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ABSTRACT

This paper describes a new approach, based on the Mie theory, to measure the dielectric properties of lossless materials at temperatures
greater than 1500 °C. For the reliable operation of microwave transmitting materials in harsh environments, it is crucial to correctly charac-
terize the permittivity under various temperature conditions. Heating and measurement systems using a propane torch and a single horn
antenna were designed to estimate such dielectric properties. The reflection spectrum of Al,O; ceramics at room temperature was deter-
mined using the Mie theory to derive the permittivity and validate the approach. High-temperature dielectric constants are derived from
simulated values, which are reliable and have only a slight slope as a function of temperature. These results indicate that the permittivity
measurement technique can provide powerful information for the optimal design and accurate evaluation of the dielectric properties of

various lossless materials at high temperatures.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5093394

I. INTRODUCTION

Microwave transmitting materials have been of interest in a
variety of applications, including mobile communications and aero-
space vehicles.”” When such materials are used in aerospace applica-
tions, the surface temperature of the material is significantly elevated
due to friction from the air, which changes the dielectric properties
of the material. Therefore, there have been increased demands for an
accurate technique to measure the high-temperature permittivity of
materials at microwave frequencies, with many potential techniques
being introduced over the past several decades. Some of these
well-known methods have been proposed to characterize permittivity
in the microwave frequency using waveguides or coaxial transmission
lines, such as the free-space method and resonance methods.
One important method to measure the permittivity or permeability
of materials is the waveguide transmission line method.”™ This
approach uses the coeflicient of electromagnetic power transmitted

to or reflected by a specimen placed in a waveguide when an electro-
magnetic field is applied. However, this approach has inaccuracies
because of the discontinuous air gaps that appear between the
sample and the waveguide. In addition, differences in the thermal
expansion coefficients between the sample and the waveguide cause
imprecision in the measured values at higher temperatures.’

Another method, the free-space technique, is capable of perform-
ing measurement at high frequencies.””* The specimens are placed
inside two horn antennas and a Gaussian beam is used to focus the
electromagnetic energy onto the specimen. The dielectric properties
are then evaluated using the scattering, transmission, and reflection
properties at a specific frequency of the focused beam. This method
can measure the electromagnetic properties at a high temperature
because there is no need for direct contact with the samples.’
However, this method is less accurate than the cavity system method
since there are diffraction effects and multiple reflections at the
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samples.'” The resonant method, widely known as the Hakki-Coleman
method, is useful for low-loss dielectric materials in cavities and open
resonators.~'* In this approach, if pores in the material or a complex
are formed, the resonance is complicated by the incident microwaves,
making it difficult to precisely extract the dielectric properties."*

Notably, these widely used permittivity measurements vary in
accuracy depending on the type and dimensions of the specimen,
while high temperatures cause reliability problems in the measured
values. Especially, when dielectric properties are measured at high tem-
peratures above 1500 °C, a new heating source must be utilized due to
the limitations of conventional heating methods, which uses a ramp
heating apparatus or a furnace. Although an acetylene or plasma torch
system can increase the sample temperature above 1500°C, the
heating zone is too small relative to the size of the sample, causing a
temperature gradient in the lateral direction. This temperature gradi-
ent scatters the microwave beam in various directions, which degrades
the accuracy of the extracted permittivity. Therefore, it is necessary to
develop a design that reliably determines the dielectric properties of
materials in harsh environments, even under high frequencies and at
high temperature (above 1500 °C) conditions.

This work considers measurements for the permittivity of loss-
less dielectric materials at temperatures above 1500 °C using the Mie
theory. Mie scattering is a phenomenon applied to particles that are
approximately the same size as the incident wavelength. However, the
properties of Mie scattering strongly depend on the shape and size of
the particle. This phenomenon can be understood as a combination
of multiple electromagnetic resonance modes, also known as the mul-
tipole expansion.'”'® Controlling these electric and magnetic modes
enables many novel functionalities, such as artificial magnetism with
nonmagnetic materials or directional scattering. Many studies have
actively utilized this controllability. It was experimentally revealed
that Mie scattering can also be utilized in the microwave regime.'” To
give a more intuitive description of the Mie theory, an analysis based
on a Fabry-Perot resonator was described in the literature.'®

In this study, we design a Mie resonator whose backward-
scattering cross section peak is in the Ku-band frequency. This peak
position changes with the dielectric constant of a specimen due to
temperature changes. Since the specimen is relatively small, one can
minimize the temperature gradient inside the resonator through
heating, which can simplify the experimental conditions. The dielec-
tric constant is deduced from this peak position in the measured
reflection pattern. The reflection patterns from Al,O; ceramics in the
Ku-band are obtained using a free-space antenna system. The hard-
ware for the conventional resonance and the free-space method have
obvious limitations when attempting to obtain the permittivity at
temperatures above 1500 °C. Therefore, the heating and the refractory
space are changed by employing only a single horn antenna system,
and the entire region of the specimen is heated to high temperatures
using a propane torch. After analyzing the reflection spectra, the
dielectric properties of the Al,O; ceramics are estimated as functions
of temperature.

Il. EXPERIMENTAL PROCEDURE

A. Specimen design

The Mie resonance frequency is strongly dependent on the
shape and dimensions of the target samples. This study considers

ARTICLE scitation.org/journalljap

measurements for the permittivity of AlL,O; specimens in the
Ku-band frequency regime. The size of the specimen was varied
from 4 x 4 x 40 mm> to 12 x 12 x 40 mm” to determine the proper
specimen size that exhibits a backward-scattering cross section
peak within this frequency range. Furthermore, thin Al,O; pillars
sized at 3 x 3 x 50 mm® were attached on both sides of the speci-
men to suspend it in air. Since the dimensions of the side pillar
structures are much smaller than that of the main specimen, their
effects on the cross section are neglected. In this configuration, the
entire main specimen area can be heated using the flame from a
torch. The polarization direction of the microwave was set to be
along the longest direction of the sample.

A finite-difference time-domain (FDTD) analysis was per-
formed to optimize the shapes and sizes of the specimens and to
calculate their scattering cross section over the Ku-band frequency
regime. If the dimensions of the specimen are too small, it is not
possible to reliably measure its cross section. On the other hand, if
they are too large, it will be difficult to define an apparent peak
because of the multiple higher-order modes that would be present.
When calculating the scattering cross section, the experimental
setup conditions are taken into account such as the antenna size
and the antenna-sample configuration so that the exact scattering
cross section of the light on the antenna area can be calculated
from the far-field simulation results. Once the sample dimensions
are determined, a database that relates the peak frequency to the
permittivity is built from simulations of various permittivities.
After the measurements, the dielectric constant is retrieved by com-
paring the measured peak frequency in the reflection spectrum
with the data from the database.

B. Measurement and retrieval of permittivity at high
temperature

Prior to using the Mie theory to determine the dielectric cons-
tant, the dielectric properties of the measuring system are deter-
mined using the waveguide through-reflection-line (TRL) approach
and the free-space gate-reflection-line (GRL) method to minimize
any errors. Firstly, we use the through connection, reflection, and
line-matching in the waveguide system to obtain the permittivity
values of air and the reference materials. After calibration using the
TRL method, the transmitter and receiver horn antennas are
employed for calibration using the GRL technique. After the GRL
calibration, one horn antenna is removed to construct the high-
temperature torch and refractory system.

After the calibration procedure, we use the single antenna-
propane torch system to estimate the high-temperature permittivity
of the lossless ceramic samples. A schematic illustration of the mea-
surement configuration is shown in Fig. 1. A planar AL,O; sample
with dimensions 8.5x 8.5x40mm’ is surrounded by refractory
blocks (SK-38, Hanse refractories, Korea) for thermal insulation and
is located in front of a spot-focusing Ku-band (12.4-18.0 GHz) horn
antenna with a focal distance of 30.5cm. A high-temperature
propane torch (Nortel Red Rocket, Wale Apparatus, USA) is placed
in front of the target specimen. The horn antenna is covered with
cerawool to protect it from the heating process. The reflection spec-
trum is received by the horn antenna, which is aligned with the inci-
dent beam and the Al,O; specimen. The reflection parameters are
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FIG. 1. Scheme of permittivity test apparatus using a single horn
antenna-propane torch system at high temperature.

obtained from a vector network analyzer (HP 8510C, Agilent, USA).
To study the relationship between the temperature and permittivity,
the temperature is varied using a mass flow controller (M3030V,
Line Tech, Korea) for both the liquefied petroleum gas (LPG) and
oxygen flow rates. The LPG to oxygen ratio in the flow is fixed at 3.
The specimen temperature is measured using a two-color pyrometer
(Pyrosoft DSR 10NV, DIA Infrared, Germany). After evaluating the
dielectric properties at room temperature, the dielectric constant of
the sintered Al,O; sample is measured from room temperature to
1550 °C within the frequency range of 12.4-17.5 GHz.

lll. RESULTS

Before measuring the permittivity, the Mie resonance method
is applied to estimate it using several assumptions. First, it is
assumed that there is no temperature gradient inside the specimen
during the heating because the sample size is smaller than the
heating area of the torch and the size is sufficiently thin. Through
this assumption, the complexity of the simulation is simplified and
is feasible by reducing the number of variables that are considered.
Second, the sample is assumed to be a lossless dielectric material.
Since the Mie resonance method uses the singular information of
the reflection peak position to derive the permittivity, it is impossi-
ble to obtain both the real and imaginary components of the per-
mittivity simultaneously. Finally, the thermal expansion of the
AlL,O3 sample is not considered in the calculations. Based on these
assumptions, the dielectric constants of the Al,Os; ceramics are
measured from the Mie resonance.

It is essential to define the size of the target sample for which
the Mie resonance occurs to ensure that the position of an intense
reflection peak is within the Ku-band frequency region. As shown
in Fig. 2, we predict the reflection peak position in the Ku-band
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Scattering cross-section (a.u.)

Frequency (GHz)

FIG. 2. Change of reflection peak position of Al,O5 specimen for a variety of
sample sizes in the Ku-band frequency regime. Height of all samples is fixed at
40 mm.

region by varying the dimensions of the AlL,O; samples from
4x4x40mm’ to 12x 12 x40 mm”>. The height for all samples is
fixed at 40 mm. It is noted that the ALO; at 8 x 8 x40 mm> has
obvious reflection peaks around 16.9 GHz. The room-temperature
permittivity is used to design the sample size so that a clear peak
occurs in the higher frequency regime of the Ku-band. Since the
permittivity of Al,O; ceramics generally increases with tempera-
ture, simulations with a higher permittivity than at room tempera-
ture are performed, and the results are arranged in a database to
show the relationship between the permittivity and the peak posi-
tion of the scattering cross section. When the specimens are large,
as in case of the 12 x 12 x 40 mm> sample, the higher-order modes
enter into the Ku-band region. Although these modes have the
advantage of a high reflectance in the frequency domain, it is
difficult to determine the dielectric constant from these because
there are multiple modes that interact with each other. In this
study, because it is preferable to use only the strongest peak, such
large samples are not preferred. Moreover, as it is assumed that
there is no thermal gradient on the surface of samples during
heating, the dimensions of samples should be minimized to ensure
that this assumption is valid. When the sample size decreases to
4 x 4 x 40 mm?®, there is no obvious resonance peak in the reflection
spectrum of the Ku-band frequency range. Therefore, the sample
dimensions are fixed at 8.5 x 8.5 x 40 mm”. The measured reflection
spectrum for the AL,O5 sample of 8.5 x 8.5 x 40 mm® at room tem-
perature is given in Fig. 3. Figure 3(a) shows that the peak obtained
from a single antenna system requires a postprocessing to clearly
define its position due to the noise.

Firstly, a Savitzky-Golay filter is applied to smooth the experi-
mental reflection spectrum. However, since it is difficult to dis-
tinctly define the peak position simply by applying this filter, a 3rd
order polynomial curve fitting is also performed over the frequency
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range where reflectance has more than 70% of the maximum value.
The postprocessed values clearly indicate the peak position from
the experimental results. The measured and simulated reflection
spectra of the Al,O; samples in the Ku-band frequency region at
room temperature are shown in Fig. 3(b), where an obvious peak
appears from 12.4 to 17.5 GHz with a peak at 15.7 GHz. The simu-
lated pattern for the 8.5 x 8.5 x 40 mm® Al,O; sample corresponds
with the dielectric constant of 9.77, which is well-matched with the
results of other works."”~*' Therefore, it is confirmed that the
method to derive the permittivity of ceramics using the Mie theory
with a single antenna is validated at room temperature.

It is important to measure the changes in the dielectric
characteristics at various temperatures since ceramics with low
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FIG. 3. (a) Measured Al,O; reflection spectrum in the Ku-band region before
and after using the Savitzky-Golay filter for smoothing. The blue line indicates
the reflection spectrum of the Al,O5 specimen after 3rd order polynomial curve
fitting. (b) Measured and simulated Al,O5 reflection spectrum at room tempera-
ture in the Ku-band region.
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permittivities are often employed in harsh environments. We
heated the specimen to 1550 °C by increasing the gas flow rate of
the heat source. No obvious deformation of the Al,O5; sample is
observed during the experiment. Figure 4 shows shifts in the
reflection spectra of the Al,O; ceramic sample as a function of
temperature. As can be seen from Fig. 4(a), the reflection spec-
trum shifts to lower frequencies with higher temperatures. The
maximum peak position changes from 15.63 to 14.35 GHz from
room temperature to 1550 °C [Fig. 4(b)]. In addition, the full
width at half maximum (FWHM) of the resonance bandwidth
gradually increases, which is in agreement with the results for the
Fabry-Perot resonance.”>> It is well-known from the Debye model
that the permittivity changes as a function of frequency and
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FIG. 4. (a) Change of measured reflection spectrum and (b) maximum peak
position of Al,05 specimens after using Savitzky-Golay filtering with an increase
of temperature up to 1550 °C.
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FIG. 5. Measured dielectric constant of Al,O5 ceramics with an increase of tem-
perature to 1550 °C in the Ku-band frequency region.

temperature.”* >’ The real permittivity can be expressed by
Es — Ex
=gt —7——, 1
1+ @?2(T)? W

where 7(T) is the relaxation time, @ is the angular frequency, £« is
the high-frequency permittivity, and &g is the static permittivity.
The relaxation time strongly depends on the sample temperature,
which is described by

1
o(T) = EeU/kT, (2)

where U is the potential barrier, v is the vibration frequency, k is
Boltzmann’s constant, and T is the absolute temperature, respec-
tively. With an increasing temperature, the thermal energy stimu-
lates the migration of carriers for a faster response. Therefore, the
relaxation time decreases at higher temperatures, thereby increasing
the permittivity of the AL,O; samples.”®

Figure 5 shows the variations in the dielectric constant for the
8.5 x 8.5 x 40 mm> Al,O, sample in the Ku-band region from room
temperature to 1550 °C in air. The dielectric constant varied from
9.77 at room temperature to 11.68 at 1550 °C. It is clearly seen that
the measured dielectric constant of polycrystalline ceramics gradu-
ally increases with rising temperatures.”>”" The rate of increase for
the Al,O3 sample relative to the temperature is 0.0013/°C, which is
a smaller slope compared to previous results for the permittivity as
reported by Park et al. due to different grades and density of used
specimens,” whereas the trends in the temperature dependence of
the permittivity fit well with previous results.

IV. CONCLUSIONS

In this study, we used the Mie theory to estimate the dielectric
properties of Al,O; ceramics as the temperature increases up to
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1550 °C. We have successfully designed a new heating and mea-
surement system to determine the dielectric properties at high
temperatures using a single horn antenna and a propane torch.
The dimensions of the specimen that are needed to obtain a
reflection peak in the Ku-band region were determined through
simulations. The dielectric constant of the Al,O; sample was
also measured and was found to be consistent with the refer-
ence values. To investigate the dielectric properties of Al,O;
ceramics at high temperatures, the sample was heated to 1550 °C
using a propane torch. The measured high-temperature permit-
tivities were reliable, showing a slight slope with an increasing
temperature. Based on these results, we demonstrated that this
dielectric constant measurement technique enables the determi-
nation of information to aid in the optimal design of ceramics
and can be used to accurately evaluate dielectric properties at
high temperatures.
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