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1. Introduction

Dielectrics or insulators is one of the three groups of
substances categorized according to the ability to con-
duct electricity, namely dielectrics, semiconductors and
conductors. Dielectrics or insulators do not conduct
electric currents or have a poor conductivity. Mean-
while, conductors allow electric current to flow easily.
Dielectric materials show their presence everywhere in

our daily life and the dielectric permittivity is a charac-
teristic parameter of dielectrics. This parameter draws
very much attentions of researchers and the industries.
The main reason is knowing the permittivity or how it
changes at certain frequencies provides us with crucial
information that shed insights and enables important
applications.
Some applications are shown in Fig. 1. Such examples

can be numerous but all of them confirm the importance
of permittivity estimation and lead to the development
of many methods in past several decades [1].
Various complex permittivity measurement methods

designed for different materials, frequencies and other
requirements have been proposed with comprehensive
reviews by many authors found in the literature [1, 2, 3].
Well-known techniques are the capacitor, the resonant
cavity, the open resonator, the waveguide, the coaxial
probe and the free space methods. The configurations
of some methods can be seen in Fig. 2.
These methods can be divided broadly into two groups

of techniques, namely the resonance methods and the
transmission line methods [2, 3]. The resonance methods
are capable of conducting nondestructive measurements
of very low loss materials with high accuracy at narrow
frequency bands. The transmission line methods, on the
other hand, are able to make fast, broadband measure-
ments and are capable of measuring medium and high
permittivity [3]. In this group, the waveguide meth-
ods, the open-ended coaxial probe methods and the free
space transmission and/or reflection methods are well
known. Given the increasing need of material char-
acterization in a wide range of frequencies in material
science and electronics, as well as in large scale envi-
ronment monitoring system, the free space techniques
emerge as a powerful solution with many striking fea-
tures among the mentioned methods. They allow broad-
band measurements, safely reserve the material sample
and they are capable of assessing the material from afar
or under extreme conditions.
The abilities of the free space methods have been
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Figure 1: The potentials of dielectric permittivity measure-
ment in some applications.
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Figure 2: Some current dielectric permittivity measurement
methods.

verified by several authors with different variations
[4, 5, 6, 7]. These authors use various settings and
parameters to estimate the relative permittivities and
permeabilities. For example, they have used two S-
parameters, samples with different thicknesses, PEC
plate termination, time domain gating technique and
measurement at the Brewster angle. Efforts have been
made to improve the estimation accuracy.

In general, these techniques will face an ambiguity in
determining the true value of the relative permittivity,
since there are numerous complex permittivity values
which satisfy the equation of the reflection/transmission
coefficient as described by Redheffer [8] and Hasar [9].
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Figure 3: Scattering from a rectangular cuboid.
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Figure 4: Monostatic RCS of aluminum cube (2a = 2b =
2c = 100.0 mm) when ϕ = ϕ0 = 90.0◦ at 24.0 GHz.

The problem is often fixed by limiting the sample
thickness, knowing the range of permittivity in advance
or measuring with different initial conditions, etc. Ad-
ditionally, people often use more than one S-parameter
in the conventional permittivity estimation using the
transmission measurements. However, this practice re-
quires more equipment, which may cause more uncer-
tainty, than when only the reflection parameter is used.
Currently, solving this difficulty requires laborious pro-
cedures and reduces convenience. Therefore, a new free
space method to solve this difficulty is meaningful in
the research perspective and will improve industrial effi-
ciency. This new method is the purpose of this research.
In this research, a new free space method is proposed

to estimate the relative permittivity of solid materials
and water-based liquids. An algorithm was developed
to help selecting the proper permittivity value of solid
materials. In the case of water-based liquid, an analyt-
ical formula to calculate the permittivity was derived.
In order to derive the algorithm and the analytical for-
mula, an analytical formula for scattering far field from
the material sample has been developed.
Firstly, the analysis on scattering far field from the

material sample was presented. Then the scattering
analysis is applied to the permittivity estimation method
for solid material. Later, the method to deal with water
and water-based liquids was introduced. Measurements
on real samples were conducted to confirm the validity
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Figure 5: Monostatic RCS of the polymer cuboid (2a =
100.0 mm, 2b = 150.0 mm, 2c = 40.0 mm) when ϕ = ϕ0 =
90.0◦ at 24.0 GHz.

of the proposed method.

2. High frequency electromagnetic scat-
tering analysis of rectangular dielec-
tric cuboids [10]

Scattering is a classic topic of electromagnetics with
a rich history with several canonical problems solved.
However, there has been no known exact analytical so-
lution for the particular problem of rectangular cuboids.
There are approximation methods, such as the Geo-
metrical Theory of Diffraction (GTD) or the Physi-
cal Optics method (PO) but are limited to conduct-
ing cuboids. Other methods are numerical methods like
Finite-Difference Time-Domain method, Method of Mo-
ments or Finite Element Method. However, they re-
turn only numerical values which are hard to utilize in
permittivity calculation. Therefore, before solving the
inverse problem to find the dielectric permittivity of di-
electric cuboids, it is required to solve the forward scat-
tering problem to establish an analytical relation be-
tween known information and the wanted permittivity.

This research proposes a high frequency method based
on Kirchhoff approximation for electromagnetic scatter-
ing. The case of a cuboid illuminated by a TE polar-
ized electromagnetic plane wave was considered. Equiv-
alent currents were presumed from the reflected wave
and electromagnetic scattering far fields were calculated
from them through the vector potentials. In the case
of dielectric cuboids, a ray tracing technique was used
to include the effect of the multiple internal bouncing
effect. Several PEC and dielectric cuboids were used
to verified the proposed scattering analysis as shown
in Figs. 4, 5. Good agreements between my method,
measurement and other references have been observed
around the specular reflection direction (θ = 0.0◦ and
90.0◦) in both examples.

The proposed method has proved to be quite accu-
rate around the specular reflection direction. By using



the reflected wave to estimate the equivalent currents,
the method is able to calculate scattering far field from
dielectric objects, where classical methods such as PO
and GTD cannot be applied. This scattering analysis
has provided an analytical relation between the scatter-
ing field obtained from measurement and the permittiv-
ity of the sample and opened a way for the analysis for
permittivity estimation on solid materials.

3. Dielectric permittivity estimation for
solid materials using free space
method [11]

The scattering analysis is used to reveal the relation
between the complex scattering quantity and the dielec-
tric permittivity of solid samples and other known in-
formation. The relation is further analyzed to devise
an iterative process in order to extract the relative per-
mittivity from the measured scattering data. An algo-
rithm was developed to calculate the relative permittiv-
ity without knowing much about the material’s dielectric
property in advance and solved the multiple value diffi-
culty. This algorithm is based on the observation that
the multiple reflection coefficient oscillates around the
surface reflection coefficient.
To verify the proposed method, dielectric permit-

tivites were successfully estimated from a Macor ceramic
sample and compared to the results by the commer-
cially available open-ended coaxial probe method and
Ref. [12] as shown in Fig. 6. The real part of εr by
our method agreed well with the result measured by the
probe method and the Ref. [12]. In term of the imag-
inary part, there is a significant difference between our
method and the probe method. However, our method
and Ref. [12] have good agreement at 19 and 20 GHz.
Therefore, it can be concluded that in this case of Macor
ceramic the result by our method is more reliable than
the result by the probe method. The erroneous negative
imaginary part obtained by the probe method may be
due to an air gap between the probe and the sample’s
surface due to imperfection on the sample surface or bad
positioning.
With the proved accuracy, stability and feasibility in

dealing with non-magnetic solid materials, the method
is being used to provide material information for other
studies involving radar target reconstruction, propaga-
tion estimation and other scattering analysis in the same
laboratory. Further upgrades of the method may include
stability improvement.

4. Dielectric permittivity estimation for
liquids

The proposed scattering analysis was applied to deal
with water and water-based liquids. Since liquids need
containers, the effect from a container was included in
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(a) Real parts of εr
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(b) Imaginary parts of εr

Figure 6: Relative permittivity εr extracted from a Macor
ceramic cuboid (2a = 2b = 100.0 mm, 2c = 30.0 mm) at
21.0◦C.

the scattering analysis. A decomposition was proposed
to separate unwanted scattering contributions from the
measured scattering quantities. Based on the structure
of the container and the lossy nature of water in liquids,
two reflection coefficient models were proposed to cal-
culate the scattering quantities and to establish a direct
analytic relation between the dielectric permittivity of
water and known information.

Being aware of the lossy nature of water and water-
based liquids, proper thickness of the container was de-
cided so as to simplified the reflection coefficient. This
simplified coefficient provides us with an analytical for-
mula to calculate the dielectric permittivity of the liq-
uids. Later, a procedure for dielectric permittivity es-
timation on water and water-based liquids is described.
The procedure is verified by estimating water permit-
tivity from an acrylic container and inversely. The mea-
sured results contain measurement errors so they oscil-
lates strongly and needs to be averaged. The average
values show close agreement with the Debye model [13]
as seen in Fig. 7.

5. Conclusions

A new free space dielectric permittivity estimation
method has been developed successfully. This new
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(b) Imaginary parts

Figure 7: Complex relative permittivity of pure water at
22.0◦C estimated from the fully filled container.

method is based on the scattering analysis using Kirch-
hoff approximation. It is promising in areas where di-
electric permittivity characterization of solid material is
required. With further improvements, this method also
can be used in practice to deal with liquids. From a dif-
ferent point of view, the scattering analysis developed as
the foundation for the estimation process is also a new
way to calculate the scattering far field from dielectric
objects that can be applied in many other areas.
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