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Abstract: Pressure measurements in high-temperature applications, including compressors, 

turbines, and others, have become increasingly critical. This paper proposes an implantable 

passive LC pressure sensor based on an alumina ceramic material for in situ pressure sensing in 

high-temperature environments. The inductance and capacitance elements of the sensor were 

designed independently and separated by a thermally insulating material, which is conducive to 

reducing the influence of the temperature on the inductance element and improving the quality 

factor of the sensor. In addition, the sensor was fabricated using thick film integrated technology 

from high-temperature materials that ensure stable operation of the sensor in high-temperature 

environments. Experimental results showed that the sensor accurately monitored pressures from 

0 bar to 2 bar at temperatures up to 800 °C. The sensitivity, linearity, repeatability error, and 

hysteretic error of the sensor were 0.225 MHz/bar, 95.3%, 5.5%, and 6.2%, respectively. 

Keywords: passive LC pressure sensor; Alumina ceramic; Pressure measurement;  

High-temperature application 
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1. Introduction 

There is a growing demand for measurement of pressure in harsh environments, especially in  

high-temperature environments, such as are found in automotive, turbine, aerospace, and industrial 

applications [1–4]. For example, the air-pressure monitoring and control for the combustor of the 

turbine engine can help to reduce the risk of stall, and this requires a pressure sensor that can operate 

above 600 °C for in situ pressure measurement. Therefore, research on pressure sensors that can 

perform reliably in high-temperature environments has become increasingly important. Traditional 

pressure sensors are based on silicon or silicon-on-insulator materials, and they do not function in 

high-temperature environments because the electric wire and pressure sensitive structure impair 

functionality at temperatures above 300 °C [5–8]. Although silicon carbide and gallium nitride 

materials permit pressure measurements in moderately high-temperature environments, pressure sensors 

capable of operation at temperatures above 600 °C have yet to be reported [9,10]. Furthermore, most  

high-temperature pressure sensors require a battery power supply, which increased the complexity of the 

sensor. Passive wireless sensors have characteristics of having no batteries and contactless signal readout, 

which have extensive application prospects and can conduct in situ measurement in many fields, such as 

hermetic space, humidity monitoring, and high-temperature measurement.  

Some wireless passive LC sensors using low-temperature co-fired ceramic (LTCC) or  

high-temperature co-fired ceramic (HTCC) technology have been developed to conduct in situ 

pressure, temperature, and other parameter measurements in high-temperature environments. The 

properties of these ceramic materials are able to ensure stable operation of the sensor in  

high-temperature environments, and their resonant signals can be read wirelessly through the magnetic 

coupling between the passive sensors and reader antennae. However, higher temperatures greatly 

influence these ceramic pressure sensors, especially their inductance coils, producing greater resistance 

in the sensors and a lower quality factor. Since the quality factor of a passive LC sensor describes the 

relationship between energy storage and energy consumption, a higher quality factor is beneficial for 

the acquisition of power via inductive coupling, as well as for transmitting data to an external receiver. 

Because of the lower quality factor of the LTCC and HTCC sensors in high-temperature environments, 

the coupling strength is very weak between the sensor and antenna, impeding wireless signal 

transmission and precluding precise detection of pressure signals. Moreover, the LTCC material 

cannot be utilized at temperatures over 600 °C, and the LTCC sensor cannot operate at temperatures 

above 600 °C. For example, in 2002, the Georgia Institute of Technology first proposed a wireless 

passive LTCC high-temperature pressure sensor that demonstrated a sensitivity of up to 150 kHz/bar; 

however, the sensor could only operate at temperatures up to 450 °C [11,12]. Subsequently, 

Radosavljevic and Xiong et al. proposed improved LTCC high-temperature pressure sensors that 

showed significant improvement in sensitivity and pressure testing range, respectively; however, the 

operating temperatures could not exceed 600 °C [13–16]. In 2013, some HTCC high-temperature 

pressure sensor were proposed, in which the material withstood temperatures exceeding 800 °C, with a 

coupling distance of up to 2.8 cm; however, the sensors can only be tested below 600 °C [17–19]. In 

2014, Li and Zhang proposed an integrated LC ceramic pressure sensor respectively, which can be 

tested up to 800 °C, but higher temperature greatly influence the inductance of the LC sensor, 

producing a lower quality factor and imprecise measurements results [20,21]. Recently, Boccard et al. 
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proposed a new approach to measure temperature in the far-field region using a dielectric resonator, 

which the operated temperature can be up to 700 °C, and the working distance can be up to 1.06 m. 

However, the pressure sensors based on this concept for high temperature application have not been 

reported yet [22].  

This paper presents a wireless passive LC pressure sensor based on an alumina ceramic. The 

inductance and capacitance elements of the sensor were designed separately, and then independently 

integrated on two ceramic substrates using thick film integrated technology, which can produce a 

sensor operational in high-temperature environments with a high quality factor. The sensor was then 

tested in a high-temperature pressure system, and the accuracy of the pressure characterization of the 

sensor in high-temperature environments was investigated. 

2. Measurement Principle and Design of the Sensor 

Figure 1 presents the proposed high-temperature pressure monitoring method in a practical 

application. In a working engine, the sensor would be embedded in the engine surface, with the 

capacitance element of the sensor internal to the engine, conducting in situ real-time pressure 

monitoring, and the inductance element of the sensor is external to the engine, magnetically coupled 

with the readout/storage electronics to facilitate pressure signal data collection and storage. The sensor 

consists of an inductance coil and a capacitance plate, which form a series LC resonant circuit. The 

resonant frequency f0 and quality factor Q of the sensor are expressed as follows: 

0 1/ (2 )S Sf L C
 (1) 

(1/ )( / )s s sQ R L C
 (2) 

where Ls, Cs, and Rs are the inductance, capacitance, and resistance of the sensor, respectively.  

 

Figure 1. Proposed high-temperature pressure monitoring method in a practical application. 

The pressure can be wirelessly detected by measuring the change in the sensor’s resonant 

frequency, according to the measurement principle shown in Figure 2a, in which Lp and Rp are the 

inductance and resistance of the reader antenna, respectively. 
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Figure 2.  (a) Wireless measurement principle; (b) Equivalent electric circuit. 

Figure 2 shows the equivalent circuit of the input impedance as viewed from the reader antenna, the 

parameters Rp and Lp represent inductance and resistance of the reader antenna, k is the coupling 

coefficient between the sensor and the reader antenna, and the parameters Rs, Ls and Cs represent 

inductance, resistance and capacitance of the sensor. In addition, w and Zs are the angular frequency 

and impedance of the sensor. According to Kirchhoff's law and the theory underlying transformer 

operation, the equivalent impedance Zeq of the sensor is defined as [23–25]:  
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where f is the excitation frequency of the reader antenna. From Equation (3), the input impedance 

phase Im(Z) can be expressed as follows: 

2
2 2 2 0

0 2 2

0 0

1 ( / )
( ) 2 [1 ( / ) ]

1 ( / / )
m p

f f
I Z fL f f k Q

Q f f f f



  

 
 (4) 

When a bandwidth frequency sweep signal is loaded on the reader antenna, and a certain frequency 

of the sweep is approximately equal to the resonant frequency of the sensor f0, the passive sensor is 

excited at resonance, and the impedance phase will produce a significant change in the input 

impedance phase. From Equation (4), we can conclude that the input impedance phase Im(Z) is a 

function of the resonant frequency of the sensor, and thus the resonant frequency of the sensor can be 

detected accurately by monitoring the change of the impedance phase Im(Z). Furthermore, the pressure 

characterization of the sensor can then be obtained indirectly by analyzing the variation in the sensor’s 

resonant frequency f0 in high-temperature environments.  

From Equation (2), we can conclude that at increasing temperatures, increasing resistance in the 

inductance coil will induce a significant decrease in the quality factor, which is not conducive to signal 

transmission in high-temperature environments. However, if the inductance and capacitance elements 

of the sensor are separated by a thermal insulation material, the inductance and capacitance elements 

operate in room-temperature environments and high-temperature environments, respectively. In 

addition, when the sensor insert in high temperature environments for pressure measurement, the 

inductance coil of the sensor will have little effect on the quality factor of the sensor. Figure 3a,b show 

designs of the inductance and capacitance elements, respectively, each containing of three layers of 

alumina ceramic tapes; these inductance and capacitance elements can be connected with silver (Ag) 

wire to form a passive series LC sensor.  
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Figure 3. Design schematic of the (a) inductance and (b) capacitance elements of the sensor. 

The inductance design includes a square spiral inductor, the dimensions of which can be calculated 

as follows [26]: 
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where n is the number of inductor coils, din is the inner diameter of the inductor coil, and dout is the 

outer diameter of the inductor coil. The square plate of the capacitance element can be calculated  

as follows:  
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where ε0 is the vacuum dielectric constant, εr is the relative permittivity of the alumina ceramic 

material, tg is the height of the embedded cavity, tm is the thickness of the sensitive membrane, E is 

Young’s modulus, v is Poisson’s ratio, P is the atmospheric pressure outside the sensor, and a is the 

side length of the capacitance plate. The specific LC structure design parameters are shown in Table 1. 

Table 1. Geometric structural parameters of the sensor. 

Symbol Parameters Value 

din Inner diameter of the spiral inductor ~8 mm 

dout Outer diameter of the spiral inductor ~50 mm 

n Number of turns of the inductor coil 10 

a Side length of the capacitance plate ~12 mm 

tg Height of the sealed cavity 200 µm 

3. Fabrication Procedure 

Alumina green tapes, Ag wire, and conductive Ag ink were used to fabricate the sensor. In addition, 

the melting temperature of Ag is above 960 °C, which ensure the feasibility of the sensor in high 
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temperature environments. The sensor was monolithically fabricated, as depicted in Figure 4, which 

included cutting, drilling, filling, laminating, hot-pressing, high-temperature sintering, screen-printing, 

low-temperature sintering, and packaging, and associated processing steps. The inductance and 

capacitance structures each consist of three layers of alumina green tapes, which were placed in a 

drying oven at 80 °C for 30 min. In the inductance element, Layer 2 was the same as Layer 1. In the 

capacitance element, Layer 2 was cut using the NDYAG micromachining laser system to produce with 

accuracy a cavity matching the designed punch file. A carbon film was then manufactured with the 

same punch file used to produce the diaphragm of the chamber, and the chamber was lined with the 

carbon film, which would volatilize to form a sealed cavity during co-firing. In the conductance and 

inductance elements, Layer 3 consisted of one sheet of ceramic green tape, in which two channels were 

cut using a different punch file. In both elements, all three layers were stacked together under specific 

temperature and pressure conditions, bonding them tightly to form the two ceramic substrates. These 

stacks were sintered in a box furnace to cure the ceramic substrates; the specific sintering curve is 

shown in Figure 5a. After firing, the respective plate and coil of the capacitance and inductance 

elements were fabricated using screen-printing technology, and then the Ag wire was placed in the 

channels in the ceramic substrates to establish connections between the two elements. The connected 

ceramic substrates were then sintered in a furnace at a peak temperature of 875 °C and a total firing time of 

approximately 80 min to allow the Ag ink to cure, forming an LC sensor. The sintering curve for this step 

is shown in Figure 5b. After the low-temperature sintering, the sensor was integrated on a thermally 

insulating structure that separated the two elements by a certain distance, to allow the capacitance and 

inductance elements to operate in high-temperature environments and room-temperature environments, 

respectively. A digital image of the final fabricated ceramic sensor sample is shown in Figure 6. 

 

Figure 4. Fabrication process. 
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Figure 5. Sintering curve for the curing process of (a) the alumina ceramic substrates and 

(b) the electrical elements. 

 

Figure 6. Image of the (a) inductance and (b) capacitance of the sensor sample. 

4. Experimental Procedure and Results 

The testing antenna was fabricated of copper, which has excellent mechanical properties and 

electrical performance. As shown in Figure 7, the antenna’s outer diameter was 31.6 mm, and it 

contained 5.5 turns at an average distance from one another of 5.45 mm. The self-resonant frequency 

of the antenna was approximately 61.3 MHz, and the input impedance phase can be read in an 

effective bandwidth range between 1 MHz and 61.3 MHz.  

 

Figure 7. Reader antenna. 

To investigate the pressure characterization of the fabricated sensor in high-temperature 

environments, the sensor’s performance was measured as a function of temperature and pressure using 
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a high-temperature pressure measurement system, consisting of an E4991A impedance analyzer, a 

high-temperature pressure tank, and a temperature pressure control instrument, as shown in Figure 8. 

The temperature pressure control instrument allows accurate control of temperatures from  

room-temperature to 800 °C and pressures from 0 bar to 2 bar. When the sensor is placed in the 

system’s high-temperature pressure tank, the capacitance element of the sensor can operate up to  

800 °C for in situ pressure monitoring, and the inductance element of the sensor operates below 200 °C 

for pressure signal output. Ultimately, the in situ pressure signal in the high-temperature pressure tank 

was captured wirelessly by the E4991A impedance analyzer through the reader antenna coupled with 

the sensor. A set of high-temperature pressure experiments on the sensor in the high-temperature 

pressure testing tank were carried out by varying the temperature and pressure to investigate the 

sensor’s high-temperature response. The resonant frequency and quality factor of the sensor as a 

function of temperature are shown in Figure 9. 

 

Figure 8. High-temperature pressure measurement system. 

 

Figure 9. Resonant frequency f0 and quality factor Q of the sensor as a function of temperature. 

Figure 9 shows that the resonant frequency of the sensor at room-temperature was approximately 

26.95 MHz, its resonant frequency at 800 °C was 26.75 MHz, and the average slope of the resonant 

frequency from room-temperature to 800 °C was approximately −0.25 kHz·°C−1. The quality factor of 
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the sensor reduced from 110 at room-temperature to 68 at 800 °C, the change is smaller than the sensor 

proposed by Zhang in 2014 [21]. 

Figure 10 shows the resonant frequencies of the sensor when different pressures were applied to it 

at elevated temperatures, indicating that as pressure increased the resonant frequency decreased 

linearly in elevated temperature environments. Furthermore, the sensitivity of the sensor increased as 

the temperature increased, from 0.11 MHz/bar at room-temperature to 0.225 MHz/bar at 800 °C. 

 

Figure 10. Resonant frequencies of the sensor as a function of pressure at varying temperatures. 

Figure 11 shows the sensor’s impedance phase and magnitude as a function of pressure at 800 °C. 

Figure 11 demonstrates effective coupling between the sensor and reader antenna at 800 °C, and the 

resonant frequency of the sensor can be obtained from the phase minimum of each curve. Many 

repetitions of pressure experiments at 800 °C were carried out to investigate the pressure 

characterization of the sensor at 800 °C, and the specific test results are shown in Figure 12. 

 

Figure 11. Impedance (a) phase and (b) magnitude, in response to different pressures at 800 °C. 
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Figure 12. The resonant frequency of the sensor as a function of pressure at 800 °C. 

From Figure 12, we can see that the linearity, repeatability error, and hysteretic error of the sensor were 

95.3%, 5.5%, and 6.2%, respectively, as a function of pressure at 800 °C. Curve fitting produces a 

frequency-pressure relationship of the sensor at 800 °C that can be expressed as F (MHz) = 26.75–0.225 P 

(bar). Therefore, the pressure sensitivity of the sensor at 800 °C is approximately 0.225 MHz/bar. 

5. Conclusions 

This work successfully demonstrates a design and fabrication method for an implantable  

high-temperature passive LC ceramic pressure sensor operable at temperatures up to 800 °C. The 

inductance and capacitance elements of the sensor were designed separately and installed at a distance 

from one another, separated by a thermally insulating material, allowing the sensor to operate in  

high-temperature environments with a high quality factor. The sensor was fabricated using thick film 

integrated technology based on alumina ceramic material, further ensuring operational stability in 

high-temperature environments. The sensor was evaluated in a high-temperature pressure testing 

system, and the experimental results showed that the sensor is capable of conducting pressure 

measurements from 0 bar to 2 bar at temperatures up to 800 °C, with a sensitivity, linearity, 

repeatability error, and hysteretic error of 0.225 MHz/bar, 95.3%, 5.5%, and 6.2%, respectively. The 

pressure range for the turbine engine application is above 1 Mpa, which the sensor is far from meeting 

the requirements. Future work will be focused on improving the pressure range of the sensor for 

practical application. 

Acknowledgments 

This work was supported by the National Science Fund for Distinguished Young Scholars  

(No. 51425505), the National Natural Science Foundation of China (No. 61471324) and the Program 

for the Outstanding Innovative Teams of Higher Learning Institutions of Shanxi, Research Project 

Supported by Shanxi Scholarship Council of China (2013-077). 



Sensors 2015, 15 21854 

 

 

Author Contributions 

All works with relation to this paper have been accomplished by all authors’ efforts. The idea and 

design of the sensor were proposed by Jijun Xiong and Chen Li. Pinggang Jia and Xiaoyong Chen 

designed the fabrication method of the sensor. Wendong Zhang, Jun Liu and Chenyang Xue gave 

significant guidance on the experiments. At last, every segment relate to this paper is accomplished 

under the guidance from Qiulin Tan. 

Conflicts of Interest 

The authors declare no conflict of interest.  

References 

1. Johnson, R.W.; Evans, J.L.; Jacobsen, P.; Thompson, J.R.; Christopher, M. The changing 

automotive environment: High-temperature electronics. IEEE Trans. Electron. Packag. Manuf. 

2004, 27, 164–176. 

2. Boyce, M.P. Gas Tubine Engineering Handbook, 3rd ed.; Gulf Professional Publishing: 

Burlington, MA, USA, 2006.  

3. William, C.W.; Gary, G.M. Passive wireless sensor application for NASA’s extreme aeronutical 

environments. IEEE Sens. J. 2014, 14, 3745–3753. 

4. George, T.; Son, K.A.; Powers, R.A.; Del Castillo, L.Y.; Okojie, R. Harsh environment 

microtechnologies for NASA and terrestrial applications. In Proceedings of the IEEE Sensors, 

Irvine, CA, USA, 30 October–3 November 2005; pp. 1253–1258. 

5. Li, X.; Liu, Q.; Pang, S.; Xu, K.; Tang, H.; Sun, C. High-temperature piezoresistive pressure 

sensor based on implantation of oxygen into silicon wafer. Sens. Actuator A Phys. 2012, 179, 

277–282. 

6. San, H.; Li, Y.; Song, Z.; Yu, Y.; Chen, X. Self-packaging fabrication of silicon–glass-based 

piezoresistive pressure sensor. IEEE Electron Device Lett. 2013, 34, 789–791. 

7. Liu, Q.; Du, L.; Zhao, Z.; Xiao, L.; Sun, X. Localized Si–Au eutectic bonding around sunken pad 

for fabrication of a capacitive absolute pressure sensor. Sens. Actuator A Phys. 2013, 201,  

241–245. 

8. San, H.; Zhang, H.; Zhang, Q.; Yu, Y.; Chen, X. Silicon–glass-based single piezoresistive 

pressure sensors for harsh environment applications. J. Micromech Microeng. 2013, 23, 075020.  

9. Yang, J. A silicon carbide wireless temperature sensing system for high temperature applications. 

Sensors 2013, 13, 1884–1901. 

10. Herfurth, P.; Maier, D.; Lugani, L.; Carlin, J.F.; Rosch, R.; Men, Y.; Grandjean, N.; Kohn, E. 

Ultrathin body InAlN/GaN HEMTs for high-temperature (600 °C) electronics. IEEE Electron 

Device Lett. 2013, 34, 496–498. 



Sensors 2015, 15 21855 

 

 

11. Fonseca, M.A.; English, J.M.; Arx, M.; Allen, M.G. Wireless micromachined ceramic pressure 

sensor for high-temperature applications. J. Microelectromech. Syst. 2002, 11, 337–343.  

12. Fonseca, M.A. Polymer/Ceramic Wireless MEMS Pressure Sensors for Harsh Environments: 

High Temperature and Biomedical Applications, Ph.D. Thesis, Georgia Institute of Technology, 

Atalanta, GA, USA, 2007. 

13. Radosavljevic, G.; Zivanov, L.J.; Smetana, W.; Maric, A.; Unger, M.; Nad, L. A wireless 

embedded resonant pressure sensor fabricated in the standard LTCC technology. IEEE Sens. J. 

2009, 9, 1956–1962. 

14. Radosavljevic, G.; Smetana, W.; Mari, A.; Zivanov, L.J.; Unger, M.; Stojanovi, G. Microforce 

sensor fabricated in the LTCC technology. In Proceedings of the 27th International Conference on 

Microelectronics (MIEL 2010), Nis, Serbia, 16–19 May 2010; pp. 16–19. 

15. Xiong, J.; Li, Y.; Hong, Y.; Zhang, B.; Cui, T.; Tan, Q.; Zheng, S.; Liang, T. Wireless  

LTCC-based capacitive pressure sensor for harsh environment. Sens. Actuator A. Phys. 2013, 197, 

30–37. 

16. Tan, Q.; Luo, T.; Xiong, J.; Kang, H.; Ji, X.; Zhang, Y.; Yang, M.; Wang, X.; Xue, C.; Liu, J.; et al. 

A harsh environment-oriented wireless passive temperature sensor realized by LTCC technology. 

Sensors 2014, 14, 4154–4166. 

17. Li, C.; Tan, Q.; Xue, C.; Zhang, W.; Li, Y.; Xiong, J. A high-performance LC wireless passive 

pressure sensor fabricated using Low-Temperature Co-Fired Ceramic (LTCC) technology. 

Sensors 2014, 14, 23337–23347. 

18. Xiong, J.; Zheng, S.; Hong, Y.; Li, J.; Wang, Y.; Wang, W; Tan, Q. Measurement of wireless 

pressure sensors fabricated in high temperature co-fired ceramic MEMS technology. J. Zhejiang 

Univ. Sci. C 2013, 14, 258–263.  

19. Tan, Q.; Kang, H.; Xiong, J.; Qin, L.; Zhang, W.; Li, C.; Ding, L.; Zhang, X.; Yang, M. A 

wireless passive pressure micro-sensor fabricated in HTCC MEMS technology for harsh 

environments. Sensors 2013, 13, 9896–9908. 

20. Li, C.; Tan, Q.; Xiong, J.; Jia, P.; Hong, Y.; Ren, Z.; Luo, T.; Liu, J.; Xue, C.; Zhang, W. A 

noncontact wireless passive radio frequency (RF) resonant pressure sensor with optimized design 

for applications in high-temperature environment. Meas. Sci. Technol. 2014, 25, 0957–0233. 

21. Zhang, H.; Hong, Y.; Liang, T.; Zhang, H.; Tan, Q.; Xue, C.; Liu, J.; Zhang, W. Xiong, J. Phase 

interrogation used for a wireless passive pressure sensor in an 800 °C high-temperature 

environment. Sensors 2015, 15, 2548–2564. 

22. Boccard, J.; Aftab, T.; Hoppe, J.; Yousaf, A.; Hutter, R.; Reindl, L. Far-field passive temperature 

sensing up to 700 °C using a dielectric resonator. In Proceedings of the IEEE International 

Conference on Wireless for Space and Extreme Environments (WiSEE), Noordwijk, Holland,  

30–31 October 2014; pp. 1–5. 



Sensors 2015, 15 21856 

 

 

23. Nopper, R.; Niekrawietz, R.; Teindl, L. Wireless readout of passive LC sensors. IEEE Trans. 

Instrum. Meas. 2010, 59, 2450–2457.  

24. Chen, P.J.; Rodger, D.C.; Saati, S.; Humayun, M.S.; Tai, Y.C. Microfabricated implantable 

Parylene-based wireless passive intraocular pressure sensors. J. Microelectromech. Syst. 2008, 17, 

1342–1351. 

25. Chen, P.J.; Saati, S.; Varma, R.; Humayun, M.S.; Tai, Y.C. Wireless intraocular pressure sensing 

using microfabricated minimally invasive flexible-coiled LC sensor implant. J. Microelectromech. 

Syst. 2010, 19, 721–734. 

26. Mohan, S.S.; Hershenson, M.; Boyd, S.P.; Lee, T.H. Simple accurate expressions for planar spiral 

inductances. IEEE J. Solid-State Circuits 1999, 34, 1419–1424. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


