Phase Sensitive Interrogation of a RF Nanostrain
Resonator for Structural Health Monitoring

Sensing Applications

by

Rui Meng

A Thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba
in partial fulfilment of the requirements for the degree of

Master of Science
Department of Electrical and Computer Engineering
University of Manitoba

Winnipeg, Manitoba
Canada

Copyright © 2010 by Rui Meng



Author’s Declaration

| hereby declare that | am the sole author of this thesis. This is not a finalized
copy of my thesis. This is a nearly finalized draft of my thesis submitted to my

examining committee for their consideration.

| understand that an electronic copy of the finalized draft of my thesis may be

made electronically available to the public.

i



Abstract

The purpose of this study was to design a passive nanostrain Radio
Frequency strain sensor that helps to monitor the strain changes caused by
traffic in motion on bridges. The phase sensitive interrogation method was
applied meaning that the strain changes will be measured by the cavity sensor
phase shift. The results revealed that the RF strain sensor could achieve a
resolution of a few nanostrain. The principle conclusion was that the designed RF
strain sensor has nanostrain sensitivity. Coaxial-Cylinder sensor sensitivity was 8
nanostrain. Cylinder volume resonant cavity sensor sensitivity was 8 nanostrain
for high Q and 4 nanostrain for low W. (BW = 160Hz) These sensitivities were
somewhat larger than theoretical estimates due to noise from sauces other than
the thermal noise used in the theoretical estimation. Therefore sensors will be

useful for Structural Health Monitoring applications.
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1. Chapter | Introduction

1.1 Structure Health Monitoring

“The process of implementing a damage identification strategy for aerospace,
civil and mechanical engineering infrastructure is referred to as structural health
monitoring (SHM)”. [1] Damage is referred to as changes to the material and/or
geometric properties of these systems. [1] For example, damage may include
changes to the materials, changes to the boundary conditions and changes to
system connectivity. In both cases, changes will adversely affect the system’s
performance. [1] SHM also includes the evaluation on infrastructure performance.

Almost all industries either private business or government owned agents
need SHM. They need to detect damage in their products as well as in their
manufacturing infrastructure at an early stage. Such detection requires these
industries to perform some form of SHM. [1] This thesis has been motivated by
the increased interest in SHM and its associated potential for significant safety
and economic benefits.

“Most current structural and mechanical system maintenance is done in a
time based mode.” [1] This means a structure will be shut down during a set
amount of time. SHM is the technology that applies the condition-based
maintenance philosophies which are potentially more cost effective. “The concept
of condition-based maintenance is that a sensing system on the structure will

monitor the system response and notify the operator that damage has been



detected.” [1] However, this philosophy requires a more complicated monitoring
hardware to be deployed on the system and it requires a sophisticated data
analysis procedure to interrogate the measured data. [1] This is the trade off

between SHM and the original maintenance methods.

1.2 Sensors for SHM

1.2.1 Sensor Types
Knowing that in-service structural health monitoring (SHM) of engineering

structures plays a significant role in assessing their safety and integrity, we now
take a look at some kinds of sensors used in the SHM sensing system.

Based on the measurands, sensors can be classified as acoustic; biological;
chemical; electric; magnetic; mechanical; optical; radiation; thermal and other
specified sensors. [2] Based on the application, sensors can be classified into
automotive; civil construction; energy power; health, medicine; military, etc. [2]
Here, we only focus on the civil construction application, especially for SHM.

The most common civil SHM sensors can be divided into four categories.
Strain sensors, linear variable differential transducers (LVDT), accelerometers
and temperature sensors. Here we only focus on the strain gauge. Foil gauge,
vibrating wire gauges and fiber optic gauges are commonly used to measure
strains in civil structural health monitoring applications. For measuring small
strain values less than 100 microstrains, semiconductor strain gauges using

piezoelectric devices are preferred. [3]



1.2.2 Strain Gauge Operation Principle

(a) Foil Strain Gauges
Among these types of strain sensors, the foil strain gauges are the most

commonly used and typically the least expensive one. [3] The limitation of this
type of sensor is that typically it can only achieve a resolution in a few micro-
strains. Foil strain gauges measure the amount of strain applied to an object by
monitoring the electrical resistance of the gauges. As shown in Figure 1.1, a foil
strain gauge has a long and thin conductive strip in a zigzag pattern of parallel
lines. The loops are made so that a small amount of strain in the direction of the
orientation of the parallel lines results in a larger strain along the conductor’s
effective length, and hence a larger effect on resistance change. For most of the
cases, foil strain gauges are attached to the surface of structural components
such as girders or reinforcing bars. Gauges are wired to readout units for
conversion to digital outputs. [3] When force has been applied that results in a
strain to the components, the length at component surface changes and this will
be transmitted to the strain gauge through the connecting materials. The strain
causes the gauge to change in length and therefore change its resistance. If the
gauge is lengthened its resistance will increase. After that, the corresponding

signal is transmitted to the readout unit through the lead wires. [3]
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Figure 1.1 Foil Strain Gauge [4]

(b) Vibrating Wire Gauges
Vibrating wire (VW) strain sensors are usually bulky in size with a length of

100mm or larger. The resolution can be less than 1 micro-strains without using
elaborate methods of gauge testing and selection. This type of strain sensor is
also inexpensive and can be stable for a period more than 15 years. [17] VW
sensors are produced for embedment in concrete or attaching to the surface of
components. [3] Embeddable sensors can be placed into the concrete directly.
Surface mounted sensors can be welded, bolted or bonded to the surface
material. [3] As shown in Figure 1.2, the VW sensors are encased inside sealed
steel tubes. The tensioned wire vibrates at a frequency that is proportional to the
strain in the wire when it has been “plucked”. The sensor is installed so that a
wire is held in tension between two ends of rebar. Applying load to the concrete
structure will change the distance between the two rebar and result in a change
in the tension of the wire. The wire can be plucked by an electromagnet which
also measures the vibration frequency. Strain is then calculated by applying

calibration factors to the frequency measurement.
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Figure 1.2 Vibrating Wire Strain Sensor [5]

(c) Fiber Optic Strain Gauges
It has been more than thirty years since researchers started to study fiber

optic strain sensors. The most commonly used sensors in this field for strain

measurement are fiber grating sensors and fiber optic interferometer. [6]

i. Fiber Bragg Gratings (FBG)
Among different types of fiber gratings, Fiber Bragg gratings (FBG) are most

widely used as sensor heads. [6] FBGs are immune to electromagnetic
interference (EMI) and ground loops. They have the advantage of being
lightweight and small in physical size. They are suitable for being embedded into
a new civil structure during the construction phase without any serious effect on
the structural integrity. These sensors can also be attached onto existing
structures. [7]

FBGs are produced by creating periodic variations in the refractive index of
the core of an optical fiber. [7] Figure.1.3 shows the internal structure of an
optical fiber with an FBG and the transmission and reflection spectra. When light
is being passed through the grating, at the Bragg wavelength Ag, the light

reflected by the varying zones of refractive indices will be in phase and amplified.



[7] As shown in the “Transmitted spectrum”, under phase matching conditions, a
FBG couples the forward propagating core mode to the backward propagating

core mode. [6]

[nput signal FBG
:{f j Output signal
Reflected
signal

I I

L
:|||_ |-‘ln.|1 },l-.
Input spectrum Reflected spectrum  Transmitted spectrum

Figure 1.3 Transmission and Reflection Spectra for FBGs [7]

Strain applied longitudinally to the FBG is proportional to the relative change
of Bragg Wavelength. [7] The strain can thus be obtained by measuring the
wavelength of the reflected light.

To read the Bragg wavelength shift induced by strain changes, interrogators
and demodulators are required. Optical spectrum analyzers are not used for this
case because of the high cost and slow wavelength scanning speed. Several
interrogation techniques have been proposed in the literature. [8] FBG
interrogations can be generally classified as an active detection scheme and

passive detection scheme. Table 1.1 shows examples of these two categories.



Table 1.1 FBG Interrogation Schemes [7]

Interrogation Type Technologies
Passive Detection Linearly wavelength-dependent device
Scheme CCD spectrometer

Power detection

Identical chirped-grating pair

Active Detection Fabry-perot filter
Scheme Unbalanced Mach-Zehnder interferometer
Fibre Fourier transform spectrometer
Acoustic-optic tunable filter
Matched FBG pair
Michelson interferometer

LPG pair interferometer

ii. Unbalanced Mach-Zehnder Interferometer Interrogation
Among all the interrogation schemes, it is the Unbalanced Mach-Zehnder

interferometer technique that is similar to our design architecture. Figurei.4
shows the schematic of this method. The Pseudo-Hyterodyne method is used to
analyze the phase variation. This method involves the application of optical path
length modulation to one of the interferometer arms. In the figure, OPD stands for
optical path difference. A piece of optical fiber is wound around the PZT, which
stands for piezoelectric tube. The function generator generates a ramp signal.

This signal is applied to the PZT and it expands the length of the tube and fiber



around the tube. Eventually, the optical path length of one interferometer arm can
be altered by the ramp signal periodically. The amplitude of the ramp signal
should be chosen properly to make the signals at photo detector P1 and P2
sinusoidal. The period of the detector signals are the same as the ramp signal
period. The detector output goes through the band-pass filter at the modulation
frequency. This will eliminate other frequency components such as the spikes

caused by the discontinuities of the ramp signal.
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Figure 1.4 Unbalanced Mach Zehnder Interferometer Technique [6]

Function generator




The unbalanced MZI interrogator also has a reference FBG as the other arm.
The environmental factor such as temperature has an impact on the optical path
difference. The interference signal is very sensitive to these changes. By adding
in a reference FBG, the gratings in the sensor arm and the reference arm are
experiencing the same amount of thermal drift. Therefore, the temperature effect
can be cancelled by subtracting the reference signal out of the sensor grating
signal.

The lock-in amplifier is used as a phase analyzer. The band-pass filtered
signal and the ramp signal are used as the input and reference signal of the lock-
in amplifier. The LIA can measure the change in wavelength in phase form.

By the small angle approximation, for a small phase 6, sin (8) is
approximately equal to 6. Therefore, the LIA input output relationship is
approximately linear. The simplest way to implement the unbalanced MZI
interrogator is to limit the input wavelength range to the linear portion of the
sinusoidal output signal. The phase shift can be analyzed by observing the
output signal. However, there is a tradeoff between the input wavelength range
and the measurement resolution. Decreasing input wavelength will decrease the
resolution.

iii. Fabry-Perot interrogation

The unbalanced MZI interrogation technique can result in a static resolution of
several micro strains and a dynamic resolution of several nanostrains / YHz. A
good example is shown in [9]. High-resolution FBG strain sensors are commonly

based on Fabry-Perot configuration. [10]



Figure1.5 shows the experimental setup of a Pound Drever Hall fiber Fabry—
Pérot interrogation. The Laser generates the carrier which is passed through the
optical isolator. Laser light is polarized vertically by the half wavelength plate.
The Laser is then phase modulated by a modulator, which is driven by a Radio
Frequency (RF) generator. The modulated laser light is coupled with an aspheric
lens into a polarization independant optical circulator. The transmitted laser
signal is then passed through the fiber Fabry-Perot (FFP). Next the light is
passed through the isolator to eliminate parasitic etalon effect of the residual
back reflections from the lens. The light is focused by the length and picked up

by a photo detector Tx.

e BT
g 22 Modulator
Laser R “\

Isolator

Optical circulator

Signal
Generator

y Lowpass
j Filter
Sh‘“‘"‘l 11111 — D
Error Fiber
Signal Fabry-Perot  ISolator Tx

Figure 1.5 Experimental Setup of a Pound Drever Hall Fiber Fabry—Pérot
Interrogation [11]
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The optical circulator is a three port component. Besides the transmitted light,
there is a second light signal which is reflected to a lens and picked up by a
photo detector Rx. This light signal goes through a demodulation process. The
RF signal generator is used as a local oscillator. The generated RF signal passes
through a phase shifter to get the same phase as the signal detected by Rx. The
two signals are passed to a mixer then a lowpass filter to generate the error
signal. This error signal is then sent back to the laser source creating a feedback
loop to lock the laser frequency to the FFP cavity resonance.

The FFP cavity is controlled by a PZT. If strain is applied to the FFP, the FFP
cavity will change its length and hence changing the Bragg wavelength and the
resonant frequency. 1 pm wavelength shift is equal to a strain change of 0.8
microstrains. [11] Since 1 pm is equal to 125 MHz at the Bragg wavelength of
1550 nm, the FFP sensor has a strain sensitivity that can be calculated to be
approximately 2 picostrain / VHz. [11] [12]

iv. Comments

Fiber Optical sensors have the advantages of being lightweight, small in
physical dimension, immune to EMI and ground loop, high sensitivity and
dynamic range, etc. However, they still have some drawbacks in real world
application of SHM. One explanation of Fiber optical sensors not reaching their
maximum market potential is that there have been no standards associated with
these sensors so far. Standards for sensor packaging and usage in SHM have
not yet been arrived by any organizations and institutions. [7] Another

disadvantage of fiber optical sensors is the fact that these sensors required
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complicated interrogation systems which are very expensive at present. [7] In
addition, some remaining issues associated with fiber optical sensors need to be
considered. Temperature changes will cause a wavelength shift which has to be
compensated, comprising the sensors resolution. The fiber optical sensors are
brittle, for all practical situations, it is better to encapsulate the bare FBG sensors
before mounting them on any structure. However, the protective layer and the
adhesive layer absorb a part of the strain and the indication given by the FBG is
not the true strain on the structure. [7] One study concludes that for better strain
transfer from the host material to the FBG sensors, a thin layer of adhesive, a
high modulus coating material and a sufficient embedding length of the sensor is

necessary. [13] This further complicates the use of fiber optic sensor.

(d) Piezoelectric Strain Sensors
The way that piezoresistive strain sensors work is that by applying strain to

the sensors, there will be a electrical resistance change on the device and the
corresponding strain can be measured. Carbon nantotubes can be used to form
piezoresitive strain sensors for SHM applications. In [14], Inpil Kang et al show
that a carbon nanotube piezoresistive strain sensor can achieve a sensitivity of
several hundred microstrains.

Semiconductors such as ZnO can be used to make piezoelectric fine wires

which can form a piezoelectric strain sensor. [15]
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Silver paste

Figure 1.6 (a) Schematic of a single ZnO PFW based strain sensor device
(b) Optical image of a strain sensor device (c) Schematic of the
measurement system to characterize the performance of the sensor device
[15]

1.3 Radio Frequency Strain Sensors
In this thesis, | will focus on designing a resonant radio frequency (RF) strain

sensors for use in SHM applications. The motivation is to design a strain sensor
that has nanostrain resolution and easy interrogation system. The nanostrain
resolution is necessary so that the sensor can be used to measure dynamic
strain changes by small vehicles. It may also be used to identify the vehicle type

as well. The sensor | designed is a wired passive device that can be attached to
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or embedded into a civil structure component. An electronic interrogation system
is also presented. The sensor | used is a conducting coaxial electromagnetic
cavity with resonant frequency of approximately 2.4 GHz. The sensor is attached
to or embedded to a structure where the strain is applied and measured.

When strain is applied, the length of the cavity will change which results in a
shift of the resonant frequency. The frequency change can be seen as the phase
variation which can be monitored using the interrogation technique. The detailed
explanation of the interrogation system will be discussed in the next chapter. The
RF strain sensor has a resolution in the nanostrain range which should prove
useful for measuring strains for SHM applications. The detailed explanation of

how to achieve the nanostrain resolution is also discussed in the next chapter.

1.4 Comparison to State of the Art

a) Summary
The RF strain sensor is unique compared with all the sensors we overviewed

above. The metal foil strain gauge and the vibrating wire strain gauge are
commonly used for SHM applications because of the low cost and easy
installation. However, their resolution is only a micro-strain, much poorer
compared with nanostrain sensitivity of our RF strain sensor. The piezoelectric
sensors have better signal to noise ratio when measuring strains less than 150
microstrain. They have a resolution as low as several microstrain which is poorer
than the RF strain sensor.

Fiber optical strain sensors are comparable with our RF strain sensors in that

they have a resolution in sub-picostrain range. They are also widely used for
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SHM applications. The drawback of these sensors is that they require a

complicated interrogation system which is very expensive. Moreover, these

sensors use lasers as the signal source which will result in some noise in

measurement such as the free running frequency noise. These sensors are

affected by the ambient temperature variation. A temperature change will have

an impact on the strain measurement. Fiber optic sensors undergo fiber fatigue

which is another factor limiting their application.

b) Summary Table
Table 1.2 Summary Table for various Strain Sensor Technologies

Sensor Type

Achievements

Limitation

Foil Strain Gauge

inexpensive, widely used in

SHM, easy installation

resolution of a few microstrain

Vibrating Wire

inexpensive, easy installation,
excellent durability, stable for

more than 15 years

resolution of a few microstrain

Piezoelectric

less signal conditioning required,
good for applications with low

strain level and high noise level

resolution of a few microstrain,
no good for strain level more
than 150 microstrain since
nonlinearity and changes in

material property [18]
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resolution of subpico/nanostrain, | complicated interrogation

Fiber Optic high signal to noise ratio system, fiber fatigue, expensive

resolution of a few nanostrain, thermal noise from the
RF Strain Sensor | high signal to noise ratio, easy electronic parts

interrogation system,
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2. Chapter Il Apparatus

2.1 Block Diagram
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Figure 2.1 Block Diagram of the Phase Sensitive RF Nanostrain Resonator
System

The system block diagram is shown in figure 2.1. In the system, | use a signal
generator to produce RF signals. The Power level of the signal generator is
typically set to be 9dBm. The RF signal goes into power divider that splits the
signal evenly into two signal paths. One signal is the reference path that goes
into the Local Oscillation (LO) port of the mixer. The other signal goes into an
adjustable phase shifter and then to a cavity resonator and a 50 ohm 6dB
attenuator and finally goes into the Radio Frequency (RF) port of the mixer. The
Intermediate Frequency (IF) port of the mixer outputs a signal and the signal

goes through a BNC cable to the Lock-in Amplifier. The signal coming out of the
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LIA is monitored by a sampling oscilloscope. The individual parts mentioned here

will be discussed in more detail in the following sections.

2.2 Function Generator

N v | g g — 7
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5 . KAN AMPLIFIER > g E 1
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Figure 2.2 Block Diagram of the Phase Sensitive RF Nanostrain Resonator
System

Figure 2.2 shows the picture of the function generator | used in our system.
The signal generator shown here is the Rohde & Schwarz SMT 03 that has a

frequency range from 5 KHz to 3 GHz.
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| used the AM modulation to reduce the effect of electronic noise and chose
the carrier frequency from 15 KHz to 50 KHz. The signal was sinusoidal.

The signal generator can supply power from -144dBm to 16dBm. In this
design, | chose 9dBm as the power output to match the requirements of the
mixer. This is to obtain the maximum signal without distortion. The signal

supplied by the signal generator goes into a power divider via SMA cable.

2.3 Power Divider

Figure 2.3 Power Divider
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The power divider shown here is the MCL ZAPD-21. It is a power divider that
splits the RF signal power evenly into to two paths. | have already mentioned that
the RF signal has a power level of 9dBm, so the matched power rating of the
power divider has to be greater than 9dBm. The divider has an insertion loss of
approximately 1dB. Therefore, the signals coming out of the divider will be

around 5dBm each.

2.4 Phase Shifter

Figure 2.4 Phase Shifter
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The phase shifter shown here is P1213 from the Advanced Technical Material
(ATM) Inc. It has the maximum insertion loss of 0.6 dB. The minimum phase
adjust is 180° / GHz.

The purpose of inserting this phase shifter is to allow the phase in the path to
be adjusted to produce a null output from the mixer. The sensing path will include
a cavity resonator, an attenuator and of course the phase shifter. All these
elements will cause a phase shift relative to the reference path even though there
is no strain applied to the cavity sensor. | can compensate for this by inserting a
phase shifter which is shown above. | can adjust the phase shift of the path to
zero the output from the mixer, in other words, to null it out. The signal coming

out of the phase shifter will go into a cavity resonator via an SMA Cable.

2.5 Attenuator

Figure 2.5 Mixer and Attenuator
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Figure 2.5 shows the mixer and the attenuator in the design system. The
attenuator used here is Mini Circuit precision fixed attenuator of model BW-S6W2.
It has attenuation of 6dB and impedance of 50 ohms. It can output a maximum
power of 2W. The data sheet is attached in the Appendix.

As mentioned in the previous section, to obtain maximum signal without
distortion, | chose the RF supply from the signal generator to be 9dBm. This
signal goes through a path with some losses and finally goes into the RF port of
the mixer. The mixer has a maximum power input level. To maintain the signal
input well below the 1dB compression point, an attenuator is inserted to adjust

the power level.

2.6 Frequency Mixer
The frequency mixer used in the design system is shown in Figure 2.5 along

with the attenuator. It is Mini Circuit model number ZX05-C24. The mixer is
specified as Level 7, i.e. LO port requires a drive power of 7dBm. It has
frequency range from 300MHz to 2.4GHz. The 1dB compression point is 1dBm.
The conversion loss is 7dB. The detailed specifications can be found in the
datasheet attached to the Appendix.

It has already been mentioned in the previous section that the power divider
splits the RF signal into two paths. One of the two is the reference path that goes

directly to the LO port of the mixer. The other path includes a phase shifter, a
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cavity sensor and a 50 ohm 6dB attenuator and the signal goes into the RF port
of the mixer. The frequency mixer will mix the signals coming from the two paths.
The IF port of the frequency mixer generates an output that gives the difference
between the two signals coming from the LO and RF ports. It is shown in the

diagram below. The signal coming out of the mixer will go to a Lock-in Amplifier.

RF frr fie=fre£fio
Oscillator =
A A
> f
fre-fLo fLo fre fretfio

Figure 2.6 Frequency Mixer Down Conversion Diagram

23



2.7 Lock-in Amplifier

g 11 ATV

SR310 Lock-In Amplifier

Figure 2.7 Lock-in Amplifier [20]

Figure 2.7 shows the picture of the lock-in amplifier. The lock-in amplifier
used here in the system is SR510 analog LIA from Stanford Research System.

In the design, | adjusted two parameters of the lock-in amplifier, i.e. the
sensitivity and the time constant. The time constant defines the bandwidth of the
system. For example, when | set the time constant to be 1ms, then the bandwidth
will be 1/(21+Time constant) = 1/(2mx1x10°) =~ 160 Hz.

The lock-in amplifier requires a frequency reference. It uses a Phase Locked
Loop (PLL) to generate the reference signal. The signal generator provides an
external reference signal to the lock-in amplifier. The PLL in the lock-in amplifier
locks its internal oscillator to the external reference signal.

The signal coming out of the frequency mixer goes into the lock-in amplifier
as its input signal. The lock-in amplifier amplifies the input signal and then
multiplies it by the reference signal performing a phase-sensitive detector. The

output of the PSD is simply the product of two sinusoidal waves. The results are
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two AC signals. One is the sum of the two frequencies, and one is the difference
of the two frequencies. The two AC signals go through a low pass filter and only
the signal showing the frequency difference will pass through the filter and
become the output of the lock-in amplifier. The output signal is then going to a

digital storage oscilloscope.

2.8 Oscilloscope
Figure 2.8 shows the digital storage oscilloscope from Agilent Technologies.

The model number is DS05012A. It has two channels and a USB port to store
digital data. Its bandwidth is 100MHz and the data sample rate is 2GSa / S. The

detailed datasheet is attached to the Appendix.

Figure 2.8 Digital Storage Oscilloscope

| chose 1M Ohm as the input impedance to avoid input the current signal

becoming saturated. | chose the roll mode in the scope to observe the signal
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coming out of the lock-in amplifier. In this mode the oscilloscope behaves like a
strip chart recorder. | set up the system to be 50 seconds per division and |
observe the signal for 8 divisions 400 seconds. By simply hitting the stop button,
the signal showing on the scope screen will freeze and | can store these data to

a USB stick. The scope data can be later on opened by Microsoft Excel.

2.9 Sensor
| used two types of sensors in our design, i.e. the diaphragm sensor and the

cylindrical cavity sensor. The diagrams, pictures and drawings of the two types of

sensors are shown in the following sections.

a) Diaphragm Sensor

Figure 2.9 Diaphragm Sensor Picture
Figure 2.9 shows the diaphragm sensor picture. The sensor is made of

copper and is conductive. It has two SMA connectors soldered on each side of its

body. It is hollow inside which makes it a cavity. One end of the cavity has a
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diaphragm as the cover. The diaphragm has a knob in the middle to connect one
end of a rod to measure strain. The other end of the cavity is made of solid
copper and has been attached with a copper bracket for mounting purposes. The
detailed dimensions and inside cross sections are shown in the following
diagrams and drawings.

Figure 2.10 shows the diaphragm sensor diagram. It shows all the details

about the sensor cavity including the dimension.

SMA
Connector
Diaphragm
Surface
Sensor Rod A L E
Connector 1] ) g
4’ Vs

Cylindrical . 3CM /

Copper Cavity Copper

Bracket

Figure 2.10 Diaphragm Sensor Diagram
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b) Cylinder Sensor

Figure 2.11 Cylinder Sensor Picture

Figure 2.11 shows the picture of the cylinder sensor. This sensor is also
made of copper and it is conductive. The body of the sensor is a cylindrical cavity.
Two SMA connectors are soldered onto each side of the cavity. The detailed

dimension and cross section drawings are shown below.
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Figure 2.12 Cylinder Sensor Diagram

Figure 2.12 is the cylinder sensor diagram which shows the all the details

about the sensor.

2.10 Signals at Various Points

Table 2.1 Summary of Signals at various points (Circuit Diagram refer to

Figure 2.1)
Signal Signal
RF supply | goinginto | going into
Mixer LO Mixer RF
Cylinder
Sensor 8.33dBm 4.77dBm -7.18dBm
Diaphragm
Sensor 8.33dBm 5.05dBm -9.52dBm
Low Q
Diaphragm
sensor 8.35dBm 5.24dBm | -17.91dBm
High Q
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Shown in Table 2.1 are the signal power levels at various points. These data
were recorded by a Broadband RF power meter that can measure power level
ranging from -70dBm to +44dBm. Signal power levels will be discussed into

details in the next chapter.

30



3. Chapter Ill Theoretical Calculation of Noise

In this chapter, | will estimate the theoretical noise limit of the system strain
measurement. These calculations are based on simple thermal noise estimates.
The theoretical estimation will be later on compared to the measurements to see
if our designed system is working at or close to theoretical limits.

This chapter includes the following sections, Power Losses in the various
components, System Power Budget, Output power and Theoretical Calculation of

Output Voltage Vs Strain

3.1 Power Losses in the Various Components

The power input from the signal generator is 9dBm. The signal goes through
the system and has some losses here and there in reference path and signal
path. The reference path connects the signal generator and the Local Oscillation
port of the mixer. The signal path includes a phase shifter, a cavity sensor a 50
ohm attenuator and connects to the RF port of the mixer. In this section, all the
losses in the paths will be discussed. This is important in estimating the

theoretical noise limits.
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The power divider datasheet shows that the maximum insertion loss of the

MCL ZAPD-21 divider is -1dB. Therefore, the power loss for the power divider is

Figure 3.1 System Block Diagram

considered to be -1 dB.

The power divider splits the 9dBm input evenly into two signal paths. There is
a -3dB loss for each branch as the power in each branch becomes half of the
input power. Take the -1dB divider loss into account, the power goes into each
branch is 9 — 3 — 1 = 5dBm. | ignore the cable loss, and there is no other

elements in the reference path, the signal going into the LO port of the mixer is

therefore 5dBm.

The other path contains a phase shifter, a resonator, and a 6dB attenuator.
The power losses for these elements will be considered seperately. The 6dB
attenuator simply reduces the power level by 6dB. The power loss of the phase

shifter is obtained by measuring its insertion loss using a Vector Network

Analyzer (VNA).
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The insertion loss of the phase shifter is the same as S21 in this case. It is
observed that the insertion loss around the resonant frequency is approximately -
0.55 dB. In our calculation, | assume a worst case scenario where the insertion
loss is 1 dB. This result can be verified by the phase shifter datasheet. It shows
the insertion loss of the ATM P1213 phase shifter is 0.6 dB.

The insertion losses of the two types of sensors are obtained by measuring
the scattering parameter S21 versus frequency using VNA. The results are
shown below.

Figure 3. shows the insertion loss of the diaphragm sensor. This resonator
resonates at two frequencies. Two resonant frequencies correspond to two Q
factors. In our design, | used both of the two resonant frequencies and Q factors.
The insertion loss of the low Q condition is around — 1.4dB, and | consider it to be
-2dB in the noise calculation. The insertion loss for the high Q condition is around

- 6.8dB, and | consider it to be -7dB in the noise calculation.
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Diaphragm Sensor S21 Magnitude Vs Frequency
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Figure 3.2 Diaphragm Sensor Scattering Parameter S21 Mag vs Frequency

Figure 3.3 shows the Diaphragm sensor scattering parameter S21 phase vs
Frequency. The phase changes by 360. The VNA has its limitation in plotting the

phase that is why | added 360° to the curve to compensate for the error.
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Diaphragm Sensor S21 Phase Vs Frequency
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Figure 3.3 Diaphragm Sensor S21 Phase vs Frequency

Figure 3.4 shows the magnitude of scattering parameter S21 of the cylinder
sensor versus phase. This sensor has only one resonant frequency and thereby
has only one Q factor. The insertion loss of this sensor is around -3.7 dB and in
the noise calculation, | consider it to be -4dB for simplicity.

Figure 3.5 shows the phase of scattering parameter S21 of the cylinder
sensor. From the plot | can see a roughly 180 degree phase shift which is as

expected since there is only one resonant frequency.
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Cylinder Sensor $21 Mag Vs Frequency
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Figure 3.4 Cylinder Sensor Scattering Parameter S21 Mag vs Frequency

Cylinder Sensor S21 Phase Vs Frequency
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Figure 3.5 Cylinder Sensor S21 Phase vs Frequency

36



3.2 Power Budget

The mixer has three ports, i.e. Local Oscillation port, Radio Frequency port
and Intermediate Frequency port. The power that goes into the LO port of the
mixer is calculated as 5dBm. The power going into the second path is also 5dBm.
The power loss of the phase shifter is -1dB. There is also a -6dB power loss due
to the attenuator in the path. If | use the diaphragm sensor in the system, | would
have a -2dB power loss for the low Q condition and -7dB power loss for the high
Q condition. If | use the cylinder sensor in the system, | would have a power loss
of -4dB. Therefore, the power that goes into the RF port of the mixer is -4dBm for
diaphragm sensor low Q condition, -9dBm for diaphragm sensor high Q condition
and -6dBm for cylinder sensor.

Now | will take a look at the frequency mixer. As discussed in chapter 2, the
frequency mixer | used in the system is a Mini Circuit Level 7 mixer. It requires a
LO drive power of 7dBm. In the design, | have 5dBm power going into the LO
port of the mixer that will meet the driving power requirement. The 1dB
compression point of the mixer is 1dBm. As mentioned above, in our design, the
power that go into the RF port of the mixer is well below this point.

The actual values of the power level at various points as a comparison to the

estimated ones are shown in table 3.1.
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Table 3.1 Summary of Measured and Estimated Power level at Various
Points

Signal going Signal going

RF supply into Mixer LO | into Mixer RF

Cylinder
Sensor

Estimated 9dBm 5dBm -6dBm

Cylinder
Sensor

Measured 8.33dBm 4.77dBm -7.18dBm

Diaphragm
Sensor Low Q 9dBm 5dBm -4dBm
Estimated

Diaphragm
Sensor Low Q 8.33dBm 5.05dBm -9.52dBm
Measured

Diaphragm
sensor High Q 9dBm 5dBm -9dBm
Estimated

Diaphragm
Sensor High Q 8.35dBm 5.24dBm -17.91dBm
Measured

3.3 Output Power

The system output power depends on a variety of factors such as the input
power supply, losses in the cable and connections, losses in the resonator cavity,
etc. If | assume the RF supply is fixed at 9dBm and the losses in other elements
are also fixed, then the output power is solely determined by the loss in the
resonator cavity. The plot of output power versus different power loss in the

resonator cavity is shown in figure 3.6.
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Theoretical and Measured Mixer Power Qutput Vs Loss in Cavity
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Figure 3.6 Theoretical Calculation of Mixer Power Output vs Loss in Cavity

3.4 Theoretical Calculation of Output Voltage versus Strain

To make a theoretical calculation of output voltage versus strain, | choose the
cylinder sensor as an example. The power at the output of this sensor is
estimated to be -13dBm, and the measurements show that the actual power
output is around -17dBm. In the theoretical calculation, | use the estimated value.

The sensor output power is -13dBm which is approximately equal to 50

microwatts. | can find the output voltage using the formula

Vo = [Prs ® Z, s =V50X107° x50 = 50mV
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The measured signal output peak-to-peak voltage from the oscilloscope is 40
mV. This value is in consistence with the measured power output, which is -

17dBm.

The noise of the system operating at the thermal noise limit is mainly coming

from the thermal noise, thus

= J4KeT e Re BW (3.1)

noise

where K is the Boltzmann’s constant, T is the room temperature, R is the system
impedance, and BW is the system bandwidth.

The temperature T is assumed to be 300K, the system impedance is 50 ohms,
and the bandwidth BW is determined by the Lock-in amplifier time constant or
integration time. In our design, | tested 3 different time constants, which are 1ms,
10ms and 100ms respectively. In this calculation, | choose a 1ms time constant,
thus,

1 1
2reTC  2x7wx1x107

=160Hz

Therefore,

= JAKeT e Re BW = /4x1.38x1072 x300x50x160 =121V

noise

Now, | will calculate the output voltage versus strainc;—v. | know that
£

av _df ,dg av
de de df do

The sensor resonant frequency can be expressed as
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(3.3)

C
e,

where c is the speed of light, L is the length of the cavity sensor, and ¢, is the
relative permittivity of the medium (in our case ¢ = 1).[21] Therefore, the
resonant frequency can be simplified as

f =i (3.4)

This is the resonant frequency without strain. As discussed in Chapter 1, when
the structure material which the sensor is embedded or mounted is under stress
or compression, the sensor’s physical length will be forced to change. This will
result in a resonant frequency shift. The resonant frequency with strain applied is
expressed as

2(L+AL): 2Le(l+¢&)" ) 2Le(1-¢)

=f. o(1-£)[21] (3.5)

f strained

where ¢ and L are the same as above, and € = L / AL is a small number called
strain.

Therefore, | have obtained the first term in equation 3.2 as

d_f:

el (3.6)

daf

The second term in equation 3.2 d_¢ can be defined using the diagram below.
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Figure 3.7 Change of Phase versus change of frequency
The change of phase over change of frequency is determined by the formula

a9 _ 0
v ar [21] (3.7)

The output voltage can be expressed as a function of phase ¢, which is,

V(@) =V, *Sing (3.8)
Therefore,
fl_‘; =V__ ®Cos¢ (3.9)

In the design, | use the phase shifter to null out the phase. This means the phase

¢ is close to zero all the times. From basic trigopnometry, Cos¢ is approximately
1 when ¢ is close to zero.

Therefore, equation 3.9 can be simplified as follows.
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oy, (3.10)
d¢
Based on equation 3.6, 3.7, and 3.10, | can rewrite equation 3.2 as follows.
W fo| L ev=-Lev,, @.11)
de 2f
In other words, av_ @, V_..,and thus,
Ae 2
Ae=AV (2 _VAKeTeReBW (2 ., (3.12)
Vmax Q P .Z Q

out system

fOf Q = 400, T = BOOK, R = 5OQ, BW = 160HZ, Pout = 5OUW, Zsystem = 5OQ.
By implementing the same procedures, | can calculate the output voltage and
strain for the diaphragm sensor low Q and high Q conditions. The only difference

from the cylinder sensor calculation is that | used

Z:—f =S5MHz/ mmx9cm = 450MHz .
€

This is based on the existing research paper except in the paper, the authors
conclude a 7MHz/mm and | use the 5MHz/mm to the specific sensor | used in the
design. [21] The 9cm is the sensor cavity length. In reality the length should
include the rod as well, but here | assume rod has no length. Table 3.2 shows the
results for different sensors and conditions. All the data values used are from the

theoretical estimates.
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Table 3.2 Summary of Strain Variations and Output Voltage of Different

Sensors
Pout (dBm) Vout (MV) A€ (ng)
Cylinder Sensor -13 50 1.2
Diaphragm i
Sensor High Q 16 35 0.59
Diaphragm
Sensor Low Q 1 63 5.0

The actual resolutions for diaphragm sensor is smaller than what shown in the

table because | assume the sensor rod has zero length.

3.5 Various Q Factors versus Sensor Strain Change

The strain change Ae is proportional to voltage variation AV and inversely
proportional to Vimax and Q. The voltage variation noise AV is fixed at 12nV for our
system. The output voltage and Q factors can be varied and result in different
strain values.

Table 3.3 shows the summary of Q factor and resonant frequency for different
sensors. These data were measured using a Vector Network Analyzer (VNA). To
make a theoretical estimation, | also assume the output voltage Vmax is fixed.
Therefore, the only factor that can change is Q, and hence | can make a plot of

strain changes versus Q.
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Table 3.3 Q Factors and Resonant Frequency Summary for Different

Sensors
Resonant Frequency (MHz) Q factor
Cylinder Sensor 2414.00 401.0
Diaphragm Low Q 2433.90 419.6
Diaphragm High Q 2445.90 6310.4

Figure 3.8 is the plot of minimum detectable strain versus Q for two different
output power levels. | have plotted two cases together in one plot, i.e. when Vi
is equal to the output power for Low Q condition, which is 63 mV and when Vpax
is equal to the output power for High Q condition, which is 35 mV. With the Vmax
being fixed, the quality factor Q is inversely proportional to strain variation.
This figure also shows the two measured data points as a comparison to
the estimated data points. The difference may be due to the extra cable
and connection loss in the branch which results in a lower power output
than the estimated values. There may also be some additional sources of

noise such as electronic noise and noise due to vibration
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Figure 3.8 Strain vs Q factors for Low Q and High Q Power Level
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4. Chapter IV Results

In this chapter, results will be shown for measurements of sensor properties
and of the minimum detectable strain. Some of the results were collected under
carefully controlled laboratory conditions, and some during application on model
structures. These results are then compared with the theoretical calculation.

This chapter includes the following sections, Mixer Output Voltage, Cylinder
Sensor Thermal Scaling, Cylinder Sensor Noise vs Time Constant, Structure Lab
Diaphragm Sensor Strain Testing, Diaphragm Sensor High Q Noise, and

Diaphragm Sensor Low Q Noise.

4.1 Mixer Output Voltage

In chapter 3, | have already shown the theoretical calculation of mixer output
voltage for different sensors and conditions. Now, | will show the lab test results
for these output voltages and compare these to the theoretical calculation.

The following figures show the lab test results of the mixer output voltage for
the cylinder sensor as an example. From figure 4.1, | can clearly see that the

mixer output voltage and the RF generator voltage is in phase.
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Cylinder Sensor Mixer Output Voltage in Phase Case

—— Mixer Output Voltage x
10

1.5 —-=- RF Generator AM

Modulation Voltage

Voltage(Volt)
o

-0.5
LNV VYV VYV VD
-1 -5 T T T T T 1
0 100 200 300 400 500 600

Time(uS)

Figure 4.1 Cylinder Sensor Mixer Output Voltage vs RF Generator Voltage
Modulation Signal

. The voltage is approximately 40 mV peak-to-peak and the RMS value is
14.2mV. The estimated value is 50 mV. As mentioned in Chapter 3, the system
output power has a uncertainty of 4dB. If | take this into consideration, | will get a
worst scenario power output of -17dBm which is consistent with the power meter
measurement. This will result in a 31.6mV output voltage following the calculation
in chapter 3 assuming 100% AM modulation index. The actual modulation depth
is 60% in lieu of 100%. Therefore, the estimated output voltage should
be31.6x60% =18.96mV . This is in good agreement with the measured value.

Figure 4.2 shows the cylinder sensor mixer output voltage compared with the
RF generator voltage for the phase shifter adjusted to midway between

maximum signal and minimum signal. From this figure, | can see that when the
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phase is in half way, the mixer output voltage almost goes to zero, which is as

expected.
Cylinder Sensor Mixer Output Voltage Halfway Case
—— Mixer Output Voltage x 10
1.5 -=— RF Generoator AM
Modulation Voltage

Voltage(Volt)

0 100 200 300 400 500 600
Time(uS)
Figure 4.2 Cylinder Sensor Mixer Output Voltage versus RF Generator

Voltage Modulation Signal Midway

Figure 4.3 shows the out-of-phase case of the mixer output voltage and the
RF generator voltage. From this figure, | can see that the two voltages are 180
degree out-of-phase, which is the result of adjusting the phase shifter. The
magnitude of the mixer output voltage is magnified by 10 times to make the curve

more visible.
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Cylinder Sensor Mixer Output Voltage Out of Phase Case

—— Mixer Output Voltage x 10

—= RF Generator AM
Modulation Voltage

\ N

Voltage(Volt)
o

0 100 200 300 400 500 600
Time(uS)

Figure 4.3 Cylinder Sensor Mixer Output Voltage versus RF Generator AM

Modulation Voltage Signal Out-of-Phase

The magnitude of the output voltage is approximately 40 mV peak to peak.
This is in agreement with the measured output power from the RF power meter.
It also matches the estimated signal power if | take the uncertainty of output
power into consideration.

Similar measurements were made of the output voltage for the diaphragm
sensor. This sensor case is quite similar to the cylinder sensor case. The
Magnitude of the mixer output voltage for the high Q condition in phase case is
around 20mV peak to peak and 14.1mV RMS. The estimated output voltage is
35 mV and the output voltage calculated using the RF power meter result is

18mV. The difference between the estimated value and the measured value is
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due to the loss in the cable and connection and it is also due to the uncertainty in
power output. The magnitude of the mixer output voltage for the out-of-phase
case is around 15mV peak-to-peak. The magnitude of the mixer output voltage is
close to zero when the phase shifter is adjusted to the midway phase which is as
expected.

From the discussion in Chapter 3, | know that the mixer output voltage is a

sinusoidal function of ¢ . | measured the mixer output voltage pattern when

adjusting the phase shifter through 360 degrees. The AM modulation was turned
off in the RF function generator. | only measure the DC mixer output voltage here.
| used the 20dB attenuator in the test. | did this for the cylinder sensor, the
diaphragm sensor and one without connecting any sensor.

Mixer Output Voltage without Cavity Vs Phase

50
40 -
30 4
20
10

-10 -

Mixer Output Voltage(mV)

'50 T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50

Turns

Figure 4.4 Mixer Output Voltage vs Phase with 20dB Attenuator instead of

Cavity sensor
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Figure 4.5 Cylinder Sensor Mixer Output Voltage vs Phase

Diaphragm Sensor Mixer Output Voltage Vs Phase

50
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Figure 4.6 Diaphragm Sensor Mixer Output Voltage vs Phase
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These figures above show that the mixer output voltage is indeed a sinusoidal
function of the phase. For the no cavity case, it is pure sinusoidal. For the two
cavity cases, there are some harmonics involved in the measurements, so they
are not pure sinusoidal. The harmonics are probably from the signal generator
and goes to the mixer through the reference path. However, our system only
uses the slope where the signal is close to zero, so the harmonics will not matter
that much. |If | change the resonant frequency in the function generator the
average DC voltage also changes. The reason is that the DC level is also
dependant on the phase. When | change the resonant frequency, the phase will
also change, and this will cause the DC level to change.

Using the results from these three figures, | can calculate how many degrees
in phase for each turn. For the no-cavity case, from maximum to minimum
voltage, there are 23 turns. Therefore, each turn accounts for 180° / 23 = 7.8° or
0.137 rads. For the cylinder sensor case, each turn accounts for 360° / 43 = 8.3°
or 0.146 rads. For the diaphragm sensor case, each turn is for 360° / 43 = 8.3° or
0.146 rads. The following three figures are the plots of mixer output voltage vs

phase using the calculation above.
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Mixer Output Voltage without Cavity Vs phase
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Figure 4.7 Mixer Output Voltage without Cavity vs Phase
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Figure 4.8 Cylinder Sensor Mixer Output Voltage vs Phase
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Diaphragm Sensor Mixer Output Voltage Vs Phase
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Figure 4.9 Diaphragm Sensor Mixer Output Voltage vs Phase

Using the results from these three figures, | can calculate the slope when the
signal is near zero. For the no-cavity case, the slope downwards near zero is
35mV/rad and the slope upwards near zero is 33.5mV/rad. For the cylinder
sensor case, the slope downwards near zero is 27.4mV/rad and the slope
upwards near zero is 25.3mV/rad. For the diaphragm sensor case, the slope
downwards near zero is 16.4mV/rad and the slope upwards near zero is
19.9mV/rad.

The estimated value for the 20dB attenuator case is 7mV. | used the 50 ohm
load impendence in the calculation. The oscilloscope | used to measure voltage
is set to have a 1M ohm input impedance. Therefore, the voltage | measured

from the scope is doubled compared with the estimated value.
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4.2 Calibration of Cylinder Sensor Using Thermally Induced
Strains

Figure 4.10 Cylinder Sensor Thermal Scaling Setup

In order to calibrate the interrogation system for the cylinder sensor case, |
will induce thermal strains in the design. The reason for using this method is that
| find it hard to apply known strain to the cylinder sensor. Therefore, | decide to
use the thermal method to do the calibration. | attached a 50-ohm resistor onto
the cylinder sensor. The 50-ohm resistor is wired to a 5V DC voltage power
supply. When | turn on the power supply switch, the resistor will heat up. Since
the resistor is in contact with the cylinder sensor, the resistor will raise the
temperature of the sensor. The sensor is made of copper, which has a thermal
expansion coefficient of 17 microstrain per degree Celsius (¢/C°). [22]

In the lab, | used a multi-meter with thermocouple to measure the
temperature change. The entire assembly was encased in a Styrofoam housing
so the heat was very slow to diffuse. Essentially, heat was put in, but did not

leave. | put the sensor and the resistor together into the insulation box to keep
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the sensor temperature unaffected by the ambient temperature and to hold in the
applied heat. | then turned on the power supply for about 300 seconds to heat
the resistor and sensor and turn off the power switch after 300 seconds. |
measured the temperature change for a period of 400 seconds. | also recorded
the Lock-in amplifier output voltage signal for the same period of time using the
digital oscilloscope.

Figure 4.11 shows the thermal scaling signal output voltage vs time. The
thermal meter read that the temperature changed from 26.5 C° to 27.4 C° over
the 400 seconds period. The temperature change is therefore 0.9 C°. The power
switch is off for the first 50 seconds and then turned on from 50s to 300s. The
switch is turned off again at 300s and keeps off till the end of the 400s time
period. The voltage curve shows the same pattern. From 0 to 50s and from 300s
to 400s, the output voltage is relatively flat. They are not straight flat lines

because there is some noise embedded in the signal which | will discuss later.
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Figure 4.11 Cylinder Sensor Thermal Scaling Voltage vs Time
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Figure 4.12 Cylinder Sensor Thermal Scaling Strain vs Time
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From 50s to 300s, the output voltage keeps increasing and this forms a slope.
The reason for this is that when the sensor temperature increases, the sensor
will expand according to the thermal expansion coefficient. The expansion
causes the sensor cavity length change and thereby resulting in a resonant
frequency change. The frequency change will cause a phase shift that will be
picked up by the lock-in amplifier as a change in output voltage. The two relative
flat lines represent the stable state in thermal equilibrium. The difference
between low and high is due to the thermal expansion and hence resonant
frequency change. From figure 4.11 | can see that the voltage changes from -
5.07V to 0.88V, which is a 5.95V difference.

| know the temperature change is 0.9 °C and the voltage change is 5.95V, |
can calculate the relationship between strain and voltage using the thermal
expansion coefficient of copper. Since copper has a thermal expansion

coefficient of 17 ppm / °C, this then gives us a means of scaling voltage to strain.

§=0.9°C><175 +5.954V =2.57& (4.1)

°C Vv
Figure 4.12 shows the thermal scaling strain change vs time using the strain and

voltage relationship. The strain changes from 0 to 15.3 microstrain. Using this

relationship, | can calculate the noise embedded in the signal.

4.3 Cylinder Sensor Noise versus Bandwidth

It is well known that total measured noise will depend on bandwidth. Based

upon the calculations in chapter 3, | know that the bandwidth of the system is
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limited by the Lock-in Amplifier time constant. As mentioned in the previous
chapter, | chose three different time constants in our design, which are 1ms,
10ms and 100ms respectively. A larger time constant will result a smaller
bandwidth and a smaller thermal noise voltage. Since the strain variation is at
least partially dependant on the thermal noise, a larger time constant will tend to
decrease strain variation. More precisely, referring to equation 3.1, | can see that
theoretically increasing the time constant by a factor of 100 will result in a

decrease in the strain variation by a factor of 10.

Cylinder Sensor 1ms Time Constant Output Voltage Vs Time
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Figure 4.13 Cylinder sensor 160Hz Bandwidth Noise Voltage vs Time

Figure 4.13 shows the cylinder sensor output voltage for 160Hz bandwidth.
The noise is simply random Gaussian noise with a combination of the thermal

and other types of drift. | recorded the noise voltage for a period of 100 seconds.
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From the plot, | can see the noise is stable with only a slight thermal drift over
time. | used the voltage and strain relationship obtained from the thermal scaling

technique and | plotted the noise strain vs time in figure 4.14
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Figure 4.14 Cylinder Sensor 160Hz Bandwidth Noise Strain vs Time

Based on the noise strain, | also calculated the RMS noise of the output
signal from the lock-in amplifier. | measured the noise in a 100 seconds period of
time and | divided the time period evenly into ten sections where each section
lasts for 10 seconds. | then calculated the RMS strain noise for each section or
sample. Figure 4.15 shows the cylinder sensor 1ms RMS noise. The maximum

sample noise is around 30 nanostrain and the minimum sample noise is around
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20 nanostrain. The average RMS noise for the 100 second period of time is 24.5

nanostrain.
Cylinder Sensor 1ms RMS Noise Histogram
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Figure 4.15 Cylinder Sensor 160Hz Bandwidth RMS Noise Histogram

Similarly, the noise voltage and strain for 16Hz bandwidth are shown in figure
4.16 and 4.17 below. From the voltage plot, | can see that the noise is simply
random Gaussian noise. The noise signal is stable with only a slight thermal drift.
The strain plot shows the same fact since the relationship between the voltage
and strain output is linear.

Based on the strain noise plot, | can obtain the RMS noise of the 10ms time
constant case using the same calculation procedure. The cylinder sensor 10ms

time constant RMS noise is shown in figure 4.18
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Figure 4.16 Cylinder Sensor 16Hz Bandwidth Noise Voltage vs Time
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Figure 4.17 Cylinder Sensor 16Hz Bandwidth Noise Strain vs Time
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Figure 4.18 Cylinder Sensor 16Hz Bandwidth RMS Noise Histogram

Figure 4.18 shows that the maximum RMS noise is around 17 nanostrain and
the minimum RMS noise strain is around 8 nanostrain. The average RMS noise
for the 100 second period of time is 11.0 nanostrain. | can see that as the
bandwidth decreases from 160Hz to 16 Hz, the RMS noise is reduced from 24.5
nanostrain to 11 nanostrain. In the discussion above, | mentioned that the
bandwidth decreasing by a factor of 10 will cause the Strain variation to decrease
by a factor of ¥10. In our case, the strain noise is indeed reduced. However, the
strain noise is reduced by a factor of 2 rather than a factor of ¥10. The reason is

that the noise is not purely random Gaussian noise. Instead, the noise is a
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combination of the Gaussian noise, perhaps acoustic soures of noise and the
thermal drift. In the design, | made an insulation box to keep the sensor
temperature unchanged. However, in the real world, the insulation can only keep
the temperature relatively stable not absolutely stable. The thermal drift caused
by the sensor temperature change will have some effect on the output strain
noise.

Very similar to the above two cases, the 1.6Hz bandwidth case is shown in

figure 4.19, 4.20 and 4.21.
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Figure 4.19 Cylinder Sensor 1.6Hz Bandwidth Noise Voltage vs Time

From figure 4.19, | see that the noise is simply Gaussian random noise with a
combination of some thermal drift. Figure 4.20 shows the noise strain vs time for

the 1.6Hz bandwidth case. The strain noise is also Gaussian. Figure 4.21 shows
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the RMS noise for a 100s time period. The maximum RMS noise is around 11
nanostrain and the minimum RMS noise is around 6 nanostrain. The average

RMS noise for this period of time is 7.88 nanostrain.

Cylinder Sensor 1.6Hz Bandwidth Strain
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Figure 4.20 Cylinder Sensor 1.6Hz Bandwidth Noise Strain vs Time

The average RMS noise is 7.88 nanostrain, which is smaller than those of the
1ms time constant case and the 10ms time constant case. This is as expected
because the time constant has increased. The value 7.88 is not exactly a factor
of Y10 from the 10ms time constant case. This is because the noise is not purely
Gaussian. Instead, it is a combination of the Gaussian noise and other sources

such as acoustic of low frequency electronic noise and the thermal drift.
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Figure 4.21 Cylinder Sensor 1.6Hz Bandwidth RMS Noise Histogram

| want to make sure the calibration and noise measurement for the cylinder
sensor is correct. | did the calibration and the noise measurement again for this
sensor for the second trial. The method for calibration is still the same as before

and the results for the noise measurements are shown in table 4.1.

Table 4.1 Cylinder Sensor Average RMS Noise for Different Bandwidth

Bandwidth 160Hz 16Hz 1.6Hz

Average RMS

) . 15.34PPB 12.85PPB 14.26PPB
Noise Strain
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| can see the results are relatively in good agreement with the one | obtained
before. | have more confident in our measurement and design for the cylinder

Sensor case.

4.4 Testing of Diaphragm Sensor Strain on a Model Structure

| used the thermal scaling technique to do the calibration for the cylinder
sensor. This same technique could be applied to the diaphragm sensor in order
to get the relationship between the output voltage and the strain. In the testing, |
chose to use another method to get the calibration for the diaphragm sensor,
which is the strain Gauge method.

Figure 4.22 shows the structural lab strain testing setup in the McQuade
Structures Laboratory at the University of Manitoba. | attached our diaphragm
sensor to a steel bar using two C-clamps. Two strain gauges Ire attached to one
side of the steel bar as a means of calibrating the sensor. The load frame in the
laboratory is able to apply force to the bar and hence induce strain to the steel
bar. Since the sensor and the strain gauges are attached to the steel bar, the
strain applied to the bar will result in the same strain in the sensor. There is a
magnification factor of the sensor rod. The rod has a length of a few centimetres.
As the strain in the rebar changes 1 microstrain, the effect of the strain on the rod
is magnified because the physical length of the rod. However, we have both the

strain reading and the voltage reading and so this should not be a problem.
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Figure 4.22 Structures Laboratory Strain Test Setup

Using our designed system, | obtained the results from our sensor cavity as a

comparison to the strain gauge results.
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Diaphragm Sensor Low Q 1ms Time Constant Calibration Voltage Vs Time

Voltage(V)

'9 T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450

Time(s)

Figure 4.23 Diaphragm Sensor Low Q 1ms Time Constant Voltage vs Time
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Figure 4.24 Strain Gauge Result for Low Q 1ms Time Constant Case
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Figure 4.25 Diaphragm Sensor System Output Voltage vs Strain Linear Fit
for Low Q 1ms Time Constant Case

Figure 4.23 shows the output voltage from our designed system. | applied a
strain from approximately 10 to 200 microstrain and then stopped the load and
reduced the strain to zero. Figure 4.24 shows the results obtained by the two
strain gauges over the 400 second period. The blue line and the pink line
represent the first strain gauge and second strain gauge respectively. It is
obvious that the data taken from the two strain gauges are very close to each
other. The maximum difference between the two is around 10 microstrain when
200 microstrain load is applied, which is a 5 percent error. Therefore, the strain
gauge results are good representations of the real strain that applied to the

system.
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Based on the results from the two strain gauges and the data collected from
the designed sensor system, | can obtain the relationship between strain and the
system output voltage. Figure 4.25 shows this relationship. In addition, using
MATLAB programming, | can use a linear fit of the system output voltage and the
two strain gauge results. | recorded the RF sensor output voltage and the civil
technician Chad recorded the strain from the electronic strain gauges. There was
a delay in time for the two recordings as | start the RF sensor first then Chad
started his strain gauges. The time difference is carefully considered and | made
the adjustment when plotting strain vs voltage. The delay varies from case to
case and has to be adjusted differently in each case. Figure 4.25 shows a

general example of the delay in time.

V(ESG)
0. Tesg Time
V(RF)
0 T Time

Figure 4.26 Time Delay in Diaphragm Sensor Calibration
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From figure 4.25 | calculate the ratio of system output voltage to strain. The
maximum voltage is 0V, and the minimum voltage is -7.583V. The strain ranges
from 0 to 204 microstrain. The lock-in amplifier in this case is set to be 500uV,
which is already the standard sensitivity and does not need to be adjusted. The

relationship between the output voltage and the strain is given by

0—(~7.583) v
S 9%0) 0,037
204 -0 /ﬂe

Similarly, | obtained the strain gauge results and system output voltage for the
other cases. The following figures and calculations show the relationship

between voltage and strain for the other cases.
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Figure 4.27 Diaphragm Sensor High Q 1ms Time Constant Voltage vs Time
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Time constant 1ms High Q Strain Gauges Results
Blue line:Gauge 1 Data. Pink line: Gauge 2 Data
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Figure 4.28 Strain Gauge Result for High Q 1ms Time Constant Case

Figure 4.27 shows the output voltage obtained from our designed system for
the High Q 1ms case. Figure 4.28 shows the results obtained from the strain

gauges for the same case.

| mentioned in Chapter 2 that the Lock-in Amplifier sensitivity is significant to
the output value. | need to make the LIA sensitivity the same for all the
measurements. However, in the structure lab test, | did not use the same scale
for clarity purpose. Therefore, | need to make some adjustments in the
calculation. For the high Q 1ms time constant case, | chose the sensitivity to be

1mV. For consistency, | set the sensitivity to be 500pV as the standard for all the
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calculation. Therefore, for the high Q 1ms time constant case, | need to adjust
the voltage by 1mV / 500uV = 2. The relationship between the output voltage and

the strain for the high Q 1ms time constant is given by

—1.714-7.375
x2=0.045V
250 -0 //18
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Figure 4.29 Diaphragm Sensor High Q 10ms Time Constant Voltage vs Time
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Time Constant 10ms High Q Strain Gauge Results
Blue Line: Gauge 1 Data. Pink Line: Gauge 2 Data
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Figure 4.30 Strain Gauge Result for High Q 10ms Time Constant Case

Figure 4.29 shows the output voltage obtained from the diaphragm sensor
system for the high Q 10ms case. Figure 4.30 shows the results obtained from
the strain gauges for the same case. The lock-in amplifier in this case is set to be
500uV, which is already the standard sensitivity and does not need to be

adjusted. The relationship between the output voltage and the strain is given by

3-(-7)
=0.045V
216.67 — (=7.14) AS

76
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Figure 4.31Diaphragm Sensor High Q 100ms Time Constant Voltage vs
Time
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Figure 4.32 Strain Gauge Result for High Q 100ms Time Constant Case
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Figure 4.31 shows the output voltage obtained from our designed system for
the high Q 100ms case. Figure 4.32 shows the results obtained from the strain
gauges for the same case. The lock-in amplifier in this case is set to be 500uV,
which is already the standard sensitivity and does not need to be adjusted. The

relationship between the output voltage and the strain is given by

3-(=5.9) v
2127 _0.045
2200 //18
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Figure 4.33 Diaphragm Sensor Low Q 10ms Time Constant Voltage vs Time
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Time Constant 10ms Low Q Strain Gauge Results
Blue Line: Gauge 1 Data. Pink Line: Gauge 2 Data
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Figure 4.34 Strain Gauge Result for Low Q 10ms Time Constant Case

Figure 4.33 shows the output voltage obtained from our designed system for
the Low Q 10ms case. Figure 4.34 shows the results obtained from the strain
gauges for the same case. The lock-in amplifier in this case is set to be 200uV. |
need to adjust the voltage output by 200 / 500 = 1 / 2.5. The relationship between
the output voltage and the strain is given by

i R Y\EY
2.5%(187.5-0) e
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Figure 4.35 Diaphragm Sensor Low Q 100ms Time Constant Voltage vs
Time
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Figure 4.36 Strain Gauge Result for Low Q 100ms Time Constant Case
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Figure 4.35 shows the output voltage obtained from our designed system for
the Low Q 100ms case. Figure 4.36 shows the results obtained from the strain
gauges for the same case. The lock-in amplifier in this case is set to be 500uV,
which is already the standard sensitivity and does not need to be adjusted. The

relationship between the output voltage and the strain is given by

2 (=6.364) v
ST 0.039
212-0 //18

4.5 Diaphragm Sensor Noise for High Q Condition

In the lab, | put the diaphragm sensor into a cardboard box with a Styrofoam
insulation layer in the middle. | turned on the system for a 400 seconds period of
time and measured the noise coming out of the system. | recorded the system
output voltage using the oscilloscope the same way as | did for the cylinder
sensor.

Based on the values obtained from the above calculation, | can get the
diaphragm sensor noise for both the high Q and low Q conditions. Figure 4.37

shows the diaphragm sensor high Q 1ms time constant noise strain vs time.
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Diaphragm Sensor High Q 1ms Noise Strain Vs Time
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Figure 4.37 Diaphragm Sensor High Q 1ms Time Constant Noise Strain vs
Time

From Figure 4.37, it is easy to see that the noise contains random Gaussian
Noise with a combination of thermal drift and some quasiperiodic noise. The
thermal drift is due to the effect of the ambient temperature on the sensor
temperature. Also, the ambient acoustic noise can be picked up by the
diaphragm and cause some noise in measurement. Perhaps acoustic noise
could account for the quasiperiodic noise. To reduce the acoustic vibration, | put
a Styrofoam board underneath the insulated box, and this reduced the noise

significantly.
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Figure 4.38 Diaphragm Sensor High Q 1ms Time Constant RMS Noise
Histogram

Figure 4.38 shows the diaphragm sensor high Q 1ms time constant RMS
noise. | took a measure for a period of 400 seconds. | then divided the 400
seconds into 10 samples, and each sample has a time period of 20 seconds.
Using MATLAB programming, | can calculate the RMS noise for each sample. All
the calculated sample RMS noise for high Q 1ms time constant case were shown
in Figure 4.42 above. The maximum RMS noise is around 17 nanostrain and the
minimum RMS noise for this case is around 2 nanostrain. The average RMS

noise for this 400 time period is around 8.4 nanostrain.
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Diaphragm Sensor High Q 10ms Noise Strain Vs Time
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Figure 4.39 Diaphragm Sensor High Q 10ms Time Constant Noise
Figure 4.39 shows the diaphragm sensor high Q 10ms time constant noise

strain vs time. This plot is obtained the same way as the 1ms time constant case.
The noise contains random Gaussian noise with a combination of some thermal
drift and perhaps some quasiperiodic noise. The reason for the drift is the same
as in the 1ms time constant case.

Figure 4.40 shows the diaphragm sensor high Q 10ms time constant RMS
noise. Similar to the 1ms time constant case, the RMS noise for each 20s sample
is calculated by MATLAB programming. The maximum RMS noise is around 8
nanostrain and the minimum RMS noise is around 1 nanostrain. The average

RMS noise for the 400 time period is around 3.51 nanostrain.
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Figure 4.40 Diaphragm Sensor High Q 10ms Time Constant RMS Noise
Histogram

The average RMS noise for the 10ms time constant case is smaller than that
of the 1ms time constant case. This is as expected. The reason for that is shown
in Chapter 3. | also explained this in the cylinder sensor noise section. When the
time constant becomes 10 times larger, the bandwidth of the system will be 10
times smaller. Theoretically, the thermal noise will be 10 times smaller and this
will result in the strain variation reducing by a factor of 10. In our lab
measurement, | found that the strain noise is reduced from 8.4 to 3.5. However,
this is not by a factor of 10. The reason is that the noise is not simply Gaussian
noise but also some thermal drift and acoustic vibration has been involved in this
case.

Similarly, the strain noise versus time and the RMS noise for the high Q

100ms time constant case is shown in figure 4.41 and 4.42 respectively.
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Diaphragm Sensor High Q 100ms Noise Strain Vs Time
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Figure 4.41 Diaphragm Sensor High Q 100ms Time Constant Noise
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Figure 4.42 Diaphragm Sensor High Q 100ms Time Constant RMS Noise
Histogram
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4.6 Diaphragm Sensor Noise for Low Q Condition

The strain noise and RMS noise for the diaphragm sensor low Q condition is
shown in this section. | have the same test setup as for the high Q condition. To
switch the conditions from high Q to low Q, | simply adjust the resonant
frequency on the signal generator from 2445.9MHz to 2433.9MHz and adjust the
phase shifter to make the original phase to be zero. The three different cases for
1ms, 10ms and 100ms time constant are shown below.

Diaphragm Sensor Low Q 1ms Noise Strain Vs Time

0.12
0.1
0.08 -

0.06 -

Strain{PPM)

0.04 -

0.02 -

0 T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450

Time(s)

Figure 4.43 Diaphragm Sensor Low Q 1ms Time Constant Noise
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Diaphragm Sensor Low Q 1ms RMS Noise
Histogram Average: 3.9PPB
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Figure 4.44 Diaphragm Sensor Low Q 1ms Time Constant RMS Noise
Histogram
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Figure 4.45 Diaphragm Sensor Low Q 10ms Time Constant Noise
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Figure 4.46 Diaphragm Sensor Low Q 10ms Time Constant RMS Noise
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Figure 4.47 Diaphragm Sensor Low Q 100ms Time Constant Noise
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Diaphram Sensor Low Q 100ms RMS Noise
Histogram Average: 4.1 PPM
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Figure 4.48 Diaphragm Sensor Low Q 100ms Time Constant RMS Noise
Histogram

Based on the data from the cylinder sensor noise and the diaphragm sensor

noise high Q and low Q conditions, | can make a table to summarize these data.

Table 4.2 Sensor (6dB attenuator) Average RMS Noise Summary

Time Constant

160Hz 16Hz 1.6Hz

Sensor Type
Cylinder Sensor 25 PPB 11 PPB 8 PPB
Diaphragm Low Q 4 PPB 5 PPB 4 PPB
Diaphragm High Q 8 PPB 4 PPB 3 PPB
Cylinder Theory 1.2 PPB 0.4 PPB 0.1 PPB
High Q Theory 0.6 PPB 0.2 PPB 0.1 PPB
Low Q Theory 5 PPB 1.6 PPB 0.5 PPB

90




4.7 Diaphragm Sensor Calibration Using Differential Micrometer
| did calibration for the diaphragm sensor in Structures laboratory and |

obtained the relationship between the strain and system output voltage. | want to
make sure the calibration is correct and to verify this | did another calibration for
the diaphragm sensor in our laboratory within the Electrical and Computer

Engineering (ECE) Department.

Figure 4.49 Diaphragm Sensor Calibration

As shown in figure 4.49, | used a differential micrometer and C clamps to do
the calibration. The center of the micrometer is levelled with the center of the
diaphragm. The diaphragm is pushed in to a certain distance when | turn the
micrometer. | can measure the actual distance by reading the micrometer and
get the system voltage output from the lock-in amplifier. In the high Q condition
test, | turned the micrometer from 0 um to 10 um and took 10 readings from the

lock-in amplifier. | did the test twice for both the high Q and the low Q conditions.
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Figure 4.50 Diaphragm Sensor High Q Calibration LIA Voltage vs

Displacement

| obtained the Voltage-to-Displacement Ratio for the high Q condition.

% =(610—(-700))+10 =131V / um
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Figure 4.51 Diaphragm Sensor Low Q Calibration LIA Voltage vs
Displacement

| also obtained the Voltage-to-Displacement Ratio for the low Q condition.

Y/ = (300 - (- 280))+ 25 =23.2V / sam

4.8 Diaphragm Sensor Noise Measurement Using New

Calibration Setup
| measured the noise for the diaphragm sensor again in the ECE lab. The test

equipments and environment are the same as before. | already know the voltage-
to-displacement ratio and | measured the diaphragm sensor length which is 9cm.
Therefore 1um is equal to 1um / 9cm = 11.1 PPM. The relationship between

strain and voltage is given by

Strain = Voltage =10V x 500V +~(131V / um +11.1PPM )
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In the equation above, | multiplied 10V by 500uV. 500uV is the lock-in
amplifier sensitivity.
Using this equation | obtained the strain noise for both high Q and low Q

conditions for 1ims, 10ms, and 100ms time constant.

Diaphragm High Q 1ms Strain Vs Time

Strain(ppm)
N
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Time(s)

Figure 4.52 Diaphragm Sensor High Q 1ms Strain vs Time

| divided the 100s period into 20 divisions, and each division is 5s long in time.
| calculated the average RMS noise for the high Q 1ms time constant case,
which is 415.7 nanostrain. The noise is fairly large. In fact, the noises for all the

cases are fairly large this time.
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5. Chapter V Structures Lab Dynamic Test

A test of the sensor was carried out on a model bridge deck. The civil
engineering group was doing bridge deck testing in the McQuade Structures
laboratory. They used hydraulic actuators to apply a periodic load to the bridge
deck continuously. The machine was programmed to move up and down in a
sinusoidal pattern, so the load on the deck is sinusoidal. We believed this would

be a good opportunity to test our sensor in a dynamic manner.

Figure 5.1 Bridge Deck Test Loading System

| mounted the diaphragm sensor to the bridge girder using C-clamps. The
sinusoidal loading will result in a strain change on the girder which can be
measured using our sensor. | also mounted a traditional strain gauge to the

girder. | glued the strain gauge to the girder at the mid-point location of the
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diaphragm sensor rod. | use the strain gauge as a comparison to our sensor to

do the calibration.

Strain Gauge

Figure 5.2 Diaphragm Sensor Mounted on the Bridge Girder

Figure 5.1 shows the mechanical loading system and figure 5.2 shows the
diaphragm sensor being installed on the bridge girder. | did the dynamic test for

both the low Q and high Q conditions.
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Figure 5.3 Bridge Deck Test Electronic Strain Gauge Results Strain vs
Time

Figure 5.3 shows the electronic strain gauge results. | can see from the plot
that the strain on the girder changes periodically in a sinusoidal pattern and it

ranges from 0 to 50 microstrain.

Bridge Deck Test High Q 1ms Voltage Vs Time

O
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Figure 5.4 Bridge Deck Test High Q 1ms Voltage vs Time
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Figure 5.4 shows the voltage vs time for high Q condition 1ms time constant
case. The voltage has the same pattern as the strain gauge result which is
sinusoidal. The voltage ranges from -12V to 8V. | can use the electronic strain
gauge data to do the calibration. The strain ranges from 0 to 50 PPM and the
voltage ranges from -12 to 8 V. The ratio between strain and voltage is

50-0
8—(-12)

=25PPM/V .

If 1 apply the calibration by using the differential micrometer method, | can
calculate the strain change over a 100s time period. The strain change is
sinusoidal and ranges from -200 microstrain to 150 microstrain. This result is not
consistent with the one | obtained from the strain gauge. The reason is that the
calibration using the differential micrometer involves some errors due to
mechanical configurations such as connections and diaphragm deformation. The
voltage and strain plots for the high Q condition 10ms and 100ms time constant
cases are very similar to the one | just showed above. They have the sinusoidal

pattern which is as expected but the strain value is not matching the strain gauge

results.
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Bridge Deck Test Low Q 1ms Voltage Vs Strain
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Figure 5.5 Bridge Deck Test Low Q 1ms Voltage vs Time
Figure 5.5 is voltage plot for the low Q condition 1ms time constant case. The

voltage and the strain are sinusoidal which is as expected. | notice that the peak
values are no longer at the same level. This is because the thermal drift
happened during the test. Again, the strain values from our calculation based on
the micrometer calibration are not matching those ones obtained from the strain
gauge data. This once again tells us the micrometer calibration is not ideal. The
10ms and 100ms time constant cases are very similar to what | showed above.
We performed the voltage and strain measurement over a 100s time period.
We also took some measurements for a short period of time (5 second) to
monitor just one cycle of signal. Figure 5.6 and 5.7 are voltage plots for just one

cycle.
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Figure 5.6 Bridge Deck Test High Q 160 Hz Single Cycle Strain vs Time
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Figure 5.7 Bridge Deck Test Low Q 160Hz Single Cycle Strain vs Time
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If 1 zoom in on figure 5.6 and 5.7 and take a look at the voltage around the

peak, | will see the voltage noise very clearly.

Strain(PPM)

Bridge Deck Test Stain Noise at Peak Using Electronic Strain Gauge
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Figure 5.8 Bridge Deck Test Strain Noise at Peak High Q 160 Hz Bandwidth

| obtained 10 samples for each case of the single cycle test. Figure 5.8 shows

strain noise at peaks for different samples. | calculated the RMS strain noise of

the single cycle test using data similar to what is shown in figure 5.8. The

histograms shown in the following figures are the RMS strain noise at the peak

for each case of the single cycle test.
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Figure 5.9 Bridge Deck Test High Q 1ms RMS Strain Histogram

Bridge Deck Test High Q 10ms RMS
Strain Histogram

Count
S
|
T

SRR

0.01 0.02 0.03 0.04 0.05 More
Strain(PPM)

Figure 5.10 Bridge Deck Test High Q 10ms RMS Strain Histogram
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Bridge Deck Test High Q 100ms RMS
Strain Histogram
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Figure 5.11 Bridge Deck Test High Q 100ms RMS Strain Histogram
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Figure 5.12 Bridge Deck Test Low Q 1ms RMS Strain Histogram
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Figure 5.13 Bridge Deck Test Low Q 10ms RMS Strain Histogram
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Figure 5.14 Bridge Deck Test Low Q 100ms RMS Strain Histogram

| can use the bridge deck test as the calibration to calculate the strain of the
diaphragm sensor noise in the ECE laboratory where the sensor is without any

external force on it. Using Matlab programming, | obtained the RMS strain noise
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of these measurements of hundreds of nanostrains. In other words, the RMS
noise at the peak of the bridge deck test is much smaller than the RMS noise of
the ECE laboratory test. The reason for this is that the bridge deck test is only 5
seconds for each cycle while the ECE laboratory test is 100s long which has

more thermal drift and acoustic noise.

105



6. Chapter VI Conclusion

In this thesis, the design of a RF nanostrain resonator for Structural Health
Monitoring applications has been presented. The RF sensor as an alternative to
the existing strain sensor technologies such as foil strain gauge and fibre optical
sensors has advantages of a low cost, easy interrogation system and higher
resolution.

The power level of the RF supply, the signal going into the mixer, the signal
out the mixer and signal out of the Lock-in amplifier have been measured using a
power meter. The measured values are in good agreement with the estimated
value. The equations for the strain noise for the system using different sensor
cavities have been derived. The strain resolution for the cylinder sensor is
calculated to be 1.2 nanostrain for the 160Hz bandwidth case. The calculated
strain resolutions for the diaphragm sensor high Q and low Q conditions are 0.11
and 0.9 nanostrain for 160Hz bandwidth respectively.

It has been shown that the amplitude of the mixer output voltage reaches its
peak when the output voltage is in phase or 180 out of phase of the RF supply
voltage. Also, the mixer output voltage reaches it minimum when the voltage is
90 degree out of phase of the RF supply voltage. | adjust the phase shifter
continuously and measure the DC average voltage of the mixer output voltage.
The DC average voltage vs phase is sinusoidal which is as expected.

The strain noise of the cylinder sensor was measured in our Electrical and

Computer Engineering laboratory using the thermal induced strain calibration
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technique. The cylinder sensor strain noises are approximately 25PPB, 11PPB
and 8PPB for the 160, 16 and 1.6Hz bandwidth cases respectively.

Calibration for the diaphragm sensor was carried out in a civil structures
laboratory using comparison to electronic strain gauge. | use two strain gauges
as comparison for our sensor and | can relate the voltage output to the strain
obtained by the strain gauges. This calibration method gives much more reliable
data than the results | obtained using other type of calibration such as the
micrometer calibration technique. The diaphragm sensor noise strains are less
than 10 PPB for all the time constant cases for both high Q and low Q conditions.

Dynamic test on a model structure in the civil structures laboratory was
carried out. | measured the strain for just one cycle for 10 times for each case.
The RMS strain noise for high Q condition 1ms, 10ms and 100ms cases are
approximately 44PPB, 22PPB, and 17PPB respectively. The RMS strain noise
for low Q condition 1ms, 10ms and 100ms time constant cases are
approximately 82PPB, 39PPB and 27PPB respectively.

The RF strain sensor has been designed and tested. It will find its application
where high resolution dynamic strain is to be measured such as the strain
change on the bridge caused by traffic loading. It might also have use in weight-
in-motion. It can reach the strain resolution in nanostrain range which is perfect

for SHM applications.
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Appendix A: Datasheets

A1: Attenuator Datasheet
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A2: Mixer Datasheet

CAMini-Circuits’

electrical specifications at 25°C

c
w | F | FREQUENCY |CONVERSION LOSS| LO-RFISOLATION LO-IF ISOLATION  |IP3@| E | CASE | § |PRICE
LEVAL| 1dB o
= MHz dB dB dB cemer ¢+ | STYLE [} | 8
. Uzl we. | § H
MODEL (Bm)| LO/RF w o Range | | " u L " v |w@em| e o aw.
NO. o, x © Max. Max. [Typ.Min. Typ. Min. Typ. Min.|Typ. Min. Typ. Min. Typ. Min. 5 N | (10-49)
ZX05-1LHW +10 +5 2-750 DC-750 53 01 6.8 85 86 50 52 35 46 27 64 40 50 27 40 20 15 0.5 FL905 ad | 38.95
* IX05-C24LH +10 | +5 300-2400 DC-T00| 65 01 8.9 — 40 (typ.) 25 (min.) 30 (typ.) 15 (min.) 13 0.3| FL905 |(ad | 38.95
ZX05-C42LH +10| +5 [1000-4200 DC-1500| 6.0 01 8.9 — 38 (typ.) 23 (min.) 20 (typ.) 11 (min.) 12 0.2| FLSO5 (ad | 38.95
+ ZX05-CBOLH | +10 | +5 |1600-4400 DC-2000| 63 01 789 = 35 (typ ) 23 (min ) 17 (typ.) = 13 |0.3| FL905 |ad | 38.95
4400-6000 DC-2000 | 60 01 83 s 27 (typ ) 20 (min ) 21 (typ.) o 11 |0.1| FL805 |ad | 3895
e ZX05-1 MHW +13 +8 0.5-600 DC-600 52 01 6.9 8.0 63 50 53 32 43 20 56 40 44 25 30 20 17 0.4 FL905 ad | 39.95
ZX05-12MH +13 +9 10-1200 DC-1200| 63 01 8.0 9.3 62 45 45 32 40 26| 68 40 42 27 30 20 22 0.9 FL905 |ad| 39.95
« ZX05-C24MH | +13 | +9 300-2400 DC-700| 61 01 8.6 — 40 (typ.) 20 (min.) 25 (typ.) 14 (min.) 13 o FL905 (ad | 39.95
ZX05-25MH +13 +8 5-2500 5-1500 69 01 8.8 9.8 47 28 34 23 34 23 34 23 32 18 23 17 18 0.3 FL905 ad | 39.95
ZX05-42MH +13 +9 5-4200 5-3500 75 02 9.8 1.8 47 28 29 20 30 15 34 23 28 17 23 17 19 0.8| FL805 ad | 39.95
ZX05-C42MH | +13 | +9 |1000-4200 DC-1500 | 62 01 89 s 35 (typ.) 15 (min ) 20 (typ.) 10 (min_) 168 |0.3| FL905 |ad | 39.95
« ZX05-CEBOMH | +13 | +9 |1600-4400 DC-2000| 6.9 01 8.5 — 32 (typ.) 25 (min.) 17 (typ.) - 15 0.2 FL905 |ad | 39.95
4400-6000 DC-2000 | 6.0 01 8.5 — 22 (typ.) 18 (min.) 15 (typ.) - 15 0.2 FL905 |ad | 39.95
ZX05-1THW +H17 | #14 5-760 DC-750 60 01 886 9.0 B4 45 48 35 42 28 50 35 40 30 30 20 26 0.9 FL905 ad | 41.95
te 7X05-10H +17 | #14 10-1000 DC-B0O 7.0 01 8.5 as5 88 52 55 38 47 25 46 30 32 20 26 13 22 0.5 FL905 ad | 41.95
ZX05-1TH +17| +14 100-1700 50-1500 | 7.2 04 8.5 9.5 32 20 - - 36 22 32 20 — — 22 25 0.8 FL905 |ad | 41.95
ZX05-20H +17| +#14 [1500-2000 DC-300| 5.2 0.2 7.8 - 31 (typ.) 22 (min.) 34 (typ.) 20 (min.) 22 |0.5]| FL905 |ad | 41.95
E= [IP3(dBm)-LO Power(dBm)]/10
L=low range [f to 10f] M =mid range [10f tof /2] U=upperrange[f/2tof ]
m =mid band [2f tof /2]
L R
]

coaxial connections

see cas dyle outline drawing forpin locations

PORT ad
Lo 1
RF ]
IF 3
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A2: Mixer Datasheet Continued

Freouency MIXers VA Coaxial

Ruccep, Broap Banp 0.5 to 6000 MHz

electrical specifications at 25°C

c
o | R | FREQUENCY |CONVERSION LOSS| LO-RFISOLATION LO-IF ISOLATION IP3@| E | CASE | § |PRICE
LEVEL| @1dB ' N
(@Bm)|Comp. L e Gz HE ara|m || SEYLES (S S
Total < c
MODEL B e e T
(dBm Lo/ RF 1F _ Range L M u L '] u (dBm) | o 1 aty.
NO. 1, X © Max. Max. [Typ.Min. Typ. Min. Typ. Min_|Typ. Min. Typ. Min. Typ. Min. r W | (10-23)
ZX05-1L +3 o 2-500 DC-500 52 0.1 T2 80 68 50 55 30 44 30 55 40 45 30 35 25 16 1.3 FL905 ad 37.95
te ZX05-10L +4 +1 10-1000 DC-800 T2 0.1 82 8.8 70 55 60 40 47 37 40 26 ar 20 24 13 16 1.2 FL905 ad 37.95
ZX05-1 +7 +1 0.5-500 DC-500 50 0.1 6.5 7.8 70 50 55 35 45 30 65 45 40 25 30 20 15 o8 FL905 ad | 37.95
1+ Zx05-2 7 +1 5-1000 DC-1000 | 6.67 0.26 8.0 9.9 85 50 47 25 35 22 62 35 45 25 32 20 20 1.3 FL90S ad | 37.95
ZX05-10 +7 =1 10-1000 DC-800 6.8 01 7.8 8.3 80 50 €0 40 47 37 40 26 33 20 24 13 16 0.9 FLOO5 ad | 37.95
1+ ZX05-5 T +1 5-1500 DC-1000 66 01 7.5 9.3 50 40 40 25 33 23 50 40 30 20 20 10 15 o FL905 ad| 3795
ZX05-11X «7 +1 10-2000 5-1000 71 0.1 82 9.8 62 45 368 20 27 18 60 a5 37 20 38 20 9 02 FL905 ad 37.95
+ ZX05-C24 -7 +1 300-2400 DC-700 6.1 0.1 8.9 — 40 (typ.) 25 (min.) 25 (typ.) 15 (min.) 10 0.3 FL9035 ad | 37.95
ZX05-30W +7 1 300-4000 DC-950 68 0.2 9.0 9.8 35 (typ.) 17 (min.) 16 (typ.) 7 (min.) 12 s FL905 ad 37.95
ZX05-C42 7 +1 [1000-4200 DC-1500 | 61 01 89 et 35 (typ.) 23 (min_) 20 (typ.) 12 (min) 10 03| FA905 |ad| 37.95
« ZX05-C 60 -7 +1 |1600-4400 DC-2000 | 63 02 83 o 32 (typ.) 20 (min ) 17 (typ.) - 9 02| F905 |ad| 37.95
4400-6000 DC-2000 62 0.3 8.5 — 23 (typ.) 17 (min.) 18 (typ.) ] 3 0.1 FL905 ad | 37.95
E= [IP3(dBm )-LO Power(dBm)l/10
L=low range [f to 10f] M=m!d range [10f tof /2] U=upperrange [f/2tof ]
m =mid band [2f to f /2]
features

e rugged consruction

e small size

e low conversion loss

e high L-Risolation

e multiple patentspendin

applications

e cellular

e PCS

e instrumentation

e satellite communication

NOTES:
X Average of conversion lossat center of mid-band frequency (f,+f_/4)
o Standard deviation
T Modelsnoted have positive phase detection. Phase detection
negative forallothermodels.
+ Conversion lossspecification at 30 MHz IFE. Forperformance vs IF see our website.
A. General Quality Control Proc edures, Environm ental Sp ecifications, HI-Rel and MIL
description are given in section 0, see " Mini-Circuits Guarantees Quality” article.
B. Connectortypesand case mounted options, case finishesare given in section 0,
see "Case Styles & Outline Drawings’.
C.Pricesand Specificationssubject to change without notice.
1. Absolute maximum power, voltage and current ratings:
1a. RFpower, 50 mW, 200 mW (for LO+13, +17)
1b. Peak IFcurrent, 40 m A
2. Operating Tem p erature, 40°C to 85°C

M H H C - ] t ® INTERNET http://www.minicircuits.com
I n I = I rc u I s P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718)332-4661
Distribution Centers NORTH AMERICA B00-654-7949 =« 417-335-5935 « Fax 417-335-5945 « EUROPE 44-1252-832600 « Fax 44-1252-837010

84A | 150 9001 CERTIFIED
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Apendix B: MATLAB Codes

B1: Code for RMS Noise Calculation

close all; clear all; clc;

n = [0.0368648
0.0468528

0.0029056
-0.0049032];

RMS = zeros(20,1);
sum = 0;
fori=1:500

sum = sum + (n(i)-mean(n))"2;
end
JoRMS = sqrt(sum/500);
sqrt(sum/500)
% mean(n)
%1-5 sec
sum = 0;
sum_a = 0;
fori=1:25

sum_a = sum_a + n(i);
end
avg =sum_a/ 25;
fori=1:25

sum = sum + (n(i)-avg)"2;
end

RMS(1,1) = sqrt(sum/25);

%6-10 sec
sum = 0;
sum_a = 0;
fori1=26:50

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
fori1=26:50

sum = sum + (n(i)-avg)"\2;
end
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RMS(2,1) = sqrt(sum/25);

%11- 15sec
sum = 0;
sum_a = 0;
fori=51:75

sum_a = sum_a + n(i);
end
avg =sum_a/ 25;
fori=51:75

sum = sum + (n(i)-avg)"2;
end

RMS(3,1) = sqrt(sum/25);

%16-20 sec
sum = 0;
sum_a = 0;
fori=76:100

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
fori=76:100

sum = sum + (n(i)-avg)"\2;
end

RMS(4,1) = sqrt(sum/25);
%21-25 sec
sum = 0;
sum_a = 0;
fori=101:125

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
fori=101:125

sum = sum + (n(i)-avg)"\2;
end

RMS(5,1) = sqrt(sum/25);
%?26-30 sec
sum = 0;
sum_a = 0;
fori=126:150

sum_a = sum_a + n(i);
end
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avg = sum_a/ 25;
fori=126:150

sum = sum + (n(i)-avg)"\2;
end

RMS(6,1) = sqrt(sum/25);
%31-35 sec
sum = 0;
sum_a = 0;
fori=151:175

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
fori=151:175

sum = sum + (n(i)-avg)"\2;
end

RMS(7,1) = sqrt(sum/25);
9%36-40 sec
sum = 0;
sum_a = 0;
fori1=176:200

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
fori1=176:200

sum = sum + (n(i)-avg)"\2;
end

RMS(8,1) = sqrt(sum/25);
%41-45 sec
sum = 0;
sum_a = 0;
fori=201:225

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
fori=201:225

sum = sum + (n(i)-avg)"\2;
end

RMS(9,1) = sqrt(sum/25);
%46-50 sec

sum = 0;

sum_a = 0;
fori=226:250
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sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
fori=226:250

sum = sum + (n(i)-avg)"\2;
end

RMS(10,1) = sqrt(sum/25);

%51-55 sec
sum = 0;
sum_a = 0;
fori=251:275

sum_a = sum_a + n(i);
end
avg =sum_a/ 25;
fori=251:275

sum = sum + (n(i)-avg)"2;
end

RMS(11,1) = sqrt(sum/25);

%56-60 sec
sum = 0;
sum_a = 0;
for1=276:300

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
for1=276:300

sum = sum + (n(i)-avg)"\2;
end

RMS(12,1) = sqrt(sum/25);

%61- 65sec
sum = 0;
sum_a = 0;
for1=301:325

sum_a = sum_a + n(i);
end
avg =sum_a/ 25;
for1=301:325

sum = sum + (n(i)-avg)"2;
end
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RMS(13,1) = sqrt(sum/25);

%66-70 sec
sum = 0;
sum_a = 0;
fori=1326:350

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
fori=326:350

sum = sum + (n(i)-avg)*2;
end

RMS(14,1) = sqrt(sum/25);
%71-75 sec
sum = 0;
sum_a = 0;
fori1=351:375

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
for1=351:375

sum = sum + (n(i)-avg)"2;
end

RMS(15,1) = sqrt(sum/25);
%76-80 sec
sum = 0;
sum_a = 0;
for 1 =376:400

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
for 1 =376:400

sum = sum + (n(i)-avg)"\2;
end

RMS(16,1) = sqrt(sum/25);
%81-85 sec
sum = 0;
sum_a = 0;
fori=401:425

sum_a = sum_a + n(i);
end
avg =sum_a/ 25;
fori=401:425
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sum = sum + (n(i)-avg)"\2;
end

RMS(17,1) = sqrt(sum/25);
%86-90 sec
sum = 0;
sum_a = 0;
fori=426:450

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
fori=426:450

sum = sum + (n(i)-avg)"\2;
end

RMS(18,1) = sqrt(sum/25);
%91-95 sec
sum = 0;
sum_a = 0;
fori1=451:475

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
for1=451:475

sum = sum + (n(i)-avg)"\2;
end

RMS(19,1) = sqrt(sum/25);
%96-100 sec
sum = 0;
sum_a = 0;
for 1 =476:500

sum_a = sum_a + n(i);
end
avg = sum_a/ 25;
for 1 =476:500

sum = sum + (n(i)-avg)"\2;
end

RMS(20,1) = sqrt(sum/25);
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B2: Code for Diaphragm Sensor Structure Lab test Linear fit
close all; clear all; clc;

ESG_a_1 =[5.435923

4.57222];

ESG_a_2 =[5.541199
6.167399

plot(ESG_a_1, V_a)

hold on

plot(ESG_a_2, V_a)

title('High Q Ims Time constant Voltage vs Strain Linear Fitting')
xlabel('Strain(microstrain)')

ylabel('Voltage(volt)')

ESG_b_1=[-1.981156
-1.678858

-1.031077];

ESG_b_2 =[-0.052901

-0.463141];

V_b=[-642

figure

plot(ESG_b_1, V_b)

hold on

plot(ESG_b_2, V_b)

title('High Q 10ms Time constant Voltage vs Strain Linear Fitting')
xlabel('Strain(microstrain)")

ylabel('Voltage(volt)')
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