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Abstract

Resonant frequency varies significantly due to temperature changes for microwave resonant
cavities. Hence, temperature robustness enhancement is of great importance. In this paper,
a resonant cavity with enhanced temperature robustness is proposed by applying the dual-
material strategy to the middle cavity. Compared to the single-material cavity, the dual-mater-
ial cavity can demonstrate better temperature robustness with a decrease of 72.7% in the fre-
quency shift over the temperature range of −20 to 80°C. Moreover, the |S11| <−10 dB
impedance bandwidth is 6.3% (3.39–3.61 GHz) and the gain is 20.4 dBi at 3.5 GHz for the
manufactured dual-material cavity, which are much better than those of the manufactured
single-material cavity. Finally, an experiment is conducted to measure the resonant frequen-
cies with the sample solution tube of the dual-material cavity filled with nothing or 30 mg/dl
CuSO4 solution, the measured values are consistent with the simulated ones. The influence of
temperature drift is significantly reduced, and the feasibility of the dual-material strategy is
verified.

Introduction

Microwave resonant cavity is a type of sensor which is based on microwave measurement tech-
nology. It possesses the characteristics of highquality factor, low loss, and high stability. The
primary working principle is the cavity perturbation technique, that is, the sample is tested
assuming that the change in the internal state of the cavity before and after a small perturb-
ation is almost the same [1–4]. When the resonant cavity meets the perturbation condition,
the electromagnetic parameters of the substance can be measured based on the frequency vari-
ation of the resonant cavity, which helps to unify the characteristic parameters of the substance
to be measured and the electromagnetic parameters of the microwave resonant cavity [5–7].
This helps to achieve accurate detection by using a resonant cavity. The specific working
steps are as follows. An empty cavity is generated in the center of the closed conductor to
form a microwave resonant cavity. The electromagnetic waves are reflected by the conductor
wall of the cavity so that the electromagnetic energy oscillates in the process of mutual con-
version. This helps to obtain the characteristic parameters of the resonant cavity. The electro-
magnetic waves in the position of the tested substance have the property of superposition,
which can be used for analyzing some properties of the tested substance [8–10].

As a sensor, a resonant cavity is used to measure the permittivity of leaves in biology [11].
A rectangular resonant cavity is used to measure the salt and water content in the dried ham
[12]. It is used in the medical industry such as medical cyclotrons [13], and to measure the
humidity of the wet steam so as to improve the efficiency of steam turbine units in the mech-
anical industry [14].

The microwave resonant cavity is influenced by multiple physical fields, including electro-
magnetic field, temperature field, and stress field when it is working. The resonant cavity usu-
ally works in a wide temperature range. Due to the coefficient of thermal expansion of the
materials, the resonant frequency changes as the cavity structure changes caused by the ambi-
ent temperature change, leading to a larger standing wave ratio, an increase in loss and phase
offset, which is identified as temperature drift. If the variation in amplitude and phase caused
by temperature drift exceeds a certain value, the transmission quality of the signal will decline,
leading to large errors. Moreover, at high frequencies, microwave resonant cavity suffers from
low gain, poor radiation efficiency and narrow bandwidth [15, 16]. Therefore, it is of great
necessity to enhance the temperature performance of the resonant cavity [17].

At present, there are several methods to implement the temperature robustness enhance-
ment of the resonant cavity. A resonant rod that can be automatically adjusted with tempera-
ture was used by Cogdell et al. to ensure that the capacitance between the resonant rod and the
cavity remains unaltered [18]. The temperature performance enhancement with the help of a
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spring device made of Shape Memory Alloy (SMA) was achieved
by Keats et al. [19]. The coefficient of thermal expansion of
dielectric material and metal material was used by Sang-Kyu
et al. to reduce the influence of temperature drift [20]. By moni-
toring two working modes of a specific resonant cavity, Cuenca
et al. proposed a method to correct the influence of temperature
on the system during the perturbation measurement of the reson-
ant cavity [21]. A split degenerate TMm10 mode of the cylindrical
cavity was innovatively designed by Barter et al. to enhance the
temperature robustness [22].

In this paper, a resonant cavity with enhanced temperature
performance and working mode of TM010. Considering the com-
pensation effect of the coefficient of thermal expansion of the
materials, the approach of dual-material is presented. Coupling
analysis of the electromagnetic field, steady-state thermal field
and static structural field is set up to test the temperature per-
formance of the single and dual-material cavities. Moreover, elec-
tromagnetic parameters of both cavities are compared such as the
radiation pattern, |S11| <−10 dB impedance bandwidth and gain.
The simulated and measured results show that the dual-material
cavity has better electromagnetic characteristics, and the dual-
material strategy manages to enhance the temperature robustness.

This paper is organized as follows. Section ‘Resonant cavity
design’ introduces the details of the resonant cavity design.
Section ‘Results and discussion’ presents the simulation and
experiment, together with corresponding results to demonstrate
the performance of single and dual-material cavities. Finally,

Section ‘Conclusions’ gives the conclusion to elaborate on the
achieved results and discusses future work.

Resonant cavity design

Modal analysis of the conventional cavity

The cylindrical microwave resonant cavity is selected in this work
because of its simple geometric structure and high inherent qual-
ity factor.

As demonstrated in Fig. 1, the conventional cavity is made of
copper. Since the direction of the electric field near the axis of the
cavity under TM010 mode is parallel to the axis and the electric
field intensity is the maximum, the highest measurement sensitiv-
ity can be observed by placing the sample solution tube at this
position. The probe coupling, through which energy exchanges
between the resonant cavity and the outside space is realized by
two SMA connectors positioned 20 mm away from the axis of
the cavity. The height of the top and bottom is negligible since
they just help to form a closed cavity. The resonant frequency
of the empty cavity is approximately 3.5 GHz. The structure para-
meters of the conventional cavity are shown in Table 1.

In order to test the temperature robustness of the cavity, coup-
ling analysis of the electromagnetic field, steady-state thermal
field, and static structural field is set up in the finite element emu-
lator and demonstrated in Fig. 2. The temperature range is set
from −20 to 80°C, with the step of 10°C. Figure 3 shows the res-
onant frequency of the cavity with respect to the temperature. The
resonant frequency of the conventional resonant cavity varies

Table 1. Structure parameters of the conventional cavity

Structure parameters Dimensions (mm)

Cavity radius 31.3

Cavity height 31.3

Inner radius of the tube 0.5

Outer radius of the tube 1.0

Length of SMA probe 11.0

Distance between SMA and tube 20.0

Fig. 1. Schematic configuration of the structure of the conventional cavity.

Fig. 2. Coupling analysis of electromagnetic field –
steady-state thermal field – static structural field in
finite element emulator.
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significantly in a wide temperature operating range, which indi-
cates that it has poor temperature robustness.

Dual-material strategy

According to the qualitative analysis results, the change of each
dimension is determined by the coefficient of thermal expansion
of the materials, nominal value, and temperature changes. The

radius and height of the cavity increase with the increase in tem-
perature, leading to a decrease in the resonant frequency [23]. In
order to enhance the temperature robustness, the impact on the
resonant frequency caused by the structure change of the cavity
should be diminished or even eliminated. The temperature per-
formance can thus be improved when the cavity radius and cavity
height decrease as the temperature increases. Considering this,
applying the dual-material strategy to the middle cavity is pro-
posed. The key point is to optimize the ratio of the two materials.

Some common metals and coefficients of thermal expansion
are listed in Table 2.

According to Table 2, brass and aluminum are the two
preferred materials.

Parameter study

Figure 4 demonstrates the optimization results of cavity radius R,
the distance between SMA and solution tube DSMA, the best ratio
of brass to aluminum L1/L2, and the height of the aluminum sec-
tion HAluminum. According to the optimization results. R = 29.8
mm, DSMA = 17.0 mm, L1/L2 = 2.0 and HAluminum = 10.1 mm are
chosen for the cavity design.

Once the above optimization process is finished, the proposed
dual-material cavity with good temperature robustness is derived,
as demonstrated in Fig. 5. Compared to the conventional cavity,
in the proposed cavity, the material of the top and bottom is
replaced by brass, and the copper in the middle cavity is replaced
by the combination of brass and aluminum. Table 3 shows the
parameters of the proposed cavity.

Results and discussion

Validation by simulation

The analysis of the proposed cavity is conducted based on the
research settings in Fig. 2. The corresponding cavity states at
three temperatures of −20, 20 and 80°C are selected for
comparison.

Table 2. Metal materials commonly used in the cavity and the coefficient of
thermal expansion

Metals Coefficients of thermal expansion (ppm/°C)

Aluminum 23.5

Invar 1.2

Brass 17.5

Titanium alloy 8.5

Stainless steel 13.1

Fig. 3. Resonant frequency with respect to the temperature of the conventional
cavity.

Fig. 4. Parameter optimization of (a) cavity radius, (b)
distance between SMA and solution tube, (c) ratio of
brass to aluminum, and (d) height of the aluminum
section.
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The results of the proposed cavity in the steady-state thermal
field are demonstrated in Fig. 6. At temperatures of −20, 20
and 80°C, heat is uniform in all parts of the cavity after optimiza-
tion and the three states are the same. This indicates a stable state
in the wide temperature range.

Figure 7 demonstrates the results of the proposed cavity in the
static structural field. The results suggest that the cavity has the
same deformation state in a wide operating temperature range.

Figure 8 shows the measured and simulated results of the radi-
ation pattern of two cavities. The results imply that there is better

agreement between the measured and simulated results of the
proposed cavity than that of the conventional cavity.

The variation of the resonant frequency of two cavities in a
wide temperature range is tested. The temperature range is set
from −20 to 80°C and the step is 10°C. Figure 9 shows the rela-
tionship between resonant frequency and temperature of the con-
ventional and proposed cavities.

From −20 to 80°C, the resonant frequency of the conventional
cavity changes from 3.5281 to 3.3512 GHz, with a percentage
change of 5.014%, while the resonant frequency of the proposed
cavity varies from 3.5163 to 3.4681 GHz, which is relatively stable
with a percentage change of 1.371%. There is a decrease of 72.7%
in the frequency shift. In addition, when the temperature exceeds
20°C, the resonant frequency of the conventional cavity decreases
significantly. The results indicate that the temperature perform-
ance of the proposed cavity is significantly enhanced.

Validation by experiment

According to the parameters of Tables 1 and 3, the two cavities
are produced and the manufactured dual-material cavity is
demonstrated in Fig. 10.

After testing, the quality factor of the proposed cavity is
6425.52, which is much higher than that of the conventional cav-
ity. According to Figs 11 and 12, the |S11| <−10 dB impedance
bandwidth of the manufactured proposed cavity is 6.3% (3.39–
3.61 GHz) and gain is 20.4 dBi at 3.5 GHz, which is marginally
different from the simulated results and much higher than
those of the manufactured conventional cavity.

The test system is set up to test the enhancement effect of tem-
perature performance of the manufactured proposed cavity.

As shown in Fig. 13, Vector Network Analyzer (VNA) is used
to show the frequency curve and the thermostat is used to control
the environmental temperature. The temperature range is set the
same as the former test.

The measured resonant frequencies at different temperatures
are measured and listed in Table 4 when the sample solution
tube is empty, which are compared with the simulated results.
The right side of the table shows the percentage errors relative
to the simulated results. The measured values vary from 3.5238
to 3.4701 GHz. The average error with respect to the simulated
results is 0.161%.

Table 3. Structure parameters of the proposed cavity

Structure parameters Dimensions (mm)

Cavity radius 29.8

Cavity height 29.8

Inner radius of the tube 0.5

Outer radius of the tube 1.0

Length of SMA probe 14.6

Distance between SMA and tube 17.0

Height of the upper section 19.7

Height of the lower section 10.1

Fig. 5. Schematic configuration of the structure of the proposed cavity.

Fig. 6. Simulation results of the proposed cavity in the steady-state thermal field at (a) −20°C, (b) 20°C, and (c) 80°C.
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For further testing of the cavity’s temperature performance, 30
mg/dl CuSO4 solution is used. The results are listed in Table 5.
Under the same temperature condition, there is an average
error between the measured values and the simulated values,
which is 0.154%. The results show that the difference between
the simulated and measured values is small, which indicates the
feasibility of the dual-material strategy.

Conclusions

In this paper, a microwave resonant cavity with enhanced tem-
perature robustness is proposed, in which the dual-material
approach is applied to enhance the temperature robustness.
Coupling analysis of the electromagnetic field, steady-state ther-
mal field, and static structural field is set up to test the

temperature robustness. The simulated results indicate that the
heating condition and cavity deformation of the dual-material
cavity at different temperatures remain the same in a wide tem-
perature range, and the resonant frequency is relatively stable
with the resonant frequency percentage change of 1.371%,
which is better than that of the single-material cavity. Based on
the experimental results, the high-quality factor, compatibility of
the radiation pattern and gain, together with the |S11| <−10 dB
impedance bandwidth of 6.3% are achieved for the dual-material
cavity, which are obviously better than those of the single-material
cavity. The dual-material cavity is fabricated to verify the design
method, and the measured results agree well with the simulated
ones demonstrating high temperature robustness. The results
indicate that the dual-material cavity has better electromagnetic
characteristics, and the proposed strategy is feasible. Moreover,

Fig. 7. Simulation results of the proposed cavity in the static structural field at (a) −20°C, (b) 20°C, and (c) 80°C.

Fig. 8. Measured and simulated radiation pattern
results on X–Z plane of (a) conventional cavity,
and (b) proposed cavity.
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the high-quality factor, gain values and temperature robustness
make the resonant cavity suitable for high-accuracy solution con-
centration measurement.

Based on this work, more research can be conducted on tem-
perature compensation algorithms in the future to further
enhance the temperature robustness of the cavity. The dual-
material strategy can be applied to other sensors to verify its uni-
versality. Apart from the solution concentration measurement,
gas or gas-liquid mixture concentration measurement can be car-
ried out by using the dual-material cavity.
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Fig. 12. Gain of the conventional cavity and proposed cavity.

Fig. 13. The system for the temperature stability test.

Table 4. Comparison of the simulated and measured results of the proposed
cavity

Resonant frequencies (GHz)

Temperatures
(°C)

Proposed
(simulated)

Proposed
(measured)

Percentage
errors (%)
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80 3.4681 3.4701 0.057668

The sample solution tube is empty.
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Temperatures
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(simulated)
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