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Complex permittivity determination from far-field
scattering patterns

C. Eyraud, J.-M. Geffrin, A. Litman and H. Tortel

Abstract—An accurate knowledge of the complex permittivity
value of materials is compulsory when performing experimental
electromagnetic applications. Unfortunately, these values are not
so obvious to determine in practice. In the present work, we
propose a novel approach for determining the complex dielectric
constant of materials. This method combines free-space far-field
scattering pattern measurements with a Bayesian procedure,
which fully exploits the measurement uncertainties. Therefore,
the measured values weighted according to their experimental
accuracy are incorporated in the permittivity determination
algorithm. In this paper, the samples are all shaped as spheres in
order to benefit from efficient Mie scattered field computations.
The dielectric properties of typical plastic samples are first
determined and compared with values found in the literature,
in order to assess the validity and the accuracy of the pro-
posed methodology. A more exotic” sample extracted from a
microwave absorber, that is a polyurethane foam charged with
carbon particles, is also analyzed.

Index Terms—Permittivity determination, Scattering field mea-
surements, Bayesian procedure, Measurement uncertainties

I. INTRODUCTION

The knowledge of the complex permittivity values of mate-
rials is a prerequisite step for many kinds of electromagnetic
applications. Indeed, an uncertainty in the dielectric constant
knowledge of substrates can dramatically affect the function-
ing of microwave printed devices [1] such as the radiation
patterns of printed antennas, RFID tags, etc. Similarly, in
scattering phenomena, a local modification of the permittivity
values will perturb the entire wave propagation process. In
order to predict this propagation with the best accuracy,
numerical calculations require a perfect knowledge of the
electromagnetic properties as well as their repartitions in
space [2] [3] [4]. Moreover, monitoring a change in the real
and/or imaginary part of the complex permittivity might help
to detect a variation of humidity, salinity, temperature, etc.
Such monitoring systems require the development of robust
inversion procedures, and at the same time, procedures to
validate the accuracy of such imaging algorithms [5] [6].

In the microwave domain, several methods have already
been proposed to derive permittivity measurements. Some
of these techniques are based on appropriate resonators or
cavities. Very accurate permittivity estimation can be ob-
tained with such approaches [7] [8] [9], but these resonant
methods are by nature narrow frequency-band. To overcome
this drawback, methods using transmission line approaches
have been developed using a coaxial cell [10] [11] [12] or
a rectangular waveguide [13] [14]. These broadband methods
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generally require a perfect contact between the sample and
the conductors and thus a relative difficult sample preparation.
To avoid this difficulty, permittivity characterization from
partially filled arrangement [15] [16], [17] or from a cylindrical
dielectric object placed in a rectangular waveguide [18] [19]
[4] have been proposed. A counterpart of these methods is
a more complex procedure to extract the permittivity value.
Methods based on reflection/transmission measurements of a
flat sample in free space have been also used [20] [21], in
particular to perform high frequency permittivity estimation,
but they need particular attention to overcome the multiple
reflections and diffraction effects by the edge of the sample.
In this paper, we propose an original method, named scatter-
ing permittivity determination, for determining the dielectric
characteristics of materials, which fully exploits the scattering
phenomenon. Indeed, a sphere made from the material to be
characterized is positioned inside an anechoic chamber. Its
scattering pattern is then measured in far-field. This method
is inspired from [22] [23] but without the constraints that
the permittivity is constant on a frequency band [22] or that
the spheres are small and assimilated to quadripoles [23].
An analytic calculation of the scattering pattern of a sphere
is also performed thanks to Mie series. The permittivity is
then determined using a Bayesian formulation allowing both
to balance each measurement point according to its accuracy
and to estimate the uncertainty on the retrieved permittivity.
The procedure is further detailed in Section II. Section III is
devoted to the presentation of the permittivity results. Several
materials are analyzed: at first classical plastic samples and
then a piece of a microwave absorber, a foam charged with
carbon particles. Concluding remarks follow in Section IV.

II. PROCEDURE

As the scattering pattern of an obstacle directly varies
with the object electromagnetic characteristics, it can be used
to derive interesting pieces of information on the scatterer.
Among all available types of scatterers, we have only se-
lected homogeneous spherical samples. We further assume
the materials to be non-magnetic and isotropic. In that case,
the scattered field only depends on five parameters: radius,
position center, real and imaginary part of the permittivity
and incident wave frequency. Moreover, with such a spherical
target, the scattered field can be analytically computed with
Mie series [24], preventing from supplementary numerical
errors. Finally, interesting theoretical results can be directly
exploited in that case. Indeed, the number of degree of freedom
of the field scattered by a sphere is linked to the sphere size and
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to the illuminated wave frequency [25]. For a sphere of radius
R illuminated with a monochromatic-wave of wavelength A
and observed on a circle enclosing the target, the number
of degree of freedom of the scattered field in this plane -
called azimuthal plane - is equal to 2 ¢ with ¢ = 27 R/\. As
soon as % > %, the number of information contained by the
scattered field is thus superior to 2. As only two unknowns -
the real €/, and imaginary €/ part of the relative permittivity
er - are searched for, the problem is rapidly overdetermined

and a single incident illumination is sufficient.

A. Field measurement

The scattered fields have been measured with the spherical
experimental setup available in the anechoic chamber of the
CCRM-Marseille (Fig. 1). Both the experimental procedure
and the post-processing treatments are described in [6] [26].
The electric fields scattered by the sphere are acquired on a
circle enclosing the target - an angular sector is excluded due
to mechanical constraints - keeping the scattered wavevectors
and the incident wavevector in the same plane (Fig. 1). Due
to the symmetry of the sphere, any plane which contains the
sphere center can be chosen. A single polarization, L1 case
- using the Bohren and Huffman definition - is selected [24].
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Fig. 1.  Experimental setup: (top) photography of a small sphere in the
anechoic chamber in the |||| configuration case and (bottom) configuration
sketch in the azimuthal (z-y) plane.

B. Misfit criterion

The permittivity value of the sphere material is determined
by comparing the measured scattered field EI* with the
computed scattered fields ES [27], at each frequency. The
choice of the comparison criterion is of particular importance
and is detailed hereafter while its exploitation for determining
the permittivity is detailed in Section C.

As each measurement is compulsorily disturbed by some
measurement errors, it is of great interest to take this knowl-
edge into account in the comparison. As the systematic bias
and the drift errors are considered to be totally eliminated
from our measurements (see [6] [26]) and considering the
positioning of the target to be accurate enough so as to
neglect these errors, the measurements errors can be con-
sidered as pure random noise. In a previous study [6], this
random noise has been fully characterized and the results
have established that the deduced noise on the scattered field

can be described by an additive complex random variable
whose real and imaginary parts are normally distributed. The
associated standard deviation o g, (resp. or,,) on the real (resp.
imaginary) part depends on the measured fields magnitude and
on the frequency.

A Bayesian formulation allows one to include non-constant
measurement errors in the inversion. Indeed, the determination
of the relative permittivity value e, from the scattered field
measurement with the knowledge of the noise disturbing the
measurement can be described by the following density of
probability (see [28], [29] for example).

p(EZ)

Introducing no statistical information at all on the expected
relative permittivity value, the probability p(e,) follows an
uniform law. Maximizing the distribution to obtain the permit-
tivity value &, with the knowledge of the measured scattered
field p(e, | EX) leads to the Maximum Likelihood solution.
As there exist no noise correlation from one measurement
point to another due to the measurement protocol, the involved
criterion - calculated on the [V, positions of the receivers - can
be written as [30]

pler | ESY) = ey

N,
1 :
B _ = B
Fo(e) = 2N, ;:1 fo(xr) 2
B Re[EP(r,) — ES(r,)]* | Im[EP(r,) — ES(r, )12
() = 3 3 )
Ofe(Tr) 07 (Tr)
If ore = o1 = 1, the criterion is nothing but the classical

N, .

ﬁ S f9(r,) with
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The shape of the curve f2/ 5" fP with the Bayesian approach
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Fig. 2. Comparison of f*/ (Z f*) with respect to the receiver positions
(the 0° position corresponds to forward scattering). (—) Bayesian criterion
(e = B) and (...) Quadratic norm criterion (e = (). These criteria have been
calculated using the PMMA sphere at 10 GHz (the associated permittivity
results are presented in Fig. 4).

differs drastically from the usual quadratic norm criterion
9/ f9 (Fig. 2). Indeed, with the quadratic norm criterion,
the measurement points corresponding to the forward zone are
clearly predominant in the value of F'? and the contribution of
the other angles are very weak, while with the Bayesian rule,
each measurement point is correctly weighted with respect to
its uncertainty. As for a given frequency, the weights depend
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on the magnitude of the total and the incident field which have
important variations along the receiving angles, the weights
greatly vary and have a key role in the value of F' and thus
in the permittivity estimation.

C. Permittivity values and uncertainties determination

As Mie calculations do not require a heavy computational
burden, it is possible to sample this criterion F'Z for various
values of €/ and !/, here with a sampling step equal to 0.01
(resp. 0.005) for the real (resp. imaginary) part. As it can
be seen in Fig. 3, even if &/ and &/ vary on a wide range,
a single minimum is reached by the criterion F'Z. All the
other values are at least 15 dB higher than the minimum value.
By detecting this value, we are able to obtain the complex
permittivity without a priori information on the material, i.e,
no information on the range of the permittivity value is needed.
Each complex permittivity value found can also be associated
with its uncertainty, defined as the variation which leads to a
change of 3dB in the criterion F'Z around the derived value.
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Fig. 3. Map in dB of F'B/(min FB) for (e.,€") € [1,10] x [0,2]. This
criterion has been calculated using the PMMA case at 10 GHz (the associated
permittivity results are presented in Fig. 4).

III. RESULTS

The procedure has been first validated with two materi-
als which are well-known plastics: PolyMethylMethAcrylate
(PMMA) and Poyacetal (PolyOxyMethylene). The sphere
made in PMMA has a diameter of 50.75 £ 0.05 mm and its
permittivity is determined on the frequency band [10—18] GHz
(¢ € [5.31 — 9.57]). The results are presented in Fig. 4
and are within the uncertainties bars associated to the values
found in the literature and obtained from resonant methods
[8] [31]. The permittivity of the PolyOxyMethylene material
has been determined from a sphere with a 50 £ 0.3 mm-
diameter at 18 GHz (¢ = 9.43). This value is compared with
permittivity values found in literature: (i) measured with a
dielectric resonator but at a lower frequency (11 GHz) [8] and
(i1) measured with a coaxial cell at 18 GHz [12] (Table I).

The interest of deriving a permittivity determination proce-
dure is of course to be able to characterize as well uncommon
material for which the permittivity value is not known. We
first focus on the permittivity of the acrylate resin which is a
material commonly employed nowadays in stereo-lithography.
A spherical sample with a diameter of 25+0.1 mm is analyzed
to establish its permittivity value at 20 GHz (¢ = 5.24) (see
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Fig. 4. Estimated complex permittivity values of the PMMA material with
respect to frequency: () sphere, (+) [8] and (+) [31].

TABLE I
ESTIMATED COMPLEX PERMITTIVITY VALUES OF THE
POLYOXYMETHYLENE AND ACRYLATE RESIN SAMPLES.

Material Method Freq. el el
sphere 18GHz | 2.85+£0.05 0 +£0.01
POM [8] 11GHz 2.73+£0.03 | 0.014 £ 0.004
[12] 18 GHz 2.8 0
Acrylate resin sphere 20GHz | 2.85+0.15 0.06 = 0.01
[2] 18 GHz 2.85 0.06

Table I). The deduced value has been successfully used for
comparisons between simulated and measured fields when
analyzing the scattering by two small spheres partially merging
at 18 GHz [2]. The second material is directly extracted from
the absorbers which cover the walls in the anechoic chambers.
The absorber is a foam composed of a polyurethane matrix
charged with carbon particles [32]. From these absorbers,
a sphere with a 69.3 = 0.1 mm diameter has been miled.
Its permittivity has been determined on the frequency band
[1 — 8] GHz (g € [0.73,5.81]) (see Fig. 5).

IV. CONCLUSION

In this study, we have proposed a new broadband method for
determining the complex permittivity value of solid materials.
This procedure exploits the far-field scattering pattern of a
sphere made with the under-test-material. This approach takes
advantage of the analytic calculation of the scattered field
which are easily available in the case of an isotropic and
homogeneous sphere. Another advantage of the sphere is that
its scattered field is completely ascertained when one knows
its dimension, its position and its complex permittivity.

Our procedure takes into account the uncertainties of the
measurements and makes best use of all the measurements
thanks to a Bayesian approach, i.e., the measured values
are weighted according to the experimental precision. In
particular, this procedure allows to provide an a-posteriori
error bar on each value which is linked to the uncertainty on
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Fig. 5. Estimation of the complex permittivity values of a Siepel absorber
with respect to frequency.

the scattered field measurements for this particular material
and for a given frequency. The permittivity results have been
found consistent with the results found in the literature for
typical plastic materials. For these materials with very low
losses, even if the uncertainty that we have determined on the
imaginary part is larger than the one obtained with resonant
methods, the uncertainty on the real part is of the same
order - typically the relative error is around 1% to 2%. The
permittivity of more exotic materials, e.g., a foam charged
with carbon particles (an absorber) has also been determined.
In future work, this procedure will be further extended to
determine the permittivity value of different kind of materials
such as granular materials (sand, volcanic lava, etc) or liquids,
which could be stored into a container and of different kind
of forms.
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