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ABSTRACT The complex dielectric constant is the intrinsic parameter of microwave material, and the
accurate acquisition of its value is critical for its application. Generally, the dielectric properties ofmicrowave
materials are obtained under weak electromagnetic field. However, with the continuous development of high
power microwave technology, the microwave field intensity around materials gradually increases, and the
test results of the dielectric properties of materials under the weak electromagnetic field will not be able
to characterize the test results under the high power environment. Therefore, a novel testing technology
based on the resonator method is proposed, which provides an effective solution for the measurement and
characterization of microwave dielectric properties of materials under strong microwave field. Based on
the constructed system, the evolution rules of the microwave characteristics of four typical materials are
obtained. In the experiment, the temperature of the samples is precisely monitored, and the evolution rules of
the temperature characteristics of the dielectric properties of the samples under strong and weak microwave
fields are compared. The comparison results demonstrate that the dielectric properties of materials under
strong fields are related not only to the microwave heating effect but also to the mechanism of the non-
thermal microwave effect.

INDEX TERMS Dielectric property, measurement, microwave field, non-thermal microwave effect.

I. INTRODUCTION
The dielectric property of materials have a guiding role in
the application of materials, especially in the microwave
frequency band [1]. Generally, there are two main kinds of
methods to acquire dielectric properties of materials: net-
work parameter method and resonance method. The net-
work parameter method is mainly to obtain the scattering
parameters of the single port or double ports network, which
contains the samples to be tested, and according to the rele-
vant theoretical calculation formulas, the dielectric properties
of the materials are obtained [2]–[4]. As for the resonance
method, the samples are usually placed at the strongest elec-
tric field in the resonant system. Based on the changes of the
parameters of the resonance system before and after putting
the samples into the resonance system and the perturbation
theory formula, the dielectric properties of the samples can
be acquired [5]–[7]. Commonly, the formermethod is suitable
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for measuring materials with high loss, while the latter one is
more appropriate for those materials with low loss. However,
both the first and the second methods use low-power signals
to measure the dielectric properties of the samples. That is
to say, all the dielectric properties of materials are measured
under the environment of weak microwave field.

Nowadays, after 50 years of development, high power
microwave technology gradually matures. Undoubtedly,
the miniaturization of circuits and systems is inevitable
with the development of wireless communication [8]–[10],
leading to the space power will be three or four orders
of magnitude in the future, and the field intensity around
the materials will increase dramatically [11]–[14]. Whether
the dielectric properties of materials under high power
microwave environment can still be characterized by the
measurement results of the dielectric properties of materi-
als under weak microwave field environment worthy further
consideration. Many scholars have already carried out some
research on this issue [15]–[25]. It was demonstrated in
[15] that external microwave fields can affect the dielectric
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properties of polar solution. In the experiment, the tem-
perature effects caused by microwave heating are excluded
by the flowing fluid, and the results validate the existence
of a non-thermal microwave effect [16]. M. Zielinski have
investigated the effect of microwave field on organic mat-
ter removal efficiency in biofilm, experimental results show
that microwave radiation can greatly improve the removal
efficiency of organic matter in biofilm, and the temper-
ature fluctuation caused by microwave radiation is pretty
small [17]. In [18], the effect of external high electric field
intensity on I-V characteristics of 6H-SiC (a semiconduc-
tor material) single crystal was investigated. Experimental
results show that the resistivity of 6H-SiC presents different
change rates under the impact of pulse field intensity of
0.5 ∼ 80 KV/cm, and the stronger the pulse field intensity,
the faster the change rate. However, non-thermal microwave
effect does not always exist, or its existence may require
certain conditions [19], [20]. In effect, radiation may tend
to induce changes in some materials while others may not
be affected [21]–[23]. In addition, some papers, such as [24],
said that the tensile strength of polyethylene increase in the
radiation environment, while [25] obtained the opposite con-
clusion. Therefore, the influence mechanism of high power
microwave on materials needs to be further studied. It is of
great significance to investigate the dielectric properties of
materials under high microwave power.

In order to address above problem, a measurement system
based on a compressed rectangular resonator is established
to investigate the evolution of microwave dielectric proper-
ties of materials under high power microwave field inten-
sity. The cavity perturbation technique is used to obtain the
microwave dielectric properties of materials under different
electromagnetic field intensity. In this paper, four typical
materials are tested, the dielectric evolution rules along with
the microwave field intensity is acquired. By comparing the
evolution rules of dielectric properties under high microwave
field and the temperature characteristics of dielectric prop-
erties under weak microwave field, we initially confirm that
the existence of non-thermal effect of high power microwave.
In the experiment, the temperature of the samplewas obtained
by the infrared thermal imager with high sensitivity.

II. MEASUREMENT THEORY ANALYSIS
A. MICROWAVE FILED STRENGTH CALCULATION THEORY
When obtaining the dielectric constant of material through
the resonant cavity perturbation method, it is generally used
to obtain the reflection coefficient of the resonant cavity with
a single port or the transmission parameters of the resonant
cavity with two ports, and obtain the changes of the resonant
parameters of the resonant cavity before and after loading the
sample. Finally, the dielectric properties of the material are
obtained by inversion. In this paper, based on the traditional
resonant cavity with two ports, we introduce a third port to
the cavity, which is used for the stimulus signal to be insert
into the cavity separately. The original two ports of the cavity

FIGURE 1. Model of the measurement system.

are used to acquire the transmission parameters of the cavity
under different microwave field intensity, and the evolution of
dielectric properties of the sample is obtained using the cavity
perturbationmethod.With that said, themeasurement of sam-
ple performance is independent of the construction of strong
electromagnetic field environment, as is shown in Fig. 1. The
stimulus signal to establish the strong electromagnetic field is
put into the cavity through port 3 and the measurement signal
is coupled into and out of the cavity by ports 1 and 2. In order
to reduce the effects of stimulus signal on measurement sig-
nal, the two signals are chosen as two different resonant cavity
modes, and two band-stop filters, with a stop frequency same
with the frequency of the stimulus signal, is introduced to the
measurement end, which can further suppress the influence of
stimulus signal. By adjusting the output power of the original
stimulus signal of VNA 1 or the gain of the power amplifier,
the actual input energy into the cavity can be adjusted, which
can change themicrowave field intensity around thematerials
under test in the cavity.

In Fig. 1, assuming that the output power signal provided
by the vector network analyzer 1 (VNA 1) is Ps, then the
stimulus signal power arrives the electrical probe is:

Pin = 10
Ps+G
10 −3 (1)

where G is the gain of the power amplifier (PA). The two
isolators are used to protect the VNA 1 and PA by reducing
the reflections. Then the amplified signal is put into the cavity
through the probe, which the probe is made by a coaxial
cable structure. When the TEM wave comes into the cavity
through the coaxial cable, the formation of coaxial probe
current will motivate with pattern of electric field parallel
to their direction of probe, and when the electric field of the
resonant mode and incentive mode electric field of the probe
are in the same direction, the cavity resonant mode will be
excited or coupled. Due to the incomplete matching between
the probe and the resonator, partial signal reflectionwill occur
when the stimulus signal reaches the probe. The value of the
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FIGURE 2. Structure of the compressed cavity.

reflection (Preturn) can be measured by the VNA 1 through
the directional coupler, expressed as:

Preturn = Pin · 10
S21
10 (2)

where S21 contains the information about the stimulus signal.
Considering that the power level of the measurement signal
is always small with weak coupling characteristics, the influ-
ence of measurement signal on the electromagnetic field
intensity in the cavity can be ignored. Therefore, the actual
power injected into the cavity is as follow:

Pin_real = Pin − Preturn (3)

The relationship between the power injected into the cavity
and the maximum electric field intensity in the cavity can be
written as [11],

Emax = C ·
√
Pin_real (4)

where C is the conversion coefficient between power and
field intensity, which is related to the cavity structure and
geometric size.

B. CAVITY PERTURBATION METHOD
In this paper, the dielectric properties of four typical materials
are investigated, whose permeabilities are assumed to be
µr = 1. Therefore, the dielectric properties of materials
can be acquired by the following cavity perturbation equa-
tions [26]–[30]:

ε′ =
2(ω0 − ω)

ω0
·

∫
Vc

−→
E ·
−→
E0∗dV∫

Vs

−→
E ·
−→
E0∗dV

+ 1 (5)

ε′′ =

(
1
Q
−

1
Q0

)
·

∫
Vc

−→
E ·
−→
E0∗dV∫

Vs

−→
E ·
−→
E0∗dV

+ 1 (6)

where ε′ and ε′′ are the real and imaginary parts of the
complex permittivity, respectively. ω0 and ω are the angular
resonant frequency before and after the perturbation, respec-
tively.Q0 andQ are the quality factor with andwithout the test
sample, respectively. Vs and Vc are the volumes of sample
and the cavity, respectively.

−→
E and

−→
E0 are the electric field

vectors inside the perturbing sample and the unperturbed
cavity, respectively.

In order to prevent the test sample from contaminating the
resonator and protect the working environment of the res-
onator, the test sample usually needs to be loaded into a quartz
tube, and then placed into the resonant cavity, where the
electric field is strong for perturbation. In addition, the effect
of quartz tube on the test of sample should be excluded. Then
the above perturbation formula needs to be further modified
to obtain the dielectric properties accurately. In addition,
the volume of the sample is very small relative to the volume
of the cavity, which meets the perturbation condition Vs�Vc
very well. Therefore, the field outside the sample is assumed
unchanged, i.e.,

−→
E =

−→
E0 . Finally, equation (5) and (6) can

be rewritten as follows:

ε′=
2(ω − ω0)

ω0

·

∫
Vc

−→
E0 ·
−→
E0∗dV+(ε′tube−1)

∫
Vtube

−→
E0 ·
−→
E0∗dV∫

Vs

−→
E0 ·
−→
E0∗dV

+1 (7)

ε′′=

(
1
Q
−

1
Q0

)
·

∫
Vc

−→
E0 ·
−→
E0∗dV+(ε′′tube−1)

∫
Vtube

−→
E0 ·
−→
E0∗dV∫

Vs

−→
E0 ·
−→
E0∗dV

+1 (8)

whereVtube is the volume of the quartz tube and ε′tube and ε
′′
tube

are the real and imaginary parts of the complex permittivity of
the quartz tube. Based on these two equations, the dielectric
properties of the materials can be acquired accurately.

III. EXPERIMENT AND DISCUSSION
The resonator used in this paper is a compressed rectangular
cavity (Fig. 2), whose conversion coefficient can be estimated
as follow [11]:

C =

√
8 · Qc
ε0adLω0

(9)

where a and L is the width and the height of the compressed
part of the cavity, respectively. d is the height of the com-
pressed part of the cavity. ε0 is the free space dielectric
constant, ω0 is the angular resonance frequency of the cavity,
Qc is the loading quality factor of the cavity. By combining
equations (1) ∼ (4) and (9), the microwave field strength
around the material in the cavity is calculated. The cavity
parameters are as follows: a = 83.36 mm, b = 43.18 mm,
d = 10 mm, L = 155 mm.

The response curves of each modes of the compressed
cavity and the electromagnetic field distribution of the TE102
mode and TE103 mode are shown in Fig.3. TE103 mode is
used for measurement of the dielectric property of the sample
and TE102 mode works as the mode of stimulus signal. It can
be seen that the electric field strength of TE102 mode in the
compression region (sample loading region) is significantly
stronger than that in other regions of the cavity. Moreover,
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FIGURE 3. Response curves of each modes and the electromagnetic field
distribution of modes TE102 and TE103.

FIGURE 4. The integrated measurement system.

the electric field intensity of TE103 mode in the compressed
region is also very strong. Therefore, after loading the sample
at the compressed region, the electronic field strength of
TE103 mode could be disturbed effectively, and the dielectric
property of the sample can be measured accurately.

Based on the compressed cavity and the proposed mea-
surement model (Fig. 1), the integrated measurement system
is established, as shown in Fig.3. It should be emphasized
that the stimulus signal is provided by the VNA 1, whose
frequency is around the working frequency of TE102 mode
(around 2.45 GHz). The measurement signal is provided by
VNA 2, whose frequency is the same as TE103 mode (around
3.3 GHz) of the cavity. Dielectric property measurement
is performed on four typical materials: indium phosphide
(InP), gallium arsenide (GaAs), aluminium oxide (Al2O3),
and boron nitride (BN).

Since the samples to be tested were all loaded into the
resonant cavity through the quartz tube, the effect of the
quartz tube on the test results should be excluded first. The
quartz tube was placed at the compressed part of the resonant
cavity, and the VNA 1 was set to output a narrow and low
power signal (−30dBm), whose center frequency is the same
as that of the TE102 mode. Then set the VNA 2 to output
the testing signal, whose frequency is the same as that of
the TE103 mode. Through two loops, the testing signal can

FIGURE 5. Test results of the quartz tube under the given power range.

FIGURE 6. Test results of the indium phosphide sample.

extract the resonator parameters of the cavity and show on the
VNA 2, as the black curve shown in Fig. 5. Rest the output of
the VNA 1 from −30dBm to 3dBm, the black curve changes
to the red curve, as shown in Fig.5. It can be seen that the
dielectric properties of the quartz tube did not change in the
given power range. Therefore, the quartz tube can be used
to load the samples to be test for the experiment. According
to the above research method, the dielectric performance of
the four materials under different microwave field intensity
is obtained and shown in Fig.5 ∼ Fig.8, respectively. These
figures all show the variation of the specific resonator param-
eters under different microwave power and the evolution law
of complex dielectric constant of the samples are calculated
by the algorithm shown as the equation (7) and (8).

It can be clearly seen from Fig. 6∼ Fig. 9 that the dielectric
properties of indium phosphide and gallium arsenide have a
significant nonlinear evolution characteristic with the change
of the microwave field intensity in the cavity. However,
the dielectric properties of aluminium oxide and boron nitride
remain almost unchanged under the given power range. At the
beginning, we speculated that the above phenomenon may be
caused by microwave heating, which are mainly related to
the loss characteristics of materials. That is to say, the loss
of InP and GaAs samples should be greater than that of
the Al2O3 and BN samples at the measurement frequency
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FIGURE 7. Test results of the gallium arsenide sample.

FIGURE 8. Test results of the aluminium oxide sample.

FIGURE 9. Test results of the boron nitride sample.

(around 3.3 GHz). In order to investigate the reason of the
above behaviors, two more experiments were carried out in
this paper.

Firstly, the complex dielectric constants of the four mate-
rials are obtained through the classical cylindrical cavity
perturbation method at room temperature with the same
frequency as the measurement signal (around 3.3 GHz).
Measurement results are shown in Table 1.

From the measurement data in Table 1, it is easy to
see that the loss of the indium phosphide sample is obvi-
ously smaller than that of the aluminium oxide and boron

TABLE 1. Dielectric property parameters of the material under test
(around 3.3GHz, room temperature).

FIGURE 10. Temperature variation of the sample under different stimulus
microwave power.

nitride samples. In other words, the microwave field in the
experiment should have a greater impact on the temperature
of boron nitride and aluminium oxide in theory. With that
said, if the microwave heating is the main reason for the
nonlinear dielectric behavior, the experimental results in this
paper should be exactly opposite to those obtained. Therefore,
it is preliminarily believed that the nonlinear evolution char-
acteristics of dielectric properties of InP and GaAs materi-
als caused by microwave heating are not established, which
should be caused by some other mechanism, which may have
nothing to do with microwave thermal effect.

To further validate our conclusion, another experiment is
conducted. In the experiment, an infrared thermal imager is
used to monitor the accurate temperature of the sample under
the given different stimulus microwave power, as is shown
in Fig. 4. The temperature variation of the sample under
different stimulus microwave power is obtained and shown
in Fig. 10. It is easy to find that the InP and GaAs samples
have has a nonlinear temperature rising characteristics within
the studied power range, and the temperature variation ranges
from room temperature to about 80◦C , not exceeding 90◦C .
However, the temperature of the Al2O3 and BN samples in
the experiment did not change more than 2◦C . Here gives
two points description about the temperature acquisition: (1)
in reference [31], the temperature is detected from the quartz
tube, and the sample temperature is obtained by calibration
algorithm. In this paper, we obtain the temperature of the
sample directly; (2) from the Fig.6 in [31], we can find
that the surface temperature and the body temperature of the
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FIGURE 11. Dielectric properties of InP samples vary from room
temperature to 140◦C .

FIGURE 12. Dielectric properties of GaAs samples vary from room
temperature to 140◦C .

sample are of highly consistency in the low temperature zone
(less than 200◦C). Therefore, the temperature obtained by the
above method is reliable.

In order to confirm that whether the nonlinear variation
of dielectric properties of InP and GaAs are caused by tem-
perature rising, the temperature characteristics of dielectric
properties of InP and GaAs were experimentally studied,
ranging from room temperature to 140◦C . The measurement
results are shown in Fig. 11 and Fig. 12.

In Fig.11, it can be seen that the real part of dielectric
constant of InP sample changes by no more than 2.5%, and
the imaginary part changes by no more than 5 times within
the range of room temperature to 140◦C . However, the test
results of InP under the action of high power microwave (as
is shown in Fig.6)show that the real part of dielectric constant
of the sample changes by more than 30%, and the imaginary
part changes by more than 40 times, both of which are signif-
icantly higher than the test results shown in Fig.11. Similar
phenomenon can be seen from Fig.12 and Fig.7. In Fig.12,
the real part of dielectric constant of GaAs sample changes
by no more than 6%, and the imaginary part changes by no
more than 1.5 times within the range of room temperature
to 140◦C . However, from Fig.7, it can be seen that the real
part of dielectric constant of the sample changes bymore than

50%, and the imaginary part changes by more than 40 times,
both of which are significantly higher than the test results
shown in Fig.12. That is to say, the effect of high power
microwave on the dielectric properties of InP sample cannot
be explained simply by microwave thermal effect, and there
should be some inherent interactionmechanism between high
power microwave and the InP materials, which is called the
microwave non-thermal effect.

IV. CONCLUSION
This contribution reflects on the reliability of the traditional
dielectric property evaluation method brought by the contin-
uous development of high power microwave technology and
microwave millimeter wave technology, and puts forward a
method for solving the evolution rules of dielectric property
of materials under the action of strong microwave field.
The specific implementation mainly includes the following
aspects: Firstly, four typical kinds of low loss materials were
experimentally studied by the established system, and the
evolution rules of their dielectric properties with external
field intensity was obtained. Then, the dielectric properties
of the four samples were compared, which preliminarily
determine that the existence ofmicrowave non-thermal effect.
Finally, by comparing the evolution law of the dielectric
properties of InP and GaAs under the action of high power
microwave and the temperature characteristics of dielectric
properties under weak microwave field, we further proves
that the nonlinear evolution characteristics of the dielectric
properties of InP and GaAs under the strong microwave field
environment is not only related to the microwave thermal
effect, whichmay be related to the existence of themicrowave
non-thermal effect. What’s more, the experimental method
and system constructed in this paper can provide some tech-
nical support for the measurement and characterization of
dielectric properties of materials under the environment of
strong microwave field.
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