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ABSTRACT

High temperature sensors suitable for operating in harsh environments are needed in
order to prevent disasters caused by structure or system functional failures due to elevated
temperatures, for example, temperature monitoring of heat resistant tiles of the space shuttle
and temperature monitoring of rotating bearings in the aircraft engine. Most existing
temperature sensors do not satisfy the needs because these sensors require either physical
contact or a battery power supply for signal communication, and furthermore, neither of
which can withstand high temperatures nor rotating applications.

A novel passive wireless temperature sensor, being able to operate in harsh
environments, has been developed in this research project for high temperature rotating
component applications. A completely passive LC resonant telemetry scheme, which relies
on a frequency shift output, has been integrated with the sensor, thereby eliminating the
needs for contacts, active elements, or power supplies within the sensor. Consisting of an
inductor and a temperature-dependent capacitor, this high temperature sensor forms a LC
circuit, whose resonant frequency changes when the capacitance of the sensor changes in
response to temperature.

Following a review of the state-of-the-art high temperature dielectric ceramics and
substrates, schematic design of the capacitor was presented based on temperature sensitive
ferroelectric dielectrics. These dielectrics were found to exhibit linear changes in electrical
properties when exposed to temperature varying environments. Based on capacitance and
inductance modeling and simulation, sensor design and modeling was conducted

subsequently in order to limit the resonant frequency to the appropriate scope.



Moreover, sensor performance was analyzed to optimize the sensor configuration,
maximize sensing distance, O factor and sensitivity. The sensor prototype was then
successfully fabricated to prove the concept of a temperature sensing device using passive
wireless communication. The Low Temperature Co-fire Ceramic (L7CC) technology based
on DuPont Green Tape '™ was proposed for sensor packaging. Finally, the sensor prototype

was calibrated up to 235°C in a laboratory setup.
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RESUMEN

Los sensores de alta temperatura adecuados para operar en ambientes desfavorables
son necesarios para prevenir desastres causados por fallos de estructura o fallos funcionales
del sistema debido a las altas temperaturas, como por ejemplo, para monitorear la
temperatura de baldosas resistentes al calor del transbordador espacial y monitorear la
temperatura de los cojinetes rotantes en el motor de un avion. La mayoria de los sensores de
temperatura existentes no satisfacen estas necesidades porque estos sensores requieren o
bien contactos fisicos o un suministro de energia por bateria para la comunicacion por sefial,
y adicionalmente, ninguno de estos puede soportar altas temperaturas ni aplicaciones

rotatorias.

Un nuevo sensor pasivo inaldmbrico, capaz de operar en ambientes adversos, fue
desarrollado en este proyecto de investigacion para aplicaciones a componentes rotantes a
altas temperaturas. Un esquema de telemetria resonante LC completamente pasiva, el cual se
basa en un cambio en la frecuencia de salida, ha sido integrado con los sensores, por
consiguiente eliminando la necesidad de que contactos, elementos activos o fuentes de
energia contenidos en el sensor. Compuesto de un inductor y un capacitor dependiente de la
temperatura, este sensor de alta temperatura forma un circuito LC, cuya frecuencia de

resonancia cambia cuando la capacitancia del sensor varia en respuesta a la temperatura.

Siguiendo una revision de la mas moderna tecnologia en ceramicas dieléctricas de
alta temperatura y substratos, un disefio esquematico del capacitor fue presentado basandose

en dieléctricos ferroeléctricos sensibles a la temperatura. Se ha encontrado que estos
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dieléctricos exhiben cambios lineales en las propiedades eléctricas cuando se exponen a
ambientes en los que cambia la temperatura. Basado en el modelado y simulacion de
inductancia y capacitancia, se condujo un disefio esquematico subsecuentemente con el fin de

limitar la frecuencia resonante al campo de accion apropiado.

Mas atin, el desempefio del sensor fue analizado para optimizar la configuracion del
sensor, maximizar la distancia de sensado, el factor Q y la sensibilidad. El prototipo del
sensor fue entonces fabricado exitosamente para probar el concepto de un aparato de
medicion de temperatura usando comunicacion inalambrica pasiva. La Cerdmica de Baja
Temperatura Co-fire (LTCC) basada en la tecnologia DuPont Green Tape TM fue propuesta
para el empaquetamiento del sensor. Finalmente, el prototipo de sensor fue calibrado hasta

235 °C en un montaje de laboratorio.
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1 INTRODUCTION

This chapter starts with the background introduction of this thesis project, followed
by the proposed novel passive wireless temperature sensor description for harsh environment

applications, and finally an overview and organization of the thesis is presented.
1.1 Background

In order to prevent disasters caused by structure failures in high temperature
environments, reliable high temperature sensing devices are needed, for example, for
temperature monitoring of heat resistant tiles of the space shuttle, temperature testing of
rotating bearings in the aircraft engine, and qualification testing of disc brakes, jet engine
dynamics and high-speed shaft rotations [1-4].

However, most existing temperature sensors offering outstanding performance in
static and room temperature applications suffer from severe performance degradation and
failure above 130 °C [5]. Many technologies have been proposed in order to improve
application in harsh environments, such as Silicon on Insulator (SOI) and Silicon Carbon
(SIC) based device technologies, which appear promising for operations reaching 300 °C and
600 °C respectively [6-8]. But all these electronic semiconductor systems require a power
supply, which will result in significant power dissipation. This is undesirable for high-
temperature applications where a power source is highly limited. Because batteries such as
solid state lithium batteries suffer from severe performance degradation at high temperatures,
they are limited by electrochemical process constraints [9]. Miniature high-temperature
batteries are still under development [10]. Thermoelectric generators have been proposed to

convert temperature gradients in a high-temperature environment to a DC power [11]. But



this approach can only be applied within a limited temperature range and may require a
complex wiring setup to ensure proper temperature gradients. Furthermore, these devices
require feed-through wires to reach an external power supply as well as signal
communications, which severely limits the system flexibility and performance. In order to
remove the need for electronics, power supplies, or physical contacts, the wireless sensor
technologies draw many attentions, for example, wireless sensor development for pressure
monitoring [12-14].

In this thesis, a novel passive wireless temperature sensor based on planar resonator
and thick film technologies was proposed and developed. As illustrated in Figure 1.1, the
proposed sensor was designed attachable on rotating component to measure temperature
changing. The remote portable reader detected the temperature variation by monitoring the
impedance across the terminals of the wide bandwidth reader antenna. And then this
temperature information is received through a reader and interpreted by Laptop computer in

terms of resonant frequency.

Sensor  Antenna

||
ET 33@””‘

Rotating Portable
Components reader

Figure 1.1 Proposed Wireless Temperature Sensing System



1.2 Proposed Passive Wireless Temperature Sensor

This innovative LC temperature sensor, together with the remote reader, will
accomplish high-temperature monitoring, integrating high temperature ceramic materials
instead of traditional off-the-shelf electronic components. The temperature signal is coupled
with the resonant frequency acquired by the remote antenna, which carries out the function of
remote power supply and wireless communication.

The power delivery and wireless data communication is presented and illustrated in
Figure 1.2. The sensor is powered by a remote reader which sends out an oscillating
magnetic field across reader antenna and sensor inductor by inductive link. The measured
temperature changes induced the variation of sensor capacitance due to the temperature-
sensitive dielectric material of the capacitor. The remote reader detected this temperature
information by monitoring resonant frequency variation due to impedance changes in

response to temperatures.

Antenna Inductor

RF or Inductive link

Figure 1.2 the Proposed Wireless Sensor Scheme



1.3 Advantages of the Passive Wireless Sensor

The technology developed in this research project will extend the basic knowledge of
passive wireless sensing, high temperature sensitive materials and associated prognostic
health monitoring technologies in harsh environment conditions. The resulting sensor will
offer many extraordinary features such as compact size, a contact-less power supply, wireless
data communication, resistance in high temperature rotating component monitoring and low
cost. The advantages of the proposed wireless sensing system can be summarized as follows:

(1) Remove physical contacts and electronics;

(2) Create a capacitive frequency-encoded sensing mechanism based on LC circuit;
(3) Extend the high temperature sensor application of ferroelectric materials;

(4) Integrate a wireless sensor and inductive powering into one multilayer structure;

(5) Come true sensor operation for high temperature rotating component monitoring.
1.4 Research Objectives

The primary objective of this project is to conduct basic research on the passive
telemetry sensing mechanism and high temperature sensitive materials in order to develop a
novel passive wireless sensor to be used for high temperature rotating component monitoring.
Particularly, the proposed project aims to accomplish:

(1) An innovative RF powered telemetry sensor scheme development;
(2) High temperature sensitive material exploration and validation;
(3) Wireless capacitive sensor design and simulation;

(4) Sensor performance investigation and optimization;

(5) Sensor prototype fabrication and high temperature calibration.



1.5 Thesis Organization

The thesis consists of eight Chapters. Chapter 2 is a review of the state-of-the-art high
temperature sensing technology. Chapter 3 presents the design of a novel wireless
temperature sensor composed of planar capacitors and inductors, followed by a discussion on
design principle and the electric modeling. In Chapter 4, high temperature sensitive material
preparation and the validation of its operation in harsh environments is investigated. Chapter
5 covers a sensor performance analysis with respect to resonant frequency, quality factor,
coupling factor and many others. Furthermore, several measurements are also proposed to
enhance the sensor performance. In Chapter 6, sensor prototype fabrication and L7CC sensor
packaging introduction based on Green Tape are discussed. In addition, sensor calibration is
given during temperature range from 20 °C to 235°C. Finally, Chapter 7 summarizes the

contributions of the work and the future improvements of the sensor technology.



2 Literature Review

Generally, temperature sensors involve the application of certain calibrated
transducers converting a measurable quantity into a temperature value, such as electromotive
force (thermocouples), radiated energy or volumetric expansion (thermometers), or some
other characteristics of a material that varies reproducibly with temperature [15-21]. High
temperature instruments (over 200 °C) having potential to work in harsh environments are
reviewed briefly in this Chapter. These include high temperature thermocouples, high

temperature optical sensors, high temperature SAW sensors and RF powered LC sensors.

2.1 High Temperature Thermocouples

A thermocouple is an assembly of two wires of different metals joined at one end, for
temperature measuring, and at the other end, the cold junction, that usually works as a
reference at 0°C. The open circuit voltage from these two wires, generated by an
electromotive force inside the wires, depends on the difference in temperature between the
hot and the cold junctions as well as the Seebeck coefficient of the two wire metals. Through
the known cold junction temperature, the temperature of the hot junction can be obtained
from the measured Seeback voltage. Different types of thermocouples are characterized to
measure temperature up to certain levels with different resolutions [16]. Some available
commercial high temperature thermocouples can even monitor temperature up to 2300°C.

However, the output from a thermocouple is a small signal can easily be affected by
any common mode noises. Moreover, in chemically corrosive environments, high

temperature thermocouples have a limited life of only a few days because of their



susceptibility to attack from corrosive chemicals. They drift significantly under high

temperature environments during long-term operation.

2.2 High Temperature Optical Sensors

Optical sensors convert external physical stimulus such as temperature, pressure,
strain, to optical signals. The optical beam is characterized by several variables, such as
intensity, spectrum, phase and state of polarization. Many different physical phenomena
related to these characteristics are used to perform sensing functions. For high temperature
applications, the main existing techniques for optical thermometry are remote pyrometers (or
radiation thermometers) [22-23], thermal expansion thermometers [24-25], fluorescence
thermometers [26-28] and thermometers based on temperature dependent optical scatterings
[29-30].

Remote pyrometers measure temperatures (up to 800°C) by detecting the thermal
radiation emitted by the object. Thermal expansion thermometers are used to measure the
change in optical path length of a short piece of material whose thermal expansion coefficient
and refractive index change as a function of temperature and can be used in environment up
to 1500 °C. Fluorescence thermometers can measure temperature up to 450 °C by detecting
the decay time or intensity of a UV stimulated visible fluorescence pulse, which is
temperature dependent.

Optical sensors are well developed technologies offering several significant
advantages, such as small size, light weight, immunity to electromagnetic interference, and
low cost. However, the performances attainable by these conventional techniques concerning

measurement sensitivity, accuracy and range are limited in harsh environments.



2.3 High Temperature SAW Sensors

Surface Acoustic Wave (SAW) sensors have been applied widely for testing
temperature, pressure, force, electric voltage, humidity or chemicals in gases [31-36].
Temperature SAW sensors, like most of them, are based on detecting the change in the phase
velocity of the surface acoustic wave. As the acoustic wave propagates through or on the
surface of the material, any changes to the characteristics of the propagation path affect the
velocity and/or amplitude of the wave. Changes in velocity can be monitored by measuring
the frequency or phase characteristics of the sensor and can then be correlated to the
corresponding temperature quantity being measured. In fact, all acoustic wave sensors are
piezoelectric acoustic wave sensors, which apply an oscillating electric field to create a
mechanical wave, which propagates through the substrate and is then converted back to an
electric field for measurement.

This technology is especially useful for harsh environment applications, where it is
difficult to insert probes for measuring temperature due to low thermal mass, low
conductivity of gases, and the strong radiation coupling of the components at high
temperatures. However, the main difficulty with this technique is that the speed of sound is
strongly dependent on not only temperature, but also environmental, geometric and material
properties along the path, which is usually changed in different environmental conditions.
Therefore, the effects yield low system capacity, low bandwidth and limit the range of

application.



2.4 RF Powered LC Sensors

“Virtual batteries” powered by RF radiation is a promising alternative to chemical
batteries. Because a battery is usually the element that limits the sensor lifetime and the
operating temperature range, the wireless interrogation and remote powering achieved
through an inductively powered system which generates a time varying electromagnetic field
based on Faraday’s law of induction and Lenz’s law, has quite a potential. Initially and
extensively used in private and security systems to transmit the data, RF powering has also
been used to supply power and read data in the biomedical field. This method is particularly
suitable for transmitting high energy for short distances as required in harsh medical and
industrial environments, where, for example, the remote module is surrounded by metal. This
low frequency range generally allows the use of higher data transfer rates, which is required
for reading fast sensor response or reading multiple sensor modules [37].

The RF powered LC sensors are capable to eliminate the need for onboard power and
exposed interconnections. Moreover, the small size and stable characterization make it use
popular in various harsh environment measurement applications, such as pressure sensors
[38-40], chemical sensors [41], and humidity sensors [42], etc.

In this thesis a RF powered LC temperature sensor will be developed. This sensor
employs the sandwich multi-player piezoelectric films as well as electrodes to form an
inductor capacitor (LC) resonator circuit. This resonant wireless platform removes any

electronic components or physical contacts.



2.5 Conclusions

The majority of commercially available high temperature sensors are actually made
using only a few basic types of instruments: liquid-in-glass thermometers, thermocouples and
thermometers. As matured technologies having been used for several decades, they are
inexpensive and their defects of systematic errors, instability or drift, are well understood.
However, those commonly used traditional techniques are difficult to apply for
measurements in hostile environments, e.g., electromagnetic interference, radiation,
corrosion and rotating components. The measuring instruments should reduce the affect
caused by the measurement environment and the use of wireless passive sensors is preferred.

Due to its immunity to electronics, compact size, a contact-less power supply,
wireless data communication, resistance in high temperature rotating component monitoring
and low cost, RF powered LC sensing technology will be chosen in this research project to

develop a high temperature sensor capable of working in harsh environment.
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3 Sensor Design and Simulation

This chapter starts with the design principle of the proposed temperature sensor. In
this sensor, the energy transfer of the resonant circuit is based on the interaction between the
inductor in the sensor and the reader antenna. Modeling and calculations of the planar
capacitor and inductor are also discussed in order to determine the resonant frequency and
temperature sensor range. Electrical modeling of the resonant circuit is built to simulate

resonant frequency variations in response to temperature.

3.1 Design Principle

The temperature sensor, as shown in Figure 3.1, is composed of a ceramic multi-layer
capacitor integrated with planar inductor, which forms an LC resonant circuit. This structural
design makes the sensor easy to attach and can be used on round rotating components, like

bearings in the aircraft engine.

L-C Sensor
[ A A
Spiral Inductor J A-A
Planar Y \EI d
Capacitor —? _—Electrode
Dielectric

Figure 3.1 Schematic Diagram of Temperature Sensor

The design principle of this temperature sensor is based on electrical capacitance

(EC). The capacitance of the sensor is a function of the dielectric constant of the sensitive
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material. The planar capacitor, when exposed to harsh environments, has a linear dielectric
constant variation with the temperature.

Figure 1.2 illustrates the power delivery and wireless data communication of the LC
temperature sensor . The sensor itself does not have a power source or any transceiver circuits
usually composed of electronics. It is powered by a remote reader which sends out an
oscillating magnetic field across reader antenna by inductive link between the reader’s
antenna and the sensor’s inductor. At the same time, the capacitance of the sensor changes in
response to environmental variables - temperature. This provides the reader with a resonant
frequency variation across the inductive link, by monitoring the impedance across the

terminals of the wide bandwidth reader antenna.

3.2 Planar Capacitor

The planar capacitor, as shown in Figure 3.1 stores separated electric charges, and
therefore energy. Equation 3-1 shows that charge Q stored is proportional to the voltage drop
(across the capacitor):

Q=C V. 3-1

The multi-layer planar capacitor consists of a dielectric substrate sandwiched between
two parallel electrode plates. In general, the capacitance of a parallel-plate capacitor depends
only on the dielectric constant and the geometry of the capacitor. Thus the energy of a charge
configuration is dependent upon the relative permittivity and the separation distances.

The concept of the capacitive element of the sensor requires a change in the
capacitance as a function of temperature. This would be fulfilled if the dielectric constant of

the material between the plates of the capacitor changes along with the temperature. This
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relationship between the dielectric constant and temperature is used to model the capacitive

element of the temperature sensor, which can be expressed by equation 3-2:

CS (T) — 8Ogr (T)A .

Here & is the permittivity of free space, ¢ (7) is the relative dielectric constant of the
dielectric material, sensitive to environmental temperature, 4 is the area of the electrode plate,
and ¢ is the distance between the electrodes, which is also the thickness of dielectric material.

Considering a possible sensor designs, where the thickness of the sensing material, ¢,
is 0.480mm and its sensing area, 4, varies from 10 mm? to 30 mm?, in addition to having a
dielectric constant that ranges from 500 to 5000. Based on this capacitive element concept,
the relationship between capacitance and dielectric constant is illustrated in Figure 3.2.

Capacitance vs Dielectric Constant
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Figure 3.2 Capacitance vs. Dielectric Constant
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3.3 Spiral Inductor

Spiral inductors (Figure 3.3) are utilized widely to make resonant circuit elements for
capacitive sensors in the microelectronics field. They provide high quality factor elements
and are feasible in harsh environment applications.

Coupling the primary reader antenna, as illustrated in Figure 1.2, the spiral inductor
acts as a transformer based on the principle of electromagnetic induction. When an
oscillating current is executed on the antenna, a changing magnetic field to both the primary
antenna and the spiral inductor is produced along the magnetic path in the air. An alternating
voltage of the same frequency is induced in the spiral inductor. The environmental
temperature variations induce the frequency change, which can be detected from reader side
by monitoring the impedance across the terminals of the wide bandwidth reader antenna. In
other words, the electrical energy is transferred from the input antenna to the sensor and the

temperature information can be detected by the reader from the coupled magnetic field.

Spiral Inductor

Figure 3.3 Schematic View of Spiral Inductor

In order to read out the temperature information, it is necessary to design and

fabricate an appropriate spiral inductor to have both a reasonable inductance and quality
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factor at high temperatures. Inductance (or electric inductance) is a measurement of the
amount of magnetic flux produced for a given electric current. Strictly speaking, this quantity
is called self-inductance, because the magnetic field is created solely by the conductor that
carries the current. The self-inductance of a straight conductor of length, /, and radius, a,

(neglecting the effects of nearby conductors), is given by [43]:

L ~ ’u—ol{ln (ﬂj—ms} . 3-3
27 a

Here the magnetic permeability of free space, ug, is 4 x 10”7 H/m. Different types of spiral
inductors have respective calculation equations according to [44]. However, there is no
closed-form solution for the inductance of circular loops. The self-inductance of a circular
loop of round wire, as shown in Figure 3.3 has a low frequency inductance that can be

estimated according to equation 3-4 [43]:

L ~n’u,R {ln(S—RJ—IJS] 3-4
a

Here the loop radius is R, the wire radius is a, and n corresponds to the turns of the inductor.
Figure 3.4 indicates how the coil turn and inductor radius affect inductance, for a wire radius

a of 0.337mm.
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Inductance vs. Coil Mean Radius

Induactance (uh)

Coil Mean Radius (mm)

Figure 3.4 Inductance vs. Coil Mean Radius

3.4 Electrical Model of Resonant Circuit

The multi-layer ceramic structure developed has an integrated passive resonant circuit
consisting of a spiral inductor and a parallel-plate capacitor. The inductance of the resonant
circuit is fixed and the capacitance varies as a function of temperature. Therefore, the
resonant frequency of the circuit changes in response to temperature. Ultimately, the
relationship between resonant frequency and temperature is used to determine the measured
temperature wirelessly.

The sensor’s theoretical electrical model as well as the reader coil used for inductive
powering is illustrated by a parallel palate capacitor, Cs, and spiral inductor, Lg as shown in

Figure 3.5. In this Figure, Ry is the resistance existing in the reader side and Rs is the
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resistance in the sensor circuit. A time variant current, /; enables the resonant frequency to
vary in time with a given interval, T; Cp is the capacitance of the reader circuit that is used to
maximize the current applied through the reader antenna; and M is the mutual inductance.
The frequency of this current, w, is a linear function with respect to time and can be given by:

o=Ao-t+o,(T<t<T+At). 3-5
Once a current of varying frequency is applied to the primary coil (the antenna of the

reader), a varying magnetic field is generated around this coil. Based on Faraday’s law,

induced voltage is generated on the remotely placed inductor of the sensor.

M
1 Cr '/\ I2 Rs
o »—{¢ —A\\N 0
| Lr L |
U, Reader Sensor ;f Cs Us
| Rr Ul |
(o -¢ -¢ o)

Figure 3.5 Inductively Coupled Circuit

If U, indicates the voltage induced in the sensor inductor, it can be calculated by

equation 3-6:

Uy =joMi, . 3-6
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The voltage U; on the capacitor of the sensor can be expressed as follows [45]:

U, =U,, - joLd, - R, . 3-7

And the current is determined by equation 3-8:

I, = joCU, . 3-8

Therefore, by solving Equation 3-7 and 3-8, the voltage across the planar capacitor U,

becomes

UL 2

: 3-9
1+ (joLg + R)- joCg

U, =

When this planar resonance sensor is placed in the time-variant magnetic field of the
reader antenna Lg, the voltage U, will be induced between the inductor of the sensor. Once
the capacitance of the sensor changed according to environment temperature, U, will change
accordingly and then a change is detected in the voltage U, across the reader.

This means that the capacitance change at a certain frequency is measured as
variation of voltage. However, this change in voltage U, is too insignificantly small to
measure. Since the capacitance variation will change the resonant frequency (f,) of the planar
resonator, usually a signal is used to generate a periodical sweep in frequency around the

sensor’s natural frequency to measure the frequency variation, instead of measuring the
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voltage variation at a certain frequency. Therefore, the frequency response of U on the
reader coil is measured to monitor the impedance change due to the temperature-dependent
capacitance (Cs) variation on the sensor. In this way, a very small variation in the impedance
can be measured.

The voltage response of the reader’s antenna coil verses sweep frequency without the

present of a sensor can be calculated by

Uy=(joL, +Ry)-1,. 3-10

And the voltage response of the reader’s antenna coil verses sweep frequency with the

present of a sensor can be calculated by

272
U, =| joL, + Ry + —2* LeLs — |4 3-11
JoLg+ R¢ +—
JaCs
The coefficient k& given in equation 3-12 is defined by:
M
k=—=—. 3-12
LRLS

The resonant frequency of the sensor indicates the point where the voltage appears as

an abrupt change. Generally speaking, the resonant frequency occurs at the peak of the
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voltage plot during a sweep frequency range. The expression of the resonant frequency is

defined by the following equation:

. — 3-13

Here Ly and Cs were defined according to equation 3-2 and 3-4 respectively.

In order to record the information of temperature variation, the resonant frequency
should be within a range detectable by a reader. Figure 3.6 indicates the relationship between
resonant frequency and dielectric constant, based on the capacitance and inductance
simulation. In this plot, parameters are used for a group of sensing area, 4, ranging from /0
mm’ to 30 mm’, a thickness of the sensitive material, 7, of 0.480 mm, a wire radius, a, of

0.337mm, an inductor radius, R, of 8.5mm, and the turns of the inductor, n, of 2.

Resonant Frequency vs. Dielectric Constant
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Resonant Frequency(MHz)
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Figure 3.6 Resonant Frequency vs. Dielectric Constant
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3.5 Conclusions

In this chapter, design principle of the passive capacitive temperature sensor and
electrical model of the resonant circuit are presented. The energy transfer mechanism is
demonstrated, which is based on the interaction between the inductor on the sensor and the
coil antenna on the reader. Electrical model of resonant circuit is built to simulate resonant
frequency variations in response to temperature. In order to locate the resonant frequency
within detectable range, modeling with respect to the geometric dimensions of the planar
capacitor and inductor are built. The sensor prototype was fabricated based on these design
considerations. The spiral inductor with two turns was made of copper wire leads, connected
to the electrodes of the capacitor using 604/D Ag paste. The diameter of the round copper
wire was 0.674 mm and the radius of the inductor was 28.5 mm. The area of the electrode

plate was 25mm” and the thickness of dielectric material was 0.480 mm.
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4 High Temperature Sensitive Materials

This Chapter conducts the exploration and validation of high temperature sensitive
materials. High temperature ceramic materials and piezoelectric materials are discussed and
compared in order to select material candidates with good temperature sensitivity, excellent

electrical properties capable of high temperature applications.

4.1 High Temperature Ceramic Materials

Dielectric ceramics are electrical insulators with dielectric strength, dielectric
constant and loss tangent values tailored for specific device or circuit applications. Generally,
the dielectric constant is used to determine the ability of an insulator to store electricity
energy. When a material is utilized in electric application where the high capacitance is
needed, a high dielectric constant is required to increase the charge that can be stored. High
temperature applications, combined with higher density interconnections demand the use of
materials that provide adequate thermal management, excellent thermal stability and heat
dissipation. These ceramic materials also require have high thermal conductivity, low
thermal expansion, good electrical insulation, corrosion-resistance and stability in harsh
environments. The following sections will provide some commonly used commercial
ceramic materials, including Beryllium Oxide (BeO), Aluminum Nitride (4/N), Alumina
(41;03) and Macor. The main mechanical properties of the aforementioned materials are

provided in Table 4-1, according to [46-47].
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Table 4-1 Mechanical Properties Comparison (25°C, 1 kHz)

Property AIN BeO Al,O4 Macor
Dielectric constant 8.9 6.7 9.8 6.03
Dielectric loss 0.0001 0.0003 0.0002 0.0047
Resistivity (Ohm-cm) >10" >10" >10" >10'
Thermal conductivity (W/mK) 170-200 260 36 2.63
CTE (ppm/C) 4.6 8.5 8.2
Density (g/cm’) 3.30 3.85 2.89 2.52
Bending strength (MPa) 290 230 380
Hardness (GPa) 11.8 9.8 14.1
Young’s mod (GPa) 331 345 372 66

4.1.1 Beryllium Oxide (BeO)

Many applications exploit beryllium oxide (BeO)’s excellent electrical insulating
properties, high mechanical strength, high thermal conductivity as well as good dielectric
properties. As shown in Figure 4.1, BeO’s dielectric constant varies from 6.4 to 9.0 in a
temperature rang from 150 °C to 420 °C, according to experimental record, measured in 1
kHz [48]. It is particularly well suited as a heat sink and heat dissipation medium in
integrated circuitry. But there is one thing we have to mention, beryllium oxide powders are
toxic when inhaled or ingested. The cost of BeO is expensive. For example, one price of

commercial BeO of 25mm x 25mm x 1.5 mm size will cost more than $ 300.00 [49].
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Dielectric Constant vs. Temperature
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Figure 4.1 Dielectric Constant Variation Comaprison

4.1.2 Aluminum Nitride

Aluminum nitride (4IN) is typically applied in telecommunication, optoelectronics,
automotive and military applications requiring high thermal dissipation, high volume
capabilities, high reliability in harsh environments and consistent performance. According to
experiment record measured at 1 kHz [48], its dielectric constant changes from 8.7 to 22.0 in
a temperature range from 150 °C to 420 °C, as shown in Figure 4.1. Its high thermal
conductivity and better heat dissipation simplify thermal design and significantly improves
circuit life and reliability. Aluminum nitride substrates have long been known to be safer to
handle and have lower cost than beryllium oxide (BeQO). The main drawback of AN is its

potential reactivity with water vapor in high temperature, moist environments.
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4.1.3 Alumina

Alumina or Aluminum Oxide (4/;0;3) is another high temperature ceramic material
candidate. As shown in Figure 4.1, its dielectric constant has a large change from 10.0 to
40.0 during a temperature range from 150 °C to 650 °C, which is measured at 10 kHz [50].
Although its thermal conductivity is not as high as BeO, its high volume resistivity, chemical
stability in aggressive and high temperature environments, along with its high dielectric
constant coupled with low dielectric loss and excellent electrical insulation lead to its wide
applications in electronics as substrates. Moreover, its cost is much lower than BeO.

4.1.4 Macor

Macor has very good temperature dependent dielectric changes from 6.7 to 40.0 in
the range from 100 °C to 450 °C at 1 kHz [51], as illustrated in Figure 4.1. Macor is an
outstanding engineering material, having a continuous use temperature of 800°C and a peak
temperature of 1000 °C. Its fabrication is easy and fast because it can be machined into
complicated shapes and precision parts with ordinary metal working tools, quickly and
inexpensively, and it requires no post firing after machining. That means no frustrating
delays, no expensive hardware, no post fabrication shrinkage, and no costly diamond tools to

meet specifications.

4.2 Piezoelectric Materials
Piezoelectric materials are historically utilized widely for strain gages, accelerometers
and sonar based on direct piezoelectric effect and converse piezoelectric effect. In the direct

piezoelectric effect, the application of a mechanical load on the piezoelectric materials

induces an electric response, and vice verse in converse piezoelectric effect. However,
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another characteristic behavior of piezoelectric materials is the pyroelectric effect, in which
the piezoelectric material responds to changes in temperature by producing an electrical
response, which will influence the dielectric constant variation in changing temperature
environments. Piezoelectric materials based on high-k ceramic dielectrics offer the best
pyroelectric effect, high sensitiveness and provide large and stable temperature dependent
dielectric constant changes. In addition, devices made from high-k dielectric ceramics are
more compact, which makes it then feasible for harsh environment applications. Actually,
most high-k dielectric ceramics are ferroelectric in nature. In the following section, we will

discuss the properties and comparisons of several ferroelectric materials.
4.2.1 Ferroelectricity

Ferroelectricity is a phenomenon which was discovered in 1921. The name refers to
certain magnetic analogies. It has also been called Seignette electricity, as Seignette or
Rochelle Salt (RS) was the first material found to show ferroelectric properties such as a
spontaneous polarization on cooling below the Curie point, ferroelectric domains and a
ferroelectric hysteresis loop. A huge leap in ferroelectric material research began in the
1950's, leading to the widespread use of barium titanate (Ba7iO3) based ceramics in
capacitor applications and piezoelectric transducer devices. Since then, many other
ferroelectric ceramics including lead titanate (Pb7i03), lead zirconate titanate (PZT), lead
lanthanum zirconate titanate (PLZT), and relaxor ferroelectrics like lead magnesium niobate
(PMN) have been developed and utilized in a variety of applications [52-54]. With the
development of ceramic processing and thin film technology, many new applications have
emerged. The biggest use of ferroelectric ceramics have been in the areas of dielectric

ceramics for capacitor applications, ferroelectric thin films for non volatile memories,
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piezoelectric materials for medical ultrasound imaging and actuators, and electro-optic
materials for data storage and displays[55-59]. Furthermore, ferroelectric materials can
potentially operate over a wide temperature range reaching as low as —270 °C to as high as
+650 °C. Single crystals, like LiNbO3, have a Curie temperature higher than 1000 °C.

In order to investigate the feasibility of producing sensors that can operate under high
temperature, metal surrounded rotating environments; the properties of a series of
ferroelectric materials were studied. These piezoelectric materials were examined because
they are solid state and can be designed as sensors to withstand high stroke, high speed and
high stability. The data for dielectric constant analysis as a function of the temperature, based
on experiments or commercial data sheets, will be presented.

The temperature dependence of the dielectric constant obeys the well known Curie-

Weiss law and is given in equation 4-1:

L — 4-1

Here ¢, corresponds to the relative magnetic susceptibility, C indicates a material-
specific Curie constant. 7 is the absolute temperature and 7. is the Curie temperature,
measured in degrees Kelvin. Since the permittivity (dielectric constant) peaks of ferroelectric
materials lie at their Curie point 7., and the loss increases dramatically after Curie point, it
would be most efficient to integrate dielectric ceramics for temperature monitoring below the

Curie temperature 7, [60].
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Following is a quick discussion of several possible ferroelectric materials that could

be used in our proposed temperature sensor application.
4.2.2 Lead Zirconate Titanate (PZT)

The dielectric constant (permittivity) of the PZT thin film has a big variation from
420 to 540 in a temperature range from 200 °C to 440 °C, which was measured at 10 kHz
[61] , as shown in Figure 4.2. The permittivity maximum is found at 375 °C, close to the
Curie temperature, 380 °C, of PZT in the morphotropic phase boundary composition, where
the Zr/Ti relative concentration is 53/47. Below the transition temperature 7., the dielectric
constant increases quickly with temperature. Above T, values start to fall but increase again
after further heating. This behavior can be explained by the presence of other ferroelectric

phases with higher transition temperature, like the behavior found in PhTiO:.

540

|
|
l
|
520f - e
|
:
|
BOOf -~~~

L Ee—H i

Dielectric Constant

]
|
|
l
460~~~ e
|
|
|
l
|

440~~~

| |

| |

| |

‘ 1

| | |
200 250 300 350 400 450
Temperature(Celsius Degree)

42

Figure 4.2 Dielectric Constant vs. Temperature of PZT
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4.2.3 Lead Lanthanum Zirconate Titanate (PLZT)

PLZT is a transparent ferroelectric ceramic formed by doping La** ions on the A sites
of (PZT). The electric applications of PLZT ceramics depends on the composition. Figure 4.3
shows the dielectric properties of ceramic powders PLZT 10/65/35, as a function of
temperature, based on experimental results in [62], which is measured in 1 kHz. This
transparent PLZT ferroelectric ceramic is produced by combining the chemical method

developed by Menegazzo and Eiras [63] and uniaxial hot-pressing.

Dielectric Constant vs. Temperature (PLZT)
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Figure 4.3 Dielectric Constant vs. Temperature of PLZT

4.2.4 Lead Nb Zirconate Titanate (PNZT)

Niobium modified lead zirconate titanate (PNZ7T) materials are formed by adding Nb

to a PZT composition. The Nb addition enhances domain reorientation resulting in square
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hysteresis loops, higher coupling factors and reduced aging. The dielectric constant variation

as a function of temperature is shown in Figure 4.4 [64].

Dielectric Constant vs. Temperature (PNZT)
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Figure 4.4 Dielectric Constant vs. Temperature of PNZT

4.2.5 Lead Bi Lanthanum ZirconateTtitanate (PLBZT):

Polycrystalline samples of bismuth (Bi) doped lead lanthanum zirconate titanate
(PLZT) near the morphotropic phase boundary (MPB) were synthesized by a solid solution
mixing technique in [65]. The dielectric constant behavior of four different types of PLBZT is
shown as a function of temperature ranging from room temperature to 600 Kelvin, at 10 kHz,

as illustrated in Figure 4.5.
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4.3 Conclusions

Alumina ---Dupont Green Tape "™ as sensor substrate.
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This Chapter discusses the potential dielectric materials for high temperature
applications. Comparing high temperature ceramic materials, Alumina has better thermal
conductivity, excellent electrical insulation and low cost, no toxic powder. However,
experiments indicate that the capacitance variation is insensitive with temperature variation.
Especially in temperatures less than 350 °C, the dielectric constant is almost constant. But

Alumina is a good candidate as the substrate of the sensor. Later on, we selected commercial

According to the Curie-Weiss law, a preferred material is the one that displays the

largest change in dielectric constant with temperature, which can be expressed by:



Thus at a given temperature, the material with the largest dielectric constant
temperature dependence is the material with the largest Curie constant, C. In addition, the
material with the largest Curie constant will also display the largest peak dielectric constant
value. Thus, by comparing peak dielectric constant values as well as Curie temperature in the
literature, a commercial material of PLZT is selected as high temperature sensitive material
candidate for the sensor that will be developed. The sensor prototype processing based on

this commercial material will be introduced in Chapter 6.
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5 SENSOR PERFORMANCE ANALYSIS

In order to obtain an optimal sensor configuration with high sensitivity, high O-factor,
small size, long communication distance, sensor performance analysis will be investigated in

this Chapter.

5.1 Modeling and Simulation

The temperature sensor that will be developed will be placed within the magnetic
field induced by an alternating current, which is generated by the remote reader across
inductive powering, as shown in Figure 5.1. In this resonant circuit, Zg, and Zs, are the reader
and sensor inherent impedances respectively. Rg, and Rg, are the self resistances of the reader
and the sensor circuit. The capacitance of the reader, Cg, is used to maximize the current
applied through the reader antenna; Cs is the sensor capacitance, which is sensitive to
environment temperature. Z;’ is the reflected impedance of the sensor, and, M, is the mutual

inductance.

R R CR M

W o,
Lr

© )4 BOF

Figure 5.1 Inductive Coupled Reader and LC Sensor
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Usually, the classical approach to analyze this resonant circuit is to eliminate the
coupled reader coil and the sensor by reflecting impedances back to the reader, in order to
clarify the voltage change of reader coil. The equivalent circuit diagram of the resonant

circuit of the reader with the inductive coupled sensor is shown in Figure 5.2.

R R CR R CR

R

L gs;;ék:m; D

Lr
Zi I
'
J

Figure 5.2 Equivalent Circuit Diagram of Wireless Telemetry System

The impedance of the resonant circuit of the reader is given by:

1
Ly = oLy + Ry +— . 5-1
JoCy
In addition, the impedance of the sensor side can be expressed as:
, (oM )’ 0 kL, Ly
Zs = == . 5-2
oL + R, + oL + R, +
JOLg s jaC, JWOLg s joC,
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Here £ is the coupling coefficient, defined by:

k= _ 5-3

In fact, the sensor interaction can be seen as a load variation A Zs’ placed in series with the

inductance antenna, which can be expressed by:

2712
AZ'= o k"L,L 1 5.4
JoLi+R +—
Jo(Cs +ACy)
The input impedance seen from the reader side is given by
Z =Z,+Z;. 5-5
Substituting of equations 5-1 and 5-2 into 5-5, will yield:
272
Z, = joL, + Ry +— + @k LyLs 0 5-6
JOCy oL + R +

Jo(Cg +ACy)

Therefore, the input impedance seen from the reader is given by
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Zizja)LR+RR+.1 + o’k Rsl _ 5-7
JoC oL v+ R4
Jo(Cy +ACs)

A voltage drop caused by the sensor side circuit is equivalent to the reflected
impedance Zs’ multiplied by the current. Actually, instead of measuring the voltage change at
a certain frequency, a signal is used to generate a periodical sweep of the frequency around
the sensor’s natural frequency to measure a frequency variation. This reflected sensor
impedance changes in response to sensor capacitance changes when the reader's frequency is
swept. When the excitation frequency matches the sensor side resonant frequency, a sudden
increase in the sensor impedance Zs’ occurs. Figure 5.3 shows the magnitude of impedance
and phase of this reflected sensor impedance Zs’ in response to the sweeping frequency

changes, with the parameter values summarized in Table 5.1.
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Figure 5.3 Magnitude & Phase Angle of Zg’

-36 -



When temperature increases or decreases, the dielectric constant will enhance or

reduce, which induces the variation of sensor’s capacitance, Cs, and then the input impedance

Z; The impedance Z; changes with respect to temperature are shown in Figure 5.4.

Table 5-1 System Parameter Values (at 20 °C)

Reader Inductance Ly
Sensor Inductance Lg
Sensor Total Resistance R,
Sensor Nominal Capacitance Cs
Nominal Coupling Factor &
Reader Radius ry
Inductor Radius rg

Coupling Distance d

1.5 uH
0.68 uH
60ohm
0.24 nF
0.4
30cm
28.5cm

2.5cm

When temperature increases, the peak of the input impedance Z; will move toward to

the left accordingly, this means that the resonant frequency will decrease as the temperature

reduce. The curve shown in Figure 5.4 was simulated using the same parameter values shown

in Table 5.1.
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Figure 5.4 Resonant Frequency of Input Impedance vs. Temperature

5.2 Performance Analysis

Sensor performance will be analyzed in this section, involving resonant frequency, Q-
factor, coupling distance and capacitance compensation.
5.2.1 Resonant Frequency

A general resonant circuit is comprised of elements that dissipate energy and store
energy: resistive components dissipate energy and reactive components store energy. Stored
energy gives rise to a phase shift between the voltages and currents in a system. It is
customary to employ complex variables to describe such systems, such that a measured real
quantity is in phase with the excitation signal and a measured imaginary value is 90 degrees

out of phase with the excitation signal. A positive value of reactance is defined as inductive
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and a negative value of reactance is defined as capacitive. Any passive circuit has the
following properties at resonance:

(1) At resonance, inductive stored energy is equal to the capacitance stored energy. Since
they are of opposite signs, the reactance cancels each other.

(2) Since the reactance vanishes at resonance, the observed impedance of the circuit is
purely resistive. Mathematically, this implies that the measured impedance is thus
purely real with zero phase shifts.

(3) Provided that the losses in the circuit are small relative to the reactance, the
magnitude of the measured voltages and currents shall exhibit a pronounced peak (or
dip) in the vicinity of resonance.

The expression of the resonant frequency is given by the following equation:

f;:—, 5'8

This resonant frequency is defined in terms of sensor electrical parameters and
indicates the peak of magnitude and zero crossing point of the phase of the reflected sensor
impedance, Zs’, as shown in Figure 5.3. In order to detect the resonant frequency from the
reader’s side, the reflected impedance, Zs’, should be high enough. If the changes of reflected
impedance from the sensor, Zs’, are smaller than those of inductance from the antenna, most
of the voltage drop will occur across the antenna. This will bury the change of reflected
impedance, Zs’, caused by the remote sensor. For that reason, the Q-factor and coupling

coefficient should be high enough to make sure that the resonant frequency can be detected.
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5.2.2 Q-factor

Resonance is a frequency-dependent stimulated response characterized by a large
amplitude response at a specific frequency. This amplitude response is an indication that a
resonant system has the ability to store energy at a particular resonant frequency. Energy
storage in a passive material structure is sustained by a continuous exchange between one
form of energy and another. This transfer of energy is sometimes called circulating power.
Energy can be found in the form of kinetic energy and potential energy, or can be expressed
in terms of electric fields and magnetic fields, currents and voltages, mechanical stresses and
strains, pressure and displacement, or a mixture of these. The ratio of total stored energy to

dissipated energy per unit cycle defines the quality factor, O, of the resonator:

Q — VVtotal — ZEfVVtotal
P/27[f P . 5-9

Here, W means total stored energy, P is the average dissipated power, and f'is the resonant
frequency.

In order to exhibit a large amplitude response, low internal losses and weak coupling
to the external environment are also required. A higher O-factor indicates a lower rate of
energy dissipation relative to the oscillation frequency. Generally, the O-factor is interpreted
as an indication of the sharpness of the resonance peak. The simplified expression of Q-

factor is defined by:

- 40 -



2zfLg 1 [Lg
RL RL CS

0 5-10

Here, R; is the total sensor resistance consisting of the inductor resistance, capacitor

resistance and circuit resistance, which is briefly discussed by Musunuri et al. in [66].
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Figure 5.5 Q-factor vs. Resistance & Inductance

Figure 5.5 depicts the variation of the O-factor with respect to total sensor resistance
and sensor inductance for the same nominal value of other parameters as shown in Table 5.1.
This simulation shows that minimizing the total resistance and maximizing sensor inductance

will improve the O-factor.
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5.2.3 Coupling Factor

The coupling coefficient, %, is the dominate factor for the wireless range of inductive
telemetry systems. For a complete system description, & can be modeled and optimized
specifically for each application by using finite element, CAD tools and models. However, a

fair approximation of & related to design parameters is given by:

k(d)= ( )2 5-11

Here, 7z corresponds to the radius of the primary coil, rs indicates the radius of the sensor
inductor, and d is the coupling distance [67].

Figure 5.6 illustrates how the reader antenna radius and the radius ratio of the sensor
radius and the reader antenna affect the coupling factor, &, at a certain communication
distance shown in Table 5.1. The plot indicates that minimizing the antenna radius and
maximizing the radius ratio will improve the coupling factor and maximize the coupling

distance.
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5.3 Conclusions

In this section, the performance analysis of the passive wireless temperature sensor is
investigated with respect to resonant frequency, O-factor and coupling factor. Besides the
parameters mentioned above, there is another solution --- capacitance compensation, which
can be adopted to maximize reflected sensor impedance in order to make the resonant
frequency detectable. That is, introduce a capacitance into the reader’s side in order to make
another resonant circuit, leaving the full sensor impedance changes occurring at the reader’s
side. However, this capacitor would need to change according to the resonant frequencies
value for maximum efficiency, which may not be easily feasible. This in turn would require

more sophisticated compensation architectures.
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All in all, sensor simulation were preformed providing improvements, in order to
achieve high performance wireless system, characterized with a high Q-factor and a
maximized communication distance, which can be concluded as follows: to maximize sensor
inductance, the radius ratio of the sensor inductor and reader coil, to minimize the sensor
resistance, the radius of the reader antenna, reader inductance, or introduce reader

capacitance compensation.

-44 -



6 SENSOR FABRICATION

As a proof of concept experiment, sensor prototype fabrication is discussed in this
Chapter. The Low Temperature Cofired Ceramic (LTCC) technology based on Green Tape is
also proposed for sensor packaging. In addition, capacitance measurement and sensor

calibration is given in the range from 20 °C to 235 °C.

6.1 Sensor Prototype

The sensor prototype and its equivalent circuit were shown in Figure 6.1. Here a
spiral inductor with two turns was made of enamel-coated magnet copper wire, connected to
the electrodes of the capacitor using 6041D Ag paste. The diameter of the round copper wire,
2a, 1s 0.674 mm; the radius of the inductor, R, is 28.5 mm. The area of the electrode plate, 4,
was 25mm’ and the thickness of dielectric material, ¢, was 0.480 mm. In this figure, Lg
indicates the sensor inductance, Cs means the sensor capacitor, Rs corresponds to the ohmic

resistance in the sensor and Zs demonstrates the impedance of this sensor prototype.

Rs

o
N |
AN

Inductor

Figure 6.1 Sensor Prototype and Equivalent Circuit
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6.2 Sensor Package

The Low Temperature Cofired Ceramic (L7CC) is a promising technology that
produces multilayer circuits with the help of single tapes, which are used to apply conductive,
dielectric and / or resistive pastes. These single sheets have to be laminated together and all
fired in one step. This saves time, money and reduces circuit dimensions. Another great
advantage of this technology is that every single layer can be inspected, and in the case of
inaccuracy or damage, be replaced before firing. This prevents the need to manufacture a
whole new circuit. Due to its low firing temperature (about 850°C), it is possible to use the
low resistive materials like silver and gold instead of molybdenum and tungsten.

Due to its high density, high reliability, excellent performance and low cost
interconnects package, Figure 6.2 shows the schematic sensor package using LTCC. The
sensor package consists of two diaphragms, separated by temperature — dependent dielectric
material, which is enclosed by two electrode plates that form a capacitor. The capacitor is
electrically connected to a planar spiral inductor coil. These components form a passive LC
resonator. The LTCC processing based on multiple sheets of Dupont 951 Green Tape™™ is

introduced in [68].
A-A

EE Flectrode B Dielectric : Substrate

Figure 6.2 LC Sensor Package (Single Coil)
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6.3 Capacitance Measurement

A circuit containing a resistance, an inductor and a capacitor is an electric analog to a
simple harmonic oscillator, called RLC circuit. Discharging a capacitor through an inductor
causes voltage and current oscillations. Capacitance can be measured using a RLC circuit by
acquiring the resonant frequency. In this section, this measurement principle and experiment

performing using a RLC circuit will be provided.

6.3.1 Oscillations of the RLC Circuit

In RLC circuit, the characteristic frequency f; of the oscillations depending on the

capacitance C and inductance L can be expressed by equation 6-1:

1

f0=27r\/ﬁ.

6-1

Since capacitors and inductors do not have ideal characteristics, the oscillations in the
LC circuit are significantly damped. If the RLC circuit in the series is connected to a signal
generator, the system cannot oscillate with characteristic frequency f, but it oscillates with
frequency f that is "forced" by the generator. The impedance of the circuit is expressed as

follows:

2 "y IR I ]
7= R +(X, XC)—\/R +QrfL 2;zfc)' 6-2
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If />>f), the impedance of the inductor and the amplitude of voltage on the inductor is
much larger than the capacitor. However, if f<<f), impedance of the inductor and the
amplitude of voltage on the capacitor is much larger than the inductor. At f=f), the
impedance of the system is minimal, the amplitudes of the capacitor and inductor are equal

and the circuit is in resonance.

Ohmic resistance of the circuit is an important influencing reason for the RLC
damping, which can be shown in Figure 6.3. In this plot, parameters are used for a sensing
area, A, of 25mm2, a thickness of the sensitive material, ¢, of 0.480mm, a wire radius, a, of
0.337mm, an inductor radius, R, of 8 5mm, two turns of the inductor, the relative dielectric
constant of 500, and the ohmic resistance ranging from 50 ohm to 1000 ohm. As we see from

this plot, when resistance reduces, the peak of voltage will not be easy to recognize.

Voltage vs. Sweep Frequency
I I I
=g =500hm

= =1000hm
=== == = r=5000hm
| ===m==e=r=10000hm | |

Voltage(v)

Sweep Frequency(MHz)

Figure 6.3 Voltage vs. Sweep Frequency
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6.3.2 Performing the Experiment
An Agilent 332204 20MHZ swept function generator, a HEWLETT 54602B packard
oscilloscope and a FLUKE 123 scope meter were used for this experiment. The impedance of

the capacitor is

X, = ! . 6-3
2z jfC
The impedance of the inductance is
X, =2rjfL. 6-4
And the impedance of the parallel capacitor and inductance is
LS S O 6-5
ZLC XC XL
So the total impedance in the circuit is
1
Z=R+Z,.=R+ T 6-6
27 jfC +
Jf 2l

Sweeping the input signal in the RLC circuit produces a variation of the total

impedance that will change according to environment temperature. Figure 6.4 shows the
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simulation at a temperature interval of 20 °C and parameters are used the same as in Figure

6.3.

Impedance vs Sweep Frequency
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Figure 6.4 Impedance Variation

When the sweep frequency superposes the resonant frequency, the impedance will be
maximal. At a certain temperature, the voltage variation of the capacitor as a function of the

sweep frequency is illustrated in Figure 6.5.
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Voltage vs Sweep Frequency
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Figure 6.5 Voltage vs. Sweep Frequency

By using equation 6-1, the capacitance variation can be calculated for different

temperatures, as illustrated in Figure 6.6. Here inductor of 0.68 pH and resistance of 100

are used in this RLC measurement circuit.
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Capacitance vs. Temperature
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Figure 6.6 Capacitance vs. Temperature

6.4 Sensor Calibration

The LC temperature sensor was calibrated over a temperature range from 20°C to
235°C. A schematic principle of experiment set up is shown in Figure 6.7. Temperature
sensor was immersed into an oil glass, which was put on the Hot Plate, providing the
temperature range from room temperature to 450 °C. The oil’s temperature was measured by
thermometers directly. At the same time, the antenna of the reader was laid outside of the
glass jar, which transferred the temperature information to the reader. This information can

be read out from the laptop in terms of resonant frequency.
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Figure 6.7 Principle of Sensor Calibration Experiment

Resonant frequency was recorded along with temperature variations, which is plotted
in Figure 6.8. This proves that the LC temperature sensor made of a ferroelectric material is
feasible for wireless temperature monitoring. The ferroelectric material of the capacitor is
temperature dependent, that is, as the temperature increases or decreases, the dielectric
constant will change correspondingly. This causes the capacitance variations along with
temperature and then the resonant frequency is response to environmental temperature

changes.
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Frequency vs. Temperature
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Figure 6.8 Sensor Calibration

6.5 Conclusions

In this Chapter, sensor prototype was fabricated to determine if a temperature
sensitive element integrated with ceramic materials was feasible to monitoring high
temperature in harsh environment. Sensor package based on the LTCC technology was
proposed to produce a capacitor of high volumetric efficiency, good reliability, low cost and
broad operation temperature range. In addition, experiments were performed for capacitance

measurement and sensor calibration at temperatures ranging from 20 °C to 235 °C.
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7 CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

This research project has developed a novel passive wireless temperature sensor,
being able to operate in harsh environments, for high temperature rotating component
monitoring. A completely passive LC resonant telemetry scheme, which relies on a frequency
shift output, has been integrated with the sensor, thereby eliminating the need for contacts,
active elements, or power supplies within the sensor. Consisting of an inductor and a
temperature-dependent capacitor, this high temperature sensor forms a LC circuit, whose
resonant frequency shifts when the capacitance of the sensor changes in response to
temperature.

Following a review of the state-of-the-art high temperature dielectric ceramics and
substrates, the capacitor schematic design was presented based on temperature sensitive
ferroelectric dielectrics. These dielectrics were found to exhibit linear changes in electrical
properties when exposed to temperature varying environments. Based on capacitance and
inductance modeling and simulation, sensor design and modeling was conducted
subsequently in order to limit the resonant frequency to the appropriate scope.

Moreover, sensor performance was analyzed to optimize the sensor configuration,
maximize sensing distance, Q factor and sensitivity. The sensor prototype was then
successfully fabricated to prove the concept of a temperature sensing device using passive

wireless communication. The Low Temperature Co-fire Ceramic (L7TCC) technology based
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on DuPont Green Tape "™ was proposed for sensor packaging. Finally, the sensor prototype

was calibrated up to 235°C.

Research contributions achieved by this project can be summarized as follows:

An innovative passive wireless sensor scheme has been successfully demonstrated;
High temperature sensitive materials and substrates were investigated and validated;
Sensor performance were analyzed,

The sensor prototype was developed and calibrated.

The temperature effect on LC planar resonator was fully investigated which disclosed

a new potential application to monitor temperatures in harsh environments. The proposed

temperature sensor is a simple planar structure which measures stable accurate temperature

by a wireless and powerless feature, which enables a long-term temperature detection and

integrated wireless communication.

The effective design of planar resonators for wireless sensing applications requires a

process to obtain a geometry that optimizes application requirements. Modeling and

simulation were performed in order to minimize sensor size, maximize the detection distance,

quality factor, and sensor sensitivity.

7.2 Future Work

Some research could be expanded in the future:

Extend the communication distance of the temperature sensor;

Analyze the temperature-dependent inductance and resistance in order to calibrate the
sensor much more accurately;

Realize sensor packaging based on proposed LTCC technology.
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