cases (Tables 2 and 3). As a general comment, the error in the reconstruction of the
imaginary part of the complex permittivity is always greater than the error in the real part. Since the
error presents as an underestimation of the data, as evidenced in Figures 7 and 9, this means that the
model underestimates the dielectric losses of the material. Looking at the different cases, it was noted
that the minimum requirement for the experimental studies, i.e., the availability of a 5 mm tissue all
around the probe (that means 5 mm insertion depth, and 5 mm distance between the probe and the
surfaces of the MUT in all directions) increase the error to 2.8% for ε′ and 4.8% for ε′′ in the case of
liver, and to 1.6%, and 8.1%, respectively, in the case of fat (Tables 2 and 3 case 6). Accordingly, for a
setup with minimum dimensions and probe insertion, a 5% accuracy is achievable for a MUT with
high water-content, while the imaginary part of the complex permittivity of low water-content tissues
shows a much higher error. However, it should be noted that this value represents an average estimate
among the frequency band considered; accordingly, the errors will be greater than the 5% value at
some frequencies, which, in the case of low-water content tissue, mainly correspond to the higher part
of the considered spectrum.

Results displayed on Table 2; Table 3 show that the set-up geometry is critical in different ways
for materials with high and low water-content. In particular, it can be noted that the insertion depth
of the probe is the most critical parameter which affects the accuracy of the reconstructed complex
permittivity of a MUT with high water content. Comparing results from a sample of 70 mm height,
15 mm width in which the probe is placed in contact with the surface (0 insertion depth) with those of
a sample 6 mm high, 5 mm wide, in which the probe is inserted for 1 mm only (Table 2, case 4 vs. 17),
it can be noted that the error is greater in the bigger sample for both the real and imaginary part of the
complex permittivity (2.8 vs. 2.5; 9.4 vs. 6.1). Besides, the arrangements with the probe placed on the
surface of the tissue (Table 2, cases 4 and 5) show an average error above the 5% threshold. To derive a
measurement guideline, from the data in Table 2 it can be stated that to keep the 5% accuracy in the
case of high water content tissues, as liver, the probe should be inserted for at least 3 mm into the
sample and at least 3 mm of tissue should be present between the tip of the probe and the bottom
surface of the sample. With reference to the width, at least 4 mm are needed all around the probe.
The need for a minimum insertion depth and width of the tissue can be explained by the difference
in dielectric properties between the high water-content tissue and the surrounding air which cause
reflections and distortions of the electric field at the boundary of the tissue. In this respect, it can be
noted here that the modelled probe is not equipped with a flange. Although the flange would help
in the confinement of the fringe field within the sample, it is not a suitable geometry for minimally
invasive measurements of biological tissues. The low distance between the probe tip and the bottom
surface of the probe is explained by the high imaginary part of the complex permittivity, i.e., high
dielectric losses, which rapidly reduce the electromagnetic field within the sample, thus preventing
reflections from the bottom surface. As the probe outer diameter is equal to 2.2 mm, it is found that the
width of the sample should be at least 4 times the probe radius to be able to confine the fringe field of
the probe and thus allow reliable measurements. Therefore, in case of high water-content tissues, it is
advisable to keep the minimum requirements as in the measurement guidelines of at least 5 mm all
around the probe.

Looking at the average errors calculated in the case of fat (Table 3), it is immediately noted that the
average error in the imaginary part of the complex permittivity is higher than 5% in most of the cases.
It is well known that low water-content materials show a greater measurement error [49]. From the
values in Table 2, it is derived that the 5% accuracy can be reached only if the greatest dimensions are
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used for the sample (Table 2, cases 1 and 4). In this respect, it is interesting to note that the minimum
error on ε” is achieved even if the probe is simply in contact with the upper surface of the sample,
with no insertion (Table 2, case 4). This result can be explained with the low values of the complex
permittivity of fat (Figure 5), that imply a low discontinuity at the boundary between the tissue and
air in correspondence of the fringe field of the probe. However, as soon as the width of the MUT or
the distance between the probe tip and the bottom surface of the MUT are reduced, the average error
increases well above the 5% threshold. In this respect, it is to be noted that the minimum dimension
of the MUT required in measurements guidelines, i.e., 5 mm of tissue all around the probe, gives an
average error in the considered frequency band up to 8.1% for the imaginary part of the complex
permittivity. Similarly, simply reducing the sample width to 5 mm (Table 2, case 3), or lowering the
sample height so that the distance between the probe tip and the bottom surface of the sample is 5 mm
or lower (Table 2, case 2) increases the average error over the 5% threshold. This result can be explained
with the low losses associated with low water-content tissues, which induce a low attenuation of the
electric field within the tissue. This in turn allows greater incident electromagnetic energy on the
bottom surface of the sample, giving rise to reflections and distortions of the electric field, as evidenced
in Figure 12. Therefore, in case of low water-content tissues, the insertion depth of the probe is not
critical, and the probe could even be simply placed in contact to the surface of the MUT; however,
5 mm of tissue in all directions with respect to the probe position are a too small dimension to allow
accurate measurements. The simulations performed show that a 15 mm dimension would assure the
average error to be below 5%. However, noting that both the wavelength and the penetration depth in
fat are about 3 times those in liver (e.g., at 5 GHz the wavelength is 3.8 cm in fat vs. 1.3 cm in liver;
the penetration depth is 6.7 mm in fat and 2.2 mm in liver) it can be speculated that a 10 mm distance
between the probe and the boundary of the sample could be sufficient to achieve the desired accuracy.
As a matter of fact, to confirm this conclusion, simulations were performed varying the dimension
of the MUT in order to place one boundary of the tissue at a maximum distance of 10 mm from the
probe. The different cases as well as the calculated average errors for the real and imaginary part of the
complex permittivity are reported in Table 4. From the data in Table 4, it can be seen that the average
error is below the chosen threshold of 5% in all cases but the one with the minimum dimensions and in
which the probe is touching the upper surface of the MUT.

Table 4. Average errors achieved in the evaluation of the real and imaginary part of the relative complex
permittivity of fat when the MUT has one boundary at 10 mm from the probe.

N Case
L; w; h; Backing

ε′ Error
Average (st. dev)

ε′′ Error
Average (st. dev)

1 70; 10; 20; air 0.8 (0.8) 4.5 (3.3)
2 30; 15; 20; air 0.9 (0.8) 4.7 (2.9)
3 30; 10; 20; air 0.9 (0.8) 4.6 (3.3)
4 10; 10; 0; air 2.8 (1.2) 6.1 (4.7)

In [30] the changes in the reflection coefficient of an open-ended probe with flange were studied
by way of FDTD method for lossless material and water. The authors concluded that, for biological
materials, a sample’s thickness of about twice the aperture of the probe is needed. From the results in
this study, it is seen how this conclusion is valid for high losses materials, as the liver, which show
dielectric properties close those studied in [30]; however, the same doesn’t apply for low loss materials
as fat. Finally, in both liver and fat, if the MUT is placed on a conductive support, there is a slight
reduction of the average error compared with the cases with the same MUT dimensions backed with
air (6 vs. 19, and 15 vs. 20). To this end, it should be noted that the MUT dimensions in the PEC cases
are the minimum experimental requirements (case 19) and the minimum dimensions to still maintain
the 5% accuracy in the case of liver (case 20). In any case, if the material used to hold the sample
influences the achieved results, then the measurement is not probing only the MUT.
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The limitations of this study are linked to the use of the numerical solution to derive the reflection
coefficient of the probe, so that the calculated errors include the numerical accuracy, also. Indeed,
in the experimental case, the accuracy of the measure is influenced by the MUT, as investigated in this
study, and by the uncertainty of the measure. An additional point to be noted is related to the contact
between the probe and the MUT. In the numerical study the tissue conforms to the probe, without air
gaps, both when the probe is inserted in the MUT and when it is placed on its surface. This condition
is more critical in the experimental case, where the presence of air bubbles or the accumulation of
fluids in the interstitial space cannot be completely ruled out. Moreover, the procedure used to try to
guarantee the proper contact between the probe and the tissue by pressing the MUT against the tip of
the probe can even worsen the situation, by piping biological fluids, such as serum and blood, towards
the location of the probe tip. Finally, the achieved results are strictly related to the method used to
reconstruct the unknown properties from the measured reflection coefficient. More complex methods,
as those based on modal expansion, could achieve better performances than those here reported [29].
It is worth noting here that the reported results substantially confirm the good practice requirements of
common experimental set-up [34].

Once the errors induced on the measured dielectric properties by small MUT have been
characterized, other factors influencing the result of the measure could be considered, as different
temperature values, the presence of small air gaps between the tip of the probe and the materials,
as well as the not homogeneity of the sample.

As a concluding comment, it can be noted that once the numerical analysis is validated, as
in this study, it can be a valid tool to assess the suitability of a measurement set-up for a target
accuracy threshold.

5. Conclusions

In the measurements of dielectric properties of tissues by way of the open-ended probe technique,
the location of the tip of the probe and the dimension of the sample under test are essential for achieving
high accuracies. However, sample’s dimensions and probe’s tip locations often are dictated by the
experimental condition, especially in in vivo cases. The performed study showed the applicability of
a numerical analysis with a reference dielectric truth to calculate, prior to or after the measurement,
the error due to the reconstruction method for the specific set-up conditions (sample size and
probe positioning). Additionally, the numerical sensitivity investigation carried out on liver and fat
tissues showed the most critical factors in the set-up geometry for these MUTs, differentiating the
errors according the expected properties of the MUT itself (i.e., high and low water content tissues).
In particular, the study showed that when high water-content tissues are under measure, the tip of the
probe should be inserted into the sample for at least 5 mm, and the sample dimensions should assure
at least 5 mm all around the probe. When low water-content tissues are measured, the probe could be
simply placed in contact with the surface of the sample; however, at least 10 mm all around the probe
are needed to achieve a 5% accuracy in the measure.

Author Contributions: Conceptualization, M.C. and G.R.; Formal analysis, M.C.; Investigation, M.C.;
Methodology, M.C. and G.R.; Supervision, G.R.; Writing—original draft, M.C. and G.R.; Writing—review
& editing, M.C. and G.R. All authors have read and agreed to the published version of the manuscript

Funding: This research received no external funding.

Acknowledgments: The Authors would like to acknowledge the COST Action CA17115, MyWAVE.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Datta, N.R.; Ordóñez, S.G.; Gaipl, U.S.; Paulides, M.M.; Crezee, H.; Gellermann, J.; Marder, D.; Puric, E.;
Bodis, S. Local hyperthermia combined with radiotherapy and-/or chemotherapy: Recent advances and
promises for the future. Canc. Treat. Rev. 2015, 41, 742–753. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ctrv.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/26051911


Sensors 2020, 20, 3756 17 of 19

2. Lubner, M.G.; Brace, C.L.; Hinshaw, J.L.; Lee, F.T., Jr. Microwave tumor ablation: Mechanism of action,
clinical results, and devices. J. Vasc. Interv. Radiol. 2010, 21 (Suppl. 8), S192–S203. [CrossRef]

3. Brace, C.L. Radiofrequency and microwave ablation of the liver, lung, kidney, and bone: What are the
differences? Curr. Probl. Diagn. Radiol. 2009, 38, 135–143. [CrossRef] [PubMed]

4. Rubaek, T.; Mohr, J.J. Microwave tomography. In An Introduction to Microwave Imaging for Breast Cancer
Detection; Conceição, R.C., Mohr, J.J., O’Halloran, M., Eds.; Springer International Publishing: Cham,
Switzerland, 2016; pp. 17–45. [CrossRef]

5. Chandra, R.; Zhou, H.; Balasingham, I.; Narayanan, R.M. On the Opportunities and Challenges in Microwave
Medical Sensing and Imaging. IEEE Trans. Biomed. Eng. 2015, 62, 1667–1682. [CrossRef] [PubMed]

6. Scapaticci, R.; Lopresto, V.; Pinto, R.; Cavagnaro, M.; Crocco, L. Monitoring Thermal Ablation via Microwave
Tomography: An Ex Vivo Experimental Assessment. Diagnostics 2018, 8, 81. [CrossRef]

7. Lopresto, V.; Pinto, R.; Farina, L.; Cavagnaro, M. Microwave thermal ablation: Effects of tissue properties
variations on predictive models for treatment planning. Med. Eng. Phys. 2017, 46, 63–70. [CrossRef]

8. Kok, H.P.; Kotte, A.N.T.J.; Crezee, J. Planning, optimisation and evaluation of hyperthermia treatments. Int. J.
Hyperth. 2017, 33, 593–607. [CrossRef]

9. Prasad, B.; Kim, S.; Cho, W.; Kim, S.; Kim, J.K. Effect of tumor properties on energy absorption, temperature
mapping, and thermal dose in 13.56-MHz radiofrequency hyperthermia. J. Therm. Biol. 2018, 74, 281–289.
[CrossRef]

10. Joines, W. Frequency dependent absorption of electromagnetic energy in biological tissue. IEEE Trans.
Biomed. Eng. 1984, 31, 17–20. [CrossRef]

11. Peyman, A. Dielectric properties of tissues and their applications; state of knowledge. In Proceedings of the
2014 IEEE MTT-S International Microwave Workshop Series on RF and Wireless Technologies for Biomedical
and Healthcare Applications (IMWS-Bio2014), London, UK, 8–10 December 2014. [CrossRef]

12. Kraszewski, A.; Stuchly, M.; Stuchly, S. ANA calibration method for measurements of dielectric properties.
IEEE Trans. Instrum. Meas. 1983, 32, 385–387. [CrossRef]

13. Gabriel, C.; Gabriel, S.; Corthout, E. The dielectric properties of biological tissues: I. Literature survey.
Phys. Med. Biol. 1996, 41, 2231–2249. [CrossRef] [PubMed]

14. Gabriel, S.; Lau, R.W.; Gabriel, C. The dielectric properties of biological tissues: II. Measurements in the
frequency range 10 Hz to 20 GHz. Phys. Med. Biol. 1996, 41, 2251–2269. [CrossRef] [PubMed]

15. Peyman, A.; Holden, S.; Gabriel, C. Dielectric properties of tissues at microwave frequencies, Mobile
Telecommunications and Health Research Programme. Final Rep. Rum 2005, 3, 1–46.

16. Gabriel, C. Compilation of the Dielectric Properties of Body Tissues at RF and Microwave Frequencies U.S.
Air Force Report AFOSR-TR-96. 1996. Available online: https://www.fcc.gov/general/body-tissue-dielectric-
parameters (accessed on 22 April 2020).

17. Andreuccetti, D. An Internet Resource for the Calculation of the Dielectric Properties of Body Tissues in the
Frequency Range 10 Hz–100 GHz. 2012. Available online: http://niremf.ifac.cnr.it/tissprop/ (accessed on
22 April 2020).

18. Hasgall, P.A.; Di Gennaro, F.; Baumgartner, C.; Neufeld, E.; Lloyd, B.; Gosselin, M.C.; Payne, D.;
Klingenböck, A.; Kuster, N. IT’IS Database for Thermal and Electromagnetic Parameters of Biological
Tissues, Version 4.0. 2018. Available online: https://itis.swiss/virtual-population/tissue-properties/database/

dielectric-properties/ (accessed on 22 April 2020). [CrossRef]
19. Brady, M.M.; Symons, S.A.; Stuchly, S.S. Dielectric behaviour of selected animal tissues in vivo at frequencies

from 2 to 4 GHz. IEEE Trans. Biomed. Eng. 1981, 28, 305–307. [CrossRef]
20. Farrugia, L.; Wismayer, P.S.; Mangion, L.Z.; Sammut, C.V. Accurate in vivo dielectric properties of liver from

500 MHz to 40 GHz and their correlation to ex vivo measurements. Electromagn. Biol. Med. 2016, 35, 365–373.
[CrossRef]

21. Lopresto, V.; Pinto, R.; Lovisolo, G.A.; Cavagnaro, M. Changes in the dielectric properties of ex vivo bovine
liver during microwave thermal ablation at 2.45 GHz. Phys. Med. Biol. 2012, 57, 2309–2327. [CrossRef]

22. Meaney, P.M.; Gregory, A.P.; Seppälä, J.; Lahtinen, T. Open-Ended Coaxial Dielectric Probe Effective
Penetration Depth Determination. IEEE Trans. Microw. Theory Tech. 2016, 64, 915–923. [CrossRef]

23. La Gioia, A.; Porter, E.; Salahuddin, S.; O’Halloran, M. Impact of Radial Heterogeneities of Biological
Tissues on Dielectric Measurements. In Proceedings of the International Conference on Electromagnetics in
Advanced Applications (ICEAA), Verona, Italy, 11–15 September 2017. [CrossRef]

http://dx.doi.org/10.1016/j.jvir.2010.04.007
http://dx.doi.org/10.1067/j.cpradiol.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19298912
http://dx.doi.org/10.1007/978-3-319-27866-7_1
http://dx.doi.org/10.1109/TBME.2015.2432137
http://www.ncbi.nlm.nih.gov/pubmed/25993698
http://dx.doi.org/10.3390/diagnostics8040081
http://dx.doi.org/10.1016/j.medengphy.2017.06.008
http://dx.doi.org/10.1080/02656736.2017.1295323
http://dx.doi.org/10.1016/j.jtherbio.2018.04.007
http://dx.doi.org/10.1109/TBME.1984.325365
http://dx.doi.org/10.1109/IMWS-BIO.2014.7032378
http://dx.doi.org/10.1109/TIM.1983.4315084
http://dx.doi.org/10.1088/0031-9155/41/11/001
http://www.ncbi.nlm.nih.gov/pubmed/8938024
http://dx.doi.org/10.1088/0031-9155/41/11/002
http://www.ncbi.nlm.nih.gov/pubmed/8938025
https://www.fcc.gov/general/body-tissue-dielectric-parameters
https://www.fcc.gov/general/body-tissue-dielectric-parameters
http://niremf.ifac.cnr.it/tissprop/
https://itis.swiss/virtual-population/tissue-properties/database/dielectric-properties/
https://itis.swiss/virtual-population/tissue-properties/database/dielectric-properties/
http://dx.doi.org/10.13099/VIP21000-04-0
http://dx.doi.org/10.1109/TBME.1981.324707
http://dx.doi.org/10.3109/15368378.2015.1120221
http://dx.doi.org/10.1088/0031-9155/57/8/2309
http://dx.doi.org/10.1109/TMTT.2016.2519027
http://dx.doi.org/10.1109/ICEAA.2017.8065267


Sensors 2020, 20, 3756 18 of 19

24. Weir, W.B. Automatic measurement of complex dielectric constant and permeability at microwave frequencies.
Proc. IEEE 1974, 62, 33–36. [CrossRef]

25. Campbell, A. Measurements and Analysis of the Microwave Dielectric Properties of Tissues. Ph.D. Thesis,
University of Glasgow, Glasgow, UK, October 1990.

26. Karki, B.; Wi, H.; McEwan, A.; Kwon, H.; Oh, T.I.; Woo, E.J.; Seo, J.K. Evaluation of a Multi-Electrode
Bioimpedance Spectroscopy Tensor Probe to Detect the Anisotropic Conductivity Spectra of Biological
Tissues. Meas. Sci. Techno. 2014, 25, 075702. [CrossRef]

27. Lazebnik, M.; McCartney, L.; Popovic, D.; Watkins, C.B.; Lindstrom, M.J.; Harter, J.; Sewall, S.; Magliocco, A.;
Booske, J.H.; Okoniewski, M.; et al. A Large-Scale Study of the Ultrawideband Microwave Dielectric
Properties of Normal Breast Tissue Obtained from Reduction Surgeries. Phys. Med. Biol. 2007, 52, 2637–2656.
[CrossRef]

28. Sugitani, T.; Kubota, S.; Kuroki, S.; Sogo, K.; Arihiro, K.; Okada, M.; Kadoya, T.; Hide, M.; Oda, M.; Kikkawa, T.
Complex Permittivities of Breast Tumor Tissues Obtained from Cancer Surgeries. Appl. Phys. Lett. 2014, 104,
253702. [CrossRef]

29. Belhadj-Tahar, N.; Fourrier-Lamer, A. Broad-Band Analysis of a Coaxial Discontinuity Used for Dielectric
Measurements. IEEE Trans. Microw. Theory Tech. 1986, 34, 346–350. [CrossRef]

30. De Langhe, P.; Martens, L.; De Zutter, D. Design rules for an experimental setup using an open-ended coaxial
probe based on theoretical modelling. IEEE Trans. Instrum. Meas. 1994, 43, 810–817. [CrossRef]

31. Gregory, A.P.; Clarke, R.N. Dielectric metrology with coaxial sensors. Meas. Sci. Technol. 2007, 18, 1372–1386.
[CrossRef]

32. Marais, J.I.F. A Permittivity Measurement System for High Frequency. Master’s thesis, Laboratories. Thesis
for the Master of Science in Engineering. University of Stellenbosh, South Africa, 2006. Available online:
https://core.ac.uk/download/pdf/37319818.pdf (accessed on 14 June 2020).

33. Agilent 85070E Dielectric Probe Kit. Available online: http://na.support.keysight.com/materials/help/85070.
pdf (accessed on 23 February 2020).

34. Keysight N1501A Dielectric Probe Kit 10 MHz to 50 GHz, Technical Overview. Available online: https:
//www.keysight.com/it/en/assets/7018-04631/technical-overviews/5992-0264.pdf (accessed on 18 May 2020).

35. Stuchly, M.; Stuchly, S. Coaxial line reflection method for measuring dielectric properties of biological
substances at radio and microwave frequencies—A Review. IEEE Trans. Instrum. Meas. 1980, 29, 176–182.
[CrossRef]

36. Reinoso, R.F.; Telfer, B.A.; Rowland, M. Tissue Water Content in Rats Measured by Desiccation. J. Pharmacol.
Toxicol. Meth. 1997, 38, 87–92. [CrossRef]

37. Marklein, R. The Finite Integration Technique as a General Tool to Compute Acoustic, Electromagnetic,
Elastodynamic, and Coupled Wave Fields. In Review of Radio Science: 1999–2002; Ross Stone, W., Ed.; John
Wiley and Sons: Hoboken, NJ, USA, 2002; pp. 201–244. ISBN 978-0471268666.

38. Electromagnetic Simulation Solvers, CST Studio Suite. Available online: https://www.3ds.com/products-
services/simulia/products/cst-studio-suite/solvers/ (accessed on 18 May 2020).

39. Marsland, T.; Evans, S. Dielectric measurements with an openended coaxial probe. IEE Proc. H 1987, 134,
341–3490. [CrossRef]

40. Ruvio, G.; Vaselli, M.; Lopresto, V.; Pinto, R.; Farina, L.; Cavagnaro, M. Comparison of different methods for
dielectric properties measurements in liquid sample media. Int. J. RF Microw. Comput. Aided Eng. 2018,
28, e21215. [CrossRef]

41. Piuzzi, E.; Merla, C.; Cannazza, G.; Zambotti, A.; Apollonio, F.; Cataldo, A.; D’Atanasio, A.; De Benedetto, E.;
Liberti, M. A comparative analysis between customized and commercial systems for complex permittivity
measurements on liquid samples at microwave frequencies. IEEE Trans. Instrum. Meas. 2013, 62, 1034–1045.
[CrossRef]

42. Nyshadham, A.; Sibbald, C.; Stuchly, S. Permittivity measurements using open-ended sensors and reference
liquid calibration—An uncertainty analysis. IEEE Trans. Microw. Theory Tech. 1992, 40, 305–314. [CrossRef]

43. Popovic, D.; McCartney, L.; Beasley, C.; Lazebnik, M.; Okoniewski, M.; Hagness, S.C.; Booske, J.H. Precision
open-ended coaxial probes for in vivo and ex vivo dielectric spectroscopy of biological tissues at microwave
frequencies. IEEE Trans. Microw. Theory Tech. 2005, 53, 1713–1722. [CrossRef]

http://dx.doi.org/10.1109/PROC.1974.9382
http://dx.doi.org/10.1088/0957-0233/25/7/075702
http://dx.doi.org/10.1088/0031-9155/52/10/001
http://dx.doi.org/10.1063/1.4885087
http://dx.doi.org/10.1109/TMTT.1986.1133342
http://dx.doi.org/10.1109/19.368062
http://dx.doi.org/10.1088/0957-0233/18/5/026
https://core.ac.uk/download/pdf/37319818.pdf
http://na.support.keysight.com/materials/help/85070.pdf
http://na.support.keysight.com/materials/help/85070.pdf
https://www.keysight.com/it/en/assets/7018-04631/technical-overviews/5992-0264.pdf
https://www.keysight.com/it/en/assets/7018-04631/technical-overviews/5992-0264.pdf
http://dx.doi.org/10.1109/TIM.1980.4314902
http://dx.doi.org/10.1016/S1056-8719(97)00053-1
https://www.3ds.com/products-services/simulia/products/cst-studio-suite/solvers/
https://www.3ds.com/products-services/simulia/products/cst-studio-suite/solvers/
http://dx.doi.org/10.1049/ip-h-2.1987.0068
http://dx.doi.org/10.1002/mmce.21215
http://dx.doi.org/10.1109/TIM.2012.2236791
http://dx.doi.org/10.1109/22.120103
http://dx.doi.org/10.1109/TMTT.2005.847111


Sensors 2020, 20, 3756 19 of 19

44. Shahzad, A.; Khan, S.; Jones, M.; MDwyer, R.; O’Halloran, M. Investigation of the effect of dehydration on
tissue dielectric properties in ex vivo measurements. Biomed. Phys. Eng. Express (BPEX) 2017, 3, 045001.
[CrossRef]

45. Ley, S.; Schilling, S.; Fiser, O.; Vrba, J.; Sachs, J.; Helbig, M. Ultra-Wideband Temperature Dependent Dielectric
Spectroscopy of Porcine Tissue and Blood in the Microwave Frequency Range. Sensors 2019, 19, 1707.
[CrossRef] [PubMed]

46. Gabriel, C.; Chan, T.Y.A.; Grant, E.H. Admittance models for open ended coaxial probes and their place in
dielectric spectroscopy. Phys. Med. Biol. 1994, 39, 2183–2200. [CrossRef] [PubMed]

47. Martellosio, A.; Pasian, M.; Bozzi, M.; Perregrini, L.; Mazzanti, A.; Svelto, F.; Summers, P.E.; Renne, G.;
Preda, L.; Bellomi, M. Dielectric properties characterization from 0.5 to 50 GHz of breast cancer tissues.
IEEE Trans. Microw. Theory Tech. 2017, 65, 998–1011. [CrossRef]
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