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Abstract

In this thesis, radio frequency identification (RFID)-based wireless sensor system for
infrastructure health monitoring (IHM) is designed and developed. It includes mountable
semi-passive tag antenna integrated sensors capable of measuring critical responses of
infrastructure such as dynamic acceleration and strain. Furthermore, the system is capable of
measuring structural displacement. One of the most important parts of this system is the
relatively small, tunable, construction material mountable RFID tag antenna. The tag antenna
is electronically integrated with the sensors. Leading to the process of developing tag
antenna integrated sensors having satisfactory wireless performance (sensitivity and read
range) when mounted on concrete and metal structural members, the electromagnetic
performance of the tag antenna is analyzed and optimized using both numerical and
experimental procedures. Subsequently, it is shown that both the simulation and the

experimental measurement results are in good agreement.

The semi-passive RFID-based system is implemented in a wireless IHM system with
multiple sensor points to measure dynamic acceleration and strain. The developed system
can determine the natural frequencies of infrastructure and identify any state changes of
infrastructure by measuring natural frequency shifts. Enhancement of the spectral bandwidth
of the system has been performed under the constraints of the RFID hardware. The influence
of the orientation and shape of the structural members on wireless power flow in the vicinity
of those members is also investigated with the RFID reader-tag antenna system in both
simulation and experiments. The antenna system simulations with a full-scale structural
member have shown that both the orientation and the shape of the structural member
influence the wireless power flow towards and in the vicinity of the member, respectively.

The measurement results of the conducted laboratory experiments using the RFID antenna
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system in passive mode have shown good agreement with simulation results. Furthermore,
the system’s ability to measure structural displacement is also investigated by conducting
phase angle of arrival measurements. It is shown that the system in its passive mode is

capable of measuring small structural displacements within a short wireless distance.

The benchmarking of the developed system with independent, commercial, wired and
wireless measurement systems has confirmed the ability of the RFID-based system to
measure dynamic acceleration and strain. Furthermore, it has confirmed the system’s ability
to determine the natural frequency of an infrastructure accurately. Therefore, the developed
system with wireless sensors that do not consume battery power in data transmission and

with the capability of dynamic response measurement is highly applicable in [HM.
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Chapter 1 Introduction

1.1 Infrastructure Health Monitoring

Infrastructure Health Monitoring (IHM) is defined as the use of non-structure sensing
systems to monitor the performance of the structures and evaluate their health [1]. The
integrity of critical civil infrastructures such as bridges, buildings, and tunnels is extremely
important as they are being built by investing millions of dollars, and for the safety of their
users. However, infrastructure integrity is being challenged throughout their lifetime by
various environmental and accidental causes which may lead to catastrophes [2-4]. [HM
targets monitoring structural conditions to prevent such catastrophic failures and to provide
quantitative data for engineers and infrastructure owners to design reliable and economical

asset management plans [1].

1.2 Infrastructure Health Monitoring Methods

According to the literature, [IHM methods can be divided into three main categories: First
one includes the conventional methods such as visual inspection and tap-testing [5]. With a
higher percentage of human factors involved, the efficiency of the conventional methods and
their ability to detect alarming conditions are low. The accidental crack detection of Oakland
Bay Bridge, USA, which was unforeseen by utilizing conventional methods [6] is one of the
major incidents which highlights this fact as the facility had to be closed down until proper

repair. Therefore, the next two categories include automated data acquisition of various



measurable quantities of infrastructure (e.g., acceleration, strain, displacement) through
sensory systems [7-9]. Predominantly the dynamic responses of infrastructure are acquired in
these methods as those responses carry rich diagnostic information (e.g., natural frequencies,

mode shapes) [10-14].

Implementing wired automated sensor systems has negated the drawbacks of conventional
methods such as low efficiency and the inability of tracking alarming conditions. The
sensors can be either wired electrical [15-17] or optical fiber [18-22] systems. However,
higher installation costs and installation durations inherent to them have become a major
drawback to cater for a higher population of sensors needed in IHM [7, 16, 17, 23-25].
Furthermore, the limitations of the amount of wiring or cabling that can be done without
disturbing the operation of the infrastructure also limit the number of sensors that the system

can occupy [11].

Therefore, wireless sensors and sensor systems for IHM are extremely important and their
usage and implementation are under continuous research to address the operational and
economic issues inherent to previously mentioned categories [26-30]. However, cost-
effective wireless sensors and power efficient wireless communication have always been a
problem in wireless IHM. The amount of data transferred in a system depends upon the
number of sensors in the wireless system and the type of measurement that sensors carry out
(i.e., dynamic versus static). In particular measuring dynamic responses leads to higher
power consumption in the sensor nodes due to increased data transfers to support high
sampling rates. According to [31, 32], the power consumption of one bit of active wireless
data transfer is equal to the power consumption of executing several thousands of

instructions in a processor.



1.3 Motivation and Research Objectives

1.3.1 Motivation

The application of wireless sensor systems for IHM is attractive due to convenience that they
provide in installation time, cost and operation. Most importantly, they possess the ability to
measure dynamic responses of infrastructure (e.g., vibration induced dynamic acceleration,
strain, etc.) which are required to extract the health monitoring indicators such as natural
frequencies and mode shapes [33]. However, most of the commercially available systems
and those used in research consist of active wireless nodes which consume power to data
transfer. Consequently, frequent servicing of sensor nodes (i.e., battery replacement) may be
necessary depending upon the amount of data transfers that take place in the system. Due to
the large number of sensor nodes which is necessary for IHM, frequent servicing each of
them is an extra effort and burden, especially in the infrastructure in operation. In addressing
this problem, research has been expanded in investigating compressive sensing [34, 35] and
power harvesting techniques for active wireless sensor nodes [28, 36]. However, there is a
research gap in developing system solutions for dynamic response measurements of

infrastructure with wireless sensors that do not consume power in data transmission.

Even though some alternative passive wireless sensors [37-39] and radio frequency
identification (RFID) technology-based passive wireless sensors [40-44] for IHM have been
developed; they lack the ability of implementation in systems for field applications. This is
mostly due to low communication ranges, their inability to measure dynamic responses and
possible peculiarities of their indirect raw measurement techniques (e.g., the resonant
frequency, backscatter signal power, transmit power) in complex infrastructure environments
[45]. Integration of modern ultra-high frequency (UHF) RFID technology into wireless [HM
may provide extended communication ranges [46, 47]. However, when implemented in
passive sensing the communication range gets curtailed and the ability of dynamic response

measurement diminishes [44, 48]. Furthermore, the majority of passive RFID-based sensors



realized in research of wireless IHM are capable of acquiring only a single measurand (e.g.,
either strain or displacement) which is disadvantageous when considering the developing

area of IHM research with multimetric sensing [49].

Usage of UHF RFID technology in semi-passive wireless sensing of infrastructure still have
the possible underperformance issues of RFID tag antennas due to the adverse influence
from electromagnetically harsh environments (containing concrete and metal structural
members) on its passive backscatter communication. Furthermore, the semi-passive RFID
tag antenna-based sensors which can measure critical dynamic responses (e.g., dynamic
acceleration, dynamic strain) are limited. However, if the above issues are solved, the semi-
passive RFID tag antenna-based sensors have great potential for serving as low power
substitutes for active sensor nodes in the lowest tier (tier in which multiple active sensor
nodes operate with single hop communication covering the specific spatial area) of modern

wireless sensor system architectures of IHM.

The study of this thesis is motivated by aforementioned prevailing issues of wireless IHM

and the possibility of a semi-passive RFID-based wireless system solution.



1.3.2 Research Objectives

The main aim of this research is the development and application of an RFID-based wireless

measurement system with semi-passive tag antenna integrated sensors for IHM with both

dynamic and static measurements. The research objectives formulated to fill the research gap

are as follows:

Propose the concept of an RFID-based wireless measurement system for [HM
capable of acquiring the natural frequency information of infrastructure by dynamic
acceleration measurement and detecting state changes in infrastructure.

Develop construction material mountable UHF RFID tag antenna with sensor
integration capabilities and analyze its electromagnetic performance when mounted
on concrete and metal structural members.

Enhance the RFID-based wireless measurement system to monitor full-scale
structural members with multiple mountable semi-passive tag antenna integrated
acceleration sensors possessing higher spectral bandwidth and benchmark the system
against independent commercial measurement systems.

Design an RFID-based wireless measurement system to monitor simultaneous
dynamic acceleration and strain of infrastructure and benchmark the system against
commercial wireless measurement system.

Demonstrate the influence of orientation and shape of structural elements on
wireless power delivery to mounted RFID tag antennas to optimize their placement
on the structure and antenna system with respect to the orientation of the structure.
Investigate passive mode RFID-based wireless system application on static structural

displacement measurement.



1.4 Major Contributions

In this thesis, a semi-passive RFID-based wireless sensor system is designed predominantly
to measure dynamic acceleration and strain of infrastructure. Additionally, the system ability
in passive mode structural displacement measurement has also been investigated. In
achieving these, novel structure mountable RFID tag antenna integrated sensors are
developed and applied. The developed system’s ability to measure dynamic responses from

mounted sensors with enhanced communication range is experimentally proven.

The major contributions and their brief descriptions are as follows:

e Prototype RFID-based wireless dynamic acceleration system with tag antenna

integrated acceleration sensor for natural frequency shift-based IHM.

Specific firmware design to achieve the capability of measuring dynamic
acceleration using tag antenna integrated acceleration sensor is developed. It is
shown that the prototype system is capable of acquiring natural frequency
information of a rectangular steel beam; a part of a bridge model. Furthermore, it has
also been shown that the system is capable of identifying the loaded and unloaded

states of the beam.

e Tuneable construction material mountable UHF RFID tag antenna which can be

used as I°C slave component for the creation of tag antenna integrated sensors.

It is shown that slit-based miniaturization method can be simultaneously used for
impedance matching and parametric optimization of the tag antenna to acquire
higher performance in several UHF RFID frequency bands. It has also been shown

that mounting material of concrete and metal has a minor negative influence on the



maximum gain, and the size of the metal mounts has no influence upon reflection
characteristics of the antenna. The usage of local mesh properties around tiny
features of the antenna to retain similar accuracy with increased simulation volume
is performed. In addition, the essential laboratory measurements of the resonant
frequency, maximum gain and read range of the fabricated tag antenna are
conducted. Furthermore, the influence of surface currents generated on metal mounts
upon antenna gain pattern is proved by the measurement of received signal strength

indicator (RSSI).

The RFID-based dynamic acceleration measurement system with multiple tag

antenna integrated acceleration sensors and wide spectral bandwidth.

A miniaturized acceleration sensor circuit which can be integrated with the
developed construction material mountable tag antenna is designed. The spectral
bandwidth of the system is enhanced to 50-Hz in 3-axis dynamic acceleration
measurement with improved firmware and data acquisition. The feasibility of the
system to handle multiple tag antenna integrated acceleration sensors is shown by
conducting measurements upon full-scale steel I-beam. The ability of the system in
determining the natural frequency of the I-beam and the acceleration sensitivity is
benchmarked with independent commercial wired and wireless measurement

systems.

The RFID-based measurement system for simultaneous measurement of dynamic

acceleration and strain.

A miniaturized multi-sensor circuit which can be integrated with the developed
construction material mountable tag antenna is designed. The firmware is improved

to measure 3-axis acceleration and strain with spectral bandwidths of 40 Hz and 26.5



Hz, respectively. The strain interface is calibrated against a standard strain
measurement instrument by conducting static train measurements upon a cantilever
steel beam. The feasibility of the system to acquire natural frequency information of
the beam from both dynamic acceleration and strain measurements (simultaneous
measurements) is shown. The ability of the system in determining the natural
frequency of the cantilever beam and the strain sensitivity is benchmarked with the

commercial wireless strain measurement system.

The methodology and results of the investigation of wireless power flow in the

vicinity of a steel I-beam using RFID reader-tag antenna system.

Model of a reader antenna and tag antennas with lumped elements in transmitting
and receiving mode, respectively, are developed. It is shown that the power flow
towards the [-beam is influenced by its orientation with respect to reader antenna and
the power flow in the vicinity of the beam is influenced by the shape. It is also been
shown that in some orientation of the I-beam, the line-of-sight location has less
incident power influenced by shape. The experimental method is formulated using

wireless link budget to relate minimum reader transmit power to incident power.

The results of an investigation into the ability of the passive mode RFID system to

measure structural displacement using the acquisition of phase angle of arrival.

It is shown that displacement of 1 mm can be measured directly by the phase angle
of arrival or frequency domain phase difference of arrival within starting distance of
a single wavelength (A) related to Australian UHF RFID frequencies. It is also
shown that 5-mm displacement can be measured directly by the phase angle of

arrival within a 6A initial distance under the performance of RFID reader equipment.



1.5 Publications

Following research papers are published in peer-reviewed journals or conference
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1171, May 2016.
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2016, pp. 138-141.
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with a RFID tag antenna mounted on structural members for infrastructure health
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monitoring,” in Proceedings of IEEE International Instrumentation and

Measurement Technology Conference (I2MTC), May 2015, pp. 7-12.

1.6 Thesis Organisation

The remainder of the thesis is organized as follows:

e Chapter 2 provides a comprehensive review of wireless sensors and sensory systems
for IHM. The active, passive, RFID-based passive and RFID-based semi-passive
wireless sensing methods developed for IHM are considered. The popularity of
active nodes in wireless IHM system implementation due to their ability to measure
dynamic responses is highlighted. The issues preventing the use of passive and
RFID-based passive sensing in multi-point wireless IHM systems are foregrounded.
The possibilities of the use of RFID-based semi-passive sensing in wireless [HM
systems are highlighted by reviewing already implemented active wireless system
architectures. Then, the research gap related to underdeveloped semi-passive RFID
tag antenna integrated sensors capable of measuring dynamic responses and proper
wireless performance when mounted on structural members is identified. Finally, the
methodology which will be followed in the thesis in filling the identified research

gap is discussed.

e In Chapter 3, the concept of an RFID-based wireless measurement system for remote
monitoring of infrastructure is proposed. The RFID part of the proposed monitoring
system is developed with a custom designed semi-passive tag antenna integrated
acceleration sensor. The firmware for the tag antenna integrated acceleration sensor
to perform dynamic acceleration measurements is developed. The laboratory

dynamic acceleration measurement results of the system upon a simply supported
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rectangular beam are presented. The beam’s natural frequency determination from
the system measurements are compared with measurements from independent

commercial systems for loaded and unloaded states.

A novel design of a construction material mountable UHF RFID tag antenna which
is capable of integrating sensors is presented in Chapter 4. CST-based design,
impedance matching, and electromagnetic simulation are detailed. The
electromagnetic simulation results (e.g., reflection characteristics, gain, and gain
patterns) of the tag antenna in free space and mounted on large scale concrete and
metal blocks are presented. The laboratory measurement results of the resonant
frequency, maximum gain and read range of the fabricated tag antenna are also
presented in order to corroborate simulation results. The comparison of the
performance of the designed tag antenna with two other commercially available tag
antennas is performed. Finally, the ability to modify the tag antenna for other UHF

RFID frequency bands is discussed.

In Chapter 5, the RFID-based dynamic acceleration system is further enhanced by
introducing a novel tag antenna integrated acceleration sensor (consisting of
construction material mountable tag antenna and custom designed acceleration
sensor circuit) and a new commercial UHF RFID reader. The firmware of tag
antenna integrated acceleration sensor and the data acquisition are enhanced to
achieve higher spectral bandwidth in 3-axis dynamic acceleration measurements.
Both hardware and firmware design enhancements are detailed. The enhanced
system is tested upon a simply supported full-scale steel I-beam with multiple tag
antenna integrated acceleration sensors. A comprehensive analysis of measurement

results is presented with system benchmarking with independent wired and wireless
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commercial acceleration measurement systems for its ability to determine the natural

frequency and the acceleration sensitivity.

Chapter 6 presents the developed RFID-based multi-sensor system for simultaneous
measurement of dynamic acceleration and strain of infrastructure. The hardware and
firmware enhancement needed for multi-sensor integrated tag antenna are detailed.
The strain interface of the tag antenna integrated multi-sensor is calibrated against
standard strain measurement equipment by conducting static strain measurements
upon a cantilever steel beam. Then, the system is tested for simultaneous dynamic
acceleration and strain measurements upon the same cantilever beam and the results
are presented. A comprehensive analysis of measurement results is presented with
system benchmarking using commercial strain measurement system for its ability to

determine the natural frequency and the strain sensitivity.

Chapter 7 presents the methodology and the results of an investigation into wireless
power flow in the vicinity of a full-scale steel I-beam using the RFID antenna
system in passive mode. The simulation and experimental parts of this investigation
are detailed. Initially, the reader antenna is adapted in simulation and the
performances are presented. Then, the power flow simulations for two I-beam
orientations with respect to reader antenna are performed. Consequently, the
simulation results are justified with the laboratory measurement results.
Additionally, phase angle-of-arrival-based passive mode structural displacement
measurement is introduced. The displacement measurements from the raw phase
angle of arrival and frequency domain phase difference of arrival are presented for

two initial distances between reader and mounted tag antennas.
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e Investigation summary and conclusions based on the research outcome of the thesis
is provided in Chapter 8. Furthermore, recommendations for future work related to

continuation of the research and development are also presented.



Chapter 2 Literature Review

2.1 Introduction

In this chapter, the implemented wireless IHM systems with active sensor nodes are
reviewed and their advantages and disadvantages are identified. Then the issues in applying
passive wireless sensing methods in IHM systems are identified with a comprehensive
overview. Subsequently, the potential of incorporating semi-passive RFID-based sensing in
wireless ITHM systems is highlighted with its advantages over active nodes and passive
sensing methods. The lack of research in RFID-based wireless systems with semi-passive
sensors suitable to operate with infrastructure and measure necessary dynamic responses is
identified. Consequently, the research methodology for developing a novel RFID-based
semi-passive wireless sensor system for IHM is formulated to fill the identified research

gaps. Finally, the conclusions of the chapter are presented.

2.2 Active Sensing for Wireless IHM

Incorporation of active sensor nodes is the most common and established practice when
applying wireless sensor systems for [IHM. Most of these systems with active sensor nodes
utilize industrial scientific and medical (ISM) band of frequencies in wireless
communication [25]. Apart from the ability of wireless communication, these nodes

basically possess capabilities of data processing and sensor integration to acquire different
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measurands. The flexibility of deploying arrays in wireless IHM systems to acquire
information covering large scale infrastructure is one of the major advantages of active
sensor nodes [50, 51]. Some of these active nodes were research prototypes which were
custom designed for specific wireless IHM tasks [26, 27, 52-57]. Inexpensive strain gauge
loaded nodes were used in a wireless IHM system and the results were compared with the
results from wired measurement system [9]. A wireless IHM system with 15 nodes was used
to acquire 2-axis acceleration measurements implementing time division multiple access
method to reduce data packet collision in [58]. A wireless system with 30 number of sensor
nodes working in star network topology was studied with integrated accelerometers for
condition assessment of highway bridges in [59]. Sixty four acceleration sensor nodes were
employed in [60] as a multi-hop wireless bridge monitoring system. Both temporal and
special jitter analysis were performed in the process to synchronize the system. The bridge
health monitoring study performed in [27] had a wireless system with 20 capacitive vertical

accelerometer integrated sensor nodes installed on the bridge.

Development of microelectromechanical systems (MEMS)-based onboard accelerometer
hardware, improvements of dynamic acceleration and strain data interpretation techniques
and damage detection algorithms have also increased the use of active nodes in wireless
IHM systems. Consequently, the successful wireless nodes such as “Imote2”, “Stanford
WiMMS” and “MICA” were introduced [61-63]. These nodes possess the ability to integrate
different sensors with specific interface circuit boards [64-67]. An autonomous decentralized
IHM system had been realized using the /mote2 nodes incorporating damage detection
algorithms with dynamic strain measurements [68]. Usage of the same for wireless IHM has
been validated by implementing them to monitor cable-stayed bridges in [28, 30] by
conducting dynamic acceleration measurements. The Stanford WiMMS node was used by
several researchers and validated for wireless IHM [69-72]. It was used in a wireless system
to study wind loading on a steel tower of a wind turbine in [73] by dynamic acceleration

measurements. The nodes integrated with capacitive accelerometers were used in a wireless
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system to monitor bridge health in [72]. A wireless system consisted of Stanford WiMMS
nodes was implemented to investigate an excessive vibration issue of a cantilever theater
balcony in [71]. Dynamic acceleration measurements were conducted using a wireless
system consisted of MICA nodes in [74, 75] for risk assessment of buildings. A two-story
building model upon a shake table was used in the experimental testing. Ambient structural
vibrations were reliably monitored in a bridge health monitoring study with a wireless
system consisted of accelerometer interfaced MICAz nodes [60]. A prototype wireless
system using “AEPod” wireless nodes was proposed to real-time detection of active fatigue
cracks in railway bridges in [76]. In addition to the research described above, several other
commercial wireless sensor systems with active wireless nodes are currently available for

IHM [77-80] and have been used in research [29, 81, 82].

As a whole, all of the above efforts involving active sensor nodes highlight the advantage of
them being used in multiple numbers in wireless IHM systems to monitor large scale
infrastructure. Furthermore, they highlight the advantage of active nodes being useful in the
measurement of dynamic responses of infrastructure. However, these active sensor nodes
consume power in wireless data transfer. Depending on the number of sensors in the wireless
system and the sampling rates, the amount of data transfers in the system increases and
therefore the power consumption in active sensor nodes. This high power consumption adds
considerable system maintenance overhead as the batteries of multiple sensor nodes
deployed in different locations of the infrastructure have to be frequently replaced. Energy
harvesting was attempted to support the power consumption of active wireless nodes as a
hardware-based approach [28, 36, 57, 83]. However, the consumed power portion in the

active sensor nodes for data transfer still prevails.
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2.2.1 System Architectures

It is important to consider wireless sensor system architectures implemented for IHM
predominantly to identify their spatial coverage and how sensor nodes communicate between
each other. Widely implemented wireless network architectures comprising active sensor
nodes are homogeneous. Although some of the nodes in the system are assigned with
different tasks, hardware of the nodes remains the same. According to the system
architecture discussed in [68], the assigned tasks define whether the node is a “Base station”,
a “Manager”, a “Cluster head” or a “Leaf node”. Leaf nodes function as relevant local data
collectors which are spread within a cluster which covers a specific spatial area of the
infrastructure. The Cluster head collects the total data of Leaf nodes in a cluster. Manager
nodes control the inter-cluster communication between Cluster heads. The Base station acts
as the human interface providing observation and control functionalities of the whole system.
However, when it comes to large-scale infrastructure the number of Leaf nodes are highly
increased with the appropriate expansion of the system. Most of the time the clusters are
localized and the communication between Leaf nodes and the Cluster head is point-to-point
(i.e. single hop). The Same type of cluster-based architecture for wireless IHM has also been
proposed in [84] where the whole wireless network is partitioned into single hop clusters.
Two level cluster tree architecture proposed in [54] has a “Super node” which fulfills the
functions of Manager node and was a single level reduced version of the one discussed in

[68].

The multi-tiered architecture introduced in [85] was predominantly for heterogeneous
wireless sensor networks. It had two tiers known as “micro-net” and “meso-net”. The micro-
net consists of a single active wireless node which collects data from wired sensors spread
around a specific spatial area of the structure. The meso-net is the upper tier which
interconnects all micro-nets through the wireless nodes. An extended version of the
aforementioned architecture with three tiers was presented in [86] with introduced “macro

node” which controls the whole network. The two-tier architecture detailed in [25] has
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wireless sensors in the lower tier in addition to the central wireless nodes consisting the
upper tier. The wireless sensors in lower tier have point-to-point communication with upper

tier central nodes.

Overall, it can be highlighted that the lowest tier of almost all of the aforementioned
architectures covers a specific spatial area of the infrastructure. Additionally, the
communication between lowest tier wireless nodes and immediate upper tier wireless nodes
are point-to-point. Furthermore, the system architectures can be both homogeneous and

heterogeneous.

2.2.2 Vibration-Based Method for IHM

Another important reason for the usage of active nodes in wireless IHM in addition to the
economical and convenience advantages is their ability to support the measurement of
dynamic responses of infrastructure. The measurements of dynamic responses (e.g.,
vibration induced dynamic acceleration, strain, etc.) are used to extract important indicators
such as natural frequencies and mode shapes related to infrastructure [11, 33, 87-89]. In
particular, the natural frequency can be taken as an indicator of the state (e.g., loading,
damage) of the structure as it is sensitive to mass and stiffness changes. The natural

frequency of a simply supported beam is given by [90],
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where, f,, is the natural frequency of the n"™ mode (Hz), k = nm/l (m'), E is Young’s
modulus (Nm?), I is the moment of inertia given by bh3/12 (m*) where b and h are width

and height of the cross-section, respectively, p is weight density (kgm™) and A is the area of
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cross-section given by bh (m?). The value of k depends upon the boundary conditions (e.g.,

simply supported, cantilever, clamped-clamped).

The health monitoring study conducted in a cable-stayed bridge with installed active wireless
accelerometers has provided a comparison of acquired natural frequencies with the same
previously acquired from a wired system [28]. Most of the considered natural frequency
values were in good agreement with the ones acquired from wired measurements. Three-axis
acceleration was measured in induced vibration testing of a concrete bridge in [91]. The
frequency response analysis was performed upon the measurements where lowest natural
frequencies detected were used to interpret different mode shapes and damaged scenarios.
IHM study of a bridge in [88] has shown that stiffness degradation produced damage could
be identified if the frequency shifts are more than 1%, provided that the environmental
influences (e.g., the effect of temperature, humidity, wind, etc.) are pre-filtered. Natural
frequencies of five modes in different damage scenarios were analyzed using the data
acquired from force balanced 3-axis accelerometers. A three-story building model was
equipped with wireless accelerometer nodes under free vibration conditions in [69] to
investigate the performance of the wireless measurement system. The natural frequencies
obtained by the prominent peaks of the amplitude spectrum for third-floor measurements
were in good agreement with simulated values. Wireless health monitoring of a wind turbine
steel tower has been done in [70] with wireless accelerometers attached to four discrete
levels. The first three natural frequencies obtained were in good agreement with those
acquired from wired measurements and simulated values. The health monitoring performed
on a bridge with active wireless accelerometers has validated that the frequencies first four
modes against simultaneously measured data from wired accelerometers [92]. Vibration-
based IHM was performed in [71] of a instrumented theater balcony with active wireless
accelerometers by acquiring natural frequencies from the frequency analysis. The natural
frequencies of the first four modes were used in the bridge health monitoring study

conducted in [60] with active wireless accelerometers. A study in [93] has presented
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vibration-based health monitoring of a footbridge. The study which spanned for five years

has shown shifts in the natural frequencies of first nine modes of the footbridge.

The natural frequency shifts were found to be reliable in simple damage identification of
graphite/epoxy composite plates in [94] with conducted vibration measurements of the
plates. The shifts in three lowest natural frequencies of a beam with varying depth have been
used to propose a numerical method to determine the location of a crack in [95]. The shifts in
first three natural frequencies were used to identify damage of a simulated simply supported
beam in [96] with a different form of damage modeling. An analytical and simulation-based
method to detect damage of an edge-hinged circular arch was presented in [97] based on
shifts in natural frequencies of lowest four modes. The study was experimentally supported
in [12] with a steel arch consisted of a damage at random location. It has been identified that
the maximum shifts of the frequency response function of an aircraft wing model affected by
damage occurred at two distinct prominent peaks [13]. A method to predict the fatigue life of
concrete structures has been presented in [98] using the shifts of first natural frequency
acquired from a concrete beam. Conventional strain gauges were used in [99] for vibration-
based damage detection of an aircraft wing. In the process of justifying the method, the
extracted natural frequencies of different modes were compared with simulation results.
When considering the aforementioned research studies, it is evident that the natural

frequency shift in structures can provide descriptive information about their health.

2.3 Passive Sensing for Wireless IHM

Passive wireless sensing methods were introduced for IHM to overcome the disadvantage of
battery power supply of active sensor nodes. These methods can be predominantly

categorized into antenna-based sensing and sense with inductive coupling principle.
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In antenna-based sensing, the antenna dimension perturbations driven resonant frequency
shifts are correlated with strain or expansion of cracks in infrastructure. Different types of
antennas including rectangular microstrip patch antennas [37, 100-102], circular microstrip
patch antennas [38, 103, 104], slotted circular microstrip patch antennas [105] and dipole
antennas [106, 107] were exploited in this approach. Furthermore, A cylindrical coaxial
cavity resonator studied in [108] was another antenna-based solution. This was a potential
embeddable wireless strain sensor for IHM applications. The resonant frequency shift
influenced by longitudinal dimension change of the cavity encased in the structure under test

was taken as the indirect measurement of strain.

A wireless strain sensor was introduced in [109] using inductive coupling principle. The
sensor was a core-less multi-turn inductor coil of which ends are terminated with a capacitor.
The changes of the cross-sectional area of the coil sensor due to stress were detected by the
resonant frequency shifts. Another inductively coupled coil sensor/interrogator system to
measure corrosion of reinforcement of concrete is presented in [39]. The resonant frequency
shifts of the sensor were correlated with corrosion voltage perturbations. The near-field
corrosion sensor developed in [110] operated with inductive coupling. The sensor followed
the principle of transient resistance measurement and the measured resistance values were in
good agreement with those from laboratory measurement equipment. A mountable planner
inductor with series connected capacitor was studied as a passive wireless strain sensor in
[111]. The capacitive element was used as strain transducer while inductor acted as the
coupling element. The interrogation was done by a ring antenna in the close vicinity where

the resonant frequency shift was the indirect indicator of strain.

Even though aforementioned efforts are promising for wireless IHM predominantly due to
the passive operation of the sensors, their field usage to date is limited. This is due to several
inherent practical issues. The shorter wireless interrogation distances and less sensitivity
(e.g., strain to the resonant frequency shift) are some of those issues as detailed in [45]. In

particular, high precision measurement equipment is necessary to measure the resonant
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frequency shifts related to structural strain changes in ue levels. Furthermore, jitter is always
possible in reflection characteristic measurements (|Sii1| in dB) in electromagnetically harsh
structural environments with the presence of concrete and metal structural members. The
other approaches apart from patch antenna-based sensors may not perform well with metal
structures. Especially, the approaches involving inductive coupling principle may need tight
coil antenna alignment to function properly. More importantly, the ability of these sensors to

perform much desired dynamic measurements of infrastructure has not also been proven.

2.4 RFID Technology-Based Wireless Sensing

RFID systems, in general, comprise a radio scanner unit called as “reader” and remote
transponders termed as “tag antennas”. These systems can be different according to reader
transmit frequencies, physical coupling method and read ranges they possess [47]. The
reader transmit frequencies can be in the bands of low frequency (LF, 30 kHz — 300 kHz),
high frequency/radio frequency (HF/RF, 3 MHz — 30 MHz), ultra-high frequency (UHF, 300
MHz — 3 GHz) and microwave (> 3 GHz) [47]. The systems which have read ranges up to 1
cm are known as “close coupling systems”. These systems are coupled using electric and
magnetic fields and they operate with frequencies up to 30 MHz. The “remote coupling
systems” can possess read ranges up to 1 m. The majority of these systems operate with
inductive coupling between reader and tag antennas and use frequencies below 135 kHz or
13.56 MHz. The systems that possess read ranges beyond 1 m are known as “long-range
systems” [47]. They operate with backscatter principle and use 860 MHz — 960 MHz UHF
frequencies and 2.5 GHz and 5.8 GHz microwave frequencies [47, 112]. The UHF RFID
frequency band usage is regulated in different parts of the world where 920 MHz — 926 MHz

range is allowed with 4-W effective isotropic radiated power (EIRP) for Australia [113].
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Figure 2.1 depicts a UHF system with a single tag antenna. The tag antenna normally
consists of a miniaturized antenna and a RFID tag chip. The RFID tag chip has a read/write
memory which keeps the identification information [114]. The transmitted interrogation
signal by the reader received by the miniature antenna is used to power up the RFID tag chip
which modulates the identification information on to the backscattering signal. This
modulated backscatter signal is then acquired by the reader in reverse and unravels the
identification information. In the modulation process, tag chip employs two impedance states
which include a “matched state” and “high impedance state” [114]. Normally the matched
state is where the antenna impedance is conjugately matched with the complex impedance of
the tag chip to achieve maximum power transfer to the chip. High impedance state is
normally shorted where the chip offers maximum impedance mismatch to achieve maximum

signal reflection.
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Figure 2.1: General UHF RFID system with tag antenna.

Since modulated backscatter communication of RFID is passive, it does not consume power
at the tag antenna. This passive communication technique has encouraged the development
of tag antenna integrated sensors. There are several tag antenna types available in RFID
technology for integrated sensor development [115]. One is called the “Passive” which has

no power source available to power up the chip where chip power is supplied by reader
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interrogation signal itself as mentioned above. Another tag antenna sensor type is called
“Semi-passive” in which it contains a small power source to power up the tag chip circuitry.
However, these semi-passive tag antennas communicate in the same modulated passive
backscattering principle as passive tag antennas for which they do not consume battery
power [116, 117]. “Active” tag antenna integrated sensors consume power from the battery
for both communication and powering tag chip circuitry where very high read ranges can be
achieved. They also can transmit signals to readers where interrogation by the reader is not

essential in the initiation of communication [115].

2.4.1 Passive Sensing

The tag antenna-based sensing methods were investigated for wireless IHM predominantly
to acquire the battery-less advantage at the sensor. The investigated methods can be found in
most of the RFID system categories which are previously mentioned. A meander line dipole
tag antenna was proposed and studied as a passive RFID-based strain sensor in [118]. The
backscatter signal power perturbations influenced by compression or expansion of the
meander line dipole tag antenna was measured as the indication of strain. The measurements
were done at a 60-cm distance between the reader and proposed sensor. A mountable folded
patch RFID tag antenna was studied extensively for strain measurements in [41]. The
resonant frequency shift due to deformation of the antenna has been exploited as the
indicator of strain. Strain transferability from aluminum structure to antenna has been studied
while the measurement results from read ranges of 30 cm and 60 cm were compared with
conventional strain sensors. However, strain to the resonant frequency linearity has dropped
at 60-cm read range. Passive RFID displacement sensor based on the reduction of tag
antenna performance near metal was studied in [40]. The backscattered signal power and
transmit power was taken as indirect indicators of displacement of the structure. The amount

of backscattered signal power received at the reader has been found to be inadequate to
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measure when the tag antenna was closer to the metal structure. The crack widening
detection sensor presented in [119] was consisted of two closely coupled dipole tag antennas.
The phase change of the backscattered signal from the both RFID tag antennas due to

increasing inter-tag antenna distance is correlated with crack widening.

A method of detecting water infiltration in concrete with embedded dipole tag antenna was
presented in [120]. The antenna impedance change influenced by the dielectric permittivity
of the surrounding material was presented as the sensing method of water infiltration. A
method of detecting water on concrete was also presented by using a RFID tag antenna grid
[120]. The amount of backscattered signal power was measured to detect the presence of
water. However, the tests were carried out in small read ranges. Low-cost passive RFID tag
antenna suitability to monitor concrete degradation in bridge decks has been investigated by
exploiting the tag detuning effects due to corrosion in [121]. Tag detuning effect due to
reinforcement and concrete found to be problematic and encasements have been introduced
to negate the effect. Field experiments have been done using a near-field RFID reader system
where tag readability was taken as the measure of degradation of concrete. Another
inductively coupled RFID-based wireless sensing system with integrated nanotechnology
was presented in [122] for strain and pH measurements of infrastructure. The resonant
frequency shift and impedance bandwidth change of the sensor were correlated to strain and

pH changes of the structure, respectively.

Chipless RFID tag antennas have been investigated predominantly to achieve the cost
reduction without using the RFID tag chip. These tag antennas are categorized into three
main categories based on the challenging data encoding methods implemented without the
RFID tag chip involvement [123]. They are time domain reflectometry (TDR)-based chipless
tag antennas, spectral signature-based chipless tag antennas and amplitude/phase backscatter
modulation-based chipless tag antennas. These chipless RFID tag antennas have also been
investigated in passive sensing applications in [124-127]. In the context of wireless [HM, a

chipless RFID-based strain sensing method was proposed for wireless IHM in [128] with
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micro resonator-based backscatter target sensors. The resonant frequency shift was taken as
the indirect measurement of strain change of the structure. The chipless RFID approach was
also investigated in [129, 130] for surface crack detection of infrastructure. The time domain
reflectometry signatures from developed surface crack antenna reflectometric sensors (co-
planar monopole antenna integrated transmission lines) were used to detect formation of

surface cracks and their formation directions.

All of the above passive RFID-based sensing techniques did not have additional electronics
attached to the sensor. The passive RFID-based temperature sensor presented in [131] for
concrete monitoring had inbuilt temperature sensing ability within the RFID tag chip. The
sensor was developed with a dipole tag antenna with the possibility of keeping antenna
outside the concrete. A smart RFID-based corrosion sensor with additional electronics for
wireless IHM is studied in [42]. The sensor was equipped with a coil antenna for inductive
coupling and had the capability of powering the electronics from the same antenna. An
architecture of self-powered near-field RFID-based threshold sensor integrated with
electronics was presented in [132] for chlorine ingress monitoring in concrete bridge decks.
The design of the sensor was carried out in [43] with comprehensive experiments to detect
chlorine ion concentration threshold of a concrete bridge deck. Two RFID-based sensors
(operating with HF and UHF) to measure temperature and moisture of concrete were studied
in [44] for wireless IHM. The sensors were integrated with additional electronics which are
powered by harvested power output of the RFID tag chips. The maximum interrogation
distance achieved by UHF sensor was 40 cm. HF RFID-based temperature sensors with
thermally sensitive resistors for concrete monitoring and strain monitoring of metal
structures were presented in [133]. The temperature sensor has shown good agreement with
reference measurements and the strain sensor has shown linearity in static strain
measurements. Temperature and strain sensing in concrete structures with passive RFID-
based tag antennas integrated with extra electronics were performed in [133]. These sensors

were HF sensors which were interrogated with coil antennas in short read range. Another
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strain sensing effort for wireless IHM was presented in [134] with passive tag antenna
integrated electronics. Even though the presented sensor had dedicated tag antennas for

powering electronics and communication, the tested read range was 20 mm.

However, these RFID-based passive sensors also have issues when considered in field [HM
applications. The indirect raw measurements of backscatter signal power, reader transmit
power and the resonant frequency can be highly peculiar in real infrastructure environments
with multiple concrete and metal structural members with different orientations. In
particular, some of them may not function with metal structures. The chipless RFID-based
sensing methods also have disadvantages with the number of bits that can be encoded and
special reader hardware requirements as discussed in [123]. The ability to measure dynamic
responses using passive RFID-based sensing has also not been proven. For some of the
above applications, there may have been several interrogation cycles to receive one reading
which is not acceptable in measurements of dynamic responses. Furthermore, the low
interrogation ranges make it hard to incorporate these RFID-based passive sensing in
wireless IHM which require measurements from multiple sensors at different locations. In
particular, the above-mentioned systems with coil antennas may require tight antenna

alignment which provides the possibility of interrogating only a single sensor at a given time.

2.4.2 Semi-Passive Sensing

As stated earlier, the semi-passive RFID tag antennas communicate using the same
modulated passive backscatter technique of passive RFID tag antennas. This is a major
advantage that can be acquired to a wireless IHM system over the active sensor nodes which
have transceivers that consume power in transferring data. With the advent of new
generation RFID tag chips [135], the battery power of semi-passive RFID tag antenna
integrated sensors can be utilized only to power the integrated sensors and supporting

electronics. Furthermore, there is a great potential of developing semi-passive RFID-based



28

sensors with high read ranges to measure dynamic responses. However, the instances of

them being developed to be used in wireless IHM are limited.

Efforts to emulate semi-passive RFID-based sensing using a commercial wireless system
[77] was presented by highlighting the unavailability of suitable semi-passive RFID tag
antenna integrated sensors [81, 82]. Both dynamic acceleration and strain of a model
structure were measured in these research efforts. A semi-passive RFID-based strain sensor
was presented in [136] for wireless IHM. The strain gauge sensor consisted of resistance to
frequency conversion electronics and two dipole antennas. One antenna is used for
modulated backscattering of identification information and for the purpose of waking up the
sensor. The other antenna is for backscattering of the output from resistance to frequency
conversion electronics. The sensor has shown good read range. The dynamic strain sensing
ability of the sensor was demonstrated by measuring the strain of a vibrating cantilever
beam. A semi-passive RFID-based sensor included wireless measurement system
architecture was detailed in [137] for aircraft health monitoring application. A detailed
wireless sensor system architecture including semi-passive RFID-based sensors has also

been introduced in [138].

However, the issues with small read ranges still exist even with the semi-passive RFID-
based sensors when they are considered for wireless IHM applications. This is
predominantly due to tag antenna de-tuning with respect to materials in the vicinity. Mostly,
dipole RFID tag antenna performance degradation in close vicinity to material elements has
been reported with experiments of tag antenna mounted on several materials [139]. The
phenomenon has also been investigated for commercially available and custom made dipole
like tag antennas [140-142]. Especially, considerable read range reduction of dipole RFID
tag antennas near metal has been reported with simulation based explanations in [46, 143,
144]. However, the presence of concrete and metal structural members in close vicinity is
unavoidable in IHM environments. Therefore, optimized tag antennas are necessary for the

development of semi-passive RFID-based sensors for wireless IHM. In this context, the
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research of RFID tag antennas with conductive materials [145-154] and concrete [155-157]
is a motivation for further investigation with large scale concrete and metal structural

members.

The next issue is the influence of structural member orientation and shapes upon the incident
interrogation signal power on the tag antenna integrated semi-passive RFID sensors. This is
an important consideration since semi-passive RFID tag antenna based sensors still follow
the passive backscatter communication principle where an incident interrogation signal
power greater than RFID tag chip sensitivity is necessary to initiate proper wireless
communication. Depending on the complexity of the infrastructure environment (e.g.,
orientation, shape, multiple members, etc.), the incident interrogation signal power upon it
can be different in various locations. Previous studies investigating this are limited. RF
energy transmission in the metallic environment has been studied in [158] with simulated
energy flow streamlines. The study proved that the multi-layer antennas are better in wireless
energy reception than dipole antennas in metallic environments. The extended investigation
has shown the possibility of blind area occurrence due to metallic obstacles within
transmitted signal path. However, this has provided only a macro view of wireless signal
power delivery where further studies are necessary for evaluating the wireless power flow
for the vicinity of structural members upon which semi-passive RFID tag antenna integrated

sensors are intended to be mounted.

The unavailability of suitable semi-passive RFID-based sensors which can provide dynamic
response measurement of infrastructure with substantial information is another issue.
According to review in Section 2.2.2, the natural frequency information is a vital indicator
extracted from measurements of dynamic responses. The natural frequencies of most large-
scale civil structures are spread within the band of 0 Hz to 10 Hz [28, 58, 60, 91-93].
Depending upon the structure, possibilities are there that the natural frequencies lie beyond
this band [70, 71, 88]. In particular, the natural frequencies of different modes of structural

members are well beyond the aforementioned band [13, 94, 96, 97]. Therefore the RFID-
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based measurement system with semi-passive tag antenna integrated sensors should be

capable of measuring dynamic responses with substantial spectral bandwidth.

Furthermore when considering the popular architectures with active sensor nodes for
wireless IHM reviewed in Section 2.2.1 and other proposed RFID-based wireless sensor
system architectures [137, 159], possibility is there to substitute single hop active wireless
nodes (Leaf nodes) in lowest tier with semi-passive RFID tag antenna integrated sensors with
acceptable read range and cluster heads with RFID reader integrated wireless nodes. Since
semi-passive tag antenna integrated sensors are used as Leaf nodes (which are normally in
multiple deployments, see Section 2.2.1) instead of active nodes, the instances of battery

replacement of the sensor system in bulk scale will be reduced.

2.5 Research Methodology

In this thesis, a wireless system with semi-passive RFID tag antenna integrated sensors for
dynamic response measurement of infrastructure is presented. The development of the
proposed RFID-based wireless IHM system has three major stages of simulation, design, and
measurement. These stages are predominantly to fill the research gaps which are identified

in previous sections of the chapter.

The simulation stage mainly covers the theoretical part of the development. In this stage, the
design and simulation studies will be done to create a relatively small tuneable RFID tag
antenna which can be electronically integrated with sensors and has acceptable performance
when mounted on members made out of concrete and metal. The modeling, impedance
matching and parametric optimization of the tag antenna will be performed using computer
simulation technology (CST) Studio Suite [160]. Furthermore, comprehensive simulation-
based performance analysis of the tag antenna in free space and when mounted on structural

members of different scale will also be performed. An antenna system model consists of a
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reader antenna and tag antennas mounted on a full-scale structural member will be created in
CST Microwave Studio to investigate the wireless signal power flow. The influences of the
orientation and shape of the structural member upon wireless signal power flow towards and

in the vicinity will be studied with comprehensive simulations.

A prototype RFID-based wireless dynamic acceleration measurement system design with
semi-passive tag antenna integrated acceleration sensor will be performed at the initial stage
of the development stage. A dynamic measurement oriented comprehensive hardware
supported firmware development for semi-passive tag antenna integrated acceleration sensor
will be done. The C language will be predominantly used in this task in MPLAB X
integrated development environment (IDE) [161]. The fabrication of the designed tag
antenna will be performed using printed circuit board (PCB) technology. Novel semi-passive
tag antenna integrated acceleration and strain sensors will be created with integrating the
fabricated tag antenna and custom designed miniature sensor circuit boards. Furthermore, the
enhancement of hardware and firmware will be done along with custom data acquisition
application to improve the spectral bandwidth of the dynamic measurements of the system.
The data acquisition application will be written in C# language using Microsoft Visual
Studio 2012 development environment [162] incorporating Octane software development kit

(SDK) [163].

In the measurement stage, the possible design enhancement limits related to hardware and
firmware will be investigated. The laboratory measurement equipment such as multimeter
and digital oscilloscope will be extensively used in this task. The prototype RFID-based
wireless dynamic acceleration measurement system will be tested for acceleration
measurement of a simply supported steel structural member (a part used to create a bridge
model). The performance of the fabricated tag antenna including the resonant frequency,
antenna gain, read range and readability according to mounting orientation will be tested in
the laboratory. The laboratory measurement equipment such as a performance network

analyzer (PNA) and a signal analyzer (SA) will be used in the testing along with Impinj
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Speedway Revolution commercial UHF RFID reader [164]. Then the enhanced system with
multiple tag antenna integrated acceleration sensors will be tested by measuring the dynamic
acceleration of a simply supported full-scale steel structural member. Finally, the system
with tag antenna integrated multiple sensors (i.e., accelerometer and strain gauge) will be
tested in measuring simultaneous dynamic acceleration and strain of a cantilever structural
member. A standard impact hammer system will be used to induce vibrations of the beams
[165]. The natural frequency determination ability of the structural members by the RFID-
based wireless system will be comprehensively compared with the same of standard

commercial wired and active wireless systems used for [HM [77, 78, 166, 167].

2.6 Conclusion

Even though passive sensing approaches are providing solutions in developing battery-less
wireless sensors for IHM, these have certain issues such as adapting the measurement
methods to complex infrastructure environments, small communication ranges and inability
to measure important dynamic responses. Therefore, their usage in field applications of
wireless IHM involving multiple sensing points is limited. On the contrary, active nodes are
pervasive in recent wireless IHM field applications due to their capability of measuring
dynamic responses and possible implementation in multiple numbers in system level (but as

usual these devices consume battery power during data transmission).

Semi-passive RFID-based sensing has the potential to be developed to provide substantial
communication ranges and measurement of dynamic responses which makes it a suitable
solution for implementing low power wireless sensor systems for IHM. However, there is a
lack of information available in the literature about the development of semi-passive RFID-
based wireless sensor systems which can measure dynamic responses securing substantial

information of infrastructure. This has motivated the work presented in this thesis.



Chapter 3 RFID-Based Wireless System
Design for Measurement of Dynamic
Acceleration of Infrastructure

3.1 Introduction

This chapter presents a novel RFID-based wireless dynamic acceleration measurement
system designed for vibration-based IHM. Even though dynamic acceleration measurements
for vibration-based IHM are ubiquitous with active wireless sensor systems, RFID-based
dynamic acceleration measurement systems are limited. The concept is realized with a UHF
RFID system using passive backscatter wireless communication of a newly designed semi-
passive RFID tag antenna integrated acceleration sensor. The inadequacy of previous
attempts of RFID-based acceleration sensors; both research and commercial is highlighted in
the background considering the necessities of vibration-based IHM. Consequently, the
design of the proposed RFID-based dynamic acceleration measurement system is considered.
The results of laboratory measurements of the natural frequency of a rectangular steel beam

with this system and their comparison with independent commercial systems are presented.

3.2 Background

According to the description in Chapter 2, the measurement of dynamic responses of
infrastructure is extremely important for the well-established vibration-based method of

IHM. Consequently, dynamic acceleration measurements are commonly performed to
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acquire the natural frequency information of infrastructure. Although acceleration
measurement systems with active wireless sensor nodes are customary in this process, RFID-
based systems are limited. This is majorly due to the unavailability of RFID tag antenna
integrated sensors which can measure dynamic acceleration in electromagnetically harsh

infrastructure environments.

The tip-loaded RFID tag antenna integrated sensor presented in [48] can be highlighted as
one of the limited research attempts to measure acceleration. The tag antenna integrated
sensor intended for environmental monitoring had integrated sensors of temperature, light,
and acceleration. Both light sensor and accelerometer were digital sensors while the used
temperature sensor was analog. All the sensors were integrated to the RFID chip via a
microcontroller through F°C (inter-integrated circuit) interface. This tag antenna integrated
sensor had two communication modes of passive (P) and battery assisted passive (BAP) and
operated with EPC Class 1 Generation 2 protocol [168]. The acceleration measurements
were demonstrated only in the BAP mode in 5-s intervals (i.e. 0.1-Hz spectral bandwidth) as
static acceleration for an orientation detection application. Passive UHF RFID dipole tag
antenna platform presented in [169] is another development which attempted acceleration
measurements. This platform was initially integrated with a temperature sensor and
subsequently upgraded to sense acceleration in [170]. However, dynamic acceleration
monitoring was not possible due to power constraints and the RFID tag antenna platform

integrated acceleration sensor is used only to detect orientation.

When considering the available commercial acceleration sensing RFID tag antennas, the
active vibration sensor tag antenna which operates in 2.5-GHz ISM band is capable of
continuous acceleration measurements [171, 172]. Some other active tag antenna integrated
sensors which are capable of monitoring event triggered shock events and 3-axis acceleration
can be found in [173, 174]. However, being an active tag antenna integrated sensors these

utilize battery power to data transfer. The passive acceleration sensor tag consisting of a
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dipole antenna is also capable of measuring acceleration at a maximum 5-Hz data rate (i.e.

2.5-Hz spectral bandwidth) on non-metallic backgrounds [175].

The natural frequencies of most large-scale civil structures are spread within the band of 0
Hz to 10 Hz [28, 58, 60, 91-93]. However, depending upon the structure, the natural
frequencies can be beyond this band [70, 71, 88]. In particular, the natural frequencies of
different modes of structural members are well beyond the aforementioned band [13, 94, 96,
97]. Therefore the RFID-based dynamic acceleration measurement system’s spectral
bandwidth should be broader than previously discussed research and commercial efforts

(excluding active tag antenna sensors).

3.3 Proposed RFID-Based Wireless IHM System

The proposed RFID-based wireless IHM system is shown in Figure 3.1. The RFID tag
antenna integrated sensors are mounted on structural members to acquire measurements such
as strain, acceleration, and displacement. The long range wireless node is integrated with the
RFID reader to provide the system with the capability of wireless networking. The RFID
readers of the same type in different sections of large-scale infrastructure can operate in a
wireless network where web server in the same wireless network collects the sensor data
which can be accessed via the internet. Therefore, tag antenna integrated sensors and reader
integrated wireless nodes in combination fulfill the task of single hop active nodes in the
lowest tier of wireless IHM system architectures reviewed in Chapter 2. Furthermore, the
upper tier task of inter-cluster communication is fulfilled by reader integrated wireless nodes.
Overall, this provides the advantage of low cost, low power RFID technology to support the
need of dense population of sensors in large scale IHM. Figure 3.2 shows the block diagram

of the RFID section of the system which includes a reader integrated wireless node and a tag
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antenna integrated sensor. Generally, the sensor can be any analog or digital transducer of a

physical quantity which is useful in determining the status of the infrastructure.
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Figure 3.1: Proposed RFID-based wireless infrastructure health monitoring system.
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Figure 3.2: RFID section of the wireless infrastructure health monitoring system (dotted line
is connected in battery-assisted passive (BAP) operation).

3.4 RFID-Based Dynamic Acceleration Measurement System Design

The designed measurement system is shown in Figure 3.3(a). It consists of a custom
designed tag antenna integrated acceleration sensor (TAIAS), Laird Technologies®
S9025PR antenna which has maximum far-field gain of 5.5 dBic as the reader antenna (see
Figure 3.3(b)) [176] and Indy® RS500 development board which contains Indy® RS500
system-in-package (SiP) as the RFID reader (see Figure 3.3(c)) [177]. A 3-axis
accelerometer was used as the sensor according to Figure 3.2. The reader supports EPC
Class 1 Generation 2 air interface protocol in the UHF RFID frequency band [168]. In terms
of performance, it has a 23-dBm maximum transmit power and —65-dBm receive sensitivity.
In the current system development, the RFID reader is directly connected to a laptop for the

purpose of acceleration data acquisition.
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Figure 3.3: (a) RFID-based dynamic acceleration measurement system measuring the
vibration of a rectangular steel beam (T - RFID tag antenna, pC - microcontroller and Sa -
accelerometer), (b) reader antenna and (c) RFID reader (USB-universal serial bus).
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3.5 Tag Antenna Integrated Acceleration Sensor Design

The TAIAS is an important component of the proposed measurement system. It carries out
the major tasks of sensing dynamic acceleration of structures and modulation of the sensed
data on to backscattered signals of the RFID tag antenna. Additionally, this component has
to be compatible with the aforementioned UHF RFID measurement system. Therefore,
hardware selection and the functionality setup of the component are important. The design

schematic of the TAIAS is shown in Figure 3.4.
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MOSI |« SDO E »(SCL P
_ REF2P |[4—p
MISO 7—>|SDLE SDAll« >iS
Accelerometer uC RF[D_ Tag
yopo —33Y__ L5335y Chip
33V
Watermark 3.3V DCI RF2N[¢—
Interrupt GND
INT2 P INT1
GND
GND | |

Figure 3.4: Schematic of RFID tag antenna integrated acceleration sensor (SP/ - serial
peripheral interface, I°C — inter-integrated circuit and other notations are in accordance with
datasheets [178-181]).

3.5.1 Hardware Design

The hardware implementation of the TAIAS is shown in Figure 3.5. The components used in
the design are listed in Table 3.1 in reference to Figure 3.2. The ADXL362 ultra low power
3-axis microelectromechanical systems (MEMS) accelerometer has been used in the design
to achieve low power implementation. The operational current required by this
accelerometer is in the pA range (1.8 pA at 100 Hz output data rate (ODR) with 2.0 V DC

supply) [179]. This is an attractive feature for the IHM application where the acceleration
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has to be monitored continuously to retain dynamic features. It provides 12-bit acceleration
measurement resolution via SPI with selectable output data rates, noise modes and different
acceleration levels as summarized in Table 3.1. The flexibility of these selections is useful
for the application of IHM in different scenarios. Furthermore, it is capable of generating
interrupts for certain firmware selectable states and contains a first-in-first-out (FIFO) buffer

which can hold up to 512 samples (12-bit acceleration samples).

Figure 3.5: Tag antenna integrated acceleration sensor (T - RFID tag antenna, pC -
microcontroller and Sx - accelerometer).



41

Table 3.1: Components and features used in the design.

Component
- - Features
Schematic Design
e 3-axis
Acceleration e +/-2g +/-4gand
+/-8¢g
(configurable)
Resolution e 12 bits
Data rate e 12.5Hzto400 Hz
(configurable)
Antialiasi e Datarate/2 and
ntialiasing
filter Data rate/4
Analog Devices ADXL.362 (configurable)
Accelerometer -
[179, 181] e Normal, Low noise
Noise Modes and Ultra low noise
(configurable)
e SPIdigital (2 MHz
Interface to 5 MHz)
Interrupts e 2 (configurable)
e Internal (51.2 kHz)
e [External (25.6 kHz
Clock to 51.2 kHz
configurable)
Operation o 16-bit
e 32 MHz maximum
PIC24F]128GA010 [182] Clock Xgﬁgg%f;able)
e Analog
Microcontroller Interface I2C and SPI digital
Compatibility ° PI.C 24 range
microcontrollers
Explorer 16 development 50V 33Vand0
board [180 ¢ XUV, 2.o Van
oard [180] \g(l’llttaff V33V
P (adjustable)
e EPCClass 1
Generation 2 air
. o interface standards
RFID tag Chlp Imp]n_]@ Monza® X-8K Interface for UHF RFID
Dura development board o IC digital (400
(RFID tag antenna) [135, KHz mgaximum)
178]
e Tip-loaded dipole
antenna On board UHF RFID tag
antenna

antenna
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Impinj® Monza® X-8K Dura development board has been used as the RFID tag which has
an on board tip-loaded dipole antenna, Impinj® Monza® X-8K Dura RFID chip and F°'C
interface. The RFID chip consists of two firmware configurable RF ports which form the RF
air interface that supports EPC Class 1 Generation 2 protocol. This uncommon feature of the
chip provides the flexibility of enhancing the readability of the TAIAS using two suitable
antennas whenever necessary. Furthermore, it has P and BAP communication modes where

the latter has higher sensitivity [135, 178].

The 16-bit PIC24FJ128GAO010 microcontroller has been used in the design to avoid
unnecessary delays in firmware when handling acceleration data with 12-bit resolution (14
bits in total with 2 sign bits). The microcontroller is equipped with both SP/ and I°'C
interfaces which are necessary for the integration of the accelerometer and the RFID tag
antenna. The operational speed of the microcontroller can also be varied using the firmware
selectable clocking scheme [182]. Explorer 16 is a recommended development board for 16-
bit PIC microcontrollers and it has been used as the interfacing platform in this development
[180]. The 3.3-V DC power distribution in the design was done through the Explorer 16
development board where 2.0-V supply is provided to the accelerometer to have a minimum

offset in acceleration readings [179].

3.5.2 Firmware Design

Firmware design is an integral part of the accelerometer integrated RFID tag antenna for
real-time monitoring of dynamic acceleration. The firmware for the microcontroller of the
TAIAS has been written in the C language using MPLAB X IDE [161] giving consideration
to the physical quantity of measurement (dynamic acceleration), system in macro level (real-
time data acquisition from multiple tag antenna integrated acceleration sensors) and the

limitations of the selected RFID hardware.
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3.5.2.1 Memory Organization of the RFID Tag Chip

Since the Impinj Monza-X Dura 8K RFID tag chip complies with EPC Class 1 Generation 2
protocol, it has the standard memory organization defined in [168]. The minimum
requirements for each memory bank are described in the standards while a given RFID tag
chip can have variations upon that. The selected tag chip memory consists of four logical
banks identified as “Reserved”, “EPC”, “TID” and “USER” which each has 22 bytes, 18
bytes, 24 bytes and 1024 bytes, respectively [135]. The RF air interface of the tag chip has a
word-wise (16-bit) read and write access to these memory banks except some locations in
Reserved, EPC, and TID which only has read access. In I°C transactions, the chip allows
word-wise (16-bit) write and byte-wise (8-bit) memory read. In this case, also the tag chip

has specific locations in Reserved and TID banks which are read-only.

Since RFID systems are commercially meant for inventory database handling, the available
UHF Generation 2 RFID readers (including the selected reader in Section 3.4) are readily
capable of continuous acquisition of the electronic product code (EPC) data located in the
EPC memory bank. The EPC is normally formatted in words. The selected RFID tag chip
has a maximum of 8 words which can be allocated to EPC by configuring the EPC
LENGTH([4:0] bits found in the EPC memory bank. The /°C address of the RFID tag chip
has four selectable combinations providing the opportunity of having a maximum of 4
numbers of them in single /°C bus. This selection can be achieved by bit configurations of
12C ADDR/[1:0] and LOCK DA in the Reserved memory bank. Furthermore, the
DCI RF _EN bit in Reserved memory bank can be configured to control the access of the tag
chip from RF air interface. When this bit is configured to be set, the tag chip can be accessed

from RF air interface only if the DC input (DCI) is present (i.e. in BAP mode).
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3.5.2.2 Operating States of RFID Tag Chip

Selected Impinj Monza-X Dura RFID tag chip has three operating states to be considered.
According to the datasheet, they are named as Internal Control, 12C Control and Idle or RF
Receive [135]. Table 3.2 provides the summary of conditions which invoke these operating
states and constraints generated by them. It shows that the Internal Control state has
precedence over the other two states and the /2C control has precedence over the Idle or RF
Receive state. When the DCI_RF _EN bit is set, the Idle or RF Receive state becomes only an

idle state if DCI is not present. The state transition diagram of the tag chip is shown in Figure

3.4[135].
Table 3.2: Operating states of the RFID tag chip [135].
Operating State Conditions Constraints
1. Executing an initialization 1. FC transactions
sequence. with the RFID chip
2.  Writing to non-volatile memory not possible.
Internal Control (NVM) 2. Interrogations via
3. Backscattering a response to an RF air interface are
interrogation from the reader not possible.
through RF air interface.
1. Not in Internal Control 3. Interrogations via
2. Master issuing commands via RF air interface are
12C Control FC interface (state starts when not possible.

the RFID chip detects its device
id in the C commands from
the master).

1. Receiving reader interrogation
Idle or RF Receive from RF air interface or not in None.
Internal Control and 12C
Control.
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Figure 3.6: State transition diagram of the RFID tag chip [135].

3.5.2.3 Operation of Tag Antenna Integrated Acceleration Sensor

When measuring dynamic acceleration, samples have to be acquired continuously to retain
detailed information. However, the previously mentioned operating states of the RFID tag
chip add a constraint to continuous data acquisition. RFID tag chip transitioning into Internal
Control state is the least controllable as it has precedence over the other two states. However,
this state transfers back and forth with /dle or RF Receive state which provides a slight
window in controlling it with firmware that is fast enough. The 12C Control state precedence
over Idle or RF Control state limits the RF access of the RFID tag chip if it is frequently
accessed via I°C interface. However, when transferring acceleration samples continuously
via the F°C bus to the RFID tag chip, those samples cannot be acquired via the RF air

interface. This constraint had to be overcome.

In this case, the features of the selected accelerometer were used to work out a solution. The
ODR setting of the accelerometer with the internal operating clock of 51.2 kHz determines
the time it takes to generate a single 14-bit (2 sign bits + 12 data bits) acceleration sample. If

ts is the time needed to generate a single acceleration sample by the accelerometer and
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satisfies Equation 3.1, the continuous data acquisition from RF air interface becomes

possible.

tag S I X [ts - (tSPI + tf)] =+ 1) X (tzc + tyvm), 3.1

where tyq 1s the maximum time needed to complete a full RF air interface interrogation of
EPC having length of (i + 1) number of words, tsp; is the time taken to complete a SP/
transaction of a single acceleration sample between accelerometer and microcontroller with a
specified clock, tf is the time consumed by microcontroller to handle a single acceleration
sample (other than SPI and F°C transactions) in the firmware with a specified instruction
cycle clock, t;,- is the time consumed to transfer a single acceleration sample between
microcontroller and RFID tag chip via °C bus with a specified clock, tyyy is the time
consumed by the RFID tag chip to complete a non-volatile memory (NVM) write of a single
acceleration sample and i is the number of samples (here 1 acceleration sample is taken as 1

word and the reason for i + 1 is discussed below).

The maximum time needed to complete a full RF air interface interrogation of EPC having
length of (i + 1) number of words (tsq) is dependent upon the read rate (tags/s in general
inventorying) of the RFID reader. This read rate depends upon the setting of tag population
estimate and the number of RFID tag antennas in range. The maximum read rate for the
selected reader is 130 tags/s given that the tag population estimate setting is 1 and single tag
antenna in range while the tag chip is in Idle or RF Receive state [177]. Since the RFID tag
chip has to be accessed via I°C bus when transferring acceleration samples, the tag chip will
not always be in Idle or RF Receive state which will lower the read rate. However, an
approximate value for tyo (i =7, i + 1 = maximum available EPC length of 8 words)
would be 5.0 ms to 5.7 ms considering maximum data rates of forward the link (reader to tag
antenna) 40 kbits/s and backward link (tag antenna to reader) 62.5 kbits/s [177] for an

interrogation cycle with query repeat (QueryREP). The possible variation is due to automatic
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selection of preamble (PR) and frame synchronization (FS) by the reader (not user
selectable), and tolerance of T; and T, time intervals EPC Class 1 Generation 2 protocol. The
general interrogation cycle of EPC of the tag antenna can be given as in Figure 3.7 as
defined in [168]. A reduction of EPC length by 1 sample would theoretically reduce
aforementioned t4, by 256 ps. If the ODR of the accelerometer is 100 Hz, it generates 3
acceleration samples (3-axis) within a 10-ms period. Even though the accelerometer does
parallel sampling for the 3 axes, the acquisition by the microcontroller and from the RF air
interface is serial. Table 3.3 provides approximate values for tyo and for i x tg up to
maximum EPC length with additional tracking word 7 to filter the possible interrogation

repetitions due to query repeat.

Reader to Tag Antenna
Interrogation

PR| Query FS|ACK FS|QueryRep

Tag Antenna to Reader
Backscatter

PR| PC | EPC | CRC

=
Iﬁ

Figure 3.7: Interrogation cycle of EPC (PR - preamble, Query - query command, RN -
random number, FS - frame synchronization, ACK - acknowledgment, PC - protocol control,
CRC - cyclic redundancy check and QueryRep - query repeat command) [168].
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Table 3.3: Approximate time values for the acquisition of EPCs with different lengths via RF
air interface.

i EPClength* (words) t,o (ms) [ Xts(ms) iXts—ty (ms)
1 2 4.14 3.33 -

2 3 4.40 6.66 2.26

3 4 4.66 9.99 533

4 5 4.92 13.32 8.40

5 6 5.18 16.65 11.47

6 7 5.44 19.98 14.54

7 8 5.70 23.31 17.61

* including tracking word (7).

According to Equation 3.1 and Table 3.3, acquisition of accumulated samples provide more
time duration for i X (tsp; + tf) + (i + 1) X (tj2¢ + tyym). In order to achieve sample
accumulation, the FIFO buffer of the accelerometer was used. In this stage of the design, a
maximum of 21 acceleration samples (7 sets of 3-axis acceleration) were set to accumulate
in the FIFO buffer, and only the Z-axis samples were subsequently transferred to the
extended 8-word EPC memory of the RFID tag chip (i = 7). This was done deliberately to
provide an elongated time interval of (tgp, = 30 X [ts — (tsp; +tr)] — (P + 1) X (t12¢ +
tyvm)) to acquire samples from RF air interface with the time saved by neglecting X and Y
axes samples. The EPC arrangement with Z-axis acceleration samples is shown in Figure 3.8
(this fits in to EPC section of tag antenna to reader backscatter shown in Figure 3.7). T is
toggled in the firmware at the time of generation of the Watermark interrupt of the
accelerometer [179] for accumulation of aforementioned acceleration samples in the FIFO
buffer. The firmware configuration of the TAIAS is given in Table 3.4. The flow diagram of
the firmware operation is shown in Figure 3.9 with RFID tag chip state transitions at relevant

stages.
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Figure 3.8: EPC arrangement with acceleration samples (i = 7).

Table 3.4: Configuration settings in the firmware.

Component

Configuration

Accelerometer

Acceleration level: 2 g

Clock: Internal (51.2 kHz)

Output data rate (ODR): 100 Hz

Noise mode: ultra-low noise

Interface: SPI (slave)

Anti-aliasing filter: ODR/2

Interrupt: Watermark configured at 21 acceleration samples

RFID tag antenna

RF ports: 1 blocked, 2 in use
Interface: I°C (slave)

Microcontroller

Interface: I°C (master) 400 kbps, SPI (master) 4 MHz
Oscillator: Internal 8 MHz RC oscillator with 4xPLL*

* phase-locked loop.
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At initialise stage of the RFID tag chip the microcontroller starts C communication and
tries to identify the tag chip on the °C bus. Therefore the microcontroller reads the part id of
the tag chip via the °C bus to establish a communication. Due to this reason the tag chip
moves to 12C Control operating state from Idle or RF Receive. Subsequently, it moves to
Internal Control in the initialization process and moves back to Idle or RF Receive state after
the initialization of the tag chip. In the accelerometer initialization phase, the microcontroller
starts SPI communication with the accelerometer and identifies it using the part id. Then at
the configuration stage, it configures the accelerometer settings as given in Table 3.4. When
the microcontroller sets the number of samples that should be accumulated in FIFO buffer,
accelerometer starts measurement process and accumulates acceleration samples. At the time
in which accelerometer generates the Watermark interrupt (mapped to external interrupt of
the microcontroller), the microcontroller acquires the accumulated acceleration samples.
Since microcontroller acquires the samples immediately after the occurrence of Watermark
interrupt, the accelerometer keeps accumulating acceleration samples since it can fill already
freed FIFO buffer locations [179]. After completing the sample acquisition process, the
microcontroller transfers the samples to EPC memory of the RFID tag chip via °C bus. Due
cause, the chip moves to /2C Control state from Idle or RF Receive state. Subsequently, it
moves to Internal Control since there are NVM writes. Then the chip moves back to /dle or
RF Receive state. At this stage, the microcontroller is idling providing a time window (tzfr)
for the RFID reader to access the tag chip and acquire acceleration data (until the next
occurrence of Watermark interrupt). The tgp is actually the right hand side of the Equation
3.1. In this process the chip moves to Internal Control state since backscattering is necessary

for the data acquisition via RF air interface.
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3.6 Measurement Results

The laboratory measurements conducted using the designed system can be categorized into
three major sections. First, the read range measurement of the system is conducted to
identify the boundaries of the backscatter wireless range in which the system can acquire
acceleration data. Then the lateral vibration of a rectangular steel beam is measured by the
system setup shown in Figure 3.3(a). Finally, the measurements results are compared with

those from independent wired and wireless commercial acceleration measurement systems.

3.6.1 Read Range Measurement

The system arrangement for read range measurement in the laboratory is shown in Figure
3.10(a). Both the reader antenna and the RFID tag antenna were kept 1.1 m above ground in
line-of-sight orientation. A polystyrene mount was used to support the RFID tag antenna.
The measurements were conducted for both options of P and BAP modes of the RFID tag
chip with maximum 23-dBm reader transmit power in 923-MHz transmit frequency (center
frequency of Australian UHF RFID band of 920-926 MHz) [113]. Figure 3.10(b) shows the
average number of reads/s which can be achieved with increasing distance between RFID tag
antenna and the reader antenna. The reader achieves its maximum read rate ~125 reads/s
(close to the value mentioned in [177]) when the tag antenna is in range and always in /dle
and RF Receive state. The maximum read range that can be achieved in open space for P and
BAP modes were 1.1 m and 1.8 m respectively. Measurement of the read range on metal was
done by mounting the RFID tag antenna on the steel beam. However, the achievable read
range is reduced to ~0.1 m for BAP mode which clearly shows the RFID tag antenna de-
tuning effect. A noticeable read range was not achieved when RFID tag was mounted on the

steel beam in P mode.
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Figure 3.10: System read range measurement: (a) setup and (b) results.
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3.6.2 Dynamic Acceleration Measurement

The simply supported rectangular steel beam with length (/) of 3 m, width (b) of 0.1 m and
height (4) of 0.025 m shown in Figure 3.11(a) was used in dynamic acceleration
measurement. The polystyrene mounting arrangement shown in Figure 3.3 was used to avoid
the drastic read range reduction observed when the tag antenna was mounted on the steel
beam. The accelerometer was mounted at the mid-span of the steel beam. The beam was
excited by applying impacts using PCB PIEZOTRINICS 086C04 ICP impact hammer setup
shown in Figure 3.11(b) [165]. Impact points A, B and C had 123.5-cm, 75-cm and 40-cm

distances from O.

4
Accelerometer
L | ] el —
Beam
A 7.y

N
7~

o -- - Bff------
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Figure 3.11: (a) Rectangular beam arrangement and (b) impact hammer setup.
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Several dynamic acceleration measurements were conducted by applying random impacts at
point A. In this process, the number of Z-axis acceleration samples carried by EPC was
increased. All possibilities under the available EPC length have been analyzed by increasing
the number of samples from 1 to 7, and these are denoted by scenarios S1 to S7, respectively
(S1-i=1and S7-i=7)in Figure 3.12 where the scattered plot of acquired sample rates via
RF air interface is shown for 10 numbers of random impacts for each scenario. A 1.5-m read
range was chosen and the measurements were conducted in BAP mode of the RFID chip.
The firmware of the accelerometer integrated RFID tag was adjusted accordingly to form the
EPC length of each case with Tw. The transmit power and the frequency were kept
unchanged as in Section 3.6.1. Figure 3.13 shows one of the results of the Z-axis acceleration
measurement. Time history results of both acceleration and impact hammer data show a
negligible delay in measurements (Fol — force of impact). However, due to aforementioned
data acquisition method, a delay of 1 microcontroller acquisition cycle exists. According to
Figure 3.12 the average value of sample rate increases from S1 to S3 and holds the same
level ~100 Hz up to S7 which is, in fact, the ODR setting of the accelerometer by the
firmware. From S4 to S7 sample rate shows negligible variations between trials (i.e. between
10 random impacts). This shows that S1 and S2 do not provide enough tgg, (> tgr) for the
reader to access the tag chip via RF air interface (i.e. tgp, < tyqo for i = 1, 2 and does not

satisfy Equation 3.1).
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Figure 3.14 shows the timing diagram (acquired by Agilent DSO-X 2024A oscilloscope) of
the TAIAS for i = 7 and single word transfer within an °C transaction with EPC memory of
the tag chip (8 number of F°C transactions were necessary to cater i + 1 number of words).
The Watermark interrupt has occurred in ~70 ms (3i X tg) intervals which tallies with the
time required to accumulate 7 samples sets from each of the 3-axis in 100-Hz ODR.
Therefore t; ~ 3.33 ms for i = 1 as expected. The (i + 1) X (t;5¢ + tyyum) is about 35 ms
which provides (t;5¢ + tyym) = 4.37 ms for i = 1. Since these values do not satisfy Equation
3.1, it is evident that acquiring the total number of samples generated by the accelerometer
via RF air interface is not possible with the current form of firmware settings (e.g., 100 Hz

ODR) using maximum EPC length.
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Figure 3.14: Timing diagram of Watermark interrupt (yellow), SPI receive (green) and I°C
write (blue) of the tag antenna integrated acceleration sensor with settings provided in Table
3.3 fori=7(ts is not visible).
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However, the above evidence suggests that the scenarios of S4 to S7 can be effectively used
to acquire single axis dynamic acceleration measurement for 100-Hz ODR with available
EPC length of the RFID tag chip. The calculated amplitude spectra of the dynamic
acceleration measurements with random impacts at point A for these four scenarios are
shown in Figure 3.15. All of those show a prominent peak approximately at 6.24 Hz. This
value is almost close to the calculated value of 6.4 Hz which is the frequency of the 1 mode
(i.e., the natural frequency) of the rectangular steel beam (see Figure 3.11(a)) using Equation
2.1. Apart from random noise, some other peaks (smaller than the prominent peak) are
visible in the amplitude spectra. Theoretically, the next frequency with the highest amplitude
detectable at mid-span of the beam is the frequency of 3™ mode [90] which is ~57.3 Hz.
Therefore, this frequency is not detectable since achieved spectral bandwidth of the
measurement system for the single axis is ~50 Hz. Detecting an alias of a higher frequency
signal is also not possible within this spectral band according to anti-alias filter setting of the
accelerometer given in Table 3.3. According to Figure 3.15, the position and the number of
the subtle peaks vary between scenarios. Additional investigation into these peaks will be
conducted in Chapter 5. The measurement results which are discussed in the following

sections of the current chapter had the EPC length according to scenario S6 (i = 6).
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Figure 3.15: Single-sided amplitude spectra of acceleration measurements for scenarios S4-

S7 with random impacts of 11-120.
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The measurement of 3-axis acceleration has been performed in the same testing setup by
applying impacts at point A and the results are shown in Figure 3.16(a). In this measurement,
EPC have been used to hold two of every third set of 3-axis acceleration samples with 7
(i.e. the effective ODR became 33.33 Hz). The information of the natural frequency can only
be noticed in the Z-axis measurement as shown in Figure 3.16(b) mostly due to the
orientation of the beam setup and the direction of impact. This 3-axis measurement is useful

in monitoring particular structures with random orientations and random vibration directions.
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3.6.3 Spatial Sensitivity Test

Several dynamic acceleration measurements were conducted applying impacts at points B
and C additional to point A. One of those results is shown in Figure 3.17(a). The time history
of the acceleration is different as applied impacts were random. However, the amplitude
spectra shown in Figure 3.17(b) indicate that the prominent peak is approximately the same
at 6.24 Hz for all impacts. Therefore, the information that can be acquired from the
measurement is retained even though the height of the peaks reduces from point A to C due
to energy dissipation of the vibration along the beam. This can also be seen when comparing

the decay of acceleration levels depicted in Figure 3.17(a).
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Figure 3.17: Z-axis dynamic acceleration measurements for random impacts at points A, B,

and C: (a) time history and (b) single-sided amplitude spectra.
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3.6.4 Test with Imposed Load on Steel Beam

The dynamic acceleration was measured with an extra load imposed on the rectangular steel
beam. The beam that had a mass (m) of 59 kg was loaded with a mass (M) of 11 kg at a
distance (d) of 180 cm from the point O in —Y direction (see Figure 3.11(a)), and the
impacts were applied at point A. The amplitude spectra of the acquired acceleration
measurements are shown in Figure 3.18 in comparison with results from the unloaded
specimen. It shows change of the natural frequency of the specimen where it has shifted
approximately to 5.48 Hz. This value is almost to the calculated analytical natural frequency
value of 5.58 Hz (1°* mode) which is acquired for off-center loaded simply supported

rectangular steel beam using [183]:
1 |KEI(Ag + A)
f=— . a ) 3.2
2n |MI3 (B, + B)

where, f is the natural frequency (1*' mode) of loaded specimen (Hz). A, and B, are
functions of both mass ratio (m/M) and load’s position (d/l) where A and B are functions
of only (d/l) [183]. Under the consideration of deflection curves of the specimen by
combined contribution of both m and M, the values K, A,, B,, A and B are found to be 48,
1.1183, 4.1078, 0.0576 and 0.0531, respectively. Therefore system has demonstrated its
ability of distinctively acquiring the state change of the steel beam (triggered by loading)

using frequency shift of the 15 mode.
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Figure 3.18: Single-sided amplitude spectra for acceleration measurements of the unloaded
and loaded specimen with random impacts of 121 to 130 at point A.

3.7 Comparison with Commercial Systems In Order to Benchmark the
Designed System

The results of the designed RFID-based dynamic acceleration measurement system have
been compared with the results from commercially available independent wired and wireless
acceleration measurement systems. PCB PIEZOTRONICS 352C34 single axis commercial
wired accelerometer [166] and LORD Microstrain G-Link® -LXRS® commercial wireless
accelerometer [77] have been used to acquire these independent measurement results.
Commercial wired and wireless accelerometers have been collocated accordingly on the steel
beam with the mounting arrangement of the TAIAS. National Instruments’ NI USB-6251
multifunction DAQ module [167] and LORD Microstrain WSDA® -Base-104 -LXRS® base
station [78] have been used for the acceleration data acquisition from the commercial wired

and wireless accelerometers, respectively. Each system has been used for simultaneous
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dynamic acceleration measurements with the proposed RFID-based system and acquired Z-
axis acceleration measurements have been analyzed. Figure 3.19 shows the comparison of
the amplitude spectra of the acceleration measurements obtained using proposed system and
those obtained with commercial wired accelerometer (c.f. Figure 3.19(a)) and wireless
accelerometer (c.f. Figure 3.19(b)) in different instances. Figure 3.19(a) demonstrates that
both systems have shown prominent peaks (i.e., the natural frequency) near 6.1 Hz and 5.4
Hz for the unloaded and loaded states of the beam, respectively. According to Figure
3.19(b), both the proposed and commercial wireless systems have also shown prominent
peaks near 6.1 Hz for the unloaded state and at 5.4 Hz for the loaded state. The reason for the
shift in the spectra in this set of experiments can be due to slight changes in the boundary
conditions (e.g., placement of supports) that might have occurred in the testing arrangement.
Overall, the comparison with the commercial systems confirms that the proposed system

provides approximately the same 1% mode frequency information of the beam.



103 Proposed
G8T Unloaded 1
i = = = Loaded
N
T 6
=0
G 4
£
=2
<
0 T S ~ — e g e s P e e me
52 53 54 55 56 57 58 509 6 61 62
%107 Wired
8T Unloaded 1
= = = = [oaded
T 6t
=0
< 4
E
[
E2r
<
0 =
52 53 54 55 56 57 58 59 6 6.1 6.2
Frequency (Hz)
(a)
« 107 Proposed
Q’"\ St Unloaded )
I = = = Loaded
N
T 6 A ]
C !
34 ".
£ .r’ '
= i
g2l ,’ \ .
~
a = ,-. ‘\- T -y —
0, ﬁw‘#%lh—h"lh——-—
52 53 54 55 56 57 58 59 6 6.1 62
w1073 Wireless
Q”‘\ 8 } Unloaded 1
i i = = = Loaded
N
T 6 |-
=0
~ |
0]
= 4} i
= d
= ]
o
S2r Y
< -
0- M e O oy weh peny o ) Y am gl
52 53 54 55 56 57 58 59 6 6.1 062

Frequency (Hz)
(b)

67

Figure 3.19: Comparison of single-sided amplitude spectra of the acceleration measurements

at point A, between: (a) proposed system and commercial wired accelerometer system and

(b) proposed system and commercial wireless accelerometer system.
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3.8 Conclusion

This chapter presented the proposed RFID-based wireless system design for dynamic
acceleration measurement of infrastructure. The considerations of the initial system
development have been presented with a novel design of a semi-passive UHF RFID tag
antenna integrated acceleration sensor. The firmware of the RFID tag antenna integrated
acceleration sensor was designed for continuous acceleration monitoring for the purpose of
retaining important information related to infrastructure (e.g., natural frequencies).
Furthermore, it was developed providing opportunities for the future development of the

system which will be discussed in Chapter 5.

The current system which operated in the battery assisted passive communication mode of
the tag chip has shown the capability of acquiring single axis dynamic acceleration data with
~50 Hz spectral bandwidth using maximum EPC length. However, this bandwidth had to be
equally allocated among the axes when measuring 3-axes acceleration. The constraint was
caused by the time required for single word non-volatile memory writes which did not allow
sufficient time to transfer more acceleration samples while keeping a window with enough

time duration to acquire them via RF air interface.

The measurements conducted with a simply supported rectangular steel beam have shown
that the system is capable of acquiring the natural frequency (frequency of thel® mode) of
the structure. Furthermore, it has shown the capability of identifying state changes of the
beam with the natural frequency shift. The determined natural frequency values of loaded
and unloaded states of the beam were in good agreement with the calculated theoretical
values. The natural frequency values determined from the simultaneous measurements from
two other commercially available independent acceleration measurement systems were also
in good agreement with those acquired by the proposed system. Therefore, the proposed
RFID-based wireless system has the potential to be used in infrastructure health monitoring

applications.
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However, it has been observed that the designed RFID tag antenna integrated acceleration
sensor has a reduced performance in read range when mounted on the steel beam. This is
unacceptable when considering the system in macro level. First, the RFID tag antenna
integrated acceleration sensors should be conveniently mounted on the structures which are
made out of different types of construction materials (e.g., concrete, metal) to monitor their
health in field measurements. Secondly, the reduction of read range increases the possibility
of the influence of the structure upon reader antenna properties (e.g., reflection
characteristics, antenna gain). Furthermore, it reduces the possibility of simultaneous data
acquisition from multiple RFID tag antenna integrated acceleration sensors positioned at
different locations of the structure. Therefore, the proposed system can be further enhanced

to be more suited to electromagnetically harsh infrastructure environments.



Chapter 4 Construction Material
Mountable UHF RFID Tag Antenna:
Design and Performance Analysis

4.1 Introduction

This chapter presents a design and performance evaluation of a RFID tag antenna which can
be used as an I°C slave component for the development of semi-passive RFID tag antenna
integrated sensors mountable on construction materials. The proposed tag antenna which can
easily be fabricated using printed circuit board (PCB) technology has been designed using a
new generation RFID tag chip. It is relatively small and tuneable. The background leading to
this design, the design considerations, performance simulations and experimental proof have

been presented in subsequent sections of the chapter.

4.2 Background

The RFID tag antenna is a very important component of an entire RFID system, especially
when the system is used in demanding applications. Performance degradation of the system
can be caused by the reduction of read range due to RFID tag antenna detuning in the
vicinity of surfaces made out of different types of materials. In an RFID-based wireless
sensor system, drastic read range reduction of the system is not acceptable as it limits the
number of RFID tag antenna integrated sensors which can be monitored by a single reader

antenna. However, this phenomenon was observed in the experimental phase of the wireless
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IHM system design with accelerometer integrated RFID tag in Chapter 3. In the
improvement of the aforementioned system, it is important to design a UHF RFID tag
antenna which can perform properly when mounted on concrete or metal members.
Furthermore, the tag antenna should be compatible with electronic integration with different

types of sensors used in IHM (e.g., accelerometers, strain gauges, etc.).

It is well known that the performance of any antenna deviates from free space performance
according to the environment in which it is being used unless specifically designed for the
application environment. If the antenna is mounted on a surface, its performance is different
from that of the antenna in free space. These performance differences are considerably
negative when considering typical dipole UHF RFID tag antennas since most of them are
miniature antennas with compromised antenna gain and they are carefully matched to RFID
tag chip impedances [46, 184]. The influence from the objects in the vicinity on read range,
impedance pattern and radiative efficiency of antennas have been investigated in [140] for
constructed “I-type” and “M-type” folded dipole tag antennas. The study has shown that the
read range of these tag antennas reduces considerably in the vicinity of metal and liquid
material. RFID tag antenna performance in the vicinity of various materials has been
experimentally evaluated in [139] using radio link budgets with a planar folded dipole tag
antenna. This study has shown that the tag antenna performance (e.g., the antenna gain and
the read range) reduces considerably in the vicinity of highly conductive materials. The
performance of a planar dipole tag antenna with an inductive coil has been studied in [142]
mounted on different types of material. The inductive coil was used to minimize the antenna
impedance change when mounted on those materials. However, the tag antenna had shown
low performance when mounted on thick paper and glass. Simulation studies reported in [46]
for a folded dipole tag antenna mounted on metal have shown that generated surface currents
on the metal mount, in the opposite direction to those of the dipole tag antenna neutralize its
effective electric field and therefore reduce the antenna gain. Clearly, the performance of

commercially available dipole tag antennas deteriorates when mounted on different types of
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material, especially near conductive surfaces. However, the necessity of mounting sensors on
structural members made out of metal or concrete is unavoidable in IHM applications.
Furthermore, the acceptable read range is also critical as sensors are most likely to be

installed in places which are difficult in frequent accessing.

The complex input impedance of a RFID tag chip is frequency dependent. This makes the
RFID tag antenna design entirely different from conventional antenna design which is
normally matched to 50 Q impedance [46]. The input impedance has to be conjugately
matched to that of the tag antenna using creative techniques [112] while achieving the
performance parameters such as operating frequency and antenna gain. Various forms of
dipole tag antenna designs were presented in [46, 112, 184, 185] with different types of
matching techniques such as T-match, inductively coupled loops and series tuning inductors.
The use of slots and inductive loops were effective for impedance matching in multi-layer

tag antenna designs [112, 186, 187].

It has been observed that multilayer antennas generally perform better in metallic
environments than dipole antennas [158]. The ground plane of multilayer antennas such as
microstrip patch antennas appears to help electromagnetically isolate the material on which
they are mounted [46]. This feature has led the development of metal mountable RFID tag
antennas which are different to dipole-like tag antennas. Various designs of microstrip patch
type tag antennas have been studied mostly for logistic purposes and tagging metallic items
using different approaches. A tag antenna design with two rectangular patches grounded at
opposite ends to the feeding location is proposed for metal object tagging applications in
[147]. A compact version of this antenna has been studied using a multi-layer model with an
inner conductive layer in [148]. The length of the inner layer was used as the impedance
tuning parameter. An inset-fed patch was employed to develop a metal mountable RFID tag
antenna where impedance matching was achieved changing the length of inset-feed and open
stubs in the grounding microstrip [146]. Another metal mountable RFID tag antenna with

rectangular patch and tuning stubs was studied to achieve impedance matching with the
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RFID chip in [145]. A new compact RFID tag antenna which can be effectively mounted on
metal was designed with slits and inset feed in [150]. The inset feed length was used to
change the antenna impedance for matching purposes. A RFID tag antenna which has a
trapezoidal patch was studied in [149] to mount on metal where impedance matching was
achieved by changing the upper side width and the height of the trapezoidal patch. An inset-
fed patch antenna with an open stub was studied for metallic object tagging in [151]. Both
inset length and open stub length were varied to achieve required impedance matching. Four
rectangular patches designed to resonate at different frequencies were used in [186] to
develop a broadband RFID tag antenna for metal mount applications. A square microstrip
loop was used in the middle of the tag to feed the rectangular patches and to achieve required
impedance matching with the RFID tag chip. Another complex design of a wideband
multilayer tag antenna was studied in [152] using proximity coupled approach where
impedance tuning was achieved with the parametric study of feed line length and its position
related to patch edge. Furthermore, a complex design of multi-slotted dual patch type RFID
tag antenna was presented for metallic tagging applications with incorporated microstrip
loop as the feeding arrangement in [187]. Antenna had several tunable parameters to achieve

required impedance match owing to the complex design.

Even though there is considerable research work on metal mountable RFID tag antennas,
research, and development of mounted on concrete are limited. An inkjet-printed square loop
antenna on paper was studied with a concrete tile for an indoor localization application in
[155]. The tag antenna had large dimensions close to the size of the tile. Additionally, an
attempt to adjust a commercially available dipole tag antenna to have improved performance
with concrete was presented in [156] for a way-point positioning application. An instant
where a multilayer tag antenna model has been studied with concrete is presented in [157] to
be used in location tracking application. In this research, a ceramic patch was studied for
merge in concrete up to surface level with a complex assembly of a parasitic patch and a

metal cavity.
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However, almost all the tag antenna designs were carried out using conventional strap type
RFID tag chips which cannot be used to develop tag antenna integrated sensors.
Furthermore, they have been optimised in different UHF RFID frequency ranges to use with
only one material (e.g., metal) in which case they may not perform well when mounted on
concrete or other construction material. Therefore, for the read range enhancement of the
proposed RFID-based wireless IHM system in Chapter 3, a further study is needed to
develop a UHF RFID tag antenna which has the capability of electronic sensor integration

and desired performance mounted on both concrete and metal.

4.3 RFID Tag Antenna Design

The microstrip patch antenna shown in Figure 4.1 is designed for a new generation RFID tag
chip Impinj Monza X-8K Dura which has an °C digital interface [135] to be compatible
with the semi-passive RFID tag antenna integrated sensor development proposed in Chapter
3. This design is based on the rectangular tag antenna presented in [145] which used tuning
stubs with three grounding points to achieve impedance matching for a conventional strap
type RFID chip. In this design, two microstrip lines were employed to connect RF terminals
of the RFID chip pad for both the radiating patch and the ground plane of the tag antenna as
shown in the magnified view of Figure 4.1. The tiny sections of the microstrip lines are
governed by the RFID chip pad dimensions [135]. The connection to the ground plane was
provided by a 0.9-mm diameter grounding pin using the lower microstrip line. The substrate
material is Rogers 5880 with relative dielectric constant (g,) of 2.2, loss tangent (tan §) of
0.0009 and thickness of 3.175 mm. The Copper patch and ground plane have a thickness of
0.035 mm. Slits (1-mm) which are symmetrical around XZ and YZ planes were employed
along the two radiating edges of the copper patch to achieve the miniaturized effect and the
required impedance matching at 923 MHz. The modeling of the tag antenna is done in CST

Microwave Studio [160].
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Figure 4.1: RFID tag antenna (a) geometry of the side view, top view, and magnified view
of feeding arrangement (Terminals: serial clock, power, serial data and ground from left to
right), (b) schematic of slit (not to scale), (c) perspective and (d) bottom view of the antenna
model in CST (dimensions are in millimeters).
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4.4 Simulation Results

The simulations were conducted using CST Microwave Studio. The hexahedral meshing
technique was used in transmitting mode electromagnetic simulation of the tag antenna
model using time domain solver. The local mesh properties at tiny features such as slits,

RFID chip pad, and terminals were taken into consideration in the simulations.

4.4.1 Impedance Matching of the RFID Tag Antenna

The length and the placement of the slits were optimized by comparing the simulated tag
antenna impedance (Z,) and the input impedance of the RFID chip (Z.= 18.37 —j170.45 Q at
923 MHz) from the RF front-end model provided in [188]. Since the RFID chip-input
impedance is capacitive, the tag antenna should have an inductive impedance to achieve a
conjugate match. Both the slit length (s;) and their position (s,) (see Figure 4.1) were
simultaneously varied from 10 mm to 15 mm (in 0.5-mm intervals) and 11 mm to 35 mm (in
4-mm intervals) in the simulation in order to obtain the best tag antenna impedance which

conjugate match with tag chip impedance.

The reactance values of the tag antenna impedance at the desired frequency were observed
since it is important in achieving conjugate impedance match. Figure 4.2 shows simulated
tag antenna reactance with different slit lengths at two slit positions. According to Figure
4.2(a), the tag antenna reactance can be increased by increasing the slit length. The increase
of reactance becomes larger when with a gradual increase of slit length. However, when the
slit position is moved more towards the middle of the patch (see Figure 4.2(b)), the variation
of reactance is relatively high. Furthermore, tag antenna starts to demonstrate capacitive

impedance for increasing slit length making conjugate match not possible.
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Figure 4.3 shows the selected parameter study results on impedance near to the conjugate
match with the RFID tag chip. All of them converge on nearly the same Z, as shown in Table
4.1 with slight variations of slit length from the results presented in Figure 4.3. It can be seen
that when the value of slit position increases the required slit length value to achieve the
impedance matching decreases. The simulated magnitude of the reflection coefficient (|Sii|in
dB) versus frequency shown in Figure 4.4 for these selected matching cases. It shows that
the tag antenna is having nearly identical reflection characteristics in all the matching cases
at 923 MHz. Therefore, this impedance matching method provides multiple options to

achieve conjugate impedance match in the design of the tag antenna.
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Figure 4.3: Tag antenna impedance matching at different slit positions: (a) reactance and (b)

resistance.
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Table 4.1: Matched impedances for different slit positions.

s, (mm) s;(mm) Adjusted s;(mm) Z, ()
15.0 15.0 15.2 10.03 +,169.25
19.0 14.0 13.8 10.40 +/172.79
23.0 13.0 12.9 11.90 +/171.18
27.0 11.5 11.8 11.34 +,173.08
31.0 11.0 11.1 11.74 +;171.50

s, =152 mm, S,; =15 mm

=13.8 mm, S,; =19 mm

I
I

=129 mm,s =23 mm
I P
I
I

S|, (dB)
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900 905 910 915 920 925 930 935 940
Frequency (MHz)

Figure 4.4: Si; (dB) versus frequency for impedance matching at different slit positions.

Finally, the given dimensions in Figure 4.1 were selected for the slit parameters which gave
simulated tag antenna impedance of Z,= 11.90 + j171.18 Q. The resonant frequency at this
matching impedance was 923.4 MHz. The simulated far field tag antenna gain pattern in free
space for the impedance matched tag antenna in CST Design Studio is shown in Figure 4.5.
It can be seen that the tag antenna radiates along Z axis with a maximum gain of ~4.58 dBi.
The surface current density distribution of the tag antenna is shown in Figure 4.6. It can be

clearly seen that the electrical path of the surface currents is exaggerated by the slits along
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the radiating edge. This helps to minimize the size of tag antenna [189]. The ground plane
void for the terminal soldering shown in Figure 4.1 has been placed after observing the
surface current distribution pattern on the ground plane. According to Figure 4.6, the area

where the void is placed has low surface current density distribution.

o5 D

T s o

Figure 4.5: Simulated far-field gain pattern of the tag antenna at 923 MHz.
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Figure 4.6: Surface current density distribution of the tag antenna at 923 MHz (phase of
11.257%).

4.4.2 Performance of RFID Tag Antenna Mounted on Construction Material

The performance of the proposed RFID tag antenna mounted on a metal plate, a large metal
block, and a large concrete block (referred to as mounts) was studied. Table 4.2 summarizes
the details of the mounts used in the investigation and the simulation results. The lengths and
widths of metal and concrete blocks were selected as ~10A (A = 0.325 m at 923 MHz) to
simulate the effect of large scale structures. The RFID tag antenna was mounted in the
middle of these mounts in the simulations (see Figure 4.7) and the same local mesh
properties used in free space simulation were retained to achieve the same simulation
accuracy of the RFID tag antenna in higher volume simulations. The dielectric properties of

dry concrete was chosen as g.= 4.75 and tand = 0.081 [190, 191].
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Mount

Figure 4.7: Schematic of the RFID tag antenna mounting arrangement (not to scale, mounts
have the dimensions given in Table 4.2).

Figure 4.8 shows the simulated S;; in dB, for the mounted and free space scenarios. The
changes of the resonant frequency in mounted scenarios of the tag antenna are acceptable as
the intended frequency band is inside the —3-dB impedance bandwidth. The RFID tag chip
uses Miller encoding at a data rate of 62.5 kbps and Miller (M = 4) backscatter subcarrier
modulation technique. In this case, the maximum bandwidth needed around a carrier is ~750
kHz [168, 177]. Therefore, the RFID tag antenna has ample 3-dB bandwidth for not to
attenuate the subcarrier amplitudes generated for the edge carrier frequencies of the intended
band (920. 25 and 925.75 MHz) by the backscatter modulation of the RFID tag chip.
Furthermore, it can be seen that the increasing size of the metal mount has negligible

influence on the S;; characteristics of the RFID tag antenna.
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Table 4.2: Mounting types and materials used and simulation results.

Gain  Directivit XZ Plane
Mount Material Dimensions (m?) . VILY Angular Width
(dBi) (dBi)
(degrees)
Free NA NA 4.6 5.76 121.8
space
Metal plate Copper 0.43 x 0.43 x 0.001 4.9 7.61 86.5
Metal
block Copper 3.25x3.25x0.25 4.4 7.06 90.5
Concrete
block Dry concrete  3.25 x 3.25 x 0.25 34 7.66 93.6

* Free space parameters are given only for the comparison.
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Figure 4.8: Simulated Si; (dB) versus frequency for the RFID tag antenna in free space and
on different mounts.

However, the size of the mount affected the simulated far-field gain patterns of the RFID tag
antenna as shown in Figure 4.9. From Table 4.2 and Figure 4.9(a) it can be seen that the
RFID tag antenna becomes more directive when mounted on a surface. Furthermore, the
angular width on XZ plane has no major variations depending on the mounting material and

the dimensions. This radiation characteristic of the tag antenna is useful for wireless
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connection with RFID tag antenna integrated sensors mounted on concrete or metal
structures in a higher read range. The back lobe present, when mounted on the concrete
block, is due to electromagnetic signal propagation through concrete as shown in Figure
4.10. The reflections of the signals caused by the back surface of the concrete create the

varying pattern of the back lobe.
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Figure 4.9: Simulated far-field gain patterns of the RFID tag antenna at 923 MHz: (a) XZ
plane and (b) XY plane (red - free space, blue - metal block, dashed black - metal plate and
green - concrete block).
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Antenna

Concrete

(a) (b)

Figure 4.10: Electric field intensity distribution around tag antenna mounted on the concrete
block at 923 MHz (phase of 11.25%): (a) XZ plane and (b) YZ plane.

Larger and smaller back lobe levels can be seen in Figure 4.9(a) when the tag antenna is
mounted on the metal plate and the metal block, respectively. These are due to the radiations
from the edges of the mounts since the surface currents spread throughout both mounts as
shown in Figure 4.11 and Figure 4.12. Figure 4.11(a) and Figure 4.11(b) show the surface
current density spread near the edges of the metal mount. In the case of the metal plate, the
surface current density distribution at the edges is higher than that of the metal block.
Furthermore, the surface current density distribution patterns on XY plane of both mounts as
shown in Figure 4.11(c) and 4.12 have a clear relationship with the gain pattern shown in
Figure 4.9(b). In fact, the changes in the tag antenna gain pattern on XY plane is influenced

by the surface current density distribution on the surface of the mounts.
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Figure 4.11: Surface current density distribution over the tag antenna mounted metal block at
923 MHz (phase of 11.25°): (a) XZ plane (enlarged view), (b) YZ plane and (c) XY plane
(different scales are for clear presentation).
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Figure 4.12: Surface current density distribution on tag antenna mounted metal plate at 923
MHz (phase of 11.25%): (a) XZ plane, (b) YZ plane and (c) XY plane.
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4.5 Tag Antenna Fabrication and Measurement Results

After the completion of simulation studies, the tag antenna was fabricated using PCB
technology. Gerber format files extracted from the CST Microwave Studio model were used
for this purpose. Then the RFID chip with XQFN package [135] was soldered on to the tag
antenna using a hot air gun. Figure 4.13 shows the fabricated RFID tag antenna along with

the RFID chip, soldered grounding pin, and terminals for the /°C interface.

RFID Tag
Chip

Terminals

Grounding Pin

Figure 4.13: Photo of fabricated RFID tag antenna.

4.5.1 Measurement of the Resonant Frequency

Verification of the resonant frequency of the fabricated RFID tag antenna is important and
challenging since this antenna does not have a port for connection with an external

measurement device. Therefore, a non-contact measurement setup has been used as shown in
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Figure 4.14. The measurement setup includes A-INFOMW broadband horn antenna (0.8—8.0
GHz) [192] kept at a height of 1.25 m above floor and Agilent N5225A performance
network analyzer (PNA). The fabricated tag antenna upon a polystyrene mount was kept in
the vicinity of the horn antenna in the line-of-sight. The measured resonant frequency was
922.8 MHz which was in good agreement with the simulated resonant frequency (923.4

MH?z) in free space (see Figure 4.8).

Polystyrene
Mount PNA

e v

\ 0 °
RFID Tag /
Antenna

Horn Antenna

Floor

Figure 4.14: Schematic of the non-contact measurement setup for measuring the resonant
frequency of the RFID tag antenna.

4.5.2 Determination of Maximum Gain

In addition to the resonant frequency, the maximum gain of the tag antenna is an important
parameter which determines the read range of the RFID-based system. To determine the
maximum gain of the fabricated tag antenna, the minimum transmitted power required to
receive a response from the tag antenna was measured. The measurement setup is shown in
Figure 4.15(a). A right hand circular polarized Laird Technologies® S9025PR antenna

which has a gain of 5.5 dBic was used with Impinj Speedway Revolution Gen2 RFID reader
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[176] to transmit the interrogation signal. Both the fabricated tag antenna and the reader
antenna have been kept 1.25 m above the floor and in the direction of their maximum gain.
The transmit power was incrementally increased by 0.25 dBm using Impinj Multireader
software [193] installed in a laptop computer and the minimum power required to receive a
response from the RFID tag in five different distances were recorded as shown in Table 4.3.
The test has been carried out for both P and BAP modes of the RFID tag antenna. A 3-V
coin cell has been connected between the power and ground terminals (see Figure 4.1) when
conducting measurements for the BAP mode. Measurement of the minimum transmitted
power for BAP mode at distance of 1.0 m and 1.5 m was not possible due to transmit power
limitation of the reader (minimum setting is 10 dBm). Sensitivities (minimum threshold
power necessary for tag chip to operate) of the P and BAP modes of the RFID chip are —17
dBm and —24 dBm, respectively, (i.e., the difference is 7 dBm) [135] where the differences
of recorded values in Table 4.3 show a close resemblance to the sensitivity difference. Then

the gain of the RFID tag antenna was calculated using the link budget given by [194, 195],

Gy = Py — B — G — Ly — 101log(7) — 10log(p), 4.1
A 42
by = 20108(1).
f 08 4rd
= 4R.R, 4.3
|Zc + Zal*

where, G; is the maximum gain of tag antenna (dBi), Py is the sensitivity of the RFID tag
chip (dBm), B. is the measured minimum transmitted power of the reader needed to receive
tag response (dBm), G, is the reader antenna gain (dBic), Ly is free space path loss (dB), 4 is
the wavelength (m), d is the distance between reader antenna and tag antenna (m), T is power
transmission coefficient, p is polarization efficiency, R, is RF input resistance of RFID chip
(Q), R, is the input resistance of the tag antenna (Q), Z,. is the RF input impedance of RFID

tag chip (Q) and Z,, is the input impedance of tag antenna ().
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Figure 4.15: Measurement setup for measuring minimum transmitted power and read range:
(a) schematic and (b) picture, and (c¢) RFID reader.

The measured minimum transmitted power values in P mode have been used in this
calculation with free space path loss. A polarization efficiency of 0.5 was used in the
calculation for the right hand polarized reader antenna [194]. Furthermore, simulated free

space impedance value of the tag antenna was used for the calculation of power transmission
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coefficient. The RFID tag antenna gain was calculated for five different distances in which
the minimum power has been measured. The calculated values are given as Gain 1 in Table
4.3. It can be seen from Table 4.3 that the calculated values are entirely different from the
simulated free space maximum gain value (4.58 dBi) of the tag antenna and have large

variations.

Table 4.3: Measured minimum transmitted power and calculated gain of the proposed tag
antenna.

Distance =~ Minimum transmitted power (dBm) Gain 1* (dBi) Gain 2** (dBi)

(m) P BAP

1.0 13.25 NA —-0.79 3.21
1.5 16.25 NA —-0.27 2.81
2.0 19.50 12.25 —-1.02 3.08
2.5 19.75 12.50 0.67 3.35
3.0 23.75 16.75 -1.75 3.30

*obtained from Equations (4.1) and (4.2).
**obtained from Equations (4.1) and (4.4).

Owing to the fact that a conclusion is not possible upon the maximum gain of the fabricated
tag antenna with only the measurement of minimum transmitted power, further experiments
have been carried out by measuring received power at different distances. The setup shown
in Figure 4.16(a) has been used for this measurement. The horn antenna which was used in
the non-contact measurement (see Figure 4.14) has been used as the receiving antenna and
the received power has been measured by Agilent EXA N9010A signal analyzer as shown in
Figure 4.16(b). This antenna has a gain of 7.5 dBi at 923 MHz. Other equipment used in the
measurement setup is the same as those used in the setup shown in Figure 4.15(a). Both
antennas have been kept at a height of 1.25 m above the floor in the line-of-sight. The
received power has been measured for 11 different transmit power values (10 dBm to 30
dBm) for each distance. Then the path loss for each distance has been calculated using Friis

link budget given by,

Ly = Py — Gpy — Pey — G — 10 1log(p), 4.4
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where, L, is the path loss from received power measurement (dB), P., is the measured
received power, G, is the gain of the receive antenna (dBi), and P;, is the transmitted power
of the reader. Figure 4.17 shows the calculated path loss for each distance with a 95%
confidence interval. It can be seen from Figure 4.17 that the calculated path loss values from
the received power measurement for different distances are always higher than free space
path loss (Ly) as expected since the laboratory environment where the measurements have
been carried out is not perfect free space. Substituting Ly by the average L, values at each
distance, the RFID tag antenna gain was calculated for the second time using Equation 4.1
and the values are shown in Table 4.3 as Gain 2. The values are in good agreement with
simulated maximum far-field gain in free space (4.58 dBi) and they also have less variation
compared to Gain 1. Overall, the results demonstrate that the fabricated RFID tag antenna
has a maximum gain > 3.0 dBi in XZ plane at 0° in actual environment. However, the
remaining difference between experimental and simulated maximum gain of the RFID tag
antenna could be due to fabrication errors (variations of the dielectric properties of substrate,
quality of soldering of the grounding pin, mismatching between the tag antenna and the

RFID chip in soldering) and the influence of environment.
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Figure 4.16: Measurement setup for measuring received power at different distances: (a)
schematic, (b) picture of the horn antenna and signal analyzer, and (c) picture of the reader
antenna and the horn antenna.
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Figure 4.17: Calculated free space path loss (L) and calculated path loss with received power
measurement (L, is shown with the confidence interval and the points are connected only for
illustrative purpose).

4.5.3 Performance Comparison and Read Range Measurement

Figure 4.18 shows simulated gain vs power transmission coefficient of the designed RFID
tag antenna along with two commercially available tag antennas (including tip loaded dipole
tag antenna used in Chapter 3) at 923 MHz when mounted on the mounts presented in
Section 4.4.2. The 3-dBi line represents the gain value obtained for the fabricated RFID tag
antenna from measurements in Section 4.5.2. The 1-m, 2-m and 3-m curves represent the
antenna gain needed to achieve those read ranges with 23-dBm transmitted power for the P
mode under related average L, values in Section 4.5.2. This was done to acquire clear
comparison of read range between the designed tag antenna and the tag antenna used in

Chapter 3. The measured free space read range value for tip loaded tag antenna in Chapter 3
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was ~1.2 m in P mode. According to Figure 4.18 the simulated performance of it lies under
and near 2-m curve which tallies with the measured value given the fact that the simulated
free space performance of the tag antenna is always better than that measured in actual

environment.

Furthermore, Figure 4.18 shows that the performance variation of the designed tag is less as
the points are clustered nearby when compared to the performance variations of the other
reference tag antennas. It shows that there is a considerable performance variation of the
other tag antennas when mounted on concrete other than the drastic variation they show
when mounted on metal. Even though the bow-tie tag antenna has higher performance than
the tip-loaded tag antenna in free space, they have inverse performance on the concrete block

which shows the unpredictability of performance variation.

30 : I J
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Figure 4.18: Gain (dBi) versus power transmission coefficient (0 - proposed RFID tag
antenna, o - tip loaded RFID tag antenna, A - bow tie RFID tag antenna, red - free space,
blue - metal block, blue filled - metal plate and green - concrete block).
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Read range measurements of the fabricated RFID tag antenna has been conducted using the
setup shown in Figure 4.15(a). The transmit power of the reader has been set to 23 dBm and
the tag antenna has been moved away from the reader antenna. The measured read range
under this condition is 2.9 m for P mode. Therefore, the fabricated tag antenna performance
should be under and near the 3-m curve of the Figure 4.18, where it tallies with the obtained
tag antenna gain in Section 4.5.2. The read range under the same transmit power conditions
has been measured for the fabricated tag antenna mounted on a metal plate with the same
dimensions used in the simulation as shown in Figure 4.19. The mounting arrangement is
shown in the enlarged view of Figure 4.19(a) and the measured read range was 2.85 m and
3.35 m for P and BAP modes, respectively. Even though the read range measurement for P
mode shows a slight reduction compared to previous, it shows that the tag antenna has
acceptable performance even when placed on metal mounts. Finally, the read range of the
RFID tag mounted on the metal plate was measured with increased reader transmit power of
30 dBm (added reader antenna gain of 5.5 dBic = EIRP of 36 dBm) and it has been seen that

the tag antenna can be read at a 6.7-m distance in the P mode.
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Figure 4.19: Measurement setup for measuring read range of fabricated tag antenna mounted
on metal: (a) picture and (b) top view and rotation direction.

4.5.4 Tag Antenna Readability Test in Different Orientations

This test was carried out to investigate the readability of the tag antenna in different
orientations. The same setup in read range measurement was used where the tag antenna was
mounted on the metal plate at the distance of 6.7 m from the reader antenna as shown in
Figure 4.19(a). The orientation of the metal plate was rotated from the line-of-sight to 90°
anti-clockwise (turning 90° anti-clockwise around Y axis as shown in Figure 4.19 (b)) during
the test. Figure 4.20(a) shows how the average received signal strength indicator (RSSI) for

7 discrete orientations of the metal plate. All instances where RSSI is present, the readings



101

were achieved at the maximum tag antenna read rate by the reader. The experiment shows
that the RFID tag mounted on the metal plate can be read at 75° when the tag antenna is
mounted horizontally even though the RSSI drops with increased angle. The maximum
orientation value that the tag antenna could be read was 30° when mounted vertically. For
the both vertical and horizontal mounting of the tag antenna, reading the tag antenna after
plate rotation of 90° anti-clockwise around Y implies reading it in 180° and 90° directions on
the XY plane, respectively. Therefore aforementioned RSSI measurements can be justified as
the tag antenna has a low gain at 180° than 90° on XY plane when mounted on the metal plate
(see the normalized gain pattern in Figure 4.20(b)) due to the surface current distribution
pattern shown in Figure 4.12(c). Therefore, the fabricated tag antenna mounted on the metal
plate has a higher angle of readability on XZ plane when mounted horizontally at a 6.7-m

distance.
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Figure 4.20: RFID tag antenna mounted on metal plate: (a) received signal strength indicator
(RSSI) versus orientation at 6.7-m read range (points are connected only for illustrative
purpose) and (b) normalized gain pattern on XY plane.
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4.6 Modification of the Tag Antenna for Other Frequency Bands

Although the RFID tag antenna has been optimized for the Australian UHF RFID frequency
band, it can be easily modified to operate in other UHF RFID frequency bands using slit
parameters. Table 4.4 provides the slit parameter values required to achieve this at the
selected slit position in Section 4.3. Figure 4.21 shows simulated S;; (in dB) along with
maximum gains attained in free space for near conjugate impedance matched state between
the tag antenna and the RFID tag chip at 866.5, 915, and 953 MHz for frequency bands of
Europe, USA, and Japan, respectively. The achievable gain in the European band is slightly
less than that achieved in the other two bands due to a reduction of the antenna input
resistance. This can also be seen in the reduced power transmission coefficient in Table 4.4.
However, the tag antenna maintains a simulated gain greater than 3 dBi over the entire
frequency band. In the case of USA frequency band, the tag antenna has a gain exceeding 2
dBi for a major portion of the frequency band. The highest gain is obtained in the frequency

band of Japan with the value of approximately 5 dBi.

Table 4.4: Frequency bands, slit parameters, and power transmission coefficients.

Frequency band

(MHz) s; (mm) Sy (Mm) T
865 — 868 (Europe) 13.4 4.1 0.82
902 — 928 (USA) 13.4 1 0.97

950 — 956 (Japan) 10.4 1 0.97




104

0 6
5 a
g - T
= 10+ 32
n ©
o
2
_15_
1
867 MHz
2055 860 865 870 875 880
Frequency (MHz)
(a)
0 6
= &
3 z
- £
@ R
916.2 MHz
2800 905 910 915 920 925 930 935
Frequency (MHz)
(b)
0 6
= @
T I
< c
) ‘s
L]
953.4 MHz
. W ‘
20310 950 960 570 °
Frequency (MHz)
(c)

Figure 4.21: S1; (dB) and gain versus frequency at three frequency bands: (a) 865-868 MHz,
(b) 902-928 MHz, and 950-956 MHz.
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4.7 Conclusion

In this chapter, design considerations and performance analysis of a construction material
mountable RFID tag antenna was presented. The tag antenna was designed to operate in the
Australian UHF RFID frequency band incorporating the new generation RFID chip used in
Chapter 3. A relatively small tuneable tag antenna was modeled in CST. Symmetrical slits
along the radiating edge were used for tuning, conjugate impedance matching and

miniaturizing.

The simulated magnitude of reflection coefficient (|]Sii| in dB) of the tag antenna on the
concrete and metal mounts showed that the tag antenna has more than enough impedance
bandwidth for the intended frequency band even though the resonant frequency changes
slightly. The simulated resonant frequency of the proposed antenna in free space was proved
to be correct by the conducted non-contact laboratory testing which gave the measured

resonant frequency of 922.8 MHz.

The results showed that simulated gain of the tag antenna mounted on concrete and metal
mounts have retained the direction of maximum gain with slight variations of the maximum
gain values. It became more directive when mounted on larger mounts. The wireless link
budget calculations from measurements of the minimum transmit power and received power
showed that the fabricated tag antenna has a maximum gain > 3 dBi. The read range
measurements were conducted to compare the performance of designed tag antenna with the
tag antenna used in Chapter 3 and another commercially available tag antenna. The
comparison showed that the performance of proposed tag antenna mounted on concrete and
metal is close to that of it in free space. Furthermore, it shows that the performance variation
of commercially available tag antennas can be unpredictable when mounted on concrete and
they have poor performance when mounted on metal. Nearly the same read ranges achieved
with transmit power of 23 dBm in the laboratory (2.9 m in P mode) and when mounted on a

metal plate (2.85 m in P mode) justifies this. Furthermore, the performance variation is lower
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than the reference tag antennas. Consequently, the read range measurement with transmit
power of 30 dBm and the readability test showed that the fabricated tag antenna has higher

readability within a range of 6.7 m when mounted horizontally under the EIRP regulations.

In conclusion, the proposed tag antenna can be used to improve the read range of the
wireless infrastructure health monitoring system with RFID tag antenna integrated
acceleration sensor proposed in Chapter 3. The capability of the tag antenna to tune into
other UHF RFID frequency bands (€ 860 MHz to 960 MHz) was studied and the results
showed satisfactory performance. Therefore, the proposed tag antenna can be used
electronically as an I°C slave component to develop UHF RFID tag antenna integrated
sensors to the worldwide use. The electronic integration capability of the tag antenna via I°C

bus will be presented in Chapter 5.



Chapter S RFID-Based Wireless System
with Multiple Tag Antenna Integrated
Sensors for Measurement of Dynamic
Acceleration of Infrastructure

5.1 Introduction

In this chapter, the performance of the enhanced RFID-based dynamic acceleration
measurement system is further investigated upon a full-scale steel I-beam which is one of the
critical and ubiquitous structural elements [196, 197]. In this investigation, the system will
be upgraded with novel semi-passive tag antenna integrated acceleration sensors which are
directly mountable on metal structural elements. The mountable tag antenna integrated
acceleration sensors are created out of custom designed tag antennas in Chapter 4 and
specifically fabricated acceleration sensor circuits. The enhancement of the system to
measure simultaneous 3-axis acceleration with higher spectral bandwidth with lower
microcontroller operational clock than the system proposed in Chapter 3 is discussed in
detail. The feasibility of expansion of the system to have multiple wireless sensors also
shown by implementing the system with two tag antenna integrated acceleration sensors (3-
axis acceleration measurement with enhanced spectral bandwidth) in different positions.
Additionally, the benchmarking of the RFID-based wireless dynamic acceleration
measurement system is provided by comprehensive comparison of the results with

measurements from commercial wired and wireless acceleration measurement systems.
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Finally, the conclusions summarizing the aforementioned system enhancement efforts and

comparisons are made.

5.2 Enhanced RFID-Based Wireless Dynamic Acceleration Measurement
System

The enhanced system measuring the dynamic acceleration of the [-beam is shown in Figure
5.1 (a). Two major enhancements compared to what presented in Chapter 3 have been done
for the RFID-based wireless dynamic acceleration measurement system. First, the novel
semi-passive RFID tag antenna integrated acceleration sensor (TAIAS) was developed
(shown in Figure 5.2) and applied as shown in Figure 5.1 (b). The TAIAS includes the
construction material mountable RFID tag antenna designed in Chapter 4 and a custom
designed acceleration sensor circuit as shown in Figure 5.2 (b). The tag antenna is integrated
with the acceleration sensor circuit via I°C interface. Secondly, the Impinj RS500
Development Board (i.e. RFID reader) used in the developed system prototype in Chapter 3
was substituted with Impinj Speedway Revolution Generation 2 UHF commercial RFID
reader. The substitution has the capability of reaching higher signal transmit power (31.5
dBm maximum), higher read rates and handling a higher number of reader antennas
simultaneously [164]. Furthermore, Impinj Octane software development kit (SDK) [163]
which linked with the reader provides convenience in creating custom user application to
acquire acceleration measurements. All other system components used in Chapter 3 were

unchanged.
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Figure 5.1: System measuring the dynamic acceleration of I-beam: (a) laboratory setup, (b)
enlarged view of the positioning of tag antenna integrated acceleration sensors (TAIASs) and
(c) schematic (CWLA-commercial wireless accelerometer).
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5.2.1 Acceleration Sensor Circuit Design

Figures 5.2 (a) and (c) depict the acceleration sensor circuit in detail. This was a custom
designed miniaturized version which substitutes the Explorer 16 development board and the
accelerometer used in Chapter 3. The capabilities and number of pins of PIC24FJ128GA010
microcontroller used in Chapter 3 were abundant for this purpose and it was substituted with
miniature PIC24F16KA102 microcontroller [198] which has adequate capabilities.
Additionally, the newly selected PIC24F16KA102 microcontroller is an ultra-low power
microcontroller which has a configurable “Deep Sleep” operational state that can be
exploited to save battery (3-V coin cell) power [199, 200] at times when acceleration
measurements are not being acquired by the system. This microcontroller has been
previously proven for low power applications in [201]. The capability of supplying an
external clock to accelerometer from the microcontroller was added using the pulse-width
modulation (PWM) output of the microcontroller which provides extra control over ODR
[179]. Furthermore, the circuit was designed with the hardware capability of supplying DCI
to RFID tag chip by the microcontroller itself which provided the opportunity of switching
between BAP and P communication modes in the firmware. Additionally, it has been
equipped with the possibility of acquiring a wakeup interrupt to the microcontroller from the
RFID tag chip which provides the capability of waking the TAIASs up from aforementioned
Deep Sleep state upon “Write” transactions of the reader via the air interface. The added
connection between external interrupt 0 (INTO) of the microcontroller and the SCL (i.e.
serial clock connection of °C bus) provides the necessary hardware support to implement
the wake-up procedure. The holes for mounting screws were provided in compliance with

the mounting specifications described in the accelerometer datasheet [179].
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Figure 5.2: Tag antenna integrated acceleration sensor (TAIAS): (a) schematic, (b) picture of
implementation and (c) enlarged view of acceleration sensor circuit (VDD = 2.0 V and other
notations are in accordance with datasheets [135, 179, 198]).
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5.2.2 Firmware Improvement for 3-Axis Dynamic Acceleration Measurement with 50-
Hz Spectral Bandwidth

Figure 5.3 (replica of Figure 3.12) provides the timing diagram of the TAIAS proposed in
Chapter 3 (i is the number of acceleration samples). The main requirement of the firmware
proposed in Chapter 3 was to achieve adequate tgpr for reader to acquire acceleration
samples within one acquisition cycle. One of the major constraints was the use of EPC code
of the tag chip which had a maximum length of 8 words. This constraint had limited the
number of single axis acceleration samples which can be acquired in single acquisition cycle
to 7 and sets of every third 3-axis acceleration samples to 2, including the tracking word Ty.
Second constraint was the time consumption of t;,- + tyypy (~4.37 ms) with single word-
NVM writes between the microcontroller and the tag chip. The combined effect of these two
constraints had made 3-axis acceleration measurement only possible with a lower spectral

bandwidth of 16.67 Hz.
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Figure 5.3: Timing diagram of Watermark interrupt (yellow), SPI receive (green) and I°C
write (blue) of the RFID tag antenna integrated acceleration sensor with single word-NVM
writes for i =7 (ty is not visible).
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The current design of firmware is adjusted to use USER memory of the RFID tag chip
instead of EPC code (in EPC memory) to eliminate the limitation of maximum 8 numbers of
words. The USER memory of the RFID chip has 1024-bytes (512 words) which can be used
accordingly. Consequently, the EPC code can be used solely for identification of the
TAIASs. The influence of the second constraint could be reduced implementing F°C
transactions with two word-NVM writes between the RFID tag chip and the microcontroller.
According to [135] the tyyy value for a single word and a two word-NVM write of the RFID
tag chip is the same. Therefore, t;5- + tyyy value could be reduced by ~50 % as seen in
Figure 5.4 (all other firmware configurations are same as for Figure 5.3) since tyy, occupies
a major portion of it. Consequently it provides the possibility of transferring all 3-axis
acceleration samples as shown in white dashed lines in Figure 5.4. This decreases tpp (c.f.
Figure 5.3 and Figure 5.4) which can be re-increased according to Equation 3.1 by increasing

i as now the tS > tIZC + tNVM for ODR of 100 Hz (tS = 3.33 ms and tIZC + tNVM ~2.18 mS).
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Figure 5.4: Timing diagram of Watermark interrupt (yellow), SPI receive (green) and I°C
write (blue) of the RFID tag antenna integrated acceleration sensor with two word-NVM
writes for i =7 (t; is not visible).
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At this stage of the firmware design, the option of lowering the operating clock of the
microcontroller was considered since tsp; , tf and t;,¢ have minor effects on the timing of
the TAIASs. The initial firmware design in Chapter 3 was done for 32-MHz (i.e. internal 8-
MHz RC oscillator with 4 x PLL) operating clock of the microcontroller. In the current
firmware design, the operating clock was lowered to 4-MHz frequency which will reduce the
microcontroller power consumption roughly by 8 times than previous according to [202]
(lowering the operating clock than this is not possible due to the requirements of °C and SPI
peripheral clock frequencies demanded by RFID tag chip and accelerometer). Consequently,
this helps to save the battery power of the TAIASs. Table 5.1 contains the configuration
settings of TAIASs and combined Figures 5.5 and 5.6 provide the flow diagram of the
current firmware design. The next additional feature implemented in the firmware is the
“Deep Sleep” mode as can be seen from Figure 5.5. Since TAIASs are semi-passive devices,
conserving power is important to have longer battery life. In this context TAIASs should
only be in measurement mode at the time of acceleration samples being acquired by the
reader. The Deep Sleep mode of the microcontroller [198, 203] was implemented for all
other times. This mode is the lowest power consumption mode available in the
microcontroller which draws currents as low as 350 nA (watchdog timer in operation) and
consumes 40 % less power than normal “Sleep” mode [200]. The RFID chip has the
capability of pulling-down the SCL connection for the duration of reader write over air
interface given that the DCI is already pulled-down [135]. This feature was exploited in the
firmware to wake up the TAIASs from Deep Sleep mode upon reader Writes over air
interface using External Interrupt 0 as the wake up source (during the measurement mode in
which F°C is in operation, this interrupt is disabled). The tag chip changes from Idle and RF
Receive state to Internal Control state as shown Figure 5.5 since NVM-writes are involved in

this operation.

The addition of wake-up upon Write feature to TAIASs makes the overall read range shorter

as the RFID chip sensitivity is =12 dBm for reader Writes over the air interface (sensitivities
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for reading over the air interface are —17 dBm and —24 dBm for P and BAP, respectively)
[135]. However, the system was tested from a distance of 2 m between reader and TAIASs
as shown in Figure 5.1. Therefore, the system has proven read range enhancement from 0.1

m (see Chapter 3) to 2 m in both P and BAP mode and TAIASs directly mounted on metal.

Table 5.1: Configuration settings in the firmware.

Component Configuration

Acceleration level: +2 g

Clock: External (51.2 kHz)

Output data rate (ODR): 100 Hz

Noise mode: ultra-low noise

Interface: SPI (slave)

Anti-aliasing filter: ODR/2

Interrupt: Watermark configured at 60 acceleration samples

RFID tag antenna RF ports: 1 blocked, 2 in use
Interface: I°C (slave)

Microcontroller  Interface: I?C (master) 400 kbps, SPI (master) 2 MHz

Oscillator: Primary (4 MHz crystal oscillator)

Accelerometer
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When referring to Figure 5.7 (in particular see the magnified view of Figure 5.7), transferred
additional data can be seen within the /°C transaction both prior to acceleration data and
after. This was another enhancement to the firmware of TAIASs carried out to terminate any
unwanted reader access via air interface while /°C transactions happening between the RFID
tag chip and the microcontroller. The operation state of Internal Control of the RFID tag
chip has precedence over all other operating states as stated earlier in Chapter 3.
Consequently, there is a possibility of RFID tag chip may ignore the initial portion of the I°C
transaction if backscattering is not finished at the end of tzr window for the immediate
previous acquisition cycle (tag chip is in Internal Control when backscattering). As a
solution, a word which carries the configuration bits to block air interface (RF ports) of the
tag chip (RFI_DIS) was send twice at the beginning of F°C transaction prior to acceleration
data. The word was sent twice as there is the possibility of ignoring the 1% word unless
backscattering has been terminated. If a word is being ignored, the NVM write inside the tag
chip will not happen and there will be no time consumption for it. Therefore a minor time
gap was provided between the initial RF port configuration words and acceleration data to
track any disregard of words in F°C transaction by the tag chip. This was done only for the
testing purpose and the gap can be removed from the final version of the firmware. Finally,
at the end of sending acceleration data to tag chip, the air interface unblocked by
reconfiguring RF'I_DIS bits which allows the reader to access TAIASs via air interface. This
procedure has introduced 3 more additional /°C transactions between microcontroller and tag
chip which include 3 number of single word-NVM writes which consume ~13.11 ms (3 X

4.37 ms) in the timing diagram.
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5.2.3 Data Acquisition with Dual Target Search Mode

A client application was created using Octane SDK [163] for acceleration data acquisition of
the system shown in Figure 5.1 which included two TAIASs. The “Optimized tag read”
method was used in this application which provides the capability of acquiring up to 64
numbers of words from USER memory of the RFID tag chip in one acquisition cycle. The
application is capable of recording acceleration samples to different text files depending on
the EPC codes of TAIASs. Figure 5.7 shows the timing diagram for TAIASs acquiring 61
numbers of words from USER memory in which 60 of them were occupied by 3-axis

acceleration samples with additional tracking word T

EPC Class 1 Generation 2 protocol has a defined concept known as “Sessions” to specify the
response frequency of tag antennas to reader interrogations and allow multiple readers to
conduct interrogations upon a tag antenna population [168]. The protocol supports up to four
Sessions in which tag antennas keep separate flag known as “inventoried flag” for each
session. This flag stores the information of whether the tag antenna has been inventoried or
not in a single interrogation cycle. Therefore the flag has two states normally denoted by “4”
and “B”. When an interrogation of a tag antenna (out of a given tag antenna population) has
finished the reader will issue a command to the tag antenna to change the inventoried flag
state from 4 — B. Then the reader will interrogate another tag antenna in the population
which will also change its state from 4 — B. This practice will be continued until all of the
tag antennas in the population turn their inventoried flag state from 4 — B. The time interval
of a tag antenna be in B state is known as “persistence” and it is defined according to the
Session (e.g., for Session 1, persistence can be from 0.5 s to 5.0 s and for Session 2 and
Session 3, it can be 2.0 s minimum with no maximum limit specified) [168]. When the
persistence is being elapsed the tag antenna changes the inventoried flag from B — A which
will allow the reader to read it again. This guarantees that all the tag antennas inside the
system read range are interrogated within an interrogation cycle. Furthermore, multiple

readers operating with different Session setting can independently interrogate same tag
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antenna population. In the context of this chapter, the system comprises a single reader and

two numbers of TAIASS.

The reader equipment used in the system offers three “search” modes which are user
configurable with aforementioned Sessions [204]. Although the sessions are in effect under
“Single Target” and “Single Target with Suppression” search modes and they are obsolete
under “Dual Target” search mode [204]. In detail, under Dual Target search mode the
inventoried flag of the tag antennas change from B — A immediately after changing A— B
without any persistence. Furthermore, the reader is allowed to read the tag antennas even
they are in B state since Sessions are ineffective. However, the reader follows the same
pattern of reading all A state tag antennas initially and then B state tag antennas. The “Dual
Target” search mode is implemented in acceleration data acquisition application as shown in
Figure 5.7 (magnified view) since it guarantees reads from the two TAIASs within tgp.
Multiple acquisitions of same data occur as the acquisition time from single TAIAS < tgp.
Numbers of multiple acquisitions depend upon the time consumed to complete an
“Optimized tag read” upon a TAIAS. These multiple acquisitions were filtered out using the
tracking word Ty as done in Chapter 3. However, the implementation of “Single Target”
search mode with “Session 17 is a possibility to lower the multiple acquisitions. This could
have been implemented by varying i to adjust tgr in a way that tgp < persistence, which
would provide only one acquisition from a TAIAS given that inventoried flag changes from
B — A before next acquisition window of tgp arrives. However this implementation is
tedious due to unknown persistence of RFID tag chip and necessary synchronisation with
tpr window to avoid the possibility of data acquisition losses (if B — A4 change does not
happen before the immediate next tpr window, possibility of data loss is there at some stage

of measurement duration).
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5.3 Dynamic Acceleration Measurement of a Steel I-beam

The RFID-based wireless acceleration measurement system was applied to measure the
dynamic acceleration of a full-scale steel I-beam (100UC14.8) as shown in Figure 5.1(a).
The 4-m length I-beam was simply supported at the two ends with 15-cm overhang. Two
TAIASs were mounted on the I-beam as shown in Figure 5.1(b) and Figure 5.1(c). The I-
beam orientation 2 with respect to reader antenna (see Chapter 7) was used in the
measurement setup. The reader antenna was kept 2.0 m away from the I-beam at the line-of-
sight of the center point between TAIAS placements to have approximately equal
interrogation signal power delivery. The same impact hammer system used in Chapter 3 was

used to excite the [-beam at chosen random location shown in Figure 5.1(c).

Figure 5.8(a) and Figure 5.8(b) show the time history of 3-axis acceleration measurement
and the amplitude spectra, respectively, from TAIAS;. Figure 5.9 shows the same detail from
TAIAS; for the same impact on I-beam. According to Figure 5.8(b) and Figure 5.9(b) both
TAIASs show a prominent peak at ~23.56 Hz. This value agrees well with the 1% mode
theoretical natural frequency of 23.30 Hz calculated using Equation 2.1. There are no
indications of the natural frequency in the amplitude spectra from X and Y axes
measurements. This is majorly due to the direction of impact applied which influenced the I-
beam to vibrate exclusively on the Z-axis. The time history also proves this fact in which Z-
axis acceleration is considerably larger than acceleration on other two axes. Figure 5.10
provides a comparison of the amplitude spectra from the RFID-based wireless system and a
commercial LORD Microstrain G-Link® -LXRS® 2g wireless accelerometer system [77]
for the same impact as an additional proof (comparison with commercial systems will be
discussed in detail in Section 5.3.2). Furthermore, the acceleration signal acquired by
TAIAS:; has higher noise than the acceleration signal from TAIAS; which can be visualized
when comparing both time history and the amplitude spectra of TAIASs. Figure 5.10(b) and
Figure 5.10(d) also indicate this in which the amplitude spectra of CWLA, have higher

distortion than that of CWLA, (in particular the spectrum of Z-axis measurements). This
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demonstrates the decay of vibration along the I-beam (from the position of impact) where
acceleration signal to noise ratio (SNR) is intuitively higher at the nearest position (i.e., at

the position of TAIAS; and CWLA,) to the impact location.
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5.3.1 Distortion Introduced by Acceleration Sensor Circuits and Its Removal in Data
Analysis

5.3.1.1 Identification of Distortion
Figure 5.11 shows the amplitude spectra of Z-axis acceleration of the I-beam from TAIAS;

for different measurement durations (Z-axis is considered as it provides the information of

the natural frequency of the I-beam for the experimented case and the measurement results
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from either TAIAS can be used for this description). These are for 60 numbers of
acceleration samples acquisitions within a single acquisition cycle (i = 60) which relates to
the timing diagram shown in Figure 5.7. When the amplitude spectra of these results are
considered, there are noticeable peaks other than the prominent peak (at the natural

frequency) appearing with almost equal spacing ~5 Hz. According to Figure 5.11(d) they

. t . . . .
become more prominent when t—“ becomes low (t, - time duration of acceleration signal, t,,
m

- time duration of measurement and (t,, —t,) - time duration of the default output).
Therefore, it can be concluded that this distortion in the amplitude spectrum appear mostly
due to the composition of the default signal portion (the portion which does not contain the

acceleration signal) of the TAIAS measurement. The energy from the default signal portion

will be prominent when tt—“ is low (i.e. low SNR) and increase the distortion of the amplitude

m

spectrum. In the process of identifying the cause of the distortion, the number of acceleration
samples acquired in an acquisition cycle was increased to 120 (i = 120) in the firmware. The
related timing diagram is shown in Figure 5.12. Two tzr windows were created inside a
single acquisition cycle since “Optimized tag read” method used in reader application is only
capable of reading maximum of 64 words as stated earlier. The acceleration samples that can
be acquired within one acquisition cycle can be increased following the same procedure.
However, it will be constrained by the FIFO buffer of the accelerometer or the data memory
of the microcontroller; whichever the lesser capacity. The time histories and relevant
amplitude spectra of Z-axis acceleration measurement for different durations in this firmware

setting is shown in Figure 5.13. Now the distortion appears with an equal spacing of ~2.5

Hz. It has become prominent when tt—“ is low when comparing Figure 5.13(b) and Figure

5.13(d) as observed earlier. The spectrum of the distortion is similar to the frequency

spectrum of an asymmetrically distorted sine wave (which has both odd and even harmonics)

[205]. According to above observations, it has a fundamental frequency of i Hz. Most of
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the harmonics of the distortion which falls into 50-Hz spectral bandwidth can be visible in

Figures 5.11(d) and Figure 5.13(d).

The data acquisition technique of developed RFID-based wireless dynamic acceleration
measurement system was discussed in detail in Section 5.2.2 of this chapter and previously

in Section 3.5.2 of Chapter 3. According to it, the microcontroller acquires acceleration data

. . 1
from the accelerometer upon the Watermark interrupt which always has the frequency of vy
S

Hz. The Watermark interrupt has an asymmetric square wave form (see Figure 5.12) which
can also be viewed as an asymmetrically distorted sine wave. Therefore the distortion is an
influence of Watermark interrupt signal upon the connection of master in slave out (MISO)
to slave data in (SDI) (see Figure 5.2(a)) which carries acceleration data. However the peak
related to the natural frequency of the [-beam can be easily distinguished since it has larger
area under it (see Figure 5.11 and Figure 5.13). This area will be reduced for minor
vibrations making the distinguishing a difficult task. Therefore removal of the introduced

distortion is important.
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5.3.1.2 Distortion Removal and Peak Smoothing in Data Analysis

In this section, the solutions which can be implemented at acceleration data analysis were

considered. First, a data set can be selected by neglecting considerable portion of t,, by

observing the time history which provides a higher tt—“ (tge; - time duration of selected data
sel

set, t; € tse; < t;). According to the observations in the above analysis, this would

suppress the distortion due to increased SNR as shown in Figure 5.14. It shows the amplitude

spectrum for selected data set with te = (.71 for measurement shown in F igure 5.13 (c) (the

sel

initial =% = 0.035 for the total measurement duration). However, this is not a straight
m

forward solution since a data set has to be selected out of original measurement by observing
the time history prior calculating the amplitude spectra. Furthermore, it reduces the

frequency resolution of the amplitude spectrum due to consideration of low number of data

points.
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Since the introduced distortion by the data acquisition technique lies within default output of
TAIASs (which also consists of default noise), a denoising method can be applied to
acquired acceleration data to remove it. This denoising method should be capable of
suppressing the distortion consisted of low-frequency components spread throughout the
amplitude spectrum of interest. The widespread nature of the distortion and the definite shed
of the spectrum of interest make application of filter-based methods not suitable for this
purpose. Therefore, wavelet denoising method was examined upon measured acceleration
data to remove the distortion in question. The significance of wavelet denoising has been
detailed in [206] for extraction of weak original signals out of distorted and noisy
measurements. This method has been applied in [57] to remove the low-frequency distortion
in a shock signal of a missile launch. Vibration signals acquired from an air compressor
sensor were denoised using wavelet decomposition in [207] for monitoring of faults related
to various parts of the compressor. It has been implemented for denoising of partial
discharge signals of high voltage equipment in [208, 209]. Even though these partial
discharge signals are high-frequency signals, their wave pattern with exponential decay is
similar to the acceleration signals analyzed here. Therefore, appropriate wavelets to denoise

acceleration signals can be chosen as discussed in [210].

Wavelet denoising involving Symlet and Daubechies wavelets has been carried out upon
acceleration data acquired from the RFID-based wireless system. The Wavelet toolbox [211]
provided in MATLAB computational tool was used in this process of denoising. Figure 5.15
and Figure 5.16 show the time history of denoised acceleration measurements from TAIAS
(previously shown in Figure 5.13(c)) and TAIAS,, respectively. The amplitude spectra for
aforementioned, are shown in Figure 5.17. The same parameters given in Table 5.2 were
used for denoising with both Symlet2 (i.e. sym2, 2 denotes the order of the wavelet) and
Daubechies2 (i.e. db2) wavelets (this selection is justified in Section 5.3.2). The maximum
decomposition level for selected wavelets can go up to 11 depending on the data points of

the measurement [211]. However, it has been set to 7 by conducting several trials which
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would reduce time consumption of the denoising method than using maximum level [208].
When considering enlarged views of Figure 5.15 and Figure 5.16, it can be seen that the
denoised measurement has the same waveform of the original acceleration signal in the
measurement for both wavelet and thresholding types. However, it can be seen that soft
thresholding provides higher smoothing for both wavelet types when considering the
denoised default signal output. The amplitude spectra are cleared with introduced distortion
(see Figure 5.17). The noise floor has been reduced nearly an equal amount and there are no
identifiable differences between using sym2 or db2. However, the difference of smoothing
observed in time history can be highlighted in the peak of the amplitude spectra in which soft
thresholding has provided higher smoothing than hard thresholding for both wavelets.
Consequently, soft thresholding would provide unambiguous natural frequency
determination (peak detection). The wavelet denoising method provides an advantage of

removing distortion without selecting any dataset from original acceleration measurement.
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Figure 5.15: Wavelet denoised acceleration measurement time history of TAIAS; (OM -

original measurement, DN - denoised, s — soft thresholding and h — hard thresholding).
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Figure 5.16: Wavelet denoised acceleration measurement time history of TAIAS, (OM -
original measurement, DN - denoised, s — soft thresholding and h — hard thresholding).
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Figure 5.17: Single-sided amplitude spectra of wavelet denoised acceleration measurements:

(a) TAIAS; and (b) TAIAS, (OM - original measurement, DN — denoised, s — soft
thresholding and h — hard thresholding).
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Table 5.2: Parameters used in implemented wavelet denoising.

Parameter Selection
Threshold selection rule Minimax*
Thresholding soft (s)**
Multiplicative threshold rescaling Level-dependent estimation of noise (mln)**
Level TH*
Wavelet Symlet2 (sym2) / Daubechies2 (db2)* **

*selected according to [210].
**Examined upon measured acceleration data of I-beam.

5.3.2 Comparison of Measurement Results

The dynamic acceleration measurement results obtained with the RFID-based wireless
system were compared with measurement results from both commercial wired and wireless
acceleration measurement systems. The commercial sensors were collocated with TAIASs as
shown in Figure 5.1. The commercial wireless system comprised of LORD Microstrain G-
Link® -LXRS® 2g wireless accelerometers and LORD Microstrain WSDA® -Base-104 -
LXRS® base station [78] while PCB PIEZOTRONICS 352C34 single axis wired
accelerometers [166] with National Instruments’ NI USB-6251 multifunction DAQ module
[167] comprised the commercial wired system. In this comparison, the results were analyzed
mainly to determine the accuracy of the natural frequency detection and the acceleration
sensitivity of the RFID-based wireless system. The measurement results from each system
were smoothed by wavelet denoising prior to the comparison; since it provides unambiguous
prominent peak detection as seen in Figure 5.17 (the measurement results from other systems

also provided distorted peaks in the amplitude spectrum as seen in Figure 5.10(d)).
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5.3.2.1 Analysis of the Natural Frequency Determination

In this examination, the calculated amplitude spectra of denoised dynamic acceleration
measurements of the steel I-beam from the different systems were primarily compared
considering the determination of the natural frequency. According to [179] the ODR which
determines the achievable spectral bandwidth from RFID-based wireless system depends
upon the frequency of the clock out of which accelerometer operates on. The accelerometer
is capable of operating with internal 51.2-kHz clock or an external clock (f,. € [ 25.6 kHz,
51.2 kHz]) connected to INT2 pin which would set the actual output data rate (ODRctya1)
according to following equation [179]:

fec 51

ODRyctual = ODRgerected X m

First, the comparison of the natural frequency determination was done for the simultaneous
acceleration measurements acquired from the RFID-based wireless system and commercial
wireless system. Two sets of measurements were conducted with TAIASs operating with
internal and external 51.2-kHz clocks with selected output data rate (ODRgpjecteq) of 100
Hz. The external clock to the accelerometer was provided by PWM (50 %) output of the
microcontroller as indicated in Figure 5.2(a). Each measurement set consisted of 20 trials for
random impacts applied upon the I-beam. Figure 5.18 shows the natural frequency
determination of the measurements from those trials for TAIASs and CWLAs (sampling
frequency of CWLA system was set to be 128 Hz which was the closest setting possible to
100-Hz ODRyctyar of TAIASs). Both Symlet and Daubechies wavelets provided same
amount of smoothing as seen in Figure 5.17. Therefore, the natural frequency determination
from denoised acceleration measurements using sym2 wavelet is presented in Figure 5.18.
According to Figure 5.18(a) and Figure 5.18(b), the natural frequency detection of both
systems shows variations within a range of 2 x frequency resolutions of the spectra (0.0488

Hz for TAIASs and 0.0626 Hz for CWLAs, denoted by dashed lines). The mode value can
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be given as the natural frequency of the I-beam acquired by each system. Table 5.3 provides

this information relevant to Figure 5.18(a) and Figure 5.18(Db).
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Figure 5.18: Natural frequency determination from amplitude spectra of denoised
simultaneous acceleration measurements by: (a) TAIASs with an external accelerometer
clock, (b) CWLAs (relevant to (a)), (¢) TAIASs with an internal accelerometer clock and
CWLAs and (d) CWLAs (relevant to (c)).
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Table 5.3: Natural frequency determination from the RFID and commercial wireless

systems.
Frequency TAIAS* o TAIAS;* 5
Determination External Internal CWLA External Internal CWLA;
Mode (Hz) 23.56 24.46 23.59 23.56 24.37 23.59
Difference (Hz)*** —0.03 +0.87 —0.03 +0.78

*at a frequency resolution of 0.0244 Hz.

**at a frequency resolution of 0.0313 Hz (different from above due to 128-Hz sampling
rate).

***benchmarking against the natural frequency determination from CWLA system.

According to Table 5.3, both TAIASs and CWLAs have determined similar natural
frequency values (considering the mode values). However, the determined natural frequency
values for TAIASs operated with the internal accelerometer clock are different from each
other (see Figure 5.18 (c¢)). In fact, there was 0.0976 Hz difference between the natural
frequency values (considering the mode values) determined from each TAIAS. This is due to
internal clock frequency differences between the accelerometers used in each TAIASs even
though they are identical components from the same manufacturer. According to Figure
5.18(a) and Figure 5.18(b), providing an external operating clock to accelerometers of
TAIASs has improved the accuracy of the natural frequency determination. The difference
between the natural frequency determination of CWLAs and TAIASs (with the external
clock) —0.03 Hz can be given as the RFID-based wireless measurement system error of the
natural frequency determination (benchmarking against CWLA system, this value has an
influence of the higher sample rate of CWLA than TAIAS). However, this error is higher
when the TAIASs operated with internal accelerometer clock as given in Table 5.3. This
happens due to different offsets of the accelerometer internal clock frequency from 51.2 kHz

of TAIASSs at a given instance.

Figure 5.19 shows the natural frequency determination of denoised simultaneous
measurements from TAIASs (with the external clock) and CWAs (100-Hz sampling rate). In
the process of denoising, three scenarios given in Table 5.4 were performed on the

measurements of both systems predominantly to achieve adequate peak smoothing of the
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amplitude spectra from CWAs. They had low SNR due to higher noise content than the
original acceleration measurement of TAIASs as shown in Figure 5.20. The natural
frequency determination with 0.0244-Hz frequency resolution and wavelet decomposition
level 7 of TAIASs in Figure 5.19(a) and Figure 5.19(b), is given as extension for the
previous analysis with CWLAs with same conditions. According to Table 5.4, the maximum
variation of the natural frequency determination is within almost the same range for TAIASs
for different scenarios (denoted by dashed lines for Scenario 1). This shows that increase of
wavelet decomposition level has no additional advantage in smoothing the acceleration
signal. The maximum variation range of the natural frequency values for TAIASs is lower
than that for the CWAs. This is majorly due to the low SNR of acquired acceleration signals
from CWAs at 100-Hz sampling rate upon I-beam. When considering Figure 5.19(a) and
Figure 5.19(b), the majority of the determined natural frequency values for any scenario are
concentrated around ~23.35 Hz. However the mode value of 23.34 Hz for scenario 1 is
considered as the natural frequency of the I-beam for the comparison purpose in Table 5.5 as
it provides low variation in consecutive trials for CWAs than other scenarios (this is a result
of low frequency resolution of the amplitude spectrum and increased SNR due to
consideration of less number of data points, see Figure 5.19(c) and Figure 5.19(d)). The
determined natural frequency value is different from what was acquired for the previous
comparison with CWLA system (i.e. 23.56 Hz). This change is predominantly a shift in the
amplitude spectrum due to slight variations of boundary conditions of I-beam arrangement

caused by removing of hard bonded mounts for CWLAs prior installing mounts for CWAs.
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Table 5.4: Scenarios of denoising and maximum range of variation of the determined natural
frequency values.

Max. Range of Variation (Hz)

Level* Data points Resolution** (Hz)

TAIASs*** CWAs
Scenario 1 7 4096 0.0244 0.0976 0.1465
Scenario 2 7 16384 0.0061 0.0916 0.2014
Scenario 3 11 16384 0.0061 0.0916 0.2014

* wavelet decomposition level in denoising (11 is maximum when considering the number of
data points and sym2 wavelet [211]).

** frequency resolution of the single-sided amplitude spectrum.

*#* even though maximum range variation is provided, the majority of trials (18/20)
determined the natural frequency values within 0.0488-Hz range for TAIASs (2 x resolution
of scenario 1 and 8 x resolution of scenario 2 and 3).
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Figure 5.19: Natural frequency determination from amplitude spectra of denoised
acceleration measurements by Sym2 wavelet: (a) TAIAS;, (b) TAIAS, (accelerometers of
TAIASSs operated with the external clock), (¢c) CWA, and (d) CWA;
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Table 5.5: Natural frequency determination from the RFID and commercial wired systems.

Frequency Determination TAIAS; CWA; TAIAS; CWA,
Mode (Hz) 23.34 2339 2334 23.39
Difference (Hz) —0.05 —0.05
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Figure 5.20: Example of simultaneous Z-axis acceleration measurement of I-beam from
TAIAS; and CWA, corresponds to trial 1 (presented against data points for the overlapping
purpose as there is a timing difference between the two systems).

The maximum range of variation of the natural frequency determination shown by TAIASs
previously with internal acceleration clock was within a 0.0732-Hz range (3 % frequency
resolutions, see Figure 5.18(c)). Therefore, when considering Table 5.3 and Table 5.4, the
provision of the external clock had only increased the natural frequency determination
accuracy but not the precision of TAIASs. The PWM signal (i.e. the external clock) provided
by the microcontroller was derived from the operating clock of the microcontroller. This
operating clock was given by the 4-MHz crystal oscillator (see Figure 5.2(c)) which had £20
parts per million (ppm) precision. An introduction of a crystal oscillator with higher
precision than this would have increased the precision of the natural frequency determination

and lowered the range of the determined natural frequency variation.
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5.3.2.2 Analysis of Acceleration Sensitivity

The acceleration sensitivity of the RFID-based wireless measurement system can be
benchmarked with CWLA and CWA systems by comparing the amplitude of the amplitude
spectra for simultaneous measurements with each system. Theoretically, the amplitude of
single-sided amplitude spectrum of a signal should provide the magnitudes of all the
components comprised by the signal. However, low SNR has a negative influence upon the
amplitude of a spectrum. Therefore, the amplitude spectra of denoised acceleration signals
would provide a proportionally accurate amplitude of signal components (denoised signals
has good correlation with the acceleration signal with reduced noise in the default output
portion, see Figure 5.15 and Figure 5.16). Even though, the three considered systems had
different values of SNR in their measurements (c.f. Figure 5.20 and Figure 5.21), the

amplitude of the spectra under the same amount of denoising can be compared.

Figure 5.22 provides the comparison of the amplitude of the determined natural frequency in
the amplitude spectra in simultaneous measurements of acceleration of the [-beam by each
commercial system and the RFID-based wireless system. The measurements from TAIAS,
with relevant collocated commercial accelerometers were considered as they provide critical
comparison being mounted on the position of lowest acceleration SNR of the I-beam (due to
higher distance from impact position). The amplitudes of the single-sided spectra of
acceleration signals by TAIAS, for each trial are always lower than that of CWLA, and
higher than that of CWA, as seen in Figure 5.22. According to Figure 5.22(a) the
acceleration sensitivity of the RFID-based wireless system is 61.3 % (considering average
amplitude values of all trials) of that of CWLA system. This can be visualized also in Figure
5.21 in which CWLA system shows higher acceleration signal and slightly lower default
noise (i.e. CWLA has higher SNR than TAIAS). The acceleration signal sensitivity of the
RFID-based wireless system is 140.0 % of that of CWA system according to Figure 5.22(b).

The lower sensitivity of CWA system is predominantly due to higher default noise content
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(i.e. CWA has lower SNR than TAIAS) in acquired acceleration signals (see Figure 5.20)

which suppresses the amplitude of the natural frequency in the spectrum.
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Figure 5.21: Example of simultaneous Z-axis acceleration measurement of [-beam from
TAIAS; and CWLA, correspond to trial 1 (presented against data points for the overlapping
purpose as there is a timing difference between both systems).
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Figure 5.22: Comparison of amplitudes of single-sided amplitude spectra: (a) between
TAIAS; and CWLA,; (relates to Figure 5.18(a) and 5.18(b)) and (b) between TAIAS, and
CWA, (relates to scenario 1 of Figure 5.19(b) and Figure 5.19(d)).
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5.4 Conclusion

The enhanced RFID-based wireless dynamic acceleration measurement system was
developed and tested. A novel semi-passive tag antenna integrated acceleration sensor
consisting the construction material mountable UHF RFID tag antenna designed in Chapter 4
and a custom designed miniature accelerometer circuit was introduced to the system. It
provided direct mounting capability on structural members. Furthermore, new UHF RFID
reader with higher performance than that used in Chapter 3 was added to the system.
Essentially, the performance of the enhanced system with two tag antenna integrated
acceleration sensors was investigated by applying it to monitor the vibration of a full-scale

steel [-beam which is one of the critical and ubiquitous structural members.

The firmware of the tag antenna integrated acceleration sensors was updated to use USER
memory of the RFID tag chip with F°C transactions consisting two word-NVM writes. This
combined with enhanced data acquisition using implementation of Optimized tag read
method in the reader provided the system with 50-Hz spectral bandwidth for all three
acceleration axes (2 number of tag antenna integrated acceleration sensors). The possibility
of determining the natural frequency of 23.30 Hz (1% mode) of the I-beam was gained due to
the aforementioned enhancement for 3-axis measurements (which would not be possible
with the initial system which had 16.67-Hz spectral bandwidth for 3-axis described in
Chapter 3). Additionally, the microcontrollers of TAIASs now operate 8 times less clock
frequency than the system in Chapter 3 which reduced the power consumption of tag antenna
integrated acceleration sensors. Furthermore, the Deep Sleep mode was introduced to tag
antenna integrated acceleration sensors with wake upon reader Write functionality to achieve
highest possible power conservation in microcontroller during non-measurement periods.
Implementation of this feature set an effective read range of the system governed by the
write sensitivity of the RFID tag chip (the enhanced read range achieved by construction
material mountable tag antenna in Chapter 4 cannot be entirely used). However, the 2-m

distance between tag antenna integrated acceleration sensors directly mounted on [-beam and
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reader antenna in which the measurements of I-beam were conducted is 20 times increase

when compared with ~0.1-m in Chapter 3.

The measurements conducted with a simply supported steel I-beam showed that the system
is capable of acquiring the natural frequency (1% mode). The natural frequency value
acquired was in good agreement with the calculated theoretical value and measured values
using two other commercially available independent acceleration measurement systems. An
experiment based comprehensive analysis of acceleration sensor circuit distortion due to
Watermark interrupt was performed and wavelet-based denoising was proposed for the
removal and peak smoothing. It was shown that low order wavelets such as sym2 and db2
can be used to denoise acceleration signals of tag antenna integrated acceleration sensors

adequately (peak smoothing and removal of introduced distortion).

The comparison of the RFID-based wireless system performance with commercial systems
in terms of the natural frequency determination and acceleration sensitivity was performed
using several measurement trials. The natural frequency determination accuracy of the
RFID-based wireless system was in good agreement with both independent commercial
systems configured with similar sample rates (commercial wireless accelerometer system
had slightly higher sample rate). In fact, it had —0.03 Hz difference with commercial wireless
accelerometer system and —0.05 Hz difference with the commercial wired accelerometer
system. The maximum possible variation of the natural frequency determination of the
RFID-based wireless system was in a range of ~ 0.1 Hz where 93 % of the values showed
variation within a range of ~0.05 Hz (i.e. 40 trials, combined comparison with commercial
wired and wireless accelerometer systems). This variation range was in good agreement with
commercial wireless accelerometer system and better than that of commercial wired
accelerometer system operated with similar sampling rates. The acceleration signal
sensitivity of the RFID-based wireless system was benchmarked by comparing the amplitude

of the determined natural frequency of the spectrum. According to the comparison of sensors
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which had lower SNR, the sensitivities of the RFID-based wireless system are 61.3 % and

140 % of sensitivities of commercial wireless and wired systems, respectively.

Overall, this chapter has provided a comprehensive enhancement to RFID-based dynamic
acceleration monitoring system and proved its capability of acquiring the natural frequency
information of full-scale structural members with similar accuracy to commercial
measurement systems. The capability of using multiple tag antenna integrated acceleration

sensors with enhanced 50-Hz spectral bandwidth was also shown.



Chapter 6 RFID-Based Wireless Multi-
Sensor System for Simultaneous Dynamic
Acceleration and Strain Measurement of
Infrastructure

6.1 Introduction

In this chapter, the enhanced RFID-based wireless multi-sensor system which can
simultaneously measure dynamic acceleration and strain of infrastructure is introduced. The
system discussed in Chapter 5 is further improved with novel multi-sensor integrated tag
antenna. The tag antenna integrated multi-sensor is created out of custom designed tag
antenna in Chapter 4 and the developed multi-sensor circuit. The enhancement of the system
to measure 3-axis dynamic acceleration and strain with spectral bandwidths of 40 Hz and
26.5 Hz, respectively, is discussed in detail. Additionally, benchmarking of the RFID-based
wireless multi-sensor system is provided by comprehensive comparison of the results with
measurements from the commercial wireless strain measurement system. Finally, the
conclusions were made considering the aforementioned system enhancement efforts and

comparisons.
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6.2 Background

The importance of the usage of multiple measurands for IHM has been highlighted in [49,
85, 212]. In particular, it has been specified that combined consideration of dynamic
responses of both acceleration and strain would provide more accuracy and reliability [49,
99, 213] in IHM applications. The strain is a measurement parameter which can be directly
related to deformation of structural members under load [21]. Furthermore, it is highly
sensitive to localized damage [99]. The mode curvature acquired by strain dynamic
measurements, strain frequency response and strain energy are used to evaluate fault
scenarios of structures. Consequently, usage of dynamic strain measurements to derive those
features has been performed in [21, 89]. Dynamic strain measurements performed by an
optical fiber system (i.e. a wired system) were proposed for infrastructure health monitoring
in [214]. The method was justified by determining natural frequencies using measured
dynamic strain of a cantilever beam. The Same method was used to identify damage of a
steel I-beam in [215] using frequency of the 15 mode to derive necessary identifiers. Features
extracted from shifts of natural frequencies acquired dynamic strain monitoring of aerospace

structure in [216] was used for damage identification.

However, when considering strain measurements for IHM, both static and dynamic
measurements are important. Electrical strain gauges were used in [217] to monitor deboning
of a composite cantilever structural element. Static strain measurements were used
extensively in this investigation. Differences of acquired strain measurement from adjacent
strain gauges have been used in [218] reliably to detect a crack at the base of a wind tower.
Static strain and temperature were simultaneously measured by optical fiber based sensor

system in [20].

In addition to the aforementioned advantages of strain measurements, the strain gauges (in
particular, the conventional electrical strain gauges) are inexpensive and can cater for a

dense population of sensors required in IHM [9]. Furthermore, the measurement techniques
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with strain gauges [219] and interpreting strain data in IHM have already been developed.
The Wheatstone bridge-based resistor arrangements are ubiquitously employed in the
instrumentation interface of electrical strain gauges in different configurations such as
quarter bridge, half bridge and full bridge [9, 220]. The relationship between strain (€) and
quarter bridge output (Vg in V) which can be derived by applying Kirchhoff’s circuit laws is

given by

VB_KE 1

v, 4 1+K%

where K is the gauge factor and V; is quarter bridge input voltage (V) . The portion within

brackets accounts for the non-linearity between Vz and € of quarter bridge configuration.

Electrical strain gauge integration to active wireless nodes has been commonly put into
practice for IHM. However, in a majority of the occasions, strain and acceleration were
measured by dedicated systems [9, 78, 92, 213]. However, there are instances in which
multiple measurands were performed using same active sensor node. The active sensor node
presented in [83] is capable of acquiring dynamic acceleration, strain, and electromechanical
impedance. Active platform detailed in [221] could integrate multiple sensor systems of
inclinometers and potentiometric crack meters to monitor infrastructure along with
environmental changes of temperature and humidity. This was actually a higher level active

platform as it integrates sensor systems rather than sensors themselves.

Strain measurements related to IHM by RFID tag antenna integrated strain gauges were
previously reported in [133, 134]. However, the capability of continuous monitoring for
dynamic information acquisition was not shown. A semi-passive RFID-based strain sensor
presented in [136] for wireless IHM had the capability of measuring dynamic strain. The
strain gauge sensor consisted of resistance to frequency conversion electronics and two
dipole antennas. One antenna is used for modulated backscattering of identification

information and for the waking up the sensor. The other antenna is used for backscattering of
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the output from resistance to frequency conversion electronics. The sensor has shown good
read range. A commercial RFID-based strain measurement system with battery-assisted
sensors is presented in [222]. The multiple sensor integrations with RFID tag antenna was
presented with an augmented module for environmental monitoring in [48] which had
acceleration, light and temperature sensors. However, the possibilities of measuring dynamic
acceleration or its mounting capability on metal structures were not shown. Therefore,
RFID-based wireless systems which can measure simultaneous dynamic acceleration and
strain of infrastructure are unprecedented. The work presented in this chapter is
predominantly concentrated on filling this gap by introducing multi-sensor integrated semi-

passive tag antenna for the developed RFID-based wireless system in previous chapters.

6.3 RFID-Based Multi-sensor System

The enhanced system measuring dynamic acceleration and strain simultaneously, of a
cantilever steel beam, is shown in Figure 6.1(a). The major enhancement compared to what
presented in Chapter 5 was the novel multi-sensor integrated tag antenna (MSITA) which is
capable of acquiring dynamic acceleration and strain. This is shown in Figure 6.1(b) and
detailed in Figure 6.3. The MSITA includes the construction material mountable RFID tag
antenna designed in Chapter 4 and a custom designed multi-sensor circuit which has a 3-axis
accelerometer and a strain gauge as shown in Figure 6.3(a). The tag antenna is integrated
with the multi-sensor circuit via /C interface. All other system components used in Chapter

5 were unchanged.
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Figure 6.1: RFID-based wireless multi-sensor system measuring dynamic acceleration and

strain of cantilever steel beam: (a) laboratory setup
beam and (c¢) schematic.

(b) enlarged view of mounted MSITA on
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6.3.1 Hardware Design of Multi-Sensor Integrated Tag Antenna

Figure 6.2 and Figure 6.3(b) depict the multi-sensor circuit in detail. This was a custom
designed expanded version of the acceleration sensor circuit presented in Chapter 5.
Therefore, the hardware portion related to acceleration sensing presented in Chapter 5 was
unchanged. Additional hardware listed in Table 6.1 required to interface a commercial 120-
Q strain gauge [223] in 3-wire quarter bridge configuration was provided in design and
fabrication. In the current design, the strain gauge is wired to the circuit taking into account
the general concept that it is less probable to sense both dynamic acceleration and strain at
the same position of a structure. Therefore, the 3-wire configuration was provided as it
introduces any resistance related to lead wires to both sides of the Wheatstone bridge
(onboard with 120-Q precision resistors with low-temperature coefficient [224], see Figure
6.3(b)). Therefore, the lead wire resistance perturbation influence on bridge output voltage

(Vg) is minimum [220].

It is an established and proven practice to use differential amplifiers to amplify analog
signals with minor perturbations connected through Wheatstone bridge interfaces as voltage
difference should be amplified. In this regard, a Texas Instruments INA333 instrumentation
amplifier was used as it provides low power, low noise package with high common-mode
rejection ratio (CMRR) [225]. Furthermore, it has inbuilt radio frequency interference (RFI)
filters for each input which would help to filter noise induced by RF interference (in

particular when strain gauge is used with lead wires).

The programmable gain amplifier (PGA) was introduced for two purposes. One is to
increase the maximum gain of the strain gauge interface of the multi-sensor circuit. The
aforementioned differential amplifier has a maximum gain of 1000. With the introduction of
Microchip MCP6S91 programmable gain amplifier [226], a maximum gain of 32,000 can be
reached (both the differential amplifier and PGA combined). The second reason is to provide

gain changing flexibility to the multi-sensor circuit without having to do any hardware
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alterations. Differential amplifier gain could only be altered by changing the gain resistor
(RG, see Figure 6.2) [225]. Therefore the introduction of PGA provides convenience in
altering gain (in discrete levels given in Table 6.1) of the strain gauge interface of the
MSITA by the firmware whenever necessary. The alteration can be performed by
configuring PGA via 3-wire SPI bus. The same SPI bus provided for TAIAS in Chapter 5

was extended as shown in Figure 6.2 for this purpose.

The filter was designed as a single pole unity gain low pass filter which has 50-Hz cut-off
frequency (50-Hz spectral bandwidth was achieved for 3-axis acceleration measurements in
Chapter 5 and it was taken as the specification for the cut-off frequency of the filter) to filter
out high-frequency noise. This was designed using Texas instruments low power single

supply OPA333 operational amplifier [227] as specified in Table 6.1.

The PIC24F16KA102 microcontroller used in the multi-sensor circuit has built-in 10-bit
analog to digital conversion (ADC) module with 9 number of channels [198]. One of these
can be directly used for ADC of strain signal. Since the strain signals related to infrastructure
are proven and expected to be small in magnitude, an extra 16-bit ADC channel also
provided to acquire higher resolution to strain interface of the multi-sensor circuit. This was
done by introducing Analog Devices AD7680 16-bit low power ADC integrated circuit
[228]. The extended SPI bus in 3-wire mode was used to acquire 16-bit ADC strain data to

the microcontroller as depicted in Figure 6.2.

Consequently, the multi-sensor circuit can be used in different configurations due to different
stages of amplification, filtering and ADC. Each of these levels was isolated in hardware as
such multi-sensor circuit can be used in different configurations which provide dedicated
capabilities as listed in Table 6.2. The provision for this was provided by selection switches
(SSW, see Figure 6.2) introduced in the multi-sensor circuit. This was predominantly done to

provide full configuration flexibility for the circuit when it is being used with different
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scenarios to measure dynamic acceleration and strain of structures. Additionally, it has

provided convenience in testing the circuit in advance to measurements.

Table 6.1: Additional components used in the design of the multi-sensor circuit.

Scher.naylc Hardware Features
Description
e Low power consumption and low voltage
operation (down to 1.8 V)
e Precision instrumentation amplifier
e High CMRR (100 dB minimum for Gain
Differential Texas Instruments >10)
Amplifier INA333 [225] e Low noise (50 nV/Hz " for Gain > 100)
e Radio frequency interference (RFI)
filtered inputs
e Maximum Gain = 1000 (Gain can be set
by a single resistor RG)
e 8 discrete Gain levels (1,2,4,5,8,10,16 and
32)
. . e Low voltage single supply operation
PGA Mlcroch1§21\6/[CP6S91 (down to 2% s V)g PPLy OP
[226] e SPI configuration interface (up to 10
MHz)
e Low noise (10 nV/Hz'?)
e Low power consumption and low voltage
Single-pole unity gain operation (down to 1.8 V)
Filter with Texas e Single supply operation
Instruments OPA333* e Low noise
e High CMRR (130 dB typical)
e Low power and low voltage operation (3
mW consumption at 2.5 V minimum
. supply for 100 ksps maximum
16-bit ADC ‘X‘Sl%gg‘g;%‘“f throughput)
e 16-bit ADC
e SPI data output interface (250 kHz to 2.5
MHz)
e Gauge factor (K =2.13)
e Suitable for both concrete and metal
structures
Strain gauge** TML PFL-30-11 e Coefficient of thermal expansion =11.8 x

[223]

10!
Temperature coefficient of K =+0.08 +
0.05 % per 10C

* datasheet of Texas Instruments OPA333 [227].

** not shown in Figure 6.2.
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Figure 6.2: Schematic of the multi-sensor integrated tag antenna (Vy - bridge voltage, RG -
gain resistor, PGA - programmable gain amplifier, ADC - analog to digital converter, pC -
microcontroller, SSW - selection switch and other notations are in accordance with
datasheets [135, 179, 198, 225, 226, 228]): VDD = V;=2.5V.

Table 6.2: Possible configurations of strain interface of the multisensor circuit.

Configuration* Levels Involved
1 Differential amplifier
2 Differential amplifier and PGA
3 Differential amplifier, PGA and filter
4 Differential amplifier and filter

* each can be used with 10-bit or 16-bit ADC.
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6.3.2 Firmware Design of Multi-Sensor Integrated Tag Antenna

In the process of firmware design for MSITA, the firmware design presented in Chapter 5
for TAIAS was upgraded with necessary requirements to acquire strain and 3-axis
acceleration measurements simultaneously. Figure 6.4 is a part of Figure 5.7 replicated to
discuss the firmware update of MSITA. It depicts the timing diagram for the acquisition of
60 acceleration samples (i = 60, 20 each from 3-axis) for firmware configuration provided in
Table 5.1 (see Chapter 5). The firmware update was done following the same principle of
keeping adequate tzr window to acquire both dynamic acceleration and strain measurements
via air interface. It has been implemented and proved in Chapter 5 that t5r shown in Figure
6.4 is adequate acquire 60 number of acceleration measurements (since multiple acquisitions
occurred for single acquisition cycle at the reader for two TAIASs which were filtered out
using 7). Under the firmware enhancement in Section 5.2.2 (see Chapter 5), the RF port
configuration words were introduced. Therefore, the possibility of widening the tzr window
by increasing i, diminishes, since RF port configuration words has be added to every (i +
1) X (tjoc + tyym) transaction under the constraint of number of maximum word
acquisition (i.e. 64) by of “Optimized tag read” method used in the measurement acquisition

application of the reader. Due to this reason, increasing i beyond 60 was not considered.

Acquisition of strain measurement is now an extra burden to the timing diagram. This is
predominantly due to the sequential instruction execution of the microcontroller (which is
the general case of all microcontroller families). In the case of MSITA, if microcontroller
acquires a strain sample in a single acquisition cycle from 16-bit ADC, it will add one tgp;,
tf, tioc and tyyy to the timing diagram (tgp; is not there for acquisition from 10-bit built-in
ADC). Consequently this reduces tzr. However, it does not have a major influence to the
data acquisition by the reader within available t5 window. The firmware of the MSITA was
implemented in the aforementioned manner for simultaneous dynamic acceleration and static

strain measurements since it provides strain ODR of ~5 Hz.
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.. Agilent -'
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Figure 6.4: Timing diagram of Watermark interrupt (yellow), SPI receive (green) and I°C
write (blue) of a TAIAS with two word-NVM writes for i = 60 ( t;5 and tyyy fori+ 1 due
to additional Ty and ¢ not visible).

However, for dynamic strain measurement, the output data rate should be made higher by
acquiring more strain samples within i X t;. With i = 60, maximum strain samples that can
be acquired is 3 as the combination of 3-axis acceleration, strain and 7 accounts for the
maximum acquisition capacity of “Optimized tag read” method of the reader application.
When acquiring multiple strain samples, it consumes somewhat more time due to bridge
switching. A normal bridge circuitry is a clear current path which will drain the battery at an
increased rate if connected continuously during measurement. Hence, the bridge circuitry
was switched by the microcontroller as shown in Figure 6.2 (Wheatstone bridge V/; ON/OFF)
only when the strain measurement is needed to be acquired. In this process an extra spare
time should be provided after the bridge switching to let the bridge voltage settle prior to
acquiring the strain reading. This settling time accumulates in the timing diagram with each
strain measurement acquired. Therefore, increasing ODR of strain measurement could not be

possible without curtailing the ODR of 3-axis acceleration as shown in Figure 6.5.
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Figure 6.5 depicts the timing diagram of acquiring 45 number of 3-axis acceleration samples
(15 for each axis) and 10 number of strain samples within a single acquisition cycle with
accelerometer ODRycua of 80-Hz. The ODRycwar of the accelerometer was lowered by
reducing the frequency of the PWM (50 %) to 41 kHz for ODRseieciea 100 Hz according to
Equation 5.1 (as there is no discrete 80-Hz ODR configuration of the accelerometer [179]).
Since strain readings had to be acquired at equally spaced intervals, the /°C transaction was
discretized as shown in Figure 6.5(a). The acquisition of a single 16-bit strain data is a 3-byte
consecutive SP/ transaction between 16-bit ADC and microcontroller [228]. Therefore, the
time consumed is negligible and at some instances, it is not being picked by the oscilloscope
as seen in Figure 6.5(a). However, they are being picked in the enlarged view. The gap
provided between RF port configuration words and data in Chapter 5 is eliminated in the
current firmware design. The powered-on duration of the bridge had to be extended at a
single instance as depicted in Figure 6.5(b) to cater for an unavoidable circumstance in
firmware coding. The default output of the differential amplifier (VOUT_DA) was tested to
be ~1.00 V even though it was designed to be 1.25 V (50 % of the VDD). This has occurred
due to a drop of the common-mode voltage at the input of the differential amplifier and it has
led to lower the effective symmetric dynamic range of the MSITA strain measurement.
Figure 6.5 depicts a strained instance of the cantilever beam as VOUT_DA has increased
higher than 1.25 V. The alteration of the firmware provided 80-Hz ODR measurement of 3-
axis acceleration (for each axis) and ~53-Hz ODR measurement of strain. The configuration
settings of the firmware are given in Table 6.3 and the updated flow diagram is shown in

Figure 6.6 and Figure 6.7.
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Figure 6.5: (a) Timing diagram of Watermark interrupt (yellow), SPI receive (green), I°'C
write (blue) and differential amplifier output (magenta) of the MSITA with two word-NVM
writes for i =45 (t;,¢ and tyyy for i + 17 due to additional 1 X7y, 10 X strain acquisitions
and 3 x RF port configuration words which consumes 2 x (t;,¢ + tyyum) €ach ; tf not
visible) and (b) enlarged overlapped view (£, - provided time duration in firmware between
bridge power on instance and strain data acquisition).
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Table 6.3: Configuration of multi-sensor integrated tag antenna.

Component Configuration

Acceleration level: +2 g
Clock: External (41.0 kHz)
Output data rate (selected): 100 Hz
Accelerometer Output data rate (actual): 80 Hz
Noise mode: ultra-low noise
Interface: 4-wire SPI (slave)
Anti-aliasing filter: Output data rate/2
Interrupt: Watermark configured at 45 acceleration samples
RFID tag antenna  RF ports: 1 blocked, 2 in use (blocked when necessary)
Interface: I°C (slave)
Interface: I°C (master) 400 kbps, SPI (master) 2 MHz
Oscillator: Primary (4 MHz crystal oscillator)
10-bit ADC: AN1*
Differential amplifier ~Gain resistance (RG): 200 Q**(Gain = 500)
Reference voltage: 1.25 V
PGA Gain: 1*%*
Interface: 3-wire SPI (slave)
Type: Low pass

Microcontroller

Filter** Number of poles: Single
Gain: Unity
Cut-off frequency: 50 Hz
16-bit ADC Interface: 3-wire SPI (slave)

* in accordance with [198].

** predominantly a hardware configuration / design.

**% Further amplification by PGA was not needed as differential amplifier provided
adequate amplification for experimental case.
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6.4 Measurement Results

The enhanced RFID-based wireless multi-sensor system is applied to measure dynamic
acceleration and strain of a cantilever steel beam as shown in Figure 6.1(a). The cantilever
portion of the beam has a length (/) of 0.700 m, width (») of 0.065 m and height (%) of 0.005
m. The MSITA is mounted on the beam as depicted in Figure 6.1(b). The strain gauge is
installed following a standard attachment method for metal surfaces at a distance (x) of 0.025
m from O. Figure 6.1(c) provides the schematic of the cantilever arrangement of the beam.
The loading of the beam is done at the free end of the beam with hanging weights as shown

in Figure 6.1(b).

6.4.1 Static Strain Measurements and Results Comparison with Commercial Systems

In this experiment, the strain measurement of the position shown in Figure 6.1(c) was
acquired by discretely increasing the load in similar amounts (~10 N). Additionally to
MSITA, a commercial wireless strain sensor system (CWLSS) and a standard wired strain
measurement instrument (DSM) listed in Table 6.4 were used to conduct the same
measurement. These systems were used with the same strain gauge. Figure 6.8 depicts the
measurement results along with the theoretically calculated strain by

_ 6P(l—x)

6.2
Ebh? '’

where P is the load (N). The default offset of each system was removed from the
measurement results. The root mean square error (RMSE) values were calculated for 1%
order polynomial best-fits for the measurement results from each system. According to
Figure 6.8, the DSM has the highest strain sensitivity as it provides results almost equal to

the theoretical values. The strain sensitivity of MSITA is close to that of DSM. The CWLSS
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has the highest linearity (comparing RMSE) in the tested loading range mostly due to the
low sensitivity shown than other systems. The measurement results from MSITA are non-
linear than others, but close to the linearity of the results from DSM. It has to be noted that
the relationship between quarter bridge output voltage and strain itself is non-linear as given
in Equation 6.1. Since DSM strain values are almost equal to the theoretical strain values, it
was chosen as the benchmark to calibrate both MSITA and CWLSS systems. The
compensated gauge factor values for each system in calibration are given in Table 6.5. The
average of compensated K is used with each system in measurements results presented in

following sections.

Table 6.4: Systems used in the comparison.

System Components

e LORD Microstrain SG-Link —LXRS wireless analog 2-channel sensor
CWLSS node [77]
o LORD Microstrain WSDA® -Base-104 -LXRS® base station

DSM e TC-31K Digital Strain Meter [229]
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Table 6.5: Calibration with gauge factor compensation.

Load* (N) Strain** (ue)

Compensated Gauge Factor (K)

MSITA CWLSS

10.10 123 2.02 1.80
20.40 247 2.04 1.82
30.41 369 2.04 1.83
40.42 492 2.02 1.82
49.93 605 2.02 1.84
59.55 723 2.02 1.83

Average 2.03 1.82

*each increase of load is = 10 N.

*#hy DSM.

6.4.2 Simultaneous Measurement of 3-Axis Dynamic Acceleration and Strain by

MSITA

After calibrating the MSITA, simultaneous measurements of 3-axis dynamic acceleration

and strain were conducted upon the same cantilever beam shown in Figure 6.1. A hanging

load of 10.10 N was released to induce vibrations of the beam. Figure 6.9 to Figure 6.11
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depict the dynamic acceleration measurement results of X, Y, and Z axes, respectively. The
related dynamic strain measurement is shown in Figure 6.12. Z- axis has the highest
acceleration as the vibration induced force was in the same direction. Both X and Y axes also
show acceleration where X-axis has higher magnitude. Figures 6.9 and 6.11 show default
offset removed acceleration values. Since Y-axis has initial static acceleration due to the
deformation of the beam under load, the default offset was not removed to depict the
stabilization of the signal after vibration at default offset. Figure 6.13(a) and Figure 6.13(b)
provide the single-sided amplitude spectra calculated from 3-axis dynamic acceleration

measurement and strain measurement, respectively.
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Figure 6.9: X-axis acceleration measurement.
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Figure 6.13: Single-sided amplitude spectra from simultaneous (a) 3-axis dynamic
acceleration measurement and (b) strain measurement.

According to Figure 6.13, the prominent peaks have occurred at 7.17 Hz and 7.14 Hz in the
amplitude spectra of dynamic acceleration and strain measurement results, respectively. This

value is close to the calculated 1** mode (i.e. » = 1) natural frequency of 8.35 Hz for the

2n-1)m

cantilever beam by Equation 2.1 in which k = [90]. The parameters of structural

steel A36 were assumed for the natural frequency calculation of the beam since exact
parameters were unknown. The existing gap between theoretical and measured values might
be due to an error in the assumption. In this experiment, all axes of acceleration are carrying
the natural frequency information as can be seen from Figure 6.13(a). This can be due to

imperfections of the releasing the hanging load in the process of inducing vibrations. The
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noise floor of the amplitude spectra of strain measurement result is predominantly due to the
noise present in the default portion of the acquired signal (see Figure 6.12). Figure 6.14
shows, time history of Z- axis acceleration and strain for 120-s measurement duration. This
figure demonstrates the distortion introduced by accelerometer Watermark interrupt signal
which was addressed in Chapter 5 (at 5.33-Hz fundamental frequency for current setting).
Since, strain measurement result was also acquired from same extended SP/ bus the effect is
present even in the strain measurement (microcontroller acquires both acceleration and the

strain data by same SDI input of the SP/ bus).
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6.4.3 Comparison with Commercial Wireless Strain Measurement System

Simultaneous measurements were conducted with both MSITA and CWLSS systems upon
cantilever beam predominantly to determine the natural frequency detection accuracy of
MSITA strain measurement results. The strain gauge for CWLSS was attached on the
bottom surface at a same 0.675-m distance from O (according to Equation 6.2 this should
provide same strain value as when the strain gauge attached to the same place on top
surface). The sampling rate of CWLSS was set to 64-Hz which was the nearest for the ODR
of ~53-Hz achieved for MSITA strain interface. Figure 6.15 and Figure 6.16 depict the time
history and the amplitude spectra, respectively, of an example simultaneous strain
measurement result acquired. The dynamic strain signal of MSITA is almost equal to the
signal acquired from the commercial system. The main difference which can be seen in both
time history and amplitude spectra of systems is the default noise. This is due to two main
reasons. One is the higher ADC resolution of 16 bit in the strain interface of MSITA than
that 12 bit of CWLSS. Therefore, MSITA tends to pick-up noise than CWLSS system.
Another reason is the failure of the filter of the MSITA to provide the expected design
outcome of filtering out high-frequency components. Therefore, the filter of the MSITA

should be reconsidered in a future design.
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Figure 6.16: Single-sided amplitude spectra of simultaneous strain measurement results from
MSITA and CWLSS.

Consequently, the natural frequency determination from dynamic strain measurement results
of 20 number of vibration trials of the beam was compared. In the case of MSITA, the Z-axis
acceleration results were also considered as it provided the opportunity to compare the
natural frequency determination between simultaneously measured acceleration and strain.
The denoised results of the both systems (as done in Chapter 5) were considered
predominantly to achieve the prominent peak smoothing of amplitude spectrum of MSITA
(even though denoising is necessary to remove the introduced distortion from Watermark
interrupt, the distortion can be disregarded as they are low in amplitude due to high SNR of
both acceleration and strain measurements acquired in this experiment). The denoising of the
measurements from CWLSS was done only to achieve fair comparison (not necessary as it

demonstrates negligible peak distortion, see Figure 6.16).
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Figure 6.17 shows natural frequency determination of both original and denoised signals
from MSITA and CWLSS systems (dashed lines denote maximum variation range). The
advantage of denoising can be seen as the variation of the natural frequency representation
has been reduced mostly to one frequency resolution due to the reduction of peak ambiguity.
Even the variation of the majority of trials (18 out of 20) seen in natural frequency
determination from the strain measurement of MSITA is within one frequency resolution of
0.0129 Hz. The maximum variation ranges of the determined natural frequency values are

listed in Table 6.6 for both original and denoised measurements.
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Figure 6.17: Natural frequency determination by (a) strain measurement results of MSITA,
(b) strain measurement results of CWLSS and (c) acceleration measurement results of
MSITA (DN - denoised).
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Table 6.6: Maximum variation range of the determined natural frequency.

Max. Variation Range(Hz)

System Measurement

Original DN
Acceleration* 0.0388 0.0097
MSITA =g ain®* 0.0774 0.0258
CWLSS Strain*** 0.0468 0.0156

* at a frequency resolution of 0.0097 Hz (80-Hz output data rate and 8192 data points).
** at a frequency resolution of 0.0129 Hz (53-Hz output data rate and 4096 data points).
**%* at a frequency resolution of 0.0156 Hz (64-Hz output data rate and 4096 data points).

The mode of the determined natural frequency values of denoised measurements was
considered as it provides the ability of the systems to repeat the information. Table 6.7
provides this information in relation to Figure 6.17. Even though proper tallying of the
natural frequency results are not possible due to different ODRs of systems (even between
simultaneous acceleration and strain measurements of MSITA), they have close values. The
natural frequency determination by strain measurement of MSITA is 0.06 Hz less than that
by the acceleration measurement from the same. The difference between ODRs of
acceleration (80 Hz) and strain measurements (53 Hz) has an influence on this variation.
However, when considering the repetition of the natural frequency determination (c.f. Figure
6.17(a) and 6.17(c)) this value can be stated as MSITA system quality for the current
configuration given in Table 6.3. The natural frequency determination from the strain

measurement of MSITA has a —0.03-Hz error when benchmarked with CWLSS system.

Table 6.7: Natural frequency determination by MSITA and CWLSS.

S MSITA
Frequency Determination Acceleration Strain CWLSS
Mode (Hz) 7.17 7.11 7.14
Difference (Hz) —0.06* / —0.03**

* depending upon acceleration measurement of MSITA.
** benchmarking with strain measurement of CWLSS.
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Figure 6.18 provides the comparison of the amplitude of the determined natural frequency in

the spectra from simultaneous strain measurement results of the cantilever beam by the

commercial and RFID-based wireless systems. The amplitudes of the single-sided amplitude

spectra of strain measurement results by MSITA for each trial have good agreement with

those from CWLSS (since calibrated in advance against DSM and gains of the strain

interfaces of both systems were kept nearly the same). According to Figure 6.18, the strain

sensitivity of the RFID-based wireless system is 97.6 % (considering average amplitude

values of all trials) of that of CWLSS system. This can be visualized also in Figure 6.16 in

which both systems show almost the same dynamic strain signal amplitude (The less

sensitivity of MSITA shown in the amplitude comparison is predominantly due to default

noise present which tends to suppress the peak amplitude).
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6.5 Conclusion

This chapter presented the developed RFID-based wireless multi-sensor system for
measurement of dynamic acceleration and strain of infrastructure simultaneously. The semi-
passive tag antenna integrated acceleration sensor (TAIAS) introduced in Chapter 5 was
enhanced to a multi-sensor integrated tag antenna (MSITA) with additional dynamic strain
measurement capability. This was accomplished by a custom designed miniature multi-
sensor circuit which is compatible to be integrated with the tag antenna. Essentially, the
performance of the enhanced system was investigated by applying it to monitor a cantilever
steel beam. Static strain, simultaneous dynamic acceleration, and strain measurements were
conducted upon the cantilever beam and the results were presented. Finally, the acquired
static and dynamic strain measurement results were compared with measurement results

from a commercial system (CWLSS).

The firmware designed for the TAIASs in Chapter 5 was enhanced to acquire dynamic strain
measurements simultaneously with dynamic acceleration in MSITA. Under the combined
constraints of time consumed for non-volatile memory writes of RFID tag chip and the
capability of the data acquisition application the MSITA could achieve 40-Hz and 26.5-Hz
spectral bandwidth for 3-axis acceleration (for each axis) and strain measurements,
respectively. The possibility of determining the natural frequency (1% mode) of the cantilever
beam with nearly the same accuracy from both acceleration and strain measurements from
MSITA was experimentally proven. The experimentally acquired natural frequency value

was almost equal to the calculated theoretical value.

The comparison of the RFID-based wireless multi-sensor system performance with CWLSS
in terms of the natural frequency determination and strain sensitivity has been done by
performing a number of measurement trials. The natural frequency determination accuracy
of the strain measurements of the RFID system was in good agreement with CWLSS

configured with the nearest sample rates (CWLSS has slightly higher sample rate). In fact, it
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had —0.03 Hz difference with CWLSS system and —0.06 Hz difference with the natural
frequency determination from its own acceleration measurement. The maximum possible
natural frequency determination variation of MSITA was within ~0.0258-Hz range where 90
% of the values showed variation within ~0.0129 Hz. This variation was in good agreement
with CWLSS system operated with close sampling rate. The strain signal sensitivity of the
MSITA was benchmarked by comparing the amplitude of the determined natural frequency
within the single-sided spectrum. According to the comparison, the sensitivity of the RFID-

based wireless system is 97.6 % of the sensitivity of CWLSS system.



Chapter 7 Passive Mode Investigation of
Wireless Power Flow in the Vicinity of a
Steel I-Beam and Phase-Based Structural
Displacement Measurement Using an RFID
Antenna System

7.1 Introduction

In this chapter, UHF power flow in the vicinity of a steel I-beam illuminated by a reader has
been studied at different orientations of the beam with respect to the reader antenna.
Furthermore, an investigation of phase angle-based structural displacement sensing has been
performed. Both investigations have been carried out using an RFID antenna system
operated in passive mode. Following sections of the chapter discuss the background leading
to the studies, methodologies of the investigations, the computer simulation, and the
measurement results. Finally, the conclusions are given based on the results of performed

simulations and measurements.

7.2 Background for Wireless Power Flow Investigation

The developed RFID-based wireless IHM system in previous chapters of the thesis had semi-
passive UHF RFID tag antenna integrated sensors (i.e. TAIASs and MSITA) which could

operate in P and BAP communication modes. The system proposed in Chapter 3 was
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enhanced by designing a construction material mountable UHF RFID tag antenna (see
Chapter 4) providing the possibility of directly mounting the tag antenna integrated sensors
on structures made out of concrete or metal (overcoming the tag antenna detuning due to
materials of concrete and metal). However, an infrastructure under test can be made out of
structural members of different shapes in different orientations (with respect to reader
antenna of the developed system). The performance of a wireless system, in particular, the
developed system which operates with passive backscatter communication (i.e. wireless
interrogation signals from the reader should have a threshold power level at the tag antenna

integrated sensors) can be influenced by these shapes and orientations.

The electromagnetic power flow (as power density in Wm?) is given by the time averaged
value of instantaneous Poynting vector (S,,) [230, 231]. According to complex Pointing

theorem this average power density is given by,

1
Sav = 5 Re{E x H'}, 7.1

where E and H represent the phasors of electric (Vm™) and magnetic (Am™) quantities
respectively and * represent the complex conjugate. This average power density has been
used in [232] to deduce energy streamlines to identify the backward radiation of horn
antennas. The same approach was used in [158] where RF energy transmission in metallic
environment has been studied with simulated energy flow stream lines. The simulation
studies conducted in free space, in metal chamber and with various shapes of metal obstacles
have shown that multi-layer antennas perform better than dipole antennas in terms of RF
energy reception in metallic environments. A global view of possible variations of the
energy flow has been observed in particular with the study which involved metal obstacles.
Electromagnetic simulations have been performed in [233] for 5.2-GHz wireless signal
propagation in an indoor office environment with visualised Poynting vectors. The

simulations have shown clear influence from the reinforced concrete walls upon global
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signal power flow in considered indoor environment. Furthermore, the performance of
selected commercially available RFID tag antennas was studied in [234] for tagging purpose
of hollow steel beams used in construction industry. The study has been carried out using
read range as the performance indicator where tag antennas were mounted both inside and
outside of the hollow steel beams. Subsequently it was concluded that a careful investigation
is needed to acquire adequate performance from commercial RFID tag antennas used in such
applications. However, when considering the RFID-based wireless sensor system for IHM,
the wireless signal power incident on RFID tag antenna integrated sensors is critical.
Furthermore, both global signal power flow towards the structural member (upon which the
tag antenna integrated sensors are mounted on) and local signal power flow in the vicinity of
the structural member are equally important to make decisions on the system setup (e.g.,
placement of reader antenna and tag antenna integrated sensors). Previous studies of

investigating signal power flow of such nature using RFID antenna systems are limited.

7.3 Methodology of Wireless Power Flow Investigation in the Vicinity of
Steel I-Beam

Modern electromagnetic simulation tool CST Microwave Studio [160] is capable of spatially
simulating the maximum value of the power flow density within a single time period given
by Equation 7.1. Therefore, in this investigation, a standard 4-m long steel I-beam
(100UC14.8) was modeled with a reader antenna (simulated in transmitting mode at 923
MHz) as shown in Figure 7.1. The I-beam was chosen due to the fact that the performance
and applicability of the developed RFID-based wireless dynamic acceleration measurement
system were tested using it (see Chapter 5). Identical RFID tag antennas designed in Chapter
4 were mounted on the I-beam as shown in Figure 7.1(a) and at different distances (d) for
two orientations as shown in Figure 7.1(b). Each of those orientations had two scenarios as

given in Table 7.1. These tag antennas were loaded with lumped elements (according to the
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RFID chip frontend model [188]) and simulated in the receiving mode. Therefore, in
addition to the visualization of the power flow, the voltage across the lumped elements could
be monitored. If this voltage is denoted by v, the relationship between it and the incident

power density on the tag antenna can be given by [235]:

Sap < |v]? 7.2
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Figure 7.1: Schematic of the simulation and measurement setup: (a) top view of I-beam
orientation 1 and (b) side view with different orientations of I-beam for scenario 1.
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Table 7.1: Tag antenna positioning.

Scenario
1 2
0.061 Tag antenna 2 -
0.500 Tagantennal Tag antenna I
0.950 — Tag antenna 2

d (m)

The illumination source (reader antenna) is a key component in the simulation model. The
UHF RFID tag antennas used in this investigation have linear polarization and this is a
general case for RFID systems. The use of a circularly polarized reader antenna is an
established practice (followed in previous chapters) to eliminate higher polarization
mismatch which is possible even with the slightest misalignment of antennas if linear
polarized reader antenna is used. Owing to this, a circularly polarized reader antenna was

incorporated in the simulation model as an illumination source.

The experimental case was formed using the RFID wireless link budget. An RFID tag
antenna should have a minimum incident power (P;) to successfully respond to an

interrogation from the reader given by [194]:

P, = P, — G, — 101log(), 7.3

where Py, is the sensitivity of RFID tag chip (dBm), G; is the gain of RFID tag antenna (dBi)
and 7 is the power transmission coefficient between tag antenna and tag chip. According to
Equation 7.3, unless the tag antenna characteristics change due to location on the I-beam, P;
should be same for identical tag antennas and it is directly proportional to the power density
at the tag antenna locations. P; can be related to minimum transmitted power from the reader

(P,) to receive tag antenna response according to wireless link budget given by [194]:

P =P, — G, — L —10log(p), 7.4
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where G, is the gain of the reader antenna (dBi), L is the path loss (dB) and p is the
polarization efficiency. Therefore, P. which is a measurable parameter by the RFID system
becomes an indicator of P; given that the orientation of the tag and reader antennas is being
kept the same within the same distance. Consequently, if tag antenna 1 has higher P. than tag
antenna 2 (see Figure 7.1) it indicates that the location of the tag antenna 1 receives less

power (< P;) for a given power transmitted by the RFID reader.

7.4 Simulation

7.4.1 Adaptation of Illumination Source

An adapted model of the circularly polarized patch antenna given in [236] was used in the
simulation model. The parametric size adaptation of ground plane and the substrate of the
initial antenna model were done in CST Microwave Studio to achieve its performances
closer to the Laird Technologies® S9025PR reader antenna [176] used in the experiment. In
this process, efforts were made to keep the axial ratio of the antenna < 2 dB at 923 MHz.
Table 7.2 provides the achieved performance parameters for adapted antenna for simulation
model and the antenna used in the experiment. Figure 7.2 depicts the far-field gain pattern of
the reader antenna after adaptation. According to it, the adapted reader antenna has a
symmetric gain pattern on XZ plane while it has an approximately symmetric gain pattern on

YZ plane.

Table 7.2: Reader antenna performance parameters.

p ¢ Antenna
arameters Simulation Experiment*
Gain (dBi) 5.78 5.50
Angular width (degrees) 94.70 100.00
Total efficiency 0.87 NA
Axial ratio (dB) 3.00 2.00

* the information is from the datasheet [176].
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Figure 7.2: Normalized far-field gain pattern of simulated reader antenna at 923 MHz: (a) XZ
plane and (b) YZ plane.
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7.4.2 Simulation Results

Figure 7.3 shows the power flow towards the tag antenna positioned at line-of-sight to the
reader antenna. Approximate equal power flow deviation away from the I-beam can be seen
when power flow approaches it at orientation 1 as seen in Figure 7.3(a). The pattern of
deviation has created a shadow with low power density at the rear side of the cross section.
Furthermore, power density is higher near facing edges than near inner surface. The incident
power has concentrated near the facing surface at orientation 2 as seen in Figure 7.3(b). The
center of the surface has low power density due to high power concentration near the facing
edges. Additionally, high power density has occurred even at the rear edges of the beam.
Overall the results show that power flow near the I-beam is influenced significantly by the

orientation of the I-beam.
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(b)

Figure 7.3: Cross-sectional side view of power flow towards I-beam at (a) orientation 1 and
(b) orientation 2 at 923 MHz.

Figure 7.4 provides a detailed power density distribution in the vicinity of the I-beam in
orientation 1. Tag antenna 2 has higher incident power density than tag antenna 1 (which is
at line-of-sight with reader antenna) in scenario 1 and it is mostly influenced by the increased
power concentration around the lower facing edge and the flange of the I-beam. In scenario
2, tag antenna 2 has higher incident power density than tag antenna 1 due to increased power
concentration on upper facing edge and the flange of the I-beam. Tag antenna 1 in scenario 2
seems to have slightly higher incident power density than the same in scenario 1 which may
be due to the difference in coupling effect caused by the variability of the distance between

tag antenna placements.

Figure 7.5 depicts the power density distribution in the vicinity of [-beam at orientation 2. It
can be seen from Figure 7.5 that tag antenna 2 in scenario 1 has higher incident power

density than tag antenna 1. The effect of the corner edge on power density distribution can be
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highlighted here as there is increased power concentration near all the edges of the I-beam at
d = 0.061 m (the scenario 1 at orientation 1 has the same effect which could not be
highlighted due to the use of a different scale). In scenario 2, tag antenna 2 has less incident
power density than tag antenna 1 due to more power flow deviation towards lower edges of

the I-beam.
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Figure 7.4: Power density distribution in the vicinity of I-beam at orientation 1 at 923 MHz.
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Figure 7.5: Power density distribution in the vicinity of I-beam at orientation 2 at 923 MHz.
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Figure 7.6 and Figure 7.7 show the power density distribution in the vicinity of the I-beam
on the same scale for scenario 1 and scenario 2, respectively (a different scale has been
previously used to highlight the power density at the inner surface in Figure 7.4).
Additionally, the Figure 7.6 and Figure 7.7 have the simulation results in which the I-beam
was illuminated without tag antenna placement. According to those figures, there is higher
power density in the vicinity of I-beam at orientation 2 than at orientation 1. The placement
of the tag antennas has increased the incident power density at studied locations.
Furthermore, it can be confirmed that the shape of the I-beam has a major contribution to the

power density distribution in its vicinity with and without tag antenna placement.
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Figure 7.6: Power density distribution in the vicinity of I-beam for scenario 1 in the same
scale including [-beam only (without tag antenna placement) simulation for two orientations
at 923 MHz.
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Figure 7.7: Power density distribution in the vicinity of [-beam for scenario 2 in the same
scale including [-beam only (without tag antenna placement) simulation for two orientations
at 923 MHz.
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Simulation of transmitting mode of tag antennas has also been conducted to investigate tag
antenna performance in different locations on the I-beam. Figure 7.8 shows the far-field gain
pattern of the tag antennas in XZ plane for the investigated scenarios. According to Figure
7.8, the tag antennas have higher gain in the placement of orientation 2 than orientation 1 for
both scenarios. This shows the influence of the flange of the I-beam on tag antenna gain
when mounted on the inner surface. When considering Figure 7.8(a), the gain pattern of the
tag antenna 2 has been affected by the placement at the corner edge in both orientations.
However, both gain patterns (tag antenna 1 and 2) are approximately identical in the
direction of interest (towards the reader antenna) where it would provide a minimal effect on
the wireless link budget for each orientation of I-beam. Figure 7.8 (b) confirms that both tag
antennas have identical performance as the placement environment on the I-beam are

identical for each orientation in scenario 2.
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Figure 7.8: Normalized far-field gain patterns for tag antennas on XZ plane for I-beam at
different locations and beam orientations at 923 MHz: (a) scenario 1 and (b) scenario 2 (red -
tag antenna 1, dashed - orientation 1).
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Figure 7.9 shows the simulated magnitude of the voltages across the lumped elements of tag
antennas at 923 MHz when the [-beam was illuminated by the reader antenna. The voltages
for orientation 2 is considerably higher than that of orientation 1 which is evident to be
influenced by both factors of higher gain demonstrated by tag antennas (see Figure 7.8) and
higher power density distribution in the vicinity of the I-beam (see Figure 7.6 and 7.7) in
orientation 2. According to Figure 7.9, the lumped element of tag antenna 1 has lower
voltage across it than tag antenna 2 for both scenarios at orientation 1 which tallies with the
observation made in Figure 7.4 where the inner surface of the I-beam had higher power
density at tag antenna 2. The simulated voltage levels across lumped elements of tag
antennas with [-beam orientation 2 also tallies with the observation made in Figure 7.5 where
tag antenna 2 had higher power density in the vicinity than tag antenna 1 in scenario 1 and

otherwise in scenario 2.
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Figure 7.9: Magnitude of the maximum voltage across lumped elements of tag antennas at
923 MHz (blue - orientation 1, black - orientation 2, o - scenario 1 and A - scenario 2; the
points are connected only for illustrative purpose).
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7.5 Measurement Approach

The measurement setup was arranged as shown in Figure 7.1. Two identical tag antennas
designed in Chapter 4 were positioned on the I-beam in two orientations at selected locations
according to Table 7.1. A picture of the measurement setup is shown in Figure 7.10. The
reader antenna was kept 1-m above ground with line-of-sight to tag antenna 1. As described
in Section 7.2, P. was measured using Impinj Speedway Revolution Generation 2 UHF
RFID reader [164]. The transmit power was increased by 0.25-dBm steps using Impinj
Multireader software [193] during the measurement until the reader receives responses from
each tag antenna. The software is capable of recording P, of the first received response from
the tag antennas. Figure 7.11 provides the average P. measurement for 10 numbers of trials

in each scenario.

Tag
Antennas

Reader
Antenna

(a) (b)

Figure 7.10: Picture of the measurement setup with I-beam orientation 1: (a) scenario 1 and
(b) scenario 2.
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Figure 7.11: Minimum transmit power needed to receive a response from tag antennas (blue
- orientation 1, black — orientation 2, o - scenario 1 and A - scenario 2; the points are
connected only for illustrative purpose).

According to Figure 7.11, P, for orientation 2 is less than the orientationl for both scenarios.
This is due to the combined effect of higher gain that the tag antennas demonstrate and the
higher power density distribution in the vicinity of I-beam in orientation 2 (see Figure 7.6,
Figure 7.7 and Figure 7.8). This is also in accordance with the simulated magnitude of the
voltage observed across lumped elements of the tag antennas in Figure 7.9. B. for tag
antenna 2 is less than that for tag antenna 1 in both scenarios with orientation 1 (tag antenna
2 always responded earlier than tag antenna 1). This confirms that the line-of-sight location
has low incident power density than other studied locations of the I-beam at orientation 1.
Tag antenna 2 had lower P, than tag antenna 1 in scenario 1 for both orientations. This
confirms the effect of corner edge of the I-beam where higher power density was observed
(see Figure 7.4 and Figure 7.5). Furthermore, tag antenna 2 showed a slightly higher P, in

scenario 2 for orientation 1 which is also in accordance with the observed voltage trend in
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Figure 7.9 (even though the measured P value difference is less, tag antenna 1 responded

earlier than tag antenna 2).

Therefore, measurement results agree well with the simulation results for the investigated
scenarios of both I-beam orientations. Based on this observation, the I-beam only simulation
can also be justified by the measurement considering the similar power density distributions
observed in Figure 7.6 and Figure 7.7 to the simulation with tag antennas. Experimental
results may have added uncertainty due to multiple signal reflections. However, the
experiment was conducted keeping a considerable volume of open space to other obstacles in
the laboratory so that these unwanted effects are minimized. The power density levels in the
simulation results depend upon constant input power of 0.5 W (~27 dBm) to reader antenna
port and the free space path loss. Due to this reason, power density levels of the simulation

results are always higher than that of same experimental scenarios.
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7.6 Background on RFID-Based Displacement Sensing and Distance
Estimation

RFID-based passive mode displacement sensing for IHM has been introduced in [40] by
exploiting the reduction of performance of RFID tag antennas in the vicinity of metallic
environments. The possibilities of using backscattered signal power and minimum
transmitted signal power to receive a RFID tag antenna response as indicators of structural
displacement were examined using a metal plate attached simply supported beam. The
deformed beam leads the metal plate towards the tag antenna kept at an initial distance. The
changes in backscattered signal power and minimum transmitted power (due to tag antenna
detune) were correlated to the displacement of the beam. However, this method has a
practical problem of holding (or attachment of) the RFID tag antenna since it has to be at
some distance from the structure under test. An RFID-based system which can measure
structural displacement with tag antennas which can be mounted on structures may be a
solution for the aforementioned issue. In this context, the distance estimation techniques
introduced in [237] can be useful. The frequency domain phase difference of arrival (FD-
PDoA) principle is used in these applications to acquire the distance estimate [237-239]. The

phase of a received tag antenna signal (¢ in radians) is given by [237]:

¢ = ¢p + ¢o + dps, 7.5
_ _41rfd 76
14 c ’

where ¢, is the phase rotation due to electromagnetic wave propagation (rad), ¢, is the
phase offset introduced by RFID reader and reader antenna related components (e.g., cables
and connectors), ¢, is the phase rotation due to backscatter modulation at the tag antenna, f°
is the frequency (Hz), c is the velocity of wave propagation (ms™) and d is the distance
between RFID reader antenna and tag antenna (m) [237]. Consequently, the estimated

distance d (m) can be derived from Equation 7.5 [237]:
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R c d¢
d=——— 7.7
4 Of
for a continuous spectrum of transmitted frequencies and
d=d+d, 7.8

where d.(m) is the distance error related to ¢, and ¢,;. According to Equation 7.8, any
change in d (i.e. true displacement Ad in m) is equal to estimated displacement (Ad in m)
assuming that variation of d, is small (since ¢, and ¢, are predominantly system

dependent parameters).

The application of FD-PDoA technique with RFID technology in passive mode to sense
displacement of structures is attractive as only the RFID tag antenna has to be mounted on
the structure. The reported displacement measurement of infrastructure; in particular the
deflection of bridge deck (depending upon the type of the bridge) and displacement of
expansion joints of bridges are in the order of 4 to 20 mm and 0 to 20 cm, respectively [15,
240-243]. Since FD-PDoA principle with RFID technology in structural displacement
measurements is unprecedented, substantial experimental work is needed to investigate the

capability of the RFID system with designed tag antenna for such measurement.

Furthermore, due to wrapping nature of ¢ (€ [0, 2x] radians), theoretically it will be repeated
for each frequency after every change of 0.5A-distance between reader antenna and the tag
antenna. When considering the Australian UHF RFID frequency band this distance is ~0.162
m (minimum related to 925.75 MHz). The possibility of directly relating the phase change to
displacement can also be investigated within this wrapping distance since it is substantial

when comparing to aforementioned ranges of structural displacement.
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7.7 Methodology

In this investigation, the RFID tag antenna is mounted on the structure and the reader
antenna is attached to the reference point related to which the displacement of the structure
has to be measured as shown in Figure 7.12. Then the phase angle of the received signal of

tag antenna response is measured by the Impinj Speedway Revolution Generation 2 UHF

RFID reader.
Reference point Ad |
: 1 — :
< I
: d L
i N D L
Reader i i : :
i !
|| ' |
I.---| 1
Laptop % ! !
Reader Tag : :
Antenna Antenna : :
1 |
1 1
1 1
o

Structure

Figure 7.12: Schematic of the RFID-based structural displacement measurement setup.

When considering the Equation 7.5 in relation to Impinj Speedway Revolution Generation 2
UHF RFID reader, the ¢, consists of phase rotation introduced by transmitter and receiver
circuits apart from reader antenna and cable components [244]. In particular, the phase
rotation introduced by the receiver circuits depends upon signal to noise ratio (SNR) of the
received tag antenna response which adds the influence of environment to the phase reading.
Additionally, it depends upon and the thermal noise of the receiver. The portion of

d.subjected to ¢y (dps in m) is given by [245]:

QLA
dys = % 7.9
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1

= , 7.10
anresC(Ra + RC)

QL

where Q; is the loaded quality factor of RFID tag antenna (when mounted or attached), A,
is the wavelength at the resonant frequency (m), f.s is the resonant frequency of the tag
antenna (Hz), C is the capacitance of RFID tag chip (F), R, is resistance of RFID tag
antenna (Q) and R, is the resistance of RFID tag chip (Q). Therefore, dpg can be variable
due to changes in R, depending on the environment in which the tag antenna is being used
(e.g., influence of mounted material). However, this variation should not be prominent with

the use of especially designed RFID tag antennas tolerant to mounting material.

Normally the commercial RFID readers, which cover the dedicated UHF RFID frequency
bands, operate with modulated discretely spaced baseband signals defined in regulations
[113]. In relation to this, the aforementioned UHF RFID reader which support Australian
UHF RFID frequency band has 12 number of discrete baseband transmit frequencies starting
from 920.25 MHz to 925.75 MHz with 0.5-MHz spacing. Hence the discrete version of
Equation 7.7 given by [239]:

_LA¢1,2
am Afy,'

d= 7.11

can be used in the estimation of distance. Here the Af; , is the difference between any two
discrete base band transmit frequencies within the regulated frequency band and A¢, ; is the

phase difference of received signals related to those two frequencies.
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7.8 Measurements

7.8.1 Measurement Setup

The laboratory measurement setup is shown in Figure 7.13. It consists of the Laird
Technologies S9025PR circularly polarised reader antenna [176] attached to Z-axis of the 3-
axis multifunctional scanner system [246], Impinj Speedway Revolution Generation 2 UHF
RFID Reader, a 3-m long coaxial cable which connects the reader antenna and the reader
[247], a laptop and the RFID tag antenna (designed in Chapter 4) mounted on a metal plate.
The antennas were arranged in line-of-sight and the displacement between antennas was
generated by moving the reader antenna along Z-axis automatically by the scanning system
for the experimental convenience. The scanner system has the resolution of 0.01 mm where

the minimum displacement examined in the experiment was 1 mm.

An application program which is capable of acquiring the phase data of each tag antenna
read was created since this information is not directly available to the users of commercial
RFID readers (readily available inventory software of the reader is not capable of acquiring
phase information). This was done using Octane SDK [163]. The created reader application
is capable of producing data which includes the phase of the received signal (in radians with
12-bit resolution), transmit baseband frequency and time stamp for each tag antenna read

within specified time period in text file format.
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Figure 7.13: Measurement setup (at the ~6A-starting distance between antennas).

7.8.2 Results and Discussion.

Figure 7.14 shows a 60-s measurement of ¢ verses transmitted base band frequencies of
reader interrogation signal for a selected distance between reader and tag antennas. It clearly
shows that the designed RFID tag antenna covers the Australian UHF RFID frequency band
as ¢ values are acquired for all transmitted frequencies within that frequency band. The clear
pattern of ¢ (highlighted in red in Figure 7.14) is related to Equation 7.11. Furthermore, it
shows the ambiguity of m radians which is possible with the signal processing of the reader
equipment [244]. The amount of variability of ¢ between different tag antenna reads
(highlighted in the enlarged view) is due to low SNR of the received signals at the reader at
this distance. Furthermore, imprecision of the ¢p measurement caused by frequency hopping

technique of the reader is also a factor for this variability.
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Figure 7.14: Measured phase vs frequency (o - represents a phase value of a single tag
antenna response).

Figure 7.15 shows some selected possibilities from conducted measurement results (not
within same distance). Figure 7.15(a) and Figure 7.15(b) indicate the wrapping nature where
the measured ¢ values have shown transition within [0, 27| range at different frequencies.
The frequency of 920.25 MHz is in the transition boundary separating distinct groups of
phase values. Furthermore, the measured ¢ values shown in Figure 7.15(b) (the smallest
starting distance between antennas ~A) have lower variability between tag antenna reads than
those shown in the rest (the highest starting distance between antennas ~6\). This is due to
reduced variability of ¢, in relation to increased SNR of received tag antenna response
signal at the reader within shorter distance. An example where the ambiguity has been
increased is shown in Figure 7.15(c) in which the correct value for ¢ at 925.75 MHz has not
been acquired and two groups of phase values have been acquired from 922.25 MHz to
925.25 MHz. Figure 7.15(d) shows two 60-s measurements within 6A starting distance

between reader antenna and the tag antenna. The variability between the results of two
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measurements is due to imprecise phase readings. However, it can be confirmed that a

recognisable pattern of ¢ vs frequency retains at every instance.
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Figure 7.15: Selected examples of 60-s phase measurements by the RFID system: (a) within
~6\-starting distance with phase wrap and ambiguity, (b) within ~A-starting distance with
phase wrap, (¢) within ~6A-starting distance with high ambiguity and (d) two measurements
within ~6A-starting distance (different colors represent the two measurements).

In the experimental procedure, the reader antenna was moved away in 1-mm intervals from
initial starting distances of ~A and ~6A between antennas. At each displacement, 10 number

of 60-s phase measurements have been acquired considering the variability in Figure 7.15(d).
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7.8.2.1 Direct analysis by the Change in Received Phase

Initially, the phase measurement was analyzed directly to investigate the relationship of the
phase value change to the displacement. Figure 7.16 shows the changing trend of average ¢
value according to displacement for each frequency (excluding wrapped frequencies) from
starting distance of ~A (0.322 m) between antennas. The average ¢ values are shown with 95
% confidence interval for the 10 number of measurements at each displacement. According
to the Figure 7.16 the average ¢ decreases with added displacement for all frequencies. The
maximum possible variability of average ¢ is + 0.009 radians and the minimum gap between
two average ¢ values of 1-mm displacement is 0.032 radians. Therefore, 1-mm displacement
is distinguishable directly from the change of phase of the received signal within ~A starting

distance between antennas.
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Figure 7.16: Average phase change with displacement for each frequency at 0.322-m starting
distance between antennas (points are connected only for illustrative purpose).
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Figure 7.17: Average phase change with displacement for each frequency at 1.992-m starting
distance between antennas (points are connected only for illustrative purpose).

Figure 7.17 depicts average phase change for starting distance of ~6A (1.992-m) between
antennas. A recognizable non-linearity of average ¢ against frequency is there in comparison
to the shorter starting distance analysed previously. The detectable unambiguous
displacement is 5 mm due to imprecision and low SNR (c.f. Figure 7.15(b) and Figure
7.15(d)). Consequently, the value of distinguishable displacement is dependent upon the
environment where the RFID setup is being used. Electromagnetically harsh environments
would increase the distinguishable displacement value due to increase of imprecation of the
measured phase of the received signal. The environment of the measurement setup was
considerably harsh due to metal mount of the tag antenna, metal trolley, the wooden post,
parts of the 3-axis scanner system (metal, rubber and plastic) and rest of the surrounding
objects (see Figure 7.13). The maximum error found out of the average ¢ values is + 0.065
radians which is clear evidence of increased environmental effect with ~6\ starting distance

between antennas. However, this method is theoretically bound by maximum displacement



215

of ~0.162 m due to the wrapping nature of ¢ within Australian UHF RFID frequency band.
Additionally, the measured ¢ values of a single frequency are sufficient to use this method.

Furthermore when considering Equations 7.7 and 7.11, the distance estimate is proportional

to —% or —AA(?—I‘Z. Therefore, probability of detecting unambiguous displacement directly by
1,2

phase value should be high with higher frequencies of the frequency band. However Figure
7.17 shows otherwise due to increased non-linearity between phase vs frequency caused by

low SNR of received tag antenna response signal.

7.8.2.2 Analysis by FD-PDoA

The average ¢ values for a single 60-s measurement (neglecting the ambiguity and wrapped
frequencies) at d = 0.322-m distance are shown in Figure 7.18 with 1* order linear best-fit.
There is a slight non-linearity of the measured phase vs frequency as seen in the Figure 7.18.
This non-linearity imposes a constraint in selecting phase values of two frequencies for d
calculation using to Equation 7.11. Owing to this, the calculation of d has been done by three
different ways of phase value selection upon frequencies in order to find displacement
estimate. First, all the phase values belong to the range of frequencies from 920.25 MHz to
923.75 MHz were considered with 1% order linear best-fit which would incur the non-
linearity of phase vs frequency (this relates to Equation 7.7). The possibility of phase
wrapping in higher frequencies of the frequency band due to added displacement was
considered in the selection of frequencies (see Figure 7.16). Then, the two phase values of
920.25 MHz and 923.75 MHz were considered according to Equation 7.11 (Af;, = 3.50
MHz). Finally, the estimate was done using two phase values at 923.25 MHz and 923.75

MHz where the frequency gap is at minimum (Af; , = 0.50 MHz).
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Figure 7.18: Average phase vs frequency at 0.322-m starting distance and the 1% order linear
best-fit.

Figure 7.19 and Figure 7.20 show the estimated displacement (Ad) vs true displacement (Ad)
for the first two aforementioned phase value selection methods. According to Figure 7.19

and Figure 7.20, the displacement estimates and the errors are exaggerated due to inaccuracy

. . d A
shown in phase measurement by the reader (the measurements has higher % or % than
1,2

they should be). A linearly increasing trend could be found between estimated displacement
and the true displacement as approximated with linear best-fit in Figure 7.19 and Figure
7.20. However, displacement estimate from the phase value selection of two consecutive
frequencies (923.25 MHz and 923.75 MHz) did not provide such linear relationship with true

displacement.
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Figure 7.19: Displacement estimate vs true displacement considering the phase values from
920.25 MHz to 923.75 MHz at starting distance of 0.322 m.
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Figure 7.20: Displacement estimate vs true displacement considering the phase values of
920.25 MHz and 923.75 MHz at starting distance of 0.322 m.
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The exaggeration of displacement estimates due to reader inaccuracy can be compensated

using the 1*' order linear best-fit parameters given in Figure 7.19 and Figure 7.20. The

. . Ad-0.022 . . R
compensated displacement estimate (W) vs true displacement is shown in Figure 7.21.

According to Figure 7.21, there is only a minor difference between compensated
displacement estimates between the first two ways of phase value selection. This shows that
the non-linearity added by the imprecision of phase values measured with ~A starting
distance has only a minor effect on the displacement estimate. Furthermore, phase values of
the frequencies having relatively high separation between them should be selected to avoid

non-linearity influence on the displacement estimate.

The estimated displacements for two other trials with starting distance of 0.325 m (has an
initial displacement of 0.003 m compared to 0.322 m starting distance) between antennas are
shown in Figure 7.22. The linear 1*' order linear best-fit parameters used in the initial
estimation (see Figure 7.19) were used in the displacement estimate compensation of these
additional trials. Except for the noticeable outlier of additional trail 2 at 0.003 m
displacement, the additional trails show a good agreement. Therefore a distinguishable
displacement measurement of 1-mm is possible within ~A starting distance between antennas
even with the inherent inaccuracy of the reader. This displacement measurement resolution
accounts for + 0.31 % related to 0.322-m starting distance between antennas. The maximum
compensated displacement estimate error (95 % confidence interval) was = 0.0003 m within

the measurements excluding the outlier.
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Figure 7.21: Compensated displacement estimate vs true displacement at starting distance of
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Figure 7.22: Compensated displacement estimate vs true displacement for additional trials at

starting distance of 0.325 m (phase value selection from 920.25 MHz to 923.75 MHz).
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However, conclusive displacement estimates could not be acquired for 1-mm true
displacement intervals with FD-PDoA method for ~6A (1.992 m) starting distance between
antennas. The determination of frequencies for phase value selection was more difficult than
previous due to an increase of non-linearity (higher RMSE than in Figure 7.18) of phase vs
frequency as shown in Figure 7.23 (Figure 7.17 also shows this non-linearity). The
exaggeration of estimated displacement and errors were higher than those found for ~A

starting distance. A proper linear relationship between estimated displacement and true

displacement could not be found to compensate for the inaccuracy related to higher % or

Ad1,
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Figure 7.23: Average phase vs frequency at 1.992-m starting distance and the 1 order linear
best-fit.
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7.9 Conclusion

The results of wireless power flow distribution at 923 MHz frequency in the vicinity of a
steel I-beam were presented in the first part of this chapter. An RFID antenna system with
designed tag antenna (in Chapter 4) was used in simulations to make the investigation
experimentally viable by measurements of minimum transmitting power. According to
power density simulations, this distribution depends on the I-beam orientation with respect to
the direction of illumination. The I-beam at orientation 2 with respect to reader antenna (i.e.
illumination source) had higher power density distribution in the vicinity of it than
orientation 1. The detailed investigation has proved that both I-beam orientation and shape
have an influence upon the amount of UHF power incident on the tag antennas positioned at
its different locations. In particular, the line-of-sight location of the [-beam at orientation 1
had lower power density than other studied locations. In both investigated orientations, the
corner edge of the [-beam had higher power density. These differences observed in simulated
power density distribution were in accordance with the simulated voltage levels across the
lumped elements of tag antennas. The minimum transmitting power measurement results
correlated well with simulation results. This investigation is useful in aligning the reader
antenna with respect to the orientation of the I-beam and positioning multiple tag antenna
integrated sensors on the I-beam to monitor its health by developed RFID-based wireless

IHM system.

In the second part of the chapter, the viability of phase-based structural displacement
measurement using RFID tag antenna system in passive mode was investigated. It was
shown that measurement of 1-mm and 5-mm structural displacement is possible with a
change in phase values of received tag antenna responses within ~A and ~6A starting distance
between antennas, respectively. There was increased imprecision of phase measurement due
to low SNR of received tag antenna responses at ~6A starting distance than ~A starting
distance. It has also been shown that 1-mm structural displacement can be measured using

FD-PDoA principle for ~A starting distance between antennas. The displacement estimates
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had to be compensated for the exaggeration generated by the phase measurements of the
reader. The maximum compensated displacement estimated error was +0.0003 m.
However, the application of the same principle to measure small structural displacements at
~6) starting distance was negatively affected by increased non-linearity of measured phase
vs frequency. The phase-based structural displacement measurement method studied in this
chapter is primarily a reference-based method where reader antenna should be attached to a
reference position. The construction material mountable tag antenna was an added advantage
in the system setup for structural displacement measurement where extra arrangement to

hold the tag antenna was not needed.



Chapter 8 Conclusion

8.1 Summary

In this thesis, a semi-passive RFID-based wireless sensor system was developed to measure
dynamic acceleration and strain of infrastructure through the design of tunable construction
material mountable RFID semi-passive tag antenna and custom designed miniature sensor
circuits. The system’s ability to measure dynamic responses from mounted tag antenna
integrated sensors with enhanced communication range and wider spectral bandwidth is
experimentally proven with different structural members. The influence of the orientation
and shape of structural members on wireless power delivery to mounted sensors was studied
using an RFID antenna system in passive mode. The system’s ability in passive mode

structural displacement measurement was also investigated.
The major investigations and outcomes are outlined as follows:

e In Chapter 3, the prototype RFID-based wireless dynamic acceleration system with
tag antenna integrated acceleration sensor for wireless IHM was developed. The
specific firmware design to achieve the capability of measuring dynamic
acceleration using tag antenna integrated acceleration sensor was introduced. The
non-volatile memory write latency of RFID tag chip and inadequacy of data
acquisition technique were highlighted as constraints to achieve higher spectral
bandwidth. It was shown that the prototype system is capable of acquiring the
natural frequency information of a structural member. Furthermore, it was also
shown that the system is capable of identifying the loaded and unloaded states of the

structural member with  determination of natural frequency  shift.
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A novel tunable construction material mountable UHF RFID tag antenna which can
be used as I°C slave component for the creation of tag antenna integrated sensors
was developed in Chapter 4. Antenna design and the creation of an electromagnetic
simulation model were also carried out. It was shown that the slit-based
miniaturization method can be simultaneously used for impedance matching and
parametric optimization of the tag antenna to acquire higher performance in several
UHF RFID frequency bands. It was also shown that mounting material of concrete
and metal has a minor negative influence on maximum gain and size of the metal
mounts has no influence upon reflection characteristics of the antenna through
comprehensive electromagnetic simulation. Furthermore, the use of local mesh
properties around tiny features of the antenna to retain similar simulation accuracy
with increased simulation volume was also shown. In addition, antenna fabrication
and essential laboratory measurements of the resonant frequency, maximum gain,
read range and readability were conducted. The measurement results were found to

be in good agreement with simulation results.

In Chapter 5, the RFID-based dynamic acceleration measurement system was
improved by introducing novel tag antenna integrated acceleration sensors directly
mountable on structures. A miniaturized acceleration sensor circuit which can be
integrated with the developed construction material mountable tag antenna was
designed. The spectral bandwidth of 3-axis dynamic acceleration measurement of
the system was enhanced to 50-Hz with improved firmware and data acquisition.
The feasibility of the system to handle multiple tag antenna integrated acceleration
sensors mounted on different locations was shown by conducting measurements
upon a full-scale steel I-beam. The ability of the system in determining the natural
frequency of the I-beam and the acceleration sensitivity were benchmarked against

independent commercial wired and wireless measurement systems.
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The RFID-based dynamic acceleration measurement system was further enhanced
for measurement of dynamic acceleration and strain, simultaneously, in Chapter 6. A
miniaturized multi-sensor sensor circuit which can be integrated with the developed
construction material mountable tag antenna was designed. The firmware was
improved to measure 3-axis acceleration and strain with spectral bandwidths of 40
Hz and 26.5 Hz, respectively. The calibration of the strain interface is performed
against a standard strain measurement instrument by conducting static train
measurements upon a cantilever steel beam. The feasibility of the system to acquire
natural frequency information of the beam from both dynamic acceleration and
strain measurements (simultaneous measurements) was shown. The ability of the
system in determining the natural frequency of the cantilever beam and the strain
sensitivity of the system were benchmarked against a commercial wireless strain

measurement system.

An investigation of wireless power flow in the vicinity of a steel I-beam was
performed using RFID reader-tag antenna system in Chapter 7. The simulation
model was created using reader antenna and tag antennas with lumped elements
mounted on a steel [-beam. It was shown that the power flow towards the [-beam is
influenced by its orientation with respect to reader antenna and the power flow in the
vicinity is influenced by its shape. It was also shown that at some orientation of the
I-beam, the line-of-sight location has less incident power influenced by its shape.
The experimental method was formulated using the RFID wireless link budget to
relate minimum reader transmits power to incident power and the simulation results
were justified by experimental results. The passive mode investigation of the ability
of the RFID system to measure structural displacement was performed using the
acquisition of phase angle-of-arrival of the received signal at the reader. It was
shown that displacement of 1-mm can be measured directly by the change in phase

angle-of-arrival or frequency domain phase difference of arrival within starting
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distance of a single wavelength (A) related to Australian UHF RFID frequencies. It
was also shown that 5-mm displacement can be measured directly by the change in
phase angle-of-arrival within a 6-A initial distance within the phase angle

measurement accuracy of the RFID reader equipment.

8.2 Conclusion

An RFID-based wireless system was proposed and designed with structure mountable semi-
passive tag antenna integrated sensors for IHM. The system could measure 3-axis dynamic
acceleration and both dynamic and static strain of infrastructure. Furthermore, it could
measure structural displacement in passive mode. The hardware and firmware-based
improvements of the system were gradually performed to enhance the read range in
infrastructure environments, the spectral bandwidth of dynamic response measurements and
the capability of performing multiple dynamic measurements simultaneously. The
optimization of the system operating in infrastructure environments was carried out by
comprehensive simulations consisting of performance analysis of tag antenna mounted on
concrete and metal members and essential laboratory measurements. The abilities of the
enhanced system in measuring dynamic responses of infrastructure, the natural frequency
determination and state change identification of infrastructure was shown by conducting
measurements with three structural members that had different dimensions, shapes, and
boundary conditions. It was shown that the non-volatile memory write latency of the RFID
chip imposes a major constraint on the enhancement of the spectral bandwidth of dynamic

response measurements.

Moreover, the results obtained by the developed system were in good agreement with the
results obtained from the commercially available wired and wireless measurement systems.
The natural frequency determination errors of the developed system by dynamic acceleration

measurements were —0.05 Hz and —0.03 Hz when benchmarked against commercial wired
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and wireless acceleration measurement systems operated with close sampling rates,
respectively. Almost 93 % of the measurement results had a maximum variation of the
determined natural frequency values within ~0.05-Hz range (it was shown that this range
depends upon SNR and it would be narrowed with increased SNR in Chapter 7). The
acceleration sensitivity of the developed system was 140 % and 61.3 % when benchmarked
against the sensitivities of the commercial wired and wireless acceleration measurement
systems, respectively. The natural frequency determination by the dynamic strain
measurements of the developed system had an error of —0.06 Hz when compared with the
natural frequency determination of the simultaneous dynamic acceleration measurement
(subjected to different sample rates of dynamic acceleration and strain measurements). This
error was —0.03 Hz when benchmarked against a commercial wireless strain measurement
system (subjected to different sample rates of the systems). Almost 90 % of the measurement
results had a maximum variation of the determined natural frequency values within ~0.01 Hz
range. The strain sensitivity of the developed system was 97.6 % of the sensitivity of the

commercial wireless strain measurement system.

Additionally, the wireless power flow simulations in the vicinity of tag antenna mounted
structural members were conducted. The simulation results were consistent with the
conducted laboratory measurements. Is was also shown that both size and shape of the mount
affects the readability of tag antenna due to the variation of antenna gain pattern and incident
wireless signal power. Furthermore, the investigations have shown that the reader antenna
orientation can be adjusted with respect to the structural member to achieve a higher amount
of wireless power delivery to mounted sensors (i.e., in the vicinity of the structure). The
investigation with the phase angle-of-arrival measurements proved that the system can be
used to detect structural displacement accurately within an initial short distance between the
reader antenna and tag antenna mounted on structures (subjected to the accuracy of the phase
angle measurement of the reader). Finally, the measurements conducted with a steel I-beam

confirmed the ability of the developed RFID-based system to handle multiple semi-passive



228

tag antenna integrated sensors measuring dynamic responses enabling fulfillment of the

highly demanded necessity of IHM.

8.3 Future Work

The recommendations for future research are as follows:

e One future work suggestion is the optimization of sensor circuits using the following
steps. Firstly, the PCB layout routing optimization could be used to isolate the SPI
bus from the Watermark interrupt route to remove existing distortion in
measurement data. Next is the optimization of the DC power supply section. The
power supply section can be optimized as a battery backup supply with the
introduction of either vibration-based or solar energy harvesting. Since the semi-
passive RFID tag antenna integrated sensors were developed with circuits having
low power electronic components, the energy harvested from both ambient and
induced vibrations of structures or from a miniature solar panel may easily increase

the lifetime of them.

e Determining the maximum number of RFID tag antenna integrated sensors which
can be interrogated by a single reader antenna would be important. The selected
commercial UHF RFID reader (from Chapter 4 onwards) has the capability of
supporting multiple reader antennas. Therefore, flexibility is there to configure the
system either as single reader antenna or multiple reader antennas covering a single
cluster of the wireless IHM system. Furthermore, the type of the reader antenna can
also be altered to have extra coverage. The reader scans between antenna ports when
multiple reader antennas are configured. Also, when the tag antenna integrated
sensor population grows, data acquisition duration allocated to a single tag antenna

integrated sensor will be decreased. Consequently, the complexity of this task
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increases. The maximum number of tag antenna integrated sensors which can
accommodate a single cluster is important in the perspective of informative data

acquisition of IHM.

Enhancing of developed semi-passive tag antenna integrated sensors to measure
environmental temperature and humidity is another suggestion for future work.
These measurements will be helpful in removing the environmental factor associated
with raw dynamic acceleration and strain measurements. As highlighted in Chapters
5 and 6, the non-volatile memory latency of the RFID tag chip will not allow
measuring temperature and humidity for each and every data point of dynamic
acceleration and strain. However, acquiring an average temperature and humidity
measurement for a single reader acquisition cycle may be a possibility. The
acquisition of average values can be justified given that the fluctuations of
environmental temperature and humidity are less within the measurement duration

of acceleration and strain.

The next suggestion is the extension of the system with integrated long range
wireless capability. The reader used in the system development can support the
integration of wireless nodes which provides the capability of accessing it from a
distant location through a wireless link. This capability can be exploited in
developing the higher tier inter-cluster wireless communication equipped with reader
integrated wireless nodes as cluster heads. The data acquisition application shall also
be enhanced depending on the number of readers. This work will also lead to
identifying the maximum amount of reader integrated wireless nodes that the RFID-

based wireless IHM system can accommodate when monitoring dynamic responses.
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