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The resonant cavity method is a commonly used method for high-temperature testing of the complex permittivity of dielectric
materials. When a resonant cavity is used for high-temperature testing, the microwave surface resistance of the cavity metal
material will deteriorate due to factors such as oxidation reaction and thermal fatigue, resulting in a decrease in testing
accuracy and repeatability. Therefore, when designing a high-temperature resonant cavity, the temperature response
characteristics of the microwave surface resistance of the cavity metal material should be obtained in advance. In this paper, a
high-temperature measurement method of microwave surface resistance of metal materials based on a separate cylindrical
resonator is proposed, a mathematical model of microwave surface resistance inversion based on the resonator quality factor is
established, and a high-temperature measurement system of microwave surface resistance is integrated. The reliability of the
proposed method and system is verified through simulation and experiment. The measurement frequency covers 7-18 GHz,
and the maximum test temperature reaches 500°C. Systematic error of microwave surface resistance measurement at room

temperature is less than 3%.

1. Introduction

High-temperature dielectric materials are widely used in
fields such as aerospace [1], microwave metallurgy [2], and
energy storage [3]. As an important link to evaluate the
performance of high-temperature dielectric materials, accu-
rate extraction of the high-temperature complex permittivity
is a prerequisite and key to the design and application of
high-temperature dielectric materials.

Many methods have been proposed for the measurement
of the high-temperature complex permittivity of dielectric
materials, and the open-ended coaxial probe method [4],
free space method [5], waveguide method [6, 7], and cavity
resonant method [8-11] are the primary measurement
methods employed for cases over 1000°C. Compared to
room temperature testing, high-temperature testing has
more thermoelectric stability issues [12], and the perfor-
mance change of the test fixture with the temperature has

more contribution to the test error. For example, when using
a resonant cavity to test the high-temperature complex per-
mittivity of materials, the microwave surface resistance
(MSR) of the cavity metal material will decline due to factors
such as oxidation reaction and thermal fatigue, which will
lead to the deterioration of the cavity resonant parameters
(resonant frequency and quality factor) and ultimately lead
to the decline of testing accuracy and repeatability of the
cavity. Therefore, when designing a resonant cavity for
high-temperature testing, in order to select suitable metal
materials and estimate the variation of MSR with tempera-
ture, it is necessary to study methods for measuring the
MSR of metal materials and establish corresponding testing
systems, so the basic data on the thermoelectric performance
of the cavity material can be obtained for the design of high-
temperature testing fixtures.

Since the MSR determines the metal power loss and the
metal power loss is closely related to the quality factor of the
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microwave resonator, the MSR can be calculated based on
the measurement of the quality factor of the resonator. At
present, hollow resonant cavities [13-15] and dielectric res-
onators [16-19] are mainly used for the MSR measurement.
For the former, part of the cavity wall is replaced with a
metal under test (MUT), and the change in quality factor
of the cavity before and after replacement can be used to
extract the MSR of the MUT. For the latter, a low loss cylin-
drical medium (such as a sapphire) is placed on a single
MUT plate (open-ended) or between two MUT plates
(Hakki-Coleman’s geometry), and the MSR of the MUT
plate is calculated according to the measured quality factor
and the known complex permittivity of the cylindrical
medium; these methods have been widely used in the mea-
surement of the MSR of graphene sheets, superconducting
films, semiconductors, and copper clad laminates [19-23].
However, the above methods and systems are all used to
measure the MSR of metal materials at room temperature,
and there are currently no reports of high-temperature
MSR measurement in the literature.

In this paper, a high-temperature measurement method
of the MSR of metal materials based on a separate cylindrical
resonator is proposed, and a mathematical model of the
MSR inversion from the cavity quality factor is established.
A test system is built; its test frequency covers 7-18 GHz,
and the maximum test temperature reaches 500°C. The
reliability of the proposed method and system is verified
through simulation and experiment.

2. Measurement Theory

2.1. Inversion Formula. This paper proposes a high-
temperature measurement method for the MSR of metal
materials based on a separated cylindrical resonant cavity.
In order to establish the relationship between the MSR and
the cavity quality factor, it is necessary to make the MUT
become a part of the cavity. At the same time, in order to
facilitate testing operations, it is necessary to make the
MUT easy to disassemble. Considering that the MUT is
easily processed into a flat plate, which is suitable as a
cover plate of the resonant cavity, the cylindrical cavity is
improved to a separate cylindrical cavity; its upper cover plate
and side wall are integrated (named main chamber), and the
lower cover plate is composed of the MUT. During testing,
the main chamber is inverted onto the MUT to form a com-
plete cylindrical resonant cavity.

Using TE,;, mode for testing, the electric field energy at
the lower cover plate is weak, so a small gap can be left
between the main chamber and the MUT without greatly
affecting the resonant performance of the cavity. This makes
it easy to take and place the MUT, and thermal separation
can be achieved between the MUT and the main chamber,
which is beneficial for conducting high-temperature testing.
The schematic diagram of the separated cylindrical resonant
cavity is shown in Figure 1, where the inner diameter and
inner length of the cavity are 2a and L, respectively. The field
in the cavity is excited and extracted by two coupling ports
from the upper cover plate.

FIGURE 1: Schematic diagram of separated cylindrical resonant
cavity.

Surface S,

Surface S, ~

Surface S, N

FIGURE 2: Metal loss distribution in the separated cylindrical
resonant cavity.

For the TE,,, testing mode, the expression of the cavity
field is as follows:

!
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where B=pn/L, n=/ple, k=w,/pe, y and ¢ are the com-
plex permeability and complex permittivity of the filled
medium (air in this paper) in the cavity, w is the angular fre-
quency, H, is the coefficient determined from the boundary
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TaBLE 1: Resonant frequency and quality factor of cylindrical resonant cavity with different gap width (corresponding to o).
Gap width (mm)
Mode f (MHz) Q
0 0.5 1 0 0.5 1
TE, 7595.77 7595.69 7595.69 27096 27100 27100
TE,, 8347.30 8347.35 8347.30 27195 27197 27196
TE 5 9468.31 9468.34 9468.30 27696 27699 27697
TEq14 10844.9 10844.9 10844.9 28593 28603 28601
TEy,s 12391.8 12392.1 123922 29795 29790 29786
TE 6 14053.5 14053.9 14053.9 31134 31137 31133
TE,;, 15793.3 15794.2 15794.3 32582 32566 32563
TE ;s 17588.3 17589.8 17590.0 34051 34024 34022
TAaBLE 2: Resonant frequency and quality factor of cylindrical resonant cavity with different gap width (corresponding to o).
Gap width (mm)
Mode f (MHz) Q
0 0.5 1 0 0.5 1
TEq,, 7595.55 7595.59 7595.59 28355 28354 28354
TE, 8347.19 8347.25 8347.25 31631 31629 31629
TE5 9468.25 9468.35 9468.34 36174 36172 36170
TE, 10844.8 10844.9 10844.9 41239 41234 41231
TE5 12391.9 12392.2 12392.2 46349 46340 46337
TE 6 14053.6 14054.0 14054.0 51271 51260 51252
TEy,, 157933 157943 15794.4 55947 55908 55902
TE 4 17588.3 17590.0 17590.1 60317 60269 60267
TaBLE 3: R; calculated by quality factors under different gaps and their comparison with theoretical MSR (unit: m2).

Mode TEo, TEo, TEy,; TEp4 TEy 5 TEp6 TEy,; TEg
Ry 1 774 81.1 86.4 92.5 98.9 105.3 111.7 117.9
Ry, 78.7 82.9 87.2 93.0 99.1 105.5 111.7 117.8
Rys_, 78.4 82.9 87.2 92.9 99.1 105.5 111.8 118.0
conditions, Jy(x) is the derivative of the first kind of the N

. I ! QuNQc_w_' (3)
Bessel function, and u,, is the first root of Jy(x). P,

When the resonant cavity reaches the resonant state, the
magnetic field energy is equal to the electric field energy, and
the energy storage expression is

)

When measuring the MSR of the MUT, there is no
dielectric loss, only the metal loss P, of the cavity wall needs
to be considered. In addition, the resonant cavity adopts
weak coupling; it can be considered that the measured
loaded quality factor Q, of the cavity is approximately equal
to the unloaded quality factor Q., which is given by

a

&
w=> 0|E¢|2rdrd(pdz. (2)

z=0 r=

P. is related to the MSR and magnetic field components
along the tangential direction of the cavity wall, and its
expression is

R R
P, = —Sjﬁ 1, j2ds = —Sﬁ (o Pds, (4)
2 S 2 S

where J, represents the cavity wall current, H,,, represents the
tangential magnetic field component along the cavity wall, and
R, represents the MSR of the cavity wall. P, comes from the
loss P, of the surface S; on the side wall, the loss P, of the
surface S, on the upper cover plate, and the loss P, of the sur-

face S, on the lower cover plate, as shown in Figure 2.
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TaBLE 4: Simulated quality factors of TE,;, mode corresponding to
different surface roughness.

Roughness (um) Q R; (mQ)
0 28354 31.5
1 28352 31.6
2 28220 37.0
3 26708 102.0
4 24186 228.7
5 21942 365.9
7 19060 589.4
9 17518 739.2
11 16623 838.9

By substituting the field expression of (1) into (4), the
expressions for the losses of each cavity wall can be obtained
as follows:

Py == | |H.(r=a)lds
JS,
R52 2
Po==2| |H(z=L)ds, (5)
JS,
Pc3 = 3 |Hr(z = 0)|2d5’
J S

where Ry, Ry, and R; represent the MSR of surfaces S, S,,
and S;, respectively. Therefore, the loaded quality factor can
be written as follows:

wW

Qu:P61+Pc2+Pc3

(6)

In actual testing, it is necessary to obtain R, and R, in
advance, that is, to calibrate the system. In this paper, a flat
plate with the same material and processing technology as
the main chamber is used to form a resonant cavity with
the main chamber. According to the measured Q,, R, and
R, can be calculated, and R, = R,.

Based on the calibrated R, and R,,, R, of the MUT can
be given by

Ry 229" ulPa+Pa)
DQ,
with

D=JS |H,(z=0)|*ds. (8)

2.2. Impact of Gap. To measure the MSR of the MUT at high
temperatures, the MUT needs to be heated. To reduce the
impact of high temperature on the main chamber, the main
chamber is water-cooled, and the main chamber is lifted up
by a small gap, as shown in Figure 1. Since TE,,;, modes are

2.5

(a) (b)

F1GURE 4: Coupling structure and annular gaps on the upper cover
plate of the main chamber: (a) outer wall; (b) inner wall.

E-field distribution of TE,; modes in resonant cavity
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FIGURE 5: Measured resonant peak distribution within 7-18 GHz.

used as the operating modes, their electric and magnetic
fields at the outer edge of the bottom of the cavity are the
weakest from (1). In addition, the air gap does not cut oft
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TaBLE 5: Measured quality factor with and without gap.

Mode TEo1, TE,), TEo15 TE4 TEoy5 TEs6 TEy,, TEos
Q 13449 15285 16821 19651 21521 22845 24741 25133
Q, 13460 15305 16855 19692 21576 22911 24815 25214

Water-cooling

channels
MUT

Induction
heating coil

FIGURE 8: Photo and heating diagram of the induction coil.

the wall current of TE;, modes. Therefore, the small air
gap has little effect on the resonance performance of
TE,;, modes.

In this paper, the impact of the air gap on testing is
quantitatively analyzed by the electromagnetic simulation
software Ansys HFSS. Cylindrical cavity models with and
without gap are established, respectively, where a is set to
25mm and L is set to 75mm. For the cylindrical cavity

FIGURE 9: Photo of the integrated test system.

model with gap, the width of the gap is set to 0.5mm and
1 mm, respectively. For the above dimensions, 8 operating
modes (from TE,;; mode to TE,;; mode) of the cylindrical
cavity can be distributed in the 7-18 GHz frequency band.
The material of main chamber is set to gold (conductivity
0=4.1x107), and the conductivity of the MUT is set to
0, (=5%10°) and o, (=5 x 107), respectively. Based on the
eigenmode solver, the resonant frequency f and quality fac-
tor Q of each operating mode with and without gap are sim-
ulated, respectively; results are given in Tables 1 and 2.

It can be seen that the change of resonant frequency and
quality factor caused by the gap is very small. The maximum
deviation of resonant frequency is 0.1%o, and the maximum
deviation of quality factor is 0.9%o. In addition, for the MUT
with conductivity o, the formulas in Section 2.1 are used to
calculate its MSR, and the inversion results based on the
quality factor in Table 1 are obtained when there is no gap
and the gap is 1 mm (represented by R;_, and R;_;, respec-
tively), as shown in Table 3. Meanwhile, the theoretical MSR
calculated based on o, (represented by R, 1 and R, =
v/ Uw/20 |, where u_ is the permeability of metals) is given
in the table. It can be concluded that the relative error
between the inversion results and the theoretical results is
within 2.2%. Therefore, in actual testing, the gap between
the main chamber and the MUT can be set to 1 mm, and
the inversion model without considering the gap can still
be used.

2.3. Impact of Roughness. The MSR of metal materials is not
only affected by material conductivity but also by surface
roughness. The difference between the peak and valley of
surface fluctuations is called surface roughness. In this
paper, the influence of roughness on the MSR inversion is
analyzed through simulation. For the above model without
the gap, the material of main chamber is still set to gold
and its roughness is set to 0; the conductivity of the MUT
is set to 0,, and its roughness is changed from 0 to 11 ym.
Simulated quality factors of TE;,;; mode corresponding to
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TABLE 6: Resonant frequency, quality factor in calibration state, and calculated equivalent MSR of the main chamber.

Mode TE,;, TE,;, TE,;5

TE014

TEOIS TE016 TEO17 TEOIS

f (GHz) 7.31 8.09 9.25
Q 13449 15285 16821
R_,,. (mQ) 56.6 59.5 67.8

10.66
19651
72.1 81.0 95.3 82.7

12.24
21521

15.69
24741

13.39
22845

17.59
25133
115.2

different surface roughness are shown in Table 4, and R
calculated based on Q is also given in the table.

From the table, it can be concluded that the surface
roughness of metals has a significant impact on the MSR.
When the surface roughness increases, the MSR significantly
deviates from the theoretical value. This further shows that
the MSR cannot be completely calculated by theory, and it
is necessary to measure the MSR, especially when the mate-
rial is worked at high temperature, where oxidation reaction
and thermal fatigue will further deteriorate the metal surface
states (roughness, attachment of reactants, etc.).

3. System Development

3.1. Design of Separate Cylindrical Resonator. To achieve
broadband operation for a single resonator, a multimode
cylindrical resonator is designed, which uses multiple TE,,,
working modes. Expressions of the resonant frequency and
the unloaded quality factor of the TE,,; , mode are given by [24]

' 2
< U pay 2 9
Fre, = 5, (7) +(7) ©)

[(u’m)z + ((pn/L)a)z} "
[(ul(n)z + (2a/L)((pn/L)a)2}

where c is the speed of light and § is the skin depth, which
depends on the frequency and the conductivity of the cavity
material.

Figure 3 gives a plot of Qrg,,, fTEmp(S/c against 2a/L for

TEy;, mode (p=1,2,---,8); it can be seen that when 2a/L
is between 0.6 and 1.5, the cylindrical resonator has a
relatively high quality factor. In addition, from (9), when
the radius a is fixed, the difference in resonant frequencies
between two adjacent TE;;, modes increases with the
increase of 2a/L. Therefore, in order to form more operating
modes within the required frequency band range, the value
of 2a/L should not be too large. Based on the above analysis,
the value of 2a/L in this paper is taken as 2/3. After optimi-
zation calculation, TE,,,-TE,,s modes are selected, and the
resonant frequencies of the first and eighth modes are set
around 7.5GHz and 17.5GHz, respectively, correspond-
ingly, a =25mm and L =75 mm.

The coupling structure is set on the upper cover plate of
the main chamber, and coupling method is hole coupling, as
shown in Figure 4. Two WRD650 standard double-ridge
waveguides, which work in the 6.5-18 GHz frequency band,

Cc
Qrg,, =
01p 8
fTEmp 27T

. (10)

T T —

(a) (b)

FiGure 10: Photo of the polished copper plate (a) and aluminum
plate (b).

are used as feed transmission lines. Coupling coefficient is
adjusted between -35 and -55dB by optimizing the aperture
and depth of the coupling holes. For this situation, the
unloaded quality factor is approximately equal to the loaded
quality factor.

In addition, for the interference modes, annular gaps are
a kind of effective structure for the interference mode sup-
pression [25, 26]. In this paper, annular gaps are designed
on the upper cover plate, as shown in Figure 4. For TE,,,
modes, due to the circumferential distribution of wall cur-
rent, the introduction of annular gaps does not have a signif-
icant impact on the TE,;, modes. While for other modes
with radial wall current distribution, the annular gaps can
cut off their wall current and disrupt their resonance condi-
tions, so the effect of suppressing partial interference modes
is achieved. The main chamber is machined with brass, by
combining the main chamber with a large brass plate to
form a cylindrical resonator; measured resonant peak distri-
bution within 7-18 GHz is given in Figure 5. It can be seen
that TE;, modes are far away from residual interference
modes, so the working modes are pure. Moreover, measured
quality factor with and without gap (denoted by Q; and Q,,
respectively) is given in Table 5, where the gap width is set to
I mm. It can be seen that the gap does not cause significant
quality factor deterioration, and its maximum reduction was
0.32%.

3.2. Test System Integration. Test system scheme is proposed
in Figure 6. When heating the MUT, a planar induction coil
is placed below the MUT to achieve heating at the bottom of
the MUT, while the main chamber is moved away. When
the MUT is heated to the desired temperature, the main
chamber is moved back to the upper side of the MUT. At
this time, the main chamber and the MUT form a complete
TE,,, mode cylindrical resonator.
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TaBLE 7: Measured and theoretical MSR of copper and aluminum plates (unit: m(2).

Mode TE,,, TEy;, TEy;5 TEy4 TEy;5 TEy;6 TEy,, TEys
R, 22.3 23.5 25.1 26.9 28.9 30.2 32.7 34.6
Copper
R, 22.2 23.6 25.2 27.3 29.1 31.0 32.1 354
R, 27.9 29.3 31.3 33.6 36.0 37.7 40.8 43.2
Aluminum
R,_,, 27.7 29.5 31.5 34.1 36.4 38.8 40.1 44.2
100
90 A
80 A
G
E 70-
&
60
504 - }
40 : : : : :
TEyy,  TEp, TEys TE TEys  TEye  TEp;  TEg
Mode
—a— 25°C —w— 300°C
—e— 100°C —— 400°C
—4a— 200°C —<— 500°C

FiGgure 11: High-temperature test results of the MSR of a brass plate.

To avoid the impact of high temperature on the perfor-
mance of the main chamber, water-cooling channels are
designed in the side wall and upper cover plate of the main
chamber, as shown in Figure 6. At the same time, the main
chamber is lifted above the MUT and maintains a 1 mm
gap with the upper surface of the MUT, as shown in
Figure 7. These measures ensure that the temperature of
the main chamber can be stabilized at room temperature,
so it is only necessary to calibrate the MSR of the main
chamber at room temperature.

The induction heating method is used to heat the MUT,
which has the advantages of high efficiency, high safety, and
good environmental adaptability. To achieve heating from
the bottom, the induction coil is in a planar spiral shape;
its photo and heating diagram are shown in Figure 8. The
side wall of the MUT is drilled with a through-hole, which
can be inserted into a thermocouple for the temperature
measurement. The temperature uniformity of the test area
can be obtained by changing the insertion depth of the ther-
mocouple, and the temperature difference between the center
and the edge of the test area is less than 30°C when it is heated
up to 500°C. The integrated test system is shown in Figure 9
(the vector network analyzer and connecting cables are not
shown in the figure). The main chamber is lifted and installed
on the slide rails for easy movement and positioning.

4. Measurement Results and Discussion

4.1. Room Temperature Measurement. Considering the
influence of surface roughness, coupling holes, annular gaps,
and the gap between the main chamber and the MUT, it is

necessary to calibrate the MSR (we call it equivalent MSR)
of the main chamber before testing. Since the main chamber
is water-cooled, its change in the MSR is negligible, and the
calibration is only required at room temperature. This article
uses a plate with the same material (brass) and processing
technology as the main chamber for calibration. Table 6
gives the resonant frequency, quality factor in the calibration
state, and equivalent MSR R__,,.. of the main chamber, which
are calculated from (7), where R, =R, =Rg. As a result,
during testing, the calibrated R is assigned to R, and
R, in (5).

A copper plate and an aluminum plate processed by mir-
ror polish (A3: Ra 0.032 ym) are used as the MUT, as shown
in Figure 10. For these two samples, the influence of the sur-
face roughness on the MSR can be ignored and material con-
ductivity (0copper = 5-8 X 107 and 0,y minum = 3.72 X 107) can

be used to calculate the theoretical MSR (R = \/p.w/20).
Table 7 gives the MSR of the two MUTs measured at room
temperature. It can be seen that the test results R,_,, and the-
oretical results R_, are in good agreement; the deviation
between them is less than 3%. This indicates that accurate
measurement of the MSR of the metal plate can be achieved
by calibrating the MSR of the main chamber.

s—mc

4.2. High-Temperature Measurement. The MSR of a brass
plate is measured at high temperatures. The test temperature
is set to 500°C considering the melting point of brass.
Figure 11 shows the variation of the MSR of the brass plate
with the temperature at eight operating modes. It can be
seen that the MSR increases with increasing temperature,
which is in accordance with the physical laws. For the metal,
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After heating

Before heating

F1GURE 12: Comparison of the brass plate before and after heating.

heating intensifies the collision of free electrons with atomic
cores, resulting in poorer conductivity and higher MSR. There-
fore, when designing electronic devices for high-temperature
scenarios (e.g., resonant cavities for high-temperature testing),
it is important to consider the temperature coefficient of resis-
tance of the metal material in addition to its room temperature
conductivity. Moreover, due to the heating in the atmospheric
environment, the oxidation of brass intensifies at high temper-
atures; the generated oxides adhere to the surface of the brass
plate and are unevenly distributed, as shown in Figure 12,
which also makes the MSR increase with the increase of the
temperature.

5. Conclusion

In this paper, a high-temperature test method for the micro-
wave surface resistance of metal materials based on a separate
cylindrical resonator is proposed. A test model is established, a
test sensor is designed, and a high-temperature test system is
built for this method, which has the characteristics of conve-
nient sample placement and retrieval and wide test frequency
band. The reliability and accuracy of the proposed method
and system are verified by simulation and physical testing.
The research in this paper can provide strong technical sup-
port for the material selection and thermoelectric performance
evaluation of high-temperature measurement sensors for
dielectric materials.
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