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ABSTRACT

WIRELESS ANTENNA SENSORS FOR BOILER CONDITION

MONITORING

Franck Eric Mbanya Tchafa, Ph.D.
Supervising professor: Haiying Huang, Ph.D.

Structural Health Monitoring (SHM) is a vital technology that implements real-time
condition monitoring or damage detection mechanisms for the safety assurance of structural
systems such as power stations, aircrafts, bridges, dams, buildings, large machinery, and more.
Without proper and timely maintenance, mechanical systems are prone to failures since they
experience detrimental factors such as harsh environments, excessive loads, and vibrations.
Several sensing technologies exist for SHM applications. Patch antennas are among the list of
these technologies, and they are an attractive choice due to their compact size, light weight, ease
of manufacturing, and low fabrication cost. Patch antennas have been studied not only for wireless
communication but as sensors for condition monitoring. A typical patch antenna, consisting of a
dielectric substrate, a radiation patch, and a ground plane, is an electromagnetic (EM) resonator
with specific fundamental frequencies. These frequencies depend on the radiation patch
dimensions and the antenna’s effective dielectric constant, which is a contribution of the dielectric
constants of all layers (i.e., substrate and superstrate) and their respective thicknesses. Any change

in the antenna dimensions or the material properties due to temperature, mechanical strain, and ash
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accumulation will cause a shift in the antenna resonant frequencies. Thus, it is possible to use patch

antennas as Sensors.

The objectives of this research are to (a) extract multiple measurands (i.e., temperature,
strain, ash thickness) from the antenna’s response; (b) demonstrate wireless interrogation of
passive antenna sensors without electronics; and (c) establish a procedure for characterizing the
dielectric properties of substrates. Measuring the dielectric property is important as substrate
materials could be engineered based on the trade-off between the sensitivity of the antenna sensor
to the three sensing parameters to achieve optimal sensor performance and facilitate simple data
processing. Furthermore, these dielectric properties could be used in simulation tools to perform

parametric studies on the substrate properties and to define the design space.

In this dissertation, we demonstrate simultaneous measurement of multiple parameters
using a single patch antenna. For simultaneous strain and temperature sensing, we exploit the two
fundamental resonant frequencies of the antenna. The theoretical relationship between the antenna
resonant frequency shifts, the temperature, and the applied strain was first established to guide the
selection of the dielectric substrate, based on which an antenna sensor with a rectangular radiation
patch was designed and fabricated. A tensile test specimen instrumented with the antenna sensor
was subjected to thermo-mechanical tests. Experiment results validated the theoretical predictions
that the normalized antenna resonant frequency shifts are linearly proportional to the applied strain
and temperature changes. By comparing the temperature and strain inversely determined from the
measured frequencies to actual thermocouple and strain gauge readings, we achieved measurement

uncertainties of +0.4°C and +17.22 pe for temperature and strain measurements, respectively.

Furthermore, we demonstrate simultaneous measurement of temperature and superstrate

thickness using the antenna sensor. Since the temperature causes a change in the material

Vi
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properties, and the superstrate thickness variation causes a change in the antenna effective
dielectric constant, the superstrate thickness and the temperature can be inversely determined
simultaneously from the antenna frequencies. To demonstrate simultaneous measurement of these
two parameters, the antenna sensor was designed, fabricated, and tested to characterize its
performance. Using ash from charcoal briquettes as a superstrate, we achieved measurement

uncertainties of £0.58°C and £58.05 pm for temperature and superstrate thickness, respectively.

We also demonstrate wireless interrogation of a high-temperature antenna sensor without
electronics. This specific achievement is a collaboration with Dr. Jun Yao. The sensor node is
entirely passive and consists of an Ultra-wide Band (UWB) transmitting/receiving (Tx/Rx)
antenna and a microstrip patch antenna serving as the temperature sensing element. A microstrip
transmission line connecting the UWB Tx/Rx antenna and the antenna sensor delays the signal
reflected from the sensing element and separates it from the background clutter. The operation
principle of the wireless sensing scheme, the design, and simulations of the sensor node circuitry
are discussed in this research. Furthermore, a digital signal processing algorithm that extracts the
antenna resonant frequency from the wirelessly received signal is also described. Temperature
tests were conducted to validate the performance of the wireless antenna sensor inside a high-

temperature furnace.

Finally, the broad range of microwave applications requires detailed knowledge of the
dielectric properties of substrate materials. Due to the variability that exists in the material
properties of fabricated printed circuit boards (PCBs), we investigate the use of a microstrip line
resonator for dielectric measurement of PCBs. Using Rogers 3006 commercial PCB, we obtained
a good agreement between the manufacturer specified dielectric constant of 6.15 and the measured

dielectric constant of 6.17.
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INTRODUCTION

Today, many structures are in service well beyond their intended lifetime. With the
growing concern toward safety and with the stringent societal, environmental, financial, and
operational requirements, it is essential to accurately monitor the condition of these structures. For
example, the safe and efficient operation of boilers relies on accurate measurements of temperature
and ash accumulation [1]. Ash accumulation hinders efficient heat transfer and can lead to damage
of boiler turbines, either through corrosive action or the sheer weight of deposits hanging from
pendant superheaters. Operational procedures to control ash fouling are site-dependent and should
be studied under particular circumstances and constraints [2]. This is because boiler plant design
features—furnace size and geometry, spacing of convection tube banks, burner arrangement—impact
ash slagging and fouling [3]. In addition, ash fouling depends on the types of minerals that are
present in coal [2], [4]. Nevertheless, ash blowing using superheated water, steam, and air is
common to all coal-fired boilers [5]. This process is controlled based on an initial assessment of
the plant, operating experience, and predetermined sequences often based on numerical models
that mimic the behavior of the plant [6], [7]. These models are not accurate due to the complexity
of the ash fouling phenomena. Given that this cleaning process (i.e., the ash blowing process) has
a variable response depending on fouling mechanisms and can accelerate abrasion of surfaces, it
should be kept to a minimum [2], [8]. This limitation has given rise to smart blowing, a process
that consists of actively monitoring boiler data such as heat transfer, exit gas temperature, and

emissions levels to determine if ash blowing is required [1], [9]-[12].
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To avoid excessive slagging or superheater material failure, Zhang et al. [9] used acoustic
pyrometry technology, which is primarily used in boiler control, to measure flue gas temperature
[11]. Acoustic pyrometers send sound waves across the boiler relying on the fact that the speed
of sound depends on gas temperature. A drawback to acoustic methods is that the speed of sound
depends significantly on the gas composition and can also be affected by ash particles and the
refraction of the sound wave front by density and temperature gradients [1]. Based on the review
of published literature, it is essential to decouple the effect of temperature and ash to ensure safe
and efficient operations of these structural systems. Moreover, due to safety concerns, we need to
monitor the strain variation of steam pipes. Thus, for the safe and efficient operation of boilers, we
have identified three key measurands—temperature, strain, and ash thickness—that must be extracted
from the antenna sensor response. In addition, due to the high-temperature environment, we
propose wireless interrogation of the antenna sensor without electronics to circumvent the

requirements for wiring inside the high temperature environment.

To achieve our objectives, which are to ensure safe and efficient operation of structural
systems by monitoring multiple parameters from the response of a single sensor and by wirelessly
interrogating the antenna sensor from a long distance without electronics, first, we introduce the
proposed sensing technology (i.e., the patch antenna) in chapter 2. In this chapter, we also cover
the design and the analysis of the microstrip patch antenna particularly for sensing purpose.
Mathematical expressions are established to help select the substrate material for the antenna

sensor based on sensing applications.

In chapter 3, we demonstrate the use of a single antenna sensor for simultaneous strain and
temperature sensing. To resolve the problem of cross-sensitivity between temperature and strain,

we exploit the two fundamental resonant frequencies of a single antenna sensor with a rectangular
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radiation patch. Based on the transmission line model, the normalized antenna resonant frequency
shifts were found to be linearly proportional to the strain and temperature change. By selecting the
dielectric substrate material with a right thermal response, the theoretical prediction was validated
by experimental measurements. Curve-fitting the normalized antenna resonant frequency shifts as
linear functions of the strain and temperature change enables inversely determining the strain and

temperature changes from the measured antenna resonant frequency shifts.

In chapter 4, we demonstrate simultaneous measurement of temperature and superstrate
thickness (i.e., ash) using a single microstrip patch antenna. To decouple the effect of temperature
variations and superstrate accumulation on the antenna sensor, we exploit the two fundamental
resonant frequencies of a single antenna sensor with a rectangular radiation patch. Since the
antenna resonant frequencies depend on the radiation patch dimensions and the antenna effective
dielectric constant, which is a contribution of the dielectric constants of all layers (i.e., substrate
and superstrate) and their respective thicknesses, it is possible to extract temperature and

superstrate thickness from the response of the antenna sensor.

In chapter 5, far-field interrogation of an antenna sensor without electronics is
demonstrated for high-temperature sensing applications. The sensor node consists of a microstrip
patch antenna serving as the temperature sensing unit and an UWB Tx/Rx antenna with a Reactive
Impedance Surface (RIS) ground plane. The entire sensor node was implemented on Rogers 3210
commercial PCB using simple fabrication techniques such as chemical etching. The temperature
information is encoded in the signals backscattered by the sensor node, and a time domain gating
technique is developed to extract the resonant frequency of the antenna sensor from the

backscattered signal.
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In chapter 6, due to the variability that exists in the fabricated PCBs, and since the broad
range of microwave applications requires detailed knowledge of the dielectric properties of
materials, we investigate the use of a microstrip line resonator for dielectric property measurement
of PCB. By comparing the extracted material properties (i.e., the dielectric constant and dissipation
factor) to values specified by the manufacturer of the PCB, we conclude that the configuration of

the proposed microstrip line resonator is suitable for measuring the dielectric properties of PCB.

The final chapter of this dissertation (chapter 7) highlights the main findings of the project
and presents the scientific impacts of the research. The findings presented in this dissertation will
help coal power plants progressively evolve to meet the growing demand for safe and efficient
power generation. Moreover, this will reduce the downtime usually associated with routine
maintenance and will reduce the high maintenance cost of current technologies utilizing

thermocouple as temperature sensors.
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CHAPTER 1: BACKGROUND

1.1  Introduction to structural health monitoring

Structural Health Monitoring (SHM) is a vital technology that implements real-time
condition monitoring or damage detection mechanisms to assure the safety of structural systems
such as aircraft, power stations, bridges, dams, buildings, large machinery, and more. [13]. This
process involves monitoring the system using in-situ sensors. The acquired measurements enable
analysis that determine the current health state of the system [14]-[16]. Worden and Dulieu-
Barton, and Fu-Kuo Chang have presented a more comprehensive description of SHM [16], [17].
The motivation for SHM technology development comes from the potential life-saving and
economic impact of this technology [15]. Nearly all private and government industries want to
detect damage at the earliest possible time not only in the products they manufacture but also in
their manufacturing facilities. These industries do implement some form of SHM. For example,
the semiconductor manufacturing industry is implementing SHM to decrease the need for
redundant equipment necessary to prevent inadvertent downtime at their manufacturing facilities
as downtime costs millions of dollars [18]. Aerospace companies in the United States along with
some government agencies are currently exploring SHM technology for damage identification in
the space shuttle control surfaces hidden by heat shields [15]. This damage identification
technology has significant safety implications. As a result of economic issues, many structures in
civil, mechanical and aerospace engineering are used beyond their initial design life despite aging
and the associated damage accumulation. Moreover, with the complexity of today’s structures that
need to address more stringent societal, financial, environmental, and operational requirements, it
is essential to monitor the health of structures for safe and efficient operation.

5

www.manaraa.com



The safety and economic benefits that the SHM technology offers can only be realized if
the condition monitoring system offers sufficient warning such that corrective actions can be taken
to prevent failure of the structure. For SHM applications, there exist several types of sensors;
almost all of them convert physical properties into electric signals [19]-[22]. In general, sensors
can be classified as wired or wireless. Some commonly used wired sensors are thermocouples
[23]-[25], strain gauges [26]-[29], and optical fiber sensors [30]-[34]. These sensors have an
inherent drawback as they can only be interrogated via a wired connection, which limits the
mobility of dynamic systems. Moreover, wired sensors usually incur high maintenance costs
especially for high-temperature applications [35]-[37]. Wireless sensing allows us to circumvent
the problems inherent to wired sensors [38], [39]. A typical wireless sensor comprises of two parts:
a wireless sensor whose primary objective is to encode the measurand of interest into a Radio
Frequency (RF) signal, and a wireless reader whose primary objective is to decode the received
RF signal and extract the necessary information [40]. Wireless sensors can be classified as either
active or passive. This is solely based on whether the sensor requires an onboard battery as a power

source. A review of wireless sensors is presented below.

1.2 A review of wireless sensors

1.2.1 Active wireless sensors

Active wireless sensors are sensors that require an onboard battery to power the sensor
node circuitry. Active wireless sensors usually have a circuitry consisting of a microcontroller chip
that is used for sensing signal processing and wireless transmission [41]—[43]. Most active wireless
sensors are designed based on the Berkeley-Mote platform [44]-[46] because of the availability of

tiny driven operating systems, which provide support for efficiency, modularity, and concurrency-
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intensive operation [47]. This operating system, called TinyOS, fits in 178 bytes of memory.
TinyOS has an open architecture capable of scaling with current technological trends, supporting
smaller, more tightly integrated designs, as well as implementing software components into
hardware [45]. Although the user can design and fabricate a custom sensor board based on
application needs, these sensors are not suitable for high-temperature SHM applications because
of the onboard battery and electronic components. Moreover, recharging or replacing the onboard
battery presents a significant maintenance challenge [48]. As such, the maximum operating
temperature and life of the sensor are limited by the specifications of the battery on board.

1.2.2 Passive wireless sensors

In contrast to active wireless sensing, passive wireless sensing is becoming increasingly
popular as it eliminates the high maintenance cost typically associated with onboard batteries [49].
Passive wireless sensors consume little to no power. If power is needed, the power consumption
is so low that it can be harvested from other energy sources [50], [S1]. These types of sensors can
be grouped into two main categories depending on whether electronics components are present at
the sensor node. Popular passive sensors with electronics at the sensor node are those that utilize
Radio Frequency Identification (RFID) technology. Non-electronics passive sensors comprise

inductive sensors, Surface Acoustic Wave (SAW) sensors, and antenna sensors.

1.2.2.1 Wireless RFID enabled sensors

A typical RFID system consists of an interrogator (also known as reader) and a transponder
(or tag). Depending on applications, tags can be divided into three groups: active, semi-passive,
and passive. An active tag has both an internal power source and a tag transmitter. The semi-
passive tag has a power source, but there is no transmitter. Semi-passive tags use backscattering

to transmit data to the reader [40], [52]-[54]. Since semi-passive and active do have a power supply
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on board, they fall into the category of active sensors and are not covered in this section. In contrast
to semi-passive and active tags, passive tags are the least complex and cheapest as they have no
internal power supply since energy is harvested from the electromagnetic (EM) field transmitted
by the reader [52]. When the tag is in the range of the reader, it receives an EM signal through its
antenna. Energy from the signal is then stored in an onboard capacitor. This energy is used to
power the internal RFID tag’s circuitry, which transmits a modulated signal to the reader through
one of two methods: load modulation (typically for frequencies below 100 MHz), and backscatter
(for frequencies higher than 100 MHz) [52], [54]. Load modulation consists of releasing energy
from the capacitor to the tag coils in variable strengths over time. Any variation of the current in
the tag’s coil causes a small current variation in the reader’s coil due to the mutual inductance
between the two, and the variation is detected by the reader [52]. This method is commonly utilized
for near-field coupling. On the other hand, the backscatter coupling is a process in which the tag’s
circuit changes the resistance of the tag’s antenna. Part of the energy incident on a tag’s antenna is
reflected due to impedance mismatch between the antenna and the load circuit. Changing the
mismatch or loading on the antenna can vary the amount of reflected energy. These changes in
resistance will be picked up and demodulated by reader [52], [54], [55]. This approach is
commonly used for far-field coupling.

Passive RFID sensors are widely used in transportation, personnel access control, animal
tracking (or livestock ID), electronic transport/toll-collection (such as E-ZPass), SHM
applications, and many more [52], [54]. This is due to their long-distance detection capability, and
in some applications for their low-cost implementation [55]. In general, passive RFID sensors can
be divided into chip-based or chipless RFID sensors. The fundamental difference between chip-

based and chipless RFID tags is the presence or absence of an onboard silicon chip or integrated
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circuit (IC) chip [56]. In recent years, chip-based RFID sensors have been proposed for
temperature sensing [57]-[62] and for strain sensing [63]-[68]. Bhattacharyya et al. measured the
changes in temperature by monitoring the power backscattered by the tag [58]. Sample et al.
developed a Wireless Identification and Sensing Platform (WISP) to enable an RFID tag to
interrogate different sensors to sense temperature, voltage levels, light, and more. [59]. Occhiuzzi
et al. employed a meandering line antenna in an RFID tag for strain measurement [69]. The
dimensions of the antenna change with the applied strain, which in turn causes a change in the
power backscattered by the tag. Therefore, it was possible to measure strain from the backscattered
power. Merilampi et al. proposed a printed RFID antenna to measure strain from changes in the
power of the backscattered signal [68]. One of the limitations of an RFID-based wireless sensor is
that the size of the RFID tags is quite large because of their low operation frequency. Yi et al.
proposed an antenna folding technique using vias to reduce the dimension of the RFID antenna;
the performance of the proposed sensor was validated by tensile testing, and the strain was
extracted from the measured resonant frequency of the antenna [63]. Further reduction in the size
of the RFID antenna was achieved by adding slots to the radiation patch [66]. The slots increase
the current path and thus lower the frequency of the antenna. Since the RFID sensor can only
measure strain along one direction, Li ef al. proposed a rosette configuration made of three antenna
sensors for measuring multi-axial strain fields [67]. Despite these advances, the major drawbacks
of RFID sensors, like the large antenna sizes and the slow interrogation speed, remain. Moreover,
RFID sensors can measure either temperature or strain but not both parameters because they are
interrogated at a single frequency.

Chipless RFID tags eliminate the IC chip by either using the length of the delay line or

multiple resonators for tag identification [70], [71]. Girbau et al. realized passive temperature
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sensing based on time-coded chipless RFID tags. The sensor comprised of a UWB antenna
connected to a delay line loaded with a resistive temperature sensor [71]. Preradovic et al.
presented a chipless RFID sensor with an integrated thermistor for temperature sensing [70]. In
both cases, variations in temperature will cause a change in the resistance of the sensor. The
resulting impedance mismatch between the tag antenna and the sensor, in turn, changes the
backscattered power. Since a sensor element must be implemented in these chipless RFID tags,
they cannot sense more than one parameter. To circumvent these challenges, Karmakar proposed
the use of smart materials rather than external resistors [56]. The proposed sensor employs two
spatially separated electric-inductive-capacitive resonators to sense multiple parameters. To
differentiate different sensing parameters, the resonators were coated with smart materials tailored
to measure a specific parameter; one resonator was coated with polyvinyl alcohol for relative
humidity sensing while the other resonator was coated with 0.2 mm thick phenanthrene for
temperature detection. However, the problem of cross-sensitivity between these two parameters
was not addressed in their work. Moreover, coating the resonators with smart materials increases

the thickness and cost of the sensor tag.

1.2.2.2 Wireless surface acoustic wave sensors

Surface acoustic wave (SAW) sensorsare a class of microelectromechanical
systems (MEMSs) that rely on the modulation of surface acoustic waves to sense a physical
phenomenon. In general, a wireless SAW system comprises an EM transducer and a SAW sensor
node [72]-[75]. The transducer transmits the interrogation signal (EM wave) to the sensor node
and processes the reflected EM wave. The sensor comprises a piezoelectric substrate that is
connected to a passive antenna. In addition, there are reflectors on the piezoelectric substrate a

short distance from the antenna connection. When an incoming EM signal is transmitted by the

10

www.manaraa.com



transducer, it is first received by the antenna. This signal is then sent to the piezoelectric substrate
to generate SAWs. Once generated, the SAWs propagate along the substrate and are reflected back
to the antenna upon reaching the reflector. The waves will be trapped or modified while
propagating, and variation of substrate physical properties will be encoded in the reflected waves.
The SAWs will be converted back into an EM signal and retransmitted to the transducer, therefore,
allowing the measurand of interest to be decrypted in the transducer.

Reindl et al. demonstrated wireless temperature sensing using a SAW sensor [76]. The
authors were able to measure temperature because of the temperature effect on the propagation
speed of the SAW. Although the proposed sensor was demonstrated to work up to 200°C, passive
wireless SAW sensors are not suitable for high-temperature harsh environments [77], [78].
Wireless strain sensing has also been demonstrated using SAW sensors [79], [80]. SAW sensors
have been developed for other applications: automotive applications (torque and tire pressure
sensors) [74], medical applications (chemical sensors) [81]-[83], and industrial and commercial
applications (vapor, humidity, and mass sensors ) [73], [84]-[86].

SAW sensors are competitively priced, sensitive, and intrinsically reliable [87]. Like many
technologies, SAW sensors have some drawbacks. Not all substrate materials can be used to
fabricate the sensors. The most commonly used substrates are quartz (SiO2), lithium tantalate
(LiTaO3), and lithium niobate (LiNbO3) [83]. Each substrate presents specific advantages and
disadvantages, which include cost, temperature dependence, attenuation, and propagation velocity
[72], [88]. Moreover, SAW sensors operate at low frequencies (typically 25-500 MHz) to keep the
propagation loss low [87], [89]. These frequency limitations make the miniaturization of such
sensors very difficult; it is a limiting factor for specific applications, particularly those with sensor

weight restrictions.
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1.2.2.3 Wireless inductively coupled sensors

Like most wireless sensing systems, an inductively coupled sensing system consists of a
wireless reader or interrogator and a wireless resonance sensor. The sensor node is essentially a
resistor, inductor, and capacitor circuit whose frequency can be detected via inductive coupling
between the sensor and reader coils [90], [91]. Depending on the applications, the measurand of
interest will affect the capacitance, inductance, or resistance of the sensor circuit. For example,
Loh et al. proposed localized strain and corrosion detection using thin film wireless strain and a
pH sensor that utilized inductive coupling technology [92]. The authors purposely designed the
thin film to change electrical properties with applied strain and variation in pH stimulus. Wireless
communication was achieved using traditional magnetic coil antennas. With applied strain, the
inductance of the sensor changed, causing a change in the resonant frequency. The strain was
inversely determined from the measured resonant frequencies. Zhang et al [93] utilized this
technology to demonstrate pressure sensing. They presented a readout system for wireless pressure
sensing, which comprises a pressure-sensitive capacitor and an inductance coil to form an LC
circuit. Pressure variations caused the LC resonant frequency to shift. This technology was also
utilized for other applications: pressure garment applications [94] and medical, biomedical, and

chemical sensing applications [95]-[97].

Despite the simple configuration and relatively small size of inductively coupled sensors,
they are not suitable for SHM applications due to the short interrogation distance, which is usually
limited to a few centimeters since the sensor and the reader must be nearby. Moreover, for SHM
applications, an array of sensors is usually required—sensors can be placed at locations that are
inaccessible during operation of the structures (e.g., boilers). Consequently, these sensors are not

suitable due to the short interrogation distance.
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1.2.2.4 Wireless antenna sensors

Wireless sensing using antenna sensors is becoming increasingly popular as it eliminates
the high maintenance cost usually associated with cable connections, especially for high-
temperature applications [43], [49]. Antenna sensors have been studied not only for wireless
communication but for SHM. They are especially attractive due to their compact size, light weight,
ease of manufacturing, and low fabrication cost [98]. Moreover, if the antennas are fabricated on
flexible substrates, they can readily conform to nonplanar surfaces [99]. Since the resonant
frequency of an antenna sensor depends on its physical dimensions and the dielectric properties of
the substrate, any change in these parameters will shift the resonant frequency of the antenna.
Consequently, one can use them as sensing elements by changing the antenna dimensions and/or
the dielectric properties.

In the past, patch antennas have been used for the single modality sensing of temperature,
strain, cracks, and pressure [100]-[113]. Tata et al. demonstrated the use of antenna sensors for
strain measurement [107]. The fabricated antenna sensor was bonded on a cantilever beam, and
the load was applied at the beam tip to generate mechanical strain in the beam. Since the resonant
frequency of an antenna depends on the physical dimension of the radiation patch, mechanical
strain applied to the antenna caused changes in the antenna dimensions and, consequently, a shift
in the antenna resonant frequency. Therefore, the applied strain was inversely determined from the
antenna resonant frequency after a correlation was established between the input values (applied
strain) and the output values (measured antenna resonant frequencies). The strain sensitivity of the
antenna sensor obtained by experiments agreed with the analytical prediction developed by the
authors. Although successfully demonstrated for strain sensing applications, temperature

variations have a major influence on the measurement accuracy of an antenna sensor [114]. As a
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temperature compensation techniques, Maurya et al. suggested an increase in substrate height of
the antenna sensor [100], [101]. However, increasing the substrate height results in a larger antenna
— an approach not desirable for many applications due to the increase in cost and weight of the
antenna sensor. Given these limitations, Sanders et al. evaluated the effect of temperature on the
antenna resonant to adopt the patch antenna as a temperature sensor [106]. The authors obtained
excellent linearity between the measured resonant frequency shifts and temperature changes.
Temperature extracted from these measured frequencies agreed with the thermocouple
measurements.

Antenna sensors have also been studied for crack detection and crack orientation in
structures [102], [112], [113]. Mohammad et al. [112] and Xu et al. [113] showed that the presence
of a crack in the ground plane of the antenna sensor increases the electrical length of the antenna.
These changes in electrical lengths result in shifts of the resonant frequencies. Compared to other
sensors, and based on previous studies, it is evident that antenna sensors are a viable solution for
SHM applications as they eliminate the high maintenance cost usually associated with cable
connections, especially for high-temperature applications [43], [49]. Since the antenna sensor
resonates at various frequencies depending on the current direction, by measuring the shifts in
resonant frequencies, changes in physical properties of the structures and environmental conditions

(e.g., temperature, superstrate accumulation) can be measured.

1.3 A review of the wireless interrogation mechanisms of antenna sensors

Like many wireless systems, the wireless interrogation mechanism of antenna sensors
consists of two parts: the wireless interrogator and the wireless antenna sensor package. This

interrogation mechanism is based on antenna backscattering. When an interrogation signal is
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transmitted to the antenna sensor, the signal will be received by the antenna sensor, which will
then encode the sensing information and reflect the received signal to the interrogator. This
reflected signal is referred to as the antenna backscattering [43], [106]. The signal received by the
wireless interrogator usually consists of both the background clutter (structural mode) and the
antenna sensor backscattered signal. A significant challenge of passive wireless interrogation of
antenna sensors is the problem of “self-jamming,” when the antenna backscattered signal is
jammed by the background clutter [43]. Many techniques have been developed to tackle this
challenge, notably the time gating approach [71], [105], [115]-[118]. This approach relies on
delaying the sensor signal using a high-quality-factor resonator or a delay line. Time gating can
then be applied to separate the sensing signal from the background clutter [117]. Due to the time
domain processing, Fast Fourier Transformation (FFT) must be applied to the time-gated signal to
extract the frequency information of the sensing signal. The FFT operation, however, usually has
a low-frequency resolution that severely limits the measurement resolution [119]. The FFT
operation was replaced by frequency-stepping technique to achieve higher frequency resolution,
but the interrogation speed was compromised [118]. To address the self-jamming setback, Xu and
Huang introduced the technique of modulating the antenna backscattered signal at the sensor node
to separate it from the backscattered clutter [120]. The amplitude modulation was achieved by
implementing a microwatt impedance switching circuit at the sensor node. To achieve completely
passive operations, the circuit was powered by a photocell. To demodulate the received signal at
the wireless interrogator end, the authors used a down-conversion mixer. The resonant frequency
of the antenna sensor was obtained from the signal spectrum by stepping the interrogation
frequency. By doing this, the authors successfully achieved higher frequency resolution than the

time gating technique.
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Near-field wireless interrogation of the antenna sensor was demonstrated up to 1050°C by
Cheng et al. [105]. The patch antenna was simultaneously considered a temperature sensor and an
integrated antenna. Therefore, the patch antenna was directly interrogated at a short distance
without the use of electronics. Time gating was applied to determine the antenna resonant
frequency of the antenna—this allows for the environmental temperature of the antenna sensor to
be indirectly determined since a change in temperature causes a shift in the resonant frequency.
Although this interrogation technique was successfully demonstrated, wireless interrogation using
this mechanism is limited to just a few centimeters because of the relative low-quality factor of the

antenna sensor [121].

1.4 A review of the superstrate effect on the antenna performance

Like many technologies, antenna sensors are used for long durations; and during their years
in service, environmental conditions (ash, water, ice, snow, etc.) cause variations in the sensor
performance due to superstrate build-up on the radiation patch [122]. The study of the effect of a
dielectric layer on the antenna sensor performance dates back to as early as 1980 [123]-[128].
From a design aspect, Bahl showed that a superstrate layer above the radiation patch drastically
affects the antenna characteristics [ 123]. This is because the antenna frequency is a function of the
antenna effective dielectric constant, which also depends on the substrate and superstrate dielectric
constants and their respective thicknesses [98], [122]. Hammas reported a decrease in the antenna
sensor frequency with an increase in superstrate thickness [128]. Meanwhile, Alexopoulos and
Jackson reported that a superstrate-loaded antenna might be desirable to maximize antenna gain
and radiation efficiency [126]. They established criteria for choosing suitable dielectric materials

and dimensions for which surface waves are eliminated and radiation efficiency is maximized.
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This study is particularly important since a high gain of the antenna sensor is desired for wireless
communication [105], [129]. For sensing purposes, Stolarczyk et al. [130] proposed an ice
detection system comprising of a network of thin, flexible microstrip antennas placed at critical
locations on an aircraft wing. The system also includes a thermocouple for temperature
measurement and a set of acoustic sensors to measure physical properties (density and viscosity)
of the superstrate. This combination of sensors helps measure mixtures that accumulate over the
antenna. A computer processes the measured data to discern the presence and thickness of ice,
water frost, ethylene-glycol, or slush. A major drawback of such a system is that cable connections
(i.e., thermocouples used for temperature measurements) could incur high installation and
maintenance costs, especially for high-temperature sensing applications.

Thus far, coating the antenna sensor to reduce or eliminate the effect of environmental
conditions or hazard has been the conventional approach [131]-[133]. However, this approach
presents some technical and practical challenges. From a practical standpoint, the commercial
viability of a sensor depends on its size and cost. In this former respect, coating the antenna sensor
increases its thickness and results in a bulkier sensor, which is undesirable for many applications.
From a technical standpoint, the effect of temperature on the dielectric layers (i.e., substrate and
superstrate) must be accurately accounted for. Temperature changes the dielectric constant and,
hence, the effective diclectric constant of the antenna sensor, which results in a shift of the antenna
frequency. Although coating the antenna sensor may be suitable in some cases (e.g., protecting the
antenna from ultraviolet radiations), it is undesirable for boiler condition monitoring as their safe
and efficient operation relies on accurate measurements of the environmental temperature and ash
build-up on surfaces [2], [8], [134]. Since our objective is to ensure safe and efficient operations

of boilers, decoupling these environmental conditions from the antenna sensor output is necessary.
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Based on published literature, operational procedures to fight against ash fouling are site-
dependent and should be studied under the particular circumstances and constraints of the site [2].
This is because boiler plant design features—the size and geometry of the furnace, the spacing of
convection tube banks, the burner arrangement, and many more—impact slagging and fouling [3],
and ash build-up depends strongly on the types of minerals present in coal [2]. Nevertheless, ash
blowing using superheated water, steam, and air is common to all coal-fired boilers [5]. This
process is adjusted based on an initial assessment of the plant and experience. Moreover, it relies
on predetermined sequences based on numerical models that mimic the behavior of the plant-an
inaccurate model due to the complexity of the ash fouling phenomena. Given that this cleaning
process varies depending on fouling mechanisms and can accelerate abrasion of boiler surfaces, it
should be kept to a minimum [2], [8]. This request has given rise to smart blowing, a process that
consists of actively monitoring boiler data such as heat transfer, exit gas temperature, and
emissions levels to determine if and where ash blowing is required [1], [9], [10], [12]. Detailed
mechanisms are not discussed here; the reader should refer to the work of the cited authors. For
safe and efficient operations of structural systems, it is essential to decouple the effect of

temperature and superstrate build-up on the antenna sensor output.

1.5 A review of the dielectric permittivity measurement of PCBs

A dielectric permittivity is a complex number, and its measurement is important for
practical applications as well as research. The real part of the dielectric permittivity, also called
the dielectric constant, is a quantity that measures the ability of a material to be polarized in the
presence of an external electric field. The imaginary part of the dielectric permittivity, also known

as the dissipation factor, is a quantity that determines the loss rate of energy from a material or a
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substance due to the existence of an electric field. Measuring the dielectric permittivity is very
important, and the benefits depend on applications. For example, in agriculture, these
measurements are useful for applications such as the drying process of grains, the treatment of
seed to boost the germination process, and the control of insects in stored grain [135]. In RF
applications, measurement of the dielectric permittivity of PCB is important for ensuring the
quality and the reliability of electronic devices.

Several techniques have been established for measuring the dielectric permittivity, and a
comprehensive review is presented by Venkatesh [136]. Some of the methods developed are the
transmission/reflection line technique, free space technique, open-ended coaxial probe technique,
and resonant technique. In general, factors such as frequency range, required accuracy of
measurement, material properties, material form, sample size, convenience, and cost play an
important role in selecting an adequate measurement technique. Among all these methods,
measurements using microstrip resonators have gained increased popularity since the method was
first proposed by Troughton [137]. It is undoubtedly because of the simplicity of the structure, the
ease of fabrication, the accuracy of the measurement technique, the wide frequency band provided
by a single microstrip resonator, and the negligible radiation losses due to the absence of the end-
effects [138]. Since Troughton’s work, various researchers have used microstrip ring resonators
(MRR) for the dielectric permittivity measurement of substrate materials. Sofin et al. [139] and
Rashidian et al. [140] measured the dielectric permittivity of materials under tests (MUT) by using
a single MRR fabricated on substrate materials with a known dielectric constant. The MUT was
overlaid on the MRR, and the dielectric constant was extracted from the shift in the frequency
response of the MRR. Although the technique allows for the use of a single MRR to measure the

dielectric constant of multiple MUT, the appropriate location of the overlaid MUT and the air gaps

19

www.manaraa.com



between the overlaid MUT and the MRR play a vital role in the accuracy of the measurements.
Heinola characterized the dielectric permittivity of PCB by fabricating the MRR structure directly
on the material to be evaluated [141]. The disadvantages of these MRR are the local radial
distortion of the field near the coupling gaps, the curvature effect, and field interactions across the
ring [142].

Since the MRR is a microstrip line that forms a loop, as part of this research, we will
investigate various shapes (e.g., square, rectangle) of the MRR with bend compensation techniques
[143] to reduce radial distortion of the field near the coupling gaps, reduce or eliminating the

curvature effect, and ultimately improve the accuracy of measurements.

2. Research objectives and impacts

The goal of this research is to study the sensor design, multivariant analysis, and wireless
interrogation of flexible antenna sensors to realize distributed condition monitoring of coal-fired
boilers at low cost. Monitoring the operational condition of the coal-fired boiler is an important
task that could bring tremendous benefits, including in-situ process control, real-time health
assessment of structural components, improved heat exchange efficiency, and reduced downtime
associated with maintenance. Moreover, this will provide large- scale in-situ measurement data
that will enable the development and refinement of simulation models. Unfortunately, low-cost
distributed sensing is challenging due to the high-temperature, high-pressure, and corrosive
environment. To solve the limitations of existing sensing technologies, this research will focus on:
(a) establishing a procedure for characterizing the dielectric properties of flexible substrates, (b)
extracting multiple measurands from the response of a single antenna sensor, and (c)

demonstrating wireless interrogation of passive antenna sensors without electronics.
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CHAPTER 2: ANALYSIS OF PATCH ANTENNAS FOR SENSING

APPLICATIONS

Microstrip antennas have received substantial attention since the 1970s, although the
notion of a microstrip antenna can be traced to 1953 and a patent in 1955 [98]. A microstrip
antenna, as illustrated in Figure 2.1, consists of a radiation patch, a ground plane, and a dielectric
layer. The radiating patch may have different shapes: rectangular, square, thin strip (dipole),
circular, elliptical, triangular, or any other configuration. The most commonly used configurations
are square, rectangular, and circular because of the ease of analysis, fabrication, and their attractive
radiation characteristics [98], [144].

Several models have been developed to analyze the microstrip patch antenna. The most
prevalent models are the transmission line, cavity, and full wave (which includes primarily integral
equations/Moment Method) [145]-[147]. Given that the transmission line model is the easiest of

all and provides good physical insight [98], it will be used for the analysis of a rectangular patch

Radiation patch

/

Ground plane Dielectric substrate

Figure 2.1. Configuration of a rectangular patch antenna. The radiation patch and the ground plane are made
of conductive materials.

21

www.manaraa.com



antenna (RPA) for temperature and strain sensing. An RPA possesses two fundamental resonant
modes; the TMo10 mode with current flowing along the length direction and the TMoo1 mode with
current flowing along the width direction of the radiation patch. Per the transmission line model,

the resonant frequency of the TMo1o mode, i.e., the fio frequency, can be calculated as

- c b
4/10_2(L+2AL)\/;£, (21)

where ¢, L, and &. represent the speed of light, the length of the radiation patch, and the effective
dielectric constant, respectively [98]. The effective dielectric constant of the antenna &., when no
superstrate is present, depending on the substrate height 4, the width of the radiation patch W, and

the dielectric constant of the substrate ¢, can be expressed as

&, +1 &g, —1 .
&0 = + 2.2
re 2 2J1+10n/W (2.2)

Because of the finite dimensions of the RPA along the length and width, the radiation fields extend
beyond the edges of the radiation patch, forming fringing. As such, the length of the antenna is
increased by AL, which is a function of g., W and 4, that is

(870 +0.3)W / h+0.264)

AL =0.412h :
(6,0 —0.258)W / h+0.813)

(2.3)

If the height of the substrate is much smaller than the radiation patch dimensions (i.e., # < W and
h < L), the effective dielectric constant can be approximated as the dielectric constant of the
substrate (i.e., &. = &). In addition, the line extension AL can be neglected. In this case, equation

(2.1) can be reduced to

c

Jio :ﬁ» (2.4
The shift of the antenna frequency dfio can be expressed in terms of variations in the patch length

L and the substrate dielectric constant & as
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0f10/0g- and Of10/0L can be derived from equation (2.4) as

afio _ 1 C _ 1

o, 26, 20 e, 25,710 (2.6a)
and

oo _ 1 e 1

oL L 2LJe, L /10 (2.6b)

The normalized frequency shift dfio/fio can then be written as

g _ 105 &
fio 2¢ L 2.7)

The first term in the right-hand side of equation (2.7) represents the normalized dielectric constant
change. For sensing purposes, it is important to select a substrate with a normalized dielectric

constant change that varies linearly with temperature, that is

—r:ag 107> (2.8)

where &, ; is the thermal coefficient of dielectric constant (TCDx) of the substrate along the
r

length direction [145]. The second term in the right-hand side of equation (2.7) can be expanded
into two parts: the contribution due to temperature change and the contribution due to applied

mechanical strain, that is

oL Sy oL,
Tt 2.9)

in which §L/L = ¢ is the applied mechanical strain along the patch antenna length. Representing

the coefficient of thermal expansion (CTE) of the radiation patch along the length direction as

agy , we can express L7/L as
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T:aTLéT. (210)

Substituting equations (2.8), (2.9) and (2.10) in (2.7) gives

Jo
fio

1
=‘(§“5,L+“TL]‘3T‘3L' (2.11)
The normalized frequency shift dfo1 of the TMO1 mode can be derived following the same process.
Assuming the sensor is under uniaxial loading condition and has a Poisson’s ratio v, the normalized

frequency shift dfo1/ for can be expressed as

I

1
7 =_(2as,W+aTW)5T+ng’ (2.12)
01

in which ¢, ,and gy are the TCDk and the CTE of the substrate along the width direction,

respectively. A general form of equations (2.11) and (2.12) can be written as

%):_Knar_ Kae, (2.13a)
and
%z_KTWéT+KgW£La (2.13b)

01

in which Kz and Kw represent the strain sensitivities along the patch length and width respectively

while K7z and Krw represent the temperature sensitivities along the patch length and width,

respectively.
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CHAPTER 3: MICROSTRIP PATCH ANTENNA FOR SIMULTANEOUS

STRAIN AND TEMPERATURE SENSING

3.1 Introduction

In Chapter 2, we derive an analytical model that demonstrates temperature and strain both
influence the resonant frequencies of the patch antenna as the antenna dimensions and the dielectric
constant is subject to change with applied temperature and/or strain. Among all the work
previously mentioned, the patch antennas have only been used for single modality sensing of either
temperature or strain. Ignoring the problem of cross-sensitivity between temperature and strain is
voluntarily accepting measurement errors that can lead to catastrophes depending on applications.
For boiler applications, since the pressure in the steam pipes can lead to pipe rupture, it is essential
to accurately monitor the strain experienced by these structures. One easy way to solve this
problem is to add a second or reference sensor. However, such an approach is unattractive for
SHM applications as it generally increases the cost, size, and weight of the sensor. An elegant
approach to circumvent this problem is to take advantage of the fact that the patch antenna is
capable of resonating at different frequencies. For temperature and strain sensing, two resonant
frequencies of the patch antenna can be used if they have different strain and/or temperature

sensitivities [148].

In this chapter, we demonstrate the use of a single microstrip patch antenna for
simultaneous strain and temperature sensing. Since the resonant frequencies of the patch antenna
depend on the patch dimensions and the dielectric constant of the substrate, any change in these

parameters due to temperature and strain will cause a shift in the resonant frequencies of the

25

www.manaraa.com



antenna sensor. In this study, we take advantage of the two lowest fundamental resonant

frequencies of the patch antenna to demonstrate simultaneous temperature and strain sensing.

3.2 Antenna sensor design and fabrication

3.2.1 Substrate selection and antenna design

The equations derived above provide the theoretical foundation for selecting the substrate
material. Since the purpose is to measure strain and temperature simultaneously, it is important
that the temperature sensitivities K7z and Krw do not overwhelm the strain sensitivities K and
Kgwor vice versa. After researching the properties of commercial substrates, we have selected
Rogers RT/duroid 5880 as the substrate material for the antenna sensor. Rogers RT/duroid 5880
is a high-frequency Polytetrafluoroethylene composite laminate with reinforced glass microfibers.
The randomly oriented microfibers result in dielectric constant uniformity. The dielectric constant
& of the selected laminate is 2.2 and the TCDx is -125 ppm/°C. The CTE values are 31 ppm/°C, 48
ppm/°C, and 237 ppm/°C in x-, y-, and z- directions, respectively. Since the TCDx is larger than
the CTE values, it will contribute predominantly to the temperature sensitivity of the RPA. If this
substrate is subjected to thermo-mechanical tests without being bonded on any structures, based
on its properties and the theoretical expression derived in (2.13), we predict a K7z value of 31.5
ppm/°C. Since the strain sensitivity K; is equal to -1, the thermal contribution to the normalized
frequency change due to 1°C change is equivalent to that of 31.5 pe in strain. By selecting this
substrate, applications are limited to temperatures below 350°C, which is the glass transition
temperature (Tg) of the substrate [149]. The maximum operating temperature of the sensor is also

limited by the operational temperature of the adhesive used in bonding the sensor to the structural
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Figure 3.1. The physical design of the antenna sensor edge fed by a microstrip transmission line.

system. The lowest temperature between these two limits determines the maximum operating
temperature for the sensor. Therefore, one must select the appropriate adhesive and substrate based
on the applications. The substrate thickness was selected to be 0.79 mm. Since we have
demonstrated wireless vibration sensing using a substrate with a similar thickness [110], and
wireless strain sensing using a substrate of 76 um [111], we are confident the substrate thickness

will not be a limiting factor for the wireless capability of the proposed sensor.

The sensor was designed to operate at the fundamental frequencies of approximately fio of
5 GHz and fo1 of 6 GHz, which gives a length of 15.9 mm and a width of 19.5 mm for the radiation
patch. Since an inset-feed would disturb the current fields of the radiation modes, we selected to
feed the radiation patch at the edge using a microstrip transmission line, as illustrated in figure 3.1.
As a result, impedance matching of only one resonant mode, that is, the TMoio mode, can be
realized by adjusting the feeding position x,. The width of the transmission and thus its impedance
was selected taking the fabrication limitation and the feeding location into consideration. We
selected the width of the transmission line W; to be 0.7 mm, leading to an impedance of 100 Q for
the transmission line. In addition, the transmission line also serves as a quarter-wave transformer

that matches the impedance of the radiation patch to the 50 Q SubMiniature version A (SMA)
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Figure 3.2. A dog-bone sample instrumented with the antenna sensor; (a) front view; (b) back view.

connector. Therefore, its length L; was calculated to be 11.3 mm at the fio frequency of 5 GHz.
Finally, the impedance of the TMo10 mode was calculated from the impedance of the transmission
line and the SMA connector as 200 Q, based on which the feeding position x, was chosen to be

3.8 mm [98].
3.2.2 Sensor fabrication

The antenna sensor was fabricated by the print-etching technique. The sensor pattern was
first drawn using CAD software and then printed on PCB transfer paper film (Techniks PNPB20).
The printed pattern was then transferred from the film to the selected PCB using a clothing iron as
the heat source. Subsequently, the PCB was submerged in ferric chloride for chemical etching to
remove the exposed copper surfaces. After chemical etching, the PCB was given a final chemical

bath in acetone to remove the ink residue.

The antenna sensor was bonded on a dog-bone specimen using LOCTITE superglue. The
front and back views of the instrumented specimen are shown in figure 3.2. The dog-bone
specimen was made of aluminum 6061-T6 as per ASTM standard ES/E8M - 16a. The dog-bone

specimen has a thickness, width, and gauge length of 6.5 mm, 40 mm, and 85 mm, respectively.

28

www.manaraa.com



The gauge length was chosen as 85 mm to ensure uniaxial loading at the sensor location. To ensure
a symmetric configuration of the instrumented specimen, the same substrate used for fabricating
the antenna sensor was bonded on the back of the dog-bone specimen. Thin film strain gauges
(OMEGA SGD5/350 LY 13) were bonded on the substrate on the back to measure strain in both
transverse and loading directions, as shown in figure 3.2(b). The pin of the SMA connector was
attached to the feed line by soldering. Since the dog-bone specimen also serves as the ground plane
to the antenna sensor, the ground of the SMA connector was electrically connected to the dog-

bone specimen using conductive epoxy (CircuitWorks CW2400).

To release the specimen from any residual strains due to fabrication, the specimen was
subjected to three thermal cycles up to 100°C at a rate of 2°C/minute. Once the maximum
temperature was achieved, the sample was allowed to cool naturally to 30°C. After fabrication and
annealing, the resonant frequencies of the antenna sensor were determined by measuring the
scattering parameters Si1 using a vector network analyzer (VNA, Rohde & Schwarz ZVA24).
Figure 3.3 presents a comparison between the simulated and measured Si1 parameters of the
antenna. The simulated results were obtained using a High Frequency Structure Simulator (HFSS).

The fabricated antenna does resonate at 5 GHz and 6 GHz as per the design, and there is an

40+

-50 : : : ‘ :
4 45 5 55 6 6.5 7

Frequency (GHz)
Figure 3.3. A comparison between simulated and measured Si1 curves of the antenna sensor.
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agreement between simulation and measurement. The very slight difference between both Sii
parameters is most likely due to the fabrication and/or the parasitic capacitance introduced by the
SMA connector [107]. The TMO01 mode displayed a return loss below -10 dB, even though the

impedance of this radiation mode does not match the impedance of the transmission feed line.

3.3 Instrumentation and experimental setup

The experimental setup for characterizing the simultaneous effects of temperature and
strain on the antenna sensor’s frequency response is presented in figure 3.4(a). A tensile tester
(SHIMADZU AG-X plus) equipped with an oven was used to apply the mechanical load and
temperature changes on the instrumented specimen. The door of the oven was replaced by a foam
box with an opening of 100 mm by 120 mm. When the sample was installed in the tensile tester,
the antenna sensor faced the opening so that no reflection was generated by the foam. The foam
panel provided thermal insulation of the specimen while avoiding the reflections usually generated
by a metallic oven door. Due to the small opening, hot air leaked from the oven to the surrounding
environment. Thus, a thermocouple (OMEGA T-type) was placed near the antenna sensor to
measure the sensor temperature, as demonstrated in figure 3.4(b). Having a manufacturer specified
measurement error of 0.5°C or 0.4% of the measured temperature value (whichever is greater), this
thermocouple was selected given its lowest measurement error and cost. To measure the antenna
resonant frequency, the antenna sensor was connected to the VNA using a coaxial cable. The VNA
was set to sweep 40,000 points between 4.5 GHz and 6.5 GHz, corresponding to a frequency
resolution of 50 kHz. By connecting the VNA to a personal computer (PC) through Ethernet, a

LabVIEW program running in the PC could be used to acquire and save the Sii scattering
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(2) (b)

Figure 3.4. (a) The experimental setup for thermo-mechanical testing of the antenna sensor (b) dog-bone specimen
with bonded antenna sensor and thermocouple.

parameters measured by the VNA along with the measurement data from a strain gauge module

(National Instrument, NI 9237) and a thermocouple module (National Instrument, NI 9211).

The instrumented specimen was loaded in increments of 1000 N at a rate of 20 N/s. Figure
3.5 presents the strain gauges’ measurements during the antenna sensor characterization. Although
the strain gauges are self-temperature compensated for aluminum, which has a CTE that differs
from the antenna substrate, the thermal output from the strain gauges due to the CTE mismatch
are not present in the strain measurements. This was achieved by balancing the strain gauge module
to zero strain once the desired temperature was achieved and before any load was applied to the
specimen. As such, the thermal outputs of the strain gauges were eliminated from the strain gauge’
measurements, that is, the strain measurements are contributed by the mechanical load only. As
presented in figure 3.5, 1000 N of load generates strains of 55 ue and -18.4 ue along the loading
and transverse directions. These values agree with the theoretical prediction of 54.5 u& and -18 ue
along these two directions. Dividing the measured sensitivity in the transverse direction to the

loading direction gives 0.335 — a solid agreement with the Poisson’s ratio of aluminum 6061-T6
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Figure 3.5. Strain measurements along the loading and transverse directions under different loading levels.

and confirmation that the instrumented specimen is under the uniaxial loading condition. As
presented in figure 3.5, the specimen was held for a duration of 100 seconds at each load increment.
After each load increase, the specimen was first allowed to rest for approximately 43 seconds
before any measurements were taken from the antenna sensor. All Si; curves, temperature, and

strain measurements were time stamped for ease of correlation during data analysis.

3.4 Results and discussion

Before subjecting the antenna sensor to thermo-mechanical tests, the theoretical prediction
was first validated by evaluating the sensor’s performance due to the applied strain and temperature
changes separately. To assess the sensor’s performance under strain only, the antenna sensor was
subjected to tensile loads along the TMo10 mode (i.e., along the length of the antenna sensor). With
an increase in strain under constant temperature, as derived in (2.11), the S11 curves of the TMo1o
mode are expected to shift to the left. This effect is presented in figure 3.6(a) where the fio resonant

frequency of the antenna sensor decreases with the applied strain. figure 3.6(b) presents the
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normalized resonant frequency shifts of the antenna sensor as a function of applied strain. The
measured strain sensitivities were -0.74 ppm/ue and 0.43 ppm/ue for the TMo1o and TMoo1 modes
respectively. The data presented in figure 3.6(b) display excellent linearity given the R? values of
0.9914 and 0.9844 for the TMo10 and TMoo1 modes, respectively. The measured strain sensitivities
differ slightly from the theoretical prediction, which predicts a 1:1 ratio between the applied strain
and the normalized resonant frequency shift. This difference is probably due to the shear lag

introduced by the bonding layer [107].

0 T T 200

100 -

S11 (dB)
df/f (ppm)

y =-0.74x
R2=0.9914
°

o TM;,, mode

. TMOO 1 mode

80 . . . . . . .
5.005 501 5015 502 0 50 100 150 200 250 300 350 400
Frequency (GHz) (a) Strain (microstrain) (b)

Figure 3.6. Effect of strain on the resonant frequencies of the patch antenna sensor: (a) measured S11 parameters
of the TMo10 mode at different strain levels; (b) linear shifts of the normalized antenna frequency with the applied
strain.

Since the TCDx of the substrate, Rogers RT/duroid 5880, is negative and much greater in
magnitude than the CTE of aluminum, an increase in temperature under zero load causes the Si1
curves of the antenna sensor to shift to the right, as validated by the experiment results presented
in figure 3.7(a). The temperature sensitivity of both the TMo10 and TMoo1 modes were obtained by
plotting the normalized resonant frequency shifts as a function of temperature presented in figure
3.7(b). The temperature sensitivity of TMoio mode was measured as 38.2 ppm/°C while the
temperature sensitivity of the TMoo1 mode was measured as 40.5 ppm/°C. The data presented in
figure 3.7(b) display excellent linearity judging from the R? values of 0.9968 and 0.9994 for the
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TMo1o and TMoo1 modes respectively. Given the TCDx of the substrate and the CTE of aluminum
of 23.4 ppm/°C [150], the theoretical prediction for the temperature sensitivity of the antenna
sensor as derived in (2.13) is 39.1 ppm/°C. The measured sensitivity of the antenna sensor along
the TMo10 mode is 2.3% smaller than the theoretical prediction while the measured temperature
sensitivity along the TMoo1 mode is 3.6% greater than the theoretical prediction—a good agreement

between the theory and the measurements.

2000

y =40.5x
b R?=0.9994
1500 -

y =38.2x

s z
= E1000 - R2=0.9968
= o =
b 33°C S
—42°C||
51°C 500 -
—59°C
68°C| | o TM,,, mode
77°C ° TMOOI mode|
-70 L L L L 0 L L L L
4.99 5 501 502 5.03 5.04 0 10 20 30 40 50
Frequency (GHz) (a) dT(°C) (b)

Figure 3.7. Effect of temperature on the resonant frequencies of the patch antenna sensor: (a) measured Si1
parameters of the TMo10 mode at different temperatures; (b) linear shifts of the normalized frequency with the
temperature increase.

The simultaneous effect of temperature and strain on the antenna frequencies is presented
in figure 3.8 for both the normalized resonant frequency shifts of the TMo10 and TMoo1 modes. The
antenna sensor was loaded in increments of 55 ue up to 355 wue while being exposed to
temperatures from 33°C to 77°C. Since the thickness of the dog-bone specimen was chosen as 6.5
mm and its modulus of elasticity is seventy times higher than that of the substrate, the substrate
was expected to expand at the same rate as the dog-bone specimen under the applied strain. As
expected, the normalized fio frequencies, under constant temperature, decreased with increases in
the applied strain since the strain was applied in the TMo10 mode direction. The opposite effect is

shown in figure 3.8(b), where the normalized fo1 frequency at a constant temperature increased
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Figure 3.8. The normalized antenna frequency shifts with the applied strain under different temperatures; (a)
TMo1o mode and (b) TMoo1 mode.

with the applied strain due to the Poisson’s effect. This agrees with the theory derived in (2.13).
The effect of temperature is noticeable as the normalized resonant frequencies of both modes
increase with temperature increase at constant strain values. Both normalized resonant frequencies
appear to be linearly proportional to strain, as well as temperature. Therefore, they are curve-fitted

to linear functions using the curve-fitting tool in MATLAB, which leads to

Yo _ 37.536T —0.6511¢, (.1a)

10

and

Yo _ 40,6367 +0.4313¢, (3.1b)

01

where o7 represents the change in temperature and ¢ is the applied tensile strain. The curve-fitting
indicated excellent linearity, yielding a R? value of 0.9979 for the TMo10 mode and 0.9992 for the

TMoo 1 mode.

By applying a range of known input values (i.e., temperature and strain) and by observing
the output values (i.e., the antenna sensor resonant frequency shifts) a direct relationship between

input and output was established and presented in (3.1a) and (3.1b). This process is known as
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calibration, and it is a standard technique for establishing a functional relationship between input
and output so that the sensor or measurement system can be used in subsequent measurements to
determine the unknown input values based on the output values [151], [152]. Since our objective
was to extract the temperature changes and the applied strain from the normalized antenna resonant

frequency shifts, inversing (3.1a) and (3.1b) gives the temperature and strain changes as functions

of dfio/fio and Ofo1/fo1 as

NES
g, ] [-0.6511 37.53’X £ | (ue 35
ST| | 04313 40.63 I | LoC (3-2)
Son

Equation (3.2) represents the direct calibration curve and allows for easy discrimination between
temperature and strain from the response of the RPA fabricated on Rogers 5880. Therefore, for
any given measurements of the normalized resonant frequency shifts of the antenna sensor,
equation (3.2) can be used to obtain the applied strain and/or temperature. The differences between
the strain and temperature determined using equation (3.2) and the actual measurements from the
strain gauges and the thermocouple are presented in figure 3.9. The measurement errors for

temperature are within -0.7°C and 1°C while the measurement errors for strain are within +40 ue.
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Figure 3.9. Differences between (a) temperature and (b) strain inversely determined from the normalized
frequency shifts and those measured using a thermocouple and strain gauges respectively.
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One standard deviation gives a temperature error of £0.42°C and a strain error of £17.45 ue. The
temperature error is well within the manufacturer’s specified error value of +£0.5°C. These results

validate the capability of a single RPA for simultaneous strain and temperature sensing.

3.5 Conclusion

In this study, we demonstrated that a single microstrip patch antenna with a rectangular
radiation patch is capable of sensing strain and temperature simultaneously. A theoretical model
representing the normalized antenna resonant frequency shift as linear functions of strain and
temperature changes was established and validated by experimental measurements. The theoretical
model also suggests that the thermal response of the dielectric substrate should be selected properly
to achieve a balanced response of the antenna sensor to temperature and strain changes. By
extracting the temperature and the strain from the measured antenna frequencies, the uncertainties
in the measurements are +0.42°C and +17.45 ue for temperature and strain, respectively. The
temperature measurement error is well within the manufacturer’s specified thermocouple

measurement error of £0.5°C.
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CHAPTER 4: MICROSTRIP PATCH ANTENNA FOR SIMULTANEOUS

SUPERSTRATE THICKNESS AND TEMPERATURE SENSING

4.1 Introduction

The safe and efficient operation of boilers relies on accurate measurements of temperature
as well as ash build-up on surfaces. Ash accumulation hinders efficient heat transfer and can lead
to damage of boiler turbines, either through corrosive action or the sheer weight of deposits
hanging from pendant superheaters. In this chapter, we demonstrate the simultaneous sensing of
temperature and superstrate thickness using a single microstrip patch antenna. To decouple the
effect of temperature variations and superstrate accumulation on the antenna sensor, we exploit
the two fundamental resonant frequencies of a single antenna sensor with a rectangular radiation

patch.

4.2 Principle of operation

An RPA with a superstrate, also known as a loaded RPA, is illustrated in figure 4.1. The
RPA consists of a rectangular radiation patch, a dielectric substrate, a ground plane, and a
superstrate above the radiation patch. The radiation patch and the ground plane are conductive
materials. When separated by a dielectric material, these two components form an EM resonator
with two fundamental radiation modes; the TMo10 mode corresponds to current flow along the
length direction of the radiation patch while the TMoo1 mode corresponds to current flow along the

width direction of the radiation patch.
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Figure 4.1. An illustration of a microstrip patch antenna temperature sensor covered with a superstrate dielectric
layer.

Per the transmission line model [98], the fundamental resonant frequencies of these two

fundamental modes can be determined as

2 2
fmn=2”c£ (”’7") +(W”] 4.1)

where &, ¢, L, and W represent the effective dielectric constant, the speed of light, the length, and

the width of the radiation patch, respectively. If the dielectric constant of the superstrate is 1, that
is, the superstrate is air, the RPA is called an unloaded RPA and its effective dielectric constant is
approximated the same way as the dielectric constant of the substrate. However, when the RPA is
loaded (i.e., the superstrate has a dielectric constant above 1.0), the dielectric constant and the
thickness of the superstrate contribute to effective dielectric constant [123]. Since temperature
influences the dielectric constant of the substrate and superstrate as well as the radiation patch
dimensions, and the superstrate thickness affects the antenna effective dielectric constant, these

two parameters can be inversely determined from the measured antenna resonant frequencies.
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4.3  Antenna sensor design and fabrication

A commercial high-frequency PCB, Rogers RO3210, was selected as the substrate
dielectric material for the antenna sensor due to its high dielectric constant of 10.8, and its TCDx
of -459 ppm/°C in the 0°C to 100°C range [153]. The high dielectric allows for easy
miniaturization of the antenna sensor while the high TCDy allows for high-temperature sensitivity.
By selecting this substrate material, applications are limited to temperatures below 350°C as this
appears to be the glass transition temperature (Tg) of the substrate. Following the design procedure
described by Sanders et al. [106], the resonant frequencies of the antenna sensor were selected as
2.7 GHz and 3.4 GHz for the fi0 and fo1 frequencies respectively. The antenna sensor was modelled
first using the numerical electromagnetic simulation tool Sonnet Pro 16.54. A three-dimensional
(3D) view of the simulation model is presented in figure 4.2(a). The cell size of the simulation
box was 0.1 mm x 0.1 mm. The top surface above the radiation patch, as illustrated in figure 4.2(a),
was sectioned into two boxes with each box having a specific thickness and dielectric constant.

For the box directly above the radiation patch, a dielectric constant of 1 corresponds to the

Y.

@ - (b)

Figure 4.2. (a) The three-dimensional (3D) model of the superstrate thickness and temperature sensor simulated
using Sonnet Pro; (b) physical design of the antenna sensor fed by an inset-feed microstrip transmission line.
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unloaded condition. Changing the dielectric constant of this box/layer to any value other than 1
will be considered the loaded condition and thus represents the presence of a superstrate above the
radiation patch. The second box above the radiation patch was considered air and thus assigned a
diclectric constant of 1. To excite the fundamental radiation modes of the antenna, the antenna
sensor was inset-fed using a 50 Q microstrip transmission line that terminated with a 50 Q SMA
connector. Figure 4.2(b) presents the physical design of the antenna sensor with the microstrip
transmission line. Due to the inset-feed design, there is coupling between the impedances of the
two antenna resonant modes. Therefore, to find an optimized feeding location of the antenna
sensor, a parametric sweep in xy and yy was carried out. Given the desired resonant frequencies,
the manufacturer specified substrate dielectric constant & of 10.8 and a substrate thickness of 1.27
mm, the radiation patch dimensions were calculated as 13.6 mm in length and 10.9 mm in width.
The 50 Q microstrip line width, W; was calculated as 1.1 mm. Based on the parametric study, the
inset-feed position was selected as 3.8 mm and 6.5 mm for xy and yy respectively.

After determining the dimensions of the radiation patch, the next step was to study the
effect of the superstrate dielectric constant & on the antenna sensor. For this study, the superstrate
thickness was kept as 1 mm while its dielectric constant was varied from 1 to 6 in steps of 0.5.
Figure 4.3 presents the simulated antenna resonant frequencies as a function of the superstrate
dielectric constant. The resonant frequencies of the antenna decrease linearly with an increase in
the superstrate dielectric constant. The effective dielectric constant of the loaded antenna sensor

can be determined from the fo; resonant frequency [123], that is,

Joi e (4.2)
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Figure 4.3. The simulated effect of superstrate dielectric constant on the resonant frequencies of the patch antenna
and the effective dielectric constant derived from the frequency shift.

Calculated from the simulated antenna frequency using equation (4.2), figure 4.3 shows a
linear increase of the effective dielectric constant of the loaded antenna sensor as a function of the
superstrate dielectric constant. In the unloaded condition (i.e., &> = 1), the extracted effective
dielectric constant obtained by simulation is 10.67 and this agrees with the substrate dielectric
constant of 10.8. This agreement confirms that in the unloaded condition, the effective dielectric
constant can be approximated as the substrate dielectric constant. The effective dielectric constant
of the antenna can also be extracted using the fio frequency (i.e., the resonant frequency along the
length direction of the antenna). If using the fio frequency, one must consider the effective length
of the antenna because the current flow along this direction is significantly affected by the inset-
feed design, which causes a significant current deviation in the length direction. When accounting
for this current deviation, the effective dielectric constant extracted from the fo1 and fio resonant
frequencies are in good agreement. We observed a maximum difference of 0.07 and a minimum
difference of 0.002 between both extracted values.

The next step was to simulate the effect of superstrate thickness and temperature changes
on the antenna sensor frequencies. Before selecting the superstrate dielectric constant for this step,
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at this point, it is worth mentioning that the broad range of microwave applications demands a
detailed knowledge of the dielectric properties of materials. Considering the broad range of
dielectric constants of various dielectric materials [154], the antenna sensor should be
characterized for specific applications. If the dielectric properties of the superstrate are unknown,
they can be extracted using well-established microwave material characterization techniques
[136], [139], [155]-[157]. Since the simulated study will have to be validated by experiments so
we can achieve our primary objective, which is to demonstrate simultaneous superstrate thickness
and temperature detection using an antenna sensor, we have chosen Rogers 3003 as superstrate

material due to the detailed literature available on the properties of this PCB.
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Rogers 3003 has a dielectric constant of 3 and a TCDx of -3 ppm/°C [158]. Therefore, to
study the effect of superstrate thickness on the antenna frequencies at a constant temperature, the
superstrate dielectric constant was set to 3, and its thickness was increased in increments of 125
pum up to a maximum of 1500 pum. Figure 4.4 presents the simulated results; the resonant
frequencies of the antenna sensor decrease with an increase in superstrate thickness. Judging from
the trend, a polynomial function is a good fit between the simulated antenna frequencies and the
superstrate thickness. To simulate the effect of temperature only, the TCDx of the substrate and
superstrate were used. Given a TCDy of -459 ppm/°C for the substrate material and a CTE of the
conductors of -16 ppm/°C, the thermal response of the antenna sensor will be dominated by the
TCDx of the substrate material [ 148]. Therefore, to reduce computational time, we only considered
the effect of temperature on the dielectric layer given that the antenna frequency will be
predominantly affected by the change in dielectric constant of the substrate. For every 20°C, the
substrate dielectric constant will decrease by 0.1. This value was obtained using the formula A, =
& + TCDxk - dT, where Ag represents the change in dielectric constant and d7 the change in
temperature; d7 equals 0 is considered the room temperature condition. The simulated effect of
temperature on the antenna sensor in the unloaded state is presented in figure 4.5. As demonstrated
in figure 4.5, the antenna resonant frequencies increase linearly with temperature, as expected,
given the TCDx varies linearly with temperature within the simulated temperature range. As
presented in figure 4.4 and 4.5, both temperature and superstrate thickness variations influence the
antenna resonant frequencies. Therefore, the two fundamental resonant frequencies of the antenna
are needed to decouple the effect of these measurands. Figure 4.6 presents the simulated effect of
temperature and superstrate thickness on the resonant frequencies of the antenna. The temperature

was simulated in steps of 20°C up to a maximum temperature change of 120°C, while the
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Figure 4.7. (a)The antenna sensor fabricated on Rogers 3210 printed circuit board (PCB) using print-etching
technique; and (b) a comparison between simulated and measured Si1 curves of the antenna sensor.
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Thermocouple DAQ laptop

Figure 4.8. The experimental setup for characterizing the antenna sensor.

superstrate thickness was increased from 0 to 1500 um in steps of 250 um. As illustrated in figure
4.6, the fio and fo1 frequencies increase with an increase in temperature at constant superstrate
thickness, and the frequencies decrease with an increase in the superstrate thickness at a constant
temperature.

After completion of simulations, the RPA was fabricated on Rogers 3210 PCB by print-
etching technique. This technique consists of printing the simulated antenna pattern on a transfer
paper film (Techniks PNPB20). The printed pattern is then transferred from the film to the selected
PCB using a heat source such as a clothing iron. Afterward, the PCB is immersed in ferric chloride

for chemical etching of the exposed copper. Finally, acetone is used to remove ink residue from
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the PCB. To measure the Si; parameters of the antenna sensor, a 50  SMA connector is attached
at the end of the microstrip transmission line by soldering. Figure 4.7(a) presents the fabricated
antenna sensor on Rogers 3210 while figure 4.7(b) presents a comparison between a simulation
obtained in Sonnet Pro and measurements obtained from a VNA, Rohde & Schwarz ZVA24). As
shown in figure 4.7(b), the measured resonant frequencies are 2.552 GHz and 3.295 GHz for the
fio and fo1 frequencies respectively. The maximum difference between measurement and
simulation is 0.1 GHz. This is most likely due to the fabrication, the difference between the
dielectric constant set in the simulation and the actual dielectric constant of the Rogers PCB, and/or
the parasitic capacitance introduced by the SMA connector [159]. Due to the difficulty in achieving
an exact match between simulation and measurements, the simulated results will only be used for
the preliminary design of the patch antenna, while its actual performance will be based on results

from experiments.

4.4  Instrumentation and experimental setup

The experimental setup for characterizing the simultaneous effects of temperature and
superstrate thickness on the antenna resonant frequencies is presented in figure 4.8. A Thermo-
Fisher furnace was used to heat the antenna sensor up to 140°C. To monitor temperature variations
during the heating process, an OMEGA T-type thermocouple was positioned adjacent to the
antenna sensor. This thermocouple was selected because of its low measurement errors of £0.5°C
or £0.4% of the measured temperature value (whichever is greater). Data from the thermocouple
were acquired using a thermocouple module (National Instrument, NI 9211). To acquire the Si;
curves of the antenna sensor, a coaxial cable was used to connect the 50 € termination port of the

antenna sensor to the VNA. The VNA was programmed to sweep from 2 GHz to 4 GHz with a
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Figure 4.9. The thermocouple temperature measurements during the antenna sensor characterization.

frequency resolution of 200 kHz. Both the thermocouple module and the VNA were controlled
using a computer program written in LabVIEW. Data acquired from these instruments were time
stamped for ease of correlation during data processing/analysis. The temperature profile during the
antenna sensor characterization is presented in figure 4.9; the maximum recorded temperature was
140°C. Given the manufacturer’s specifications, the maximum thermocouple measurement error

is expected to be £0.56°C.

4.5 Results and discussion

4.5.1 Results obtained using Rogers 3003 as superstrate

Before characterizing the microstrip antenna sensor for simultaneous superstrate thickness
and temperature sensing, the individual effect of each measurand on the antenna sensor response
was first examined. For temperature sensing only, since the TCDx of Rogers 3210 PCB is -459
ppm/°C and is much greater in magnitude than the CTE of the conductors (16 ppm/°C), an increase
in temperature will result in a shift to the right of the S11 curves. This corresponds to a frequency
increase of the antenna sensor, and it is validated by the measurements presented in figure 4.10(a).

The temperature sensitivities of both the fio and fo1 resonant frequencies of the antenna sensor are
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presented in figure 4.10(b). The measured temperature sensitivities of the antenna sensor are 449.7
kHz/°C and 623.2 kHz/°C for the fi0 and fo1 resonant frequencies, respectively. Both measurements
display excellent linearity with R? values of 0.9992 and 0.9990 for fio and fo1 frequencies,
respectively. From the measured sensitivities, the extracted TCDx of the substrate is -403 ppm/°C—
this value is 12% smaller than the manufacturer’s specified TCDx of -459 ppm/°C. The extracted

TCDx of the substrate fits well within the 15% variation often reported by Rogers.
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Figure 4.10. The measured effect of temperature on the resonant frequencies of the microstrip patch antenna sensor
fabricated on Rogers 3210 PCB: (a) Si1 curves of the fio frequency at different temperatures; (b) linear shifts of the
antenna sensor’s resonant frequencies with temperature increase.

To assess the effect of superstrate thickness on the antenna sensor performance, Rogers
3003 dielectric material was stacked on the radiation patch in increments of 250 pm up to a
maximum of 1500 pm. At each increment, the antenna Si1 curves were measured using the VNA,
and the results are plotted in figure 4.11(a) for the fio resonant frequency. With an increase in
superstrate thickness, the Sii curves shift to the left-this indicates a decrease in the antenna
resonant frequencies. The measured frequencies are plotted as a function of superstrate thickness
in figure 4.11(b) and are curved fitted using quadratic polynomial functions in MATLAB. The

established relationship between the measured resonant frequencies (in GHz) and the superstrate
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thickness, d (in um), is given as fio = 1.877¢-8 - d 2 — 6.188e-5 - d + 2.551 and fo1 = 2.799¢-8 - d
—8.307e-5 - d + 3.294. The achieved R? values were 0.9980 and 0.9963 for the fio and fo1 resonant
frequencies respectively. The simulation and measurements agree when comparing the trend of
data in figure 4.10 with figure 4.5, and figure 4.11 with figure 4.4.

To establish a direct correlation between the antenna outputs (i.e., the antenna sensor
resonant frequencies fio and fo1) and the measurands of interest (i.e., the temperature and
superstrate thickness), the standard sensor calibration technique as described by Figliola [151] and

Bentley [152] was followed. The antenna sensor was loaded in increments of 250 pum thick
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Figure 4.11. The measured effect of Rogers 3003 superstrate thickness on the resonant frequencies of the antenna
sensor at 23°C: (a) S11 curves of the fio frequency with different thicknesses of superstrate; (b) the antenna
frequencies shifts with an increase in superstrate thickness.
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superstrate dielectric material up to a maximum of 1500 pm while being subjected to temperatures
from 23°C to 140°C. The measured antenna resonant frequencies to the combined effects of
temperature and superstrate thickness are plotted in figure 4.12(a) and 4.12(b). As expected, the
fio and fo1 frequencies, under constant temperature, decreased with increases in superstrate
thickness. Under the effect of temperature only (i.e., at constant superstrate thickness), the fio and
fo1 antenna frequencies increased linearly with an increase in temperature. To inversely determine
the superstrate thickness and the temperature from the antenna sensor frequencies, the
measurements were curve-fitted in MATLAB using quadratic functions for the superstrate

thickness and linear functions for the temperature. This yielded:
fio=2.54=5.151¢7-d +12.39¢” -d* —51.62¢” -d - T +4.617¢™-T  (4.3a)

and

=3.277-7.251e”-d +23.89¢” -d*—93.84¢” -d-T+6.338¢*-T (4.3b
01 (4.3b)

where T represents the temperature in °C, d the superstrate thickness in pm, fi0 and fo1 the antenna
resonant frequencies in GHz. The achieved R? values were 0.9911 and 0.9900 for the fio and the
for frequencies, respectively. Given the curve-fitting equations presented in equation (4.3), a
computer program was developed to inversely determine the superstrate thickness and the
temperature from the measured resonant frequencies of the antenna sensor. The inverse algorithm
searches the entire superstrate thickness range in steps of 25 um. For every assumed value of d,
the temperature is solved from equation (4.3), which is now a single-variable linear function since
the antenna frequencies are known. The resulting (d, T) pairs are subsequently saved and once the
entire superstrate thickness range was searched, the (d, 7) set that yielded the lowest difference
between actual measurements and estimated values was considered the measured superstrate

thickness and temperature. A comparison between the estimated temperature and the superstrate
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thickness inversely determined from equation (4.3) and the actual input values is presented in
figure 4.13. One standard deviation gives a temperature error of £0.71°C and a superstrate
thickness error of £70.69 um. The temperature error agrees with the thermocouple measurement
error of £0.56°C, and it represents +0.51% of the maximum applied temperature of 140°C. The

superstrate thickness error of £70.69 um represents 4.7% of the maximum applied thickness of

1500 pm.
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Figure 4.13. A comparison between Rogers 3003 superstrate thickness and temperature inversely determined
from the antenna frequencies and actual inputs: (a) temperature, and (b) superstrate thickness.

4.5.2 Results obtained using ash from charcoal briquettes as superstrate

Rogers 3003 dielectric material, previously used as a superstrate, was replaced by ash
obtained from burning charcoal briquettes (Embers charcoal briquettes, model 192-355-140). The
first step was to extract the dielectric constant of ash since charcoal briquettes can vary widely in
composition [160]. The extracted dielectric constant can be used in simulation tools to define the
design space by conducting a parametric study of the effect of ash on the antenna frequencies. For
the purpose of extracting the dielectric constant of ash, a 1000 um thick layer of ash was placed
on the antenna sensor, and the effective dielectric constant of the loaded antenna was calculated

using equation (7) from [123]. Given the effective dielectric constant of the unloaded antenna (&
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= 11.21) and the measured antenna resonant frequencies of f; = 3.231 GHz and f;, = 3.295 GHz
corresponding to the loaded and unloaded state of the antenna, respectively, the effective dielectric
constant of the ash-loaded sensor was calculated as 11.65. Based on the relationship between the
effective dielectric constant of the superstrate-loaded antenna and the dielectric constant of the
superstrate shown in figure 4.3, the dielectric constant of ash was determined to be 2.64. The
approach used for extracting the dielectric constant of ash is similar to well-established microwave

material characterization techniques using microwave resonators [139], [161].
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Figure 4.14. The measured effect of ash accumulation on the resonant frequencies of the microstrip patch antenna
sensor at 23°C: (a) S11 curves of the fio frequency with different thicknesses of ash; (b) shifts of the antenna
resonant frequencies with increase in ash thickness.

Before characterizing the microstrip patch antenna for simultaneous ash thickness and
temperature sensing, the effect of ash accumulation on the antenna was assessed experimentally.
To accomplish this task, the antenna sensor was covered with ash up to 1600 um. Figure 4.14(a)
presents the measured Si1 curves of the antenna sensor for the fio resonant frequency at each
loading increment, while figure 4.14(b) presents the measured frequencies as a function of ash
thickness. As illustrated in figure 4.14, the antenna resonant frequencies decrease with an increase

in ash accumulation over the radiation patch. The measured data are curve-fitted to establish a

relationship between the antenna frequencies (in GHz) and the ash thickness, d (in pm). Using
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quadratic polynomial functions in MATLAB, we obtained the curve fit equation as: fio = 2.818e-
8 -d?—8.073e-5-d +2.55 and fo1 = 3.465¢-8 - d 2 — 9.7e-5 - d + 3.292. The achieved R? values
were 0.9960 and 0.9955 for the fi0 and fo1 resonant frequencies respectively.

Next, the simultaneous effect of ash accumulation and temperature variations on the
antenna resonant frequencies was also established by following the standard sensor calibration
techniques as described in [151], [152]. The antenna sensor was covered with ash incrementally
up to a maximum thickness of 1600 um while being exposed to temperatures from 23°C to 140°C.
The measured antenna frequencies to the simultaneous effects of temperature and ash
accumulation are plotted in figure 4.15(a) and 4.15(b). As anticipated, the fio and fo1 antenna
frequencies decreased with ash build-up under constant temperature. At constant ash thickness,
the fio and fo1 antenna frequencies increased linearly with an increase in temperature. The
measurements were curve-fitted in MATLAB using quadratic functions for the superstrate

thickness and linear functions for the temperature. This gives:

S, =2.539—- 7.896e-d +26.08¢” -d* —6.654¢”’ -d-T+4.711e™-T (4.4a)
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Figure 4.15. The measured effects of ash accumulation and temperature changes on the (a) fio and (b) fo1
frequencies of the antenna sensor.
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and
£, =3.279-1.025¢"-d +38.91e” -d*—40.51e” -d - T+6.099¢™*-T  (4.4b)

where T represents the temperature in °C, d the ash thickness in um, fio and fo: the antenna resonant
frequencies in GHz. The achieved R? values were 0.9965 and 0.9982 for the fio and the fo:
frequencies, respectively. Equation (4.4) enables us to inversely determine the ash thickness and
the temperature from the antenna sensor frequencies. A comparison between the ash thickness
and the temperature inversely determined from the antenna resonant frequencies using equation
(4.4) and actual input values is presented in figure 4.16. The difference between actual and
estimated ash thickness varies from -25 pm to 170 pm. The maximum error occurs at an ash
thickness of 1270 um as illustrated in figure 4.16(b). One standard deviation gives an ash thickness
error of £58.05 um and a temperature error of £0.58°C. The temperature measurement error agrees
with the thermocouple measurement error of +0.56°C, and it represents +0.4% of the maximum
applied temperature of 140°C. The superstrate thickness error of £58.05 pm represents 3.6% of

the maximum applied ash thickness of 1600 um.
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Figure 4.16. A comparison between ash thickness and temperature inversely determined from the antenna sensor
frequencies and actual inputs: (a) temperature, and (b) ash thickness.
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4.6 Conclusion

In this study, we demonstrated that superstrate thickness and temperature could be
simultaneously measured using a dual-frequency rectangular patch antenna. The temperature and
the superstrate thickness were inversely determined from the measured antenna resonant
frequencies. Experiments were conducted using two dielectric materials (Rogers 3003 and ash
from charcoal briquettes) as a superstrate. Using Rogers 3003, by comparing the superstrate
thickness and temperature extracted from the measured antenna frequencies to the actual input
values, we obtained measurement errors of +0.71°C and £70.69 um for temperature and superstrate
thickness, respectively. Using ash as a superstrate, we obtained measurement errors of +0.58°C
and £58.05 pum for temperature and superstrate thickness respectively. In both cases, the

temperature errors agree with the thermocouple measurement error of +0.56°C.
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CHAPTER 5: FAR-FIELD INTERROGATION OF A MICROSTRIP

PATCH ANTENNA TEMPERATURE SENSOR WITHOUT

ELECTRONICS

5.1 Introduction

Current sensing technologies with onboard electronics are not suitable for high-
temperature sensing applications. To overcome the limitations of these sensor technologies and
increase the operational temperature, in this chapter, we demonstrate wireless interrogation of a
high-temperature antenna sensor without electronics. The work presented in this chapter was
achieved in collaboration with Dr. Jun Yao [162]. I focused on the antenna sensor design and the
characterization of the antenna sensor package for high-temperature sensing applications. The
sensor node is entirely passive and consists of a UWB Tx/Rx antenna and a microstrip patch
antenna serving as the temperature sensing element. A microstrip transmission line connecting the
UWB Tx/Rx antenna and the antenna sensor delays the signal reflected from the sensing element
and thus separates it from the background clutter. Temperature changes the dielectric constant of
the substrate because of its thermal coefficient of dielectric constant, and it also changes the
radiation patch dimensions because of the coefficient of thermal expansion of the conductors
[163]. It was, therefore, possible to extract temperature from the measured antenna frequency since
this frequency is a function of the radiation patch dimension and the effective dielectric constant
of the antenna. The principle of operation of the wireless sensing scheme, the design, and

simulations of the sensor node circuitry are discussed in this chapter. Furthermore, a digital signal
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processing algorithm that extracts the antenna resonant frequency from the wirelessly received

signal is also described.

5.2 Principle of operation

The wireless sensing system can be separated into two subsystems: a wireless interrogator
and a passive wireless sensor node, as illustrated in figure 5.1. The sensor node consists of a patch
antenna sensor and a UWB Tx/Rx antenna connected with a microstrip transmission line. The
Tx/Rx antenna is used to receive the wideband interrogation signal from the interrogator and
rebroadcast the signals reflected by the antenna sensor (i.e., the antenna sensor backscattering)
back to the wireless interrogator. To avoid the self-jamming problem [43], the microstrip
transmission line is used to introduce a time delay between the background clutter and the antenna
sensor backscattering. As long as the transmission line is of sufficient length, the antenna reflection
can be distinguished from the background clutter in the time domain. The wireless interrogator is
based on measuring the two-port transmission scattering parameter, the S21 parameter) between
the two interrogation antennas. A linear chirp interrogation signal is generated and broadcasted to

the passive wireless sensor through the antenna connected to port 1 of the interrogator. This

Tt 1 Fm - m - m - m === |
| ! ITx/Rx |
| PortZ -1 jantenna !
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1 | Dpsp é >;3 enna-sensor
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Wireless interrogator Wireless passive sensor node

Figure 5.1. A block diagram of the wireless temperature sensing system.
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interrogation signal is received by the UWB Tx/Rx antenna of the sensor node and transmitted to
the antenna sensor via the microstrip delay line. Upon reaching the antenna sensor, the portion of
the interrogation signal that matches the antenna resonant frequency is received and radiated by
the antenna sensor. The remaining interrogation signal is reflected by the antenna sensor and
broadcasted back to the interrogator via the Tx/Rx antenna. As such, the reflection coefficient of
the antenna sensor is encoded into the backscattered signal. The power of the antenna

backscattering received by the interrogator can be calculated using the Friis equation:
of A *
F. = (GGG [mj Siila (5.1)

where P; is the power of the transmitted interrogation signal, d is the distance between the wireless
interrogator and the Tx/Rx antenna, G and G;, are the radiation gains of the interrogator Tx/Rx
antennas, G, is the radiation gain of the UWB sensor antenna, A is the wavelength of the
interrogation signal, Si1 is the reflection coefficient of the antenna sensor, and Ly is the loss
introduced by the delay line. The minimum detectable power of the wireless interrogator can be

expressed as [118]:

Bomin = E-B-F-SNR (5.2)

where E is the thermal energy; B is the bandwidth of the receiver; F is the noise figure of the
interrogator receiver, and SNR is the required signal to noise ratio for this system. Substituting

(5.1) into (5.2), the theoretical maximum interrogation distance can be calculated as

1

. 1
d _ A | BG4G,G, Skl 4 (53)
M Az E-B-F-SNR

Once the backscattered signals, including the antenna sensor backscattering and the background
clutter, are received by the interrogator, they are
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processed by a digital signal processing (DSP) program to separate the antenna sensor
backscattering from the background clutter. Frequency analysis can then be performed on the

antenna sensor backscattering to extract the resonant frequency of the antenna sensor.

5.3  Sensor node implementation

5.3.1 Design of temperature antenna sensor

A commercial high-frequency circuit laminate, Rogers RO3210 [153], was selected as the
substrate material for the wireless sensor because of its high thermal coefficient of dielectric
constant @, which is -459 ppm/°C in the temperature range from 0°C to 100°C. Compare to «,
its thermal expansion coefficient arof 13 ppm/°C is much smaller. Based on equation (2.13), the
theoretical temperature sensitivity of the normalized frequency shift Kr is calculated to be 216.5
ppm/°C. By selecting this substrate, the sensor is limited to applications with temperatures below
350°C as this appears to be the glass transition temperature (Tg) of the substrate. A material
operating above its Tg temperature usually undergoes a drastic change in CTE and becomes
mechanically and electrically unstable [158]. Selecting a PCB with high Tg will be part of our
future work as this will enable the use of this sensor for many applications such as gas turbines,

furnaces, and jet engines.

The radiation patch of an antenna sensor with a designed frequency of 2.45 GHz is shown
in figure 5.2. The radiation patch is fed with a 50 € microstrip transmission line to excite the
fundamental radiation mode along the width direction. To obtain a good impedance matching
between the transmission line and the radiation patch, the inset-fed structure was used. The 50 Q

feeding point was calculated at the position of 7.04 mm above the bottom edge of the radiation
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patch. The length of the transmission line was selected to be 200 mm to ensure sufficient separation

between the UWB Tx/Rx antenna and the antenna sensor.

[— 23.83 mm =————>

50 Q feeding point

17.37 mm

/V

50 Q delay line

Figure 5.2. The physical dimensions and feeding structure of the designed microstrip antenna sensor.
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Figure 5.3. The simulated relationship between the antenna sensor’s normalized resonant frequency shift and
the temperature.

To confirm the antenna design, a 3D model of the designed antenna sensor was developed
in HFSS. For a substrate dielectric constant of 10.8 at room temperature (20°C), every 20°C
increase in temperature will reduce the dielectric constant by 10.8 x 459 ppm/°C x 20°C = 0.1.
Thus, the substrate dielectric constant of the simulation model was varied from 10.9 to 10.4 with
a step of -0.1, which corresponds to temperature changes from 0°C to 100°C. The simulated

resonant frequencies were normalized with respect to the frequency at room temperature and are
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plotted versus the temperature in figure 5.3. The simulated curve displays excellent linearity (R =
0.995) and the resulting temperature sensitivity Kr (i.e., the slope of the trend line) is 192.3

ppm/°C—11.2% smaller than the value of 216.5 ppm/°C predicted by the transmission line model.

The antenna sensor and the delay line were fabricated using a chemical etching technique,
as illustrated in figure 5.4. To characterize the round-trip time delay caused by the delay line, a 50
Q) SMA connector was soldered on the end of the delay line. The Si; parameter of the fabricated
antenna sensor was first measured using a VNA and then converted to the time domain response
represented in figure 5.5. The wave packet corresponding to the antenna backscattering starts at

3.5 ns, which is the round-trip time delay between the SMA connector and the antenna sensor.

——

Delay line: 200 mm

Antenna-sensor
SMA Connector

Figure 5.4. The fabricated antenna-senor with the microstrip delay line.
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Figure 5.5. The time domain signal converted from the measured S1: parameter of the fabricated antenna
sensor with the delay line.
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5.3.2 Design of the UWB Tx/Rx microstrip antenna

To implement the entire sensor node on PCBs, the UWB Tx/Rx antenna was developed
based on a one-layer substrate patch antenna. The radiation patch is a conventional rectangular
patch fed at the bottom edge using a 50 € microstrip transmission line, as shown in figure 5.6(a).
The ground plane, on the other hand, has a grid pattern with periodic cross gaps that divide the
metallic ground into small square patches (see figure 5.6(b)). The patterned ground plane and the
rectangular radiation patch can be considered a type of metamaterial, namely a RIS structure that

acts like a parallel LC resonant circuit [164]. The resonant frequency fris of the LC circuit can be

23.6 mm I:”:’DD
O
]
. I
<> LI

50Q Sl€z:12mm <]
1.1 mm 9 < feeding-line Z: 7.7 mm \/2

wur 68
wuw 99

N
7

(2) (b)

&
~

60 mm

(©) (d)

Figure 5.6. UWB Tx/Rx antenna; (a) dimensions of the radiation patch; (b) dimensions of the ground plane; (c) top
view of the fabricated antenna; (d) bottom view of the fabricated antenna.
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determined when it has the largest impedance. The impedance of the LC circuit can be expressed

by the impedance of the equivalent inductor X; and capacitor X,

X Xc

Zie =yt (5.4)
where X; and Xc can be calculated as
X, = Z, tan(kd) (5.5)
and
(2
Xe - (5.5)

in which Z; and £ are the wave impedance and the propagation constant of the substrate material,
respectively, d is the substrate thickness, Z; and Z», as illustrated in figure 5.6(b), define the vertical
coordinates of the strip edges, and the function K(') is a complete elliptic integral which is defined
in [165]. The RIS structure is inductive at frequencies below fz;s while the radiation patch becomes
capacitive below its resonant frequency fyacn. Therefore, by setting fris higher than foacn, the
magnetic energy stored in the RIS structure can compensate for the electrical energy stored in the
near field of the patch antenna, which results in additional resonances at lower frequencies and

thus broadens the bandwidth of the antenna [164].

The design of the UWB Tx/Rx antenna started with a conventional patch antenna having a
perfect ground plane. The resonant frequency of the conventional patch antenna fya:cn Was chosen
to be at 3.8 GHz, and the resonant frequency of the RIS structure fz;s was selected as 4.2 GHz,
which is slightly higher than f,.:. Based on the properties of the substrate material and the selected
fris, the dimensions of the patterned ground, that is, Z; and Z>, can be calculated to be 1.2 mm and
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7.7 mm, respectively, using equations (5.4), (5.5) and (5.6). The pictures of the radiation patch
and the patterned ground plane of the UWB Tx/Rx antenna, fabricated using the chemical etching
technique, are presented in figure 5.6(c) and 5.6(d). The Si1 parameter of the fabricated antenna
was measured and compared with the simulation results in figure 5.7. The bandwidth of the UWB
Tx/Rx antenna, determined at the -10 dB reflection coefficient, is 1.6 GHz (i.e., from 1.9 to 3.5
GHz), which matches the simulation well. Compared to the conventional patch antenna, the -10
dB operation bandwidth of the metamaterial antenna increased by more than 100 times. The gain
of the Tx/Rx antenna, measured using a two-port transmission test, is presented in figure 5.8. The
antenna displayed a relatively flat gain, varying from 3.3 to 4 dBi in frequencies ranging from 2.2

GHz to 3 GHz.

=30

Return loss (dB)

—— Simulation (regular ground)

—— Simulation (RIS ground)
Measurement (RIS ground)

—— Measurement (regular ground)

40+

-50

1 1.5 2 25 3 35 4 4.5 5
Frequency (GHz)

Figure 5.7. A comparison between the simulated and measured Si1 parameter of the UWB Tx/Rx antenna.

After the performances of the antenna sensor and the Tx/Rx antenna were verified
separately using SMA connectors, both antennas were integrated into one RO3210 laminate by
connecting them using a 200 mm microstrip transmission line. The entire sensor node was
fabricated using chemical etching; the pictures of its front and back surfaces are shown in figure

5.9. This package can be implemented with other temperature resonators; a patch antenna was used
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due to ease of fabrication. Although the antenna package was fabricated on the same PCB, a

temperature change will have little or no effect on the Tx/Rx antenna as it possesses UWB, and

the antenna gain around the operational frequency range is stable (see figure 5.8).

Figure 5.8.
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The measured radiation gain of the fabricated UWB Tx/Rx antenna.

50 Q microstrip delay line

Tx/Rx antenna

Figure 5.9. The fabricated wireless temperature sensor node; (a) top view (b) bottom view.

5.4 Instrumentation and experimental setup

The experimental setup for validating the temperature sensing capability of the antenna

sensor as well as its wireless interrogation is presented in figure 5.10. The sensor node was placed

inside an oven so that the environment temperature could be precisely controlled. For wireless

interrogation, the metal panel of the oven door was removed but the insulation element was kept

in place to prevent heat convention so that a stable temperature could be maintained inside the
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oven. The insulation element of the oven was a high-temperature material with a dielectric constant
similar to air. Therefore, the insulation material could not introduce any additional changes on the
phase or amplitude of the interrogation signal. The wireless interrogator was realized by using a
VNA and two horn antennas. The horn antennas were placed at an interrogation distance of 60 cm
in front of the temperature oven facing the Tx/Rx antenna. These two horn antennas were
connected to a two-port VNA using coaxial cables so that the transmitting S-parameter (i.e., the
S21 parameter) could be acquired. The VNA was calibrated up to the feeding points of the
interrogation antennas, which were 30 cm from the aperture of the interrogation antennas.
Therefore, the wireless transmission distance between the feeding points of the integration
antennas and the sensor node was 90 cm. The appropriate time gating window was applied during
data processing of the acquired signal to extract only the signal from the antenna sensor.
Appropriate time gating also helped avoid any reflection from the transmission line if at all there
were any. Any temperature gradient along the transmission line will not affect the frequency of

the sensor but will affect its amplitude due to impedance mismatch.

Figure 5.10. The experimental setup for characterizing the antenna for high-temperature sensing.
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The sensor node was placed near the entrance of the temperature oven, as indicated in
figure 5.11. A T-type thermocouple was installed adjacent to the antenna sensor to obtain the
reference temperature. The thermocouple measurements were acquired using a National
Instruments (NI) thermocouple module. Both the NI thermocouple module and the VNA were
connected to a laptop; the communication between the laptop and the VNA was achieved via a
wired local-area-network (LAN) connection while the communication between the computer and
the NI module was achieved via a Universal Serial Bus (USB) connection. A LabVIEW program
was developed to control the VNA and the NI module. The VNA was programmed to acquire the
S»1 parameters with a frequency resolution of 200 kHz over a frequency range of 2.2 to 3 GHz.
The interrogation power was set to be 10 dBm. The Sz parameters were recorded every 2.3
seconds. In the meantime, the thermocouple readings were recorded every 0.1 seconds. Both
recorded data were time stamped for easy correlation between the thermocouple readings and the

resonant frequency extracted from the S21 parameters.

| Tx/Rx antenna -

Figure 5.11. The wireless sensor node placed at the entrance of the oven.
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5.5 Digital signal processing

A DSP algorithm was developed to extract the resonant frequency of the antenna sensor

from the measured S»i parameters. The flow chart of the DSP algorithm is provided in figure

5.12(a), and the signals corresponding to each block are presented sequentially in figure 5.12(b).

First, the acquired Sz1 parameter, which has a frequency range from f; to f>, is zero padded from

the direct current (DC) frequency (i.e., 0 Hz) to f;. The zero-padded S-parameter is then converted

into a time domain signal using Inverse Fast Fourier Transform (IFFT) [166]. Since we are only

concerned with the central frequency of the main lobe, applying a window before the first IFFT is

not necessary. Representing the backscattered signal in the time domain reveals the arriving times

of the signals backscattered by different components. As illustrated in figure 5.12(b), the signals

backscattered by the Tx/Rx antenna and the surrounding structures usually have the largest

Measured S21 parameter

¥

Zero-pad the S21 parameter
from DC to the sweep
starting frequency f;

=

Time-domain backscattered
signal

¥

Gate the antenna sensor
backscattering only

Reflection coefficient of
antenna-sensor
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Structure  Antenna sensor
backscattering backscattering

\
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e L / \f

Figure 5.12. The digital signal processing algorithm; (a) flow diagram; (b) signals corresponding to the
various processing blocks.
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amplitude, but they appear at a different time span from that of the antenna sensor backscattering.
Therefore, a time gating window can be applied to the time domain signal to extract the antenna
sensor signal. Subsequently, the gated signal is converted back to the frequency domain using FFT,
and the resonant frequency of the antenna sensor can be determined as the frequency at which the

reflection coefficient has the lowest value.

5.6 Results and discussion

The time domain representation of a typical Sa1 parameter is presented in figure 5.13. Time
0 corresponds to the feeding point of the transmitting interrogation horn antenna. The first wave
packet arrives at around 2 ns, which corresponds to a round-trip distance of 0.3 m in the air. This
distance coincides with the distance between the feeding point of the interrogation antenna and the
antenna aperture. Therefore, we can conclude that this wave packet is due to the cross-talk between
the two interrogation horn antennas. The second wave package arrives at around 6 ns, which
corresponds to a round-trip distance of 0.9 m in the air, which is the structure mode backscattering
generated by the Tx/Rx antenna and the temperature oven. The antenna sensor backscattering
occurs at around 9.5 ns. The time difference between the structure mode and the antenna sensor
mode is, therefore, around 3.5 ns, which matches the delay time introduced by the transmission
line well. In addition, we can also determine the antenna sensor backscattering from the
spectrogram of the backscattered signal. The signal backscattered by the antenna sensor should
have a low amplitude at its resonant frequency while the structure mode backscattering usually has

frequency components over the entire interrogation bandwidth.
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Figure 5.13. The time domain backscattered signal converted from the measured S»1 parameter.
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Figure 5.14. The spectrogram of the backscattered signal.

As illustrated in figure 5.14, the spectrogram of the backscattered signal, calculated using
Short Time Fourier Transform (STFT), has low energy at around 2.4 GHz starting from 9.5 ns to
12.5 ns, which is the designed antenna resonant frequency. At other time windows, the energy is
spread over large frequency spans. Therefore, we can easily determine that the time gating window
should be chosen from 9.5 ns to 12.5 ns. The frequency spectra of the time-gated signal at different
temperatures are presented in figure 5.15. The resonant frequency of the antenna sensor is
determined as the frequencies at which the frequency spectrum has the lowest amplitude. The
frequency shifts at different temperatures were normalized with respect to the resonant frequency

of the antenna sensor at room temperature. The measured normalized frequency shifts are plotted
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versus the temperature change measured from the thermocouple in figure 5.16. The measurement
data display a high degree of linearity (R? = 0.9972). The slope of the trend line is 195.13 ppm/°C,

which is slightly higher than the simulated K7 value of 192.45 ppm/°C. The normalized deviation

between the simulated and experimental K7 is 1.39%.
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Figure 5.15. The spectra of the gated time-domain signals at different temperatures.
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Figure 5.16. The measured relationship between the antenna sensor’s normalized resonant frequency shift
and the temperature change.
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5.7 Conclusion

In this study, a wireless temperature sensor consisting of only microstrip circuit elements
and without any electronic components is demonstrated. A wireless interrogation system that can
acquire the sensing signal in the far-field of the wireless antenna sensor was developed.
Temperature testing up to 280°C was conducted to validate the functionalities of the wireless

sensor and its interrogation system. The measured temperature sensitivity of 195.13 ppm/°C agrees

with the theoretical prediction.
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CHAPTER 6: MEASUREMENT OF THE DIELECTRIC PERMITTIVITY

OF PRINTED CIRCUIT BOARD USING MICROSTRIP RESONATORS

6.1 Introduction

The dielectric permittivity measurement is important for practical applications as well as
research. Several techniques have been established for measuring the dielectric permittivity of
materials [136]. In general, factors such as frequency range, required accuracy of measurement,
material properties, material form, sample size, convenience, and cost play an important role in
selecting an adequate measurement technique. Among all these techniques, measurements using a
microstrip resonator have gained increasing importance since they were first proposed by
Troughton [137]. This is probably because of the simplicity of the structure, the ease of fabrication,
the accuracy of the measurement technique, the wide frequency band provided by a single
microstrip resonator, and the negligible radiation losses [138]. Due to the variability that exists in
fabricated PCB, since the broad range of microwave applications requires detailed knowledge of
the dielectric permittivity of materials, we investigate the use of a microstrip line resonator (MLR)

for dielectric permittivity measurement of PCB.

6.2  Theory of the measurement technique

Troughton presented the first use of a ring-shaped MLR for determining the phase
velocities and dispersive characteristics of the microstrip line [137]. After this study, the MLR has
gained popularity and has been used for various electromagnetic measurements. The MLR has

been widely used for dielectric permittivity measurement of PCBs. The dielectric constant is
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(a) (®)
Figure 6.1. An illustration of a microstrip line resonator: (a) a typical ring resonator; (b) the proposed resonator.
inversely obtained by measuring the frequency response of a single port or a two-port MLR using
a VNA. Using a two-port MLR, the equation relating the measured frequency response of the MLR
and the effective dielectric constant is presented in equation (6.1) as
P, =n, (6.1)

where P, is the mean perimeter of the MLR, and n4, is a harmonic of the wavelength. Figure
6.1(a) presents an illustration of a typical ring-shaped MLR. As shown in figure 6.1, the MLR
consists of two microstrip feeding lines, a closed loop transmission line, and the coupling gaps
between the microstrip lines and the closed loop transmission line. The main purpose of the
microstrip feeding lines and coupling gaps is to couple the signal in and out of the MLR. Because
the coupling gaps are capacitive, they cannot be arbitrary and must be carefully chosen to ensure
that the frequency response of the MLR does not deteriorate [167]. As suggested in [167], the
coupling gaps must be optimized and implemented as a loose coupling to avoid high attenuation
caused by large coupling gaps or the shifts in measured resonant frequencies of the MLR caused
by small coupling gaps. The coupling gaps can easily be optimized using electromagnetic
simulation tools.

The design of the MLR starts by selecting the desired fundamental resonant frequency of
the MLR based on an estimated value of the dielectric constant of the PCB used in fabricating the
MLR. As presented in equation (6.1), the fundamental resonant frequency of the MLR is obtained

by setting n equal to 1. When A, increases (i.e., the resonant frequency decreases), the mean
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perimeter P, increases. An inherent advantage of equation (6.1) is that the MLR can be designed
for a fundamental frequency that does not match the frequency of interest. One must just ensure
that the n mode of resonance of the MLR corresponds to the desired frequency. For example, if
for a given PCB, designing the MLR to operate at a fundamental resonant frequency of 5 GHz
makes the ring difficult or impossible to manufacture due to the size of the MLR, one can design
the MLR at a fundament frequency of 2.5 GHz. Given that 5 GHz is a multiple of 2.5 GHz,
measurements at 5 GHz can be obtained by measuring the frequency response of the second mode
of'a 2.5 GHz MLR. With the help of a VNA, the frequency response of the MLR can be measured.
If the estimated value of the dielectric constant deviates from the actual value of the dielectric
constant, the harmonic resonant frequencies of the MLR will deviate from the designed or expected
resonant frequencies. From the frequency response and the dimensions of the MLR, the dielectric
constant of the PCB can be calculated.

6.2.1 Calculation of the dielectric constant

The dielectric constant at each resonant frequency of the MLR is obtained by iterations
based on the method proposed by Kirschning and Jansen [168]. The model accurately predicts the
effective dielectric constant of microstrip with validity up to millimeter-wave frequencies. The

mathematical expressions presented by Kirschning and Jansen are as follow:

g, —&

ey (N)=¢,— 1+P(;’) (6.2)
where P(f) is given as
P(f)=PRP[(0.1844+P,P,)x (10 fh)] (6.3)

P, P, P3, and P, are expressed as

P =027488+| 06315+ 022 _|W_ (65683 7515w (6.4)
(1+0.157/m)> | h :
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P, =033622-[1—¢ ¥ | (6.5)

P, =(0.0363¢ ) |1 — 0257 | (6.6)

P, =1+2.751 |- 1599 | (6.7)
where w, h, &, &p, & are the width of the microstrip line, the thickness of the substrate, the
diclectric constant, the effective dielectric constant, and the static value of the effective dielectric
constant, respectively. To start the iteration process, the measured resonant frequencies of the
MLR, the calculated values of the frequency dependent effective dielectric, the initial estimated
value of dielectric constant, and the dimensions of the designed MLR are needed.

6.2.2 Calculation of the dissipation factor

The calculation of the dissipation factor at each resonant frequency starts with the
determination of the loaded quality factor Q; at each resonance of the MLR. The loaded quality
factor can be calculated using equation (6.8) presented in [167]. The loaded quality factor depends
on the resonant frequency fy and the bandwidth (usually measured at -3 dB). O can be expressed

as

fo
B (6.8)

-3dB

o,

If the bandwidth cannot be obtained at -3 dB due to asymmetry in the frequency response of the
MLR at the desired resonance peak, other techniques such as the Lorenzian fit can be used [169].
This technique has also been suggested for cases where there is a great amount of noise in the
frequency response of the MLR.

To determine the dissipation factor, the unloaded quality factor Q, is needed. O, depends
on the loaded quality factor Q; and the measured insertion loss L at the desired resonant frequency

of the MLR [167]. O, can be expressed as
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o) (6.9)

where the insertion loss L is in dB. The unloaded quality factor includes conductor losses O,

radiation losses Oy, and dielectric losses Qu. Therefore, O, can be expressed as

o ot o (6.10)

Based on the recommendation found in [142], the radiation losses Qs can be ignored because there
are no open ends in the MLR. Thus, the unloaded quality factor depends only on the conductor

losses and the dielectric losses. Qs and Q. can be expressed as [170]

8.8687
0.~ (6.11)
and
8.86871
0= (6.12)

where A4is the guided wavelength, ac, and au represent the attenuation constants of the conductor
and dielectric, respectively. Since the unloaded quality factor depends only on the conductor and
dielectric losses of the MLR, the attenuation constant & can be expressed as

a=a. +a, (6.13)
Equation (6.13) can be rearranged to obtain the attenuation constant of the dielectric au as

o 88687
d c Qolg ¢ (6.14)

Several approximations for the calculation of the attenuation constant of the conductors o
can be found in textbooks [133], [143]. The most recommended approximations are Pucel et al.
[171] and Schneider [170]. The surface roughness of the conductors also affects the conductor
losses. Morgan [172] proposed an expression to use in conjunction with the equations proposed

by Pucel and Schneider to take into account the surface roughness of the conductors when
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estimating the attenuation constant of the conductors a.. The equations for the calculation of the

attenuation constant of the conductors used in this study are those proposed by Schneider and they

can be found in [143] as

10 R, 8h w h how)w
ST o B O L RS
7lnl0 hZe w  4h w wot)h
g o) ZR. | 044w’ 6h* (kY
¢ |7207%h1n10 wo oW w (6.15)
x(l+ﬂ+a—w),321
h ot ) h
with
ow 1 dow w1
e R | B
ot [ﬂ'jn t h 2r& (6'16)
@:(l}n% wy 1 (6.17)
ot Vs t’h 27

where & is the effective dielectric constant, 7, is the free space wave impedance [Q], / is the
substrate thickness [m], Ry is the surface resistivity of the conductor strip [€)/square], ¢ is the
thickness of the conductor strip [m], Z the characteristic impedance of the microstrip [€2], and w
the width of the conductor strip (i.e., the microstrip line) [m]. The attenuation constant of the
conductors a. expressed in (6.15) has a unit of dB/unit length. Considering the surface roughness
of the conductors, equation (6.15) can be modified as proposed by Morgan [172]. Let a. be the
attenuation constant of the conductors considering the surface roughness of the conductors. a.can

be expressed as [143]

@ =a {Him' {1 .4(2)2} (6.18)

where A4 is the rms surface roughness and o the skin depth of the electromagnetic wave.
The dissipation factor tand can be calculated from the dielectric losses using the equation

presented by Schneider [173]. Equation (6.19) provides tand
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oy

with oy in dB/unit length.

6.3  Design and fabrication of the microstrip line resonator

Douville [174] conducted an experimental study of microstrip bends and proposed
empirical expressions for their compensations. Based on this study, it is suggested to use 45°
mitered bends of the microstrip line for optimum compensation. Figure 6.2 presents an illustration
of the proposed MLR with a 45° mitered bend. The dimensions of the proposed MLR are obtained

using the equations below:

a, =025P, (6.20)
dl _ -1.35w/h

;—\/5(1.04+1.3e ) (6.21)
d, = w2 —d, (6.22)

where w, an, and d; represents the microstrip line width, the mean square length, and the mitered
bend length, respectively. As presented in (6.19), the length of the bend is a function of the
conductor strip w and the thickness of the substrate 4. Equation (6.19) is only valid for width to

height ratios w/h > 0.25 and & < 25.

W

il::

T

w

Figure 6.2. The physical design of the proposed microstrip resonator.
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For this study, Rogers 3006 was selected as the substrate material for the MLR. The
manufacturer specified dielectric constant is 6.15 £ 0.15 with a dissipation factor of 0.002. The
substrate thickness was chosen as 1.52 mm. The selected thickness satisfies the width to height
ratio w/h necessary for the microstrip 45° mitered bend compensation given the microstrip line
width w of 2.14 mm. The coupling gap g was chosen as 0.53 mm. Based on equation (6.1), the
mean square length a,, was calculated as 23.2 mm given the MLR fundamental frequency of 1.5
GHz. The mitered bend length d; was calculated as 3.74 mm using equation (6.21). After designing
the MLR, it was fabricated using the print-etching technique. Figure 6.3(a) presents the fabricated
MLR on Rogers 3006 while figure 6.3(b) presents a comparison between a simulation obtained in
Sonnet Pro and measurements obtained from the VNA. As indicated in figure 6.3(b), there was an

agreement between simulation and measurement at the resonant frequencies.

T T
simulation
experiment

Sy (dB)

s 6 9 12 15 18
Frequency (GHz)
(a) (®)

Figure 6.3. (a)The proposed microstrip line resonator fabricated on Rogers 3006 printed circuit board (PCB)
using print-etching technique; and (b) a comparison between simulated and measured Sz1 curves of the
resonator.
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6.4 Instrumentation and experimental setup

The experimental setup for characterizing the temperature dependency of the dielectric
constant of PCB is shown in figure 6.4. A foam box serves as a temperature chamber. To apply
heat to the MLR, a hot plate (Cole Parmer, 112001CP) was placed inside the foam box. Since the
foam box is not a perfect insulator, a T-type thermocouple was placed adjacent to the MLR to
provide temperature readings. The thermocouple was connected to National Instrument NI 9211
thermocouple module for data acquisition. The scattering parameters were acquired using Rohde
& Schwarz ZVA24 (i.e., the VNA) connected to the MLR via coaxial cable. Both the VNA and
the NI 9211 module were connected to a PC running LabVIEW. The frequency response of the
MLR was only measured once the thermocouple reading showed steady-state values of the desired

temperature. All measurements were time stamped for ease of correlation during data analysis.

NI 9211 module Insulation chamber Hot plate

Microstrip resonator Thermocouple VNA

Figure 6.4. The experimental setup for measuring the temperature dependency of the dielectric constant of PCB
on which a microstrip line resonator was fabricated
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6.5 Discussion

To ensure the proposed MLR is suitable for dielectric property measurement of PCB, the
extracted dielectric constant measured at 10 GHz was compared to the manufacturer specified
value of 6.15 = 0.15 with a dissipation factor of 0.002. Using the measurement data and the
mathematical equations presented in sections 6.2.1 and 6.2.2, the extracted dielectric constant is
6.17 with a dissipation factor if 0.0022. There is a good agreement between the manufacturer
specified values and the measurements. This confirms that the proposed MLR can be used for

dielectric constant measurements.
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Figure 6.5. The measured relationship between the Rogers 3006 dielectric constant and the temperature
change.

One important parameter of PCB is the thermal dependency of the dielectric constant. To
measure the thermal coefficient of dielectric constant (TCDk) of the PCB, the MLR was subjected
to temperature variations. Figure 6.5 presents the change in dielectric constant due to temperature
variation. As shown in figure 6.5, the dielectric constant decreases linearly with an increase in
temperature. From the measured data, the extracted TCDk is -226 ppm/°C, which is 14.7% smaller

than the manufacturer specified value of -265 ppm/°C, and it is well within the 15% variation often
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reported by the manufacturer. Thus, it is important to characterize substrate materials for

microwave applications to ensure that the selected substrates or PCB are suitable for the intended

applications.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK

7.1  Conclusions

Several achievements were made during this research work. For the first time,
simultaneous measurement of multiple parameters using a single antenna sensor was
demonstrated. First, we demonstrated that a single microstrip patch antenna with a rectangular
radiation patch is capable of sensing strain and temperature simultaneously. A theoretical model
representing the normalized antenna resonant frequency shift as linear functions of strain and
temperature changes was established and validated by experimental measurements. The theoretical
model also suggests that the thermal response of the dielectric substrate should be appropriately
selected to achieve a balanced response of the antenna sensor to temperature and strain changes.
We also demonstrated that superstrate thickness and temperature could be simultaneously
measured using a dual-frequency rectangular patch antenna. The temperature and the superstrate
thickness were inversely determined from the measured antenna resonant frequencies.
Experiments were conducted using two dielectric materials (Rogers 3003 and ash from charcoal
briquettes) as a superstrate. There was a good agreement between the measurands extracted from
the frequency response of the antenna sensor to actual input values (i.e., temperature, strain, and

superstrate thickness).

In addition to demonstrating multi-modality sensing using a single antenna sensor, we also
demonstrated wireless interrogation of a microstrip patch antenna temperature sensor without
electronics. The wireless temperature sensor consists only of microstrip circuit elements A wireless

interrogation system was also developed to acquire the sensing signal in the far-field of the wireless
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antenna sensor. Temperature testing up to 280°C was conducted to validate the functionalities of
the wireless sensor and its interrogation system.

Finally, using a microstrip line resonator, we demonstrated adequate measurement of the
dielectric constant, the dissipation factor, and the thermal coefficient of the dielectric constant of
PCB. The proposed shape of the microstrip line resonator is easy and cost-efficient to fabricate.
Using Rogers 3006 commercial PCB as test material, agreement between the measurements and
the manufacturer specified values for dielectric constant and dissipation factor was achieved. The
findings presented in this dissertation will help coal power plants to progressively evolve to meet

the growing demand for safe and efficient power generation.

7.2  Future work

The results presented in this dissertation point to several motivating directions for future

work:

1. Ttis essential to develop flexible dielectric substrates with the desired dielectric permittivity
and mechanical properties. These engineered materials could be based on the trade-off
between the sensitivities of the antenna sensor to the desired measurands to achieve optimal
sensor performance and facilitate simple data processing. This task will further validate the
microstrip line resonator method to characterize the dielectric property of the high-
temperature material.

2. It would be beneficial to develop an efficient simulation tool of the antenna sensor. This
tool would, for instance, aid in sizing the antenna sensor, simulating its scattering
parameters, and performing parametric studies on the material properties of the substrate

to define the design space.
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3. It would be interesting to consider an alternative wireless interrogator system to reduce the
interrogator cost while increasing the interrogation speed.
4. It would be beneficial to demonstrate wireless interrogation of multiplexed microstrip

patch antennas to realize distributed condition monitoring of structural systems.
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