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Abstract

My dissertation presents and discusses a methodevelop an FBG
interrogator for long-range structural health monitg systems (SHMS)
applications. More than many years, multipoint semsecome an interesting
system in research and practice as well, espedallyery large and very long
SHMS. Recently, multipoint sensors involving fidgragg gratings (FBGs) have
been widely used in the SHMS due to have some &agas than traditional
sensors.

In our dissertation, a three-points FBG sensorclviiias nearly similar
Bragg wavelength and reflectivity, is successfalhalyzed by a combination of
incoherent frequency modulated continuous waveMEW/) optical ranging
system and a vertical-cavity surface-emitting 1a8&CSEL) as a wavelength-
tunable laser source. Our system can provide ngtreading out the temperature
and strain by using FBG sensors, but also identfyhe location of the installed
FBGs. The I-FMCW optical ranging system can be catel by intensity
modulation of a low-cost commercial VCSEL by lingasinusoidal waveform
from a signal generator. In order to explore thaggrwavelength, the wavelength
of the VCSEL can also be swept by the injectionrenir change in step. The
detected signals from the FBGs, which captured bphatodiode, and the
reference signal from the signal generator, aretr&dally mixed by a double-
balanced mixer (DBM) to define the beat frequerdlysystem is controlled by a
program developed by LabVIEW from National Instrumse(NI).

We demonstrate our proposed system to measurerdonyg, temperature,
and strain measurements. The measurement reswlissth@t our system can
clearly distinguish all FBGs installed in a totaby6 km-long optical fiber with
1.5 m spatial resolution. For temperature measungme use a thermoelectric
controller (TEC) to control the ambient temperatof&BGL1 in the range of 26
~ 48C, and contrary, the others are kept at room teatper. The Bragg
wavelength shifts of the FBGs according to tempeeathanges are successfully
measured. We also test the stability of measuremenemperature in our

laboratory for 23 hours. The results show thatremeasurement less thatC2for



all FBGs. As well as measuring temperature, we afstduct strain measuring.
FBG3 is strained in the range of 369 f 2137 |t by using cantilever beam
method, and contrary the others are unstrained.résdts show that the Bragg
wavelength shift of the FBGs according to straiargfes are also successfully
measured. Temperature and strain sensitivity frosasarement results by using
our system is almost same if compared to other odakstand theory.

Our system only experimentally tested in the terajpee range 2& ~
45°C and in the strain range of 362 p 2137 1. Nevertheless, there will be
opportunities to span more large temperature arginstange by increasing
injection current to sweep more wavelength charfeen though our system
tested only three FBGs in the experiment, the aystan be scaled up to more
FBGs and extended scale areas. Furthermore, bevausenployed a low-cost
available VCSEL, our proposed system offers a lostcand straightforward
FBG interrogator for a long-range SHMS.

Key words: VCSEL, FMCW, FBG, SHMS.
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CHAPTER 1: INTRODUCTION

1.1 Overview

In recent years, technology is rapidly growing aphe world. Thus, many
countries now have a lot of huge of civil infrastures like skyscrapers, water
DAMs, tunnels, long bridges, and highways represamtenormous financial
investment. These buildings can be seen not ontieureloped countries but also
in developing countries. Unfortunately, several idents caused structures
collapses that have been killed many people [1¢ré&tore, engineers, researchers,
and also stakeholders have been struggling to orexc this problem.
Consequently, there is an urgent need to develystem that early detection of
the structural health problenrsorder to prevent more serious damage.

On the other hand, many advances in sensing, camgpuiand
communications create a new technology to solve libalth of structures
detection, which is a structural health monitorsygtem (SHMS) [2]. SHMS is
defined as a process of detecting structural cmmdit due to damage or
deterioration by comparing structural responsesainbt by various physical
parameters using many kinds of sensors, both teaftpoand spatially. The
process in SHMS covers sensors installation, coatipar feature extraction,
normalization, and estimation for diagnosis of efinwal health conditions [3]. By
using this system, structures continuously andraatwally detect the damage,
characterize it (recognize, localize, quantify, rate) and report it [4]. The
conditions of structural health are influenced lynerous events such as loads,
earthquakes, fires, explosions, collisions, aneémsthThe influences of individual
events come from strains, cracks, and temperatackents [5].

To detect some physical parameters in structutdd)Susually employs
many kinds of sensors such as a piezoelectric sestsain gauge, electrical time-
domain reflectometers (ETDR), a microelectromeatensensor (MEMS), an
eddy current sensor, and fiber optic sensor. Tims@ementioned at last, fiber
optic sensor, has more advantages than other sesgohn as it is very compact

and easily embedded into structures. Besides, bpéc sensors also offer the
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capability to perform integrated, distributed measwents, and immune to
electromagnetic interference; therefore, it sugdbl SHMS [4], [6].

A fiber optic sensor widely used in SHMS is fiberaBg grating (FBG).
Due to FBG is leading on application-wide multiptex of measurement points,
FBG is called the king of the quasi-distributeds®s [2]. Several FBGs can be
clearly resolved by using the same fiber line byltipkexing many FBGs in the
wavelength domain [4]. Since FBG has a unique @drese periodic refractive
index variation, a light whose wavelength satisfibe Bragg condition can
measure strain and temperature [7]—[9]; those idtieat parameters in SHMS.

Because the FBG based measurement system ha<tdistindvantages
when applied in SHMS, some researchers have bekimgnan effort to develop
FBG interrogator for several years. The main issuthe FBG interrogator for
SHMS applications are long-range remote sensing apdtial resolution
capability. Another interesting issue, over thetpiesade in industrial sectors, has
also been paid in attention to reduce cost and rmmdee competitive [1];
consequently, there is also challenging in low-®ystems for FBG interrogator.
Therefore, our dissertation proposes to developB@ interrogator not only for
long-range and multi-point sensing but also offevg-cost systems.

1.2 State of theart

Over two decades, a large variety of systems f@rRBG interrogator has
been developed. Generally, the simplest way tariogate FBG is by using an
optical spectrum analyzer (OSA). Given that OSA limaged scanning and high-
cost in the operational system, a charge-couplettceldCCD) spectrometer and
using tunable Fabry-Perot filters succeed in repta@an OSA. Those methods
enable to realize wavelength speed scanning up tdH2 [10], [11]. However, it
may be rather difficult to be applied in long-rangeasurement because these
systems need high power for the broad-spectrunt $ghbrce, which is launched
into FBG. For this reason, not only from the unsigr and research center but
also from the industry have proposed other metihmdserrogate FBG, which are

compact, low-cost, and effective in real time.
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Among the FBG interrogate methods, the wavelengttps laser is now
widely used due to high intensity, narrow lasingd avide wavelength tuning
range [12]. Many kinds of wavelength-swept laseither laser diode (LD)-based
or fiber laser-based, have been developed by wsitgynal cavity tunable LD,
piezo transducer-based tunable Fabry-Perot fiftelygonal mirror scanner, and
Fourier-domain mode-locking (FDML). Sweep rate dam achieved fast and
widely [13], [14], but those techniques require ighhcost for providing some
optical or mechanical components. On the other hanekrtical-cavity surface-
emitting laser (VCSEL) has been demonstrated amsvacbst wavelength-swept
by simply changing the injection current or tempema [15]-[18]. VCSEL has
demonstrated remarkably good stability and repriility of the output
frequency [19], [20] and make it promising for l@est application involving
wavelength-swept lasers such as tomography [2]¢cbbprofiling [15], [22], and
high-speed communication [23].

Multiplexing sensor is also one of an issue in SHM$§pecially for large
structures monitoring in order to know a preciseatmn where damage is. If
FBGs with different Bragg wavelength is installeat inulti-point sensing, the
locations can be recognized from it's Bragg wavglkenin this case, wavelength-
division multiplexing (WDM) and time-division mufilexing (TDM) are
introduced for Bragg wavelength demodulation. Hoevevallowable Bragg
wavelength shift is limited by the bandwidth of &dband light source, a width of
the sensor window, and spatial resolution betwhkenrtdividual sensor [24], [25].

The large multiplexing and lower crosstalk of thBGS sensors through
both simulation and experiment could be carried loytoptical reflectometry
based measurement either time domain or frequeamath [26]. Time-domain
reflectometry uses optical pulses launched intooptical fiber and processes
backscattered signals. In order to increase theaspasolution, the pulse width
has to be reduced. However, this method requireeafast light modulation and
detection, which is very expensive. On the otherdhaince frequency-domain
reflectometry measures interference of Rayleighhaigfrom reference and

reflected signal, the spatial resolution is govdrihg the frequency range [27].
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Besides, frequency domain reflectometry also offegh signal and noise ratio
(SNR) as well as better spatial resolution tharetadomain reflectometry.

Frequency-domain reflectometry can be divided i@ categories; a
coherent optical frequency domain reflectometry QEPR) and incoherent
frequency-domain reflectometry (I-OFDR). For loraprge measurement
applications, I-OFDR has promising opportunitiestéad of C-OFDR because of
I-OFDR is the non-interferometric, which no reqsira narrow linewidth laser
and ultra-linearly swept optical source [28], [2B}; using I-OFDR, Werzinger et
al. reported that 20 FBGs could be successfullgringated by vector network
analyzer (VNA). The location of FBGs is calculatbg the inverse Fourier
transform of the frequency response. Hence VNA ugeqcostly, incoherent
frequency modulated continuous wave (I-FMCW), a-gudup of the I-OFDR,
offers much cheaper because of this system comfgfezence and reflected
signal in the electrical domain by using electriceking component [30].

1.3 Objective

To date, long-range and low-cost FBG interrogatecdmes an exciting
research topic, especially for SHMS applicatiomsthis research, we propose a
combination of wavelength-swept by using VCSEL &kdMCW optical ranging
to develop a new system of FBG interrogator. A iavgth-swept tunable laser
can be achieved by injection current on VCSEL ideorto explore the spectrum
of FBGs. Compared to the other technique, it nexdg a low-cost component.
Then, I-FMCW is also employed in our research Fa purpose of multiplexing
and localizing of FBGs.

To realize this method, we set up a system coosish I-FMCW ranging
system and VCSEL as a light source. We make a anodry using National
Instrument (NI) LabVIEW to control our system. Inrder to know the
performance of FBG Interrogator, which is developgdusing our method, we
observe as follows:

1. Long-range and spatial resolution capability
2. Temperature measurement capability

3. Strain measurement capability.
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1.4 Outline

This dissertation thesis presents a proposed metioodnterrogate
multipoint FBG sensors for long-range SHMS. Thissdrtation has been
organized as the following chapter:
Chapter 1: We introduce the SHMS and the reasonthfBG sensor is one of
a candidate to be applied in SHMS. Then, we brieflglain the state of the art
from some methods of FBG interrogation for the psgof multipoint sensor and
long-range measurement. Therefore, we decidedd@usombination of VCSEL
and incoherent FMCW for multipoint and long-randg&3sensors measurement.
Chapter 2: We provide a theory of FBG, startingrfrthe definition of Bragg
wavelength and the principle of FBG on strain agmperature sensing. We also
introduce some methods to measure Bragg wavelemgtialgorithm to define the
peak of Bragg wavelength. In the last section, ves@nt a result measurement of
the FBG sensor for temperature and strain sensingsing a proven method,
which is a broadband light source and OSA.
Chapter 3: We introduce a theory of VCSEL, inclggdirom structures, principles
of the wavelength-tunable method, and how to mddulae VCSEL. In the last
section of this chapter, we measure the wavelengthble of VCSEL by
injection current change.
Chapter 4: We describe a principle ranging measemneray using FMCW. We
also introduce types and signal analysis of FMCWhwdifferent types of
modulation signals. In the last section, we alseflyr introduce one type of
FMCW ranging system, which is incoherent FMCW.
Chapter 5: We present how to set up the FBG ingatar based on I-FMCW and
VCSEL. In this chapter, we also describe a develpynprogram by using
LabVIEW and show the measurement examples. Indhke dection, before we
applied our system to measure the FBG sensor, eekdhe frequency response
of our system.
Chapter 6: We show and discuss a measurement m#dolhg-range and spatial
resolution. We make variation a length of optiabef that connects to the FBG
sensor to confirm long-range and spatial resolut@pability. In the initial testing,

we check Fresnel reflection of optical fiber withéBG sensor, then continue to
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install three FBG sensors into a configuration wdifferent lengths of optical
fibers.

Chapter 7: In this chapter, we present and disausgeasurement result of our
system when it is applied to measure temperatuesaply temperature variation
on FBGL1 by using TEC, whereas other FBG are kepb@h temperature. We
observe spectrum profile each FBGs, and then wenieea the correlation
between temperature and Bragg wavelength. Aftdr tha result from our system
compares to the theory and standard method by W8#& and broadband light
sources. Additionally, we also test stability f& 2ours.

Chapter 8: Before we show and discuss a measurerasult, we introduce a
method of strain measurement based on a cantilesem. Like temperature
measurement, we also apply strain variation on FB{®B#8 contrary other FBGs
are kept unstrained conditions. We thalsserve the spectrum profile and also
present the correlation between strain and Braggelsagth. The experiment
result is also compared to other methods as present the last section on
Chapter 2.

Chapter 9: in the last chapter, we will discuss anthmarize the results which
have been presented in Chapter 6, 7, and 8. Weradpose recommendations for

future research.
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Chapter 2: FBG Sensor

2.1 Theory of FBG

Fiber Bragg grating (FBG) is an optical filteringwuice that reflects lights
of specific wavelengths and is present within thewecof an optical fiber
waveguide, as shown in figure 1. A reflected wanwgth depends on the spacing
of a periodic refractive index in the fiber corel][3The term of fiber Bragg
grating came from the Bragg law of X-ray diffractjovhich is established by Sir
William Lawrence Bragg. The figure 2 shows theidattstructure of a crystal
reflects that incident radiation. In this case,rgstalline solid with lattice plans
separated by distancd)( waves are scattered and interfered construgtiwvilen
path length of each wave is equal to an integertipielof the wavelength as
described in the equation 1.

2dsinf = mA 1

where O is the incident anglem is an integer, and is the wavelength. The
scattered waves satisfy the Bragg condition in gouodl; it called Bragg peak
[32]-[34].

Hill et al. demonstrated the first formation of @ng on fiber. They
observed index variation changes in germane lifiers. They fabricated a
grating written in the core of the fiber optic. n& 6 = 9(, d is the distance

between peaks of the interference pattern equatlmecome:

2d = mA 2

In fiber optic which has grating written in the epiTherefore equation2 become:

/‘IB == ZnA 3

wherelgis the Bragg wavelengtim, is the effective refractive index, adds the

period of the refractive index change of the fibptic. Equation3 is well known
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as the Bragg reflection wavelength, the peak wangle of the narrowband
spectral by FBG.

Bra .
Optical Fibre grat?r?g Cla/ddmg
e |
— G
=2 —{— Core
Index modulation > Ac* /\ 0
\

Figure 2. Bragg diffraction on atom lattice [32].

The bandwidth of full width at half maximum (FWHM)f the Bragg
reflection in the FBG depends on several parametsgecially the length of the
grating. For sensor applications, a typical banthviof FBG is 0.05 to 0.3 nm.
The bandwidth of FBG can be defined as equation 4:

1

FWHM = ABS{( An )2 + (1)2}E 4

2N N

where S is a parameter of the grating (1 for high or 005 Weak reflectivity
grating)n, is the refractive index of the unperturbed cate,is the modulation
strength,N is a number of periods. Then, the amplitude ofréflected Bragg of
FBG (p) is given by equation 5:
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ksinh(Vi2—82L)

P = S2sinh (Vi —57L)+i(V?—57)cosh (V2 —52L) i
where
L= N. 4 6
K= %Vaneff !
S = 27”5neff 8

net IS the effective refractive index. To illustrateet bandwidth of Bragg
wavelength in FBG, figure 3 depicts two differaadues ofkL (2 and 8) in the
reflectivity spectrum of FBG whems = 1.457 and. = 1 cm.

1 p— . kL=2
‘ || —— k=8

0.8

0.6 [ [ | .

Reflectivity

| ‘
0.4 il
|

o2t [ || || | ‘ Y

1549.6 1549.7 1549.8 1549.9 1550 1550.1 1550.2 1550.3 1550.4

Figure 3. Reflectivity spectrum of FBG for two difent values of kL (2 and
8)[35].

2.2 FBG Fabrication Techniques

The first generation FBG was fabricated by emplgyuitraviolet (UV).
Basically, there are two types: photosensitivitd &/ laser writing. By using the
photosensitivity method, change of the refractivéek of silica glass irradiated
with high energy UV photon. Typical values for iheex change are in the range
between 106 to 10% depends on the UV and dopants in the fiber. T
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method, UV laser writing, is based on interferer®g.using UV laser writing, a
small periodic refractive index can be achieved [36], [37].

Besides UV, FBG also can be fabricated by employitigahigh peak
power radiation from femtosecond pulsed infraredIif) laser. Now, there are
two main categories on how to inscribing Bragg igatvith the fs-IR laser. The
first category utilizes a specialty phase mask thas precision etched to
maximize the coupling of the incident IR laser edidin into the +1 orders. The
schematic of the first category shows in figure) 4{&e second category utilizes a
point to point to write grating within the core reg in the fiber by focusing
single pulses on the fs-IR, as shown in figure {34).

3 IR light b) e

beam

Sy Microscope
Silica phase mask objective
A
X &
\ [

I gy N o S gy N gy BN oy BNy E—

Optical Fiber

0

( R

-

Precision
translation

Figure 4. FBG fabrication by using (a) phase m&skp0int to point with fs-IR
[31].

2.3 Sensing Principle
Since Bragg wavelength sensitive to temperature stngin, FBG is
practically used for environment monitoring. In erdo calculate temperature

sensitivity only, equation 3 is derived with respictemperature:

28 o242 9
AT aT oT

Substituting equation 3 into equation 9, hence &ie g
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Mp _ (104 10n
A _(A6T+n6T)AT 10

The first term is the thermal expansion coefficiefsilica ¢), and the second
term is the thermo-optic coefficient ) of the fiber representing the temperature
dependence of the refractive index. Substituting ¢teefficients into equation 10,

we obtain:

M5 = (a, + &,)AT 11
AB

Then, equation 3 also is derived with respect spldcement in order to get the

sensitivity of strain:

Mg

T Ly 12
AL oL oL

Like in temperature sensitivity, substituting eqoat3 into equation 12, we get:

Mp _ (104 10m
A _(A6L+naL)AL 13

Equation 13 could also be written as a functiontlsd strain from material

properties of the grating on FBG as the followiggi&tion:

AL 2
T: = (1 - n? [p12 —v(p11 — P1z)]) 3 14

wherep;; is the Pockel's coefficient of the stress-optioster andv is the

Poisson’s ratio. The equation 14 also can be siiag@liso we get expression as
given by equation 15.

M~ (1-P)e 15
AB

Combining equation 11 and 15, we obtain the sentyitof the FBG
respect to both temperature and strain:
A/lB = /13 [(1 - Pe)g + (OCA + fn)AT] 16
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Typical parameter FBG for silica fiber with germami doped core ar€®e= 0.22;
as= 0.55 x 1F/°C; &= 8.6 x 1F/°C. Thus, typical temperature sensitivity is
14.18 pmJC and strain sensitivity is 1.2 pm/[82], [35], [38]. Bragg wavelength
shifts due to variation of temperature or strameapressed in equation 16 shown
as figure 5. Such perturbation in the spectrumammonly used for sensing

applications.

Reflecivity

Applied perturbation

>

| 1l »
1 T

Ae X Wavelength A

Figure 5. Shift of Bragg wavelength in FBG [35].

Due to the shift of Bragg wavelength is a functiminboth strain and
temperature, cross-sensitivity between them is ablpm. By observing only
Bragg wavelength, this information cannot explaiatt the shift of Bragg
wavelength is caused by temperature, strain, dr bbthem. If FBG is desired to
measure temperature only, FBG must be protectestrain effect. In this case,
FBG can be inserted into small-bore rigid tubingn e other hand, if FBG is
needed to measure strain only, it is rather diffitmprotect from the surrounding
temperature effect [32]. There are several metiade been reported in order to
block temperature effect, such as: introducingfaremce FBG, combination with
Fabry-Perot interferometer, using superstructur&F&nd coating with polymer
material [39], [40].

2.4 M easurement method
Bragg wavelength, as mentioned above, is essent@imation in FBG,
especially when it is employed for sensing appiicest. Basically, the light

inducing in forward through the core of fiber optane part is reflected due to
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discontinuity at the layer interface, while the extipart passes over, as illustrated
in figure 6. The reflected part is satisfied witle tBragg condition, as expressed

in equation 3.

0.1 25mm

Clad  Care
- - N \ VA BN
Lo A O TN A
Incident Light [ar TN \.I 'IlTransmiltad Light
;'I |
Reflected Light . f.-'
iy
J— j -
As A
Bragg wavelengthsyaku

Figure 6. Principle of Bragg wavelength measurentit

In the laboratory, the Bragg wavelength shift asvahin figure 6 can be
easily measured by using an optical spectrum aael@SA). This measurement
method usually uses an amplified spontaneous emigASE) as a broadband
light source that emits light into fiber optic towla FBG, as shown in figure 7. A
back-reflected signal from FBG is passed to OSAdatermine the Bragg
wavelength. Besides a broad-band light source, syem usually uses a
narrowband tunable laser source, as shown in fi@ur@unable laser source
sweeps over spectral in the range Bragg waveled@[44]. Due to OSA has

low scanning speed and high-cost, some researphmyesed alternative methods.

Transmission fiber

Broadband — ) A —

B e — -

Coupler

'

- Analyzer

Figure 7. Bragg wavelength measurement by using {(48A
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Transmission fiber

Figure 8. Bragg wavelength measurement by usingade laser [44].
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Figure 9. Bragg wavelength measurement by using-S@datrum [45].

One of the methods recently developed is a chavgpted device (CCD)
spectrometers. In this technique, light reflectedmf FBG is spread using
dispersive optical components such as prisms dradtive gratings onto CCD
line arrays, as shown in figure 9. CCD in this sgstis required to monitor the
position of the peak wavelength in the reflectigectrum, which expresses the
physical parameter change. The CCD-spectrometedbiaserrogation is limited
by the number of the pixel resolution of the desecA typical CCD has a 256
detector pixel with a wavelength range of 45 nm288570 nm), corresponds to
0.17 nm resolution [11], [45].

28



Electrol-optical
modulator ¢ '
| Circulator

Tunable Laser “l — l .‘ | T Erbium-doped | =, o —
(CW) 3 fiber amplifier | &/ " " i

Erbium-doped Weal: FBG

[ Pulse génerator ]
[

Shift Collect Data | fiber amplifier |
wavelength
Send|pulse A Photodetector
t
R, t1t2 tn i
Oscilloscope

Figure 10. Bragg wavelength measurement by usingl T45].

The challenge method of how to interrogate FBG idtiplexing issue
FBG sensors due to the complexity needed in agjgita Multiplexing is a
method of how to use only one light source and aleteto explore multiple
discrete sensors. One of the methods that are bp@ssi be implemented to
multiplexing FBG is a time-division multiplexing DM) and wavelength-
division multiplexing (WDM). In TDM, the time of ijht with sort duration is
used to recognize a reflected signal from FBG tghopropagation time delay.
Multiplexed FBG measurement based on TDM s illtgd in figure 10 [14],
[24], [44], [46]. An electro-optical modulator mddtes the continuous wave of
the tunable laser, and then laser emits to arrdy #Bough one optical fiber. The
individual FBG is separated by the time of arrighh particular peak wavelength.
The other way, WDM, a broadband light source istemiinto series FBG, as
shown in figure 11. Reflected light from each FBfGseparated by wavelength
division using a dispersive element, such as angratr prism [47].

source < T Ll L L L e L

wavelength

detection system

Figure 11. Bragg wavelength measurement by usindgWy4Y].
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Other researchers also reported a multiplexing EEBAd be carried out
by employed two-photon absorption (TPA) methodsstasvn in figure 12. TPA
is the absorption of two photons of identical difestent frequencies in order to
excite from ground state to higher state. This we@thusually uses silicon
photodiode or avalanche photodiode. Two lasers different wavelengths are
used for probe and reference, which are modulatddsame frequency {j. The
probe laser is also modulated by frequency. (Fhe reflected signal from FBG is
combined with the reference signal. Due to thecaptpath length difference
between reference and FBG, positions each FBG eadelntified [48].

FBG, FBG, FBGy
—~ LDl A IMI e e ——
P, Probe
O " EDFA Si-APD
LD2 H IM2 - LIA H PC
Reference Lens T

Figure 12. Bragg wavelength measurement by usiry[4B].

Then, the possible method in multiplexing FBG irdgation utilizes the
optical time-domain reflectometry (OTDR). This tacdfue hasestablished since
1980 as an investigator for the fiber-optic netwdrkprinciple, a short pulse is
launched into FBG; due to reflectivity on the gngtiof FBG, a tiny fraction of
light will be backscattered and then analyzed. Th@cess can be illustrated in
figure 13. The pulse of light travels for time z/v a long fiber optic to reach an
FBG at distance from the source. Due to= c/n, after reflecting from the grating,
the scattered light backscattered to reach the &od of the fiber optic again for
ta= 2nz/c. So, location of FBG can be defined by equation 17

c
Z_Etd 17

And, the smallest distance between two FBG is ghyerquation 18:

Az = 18

2n
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7 come from pulse width, therefore in order to aeghigood the spatial resolution,
the pulse has to be reduced [27], [49], [50].

10 cm-long weak FBG
Isolator
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Figure 13. Bragg wavelength measurement by usinQf[#9].
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Figure 14. Bragg wavelength measurement by usingrOp1].

Beside time-domain reflectometry, optical frequencgomain
reflectometry (OFDR) is now widely used to interatey multiplexing FBG
sensors. OFDR has all capabilities as OTDR but higher resolution and better
sensitivity. Instead of a pulse source, a sourd@RDR is used a linearly swept in
time with frequency sweep timdyq), sweep spanAf), and sweep ratey)( as
expresses in the equation 19:

y = =i 19
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Then, the linearly swept signal is splitted intocotwignals probe signal and a
reference signal. After that, the probe signalréd$mitted to a target, and the
reflected signal from the target is combined witte treference signal. The
combined signal produces a constant beat frequenrtgsponding to the location

of the target as defined in equation 20:

- = y.2L§ 20

wherefy is the beat frequency and is the distance of a target. OFDR is
categorized into coherent OFDR (C-OFDR) and incehe®©FDR (I-OFDR). The
first category, C-OFDR, a probe signal and a refegesignal are combined
coherently, as shown in figure 14. It requires letent optical light source with a
narrow linewidth. The second category, I-OFDR, gnal is processed by vector
network analyzer (VNA) or electronic mixing [10]27]-[30], [51], [52]. A
subgroup of I-OFDR called Frequency-Modulated Gardus Wave (I-FMCW)
would be used in our proposed system. This methtédevdescribed in Chapter
4.

2.5 Peak of Bragg wavelength tracking

In order to analyze the spectrum of the FBG, wiscshown in figure 3, it
is necessary to be defined as the FBG peak wawublehigus, the estimated Bragg
wavelength is useful in estimating physical pararsetike strain or temperature.
Recently, several peak-tracking methods have besggoped for estimating Bragg

wavelength as following:

a. Direct methods
There are three kinds of direct methods, such agimuen, X-dB
bandwidth, and centroid method. The maximum direethod estimates
the peak Bragg wavelength from wavelength at whioh maximum
reflectivity. The X-dB bandwidth direct method appches the Bragg
wavelength, which is estimated as the center ofither bandwidth. The
X value is often to set in 3 dB. The X-dB bandwidtlethod is illustrated
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in figure 15, and the operational to calculate Bragvelength is defined
as follows:

max(Aen)—min(Aen)
2

Ap = min(A) + 21

The third direct method, the centroid method detees the Bragg
wavelength as a center of mass of the reflecticctspm of FBG, as
shown in figure 16. Compared to other methods, déagtroid has high
precision and more robust than others when theenofsraw data is

processed. A simple algorithm easily calculates thethod as express in
equation 22:

N
_ Xi=14i-M;

Ag = T 22

where/; is the wavelength of the VCSEL at théh point, andV is the
magnitude of beat frequency at thth point. Thenls can be defined by
integration using equation 22 from i = 1 &p whereN is the number of
data whose magnitudkl; is higher than a given threshold shown as a

dashed line in figure 16.
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Figure 15. Peak tracking by X-dB bandwidth meths@] [
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Figure 16. Peak tracking by centroid method.

b. Curve fitting method

FBG spectrum is interpolated with a function thapraximates its shape.

In these methods, there are two kinds of operations
2" order polynomial: this operation can be perforrbgdising a least-
squares interpolation based on quadratic regresagshown in figure

17. The Bragg wavelength can be estimated by emuas:

R(QA) ~ a,A> + A +aq 23

Determining ap, a1, a2 can be performed by using a least-squares
interpolation method based on quadratic regression.

- Gaussian polynomial Fit

This method is approximated as a Gaussian funcéisrexpressed in
equation 24 and figure 18.

2

m[R(D] ~ 2% +2ad +(InA -2 24

Basically, this method is slightly same withf 2rder polynomial.
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Figure 18. Peak tracking by Gaussian polynomidbfs.

c. Correlation

This method is calculated by a mutual correlatietween the measured
spectrum and the reference spectrum. These te@mitave several kinds,

such as wavelength-shifted mutual correlation, ss@mrelation, and

correlation polynomial fit [53]-[55].

2.6 FBG measur ement

We then experimented with measuring the Bragg vesagth of FBG by
using a broadband light source and OSA, as illtesdran figure 7. We conduct the

FBG sensor measurement to recognize temperaturestasid. The result of a
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measurement can be shown in figure 19 and figure T2@ horizontal axis
represents the temperature in degree Celcius fpurdi 19, and strain in
microstrain for figure 20. The vertical axis remets the Bragg wavelength for
both figures. Figures 19 and 20 show Bragg waveletigearly changes as a
result of temperature or strain change. These teesildo give information that
temperature and strain sensitivity of this FBG: 611mPC, 0.3 pm/ja,

respectively.

1561.2

1sel 1l 1=0.0176T + 1560.3 |

1561.0F ]

1560.9F :

Bragg wavelength (nm)

1560.8

1560.7 : : :
25 30 35 40 45 50

temperature (°C)

Figure 19. Temperature sensing measurement by &&8@gsensor.
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Figure 20. Strain sensing measurement by using $&fSor.
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2.7 Summary

In Chapter 2, we have briefly explained the FBGQuatire and sensing
principles. This fiber has a unique configurationthe core, usually called a
grating. The important parameter of FBG is the Bragavelength, which
represents the measurand information. Due to FBGsitbee to strain and
temperature change, the FBG sensor becomes popul@HMS applications.
Several ways to evaluate Bragg wavelength have heteoduced with their
strengths and weakness. Since SHMS requires ngtoml point but also a long-
range area, I-FMCW has a possibility for developamgFBG interrogator for the
purpose of long-rage SHMS and multi-point sensors.
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Chapter 3: VCSEL

3.1 Structure of VCSEL

The vertical-cavity surface-emitting laser (VCSEALAs invented by Prof.
Kenichi Iga in 1977. VCSEL is a type of laser disddath a very short cavity (~ 1
pnm) and a very thin active region between two itisted Bragg reflectors (DBR),
as shown in figure 21. The reflectors are formedjbarter-lambda thick epitaxy
layers ¢l) with alternating high and low refractive indicas expressed in equation
25:

d= — 25

4an

The active region consists of multiple quantum s/¢éMQW) in the center of a
full or half lambda thick cavity layer. Full or Hialambda depends on the
refractive index of the cavity layer and DBR. Theght travels in the vertical

direction back and forth between DBR. If a speaifi@velength fulfills the phase
condition, a laser emits a coherent wavelength. Bu¢he vertical nature of
emitted light, the entire two-dimensional array\iSELs can be tested without
separation of lasers. As a result, cost of productf VCSELs lower than an
edge-emitting laser [20], [21], [23], [56], [57].
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(n-InP) Active Layer
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Figure 21. Structure of VCSEL [21].
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Both of Bragg reflectors at VCSELs consist of alaging layers of
semiconductors with different bandgaps, such as Gadd AlGa-xAs. Bragg
reflectors at VCSEL have very high reflectivitiemore than 99% in order to
support the necessary feedback needed for lashegréflectivity can be adjusted
by index x AkGaxAs and the thickness layer [50]. Figure 22 showgpécal
DBR in VCSEL with a sequence of mirror pairs thavé refractive indicesirand
Nz, nsare the refractive index of the substrate, andsnthe refractive index of
mirror ends into a medium. Amplitudg) (and power reflectivitiesR) for Bragg
wavelength at the center of the stop-band can loelated by using equation 26
and 27:

(npm+nz)-(npy—nyz)
=4+ =
P = L Gann)—r((w—nz) 26
)z
— \n3 ng
R = (n_2)2N+n_2 27
nq Ns
ns n, n2 n, n2 n, n2 nM

4n,
N el Nemml e S
1 2 N

Figure 22. DBRs structures in VCSEL [23].

VCSEL offers many kinds of advantages when comptrexthers so that
many applications in the fiber-optic network. VCSEas compatibility with low-
cost wafer-scale fabrication and testing methodssid® low-cost, VCSEL also
offers several attractive characteristics suchigs modulation bandwidth (>10

GHz), single-mode operation, low power, potentiat producing integrated
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modules, high efficiency, low threshold current @A) [50], array on wafer [58],
and very low relative intensity noise (RIN) [18h bemiconductor laser, like
VCSELs, a noise is dominated by spontaneous emi§sig.

Current through DBRs, which is doped by a semicotaiy is injected
into the active region simply and most uniform. Dieedoping semiconductor
mirrors for increasing current transport, the agtitoss mirrors also increase,
which limits the peak reflectivity. Therefore, niust be a balance between high
reflectivity and low electrical resistance. The tage is determined by the
resistance of each mirror period and the potediftdrence in each heterojunction
barrier. The resistance of p-type DBRs is highanth-type DBRSs.

The active region has a role in determining a wavgth that will emit in
VCSEL. A recent development, the active region mwate is design for
commonly used in the range of 1.3 — 1.55 um. Farréason, active regions are
usually used material from Indium Phosphide-Indiu@allium Arsenide
Phosphide (InP-InGaAsP). Long-wavelength laserstypeally packaged with

thermoelectric cooler in order to mitigate the irdre temperature sensitivity [58].

3.2 Theory of VCSEL

As usual diode laser, light is amplified by the mgamedium between
mirrors. Two mirrors partially reflect the lightost bounces back and forth
through the gain medium. If the gain is enough Jaéiser will emit a coherent light
[59]. In order to obtain VCSEL with wavelength),(the cavity and active region

have to be required a condition as following:

hc
E_7 28

whereh is the Plank’s constant (6.62 x %0J.s), andE= Egs + Ec +Ey; Egs is
bandgap energy of the strained quantum wells redinis the energy of
conduction band, ané, is the energy of valence barif}.andE, can be expressed

in equation 29 and 30, respectively:

E, = 29
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E,=—"_ 30

- 8myly,

wherely is the thickness of the quantum wetk, andm, are the effective masses
of the electron in the conduction band and theneddand, respectively [60].

The emission a wavelengthi) (of VCSEL is determined by resonance
condition as written in equation 31:

(ML =" 31
wheren is spatially averaged refractive indew,is a positive index, and is an
inner cavity of length. Since splitting of the aetiregion into segments separated
by A/(2(n)) has to be avoided for the efficiency of carrigjection, and the

shortest symmetric cavity is one wavelength thedyivalent tan = 2.
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Figure 23. Light-current-voltage curve of VCSEL [61

The optical power output of VCSEL can be calcuddig equation 32:
hc
P =mnino Z(I — Iey) 32
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wheren;is injection efficiencyn,is optical efficiency. Figure 23 shows the
typical light-current-voltage curves of VCSEL. Theaxis represents the current
injected into VCSEL, the right ordinate is the agie across the VCSEL, and the
left ordinate is optical power emitted [61].

The conversion efficiencyyn) for emission through top and bottom
reflector is defined as the ratio of coherent lightput power B) and electrical
input power, as expressed in equation 33:

n="> 33

where | is injected current, an® is the voltage applied across the VCSEL.

Efficiency is maximum when injected curreid){

I =Ip.(1+1+%) 34

£ =tk 35

IthRs

It is threshold currentyk is kink voltage that is related to the separatbrihe

quasi-Fermi energies, which approximated by ¥/w/q, h/o is photon energyg

is the electron charge, aRd = dV/dl denote the differential series resistance [62].
The emission wavelength is determined by the caegpnance and not by

the gain peak as in Fabry-Perot lasers. Therefloeeywavelength shift is governed

by changes in the average refractive index in #somator and about 10% by

thermal expansion of the semiconductor layers [68). VCSELs in the range,
800 — 1000 nm and in the range 1500 — 1600 nm ime¢ke shifts typically i%:
0.07 nm/K and 0.08 nm/K, respectively [21].

The spectral power density of the single-mode laseission line can be
approximated by the Lorentzian lineshape functiwhich is given by equation
36:

B = B —
(@ o)

5 36
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with vm is the center frequency of the mode and is the full linewidth at half

maximum, which is given by equation 37:

_ Bspr(nw> 2
Av, = pr— 1+ af) 37

whereaH is the linewidth enhancement factor (typicallydsla value between -2
and -7)I'(n,,) is confinement factor from carriers of densitieshie active region,

N is photon density, and,, , is spontaneous emission time [62].

3.3 Tunable wavelength of VCSEL

VCSEL can be designed as swept wavelength in maayswincluding
DBR mirror design, MEMS structure and tuning medsiam current confinement,
cavity design, and pumping mechanism. A swept vemgth by manipulating
DBR mirror design can be accomplished by applyingegerse bias voltage
between DBRs. This generates electrostatic fordechwattracts the top DBR
downward toward the substrate. As a result, thecalpliength of the laser cavity
change and thus produces a shift of wavelengthuslyg MEMS structure and
tuning mechanism, a swept wavelength can be prdvide utilizing dielectric
DBR mirrors such as a larger index difference, wraffective cavity length, and
larger free spectral range (FSR).

VCSEL may provide a way of making swept-source hkynpsy
temperature and injection current tuning withoutinal and external elements
that are involved. Due to DBRs have poor thermaldcetivities, if internal heat
sources easily increase the temperature of theeaotigion. In this case, when
more injected current is injected, the internal gerature of the active region is
also getting higher. This effect is called the -$elating. As a result, the
temperature change in the active region produsbsfiaof operation wavelength.

When a sawtooth current drives VCSEL, the outp#poese of the
VCSEL is shown in figure 24. The temperature gréglumcreases, and the
wavelength is continuously swept accordingly. Tdiges a suitable VCSELSs to
make a self heating-induced sweep. In another sasen VCSEL is driven by

DC injected current, the output response of the HIC% shown in figure 25.
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This figure shows the spectra when injected currerg, 4, 6, 8, 10, and 12 mA.
The peak of spectra is clearly shown if the injdatarrent on VCSEL is changed
[21].
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Figure 25. Wavelength change as a result of igaaturrent on VCSEL[21].
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Recently, many advances in research and fabricatedCSEL. Now, we
can meet multiple wavelengths on the monolithiegnation of the module, which
is a VCSEL array. The illustration for multiple-welength VCSEL can be
understood as following:

a. Fabry-Perot (FP) wavelength within the gain speutis only one and

lasing wavelength is determined by FP wavelength.

b. Optical thickness variation of the layers changBswavelength and

lasing wavelength.

c. The position of the layers with thickness variatisrcrucial to define

wavelength variation [63]

3.4 Modulation of VCSEL

VCSEL is able to be modulated directly (internaldulation) or indirectly
(external modulation) for generating frequency-mathd light. Direct
modulation on VCSEL is based on modulation of tipéical resonator in the
VCSEL such as length of the optical resonant cawatyefractive index of the
medium in the cavity, or combination of length aeftactive index in a cavity as

expressed in equation 38 and 39 [64]:

AL, = 22 38
AL = 22 39

This technique can be realized by introducing & biacircuit that drives the
VCSEL, as illustrated in figure 26. However, itlimited by the characteristic of
the laser itself; it causes reducing the operatitfeime of VCSEL [59], [65].

Indirect modulation involves electro-absorption (EAodulators; usually, a
semiconductor material that provides the modulatiodirect modulation on the
laser can be illustrated in figure 27. EA modulatohich usually used in this

method, is an electro-optical modulator [66].
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Figure 27. External modulation on VCSEL by usingdulator [65].

The frequency modulation response of VCSEL foredédht bias current is
shown in figure 28. laser 3-dB bandwidth and fremyeresponse damping
increase as the bias current until certain valle ffequency response can be

modeled as:

vk 40

—w?+jwy

H(w) = =

R

wherewr is relaxation resonance frequency and a damping factor which is

defined by equation 41 to 44:
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Vg is group velocitya = 6G/oN is the differential gairK is K factor,ap = 6G/JNp,

o describes the damping of the laser respondl, is the differential carrier

lifetime. To achieve high-speed frequency modufgtisome parameters in
VCSEL can be modified such as increasing relaxatesonance frequency and

reducing photon lifetime [66].
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Figure 28. Frequency modulation response of VCS¥different bias

current[61].

3.5 Measurement of VCSEL wavelength
As explained in section 3.3, the variation wavetarg the VCSEL can be
tuned by simply injection current change. Then,measure a wavelength sweep

of VCSEL by injection current change as illustraiedfigure 29. In the first
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experiment, we want to know the effect of differémtnperatures on the case of
VCSEL for tunable wavelengths. The result of theasugement is shown in
figure 30. The horizontal axis represents the tigaccurrent to VCSEL in mA,
and the vertical axis represents the wavelengtth@®fVCSEL. The result shows
that different temperatures in the case of VCSElu@amce the wavelength, which
is resulted. In order to make stable for generatwvayelength sweep in our
experiment, we then should control the temperabfitbe case of VCSEL. In our
proposed system, we control the temperature of MC®E20 °C. The result is
shown in figure 31. The obtained relationship bemvéhe injection current and
the wavelength i& (nm) = 0.5696 ILD (mA) + 1557.3, where ILD is timgection
current of the VCSEL. Then, this relation will kered in the program developed
in Chapter 5 and is used to define the wavelenfjitheoVCSEL.

LASER DRIVER VCSEL EDFA OSA MS9710

via GPIB Interface Control

DATA ACQUISITION

via GPIB Interface Control

PROGRAMMABLE VOLTAGE SOURCE

Figure 29. Set up the measurement of a shift of KIC&avelength by using

injection current.
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3.6 Summary
VCSEL, a low-cost diode laser, has a promising uesatfor tunable
wavelength applications. Although tunable wavelen§iICSEL array now is

available, the swept wavelength of VCSEL by simpjgction current becomes a
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candidate for developing FBG interrogator. Addiafly, due to shifting the
Bragg wavelength not more than 10 nm and VCSELyasrdEMS VCSEL cost
more than 100 times compared to VCSEL we used, system offers an
alternative a low-cost FBG interrogator. In thisapter, we also measure the
wavelength-swept of VCSEL by injection current. 38 sweep the wavelength
of 1.4 nm with 2.45 mA modulation change. The intaot from this experiment,
we obtained the relationship between the injectiarrent and the wavelength,

then we will use this relationship in the program explain in Chapter 5.
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Chapter 4: FMCW

4.1 Basic and principle of FMCW
Frequency Modulated Continuous Wave (FMCW) reflewtry was
initially developed for radio detection and rangifigadar) technology. This
technique has been established for six decades Basically, this system
transmits the FMCW signal to the target; a reflédignal, which reaches a target,
is evaluated by comparing with the transmitted aligRReflectometry based on
frequency domain has some advantages than opfical tomains such as
resolution, sensitivity, measurement time, and aigio noise ratio (SNR).
Fortunately, FMCW not only well-accepted in radat hlso successfully applied
in an optical system, which is called optical FMQ®@7], [68]. The first paper
regarding optical FMCW was reported by Brian Cuglend P. Giles in 1982.
Then, extensive researches on optical FMCW have pedormed, so that some
of them have already applied in practice [64].
Optical FMCW has several advantages over the chlassoptical
interference as described in the following:
a. Optical FMCW has the capability to measure the kitsalistance
b. Optical FMCW has higher accuracy and much longeasuement
range
c. Optical FMCW can be constructed in fiber optic dwtt more
application can be performed
d. Optical FMCW can be realized for multiplexed fibeyptic
interferometers.
In optical FMCW, waves come from an optical fregeye that is
continuously modulated. The angular frequency ofUWIiw(t) which transmits

to laser source can be defined as:

w(t) = f, () + wy 45

wheref,, (t) is the optical angular frequency modulatian,is the central angular

frequency. Due to reach a target, a reflected sigas a different path, which is
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delayed byt (z = nl/c). If the transmitted signal and reflected signal @mbined,
the intensityl (t) will be:

I(t) = I,{1 4+ Vcos[F, (t) — F, (t — 1) + wyt]} 46

lo is the average intensity of the beat sighak(11 + 12), V is a contrast of the
beat signalF,, (t)is a primitive function off,,(t). Equation 46, is called the
general equation of the optical FMCW interferer@®] [

In one part, optical FMCW is similar to heterodyingerference. In both
interferences, the intensity of the resulting electield depends on spatial and
temporal coordinates. On the other hand, opticalC®Mand heterodyne are
different because the FMCW beat signal is more ¢exnpnd more information
than the heterodyne beat signal. Optical FMCW Isggital is related to delay
time and optical path different [64], which meaaiget information.

4.2 Analysis of FMCW Signal
The waveform used for modulating frequency of atical wave can be
operated various shapes. The modulated frequenEM@W should be periodic
function and easy to further processing. Three «iofl optical FMCW will be
described as follow:
a. Sawtooth-wave optical FMCW
When a coherent light source is modulated by ugisgwtooth waveform,
a beat frequency resulted from the reference sigaadl the reflected
signal can be shown in figure 32. The solid cuegresents the reference
wave, and the dashed curve represents the reflected. Due to optical
path different (OPD), interference between of th@oduces a beat signal,
as shown in the dot-dashed curve. In the periodhf2T -Tm/2+1), the

beat frequencyg,) is equal:

Avv,,OPD
vy = ——— A7

c

whereAv is optical frequency modulation excursidtv(= Aw/2m), v, IS

frequency of modulation, OPD is an optical diffezerpath. As shown in
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figure 32, besides beat frequency, there is a dopfrequencyv, as
expressed in equation 48:

D:_S 48

Sis the speed of the moving object. Due to erromfithe doppler effect,
sawtooth-wave FMCW is only suitable for static lmwschanging OPD.

‘(J)

Figure 32. Sawtooth wave modulation FMCW [64].

‘(l) A(l)

Signal wave

Figure 33. Triangular wave modulation FMCW analy6#).
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b. Triangular-wave optical FMCW
When the period of the triangular-wave modulatigmal is 2Tm, and for
simplifying this period is divided into two part$e rising and the falling
period, as shown in figure 33. The Angular beatjdency for the rising

period and falling period are:

Wpy = QT 49
Wpr = —AT 50

where a is the angular frequency modulation rate, the krgbeat
frequency for rising and falling periods is onlyfdient at signs operation.
Triangular-wave optical FMCW also appears Dopplegudar frequency
shift same as sawtooth-wave FMCW. To define besjuency, rising and
falling period is usually divided separately. Tigahar wave and sawtooth
optical FMCW belong to linear FMCW. Both of themguire a linear

frequency modulation light source.

‘ (0]

Reference wave

Figure 34. Triangular wave modulation FMCW [64].

c. Sinusoidal-wave optical FMCW
Figure 34 illustrates the sinusoidal-wave modulasighal of optical
FMCW. The angular frequency of the beat signalgressed in equation
51:
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wp = %cos(wmt) 51
As shown in equation 51, the angular frequencyheflieat signal is not
constant, and this shows the major weakness ofaidal-wave optical
FMCW in practice [64], [70].

4.3 Incoherent FMCW

Optical FMCW is divided into two main kinds of sgsts, that is coherent
FMCW (C-FMCW) and incoherent FMCW (I-FMCW). The sificant difference
between two systems is C-FMCW utilizes optical migiand I-FMCW employs
electrical mixing [28]. Figure 35 shows the configtion of the I-FMCW optical
ranging system. Basically, the I-FMCW optical rarggsystem is composed of an
intensity-modulated laser source whose modulatiequency is linearly swept in
time. The beat signal can be obtained by usingltuble-balanced mixer (DBM)
and followed a low pass filter (LPF). The beat sigpomes from the reflected
light from the target and the modulation signafgrence signal). Figure 36 shows
the instantaneous modulation frequency of the ceftband reference signals. The
reflected signal is delayed kywith respect to the reference signal due to the
distance to the target, and the mixed-signal costaiformation a beat frequency

corresponding to the distance to the target.

Laser

Source
A

Intensity
Modulation | APD ZS

5 \%ADC

Signal

Amp
Reference

Function

Generator | f1 (H2) ~ 2 (H2)

Figure 35.Configuration of the I-FMCW optical rangisystem.
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Figure 36. I-FMCW signal analysis.

The working principle of I-FFMCW is described asléoVing. The reflected
signal detected by the P&), the reference signa(t), and the electrically mixed
signal by the DBMm(t) are expressed as:

r(t) = Acos(2mft) 52

s(t) = Beos{2n(f — y1)t} 53

m(t) = r(t) x s(t) = [cos{2m(2f —y)t} + cos(2myt)] 54
fo =¥T = 4nfpAF.2 55

where A and B are the magnitudes of the reference and the teflesignals,
respectivelyf is the instantaneous modulation frequency of #fierence signal at
a certain timey is the modulation frequency sweep rate in Hz/$, tirs the time,

7 is the delay time between the reflected and thererce signaldy is the beat
frequencyfm is the repetition frequency of the modulation treqcy sweep)F is
the sweep range of the modulation frequericis the location of the FBG is
the refractive index of optical fibers, aeds the speed of light in vacuum. The
modulation frequency sweep ratés given ag = ZnwAF from figure 36, and the
delay timez is given asr = 2nL/c considering the roundtrip propagation. As
shown in the above equation, the mixed-sigmé) has the beat frequendy

corresponding to the distance to the reflectiompfail].
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Another main parameter in I-FMCW is the spatialofegon, which is
determined by the sweep range of the modulatiomugecy. The spatial
resolutionAlgycw IS given by the Rayleigh resolution as expresseéduation
56:

c
2nAF

Alemew = 56

However, in FMCW analysis is usually involved a damving that is used in the
fast Fourier transform (FFT) for data processitgreéfore, the beat spectrum is
broadened. The spatial resolution was evaluatech fiilee FWHM of the beat
spectrum. The FWHM of the beat spectrum after mlyitng a window to the I-
FMCW ranging signalAlgywum, iS given as [22]:

AlFVVHM =2X AlFMCW = TlTiF 57
In order to enhance the FWHM, it can be easily grened by increasing the

sweep range of the modulation frequentl by using a wideband sweep

generator.

4.4 Fast Fourier transform (FFT) processing

Instead, in the time domain, the beat signal igpfmo be understood if
presented in the frequency domain. This task casobed by spectrum analysis
using fast Fourier transform (FFT) processing. Télation between the signal in

the time domain and the frequency domain can be iseequation 58:

Xe(f) = Fix(©)} = [*_x(t).e /2™ tdt 58

whereX(f) is a complex signal in the frequency domdifi(t)} is Fourier
transform ofx(t), x(t) is a signal in the time domain. According to Staris law

of sampling, the sampling frequendy) (must be at least twice the bandwidth of
the input signal Bin). In a discrete Fourier transform, the calculagpdctrum is
made up of individual components at the frequenny &s expressed in equation
59 [72]:
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fl) =k2=k— 59

NT;

wheref(K) is discrete frequency biR,is an index of discrete frequency bins (0, 1,
2...), Tsis sampling period, and is the length of discrete Fourier transform. Due
to Nyquist criteria, and recall equation 55, thenghng rate {s) for maximum
length Cm) should be:

fs =2fp
Ly,
fo = 24nfAF. =
fy = 8nfpnAF. 2 60
Al
101 f—
N-T N,

Figure 37. FFT signal with main lobe and sidelob#] [

In FFT processing, the response signal revealsia lvlae and sidelobes,
as shown in figure 37. The width main lobe représéime signal resolution, and
the sidelobe indicates the strong sinusoidal sigaal overpower the main lobe
response of a nearby weak sinusoidal signal. Ttk @é the main lobe and
reducing the sidelobes can be governed by selecivgndow function; for
example, by using the Hanning window can be redwceitelobe until 60 dB
[73].
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4.5 Summary
Optical FMCW provides better spatial resolution drndher sensitivity

than optical reflectometry based on time divisiBor long-range measurement,
due to coherent FMCW requires a light source wahraw linewidth, incoherent
FMCW may offer a solution for low-cost and long-ggnrmeasurement because of
incoherent FMCW involve electronic mixing for comlng reflected signal and
the reference signal. Among the frequency moduiatiat modulates optical light
in our system, we will use the triangular wavefolven though the beat signal
can be found from the increasing section and dstrgasection, we will decide

only increasing section to find a beat signal.
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Chapter 5: Development of FBG Interrogator System

5.1 Set up of FBG interrogator

To realize FBG Interrogator for long-range SHMS andlti-point FBG
sensors, we combine VCSEL and I-FMCW optical ragggstem. The setup of
our system is illustrated in figure 38. A single-geoVCSEL (RC32xxx1-FFP
from RayCan) emitting at 1560 nm is employed assar source. The temperature
of the VCSEL is controlled to 2G by Thermo Electro Controller (TEC) provided
by pigtailed laser diode mount (LDMOLP from Thorddb The VCSEL is
sinusoidally intensity-modulated by the injectioorrent modulation, and the
modulation frequency is linearly swept in time frd® MHz to 160 MHz with 50
Hz repetition frequency by the signal generator :(8&4162 from RIGOL)
through RF modulation pin provided laser mount LON9 The emitted light
from the VCSEL is amplified up to 6 dBm by using terbium-doped optical
fiber amplifier (EDFA LXI 2000 from LUXPERT) and ithen launched into
single-mode fibers connecting with three FBGs (FBGBG2, and FBG3)
fabricated by Tatsuta through the circulator. Thec#ication of FBG1, FBG2,
and FBG3 are shown in table 1.

The reflected light from the FBGs is detected with photodetector (PD
PDA10CF-EC from Thorlabs). The wavelength of theSEL is controlled by the
injection current to measure the reflection speuntaf the FBGs through a laser
driver (LD ITC 502 laser Combi controller from Thalns). To confirm the
possibility of remote sensing, we insert opticdiefis, FO1, FO2, and FO3
between FBGs. The lengths of FO1 and FO2 are 1080d15640 m, respectively,
and the length of FO3 is selected from 40 m, 1@ma, 5 m. The ranging signal is
generated by electrical mixing of the reflectechalgand the reference signal by
using the double-balanced mixer (DBM Mixer ZAD-1fibm Mini-Circuits)
followed by the low pass filter (LPF), and then ttenging signal is sampled
using the high-speed data acquisition (DAQ) boakdiC (USB-2020 from
Measurement Computing). The data acquisition bdzad two analog input
channels with the sampling rate until 20 MS/s and2abit resolution and

synchronization channel. For measurement purposealog input 0 (Al.O)
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acquires ranging signal, and analog input 1 (Ahdquires ILDsignal from laser
driver. Due to the modulation frequency sweep @rbctional with 10 ms of the
frequency increasing section and 10 ms of the #Rqy decreasing section, we
acquire a ranging signal only the frequency indrepsection. To ensure starting
data acquisition only from the beginning of the gfrency section, a
synchronization channel from the DAQ board is catee to the signal generator
by using a transistor-transistor logic (TTL) signahich is generated according to
increasing and decreasing section. Then, In omleweep the wavelength of the
VCSEL, the injection current of the VCSEL is chatige stepwise [21] by using
the programmable voltage source (8532 Digital Eteoeter from ADCMT).

LASER DRIVER VCSEL EDFA CIRCULATOR FO1 FBG 1 FO 2 FBG 2 FO 3 FBG 3

() 00 o -
/ - reflected optical signal
PD TEC
ILD signal :
‘ FMOW sgna -ﬂ 1 >r—
DBM LPF

h
F 4 PC

DAQ

o Ufm t

-l y

reference

SG

via GPIB Interface Control

PROGRAMMABLE VOLTAGE SOURCE

Figure 38. Configuration of the proposed systenHB6 interrogator.

Table 1. Specification of FBG1, FBG2, and FBGS.

Bragg wavelength (nm) Reflectivity (%) Bandwidtimy)

FBG1 1560.01 5.59 0.083
FBG2 1560.04 5.81 0.110
FBG3 1560.03 6.24 0.095

5.2 Development a software
All systems shown in figure 38 is controlled with program using

LabVIEW (from National Instruments). However, VCSENQd signal generator
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operate continuously. We made an algorithm of awg@am as following the
flowchart shown in figure 39. Data communicatioonfr DAQ MC2020 to the
personal computer (PC) by using a USB Interface &incth programmable
voltage source by using general-purpose interfase(BPIB) interface control. In
order to get data in frequency increasing sectioly é'om the signal generator,
we set a rising edge from the TTL signal to triggata acquisition of ranging
signal. Some Parameters (V_init, V_step, and Vl)fifaa setting programmable
voltage sources are defined to modulate injectiomeat of VCSEL through laser
driver. We set the currentod) of VCSEL at 5.21 mA. Because we modulate by a
voltage source, injection current of VCSEL changenf 5.21 mA to 6.85 mA
when increasing current, and from 6.85 mA to 5.2A for decreasing current
continuously. In our measurement, we process folc FiBterrogation only
increasing the current section. The obtained waahip between the injection
current and the wavelength from figure 31 in Chaptes stored in our program to
define the wavelength of VCSEL.

The fast Fourier transform (FFT) with Hanning Wimd@s carried out to
obtain the beat spectrum in order to determinepthgtion of the FBGs by using
equation 55. The user can select the number ofleamapd sizes of FFT. In order
to improve spatial resolution, we applied zero paglsl after the Hanning window
with automatically provided from the difference Wween a number of samples
and sizes of FFT. In addition, we also apply tgoskinumber of samples at the
beginning and last acquisition. By applying a paalarching as expressed at
equation 22 in Chapter 2, we define the Bragg wemgth of each FBG. The
system can also recognize where and which FBGimglread by ranging signal
produced by I-FMCW in meter or frequency domairHn Lastly, the program
also provides some features such as plotting amchgtdata.

Figure 40 shows a graphical user interface (GUIYh&f program FBG
interrogator based on the I-FMCW ranging systemjciwhs developed by
LabVIEW. In our experiment, we set the samplingerat DAQ 2 MHz, the
number of samples of 20,000, numbers of skip 460d, FFT sizes 65,536. We
also apply ten times for running averaging by tbetrmean square (RMS)

averaging to determine the beat spectrum. Thedgefph shows 3 reflection
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signals of FBGs, which means our system clearlgtifies three FBGs, and in the
right graph shows the result of Bragg wavelengtbmfrthree FBGs during

Set Init:
DA MICZ020: Altrigger, sampling rate, Data Murmber
ADCMTEZ3Z: GPIR address, VY_init, v_step, ¥_final, Delay
FFT: Size, skip nurmber, averaging made, weighing mode, number of averaging
Peak searching: threshold, width, limit of frequency
Storing data: file name

measurement in time.

Yo=Y _Final

Wit Lintil WCSEL stabil

L 4 y
p——  Sjignal Generator: start sweeping W=W-Y_step g

Trigger of signal generator = rising edge

DA MCZ020 Get analog signal:
1. ranging signal
2. LD signal frorm Laser Driver

v

FFT calculation:
Define frequency and magnitude of beat signal

v

Peak Searching:
determine number of FBGs, location of FRGs in Hz and meter

Y

Plot Graph and store data:
Beat frequency vs magnitude, T vs Magnitude or wavelength vs magnitude
wavelength vs time

L
V=Y _step e

End

Figure 39. Flowchart of LabVIEW program for the posed system.
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5.3 Frequency response

Figure 40. GUI of the FBG interrogator based oM&W.

In order to mitigate optical and electrical freqogmependency, we first

observe the frequency response of our system Img wsinetwork analyzer. The
frequency response is shown in figure 41. The naicwi bandwidth of the
VCSEL including the VCSEL mount, is 500 MHz, ané th dB bandwidth of the
PD (including the following amplifier) is 150 MHZ'he group delay from the
VCSEL to the PD is constant up to 500 MHz, as showfigure 42. Although the
3 dB bandwidth of the PD is slightly narrower thidme maximum modulation

frequency, no compensation of the frequency respaas needed and applied.
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Figure 41. Frequency response of the proposedrsyste
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Figure 42. Group delay of the proposed system.

5.4 Summary

We developed hardware equipped by software torogate multi-point
FBGs by combination VCSEL and I-FMCW optical rarggifhe system has been
successfully showed the reflection spectrum ofedlffBGs and determined Bragg
wavelength. Then, welemonstrate the performance of our proposed system,
including long-distance, temperature, and straor. tEmperature measurements,
the ambient temperature of FBG1 will be changeth@nrange of 26 ~ 4%C by
using a TEC. For strain measurements, we will \&rgin from 369um to 2137
um of FBG3 using the cantilever beam method. We steow and analyze the
performance of multipoint capabilities, the spatrasolution, the spectrum

response, and long-term stability.
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Chapter 6: Long-range and spatial resolution measur ement

6.1 Measurement of long-range optical fiber

The main aim of the development of FBG interrogatoour dissertation
Is to be applied in structures monitoring. Due ttotures are usually very large
or very long area, FBG interrogator in these appiims should be capable of
measuring a large or very long area. To confirngicemge measurement, we test
our system to measure very long optical fiber with&BGs. To do this, we
measure the beat spectrum from Fresnel reflecabise output facets of a 1000
m-long and a 6640 m-long optical fibers as illugdain figure 43. For a 6640 m-
length configuration, we connect 1000 m of optithér in figure 43(a) with a

5640 m-long optical fiber.

(b)
Figure 43. lllustration of long-range measuremeniéngth of the optical fiber;
(a). 1000 m and (b) 6640 m.

The result of the measurement of long-range measneis shown in
figure 44. The horizontal axis in figure 44 repmasethe length of the optical fiber
in kilometer (km), which is automatically calculdtby using a program based on
equation 55. The vertical axis in figure 44 repmrésethe magnitude of the
reflected beat signal in a logarithmic scale, als#qdB). The Fresnel reflection

peak for the 1000 m-long optical fiber and 6640amg optical fiber are clearly
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found in figure 44. The Peak of Fresnel reflectidri000 m-long optical fiber is
found at 1.041 km with a signal to noise ratio (SNR 45 dB. The peak of
Fresnel reflection of 6640 m-long optical fiberalso found at 6.68 km with an
SNR of 27 dB. The SNR of the 6640 m-long opticalefi is weaker than the
Fresnel reflection peak for the1000 m-long optidaér due to the attenuation of
the optical fiber. Nevertheless, our system mightabpossibility for long-range
and large SHMS.

I=1.041 km; SNR=45 dB —— L Fiber=1000 m

1
[N
e}

T
L

magnitude (dB)
Q9
S

distance (km)

(a)

—— LFiber=6640 m [ 6.68 km; SNR=27 dB

Q9
(e
T
]

magnitude (dB)
oo
S

diste(igge (km)

Figure 44. Measured beat spectrum of Fresnel tafteof an optical fiber with
length of (a) 1000 m and (b) 6640 m.
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After successfully tested our system to measurg-tange optical fiber,
we then install three FBGs into our system overk®n6in length, as illustrated in
figure 45. The lengths of FO1 and FO2 are 1000 ch%6%0 m, respectively, in
order to validate the capability of long-range FB&hsing, and the length of FO3
is short optical fibers between three optional taeg(40 m, 5 m, or 3 m) to
confirm the spatial resolution and also identifye texact location of FBG
installed. In this measurement, all of FBGs aret kepoom temperature (23)

and unstrained condition.

FO1 FBG 1 FO 2 FBG2 FO3 FBG 3
b.5m
c.3n

Figure 45. lllustration of long-range measuremeiti whree FBGs.

The measured beat spectrum of each FBG is showigure 46. Due to
FBG2 and FBG3 are separated by short optical fitese FBGs seem only one
spectrum. Hence, we zoom those spectra and irfsam into the main graph.
Therefore, we can clearly observe three reflectieaks from FBG1, FBG2, and
FBG3 when the short of an optical fiber of FO3@sm-long for figure 46(a), 5 m
for figure 46(b), and 3 m for figure 46(c). Thessults indicate that our system

can identify where FBGs are installed.

6.2 Spatial resolution measurement

Figure 46 also shows the capability of our systendistinguish between
two nearest FBG signals by using spatial resolufiavo FBG spectra still can be
clearly separated when the length of FO3 of 3 rshasvn in figure 46(c) because
the full-width at half maximum (FWHM) is 1.5 m inup system as shown in
figure 47. This result suggests that the distaratevdsen two nearest FBGs on the
SHMS based on I-FMCW in our system should be muoae .5 m. Nevertheless,
the distance between FBG about 1 m is sufficiemt fmnitoring most civil

structures [74].
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Figure 46. Measured beat spectrum for differen8 Fgth, (a) 40 m, (b) 5 m,

(c) 3 m at the same temperature, and unstrained.

We discuss the spatial resolution of the I-FMCW cspen again.
Theoretically, the spatial resolution is determin®d the sweep range of the
modulation frequency, as expressed in equationrbéur study AF = 150 MHz,
and thenmAlgycw 69 cm forn = 1.45. Due to our program using a Hanning
window in the FFT, The spatial resolution is evéddafrom the FWHM of the
beat spectrum is given by equation 5Alsyyv = 1.38 m in this study. Since the
experimental FWHM has shown in figure 47 is 1.5 imast same as the
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theoretical FWHM. However, we can easily enhanee EMVHM by increasing

the sweep range of the modulation frequendy by using a wideband sweep
generator.

2.5
~2.01
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g
=
;5-:,3 1.5}
N
Q
i
2 1.0f
)
N
=
0.5
0.0 . - ey
1.0395 1.0400 1.0405 1.0410 1.0415 1.0420 1.0425
1 (km)
Figure 47.The spatial resolution of reflection &G-
Table 2. FBGs location identification.
= Location of FBG1  Location of FBG2 Location of FBG3
igure
J (km) (km) (km)
7(a) 1.0410 6.6771 6.7181
7(b) 1.0410 6.6771 6.6831
7(c) 1.0410 6.6771 6.6813

6.3 Identification of sensor location
In the SHMS, precise location identification forrda and long
measurement ranges is required in order to earlg\aluating the structures. To

do this, we observe the precise location of the EB&&nsor. The measured
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locations of FBGs are shown in table 2, which lsutated from figure 46. The
measured locations of the FBGs are almost the same compare to the
installed position of FBG1, FBG2, and FBG3 whick aonnected by FO1, FO2,

and FO3 as shown in figure 45.

6.4 Summary

According to the results of the measurement, ostesy has the capability
to explore a multi-point FBGs sensor with an areard.6 km. Although three
FBGs sensors have Bragg wavelength almost samf, FBG can be clearly
distinguished by each location where FBG install€dis situation is difficult
when captured by using OSA. The smallest distamteden two nearest FBGs
can be installed in this system is 1.5 m. Howewar,can enhance by increasing
the frequency sweep of the signal generator andanewidth of photodetector.
Our system also provides information about the ipeedocation of the FBG
sensor. This enables to help of a stakeholderaking action when one or more
FBG sensors when giving a signal of critical infatian regarding the health of

structures.
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Chapter 7: Temperature M easur ement

7.1 Temperature FBG identification by scanning wavelength

In Chapter 6, we have demonstrated that the FB&rodator developed
by our system to identify the reflected signal fréBGs and also to define their
locations. We then test our system to measure teamnpe by using a
configuration of the length of optical fibers, dkustrated in figure 48. The
ambient temperature of FBG1 is set by TEC &C4but FBG2 and FBG3 are still
kept at room temperature. The injection currenttlod VCSEL is changed
automatically by the program from 5.21 mA to 6.8%\ with 3.28 pA step,
corresponding to the wavelength change from 156@r@87to 1561.20 nm with
1.87 pm step. We set 50 ms for delay time afterintfextion current change in
order to achieve the stable wavelength of the VCSHitally the measurement

time is 90 ms to scan temperature FBG from roonptrature to 40C.

FO1 FBG 1 FO 2 FBG2 FO3 FBG3

—00 0000 i ——{1

- - o N

TEC

Figure 48. lllustration of temperature measurenhgnising the proposed system.

The measured results to the reflected signal of B@Gen setting at room
temperature and 40C are shown in figure 49(a) and (b). The horizorteis
represents the distance of FBGs in km, and thecaerxis is the magnitude of
beat signals in arb.unit (A.u). In figure 49(a), fired two peaks reflected signals
for FBG2 and FBG3 when the VCSEL was tuned wavélemg 1560.740 nm.
Since the ambient temperature of FBG3 was set®at,4bere was no signal when
the wavelength of VCSEL at 1560.740 nm. If we corapto figure 50, the
VCSEL was tuned almost same, that was 1560.744ingehree of beat signals
because in this figure all of FBGs were set at rdemperature and unstrained.
Thus, wavelength 1560.740 nm corresponds to thggBnavelength of the FBG
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around room temperature. On the other hand, whenntvelength of VCSEL

was tuned at 1560.955 nm, we find only one peakB&1 as shown in figure

49(b). Because the temperature of FBG1 wdC4€he wavelength at 1560.955
nm corresponds to the Bragg wavelength at apprdrignd(®C.

2.5 —— wavelength= 1560.740 nm
T FBG1= 40°C
T FBG2; FBG3= room temperature
~20 1.2F FBG2
g 1.0
"é sk 0.8 FBG3
< 0.5
% 0.2
21.0f 0.0 - L
a 6.67 6.68 6.69 670 6.71
<
g
0.5F
no FBGI signal

0.0
0 1 2 3 4 5 6 7
distance (km)
5 (a)
FBGI ——  wavelength= 1560.955 nm
T FBG1=40°C
T FBG2; FBG3=room temperature
2.0 2.5
3= 2.0
=)
: 15
§ 1.5F o
g 0.5 no FBG2;FBG3 signal
£1.0f 0, e
a 6.67 6.68 6.69 670 671 6.72
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3 4 5 6 7
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Figure 49. Measured beat spectrum for wavelenfh)d.560.740 nm and (b)
1560.955 nm when the temperature of the FBG19€ 48nd the temperature of
the FBG2 and FBG3 are room temperature (approxign288C).
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Figure 50. Measured beat spectrum for wavelengitb60.774 nm when

temperature of all FBGS at room temperature.
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Figure 51. Spectrum of (a) FBG1, (b) FBG2, andHB{53 when the temperature
of FBGL1 is changed.
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7.2 Spectrum Profile of FBG when temperatur e change

We then measure the Bragg wavelength shift of tB&d-against the
temperature change to evaluate the temperaturdigiysin this experiment, the
ambient temperature of FBG1 was increased frof€ 26 45C in 5C step, and
contrary the temperature of FBG2 and FGB3 are kéepbom temperature. The
reflection spectra of all FBGs are shown in figsg. The horizontal axis
represents the wavelength of VCSEL in nm, and #r¢ical axis represents the
magnitude of spectra in A.u. We find the reflectspectrum of FBGL1 in figure
51(a) is shifted to longer wavelength accordinght temperature increase, while
the reflection spectra of FBG2 and FBG3 in figui€l® and (c), respectively, are
unchanged. During the experiment, the room tempe¥ais almost constant,

therefore the temperature of FBG2 and FBG3 arewaisbanged.

7.3 Transfer function of FBG temperatur e sensor

1561.2 ‘
using ASE
" wing VESEL 2=0.0176T + 1560.3

_1561.1¢ 5=0. . |
g
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%
= 15609 |
o)
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& 1560.8F 2 w=0.0173T + 1560.3 1

1560.7 : ‘ w ‘

temperature ("C)

Figure 52. Transfer function of temperature FBGssen

Next, we examine only the response of FBG1l when dhebient
temperature increase from ®5to 45C in 2.5 steps. Figure 52 shows the
correlation between the temperature of FBG andBitagg wavelength of FBG1.
Bragg wavelength is automatically calculated by atgqun 22. The Bragg
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wavelength of FBG1 is linearly increased with teenperature as expressed in
equation 11 and match with the reported artible Song et al. [75]. The
expression shown in figure 52 also gives the teatpes sensitivity of FBGL1 is
17.3 pm?C and is almost the same as a typical FBG, whiglepsrted by other
researchers, that is between 119@n# 14 pmiC [32], [35], [36].

In order to validate the result of FBG temperatomeasurement by using
our system, we compare it with another method. '8e eneasured the Bragg
wavelength shift against the temperature changeusipgg an OSA and an
amplified spontaneous emission (ASE) as a broadbgihtdsource, as mentioned
in figure 19 Chapter 2. The result is now also smawsame figure 52. The blue
line expresses the result of temperature FBG measmt by using ASE and
OSA, and the red line shows result measurement siyguour system. Both

results show almost the same trends and correfation

7.4 Long term stability testing
Besides location and physical parameters, a drifmetor in practical

SHMS is long-term stability. This factor is impantabecause FBG interrogator
for SHMS will be applied to monitor structures gvéime and long term. This
experiment was carried out for 23 hours from 1Jp80until 10.30 pm the next
day. The ambient temperature of FBG1 was kept 0AC4and FBG2 and FBG3
were kept at room temperature. The result measunecaa be found in figure 53.
The horizontal axis is a time period in an houd #me vertical axis represents the
Bragg wavelength each FBGs. Figure 53 shows thgdBnavelength of FBGL1 is
almost stable at 1561.0 nm which corresponds t8CA4Gand the Bragg
wavelengths of FBG2 and FBG3 are 1560.7 nm and.6560. However, around
15 hours from the initial test (with a circle madken figure 53), the Bragg
wavelengths of all the FBGs are slightly decreak®da short time and then
turned to stable because in this situation, ouoriaiory was opened for several
minutes. During 23 hours, the temperature of FBERG2, and FBG3 is slightly
changed at this time. To evaluate stability, wewaled error by using root mean

square error (RMSE) as expressed in equation 61:
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RMSE = /(T’"N;”Z 61

where T,, is the measured temperature of FBGjs average measured
temperature, antll is number of measurements. Error for the FBGIsitow as
0.6°C. This result shows that the system is well stdbielong-term operation.
The RMSE of FBG2 and FBG3 are %% and 0.7C, respectively. This means the

room temperature is also constant for 23 hours.
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Figure 53. Stability and reliability testing of tpeoposed system for 23 hours.

7.5 Summary

The FBG interrogator, which is developed with otgmsed method, has
been successfully measured the temperature by usuigpoint FBG sensors.
Our system recognized the temperature by Bragg keagth, which is reflected
from each FBG. The spectrum of Bragg wavelengtftssto longer temperature
changes. By this setting, we can measure temperdtom 23C to 45C.
However, our system possible to measure temperatare than this range (25
to 45°C) because of the shift of Bragg wavelength in thisge temperature still
on wavelength VCSEL coverage. In this experimeme tperformance of
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temperature sensing measurement by our systerm@stathe same comparing to
measurement by using a broadband light source &4l @d theory as well. In
the last section, we checked the measurement istaioit 23 hours. The result
shows that the errors less tha&&C 1However, practically the FBG interrogator for

SHMS will be used for many years.
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Chapter 8: Strain measurement

8.1 Principle of strain measurement based on a cantilever beam

We also demonstrate that our system to measunmaia 8§y using multi-
point FBG. We apply strain only FBG3, contrary thtéher FBGs are kept at
unstrain condition. Now, we are going to introdst@in measurement based on a
cantilever method. This method is very popular Ire tmechanic's system,
especially for bridges structures. To do this, Wweed FBG3 on the top surface of
the cantilever beam near the fixed end as illustrat figure 54. We employed an
aluminum plate with dimensions 400 mm-long (l), fBén-wide (w), and 3 mm-
thick (t). Many kinds of load are applied at theerend of the cantilever beam so
that the FBG3 is strained following these explaai When an aluminum with
Young’'s modulus E) is applied loading with forceF}, the beam will deflect
downward following the direction of the force. Tbarrelation between streés)

and strain(e) as shown in the following:

e== 62
E

where in the beam, the stress is defined by thatexu

o=-=< 63
I

M, is a bending moment on a cross-section where FB@GBaced. The bending

moment can be calculated by using:

M, =— 64
WherelL is a distance from FBG3 to free end where a ftwaded.l is moment

inertia of the beam. Due to, in our experiment gsrplate, the moment inertia is

defined by equation 65:

[ = 65

12

So equation 64 and equation 65 substitute intotexqué3, we obtain:
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And finally, equation 66 substitute to equation @& can obtain strain on the

66

cross-section where FBG is placed [33], [76]-[8f] equation 67. In our
experiment, we used to load from a mass of battheyefore FBG3 was obtained
strain from 369 p~ 2137 4.

6FL
T Wt2E

FBG3 sensor L

Figure 54. Strain measurement by using the camtilbeam method.

8.2 Strain FBG identification by scanning wavelength

Next, we observe our system to measure strain with following
condition: FBG1 and FBG2 are unstrained, whereaS3RB strained at 722¢as
illustrated in figure 55. The measured result isvah in figure 56. The horizontal
axis represents the distance in km, and the veregaesents the magnitude of the
beat signal in a.u. Unlike figure 50 in Chapterwhich is found all the beat
signals of FBGS when unstrained and room tempexainifigure 56 we find two
peaks corresponding to beat signals from FBG1 &@2Zwhen the wavelength
was tuned to 1560.703 nm as shown in figure 5@lg@ye is no beat signal from
FBG3. Due to FBG1 and FBG2 are unstrained in thgeement, the wavelength
of 1560.703 nm corresponds approximately to thg@mavelength of unstrained
FBG. Conversely, when the wavelength was tunedb&11187 nm, we only find
the beat signal of FGB3, as shown in figure 56fltjich corresponds to the Bragg
wavelength of FBG strained approximately 722 u
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Applied strain

FO1 FBG 1 FO 2 FBG2 FO3 FBG3

1 km 5.64 kn 40

Figure 55. Illustration of measurement strain measent using the proposed

system.
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Figure 56. Measured beat spectrum for wavelenfgfa)d560.703 nm, (b)
1560.187 nm. FBG1 and FBG2 are unstrained, and 3ABGtrained at 72241
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8.3 Spectrum profilewhen FBG strain change
Like temperature measurement, we also demonstratspgectrum profile

of FBGs as a function of the strain change. FBGLRBG?2 are still in unstrained
condition, and FBG3 is strained in the range of B69- 1076 &. The measured
beat spectra are shown in figure 57(a), (b) andoicFBG1, FBG2, and FBG3,
respectively. The horizontal axis is Bragg wavetang nm, and the vertical axis
is the magnitude of the spectrum in A.u. In figbi®c), the Bragg wavelength of
FBG3 is shifted to longer wavelengths with the istrddHowever, the Bragg
wavelength of FBG1 and FBG2 are almost unchangeduse FBG1 and FBG2
were unstrained as shown in figure 57(a) and (b).
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Figure 57. Spectrum of (a) FBG1, (b) FBG2, andH8{53 when FBG3 is
strained and FBG1 and FBG2 are unstrained.

82



8.4 Transfer function of strain FBG sensor

Figure 58 shows the correlation between the stewd the Bragg
wavelength of the FBG3. The horizontal axis is raistin microstrain, and the
vertical axis is Bragg wavelength in nm. Similartthe correlation between Bragg
wavelength and temperature, the Bragg wavelengétsts linearly changed with
the strain, as expressed in equation 14. Fronfithuse, we also define the strain
sensitivity is 0.29 pm/g which is lower than a typical FBG strain sendiyiof
1.2 pm/k [32], [35], [36], [39]. The relatively low sensiity may be due to not
optimized fixing of the FBG to the cantilever beaWie also compare to strain
measurement results by OSA and ASE as a broadimgridsburce. The result is
also shown in figure 58. The blue line is a resudiasurement by using OSA and
ASE, and the red line is a result measurement bggu¥CSEL or FBG
interrogator which developed by the proposed metBadh results show almost

the same trends and correlations.
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Figure 58. Transfer function of strain FBG sensor.

8.5 Cross-sensitivity and decreased magnitude issue
As we know from theory and experiment results, FBGensitive to both

strain and temperature, so cross-sensitivity in HigBveen them is a problem.
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Other researchers have been reported several nsethaxyercome the problem,
such as a combination of FBG and Fabry-Perot ietenfieter, superstructure
method [37], FBG reference [80], and coating withodymer material [40]. These
methods are easily applied to our system.

In our proposed system, we encountered the FBGshware installed at a
far distance; the magnitude of the spectrum deettdsecause the Bragg
wavelength of all the FBGs is almost same, and themumber of FBGs may be
limited. However, this problem can be overcome bg bptimization of the
optical power of the VCSEL and the reflectivity ahe bandwidth of FBGs.

8.6 Summary

Before we conducted the experiment for strain megmsent by using our
system, we briefly introduce strain measurementdham the cantilever beam
method. As we have presented and discussed irchiister, besides capable of
measuring temperature, our system has been suglcesglerforming measuring
strain as well. The strain of three FBGs can begezed by Bragg wavelength
and location. The Bragg wavelength shift in thip@xment corresponds to strain
change on the aluminum plate that measured by FB@& temperature
measurement, we also compare to the result of measut by using a broadband
light source with OSA and theory as well. The residlusing our system and
OSA are almost same.
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Chapter 9: Conclusion

9.1 Summary

We have developed and tested a system to inteeragattipoint FBG
sensors combined by the I-FMCW optical ranging eaystand a VCSEL. Our
proposed system has been successfully to measurg-rdoge distance,
temperature sensing, and strain sensing. Our sys$iasntested to measure
temperature from 2& to 45C and strain from 368m to 2137um. We offer a
low-cost for multiplexing FBGs sensor interroga@s comparing with other
techniques because our system uses commercialljalalea VCSEL as a
wavelength-tunable laser source. Our system alsogheat potential for remote
SHMS because of the system capable of identifyiregldcation of sensors from
the beat frequency, and the physical parametens asdemperature and strain
from the Bragg wavelength. Even though in our eixpent, the system tested for
monitoring temperature and strain, the developestkesgy is able to be improved to
measure various physical parameters such as swemsk, and load in the
monitored structure.

We also have presented the stability of our FB@riogator for 23 hours
as a temperature sensing measurement in our labprabDue to the FBG
interrogator will be applied to monitor structuries a long time, it should be
tested more a long time (for months and years)iefd fstudy of the proposed
system is also needed to validate the effectiveokdstecting physical parameter

change caused by damage of structures.

9.2 FutureWorks

In order to apply in real SHMS application, we haweeincrease the
number of FBGs in our proposed system. Althoughhaee demonstrated three
FBGs in the range of 6.6 km, it would be possiblenvolve many FBGs in large-
scale or long-range SHMS. In our experiments, wedusBGs with about 5%
reflectivity, and the possible number of FBG canirstalled only 20 FBGs. As
reported in reference [3], 17 FBGs were used fer $HMS of a 500 m-long
bridge. The number of FBG sensors need more th@rif Mde want to monitor a
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bridge over 1 km-long. We then plan to propose ¢owkto increase the number
of FBGs up to 100 by using FBGs with low reflediyior instance 1%. The other
method to increase the number of FBG sensors agaitoe carried out by spatial
multiplexing of FBG sensor array. The laser lignani a VCSEL is switched

between the FBG sensor arrays by using a multisedlaoptical switch. For

instance, if the number of FBGs for each FBG seas@y is 50 and two FBG

sensor arrays are spatial multiplexed using a rohdinnel optical switch, a
possible number to be installed 100 FBGs sensoosveMer, it needs further
study on the effect of the number of FBGs in thegloange by using the I-

FMCW optical ranging system.

In the experiment, we have also demonstrated stra@asurement by
using a cantilever beam. However, in the real apgpbn SHMS, for example, in
the bridge, the system should be capable of measulgnamic strain because
every time the strain on bridge will be changeder&fore, a further study of
dynamic strain needs to improve our system, fongta increasing the speed of

wavelength-swept on VCSEL.
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