FINAL SCIENTIFIC REPORT

Project Title: Distributed Wireless Antenna Sensors for Boiler Condition Monitoring

Reporting Period Start Date: 1/1/2015

Reporting Period End Date: 12/31/2018 (with one-year no-cost extension)

Principal Author(s):

PI: Haiying Huang, Ph.D
Dept. of Mechanical and
Aerospace Engineering
University of Texas Arlington,
Arlington-TX

Tel: (817) 272-0563

Fax: (817) 272-5010

Email: huang@uta.edu

Student: Franck Mbanya
Tchafa

Dept. of Mechanical and
Aerospace Engineering
University of Texas Arlington,
Arlington-TX

Report Date: March 28, 2019

Co-PI: Ankur Jain, Ph.D.
Dept. of Mechanical and
Aerospace Engineering
University of Texas Arlington,
Arlington-TX

Tel: (817)-272-9338

Fax: (817)-272-5010

Email: jaina@uta.edu

Student: Jun Yao

Dept. of Electrical Engineering
University of Texas Arlington,
Arlington-TX

DOE Award Number: DE- FE0023118

Co-PI: Jian Luo, Ph.D.
Dept. of Nano Engineering
University of California, San
Diego

San Diego, CA

Tel: (858) 246-1203

Fax: (858) 534-9553

Email: jluo@ucsd.edu

Student: Jiuyuan Nie

Dept. of Nano Engineering
University of California, San
Diego

San Diego, CA

Name and Address of Submitting Organization: University of Texas Arlington
202 E. Border, Suite 216

Box 19145

Arlington, TX, 76019-0145



DISCLAIMER

“This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.”

ABSTRACT

Monitoring the operational conditions of coal-fired boilers is an important task that could bring
tremendous benefits, including in-situ process control, real-time health assessment of structural
components, improved heat transfer efficiency, reduced downtime, etc. Moreover, in-situ distributed
sensing of the boiler conditions would provide large scale in-situ measurement data that will help us gain
fundamental understandings of the combustion and heat transfer processes as well as enable the
developments of new simulation tools, which could eventually lead to better design and more efficient
operation of the boilers. The objectives of this research were to (a) develop wireless passive antenna
sensors without electronics; (b) demonstrate multi-modality sensing using a signal antenna sensor; and
(c) fabricate the antenna sensor from high-temperature materials. In this project, we have demonstrated
that an antenna sensor or sensor array without any electronics can be wirelessly interrogated from a
distance. In addition, a low-cost compact wireless sensor interrogator was developed for dynamic
interrogation of the passive antenna sensor. We validated that a dual-frequency antenna sensor is capable
of simultaneous strain and temperature measurements or temperature and ash accumulation
measurements; all parameters are relevant to boiler condition monitoring. By measuring the temperature
and ash accumulation height simultaneously, the dielectric constant of the ash as well as its temperature
dependency can also be characterized. This capability could lead to potential applications of the antenna
sensor for combustion process monitoring based on the ash composition. We also investigated different
techniques of fabricating the antenna sensor using high-temperature materials such as alumina substrate
and platinum paste and characterized the thermal response of the antenna sensor. A linear relationship
between the antenna resonant frequency and the temperature change was validated.
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EXECUTIVE SUMMARY

The goal of this project was to develop fully passive, wireless antenna sensors for distributed
condition monitoring of coal-fired boilers at low cost. The project was meant to address the limitation
of current sensing technologies in ensuring safe and efficient operations of coal-fired boilers. This project
has been focusing on: 1) demonstrating wireless interrogation of antenna sensor and sensor arrays
without electronics at the sensor node; 2) validating the antenna sensor’s capability for sensing multiple
measurands simultaneously; 3) investigating techniques to fabricate antenna sensors from high-
temperature materials. This project has led to two PhD dissertations, two journal publications (with one
additional journal manuscript under review), and two conference presentations. This project was a
collaborative effort involving researchers from two universities with different technical, ethnicity, and
racial backgrounds.

Conventional wireless sensors typically need electronic circuits at the sensor node to provide wireless
communication capability. Their maximum operating temperature is thus limited by the temperature
tolerance of the onboard electronics. In order to provide sensing capabilities at higher temperatures, we
investigated wireless interrogation of antenna sensors without any electronics at the sensor node. By
connecting the antenna sensor to an ultra-wideband antenna using a microstrip transmission line, we
developed techniques to separate the sensing signal from the background clutter. Wireless interrogation
of the antenna sensor was demonstrated from a distance of about one meter while the antenna sensor was
enclosed inside a furnace and the interrogator was placed outside the furnace. The study also
demonstrated that antenna sensors fabricated from commercially available printed circuit board can
provide linear temperature measurements up to 270°C. Moreover, an antenna sensor array was realized
by designing each antenna sensor to have a different resonant frequency and wireless interrogation of
the antenna sensor array without electronics was demonstrated. This development could lead to low-cost
deployment of antenna sensors and sensor arrays for various condition monitoring schemes.

Most research works on wireless interrogation of antenna sensors have been carried out using
expensive and bulky laboratory instruments (e.g. a vector network analyzer) that also have a slow
sampling rate. In this study, we developed a compact, low-cost wireless interrogator based on the
principle of Frequency Modulated Continuous Wave (FMCW) radar and demonstrated it for dynamic
interrogation of the antenna sensor at a high interrogation speed of 50 Hz. The interrogator produced
comparable results as those provided by a laboratory instrument; the normalized discrepancies of two
measurements are within 0.002%. To further reduce the size of the wireless interrogator, an FMCW
signal source was designed and implemented using surface-mount integrated circuit components; it has
a size of a business card, a low power consumption of 160 mW, and provides a sampling rate of 55 Hz.
Such an interrogator reduces the size and cost of the sensing system substantially, further extending the
functionality of the antenna sensor from static to dynamic measurements (e.g., vibration).

For the safe and efficient operation of coal-burning boilers, we identified three key measurands—
temperature, strain, and ash thickness—that must be extracted from the antenna sensor response. By
taking advantage of a dual-frequency antenna sensor, we established a procedure to extract two
measurement parameters simultaneously from one sensor response. The antenna sensor was
characterized under a combination of temperature and strain levels. The temperatures and strains
inversely determined from the normalized frequency shifts had a measurement uncertainty of +0.4°C
and £17.22 pe, respectively. This multi-variant sensing capability enables temperature-compensated
strain measurements and thus resolved a long-standing challenge of strain-temperature cross-sensitivity
facing many conventional strain sensors. For simultaneous temperature and ash thickness measurements,
the measurement uncertainties was determined to be £0.58°C for temperature and +£58.05 um for ash



thickness measurements. Simultaneous measurements of temperature and ash thickness also enabled
determining the dielectric constant of the ash at different temperatures. As a result, the temperature
dependency of the ash dielectric constant can be characterized. Ash dielectric constant is highly
dependent of coal composition and combustion condition. Potentially, this technique can be extended
for monitoring the combustion process based on the measured ash dielectric constant and its temperature
dependency.

By removing electronics from the wireless sensor nodes, the maximum operating temperature of the
antenna sensor is no longer limited by the electronics but the dielectric and conductive materials, some
of which can sustain extremely-high temperatures. In this study, we investigated implementing the
antenna sensors on high-temperature materials such as alumina and platinum. Platinum paste was tape
casted on alumina substrates based on the designed patterns, followed by drying and firing. To control
the dimension of the antenna pattern, laser machining was employed to trim the pasted pattern. In
addition, sensor implementation using commercial metalized alumina substrates was also explored. The
thermal response of the antenna sensor fabricated from these high-temperature materials was
characterized. For the antenna sensor fabricated using alumina substrate and platinum paste, the
measured temperature sensitivity of the antenna resonant frequency is -71.71 ppm/°C with an excellent
linearity. The thermal response of the dielectric constant (TCDx) was found to be 127.5 ppm/°C for the
alumina substrate. For the commercial metalized alumina susbtrate, the temperature sensitivity of the
antenna resonant frequency was measured to be -63.59 ppm/°C. This corresponds to a TCDk of 114
ppm/ °C for the commercial alumina substrate. The temperature measurement error was estimated to be
+0.3°C.

In summary, this project studied the realization of antenna sensor and sensor arrays for measuring
parameters that are relevant to condition monitoring of coal-fired boilers. A key technology developed
was the capability of providing wireless sensing without any electronics at the sensor node. This
development eliminates the temperature limit imposed by electronics, substantially increasing the
operating temperature range of the antenna sensors. Secondly, dual-frequency antenna sensors were
characterized for measuring two different yet interdependent measurands simultaneously. The
capabilities of measuring strain and temperature as well as temperature and ash thickness have been
validated. As a by-product, the antenna sensor is also capable of measuring the dielectric constant of ash
and its temperature dependency. Thirdly, fabricating the antenna sensors from high-temperature
materials (e.g., aluminum susbtrate and platinum) was explored. Thermal testing of the fabricated
antenna sensors produced linear responses with temperature changes. Overall, this research confirmed
the original hypothesis that wireless passive antenna sensors have the potential for condition monitoring
at temperature as high as 1000°C.
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ACCOMPLISHED TASKS
1. Demonstrate wireless interrogation of passive antenna sensors and sensor arrays

Publications:

J. Yao, F. Tchafa, H. Huang, “Far-field interrogation of patch antenna for temperature sensing without
electronics”, IEEE Sens. J., vol. 16, no. 19, pp. 7053—7060, 2016.

F. Tchafa, J. Yao, H. Huang, “Wireless interrogation of a high-temperature antenna sensor without
electronics”, presented at the ASME International Mechanical Engineering Congress and Exposition,
November 11-17, 2016, Phoenix, Arizona.

1.1. Wireless interrogation of antenna sensor for temperature sensing up to 270°C

The maximum operating temperature of sensors containing onboard electronics are limited by the
electronics. In order to provide sensing capabilities at temperatures beyond this temperature limit, we
investigated wireless interrogation of antenna sensors without any electronics at the sensor node.

Experimental methods: Figure 1 presents the sensor node that we developed and tested for
demonstrating such capabilities. The sensor node was fabricated from commercial high-temperature
substrate (Rogers 3210). It is entirely passive and consists of a microstrip patch antenna as the
temperature sensing element and an ultrawideband (UWB) transmitting and receiving (Tx/Rx) antenna
for wireless communication. A microstrip transmission line connecting the UWB Tx/Rx antenna and the
antenna sensor delays the sensing signal and thus separates it from the background clutter. Temperature
change is measured from the frequency shift of the antenna sensor because the dielectric constant of the
substrate is temperature dependent. In addition, the radiation patch dimensions also change with
temperature because of thermal expansion. The principle of operation of the wireless sensing scheme,
and the design of the antenna sensor package are discussed in details in the above publications.
Furthermore, a digital signal processing algorithm that extracts the antenna resonant frequency from the
wirelessly received signal is also described in these publications. The experimental setup for validating
the temperature sensing capability of the antenna sensor as well as its wireless interrogation is presented
in figure 2. The sensor package was placed inside the furnace so that the environment temperature could
be precisely controlled. The wireless interrogator was realized by using a Vector Network Analyzer
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Figure 1. Passive wireless temperature sensor node fabricated from commercial high-temperature substrate; (a) top
view (b) bottom view.



Figure 2. Experimental setup for characterizing the wireless antenna sensor inside an oven.

(VNA) and two horn antennas, which 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 the two-port
VNA using coaxial cables so that the transmitting S-parameter (i.e., the S21 parameter) could be acquired.
A T-type thermocouple was installed adjacent to the antenna sensor to obtain the reference temperature.

Results and discussions: The digital signal processing program converts the frequency domain Sz1
parameter to time domain, extracts the sensing signal by time-gating, and calculates its frequency
spectrum. Figure 3a presents the frequency spectra of the time-gated signal at different temperatures.
The resonant frequency of the antenna sensor is determined as the frequency at which the frequency
spectrum has the lowest amplitude. Extracting the antenna frequencies at the various temperatures allows
us to establish the temperature dependency of the antenna frequency as shown in figure 3b. The
measurement data display a high degree of linearity (R = 0.9984). The slope of the trend line is 195.13
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Figure 5. (a) Spectra of the gated time-domain signals at different temperatures; (b) The relationship between the
measured normalized antenna frequency shift and temperature change.



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%.

Conclusion: this study validated that an antenna sensor can be wirelessly interrogated without any
electronics at the sensor node. It also validated that antenna sensors fabricated on commercial substrate
can provide linear temperature measurements up to 270°C. This development could enable low-cost
deployment of antenna sensors for various condition monitoring schemes. For more detailed discussions
of results and conclusions, please refer to the publications listed above.

1.2. Wireless interrogation of distributed antenna sensor array

Experimental methods: to explore sensor multiplexing for distributed condition monitoring,
we fabricated an antenna sensor array on a commercial high-temperature substrate (Rogers
3210). The antenna sensor array consists of two antenna sensors and they are frequency division
multiplexed—i.e., each antenna sensor resonates at a district frequency for ease of identification.
The sensors were designed to resonate at 2.63 and 3.34 GHz respectively. Figure 4 presents the
fabricated antenna array using a chemical etching technique. Following the wireless
interrogation mechanism described above, the antenna sensors were wirelessly interrogated
using the experiment setup shown in figure 5.

Results and discussions: the time domain signal converted from the wirelessly measured S2:
parameter is shown in figure 6a and the spectrum of the time-gated sensing signal is shown in figure

Figure 4. Wireless antenna sensor array fabricated using commercial high-temperature PCB.

VNA Interrogation antennas FDM sensor UWB Tx/Rx antenna

Figure 5. Experimental setup for characterizing the wireless antenna sensor array with two antenna sensors.
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Figure 6. (a) Time domain signal converted from the measured S, parameter of the wireless antenna sensor array; (b)
spectrum of the gated time-domain signal with two valleys corresponding to the resonant frequencies of the two antenna
sensors in the array.

6b. The antenna frequencies are determined from figure 6b as 2.64 and 3.33 GHz, which matched
well with the frequencies measured using wired means.

Conclusion: the antenna frequencies measured using the wireless means agree perfectly with
those obtained by wired measurements, and thus validate wireless interrogation of an antenna
array by frequency division multiplexing. While the demonstration was carried out using two
antenna sensors, more antenna sensors can be added based on the frequency multiplexing
principle since the antenna sensors typically have narrow bandwidths.

2. Developed compact interrogators for dynamic interrogation of wireless antenna sensors

Publications:

J. Yao “Dynamic wireless interrogation of antenna-sensor in harsh environment,” PhD
dissertation, 2016.

The instrument we used for task 1 (i.e., a VNA) is expensive, bulky and has a low sampling speed.
To reduce the cost of the sensing system and to improve the mobility, we developed a compact, low-cost
wireless interrogator based on the principle of Frequency Modulated Continuous Wave (FMCW) radar
and demonstrated it for dynamic interrogation of the antenna sensor. The FMCW-based wireless
interrogator provides substantial improvements on the interrogation speed and thus enables dynamic
interrogation of the antenna sensors.

Experimental methods: figure 7(a) illustrate the circuit diagram of the FMCW interrogator. A
down-conversion RF mixer was implemented in the interrogator circuit to demodulate the signal
backscattered by the antenna sensor, which includes the sensing signal as well as the background clutter.
Due to the time delay between the sensing signal and the background clutter, these two signals possess
different beat frequencies in the down-converted signal. As such, they can be easily separated using a
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band pass filter. The wireless interrogation system was first implemented using connectorized laboratory
instruments as shown in Figure 7(b). The accuracy of the interrogator was validated using an antenna
temperature sensor. After validated the performance of the system, a compact FMCW signal source was
designed and implemented to reduce the size of the interrogator and thus increase its mobility. Figure
7(c) presents the implementation of the FMCW signal source on a circuit board using surface-mount
components.
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Figure 7. A custom-developed FMCW interrogator for dynamic interrogation of wireless antenna sensor: (a) circuit
diagram; (b) hardware implementation; (c) hardware implementation of a compact FMCW source.
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Results and discussions: a high interrogation speed of 50 Hz was achieved for the wireless
interrogation system shown in Figure 7(b). A comparison between the measurements obtained using the
FMCW interrogator and the VNA is shown in figure 8. The FMCW interrogator produced comparable
results as those measured by a VNA.

The power consumption of the FMCW signal source was characterized to be only 160 mw and the
interrogation rate is up to 55 Hz. Tests were performed to validate the accuracy of the proposed compact
FMCW interrogator and the experimental results were compared with those from the network analyzer
measurements. The normalized discrepancies of two measurements are within 0.002%.

Conclusions: this study demonstrates that the antenna sensors can be wirelessly interrogated using
a custom-developed interrogator that is much cheaper, more compact, and has a faster interrogation
speed than a high end laboratory instrument. Such an interrogator reduces the size and cost of the sensing
system substantially and extends the functionality of the antenna sensor from static to dynamic
measurements (e.g., vibration).

3. Investigate simultaneous measurements of multiple measurands using a single antenna sensor

Publications:

F. Tchafa, and H. Huang, “Microstrip patch antenna for simultaneous strain and temperature sensing”,
Smart Mater. Struct., vol. 27, no. 6, pp. 2629-2636, 2018.

F. Tchafa, and H. Huang, “Microstrip patch antenna for simultaneous superstrate thickness and
temperature sensing”, under revision, Smart Mater. Struct.

F. Tchafa, H. Huang, “Simultaneous strain and temperature sensing using a single microstrip patch
antenna”, International Workshop on Structural Health Monitoring, September 12-14, 2017, Stanford
University, California.

For the safe and efficient operation of coal-burning boilers, we identified three key measurands—
temperature, strain, and ash thickness—that must be extracted from the antenna sensor response. In this
study, we investigated dual-frequency antenna sensors for simultaneous strain and temperature sensing
as well as temperature and ash accumulation measurements.

3.1. Simultaneous temperature and strain measurements

Experimental methods: 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 inside an oven mounted on a mechanical tester, as shown in figure 9(a). For reference,
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Figure 9. (a) Experimental setup for thermo-mechanical testing of the fabricated antenna sensor (b) dog-bone
specimen with bonded antenna sensor and thermocouple.

the tensile test specimen was also instrumented with a conventional strain gauge and thermocouple, as
shown in figure 9(b). The responses of the antenna resonant frequencies to strain or temperature
variations, while keeping the other parameter constant, were first evaluated. Subsequently, the shifts of
the antenna resonant frequencies under a combination of strain and temperature changes were
characterized. A procedure was developed to inversely determine the temperature and strain conditions
based on the antenna resonant frequencies and the extracted values were compared with the
measurements provided by the strain gauge and thermocouple to assess the measurement uncertainties.

Results and discussions: as shown in figure 10, the Sii1-paramter of the antenna sensor shifted left
with the increase of strain under constant temperature and shifted right with the increase of temperature
while keeping the strain constant. The variations of the antenna resonant frequency with the temperature
and strain changes are shown in figure 11. It validated that the normalized antenna resonant frequency
shifts vary linearly with the applied strain and temperature. Figure 12 shows the differences between the
temperatures and strains inversely determined from the normalized frequency shifts and those measured
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Figure 10. Measured S, parameters of the TM010 mode: (a) the effect of strain at a constant temperature; (b) the
effect of temperatures at a constant strain.
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Figure 12. Differences between (a) temperature and (b) strain inversely determined from the normalized
frequency shifts and those measured using a thermocouple and strain gauge, respectively.

using a thermocouple and strain gauge, respectively. One standard deviation yields measurement
uncertainties of £0.4°C and £17.22 pe for temperature and strain measurements, respectively.

Conclusions: by taking advantage of a dual-frequency antenna sensor, we established a procedure
to extract two parameters simultaneously from one sensor measurement. This approach resolved the
long-standing challenge of strain-temperature cross-sensitivity and thus enable temperature-
compensated strain measurements. For more details about the methodology and results, please refer to
the attached publications.

3.2. Simultaneous measurement of temperature and superstrate thickness
When ash accumulates on top of the antenna sensor, it serves as the superstrate for the antenna sensor.

Thus, its thickness can be measured from the antenna resonant frequency shift. In this study, we
demonstrated the use of microstrip patch antennas for measuring the ash thickness and temperature at
the same time. As by-products, the dielectric constant of the ash and its temperature dependency are

characterized as well.
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Experimental methods: figure 13 illustrates a microstrip patch antenna temperature sensor covered
with a dielectric layer (a.k.a. the superstrate). The superstrate changes the effective dielectric constant of
the antenna sensor and thus its resonant frequencies. Meanwhile, temperature also influences the antenna
frequencies because of the thermal expansion of the conductors, including the radiation patch and ground
plane, and the TCDx of the dielectric materials. Since a rectangular patch antenna has two fundamental
frequencies, it enables determining these two parameters simultaneously. Once the temperature and
superstrate thickness are determined, the dielectric constant of the superstrate and its temperature
dependency can also be extracted. To demonstrate this capability, a dual-frequency patch antenna was
designed, fabricated, and characterized with a superstrate of various thickness and at different
temperatures. Figure 14 presents the antenna sensor fabricated on commercial high-temperature
substrate (Rogers 3210) using a print-etching technique and the experimental setup for characterizing
the antenna sensor. Ash layers with controlled thickness were deposited on top of the antenna sensor and
the responses of the antenna resonant frequency to ash thickness changes under different temperatures
were characterized. The relationship between the antenna resonant frequency shifts, ash thickness, and

Radiation patch

% =

Superstrate

Substrate

Ground plane

Figure 13. Illustration of a microstrip patch antenna temperature sensor covered with a superstrate.

VNA Furnace NI module

Thermocouple DAQ laptop
(a) (®)

Figure 14. (a)Antenna sensor fabricated on Rogers 3210 printed circuit board (PCB) using a print-etching technique;
and (b) experimental setup for characterizing the antenna sensor.
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temperature was first establishing from the measurements using nonlinear regression algorithm. Based
on this relationship, the ash thickness and temperature can be inversely determined from the antenna
resonant frequency shifts. In addition, the dielectric constant of the ash layer at different temperature
was determined by correlating the measured thermal response of the antenna sensor with simulations.
As a result, the temperature dependency of the ash dielectric constant was characterized.

Results and discussions: the measured antenna frequencies to the simultaneous effects of
temperature and ash accumulation are plotted in figure 15a and 15b. The fio and fo1 antenna frequencies
decreased with ash build-up under constant temperature but the relationships are not linear. At constant
ash thickness, the fio and fo1 antenna frequencies increased linearly with an increase in temperature. By
fitting the antenna resonant frequencies as functions of the superstrate thickness and temperature, these
two parameters were inversely determined from the measured antenna frequencies. Figure 16 presents a
comparison between the ash thicknesses and temperatures inversely determined from the antenna sensor
frequencies and the actual inputs (i.e., temperature and ash thickness). The measurement uncertainties
were determined to be +£0.58°C and +£58.05 um for temperature and superstrate thickness, respectively.

The dielectric constant of the ash was found to be 2.64 at room temperature and its TCDx was found to
be 918 ppm/°C.
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Figure 15. The measured effects of ash accumulation and temperature changes on the (a) fio and (b) foi
frequencies of the antenna sensor.
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Figure 16. A comparison between ash thickness and temperature inversely determined from the antenna sensor
frequencies and the actual inputs: (a) temperature, and (b) ash thickness.
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Conclusions: the dielectric constant of ash is highly dependent of coal and the combustion condition,
this study validated a methodology to measure the dielectric constant of ash under different temperatures
and ash thicknesses. Potentially, this approach can be extended for monitoring the combustion process
based on the changes in the dielectric constant of ash.

4. Fabricate antenna sensors from high-temperature materials

By removing electronics from the wireless sensor nodes, the maximum operating temperature of the
antenna sensor is no longer limited by the electronics but the dielectric and conductive materials. In this
study, we investigated implementing the antenna sensors using high-temperature materials. Platinum
paste was tape casted on alumina substrates based on the designed patterns, followed by drying and
firing. To control the dimension of the antenna pattern, laser machining was employed to trim the pasted
pattern. In addition, sensor implementation using commercial metalized alumina substrates was also
explored. The thermal response of the antenna sensor fabricated on alumina substrates was characterized.

4.1. Fabrication of antenna sensors using platinum paste and alumina substrate

Experimental Methods: designed patterns were cut on non-residual adhesive sheets. Commercially
available alumina substrates were thoroughly cleaned with de-ionized water, followed by acetone, then
isopropyl alcohol, and de-ionized water again as the final cleaning step. All cleaning steps were done in
an ultrasonic cleaner. Afterwards, the substrates were fully dried in an oven. The patterned adhesive

(d)

Figure 17. (a) Alumina substrate ultrasonic cleaned and dried; (b) dried platinum paste after 80°C overnight; (c) front
patterns of platinum coating after firing; and (d) back electrode after firing.
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sheets were carefully applied on the clean alumina substrate surface without trapping any bubbles inside.
Alumina substrate was placed on the vacuum stage of the tape caster. Platinum paste was applied on the
surface using a wide blade. After a smooth layer of platinum paste was applied on the alumina substrate,
the sample was left on the stage and cured for 4 hours with a cover to prevent particles in the air from
contaminating the platinum paste. In the next step, the adhesive mask was removed and the sample was
dried at 80°C on the heating stage of the tape caster overnight. The sample was further dried in a furnace
at 100°C for 10 minutes and fired at 1000°C for 10 minutes. The heating rate was controlled at 8°C/min
in both ramping steps. Finally, the sample was cooled down with the furnace. Figure 17 shows the sample
conditions at different steps of the experiment.

Defects on the sample surface were characterized using a white light interferometry surface profiler.
As shown in figure 18, two kinds of defects were observed. In figure 18(a), there are scattered small
pores presumably due to the sintering of platinum particles during the firing of platinum paste. In figure
18(b), a large pore was observed, this probably resulted from the paste inhomogeneity, or the dust on the
alumina substrates before applying paste.
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Figure 18. Defects observed in fired platinum on an alumina substrate; (a) small pores and (b) a large pore.

(a) (b)
Figure 19. High-temperature antenna sensor fabricated using alumina as the substrate and platinum as conductors:
(a) before laser machining; and (b) after laser machining.

Antenna sensor

Furnace Thermocouple

Cable to VNA

Figure 20. Experimental set up for thermal testing of a high-temperature antenna sensor fabricated on a 1.2 mm thick
alumina substrate using platinum as the conductor.
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Due to these defects, we added margins to the designed antenna pattern and used laser machining to
trim the edges of the pasted pattern. Figure 19 shows the antenna sensor fabricated on alumina and
platinum. As shown in figure 19a, the masked used to paste the platinum has a larger offset to
accommodate for fabrication limiations. Laser machining was used to obtain the antenna sensor shape
from the tape-casted platinum and the results are shown in figure 19b. The temperature sensitivity of the
fabricated sensor was evaluated using the experiment setup shown in figure 20. An OMEGA T-type
thermocouple was placed adjacent to the antenna sensor for temperature monitoring. The furnace was
set to heat up at a rate of 2°C/minute up to 150°C given the temperature limitation of the wire used for
S11 measurments of the antenna sensor. The Si1 parameters were acquired using a VNA set with a 10
kHz resolution.

Results and discussions: figure 21 presents the S-parameter measurements of the fabricated antenna
sensor. The Si1 parameter shown in figure 21a confirms that the antenna does resonate at 2.95 GHz, and
it is in a good agreement with the design frequency of 3 GHz. Based on the S21 parameter shown in
figure 21b, the gain of the antena sensor was measured to be 3.3 dBi — a significant improvement from
previous measurements of -9 dBi without laser machining. Converting the measured Si1 parameters to
the time domain signal, we see that the sensor signal arrives at approximately 3.5 ns as shown in Figure
21c, and it is in good agreement with the design requirement of at least 3 ns of delay time.
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Figure 21. Characterization of the antenna sensor fabricated on an alumina substrate using platinum as conductor: (a)
S11 measurement; (b) S;; measurement; and (c) time-domain representation of S11 measurement.

20



160 r . 0

—40
50
140 = 60
—70
120 80
Q g-10 —?go
£ 100 P 10
g s —120
2 80 £ 130
g = —140
(V] Q
= -20 150
60 &~
40 -25
20" . . 230 . . |
0 10 20 30 40 50 60 70 2.85 2.9 2.95 3 3.05
Time (min) Frequency (GHz)
(a) (b)
0
-1000
-2000
y=-T1.74x
23000 f R> = 0.9999
E 4000 -
NS
& -5000 -
=l
-6000
-7000 |
-8000 |
29000 ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 120
Temperature change (°C) (C)

Figure 22. Experimental results obtained from antenna sensor fabricated from an alumina substrate and platinum
paste: (a) thermocouple temperature reading; (b) effect of temperature on the S, parameters of the antenna sensor; and
(c) normalized resonant frequency shift with temperature.

Figure 22 presents the measurement results obtained from the thermal testing of the antenna sensor.
As shown in figure 22a, the maximum temperature tested was 150°C, again limited by the coaxial cable.
As temperature increase, the S11 curves of the antenna sensor shift to the left; this indicates a decrease in
the resonant frequency of the antenna sensor. Plotting the normalized frequency shift versus temperature
in figure 22¢, the measured temperature sensitivity is determined to be -71.71 ppm/°C, corresponding to
an extracted TCDxk of 127.5 ppm/°C for the alumina susbtrate. The measurement displayed excellent
linearity with an R? value of 0.9999.

Conclusion: antenna sensors were fabricated by tape casting platinum paste on alumina substrates.
By controlling the experiment details carefully, samples with tolerable defects can be fabricated. To
achieve precise antenna pattern, margins were added to the designed patterns and edges were
smoothened by subsequent laser cutting. Thermal testing of the fabricated antenna sensor confirmed that
the antenna resonant frequency shifted linearly with the temperature increase.
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4.2. Fabrication of antenna sensors using commercial metalized alumina substrates

Although the antenna sensor was succesfully fabricated from high-temperature materials, the cost
of the alumina substrates was relatively high and the yield of the tape casted platinum layer with
tolerable defects was low. To reduce the fabrication cost, we explored commercial high-temperature
printed circuit board for the antenna sensor implementation.

Experimental methods: Rogers Curamik was selected as the high-temperature commercial
substrate for sensor implementation. It is made of Al2O3 with a coefficient of thermal expansion of 6.8
ppm/K specified in the 20-300°C range. The dielectric constant of the substrate is 9.8. The sensor was
designed to operate at a frequency of 2.5 GHz and has a transmission line designed to provide 3.5 ns
delay to separate the sensing signal from the background clutter. Given the desired resonant frequency
and the parameters of the available susbtrate, the sensor dimensions were designed to be 19 by 26 mm?
(see Figure 23). The sensor was fed by a 50 Ohm microstrip transmission line with a trace width of 1
mm. Since the substrate is only available in the size of 5.5 by 7.5 in?, we used a meandering transmission
line rather than a straight transmission line to ensure the required delay could be provided. The edges of
the meandering line were chamfered to avoid discontinuities. Figure 23 presents the dimensions of the
antenna sensor as well as the meandering line. Figure 24a and 24b show the simulated Si1-parameter of
the sensor and its corresponding time-domain signal, respectively. The simulated antenna frequency and
its arrival time of 3.5 ns agree well with the initial design. The sensor was fabricated and subjected to
temperature up to 120°C so its temperature sensitivity could be determined. In theory, the normalized
resonant frequency shift of the antenna sensor depends on the TCDk and the coefficient of thermal
expansion (CTE), i.e. df/f = - (TCDk/2 + CTE) dT. Since the substrate manufacturer didn’t provide the
TCDk value, it had to be extracted experimentaly. To ensure the sensitivity of the antenna sensor could
be accurately captured, a literature search was conducted. It revealed that there wasn’t any definite value
for the TCDk for alumina as it also depends on the manufacturing process and the purity of alumina.
However, all literature showed that the TCDk of alumina is positive. With a CTE of 6.9 ppm/°C, we
expect at least -35 ppm frequency shift for a 5°C change. With a design frequency of 2.5 GHz, this is

F719*>

- a2

Figure 23. Design of a 2.5 GHz antenna sensor on a 1 mm thick alumina substrate with a copper conductor.
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Figure 25. Experimental set up for thermal testing of an antenna sensor fabricated from commercial metalized
alumina substrate Curamik.

equivalent to more than 90 kHz frequency change. Therefore, the VNA resolution was set to have a
resolution of 10 kHz. Figure 25 presents the experimental set up to determine the temperature sensitivity
of the antenna sensor fabricated on Curamik. Temperature was measured using a T-type thermocouple
from OMEGA. The S11 parameters were acquired using a VNA set to sweep from 2.38 GHz to 2.68 GHz
with a frequency resolution of 10 kHz. The furnace was set to heat up the sensor at a rate of 2°C/minute.

Results and discussions: Figure 26 presents the experimental results. The measurements display
excellent linearity with an R* value of 0.9999. The temperature sensitivity of the antenna resonant
frequency was measured to be -63.59 ppm/°C. This corresponds to a TCDk of 114 ppm/ °C over the
measured range. The measurement error is +£0.3°C and it is well within the thermocouple error of £0.5°C.
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Figure 26. Linear relationship between the normalized resonant frequency shift and temperature, obtained from the
antenna sensor fabricated on commercial metalized alumina substrate Curamik.

Conclusions: we have fabricated antenna sensors on alumina substrates either using platinum paste
or commercial metallization and characterized the temperature response of the antenna resonant
frequency using wired connections. In both cases, a linear relationship between the temperature and
antenna resonant frequency was validated. We will finalize the design of the UWB TxRx antenna on
Curamik to demonstrate wireless sensing using the antenna sensor at higher temperatures.
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Far-Field Interrogation of Microstrip Patch Antenna
for Temperature Sensing Without Electronics

Jun Yao, Student Member, IEEE, Franck Mbanya Tchafa, Student Member, IEEE, Ankur Jain,
Saibun Tjuatja, Senior Member, IEEE, and Haiying Huang, Member, IEEE

Abstract— Temperature sensing without electronics is demon-
strated through wireless interrogation of passive antenna-sensors.
The sensor node is equipped with an ultra-wide-band microstrip
antenna as the transmitting/receiving (Tx/Rx) antenna and a
microstrip patch antenna serving as the temperature-sensing
element. A microstrip transmission line connecting the Tx/Rx
antenna and the antenna-sensor delays the signal reflected from
the sensing element and thus separated it from the background
clutter. The operation principle of the wireless sensing scheme
is first discussed, followed by the design and simulations of
the sensor node circuitry. A digital signal processing algorithm
that extracts the antenna resonant frequency from the wirelessly
received signal is also described. Temperature tests were con-
ducted to validate the performance of the wireless antenna sensor
inside an oven.

Index Terms— Wireless interrogation, passive wireless sensor,
temperature sensor, UWB antenna, antenna-sensor, condition
monitoring.

I. INTRODUCTION

EMPERATURE sensing is important inside many indus-

trial production environments to optimize their opera-
tion parameters and to ensure safety. Due to their harsh
environments, conditioning monitoring of these machines is
extreme challenging. Wired temperature sensors, such as ther-
mocouples [1] and optical fiber sensors [2] are commonly
used. However, cables and connectors that can sustain high
temperatures are expensive and prone to failure [3]. Various
wireless temperature sensing techniques have been developed
in recent years to eliminate the wiring requirements. Base
on their configurations, wireless temperature sensors can be
classified into two categories: the ones with electronic chips
on board (i.e. the chip-based wireless sensors) or the ones
without any electronic chips (i.e. the chipless wireless sen-
sors). Most chip-based wireless sensors are designed based on
the Berkeley mote platform [4], in which a microcontroller
controls the data acquisition, signal processing, as well as the
wireless data transmission [5], [6]. As such, these wireless
sensors also need an on-board battery to power the micro-
controller and the associated peripherals. Another group of
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chip-based wireless sensors is based on the Radio Frequency
Identification (RFID) technology. A Wireless Identification
and Sensing Platform (WISP) were presented in [7]. Similar to
the mote-based wireless sensors, the WISP acquires the analog
outputs of external sensors and converts them into digital data.
The digital sensing data are then wirelessly transmitted by
modulating the backscattered interrogation signal. As such,
the WISP does not have a wireless transmitter on board and
thus can operate on energy harvested from the interrogation
signal. The power consumption of the RFID-based temperature
sensors can be further reduced by implementing a complemen-
tary metal-oxide semiconductor (CMOS) temperature sensor
that directly modulates the backscattered signal without any
digitization [8]. One common limitation of the chip-based
wireless sensors is that they can only operate at temperatures
below the temperature limit of the electronic chips. At higher
temperatures, chipless wireless sensors are the only feasible
solution. Reindl and Shrena [9] demonstrated a remote temper-
ature sensing system using a Surface Acoustic Wave (SAW)
sensor and a passive dipole antenna, in which a radio fre-
quency (RF) signal is received by the antenna and passed on to
an interdigital transducer (IDT) to generate SAWs in the piezo-
electric substrate. A reflector placed at a distance from the IDT
reflects the SAWSs back to the IDT, which is subsequently con-
verted to RF signals and retransmitted by the dipole antenna.
Temperature is then measured from the SAW speed that is
extracted from the wirelessly received signal. The low oper-
ation frequency of the SAW sensors, however, makes sensor
miniaturization extremely difficult. Chipless RFID sensors are
another alternative for passive wireless temperature sensing.
In [10], a resistive temperature sensor was implemented as
the load of a UWB antenna. Due to the impedance mismatch
between the resistive load and the antenna, the amplitude of the
antenna backscattering is modulated as a function of temper-
ature. Unfortunately, the antenna backscattering is also influ-
enced by the distance and orientation between the reader and
the sensor. Therefore, it is difficult to achieve calibrated sen-
sor measurements using such a configuration. Self-calibrated
wireless temperature sensor was achieved by connecting an
RF cavity resonator to an antenna and temperature can be
measured from the shift of the resonant frequency using a
time-domain (TD) gating technique [11]. A dielectric resonator
made of zirconium tintitanate was also studied for wireless
temperature sensing [12]. Since the resonator can retain a
Quality (Q) factor higher than 670 at 700 °C, far-field sensing
of its resonator frequency up to 1.2 m was achieved. The major
limitation of a dielectric resonator is that its Q factor decreases
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as the temperature increases [12], [13]. Thus, the radiated
power from the resonator decays quickly at higher tempera-
tures, which makes far-field sensing difficult. Besides, a dielec-
tric resonator is usually quite bulky. Another chipless wireless
temperature sensor is the coupled Inductive-Capacitive (LC)
resonance sensor [14], [15]. Temperature affects the resonant
frequency of the LC sensor and its frequency can be wirelessly
detected via inductive coupling between the sensor and the
reader coils. The interrogation distance of LC resonant sensors,
however, is only a few centimeters since the coils of the sensor
and reader have to be placed in the near fields of each other.

Significant researches have been conducted on the
antenna-sensor technology due to its planar configuration, low-
cost, passive operation, and multi-modality sensing capabili-
ties [16]. Since the antenna-sensor has a simple and conformal
planar configuration, it can be easily attached on the struc-
ture surfaces for Structure Health Monitoring (SHM) [17].
Several wireless interrogation techniques have been devel-
oped for the antenna sensors, including normalized Time
Domain Reflectometry (TDR) [18] and RFID-enabled tech-
niques [19]-[21]. High-speed wireless interrogation of the
antenna-sensor was achieved using an amplitude modula-
tor and a Frequency Modulated Continue Wave (FMCW)
interrogator [22]. Similar to the RFID sensors, the wireless
interrogation mechanisms developed so far require electronics
in the sensor node, which limits their applications in high-
temperature environments. In order to use an antenna-sensor
for high temperature sensing, wireless sensor nodes without
electronics have to be developed. A near-field interrogation
mechanism for a chipless antenna-sensor was proposed in [23].
The patch antenna-sensor was directly interrogated without
using any electronics. However, since the patch-antenna has a
relative low Q factor [24], the maximum wireless interrogation
distance achieved was only 5 cm.

In this study, far-field interrogation of an antenna-sensor
without electronics was demonstrated for temperature sensing.
The sensor node consists of a microstrip patch antenna serving
as the temperature sensing unit [25] and a UWB transmitting/
receiving (Tx/Rx) antenna with a Reactive Impedance Sur-
face (RIS) ground plane [26], [27]. While other passive
wireless sensors usually have an antenna as a data commu-
nication device, to the best of our knowledge, the presented
work is the first in employing the microstrip antenna as
a wireless temperature sensing element. By doing so, the
entire sensor node can be implemented on a commercial
printed circuit board (PCB) using simple fabrication tech-
niques such as chemical etching. The temperature information
is encoded in the signals backscattered by the antenna sensor
and a TD gating technique is developed to extract the reso-
nant frequency of the antenna sensor from the backscattered
signal.

II. PRINCIPLE OF OPERATION

A. Patch Antenna for Temperature Sensing

Assume a rectangular patch antenna operates in the TMyjg
mode, its resonant frequency f.s can be calculated based on
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Fig. 1. Block diagram of the wireless temperature sensing system.

the transmission line model [28], i.e.

fres =

Cc

2Le /&7
where ¢ is the speed of light and ¢, is the dielectric constant
of the substrate material. L, is the electrical length of the
patch antenna, which equals to the physical length L of the
radiation patch approximately, i.e. L, &~ L. The resonant
frequency variation Jf;es can then be expressed in terms of the
changes in the substrate dielectric constant &, and the patch
length L as
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We can also derive from equation (1) that
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Substituting equations (3) and (4) into (2) and normalizing the
resonant frequency shift with the antenna’s resonant frequency,
we obtain

5fres = oL. (2)

and
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Sres 2 & L
For the purpose of temperature sensing, equation (5) can be
expressed in terms of temperature change 07 as

5 1 1
fres _ ——0.0T — apdT = (—Eag — aT) 6T = K74T,

fres 2
(6)

where a, is the thermal coefficient of the substrate dielectric
constant; ar is its coefficient of thermal expansion. K7 is
defined as the temperature sensitivity of the normalized fre-
quency shift and is a linear function of a, and ar.

B. Wireless Interrogation Based on Antenna Backscattering

The wireless sensing system can be separated into two
subsystems: a wireless interrogator and a passive wireless
sensor node, as shown in Fig. 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
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to receive the wide band interrogation signal from the inter-
rogator and re-broadcast the signals reflected by the antenna
sensor (i.e. the antenna sensor backscattering) back to the
wireless interrogator. To avoid the self-jamming problem [16],
the microstrip transmission line is used to introduce a time
delay between the background clutter, including the Tx/Rx
antenna backscattering, 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, i.e. the S21 para-
meter, between the two interrogation antennas. A linear chirp
interrogation signal was generated and broadcasted to the
passive wireless sensor through the interrogation antenna
connected to port 1 of the interrogator. This 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 Friis equation as

) 4
P = P;G,';G,‘rG? (m) S11La, @)

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 inter-
rogator Tx/Rx antennas; Gy is the radiation gain of the UWB
sensor antenna; A is the wavelength of the interrogation signal;
S11 is the reflection coefficient of the antenna-sensor and L is
the loss introduced by the delay line. The minimum detectable
power of the wireless interrogator can be expressed as [11]:

Prmin=E-B-F-SNR, (8)

where E is the thermal energy; Bis the bandwidth of the
receiver; Fis the noise figure of the interrogator receiver
and SNR is the required signal to noise ratio for this
system. Substituting (7) into (8), the theoretical maximum
interrogation distance can be calculated as

©)

dmax =

1
i PththrG%SHLd 4
4z E-B-F-SNR ’

Based on equation (9), the maximum interrogation distance
is estimated to be 2.25 m assuming a transmitted power of
10 dBm, E = 4 x 102! J, B = 0.8 GHz, SNR = 20 dB,
G, = 12 dBi, G4 = 12 dBi, G, = 4 dBi, L; = —1 dB,
S11 = —10 dB, F =1 dB, and a wavelength of 0.12 m.
Once the interrogator receives the backscattered signals,
including the antenna sensor backscattering and the
background clutter, it is processed by a digital signal
processing (DSP) program to separate the antenna sensor
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Fig. 2. Physical dimensions and feeding structure of the designed microstrip
antenna-sensor.

backscattering from the background clutter. Frequency analy-
sis can then be performed on the antenna sensor backscattering
to extract the resonant frequency of the antenna sensor.

ITI. SENSOR NODE IMPLEMENTATION
A. Design of Temperature Antenna-Sensor

A commercial high frequency circuit laminate, Rogers
RO3210 [29], was selected as the substrate material for the
wireless sensor because of its high thermal coefficient of
dielectric constant a,, which is —459 ppm/°C in the tempera-
ture range from 0°C to 100°C. Compare to o, its thermal
expansion coefficient at of 13 ppm/°C is much smaller.
Based on equation (6), the theoretical temperature sensitiv-
ity of the normalized frequency shift K7 is calculated to
be 216.5 ppm/°C. Since RO3210 is a ceramic-filled laminates
reinforced with woven fiberglass, its operation temperature is
limited by the transition temperature (Tg) of the fiberglass,
which is 350°C.

The radiation patch of an antenna-sensor with a designed
frequency of 2.45 GHz is shown in Fig. 2. The radiation
patch is fed with a 50 Q microstrip transmission line to excite
the fundamental radiation mode along the width direction.
In order 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 to be
at 7.04 mm above the bottom edge of the radiation 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.

To confirm the antenna design, a three-dimensional (3D)
model of the designed antenna-sensor was developed in High
Frequency Structure Simulator (HFSS). For a substrate dielec-
tric constant of 10.8 at room temperature (20°C), every 20°C
increase in temperature will reduce the dielectric constant by
10.8*459 ppm/°C * 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 tem-
perature and are plotted versus the temperature in Fig. 3.
The simulated curve displays a high degree of linearity
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Fig. 5. Time domain signal converted from the measured S11 parameter of

the fabricated antenna-sensor with the delay line.

(coefficient of determination R?> = 0.995) and the resulting
temperature sensitivity Kr, i.e. the slope of the trend line,
is 192.3 ppm/°C, which is slightly lower 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 shown in Fig. 4. In order
to characterize the round-trip time delay caused by the delay
line, a 50 Q Subminiature version A (SMA) connector was
soldered on the end of delay line. The S11 parameter of
the fabricated antenna-sensor was firstly measured using a
Vector Network Analyzer (VNA) and then converted to the
time domain response represented in Fig. 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.
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B. Design of UWB Tx/Rx Microstrip Antenna

To implement the entire sensor node on printed circuit
boards, 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 Q microstrip transmission line, as shown in Fig. 6(a).
The ground plane, on the other hand, has a grid pattern with
periodically crossed gaps that divide the metallic ground into
small square patches (see Fig. 6(b)). The patterned ground
plane and the rectangular radiation patch can be considered as
a type of metamaterial, namely a RIS structure that acts like a
parallel LC resonant circuit [27]. The resonant frequency frrs
of the LC circuit can be 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 capaci-
tor Xc, i.e.

Zic = j%, (10)
where X; and X can be calculated as
X1 = Zgtan(kd) (11)
and
X, - K (21/22) 1)

2 fe x+J1—(Z1)Z2)* x (Z — Zl).

In which, Z; and k are the wave impedance and the
propagation constant of the substrate material, respectively;
d is the substrate thickness; Z; andZ;, as shown in Fig. 6(b),
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Fig. 7. Comparison between the simulated and measured S11 parameter of
the UWB Tx/Rx antenna.

define the vertical coordinates of the strip edges; the func-
tion K() is a complete elliptic integral which is defined
in [26]. The RIS structure is inductive at frequencies below
frrs while the radiation patch becomes capacitive below its
resonant frequency fparcn. Therefore, by setting frys higher
than fpq.cn, 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 broaden the bandwidth of the
antenna [27].

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 fpuch
was chosen to be at 3.8 GHz and the resonant frequency of the
RIS structure frrs was selected as 4.2 GHz, which is slightly
higher than fpu.cn. Base on the properties of the substrate
material and the selected fr;s, the dimensions of the patterned
ground, i.e. Z; and Z,, can be calculated to be 1.2 mm and
7.7 mm, respectively, using equation (10), (11) and (12).

The pictures of the radiation patch and the patterned ground
plane of the UWB Tx/Rx antenna, fabricated using the chem-
ical etching technique, are shown in Fig. 6(c) and 6(d).
The S11 parameter of the fabricated antenna was mea-
sured and compared with the simulation results in Fig. 7.
The bandwidth of the UWB Tx/Rx antenna, determined at
the —10 reflection coefficient, is 1.6 GHz (i.e. from
1.9 to 3.5 GHz), which matches with the simulation very well.
Compare to the conventional patch antenna, the —10 dB opera-
tion bandwidth of the metamaterial antenna increases by more
than 100 times. The gain of the Tx/Rx antenna, measured using
a two-port transmission test, is shown in Fig. 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. Due to its flat
gain and wide bandwidth, the temperature sensitivity of the
Tx/Rx antenna will have very little effect on the measurement
of the antenna sensor resonant frequency.

After validating the performances of the antenna sensor
and the Tx/Rx antenna separately using SMA connectors,
both antennas were integrated on one RO3210 laminate by
connecting them using a 200 mm microstrip transmission line.
The entire sensor node was fabricated using chemical etching
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Fig. 9.  Fabricated wireless temperature sensor node: (a) top view and
(b) bottom view.

Fig. 10. Experimental setup for thermal testing.

and the pictures of its front and back surfaces are shown
in Fig. 9.

IV. INSTRUMENTATION AND EXPERIMENTAL SETUP
A. Hardware Setup

The experimental setup for validating the temperature sens-
ing capability of the antenna sensor as well as its wireless
interrogation is shown in Fig. 10. The sensor node was placed
inside an oven so that the environment temperature can 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 convection so that a stable
temperature can be maintained inside the oven. The insulation
element of the oven is made of a high temperature material that
has a dielectric constant similar to air. Therefore, the insulation
material will not introduce any additional changes on the
phase or amplitude of the interrogation signal. The wireless
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Fig. 11.

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 co-axial cables so that the transmitting
S-parameter, i.e. the S21 parameter, can be acquired. The VNA
was calibrated up to the feeding points of the interrogation
antennas, which was 30 cm from the aperture of the interro-
gation antenna. Therefore, the wireless transmission distance
between the feeding points of the integration antennas and the
sensor node was 90 cm.

The sensor node was placed near the entrance of the temper-
ature oven, as shown in Fig. 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 S21 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
S21 parameters were recorded every 2.3 seconds. At the
meantime, the thermocouple readings were recorded every
0.1 second. Both recorded data were time stamped for easily
correlation between the thermocouple readings and the reso-
nant frequency extracted from the S21 parameters.

V. DIGITAL SIGNAL PROCESSING

A DSP algorithm was developed to extract the resonant
frequency of the antenna-sensor from the measured S21
parameters. The flow chart of the DSP algorithm is shown
in Fig. 12(a) and the signals corresponding to each block
are shown sequentially in Fig. 12(b). First, the acquired S21
parameter, which has a frequency range from f; to f3,
is zero padded from the direct current (DC) frequency
(i.e. 0 Hz) to f1. The zero-padded S parameter is then
converted to a time-domain signal using Inverse Fast Fourier
Transform (IFFT) [30]. As shown in Fig. 12(b), the resulting
time-domain signal displays two major wave packets that
correspond to the structural backscattering and the antenna
sensor backscattering. Both wave packets have small side
lobes, which can be reduced by windowing before the IFFT.
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Nonetheless, the presents of the side lobes will not have an
effect on determining the frequency of the antenna sensor
backscattering. Even though the signals backscattered by the
Tx/Rx antenna and the surrounding structures usually have the
largest amplitude, they appear at a different time span from
that of the antenna sensor backscattering. Therefore, a gating
window can be applied to the time domain signal to extract
the antenna sensor signal. Since the time-gated signal will only
contain signals that are reflected at or near the feeding point
of the antenna sensor, the time gating process also eliminate
reflections at other locations along the transmission delay
line due to temperature gradient, etc. Subsequently, the gated
signal is converted back to the frequency domain using Fast
Fourier Transform (FFT) and the resonant frequency of the
antenna-sensor can be determined as the frequency at which
the reflection coefficient has the lowest value.

VI. RESULTS AND DISCUSSIONS

The time-domain representation of a typical S21 parameter
is shown in Fig. 13. Time “0” corresponds to the feeding point
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Fig. 15. Spectra of the gated time-domain signals at different temperatures.

of the transmitting interrogation horn antenna. The first wave
packet arrives at around 2 ns, which corresponding to a round
trip distance of 0.3 m in 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 air and thus 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 with
the delay time introduced by the transmission line very well. In
addition, we can also determine the antenna sensor backscat-
tering 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 have frequency components over
the entire interrogation bandwidth. As shown in Fig. 14, the
spectrogram of the backscattered signal, calculated using Short
Time Fourier Transform (STFT), has a low energy band 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 are spread over large frequency spans. Therefore,
we can easily determine that the starting and stopping time
of the time gating window should be at 9.5 ns and 12.5 ns.
The frequency spectra of the time gated signal at different
temperatures are shown in Fig. 15. The resonant frequency
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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 versus the temperature change measured
from the thermocouple in Figure 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 normal-
ized deviation between the simulated and experimental K7
is 1.39%.

VII. CONCLUSION

In this paper, a wireless temperature sensor consisting of
only microstrip circuit elements and has no other electronic
components is demonstrated. A wireless interrogation system
that is capable of 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 functional-
ities of the wireless sensor and its interrogation system. The
measured temperature sensitivity of 195.13 ppm/°C matches
very well with the theoretical prediction. We selected the
patch antenna as the sensing element in this study primarily
because of its unique advantages, such as easy of fabrication,
multi-sensing modality, etc. However, the presented technique
can be applied to any other temperature sensitive microwave
resonators as well. In the future, an alternative wireless
interrogator will be investigated to reduce the interrogator
cost and to increase the interrogation speed. In addition, a
commercial PCB substrate was selected in this study for
the proof-of-concept purpose. We are currently exploring
customized high-temperature PCB material to increase the
operation temperature of the wireless antenna sensor.
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Abstract
A patch antenna, consisting of a radiation patch, a dielectric substrate, and a ground plane,
resonates at distinct fundamental frequencies that depend on the substrate dielectric constant and
the dimensions of the radiation patch. Since these parameters change with the applied strain and
temperature, this study investigates simultaneous strain and temperature sensing using a single
antenna that has two fundamental resonant frequencies. 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. An inverse method was developed to
determine the strain and temperature changes from the normalized antenna resonant frequency

shifts, yielding measurement uncertainty of 0.4 °C and 17.22 pe for temperature and strain

measurement, respectively.

Keywords: antenna sensor, temperature—compensated, strain sensor, temperature sensor,

structural health monitoring, wireless sensor

(Some figures may appear in colour only in the online journal)

1. Introduction

Patch antennas have been studied not only for wireless
communication, but also for structural health monitoring
(SHM) [1, 2]. SHM is a vital technology that implements real-
time condition monitoring or damage detection mechanisms
for safety assurance of structural systems such as aircraft,
power stations, bridges, dams, buildings, large machinery, etc
[3]. Without proper and timely maintenance, mechanical
systems are prone to structural failures since they experience
several detrimental factors such as harsh environments,
excessive loads, vibrations, fatigue, etc. Monitoring strain is
essential for tracking these factors and for providing early
warning to prevent structural failures.

A review of various strain sensing mechanisms is pre-
sented in [4]. The most commonly used strain sensors are the
piezoresistive thin film strain gauges [5]. Strain is measured
from the minute change in the resistance of the thin film strain

0964-1726/18,/065019+10$33.00

gauge using a Wheatstone bridge circuit as a signal condi-
tioner. Since the resistance of a strain gauge is also sensitive
to temperature, a reference gauge is usually placed adjacent to
the strain gauge to provide temperature reference so that the
thermal contribution to the resistance change can be removed
from the strain measurements [6]. Although thin film strain
gauges have a long history of effective use, measurement
errors are still possible due to slight differences in the length
and even in the tensions of the electric wires connecting the
strain gauge output to the Wheatstone bridge [7]. While
Wheatstone bridge embodiments that reduce lead wire effects
exist, they add complexity in the signal conditioning circuitry
and/or need additional lead wires [8]. Due to these reasons,
piezoresistive thin film strain gauges are not favorable for
SHM applications since a network of distributed sensors is
usually required for reliable and comprehensive condition
monitoring. The weight penalty and the complexity asso-
ciated with the wiring of piezoresistive strain gauges render

© 2018 IOP Publishing Ltd  Printed in the UK


https://orcid.org/0000-0003-2527-8343
https://orcid.org/0000-0003-2527-8343
https://orcid.org/0000-0003-0484-7615
https://orcid.org/0000-0003-0484-7615
mailto:huang@uta.edu
https://doi.org/10.1088/1361-665X/aabd47
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-665X/aabd47&domain=pdf&date_stamp=2018-05-08
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-665X/aabd47&domain=pdf&date_stamp=2018-05-08

Smart Mater. Struct. 27 (2018) 065019

F M Tchafa and H Huang

the realization of large sensor networks unpractical. Optical
fibers with inscribed Bragg gratings have been used as strain
sensors for many SHM application due to their light weight,
compact size, multiplexing capability, and immunity to
electromagnetic interference [9-12]. Since most of these
optical fiber sensors rely on a single spectral parameter (i.e.
the Bragg wavelength) that is sensitive to both strain and
temperature, it is difficult to differentiate the effect of temp-
erature and strain on the Bragg wavelength. To solve this
problem, Singh et al have employed the spectral bandwidth as
a measurand in addition to the Bragg wavelength [12]. Even
though optical fiber sensors have been implemented in var-
ious SHM applications, they do have intrinsic drawbacks such
as fragility, limited strain range, expensive interrogation
equipment, etc [13].

Wireless sensing is becoming increasingly popular as it
eliminates the high maintenance cost typically associated with
cable connections [14]. One example of passive wireless
sensing is the radio-frequency identification (RFID) technol-
ogy. A typical RFID system consist of a reader and a tag.
Tags can be classified as passive or active based on the
working mechanism and power requirements [15-17]. Pas-
sive tags are the least complex and cheapest as there is no
internal power supply; the circuitry is energized by the
electromagnetic (EM) field transmitted by the reader antenna
[15]. Passive RFID sensors can be divided into chip-based or
chipless RFID sensors based on whether there is an onboard
integrated circuit (IC) chip. In recent years, chip-based RFID
sensors have been proposed for temperature sensing [18—23]
and for strain sensing [24-29] but not for simultaneous
measurements of both parameters. Bhattacharyya et al mea-
sured the changes in temperature by monitoring the power
backscattered by the tag [19]. Sample et al developed a
wireless identification and sensing platform to enable an
RFID tag to interrogate different sensors for sensing temp-
erature, voltage levels, light, etc [20]. Occhiuzzi et al
employed a meandering line antenna in an RFID tag for strain
measurement [30]. The dimensions of the antenna change
with the applied strain, which in turn cause 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 power of the backscattered signal [29]. One of the
limitations of RFID based wireless sensor is that the size of
the RFID tag 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 strain was extracted from the measured resonant
frequency of the antenna [24]. Further reduction in the size of
the RFID antenna was achieved by adding slots to the
radiation patch [27]. 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 et al
proposed a rosette configuration made of three antenna sen-
sors for measuring multi-axial strain fields [28]. Despite these
advances, the major drawbacks of RFID sensors, e.g. the large
antenna sizes and the slow interrogation speed, still remain.

Moreover, RFID sensors can measure either temperature or
strain because they are interrogated at one single frequency.

Chipless RFID tags eliminate the IC chip and either use
the length of the delay line or multiple resonators for tag
identification purpose [31, 32]. Girbau ef al realized passive
temperature sensing based on time-coded chipless RFID tags.
It comprised of an ultra-wideband antenna connected to a
delay line loaded with a resistive temperature sensor [32].
Preradovic et al presented a chipless RFID sensor with an
integrated thermistor for temperature sensing [31]. In both
cases, variations in temperature will cause a change in the
resistance of the sensor. The resulting impedance mis-match
between the tag antenna and the sensor in turn changes the
backscattered power. Since a sensor element has to be
implemented in these chipless RFID tags, they lack the ability
to sense more than one parameter. To circumvent these
challenges, Karmakar proposed the use of smart materials
rather than external resistors [33]. The proposed sensor
employs two spatially separated electric-inductive-capacitive
resonators for multiple parameters sensing. To differentiate
different sensing parameters, the resonators were coated with
smart materials that were tailored to measure a specific
parameter; one resonator was coated with polyvinyl alcohol
for relative humidity sensing while the other resonator was
coated with 0.2mm thick phenanthrene for temperature
detection. However, the problem of cross-sensitivity between
these two parameters was not address in their work. More-
over, coating the resonators with smart materials increases the
thickness and cost of the sensor tag.

Another widely investigated approach for passive wire-
less sensing is the microstrip patch antenna. Microstrip patch
antenna sensors are especially attractive due to their compact
size, light weight, ease of manufacturing, and low fabrication
cost [34]. Moreover, if the antennas are fabricated on flexible
substrates, they can easily conform to nonplanar surfaces
[35-37]. Guo et al proposed a fabrication procedure for
flexible conductive fabric [35]. Based on the realized con-
ductive fabric and waterproof porous film, a flexible antenna
was fabricated and evaluated. It was shown that conductive
fabric could be used for the fabrication of flexible antennas.
The authors work opens doors to flexible antennas for wire-
less wearable electronics applications. In the past, patch
antennas have been studied for temperature sensing [38—42],
and strain sensing [43-51]. These published works, however,
have only demonstrated single modality sensing of either
temperature or strain from one antenna resonant frequency.
Since the antenna resonant frequency depends on the patch
dimensions as well as the dielectric constant, it can be
influenced by both temperature and strain changes [52, 53].
The effects of strain and temperature on the antenna resonant
frequency must be decoupled to measure strain and temper-
ature independently. The easiest way to achieve temperature-
compensated strain measurement is to add a second reference
sensor that is not subjected to strain and thus only responds to
temperature changes. However, such an approach is unat-
tractive for SHM applications as it generally results in an
increase in cost, size, and weight of the sensor. Some
researchers have attempted to minimize the cross-sensitivity
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Figure 1. Configuration of a rectangular patch antenna. The radiation
patch and the ground plane are made of conductive materials.

Dielectric substrate

between temperature and strain by selecting the thermal
coefficient of the substrate dielectric constant accordingly
[38, 39, 54]. Solely interested in temperature sensing, Sanders
et al and Yao et al fabricated the antenna sensors on com-
mercial printed circuit board (PCB) with high thermal coef-
ficient of dielectric constant [38, 39]. As such, the temperature
sensitivity overwhelmed the strain sensitivity in the frequency
response of the antenna sensor. Similarly, Yi et al focused on
strain measurement only, and selected a commercial PCB
with low thermal properties to minimize the problem of cross-
sensitivity between temperature and strain [54].

While antenna sensors have been studied for strain and
temperature sensing separately, simultaneous measurements
of strain and temperature using microstrip patch antenna
sensors have not been investigated so far. In this study, we
demonstrated 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
having a rectangular radiation patch. Based on the transmis-
sion line model, the normalized antenna resonant frequency
shifts were found to be linearly proportional to the strain and
temperature change. By selecting the thermal response of the
dielectric substrate material properly, the theoretical predic-
tion 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 change from
the measured antenna resonant frequency shifts.

2. Principle of operation

A rectangular patch antenna (RPA) is made of a dielectric
substrate sandwiched between two conductive layers, i.e. the
radiation patch and the ground plane, as shown in figure 1. An
RPA possesses two fundamental resonant modes; the TM;q
mode with current flowing along the length direction and the
TMy; mode with current flowing along the width direction of
the radiation patch. Per the transmission line model, the
resonant frequency of the TM;y mode, i.e. the fj, frequency,

can be calculated as

c

T 2L 120D 5

Jio ey

where c, L, and ¢,, represent the speed of light, the length of
the radiation patch, and the effective dielectric constant
respectively [34]. The effective dielectric constant of the
antenna ¢,,, depending on the substrate height £, the width of
the radiation patch W, and the dielectric constant of the
substrate ¢,, can be expressed as

, 1 s — 1
o=t € @

2 2J1+10h/W '

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 ¢,,, W
and 4, i.e.

(&re + 0.3)(W/h + 0.264)

AL =0412h .
(gre — 0.258)(W/h + 0.813)

3)

If the height of the substrate is much smaller than the
radiation patch dimensions (i.e. h < W and h < L), the
effective dielectric constant can be approximated as the di-
electric constant of the substrate (i.e. €,, ~ ¢,). In addition,
the line extension AL can be neglected. In this case,
equation (1) can be reduced to

c

TN

The shift of the antenna frequency &f;o can be expressed
in terms of variations in the patch length L and the substrate
dielectric constant ¢, as

& = Yo s, 4 Yoy 5)

Oe, OL

fio “4)

Of10/0¢, and Ofjo/OL can be derived from equation (4)

as
19) 1 c 1
Gho - _ L - — £ (6a)
Oe, 2¢, 2L [e; 2¢,
and
)
Oho _ 1 _c :_ll()' (6b)
oL L2LJ5;, L
The normalized frequency shift &fio/fio can then be
written as
§ 16, 6L
Sho _ _Loer _ =, (7
Jio 2 & L
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The first term in the right-hand side of equation (7)
represents the normalized dielectric constant change. For
sensing purpose, it is important to select a substrate with a
normalized dielectric constant change that varies linearly with
temperature, i.e.

be,
Er

= a., 6T, ®)
where o is the thermal coefficient of dielectric constant
(TCDy) of the substrate along the length direction [55]. The
second term in the right-hand side of equation (7) can be
further expanded into two parts: the contribution due to
temperature change and the contribution due to applied
mechanical strain, i.e.

oL _ oLy, oL,

L L L
in which 6L./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 oy, we can express 6Ly/L as

; ©))

(SL—T = OZTL(ST. (10)
L
Substituting equations (8)—(10) in (7) gives
0]
@ = —(lozg, + ocTL)éT — & (11
Jio 2

The normalized frequency shift §fy; of the TMy; 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 &fy;/fo1 can be
expressed as

o
& = —(lOéE)_ + OéTw)(ST+ ver,
Jor 2

in which ., and oy are the TCDy and the CTE of the
substrate along the width direction, respectively.
A general form of equations (11) and (12) can be written

(12)

as
1
ﬂ = —KTL(ST — KSLEL (130)
Jio
and
0
A = —KTw(ST + ng€L, (l3b)
Jor

in which K_; and K.y represent the strain sensitivities along
the patch length and width respectively while K;; and Kry
represent the temperature sensitivities along the patch length
and width respectively.

3. Antenna sensor design and fabrication

3.1. Substrate selection and antenna design

The equations derived above provide the theoretical founda-
tion for selecting the substrate material. Since the purpose is

to measure strain and temperature simultaneously, it is
important that the temperature sensitivities Kz; and Ky do
not overwhelm the strain sensitivities K_; and K.y or
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 (PTFE)
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 TCDy is —125 ppm °C~'. The CTE values are
31 ppm °C ™', 48 ppm °C ™!, and 237 ppm °C ! in x-, y-, and
z-direction respectively. Since the TCDy is larger than the
CTE values, the temperature sensitivity of the RPA will be
predominantly contributed by the TCDy. 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 (11), we predict a Kz; 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 ue in strain.
By selecting this substrate, applications are limited to tem-
peratures below 350 °C, which is the glass transition temp-
erature (Tg) of the substrate [56]. The substrate manufacturer
recommends using the substrate up to a maximum temper-
ature of 150 °C for thermo-mechanical stability. It is worth
mentioning that 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 system.
The lowest temperature between these two limits determines
the maximum operational temperature for the sensor. There-
fore, 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 similar thickness [57],
and wireless strain sensing using a substrate of 76 um [44],
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 fo of 5 GHz and f; 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 shown in figure 2. As a result, impedance matching of
only one resonant mode, e.g. the TM ;o mode, can be realized
by adjusting the feeding position x,,. The width of the trans-
mission and thus its impedance was selected taking the fab-
rication limitation and the feeding location into consideration.
In our case, we selected the width of the transmission line W,
to be 0.7 mm, leading to an impedance of 100 2 for the
transmission line. In addition, the transmission line also
serves as a quarter-wave transformer that matches the impe-
dance of the radiation patch to the 50 €2 SubMiniature version
A (SMA) connector. Therefore, its length L, was calculated to
be 11.3mm at the fjy frequency of 5 GHz. Finally, the
impedance of the TM;, mode was calculated from the
impedances of the transmission line and the SMA connector
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Figure 2. Physical design of the antenna sensor edge fed by a
microstrip transmission line.

as 200 €2, based on which the feeding position x, was chosen
to be 3.8 mm [34].

3.2. Sensor fabrication

The antenna sensor was fabricated by print-etching technique.
The sensor pattern was first drawn using a CAD software, and
then printed on a 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 residues.

The antenna sensor was bonded on a dog-bone specimen
using LOCTITE superglue. The dog-bone specimen was
made of aluminum 6061-T6 as per ASTM standard E8 /ESM
—16a. The dog-bone specimen has a thickness, width, and
gauge length of 6.5 mm, 40 mm, and 85 mm respectively. 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 fab-
ricating the antenna sensor was bonded on the back of the
dog-bone specimen. The front and back views of the instru-
mented specimen are shown in figure 3. Thin film strain
gauges (OMEGA SGD5/350 LY13) were bonded on the
substrate on the back to measure strain in both transverse and
loading directions, as shown in figure 3(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 con-
ductive 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°Cmin '. Once the

(b)

— e

Back
L LN\

Figure 3. A dog-bone sample instrumented with the antenna sensor;
(a) front view; (b) back view.
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Figure 4. Comparison between simulated and measured S;; curves
of the antenna sensor.

maximum temperature was achieved, the sample was let to
naturally cool to 30 °C. After fabrication and annealing, the
resonant frequencies of the antenna sensor were determined
by measuring the scattering parameters S;; using a vector
network analyzer (VNA, Rohde & Schwarz ZVA24).
Figure 4 presents a comparison between the simulated and
measured S;; parameters of the antenna. The simulated
results were obtained using High Frequency Structure
Simulator. The fabricated antenna does resonate at 5 and
6 GHz as per the design. There is a good agreement between
simulation and measurement. The very slight difference
between both S;; parameters is most likely due to the fabri-
cation and/or the parasitic capacitance introduced by the
SMA connector [43]. It is worth noting that the TMg; mode
displayed a return loss that is below —10 dB, even though the
impedance of this radiation mode is not matched to the
impedance of the transmission feed line.
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Figure 5. (a) Experimental set up for thermo-mechanical testing of the antenna sensor (b) dog-bone specimen with bonded antenna sensor and

thermocouple.

4. Instrumentation and experimental setup

The experimental setup for characterizing the simultaneous
effects of temperature and strain on the antenna sensor’s
frequency response is shown in figure 5(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 x 120 mm. When the
sample was installed in the tensile tester, the antenna sensor
was facing the opening so that no reflection is generated by
the foam. The foam panel provides thermal insulation of the
specimen while avoiding the reflections usually generated by
a metallic oven door. Due to the small opening, hot air will
leak 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 shown in
figure 5(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 con-
nected to the VNA using a coaxial cable. The VNA was set to
sweep 40 000 points between 4.5 and 6.5 GHz, corresponding
to a frequency resolution of 50 kHz. By connecting the VNA
to a personal computer (PC) using the Ethernet connection, a
LabVIEW program running in the PC can be used to acquire
and save the S;; scattering 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
1000N at a rate of 20Ns~'. Figure 6 presents the strain
gauges’ measurements during the antenna sensor character-
ization. Although the strain gauges are self-temperature
compensated for aluminum, which has a CTE that differs
from the antenna substrate, thermal output from the strain

400 i
— loading direction
—— transverse direction

300

200

100

(=

Strain (microstrain)

-100

0 5 10 15 20
Time (min)

-200

Figure 6. Strain measurements along the loading and transverse
directions under different loading levels.

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, i.e. the strain mea-
surements are contributed by the mechanical load only. Based
on figure 6, 1000 N of load generated strains of 55 pe and
—18.4 pe along the loading and transverse directions. These
values are in good agreement with the theoretical prediction
of 54.5 e and —18 pe along these two directions. Dividing
the measured sensitivity in the transverse direction to the
loading direction gives 0.335—a good agreement with the
Poisson’s ratio of aluminum 6061-T6 and a confirmation that
the instrumented specimen is under uniaxial loading condi-
tion. Based on these results, we can draw the conclusion that
the strain is transferred to the dielectric substrate faithfully. As
shown in figure 6, the specimen was held for a duration of
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Figure 7. Effect of strain on the resonant frequencies of the patch antenna sensor at 22.4 °C: (a) measured S; parameters of the TM;q mode at
different strain levels; (b) linear shifts of the normalized antenna frequency with the applied strain.
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Figure 8. Effect of temperature on the resonant frequencies of the patch antenna sensor: (a) measured S;; parameters of the TM;, mode at
different temperatures; (b) linear shifts of the normalized frequency with the temperature increase.

100 s at each load increment. After each load increase, the
specimen was first let to rest for approximately 43 s before
taking any measurements from the antenna sensor. All S;;
curves, temperature, and strain measurements were time
stamped for ease of correlation during data analysis.

5. Results and discussions

Before subjecting the antenna sensor to thermo-mechanical
tests, the theoretical prediction was first validated by evalu-
ating the sensor’s performance due to the applied strain and
temperature changes separately. To assess the sensor’s per-
formance under strain only, the antenna sensor was subjected
to tensile loads along the TMy mode (i.e. along the length of
the antenna sensor). With an increase in strain under constant
room temperature of 22.4°C, as derived in (11), the Sy,
curves of the TM( mode are expected to shift to the left. This
effect is presented in figure 7(a) where the fio resonant fre-
quency of the antenna sensor decreases with the applied

strain. Figure 7(b) presents the normalized resonant frequency
shifts of the antenna sensor as a function of applied strain.
The measured strain sensitivities were —0.74 ppm/uc and
0.43 ppm/pue for the TM;q and TMy; modes respectively.
The data presented in figure 7(b) display excellent linearity
given the R? values of 0.9914 and 0.9844 for the TM;, and
TM,; modes respectively. The measured strain sensitivities of
the fio frequency differ slightly from the theoretical predic-
tion, which predicts a 1:1 ratio between the applied strain and
the normalized resonant frequency shift. This difference is
probably due to shear lag introduced by the bonding
layer [43].

Since the TCDy 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 S curves of the antenna sensor to shift to the
right, as validated by the experiment results shown in
figure 8(a). The temperature sensitivity of both the TM; and
TM,; modes were obtained by plotting the normalized reso-
nant frequency shifts as a function of temperature shown in
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Figure 9. The normalized antenna frequency shifts with the applied strain under different temperatures; (a) TM;¢ mode and (b) TM,; mode.
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Figure 10. Differences between (a) temperature; and (b) strain inversely determined from the normalized antenna resonant frequency shifts
and those measured using a thermocouple and strain gauges respectively.

figure 8(b). The temperature sensitivity of TM;o mode was
measured as 38.2 ppm °C ™' while the temperature sensitivity
of the TMy; mode was measured as 40.5 ppm °C~!. The data
presented in figure 8(b) display excellent linearity judging
from the R* values of 0.9968 and 0.9994 for the TM;, and
TMy; modes respectively. Given the TCDy of the substrate
and the CTE of aluminum of 23.4 ppm °C ™' [58], the theor-
etical prediction for the temperature sensitivity of the antenna
sensor as derived in (13a) is 39.1 ppm °C~'. The measured
sensitivity of the antenna sensor along the TM;, mode is
2.3% smaller than the theoretical prediction while the mea-
sured temperature sensitivity along the TMyy; mode is 3.6%
greater than the theoretical prediction—a good agreement
between the theory and the measurements.

To establish a direct relationship between the antenna
sensor outputs, i.e. the antenna resonant frequency shifts
&f10/f10 and &fy1/fo1, and the desired measurands (i.e. the
temperature and strain changes), the standard sensor calibra-
tion procedure as specified in [8, 59] was followed. The
antenna sensor was loaded in increments of 55 ps up to
355 pe while being exposed to temperatures from 22 °C to
77 °C. The responses of the antenna resonant frequencies to
simultaneous temperature and strain changes are plotted in
figure 9. 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 fiq
frequencies, under constant temperature, decreases with
increases in the applied strain since the strain was applied in
the TM,, mode direction. The opposite effect is shown in
figure 9(b), where the normalized f,; frequency at a constant
temperature increase with the applied strain due to the Pois-
son’s effect. This is in good agreement with the theory
derived in (11) and (12). 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, to temperature.
Therefore, they are curve fitted to linear functions using the
curve fitting tool in MATLAB, which leads to

5
%h _ 374387 — 0.6861¢, (14a)
10
and
5
i _ 40,4967 + 043022, (14b)
01

where 8T represents the change in temperature and ¢; is the
applied tensile strain. The curve fitting indicated excellent
linearity, yielding a R” value of 0.9991 for the TM;, mode
and 0.9995 for the TMgy; mode. Inverting (14a) and (14b)
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produces the ‘calibration curve’ of the antenna sensor, i.e.

Oho
[EL]:[—0.6861 37.43]*1X fio (ue)
§T 0.4302  40.49 &, \ec)
Jor

Plugging any measured antenna frequency shifts into
equation (15) produces the corresponding strain and temper-
ature values. To determine the calibration errors, the strain
and temperature determined from the measured antenna fre-
quency shifts using equation (15) are compared with the strain
and temperature values measured using the strain gauges and
the thermocouple. The differences between these two sets of
measurements are presented in figure 10. The measurement
errors for temperature are within —0.7 °C and 1 °C while the
measurement errors for strain are within £40 pe. One stan-
dard deviation gives a temperature error of +0.4 °C and a
strain error of £17.22 pe. 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 simulta-
neous strain and temperature sensing.

15)

6. Conclusion

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 experiment 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. In the future, we will explore high-temperature
substrate materials as well as wireless interrogation of the
antenna sensor to increase the maximum operating
temperature.
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