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Abstract—This work proposes a broadband hybrid dielectric
characterization method of lossy solid highly variable materials
such as those employed in manufacturing realistic head phan-
toms for microwave imaging systems pre-clinical testing. The
technique then recovers the permittivity and conductivity in
the range of microwaves, posing the characterization as multi-
objective optimization that exploits numerical and measured
data. It copes with the intrinsic limitations of traditional
dielectric characterization approaches while compensating for
measuring errors, combining coaxial probe and double-ridged
waveguide scattering measurements in a single scheme. Finally,
the characterization is experimentally tested with mimicked
head tissues made of custom-made graphite powder and
polyurethane mixtures, retrieving their complex permittivity
in the band from 1−4 GHz.

Index Terms—Dielectric characterization, double-ridged
waveguide, coaxial probe, head model, microwave propagation,
optimization.

I. INTRODUCTION

The pre-clinical testing of medical devices is essential
to its multiple-stage assessment process, which in the early
stages proves the technology concept and, in the last ones,
arrives at more sophisticated and realistic validations using
mimicked clinical situations. In this context, the phantoms
are paramount to development and validation. For instance,
authors in [1]–[4] present different typologies of head and
breast phantoms used to test medical microwave-based de-
vices to diagnose and follow up brain stroke and cancer
detection, respectively.

We can classify the phantoms emulating the dielectric
properties of biological tissues in the microwave range, such
as the head, into two families based on the type and state
of material used for their realization: (1) liquid-based and
(2) semi-solid and solid. Then, for the former, the phantoms
consist of containers filled with liquid blends combining
water with Triton X-100 or alcohol, of which percentages

allow it to obtain the target permittivity in the tested de-
vice’s operation frequency [5]–[7]. However, they have the
drawback that might include plastic shells, which add a non-
realistic clinical feature to the testing and limit the modeling
of multi-tissue ones. For the latter, semi-solid materials like
agar-based ones, e.g., gelatine, present a suitable alternative
to building complex models [8]–[11]. Nevertheless, they
have the challenge of long-term preservation, restricting their
use to single-time experiments. With that in mind, different
authors have opted to use solid materials such as mixtures of
urethane rubber and graphite powder, carbon-loaded plastic,
or a combination of these to build complex multi-tissue
phantom [12]–[14]. These contribute to structural strength
while remaining physically and electrically stable over time.
Yet, these materials present a significant challenge when
being characterized [15]–[20].

Traditional and well-known techniques, such as the open
coaxial probe or resonance-based methods, are unsuitable for
a broadband characterization of solid materials. For instance,
the open coaxial probe, which fits to characterize liquid
mixtures, uses the reflection coefficient measured through a
probe immersed in a material sample under test (MUT) and
lumped circuit models to retrieve the dielectric properties
(DP) [19], [21], [22]. This approach exploits a standard cal-
ibration procedure measuring the probe reflection coefficient
of three known standards, open, short, and load (such as
distilled water), to obtain the calibration coefficient applied
later to the MUT measure, retrieving its corresponding DP
[23]–[25]. However, the technique only applies to materials
with even and smooth surfaces due to the need to ensure
controlled pressure and perfect contact between the probe’s
surface and the MUT. Hence, resonance-based techniques are
preferable for solid materials [26]–[28]. These compensate
for punctual measuring errors and sample inhomogeneities,
as their resonances, and thus, the scattering response, rely



on a more extensive domain. However, these might require
detailed mathematical modeling of the resonance device
(planar resonant microstrip, waveguide), not always trivial,
to extract the permittivity—besides, limitations on bandwidth
[15], [17], [18].

Considering the limitation of traditional methods for the
characterization of solid materials, we propose a hybrid
method employing both numeric and measured data to
perform broadband dielectric characterization of mimicked
human tissues used to design realistic phantoms, though not
limited to these. This technique involves two approaches,
the coaxial probe and the waveguide ones, through a multi-
objective optimization, derivating dielectric properties of
dispersive and lossy materials. Hence, it overcomes the
fundamental limitations at the same time, empowers their
best features.

In the following, Sect. II mathematically states the method.
Sect. III presents its experimental validation, applying it to
the characterization of rubber-graphite-based materials mim-
icking human head tissues in the band from 1−4 GHz and
using a coaxial probe and double-ridged waveguide setups.
Finally, Sect. IV describes and analyses the results, while the
conclusion and perspectives are discussed in Sect. V.

II. MATHEMATICAL STATEMENT HYBRID METHOD

We propose approaching the broadband characterization of
a material as an optimization problem, where the objective is
to retrieve the DP of a sample of a lossy solid MUT via the
minimization of the differences between the numerical and
measured 2-ports scattering response, with a clever initial
condition. So, we state a multi-objective cost function that
joins the effect of a dispersed complex permittivity, i.e.,
not constant in frequency and including losses, in a single
merit figure that comprehends reflection and transmission
effects, as seen in 1, extending the degrees of freedom, the
search domain, and its applicability. Moreover, a weighing
variable, k, linearly balances the information the permittivity
and conductivity provide on the scattering response, thus in
the DP retrieving. For instance, in the case of a very lossy
material, where the imaginary part of the permittivity might
have had a significant influence on the S-parameters, the
optimization will tend to weigh more this effect on the cost
function.

cost = Λdiff(S11) · k + Λdiff(S12) · (1− k), k ∈ [0, 1] (1)

On the other hand, the cost individually considers the effects
of the reflection and transmission, merging each via an
evenly average sum of the square difference over the whole
frequency band, as shown by 2, where N represents the num-
ber of frequency points. In 2, Sgoal is either the measured
S11 or S12 from the resonance device in the studied band,
equivalent to S22 and S21 because we consider a symmetrical
architecture and anisotropic materials. Meanwhile, Sfitness,
the indirect optimization variable, results from a full-wave
simulation that models the resonant device and the sample
of the MUT, modeled as a homogeneous material whose
dielectric properties act as direct optimization variables, ε
(permittivity), σ (conductivity). Specifically, to reduce the
optimization’s complexity, we select three points in the band

for both real and imaginary parts as optimization variables,
i.e., [εfn , σfn ], where fn stands by frequency point and
n = [1 : 3]. This assumption considers the smooth frequency
variation of the complex permittivity of the studied mimicked
human head tissues. However, the simulations run a third-
degree polynomial interpolation of those, which is then
used to produce a response in the same frequency points
of the goal as OP(ε̂, σ̂) = Sfitness

1×N , where OP represents
the EM solver, and ε̂ and σ̂ are the interpolated ones.
Such difference also take into account the phase of the
scattering parameters. This approach introduces additional
constraints in the optimization problem. However, it requires
good consistency between reference planes in simulation and
measurement.

Λdiff =

√
1

N

N∑
|Sgoal − Sfitness|2 (2)

Moving to the optimizer selection, we opt for a trust region
optimizer, which searches for the local minimum of the cost
function within a trust region in the vicinity of an initial
guess [29]. Hence, this produces a fast convergence with a
good estimation as long as the initial guess is well-defined.
Hence, we consider the DP retrieved using the open-coaxial
probe approach to determine the initial guess described in
the introduction.

III. VALIDATION

A. Phantom manufacturing

To validate the characterization method, we prepared
MUT samples using mixtures with different percent-
ages of urethane rubber and graphite powder molded as
20× 18× 12mm bricks, mimicking the DP of head tissues
in the frequency band between 1−4 GHz, which is of interest
for different microwave-based sensing and imaging applica-
tions [1], [30], [31]. Thus, the sample dimensions allows
the minimum field distribution required to obtain a good
estimation of initial condition of the optimizer, being around
a height of 10 mm for the used coaxial prove, as well as, fits
holding gap in the waveguide [26].

Moreover, we follow a three-step procedure to obtain
samples as homogenous as possible. First, we blended the
rubber, still liquid, and powder, inserting it gradually into the
mixture, using an electronic mixer while applying different
speed profiles as depicted in Fig. 1a. Second, the mixture is
deposited in 3D molds and moved into a vacuum chamber
for around 20 minutes (see Fig. 1b). This step removes the
air bubbles in the sample that may cause changes in the DP
of the MUTs. Finally, the MUTs is cured for about 12 hours,
after which the DP are measured. Figure 1c shows a brain
made with a mixture of urethane rubber and graphite powder
[14].

B. Experimental Setup and Procedures

1) Coaxial Probe: Figure 2 shows the set up of mea-
surements highlighting the vector network analyzer (VNA)
Keysight N5227A and the dielectric probe Agilent 85070D.
We use the Keysight “N1500a materials measurement suite”
software to take the measurements [32]. The experiment is
carried out at room temperature. First, three simultaneous
measurements are made for calibration where water is used



(a) (b)

(c)

Fig. 1: Samples preparation: (a) mixer; (b) vacuum chamber;
(c) brain made with a mixture of urethane rubber and
graphite.

as the known material. Then the sample is measured. In order
to have the most reliable measurements possible, the face
of the sample with the least imperfections is chosen and
constant pressure is maintained with the probe throughout
the measurement.

2) Waveguide: To obtain our Sgoal, we use a custom ridge
waveguide exited via two coaxial-fed rectangular waveguide
sections. It consists of a metallic hollow structure that
confines the electromagnetic waves in a controlled manner
with minimal energy loss, and the geometrical parameters
of the cross-section, particularly the ridges, determine its
impedance and cut-off frequency. Here, the cut-off frequency

Fig. 2: Measurements set up: VNA, laptop, coaxial probe
and dielectric probe (a) and zoom of a sample (b).

is about 1 GHz, so the dominant mode propagates above
this, defining the lower operating frequency. Then, after
performing a reflection line calibration procedure, the MUT
is placed between the ridges that hold it, as shown in Fig. 3,
and a VNA HP-8510C measures the scattering parameters.
The Thru-Reflection-Line (TRL) Calibration is performed
using the empty sample holder in Fig. 3b as line standard,
the direct connection of waveguides in Fig. 3a as thru and
a full metal block (not shown) as short. Similarly to [33],
the TRL calibration defines the reference planes at the ridge
waveguide ports i.e. at the sample holder ports. In this
way, the effects of waveguide launchers, cables and VNA
electronics are properly removed from the measured data.
This approach allows for a consistent comparison between
measured and simulated data.

From a numerical point of view, we employ CST mi-
crowave studio for the full-wave simulations, modeling the
system as the section of the ridge waveguide with perfect
electric conductor (PEC) walls and fed by two waveguide
ports. Moreover, to speed up the execution of the simulations,
these are set with twenty-one frequency points. Thus, the
optimization considers the same sub-set of points from the
measures.

IV. RESULTS

This section exemplifies the characterization procedure
with two different mixtures: (1) represents the white matter,
and (2) a matching medium that is used in the manufacture
of antennas to improve field penetration into head tissue
[1]. Figure 4 shows the reflection and transmission measured
scattering parameters with the waveguide (solid line) used as
the optimization goal. Also, it presents the initial condition
(dash-dot line), which was obtained from a simulation using
the complex permittivity computed via the open-coaxial
method as input parameter. Then, the dashed line depicts the
optimized response. These results show how the optimization
is able to match the goal after it reaches the convergence, as
displayed by the cost function trends and the retrieved DP
(see Figs. 5, 6). Here, it is worth noticing that the values of
the white matter are not precisely the nominal ones reported
in [34], which is a limitation of the manufacturing procedure
instead of a problem of the characterization.

V. CONCLUSION AND PERSPECTIVES

This work proposes an innovative hybrid method to derive
the dielectric properties of solid materials in broadband by
overcoming the problems encountered with the coaxial probe

Fig. 3: System set up (a); sample inserted in the waveguide
sample holder (b).



Fig. 4: Reflection and transmission scattering parameters,
right and left, respectively. (a) Mimicked white matter, G38.
(b) Matching medium, G25.

and waveguide. In this specific case, it is applied in the
biomedical field, but it can also be extrapolated to other
applications, for example, the industrial one. For future work,
it is planned to extend the validation in more scenarios and
more materials as carbon-loaded plastic.
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