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Since last decades, microwaves have received tremendous attention as an interesting tool for material characterization. In
general, standard microwave measurement methods require cutting and polishing of samples to put it in a suitable waveguide
or cavity. However, several methods have been developed in order to permit a non-destructive measurement. A well-known
method is based on coaxial open-ended waveguide, which is used as a sensor for dielectric characterizations. Moreover, with
the requirement of new forms, developing mathematical model for each one is not convenient. Indeed, the complex structures
required in the industrial field can be perfectly designed with high-performance three-dimensional software. Many attempts
have been done to solve the conversion problem by proposing different algorithms. Nevertheless, they are sensitive for complex
structure that contains transition part. In this paper, we propose a dielectric measurement method based on the use of coaxial
waveguide. A novel algorithm for dielectric characterization of complex structures is also presented, which is based on the joint
use of artificial neuronal networks and finite element method. The proposed algorithm aims to find the dielectric character-
ization for complex structures. Experimental evaluations applied to solid and liquid dielectrics confirm the validation of the
proposed algorithm.

Keywords: Dielectric measurement, Coaxial open-ended waveguide, Finite element method, Radiation field, Neural networks

Received 7 September 2015; Revised 4 February 2016; Accepted 8 February 2016; first published online 8 March 2016

I . I N T R O D U C T I O N

The interaction of microwave materials depends strongly on
the electromagnetic proprieties. Many different methods have
been elaborated for microwave measurement of materials and
media properties. Generally, they are divided into two main
groups: the first group is free-space methods, which is operating
in the far-field region and employing horn antenna, whereas
the second group, denoted waveguide methods, is operating
in the near-field region and employing coaxial lines, wave-
guides, microstrip lines or cavity resonators as probe.

A) Related work
The measurement of dielectric materials properties at radio-
frequency has gained increasing importance, especially in
research fields such as: material science, microwave circuit

design, absorber development, biological research, etc.
Dielectric measurement is important, since it can provide
the electrical or magnetic material characteristics, which is
proved useful in many research and development fields [1,
2]. The dielectric properties can be measured by different
methods, the following four methods are the more usefully:
transmission/reflection (TR) line method [3], open-ended
coaxial probe method [4], free-space method [5, 6], and reson-
ant method [7].

Generally, the transition is a key part of the measurement
methods, making possible the interconnection between differ-
ent types of transmission lines. Hence, it is imperative to have
a good characterization of these structures in order to assess
their performance and provide information, which can be
used during the design, measurement, or optimization pro-
cesses. Moreover, it is worth to note that, the dielectric para-
meters are measured via the calculation of the transmission
and reflection values, which are determined by means of a
conversion method. In the literature, the most commonly con-
version methods are: Nicolson–Ross–Weir method [8, 9],
iterative method and non-iterative method [10], and short-
circuit line (SCL) method [11].

Moreover, the conversion methods have been developed for
a specific structure with analytic equations [12, 13]. However,
the finite element method (FEM) can compute complex three-
dimensional (3D) structure [14]. Consequently, an optimized
model has been designing by using high-frequency structure
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simulator (HFSS). Thus, the experimental part is reduced to an
elementary measurement. Nevertheless, a complex relationship
for defining the dielectric material characteristic is required.

Recently, more focus has been given in this area by propos-
ing different algorithms attempting to solve the dielectric
characterization problem. Bartley et al. [15] have explored
the use of artificial neuronal networks (ANNs) for coaxial
open-end. The proposed approach has been successfully
used to solve the analytic equation determination problem.
Nevertheless, the ANNs have been trained using only real
measurement samples, which decrease its performance due
to the limitation of the generated training number. For
further progress in capabilities, numerical method accuracy
and hardware productivity, Eugene et al. [16] start using
finite difference time domain (FDTD) software tool in order
to reduce the coast achievement of simple rectangular wave-
guide structure. More recently, Acikgoz et al. [17] have inves-
tigated the use of Bayesian ANN algorithm. The latter leads to
more improvement of dielectric characterization of materials.
However, this proposal is sensitive to complex structures
which contain transition part. Indeed, this form causes a
shift between simulated and measured values.

B) Contributions
In this paper, we propose a dielectric measurement system
based on the use of coaxial waveguide. A non-standard
coaxial cell with a conical transition and two coaxial probes
are designed, which allows us to perform both permittivity
and permeability measurement for large size of materials. In
addition, we propose a new algorithm for the dielectric char-
acterization of complex structures of dielectric. Firstly, the
HFSS is used to generate the training database in order to
design the conversion model, based on FEM. Secondly, in
the operation phase, the ANN is used to estimate the dielectric
parameters to test the materials through vector network ana-
lyzer (VNA) measured values. Moreover, due to the adapta-
tion problem which appears when we deal with complex
structure, another ANN is added in order to determine the
correct values of dielectric characteristics. A crucial advantage
of using ANN is that it allows the dielectric measurement of
new complex materials. The proposed system is validated
via simulation and experimental results.

C) Organization
The rest of this paper is organized as follows. In the next
section, we present the mathematical model of proposed
system, based on FEM. In Section III, we build the 3D equiva-
lent model of the adopted structure. The proposed conversion
method based on ANN is presented in Section IV.
Experimental results of the proposed system are presented
in Section V. Finally, the conclusion and future work are pro-
vided in Section VI.

I I . M O D E L I S A T I O N A N D
S I M U L A T I O N

A) Coaxial measurement model
In this section, the measurement model is built with two
coaxial waveguides probes, where the measurement sample

is arranged between the fixing plates. The S-parameters are
measured at the sample surface. The geometry model is illu-
strated in Fig. 1. The latter represents the reference model
which has been used in [12], and explored in this paper for
comparisons and evaluations purposes.

The boundary conditions are imposed at the border of the
studied fields to ensure the uniqueness of the solution. The
boundaries of the HFSS software calculation are defined by
two conditions. The first one is about the radiation space
which must be absorbed, whereas the second one concerns
the walls of the coaxial waveguide and the plates, which
have to be perfect conductors.

B) Simulation
We consider a coaxial line, where the inner and outer radial
dimensions are denoted by a and b, respectively. A metallic
flange with c dimension is extended in the transverse direction
and the tested object t must cover the waveguide aperture. The
mentioned dimensions are selected to permit only the domin-
ant TM mode propagation [13]. The Table 1 illustrates all
system dimensions.

It is important to note that if only the transmission coeffi-
cient or the reflection coefficient is measured, either the
complex permittivity or the complex permeability can be
determined [12].

1) the transmission coefficient for

different dimensions

The FEM method is used to determine the electromagnetic-
field distribution in the sample of the aperture.

Fig. 1. Construction of the measurement model using HFSS.

Table 1. HFSS model parameters.

Parameter Dimension

2a 3.04 mm
2b 7 mm
c/b 10
t/b 0.113–1.38
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Figure 2 shows the measurements of the transmission coef-
ficient |t| as a function of the frequency. From the figure, we
can clearly see a good agreement between our simulation and
measurements for Teflon. This comparison allows us to
confirm the smooth functioning of our model. Also, we see
from this figure that when the thickness t/b increases (i.e.
from 0.113 to 1.38), the transmission coefficient becomes
smaller.

The objective of this part is to validate the design of the
considered model by comparing the obtained simulation
results with those presented in [12]. Moreover, we show the
effect of the variation of the sample dimension on the trans-
mission coefficient. Since the variations of the reflection coef-
ficient for the characterization of dielectric materials are less
significant, in the proposed model, we illustrate only the trans-
mission coefficient.

2) the effect of misalignments on the

transmission coefficient for different

ratios t/b

For a profound understanding of the variation effect of the
ratio t/b on extracted parameters, we present the error
caused by the coaxial probes misalignment. Note that a mis-
alignment can be presented during the fixation of the two
coaxial probes. In this study, the misalignment of the
coaxial probes along the x-axis, which is perpendicular to
the propagation direction of the TM mode in the waveguide,
is investigated (see Fig. 3).

Using the 3D-simulation model in Fig. 1, the transmission
coefficient considering misalignments distance, denoted by
dx, is investigated. In Fig. 4, the transmission coefficient
versus the frequency for different values of t/b is presented.
In this simulation, dx worths 1 mm. From the obtained
results it is obvious that the lowest misalignment errors are
achieved for t/b which is equal to 0.938 and 1.38. However,
according to Scott [12] the real and imaginary parts of the
measured complex permittivities when t/b is equal to 0.938

and 1.38 are highly affected by the frequency variation. To
guarantee a good compromise, we consider t/b equal to
0.453, since it offers both an accurate dielectric determination
against the frequency variation and a latest misalignment
error compared with the remaining t/b values.

3) the transmission coefficient for

different materials

Once the model functionality confirmed, we began the charac-
terization of wide range of materials.

The curves in Fig. 5 represent the variation of the transmis-
sion coefficient for different materials as a function of the fre-
quency. In the simulation, t/b is equal to 0.453. As depicted in
Fig. 5, the proposed model is able to well distinguish different

Fig. 2. Transmission coefficient comparison between the simulation and results presented in [12] for Teflon.

Fig. 3. Schematic representation of the performed misalignment plane.
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materials based on their transmission coefficients. As a result,
we can note that the transmission coefficient can be used for
dielectric characterization. However, the transmission coeffi-
cient is not efficient since it depends on other parameters
such as thickness and used frequency, as presented in Fig. 2.
Thus, an efficient characterization requires other independent
parameters.

The objective of this part is to show the effect of the mater-
ial samples on the transmission coefficient results for large
non-destructive measurement.

4) structure evaluation with and without

transition

In Fig. 6, we present the simplified two schematics of the model,
where different planes are used during the S-parameters

measurement. In the first representation, i.e. with transition
(see Fig. 6(a)), the reference planes are at the coaxial waveguide
connection. The latter takes on consideration the phase factor,
which is equivalent to the distance between the sample surface
and the connector plane, whereas in the second representation,
i.e. without transition (see Fig. 6(b)), the reference planes are at
the material under test. This is can be realized by involving the
de-embedding function of the HFSS. Indeed, using the
de-embedding, the influence of the transition on the actual
material measurement can be cancelled out.

In Fig. 7, we present the curves of the simulated model with
and without transition as a function of frequency for a variety
of dielectric. These results permit to see the transition effect on
the measurement of the transmission coefficient for different
dielectric samples.

Fig. 4. Simulated transmission coefficient for Teflon, considering a misalignment dx ¼ 1 mm for different ratio t/b.

Fig. 5. Transmission coefficient comparison versus frequency for different materials with t/b ¼ 0.453.
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Also, this study includes several dielectric materials in
order to find good matching levels within the operating
bandwidth. From the figure, we can deduce that for both
methods (i.e. with and without transition) the transmittance
is highly affected by the frequency. Indeed, the main source
of errors is provided by the phase uncertainties about
0.75 GHz. For frequencies about 0.5 GHz, the transition
has no effect on the measurement of the transmission

coefficient. It is important to note that the line impedance
is adapted to 50 V.

I I I . C O N V E R S I O N M E T H O D U S I N G
A N N S B A S E D O N F E M P R E D I C T I O N

Generally, the conversion of S-parameters to complex dielec-
tric values is determined by solving the system of non-linear
equations, according to the structure form. However, with
the high requirement of new forms, developing mathematical
model for each form is complicated. In addition, high-
performance 3D software leads to design more complex struc-
ture. Nevertheless, these softwares require a numeric conver-
sion method in order to define the dielectric material
characteristics. Thus, we propose a novel algorithm based

Fig. 6. Schematic representation of the performed two-planes in simulation.

Fig. 7. Transmission coefficient of the structure with and without transition for different dielectric: (a) magnitude and (b) phase.
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on the joint use of HFSS and ANN for frequency reference of
1 GHz and 10 mm of sample length.

A) The design of the conversion method
In this study, using the HFSS, all experiments have been done
under the following settings: Frequency is 1 GHz, the
maximum number of passes worth 20, the maximum DS ¼
0.01 and the discrete type of sweep from 0.045 to 1 GHz
with step of 0.002 GHz.

An ANN is applied to provide a conversion model for
mapping S-parameters as input to dielectric characteristics
as output. More precisely, the ANN is fed by the transmission
coefficient module/phase (|t|, tu) and reflections coefficient
module/phase (|r|, ru), resumed by x as input vector as well
as the permittivity (ẽ′r) and loss factor (ẽ′′r ), resumed by Ŷ as
output vector.

x = (|t|, tu, |r|, ru), (1)

Ŷ = (ẽ′r, ẽ′′r ). (2)

The architecture of the ANNs converter (see Fig. 8(b)) is
consisting of four nodes as input, one hidden layer and two
nodes as output.

Moreover, it is important to reveal that, the ANN convert-
er requires high number of training samples in order to cover
the whole permittivity material band. However, the proced-
ure of providing real measurements is very expensive and
long time is needed while preparing the measurement
samples. Thus, we explore the simulation data for designing
the training model.

In order to train the ANNs converter, the training database
is generated by varying permittivity ẽ′r and loss factor ẽ′′r
from 1 to 81 and 1025 to 0, respectively, to yield 2198
samples. Once the ANN is trained, it is able to determine
the permittivity and loss factor.

In the ANNs converter, the training phase is performed
using simulated samples, whereas in the operation phase the
measured values are used. However, those latter are shifted
from the simulated values due to the transition part.

Moreover, during the experiment phase we found that, the
gap between simulated and measured transmission coefficient
depends on the material under test. In other word, this differ-
ence is related to the S-parameters values. Hence, we have
introduced an ANNs corrector (as depicted in Fig. 8(a)) in
order to determine the corrected S-parameters from the
obtained measured values more intelligently, according to
the input features. Therefore, the ANNs corrector is adapted
to the materiel under test.

The ANN corrector model is designed using only 20 meas-
urement samples for training, which is very small against the
simulated ones.

As a result, the proposed algorithm relies on the use of two
ANNs: the first one uses the VNA measured data leading to
correct the shift caused by the adaptation, presented in the
complex structure, whereas, the second one is fed from the
first ANNs to predict the dielectric characterization.

The advantages of the proposed ANNs corrector are: (i)
reducing the shift in the transmission measurement, caused
by the adaptation problem in the transition part; (ii) increas-
ing the conversion accuracy using simulation and measure-
ment data; (iii) taking into account the measured attenuation.

In this study, the training phase is performed considering
two reference planes. Therefore, the proposed system is able
to work whatever the chosen reference plane.

I V . E X P E R I M E N T A L R E S U L T S

The broadband measurements of complex dielectric constants
are required for several applications. Due to their relative sim-
plicity, the TR method is widely used for measurement tech-
niques. In this method, a sample is placed in a section of
conical waveguide with large open end and the S-parameters
are measured by a VNA. The measured S-parameters are
related to the permittivity and permeability of the material
by the relevant scattering equations. For the TR method, the
system of equations that represent the model contains
various variables, such as the permittivity, permeability, the
reference plane position, the sample thickness, and the fre-
quency. In the TR method, we have more data than the SCL
method, since we have all the S-parameters. The system of

Fig. 8. Neural networks architecture: (a) corrector part and (b) conversion part.
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equations is generally overdetermined and therefore can be
solved using ANN algorithm.

A) The tester
The brass coaxial waveguide is used for dielectric measure-
ment, where a Teflon sample of 10 mm is placed on the
probes section, which is connected to the VNA (ANRITSU
370). A calibration step for flexible cables and probes is per-
formed in order to achieve more efficient results. In the first
step, a short, open, load (SOLT) calibration with a standard
N kit is applied. The systematic errors caused by the connector
cables up to the reference plane are removed. In the second
step, a TR calibration of the probs up to the measurement
plane is performed. For more details about the calibration
we refer to [18]. The calibration tester allows us to estimate
the change in transmission loss with frequency. It also
allows us to see the influence of the sample size on the
measure.

1) coaxial waveguide with conical aperture

In this paper, the optimized probes, which fit with this study,
are presented in Fig. 9. This model differs from the model
depicted in Fig. 1 by the fact that it contains a conical form,
which allows a large dimension of material characterization.
Note that the model has been designed under input imped-
ance of 50 V with attenuation that depends on the frequency
and the material under test. This attenuation is caused by the

conical form at the open-end of the coaxial waveguide. In
additions, the structure dimension as shows in Fig. 10 is pre-
sented. This figure (i.e. Fig. 10) is a simplified scheme of Fig. 9,
which aims to illustrate the used dimensions, where the inner
dimension a ¼ 14 mm, the outer dimension b ¼ 40 mm, the
flange dimension c ¼ 90 mm, and the waveguide length L ¼
95 mm.

2) air measurement results

After the validation of the simulation results, we proceed in this
part to the experimental measurement evaluation. Thus, we
take the Air as a dielectric characterization benchmark. Note
that the measured data are compared with HFSS-simulated
data, which is obtained with the Air samples.

Figure 11(a) plots the transmission coefficient of the simu-
lated result (AirS) against the measured result (AirM) for
10 mm of Air thickness simple. As we can clearly see from
the figure, both curves have the same trend with a gap that
depends on the frequency. This gap is due to the coaxial
impedance deviation from the input impedance (i.e. 50 V)
to the output impedance (i.e. 0.75 V) in the transition part
of the real model. Hence, the ANN corrector bloc is intro-
duced to reduce the gap between simulated and measured
values.

Figure 12(a) represents the measured Air after correction
(AirC). In this simulation, the mean-squared error (MSE)
between the AirS and the actual network outputs worth 0.29.
At this point, the ANNs conversion can perfectly perform
the dielectric material characterization.

3) teflon measurement results

After the validation of the ANNs corrector model, another
experimental measurement evaluation is presented by taking
the Teflon as a dielectric material benchmark. Note that the
measured data are compared with HFSS-simulated data,
which is obtained with Teflon samples.

Figure 11(b) plots the simulated transmission coefficient
(TeflonS) against the measured transmission coefficient
(TeflonM) for 10 mm of Teflon thickness simple.

Figure 12(b) represents the measured transmission coeffi-
cient of Teflon after correction (TeflonC). In this simulation,
the MSE between the TeflonS and the actual network
outputs worth 0.33.

From Figs 11(a) and 11(b) we can clearly conclude that the
shift between the simulated and measured depends crucially
on the frequency as well as the material under test. As a
result, the proposed ANNs corrector should be able to
reduce the gap as much as possible between simulated and
measured results.

In order to design and evaluate the ANNs corrector, 20
measurement samples are available. These samples are
divided into a training set of ten measurements, a validation

Fig. 9. The measurement tester used in the experiments, highlighting: VNA,
Teflon (sample), and coaxial probes.

Fig. 10. Equivalent geometry of coaxial line model (mm).
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set of five measurements and a test set of five measurements.
The weights are adjusted by using a gradient-descent error
minimization technique. For this study the number of
hidden layers and neurons are selected to minimize the
error of the validation data.

As shown in Figs 12(a) and 12(b), the difference between
the measured and simulated transmission coefficient become
,0.5 dB for both materials. These results confirm the ability
of ANNs to solve the adaptation problem.

Table 2 summarizes the corrector testing performance for
Teflon and Air.

At this stage, the conversion method leads to determine the
dielectric coefficient of material under test.

The calibration part takes on consideration the real loss
of the tester caused by the adaptation in the conical form,
and the shift due to the reference plane and the air effect

on the measure. All those measures are introduced to the
ANNs corrector to be considered during the conversion
method.

B) The evaluation of the conversion method
In this section, we evaluate the proposed conversion method.
To this end, new data materials are introduced. The conver-
sion method uses simulated samples with permittivity
ranging from 1 to 81 and loss factor ranging from 1022 to
0. This range envelops all existing permittivity in the nature.
In this work, we use some of them for the evaluation purposes.

In order to evaluate the performance of the conversion
method, quantitatively, and verify whether there is any under-
lying trend in the performance, seven dielectric materials are
considered. Note that this new variety of materials is not

Fig. 11. Transmission coefficient comparison between measured and simulated data with 10 mm of thickness for (a) Air and (b) Teflon.
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listed in our training database. Table 3 summarizes their per-
mittivities and loss factors, obtained using ANNs and the
benchmark [19]. Remember that the complex TR coefficients
are the inputs and permittivity/loss factor are the outputs of
the system. From Table 3, we can observe that the results
obtained by the proposed method are very close to the
results published in [19]. For instance, the comparison in
terms of Air samples show ẽ′r = 0.9949 and ẽ′′r = 0.0058,

which represents 0.57% of error. In addition, the comparison
in terms of Teflon samples show ẽ′′r = 0.0014 and
ẽ′r = 2.0903, which represents 0.46% of error. Regarding the
loss factor, ẽ′′r , its accuracy weakness is due to the small
value and to its narrow distribution (i.e. from 0 to 0.01),
whereas, since the permittivity values cover a large scale
(i.e. from 1 to 81), it leads to better results. Therefore, the
accuracy of ANNs is affected by the training sample distribu-
tion values.

In Fig. 13, we present the interpolation of the predicted per-
mittivity obtained by the ANNs against the exact permittivity.
From the figure, we can observe a linear function, which con-
firms the stability of the conversion method. The presented
result aims to show that the proposed method can predict a per-
mittivity with lowest error regarding to the exact one.

Fig. 12. Transmission coefficient comparison between measured, simulated and corrected by ANNs with 10 mm of thickness for (a) Air and (b) Teflon.

Table 2 Corrector testing performance for Teflon and Air.

Material Teflon Air

MSE (dB) 0.33 0.29
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V . C O N C L U S I O N

In this paper, a new conversion method based on the joint use
of FEM and ANNs is presented. The proposed method aims to
determine the dielectric characterization of the complex struc-
ture. During the experimental evaluation, a significant gap
between the measured and simulated data is observed. This
gap is caused by the conical form of the adopted structure.
To overcome this issue, a concatenation of double stage of
ANNs is proposed, where the first stage is designed to figure
out the adaptation problem, whereas the second stage is
used as a suitable conversion tool for the dielectric
characterization.

It has been shown using experimental results, conducted
on several materials, that the proposed system is efficient.
Indeed, permittivity precision of 99.43 and 99.54% is achieved
for Air and Teflon material, respectively.

As future work, the accuracy of the presented results could
be improved via eliminating all air gap effects, increasing the
number of training measured material and involving the high
modes presented at the coaxial waveguide through exploring
transversal operator method. Furthermore, the presented
method can be extended to measure dielectric thicknesses
and material identification.
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