Embeddable Wireless Strain Sensor
Based on RF Resonant Cavity for

Civil Structural Health Monitoring Applications

Jenny Chuang

A thesis
submitted to the Faculty of Graduate Studies
in partial fulfillment of the requirements

for the degree of

Master of Science

Department of Electrical and Computer Engineering
University of Manitoba
June 2004

© Jenny Chuang



THE UNIVERSITY OF MANITOBA
FACULTY OF GRADUATE STUDIES

RS

COPYRIGHT PERMISSION

Embeddable Wireless Strain Sensor Based on RF Resonant Cavity for Civil Structural

Health Monitoring Applications
BY
Jenny Chuang

A Thesis/Practicum submitted to the Faculty of Graduate Studies of The University of
Manitoba in partial fulfillment of the requirement of the degree
of

MASTER OF SCIENCE

Jenny Chuang © 2004

Permission has been granted to the Library of the University of Manitoba to lend or sell copies of
this thesis/practicum, to the National Library of Canada to microfilm this thesis and to lend or sell
copies of the film, and to University Microfilms Inc. to publish an abstract of this thesis/practicum.

This reproduction or copy of this thesis has been made available by authority of the copyright
owner solely for the purpose of private study and research, and may only be reproduced and copied
as permitted by copyright laws or with express written authorization from the copyright owner.



Embeddable Wireless Strain Sensor Based on RF Resonant Cavity

Abstract

In this thesis we describe a new type of strain sensor which can be used to measure strain
in civil structures. This strain sensor is a passive resonant cavity that can be embedded in
a structure with an antenna attached. Changes in strain will by definition change
dimensions of the sensor cavity, and hence change the sensor’s resonant frequency. The
resonant frequency of this device can be remotely interrogated using RF signals. Such a
system has the advantage of requiring no permanent physical connection between the
sensor and the data acquisition system. The design presented here is a coaxial cavity
resonator that exhibits electromagnetic resonance for wavelengths two times its cavity
length and operates at a frequency of approximately 2.4 GHz, and exhibits a shift in
resonance of 2.4 kHz per microstrain. Methods of noise reduction are presented
including time domain gating in the detector circuit and also using phase sensitive
detection techniques. A power budget and error calculations are presented demonst;ating
that noise limits can still be improved upon. Experimental results have shown high
linearity, low hysteresis, and a strain resolution of better than 1 microstrain with a
bandwidth of 30 Hz on this sensor. Strain tests have also shown good agreement with
measurements from metal foil strain sensors. This new class of embeddable sensor will

have application in monitoring the health of and assessing damage in civil structures.
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Chapter 1 Introduction

The purpose of this thesis is to investigate a novel strain measuring system for use in civil
Structural Health Monitoring (SHM) applications. SHM is a major interdisciplinary
research area that involves collaboration between industry, government policymakers,
and researchers in civil, mechanical, electrical and computer engineering. An SHM
system is denoted by the ability to detect and interpret adverse changes in a structure in
an attempt to reduce life-cycle costs and to improve reliability of the structure [1] by
detecting and localizing damage in a structure, estimating the extent of damage, and

predicting the residual life of the structure.

Strain 1s a unitless quantity which is defined by an object’s change in length over its
nominal length. This quantity in particular is of interest in civil infrastructure because it is
a fundamental measure of structural performance. It provides information as to how well
a structure is able to support itself and the extra load applied to it under cyclic loading
conditions [2]. As SHM products are gradually progressing from demonstration projects
into engineering practice, it is becoming evident that having sensors which are suitable
for use in civil applications is crucial to their successful deployment and integration. Civil
requirements for a SHM system demand a robust sensor which can be easily handled on a
construction site, withstand the pouring and curing of concrete, tolerate the freeze thaw

cycle of seasonal changes [3], with an overall lifespan that can meet or exceed that of the
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structure in which it is to be used. Ideally a strain sensor should offer an unambiguous
measurement of strain with high resolution over a range of several hundred microstrain.
The system should provide information that is useful and easy to use, be comprised of
widely available low cost technology, have low manufacturing and deployment costs, be
scalable, allow for many sensors to be integrated to provide sufficient data for modeling

and analysis of the structure, and have minimal power requirements [4].

The scope of this thesis will involve devising, constructing, testing, and validating a
prototype wireless strain sensing system that would be suitable and viable for use in civil

infrastructure monitoring applications.

1.1 Background to Structural Health Monitoring (SHM)

New civil engineering construction is the world’s largest industry — accounting for more
than 10% of the world’s gross domestic product [4]. Currently, civil infrastructure
investment in the United States alone is estimated to be over $25 trillion [5]. However,
these investments are rapidly deteriorating due to overuse, overloading, age, and damage
from natural hazards [4]. Of the 40,000 bridges in Canada, approximately 40% will need
to be replaced in the next 10 to 20 years. In the United States, approximately 50% of
bridges were constructed prior to the 1940’s, and of those, between 35% [6] to 42% are
now considered to be structurally deficient [7] - requiring repair, reinforcing, widening
or replacement. Of the approximately 600,000 bridges in the US, roughly 10,000 bridges

are constructed, rehabilitated, or replaced each year [8].
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This deterioration is not a phenomenon that is isolated to the United States or North
America. The deterioration of civil infrastructure in North America, Europe, and Japan
[7] has been well documented and publicized. Part of the problem is the increasing
demands of bearing capacity and traffic loads that in many cases, exceeds original design
plans [9]. This plight is also mirrored in other countries such as Korea [10] and Columbia
[11], where catastrophic failures within the past decade have brought the situation to

public attention.

Because of the importance of civil infrastructure on the economical life of a country,
governments have put considerable resources into repairing and maintaining them. In
2003, the Safe, Accountable, Flexible and Efficient Transportation Equity Act (SAFTEA)
in the US allocated US$179 billion to highway and safety programs and US$22 billion

for bridge replacement and rehabilitation over a six year period.

The coincidence of expiring lifespan of current structures, and newly available
technology has allowed governments to investigate tools which can enhance life cycle
performance and decrease the maintenance costs of new civil infrastructure. For this
reason, governments have demonstrated interest in implementing SHM systems in these
structures as they repair and replace them. The numerous reasons include being able to
localize and quantify any degradation and/or damage to a structure such that the

structure’s reliability, performance, safety, residual service life and life cycle costs can be
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accurately assessed. Information could be obtained regarding structural safety for use
under various conditions such as high axle loads and high wind conditions, and whether

the structures remained sufficiently stable after fractures appear and earthquakes occur.

Currently, the predominant method of structural assessment still relies on visual
inspection by trained technicians. This is costly, inefficient, and highly prone to error.
Use of SHM systems may enable a reduction of scheduled inspections while improving
the efficiency and accuracy of maintenance. In many cases, serious damage is not
visually obvious, and impossible to determine without destructive methods. This was
demonstrated after the Hyogoken-Nambu earthquake in 1995, where many of the
structure’s supporting piles were severely damaged although the superstructure on top did
not show any serious flaws [12]. As well, employing SHM would allow designers and
engineers to more fully understand loading effects of structures — enhancing future

designs.

Several long term monitoring projects have already evolved into SHM systems in place
in several locations world wide including North America, Japan [12-14], Hong Kong,
Europe [9,15], China [16], and Taiwan [17] amongst others [18]. Global governments
may eventually pass legislation that requires the implementation of SHM as a cost
effective measure of validating design specifications, as well for assessing structural
performance, servicing requirements, and residual lifetime. Singapore’s current program

of major infrastructure upgrades already includes a provision for SHM in tender
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specifications — making it the contractor’s responsibility to provide satisfactory evidence

of performance improvement [18].

At present, some of the key obstacles to widespread adoption of SHM include the lack of

suitable sensing systems for easy deployment, and the high costs of implementation.

1.2 Current Strain Sensors

Metal foil, fiber optic and vibrating wire sensors are currently the predominant strain
sensor products used for civil SHM. Metal foil strain sensors are small, thin, metallic
devices whose electrical resistance changes with applied strain. In order to measure strain
with these sensors they are typically connected to a Wheatstone Bridge [27] - an electric
circuit that is capable of measuring the minute changes in resistance corresponding to
strain. Though resistance is a quantity that is easy to measure, one of the significant
drawbacks of metal foil sensors is their susceptibility to effects such as corrosion and gas
diffusion over long periods of time. As these effects will also affect their electrical

resistance, the accuracy of this sensor’s strain measurements will decrease over time.

A vibrating wire strain gauge consists of a tensioned steel wire between two end blocks
that are bonded, welded, or embedded in a structure. A vibrating wire is read by using
voltage pulses in a magnetic assembly located at the center of the wire. The magnet

‘plucks’ the wire like a guitar string and then measures the resulting frequency of
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oscillation. As the structure undergoes strain, the tension in the wire will change —
resulting in a change in the resonant frequency of the wire. The advantages of vibrating
strain gauges are their insensitivity to electrical noise, capability for operation of the
sensor in wet operating conditions, and capability of signal transmission over long

distances without extensive loss of signal.

Fiber optic sensors, meanwhile, measure strain by detecting variations of laser
wavelengths entering and exiting a glass fiber. There are numerous ways of using fiber
optic sensors for strain measurement, including Brillouin scattering [19], Fiber Bragg
Grating (FBG), and SOFO (Surveillance d’Ouvrages par Fiber Optiques) [13], to name
Just a few techniques. Fiber optic sensors have recently garnered a lot of attention
because of several inherent advantages that include resistance to corrosion, and
insensitivity to electromagnetic interference (EMI). Additionally, the sensors are very
compact and very sensitive [20-22]. However, they are expensive, and fragile. Typical
costs of a fiber interrogation system are between $40,000 and $60,000. The maximum
sweep speed of a tunable or variable wavelength laser also imposes an upper limit on the
strain measurement rate of a few hundred Hz [23] which is insufficient for some

applications.

Existing sensors’ operating deficiencies are dwarfed by their installation costs, which is
currently a chief constraint to widespread SHM adoption. Metal foil and fiber optic

sensor both require that the sensors be physically bonded to the structure. This time
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consuming work requires expensive skilled labour and disrupts construction activity. The
biggest disadvantage to metal foil, vibrating wire, and fiber optic sensors is that they must
all be physically connected to their interrogators. This necessitates the laying of large
amounts of conduit to carry and organize the cables connecting the sensor and the
interrogation unit and then manually pulling the cables through the conduit. The structure
design must further include a designated location where all the cables exit the structure
and connect to an interrogation system. This location requires a power supply for the
interrogator and must also be accessible to field technicians. Because all cables exit a
single area, clear documentation must identify the individual sensors. Field installations
have shown that the cost of installing the conduit and cables can more than double the
combined costs of the actual sensors and interrogation system. For example, the cost of
installing a monitoring system in the Tsing Ma suspension bridge in Hong Kong was

reported to be over $27,000 per sensor channel [24].

For both metal foil and fiber optic sensors, because an adhesive material sits between the
sensors and the strained surface, the installation is sensitive to creep due to degradation of
the bond, temperature influences, and hysteresis caused by thermo-elastic strain [25].
Despite all this cost and effort, the sensors may debond from the concrete during the
surrounding  structure’s long lifetime, rendering them useless. The connections
themselves are also susceptible to damage from weathering, wear, and moisture, and, in

colder climates, ice as well. Additionally, the wired connection is also the subject of
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added complexities when servicing or repairing sections of the structure because they are

prone to damage [26].

A wireless strain system eliminates many of the costs and complexities introduced by

physical connections by completely separating the sensor from the interrogator.

1.3 Wireless Sensors

Obviously, wireless technology can present many advantages over wired systems. As in
the case of cordless and cellular telephones, television and stereo remote controllers,
wireless internet connectivity, and even some computer mice and keyboards, freedom
from wires can provide convenience by adding flexibility and relaxing constraints on the
user. However, in the absence of an inexhaustible portable power supply, constraints in
battery life leads to heightened interest in passive sensors for situations where lifespan
are concerns. In this section, a brief discussion of current wireless sensing technologies is
presented. This discussion will cover active and passive devices including Surface

Acoustic Wave (SAW) based and Radio Frequency (RF) sensors.

1.3.1 Active Wireless Sensors

Wireless sensing systems can be achieved by simply connecting a wireless transceiver to
a sensor node — making use of currently existing wireless communications channels such
as Cellular Digital Packet Data (CDPD) or General Packet Radio Service (GPRS) [28]

for long range transmission and Bluetooth or Wireless Ethernet [24] for short range
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transmission. The sensor node communicates with a base station or receiver which can

accumulate and process the data provided by the sensor.

These wireless networks can operate by having sensors physically connected to a simple,
rugged Data Acquisition System (DAQ) which then communicates wirelessly to the
central host as shown in Figure 1.1a, or with individual sensors and transmitters and a
single host receiver which interrogates the sensors locally as shown in Figure 1.1b [26]
with the wireless advantage in the former being limited as it still suffers from many of the

same problems that plague wired sensor networks.
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- — ! i /
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= g Modem Computer /
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Figure 1.1 Two implementations of wireless infrastructure for sensing networks [26].
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The larger problems of this system include supplying power to the transmitter, and the
large amounts of data which must be passed through a wireless communication channel,
which is a highly power intensive process when data quantities and transmission
distances are large [29]. As well, it is computationally intensive for a single unit to deal
with large amounts of data provided by several data acquisition nodes [30]. A method of
dealing with this is to add computational capabilities at each of the nodes — allowing data
to be pre-processed and decimated before being sent to the main data acquisition system

[31]. However, this requires that complex circuitry with computational capabilities exist
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at each node [32,33]. As well, loss of information in the processing and decimation may

hinder subsequent analysis of significant events.

This kind of system might be appropriate for applications where power supply is readily
available in the sensor’s general vicinity, and wireless communication is only
implemented as a method of simplifying consolidated data collection - such as the case
for monitoring vibrations on light standards [24] or traffic flow [28]. However, in the
cases where a power supply is not readily available, either by design omission, or because
the sensor is a retrofitted sensing system on an existing structure, using existing wireless
infrastructure is not a very practical solution as the system would necessitate the heavy
use of battery power [24,32]. As battery technology has not advanced to the point where
electronic transmission devices can run continuously for years without replacement of the
power supply [34], this can pose a huge problem for sensors that are embedded in

inaccessible locations such as in bridges, roadways and subway systems.

It is not a economically viable, nor is it an environmentally attractive option to implement
wireless sensing at the cost of continually replacing batteries. Because it is not always
possible to provide a constant supply of power to the sensor node, research in wireless
sensing has looked towards extending sensor life by reducing power requirements for the
wireless transceiver units. These efforts have included reducing the operating voltage of

the circuitry, reducing the clock frequency in the microchip, making energy aware
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systems that can make intelligent processing and transmission decisions [34]. and

reducing power through the use of sleep modes [24].

As well, interest has been demonstrated in the development of alternative methods of
powering circuitry. Some techniques which have been investigated include using
inductive coupling to send power to the sensor by the continuous or periodic transmission
of an RF signal from a nearby source [3,35], and also systems which scavenge power

from the environment [36,37].

1.3.2 Surface Acoustic Wave (SAW) Devices

Acoustic wave devices are fabricated to generate mechanical waves that propagate
through (Bulk Acoustic Wave), or along the surface (Surface Acoustic Wave) of a solid
material. Surface acoustic waves were first characterized in 1885 by Lord Raleigh as
waves could be propagated over the plane boundary between a linearly elastic half-space
and a vacuum (or a sufficiently rarefied medium such as air) [38] as a hypothesis to the
effects of earthquakes. This prediction was confirmed in the 1920’s with the invention of

the seismograph.

Also known as Raleigh waves, surface acoustic waves travel along the surface of the
material. These waves are comprised of a longitudinal and vertical shear component that
can couple with a medium in contact with the device’s surface — allowing the use of such

a device as a sensing element. The amplitude of surface acoustic waves decays
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exponentially with depth, with virtually all of the acoustic energy confined within a one
wavelength distance from the materials surface. The mechanical deformation of the
material is shown in Figure 1.2. The vertices in the lattice show where material particles
would have been equidistant horizontally and vertically in the absence of wave motion

[38].
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Figure 1.2 — Surface wave propagating will mechanically deform the material. [38]

Electronic SAW devices are produced by patterning an Interdigital Transducer (IDT)
onto a piezoelectric substrate. A piezoelectric material is one that generates an electric
charge when mechanically deformed [39,40]. Conversely, when an external electric field
is applied, the piezoelectric materials will mechanically deform. The IDT allows
mechanical oscillations to be induced in the material with application of a AC electrical

signal to the conductor on the material’s surface.

The simplest IDT’s are composed of periodically spaced planar metal lines with alternate
lines connected via a common bus bar. The bus bar provides the electrical input to the
IDT. These devices can operate as wireless devices if the signal is coupled into the IDT

bus bar via an attached antenna. An illustration of a simple IDT is shown below in Figure
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1.3 (left), with a cross sectional view shown to the right. Because the IDT is a simple
planar structure on top of the surface, it can be patterned by photolithographic process

standard to IC fabrication; making fabrication of these devices relatively inexpensive.

Applying a DC voltage to the two bus bars will generate a static electrical field between
alternate IDT fingers, stimulating an elastic deformation in the piezoelectric material as
shown in Figure 1.3 (right). If an AC voltage is applied to the bus bars, an oscillating
harmonic deformation is generated, resulting in elastic surface waves radiating out of the
transducer in a direction normal to the electrodes. Conversely, the IDT can also be used
to sense surface acoustic waves. An acoustic wave entering an IDT will generate an
oscillating electrical potential in the IDT, and therefore an electrical RF output signal
between the two electrode combs. If an antenna is connected to the bus bars, the RF

signal will be coupled into free space where it can be picked up by a receiver.

Electric field lines

Piczoelectric substrate

A
ﬁ

Mechanical
displacement

Top view Cross sectional view A-B3

Figure 1.3 Simple IDT configuration for SAW generation on piezoelectric substrate showing
finger period p [41].
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Typical piezoelectric substrates for SAW devices are Quartz (SiO;), Lithium Niobate
(LiNbOs3) and Lithium Tantalite (LiTaO3) [41], as well as gallium arsenide (GaAs), zinc
oxide (Zn0O) and lead zirconium titanate (PZT) [43]. The acoustic loss in these materials
is nearly negligible at 434 MHz, but at 2.45 GHz, the loss of SAW on Quartz or Lithium
tantalite is extremely high [41]. For this reason, typical SAW devices operate in the 25-
500 MHz range. Typical SAW amplitudes are approximately 1 nm [42,43], with

wavelengths that range from 1 — 100 microns.

The efficiency of the IDT for generating and receiving surface waves is a maximum

when the finger period p coincides with one half of the acoustic wavelength [41]:

A= vp/f (1.1)

where vy, is the phase velocity of the wave. Hence, the fundamental resonance, or
synchronous, frequency of the IDT for a given substrate is dependant only on the

interdigital period p, and is given by the expression:

fo=vp/2p (1.2)

Changing the length, width, position or thickness of the IDT will change the operating

characteristics of the SAW device.
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1.3.2.1 SAW Wireless Sensor

Surface Acoustic Wave (SAW) devices have shown great promise for a variety of
wireless sensing applications. These applications include but are not limited to sensing
pressure, force, temperature, strain, torque, pH, electric fields, chemical vapours, and
humidity [44-54]. The achievable device access rate is 10° readings/s, with a range of a
few meters. This allows SAW devices to be used for communication and sensing in fast
moving objects or vehicles, such as in monitoring braking wheel temperatures of trains,
as well as pressure and friction in automobile tires [41]. A complete wireless sensor
system consists of a passive (SAW) transponder and a local Radio Frequency (RF)

transceiver working as reader or interrogator unit.

To begin, an RF burst transmitted by the interrogator is received by the antenna of the
(SAW) transponder. The antenna is typically a dipole, loop, or patch configuration [41].
The received RF energy is coupled into the IDT of the SAW device where it generates a
surface wave that will propagate for some distance through the material before being
transformed back into RF form and retransmitted to the radio transceiver. Small changes
in the propagation path by physical phenomenon will be reflected in wave properties such
as amplitude, velocity, phase and frequency [45], which can be detected and interpreted

in the returned RF signal.
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SAW sensors can be one port or two port devices. In a two port configuration, the IDTs
are placed at opposite ends of the SAW device. One IDT generates the surface wave, and

the other IDT receives the wave and transforms it back to an RF signal.

transponder
antenna
n in ¢
——r> “ >
SAW

Figure 1.4 Two port SAW sensing device

Amplitude, frequency, phase, and time delay of the RF response are affected by
properties of the SAW propagation mechanism. As SAW velocities are strongly
influenced by factors such as pressure and temperature, they can be used to sense both.
To separate the two effects, temperature sensors are contained in hermetically sealed
packages to remove the effects of mass loading and pressure changes. These temperature
sensors have been shown to have millidegree resolution, good linearity, and low
hysteresis [42]. To compensate for temperature changes in a pressure sensor, a second
SAW devic;e is located in close proximity but isolated from the stresses acting on the
pressure sensor. The effects of temperature can then be effectively subtracted out from

the overall reading, resulting in a temperature compensate pressure sensor.
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SAW propagation is also highly sensitive to mass loading on the surface of the material.
This can be exploited to form particulate, thickness and chemical vapour sensors. Coating
the surface of the SAW device with an adhesive material can cause any particulate
landing on the surface to remain in place, perturbing wave propagation. In the case of
film thickness sensors, the surface is uncoated, but left exposed in a film deposition
chamber. As the device frequency is proportional to the mass of the deposited film, the
sensor provides data by measuring the deposition rate of mass on its surface. Chemical
vapour sensors operate on the same principle. However, in this case, the surface of the
sensor is again coated with a material that will selectively absorb or react with vapours of

interest which again results in mass loading or unloading of the sensor [42].

Two port SAW devices can also be used in conjunction with a conventional sensor where
the output will vary impedance [47] as shown below in Figure 1.5. In this configuration,
the load impedance acts as a variable reflector. Changes in properties of the external
sensor will result in varying impedance of the IDT, changing the acoustic reflection
properties. In some configurations, the impedance can vary from almost infinity in the

open circuit case to almost zero in the short circuit case.
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Figure 1.5 Two port SAW used in conjunction with impedance varying classical sensor [47]

In a one port device, also known as Reflective Delay Line device, the IDT is located at
one end of the device. Reflective lines are placed such that as the surface waves
propagate in one direction, they are partially reflected at each reflector. When the
reflected wave returns to the source IDT it is transformed back into an RF signal and

returned to the interrogator as shown below in Figure 1.6.

transponder
antenna

transducer reflectors

7 ///////

Figure 1.6 One port SAW sensing device [41]
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This response signal contains information about the number and relative position of
reflectors as well as the propagation properties of the SAW wave. This is a popular use of

SAW devices because it allows easy integration of sensor tagging.

In some cases, the entire function of the SAW device is ID tagging. With a sufficiently
large number of reflectors, a unique identification sequence can be coded through their
placement on the SAW device. In this way, devices can be uniquely identified by a
particular sequence of reflected pulses. This idea has been implemented in the form of
“smart cards” for keyless entry systems, automobiles for toll collection in Norway, parts
tracking in automobile production lines and also subway car identification in Germany

[41].

Other applications of reflective delay lines for sensing systems include monitoring
temperature, force, displacement, torque, pressure amongst many others. Temperature
measurement can be accomplished by measuring the phase difference between the first
and last reflection. Torque pressure, and displacement measure changes in the reflected

signal due to changes in the surface propagation length and elasticity constants.

One problem with using SAW devices as wireless sensors is separation of the
interrogation system from the response signal. However, because SAW waves travel very
slowly compared to RF signals in free space, this can be accomplished by time domain

separation as shown below in Figure 1.7.
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Figure 1.7 Time domain separation of request pulse and RF response from SAW device [41]

Although SAW sensing devices have demonstrated low cost, high sensitivity, reliability,
ruggedness and remarkable versatility [42], they are not appropriate for all situations.
Civil applications demand that devices and sensors can be protected from weathering,
wear and damage over a prolonged lifespan. One way of accomplishing this is by
embedding devices into the concrete structure itself. However, it is logistically difficult to

envision how a SAW device might be put into practice in civil SHM systems.

1.3.3 Inductively Coupled Wireless Sensor

Inductive coupling is defined as the transfer of energy between two circuits through a
shared magnetic field [55]. The two devices may be part of a single unit such as the
primary and secondary sides of a transformer, or separated as in the case of two antennas
on a transmitter receiver pair. In some cases, inductive coupling is an undesirable effect
(such as crosstalk in circuits), and in others, such as this, it is a highly desirable quality

enabling a wireless connection for sensing capabilities.
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Wireless sensors have been developed based on inductive coupling between an embedded
sensor and an external detector antenna. In some cases, inductive coupling is used simply

to remotely power microsensors integrated with microelectronics [3].

When inductive coupling is used as a sensor, the systems typically involve the use of a
resonant LC sensing circuit where either the inductance [56] or capacitance [57-59] of the
circuit changes with the physical parameter being measured. This will result in changes
the overall resonant frequency of the sensor circuit which can be easily detected and
measured. Effectively, the sensor will act as a filter for an incoming radio wave [59]. This

type of sensing network exists in many forms with various detection schemes.

1.3.3.1 Inductively Coupled Strain Sensor

A stress field causing strain on a structure can also deform a capacitor or inductive coil of
an embedded LC circuit. In one implementation, the sensor is a hollow, core-less multi-
turn solenoidal inductor 1.5 cm in diameter, soldered to a fixed bulk capacitor designed to
be used in monitoring of composite structures [56]. Applied strain on the structure

deforms the inductive coil from its nominal circular shape as shown below in Figure 1.8.

+

Figure 1.8 Applied strain on the structure deforms the soleneidal inductor [56].
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In this example, a gate dip meter used to detect changes in the resonant frequency of the
sensor. A gate dip meter operates by sweeping an RF signal over a fixed frequency band
while monitoring RF power. A LC circuit in close proximity to the meter will absorb a
portion of the RF power at its resonant frequency — resulting in a measurable dip in the
meter’s level. The measured value can then be used to calculate change in dimension of

the inductor, and hence applied strain.

Another implementation of a strain sensor has been designed for monitoring strain in a
automobile tire by detecting change in capacitance between steel wires embedded in the

tire [59]. This system made use of a telemetric system for detection of resonant frequency.

1.3.3.2 Other Applications of Inductively Coupled Wireless Sensors

Other examples of inductively coupled sensors include small IC and MEMs based
devices with variable capacitance in the LC circuit. For example, a wireless capacitive
pressure sensor can be fabricated using a diaphragm based capacitor with planar coil as

shown in Figure 1.9. [58].
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Figure 1.9 Diagram of a MEMs based inductively coupled pressure sensor with planar inductor
and diaphragm based capacitor [58].
A design based on a planar inductor and a variable capacitance Interdigital Capacitor
(IDC) has also been demonstrated [57]. By coating the IDC with specific materials,
change in dielectric constant and hence capacitance can be observed with the effects of
temperature, humidity, complex permittivity, chemical agents and biological growth such

as yeast or bacteria cultures in a way directly analogous to SAW devices.

In general, inductively coupled wireless sensors can be made with an embedded LC
circuit and external circuit to determine resonant frequency. Resonant frequency can be
determined by impedance meters, inductive telemetry systems, and/or dip meter type

devices.

1.4 Wireless Strain Sensing System Under Investigation_

The focus of this thesis will be a wireless, passive strain sensing device based on a RF
coaxial cavity resonator. Changes in strain are measured through shifts in the sensor’s
resonant frequency. A simplified diagram of the system’s operation is shown below in

Figure 1.10. Similar to SAW devices, this sensor is interrogated by first sending an RF

33



Embeddable Wireless Strain Sensor Based on RF Resonant Cavity

request signal, and then measuring the sensor response to the request. The theoretical
basis of the sensor’s operation and the relationship between applied strain and the

sensor’s frequency response will be discussed in Chapter 2.

Design of a Novel Strain Sensing System
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Figure 1.10 Schematic of strain sensing system based on RF coaxial cavity resonator.

This novel design leads to several unique advantages. Unlike metal foil strain sensors that
measure strain indirectly through change in resistance, the resonant cavity sensor
measures strain by measuring a fundamental change. Because the resonant frequency of
the sensor is only a function of cavity length, and a fundamental constant, we can see that
the effects of temperature, and humidity will have a minimal effect on the sensor’s

accuracy. Unlike laser sources, RF signals can be generated easily and accurately [60],
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we can see that almost all sources of measurement drift have been accounted for and
removed. The standard electronic components employed by this system are much more
economical than their optical counterparts and can be purchased from vendors who
supply cellular phone manufacturers. Parts are therefore inexpensive, reliable, and readily
available. This overall system is robust, easy to implement and protect, and will have low

deployment and maintenance costs.

Because the interrogator is detached from the structure under measurement, it can be
developed independently and is not required to last as long as the sensors. The
interrogator can also be updated to profit from newer and cheaper technology. This is
advantageous because the interrogator is the most complex and expensive part of the

system.

The prototype sensors are passive, so power connections are not required. Bonding is not
required because the concrete conforms around the sensor when it is cast, and it transfers
strain from the structure to the sensor once it sets. Installation involves simply placing the
sensors in the desired position and orientation. With the appropriate choice of material,

sensors can easily be expected to outlive the surrounding structure.

This design’s scalability is one of its key benefits. Because it is inherently portable, a
single interrogation system can be used to service multiple sites. This sensor system is

economical regardless of the size of infrastructure being monitored because the sensors
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are inexpensive and installation costs are expected to be much lower than for currently
existing technologies. The cost of monitoring structures using existing systems, in
contrast, increases non-linearly with size due to the complexities involved in laying
conduit and organizing cables. The wireless sensors can also be installed individually, so
they can be either added to the structure during initial construction or added and
gradually updated in repair and retrofit projects. Although a single sensor failure might
reduce the amount of data obtainable from a structure, it will not necessitate the choice
between replacing or losing data from entire sections, which would typically occur in

fiber optic systems.

This thesis will focus on sensor characterization and development of a wireless
interrogation system. Although a preliminary investigation into antennas which can be

embedded with the sensor has conducted, it will not be discussed in this thesis.
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Chapter 2 Sensor

The strain sensor under development is a simple RF resonant cavity. The sensor has been
specifically designed such that the cavity resonates at convenient microwave frequencies.
It can be connected to an antenna and hence signals can be transmitted and received from
it remotely. This chapter will first cover a general explanation of resonators and resonant
cavities. A theoretical basis of the sensor design in this strain sensing system will be
presented along with a model of the sensor showing expected results. As well, details of

the sensor’s use, performance, and installation procedure will be discussed.

2.1 Resonance

Resonance is a condition that can be found in electrical, mechanical and optical systems.
It is characterized by a system’s behavior in response to input energy of various
frequencies, and particularly the frequency at which an mnput signal will result in
maximum amplitude. In the case of a driven system, this point is marked by maximum
power transfer to the system and an increasing amplitude of the output up to a steady

state condition where the oscillations continue with constant amplitude [61, 62, 63, 64].

Quality factor, or Q factor, is a measure of how resonant a system is. For a high Q circuit,

it is most often defined as 2x times the ratio of mean stored energy over the energy loss
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per cycle of oscillation [61], and can be measured as the product of resonant frequency in

radians/second, and the time constant describing the decay rate of power in the system.

Systems and devices which exhibit resonance are called resonators. In electronics, a
resonant circuit is a combination of frequency sensitive elements connected in such a way
as to provide a frequency selective response [65]. Electrical resonators are used in many
applications including filters, oscillators, frequency meters, tuned amplifiers and for
energy storage [63]. A basic electronic resonator is composed of either a series or parallel
arrangement of two reactive elements — inductance and capacitance. Depending on the
resonant frequencies desired, these elements can be in the form of discrete inductors and

capacitors, or may exist in distributed form in a transmission line of specific length.

2.2 Transmission Lines

Later in this chapter, a transmission line model will be used to describe the behaviour of
the sensor. In this section, a brief introduction to transmission line theory is presented.
Transmission lines are a means of guiding energy propagation between a source and a
load [64]. Transmission lines that consist of two or more conductors in parallel can
support waves where the electric field and magnetic field are both perpendicular to the
direction of wave propagation. These waves are known as Transverse Electro Magnetic
(TEM) waves, and are uniquely defined by voltage, current and characteristic impedance
[63]. Typical TEM transmission lines include two wire, coaxial line and planar lines, wire

above conducting line, and microstrip lines (Figure 2.2). Of particular interest are coaxial
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lines which consist of a central insulated conductor mounted inside a tubular outer
conductor. The chief advantage of a coaxial line is minimal radiation losses as compared
to two wire and planar transmission lines because electrical and magnetic fields are

contained within the outer conductor and do not extend into space.

Ordinary circuit analysis with discrete elements requires that the physical dimensions of
each component be much smaller than the electrical wavelength transmitted through them.
That is, the wavelength must be large enough that there is insignificant phase variation of

the wave propagating across the dimensions of the component,

Microwave frequencies encompass signals between 300 MHz and 300 GHz which
correspond to electrical wavelengths of 1 m and 1 mm respectively. At these frequencies,
the signal wavelength can be on the same scale as the dimensions of components and
connecting lines. Hence, the magnitude and phase of the voltage and current waves caﬁ
vary significantly over the length of the transmission line. A simple conductor will
exhibit effects of inductance, resistance, capacitance and conductance, and therefore

lumped element models are insufficient to describe their behaviour.

2.2.1 Transmission Line Parameters

To describe the effects of microwave propagation through a conductor, a distributed

transmission line model can be used. In a distributed model, the effects of resistance,
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capacitance, inductance and conductance are spread along the transmission line and are
given as per unit length quantities. These parameters are described as follows [64]:

R = resistance in both conductors per unit length in Q /m

L = inductance in both conductors per unit length in H/m

G = conductance of the dielectric media per unit length in S/m

C = capacitance between the conductors per unit length in F/m
The behaviour of a small segment of the transmission line with the length Az can then be
approximated with an electric circuit (Figure 2.1) with component values described by

the parameters R, L, G and C.

R-AzZ L-Az
7+Az
l(Z 1) "/\,"\,—___,"WY—\ I 2 I< az 1)
( & [ V{z+Az.1)
viz.1) G-Az I C-Az —[
fli AZ ;JI
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Figure 2.1 — Electric circuit representing a small section of transmission line with length Az [67].

The values of these parameters can be calculated from the physical dimensions and
material properties of the transmission line. Equations governing these values for coaxial
transmission lines are summarized in Table 2.1 where the dimensions are shown in
Figure 2.2. With the exception of the distributed resistance, and hence loss, each of the

parameters can be determined independently of the operating frequency.
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Parameter Coaxial Line Units
1 1 1
— + —
2néc,la b
R = Series Resistance . . (Q/m)
given that:
(0 <<a,c-b)
. M, b
L = Series Inductance —“In— (H/m)
2 a
2no,
G = Shunt Conductance I b (S/m)
n —
a
2me,
C = Shunt Capacitance I b (F/m)
n J—
a
1
0 = Skin Depth 6=—F— (m)
V.o,

Table 2.1 Distributed coaxial line parameters for high frequency signals [63].

Coaxial Line Two Wire Line Planar Line

Figure 2.2 — Typical TEM transmission lines include coaxial, two wire, and planar configurations
showing physical dimensions necessary for distributed parameter calculations [64].
For a coaxial line, the dimension a is the radius of the center conductor, b is the inner
radius of the outside conductor, and c is the outer radius of the outer conductor. The
quantity €4 is the electrical permittivity of dielectric separating the two conductors. In this

case gq is equal to the permittivity of free space ¢, since there is no dielectric between the
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two conductors. The constants o., and p. refer to the conductivity and magnetic
permeability of the center conductor respectively, and o4, and g refer respectively to the
conductivity and permeability of the dielectric between the two conductors. Skin depth of
the conductor is denoted by 3, which represents the depth of the current carrying portion

in the conductor.

Knowing the parameters of R, L, G and C for an arbitrary transmission line is sufficient
to describe wave propagation characteristics along the line. Specifically, the characteristic
impedance of the line, Z,, and a complex wave propagation constant y = a + jB can be
determined if the distributed parameters and the input frequency are known. Having these
values allows instantaneous values of current and voltage to be found for a point on any
length of transmission line if boundary conditions are known. Characteristic impedance is
defined by the ratio of forward traveling voltage to current waves at any point on the

transmission line, and can be found by the following equation [64]:

R(w)+ joL
Zo= T
\ (G+ jwC) 2.1)

where R(w) indicates that R is a frequency dependant quantity. The propagation constant
and can be similarly calculated from the values of the distributed parameters using the

equation:

y=a+jf = [R@)+ joLYG + jaoC) (2.2)
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where o and B represent the real and imaginary parts of y respectively. The real
component represents the attenuation constant of the wave propagating through the
transmission line, and the imaginary portion represents the phase constant of the traveling
wave. A special case of the transmission line exists when R = G = 0. In this case, the
attenuation factor of the propagation constant is also zero, and no losses occur in the line
and hence the special case is termed “lossless”. However, since losses and signal power
are of importance to a wireless sensing system, the general case of a “lossy” transmission

line will be considered.

The voltage at an arbitrary point on the transmission line can be expressed as the sum of a

forward and reverse traveling wave [63, 64] as:

V(z)y=V e +V " 2.3)

Vie™” Tetr . . . .
where ~° and "° represent the waves traveling in the +z and —z directions

respectively, and V(z) is the phasor form of v(z,t), where v(z,t) is the voltage at time t on
the point z on the transmission line. The current at a point on the transmission line can be

similarly expressed as:

— Jt R - e
I (z)=1e" +1)e (2.4)

and Vs and I are related through the Z, by the relationship:
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V+
[r=lo
ZO
o
=2
Z, (2.5)

Hence, with y and Z,, the behaviour of a transmission line can be fully described.

u@ Y -z, 2 A

Figure 2.3 — Transmission line of characteristic y and Z, showing input impedance at the input
(z=0), and at an arbitrary point on the line.

Considering a transmission line of length ¢ that is characterized by y and Z, that is
inserted in a circuit between the source and a load of impedance Z; (Figure 2.3), for the
general case, the input impedance into the transmission line is given by the equation

[63,64]:

Z, = ZO!:ZL +Z, tanh(yﬂ)}

Z, + Z, tanh(y?) 2.6)

2.2.2 Resonant Transmission Lines

Considering again the transmission line of length ¢, A voltage reflection coefficient I'Lis

i

defined by the ratio of the reverse traveling wave to the incident voltage wave at the end

of the line and is given as:

44



Embeddable Wireless Strain Sensor Based on RF Resonant Cavity

Vet
r, == 2.7
L V:e—ﬂ ( )
and can be found by the equation:
2y
Z, +Z, (2.8)

If a section transmission line is terminated with a load that is equal to its characteristic
impedance Z,, all power is transferred from the transmission line to the load, and zero
reflection occurs at the junction of the two. Therefore, the voltage reflection coefficient at
the load (I'L) is zero. When the transmission line is not terminated in Z,, the incident
energy that is not transmitted or absorbed is reflected back along the transmission line
and hence results in a non-zero reflection coefficient. Reflections will occur on all
transmission lines of finite length that are not terminated by an impedance equal to their
Z,. A resonant line exists where standing waves in Volt’age and current result from the

combination of incident and reflected waves.

Considering a shorted line of various lengths (Figure 2.4), we can see that at the shorted
end, voltage potential must be at a minimum and current must be at a maximum.
Therefore, working towards the generator, for a fixed wavelength input, we can see that
at A/4 multiples in length, a standing waves in both current (dashed line) and voltage
(solid line) will be produced on the transmission line. Therefore we can see how a

transmission line can be a resonant element.
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The same effects can also be seen for a open circuit waveform, however, in this case, at
the open circuit, voltage potential is a maximum and current is a minimum. The
equivalent circuit of the lossless cases for an open circuit and short circuit transmission

line are shown (Figure 2.5).
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Figure 2.4 — Diagram of shorted transmission line of various lengths and equivalent input
impedance[68].
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Figure 2.5 - Diagram of transmission line with E and I shown for shorted and open circuit ends
and equivalent resonant circuit [68]

2.3 Resonant Cavities

Just as TEM transmission lines are used to guide an EM wave from one point to another
in high frequency circuits [64], a general waveguide can be similarly used to transmit
energy but with a few fundamental differences. For one, whereas TEM transmission lines
consist of at least two parallel conductors, a waveguide can be comprised of a single
conductor. Although transmission lines can only support the TEM mode of wave
propagation, waveguides can support many propagation modes including TE, TM and
TEM. Transmission lines can operate between DC and high frequencies, but become less
efficient at high frequencies because of skin effects and dielectric losses. On the other
hand, non-TEM waveguides can only operate above a certain frequency. Another
advantage of waveguides is that they are capable of handling high power transmission

with low loss, however, they are bulky and cumbersome to work with.
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Despite all their differences, an important similarity between transmission lines and
waveguides exists. Just as sections of transmission lines are able to function as resonant
elements in a circuit, a terminated waveguide can also be found to resonate at particular
frequencies. When used for such a purpose, the device is called a cavity resonator. Cavity
resonators are structures which can confine an oscillating electromagnetic field in the
form of standing waves, and are usually completely enclosed by conducting walls. A
cavity’s resonant frequency can be changed by altering the physical dimensions of the
cavity, and can be designed with movable plates, screws, and other mechanical elements

to be used for tuning and coarse adjustment.

2.4 Sensor Used in this System

The sensor we have chosen to pursue is a simple coaxial cavity with length h selected to
be a half wavelength long. The reason for choosing this design include a uniaxial
sensitivity, and results which are simple to interpret. A schematic diagram of the sensor is
shown in Figure 2.1. A small wire extending into the cavity excites an electromagnetic
field within the cavity. The cavity can have many possible resonant modes. The simplest
and most dominant mode is the TEoy [63] mode which occurs when the field is a
maximum at the center of the cavity and zero at the edges. For the lossless case of a

vacuum filled cavity, the resonant frequency for this mode is given by [63, 64]:

C
Y 29)
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where ¢ is the speed of light in vacuum and h is the length of the cavity. When the
material in which the sensor is encased is strained it will force a change in dimensions of
the cavity. Strain is a unitless quantity defined as the ratio of an object’s change in length
over its nominal length and can be expressed as:

. Ah
strain = —

h (2.10)

As shown in equation 2.1, the resonant frequency of the cavity is only dependant on the
speed of light and the cavity dimensions. Since the speed of light is a well known
fundamental constant, any change in resonant frequency that can be used to
unambiguously determine the change in the cavity length of the sensor, and hence the
strain can be directly inferred from the resonant frequency of the cavity. To find the
relationship between the resonant frequency in the strained and unstrained case,
manipulation of the equation (1) governing the resonant frequency in the presence of a
small strain € of the cavity gives:

1 _ c _ c _ c _c ( 1 )
strained - - I
2(h + Ah) 21(“%;1) 2h(1+g) 2h\l+e

1
of&'ll‘(lfllf({ = f;ms!mined ( _J (2 1 1)

l+¢

This can be approximated by the following equation when strain is small:

.f:lmined = .f;mslrained (1 - 8) (212)

which can be rearranged to give:
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ained — S unstraine A
g = ‘f,‘y//mne(] .f;mslmmul — f (213)

](nns/rained -f;'es

and

Af =¢f, (2.14)
Clearly as long as the unstrained resonant frequency is known then the strain in the
sensor can be determined with high accuracy and very little ambiguity. If the elastic
properties of the sensor material differ from the material in which it is embedded, a gauge
factor may be required to determine strain in the structure. Under compressive strain, it
would be expected that as the cavity length decreases, the resulting resonant frequency

increases (Figure 2.6).

STRAIN
unstrained O e frequency
frequency: A} I E under strain:
— K / h
c \‘-7/! MMMMMMM ¢

Junsirainea :'27; : i Jsirained = 2(h+A4h)
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Ah negative for
compressive strain

o htah
¢ = speed of light '
= constant

Figure 2.6 — Diagram of resonant cavity sensor under strain and resulting effects on resonant
frequency.
The sensor can be fabricated from numerous conductive materials. The sensor described
in this thesis is machined from brass. Two similar designs are presented. The first is
constructed with the ends press fit on. In the second, an identical design is used however,

the ends are additionally secured with a heliarc weld to reduce the effects of hysteresis
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and unpredictable dimension change. A mechanical drawing of the sensor’s construction

shows dimensions of the sensor (Figure 2.7).
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Figure 2.7 - Shop drawing of coaxial cavity resonator construction

Figure 2.8 - Photograph of a resonant cavity sensor.
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The hollow cavity in the center is approximately 61 mm long resulting in a resonant
frequency of approximately 2.45 GHz and therefore an expected shift in resonant
frequency of Af = 2.45 kHz/pe. The signal is coupled in and out of the sensor cavity

through the connector such as the one shown in the photograph (Figure 2.8).

One advantage of this approach to measure strain is that RF signals, unlike optical
sources for fiber optic sensors, can be generated with very high accuracy and stability
relatively easily and inexpensively. RF signal generating sources can be easily frequency
locked to quartz crystal oscillators which are easily obtained with error less than 1 part

per million and stability within a few parts per billion [60].

2.4.1 Capacitive Coupling Effect on Sensor Cavity

S-Parameters are a measure of voltage reflection in an RF network. In a one port network,
S11 1s a measure of the ratio of reflected voltage wave to incident voltage wave at a single
port. By observing S;; of the resonant cavity under constant strain via the HP 8753E
Network Analyzer, it was found that by varying positions of the SMA connector, changes
in the sensor’s apparent resonance, could be observed. Changes in frequency location of
the minimum reflection coefficient, minimum value of the reflection coefficient, as well

as changes in bandwidth of the curve could be observed with varying connector depth.

As the connector was pushed into the cavity the resonant frequency was observed to

decrease significantly. As well, it was observed that the S;; would exhibit different Q
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factors for varying coupling capacitance, first increasing as the connector entered further
into the cavity, and then decreasing again with continued increases in pin depth. A plot of

S11 traces for varying pin depths is shown in Figure 2.9.

Although it is difficult to quantify the actual proximity of the pin from the center
conductor, we can approximate the changes in distance by the known number of quarter
turns of the connecter into the cavity. Starting from the far right, each successive curve
represents a quarter turn of the threaded SMA connector into the resonant cavity. The
thread pitch of the connector is known to be 36 grooves/inch. Therefore, the total distance

moved through each trace can be approximated to be %4(.7055 mm/turn) ~ .176 mm.

Network Analyzer Data for Varying Pin Depth

0 L ¥ T T T T ]

moving pin into cavity

& = higher input capacitance
T
- 15} - 4

w

20k E

overcoupled undercoupled
251 4
~— critically coupled
-30 ! ) 1 1 1
2.34 2.36 2.38 2.4 2.42 2.44 2.46

frequency (GHz)

Figure 2.9 — Plot of S;; for varying connector depth into resonant cavity under constant strain.
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2.4.2 Transmission Line Model of Sensor Cavity

To understand the effect of shifting resonant frequency with coupling capacitance, the
sensor cavity can be modeled as a coaxial transmission line that is shorted at both ends.
As the SMA connecter that couples in the energy into the cavity does not actually touch
the center conductor, the equivalent circuit of the transmission line is capacitively

coupled at the input. The equivalent transmission line is shown in F 1gure 2.10.

coaxial cavity resonator |

~ shorted ends
~ transmission line
_ capcitively coupled feed

equivalent transmission
line model

ZIN

Figure 2.10 — Equivalent circuit model of coaxial cavity resonator.

The coaxial cavity resonator can therefore be represented by a center fed, gap coupled
transmission line that is shorted at both ends. This combination can be represented by the
series sum of an input capacitance and two parallel sections transmission line of length

h/2 where h is the inner length of the cavity resonator. Since capacitance is inversely
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proportional to the separation between two conductors, as the pin protrudes into the
resonant cavity, the capacitance of the connection increases. This changes the input
impedance by changing the overall reactance of the equivalent circuit as viewed from the

input end.

To model the equivalent circuit, the input impedance of each of the parallel transmission
line sections must first be determined. These impedances are then combined in parallel,
and then summed with the effect of the series capacitance which will be varied over

several values.

Using Matlab to generate the mathematical model to match the measured data, a
frequency space, f, was first defined to be a vector of linearly spaced values between 2.34
and 2.46 GHz. This vector was then multiplied by a factor of 2z to yield the angular
frequency ®. Knowing the physical dimensions and the material properties of the
resonant cavity, the distributed transmission line parameters R, L, G and C, were
determined using the equations in Table 2.1. It can be seen that R is a function of
frequency and can be expressed as R(w). From Equations 2.1 and 2.2 it is clear that as a
result of varying R, y and Z, will also be functions of frequency. Therefore, each of the
quantities R, y and Z, were stored as vectors with each point in the vector corresponding

to a value of .
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The input impedance to any section of a transmission line of length ¢ is given by then

given by the equation [64]:

Z, +Z, tanh(}/é)}

Z =7
" O[ZO +Z, tanh(p/)

(2.15)

where Z is the impedance of the load terminating the transmission line, and Z, is the
characteristic impedance of the line. In this case, ¢ = h/2. Therefore, for this particular

resonant cavity, we can rewrite the expression as:

z - ZO[ZL +7Z, tanh(yh/2)J

Z,+Z, tanh(yh/2) (2.16)

where Z is the impedance of the load, and h/2 is the length of transmission line from the
input to where the load is connected, or equivalently, the distance from the input
connector to one end of the cavity. Since the load impedance for a short circuit section of
transmission line is 0 €, the expression for the input impedance of one of the parallel

sections can be reduced to:

Zs = Z, tanh(yh/2) @.17)
where Zgc denotes the input impedance into a section of line that is shorted at the load
end. Since there are two sections of transmission line in parallel, we can combine them
into one effective input impedance Zegr. From basic circuit theory [65], we know that two
parallel sections of impedance Z, and Zg can be combined into a single effective

impedance Zg by the relationship:
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. ZAZB
eff =
Zit+Zy (2.18)

Therefore, for two identical sections of transmission line:

1
Z,, =—Z, tanh(y1/2)
2 (2.19)

Since the values of Z.r are dependant on y and Z, and therefore R and o, a

corresponding vector for Zeg was computed and stored.

%Zsc

Figure 2.11 — Diagram of total input impedance Z;y from the connector of the resonant cavity
when coaxial cavity sensor is modeled as a coupling capacitor (Z¢) and two shorted transmission
lines (Zsc).

The total input impedance Zjy into the cavity is then the series sum of the two

impedances Zc and Z.sr. Knowing the effective impedance Zc of a gap capacitance C,is

expressed as:
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1

ZC ="
JoC, (2.20)

The total input impedance Zy into the cavity can then be written as:

1 Z W
Zw=2Z.+7 =——+"%¢anh| L= 2.21
A e (2) 2:21)

Where Z.y is the effective input impedance of two parallel shorted sections of

transmission line of length £ =h/2 = /4.

The parameter I' is the Voltage Reflection Coefficient and is defined by the reflected
voltage over incident voltage. It is described by the mismatch of the input impedance of a
load and the transmission line that preceded it. In this case, we are concerned with the
energy that is coupled into the cavity, therefore, we consider the load to the be the total
input impedance looking into the resonator and the transmission line to be a 50 ohm
transmission line feeding the cavity. For every value of capacitance, a vector for I can be
found by application of Equation 2.8 in which each value in the vector corresponds to a
single value of ®. Since I' is simply a ratio of two voltages, it can be converted to a dB
value. The resulting vector of I' is plotted vs. o, to yield a single curve. The calculations

are then repeated for several values of coupling capacitance C,.

Plotting the results of varying input capacitance on the reflection coefficient of the

resonant cavity we get the curves shown in Figure 2.12.
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Capacitively Coupled T-Line Model
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Figure 2.12 — Plot of transmission line model of resonant cavity with varying input capacitance.

The right side of the plot shows the undercoupled condition of the resonator. As coupling
capacitance decreases, we expect to see resonance only as a result of the cavity, and
hence, the behaviour of the resonator unloaded by external effects and input capacitance.
When there is insufficient coupling into the resonator, the input impedance increases and
the input to the resonator appears as an open circuit. When this occurs, the majority of the
input signal is reflected back to the source. As coupling increases, the resonator will
appear better matched to the input line and more power will be transferred to the resonant
cavity. When the resonator is maximally matched to the feed at the resonant frequency,
maximum power will be transferred from the feed to the resonator. At this point, the

resonator is said to be critically coupled, and minimum power will be reflected back
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towards the source. As the pin protrudes further into the cavity, an increased input
capacitance will result in an impedance loading effect on the resonator as shown on the
left side of the plot. In this condition, the resonator is said to be overcoupled, and as a

result, the resonant frequency of the resonator drops as does the Q.

In this model, the curve at the far right of the plot corresponds to a coupling capacitance
of 4 fF. The incremental change in coupling capacitance between successive curves was
between 2 and 5 fF, with smaller increments closer to the critical coupling point which
was found at 35 fF. The last curve at the far left of the plot corresponds to a capacitance
of 106 fF. For further information, the values of coupling capacitance corresponding to

each curve can be found in Appendix A.

From visual inspection, the generic t-line model appears to corroborate the measured
results (Figure 2.13). To perform a quantitative analysis of the model with respect to the
measured data, two curves were selected from the measured data set for comparison to
the modeled results. The first curve was selected to be at the point of critical coupling and
hence the highest Q. The other selected curve was selected to an overcoupled case. To
compare the two curves visually on the same plot, the results of the model were translated
in frequency to align the peak of the critically coupled curve. Doing so, we can see that
the Q of the peaks in the model are much narrower than those actually measured. The 3

dB bandwidths, and resulting Q factors of these two curves were determined for both the
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modeled results and the measured results and the values compared - confirming the visual

assessment.
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Figure 2.13 — Plot of measured data vs. modeled results showing significantly lower Q in
measured results.

Q was measured and compared for the two curves for bandwidth assessed at points 3 dB

from the peak/trough of the curve (3 dB BW low) and also for bandwidth at 3 dB from

the lip of the curve (3dB BW high) as shown in Figure 2.14. The standard definition of

bandwidth is generally accepted to be the frequency range between the two points 3 dB

down/up from the peak. However, the 3 dB bandwidth from the lip of the curve was

included for comparative purposes.
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Figure 2.14 — Figure showing 3 dB bandwidth used for calculations of Q for comparing

measured and modeled results.
In every case, the measured results show Q values that are considerably lower than those
calculated. However, it is noted that although the general t-line model used does account
for skin depth and parasitic effects of capacitance and inductance, it does not account for
factors such as surface roughness and end losses. To partially reconcile the difference in
the modeled vs. measured data, a first attempt was made by accounting for additional
losses by augmenting the unit length resistance by a factor of 2.5. Repeating the
calculations for the augmented R transmission line model (Figure 2.15), we find the
model matches the measured data much more closely (Figure 2.16). In the augmented R
model, the curve at the far right of the plot corresponds to a coupling capacitance of 24 fF.
As before, the incremental change in coupling capacitance between successive curves
was between 2 and 5 fF, with smaller increments closer to the critical coupling point
which was found at 55 fF. The last curve at the far left of the plot corresponds to a
capacitance of 126 fF. For further information, the values of coupling capacitance

corresponding to each curve can be found in Appendix A.
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Augmented R T-Line Model
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Figure 2.15 — Plot of transmission line model with of resonant cavity with varying input
capacitance and additional R losses.

The effects of added resistance include lowering the reflected power, as well as a shift in
the apparent resonant frequency. Using a scaling factor of 2.5x distributed resistance, a

shift of 15.3 MHz was observed between the two locations of the critically coupled point,

and a shift of 14.9 MHz between the peaks of the over coupled curve.
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Figure 2.16 — Plot showing measured data vs. augmented model showing improved agreement.

Calculating values of Q for the augmented model, we find they much closer to those that
were measured although the measured values are still much lower than those calculated.

The results of the modeled and measured bandwidths (BW) and Q factor are tabulated in

Table 2.2.

Critically Coupled (CC) A. 3dB from peak | B. 3dB from zero
fres BQ Q BQ Q
(GHz) | (kH2) (MHz)

1: lossy t-line model 2.4240 | 12.00 201983 | 3.16 767

2: modified model 2.4087 | 47.99 50191 7.77 309

3: measured 2.4080 |995.02 | 2420 8.96 268

Over coupled {(OC) A. 3dB from peak | B. 3dB from zero
fres BQ Q BQ Q
(GHz) | (MHz) (MHz)

4: lossy t-line model 2.4003 | 4.85 495 4.66 515

5: modified model 2.3854 | 5.07 470 10.95 217

6: measured 2.3859 | 8.96 266 13.93 171

Table 2.2 — Table summarizing Q measured from 3 dB bandwidths for measured results, t-line
model, and augmented loss t-line model.
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The measured Q value is consistently and significantly lower than the modeled values as
seen in each of the critically coupled cases. The overcoupled condition shows Q on the
same order of magnitude, but still with considerable discrepancy. Given the disparate
values of Q between the lossy t-line model, the modified model with additional resistive
losses and the measured values, another model for determining the Q of the cavity was

sought.

2.4.2.1 Equivalent Lumped Circuit Model

The Q factor of the cavity can be assessed by deriving the equivalent lumped element
RLC circuit for the transmission line from the length of the transmission line, and the
known distributed parameters R, L, G and C. Using the equivalent RLC circuit of lumped
element components, a transient analysis of the circuit’s natural response can then be

performed, and a theoretical value of the Q calculated.

The values of the lumped element model can be found by manipulation of the expression
(2.6) for input impedance Z;, [63]. As the length 1 of the transmission line is A/4 for some
f = f,, where f, is the resonant frequency. Knowing o = 2xnf, we can let ® = 0,+ Aw.

Assuming small loss, the expression for input impedance can be rewritten as:

1
Z'n = .
" ot + jr(Ae)/(2w,) (2.22)

Which is in the same form as the input impedance of a parallel RLC circuit is given by

the expression:
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;- 1
" (/R)+2j(a0)C
(2.23)

Therefore we can identify the equivalent lumped element circuit components to be:

R =%
Yl (2.24)
. V3
eq
40,2, (2.25)

The equivalent inductance can then be found to be:

eq 2
@, C (2.26)

And the Q factor of the resonator can be determined to be:

T _p
=w,R C =—=21_
Qeq 07Tl 2ax (2.27)
since at resonance:
_T
28 (2.28)

This lumped model was derived for both the nominal lossy t-line model as well as for the
modified model with additional resistive losses included. The value of Q. for the
equivalent parallel RLC circuits were found to be 1707 for the nominal lossy t-line, and

682 for the modified, augmented loss case.
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Given values of R, L and C for an equivalent parallel resonant circuit, we can also
perform a transient analysis of the resonant circuit’s natural response by performing a
nodal analysis on the lumped element circuit [65]. Using KCL, we obtain the following

relationship between voltage, current, and the lumped element components in a parallel

circuit.
2
cd) 10 1y
dt R L (2.29)
Which can be rewritten as the characteristic equation.
s*+ —l—s + L =0
RC LC (2.30)

Solving the differential equation which governs the circuits voltage and current
relationships, we obtain the roots to the characteristic equation which can be either real,
or complex.

si=—ptip? -,

(2.31)

The values of p and ®, are determined by the R, L and C values of the parallel resonant

circuit. In this case, these values are given by Reg, Leq and Ceq respectively, and result in:

p:
2R, C,,
(2.32)
2 1
“ =T C
eq“eq (2.33)
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In this case, the solutions to the differential equation are complex and yield the general

solution to the underdamped case yielding a natural response in the form:

Vo(t)=K,e™ +K,e™ (2.34)
As sy and s; are complex, Euler’s identity can be applied, and the resulting signal can be
re-expressed as:

V,(t)=e"" (Acos(w,t )+ Bsin(w, 1))
(2.35)

Where A and B are arbitrary constants as defined by the initial conditions.

Using Matlab, a simulation of the natural response was determined for both the nominal
lossy t-line model and for the modified model with augmented losses. The results were
then plotted as shown below in Figure 2.17. As expected, the amplitude decays much
more rapidly with additional losses included in the model. For both the cases, the ring
down time for varying levels of attenuation were calculated. The plot below shows values
which are in line the Q factor calculated from the lumped RLC model as 95% attenuation
of the signal requires approximately 1600 oscillations without additional losses, and only

620 oscillations with the added loss.

The time constant 1 represents the time required for an exponential signal to decay to 1/e,
or approximately 36.7% of its original value. For the augmented-R case, we can see that T

is approximately 90 ns. We can then calculate Q by the relationship [61]:
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Q= (2.36)
where o, is the resonant frequency expressed in radians/second, and 7 is equal to the time
constant for a decaying power signal. As power is proportional to voltage squared, we
expect that time constant for a power signal to be %4 that of the voltage signal. Therefore,
in terms of a power signal, we obtain a value for T of approximately 45 ns. From this, we

calculate Q = 684.

Excitation Response of Equivalent Paralle] RLC
T T T T T T

/ nominal lossy t-line mode!

Normalized Amplitude
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Figure 2.17 — Plot of simulated natural response for equivalent lumped RLC circuit for cavity
resonator.

2.5 Compression Test

To validate the coaxial cavity resonator as a strain sensor, the sensor was placed in a load
frame and tested under compressive strain. To do this, the sensor was first encased in a

concrete cylinder. In this case, the concrete was used to provide an approximation to
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actual usage conditions and not intended to be tested to critical failure. Therefore, the
actual mix and strength of the concrete was not critical, and for these experiments, a
simple 3:2:1 mix was hand mixed. This mix indicates the proportion of small aggregate,
sand and cement respectively. The cylinder was then capped with to provide smooth flat
end surfaces for even pressure distribution across the cylinder with an applied load. The
concrete cylinder was then loaded into a compression frame so strain could be applied to

the cylinder.

To prepare the sensor for encasement in concrete, the SMA connector was secured in
place with the use of a locking nut and loctite. When the loctite has had sufficient time to
cure, the seams and joints of the sensor are sealed with a layer of nitrile rubber (Figure
2.18a). The outside of the sensor is then wrapped in a thick layer of butyl rubber (Figure
2.18b) which is stretched over the sides of the sensor and over the connector, leaving
only the ends of the sensors exposed to the concrete. The entire package was then
centered inside a concrete cylinder (Figure 2.18c, Figure 2.18d). A traditional metal foil
strain gauge is applied to the outside of the cylinder to provide a reference strain

measurement.
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Figure 2.18 — Casting of sensor in concrete cylinder

2.5.1 Press Fit Sensor

An 1nitial reading of the reflected voltage to incident voltage ratio (S;;) of the sensor
under no strain showed a resonant frequency at approximately 2.42 GHz as measured

with an HP 8753E network analyzer. This curve can be seen in Figure 2.19.
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Figure 2.19 -S,; of resonant cavity as read from network analyzer showing predicted effects of
compressive strain.
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From the compression test, measurements of resonant frequency shift versus applied
strain yielded the curve shown in Figure Figure 2.20. The measured response with the
best fit line showed a conversion factor of 2.6 kHz per pe. The signal is coupled in and
out of the sensor cavity through the connector shown in the with a high degree of
linearity up to 130 pe. The signal is coupled in and out of the sensor cavity through the
connector shown in the. Strain levels beyond 130 pe. The signal is coupled in and out of
the sensor cavity through the connector shown in the showed an unexpected decrease in
the resonant frequency shift Afres. This may be explained by the nature of construction of
this particular cavity. As the ends are press fit on, there may be some frictional forces
which are overcome beyond the 53379 N of force used to causing the cavity dimensions

to change in an unpredictable manner.
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Figure 2.20 — Plot of frequency vs. strain for press fit sensor.
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It was noted that the resonator did appear to exhibit hysteresis during the first few strain
cycles as the zero point appeared to shift upwards in frequency until settling down at

approximately 120 kHz from the initial point.

2.5.2 Welded Sensor

To verify the hypothesis that the effects of hysteresis and non linearity were due to
construction of the sensor with a press fit, an identical sensor was constructed but with
the end pieces secured with a heliarc weld at the ends. This sensor was again treated with
the same preparation and encased in a concrete cylinder like the first sensor. In this case,
the load was cycled several times between 0 and 200 pe, which corresponds to
approximately 124000 N of force. A typical output plot of Af vs. applied strain is shown
in Figure 2.21. Testing of this sensor showed significantly less hysteresis, with the
change in resonant frequency returning to zero when the load was released. As well, it
did not exhibit the same effects as the unwelded resonator in demonstrating non-linear
effects beyond 130 microstrain. A best fit line showed a conversion factor of 1.98
kHz/pe with a high degree of linearity up to 200 pe. Although we expect to read 2.42
kHz/pe, applying a gauge factor may be sufficient to compensate for the difference in

material elasticity between the sensor and the concrete structure.
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Figure 2.21 - Plot of frequency vs. strain for welded sensor compared to press fit sensor.

While the initial load cycles did not demonstrate any residual effects of compression
when the load was released, they did show a resistance to meeting the expected Afi vs.
strain relationship. The maximum strain measured on the first load cycle was 160 pe.
Although a Afis of approximately 500 kHz is expected, only a 210 kHz shift was
recorded. With successive load cycles however, the maximum frequency shift appeared
to converge towards expected values as shown in Figure 2.22. This may be explained by
binding or frictional forces of the concrete when in contact with the sides of the sensor

that may be relieved with a few cycles.
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Figure 2.22 — Plot of max frequency shift with max strain for first 5 cycles.

2.6 Sensor Installation

Sensor installation is easier, faster, and far less labour intensive or troublesome than
installation of fiber optic or metal foil strain gauges because the sensors are robust, and
do not need to be bonded to the structure. As well, as there is no connection that has to
run between the sensor and the data acquisition unit, cables do not have to be run through
specially laid conduits. As demonstrated with the casting of the test sensor in a concrete
cylinder, the sensor needs only to be positioned with the length of the sensor along the
axis of interest. This can be accomplished during casting of the structure, or secured to

the rebar or conduit in advance of casting.

The photograph (Figure 2.23) shows sensor placement in a full scale replica of a steel

free bridge deck. This structures is a laboratory model of the North Perimeter bridge in
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Winnipeg, Manitoba. In this model, the sensors were simply attached to the conduit and
FRP (fiber reinforced polymer) bars with cable ties. At this time, testing has yet to be

performed on the structure, and therefore no data from the sensors has yet been obtained.

Figure 2.23- Photograph showing sensor installation in scale model bridge deck.

2.7 Chapter Summary

In this chapter, an overview of the theoretical basis of the sensor was described. This
included a basic overview of resonant systems, transmission lines, and general resonant
cavities. A discussion of the sensor used in this project was then presented. This included
experimental data obtained for changing coupling capacitance of the feedline into the
resonator. To quantify the effect of capacitive coupling on the sensor characteristics, a
distributed parameter transmission line model of the sensor was developed in Matlab and

the results compared to measured data. This model was then later augmented to account
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for additional losses and to better reflect measured data. As well, from the distributed
transmission line parameters, an equivalent lumped circuit model was obtained. From the
lumped circuit model, a theoretical Q was calculated for both the general lossy
transmission line as well as for the augmented R model. From the equivalent lumped
clements a transient analysis of the resonant systems was also presented, yielding a time
constant value that could again be used to measure Q of the resonant cavity. The results
of two similar sensor designs under compressive strain tests demonstrated good linearity
and low hysteresis could be obtained and therefore could make this device a viable strain

SEnsor.
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Chapter 3 Interrogation System for Wireless Sensing

An interrogation system is used to wirelessly measure the resonant frequency of the
embedded sensor and hence determine the amount of strain in the sensor. To do this, the
interrogation system must act as both a transmitter and a receiver of an RF signal. The
interrogator generates a signal that is square wave modulated, effectively allowing it to
transmit an RF signal 50% of the time and receiving the signal returned from the sensor
during the other 50% of the time. An antenna is attached to the sensor to pick up and

transmit signals between the sensor and the interrogation system.

Functionally, the interrogation system is assuming the task performed by the network
analyzer in the previous chapter — that is, determining the resonant frequency, or shift of
the resonant frequency of the sensor under strain. However, it is important to distinguish
between the results that they produce. The S from network analyzer is indicative of the
voltage reflection from the sensor. A minimum in S;; implies the input line is best
matched to the sensor at that frequency; meaning maximum power is transferred to the
sensor, and a minimum reflected signal is detected. However, S;; does not account for
where the energy goes. It does not distinguish between the energy transferred to a
standing wave, energy which is absorbed in the conductor or otherwise dissipated as a

result of impedance mismatch, cable loss, and cavity losses.
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The interrogation system, on the other hand, transmits a signal to the cavity which
generates a standing wave inside the sensor. When the RF signal is turned off, the energy
stored inside the cavity will re-radiate out. The interrogation system then measures the
power in the returned signal. Because the strength of the signal is directly proportional to
the energy which was stored in the cavity, it is clearly a measure of the sensor’s resonant

frequency.

3.1 Basic Interrogation System

A block diagram of the basic sensing system is shown below (Figure 3.1). The process
starts with the transmission of a signal from a Rhodes & Schwarz RF source. This signal
1s passed from the function generator to the transmitting antenna (Demarc Technologies
Group SPLGI11F) via a 2 position switch (Minicircuits ZASWA-2-50DR RF switch).
This energy is then transmitted into free space. In the diagram, the shaded regions over
the signals indicates the time when the interrogation system is transmitting. Another
antenna that is connected to the resonant cavity will pick up some of the transmitted
signal and couple it into the sensor. Here, the energy builds an electric field which at
some point in time reaches a state of equilibrium. In the case of this resonator with a fies
of approximately 2.42 GHz and Q determined to be greater than 600 (Chapter 2),
equilibrium of the excited field will occur in approximately 100 ns. Sometime after
equilibrium is reached, the interrogation unit switches from send to receive. The energy
stored in resonator will re-radiate out from the resonator and out of the attached antenna

in the form of a decaying RF signal. The received signal is directed through a low noise
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amplifier (Minicircuits ZHL-1724MLN-SMA) and into an RF peak detector (Anritsu
73N50) such that the power in the signal can be measured. The switching rate between
sending and receiving states is controlled by a TTL control signal generated by a Stanford
Research Systems function generator. In this particular case, square wave between 1 and

4 MHz was used to control the switching state.
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Figure 3.1 — Block diagram of the basic interrogation system discussed.
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Figure 3.2 —Signal at nodes N1 and N2 as marked in the block diagram.
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To find the resonant frequency, the input RF signal is swept across a range of frequencies.
The returned signal is expected to have maximum amplitude and duration when the input
signal is at the resonant frequency of the cavity. Using the Anritsu 73N50 detector in the
small signal range, the output voltage of the detector is expected to be proportional to the
detected power with a scaling factor of -.35 mV/uW. The negative relationship indicates

the negative polarity of the detector.

A plot of the expected signal at the output of the RF detector is shown in Figure 3.3. It is
expected that the signal would increase to a maximum when the switch first changes
position into the “receive” state, as maximum power will be detected. This transition to
the maximum value will be limited by the time constant of the detector. The signal is then
expected to show some exponential decay as the energy in the cavity radiates out. It is
expected that all time domain signals will show this basic form, but with varying
magnitudes that are affected by the separation distance between the two antenna, and the
input frequency relative to the resonant frequency of the cavity. When the input
frequency is at the resonant frequency, maximum energy will be stored in the cavity in
the form of a standing wave, and hence maximum signal should be returned. At input

frequencies far from resonance, it is expected that this signal would go to zero.
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time domain RF detector signal

0 = e
5 \‘\ switch into //'
g‘ ‘,\ receive /
it ! mode signal
g 05 \ decay
i i
£ i
o
= L “&— signal detected
0 02 04 06 08 1

Figure 3.3 — Figure showing expected time domain signal from the RF detector.

As a rough measure of resonant frequency, the transmitted RF signal can be adjusted over
a range of frequencies to find where the received power at the detector is a maximum.
Performing this measurement under unstrained conditions did not yield expected results.
First, the output waveforms showed considerable deviation from the expected shape.
Secondly, although the waveforms were reproducible for a given frequency, this shape
was not consistent through the entire frequency range. Thirdly, it did not appear that the
signal attained a maximum amplitude or maximum signal duration as it passed through
the sensor’s resonant frequency. Typical output traces of the RF detector time domain
signal are shown below in Figure 3.4 for varying input frequencies fi,. The encircled
points are those which show unexpected or unusual results. The resonant frequency for
this sensor was approximately 2.422 GHz. Because the distortions show different effects
at different frequencies, it is likely that they are due to interference from superimposed

signals.
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time domain RF detector signal
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Figure 3.4 — Plots of (normalized) typical output signal of the RF detector.

Finding the total power in the signal requires integration under the curve. However, as the
signal is simple in form, an approximation can be obtained by passing the output of the

detector through a low pass filter to effectively measure the DC value of the output signal

as shown in Figure 3.5. The low pass filter used was a simple RC circuit with a cut off
frequency of 1 kHz. When sweeping across a range of frequencies, the resulting curve of
DC values is expected to show roughly the same form as Sy;. The expected output can be
approximated by a Gaussian shaped curve that shows maximum signal is detected when
the input frequency is at or near the resonant frequency of the sensor, and attenuated for

input frequencies that are too high or too low.
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Figure 3.5 — Block diagram of basic interrogation system with low pass filter.

Sweep curves from the interrogation system did not show the expected frequency
response. Rather than a smooth Gaussian shaped curve with near zero background levels,

a small peak at the resonant frequency was almost indistinguishable over high

background signal. A typical frequency sweep is shown in Figure 3.6.
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Figure 3.6 — Plot of typical output signal of low pass filter over a range of frequencies.

Because both the time domain and frequency domain signals show the effects of
constructive and destructive interference, it was hypothesized that the distortions in the
detected signal were due to environmental reflections and noise which were of differing
frequency and phase from those returned from the resonant cavity. To investigate this
hypothesis, time domain measurements were taken with the input frequency near
resonance and again far off resonance where zero signal would be expected. As well,
without changing any other conditions, the sensor was disconnected from the receiving
antenna. The results showed that when the input frequency is far from the resonant
frequency, and even when the sensor is entirely disconnected, a non-zero signal exists at

the output of the RF detector.
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Figure 3.7 — Plot showing time domain signal from RF detector with and without sensor

connected.
This non-zero response strengthened the belief that the sharp corners in the time domain
signal and the background levels in the frequency sweeps were due to out of phase
additive signals from sources other than the RF signal that was returned from the cavity.
As demonstrated with SAW devices [41], the effects of environmental reflections can be
reduced with the use of time domain gating. In the next section we will describe how
time domain gating was used to reduce the effects of these effects and produced results

which closely match idealized expectations.

3.2 Gated Interrogation system

A time domain gated detection circuit was implemented by the addition of a second RF
switch as shown in Figure 3.8. Again, a Minicircuits ZASWA-2-50DR RF switch was
selected such that the transition times of the switch could be assumed to be identical.
Then by controlling the TTL signals for the switches, a variable time lag can be inserted
between the “receive” state of the primary switch, and the passing of the received signal
to the detector. This effectively discards the first few nanoseconds of the detected signal

where the environmental reflections occur. Because the cavity is highly resonant, it will
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continue to emit a signal from the stored energy well after the energy from environmental
effects have been sufficiently attenuated. A diagram of the signals at nodes N1, N2 and
N3 as marked the block diagram can be seen in Figure 3.9. A photograph of the

interrogation system and experimental setup can be seen in Figure 3.10.
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Figure 3.8 — Block diagram of circuit and control signals for time domain gating.
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Figure 3.9 — Time domain signals at nodes N1 and N2 and N3 as marked in the block diagram
showing effects of time domain gating.

Figure 3.10 — Photograph of interrogation system and experimental setup.

To be able to control the timing of the two switches, two methods of generating the
second TTL signal were investigated. Initially the TTL signal for Switch 2 was

implemented with the addition of a HP 8011A pulse generator which could generate a
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variable duty cycle square wave with period determined by an external trigger (Figure
3.11). A ‘T’ from the Stanford Research Systems function generator allowed the TTL
control signal from Switch 1 to also serve as the input trigger for the pulse generator. The
output of the pulse generator was then used to control the state of Switch 2. The time
delay between the two signals was viewed and measured using an oscilloscope while the

actual delay time (pulse width) was controlled with a vernier dial on the pulse generator.

Difficulties in using the pulse generator included only being able to trigger on the
positive edge of the input signal. Therefore, both switches could not pass on the high
signal. To implement a variable time delay between the two switches, Switch 1 was set to
receive on the TTL = high signal, and Switch 2 was set to pass signals to the detector on a

TTY = low signal as illustrated below (Figure 3.12).

RF
Source “\)
" Switch 1
Switch 2
RF2(TTL=1)
RF1{TTL=0) -
oy S
» N RF1 (TTL=0)
RE2(TTL=1) N2 ¢ h )
N3 @ 4 TTL
TTL input
input
¥ s sy
Low Noise | Stanford Research |
Amplifier —*| Oscilloscope : Systems .
[ SRR | Function Generator |
RF
Detector SN
IR 1. external trigger
: LowPass | Vernier
Fiter HP 8011A Dial Input

| Pulse Generator |

Figure 3.11 — Block diagram showing use of HP 8011A pulse generator for timing control of two
switches.

89



Embeddable Wireless Strain Sensor Based on RF Resonant Cavity

However, because of this arrangement, the time delay between the signals is actually
determined by the time between the transition to the “send” state of Switch 1, and the
“pass” state of Switch 2, rather than between the transition to the “receive” state of
Switch 1 and the “pass” state of Switch 2. For a 1 MHz TTL signal, the time between
“send” and “receive” is 500 ns. Because we are concerned with a time delay of only a
few ns between the “receive” state of Switch 1 and the “pass” state of Switch 2, the actual
time delay of interest is only a few parts per hundred of the set value. Therefore, we can
see that the timing for Switch 2 is difficult to control as a small amount of jitter in the
timing signal could have a significant effect on the transition time of the second switch.
As well, the vernier dial was very sensitive, and difficult to set accurately because of

mechanical effects in the actual dial.
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Figure 3.12 — Diagram showing TTL control signals for the two switches and the resulting signals
at N2 and N3 as marked on the block diagram using a HP 8011A pulse generator.
As an alternative solution, a HP 8016 word generator was used to generate the TTL
signals. This instrument allowed for a time delay between the two signals to be controlled

with a vernier dial. Because this instrument is designed for timing control between
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signals and does not depend on varying pulse width to create the time delay, it is much

more stable and less prone to drift.

One of the problems with using this instrument as the switching signal was the pulse
width could not be controlled using this method. Given the TTL signals generated by the
word generator (Figure 3.13), it can be seen from the block diagram (Figure 3.8) that the
when Switch 1 first moves back to position a, (sending RF signal to antenna), Switch 2 is
still in position d (passing signal to the detector) for some time before switching to
position c. Although theoretically there is no incoming signal from Switch 1, initially it
was thought that signals would be passed from the RF source to the detector if there was
insufficient isolation between the switch’s input ports. However, experimental results do

not indicate that this is a problem.
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Figure 3.13 — Diagram showing TTL control signals for the two switches and the resulting signals
at N2 and N3 as marked on the block diagram using a HP 8016A word generator.
With the additional switch in place, the time delay was manually adjusted until the
environmental reflections were eliminated. This occurred at approximately 8 ns. At this

point, the detector output signal is near zero levels when the resonator is removed, and
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also when the input frequency is far from the resonant frequency of the cavity (Figure
3.14). As the switching time of the Minicircuits ZASWA-2-50DR switch is specified to
be 7 ns (typical, 10 ns maximum) between 50% of the control signal and 90% RF (turn
on), and 3 ns (typical, 10 ns maximum) between 50% of the control signal and 100% RF
(turn off) the signal distortion may actually be a result of pass through of the RF source
signal. As well, another factor to consider is the resonance of the antenna. The Demarc
SPLCI 1F patch antenna has a specified bandwidth of 80 MHz, with a center frequency
of 2.4 GHz. This corresponds to a Q of 300. Since this is a highly resonant element, the
antenna may continue to resonate for some time after the interrogator has switched from

“send” to “receive”.
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Figure 3.14 — Plot showing environmental noise at output of RF detector with and without gating.

Improvements in the signal with the use of gating can be clearly seen in both the time
domain and frequency domain output signals. In the time domain, the signal is
considerably smoother (Figure 3.15). However, the improvement in signal form is

accompanied by decreasing signal amplitude as gating time increases. Although the
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signal amplitude decreases considerably, we see later that the signal to noise ratio (SNR)

is actually improved.
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Figure 3.15 — Plot showing time domain signal from RF detector output with and without gating.

With no gating, the decay constant of the noise signal (Figure 3.14 left) was determined
to be approximately 37 ns. The decay constant of the detected signal for the single switch

(Figure 3.15 left) and double switch (Figure 3.15 right) cases were determined to be 55 ns

and 56 ns respectively.

In the frequency domain, the returned spectrum shows a much more Gaussian form with
near zero background levels as expected (Figure 3.16). A reading of the sensor’s S;; was
also obtained from the HP 8753E Network Analyzer and superimposed over the gated
signal. We can see that although there is good agreement with respect to resonant

frequency, there appears to be significant difference in measuring the apparent Q of the

Sensor.
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Figure 3.16 — Plot showing frequency sweep of sensor without gating, and with gating showing
results much closer to ideal.

3.2.1 Effects of Increasing Time Delay Between Switches

Noticeable reductions in background levels with increasing time delay can be seen up to
the point the environmental noise is entirely gated out. However, increasing the time
delay further after this point does not result in improved signal quality, but results only in
a decrease in signal amplitude. Effects of increased time delay on output signal amplitude
are shown in the composite plot below (Figure 3.17). Each subplot is a sweep of the input
frequency from 2.40 to 2.44 GHz with the output plotted in mV. In these plots the data

has been multiplied by -1 and shown as positive values.
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Figure 3.17 — Composite plots of frequency sweeps with increasing time delay.

The amplitude of the signals were then plotted versus their respective lag in switching
signals (Figure 3.18). Using the Matlab curve fitting toolbox, this data was then fit with

the expected exponential relationship.

fx)=ae™ +c 3.1)
where a, b, and ¢ are constants. Goodness of fit was evaluated using an R-square value.
R-square is essentially a measure of how well the fitted curve accounts for variability in
the observed data. It is the square of the correlation between the response values and the

predicted response values. It is also called the square of the multiple correlation
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coefficient and the coefficient of multiple determination. It is determined by the ratio of

the sum of squared differences between the predicted data and the mean, over the sum of

squared differences between the sampled data and the mean.

In this case, the R-square value was calculated to be .9933, meaning the model accounts

for over 99.33% of the variability in the data set. A R-square value of 1 would indicate a

peak detector output vs. time delay of gating
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Figure 3.18 — Plot of maximum amplitude vs. gating delay showing inverse exponential

relationship.

As shown before in chapter 2, time constant can be used to determine Q factor. The time

constant T is a measure of the time required for the signal power to fall to 1/e
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30

time delay (ns)
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(approximately 37%) of the maximum value. With an initial value of ~14.5 mV, t
corresponds to the time required for the signal to fall to approximately 5.3 mV. We can
see that this occurs at approximately 22 ns. In this case, we again invoke the relationship

[61]:

0 = w7 =277 (3.2)
where o, and f, are the center frequency, in radians and Hz respectively, and 7 is the time
constant. Therefore with a t of 22 ns, and a center frequency of approximately 2.42 GHz,
we calculate the Q of the system to be approximately 334. This is approximately off by a
factor of 2 from the Q calculated in Chapter 2 from the lumped element model. However,
it is important to note that although it did include an augmented factor of resistive loss,
the lumped element model did not consider the effects of capacitive coupling, which can
not be isolated in the measured case. However, it is also noted that this T is also
significantly less than that measured from the time domain signals in Section 3.2. This

can not be explained at the present time and will be the subject of future investigation.

3.2.2 Signal Level vs. Antenna Separation Distance

As before, the sensor cavity was disconnected from the antenna and the time delay
between the two switches was manually adjusted until time domain signal from the RF
detector was reduced to zero. With the minimum time delay necessary to remove the
environmental reflections, the system was maintained under constant operating
parameters while the two antennas were moved to varying separation distances. The

results of the interrogation system output for varying antenna separation can be seen in
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the composite plot (Figure 3.19). Each subplot shows the output of the low pass filter
over a 40 MHz frequency sweep between 2.40 and 2.44 GHz. In these plots the data has

been multiplied by -1 and shown as positive values plotted in mV.
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Figure 3.19 — Composite plot showing effect of increasing separation distance between two
antennae. All y-axis in mV, all x-axis span 2.4 GHz to 2.44 GHz sweep.
The amplitude of each trace was then plotted vs. separation distance. The resulting curve
of peak detector output vs. separation distance was fit with a curve describing the
expected decrease in signal with distance (Figure 3.20). In this case, it was a x* fit as

described by:
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f() =S
x (3.3)

where a and c are constants. In general power density is expected to be inversely
proportional to x%. However, in this case, because the power is not simply reflected by
the sensor but received, stored, and re-transmitted, the signal is actually decreased by a
factor of x 2 in both directions. The goodness of fit for the x™* curve was evaluated to have
an R-square value of .9595, indicating that over 95% of the data variability is accounted
for in the model. It is noted that although the data shows a reasonable fit over the entire
data set, strictly speaking, the x™ relationship is only valid in the far field region of the
antenna. This region is defined where the angular field distribution is independent of
distance from the source [69]. For most applications, this region can be assumed to exist

at distances greater than integer multiples of the transmitted wavelength.

Signal Amplitude vs. Antenna Separation Distance (in air)
50 - T : T

45t

— ate
—~~- 95% prediction bounds b
* data points

40t

35¢

30r

25+

201
far field region

peak detector output (mV)

15+

10}

5t

0 1
50 100 150 200 250

separation distance (mm)

Figure 3.20 — Plot of maximum amplitude vs. antenna separation distance (in air) showing
inverse x* relationship.
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Considering only data points at distances greater than A (~12 ¢m), we again apply the x™
fit as described by Equation 3.3. In this case, the goodness of fit was evaluated to have an
R-square value of .9843, indicating that over 98% of the data variability is accounted for

in the model.

Signal Amplitude vs. Antenna Separation Distance (in air)
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Figure 3.21 — Plot of maximum amplitude vs. antenna separation distance (in air) showing
inverse x* relationship for far field region only.
The r* relationship between separation distance and received power has obvious
consequences. The significant implications in include the system’s design requirements
for power output and antenna gain, as SNR will drop off rapidly with separation distance
between the interrogator and sensor. At the distances required for practical use, which are
expected to be in the 40 to 60 cm range, this might necessitate the enhancement of SNR

through different antenna designs which can improve gain and lower attenuation factors.
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As well, the interrogation system may be modified to make use of curve fitting

techniques to accurately determine the peak frequency under conditions of low SNR.

3.2.3 Measuring Q with Effects of Coupling Capacitance

As before in chapter 2, the effect of capacitive coupling of the input to the resonator can
be explored by setting the input feed at varying distances from the center conductor and
measuring the detected power over a range of frequencies. However, in this case, the
sensor is queried using the wireless interrogation system for varying pin depths. From the
resulting curves (Figure 3.22), Q factor can be obtained from the relationship [61]:

BW  BW (3.4)

o
Where o, and f, represent the center frequency of the peak in radians and Hz respectively,
and BW generally refers to the 3 dB bandwidth of the curve (Figure 3.23). The 3 dB
bandwidth is used for signals of voltage or current, and corresponds to the point where
the signal has fallen to 1/V2 (approximately .707) of its maximum value. Because power
is proportional to V2 or I?, on a power plot the 3 dB bandwidth would correspond to when
the signal has fallen to % of the maximum signal since (1/72)* = 1/2. As the voltage at
the RF detector output is a representation of the power received, in this case the full
width half max bandwidth is used [61]. From this value, the Q can then be calculated.
Since the measurement is the power in the signal that is returned from the sensor, rather

than simply an absence of a reflected energy, we are more convinced that the measure for

the obtained curves is a measure of the cavity’s resonance than in the case of Sy;. In Sy,
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the absence of a reflection indicates the resonant system is closely matched to the
feedline, and maximum power transfer occurs. However, it is not necessarily a good
measure of the amount of energy that is stored in the resonant device as shown by the
disparity between the apparent Q and the signal decay time discussed in Chapter 2. In this
case, the quantity measured is not the ratio of reflected power to incident power, but
rather a measure of energy accumulation of the cavity. When the interrogation system is
switched from “send” to “receive”, the detected signal is indicative of the actual energy

which has been stored in the cavity in the form of a standing wave.

frequency sweep with varied pin depth

output of detector (mV)

T2.34 2.36 2.38 24 2.42 2.44
frequency (GHz)

Figure 3.22 — Plot of detector output through low pass filter with varied pin depth. Frequency
decreases with increasing pin depth (increased coupling capacitance).
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LPF Output (m
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Figure 3.23 — Plot showing 3 dB and full width half max thresholds and bandwidths.

The data shows bandwidth of the curves increases linearly with the coupling capacitance
(Figure 3.25), and that Q increases with decreasing coupling capacitance. At high and
low coupling capacitances, the slope for the both the bandwidth and Q curves decreases
as expected. When the coupling capacitance is small, it plays a smaller role in loading the
resonator and hence does not significantly change the reactance of the equivalent circuit.

When it is large, its effects will dominate over those of the resonator.

Bandwidth and Q was calculated for the data and then repeated after the data was
smoothed with a 16 point moving average filter (Figure 3.24). As additive noise can
make the peak appear much broader than it actually is, the purpose of the filter was to
reduce these effects and to obtain a accurate measure of the bandwidth. This is more
important for curves of smaller amplitude, where the signal to noise ratio is considerably
lower. Clear examples of effects of noise on apparent bandwidth can be seen in the
composite plots from increasing time constant and increasing antenna separation in

Figure 3.17 and Figure 3.19 respectively.
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Figure 3.24 — Plot showing data normalized and inverted before and after smoothing filter.

With the exception of the curve of smallest amplitude (Figure 3.22 far right), no
significant change was found between resulting Q for smoothed and unsmoothed data. In
each case, the resulting Q and BW of the smoothed data set for this curve has been
indicated by a different marker. The dashed line indicates possible continuation of the
curve for lower values of coupling capacitance considering the smoothed and
unsmoothed data points. Unfortunately, this is only what can be predicted as the expected
value, since’there is insufficient data to conclude how much higher the Q will rise before

tapering off.
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Figure 3.25 — Plot of output bandwidth for pin depth
depth (increased coupling capacitance).
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Figure 3.26 — Plot of Q for varying pin depth. Frequency decreases with

(increased coupling capacitance).
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From the plot of Q we can see that the coupling capacitance that results in greatest power
in the returned signal does not necessarily imply greatest resonance. Although to date it
has been attempted to set the connector to a position where the greatest signal amplitude
is detected, it may be desirable to use sensor in undercoupled condition to take advantage
of a higher resonance factor. Future work should also include a repetition of this
experiment with more data points taken in the undercoupled condition to confirm the

limit of Q.

3.3 Phase Sensitive Detection

Phase sensitive signal detection techniques were employed to minimize the effects of
most types of noise. To do this, a few modifications were made to the basic interrogation
system. First, the high frequency signal from the Rhodes & Schwarz signal generator is
frequency modulated (FM) with an internally generated low frequency signal. This
modulated signal is then transmitted to the sensor through same switch and antenna as
used in the basic system. Secondly, when the signal is received, the output of the RF
detector is passed into a lock-in amplifier and referenced to the low frequency signal
from the Rhodes & Schwarz signal generator. The output of the lock-in amplifier then
gives a reading that is proportional to strain. A block diagram of the phase sensitive

detection set-up is shown in Figure 3.27.
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Figure 3.27 — Block diagram of the interrogation system modified to use phase sensitive detection

techniques using a lock-in amplifier.
Frequency modulation varies a signals frequency around a center frequency fiq. The
amount by which the frequency changes from its center frequency is called the FM
deviation. The FM period is the time required to go through one complete deviation cycle,
and is the inverse of the FM rate (Figure 3.29). For a square wave FM modulation, the
frequency of the signal changes instantaneously between two frequencies f} and f,. For a
sinusoidal FM modulation, the output frequency of a signal follows a sinusoidal pattern

between two frequencies f and f, (Figure 3.28).
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Figure 3.28 — Diagram of sinusoidal frequency modulation.
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Figure 3.29 — Diagram of FM rate.

In this system, the high frequency signal from the signal generator was frequency

modulated at a rate of 15 kHz with a deviation of 2 MHz.

A method of visualizing the function of the lock in amplifier is to first consider the
relationship between frequency and the received signal power that describes the sensor
response (Figure 3.30). As before, this relationship can be measured from the DC value
of the detector output signal when the input frequency is swept over a range of
frequencies and will be unique for a given set of operating conditions which include
antenna separation distance, time delay, input power and coupling capacitance.

Frequency modulation of a signal near the peak of the curve effectively performs a

108



Embeddable Wireless Strain Sensor Based on RF Resonant Cavity

frequency sweep over the peak as performed before, but this time over a much narrower
frequency band (Figure 3.30). Therefore, when a sinusoidal frequency modulation of
period T=Tgym is applied to the underlying RF signal, the resulting signal f{(t) in the time

domain is a periodic waveform where every point in time corresponds to a point on the

power vs. frequency curve (Figure 3.31).

Sensor Response Frequency Modulation

T

LPF output
LPF output

fi: fmod ©
frequency frequency

Figure 3.30 — Figure showing frequency modulation effect of detector output through low pass
filter.

points in frequency domain output in time domain

5 : =
o : : : °©
L. - - . L
5 fi: fmod 2 %
frequency T 27 37T

Figure 3.31 — Figure showing time domain output signal of RF detector through low pass filter
with FM modulation applied to signal.

Taking the Fourier transform of the time domain signal, we can see the frequency
components of the signal f(t), where the fundamental frequency is f= 1/T. This frequency

f is the rate of the FM modulation, and is the frequency of the sinusoidal signal used as

the reference signal by the lock-in amplifier.
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Figure 3.32 — Figure showing frequency spectrum of RF detector signal with FM modulation.

Assuming a fixed sensor response, we can vary the center frequency f,0q and observe its
effects on the output signal and resulting frequency spectrum (Figure 3.33). It can be seen
that the low frequency component at frequency f is minimized when the center of the FM
modulated signal is at the resonant frequency of the sensor. When the modulation
frequency is perfectly matched at the center frequency of the peak, the time domain
output will be a rectified sinusoid signal with a fundamental frequency of f = 2f. The
frequency spectrum of this signal will compose only of frequency components at

multiples of 2f, and no lower frequency components will exist.
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Figure 3.33 — Diagram of changing f,,,q with respect to peak of detector power curve and effects

on time domain output of detector and frequency spectrum of output signal.
Therefore, using phase sensitive detection, when the RF interrogation signal is centered at
the resonant frequency f,, a signal of OV is expected at the output of the lock in amplifier
since no signal exists at the reference frequency f. All other values of fi,oq will result in a
non-zero values at the output of the lock-in amplifier; where the magnitude of the signal
is dictated by the absolute separation of the RF interrogation frequency from the resonant
frequency, and the sign of the signal is dictated by their relative positions. For small

separations in frequency, the output of the lock-in amplifier is expected to be directly
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proportional to the change in frequency between fi,,4 and f,, and hence the strain in the

sensor. This can be shown by plotting the magnitude of the spectral line at f vs. the center

frequency of the modulation 04 (Figure 3.34).
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Figure 3.34 — Figure showing magnitude of low frequency component f of detector output signals
for varying values of f,,4.
Typical outputs of the lock-in amplifier and low pass filter signals show reduced noise in
the lock in signal. It is clear from the figure that a voltage of 0 volts is expected when the
RF input signal passes through the resonant frequency of the sensor, but is non-zero
otherwise for frequencies that are close to resonance, therefore to find the resonant
frequency is simply a matter of looking for the zero crossing as opposed to a peak

frequency.
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Figure 3.35 — Block diagram showing typical output of low pass filter and lock-in amplifier for a
wideband sweep in frequencies.

3.3.1 Calculation of System Resolution

The resolution and noise limitations of the phase sensitive detection scheme used can be

understood by considering the diagrams in Figure 3.36.
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Figure 3.36 — Diagram of square wave frequency modulation on RF signal.

Considering the simplest case, the RF signal is square wave modulated between f; and £,

where:

fi=h=L-1 (3.5)
then assuming a symmetric function around f, the voltage out of the detector at the

modulation frequency will be:

14 =V

T=fuot ff=f, ., =0

I=h (3.6)
However, if the resonant frequency is shifted by strain by amount Af, then the voltage out
of the detector at the modulation frequency will be:

=V, +Af§i—[V2 —Af%]

B 4 9> (3.7

since the function is symmetrical, for small signals we can write:
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v o
o =Y g 655)

since this is square wave modulation the RMS amplitude will be given by:
ar
d

VRM _, =4
S Ij‘./mod f f (39)

Since from Chapter 2 we have:

Strain = — ~ ——
h

I 2.13)

and;

Af = strainx f, (2.14)

we can substitute equation (2.14) into (3.9) and rewrite the equation to get:

Vems | g = strainx f, Cz;—V
- (3.10)
Z . VRMS I./V"‘"./‘mml
strain = P av
df G.11)

The resolution of this measurement will be limited by many sources of noise. If we
assume that thermal noise from the characteristic impedance of the system is the

dominant form of noise, then minimum measurable change in strain will be:

th
a
df (3.11b)

ostrain,, =

/e

where Vy, is thermal noise signal, and is given by the expression:
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Vi, =4kRT(BW) x AmpVoltageGain (3.12)

where R is resistance in ohms (50Q), k is Boltzmann's constant, T is the absolute
temperature given in Kelvin, BW is the system bandwidth in Hertz, and
AmpVoltageGain is the voltage gain on the low noise amplifier between the switch and

the detector.

A theoretical estimate for dV/df can be derived from Figure 3.36. The peak amplitude of

the Gaussian signal can be estimated to be:

- Vl = Prpp x DutyCycle x ISZ, ‘2 x AmpPwrGainx ConvFactor

e I=1r (3.13)

where Prr is the power level of the RF signal, Duty Cycle is the percentage of time that
the RF signal is being transmitted from the interrogation system, S, is the transmission
characteristics of the two antennas at the operating frequency, AmpPwrGain is the power
gain of the low noise amplifier, and the ConvFactor is the conversion factor of Watts to

Volts of the RF detector. For a gaussian shaped peak, the two points of maximal slope on

the curve are given by the relationships:

av —v_22mP) (-1
al T mwEM P2
(3.14)
dv +V . 242In(2 (—1)
— — exp —
d|.. FWHM 2

(3.15)

For a typical case, this gives:
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av|  107W 1|01 x1000W /W x200mV /mW 2 2In(2)
—— - X
6y,
Y | e 2.5x10° Hz exp(/2) (316
av -10
S =8x107 Y/ Hex1.43 = 114mV | MHz
S Lo (3.17)

For a typical dV/df of 1mV/MHz at fr = 2.5 GHz, we find Sstraing, = Sne/\NHz.

3.3.2 Measured Resolution

To measure applied strain, the frequency fioq can be fixed at one point, and any changes
to strain in the sensor would be reflected in the output voltage of the lock-in amplifier.
Similarly, by sweeping the input frequency to the sensor and detecting a zero crossing in
the output signal, the center frequency can be determined. Under unstrained conditions,
this center frequency was determined to be around 2.42183 GHz. To simulate the effect
of strain, and to estimate the resolution of the system, the input frequency was first set
near the resonant frequency by adjusting the input frequency until the output of the lock-
in was near zero. A step of 100 kHz was then made on the input frequency to the sensor
from the RF source with the sensor with no change in strain conditions. To the lock-in
amplifier, this effectively reproduces the same separation of frequencies as driving the
sensor at a constant frequency while the device is subject to a strain of approximately 40
pe. This measurement was performed with both the ungated and the gated switch

configurations (Figure 3.37).

For the ungated (one switch) case, a 100 kHz shift in frequency produced a change of ~

440 mV in the output, giving a conversion ratio of approximately 11 mV/ pe. Peak to
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peak noise is approximately 50 mV, corresponding to a resolution limit of 4.5 pe. RMS
noise is 10 mV, giving a RMS resolution limit of better than 1 pe. For the gated (two
switch) case, a 100 kHz step produced approximately 260 mV change in the output signal.
This corresponds to a conversion ration of 6.5 mV/ue. Peak to peak noise is ~14 mV,
corresponding to a resolution limit of 2.15 pe. RMS noise was found to be ~2.5 mV
giving a resolution limit of less than .5 pe. SNR is ~18 using peak to peak noise, and 144
using RMS noise values. This is still considerably larger than the thermal noise limit and
is believed to be due to environmental noise but may also be due to frequency variation in

the RF source. The results of this measurement can be found summarized in .
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Figure 3.37 — Plot of lock-in amplifier output with 100 kHz steps in input RF frequency. Gated
system showing much lower signal level, but improved signal to noise ratio.

AVper | Conversion!  Peakto RMS
100kHz | Ratio = PeakNoise SNR Noise SR

11mV/ue  50mV=45pue | 88 10mV= 9pue | 44

1 Switch 440 mv
. 65mV/ue . 14mV=22pe ; 18  25mV=5pe ;144

2 Switches . 260 mv

Table 3.1 — Summary of calibration test for lock-in output with 100 kHz steps in input frequency.
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Background noise levels of the system were measured against varying time constants on
the lock in amplifier (Figure 3.38). As expected, total noise levels increase with increases

in bandwidth. It can be seen that the RMS noise level falls below 1 pe for t equal to or

greater than 30 ms.
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Figure 3.38 — Plot of background noise measurement vs. time constant on lock-in amplifier with
theoretical noise limits.
Although signal to noise in the present example are adequate for many purposes, they are
still above thermal noise limits as indicated in the plot. This implies that improvements in
bandwidth, and hence minimum measurement time required can theoretically be obtained.
Reducing measurement time is necessary if this system is to be feasible for measurements
from a vehicle moving at highway speeds. However, before this is possible, the exact

nature and magnitude of the noise sources will need to be studied, and will be the focus

of future work.

119



Embeddable Wireless Strain Sensor Based on RF Resonant Cavity

3.4 Results from Compression Test

To validate the strain measuring capabilities of the interrogation system, a load frame was
again used to apply a compressive force to the concrete cylinder and strain the concrete

cylinder and embedded sensor (Figure 3.39).

Figure 3.39 — Photograph of equipment set up for compresswe load test of sensor with

measurements obtained using wireless interrogation system.
This time the measurements were taken with the interrogation system rather than with the
network analyzer. A cable extension connected the sensor embedded in the concrete
cylinder to the receiving antenna. Absorbing foam was placed around the two
communicating antenna to isolate them from environmental effects. Using an
oscilloscope, the output of the lock-in amplifier was recorded onto floppy disks for post
processing and analysis. Strain measurements were also simultaneously obtained from a
metal foil strain gauge applied on the outside of the concrete cylinder as a reference
measurement of applied strain through a data acquisition system. Strain measurements
were obtained by cycling in compressive strain. Tests were performed with a steady ramp

up of strain at varying rates with an abrupt release in pressure. Typical measurements
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from the two measurements show good agreement between the shape and scaling. To
compare the results on the same scale, the output voltage from the lock in amplifier was
converted to a strain measurement by applying two scaling factors. First, to convert from
voltage to the equivalent frequency shift (260 mV/100 kHz as calibrated above), and then
by applying the expected relationship between strain the frequency shift (2.42
kHz/microstrain) as determined by Equation 2.14 in Chapter 2. In some cases, the
resulting curve was translated to be aligned with the plot of metal foil strain data.
Comparing the strain measured by the metal foil strain gauge and the output of the lock in
amplifier, we can see that there is good agreement between the measured values as they

show consistency in shape and do not diverge greatly from one another (Figure 3.40).

Comparing Data from 2 Strain Measurement Systems

-30}

measured strain (i)

40}

-501

< wireless strain measurement
- metal foif strain measurement

60 L : . \ .
20 40 60 80 100 120 140

time (sec)

Figure 3.40 — Plot showing typical output from the lock-in amplifier and metal foil strain gauge
plotted together showing good agreement between measurements (negative values indicate
compressive strain).
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Plotting the measured values of strain against the corresponding measured value from the
interrogation system, we get a best fit line with a slope of .94 (Figure 3.41). We expect to
see a slope of 1 for perfect agreement between the two. However, this may be explained
by the fact that the two sensors are measuring strain in different materials (brass vs.
concrete) and in different places in the cylinder (center vs. external wall). To determine if
this is the case, the experiment should be repeated with a metal foil strain sensor applied
directly to the side of the sensor cavity as well as on the side of the concrete cylinder to
determine if there is any difference in strain in the two locations and/or materials as an

additional gauge factor may be necessary to accurately determine strain.

Wireless vs. Metal Foil Strain Measurements
0 : : T T

wireless strain measurement (ue)
N
[4;]
.

reference strain measurement (ue)

Figure 3.41 — Plot of strain measurement from wireless interrogation system plotted vs. metal foil
strain gauge measurement.
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3.5 Chapter Summary

In this chapter, a basic interrogation system for wirelessly determining the strain in a
resonant cavity sensor was described. In section 3.2 reduction of environmental
reflections and noise through the use of time domain gating were discussed and
demonstrated. With gating in place, the effects of varying gating time, antenna separation
distance, and coupling capacitance were investigated and fit to with expected
relationships showing good agreement. It was shown that the amplitude of the received
signal decreased with increasing antenna separation at a rate proportional to x*, therefore
having significant implications in the limitations in system range. As well, a measure of
the cavity Q was assessed with the obtained data. Although the Q measured in this
chapter did not agree with value of Q obtained in Chapter 2, it was determined that Sy; is
not a very good measure of the cavity’s resonance as the obtained values for S;; signal
bandwidth clearly do not match with the ringdown time from the lumped element model
of a resonant transmission‘line, nor does it match with the measured results of decaying
signal amplitude with varying time constant. Section 3.3 presented phase sensitive signal
detection with a theoretical basis for its use, calculations of resolution and background
noise limits, as well as measured results showing resolution of better than 1 pe. A
description of the wireless interrogation system as used in compressive strain tests was
presented in section 3.4 showing good agreement between data from metal foil strain

sensors and those obtained from the wireless system.
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Chapter 4 Conclusions and Future Work

The purpose of this thesis was to investigate a novel strain measuring system for use in
civil Structural Health Monitoring (SHM) applications. To that end, a wireless strain
sensor and associated interrogation system has been presented. This sensor presented is a

metal coaxial cavity that is robust, inexpensive to manufacture, and easy to install and use.

Chapter 1 presented the state of current strain sensors for civil SHM purposes, as well as
the need to improve on their utility through improved robustness, cost effectiveness, ease
of installation, and ease of use. The major flaws of current sensing systems being the time
consuming and labour intensive installation procedure, as well as necessity for a physical
connection between sensors and their respective interrogation systems. This is
problematic because it is costly and disruptive to the construction process. As well, the

presence of data carrying cables in the concrete complicates any subsequent maintenance.

As well, a review of current wireless sensing technologies was presented detailing their
methodology, applications, and potential weaknesses for use in civil structures. A brief
overview of the strain sensor investigated in this thesis was then presented as a potential
solution to developing cost effective solutions for strain monitoring systems appropriate

for use in civil applications.

124



Embeddable Wireless Strain Sensor Based on RF Resonant Cavity

In Chapter 2, a theoretical basis for the sensor’s operation was presented along with
circuit modeling to describe the sensor’s behaviour to parameters such as input frequency
and coupling capacitance. It was found that the general transmission line equations can be
used to obtain a reasonable approximation of the sensor’s frequency response, however,
there are additional losses in the system which are not considered in the model. To get a
closer representation of the measured data, the distributed parameter R in the model was
augmented by a factor of 2.5. An equivalent lumped element model of the transmission
line was also presented — giving a calculated theoretical Q factor of the cavity of

approximately 680.

At the end of the chapter, a brief explanation was given for how the sensor would be
installed and used in concrete structures. As a test of the sensor’s response to strain, a
sensor embedded in concrete, and measurements of the resonant frequency vs. applied
were obtained. These measurements were referenced to those obtained from a metal foil

strain gauge, and demonstrated high linearity with low hysteresis up to 200 pe.

Chapter 3, presented the basic interrogation system necessary to interrogate the sensor
and determine the resonant frequency. It was observed that the effects of environmental
reflections caused considerable distortion in the output signals. This then led to the
addition of time domain gating which improved the output considerably. It was found
that a time delay of approximately 8 ns was sufficient to reduce additive noise. Although

initially this noise was believed to be due to environmental reflections, it may also be due
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to effects of RF pass through in the switch, or caused by resonance in the antennas used
in the experiment. These factors need to be further investigated to fully understand their

effect.

Measuring the decay time on the time domain signals from the detector, we found time
constants of 55 ns and 37 ns for the cavity signal and noise effects respectively. Effects of
changing the time delay of the gating, gave an exponential decay with a time constant of
approximately 22 ns. This difference requires further investigation as it can not be
adequately explained at this time. The time constant of 22 ns corresponds to a Q of 334
which was considerably lower than the theoretical Q presented in Chapter 2. From this, it
could be concluded that although the bandwidth of the S;; curve gave a clear indication
of where the feed was best matched to the sensor cavity, it did not give a very reasonable
approximation of Q as a measure of the cavity’s ability to store energy of a particular
frequency. It was shown experimentally that increasing coupling capacitance has the
effect of decreasing Q of the resonant system. Therefore, it was found that although
maximum signal strength is obtained at critical coupling, it may be worth investing the

use of the sensor in the undercoupled condition.

Observing the effects of varying separation distance between the antenna for the
interrogation system and the antenna for the sensor, it was found that the power actually
decreases proportionally to x . This is because the signal is transmitted and received with

an attenuation factor of x in both directions. This has significant consequence for the
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design requirements regarding maximum separation distance, minimum power output of

the interrogator, and antenna gain.

Phase sensitive detection using a frequency modulated input signal and a lock in
amplifier was also detailed. Experimental results show a strain resolution of better than 1
pe resolution with a bandwidth of 30 Hz. However, background noise levels were
measured and found to be well above the theoretical noise limits calculated, implying that
the necessary measurement time can be decreased. As well, through phase sensitive
detection, improvements in signal to noise ratio were shown with the use of a gated

detection network over an ungated network despite a severe reduction in received power.

As well, results of compressive strain on the sensor using the phase sensitive
interrogation system demonstrated good agreement with results obtained with a metal foil
strain gauge. Clearly there exists the potential for this device to be a viable alternative to

current strain sensors for civil applications of structural health monitoring.

4.1 Recommendations for Future Work

It 1s recommended that future research in this area include:
1. A thorough analysis of noise sources and methods of attaining levels closer to
theoretical noise limits.
2. Improvements in the circuit model with representations of other losses and

parasitic effects to better represent measured data.
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Further investigate the source of signal distortion without second switch including
effects of switching time in the switches, and antenna resonance.

Reconcile difference in time constant as measured from the time domain signal
and from the maximum amplitude of signals with varying time delay between
switches. In the former, we measure a time constant of approximately 55 ns, in
the latter a time constant of approximately 22 ns.

Perform measurements for Af,.s vs. strain with a metal foil strain sensor applied to
the outside of the resonant cavity as well as on the outside of the concrete cylinder
to get a better measure of what effects are occurring.

Repeat strain measurements with a sensor set in the undercoupled condition to see
if improved Q improves signal to noise at the output.

Implement peak detection algorithms to improve accuracy of detection of
resonant frequency.

Development of an antenna for use with the embedded sensor.
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i appendix_coupling_cap_lossyTLine.txt _ )
values of Coupling Capacitance used to generate curves in nominal lossy t-Tine model

Coupling Capacitance in model for each trace (starting at Towest value = RHS):

>> CC'
ans =
1.0e-012 *

.00400000000000
.00700000000000
.01000000000000
.01300000000000
.01600000000000
.01900000000000
.02200000000000
.02500000000000
.02700000000000
.02900000000000
.03100000000000
.03300000000000
.03500000000000 <-- Critical Coupling Point
.03700000000000
.03900000000000
.04100000000000
.04300000000000
.04500000000000
.04700000000000
.04900000000000
.05200000000000
.05500000000000
.05800000000000
.06100000000000
.06600000000000
.07100000000000
.07600000000000
.08100000000000
.08600000000000
.09100000000000
.09600000000000
.10100000000000
.10600000000000

OO0 OOV OCOCOOOOOOOCOOOOOOD

>>

Per unit Tength capacitance
>> C

C =
5.056884592371320e-011
>>
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) _appendix_coupling_cap_augR. txt
values of Coupling Capacitance used to generate curves 1in

augmented R model
coupling Capacitance in model for each trace (starting at
Towest value = RHS):

>> CC'
ans =
1.0e-012 *

.02400000000000
.02700000000000
.03000000000000
.03300000000000
.03600000000000
.03900000000000
.04200000000000
.04500000000000
.04700000000000
.04900000000000
.05100000000000
.05300000000000
.05500000000000 <-- Critical Coupling Point
.05700000000000
.05900000000000
.06100000000000
.06300000000000
.06500000000000
.06700000000000
.06900000000000
.07200000000000
.07500000000000
.07800000000000
.08100000000000
.08600000000000
.09100000000000
.09600000000000
.10100000000000
.10600000000000
.11100000000000
.11600000000000
.12100000000000
.12600000000000
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>>

Per unit length capacitance
>> C

C =
5.056884592371320e-011
>>
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