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ABSTRACT: The determination of the complex permittivity of materials is a fundamental aspect of experimental electromagnetics. This
study introduces a method that estimates the complex permittivity by comparing the measured bistatic field diffracted by spherical samples
in an anechoic chamber with fields computed using Mie theory. The approach is applied to a molded PMMA sphere and to two 3D-printed
materials (Clear Resin V4.1 and Rigid 10 K) over the 2—18 GHz band. The retrieved permittivity values show excellent agreement with
reference data for PMMA and enable reliable characterization of low-loss 3D-printed materials, with uncertainties quantified from both
experimental and numerical contributions. These results confirm the effectiveness of microwave-diffraction-based characterization and
highlight promising perspectives for future investigations on an even larger frequency band.

1. INTRODUCTION

haracterizing the complex permittivity of materials is es-
Csential for many electromagnetic applications, as inaccura-
cies can significantly impact radar signatures, wave propaga-
tion, and device performance. Conventional methods for mea-
suring permittivity in the microwave domain, such as those
based on resonators, cavities, transmission lines, or waveg-
uides, provide accurate results but also have limitations, in-
cluding narrow operational frequency bands, sensitivity to sam-
ple preparation, and constraints related to the ratio between the
sample volume and the cavity volume [1-7]. To overcome
these limitations, we propose a method based on microwave
diffraction to determine the permittivity of objects, including
those manufactured by 3D printing.

This approach relies on measurements performed in an ane-
choic chamber and offers the advantage of characterizing ob-
jects of virtually any size, as long as the diameter of the sphere
enclosing the object must not be too small relative to the wave-
length used. In this study, we consider targets for which the
enclosing sphere has a diameter d such that d > \/4 in order
to keep the scattered field level above the current noise floor
of our measuring device. Unlike cavity-based or waveguide-
based techniques, our method, therefore, does not require stan-
dardized sample geometries or delicate machining of the sam-
ples, and it can be extended to other geometries provided that
they are known a priori. In addition to this geometric flexibility,
the proposed approach provides broadband characterization, as
it operates over the 2—18 GHz band and can be extended up
to 40 GHz with the current experimental system. Furthermore,
the full acquisition and processing chain is relatively fast: the
complete measurement procedure requires approximately two
hours, making the method suitable for routine material charac-
terization.
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Similar approaches relying on scattering phenomenon have
been proposed, such as the ones in [8—10], which exploits Mie-
theory comparisons to extract the permittivity of sub-resonant
dielectric spheres from the measured scattered field. In these
works, some limitations are imposed: either the scattered field
is acquired for a single bistatic angle [8], or the radius of the
sphere is also chosen to be unknown [8], or the permittiv-
ity is constant over the considered frequency range [8, 10], or
only the two first multipolar terms of the Mie series are com-
puted [9].

In the present work, as in our previous study [11], we as-
sume firstly that the sample geometry is known, secondly that
we acquire the scattered field at each frequency for almost all
bistatic angles, with the exception of a forbidden angular zone
in the backward direction, and thirdly that the permittivity can
vary as a function of frequency. This contribution expands the
scope of our previous study to larger objects, lower frequen-
cies, and additive-manufactured samples. It benefits from the
new MIMOSA (Multi-Incidences Multi-Orientations Scatter-
ing Analyzer) measurement system, which offers enhanced an-
gular bistatic coverage and improved data processing capabili-
ties. In addition, our new uncertainty estimation technique inte-
grates both experimental and geometrical errors contributions.

The methodology is described as follows. In parallel with
the measurements, the field diffracted by the sphere for differ-
ent permittivity values is computed using Mie series [12]. The
complex permittivity is estimated by minimizing, in a least-
square sense, the discrepancy between measured and simulated
fields, as detailed in Section 2. For each sample, the complex
permittivity (¢’ +je'), the loss tangent tan(d) and the refractive
index (n’ + jk) are estimated at each frequency. Uncertainties
are also computed taking into account at the same time mea-
surement and geometrical errors. Section 3 presents the results
over the 2—18 GHz band obtained for three types of spheres fab-
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ricated by additive manufacturing: a molded PMMA sphere
and two 3D-printed materials (Clear Resin V4.1 and Rigid
10K). Conclusions and perspectives follow in Section 4.

2. MATERIALS AND METHODS

The diffraction by an object is directly influenced by the elec-
tromagnetic properties of the material composing it, making the
analysis of diffracted fields a valuable tool for extracting infor-
mation about targets. Among the various types of possible tar-
gets, this study focuses exclusively on homogeneous spherical
samples. We also assume that the materials are non-magnetic
and isotropic. Under these conditions, the diffracted field de-
pends on the following parameters: the radius of the sphere,
the position of its center, the real part (¢') and imaginary part
(") of its permittivity, the frequency and polarization of the
incident wave. The use of Mie series eliminates potential nu-
merical errors; however, geometric inaccuracies may arise from
the additive manufacturing of the spheres, which can affect the
measurements.

2.1. Measurements and Calibration

To perform these diffraction measurements, the sample is
placed on a polystyrene support in our anechoic chamber,
equipped with two antennas, a transmitter, and a receiver
that could move independently. The receiving antenna per-
formed a circular scan around the sphere, with an angular
sector excluded due to mechanical constraints (¢, = —180°,
¢, = —146° : 2° : 146°). To obtain the diffracted field of
the sphere, two separate measurements are subtracted: the
total field, with the sphere, and the incident field, without the
sphere. Acquiring these two measurements, along with the
calibration measurement, required approximately 2 hours.
During these measurements, the transmitting antenna radi-
ates an electromagnetic wave over the frequency range of 2 to
18 GHz. For each frequency, measurements are performed at
all accessible positions of the receiving antenna (Fig. 1). This

@, =-180°

FIGURE 1. Representation of the receiving antenna path (R in green),
around the sphere with the position of the source antenna (.S in red).
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process provides the angular characterization of the diffracted
field at each frequency. The measurements are calibrated
against a reference measurement: that of a metallic sphere (with
diameter d = 35 mm), which is compared to the calculation of
the Mie theory for such a sphere. This calibration procedure
normalizes the measurement to what would be obtained for an
excitation with an amplitude of 1 V/m and 0° phase at the center
of the object. The measured field is then processed to eliminate
drift errors as explained in [13].

2.2. Permittivity Estimation

This calibrated and corrected field is compared to a simulated
field. For each candidate pair (¢', "), or equivalently for each
e = ¢’ + j&”, a difference metric, denoted as the cost function
F¢, is evaluated at each frequency to quantify the difference
between the measured field F,,,.,s and simulated field E;,,

Eq. (1).

Fc(f‘:) = Z |Emeas(¢r) - ESim(d)T’ €)|2 (1)
ér

When little or no prior information about the material is avail-
able, the first step consists of defining a plausible search space
for the complex permittivity, as there can be several local min-
ima. An initial coarse exploration is therefore performed, scan-
ning &’ and €” over a large range with a step of 0.1 for both
parameters (Fig. 2). The minimum value of this cost function
map is then identified to determine the estimated values of &,
and e, that is, the values for which the simulated fields best
match the measured fields with respect to this step grid.

10 GHz, EpsMin =3+0.1
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FIGURE 2. Variation of the cost function F'° (in dB) over a wide interval
of ¢’ and ¢ with a step size of 0.1 for each parameter, at 10 GHz for
the ClearResin V4.1 sphere.

To refine the permittivity value, using ef, + je(, as the starting
guess, a local optimization is then carried out using the Nelder-
Mead algorithm (fminsearch in MATLAB), which further re-
fines the estimate by minimizing the cost function around the
previously identified minimum. To ensure rigorous minimiza-
tion, the convergence tolerance was set to 10~* , meaning that
the algorithm terminates only when the successive variations in
permittivity, Acyum, become smaller than 10~4

@)

Aenym = |ek+1 — €k| < 1074
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Measured and Simulated Field at 16 GHz
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FIGURE 3. Comparison of the amplitude of simulated and measured
fields for a 35 mm diameter metallic sphere.
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FIGURE 4. Evolution of cost functions related to noise and positioning
vs frequency for a 35 mm diameter metallic sphere.

Once ey s estimated, we can compute the associated loss tan-
gent and refractive index

(€)
4)

tan((smin) = ‘Sixllin/einin
= n:m'n + jK/min = m

Tmin

2.3. Uncertainty Estimation

The final precision of the permittivity estimation thus depends
on several factors. The initial search grid is chosen here with
a step size of 0.1 for both &’ and ¢”, allowing a first approxi-
mation of these parameters. Then, through refinement with the
fminsearch function, the precision can be improved to Aepyn.
However, since these permittivity estimates rely on the compar-
ison between measured and simulated fields, the accuracy of the
experimental measurements directly affects the estimated val-
ues. Therefore, the final precision is limited by experimental
uncertainties, such as measurement noise and sphere position-
ing errors. Geometric fabrication errors of the spheres, how-
ever, are neglected. The overall uncertainty in the estimated
permittivity can thus be expressed as the sum of numerical and
experimental uncertainties: + (Aepum + Acexp).

Thanks to our alignment technique, the uncertainty in the
sphere’s position can be estimated at 0.2 mm from the ideal
position. The impact of this uncertainty is assessed using the
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FIGURE 5. Variation of the cost function (in dB) over a refined interval
of ¢’ and ¢” with a step size of 0.01 for each parameter.
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FIGURE 6. Estimation of the error on the real part of the permittivity
as a function of the uncertainty on the cost function.

cost function Fj,;,,, which compares the simulated field for
a sphere exactly centered to that obtained with a 0.2 mm offset.
Similarly, the uncertainty due to measurement noise is evalu-
ated via the cost function F; ;. , which compares the measured
field with the simulated field for a metallic sphere (Fig. 3).
The cost function related to position £, ., ,, and the one
related to noise F); ;.. are presented in Fig. 4 as a function of
frequency. These two contributions are then summed at each

frequency to form:
AF° =Ff¢ + FS

position notse (5)

The measurement uncertainty, Accyp, is then estimated using
the following equation

F(emin £ Acexp) < F(emin) + AF€ (6)

To estimate the uncertainty in permittivity, we propagate the
error calculated in the cost function. For this, we first recom-
pute the cost function F'¢ over a small range around ey, with a
step size of 0.01 for both the real and imaginary parts (Fig. 5).
As illustrated in Fig. 6, which corresponds to the 1D-slice of
Fig. 5ate” = ¢/, , we identify the minimum of the cost func-
tion and then perturb this minimum cost function value by its
associated uncertainty F'“ + AF¢. By projecting onto the ab-
scissa axis, we can determine the corresponding change in per-
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FIGURE 7. Flowchart summarizing the full process.

mittivity, denoted Asgxp. This approach provides an estimate
of the error on the real part of the permittivity resulting from
the uncertainty in the cost function. The same approach is used
to estimate the error in the imaginary part of the permittivity
Acg, from the cutate’ =], .

From the uncertainties associated with ¢’ and €”, the error on
the loss tangent and the refractive index are calculated by ap-
plying the propagation of the uncertainty according to Egs. (7)—

(9) [14].

A(tan §) :\/

A /_L <€/_‘_1)2(A /)2+ (6//>2(A /1)2 8
= € € ®)

el le

S| (a5 (aeny ™

g

!

Ak = 1\/<5/ — 1)2 (Ae")2 + <5/>2 (Ae")2 (9)
4k |\ [l le]

2.4. Data Processing Flowchart

To summarize, the flowchart presented in Fig. 7 provides an
overview of the full processing chain from measurement to per-
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mittivity estimation. It involves several key steps: (i) acquisi-
tion of total and incident field measurements over the full angu-
lar range to obtain the raw scattered field E7 % _: (ii) correction
and calibration of the diffracted measured field; (iii) compari-
son of the calibrated field F,,.,s with Mie-theory simulations
FEg;pm through the cost function F*° evaluated over a wide range
of permittivities; (iv) a two-stage minimization, consisting first
of a local refinement to obtain a crude estimation € of the min-
imum, followed by an optimization using the Nelder-Mead al-
gorithm, to identify the permittivity ey, that minimizes the cost
function; and finally (v) propagation of numerical and experi-
mental uncertainties to determine the confidence intervals on
', €”, loss tangent, and refractive indexes.

3. RESULTS AND DISCUSSION

This procedure was applied to the three materials presented in
this article: one molded sphere and two 3D-printed spheres.

Firstly, to validate the technique, the measurement was per-
formed on a molded polymethyl methacrylate (PMMA) sphere
with a diameter of d = 38.1 mm. This material has also been
studied in other works, where similar values were obtained
(Fig. 8) [11, 15].
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FIGURE 8. Real and imaginary parts of the permittivity of PMMA as a
function of frequency, with error bars.
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FIGURE 10. Uncertainty in permittivity estimation as a function of the
frequency for both the real and imaginary parts, for a PMMA sphere.

The permittivity and loss tangent estimates of polymethyl
methacrylate are presented in Figs. 8 and 9, showing the real
and imaginary parts over the frequency range of 2 to 18 GHz
with error bars and reference values from the literature [16].
The uncertainty of these estimations was calculated for each
frequency (Fig. 10), based on both numerical and experimental
uncertainties, which vary with frequency. These uncertainties
are represented as error bars on the permittivity curves. Here,
the ratio between the wavelength and the sphere diameter plays
a key role in the magnitude of these uncertainties, particularly
at low frequencies. As the sphere diameter becomes small rel-
ative to the wavelength, the error increases as the level of the
scattered field is getting closer to the noise floor of the acqui-
sition system. In our case, the minimum frequency considered
is 2 GHz, corresponding to a wavelength of 150 mm. Although
the recommended condition d > /4 is satisfied, the results at
2 and 3 GHz still show noticeably larger deviations compared
with higher frequencies, highlighting the practical importance
of this constraint.

Subsequently, two 3D-printed materials were measured:
Clear Resin V4.1 and Rigid 10K (Formlabs, d = 35mm).
The permittivity values estimated at 10 GHz are presented in
Table 1.

The results show that the values obtained for PMMA are in
very good agreement with those reported in the literature, con-
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measurements, with error bars.

TABLE 1. Permittivity and refractive index estimation at 10 GHz, in-
cluding uncertainties.

Materials PMMA Clear Resin V4.1 | Rigid 10k
e+ A 2.64 £ 0.04 3.00 £0.08 3.35+0.04

g’ + Ae” 0.03 +£0.05 0.15+0.09 0.06 +0.04
tan(d) £ Atan(d) | 0.01 +0.02 0.05+0.03 0.02 +£0.01
n' + An’ 1.62 +£0.01 1.73 £0.02 1.83+£0.01
K+ Ak 0.01 +£0.02 0.04 +£0.03 0.02 +£0.01

firming the reliability of the method. Clear Resin V4.1 and
Rigid 10K exhibit slightly higher (¢") than PMMA. In terms
of losses, Clear Resin V4.1 shows higher € and tan d, while
Rigid 10K remains close to PMMA with low dielectric losses.

To verify the repeatability of the estimation process, mul-
tiple measurements were performed on the same material by
rotating the polystyrene mat support around its own axis at an
angle ¢, corresponding to the angle of self-rotation of the ob-
ject. Four measurements were carried out, each correspond-
ing to a different orientation of the support, with a 90° rotation
step. The results are presented in Fig. 11, where the loss tan-
gent is shown, reflecting the estimated real and imaginary parts
of the permittivity. In particular, the values obtained from the
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four different orientations are in close agreement, with varia-
tions significantly smaller than the associated error bars at each
frequency. This consistency indicates accurate positioning of
the sphere at the center of the support and the small effect of
the imperfect sphericity of the sample. Regarding error bars
at low frequencies (below 5 GHz), the relatively high uncer-
tainties already mentioned above arise from the small level of
the diffracted field for such a small object (see the small ratio
between the wavelength and the diameter of the sphere). To re-
duce these uncertainties, one would need to use a larger sphere
made of the same material.

4. CONCLUSION

In this study, a method for determining the complex per-
mittivity of solid materials based on the exploitation of mi-
crowave diffraction by spheres is proposed. By minimizing
the cost function, the complex permittivity values for PMMA,
ClearV4.1, and Rigid 10k were estimated, with associated un-
certainties that partially account for experimental and numer-
ical errors. The results confirmed the reliability of the pro-
posed approach, particularly for materials made using 3D print-
ing. The method performed consistently well across most fre-
quencies; however, at lower frequencies, its accuracy was con-
strained by the low level of scattered measured fields. The pre-
cision of the permittivity evaluation at low frequencies can be
improved using a larger sphere. The measurements presented
in this work were conducted between 2 GHz and 18 GHz. How-
ever, as previously mentioned, the experimental setup is capa-
ble of operating up to 40 GHz, which opens perspectives for fu-
ture investigations at higher frequencies, where material char-
acterization and scattering phenomena may reveal additional
insights. Incorporating models such as ohmic model, Drude-
Lorentz model, and Kramers-Kronig relationship, during the
retrieval step to link the real and imaginary parts of the per-
mittivity also constitutes an interesting perspective for future
work.
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