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Abstract. To determine the dielectric permittivity of materials in a wide frequency range with the automation
of measurements and the necessary accuracy, measuring cells have been created to ensure the simplicity
of the design of the waveguide path. In order to obtain information about the suitability of measuring cells based
on irregular SHF waveguides for estimation of dielectric parameters of materials, we simulated the structure
of electromagnetic field in the system consisting of two irregular waveguides and waveguide chamber placed
between them using a three-dimensional electrodynamic simulation in Ansoft HFSS package environment.
The distribution of the electric field was simulated when an empty polyethylene tube, a rod of fluoroplastic and
arod of textolite are placed in the measuring cell. It was demonstrated that high order modes fade out in
irregular waveguide and do not affect the precision of obtained results, and significant edge effects were not
detected. It allows one to utilize measuring cells based on irregular waveguides together with a scalar or vector
network analyzer and using the partial filling of the waveguide method or the modified Nicholson — Ross — Weir
method for measurements of dielectric permittivity & of materials. The results of modeling the dependence of the
amplitude and phase of the reflection coefficient of the textolite and fluoroplastic on the frequency in Ansoft
HFSS environment are given. The simulation results are compared with the results obtained experimentally.
The frequency dependencies of € were obtained experimentally for test materials — textolite and fluoroplastic —
in the frequency range of 25,95-37,50 GHz. The experimental data are in satisfactory agreement with the results
of theoretical calculations and do not go beyond the boundaries specified by the measurement uncertainty.
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Foreword

Today one can observe the growth in need for precise and reliable contactless methods and
instruments to measure dielectric permittivity ¢ of materials in a wide range of microwave
frequencies. Quite a lot of such methods are known [1], but the means of their implementation are
insufficiently developed. As a result of the analysis of existing methods and instruments for measuring
the dielectric permittivity € of materials, two methods were chosen for constructing measuring
instruments: the method of partial filling of the waveguide [2] and the modified Nicholson — Ross — Weir
method [3]. They can be used as the basis for measuring the properties ¢ of materials under study
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in various aggregate states, provide broadband frequency measurements and automate them, with the
necessary measurement accuracy (~5 %); simplicity of the composite waveguide path design and
practical implementation of the measurement technique [4-6].

To create advanced measurement tools based on the methods mentioned above, it is necessary
to optimize the geometry of the measurement cells (MC) intended for placement in the waveguide
system of the sample under study. This requires accurate information about the spatial structure of
the electromagnetic field in a cell, given his distortions caused by the configuration of the waveguide
and the introduction of the test sample in the form of a rod in the case of solid materials or dielectric tube
which is subsequently filled with sample, if liquid or powdered substances. In particular, to improve the
accuracy and reliability of measurements using irregular waveguides, it is necessary to minimize the
influence of edge effects and higher-order modes. The purpose of this work is to obtain information
about the spatial distribution of the electromagnetic field in the measuring cell for determining the
permittivity of materials on the microwave, which would minimize the influence of the above effects.

Routine of calculations and experiment

In order to obtain information about the structure of the electromagnetic field inside the MC,
a system consisting of two irregular waveguides and one waveguide chamber placed between them
was simulated using the Ansoft HFSS (High Frequency Structural Simulator) three-dimensional
electrodynamic modeling environment [7].
Taking into account the results of numerical modeling, the MC was manufactured as part of
a waveguide system used for further connection to a vector circuit analyzer to measure
the permittivity of materials. Experimental measurements were carried out on test samples, which
were taken as textolite and fluoroplast, since their parameters are well known. For measurements,
the method of partial filling of the waveguide was implemented, for which an installation was
assembled based on the vector network analyzer “Meter of complex reflection and transmission
coefficients R4-MVM-37>, a waveguide path in the 25.95-37.50 GHz band and an MC optimized
based on the results given below. The installation scheme is described in detail in [5], and the
measurement method and accuracy assessment were similar to those given in [5] and [8], respectively.
To obtain the most reliable results, the sample's contribution to the field change must be significant
while minimizing interfering factors. To make sure that the assumption is correct that the introduction
of the test sample into the MC will cause a significant change in the pattern of electric field
propagation, the introduction of a fluoroplast rod and a textolite rod into the MC was modeled.

Results and discussion

In the HFSS-modeled system, we obtained and analyzed the electric field distribution (Fig. 1).
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Fig. 1. Scheme of the distribution of the electric field in the simulated measuring cell
To obtain reliable results, it is necessary, in particular, to ensure a sufficient degree
of uniformity of the field in the section perpendicular to the waveguide axis at the sample location.
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As can be seen in the box in Fig. 1, this condition is met in a sufficiently large area in the central part
of the extended section of the waveguide. If the cross-section dimensions ensure the forming of the
necessary field structure, then by gradually increasing the waveguide cross-section, this structure can
be preserved, and the dimensions of the measuring cell can be increased. At the point of transition
from the waveguide to the horn, higher-order modes appear, but with a sufficiently smooth expansion
of the waveguide (a small flare angle of the horn), the intensity of these waves is small (Fig. 2).
Fig. 2 represents the upper line (non-zero) for the Hio wave intensity, and the remaining four lines
for the Hao, Hzo, Hao, and Hso waves are near zero, as shown by the simulation results.

Directional properties in an irregular waveguide made in the form of a horn can be estimated
approximately using the Kirchhoff-Huygens method [9]. Because the horn basically retains the same
field character as the waveguide, they assume that in an aperture there are two field components
EY and HX, the amplitude of which does not depend on Y-coordinates, and changes along
the X-coordinate according to the cosine law. However, unlike the surface of the open end of the
waveguide, the aperture of the horn cannot be excited in phase, since a cylindrical (in sectorial horns)
or close to spherical (in pyramidal horns) wave propagates in the horn.
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Fig. 2. Frequency dependence of the wave intensities Hio, Hzo, Hzo, Hao, Hso

Three cases were modeled for materials with known parameters in order to consider the
behavior of the electric field in the MC when a dielectric rod is inserted into it in the HFSS
environment. Fig. 3 shows the distribution of the electric field when an empty polyethylene tube is
placed in the MC, Fig. 4 demonstrates a rod made of fluoroplast, and Fig. 5 — a rod made of textolite.
Fig. 3-5 depict the propagation of the Hio wave on the left and the Hxo wave on the right. Computer
simulation determined that higher-order modes are damped in an irregular waveguide and do not
affect the accuracy of the results obtained, as well as no significant edge effects were found.
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Fig. 3. The distribution of the electric field when an empty polyethylene tube is placed in the measuring cell
(on the left wave propagation Hio, on the right — Hao)
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Fig. 4. The distribution of the electric field when the rod of fluoroplastic is placed in the measuring cell
(on the left wave propagation Hio, on the right — Ha)
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Fig. 5. The distribution of the electric field when the rod of textolite is placed in the measuring cell
(on the left wave propagation Hio, on the right — Ha)

Since the method for measuring the permittivity is based on finding the S-parameters,
HFSS modeled the propagation of the reflected wave in the measuring cell and obtained a graph
of the dependence of Si1 on the frequency in the frequency range 25.95-37.50 GHz (Fig. 6). Sharp
dips in the dependence that occur at a number of frequencies can be eliminated by calibrating the
measurement path during measurements.

Based on the results obtained, we optimized the geometric dimensions and shape of a MC
made for measuring the dielectric parameters of materials in the frequency range 25.95-37.50 GHz
in conjunction with a scalar or vector circuit analyzer. The MC is assembled from two horn antennas
and a waveguide chamber placed between them, in which an insert with a hole for rod-shaped samples
is placed.

The optimized measurement cell was used in conjunction with a vector circuit analyzer
to study the dependence of the amplitude (Si1) and phase (pi11) of the reflection coefficient
of anumber of materials on the frequency f. As an example, Fig.7 shows the results for
fluoroplast (a, b, d) and textolite (b, d, €) in the frequency range 25.95-37.50 GHz. In particular,
the experimental (solid lines) and HFSS-modeled (dotted lines) dependences of the amplitude (a, b)
and phase (c,d) of the reflection coefficient on frequency are shown, as well as the obtained
dependences of € on frequency (d, e).
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Fig. 6. Dependence of Si1 on frequency in the frequency range 25.95-37.50 GHz
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Fig. 7. Experimental (solid lines) and simulated in HFSS (dashed lines) dependences of the amplitude (a, b)
and phase (c, d) of the reflection coefficient on frequency, as well as the obtained dependences of ¢
on frequency (e, f) for fluoroplastic (a, c, e) and textolite (b, d, f) in the frequency range 25.95-37.50 GHz
(in Figures (e) and (f) the dashed lines show the boundaries of the region of uncertainty of the obtained results)

The results of numerical modeling of the amplitude and phase of the reflection coefficient
were used as input parameters in the mathematical model for calculating the permittivity and it was
found that the permittivity calculated theoretically does not exceed the limits set by the measurement
uncertainty.

Conclusion

As a result of numerical modeling and analysis of electric field distribution in
the measurement cell of microwave range, consisting of a pair of irregular waveguides with
a waveguide chamber in-between, in the absence and presence of the rod-shaped samples of a certain
size, we have established that in this system there is a significant impact of the presence of samples
on the spatial structure of the field, while the influence of edge effects and higher-order modes is
reduced to a negligibly small level in comparison with permissible measurement uncertainty.
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Based on the obtained data, measurement cells are developed that are used in the
implementation of the method of partial filling of the waveguide and the modified Nicholson — Ross —
Weir method, which are the basis for measuring the properties of various materials in liquid and solid
states. This ensures broadband frequency measurements, their automation, and the necessary
accuracy (~5 %) with a simple design of the composite waveguide path. The experimental data
obtained for the test materials are in agreement with the data of theoretical calculations and do not
exceed the limits set by the uncertainty of the measurement results.
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