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	 We propose a passive patch antenna temperature sensor architecture consisting of a 
transceiver and a passive patch antenna temperature sensor made of RO3003 and Mg2SnO4 
ceramic substrates, respectively. The millimeter dielectric properties of Mg2SnO4 ceramic were 
examined with a view to its use as a wireless high-temperature passive patch antenna 
temperature sensor. A dielectric constant of 3.97 and a loss factor of 5.42 × 10−2 were obtained 
for Mg2SnO4 ceramic sintered at 1550 °C for 4 h. We report the development procedures and test 
results for a passive patch antenna temperature sensor. The resonating frequency and 3 dB 
bandwidth of the sensor measured at 25 °C were 30.6210 GHz and 1530 MHz, respectively. The 
measurement resonant frequency decreased from 30.6210 to 30.3790 GHz when the operating 
temperature increased from 25 to 225 °C, which correspond to a sensitivity and linearity of 
−1.210 MHz/°C and 0.06%, respectively.

1.	 Introduction

	 The increasing demand for energy in recent years has promoted the development of smart 
grids in many countries. A smart grid must collect and analyze a large amount of information in 
power networks and then make appropriate decisions and actions according to analysis results to 
improve the efficiency of the grid.(1) Many switchgear boards used in power networks are 
connected to the user end by high-voltage cables to distribute power. However, any device can 
fail, including the switchboard. A failure caused by connectors is most common.(2) Taking the no 
fuse breaker (NFB) as an example, when a failure occurs at the connection, the temperature 
rises, accelerating the deterioration of the insulation material. When the structure of the 
insulation material is damaged, or the amount of insulation is reduced, the insulation ability 
between the two electrodes becomes unsatisfactory and high-temperature arcs are generated, 
leading to accidents. The influence of connection faults on temperature can be monitored 
through temperature sensors, and faults can be detected to avoid accidents. Owing to the 
extensive use of switchboards in power networks, there is a huge demand for the use of 
temperature sensors.
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	 Sensors are divided into contact and remote sensing types.(3,4) Contact sensors such as 
thermocouple temperature sensors are usually set on the measurement object and must be 
connected with the measurement instrument using cables.(5) A remote sensor is a wireless 
temperature sensor, which has a low cost and is easy to set up, making it suitable for a wide 
range of applications.(6) A remote sensor separates the measurement instrument from the sensor, 
eliminating the need for cables to connect them. In this study, the sensor is a passive component 
set on the measured object, a sensor wirelessly receives signals from a transceiver, to determine 
the object’s temperature. Both the sensor and the transceiver are patch antennas.
	 Wireless temperature sensors are classified into two categories: electronic chip temperature 
sensors and chipless ones. The latter do not require the battery to be monitored or replaced 
regularly. The operating temperature of a chipless sensor is higher than that of an electronic chip 
sensor. Chipless sensors, such as chipless RFID tags,(7) temperature sensors,(8) and material 
strain sensors, were previously studied.(9,10) Many types of passive wireless sensors have been 
developed. A surface acoustic wave (SAW) sensor is used to sense parameters such as pressure, 
torque, acceleration, humidity, magnetic field, soil moisture, gas, and temperature with high 
sensitivity.(11,12) However, its chemical stability is low and its signal is susceptible to interference. 
An LC resonator sensor is easy to process and can be used in harsh environments. However, it 
cannot be used on a metal surface because high temperatures may significantly decrease the 
quality factor of the inductor.(13) A temperature sensor equipped with a slot antenna and a micro-
electromechanical (MEMS) system has been proposed.(14) Although its measurable temperature 
can reach 300 °C, it is not suitable for metal surfaces. A dielectric resonator employing 
Zr0.8Sn0.2TiO4 (ZST) has been used to study a wireless temperature sensor. Although the  
measurable temperature was up to 700 °C, the size of the dielectric resonator was 
large.(15) Moreover, the emission efficiency of the dielectric resonator was negatively affected by 
its large dielectric constant. A microstrip patch antenna temperature sensor based on a 
commercial material can withstand a maximum temperature of 280 °C, although robustness at 
higher temperatures is still required.(16–18) The concept and model of a metamaterial-based 
passive wireless temperature sensor suitable for applications in harsh environments have been 
reported, but no measurement experiments were performed.(19)

	 Sanders et al.(6) reported a patch antenna temperature sensor made of an RO3006 substrate 
with a dielectric constant of 6.5 and a resonant frequency temperature coefficient of 63 ppm/°C. 
The resonant frequency of the sensing antenna was 5.862 GHz. The radiator was a patch antenna 
with a size of 11.8 × 9.8 mm2. The sensitivity of the sensing antenna was 0.703 MHz/°C. Chen 
and Du(20) reported a passive patch antenna temperature sensor made of a (Mg0.93Zn0.07)2SnO4 
ceramic substrate with a dielectric constant of 8.3 and a resonant frequency temperature 
coefficient of −69 ppm/°C. The resonant frequency of the sensing antenna was 2.48 GHz. The 
radiator was a passive patch antenna with a size of 28.1 × 20.5 mm2. The sensitivity of the 
sensing antenna was −0.169 MHz/°C. A comparison of the above antennas reported in Refs. 6 
and 20 reveals that the higher the resonant frequency, the smaller the radiator size, and the 
resonant frequency must be increased to reduce the component size. A similar comparison 
indicates that the higher the resonant frequency, the greater the sensitivity. It is therefore 
necessary to increase the resonant frequency to increase the sensitivity. Moreover, H=msΔT can 
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be derived by converting the formula for the specific heat capacity, where H is the heat energy, m 
is the mass, and ΔT is the temperature change. According to this formula, the energy required to 
heat a sensor to a specific temperature is proportional to its mass, which in turn is proportional 
to its volume. Therefore, the sensor size can be reduced by increasing the resonant frequency, 
thus reducing the energy required for heating and the response time.
	 The general chemical formula of anti-spinel microwave ceramic materials is A2BO4 (A = 
Mg2+, Zn2+, Ni2+, Co2+; B = Sn4+, Ti4+, Zr4+), where Zn2TiO4 has a dielectric constant of εr = 21, 
a quality factor of Q × f = 20000 GHz, and a resonant frequency temperature coefficient of τf = 
−60 ppm/°C.(21) The microwave dielectric properties of Zn2SnO4 include a dielectric constant of 
εr = 10.2, a quality factor of Q × f = 39000 GHz, and a resonant frequency temperature 
coefficient of τf = −84 ppm/°C.(22) The microwave dielectric properties of Mg2SnO4 include a 
dielectric constant of εr = 8.4, a quality factor of Q × f = 55100 GHz, and a resonant frequency 
temperature coefficient of τf = −62 ppm/°C.(23) Mg2SnO4 has the highest quality factor among 
these three materials, reducing the energy loss when it is used as an antenna substrate. It has 
been reported that the quality factor can be improved by replacing MgO with 
4MgCO3⋅Mg(OH)2⋅4H2O as the initial material, resulting in a dielectric constant of εr = 8.2, a 
quality factor of Q × f = 59000 GHz, and a resonant frequency temperature coefficient of τf = 
−64 ppm/°C.(24) To our knowledge, the dielectric properties of Mg2SnO4 ceramics in millimeter 
waves have not been reported.
	 In this paper, we propose a wireless passive patch antenna temperature sensor architecture 
comprising a passive patch antenna with a custom-made ceramic substrate. The sensor is small 
and has high chemical stability, making it suitable for metal surfaces. RO3003 and Mg2SnO4 
custom-made ceramic substrates were used for the transceiver and sensor antenna, respectively, 
to realize the passive patch antenna temperature sensor. The resonant frequency was designed to 
be at the millimeter-wave level to increase the sensitivity of the sensor; reduce its size, response 
time, and maintenance cost; avoid the use of batteries; and prevent short circuits between 
contacts.

2.	 Experimental Method

	 The conventional solid-state method was used to prepare the Mg2SnO4 ceramic 
substrate.(21–24) The initial powder materials used to produce the Mg2SnO4 were 
4MgCO3⋅Mg(OH)2⋅4H2O (43.5%) and SnO2 (99.9%), supplied by Alfa Aesar and Strem 
Chemicals, respectively. The required amount of each compound was obtained using an 
electronic scale. The Mg2SnO4 was calcinated at a heating rate of 10 °C/min, a calcination 
temperature of 1200 °C, and a temperature holding time of 4 h. Finally, the powder was pressed 
into pellets of 63 mm diameter and 3 mm thickness using a stainless steel mold and a uniaxial 
bidirectional molding press machine at a pressure of 2000 kg/cm2. Dry pressurized molding was 
used in this study. The furnace temperature was increased from 650 to 1550 °C at a rate of 
10 °C/min, then held at 1550 °C for 4 h to sinter the specimen. The microwave dielectric 
properties of the specimen were measured using the post-resonator method developed by Hakki 
and Coleman.(25) The dielectric constant and quality factor were calculated from the resonant 
frequency and the measured dimensions of the sample.
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	 The method for measuring the dielectric properties depicted above is not suitable for 
characterizing the Mg2SnO4 ceramic substrate in the millimeter range. Instead, the dielectric 
properties were measured by the Delta-L methodology.(26) This methodology employs two 50 
ohm coplanar waveguide–micro stripline–coplanar waveguide configurations to measure the 
dielectric properties in the millimeter range, as shown in Fig. 1. One micro stripline must be 
longer than the other to obtain accurate results. Two G-S-G probes are connected to the coplanar 
waveguides of the specimen to transmit the signal power in or out of the micro stripline. The 
other end of each G-S-G probe is connected to a Keysight N5224A microwave network analyzer, 
which is used to measure the scattering parameters of the specimen, and the dielectric constant 
and the loss tangent are calculated.
	  An LPKF ProtoLaser U4 laser (LPKF Laser & Electronics, Germany) was used to fabricate 
the passive patch antenna temperature sensor with the Mg2SnO4 ceramic substrate and the 
transceiver with the RO3003 substrate (Rogers Corporation, US). The Mg2SnO4 ceramic 
substrate was ground to the required thickness with a grinding machine. The surface was 
polished with a polishing cloth and polishing fluid. Then, it was immersed in acetone and 
vibrated for 20 min with an ultrasonic vibrator to remove surface impurities. After vibration, the 
substrate was washed with deionized water for 20 min, then it was dried in a hot air circulation 
oven. Finally, silver glue was coated on the upper and lower surfaces of the substrate, and the 
substrate was dried in a hot air circulation oven at 150 °C for 1 h to make the silver glue 
completely adhere to its surface.
	 Figure 2 shows the architecture of the passive patch antenna temperature sensor, which used 
the orthogonal polarization method to measure signals. Short-Open-Load-Through calibration 
was performed before the experiment, and a Keysight Calibration Kit was used to eliminate 
errors due to source/load mismatch or isolation. A Keysight N5224A network analyzer was used 
to measure the resonant frequency of the passive patch antenna temperature sensor. Because the 
sensor adopted a passive design, the transceiver antenna was connected to the vector network 
analyzer through the coaxial cable and used as a transmitter and a reader. The transceiver 

Fig. 1.	 Configuration used in measurement of millimeter dielectric properties.
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antenna was placed above the passive patch antenna temperature sensor. The two orthogonal 
patch antennas were connected to form a sensing antenna, which was placed in the heater. The 
transceiver antenna sends signals to the sensing antenna and receives backscattering signals, so 
as to realize the passive patch antenna temperature sensor. The sensitivity and linearity 
characteristics of the temperature sensor were analyzed.

3.	 Results and Discussion

	 Figure 3 shows the dielectric constant and loss factor of the Mg2SnO4 ceramic in the 
frequency range of 16–30 GHz at room temperature (25 °C). The dielectric constants in the 
range from 28 to 31 GHz were smaller than that around 16 GHz.(24) This can be explained by the 
dielectric polarization. The dielectric properties in the frequency range of 10–30 GHz were 
determined by ionic polarization. The Clausius-Mossotti formula is applicable to microscopic 
quantities and relations associated with polarization:(27)
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where εr, M, ρ, NA, and αD are the relative permittivity, molecular weight, density, Avogadro 
constant, and ionic dielectric polarization, respectively. This formula indicates that the larger the 
ionic dielectric polarization, the larger the dielectric constant will be. A higher frequency is well 
known to be associated with a lower ionic dielectric polarization.(28) Therefore, the dielectric 
constants in the range from 28 to 30 GHz were smaller than that at 16 GHz. Moreover, the loss 
factors in the range from 28 to 31 GHz were larger than that at 16 GHz. This was because the 
product of the quality factor and the resonant frequency is a constant for microwave ceramics. 
Therefore, as the frequency increased, the quality factor decreased and the loss factor increased.
	 Figure 4 shows the structure of the transceiver antenna with the RO3003 substrate. The 
dielectric constant of the substrate was 2.87, the loss tangent was 1.67 × 10−2, and the thicknesses 

Fig. 2.	 (Color online) Architecture of passive patch antenna temperature sensor.
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of the substrate and copper foil were 0.25 mm and 17.5 μm, respectively. Figure 5 shows the 
simulation and measurement results of the return loss of the transceiver antenna on the RO3003 
substrate. The two sets of results were in good agreement. The resonant frequency, bandwidth, 
and return loss obtained by simulation were 30.015 GHz, 1678 MHz, and 27.42 dB, respectively. 
The measured resonant frequency, bandwidth, and return loss were 30.011 GHz, 1993 MHz, and 
16.05 dB, respectively. Figure 6 shows the simulation and measurement results of the isolation 
degree of the transceiver antenna with the RO3003 substrate. The measured isolation degree was 
less than −20 dB from 28.00 to 32.00 GHz, indicating that the transceiver antenna exhibited 
good isolation between the transmitting and receiving antennas.
	 Figure 7 shows the structure of the passive patch antenna temperature sensor with the 
Mg2SnO4 substrate. The dielectric constant and loss tangent of the substrate were 3.97 and 5.42 
× 10−2, respectively. The substrate thickness and metal thickness were 0.5 mm and 40 μm, 
respectively. Figure 8 shows the simulation and measurement results of the return loss of the 
passive patch antenna temperature sensor on the Mg2SnO4 substrate. The resonant frequency, 

Fig. 4.	 (Color online) (a) Top view and (b) side view of structure of transceiver antenna with RO3003 substrate.

(a) (b)

Fig. 3.	 (Color online) Dielectric constant and loss factor of Mg2SnO4 ceramic in the range of 16–30 GHz.
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Fig. 5.	 (Color online) Simulation and measurement results of return loss of transceiver antenna on RO3003 
substrate.

Fig. 6.	 (Color online) Simulation and measurement results of isolation degree of transceiver antenna on RO3003 
substrate.

Fig. 7.	 (Color online) (a) Top view and (b) side view of structure of sensing antenna design with Mg2SnO4 
substrate.

(a) (b)
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return loss, and bandwidth obtained by simulation were 29.494 GHz, −18.02 dB, and 5204 MHz, 
respectively. The measured resonant frequency, return loss, and bandwidth were 29.560 GHz, 
−15.79 dB, and 3635 MHz, respectively. The simulation and measurement results were in good 
agreement.
	 The temperature coefficient of the resonant frequency (τf), temperature coefficient of the 
dielectric constant (τK), and coefficient of linear thermal expansion (α) are related by the 
following formula:

	 1 ,
2f Kτ τ α= − − 	 (1)

where α is about 10 ppm/oC for most ceramic materials.(29) From Eq. (2), the theoretical 
temperature coefficient of the dielectric constant was calculated to be 108 ppm/°C. Every 100 °C 
increase in temperature will increase the dielectric constant by 0.0429. When the operation 
temperature was increased from 25 to 225 °C, the dielectric constant increased from 3.970 to 
4.056. The calculated dielectric constant and the resonant frequency of the passive patch antenna 
temperature sensor obtained by simulation for different operating temperatures are summarized 
in Table 1.
	 Figure 9 shows the measurement insertion loss of the passive patch antenna temperature 
sensor as a function of temperature. As shown in Table 2, the resonant frequency decreased from 
30.6210 to 30.3790 GHz when the operating temperature was increased from 25 to 225 °C. The 
resonant frequency decreased as the operating temperature increased. This agreed with the 
temperature characteristic for a patch antenna temperature sensor composed of Mg2SnO4. The 
resonant frequency shifted up or down with the operating temperature, as expected. Therefore, 
the patch antenna composed of Mg2SnO4 can be used as a temperature sensor. The insertion loss 
increased from 11.73 to 11.92 dB as the operating temperature was increased from 25 to 225 °C, 
because the dielectric loss for the ceramic substrate increases with the temperature. At 

Fig. 8.	 (Color online) Simulation and measurement results of return loss of passive patch antenna on Mg2SnO4 
substrate.
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Table 1 
Calculated dielectric constant and simulation resonant frequency of passive patch antenna temperature sensor at 
different operating temperatures.

Temperature (°C) Dielectric constant Resonant frequency (GHz)
25 3.970 30.6094
50 3.981 30.5881
75 3.991 30.5631

100 4.002 30.5413
125 4.013 30.5050
150 4.024 30.4694
175 4.034 30.4356
200 4.045 30.4163
225 4.056 30.3869

Fig. 9.	 (Color online) Measurement insertion loss of passive patch antenna temperature sensor.

Table 2 
Measured resonant frequency, insertion loss, and bandwidth of passive patch antenna temperature sensor at 
different operating temperatures.

Temperature (°C) Measured resonant 
frequency (GHz) Bandwidth (MHz) Bandwidth (%)

25 30.621 1530 5.00
50 30.603 1690 5.52
75 30.579 1820 5.95

100 30.547 2100 6.88
125 30.510 2170 7.11
150 30.471 2220 7.29
175 30.453 2390 7.85
200 30.413 2430 7.99
225 30.379 2450 8.07

temperatures of 25 and 225 °C, the 3 dB bandwidths were 1530 and 2450 MHz, respectively, 
corresponding to 3 dB bandwidths of 5.00 and 8.07%, respectively. The 3 dB bandwidth was 
correlated with the loss tangent for the ceramic substrate. The narrower the bandwidth, the 
greater the resolution of the antenna temperature sensor.
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	 Figure 10 shows the resonant frequencies of the passive patch antenna temperature sensor at 
different temperatures obtained by simulation and measurement. The simulation and 
measurement results were very similar. As the temperature increased from 25 to 225 °C, the 
simulation resonant frequency decreased from 30.6094 to 30.3869 GHz, corresponding to 
sensitivity and linearity of −1.113 MHz/°C and 0.05%, respectively. The measured resonant 
frequency decreased from 30.6210 to 30.3790 GHz, corresponding to sensitivity and linearity of 
−1.210 MHz/°C and 0.06%, respectively. The resonant frequencies of the passive patch antenna 
temperature sensor obtained by measurement and simulation are summarized in Table 2. The 
passive patch antenna temperature sensor using a Mg2SnO4 substrate had a low loss tangent and 
high sensitivity. Passive patch antenna temperature sensors using a Mg2SnO4 substrate are more 
suitable than commercial substrates for applications in harsh environments.(16–18) Furthermore, 
the investigated mm-wave-based patch antenna temperature sensor had a smaller size than the 
sensing antenna resonating at 5.862 GHz in Ref. 6. Moreover, the investigated passive patch 
antenna temperature sensor adopted the orthogonal polarization method to measure the signal, 
which makes subsequent time gating and data processing unnecessary.(18,20) These features 
mean that the investigated passive patch antenna temperature sensor is eminently suitable for the 
construction of a high-temperature sensor.

4.	 Conclusions

	 In this study we determined the millimeter dielectric properties of Mg2SnO4 ceramic and 
developed a passive patch antenna temperature sensor. The sensing and transceiver antennas 
employed Mg2SnO4 and RO3003 substrates, respectively, and were subjected to a laser 
engraving process. In experiments, the passive patch antenna temperature sensor exhibited a 
sensitivity of −1.210 MHz/°C, a linearity of 0.06%, and a maximum operating temperature of 
225 °C. A passive patch antenna temperature sensor with a high-quality-factor ceramic substrate 

Fig. 10.	 (Color online) Resonant frequencies of passive patch antenna temperature sensor obtained by simulation 
and measurement.
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is eminently suitable for applications in harsh industrial environments. The sensor not only has 
high sensitivity and excellent linearity but can also perform measurements in a short time at a 
low cost.
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