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Rapid Reading for Passive Wireless Coupled Sensors

Tanuj Kiranbhai Trivedi, M.S.E.
The University of Texas at Austin, 2012
Supervisor: Dean P. Neikirk

The objective of this thesis is to design and implement a rapid, reconfigurable
and portable reader for wirelessly interrogating inductively coupled passive sensors. While the current method of impedance analyzer is sensitive and an accurate, the instruments used are bulky and slow, substantially hampering in-field testing and interrogation of sensors. Current methods cannot provide a quantifiable
measure on minimum necessary read-speeds and instrument accuracy desirable for
rapid sensing applications. This work summarizes the design and hardware implementation of two reader methods that address the aforementioned requirements.
Both reader methods are based on a reflectometer approach: Swept-frequency Reflectometer Reader and Switched-frequency Interrogation Technique (SWIFT). The
first method is a much faster alternative to in-lab and in-field testing for structural
health monitoring, and is intended as an immediate replacement for the impedance
analyzer method. Switched-frequency Interrogation is specifically designed to satisfy the need for rapid and accurate reading, potentially for in-motion sensing applications. This method provides a way of empirically relating minimum necessary
vi

read-time required for desired read-ranges. It also facilitates quantification of uncertainty in measurements, which is very critical in determining instrument accuracy
in-field. The system design and implementation of both methods are described in
detail and experimental results are presented to benchmark the performance of the
readers. Issues of instrument reliability and practical limitations are also discussed,
with potential solutions. Both methods are intended as universal techniques for
wirelessly interrogating coupled passive sensors, not limited to their current form
of implementation.
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Chapter 1
Introduction
1.1

Passive Wireless Sensors
Wireless transfer of energy has been a topic of interest for more than a hun-

dred years now, since the celebrated experiment by Nikola Tesla in 1893 of wirelessly illuminating a phosphorescent lamp. Wireless energy transfer is typically
achieved by either electromagnetic radiation or by direct or resonant electrodynamic induction. Over the years, the research in this field has overlapped with the
development of radio frequency communication, antennas, high frequency radar,
RFID tags etc. Electrodynamic or Faraday induction occurs when a changing magnetic field of one coil induces current in another. It is the basis for most near-field
communication or sensing applications. Wireless energy transfer also occurs in
power transformers. The primary coil of a transformer is magnetically coupled to
the secondary coil. The current in the primary generates a time-varying magnetic
field, which generates induced current in the secondary through inductive coupling.
Passive RFID tags work on the same principle, where an external agency powers
the passive tags through electromagnetic induction. The tags contain an inductive
coil (secondary), which can magnetically couple to another coil’s (primary) field.
The power that is transferred to the secondary coil can be used to achieve any of the
following functions: communication, voltage-stepping, power delivery to a load on
1

secondary, sensing etc. Contactless smart cards, automatic toll-tax cards and electronic article surveillance (EAS) tags used for anti-theft in retail stores also function
on the same principle of wireless energy transfer through magnetic coupling.
Many applications have been realized in non-destructive and non-contact
sensing utilizing inductive energy transfer. Some sensing applications involve environmental conditions that are too harsh for inclusion of batteries and power sources
on the sensor devices. If the sensor devices have a coil they may benefit from wireless energy transfer to sensors through inductively coupling to an external coil. Such
applications may also require long-term reliability and longevity for the sensors,
which might not be replaceable. Passive inductively coupled tags fit the bill for such
harsh-environment, long-term sensing applications. Many applications for passive
wireless sensing have been realized in corrosion monitoring[1][2][3][4][5][6][7],
temperature sensing[8], conductivity sensing[9][8][10][11], strain-gauge[12], pH
monitoring[12][7] etc. Non-destructive testing and evaluation is a mature field, in
which inductively coupled wireless sensors are finding many applications that involve local parameter sensing.
A major application domain for passive wireless coupled sensors is in structural health monitoring in civil infrastructure, which has been the focus of multidisciplinary research at The University of Texas at Austin for many years. As a
result, the Electronic Structural Surveillance (ESS) sensors platform has been developed for non-destructively monitoring corrosion in concrete[1][2][3][4][6][13][14].
Passive LC tags combined with transducers form an ESS sensor, which is embedded in concrete with protective casing. The transducer element undergoes a change

2

in response to an environmental factor, and produces a proportionate change in its
circuit parameter. This change in turn affects some overall characteristic of the passive LC tag, which is then interrogated to detect the presence and state of the sensor.
One of the focal points of research in the development of ESS technology is the mechanism for wirelessly interrogating the sensors. The reader system
is required to non-destructively read the state of the embedded sensors, which is
achieved via wireless interrogation. Typically, a coil is used as both the driver and
reader for the embedded passive sensors. A source powers the reader coil, which
produces an alternating magnetic field of its own. When a tag enters the vicinity
of this magnetic field, a current is induced in the tag coil. This effect is similar
to that of a secondary coil loading the primary coil of a transformer, leading to a
change in the inductance of the primary. Hence, inductive energy transfer to the
tag manifests itself as a change in a circuit parameter of the reader coil such as its
input impedance, which can be continuously monitored to detect the presence of
a tag. This particular method of reading is in fact employed in many applications
of passive wireless coupled sensors[15], not limited to structural health monitoring.
The objective of this work is to design a rapid and reconfigurable reading technique
for wireless interrogation of inductively coupled passive sensors.

1.2

State of Research
The LC tags used in passive sensor technology such as EAS or ESS, are

typically made resonant at a unique frequency to achieve resonant electrodynamic
induction through an external reader coil. The resonant frequency of the tag can
3

also act as an identifier for the tag. For passive RFID tags, its resonant frequency is
also used as a carrier for communicating information to the on-board circuitry. The
tag inductively couples to the reader coil’s changing magnetic field, which induces
current in the former. As mentioned before, the tag manifests as a loading on the
reader coil’s input impedance. However, for tags that are resonant with a narrow
bandwidth, the inductive energy transfer (or the loading) only occurs at or near the
tag’s resonance. This particular flavor of inductive coupling is called resonant inductive coupling, for obvious reasons.
The power source connected to the external reader coil supplies the current
that produces the alternating magnetic field of the coil. A swept-frequency source
can be used to continuously drive the reader coil. When the power source of the
reader hits the tag’s resonance frequency in the sweep, there is resonant electrodynamic induction in the tag. The tag will then load the input impedance of the reader
coil at its own resonance frequency. If the reader coil is monitored for this effect,
the tag can be detected. Narrowband tags “respond” very weakly to frequencies
that lie outside a band of its resonance. This band of resonance for every LC tag
can be characterized by the quality factor Q of resonance, which may act as extra
information that can be extracted from the sensor wirelessly with the reader.
There are a few reading methods that have been used for wirelessly interrogating the state of coupled passive sensors, including impedance analyzer[16],
RFID/EAS reader [15] and time-domain gating[17]. The reading mechanism used
for ESS sensor platform at UT Austin is impedance analysis. The presence of a tag
in the vicinity of the reader manifests as a reflected impedance on the input port of

4

the reader coil. The reader coil is connected across the port of an impedance analyzer, which acts as both driver for swept-frequency signal generation and reader
for monitoring the input impedance of the reader. In the absence of a tag, the phase
of the input impedance of a purely inductive reader coil appears as a 90◦ phasebaseline at all frequencies (up to the self-resonance frequency of the reader coil,
occurring due to parasitic capacitance in the coil). If a tag is present, at the tag’s
resonance frequency it appears as a resistive load on the reader coil. This changes
the largely reactive phase response of the impedance of the reader coil to a lower
value at the resonance frequency of the tag. This can be interpreted as detection of
the tag. Post-processing parameter extraction can be performed on the impedancefrequency response to obtain more information about the state of the sensor, such
its center frequency and Q-factor[4].
The impedance analyzer equipment currently used in lab and in field are
HP 41941A and Solarton 1260A, respectively. However, these impedance analyzer
instruments suffer from long read-times and bulky size. The HP 4194A impedance
analyzer has a moderate read-speed, but is extremely bulky, making it unsuitable
for in-situ measurements. The comparatively less bulkier Solarton 1260A takes
up to 3 (6) minutes to perform a 200 (400) point impedance-frequency measurement. Both instruments also require a computer to store the recorded data, and all
analysis is performed offline, post acquisition. Low speeds and lack of portability
make impedance analyzers undesirable for real-time structural health monitoring
applications. For example, an in-motion interrogation of sensors embedded in the
concrete deck of a bridge cannot be performed with the aforementioned instruments

5

mounted on a vehicle, at realistic vehicular speeds or without potentially causing
major traffic delays. The impedance analyzer method is very accurate and sensitive
for stationary sensing in laboratory applications, but it has its shortcomings as a
viable option for in-situ, rapid, real time monitoring.
The application of a rapid reader is not limited to only structural health monitoring. Any application that involves relative motion between the reader and the
sensors can benefit from a rapid, portable design. Another paradigm of in-motion
sensing is where the reader coil is stationary and the tags are moving, e.g. chemical
sensors that travel in a fluid inside a pipe, being wirelessly interrogated by a stationary reader on the outside. Such applications may have specific read-range (i.e.,
separation between reader and tag) requirements. For example, the EAS anti-theft
system is expected to function at separations of a few feet between the tag and the
readers. Current reading techniques for the ESS platforms cannot quantifiably define the relation between the necessary read-speeds for desired read-ranges. Current
reader methods also cannot quantify the measurement uncertainties associated with
the specific equipment being used, which is essential in determining the limits on
the accuracy of a sensor-detection system.

1.3

Scope of Research
This work summarizes research undertaken to address the issues of portabil-

ity, speed and reconfigurability requirements for a in-situ wireless interrogation of
passive coupled sensors. Two methods are proposed as candidates for a rapid reader,
both of which are implemented on reconfigurable digital National Instruments (NI)
6

RF hardware, employing a reflectometer-based approach. The first method is called
Swept-frequency Reflectometer Reader, and is aimed at an effective replacement of
the impedance analysis method for real-time structural health monitoring. The second method is called Switched-frequency Interrogation, which is aimed at being
an evaluation technique for rapid readers in threshold sensing applications, potentially for in-motion sensing. This technique is much faster than both the impedance
analyzer and the Swept-frequency Reflectometer Reader, as it is a non-swept frequency method, involving a continuous “pinging” of two frequencies alternatively,
to interrogate the sensor. It is designed keeping in mind the need for quantifying the relation between the required read-speeds and desired read-ranges for any
passive coupled wireless sensing application. The technique achieves this by “discretizing” the acquisitions, and relating them to read-speeds of the instrument. The
Switched-frequency Interrogation Reader method is also aimed at addressing the
need for quantifying measurement uncertainties for the specific setup being employed. Both the methods are intended as universal reading techniques for passive
wireless coupled sensors, not limited to the current setup and hardware on which
they are implemented.
Chapter 2 introduces the Swept-frequency Reflectometer Reader system design. The ESS sensing platform and the impedance analyzer method are also briefly
discussed. Experimental results obtained with the reflectometer reader are presented.
Chapter 3 introduces the Switched-frequency Interrogator method. The
need for a non-swept frequency reader is discussed, along with the significance of

7

calibration and baselines in a sensor system. The hardware configuration and system design for the Switched-frequency Reader are also presented. The digital data
acquisition (read) mechanism is explained, along with signal generation (drive), implemented on the NI-RF hardware.
Chapter 4 continues the discussion on the system design of the Switchedfrequency Interrogation reader. The generation of dataset from measured quantities
is explained in detail. Also discussed is the statistical analysis performed on the
data, to quantify measurement uncertainty and define threshold of detection. The
mechanism of quantifying “read-speeds” and relating them to read-ranges is also
discussed in detail. A variation on the measurement method is also presented.
Chapter 5 presents experimental results for the Switched-frequency Reader.
The experimental setup used for measurements is described in detail. Results are
presented for a few combinations of reader and tag coils, for both variations of the
measurement method described in Chapter 4. Issues of instrumentation reliability
are discussed providing experimental results. The practical definition of read-time
is also presented, with some realistic implementation parameters.
Chapter 6 summarizes the conclusions and discusses scope for future developments.

8

Chapter 2
Swept-Frequency Reflectometer Reader for Passive
Sensors

This chapter introduces the technology behind passive wireless sensors,
briefly discusses previous work and discusses in detail a swept-frequency reader
mechanism. The operating principle behind inductively coupled passive wireless
sensors is introduced in Section 2.1. Previously employed reader mechanisms are
briefly discussed in Section 2.2. From Section 2.3 onwards till the end of this chapter, a novel swept-frequency reflectometer based reader mechanism is discussed.

2.1

Inductively-coupled Passive Sensors
Communication via reflected power has been in practice since the early

50’s[19]. Wireless energy transfer is just about as old as the earliest power transmission lines. Transferring power from one coil to another, both of which are inductively coupled, is the operating principle of a power transformer. This phenomenon
of inductive energy transfer can be made use of for specific sensing applications.
The group has been actively involved in developing passive wireless coupled sensor technology for years[1][2][20][3][4][21][5][6][18]. Passive wirelessly coupled
sensors find applications in many fields including, but not limited to: Electronic Ar-
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Figure 2.1: The Electronic Structural Surveillance (ESS) sensor-reader system and
its equivalent circuit model as inductively coupled resonators. Input impedance
magnitude-phase plot (as measured by HP 4194A) is shown on the right. Adapted
from [16][18]
ticle Surveillance (EAS) [22], Electronic Structural Surveillance (ESS)[4][6][13],
temperature measurement [8], conductivity measurements[9][8][10][11] etc. See
Section 2.2 in [23] for other applications of passive wireless sensors.
The topic of embedded Electronics Structural Surveillance (ESS) sensors
is of specific interest, for corrosion monitoring in civil structures. For such an
application, passive sensors are of particular interest, as they are required to be
embedded in concrete for a long time, and an active sensor with a battery is not
a feasible option[1][2][3]. Moreover, due to the sensors being embedded in concrete structures, the mechanism to read their state has to be non-contact or wireless.
Inductively-coupled passive wireless sensors are thus a perfect candidate for such
an application. Figure 2.1 shows the basic platform used for ESS sensors, alongside its equivalent electrical model. A passive LC circuit, also called a “tag”, is
used as the sensor which is embedded in concrete. Typically a transducer element
10

is a part of the LC circuit in such a way that the onset of corrosion alters a particular circuit quantity. For example, a simple transducer element is an exposed wire
connected to the tag. As corrosion sets in the reinforced steel in concrete, the wire
starts corroding as well and its resistance in the circuit changes, which acts as either a threshold[2] or an analog corrosion sensor[20]. More sophisticated methods
have been developed for non-contact transduction, including a steel washer element
shielding the tag coil from the reader coil[6][13][14] for both continuous-state (analog) and threshold corrosion monitoring.
A larger reader coil is used to interrogate the state of these passive sensors
wirelessly from the outside. Typically, the reader coil is connected to a source, thus
also acting as the driver coil. The presence of a tag in the vicinity of the magnetic
field of the reader coil induces a current in the tag coil. This is equivalent to a transformer, where the primary coil (reader) is loaded by a secondary coil (tag). The
secondary coil or the tag appears as reflected impedance on the reader coil input
port. Sensor information can be obtained by monitoring the input impedance of
the reader coil, and looking for this induced change in the inductance, indicating
the possible presence of the tag. This is the classic reading mechanism used for
interrogating the passive wireless ESS sensors.

2.2

Impedance Analysis as a Reading Mechanism
As discussed in the previous section, monitoring the impedance of the reader

coil provides an effective mechanism of looking for the presence of a sensor-tag and
its state, as reflected impedance. The reader coil can be connected across the port
11

of an impedance analyzer, which may act as the signal source and sink both. The
impedance analyzer method has been extensively used previously[1][16], for monitoring corrosion in concrete. Essentially, the two coils (reader and tag) are modeled
as inductively coupled resonator circuits. The tag gets powered-up by induction
when it is in the vicinity of the reader coils magnetic field. The tag is an LC resonator, with a resonant frequency f0 . It is connected to a resistive (or capacitive)
transducer as mentioned eariler. The transducer element senses the environmental
parameter, resulting in a change in its circuit parameter, which in turn perturbs the
resonant characteristics of the LC circuit of the tag. This change in the tag appears
as reflected impedance in the input impedance of the reader coil at the tag’s resonance frequency, and can be monitored to detect the tag and a change in the state of
the sensor. The change is modeled as[20][16]:
ωM 2
Ztag
�
= Rtag + j jωLtag −

Zin = Zreader +
where, Zredaer = jωLreader , and Ztag

1
jωCtag

�

(2.1)

Where M in Eq 2.1 is the mutual inductance between the reader and tag
inductances (Lreader and Ltag respectively). When ω = ω0 = 2πf0 , or at tag’s
resonance, the reflected impedance term appears as an additive term in the reader
2

input impedance1 ( ωM
in Eq 2.1). For a purely inductive coil, the phase angle of
Ztag
the input impedance of the coil will be 90◦ , in the absence of the tag. When the
tag enters the vicinity of the reader coil, it gets powered inductively and at the tag
1

This equation considers a purely inductive reader. When real coils are considered, a resistive
term must appear in Zreader , along with a parasitic cabling and self-capacitance term.
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resonance (f0 ) it appears as a load on the input-port impedance of the reader coil.
The phase angle of the reader input impedance at f0 will no longer be 90◦ , and will
dip to a lower value (Figure 2.2). This dip at f0 indicates the presence of a tag, and
provides an efficient way of sensing. The coaxial separation between the reader and
a tag is defined as the distance between the first turns of both the coils. This coaxial
separation will be referred to as the read-range throughout the thesis.

Phase of impedance (deg)

95
Phase−baseline

90

∆ω

85

Q = ω0/∆ ω

∆θ
80

ω0
75
4.1

4.15

4.2
4.25
4.3
Frequency (MHz)

4.35

4.4

Figure 2.2: Phase of the input-port impedance of a 9”, single turn reader coil. A
2.375”, 5 turns tag coil is present at a coaxial separation of 5 cm from the reader
coil. The phase baseline is nearly at 90◦ . At the tag’s resonance (ω0 ∼ 4.24 MHz),
the phase dips to a lower value. ∆ω is the full-width half-max of the resonance, and
ω0
the pseudo-Q is defined as ∆ω
When a dip is observed, the data can be then analyzed to extract the exact
frequency at which the dip appears. The shape of the phase-dip may also contain
more information on the state of the sensor being interrogated. This shape information is usually quantized by the quality factor or Q of the coil. Q factor is a
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dimensionless quantity, used to describe frequency response of resonators:
Q = 2π ·
=

ω0
∆ω

Energy stored
Energy dissipated
(2.2)

Where ω0 is the resonance frequency and ∆ω is the full-width at halfmaximum. For the impedance analyzer reader, the resonance of the tag is observed
in the reader coil’s phase response. The actual Q of the resonance of the tag coil
manifests itself as the Q of the resonance phase-dip observed in the input impedance
of the reader coil. The obtained impedance data can be interpolated to extract more
information about the Q of the observed phase-dip. This Q is dubbed the “pseudoQ” of the tag, as it is an indirect measurement of the quality factor[4][24]. In order
to detect a change in the monitored quantity (i.e., Zin ), it needs to be referenced
against a calibration measurement. A deviation from this reference can be interpreted as detection. For the case of the impedance analyzer, the value of Zreader
in Eq 2.1 is this reference value, showing up as the 90◦ phase-baseline. When a
dip appears in this reference baseline, the system can call it a detection event. The
fitting algorithm described in [24] subtracts the 90◦ phase-baseline from every measurement, and then fits an inverse Lorentzian to the phase-dip to extract f0 and Q.
Referencing and baselines are discussed in more detail in Section 3.2.1 on page 39.
To detect and read the state of passive wireless tags, a swept-frequency
impedance analyzer is made use of to record the phase angle of input impedance
of the reader coil. The impedance analyzer serves as both sweep-frequency generator and analyzer (or the driver and the recorder). The instruments currently used
14

for lab and field measurements of ESS sensors are the HP 4194A and Solartron
1260A, respectively. The HP 4194A is extremely bulky and hence unsuitable for
field measurements. The relatively smaller Solatron suffers from a very low read
speed, taking 3 (or 6) minutes to run a 200-point (or 400-point) frequency sweep.
The impedance analyzers require a computer to acquire and store the data in a file,
for post processing. This post-processing involves the parameter extraction mentioned above, i.e. extracting the center frequency and Q of the phase-dip. These
calculations are performed offline; making the whole process too slow for real-time
structural monitoring.

2.3

Swept-frequency Reflectometer Reader
A reconfigurable portable reader has been designed and implemented for

wirelessly interrogating embedded passive Electronic Structural Surveillance (ESS)
sensors. Impedance measurements typically have good sensitivity and moderate
speed, though the instruments are bulky and ill-suited for in-situ measurements.
A new reader approach is presented in this chapter, which is designed addressing
the need of balancing portability, sensitivity and read-range for in-situ deployment.
The reader electronics is implemented on a reconfigurable National Instruments
(NI) modular transceiver platform. The NI-RF platform is capable of softwaredefined radio implementations. The design employs a reflectometer, implemented
using a 3-port directional coupler (DC) and a coil as both the driver and reader. The
NI transceiver hardware is used to sweep frequency as well as analyze reflected
signal from the reader at each frequency. This reflected signal is related to the input
15

impedance of the ESS sensor. Analog data has been acquired using this design,
showing that the real-time reader system facilitates especially fast detection and
long read-ranges.
2.3.1

Need for a Portable Rapid Reader
A reflectometer-based reader approach has been developed on digital hard-

ware, to address the issue of portability and read-speeds. A major consequence
of using digital hardware to acquire incoming signal (reader response) is direct
digitization at high sampling rates and high quantization levels, as well as easy
availability of the data for computational purposes. To improve the read speed and
portability of the ESS reader, a software-defined radio (SDR) based implementation
of a reflectometer is presented. A reconfigurable FPGA based design has earlier
been proposed by Fletcher et al., as a small-range Electronic Article Surveillance
(EAS) tag reader[15]. Their reader design had a direct digital synthesizer (DDS)
implemented on FPGA, which was used for swept frequency measurement. Two
different coils were used as receiver and transmitter. On the other hand, in the reflectometer approach presented here, the design is made modular by introduction of
the directional coupler component and only one coil is functions as both the reader
and driver (or receiver and transmitter, respectively).
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2.4

Swept-frequency Reflectometer Reader Hardware Configuration
The reflectometer reader is implemented on National Instruments’ 5641R

IF transceiver for signal generation, acquisition and analysis. A 3-port directional
coupler is connected between the transceiver card’s signal generator output and
the reader coil. As the transceiver card both supplies drive signal to and reads
the response of the reader coil (via the directional coupler), this design is called
reflectometer-based reader.
A

B
Load

Signal Generator

C

Sampled reflected power

Sensor

Figure 2.3: A 3-port directional coupler configured in the reflectometer mode. The
reflected signal from the load is sampled at the coupled port C

2.4.1

Directional Coupler
Mini-Circuits ZFDC 10-6 50Ω coaxial directional coupler (BNC ports),

configured in the reflectometer mode is used as the directional coupler. The ZFDC
10-6 is forward coupled, i.e., coupled port is coupled to the mainline input port.
It has a mainline loss of 0.4 dB, coupling factor of 11.3 dB and directivity 37 dB
respectively, in the frequency range of interest (3-10 MHz)[25]. Coupling factor is
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defined as the amount of signal that appears at the coupled port from the desired
port. Hence, for the ZFDC 10-6, the reflected signal at the coupled port occurs at
11 dB down from the signal at input port. Directivity is defined as the dB difference between coupled port output power, when power is transmitted in the desired
direction, and output power when the same amount of power is transmitted in the
opposite direction. In case of the reflectometer mode of the directional coupler, the
desired direction of power transmission is from port B to A, as shown in Figure 2.3.
Here, Port B would be the mainline input and port A the mainline output port. Due
to the reversed nature of the function of the input and output ports in the directional
coupler, from hereon in the ports will be referred to by their alphabetic labels as in
Figure 2.3, to avoid confusion.
2.4.2

National Instruments RF Platform
The digital IF transceiver card is a part of the National Instruments 1078

chassis, which is compatible with PXI express (PXIe) instrumentation cards. The
NI 1078 chassis houses 9 PXIe card slots, where modular instrument cards can
be inserted. The chassis has a 1.73 GHz quad core PXIe-8133 embedded controller, which is loaded with Windows 7 and NI’s LabVIEW software. The rest of
the slots house the RF/IF modular instrumentation platform. The first three slots
house the three modular components that together form the NI PXIe 5663E 6.6
GHz Vector Signal Analyzer (VSA). The next three slots house the three modular
components that together form the NI PXIe 5673E 6.6 GHz Vector Signal Generator (VSG) with list mode. The last slot houses the NI PXIe 5641R IF transceiver
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card. National Instruments’ PXIe-5641R IF transceiver card has a Virtex-5 reconfigurable FPGA. The transceiver hardware is capable of software-defined radio
implementation. There is a pair of 50Ω SMA analog input/output channels, with
100 Msps 14-bit ADC/DAC capability[26]. 20 MHz bandwidth quadrature digital
down-conversion (QDDC) capability is also built-in on the front end, such that it
can be used as an oscilloscope. The card can be programmed to generate a swept
frequency analog output, with a ramp function generator as a part of direct digital synthesizer (DDS). It is programmed in LabVIEW to implement user-defined
functions and signal processing blocks, for analyzing acquired data. The signal
generation and acquisition functions of the reconfigurable reader are implemented
on the transceiver card.
2.4.3

Reader and Sensor Coils
A single coil is used as the driver and reader for this design. There are a

few coil geometries that can be used, depending on the read-range requirement. As
shown in Section 5.3 in [27], the optimal reader for a desired read-range of ∼ d cm
should be of diameter ∼ d cm. In this chapter, data from two readers is presented.
One of the readers used is a single turn 18 in. diameter coil, wound with an 18
AWG magnet wire. A male RCA connector is soldered across the turn of the coil,
forming the port of the reader. The other reader is a 4 in. diameter coil of 18 AWG
magnet wire with 5 turns.
The sensor tag is a parallel LC circuit. The inductor is formed by a 2 in.
diameter, five turn coil of 22 AWG gauge magnet-wire. A ceramic capacitor with
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(a)

(b)

Figure 2.4: Experimental setup of the swept-frequency reflectometer with (a) 4-in.,
5 turns reader coil (b) 18-in., single turn reader coil
a capacitance of 471 pF is connected across the terminals of the tag. The calculated[28][29] self-inductance of the tag coil is 6.92µH. The calculated resonance
frequency of the sensor tag is ∼ 2.78 MHz, whereas the measured resonance of the
tag (by the impedance analyzer phase dip) is ∼ 3.64 MHz.
The tag is slid on a circular pipe of roughly the same cross section as the
tag coil diameter. The pipe has a measure-tape running along its length, and a base
where the reader can sit. The reader-tag separation is defined as the coaxial separation between the first turn of the reader coil and the first turn of the tag coil, which
is also dubbed the read-range. The experimental setup is shown in Figure 2.4 for
two different reader coils. Notice in the plot on the the monitor that the reflected
signal strength dips as explained in Section 2.6 on page 23.
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Figure 2.5: Functional block diagram of the Swept-frequency Reflectometer reader,
including the directional coupler (top-left) and the reconfigurable NI digital IF
transceiver platform (bottom). The R and S subscripts on the circuit components
represent the reader and the sensor coil, respectively[18]

2.5

Swept-frequency reflectometer reader system design
The functional block diagram of the swept frequency reflectometer reader

system is shown in Figure 2.5. In the reflectometer configuration of the ZFDC
10-6, the reader port (RCA connected) is connected to the input port (B) of the
directional coupler, which in turn is 11 dB coupled to the coupled port (C). The
output port of the directional coupler (A) is connected to the analog out (AO) channel of the transceiver card, with a BNC to SMA connector. The AO channel of the
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5641R acts as the RF source for the reader. The transceiver card has direct digital
synthesis (DDS) ability, which can be programmed with LabVIEW. The AO port is
made to continuously sweep the frequency of the numerically controlled oscillator
(NCO). The NCO frequencies are swept within a short range of sensor resonance
(3 to 4 MHz). The coupled port (C) of ZFDC 10-6 is connected to the analog input (AI) channel of the transceiver, with a BNC to SMA connector. The AI port
of the transceiver acquires the analog reflected signal from the reader and converts
it to digital data. A LabVIEW program controls the gen/acq hardware, with user
defined parameters. For every frequency in the sweep, the program turns the RFSG
ON and then turns the SCOPE ON to acquire the data at its input port, looping thus
till the sweep is completed.
With a 100 Msps digital to analog converter (DAC) at its front end, the card
acquires many samples from the coupled port during the small window in which
the source frequency is constant. Analyzing such a large number of samples can
be both computationally and time-wise an expensive process. Hence, the coupled
port signal is digitally downconverted by mixing with the DDS generated source
frequency, and decomposed into in-phase and quadrature-phase (I-Q) components.
As the IQ-downconverted frequency is very low compared to the original signal frequency, it can be downsampled, i.e., sampled at a much lower rate. The IQ components are proportional to the amplitude of the reflected signal. The post-processing
operations are performed on the magnitude of the IQ signal. The reflected signal
measurement is averaged over multiple (e.g., 4 to 20) acquisitions to average out
noise.
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2.6

Swept-frequency Reflectometer Reader Operating Mechanism
The reader coil is powered by the RFSG. The signal appears at the port-B of

the directional coupler through the mainline port-A, and is delivered to the reader.
The signal appears at the coupled port (C) attenuated by 11 dB. Hence, in the absence of the tag the power delivered to the reader gets recorded at the coupled port.
When the sensor is not present, the total impedance seen by port-B and in turn by
the coupled port (C) of the directional coupler, is that of the reader coil. A reflected
signal strength baseline measurement is recorded in on-board memory. As for any
sensing system, a reference or a calibration is always needed, deviations from which
are later recognized as possible sensor detection events. In the case of the sweptfrequency reflectometer reader, this reflected signal baseline measurement is the
reference measurement and provides a “signature” of the reader coil in the absence
of the ESS sensor. An analogous operation is performed in the impedance analysis
method, by numerically subtracting a 90◦ phase-baseline.
As the sensor coil enters the vicinity of the reader, it gets energized by inductively coupling to the reader magnetic field. The reader continuously sweeps
input frequency around the sensor tag’s resonance, hitting the resonance of the tag
once in every sweep cycle. The reader is effectively a transformer loaded with a
secondary that is a resonantor (sensor tag). The effect of the sensor appears as reflected impedance across the reader, adding to the effective impedance (see Eq 2.1
on page 12). For such inductively coupled systems, resonant power transfer occurs
at the resonance frequency of the sensor tag. This results in a reduction in the re-
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flected signal strength appearing at the coupled port (C). This drop in the drawn
power shows up as a ”dip” in the reflected signal strength, at and near sensor resonance frequency. This dip is analogous to the phase-dip observed in the HP 4194A
Impedance Analyzer measurements (see Section 2.2). The size of this dip depends
on the strength of the inductive coupling between the two coils, for a given Q of the
tag coil. The shape of the dip is dependent on the quality factor of the sensor tag’s
resonance, which is the ratio of the center frequency and the bandwidth of resonance. Curve fitting algorithm is then used to extract the shape of the dip, similar to
the impedance analysis method. The interpolated shape of the dip is related to the
Q-factor of the tag, and is as such dubbed psuedo-Q[24]. The higher the sensor Q is,
the narrower the measured bandwidth of the dip and vice versa. The stored reflected
signal strength baseline is then subtracted out of the dip, removing the signature of
the reader coil (equivalent to baseline correction). The calibrated dip is then windowed near the resonance point, to fit an interpolated Lorentzian function to it. The
Lorentzian fit provides the location parameter x0 and full-width half-maximum γ,
which are a measure of the resonant frequency and the pseudo-Q of the reflected
signal dip, respectively[24]. These two parameters provide complete information
about the state of the ESS sensor being read.

2.7

Experimental Results
This section presents experimental data recorded with the swept-frequency

reflectometer reader instrument setup, for two different reader sizes: 18 in. and 4
in. diameter. The 4 in. diameter reader is also used to benchmark the reflectometer
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Figure 2.6: (a) Baseline reflected strength measured for 18 in. diameter (1-turn)
coil with reflectometer reader setup (b) Baseline corrected reflected signal strength
measured at different sensor tag separations with an 18 in. single turn reader coil. At
separations greater than 25cm, signal smoothing becomes necessary for parameter
extraction
reader against the HP 4194A Impedance Analyzer. The purpose of the new design
is to replace the impedance analysis method in-situ, and such a benchmarking is
necessary to assess the new design’s performance.
2.7.1

18-inch Reader Coil
A single turn (18 AWG wire) 18 in. diameter reader coil is used to read a

5-turn (22 AWG wire) 2 in. diameter sensor tag at different distances. The sensor
tag is resonant at ∼ 3.64 M Hz. The reader coil, with the cabling capacitance and
the directional coupler in series, is self-resonant at 8.6 MHz. The reflected signal
baseline measurement (as explained earlier in Section 2.6) for the 18-in. reader
coil is shown in Figure 2.6a. The measurements are taken at different reader-tag
separations (defined as the coaxial separation between the first turns of both the
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Figure 2.7: Extracted pseudo-Q variation with sensor-reader separation, for 18-in.
reader coil. In the regime of interest (weak coupling), the pseudo-Q values are
within 3%. For greater distances, the variation is higher due to noise

coils), which are also called read-ranges. The reader response obtained for different
sensor tag separations are shown in Figure 2.6b. The dip in the reflected signal can
be seen up to a distance of 25 cm. At distances larger than 25 cm, signal smoothing
becomes absolutely necessary to extract parameters. As seen from Figure 2.6a, the
slope of the baseline reader response is ∼ −82.7 mdB/M Hz, comparable to the
dip in signal strength. At such a high slope, baseline correction is necessary even
for shorter distances, such as at 10 or 15 cm. Baseline from Figure 2.6a is subtracted
from all the read-range measurements shown in Figure 2.6b. The acquired number
of data points is 800, and every result is averaged over 5 consecutive acquisitions to
average out the noise.
Sensor systems that are dependent on Q-factor or resonant frequency mea-
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Figure 2.8: (a) Extracted ω0 variation with sensor-reader separation for 18-in.
reader coil (b) Extracted reflected signal strength dip size variation with sensorreader separation for 18-in. reader coil. The dip size is relative to the baseline of
the reader coil
surements, such as corrosion sensors, require interrogation techniques that are independent of separation distance between the reader and sensor coils. For example,
for corrosion sensors with sacrificial elements [3][6][13], the Q-factor and the ω0 of
a sensor change at different stages of corrosion. To objectively measure the change
in these parameters, the measurement shouldn’t be affected by the separation distance. As mentioned earlier, the reflected signal strength dips are analogous to
phase dips from impedance analyzer experiments. Then, equivalent parameters like
pseudo-Q, ω0 and dip sizes can be extracted from the reflected signal strength dips
using the same fitting algorithm as well. The parameter extraction results are shown
in Figures 2.7, 2.8a and 2.8b. As seen from Figure 2.7, the value of the pseudo-Q is
relatively constant with separation distance except at larger distances. For greater
distances, the reflected signal strength dips become very noisy and parameters can
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Figure 2.9: Baseline reflected strength measured for 4 in. diameter (5-turn) coil
with reflectometer reader setup

no longer be faithfully extracted from the fitting algorithm. This can also be seen in
Figure 2.8a.
2.7.2

4-inch Reader Coil
A 5-turn (18 AWG wire) 4 in. diameter reader coil is also used, to read the

sensor tag at different distances. The sensor tag is resonant at ∼ 3.64 M Hz. The
reader coil, with the cabling capacitance and the directional coupler in series, is
self-resonant at 8.6 MHz. The reflected signal baseline measurement (as explained
earlier in Section 2.6) for the 4-in. reader coil is shown in Figure 2.9. The reader responses obtained for different tag distances from the NI transceiver card are shown
in Figure 2.10. The dip in the reflected signal can clearly be seen up to a distance of
12.5 cm without any baseline correction. At worst-case scenario measurements of
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Figure 2.10: Reflected signal strength measured for 4 in. coil with reflectometer
reader setup at different distances (a) Signal dips at 5, 7.5, 10 and 12.5 cm (no baseline correction required) (b) Worst-case scenario dips at 17.5 and 20 cm distance,
after baseline correction[18]
17.5 and 20 cm distance, baseline correction becomes necessary to distinguish the
dips from noise. As seen from Figure 2.9, the slope of the baseline reader response
is ∼ −26 mdB/M Hz. The size of the signal strength dips at ranges of 5, 7.5,
10 and 12.5 cm is substantially higher than the slope of the baseline, and as such
baseline subtraction is not necessary. Whereas, at distances of 17.5 and 20 cm, the
dip size falls below ∼ 4 mdB and will not be visible without baseline correction.
2.7.3

Benchmarking with Impedance Analyzer
To benchmark the reflectometer reader against the HP 4194A impedance

analyzer method, the impedance analyzer data from the same experimental setup
is compared with the reflectometer reader data. For a fair comparison, the NI
transceiver card is set to generate and record 401 frequency points, the same number of points at which the HP 4194A impedance analyzer measures. The directional coupler component is present in both experiments. Each reader measurement
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is averaged over 4 raw-data acquisitions, to integrate the noise out, for both the
reflectometer and impedance methods. As discussed earlier, the same parameter
extraction algorithm[24] used for the impedance analyzer method, is used here for
fair comparison of the two methods. Pseudo-Q of the reflected signal strength dips,
center frequency and the dip-size are extracted from each of the measurements.
To compare the performance of the two methods, it is necessary to see how
well the results conform with each other. The Q-factor of such a dip in a sweptfrequency measurement is independent of the distance (or the coupling factor) between the two resonators, especially in the weak coupling limit. Then, the extracted
pseudo-Q should more or less be constant with distance. Same goes for the center
frequency of the dip, i.e., resonance of the sensor tag. The size of the dip is ex30
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Figure 2.12: (a) ω0 of the dips (phase for impedance analyzer, reflected signal
strength for reflectometer reader) vs. distance (b) Dip sizes (phase for impedance
analyzer, reflected signal strength for reflectometer reader) vs. distance. As expected, the dip sizes show a d6 roll-off with distance in both the reflectometer and
impedance analysis methods.
pected to fall as the 6th power of distance. The results are shown in Figures 2.11,
2.12b2 and 2.12a. The pseudo-Q comparison from Figure 2.11 shows good agreement between the two methods, especially in the weakly coupled limit, which is the
regime of interest as discussed earlier. At larger distances (> 10 cm), the reflectometer reader suffers from noise and the coupled port signal, being 11 dB down,
is buried in the noise floor. Along with baseline correction, post-acquisition signal
smoothing becomes necessary for parameter extraction. Nonetheless, the sensor
can still be detected at 20 cm distance from the reader, which is nearly double the
diameter of the reader coil. The ω0 variation with distance is very minute for both
the impedance analyzer and the reflectometer reader.
2
Note that the units of the “signal strength” are different for both the reader methods: size of
phase-dip for the impedance analyzer in degrees and reflected signal strength dip for the reflectometer reader in dB
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Figure 2.13: 8” cube Concrete blocks with embedded corrosion sensors used for
testing read-range in concrete

2.8

Read-range Measurements of Embedded Corrosion Sensors
This section presents experimental results of corrosion sensors embedded in

concrete blocks, obtained with the Swept-frequency Reflectometer Reader. Eight
concrete specimens (∼ 8” cubes) with embedded sensors were tested. The specimens (Figure 2.13) were divided into two groups based on the type of the embedded
sensor. Group A contains sensors without a steel washer (sacrificial element) and
group B has sensors with a sacrificial steel washer[6][13][14]. The sacrificial steel
washers are exposed to the concrete, where the corrosion in the concrete rebar also
corrodes the steel washer. The tag coil is hermetically sealed, and is placed below
the washer in concrete. This leads to the washer loading the reader and also shielding the magnetic field of the reader coil for the tag coil, lowering the measured
pseudo-Q of the dip[6][13]. Further, the sensors are embedded at different depths
in the concrete blocks; at 1”, 2”, 4” and 5.5” from the top surface corresponding to
different amounts of concrete cover. The white PVC pipe sections indicate the depth
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Figure 2.14: (Top) Experimental setup for both the reading mechanisms (middle)
Comparison of responses without washer (bottom) with washer at different readranges
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Figure 2.15: Experimental set up (top) for read-range measurements at 9.5” (5.5”
concrete cover + 4” air) for sensor A5.5 embedded in concrete obtained using the
Impedance Analyzer (left) and the Swept-frequency Reflectometer Reader (right)
at which the sensor is placed inside each concrete block. Sensors A1, A2, A4 and
A5.5 have relatively high-Q sensors embedded at 1”, 2”, 4” and 5.5” respectively.
The single turn 18” diameter coil was used as the reader coil. The measurements
were acquired using both the Swept-frequency Reflectometer Reader and the HP
4194A Impedance Analyzer. Figure 2.14 shows the experimental set up used to
make the measurements using the Impedance Analyzer (top left) and the Swept-

34

!"# $%&'%()*+%)%,

-/0/

-.

!"

12

"%&'()

#$

Figure 2.16: Simultaneous reading of Sensor B1 (with washer) and Sensor A4
(without washer) through 12 of concrete cover
frequency Reflectometer Reader (top right). The high-Q Group A sensors (middle)
have a larger signal strength than the low-Q Group B sensor (bottom). It follows
that Group A sensors should have a larger read-range than Group B sensors. In fact
the response of the Group B sensors fast diminishes at distances > 5.5” for both
readers. The Group A response can be measured as far away as 9.5” (Figure 2.15).
Figure 2.15 (top) shows the set up when measuring at distances > 5.5”, 4” spacers were used such that the measurement was performed through 5.5” of concrete
and 4 inches of air. The results in Figure 2.15 (bottom) show that sensors without
washer (high-Q) can be read up to a distance of 9.5”. Since the sensors with washer
can only be read up to a maximum range of 5.5”, this underscores the need to have
high-Q sensors even when loaded with a sacrificial washer.
A simultaneous measurement of two sensors in a stacked double-block setup
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has also been performed with the Swept-frequency Reflectometer Reader. In Figure 2.16 (right), the concrete block B1, containing a sensor with a washer element
at 1” concrete cover, is placed on top of another block with just a sensor A4 at
4” concrete cover. The reader coil interrogates both the sensors at a total concrete
cover of 12”. Figure 2.16 (left) shows the measured reflected signal curve shows
two distinct dips at the resonant frequencies of the two sensors. This measurement
was also repeated by replacing sensor A4 by sensor A5.5 and although noisy, the
response is still detectable. This confirms that the Q of the sensors is more important to its read-range than the effect of embedding the sensor in concrete which is
at best marginal. The read-range of the Swept-frequency Reflectometer Reader is
comparable to what can be obtained using the HP 4194A impedance analyzer.
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Chapter 3
Switched-Frequency Interrogation: Introduction and
Operating Mechanism

This chapter presents the design and implementation of a novel rapid reading method for passive sensor interrogation, called Switched-frequency Interrogation Technique. This method employs only two operating frequencies, instead of
the swept-frequency methods discussed earlier in this thesis. It is designed to address the need of very rapid reading of sensors in real-time and in potentially noisy
environments. While targeted at rapid reading, this method also provides a tool to
compare read range, read speed and reliability with quantifiable uncertainties.

3.1

Non Swept-frequency Reading
The methods discussed in the earlier chapters make use of frequency sweeps

to detect the presence of a sensor tag, by looking for a change in either phase of the
impedance or magnitude of the reflected signal. Swept-frequency measurements
are inherently slower, compared to single (or a few) frequency measurements. The
source is repeatedly cycled through a set of frequencies, which are generated for a
fixed time interval within which the acquisition hardware has to acquire and digitize
the data. The time taken to make a single reading becomes a bottleneck for perfor-
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mance. In the case of a reader system mounted on a moving vehicle to read sensors
embedded in the concrete bridge-deck, such a bottleneck could be very critical. In
principle, the vehicle will be required to stop at the location of every sensor tag to
sweep frequencies at that location and acquire the response. This defeats the purpose of having a rapid reader for detecting sensors. Firstly, prior knowledge of the
exact location of sensors is required, which may not be guaranteed in most cases
and in some cases, locating sensors may be the primary task of a reader. Secondly,
stopping at every sensor’s location to acquire data can substantially increase the
time required for in-situ testing and measurement, potentially resulting in delays
and closures, both of which are highly undesirable especially for civil structures
like bridges.

3.2

Introduction to Switched-frequency Interrogation
A novel method targeted at rapid reading for coupled sensors has been de-

veloped and implemented on the NI-RF hardware. It is a time-domain method,
which is based on switching between two fixed frequencies rather than sweeping a
range. This method helps relate read range, read speeds and reliability of detection
with each other. The method also provides quantifiable uncertainties (or errors) on
the performance metrics. The method uses a similar setup as that of the reflectometer reader design (Section 2.4 on page 17), employing a directional coupler and a
single coil for both the drive/read operations. The RF source and data acquisition
hardware is part of the same chassis as the NI 5641R IF Transceiver. The hardware
configuration is explained in more detail in Section 3.3.1.
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As explained earlier in Section 2.6 on page 23, when a sensor coil comes in
the vicinity of the reader, there is resonant power transfer at the sensor’s own resonance frequency ω0 (= 2πfres ). This results in a reduction in the measured reflected
signal amplitude on the reader end, at resonance (f = fres ). The described method
takes advantage of this amplitude reduction at resonance, to detect a sensor-tag.
Such a method is very useful in threshold sensing, where a particular amount of
change in a measured quantity signifies a sensed event. A large amount of data is
obtained for each measurement in this method, on which statistics can be performed
to calculate uncertainties. The uncertainty value can be used to define confidence
in the determination of a detection event, and to define the threshold of detection
itself.
3.2.1

Baselines and Reference Calibration
Detection in a sensor system requires comparison of every incoming mea-

surement to a reference value. A reference measurement is taken when the user is
aware that the sensor is absent, and the measured parameters reflect the effect of the
environment only. In the case of passive corrosion sensors for example, a reference
measurement is when there is no tag in the vicinity of the reader’s magnetic field.
Deviation from this reference measurement may constitute a detection event.
The ongoing argument of resonant power transfer between the reader and
the tag at fres , leads to a way of detecting the presence of the tag by continuously
measuring reflected signal amplitude at resonance Ares , and looking for a change
(i.e., reduction). However, this absolute value of the amplitude Ares is not nor-
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malized to any value, and is susceptible to inherent fluctuations due to multiple
reasons including but not limited to, thermal noise, quantization noise, limit cycle,
instrument drift, environmental low frequency interference, presence of broadband
interferers etc. Such inherent fluctuations in the value of the reflected signal will
inevitably lead to false detection events. In a sensor system, the problem of such
fluctuations can be circumvented by normalizing every measurement to a baseline
measurement. Once a baseline is established and stored in memory, the subsequent “in-situ” measurements can be referenced to the baseline. Referencing may
be achieved by any mathematical operation pertinent to the sensing problem at hand
other than a division. For example, in case of the impedance analyzer method, the
inductive phase-baseline of just the reader is subtracted out of the measured phase
of the impedance of the reader-tag system to get a referenced measurement (Section
2.2, page 11):
Zθ,i (ω) = Z ∗ θ,i (ω) − Zθ,0 (ω)

(3.1)

Where Z ∗ θ,i (ω) is the ith measurement of phase of the impedance of the reader-tag
system and Zθ,0 (ω) is the measured phase-baseline of only the reader coil. In case
of the swept-frequency reflectometer, the “no-tag” reflected signal strength (reader
only case) in dB (called a baseline) is subtracted out of reflected signal strength
(again, in dB) measurement of the reader-tag system, which in absolute value is a
division operation:
Pi (ω) = Pi ∗ (ω) − P0 (ω) (dB)
pi (ω) =

p∗ (ω)
(V )
p0 (ω)
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(3.2)

Where Pi ∗ (ω) is the ith measurement of reflected signal strength spectrum (in dB)
of the reader-tag system and P0 (ω) is the reflected signal strength spectrum (in dB)
of only the reader coil. The lowercase letters on the 2nd line in Eq 3.2 represent
the similar quantities, but in absolute values (Volts). There are some cases when a
relative change in the reference measurement is a better metric for sensing (such as
temperature change), then the referencing can be a relative ratio:
T =

∆T
T0 − T ∗
=
T0
T0

(3.3)

Where T ∗ is the instantaneous measurement and T0 is a reference measurement. In
the Switched-frequency Interrogation method, the reference measurement is indicative of what the reader sees when there is no tag present. A change in the “no-tag”
reference state can be indicative of a detection. On the other hand, baseline normalization is expected to provide robustness against external factors that affect the “no
tag” measurement in the same manner as it would for a “tag present” measurement.
In other words, environmental factors that can affect measurements whether or not
the tag is present, are calibrated out when a baseline is calculated for every in-situ
measurement and the latter is normalized to the former.
3.2.2

Switched Frequencies
There are multiple ways in which normalization with respect to a baseline

can be achieved. One such method is as explained in Section 2.6 on page 23, for
the swept-frequency reflectometer, where the baseline (or “no-tag”) reflected signal
strength curve (spectrum) is subtracted out of each live measurement to compensate for the baseline slope. An analogous baseline referencing operation is also
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performed in the impedance analyzer case, where the inductive phase-baseline of
the reader is numerically subtracted from each impedance (i.e., phase Zθ ) measurement for post-processing parameter extraction.
!"#$%&%'"()*!"#"%+,

&'(!)$)*'#+$,(')%-

$--(-$

!""#"!

&+(-$

$%#"!

(a)

(b)

Figure 3.1: (a) Alternating frequency “pings” on (fon = fres ) and off (foff �= fres )
tag resonance generated by the source driving the reader coil through the directional
coupler. The reflected signal strength in the reader is measured through the coupled
port (b) When the tag is in the vicinity of the reader, the reflected signal amplitude
on tag resonance (fon ) drops, whereas it remains the same off-resonance (foff )

In the novel method presented in this chapter, the need for an in-situ baseline
normalization gives rise to the use of two frequencies that are “pinged” alternatively
to the reader. The frequency source continuously generates two signals of alternating frequencies (foff and fon ), one of which is the resonance frequency of the sensor
tag to be detected (fon = fres ) (see Figure 3.1, where f1 = foff and f2 = fon )1 .
1

It should be noted that the on and off subscripts (or superscripts) on variables (e.g., fon , foff )
denotes on-resonance and off-resonance frequencies respectively, rather than the device turning on
or off
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Figure 3.2: Average values of peak amplitudes measured at the reflected port. In
the event a tag is present, such a variation in the average peak values can be seen

Here, a “ping” is defined as the total duration in which the source generates the
two alternating frequencies (τ in Figure 3.2). As the two frequencies are on and
off the sensor-tag resonance, this method is dubbed On-off pinging or SWItchedFrequency Interrogation Technique (SWIFT). The on-resonance frequency fon (or
the target tag’s resonance frequency) needs to be known with good accuracy beforehand. In this method, the on-resonance (fon ) reflected signal strength is the
actual measurement, whereas the off-resonance (foff ) reflected signal strength is for
baseline normalization. This is because when the tag is present, the reflected signal
amplitude (Aon ) on-resonance in the reader coil will drop from the “no-tag” case,
and thus it constitutes a detection event. On the other hand, at the off-resonance
frequency, the reflected signal amplitude (Aoff ) in the reader coil will remain constant, whether the tag is present or absent. Hence, the off-resonance reflected signal
amplitude may be taken as a baseline. The measured amplitude (Aon ) can then be
divided by the baseline amplitude (Aoff ) to normalize it:
R̂ =

�Aon �
�Aoff �
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(3.4)

Where �Aon � and �Aoff � are the means of multiple readings of the reflected signal
amplitudes Aon and Aoff at ping-frequencies fon and foff , respectively. This baseline normalization is similar to that of the absolute value referencing in the sweptfrequency reflectometer case (Eq 3.2). In fact, in the absence of the tag the ratio
will not exactly equal unity, as there is a “baseline” taper (or slope) in the reflected
signal strength spectrum from the reader coil itself, which results in two different
amplitude values (Aon �= Aoff ) at the two ping frequencies (fon , foff ). This is similar
to the baseline measurements shown in Figures 2.6 and 2.9 in Section 2.7 for the
swept-frequency reflectometer. The conceptual illustration of Figure 3.1 is simplified for purposes of demonstration. In reality, the two amplitudes for the half-ping
duration will likely be different from each other even in the absence of a tag. This
is illustrated in Figure 3.4 in Section 3.4 on page 49. A reference measurement for
the SWIFT reader is made when there is no tag in the vicinity of the reader coil. A
reference ratio R̂b of reflected signal amplitudes of on-resonance and off-resonance
input signals is calculated for this “no-tag” case. A deviation from the reference
will indicate the presence of a tag, under suitable threshold conditions (see Section
4.2). It is therefore the change in the ratio of the two amplitude numbers from the
“no-tag” reference case, which is a more informative metric for detection of tags.

3.3

Switched-frequency Interrogation System
This section describes the system design and implementation of the Switched-

frequency Interrogation Technique. Hardware configuration for this reader is similar to that of the reflectometer reader. The system is implemented on the previously
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described NI 1078 PXI-e chassis, using modular RF instrumentation cards. The
block diagram and the operating mechanism of the SWIFT reader method are also
discussed.
3.3.1

Hardware Configuration
The overall experimental setup for the SWIFT reader method is very similar

to that of the reflectometer reader as described in Section 2.4 on page 17. A directional coupler is used, to measure the reflected signal amplitude from the reader coil,
as before. The mainline of the directional coupler is used to energize the reader coil
at two alternating frequencies, by the RF signal generator (RFSG) instrument. National Instruments’ 1078 PXI-e chassis is used, with the NI PXI-e 8133 embedded
controller card. LabVIEW is loaded on the controller, and the virtual instrument
(VI) is programmed in LabVIEW to generate signal, acquire digital data and perform post-acquisition analysis and statistics. The ZFDC 10-6 directional coupler is
also used in this case, refer to Section 2.4 on page 17 for its detailed description.
The RF signal generator (RFSG) used is NI PXI-e 5652 RF and microwave
signal generator card with modulation capability. The RFSG has a direct digital
synthesizer (DDS) inside, which can be programmed to generate RF frequencies
from 500 kHZ to 6.6 GHz. The card is clocked with the PXI-e chassis’ 10 MHz
internal (backpane) clock. It is programmed in the LabVIEW VI to alternately generate on and off-resonance (sensor tag’s resonance) RF signals (i.e., fon = fres and
foff �= fres ). The RFSG will continue generating the RF signal until the subsequent
programming blocks of data acquisition by the digitizer execute. The output RF
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power can be set between 3 to 5 dBm[30].
Data acquisition is done with NI PXI-e 5622 IF Digitizer, which has a 16bit ADC[31] and a selectable list of sampling frequencies (21, 30, 50, 75 and 150
Msps). The digitizer is also clocked with the chassis’ 10 MHz internal clock. In the
VSA module, the 5622 acts as the IF-to-baseband digitizer module and hence it has
a quadrature digital downconverter (IQ) on its front end. For the purposes of the
SWIFT reader, the card is used simply to capture raw waveform data and digitize it,
and thus acts as an oscilloscope. The sampling frequency (Fs ) and the acquisition
window size (τ seconds) are programmable for each waveform capture. Both the
RFSG and Digitizer cards are part of the NI PXI-e 5663E Vector Signal Analyzer
(VSA) modular instrument. The modular VSA is made up of three components: a
5652 RF signal generator used as LO source for VSA purposes, a 5601 RF Downconverter and the 5622 IF Digitizer. All cards can also be individually controlled
to form an instrument different from the VSA, just like in the case of the SWIFT
reader.
3.3.2

System Design
The block diagram of the implementation of the Switched-frequency Inter-

rogation Technique is shown in Figure 3.3. Note the similarity of the experimental
setup to that of the reflectometer reader (Figure 2.5, page 21). The reader coil is
connected to the ZFDC 10-6 directional coupler’s input port (port-B) with an RCAto-BNC connector. The RF OUT port of the RFSG is connected to the output port
(port-A) of the directional coupler via an SMA-to-BNC coax cable. The coupled
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Figure 3.3: Block diagram of the Switched-frequency Interrogation Technique
port (port-C) of the directional coupler is connected to the digitizer’s IF IN port
with a BNC-to-SMA coax cable. As with the reflectometer experimental setup, the
sensor tag is put on a circular pipe with a measure-tape running along its length.

3.4

Switched-frequency Interrogation Operating Mechanism
As illustrated in the block diagram in Figure 3.3 on page 47, the RFSG is

used to generate two frequencies (foff = f1 and fon = f2 ) alternatively, one of which
is on tag resonance and the other is off-resonance. For this purpose, it is essential

47

to know the resonance frequency of the sensor tag to a good approximation. While
selecting the off-resonance frequency, the Q-factor of the tag’s resonance should
be considered. As discussed before in Section 2.6 for the Swept-frequency Reflectometer Reader, the tag has a finite Q and hence there is a “dip” of finite width
around the tag resonance. The reflected signal amplitude will be different from the
reference (“no-tag”) measurement of reflected signal amplitude at not only the tag
resonance (fres ), but also in the neighborhood ∆fres around fres , where ∆fres is the
width of the resonance. Where Q = fres /∆fres . Hence, the off-resonance frequency
(foff ) should be selected such that it is at least a ∆fres away from the resonance
frequency, to provide a faithful reference.
3.4.1

Effect of Baseline Taper
To illustrate the argument made in the previous paragraph, and to explain the

“baseline taper” of a reader coil (mentioned in Section 3.2.2, page 41), an experiment was performed using the same hardware and setup, but in a swept-frequency
mode. Thus, instead of alternately generating foff and fon , the RFSG was made
to sweep frequencies about the tag’s resonance (fres ≈ 3.64 MHz). This setup
would be similar to that of the swept-frequency reflectometer implemented on the
NI 5641R IF Transceiver card. The reader coil used is the 18-in. diameter, single turn coil and the tag coil is a 2-in. diameter, 5 turn coil. The tag is kept at a
test-distance of about 10 cm from the center of the reader coil2 . The results of the
2

Similar to the setup shown in Figure 2.4 in Chapter 2, except the NI 5622 and NI 5652 modular
cards are used instead of the NI 5641R. Figure 5.1 in Chapter 5 shows the SWIFT reader setup with
the two digitizer/RFSG cards
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swept-frequency experiments are shown in Figure 3.4. The units of the reflected
signal strength are in Volts to maintain consistency with all the experimental results

Reflected signal amplitude (V)

presented for this method.
0.13
Baseline
tag @ 10 cm

0.125
0.12
0.115
0.11
0.105
0.1

2.6

2.8

3
3.2
3.4
Frequency (MHz)

3.6

Figure 3.4: Baseline taper and dip in reflected signal strength for the sweptfrequency setup of the SWIFT Reader. The 2”, 5 turn tag is 10 cm away from
the 18”, single turn reader coil in both cases. RFSG output signal power is at 4
dBm
According to Figure 3.4, if one were to select the off-resonance frequency
foff at 2.64 MHz (≈ 1 MHz away from fon (= fres )), it would be way outside the
influence of the “dip” occurring around 3.64 MHz, and would be a safe choice for
baseline normalization. The baseline taper in the figure also illustrates the point
made in Section 3.2.2 about the ratio of the two reflected amplitudes Aon and Aoff
not being unity even in the reference “no-tag” case. This taper is a result of the fact
that the reader coil is not an ideal inductor and it is also not perfectly impedance
matched . The absorption of power by the reader at different frequencies is different,
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Figure 3.5: Peak-value arrays Aj vs ping index j for the 2” tag experimentally
measured with the 18” reader. Notice the off-resonance peak values stay constant
whether the tag is present or not, whereas the on-resonance peak-values change.
Compare amplitude values with Figure 3.4
resulting in a taper. Depending on the slope of the baseline taper, the value of the
peak signal amplitude for fon maybe larger or smaller compared to foff . In the
example in Figure 3.4, the baseline taper has a positive slope, i.e. Aon is always
larger than Aoff . This is true even when a tag comes nearby, as the “dip” in the
reflected signal strength is small still. Figure 3.5 shows experimentally measured
peak-amplitude values Aj for successive pings, indexed by j for the same readertag coil setup used as for Figure 3.4. In the presence of a tag the off-resonance
peak values stay constant, whereas the on-resonance peak values drop from the
no-tag case. Notice the peak-value amplitudes shown in Figure 3.5 are similar to
the reflected signal measured (Figure 3.4), as expected. To summarize, the SWIFT
reader performs a calibration operation in two steps:
1. baseline normalization: Refers to the ratio of the on-resonance and off-resonance
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amplitudes explained in Section 3.2.2 on page 41. This is done to provide
robustness against environmental factors that affect the overall frequency response of the reader coil. In effect, this operation is like normalizing a measurement to a “known” value
2. No-tag reference: Refers to the ratio calculated when there is no-tag present.
As explained in Section 3.2.2, a deviation in the ratio value from the “no-tag”
reference case constitutes a detection event. This referencing is used to define
detection events.
3.4.2

Signal Generation
As illustrated in Figure 3.3 on page 47, the RFSG “pings” two frequencies

alternately. The system loops in a state of generation and acquisition, continuously
pinging. The alternating ping signal generation can also be looked at as frequencyshift keying (FSK), where the carrier signal and the modulation index may be defined as:
fon + foff
2
|fon − foff |
= 2·
fon + foff

fc =
m=

∆f
fc

(3.5)

Where fc and m in Eq 3.5 are the carrier frequency and the index of modulation
for FSK generation. The message or baseband signal in this case will be a series of
alternating 0� s and 1� s, or a square wave of total duration acq τj :
acq τj

=acq τjoff +acq τjon
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(3.6)

The left-subscript “acq” on acq τj refers to the acquisition time-period of the digitizer.
off
acq τj

and acq τjon are the half-ping durations corresponding to acquisition times for

foff and fon , respectively on the j th ping. Equivalently the two maybe looked at as
the half-durations of the baseband square-wave that is FSK modulated by carrier fc
from Eq 3.5. The index j is just to illustrate the fact that the system continuously
pings the two frequencies; the duration of each ping is typically the same (i.e.,
acq τj

= T0 and

on
acq τj

=acq τjoff = T0 /2). During each half-ping period, reflected

signal strength data (from port-C of directional coupler) is acquired by the digitizer
and quantized. The whole waveform is captured and stored, after clipping a few cycles from the beginning and end of the capture (to account for switching transients).
Once the digitizer stores the raw data, control is passed on to the 8133 embedded
controller via the LabVIEW VI. The control parameters for the experiment can be
input in the LabVIEW program by the user and are as follows:
1.

acq τ ,

the total ping duration or base ping-period (e.g., 1, 2 or 3 ms)

2. RFSG output RF power (e.g., 4, 5 dBm)
3. P or total number of pings
4. Fs or sampling frequency of the NI IF Digitizer (e.g. 21, 30, 50, 75, 150
Msps)
5. fon or on-resonance frequency (= tag’s resonance frequency fres )
6. foff or off-resonance frequency
7. � or threshold of detection
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3.4.3

Data Acquisition
For each ping

acq τj ,

raw sinusoidal data is acquired by the digitizer and

stored in an intermediate array Xij , where i is either “on” or “off” and j indexes all
the ping-periods. The sinusoidal raw data arrays form a set X. Each raw data sample
acquired in subsequent pings is of the same size, for the same i. The ping period
can be defined in terms of number of acquired points N i and sampling frequency
Fs :
i
acq τj =

Ni
Fs

Or, N i = Fs ·acq τji =

Ci
fi

(3.7)

Ci in Eq 3.7 refer to the number of cycles acquired for the on/off-resonance signals.
on
The size of the sample Xoff
j may differ from the size of sample Xj , depending upon

the acquisition strategy. There are two ways to decide the number of points to be
acquired for each frequency sample (N i ), during one ping:
1. Number of cycles acquired remains the same: For each ping acq τj , same number of cycles Ci = C0 are acquired in both the half durations acq τjoff and acq τjon .
In case of foff < fon , according to Eq 3.7: N off > N off . Figures 3.1 and 3.2
illustrate this case.
2. Time of acquisition remains the same: For each ping acq τj , same time duration
off
acq τj

=acq τjon = T0 worth of points are acquired in both the half pings. Thus
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by extension, number of points acquired also remains the same. From Eq 3.7:
off
acq τj

=

on
acq τj

= T0

∴ N off = N on = Fs · T0 ⇒ Coff < Con

(3.8)

Whichever one of the above strategies is employed, there isn’t a significant
effect on the statistical results, especially when N i grows large.
The ongoing description of signal generation (Section 3.4.2) and subsequent
data acquisition during each ping period

acq τj

is the main process of the SWIFT

reader. When a reader coil is connected up to port-B of the directional coupler and
the LabVIEW program is loaded, a reading of the reflected signal off port-C can be
made. Whether a tag is present in the vicinity of the reader or not, does not affect
the reading process. Therefore, the same process (generation/acquisition) is made
use of to record the “no-tag” (or reference) measurement for each reader coil.
3.4.4

Peak Counting
The signal generation and acquisition loop runs for P pings (acq τj , j =

1, 2 . . . P ). After which, the execution is passed on to the NI 8133 embedded controller (LabVIEW environment). The first is peak counting, which is performed
on the raw sinusoidal data acquired by the digitizer (i.e, Xij ). LabVIEW’s peak
counting is a quadratic curve fit algorithm[32] (denoted here as a function Fp ). The
algorithm fits a parabola to the nearest one point on each side, for every point (i.e.,
total of 3 points) to find peaks or valleys. A peak amplitude array or sample Aij
is populated, where i is either “off” or “on” depending on whether the RFSG fre54
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Figure 3.6: Illustration of peak counting on acquired raw sinusoidal data
quency is foff or fon , respectively and j is the index describing the j th ping. The set
of these peak-value arrays is called A:
Aij = {aij,n } = Fp (Xij )
∴ N (Aij ) < N (Xij )
Aij ∈ A, and Xij ∈ X where, j = 1, 2, 3 . . . P

(3.9)

Where the lowercase aij,n denote the elements of the individual peak-value arrays
Aij . Fp is the peak finder function and N () denotes the cardinality or size of the
array in parentheses in Eq 3.9.
Due to quantization noise and choice of sampling rate, the peak amplitude
values in the array Aij may not exactly equal to one another. This is illustrated in
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Figure 3.6. This variation in peak values can be captured by performing statistics on
the sample Aij . The statistics performed on subsequent sample acquisitions allow
for defining detection threshold, sensitivity of detection and relation of read-range
to read-speeds. The statistical analysis of the data is explained in more detail in
Section 4.2 on page 62. The word “ping” can be used to describe either of the
following: the time period in which signal generation/acquisition takes place (i.e.,
acq τj ),

the raw sinusoidal samples Xij or their peak-value arrays Aij . Context will be

made clear, where an explicit distinction of either of the three cases is necessary.
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Chapter 4
Switched-Frequency Interrogation: Statistical
analysis, threshold detection and read-speeds

This chapter describes the post-acquisition data analysis, statistics and calculation of detection threshold for the Switched-frequency Interrogation Technique.
After the generation and acquisition stage (as explained in Section 3.4 on pages
51 and 53, respectively), the NI PXI-e 8133 embedded controller is programmed
(through the LabVIEW environment) to perform statistical analysis on the data to
set and compare detection thresholds. This is the stage at which the reader system
decides whether a tag is in the vicinity of the reader or not. It is the bottleneck stage
in terms of speed of execution, as the analysis involved tends to be quite tedious. A
faster computing system is very advantageous to quickly execute the analysis and
detection algorithms.
Previous reading methods (impedance analyzer, swept-frequency reflectometer etc) have been relatively slow due to their swept-frequency nature and also have
major variations depending on the instrument used (the difference in read-speeds
of the HP 4194A and Solartron 1260A impedance analyzers). The SWIFT method
uses only two frequencies alternately, which makes signal generation and acquisition very fast. Read-speeds are discussed in more detail in in Section 4.5 on page
75. To describe read-speeds, the measured data has to undergo statistical analysis,
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which is also discussed in detail in this chapter. Briefly, to compare read-ranges with
read-speeds, it is first necessary to quantize read-times (inversely related to readspeeds) for the particular setup being used. In the SWIFT method the read-times
are discretized as individual pings (the base ping-periods acq τj )1 , during which signal generation/acquisition takes place (Sections 3.4.2 and 3.4.3). To test the reader
system at different read-times (or read-speeds), the reader program concatenates
the individually acquired pings (viz. peak-value set A from Eq 3.9 on page 55) to
form new peak-value arrays of larger sizes.The concatenation is equivalent to having longer read-times. Section 4.1.1 describes the procedure of concatenation in
detail. Section 4.5 describes the objective of concatenation in better detail. Quantization of read-speeds from discretized read-times is also discussed. Some realistic
limits on read-speeds are discussed, due to hardware configuration.

4.1

Dataset Generation
This section describes the next step in the LabVIEW programming of the

8133 embedded controller. This step follows peak-counting of the NI digitizeracquired raw sinusoidal samples Xij . To perform statistical analysis on the data
for detection decision, a dataset S is generated. Generation of this dataset is a
computationally heavy task, and is a bottleneck for slower computing systems.
1

Typically these base ping-periods have a constant value acq τj = T0 . From hereon, the term base
ping-period will be used to refer to either acq τj or T0
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4.1.1

Concatenation of Pings
After peak counting (Section 3.4.4), the LabVIEW program concatenates

subsequent ping periods to form a set of arrays of varying sizes. After the preset
number of pings P are generated, the reflected-port signal from the reader coil Xij
are recorded and the peak value arrays (Aij ) are populated to form the set A, the
LabVIEW VI is programmed to concatenate the peak-value arrays of subsequent
individual pings to create successively larger arrays. A new set of arrays Sik is
created. The Sik arrays are defined as follows:
Sik = {sik,n } = [Ai1 Ai2 . . . Aik ], Sik ∈ S
where, S = {[Ai1 ], [Ai1 Ai2 ], [Ai1 Ai2 Ai3 ], . . . , [Ai1 , Ai2 . . . AiP−1 AiP ]}
and, j, k = 1, 2, 3 . . . P

(4.1)

As before, the lowercase sik,n in Eq 4.1 denote the elements of the arrays Sik . The
arrays of the set A and set S are indexed with different indexes (j and k, respectively). For set A the index j indicates the j th individual ping, whereas for set S
the index k indicates concatenation up to and including the k th ping. The square
brackets in Eq 4.1 denote concatenation, e.g. the 3rd array Si3 will be created by
horizontally concatenating the elements of peak-value arrays Ai1 , Ai2 and Ai3 . This
means that the size of every array Sik is successively larger thus:
N (Sik ) = k · N (Ai1 )
N (S) = N (A) = 2P

(4.2)

N () in Eq 4.2 denotes cardinality (or size) of the array or set in the parentheses.
Hence, the size of the Sik arrays is an integral multiple of the first peak-value array
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Figure 4.1: Illustration of variable read-times, by means of post-acquisition concatenation of pings
(Ai1 ). The cardinality of the set S is 2P , which is the total number of pings, equal
to the cardinality of the peak-value set A. The factor of two refers to the two halves
τ on and τ off for each ping. Each element in the set S is an array of varying sizes
defined by Eq 4.2.
4.1.2

Variable Acquisition Window Size
The concatenation operation as described in the previous subsection is equiv-

alent to varying the actual acquisition window size during the NI digitizer acquisition step itself. Hence, in relation to Eq 4.2, the post-acquisition concatenation
operation is equivalent to varying acquisition window sizes if the individual pingperiods are increased thus:
i
cat τk

= k ·acq τji = k ·

T0
2

(4.3)

The left-subscript “cat” on

cat τk

is to differentiate this new “longer” ping period

from the base ping-periods

acq τj .

k indexes concatenation up to and including the

k th ping and i is either “on” or “off”, depending on whether it is the on-resonance
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Figure 4.2: Illustration post-acquisition concatenation of pings: raw sinusoidal data
is acquired (Xj ), peak-values are detected (Aj ) and concatenated to form successively larger arrays (Sk )
or off-resonance half of the ping. As all the base ping-periods are typically kept at a
constant value of acq τj = T0 , the new concatenated ping-periods are just k th integral
multiples of T0 .
The varying acquisition window size concept is illustrated in Figures 4.1 and
4.2, where it is seen that the concatenated pings cat τk are just integral multiples of
the base ping-period T0 . Figure 4.1 only illustrates the generic case without taking
into account the existence of a baseline taper. In reality, the values of the average
peak amplitude �Aon � may be greater than �Aoff �, as explained earlier in Section
3.4.1 on page 48. The main purpose behind generating the dataset S is to reproduce
the equivalent effect of acquiring data for successively larger acquisition periods,
as explained in the preamble of this chapter. The dataset generation is illustrated as
concatenation of peak-value arrays in Figure 4.2.
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4.2

Statistical Analysis
In order to define a threshold and use it to detect the presence of a tag, statis-

tical analysis is carried out for the dataset S, the generation of which is discussed in
the previous section. The statistical analysis also provides the user with a quantifiable measurement uncertainty. It is performed in the LabVIEW environment on the
8133 embedded controller, in real-time. Along with the concatenation operation,
statistical analysis is another major bottleneck for slower computing systems, as it
involves dealing with a much larger dataset (viz. S).
4.2.1 A as Independent Identically-distributed Random Samples
To consider the individual elements of the set S as independent peak-value
arrays from successively larger and larger acquisition times, an inherent assumption
of mutual independence is made on the peak-value arrays from the set A. This assumption is equivalent to saying that the elements of the set A are independent and
identically-distributed or iid random samples. The definition of iid random variables states[33]:
“If a dataset Y is given with its elements as random samples {yi }, each of
the yi observations is an independent draw from an underlying stationary distribution P(y).”
In this case, the random samples are the elements Aij of the peak-value set
A. The randomness in the peak-values can be interpreted as a manifestation of
noise, such that the detected peak values vary around a mean value with some variance (see Figure 4.1). In an ideal situation, a sinusoid’s peak values will always
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be the maximum amplitude of the signal or

√

2 times the rms value. However, as

mentioned earlier there are multiple sources of noise in the SWIFT reader’s experimental setup including, but not limited to:
1. Electromagnetic interference picked up by the reader coil
2. Presence of metallic objects, which produce field-shielding effects (broadband interferers)
3. Johnson noise in the reader and tag coil’s resistances[27]
4. Instrument receiver noise or flicker (equivalent to sensitivity limits of the instrument)
5. Phase noise and phase-jitter in the signal generation hardware
6. Quantization noise from the NI digitizer ADC
7. Variation in the position of the coil w.r.t. the tag due to vibrations, for a
vehicle-mounted reader
All the noise sources in the entire system have some distributions associated with the
underlying noise processes. One can visualize the peak-values as being drawn from
an underlying joint-distribution of all the noise sources. Thus, the peak-value arrays
Aij may be considered as random samples comprising of the “random” peak-values
of the sinusoidal signal at the reflected port (port-C) of the directional coupler, in
the experimental setup. For purposes of the statistical analysis, it may be visualized that the real-time peak-values detected by the NI digitizer module are in effect
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sampled from an unknown underlying distribution with a mean µipop and standard
i
deviation σpop
.

The assumption of mutual independence in A is justified by the fact that
each step of signal generation and data acquisition for each base ping-period acq τj
is an independent experimental run. During each ping period, the RFSG is turned
ON for signal generation, the NI digitizer is turned ON for data acquisition for a
specified interval and then turned OFF, after which the RFSG also stops signal generation until the next call in the loop (corresponding to the next ping). The other
assumption for a set of iid variables is the identically-distributed portion. This assumption can also be justified by the fact that the sources of noise affect all the
experimental runs acq τj identically, equivalent to drawing from an underlying distribution. The objective of the analysis is not to estimate the underlying distribution,
rather to estimate the mean and variance of it in order to define detection thresholds.
From the ongoing discussion, the iid random samples of the set A can now
be successively concatenated to form the new dataset S. This is the justifying argument for calling concatenation equivalent to having successively longer acquisition times. There are some factors that may violate the assumption of iid samples:
incomplete settling of the peak-values, slowly varying noise such as offset drift,
flicker and temperature instability.
4.2.2

Calculating Peak-value Ratios
After the set S is formed, ratio of the two peak-amplitude numbers (Son
k and

Soff
k ) is calculated. Change in the ratio of the amplitude values is a more robust
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indicator than change in the amplitudes themselves, as explained Section 3.2.2 on
page 41. FIrst the means and standard deviations of the array elements of set S are
calculated:
µ̂ik = �Sik � =
σ̂ki

1 � i
s
N (Sik ) n k,n

�
=
�(Sik − µik )2 �

(4.4)

The hats on the variables in Eq 4.4 are a reminder that the mean and standard deviation defined in the equation are really the sample mean and sample standard
deviation, which are an estimate for the population mean and variance (see Section
4.2.3).
The ratio of the mean numbers is then taken, to define the new ratios array
R. R is different from R̂ defined in Eq 3.4 on page 43, which is the ratio of the of
the “unconcatenated” set A, whereas R is for the array-means of the elements of
the concatenated set S:
R = {rk } =

�

µ̂on
k
µ̂off
k

�

where, k = 1, 2, 3 . . . P

(4.5)

rk denotes the elements of the ratios array R, with the index k again referring to
concatenation up to and including the k th ping. The size of the ratios array (i.e.,
N (R)) is P . It should be noted again that µ̂off
k is actually the mean of the larger
off-resonance peak-value array (i.e., Soff
k ) obtained from concatenating the smaller
off-resonance peak-value arrays (i.e., Aoff
j ) of all individual pings up to and including the k th ping.
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The ratio in Eq 4.5 has the off-resonance peak-value mean µˆk off in the denominator, serving as the baseline normalization (refer to Section 3.2.2 on page
41). To detect the presence of a tag, a reference measurement for the “no-tag” case
needs to be defined. Such a reference ratio R0 can be calculated for the reader coil
when there is no tag present:
0

R =

{rk0 }

=

�

µ̂on
k (no tag)
off
µ̂k (no tag)

�

(4.6)

The 0 superscripts on the variables in Eq 4.6 refer to the fact that this is a no-tag
reference reading.
4.2.3

Central Limit Theorem for Ratio Calculation
The statistical analysis performed on the elements of the set S relies on a

basic assumption of central limit theorem. The arrays Sik of the set S may be taken
as samples of a larger population. In the case of the SWIFT method, the larger population would be data acquired by the NI digitizer for a very long (infinite) time.
However, when the NI digitizer data is acquired in smaller base ping-periods T0
and then concatenated to form the relatively larger “acquisition” periods

cat τk ,

the

corresponding peak-value arrays of sets A and S are samples of the larger population. From Section 4.2.1, these samples may also be considered random samples,
and their means µik are estimators for underlying population mean. Thus, the mean
µ̂ik defined in Eq 4.4 is the sample mean, and is an estimate of the underlying population mean (i.e., µipop from Section 4.2.1). By law of large numbers, as the size of
the sample grows larger (i.e., N (Sik ) ↑), the sample mean converges in probability
to the population mean. The central limit theorem states that in the asymptotic limit
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N (Sik ) → ∞ the random variable
2

�
N (Sik ) (µ̂ik − µipop ) converges to a standard2

i
i
Normal distribution N (0, σpop
) (i.e., zero mean and variance σpop
)[33]. Equiva-

lently for a very large but finite N (Sik ), the sample mean µ̂ik converges to a Normal
2

i
distribution N (µipop , σpop
). Hence, for the larger concatenated peak-value arrays

from set S (i.e., larger k index), their mean µ̂ik is a better estimate of the underlying
population mean, or the “real” peak value of the signal at the reflected port (port-C)
of the directional coupler.
4.2.4

Propagation of Uncertainty
A deviation from R0 defined in Eq 4.6 indicates the presence of a tag. How-

ever, interference from nearby metallic objects, EM interference or even thermal
noise may bump this ratio value around a little, leading to a false detection event.
Calculating only the ratios (R) array does not suffice for robust detection. The
uncertainty associated with each measurement also needs to be calculated. In the
SWIFT method, the actual measurements are the peak-value arrays of set A. However, from the argument made in Section 4.2.1, the concatenated peak-value arrays
of set S also come from real measurements. The uncertainty in the arrays of set S
can be calculated from their standard-deviations:
σ̂ i
êik = ∆Sik = � k i
N (Sk )
where, k = 1, 2, 3 . . . P

(4.7)

The ∆Sik in Eq 4.7 is the standard error in the array Sik . As explained in Section
4.2.3, the mean values µ̂ik are only an estimate of the actual peak-value of the reflected signal. Thus, the uncertainty associated with this mean value is the standard
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error defined in Eq 4.7, calculated from the sample standard deviation.
Each element rk in the ratios array R is a ratio of two random variables
off
on
off
µ̂on
k and µ̂k , with associated uncertainties êk and êk , respectively. As a functional

combination of two random variables, there is an uncertainty in the calculation of
rk as well, which is said to be propagated from the individual uncertainties of the
random variables. Thus, to redefine Eq 4.5 with the uncertainties included:
R = {rk ± ∆rk }
where, rk =

on
µ̂on
k ± êk
off
µ̂off
k ± êk

(4.8)

The uncertainty ∆rk in Eq 4.8 is the final propagated error in the ratios
rk . This propagation of uncertainty can be calculated from the multivariate Taylor
series expansion of the ratio function, and recognizing that the standard errors êik
are just standard deviations divided by the square root of the size of the array. For a
function f (x, y) of two variables[34][35]:
∂f
∂f
f ≈ f0 + x
+y
∂x
∂y
� �2
�
�� �
2 ��
2 �
2 �
�
σy ∂f �2
σxy
σx � ∂f �
∂f
∂f
2
�
�
∴ σf =
+
+2
�
�
�
�
n ∂x
n ∂y
n
∂x
∂y
2
2
2
2
σf
σy
x
σx
2x σxy
∴ if, f (x, y) = ⇒ 2 =
+
−
·
(4.9)
y
f
n · x2 n · y 2
y2 n
Where n in Eq 4.9 denotes number of independent measurements of x and y. For the
SWIFT method, the function f is the ratios rk , defined in Eq 4.8 and the variables
off
x & y are the means µ̂on
k & µ̂k . The covariance σxy is zero for the case of our iid
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random variables. The propagated error can be now calculated from Eq 4.9 as:
�
� on �2
� off �2
1
σ̂k
1
σ̂k
∆rk = |rk |
+
N (Son
µ̂on
N (Soff
µ̂off
k )
k
k )
k
�� �
�
�
2
2
êon
êoff
k
k
or from Eq 4.7, ∆rk = |rk |
+
(4.10)
µ̂on
µ̂off
k
k

4.3

Threshold Detection
To put in perspective the entire analysis starting from creation of the dataset

S in Eq 4.1 to the calculation of the error propagation in Eq 4.10: the array elements
R = {rk } are ratio of means of the baseline calibrated readings of signal peak-value
at the reflected port (port-C) of the directional coupler. Each rk is a “reading” from
successively larger acquisition periods, and thus each successive k indicates a larger
peak-value sample, i.e.:
(4.11)

k ↑⇒ N (Sik ) ↑

This also means that the mean values (i.e., µ̂ik ) of the peak-value samples converge
to the population mean (i.e., real peak-value of signal) as k grows:
k ↑⇒ µ̂ik → µipop , where, i = on, off

(4.12)

As a direct consequence of the central limit theorem, the uncertainty in the estimation of the ratio numbers (i.e., {∆rk }) goes down as

1
.
N (Sik )

This uncertainty is an

indicator of the spread of the ratios R, and can thus be taken as an error-bar on the
number. The purpose of the computation up to this point is to arrive at a ratio number and its associated error-bar for different acquisition periods (i.e.,
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cat τk ).

This

error-bar provides a convenient way of defining a threshold value for detection.
Recall from Section 3.4.1 on page 48 that the calibration procedure is
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Figure 4.3: Illustration of ratios arrays plotted against growing acquisition window sizes (i.e., cat τk of Eq 4.3). The different h correspond to different separations
between the tag and the reader coils.
performed in two steps by the SWIFT reader: baseline normalization and no-tag
reference measurement. The computation of a ratios array (see Eq 4.8) achieves
baseline normalization, i.e., dividing the on-resonance measurement with a baseline
off-resonance measurement. Such a baseline normalized ratio can also be computed
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for a “no-tag” reference case, i.e., R0 = {rk0 ± ∆rk0 } (see Eq 4.6), which achieves
the second step of the calibration procedure. If a tag is then brought into the vicinity of the reader, another baseline-normalized ratios array can be computed, i.e.,
R = {rk ± ∆rk }. Thus, we have two lines with mean values and errorbars defined
at every index (i.e., at k) (see Figure 4.3). One line is the no-tag reference line,
whereas the other one is an “in-situ” measurement. Whenever there is a tag present
in the vicinity of the reader, the reflected port signal will reduce in amplitude (i.e.,
also the µ̂on
k ) due to resonant power transfer to the tag (see Section 2.6 on page 23).
On the other hand, the value of the off-resonance mean (i.e., µ̂off
k ) will not change regardless of the presence of the tag, barring variation due to noise, which is captured
by the standard errors (êoff
k ). Thus, the measured ratio R will be lower in value than
the reference ratio R0 . However, as the separation between the reader and the tag
coils increases, the power transferred resonantly to the tag reduces relative to when
the tag is close to the reader, subsequently bringing the ratio closer to the “no-tag”
reference ratio. This is illustrated in Figure 4.3. As explained above, h1 > h2 > h3 .
Notice for a large example separation h1 , the ratios array may mostly be in the
“noise floor” of the no-tag reference line.
To differentiate confidently between a “no-tag” and “tag present” case, let
us define a threshold of detection � such that:
�
0 or false, (rk + � · ∆rk ) ≥ (rk0 − � · ∆rk0 ), ∀k
Φ = {φk } =
1 or true, (rk + � · ∆rk ) < (rk0 − � · ∆rk0 ), ∀k
where, k = 1, 2, 3 . . . P
(4.13)
Where Φ is the array of “detection flags” that the reader algorithm sets to 0 (no
tag) or 1 (tag present) according to the threshold conditions specified in Eq 4.13.
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The {∆rk } are the uncertainties in the current measurement, whereas {∆rk0 } is the
uncertainty for the no-tag case, which is precomputed and stored in program memory. Under the assumption of the law of large numbers, it is reasonable to assume
that the ratio value rk at a given k is distributed Normally with a mean value of rk
and a standard deviation of ∆rk . The same can be said about the no-tag reference
case. The equation essentially determines whether there is any “overlap” between
the Normal distributions of the measured ratios and the no-tag reference ratio. The
size of the overlap to be considered is defined the so called detection threshold
�, which essentially determines what width of the Normal distributions should be
considered for calculating the overlap. When the no-overlap condition is met, the
algorithm records the index k at which it occurs. This detection algorithm is also a
part of the LabVIEW VI program that runs on the 8133 embedded controller. The
VI is programmed such that the user explicitly has to set a “compute reference”
flag, when (s)he wants to define a “no-tag” case, in order for the code to compute
and store the {rk0 ± ∆rk0 } reference measurements in memory. While plotting the
ratios array as in Figure 4.3, the errorbars can be plotted as 3 · ∆rk to equivalently
signify a 6 · σ breadth for the error distribution. This equivalence is justified from
the discussion in Section 4.2.3, which explains that the ratios R are Normally distributed with means rk and standard deviations ∆rk . In fact, when � = 3, the
user is automatically forcing a “6 · σ detection” threshold. Thus, the choice of �
is subjective to the noise considerations of different applications and should likely
be determined empirically for efficient reading. The significance of the detection
threshold is explained in Section 4.5.4 and demonstrated with experimental results
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in Chapter 5.

4.4

Variation in Analysis: RMS-value Detection
Sections 3.4.4 and 4.1 on pages 54 and 58, respectively, explain the main

measurement scheme for the SWIFT method: peak counting of the acquired sinusoids. The peak-values for all the ping-periods are stored in the arrays of the set
A and then concatenated to form the dataset S, as explained in Section 4.1.1. A
variation on the method is also presented, where instead of finding the peak values
of the raw sinusoid dataset X, the rms value of the wave is calculated.
The only major change from the peak-detection method, in terms of implementation, is that the LabVIEW program now has to calculate the rms (root
mean-squared) value for each of the Xij raw sinusoids. Of course, in order to keep
the remaining portion of the method same, one cannot simply calculate a single rms
value for the entire wave that has been acquired, i.e., for all of the Xij . To carry out
concatenation on the measured data and perform the necessary statistical analysis
for detection, the data has to contain of arrays of moderate size. For peak-detection
it is easy to achieve, as there are C/2 data points in each array, where C is the
number of acquired cycles. If one were to calculate the rms-value of a “sub-wave”
obtained by taking two consecutive cycles at a time for every raw-data Xij , then the
new rms-value arrays Bij will be of the size C/4, forming a dataset B comparable
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in size to the dataset A. Writing an equation similar to Eq 3.9 for the rms-arrays:
2cyc
Bij = {bij,n } = Frms
(Xij )

∴ N (Bij ) < N (Xij )
Bij ∈ B, and Xij ∈ X where, j = 1, 2, 3 . . . P

(4.14)

2cyc
Where the function Frms
() in Eq 4.14 represents an rms-value calculation function

for the array in the parentheses. The superscript 2cyc is a reminder that the function
takes two cycles of the array at a time and calculates the rms-value for that “subarray”, storing it in {bij,n }.
The reason to have Frms calculate the rms value for two cycles rather than
one, is that for lower sampling rates (data acquisition) there might be lesser number
of samples per cycle. In high-noise scenarios, a lower number of points may not
suffice to calculate the rms values robustly. If on the other hand, higher sampling
rates were available then one could calculate only single-cycle rms values. In that
case the size of the array Bij will be exactly that of the array Aij . In principle, the
rms-values of a wave are just scaled by

√1
2

of the peak-amplitudes and thus this

variation in measurement should not be expected to substantially change the performance of the reader.
Once the dataset B is formed, it can also be concatenated according to Eq
4.1 just like the peak-value arrays of the set A, to form the dataset S. All arguments
of IID processes and central limit theorem also extend to the rms-value arrays, as the
raw data acquired by the NI digitizer is the same as in the case of peak-detection.
The only difference is in the post-acquisition processing. Chapter 5 presents ex74

perimental results analyzed by the rms-value method, and compares them to the
peak-detection method.

4.5

Relating Read-speeds to Read-ranges
The preamble of this chapter briefly mentions the motivation behind defin-

ing read-speeds. One of the major objectives of the SWIFT method is the ability to
relate required read-speeds for desired read-ranges, for a given reader-tag setup. In
order to achieve this relation, the reader makes use of the discretized nature of readtimes (inversely related to read-speeds), i.e., the individual generation/acquisition
periods or pings. However, when the actual experiment is run, signal generation
and data acquisition processes are performed for the same base ping-periods (i.e.,
acq τj

= T0 ). For every given reader-tag separation, the SWIFT method builds a

database of peak-values through concatenation of the base ping-periods, which is
equivalent to having acquired data at different read-times. This is illustrated in
Figure 4.3 on page 70 for four different reader-tag separations: the no-tag case and
three real separations, h1 > h2 > h3 . In this example illustration, the dataset is built
for all four measurements at six different acquisition ping-periods, or read-times.
4.5.1

Read-speeds
A minimum required read-time or acquisition time tmin |h can be defined as

follows:
“In order to detect a given tag with a given reader coil in a particular hardware
setup at a read-range of h, the minimum required acquisition or read-time is tmin |h .”
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Here the acquisition time tmin |h is the required read-time. Detection is determined when Eq 4.13 is satisfied for the given �. The entire process of concatenating
is performed, such that the detection algorithm can determine tmin as the minimum
required concatenated ping-period (cat τk )min , whose index k satisfies Eq 4.13.
Converting the read-time number into a read-speed, is an application-specific
choice. Essentially, a read-time tmin |h required for a desired read-range h informs
the user of the minimum necessary amount of time that the tag coil must stay almost stationary in the magnetic field of the reader coil at a coaxial separation of
h, in order for the data-acquisition hardware to acquire the reflected port signal2 .
This minima has implications for applications involving reader systems that are
in motion relative to the sensors, or vice versa. One such example of structural
health monitoring has been mentioned earlier, where a vehicle-mounted reader may
be used to measure the state of a series of embedded sensors in the bridge deck,
while the vehicle moves along on the bridge. Another example is when a series of
chemical sensors may be flowing through a pipe, and a stationary reader attempts
to measure the state of these sensors.
4.5.2

Quantizing Read-speeds
In general, it is difficult to obtain a number for read-speed from the mini-

mum required acquisition time alone. One could potentially just invert the minimum required acquisition time tmin |h to obtain a number indicative of instrumenta2

This minimum time does not include the time required to build the dataset and perform the
statistical analysis. See Section 5.5.2 on page 114 for further information
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tion speed. It could be defined as:
ηmax =

1
tmin |h

(4.15)

The term ηmax in Eq 4.15 represents a maximum frequency of detection measurements that the given instrument can carry out, for a given read-range. For example,
consider the following test setup: 9” diameter single turn reader coil, 2” 5 turn tag
wound with 22 AWG wire. The tag is resonant at 3.635 MHz. The NI digitizer
sampling rate is 50 Msps and base ping-period T0 = 1 ms.

dR

|vRT|

hRT
|ymax|

dT
Figure 4.4: Illustration of a reader-tag system setup, with a nonzero relative velocity
between the two of them. The red lines represent the turns for the coils.
Also assume that after the execution of the SWIFT reader method, it is found
that the index is k = 10 at which Eq 4.13 (page 71) is satisfied. This means that at
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minimum an acquisition time of tmin |h =cat τ10 is required (according to Eq 4.3 on
page 60) for the detection algorithm to set the flag φ10 to TRUE. Then, according to
Eq 4.15, the particular experimental setup can make the following number of such
tag-detection measurements per second.
ηmax =

1
1
1
=
=
= 100 Hz
10 · T0
10 ms
cat τ10

(4.16)

However, what is perhaps more useful for applications mentioned in the
previous paragraph is if one could calculate the allowed maximum relative velocity
between the reader and the sensor-tag coils, in order to detect the tag at a given readrange. This maximum relative speed is the limiting speed for a vehicle containing
a reader coil, or the flow-rate of the fluid that contains the moving sensor-tags. In
order to obtain a number in units of velocity from units of time, a displacement is
necessary. One may define the maximum allowed relative velocity as:
|vmax | =

|ymax |
tmin |h

(4.17)

The term |ymax | in Eq 4.17 refers to the maximum allowed relative displacement between the reader and the tag coils, in order to acquire data for the minimum
required amount of time (i.e., tmin |h ). This displacement is a parameter, and needs
to be decided upon by the user for the specific application. For the moving vehicle
SHM application, consider the example setup described for Eq 4.16. Say, the reader
coil is mounted on the bottom a moving vehicle, such that the expected separation
between the reader coil and the embedded bridge-deck sensor tags will be ∼ 12
inches. The setup is illustrated in Figure 4.4 The dimension of the tag coil is about
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20% of the reader dimension. The user may decide for example, that the maximum
allowed relative displacement is half the tag diameter, i.e. ∼ 1 inch. This “half-thetag-size” limit is entirely arbitrary at this juncture. The idea is to have the overlap
of the tag coil to the magnetic field of the reader coil as stationary as possible, while
the digitizer acquires all the data. The overlap is indicative of the coupling factor κ
between the two coils, which must stay more or less constant to not affect the value
of Rk . Such a limit should be decided empirically for specific applications. Also
consider the minimum required acquisition time for this setup is that described by
the example in Eq 4.16, i.e. tmin |h = 10 ms. Then, the maximum allowed relative
velocity is:
|vmax | =

1 in.
≈ 5.7 mph
10 ms

(4.18)

So, for the specific example of SHM on a bridge with a moving vehicle reader, Eq
4.18 sets the upper limit on the speed of the moving vehicle, if the user wishes to
detect the tag at an expected read-range of 30 cm ≈ 12 inches.
4.5.3

Signal Strength
The minimum required read-time for a desired read-range is tied to the sig-

nal strength of the reflected signal from the reader, due to the presence of the tag.
For a low signal strength, the SNR is also low. This means that the uncertainty in
the measurement increases due to noise, and Eq 4.13 may not be satisfied at lower
k’s. In other words, a very long concatenation may be required to achieve some
confidence in the calculation of the ratio value. For the swept-frequency readers
discussed in Chapter 2, the signal strength was defined as the size of the dip in the
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Figure 4.5: Experimental results of signal strength vs. read-range (a) Mean peakamplitude µ̂off
30 . There is negligible variation with reader-tag separation, as expected
(b) Mean peak-amplitude µ̂on
30 (c) Ratio r30 vs. read-range, defined in Eq 4.5. Notice
the ratio approaches the no-tag reference value as the tag moves farther away from
the reader
measured quantity. For the impedance analyzer, the signal strength is the size of the
phase dip and for the Swept-frequency Reflectometer Reader it is the size of the dip
in the reflected-port signal. The signal strength falls as the 6th power of the reader-
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tag separation h (see Figures 2.8b and 2.12b on pages 27 and 31, respectively). The
SWIFT reader employs a similar setup as that of the swept-frequency reflectometer
(refer to Section 3.3 on page 44). The measurements are of the reflected port signal of the directional coupler, just as in the Swept-frequency Reflectometer Reader
case.
In the SWIFT reader’s case, the peak-amplitude (or the rms-value, see Section 4.4 on page 73) of the measured signal is normalized to a baseline value (see
Section 3.4.1 on page 48). However, in the ratios R, the denominator baseline value
(µ̂off
k ) doesn’t vary with respect to the reader-tag separation, whereas the numerator
value (µ̂on
k ) does. Whenever the tag is in the vicinity of the reader, there is resonant
power transfer from the reader to the tag, at the tag’s resonance frequency (see Section 2.6 on page 23). Then, at fon = fres , the value of µ̂on
k will decrease when the
tag is present, as compared to when it is not. The closer the tag is to the reader, the
higher the coupling factor and more the resonant power transfer. As one moves the
tag away from the reader, the value of the numerator in the ratio R drops.
To explain the significance of signal strength, Figure 4.5 illustrates an example of the relation between signal strength and read-range, from experimental
results. The following setup was used: 18” diameter single turn reader coil, 2” 5
turn tag coil wound on 22 AWG wire. The NI digitizer Fs = 50 Msps. Total pings
recorded P = 60 and base ping-period T0 = 3 ms. In Figure 4.5, the quantities
plotted are from the 30th concatenation. This means that out of the 60 ping-periods
recorded, the first 30 were concatenated to form the arrays Si30 and to calculate the
ratios r30 , based on Equations 4.1 and 4.5, on pages 59 and 4.5 respectively, with
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Figure 4.6: Signal strength calculated from Eq 4.19 for the setup of Figure 4.5
k = 30. Figure 4.5c shows the calculated ratio vs. read-range. It can be seen
that as the reader-tag separation increases, the ratio value approaches that of the
no-tag reference value (red dashed line). Effectively, this ratio value is an indicator of the signal strength of the reflected signal at the coupled port. However, it is
counter-intuitive to visualize the signal strength to increase in value with distance,
as in Figure 4.5c. To visualize the signal strength in a similar manner to that of
the impedance analyzer phase-dip or the Swept-frequency Reflectometer Reader
signal-dip (Figure 2.12b on page 31), signal strength for the SWIFT reader can be
defined as follows:
rknorm |h

=

�

rk0 − rk |h
rk0

�

where, k = 1, 2, 3 . . . P

(4.19)

In Eq 4.19, rk0 denotes the ratio measurement made when there was no tag in the
vicinity of the reader, i.e., the no-tag reference calibration measurement. rknorm |h denotes the “signal strength” at a read-range of h. rk |h denotes the ratio measurement
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at different read-ranges. Figure 4.6 shows the signal strength results calculated from
the ratio results of Figure 4.5, according to Eq 4.19. As seen from the figure, signal
strength decreases as the 6th power of the read-range, like the two swept-frequency
readers from Chapter 2. Also note from Figure 4.5a that the off-resonance peakamplitude values do not vary with read-range as expected, and hence the baseline
normalization with respect to µ̂off
k is justified.
4.5.4

Read-times vs Read-ranges
The ongoing discussion on the quantization of a “read-speed” or a maximum

allowed relative velocity is based on the assumption that the user has knowledge of
the minimum required read-time tmin |h for a desired read range. Thus, to obtain a
relation between the read-ranges and read-speeds, it suffices to have a relation between the read-ranges and the minimum required read-times. The read-times can
later be converted into a maximum number of measurements (Eq 4.15) or a maximum allowed relative velocity (Eq 4.17), as needed by the application.
As explained in the previous section, the minimum required read-time is
closely related to the signal strength at a particular separation. As the signal strength
drops as the 6th power of the read-range, one should expect a proportionate relation between read-times and read-ranges. That is, at larger reader-tag separations
the minimum required data-acquisition time would go up as some power of the
read-range3 . In fact, ideally one should expect it to go up as the 6th power of the
3

So at larger read-ranges, one would need longer read-times, which can be very conveniently
achieved by analyzing data at integral multiples of the base ping-period. This is the main objective
behind concatenation of individual pings.
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read-range. However, in practice the minimum required read-time tmin |h not only
depends on the signal strength rknorm |h , but also closely on the detection threshold �
defined in Eq 4.13 on page 71. Another important point to keep in mind is that the
minimum required time tmin |h for every h is actually cat τk , which is the k th integral
multiple (or the k th concatenation) of the base ping-period T0 . It is thus discretized
to the step-size of T0 , and the minimum possible value of tmin |h will be T0 .
As the minimum step-size is T0 , typically at closer ranges the minimum
read time tmin |h will actually just be T0 . At larger read-range the minimum required
read-time also increases, in integral multiples of T0 . Thus, one can also define a
minimum required concatenation index4 :
kmin |h =

(cat τk )min
T0

(4.20)

If the detection threshold � is lowered, the slope of the read-time vs readrange curve can be expected to drop. This is because it will typically take less
acquisition time to satisfy the threshold detection condition (Eq 4.13) at lower �’s.
Essentially, the threshold condition in Eq 4.13 is indicative of the system’s noise
tolerance. If the noise tolerance is very low (� ↑), then it means a large amount of
data needs to be required to integrate out the noise, and hence the value of tmin |h
climbs up. On the other hand, for a high noise tolerance (� ↓), comparatively lesser
amount of data will satisfy the threshold condition.
With all of the above in mind, one could plot the minimum required readtimes as integral multiples of the base ping-periods T0 rather than in units of ab4

Remember from Eq 4.3 that the concatenated periods are just integral multiples of the base-ping
period T0
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solute time. Equivalently, these plots can be presented as the minimum required
concatenation index kmin |h vs the desired read-range h. The parameter in the k vs h
plots would be the different values of acq τj or T0 .

4.6

Summary of the Switched-frequency Interrogation Reader
Procedure
This section summarizes the experimental steps of the Switched-frequency

Interrogation Technique:
1. Generation/acquisition loop The loop runs 2 · P times, P is set by user
• Signal generation: RFSG generates foff and fon alternately on every loop
run
on
• Data acquisition: NI digitizer acquires raw signals Xoff
j and Xj alter-

nately for user-defined “ping periods acq τjoff and acq τjon , respectively
2. Peak counting or rms-calculation LabVIEW VI finds the peak-values in the
raw sinusoid Xij and stores them in arrays Aij , creating dataset A (or employs
rms-value calculation according to Eq 4.14 to form arrays Bij in datasetB)
3. Concatenation The VI concatenates the arrays of A (or of set B) successively
to form larger arrays {Sik } for dataset S, effectively so as if the arrays of S
were actually acquired by the NI digitizer with varying acquisition times, or
ping periods cat τk
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4. Statistical analysis The VI computes the “sample” means and standard deviations for the arrays of set S and stores them into µ̂ik and σ̂ki , respectively
5. Ratio and error calculation The VI calculates the ratios array R = {rk }
and the corresponding error-bars {∆rk }. A “no-tag” reference ratios array is
also calculated a priori (i.e., R0 = {rk0 ± ∆rk0 }).
6. Threshold detection A detection algorithm computes the relative distances
between the current measurement of the ratios array and the no-tag reference
array according to Eq 4.13, and sets a series of flags Φ = {φk } to “detected”
(φk = 1) or “not detected” (φk = 0)
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Chapter 5
Switched-Frequency Interrogation: Experimental
results

This chapter presents and discusses the experimental results obtained using the Switched-frequency Interrogation Technique (SWIFT) reader setup on NI
hardware. A few different configurations of reader coils and tags are employed
in the experimental setup. The chapter also discusses practical implementations
of the reader mechanism, which may be better-suited for in-situ measurements as
compared to the current setup. Factors affecting the reliability of the measuring
instrument are also considered. The definition of read-times is modified to take into
account hardware-specific delays and setup times.

5.1

Experimental Setup
This section summarizes the different experimental setups that are used to

obtain results presented later. Figure 5.1 shows an example of the experimental
setup used, with the 18” diameter reader coil and 2” diameter tag coil (wound with
a 22 AWG wire). The computer monitor shows the LabVIEW VI that controls
the instruments (NI 5652, 5622 and 8133) and performs the necessary analysis
discussed in Chapter 4. The green indicator below the plot on screen informs the
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Figure 5.1: Example of an experimental setup for the Switched-frequency Interrogation Technique, with the 18” reader coil and 2” tag coil. The computer monitor
shows the LabVIEW VI that controls the instrument
user that a tag is present. The plot above it shows the computed ratios arrays in
real-time (similar to Figure 4.3, without the errorbars). The different experimental
configurations employed for measurements are summarized in Figure 5.2.

5.2

Experimental Measurements: Peak Detection
This section presents experimental results on the ratio measurements for a

handful of different setups of the SWIFT reader method, with the measurement
parameter being peak-values of the signal at the reflected port. The results are
presented in the form of the illustration in Figure 4.3 on page 70, i.e. as errobar
plots of R vs

cat τk .

Results of minimum required read-times tmin |h vs. desired

read-ranges are also presented (as discussed in Section 4.5.4). Remember that the
different acquisition window sizes are actually integral multiples of a base pingperiods T0 .
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Equipment

Specifications
Diameter

Reader coils

Identifier
Tag
coils

AWG

Turns

Self-resonance

9 in.

18

1

16.5 MHz

18 in.

18

1

11.65 MHz

Diameter

AWG

Turns

Resonance

pseudo-Q

Tag 1

2 in.

22

5

3.63 MHz

129

Tag 2

2.375 in.

18

5

4.24 MHz

186

Directional Coupler

Minicircuits ZFDC 10-6 3-port directional coupler (DC)
NI PXIe 5652 RF Signal Generator module
Output RF power

Signal generation

4 dBm

To detect Tag 1
Pinging frequencies
(fon,foff)
To detect Tag 2
Number of pings to
generate

(3.63, 2.63) MHz
(4.24, 3.24) MHz

Peak-detection

70 or 160

RMS-detection

100

NI PXIe 5622 IF Digitizer module
Peak to peak voltage (Vpk)
Signal acquisition

Sampling frequency (Fs)

! 0.4 V
21, 30, 50, 75, 150 Msps

Base ping period/
2, 4, 6, 10, 16 ms
acquisition window size (T0)

Interconnects

Analysis tools

Two 12 in. SMA to BNC shielded RG 316 cables: NI 5652 ! DC
port-A and NI 5622 ! DC port-C
Series BNC female to RCA male adapter: Reader coil RCA port !
DC port-B
Real time: LabVIEW
Virtual Instruments (VIs)
running on NI PXIe 8133

Offline analysis and plot generation:
MATLAB R2010a

Figure 5.2: List of experimental equipment used for SWIFT reader system
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5.2.1

18” Reader and 2” Tag Coil (Lower Q)
No tag

tag@5cm

10cm

15cm

20cm

25cm

30cm

35cm

40cm

45cm

Ratio−of−means (R)

1.105

1.1

1.095

1.09
0

20

40

60
80
100
120
Acquisition window size (× T0)

1.1034

160

180

No tag
tag@30cm
35cm
40cm
45cm

1.1032
Ratio−of−means (R)

140

1.103
1.1028
1.1026
1.1024
1.1022
1.102
1.1018
0

20

40

60
80
100 120 140
Acquisition window size (× T )

160

180

0

Figure 5.3: Experimental measurement of ratios R vs. cat τk (= k · T0 ) for Tag 1
measured with 18” reader coil, at digitizer T0 = 4 ms. Ratios arrays with errorbars,
at 9 different reader-tag separations (read-ranges) is shown. Zoomed-in portion
shows larger read-ranges
Figure 5.3 shows the experimentally measured ratios R = {rk ± ∆rk }
plotted as a function of k, or equivalently as a function of acquisition window size in
integral multiples of the base ping-period T0 , which is set at 4 ms. The experiment
was performed with the 18” single turn reader coil, and Tag 1 (see Section 5.1) at
9 different read ranges, i.e. (5, 10, 15, 20, 25, 30, 35, 40, 45) cm. The errorbars here
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No tag
tag@30cm
35cm
40cm
45cm

1.1022

Ratio−of−means (R)

1.102
1.1018
1.1016
1.1014
1.1012
1.101
0

10

20
30
40
50
60
Acquisition window size (× T0)

70

80

Figure 5.4: Experimental measurement of ratios R vs. cat τk (= k · T0 ) for Tag 1
measured with 18” reader coil, at digitizer T0 = 16 ms. Zoomed in at higher readranges for better view
are 3·∆rk long (see Eq 4.10). Figure 5.3 also shows a zoomed in version of the plot
for better view at higher read-ranges. Notice that the ratios array for h = 40, 45 cm
(lavender and light brown) are indistinguishable from the no-tag reference (black),
and hence the tag will not be detected at h = 40, 45 cm. The first 10 pings that are
excluded from the ratio-calculation are accounted for in this illustration (the plot
starts at k = 10 instead of 0), as that is the total time it requires for the instrument
to achieve detection, regardless of whether the data from those pings are made use
of or not. Figure 5.4 shows the same experiment performed with a higher base
ping-period, T0 = 16 ms. Only the zoomed in portion at higher ranges (h > 30
cm) is shown for better comparison with the T0 = 4 ms case. Notice that the
h = 40, 45 cm curves are now distinguishable from the no-tag reference curve, due
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to the acquisition time being larger and hence the errors being smaller. However,
the difference between the absolute values of the ratios arrays for the h > 40 cm
and the no-tag reference lines is very small (< 0.1%). If the desired read-ranges
are are large, a stable generation/acquisition instrument is required, with a higher
amplitude resolution for the digitizer. The current setup (NI 5622) has an absolute
amplitude accuracy of ∼ 0.5 dB and a quantization resolution of 16-bits[31].
5.2.2

18” Reader and 2.375” Tag Coil (High Q)
No tag

tag@30cm

35cm

40cm

45cm

1.021

Ratio−of−means (R)

1.0205

1.02

1.0195

1.019

1.0185
0

10

20
30
40
50
60
Acquisition window size (× T0)

70

80

Figure 5.5: Experimental measurement of ratios R vs. cat τk (= k · T0 ) for Tag 2
measured with 18” reader coil, at digitizer T0 = 6 ms. Ratios shown at larger
read-ranges only
Figure 5.5 shows the experimentally measured ratios arrays plotted vs acquisition window size at T0 = 6 ms, for the Tag 2 measured with the 18” reader coil.
To distinguish the ratios at different read-ranges from the no-tag reference ratio, Eq
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4.13 needs to be satisfied at a given �. In other words, there should be no overlap of
the ratio values with the no-tag references, including their respective errorbars. For
every read-range, the algorithm executes Eq 4.13 at a given �, at all concatenation
indexes k. As the condition is met, the kmin for that read-range h is recorded (see
the illustration in Figure 4.3 on page 70). This minimum required concatenation
index can be multiplied by the base ping-period T0 to obtain tmin .
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Figure 5.6: Normalized signal strength vs read-range measured with 18” reader coil
for (a) Tag 2, Q = 186 (b) Tag 1, Q = 128
Notice that compared to Tag 1 (Figure 5.4), the ratios measured for Tag 2
have a smaller overlap (better distinguishability) from the no-tag reference case.
The errorbars are also smaller for Tag 2. This is all the more significant, as for
Tag 2 the base ping-period (3 ms) is lesser than that for Tag 1 (8 ms). The higher
accuracy can be attributed to the fact that Tag 2 has a higher Q (Q2 = 186) than
Tag 1 (Q1 = 128)1 . From the Swept-frequency Reflectometer Results, a tag with a
higher Q results in a deeper reflected-signal dip. This means that at tag resonance,
1

Note that the Q� s stated here are actually pseudo-Q measurements made with the HP 4194a
Impedance Analyzer
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2

10

the ratios will have higher signal strength(Calculated according to Eq 4.19 on page
71) from the no-tag reference ratios for Tag 2 compared to Tag 1, as shown in Figure 5.6. The higher signal-strength may not be contributed only to higher Q, as the
relation involves the coupling factor κ as well[27]. However, as both the tag coils
are of similar diameter, their coupling factors to the reader coil at a given h will be
similar. A theoretical calculation for both the tags at a 40 cm separation from the
18” reader coil, shows that κ1 = 0.3% and κ2 = 0.4%. These are calculated according to κ =

√Mrt
Lr Lt

, where Lr , Lt and Mrt are the self-inductance of the reader, the

tag and their mutual inductance, respectively. Mrt is calculated from the Neumann
form and L’s are calculated from the Nagaoka coil equation[27][29][28]. Figure
5.7 shows the experimentally obtained read-time vs read-range curves for the Tag
2 with the 18” reader. Figure 5.7a shows the curve as minimum required concatenation index kmin vs desired read-range, as explained in the previous paragraph. To
obtain the read-times in units of time, kmin should be multiplied by T0 . Figure 5.7b
shows the read-time vs read-range curve in units of time. However, the tmin plot can
be misleading as it seems to suggest that the read-time increases for increasing T0
at the lower read-ranges. The plot shows that there is no apparent improvement in
the reader performance by increasing T0 at lower read-ranges. It is more instructive to obtain the minimum required concatenation index kmin for that particular
base ping-period T0 for different desired read-ranges. Figure 5.8 shows the tmin vs
h curves for only the T0 = 6 ms case, but calculated at four different detection
thresholds, � = 3, 6, 9, 12 (see Eq 4.13) for Tag 2 measured with 18” reader coil.
As expected, the minimum required concatenation index (and consequently tmin ,
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Figure 5.7: Experimentally measured minimum required read-times vs desired
read-ranges for different base ping-periods T0� s for Tag 2 measured with 18” reader
(a) Expressed as the minimum required concatenation index k (multiply by T0 to
obtain time) (b) Expressed as absolute-time for all the T0� s
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Figure 5.8: Experimentally measured minimum required read-time vs desired readrange curves for Tag 2 measured with 18” reader coil at T0 = 6 ms. Four different
detection thresholds � are used for detection algorithm
too) drops as the detection threshold is lowered. Effectively, one allows for a higher
tolerance towards noise (or error), when � is lowered. Figure 5.9 shows the comparison between the read-time vs read-range curve for Tag 1 and Tag 2 measured with
the 18” reader coil, at a fixed T0 = 6 and � = 9 ms for both the tags. It is clearly
seen that the higher-Q tag (Tag 2) requires less read-time to detect at larger readranges compared to the lower-Q tag. It has been established previously[27] that
higher-Q tags can be read at larger read-ranges. The SWIFT reader also indicates
that higher-Q tags require less read-time at a given read-range compared to low-Q
tags. This is a critical result, especially in context of the ESS sensing application.
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Figure 5.9: Experimental read-time vs read-range results comparing the lower and
higher-Q tags, measured with the 18” reader coil, with T0 = 6 ms. The detection
threshold is set at � = 9 for both the tags.
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Figure 5.10: Experimental measurement of ratios R vs. cat τk (= k · T0 ) for Tag 1
measured with 9” reader coil, at digitizer T0 = 4 ms (a) Ratios arrays with errorbars,
at 8 different reader-tag separations (read-ranges) (b) Zoomed-in for better view at
larger read-ranges
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Figure 5.11: Peak-detection of Tag 1 (a) Minimum required concatenation index
( kmin |h ) vs desired read-ranges, for different base ping-periods T0� s at a fixed detection threshold � = 9 (b) T0 = 4 ms case at three different �� s
5.2.3

9” Reader and 2” Tag Coil (Lower Q)
Figure 5.10 shows the experimentally measured ratios R = {rk ± ∆rk }

plotted as a function of k, or equivalently as a function of acquisition window size
in integral multiples of the base ping-period T0 , which is set at 4 ms. The experiment
was performed with the 9” single turn reader coil, and Tag 1 (see Section 5.1) at 8
different read ranges, i.e. (5, 10, 15, 20, 25, 30, 35, 40) cm. The errorbars here are
3 · ∆rk long (see Eq 4.10). Note again that the ratios at h = 40 cm (lavender) is
indistinguishable from the no-tag reference (black), and will not be detected.
Figure 5.11 presents the kmin vs h curves for Tag 1 detected with 9” reader
coil. Figure 5.11b shows the minimum required read-time tmin for the specific case
of T0 = 4 ms, calculated at different detection thresholds of � = 3, 6 and 9 (see Eq
4.13).
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5.2.4

9” Reader and 2.375” Tag Coil (Higher Q)
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Figure 5.12: Experimental measurement of ratios R vs.
measured with 9” reader coil, at digitizer T0 = 6 ms

cat τk (=

k · T0 ) for Tag 2

Figure 5.12 shows the experimentally measured peak-detected ratios for the
high-Q Tag 2, plotted as a function of acquisition window size in integral multiples
of the base ping-period T0 , which is set at 6 ms. The experiment was performed
with the 9” single turn reader coil (see Section 5.1) at 8 different read ranges, i.e.
(5, 10, 15, 20, 25, 30, 35, 40) cm. The figure shows only the higher read-ranges for
better visibility.
Figure 5.13 presents the kmin vs h curves for Tag 2 measured with the 9”
reader. Figure 5.13a shows the minimum required concatenation index for different
base ping-periods T0 , calculated at a fixed thershold of � = 9 (see Eq 4.13). Figure
5.13b shows the tmin vs h curves for only the T0 = 10 ms case, but calculated at
three different detection thresholds, � = 3, 6, 9. As can be seen, at a given read-time
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Figure 5.13: Peak-detection of Tag 2 (a) Minimum required concatenation index
( kmin |h ) vs desired read-ranges, for different base ping-periods T0� s at a fixed detection threshold � = 9 (b) T0 = 10 ms case at three different �� s, expressed as a tmin
vs h curve
and at � ≤ 6, the SWIFT reader is able to make a decision of detecting the tag at 40
cm, which wasn’t possible at � = 9.

5.3

Experimental Measurements: RMS Detection
This section presents a few experimental results for the setups discussed

in the previous section, although with the rms-detection mechanism, discussed in
Section 4.4 on page 73. The only difference in the method is the way the dataset
is built: for peak-detection method it is built by finding peak-values of the reflected
port signal (stored in set A), whereas for the rms-detection method it is built by
calculating rms-values of two cycles of the signal at a time (stored in set B).
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Figure 5.14: (a) Experimental measurement of RMS ratios vs. cat τk (= k·T0 ) for Tag
2 measured with 18” reader coil, at digitizer T0 = 4 ms for different read-ranges
(b) Zoomed in on the 30 to 45 cm read-range region
5.3.1

18” Reader and 2.375” Tag Coil (Higher Q)
Figure 5.14 shows the experimentally measured rms-detected ratios plotted

as a function of acquisition window size in integral multiples of the base ping101
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Figure 5.15: RMS detection of Tag 2 with 18” reader coil (a) Minimum required
concatenation index (kmin |h ) vs desired read-ranges, for different base ping-periods
T0� s at a fixed detection threshold � = 3 (b) T0 = 10 ms case at four different �� s,
expressed as a tmin vs h curve
period T0 , which is set at 4 ms. The experiment was performed with the 18” single turn reader coil, and Tag 2 (see Section 5.1) at 9 different read ranges, i.e.
(5, 10, 15, 20, 25, 30, 35, 40, 45) cm. Comparing Figure 5.14b with Figure 5.5 on
page 92, one sees that for the rms-detection case the ratio values are distributed
well around a mean value, which doesn’t seem to change with time as in the peakdetection case. The reason for this is that while populating the arrays of B, two
cycles worth of data points are used to calculate the rms-value of the reflected port
signal. Whereas, to populate the arrays of set A, the peak-values of the reflected
port signal are calculated, which are only one number per cycle. So, as the rmsdetection method has larger number of points to average, there is more accuracy
in the calculation. However, the errorbars are larger for the rms case, as there are
half the number of points at every concatenation (i.e., at every cat τk ), as compared
to peak-detection case. For higher k � s, this factor of 2 soon becomes irrelevant and
102

the errorbars fall to smaller values.
Figure 5.15 shows the kmin vs h plots for Tag 2 measured with 18” reader coil
setup, with different base ping-periods T0 and detection threshold fixed at � = 3.
Figure 5.15b shows tmin vs h curves for the case of T0 = 10 ms, with four different
detection thresholds � = 1, 3, 6, 9.
5.3.2

9” Reader and 2.375” Tag Coil (Higher Q)
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Figure 5.16: Experimental measurement of RMS ratios vs. cat τk (= k · T0 ) for Tag
2 measured with 9” reader coil, at digitizer T0 = 4 ms for different read-ranges
(zoomed in on the 20 to 40 cm read-range region)
Figure 5.16 shows the experimentally measured rms-detected ratios plotted
as a function of acquisition window size in integral multiples of the base pingperiod T0 , which is set at 4 ms. The experiment was performed with the 9” sin103
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Figure 5.17: RMS detection of Tag 2 with 9” reader coil (a) Minimum required
concatenation index (kmin |h ) vs desired read-ranges, for different base ping-periods
T0� s at a fixed detection threshold � = 3 (b) T0 = 10 ms case at four different �� s,
expressed as a tmin vs h curve
gle turn reader coil, and Tag 2 (see Section 5.1) at 8 different read ranges, i.e.
(5, 10, 15, 20, 25, 30, 35, 40) cm. The figure shows only the ratios measured at 20
to 40 cm, for better visualization of the plot. Figure 5.17 shows the kmin vs h plots
for the same setup, with different base ping-periods T0 . Figure 5.17b shows tmin
vs h curves for the case of T0 = 10 ms, with four different detection thresholds
� = 1, 3, 6, 9.

5.4

Instrument Reliability
This section discusses the practical issues of reliability of the instrument

and experimental setup in which the SWIFT reader method is implemented. Whenever signal generation and acquisition hardware is involved in an instrument design,
the consistency of its performance in field becomes an important issue. Some ex-
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perimental results are presented here, discussing the reliability of using the current
setup (see Section 5.1 on page 87).
Measurement Error with Time
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Figure 5.18: Reliability test measurement of ratios array vs acquisition window size
in integral multiples of T0 , where T0 = 4 ms. All measurements are of only the notag reference ratio. (a) Peak-detection method. The variation in the measurements
is less than 0.05% (b) Rms-detection method
Figure 5.18 presents the measured ratios arrays at different time-stamps,
showing the error in measured quantities at different times. All measurements are
done in the absence of a tag, i.e., they are measurements of the no-tag reference
ratios. As can be seen, there is no identifiable trend with time towards higher or
lower values. This seemingly random variation may be attributed to any of the
following factors: environmental interference, RFSG generation stability, digitizer
absolute amplitude measurement accuracy etc. Notice there isn’t much difference in
the temporal variation of the reference lines between the peak or the rms-detection
methods. Even though the reference value variation is within 0.05% and 0.09% for
the peak-detection and rms-detection methods respectively, this is a major reliabil105

ity issue as the higher read-ranges sometimes are actually within 0.1% of the no tag
reference ratio value (see Figure 5.3). Thus, due to the temporal variation in the
measurementthe tag can be missed at larger read-ranges. The variation is an artifact
of the experimental setup and instrumentation rather than the method itself. Thus,
this variation will occur in read-range measurements as well, i.e. when the tag is
present. If there is a large time period between the no-tag reference measurement
and the current in-situ measurement, the detection algorithm may provide false results. A practical solution to this problem is to take no-tag reference calibration
measurements frequently in field.
5.4.2

Effect of Different Acquisition Times
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Figure 5.19: Effects of different base ping periods T0 on measurement (a) No tag
references measured at different T0 with 18” reader coil (b) With 9” reader coil.
Note that the x-axis is actually the concatenation index k and hence will be different
in each case varying with the value of T0 . It will in fact be k · T0
Figure 5.19 presents the experimental measurements of ratios (peak-detection)
with different base ping-periods or acquisition times T0 for two different reader
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coils. The measurements are of the no-tag reference ratios. As can be seen, the
variation is within 0.11% and 0.16% for the 9” and 18” reader coils, respectively.
Again, this variation is higher than variation between some read-ranges and the corresponding reference arrays. However, it is expected that the base ping-period T0
will be kept at a fixed value, which has been empirically determined from in-situ
tests of the implemented system.
5.4.3

Effect of Digitizer Sampling Rates
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Figure 5.20: Experimental results of ratios vs acquisition window sizes for different
digitizer sampling rates. The 18” reader coil is used, and all ratios lines are no-tag
reference ratios (a) Peak-detection method results with base ping-period T0 = 2 ms
(b) Rms-detected ratios calculation with T0 = 4 ms
Figure 5.20 shows the experimentally measured no-tag reference ratios for
the 18” reader coil, with four different digitizer sampling rates Fs , for both the peakdetected and rms-detected methods. As expected, for the peak-detection method,
varying the sampling rates makes a significant difference. This is because at lower
sampling rates, the “reconstruction” of the sinusoid for finding the peak amplitudes
is not very accurate and there is much variation in the measured peak-values (see
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Figure 3.6 on page 55). However, for the rms-detected value, the calculation is not
based on interpolating or reconstructing the sinusoid, but on averaging every point
in the cycle. Thus, the variation due to Fs is substantially lower compared to the
peak-detected method.
5.4.4

Effects of Rebar on Reference Measurement
Figure 5.21 shows the experimental results obtained to analyze the effect of

rebar on the reference (no-tag) measurement of the SWIFT reader. The reader coil is
the 9” diameter reader. The base ping-period for the no-tag reference measurements
is set at T0 = 4 ms. The rebar is present at ∼ 10 cm from the reader coil, which
is a reasonable separation for a reader-mounted vehicle driving over the concrete
deck of a bridge. The experiment was performed alternatingly in the presence and
absence of rebar (every 5 minutes). The total variation in the reference measurement
is less than 0.05%. This results shows that there isn’t a significant effect of the
presence of rebar on the no-tag reference measurement of the SWIFT reader, and
the variation can be attributed to the temporal change (Section 5.4.1). The results
here together with those of Section 5.4.1 suggest that the environment of the SWIFT
reader doesn’t affect its calibration perceptibly2 . However, there is some temporal
variation, which can be visualized as a fuzzy band of ∼ 0.1% in the R vs. k plots.
Any tag read-range measurements that fall into that band, will not be detected by
the SWIFT reader. Thus, there is also a practical limit to the SWIFT reader at higher
reader-tag separations.
2

This is true for structural health monitoring applications.
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Figure 5.21: (a) Experimental setup with the rebar present (b) Peak-detection
method results for the 9” reader coil with a T0 = 4 ms
5.4.5

Effects of Rebar on Tag Measurement
Figure 5.22 shows experimental results for testing the reliability of the SWIFT

reader in the presence of reinforced steel bar. The rebar is kept at a distance of ∼ 4
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Figure 5.22: Experimental results of ratios vs acquisition window sizes in the presence of a reinforced steel bar. The 18” reader coil is used (a) Experimental setup (b)
Peak-detection method results with base ping-period T0 = 4 ms (c) Rms-detected
ratios calculation with T0 = 4 ms
cm from the tag coil, away from the reader coil. This setup is consistent with the
in-motion SHM scenario, where a vehicle-mounted reader is required to read the
state of concrete-embedded sensor-tags. The rebar of the structure (e.g., concrete
deck of a bridge) may be at a similar distance away from the tag, and has a potential
of generating broadband interference. However, as seen from the results, there is
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negligible variation in the measurements due to the presence of a rebar, as compared
to the tag-only case.

5.5
5.5.1

Practical Considerations for SWIFT Reading
Tag Coil Parameters
In practical applications such as structural health monitoring, the Q-factor

and resonant frequency (fon ) of the sensor-tag coils are important parameters for
reliability of the SWIFT system. For the experimental results presented here, the
pseudo-Q of the tag coils considered are moderately high (> 120). Passive ESS
sensors developed at UT Austin may have a low pseudo-Q. For example, consider the concrete-embedded ESS sensors presented in Figure 2.13 in Section 2.8.
The Group-A sensors (without steel washer element) have a measured pseudo-Q
of roughly 100. However, the Group-B sensors (with steel washer) have measured
pseudo-Q in the range 25 − 40. This lowering of the Q is due to the presence of
the steel washer, which itself loads the tag coil and shields the reader’s magnetic
field [6][13]. A lower effective Q-factor leads to a smaller read-range. From the results presented in Section 5.2.2, the required read-times for low-Q tags are longer.
Hence, the tags of Group-B (with washer elements) in their uncorroded state will
suffer from low read-range and read-speed.
The resonance frequency of the tag coils for the experimental results presented in this chapter is considered to be fixed (i.e., fon = 4.24 MHz). However,
there may be a variation in the tag’s own resonance frequency due to manufacturing variability or application requirement. The ESS sensors developed at UT
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Austin make use of sacrificial washer elements as transducers to monitor corrosion.
The presence of the washer element shifts the resonance frequency of the tag as
measured by the reader. As corrosion sets in, the washer element starts corroding
and the resonance of the tag (as measured by the reader) shifts back to its original
value [6][13]. Another application of a variable resonance tags may be in pressure
sensing. The transducer element, connected parallel to the tag coil, may change its
capacitance according to the applied external pressure, which will shift the tag’s resonance frequency. To detect such multiple-resonance tags with the SWIFT reader,
the implementation has to be slightly modified. The current resonance frequency of
the tag may not be known in such an application, and hence the SWIFT reader must
go through the multiple resonance frequencies to find the tag. If the distribution
of the possible resonance frequencies is known, the signal generation equipment
should be programmed to generate all those resonance frequencies in the fon duration of successive pings. For example, assume that the application requires four different resonances: 3.64, 3.84, 4.04 and 4.24 MHz and the foff is selected to be at 2.64
MHz. Then, the SWIFT reader should generate the following 4-tuple of pings successively: (2.64MHz, 3.64MHz), (2.64MHz, 3.84MHz), (2.64MHz, 4.04MHz) and
(2.64MHz, 4.24MHz). Of course, the example assumes that the width of the four
resonances is smaller than the relative difference between them (i.e., < 200 kHz),
such that they can be resolved without ambiguity. In the example, what was a single
ping-duration for the SWIFT reader is now stretched out into four times that, due to
the four resonances. Thus, the required read-times will be four times as long. Each
of the resonances for such multi-resonance application, will have an associated Q.
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In order to distinguish one resonance from another, the inter-spacing of the frequencies should be more than the width of the resonance. In general, for a distribution
of resonance frequencies with an inter-spacing of δf0 and a mean f0 , and pseudo-Q
of resonance Q0 3 , a read-time multiplication factor can be defined as:
γ = �Q0 ·

δf0
�
f0

(5.1)

For the ongoing example of the four frequencies, the mean is f0 ≈ 4.09 MHz and
the inter-frequency spacing is δf0 = 200 kHz. Assume that every resonance has a
width of ∼ 50 kHz. A mean Q-factor can be computed as

f0
50 kHz

≈ 78.8. According

to Eq 5.1, γ ≈ 3.9, which is close to the intuitive multiplicative factor of four. γ in
Eq 5.1 takes care of the resolvability of the different resonances by the introduction
of an effective (or a mean) Q-factor.
When tags are manufactured in volume for a particular application, there
will be some inherent variability from one tag to another, even though the application may demand all the tags be at the same resonance frequency. If one makes a
histogram of the resonance frequencies of all the manufactured tags, it can be considered Normal distributed with some mean fˆon and standard deviation δfon . It may
be assumed that each of these tags has some mean Q-factor of Q0 , as in the previous
case. Eq 5.1 can be made use of again to find out the read-time multiplicative factor
γ, when the SWIFT reader is used to detect tags of the given manufacture.
3
In reality, even the Q’s of the tags will be distributed. In that case, the mean of the distribution
should be considered.
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5.5.2

Practical Read-time
The main objective of concatenation of set A to form set S, is so that one

can obtain the tmin vs h, or the read-times vs read-range curves. One may consider
varying the digitizer acquisition times in reality, rather than concatenating the data
obtained during each individual ping-period4 . There are two major reasons to perform concatenation as opposed to varying digitizer acquisition window in real-time:
1. There are hardware synchronization issues in varying the digitizer acquisition
window in real-time. These arise from the fact that the actual ping-period is
not only the data acquisition window, rather the sum of:
(a) The setup-time required to turn ON the RFSG for signal generation
(b) Setup time to turn the digitizer ON for data acquisition
(c) Time to acquire data (acq τj )
(d) Turn the digitizer acquisition OFF
(e) Turn the RFSG OFF.
To dynamically vary only the acquisition window size out of the above (3rd
step), also affects the setup times required to achieve the window size. These
setup times cannot be exactly calculated for all the values of the acquisition
window sizes. Hence, the synchronization-lag (or lead) will also change from
4

This is equivalent of saying actually changing the digitizer acquisition time as acq τj = j · T0 ,
rather than acquiring all data at T0 for P ping-periods, and then concatenating those to form cat τk
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hardware to hardware. To keep the method relatively independent of the hardware being used, a fixed acquisition window size, acq τj = T0 , ∀j, is defined.
2. Due to the reasons explained above, it is faster to acquire data in P subsequent
acquisitions of the same size T0 , and mathematically concatenate them to
form equivalent longer acquisition windows. This procedure also makes it
very convenient to “discretize” the read-times in terms of a base ping-period
T0 .
Envision a field-test experiment, where the generation/acquisition of P pings, dataset
generation, statistical analysis and threshold detection are performed continuously.
In other words, the entire SWIFT reader process described in Section 4.6 is now
considered as a single experimental run, which is then performed repeatedly5 . As
such ideally for every application, the “multi-ping” SWIFT reader procedure may
be performed once to figure out the minimum required read-times ( tmin |h ) for desired ranges (h� s). Typically, one expects that the read-ranges for actual in-situ
measurements will be fixed, e.g. in the bridge-deck SHM application the reader
coil may be attached to bottom of the vehicle and the distance between the embedded sensors and the reader coil would be fixed. Then, the in-situ measurements
should only carry out the SWIFT reader procedure at the minimum required acquisition time (i.e., tmin |h ) in field. The statistical analysis should be performed on the
acquired peak-value data A, instead of going through the process of concatenation
5

On the other hand, if the whole process is carried out only once, then in that case one may call
the generation/acquisition of individual ping-periods as individual experiments
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to form dataset S. This process can then be continuously repeated to have the reader
actively monitoring for presence of tags. However, in practice, to obtain tmin |h for
the specific application, performing the procedure just once may not be enough. Instead, it is more instructive to perform the procedure of Section 4.6 multiple times,
to obtain a range of values for tmin |h and define confidence intervals on the selected
value. Then, the expected experimental procedure may be one of the following:
1. in-situ testing Perform the steps of Section 4.6 repeatedly, to obtain a range
of values for tmin |h
2. in-situ measurement After the testing, perform SWIFT method directly on
the in-situ measurements without concatenation (as explained in the paragraph above) repeatedly, if continuous monitoring is required by the application.
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Figure 5.23: Base ping-periods vs actual read-times for the SWIFT reader
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In light of practical implementation, the definition of read-times should be
adjusted. In the most generic terms, read-time can be defined as, “the time it takes
for the reader system to complete a measurement”. The keywords in the definition
are system and measurement. Different experimental system setups and hardware
configurations may lead to different read-speeds for the same reader and tag coil
pair. Moreover, a measurement need not only indicate recording of an experimental
quantity of interest, but also the subsequent analysis and execution of detection
algorithms as well. In other words, a measurement procedure is not acquiring just
data, but extracting information out of that data. For realistic measurements, one
should also take into account the actual computation time for analysis along with the
generation/acquisition and hardware setup times to define a practical read-time. To
illustrate this point, the real “read-times” as defined by this new practical definition
were recorded for the SWIFT reader setup (as enumerated in Section 5.1) for all
the selected base ping or acquisition periods (i.e., T0 = (2, 4, 6, 10, 16) ms). The
read-times here include all the steps from Section 4.6, including concatenation and
statistical analysis. These times were obtained by a digital timer placed at strategic
locations in the LabVIEW VI that controls the entire SWIFT reader setup. The
practical read times (Treal ) for the corresponding base ping-periods are shown in
Figure 5.23. As can be seen from the list, the realistic read-times tend to be much
higher than their corresponding base ping-periods, T0 6 . The reason why the peakdetection time periods are larger than the rms-detection ones, is that to obtain the
6

Here the LabVIEW VI accepts user input for T0 to set the digitizer acquisition window, while
considering all hardware delays the actual read-time is much higher
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peak-amplitude value for a given chunk of sinusoidal data, the LabVIEW peakfinding VI actually interpolates around every point, to decide whether the signal is
rising or falling. In case of rms-detection, the calculation is simply that of rmsaveraging data points in two consecutive cycles. In order to see how this affects
the performance of the reader, let us re-plot the experimental data of read-time vs
read-ranges for some of the setups discussed in this chapter.
Figures 5.24 and 5.25 show the experimental curves for minimum required
read-time tmin for read-ranges h, comparing the cases of ideal and practical definitions of read-time for both the 9” and 18” reader coils. The ideal read-time is
exactly equal to the base-ping period (or acquisition period) T0 , whereas the practical read-time is obtained from the aforementioned list as T0meas . It can be seen
that the read-times go substantially higher when the computational overhead of the
statistical analysis is also taken into account for each ping-period. This leads to a
conclusion that the statistical analysis and following computation are a major bottleneck for applications requiring rapid reading. In order to circumvent this issue,
parallelization of the method can be employed. If the dataset generation and statistical analysis computations can be performed in parallel to generation/acquisition,
then the overhead can be substantially reduced and the tmin values can be brought
as close to the ideal as possible. A more practical implementation of the method
can be envisioned where the whole system is implemented on a single-chip FPGA,
including the signal generation/acquisition and analysis.
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Figure 5.24: Experimental results of tmin vs h for comparison of ideal and practical
read times for the 18” reader coil (a) Tag 1 peak-detected with T0 = 10 ms, � = 9
(b) Tag 2 peak-detected with T0 = 10 ms, � = 9 (c) Tag 2 rms-detected with
T0 = 10 ms, � = 3
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Figure 5.25: Experimental results of tmin vs h for comparison of ideal and practical
read times for the 9” reader coil (a) Tag 1 peak-detected with T0 = 4 ms, � = 9 (b)
Tag 2 peak-detected with T0 = 4 ms, � = 9 (c) Tag 1 rms-detected with T0 = 6 ms,
� = 3 (d) Tag 2 rms-detected with T0 = 6 ms, � = 3
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Chapter 6
Conclusions
6.1

Motivation of Work
The objective of this work is to design and implement a rapid, reconfigurable

reader system for non-destructive interrogation of inductively coupled passive sensors. The motivation for developing a rapid reader stems from the requirement of
real-time, in-motion sensing for Electronic Structural Surveillance (ESS) sensing
applications.
The ESS sensors developed at The University of Texas at Austin are read
through the impedance analyzer method, both for in lab and in-situ measurements.
The impedance analyzer instruments suffer from a very slow read-speed and bulkiness. The instruments also require computers to store measurements, and perform
offline, post-acquisition analysis. This system is not viable as a real-time reader,
especially for sensing applications requiring faster read-speeds. Some applications
may also involve relative motion between the reader and the sensor, such as reading
the sensors embedded inside the concrete deck of the bridge with a vehicle-mounted
reader. In order to design a reader suited to read specific sensors at a desired range
and at a prescribed speed, a quantifiable relation between the read-speed and readranges of an inductively coupled reader must be established.
Two methods are proposed for a rapid, reconfigurable and portable imple121

mentation of a reader, employing a reflectometer-based approach. Swept-frequency
Reflectometer Reader is aimed at an effective replacement of the impedance analysis method for real-time structural health monitoring and real-time state extraction.
The Switched-frequency Interrogation Technique (SWIFT) is a tool, which is aimed
a very rapid version of the reflectometer reader for threshold sensing applications.
The method is able to quantify the relation between the required read-speeds and
desired read-ranges for passive coupled wireless sensing. The SWIFT reader design
can also quantify measurement uncertainties for the particular setup. The proposed
methods are made as universal as possible for reading passive wireless coupled
sensors, and are intended to be implemented on any practical setup.

6.2

Summary of Work
The Swept-frequency Reflectometer Reader can be used as an immediate

successor of the impedance analyzer method, for in-situ and in-lab measurements
of ESS sensors. The method has been benchmarked against the impedance analyzer
method for accuracy and performance, and has been established as a faster reader.
Compared to the current field instrument, Solarton 1260A used in the mode of GPIB
controlled sweep, which takes up to 6 minutes to perform a 400 point impedancefrequency measurement, the Swept-frequency Reflectometer Reader only takes less
than 10 seconds to perform a 400 point reflected signal-frequency measurement.
The instrument is also able to provide accuracies as good as the impedance analyzer, in measuring the resonant frequencies and quality factors (pseudo-Q� s) of
the tags being interrogated. The Swept-frequency Reflectometer Reader was also
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benchmarked for measurements of corrosion sensors embedded in concrete blocks,
with sacrificial washer loops.
The SWIFT reader is presented as a viable candidate for a rapid reader for
real-time threshold sensing applications. This technique employs only two source
frequencies (instead of sweeping like previous methods), which are alternatively
“pinged” to continuously interrogate the senors. Due to the discrete nature of the
generated signals (i.e., the pings), this method is able to quantifiably define the
“read-times” for threshold measurements of inductively coupled passive tags. The
method also defines a minimum required read-time for a desired read-range, based
on user-defined threshold detection conditions. The SWIFT reader is able to quantify the measurement uncertainties associated with the specific setup being used,
which is employed in its threshold detection algorithm. The statistical analysis
required to quantify uncertainty in measurements, is discussed at length. A mathematical relation is established for the uncertainty and subsequently the detection
threshold.
Experimental results are presented, which support the conclusions drawn
from theory. Experiments were performed for different reader and tag coil combinations, demonstrating the functionality of the SWIFT reader. The reader was able
to quantify the relation between minimum required read-times and desired readranges, empirically. The effect of the user-defined parameters was also experimentally demonstrated, including tuning of the detection threshold. Two measurement
methods were presented: peak-detection and rms-detection, both of which were
demonstrated experimentally. It was experimentally established that the read-speed
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vs. read-range curve essentially follows the trend of the signal strength vs. readrange. In other words, it was found that larger signal strength requires less read-time
and vice versa. Two tag coils with different pseudo-Q factors were experimentally
compared. It has previously been established that higher-Q tags can be read at
larger read-ranges. From experimental results, the SWIFT reader also concludes
that higher-Q tags require less read-time at a given read-range for successful detection, which is a critical result.
Reliability issues associated with the specific instruments were also discussed. Potential solutions to some of the problems are also presented. Practical
limitations on the read-speeds of the instruments are also discussed. The definition of read-speed is adjusted to include not only the data acquisition time, but
also the computational overhead of the statistical analysis. Experimental results are
presented to discuss the impact of practical read-times.

6.3

Directions for Future Work
The design and implementation of the Switched-frequency Interrogation

Technique opens up many possibilities for further development and improvement.
Some of the future directions are listed below:
• Empirical results of the relation between read-speeds and read-ranges are obtained in this work for specific experimental setups. These relations can be
tested in reality, by developing a vehicle-mounted reader with the current
hardware and testing concrete-embedded ESS sensors while in motion. An-
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other experimental verification of the results of this work can be done by implementing the stationary-reader system mentioned earlier. A pipeline containing “flowing” sensors can be designed, where the sensors are interrogated
by an external stationary reader.
• The practical definition of read-time presented in Section 5.5.2 includes the
computation overhead of the statistical analysis and threshold detection as
well. An improvement upon the current implementation can be envisioned,
where the signal generation/acquisition can be performed in parallel to processing of real-time data. Such a design is possible on an FPGA, where all
the components of the Switched-frequency Interrogation Technique can be
implemented on the same chip.
• The uncertainty of measurements is quantifiable as a result of performing basic statistics on a large number of data points to obtain the “spread” of the
measured values. A more sophisticated approach can be undertaken, where
theoretical models of system noise, interference and randomness are made
use of to define an uncertainty. Such a model can then be fed to a learning algorithm implemented on the same hardware, wherein the model is iteratively
corrected by learning from empirical results. Such a robust model may be
able to provide much better accuracies at larger read-ranges.
• It was experimentally established that higher the signal strength at a given
read-range, the higher the probability of detection with a lower read-time. In
the current implementation, the signal strength of the reflected port could not
125

be amplified. For an application-specific implementation, where hardware
specs are controllable by the user, the generated signal power can be increased
and the reflected port signal can be amplified to achieve better signal strengths
at all read-ranges.
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