Development of multi-point fiber Bragg grating
sensors combined with incoherent FMCW optical

ranging system

S eng

HhRE

~EH: 2020-10-30

F—7— K (Ja):

*—7— K (En):

YER

A—=ILT7 KL R:

FilE:
http://hdl.handle.net/2297/00059727

This work is licensed under a Creative Commons

Attribution-NonCommercial-ShareAlike 3.0

@IES

International License.



http://creativecommons.org/licenses/by-nc-nd/3.0/

Dissertation Abstract

DEVELOPMENT OF MULTI-POINT FIBER BRAGG GRATING
SENSORS COMBINED WITH INCOHERENT FMCW OPTICAL
RANGING SYSTEM

Graduate School of
Natural Science & Technology
Kanazawa University

Optical and Electronic Sensing Laboratory
Division of Electrical Engineering and Computeresaie

Student ID Number : 1724042004
Name : Dwi Hanto
Chief Supervisor . Prof. Koichi liyama

Date of Submission - January 2020



Abstract

My dissertation presents and discusses a methddvwelop an FBG interrogator for
long-range structural health monitoring systems Ni&H applications. A three-points FBG
sensor was successfully analyzed by a combinatiomamherent frequency modulated
continuous wave (I-FMCW) and a vertical-cavity swud-emitting laser (VCSEL). Our
system can provide not only reading out the tenipegaand strain by using FBG sensors, but
also identifying the location of the installed FB&ge demonstrate our proposed system to
measure long-range, temperature, and strain measaote. The measurement result shows
that our system can clearly distinguish all FBGsatied in a totally 6.6 km-long optical fiber
with 1.5 m spatial resolution. The Bragg wavelengttifts of the FBGs according to
temperature changes were successfully measuredel\as measuring temperature, we also
conducted strain measuring. Our system only expariaily tested in the temperature range
25°C ~ 48C and in the strain range of 362 g 2137 |&. Nevertheless, there will be
opportunities to span more large temperature aaghstange by increasing injection current
to sweep more wavelength change. Even though atermsytested only three FBGs in the
experiment, the system can be scaled up to moresEB@ extended scale areas. Because we
employed a low-cost available VCSEL, our proposgstesn offers a low-cost and straight
forward FBG interrogator for a long-range SHMS.

Keywords: VCSEL, FMCW, FBG, SHMS.



l. Introduction

In recent years, technology is rapidly growing oghe world. Now, many countries
have a lot of huge of civil infrastructures likeyskrapers, water DAMs, tunnels, long bridges,
and highways represent an enormous financial imnvest. These buildings can be seen not
only in developed countries but also in develogiagntries. Unfortunately, several accidents
caused structures collapses that have been killadynpeople [1]. Therefore, engineers,
researchers, and also stakeholders have beenlsigugggovercome this problem.

On the other hand, many advances in sensing, camgpaind communications create
a new technology to solve the health of structutetection, which is a structural health
monitoring system (SHMS) [2]. SHMS is defined aspmcess of detecting structural
conditions due to damage or deterioration by compgastructural responses obtained by
various physical parameters using many kinds o$@en both temporally and spatially. The
process in SHMS covers sensors installation, coatiparfeature extraction, normalization,
and estimation for diagnosis of structural healtnditions [3]. By using this system,
structures continuously and automatically dete& ttamage, characterize it (recognize,
localize, quantify, or rate) and report it [4].

To detect some physical parameters in structutdd]SSusually employs many kinds
of sensors such as a piezoelectric sensor, steaigey electrical time-domain reflectometers
(ETDR), a microelectromechanical sensor (MEMS)eddy current sensor, and fiber optic
sensor. The sensor mentioned at last, fiber ogtitcs@, has more advantages than other
sensors such as it is very compact and easily etrloleidto structures. In addition, fiber optic
sensors also offer the capability to perform indéenl, distributed measurements, and
immune to electromagnetic interference; therefibigjitable for SHMS [4][5].

A fiber optic sensor widely used in SHMS is fibaaBg grating (FBG). Due to FBG
is leading on application-wide multiplexing of masmment points, FBG is called the king of
the quasi-distributed sensors [2]. Several FBGs lmartlearly resolved by using the same
fiber line by multiplexing many FBGs in the wavedgin domain [4]. Since FBG has a unique
core whose periodic refractive index variationjglt whose wavelength satisfied the Bragg
condition can measure strain and temperature [B]tH8se are critical parameters in SHMS.

The main issue FBG interrogator for SHMS applicaicare long-range remote
sensing and spatial resolution capability. Besittes, over the past decade at industrial
sectors have been paid in attention to reduce eost made more competitive[l];
consequently, there is challenging in low-cost eayst for FBG interrogator. Therefore, our
dissertation proposes an FBG interrogator not émlyong-range remote multi-point sensing
but also offers low-cost systems.

Generally, the simplest way to interrogate FBG sually by using an optical
spectrum analyzer(OSA). Due to OSA has limited soanand high-cost in the operational
system, a charge-coupled device (CCD) spectronagtérusing tunable Fabry-Perot filters
succeed in replacing an OSA to realize wavelengted scanning up to 20 kHz [9][10].
However, it may be rather difficult to be appliad Iong-range measurement because this
system needs high power for the broad-spectrunt $ghrce, which is launched into FBG.
For this reason, not only from the university aedearch center but also from the industry
have proposed other methods to interrogate FBGghwdwie compact, low-cost, and effective
in real time.

Among the FBG interrogate methods, the wavelengttps laser is now widely used
due to high intensity, narrow lasing, and wide wargth tuning range [11]. Many kinds of
wavelength-swept lasers, either laser diode (LBedaor fiber laser-based, have been
developed by using external cavity tunable LD, pigtansducer-based tunable Fabry-Perot
filter, polygonal mirror scanner, and Fourier-domaiode-locking (FDML). Sweep rate can
be achieved fast and widely [12], [13], but thasehhiques require a high cost for providing



some optical or mechanical components. On the dited, a vertical-cavity surface-emitting
laser (VCSEL) has been demonstrated as a low-cagélength-swept by simply changing
the injection current or temperature [14]-[17]. \ElShas demonstrated remarkably good
stability and reproducibility of the output frequsm18], [19] and make it promising for low-
cost application involving wavelength-swept lassush as tomography [20], object profiling
[14], [21], and high-speed communication [22].

The large multiplexing and lower crosstalk of th8Gs sensors through both
simulation and experiment could be carried out pircal reflectometry based measurement
either time domain or frequency domain [23]. Tinwevdin reflectometry uses optical pulses
launched into an optical fiber and processes battesed signals. In order to increase the
spatial resolution, the pulse width has to be reduéiowever, this method requires ultrafast
light modulation and detection, which is very exgiga. On the other hand, since frequency-
domain reflectometry measures interference of Rglylsignal from reference and reflected
signal, the spatial resolution is governed by ttegmjdency range [24]. Besides, frequency
domain reflectometry also offers high signal aniseagatio (SNR) as well as better spatial
resolution than time-domain reflectometry.

Frequency-domain reflectometry can be divided itk categories; a coherent
optical frequency domain reflectometry (C-OFDR) amttoherent frequency-domain
reflectometry (I-OFDR). For long-range measurensgaplications, I-OFDR has promisingly
opportunity instead of C-OFDR because of I-OFDRhs non-interferometric, which no
requires a narrow linewidth laser and ultra-lingavept optical source [25], [26]. By using
I-OFDR, Werzinger et al. reported that 20 FBGs ddé successfully interrogated by vector
network analyzer (VNA). The location of FBGs isaahted by the inverse Fourier transform
of the frequency response. Hence VNA is quite gpsticoherent frequency modulated
continuous wave (I-FMCW), a sub-group of the I-OFEQfers much cheaper because of
this system combine reference and reflected sigrtéie electrical domain by using electrical
mixing component [27].

Long-range and low-cost FBG interrogator recenticdimes an exciting research
topic, especially in SHMS applications. In this gach, we propose a combination of
wavelength-swept by using VCSEL and I-FMCW opti@aiging to develop a new system of
FBG interrogator. A wavelength-swept tunable las®r be achieved by injection current on
VCSEL in order to explore the spectrum of FBGs. @am to the other technique, it needs
only a low-cost component. Then, I-FMCW is also &yed in our research for the purpose
of multiplexing and localizing FBGs.

To realize this method, we set up a system coogeh I-FMCW ranging system and
VCSEL as a light source. We make a program usingpNa Instrument (NI) LabVIEW to
control our system. In order to know the perfornreaR8G Interrogator which is developed
by using our method, we observe as follows: Lomggeaand spatial resolution capability,
temperature measurement capability, strain measuecapability.

I Experiment
To realize FBG Interrogator for long-range SHMS, w@mbine VCSEL and I-

FMCW. The setup of our system is illustrated irufig 1. A single-mode VCSEL emitting at
1560 nm is employed as a laser source. The temperat the VCSEL is controlled to 2D
trough Thermo Electro Controller (TEC). The VCSELsinusoidally intensity-modulated by
the injection current modulation, and the modulafiequency is linearly swept in time from
10 MHz to 160 MHz with 50 Hz repetition frequency the signal generator. The emitted
light from the VCSEL is amplified up to 6 dBm bying the erbium-doped optical fiber
amplifier and is then launched into single-modefdbconnecting with three FBGs (FBG1,



FBG2, and FBG3) through the circulator. The speatfon of FBG1, FBG2, and FBG3 are
shown in Table 1.

The reflected light from the FBGs is detected wiite photodetector. The wavelength
of the VCSEL is controlled by the injection curréatmeasure the reflection spectrum of the
FBGs through a laser driver. To confirm the positypof remote sensing, we insert optical
fibers, FO1, FO2, and FO3 between FBGs. The lengtHsO1 and FO2 are 1000 m and
5640 m, respectively, and the length of FO3 isctete from 40 m, 10 m, and 5 m. The
ranging signal is generated by electrical mixingtloé reflected signal and the reference
signal by using the double-balanced mixer follovegdhe low pass filter (LPF), and then the
ranging signal is sampled using the high-speed aeqaisition (DAQ). The data acquisition
board has two analog input channels with the samgpiate until 20 MS/s and a 12-bit
resolution and synchronization channel. For measen¢ purposes, analog input 0 (Al.O)
acquires ranging signal and analog input 1 (Aldquares ILDsignal from laser driver. Due
to the modulation frequency sweep is bidirectiomdh 10 ms of the frequency increasing
section and 10 ms of the frequency decreasingosgatie acquire a ranging signal only the
frequency increasing section. To ensure startirig dequisition only from the beginning of
the frequency section, a synchronization chanmhfthe DAQ board is connected to the
signal generator by using a transistor-transistmicl (TTL) signal, which is generated
according to increasing and decreasing sectiom,Tlneorder to sweep the wavelength of the
VCSEL, the injection current of the VCSEL is chadge stepwise [20] by using the
programmable voltage source.
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Figurel. Configuration of the proposed system BGHnterrogator.

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

Bragg wavelength (nr Reflectivity (% Bandwidth (nm
FBGI1 1560.01 5.5¢ 0.08:
FBGZ 1560.04 5.81 0.11¢
FBG: 1560.0: 6.24 0.09t




Il Result and Discussion

Figure 2 shows the peak of Fresnel reflection di0Lth-long optical fiber at 1.041
km with a signal to noise ratio (SNR) of 45 dB dhd peak of Fresnel reflection of 6640 m-
long optical fiber at 6.68 km with an SNR of 27 dBhe SNR of the 6640 m-long optical
fiber is weaker than the Fresnel reflection peakti@1000 m-long optical fiber due to the
attenuation of the optical fiber. Nevertheless, system might be a possibility for long-range
and large SHMS.
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Figure 2. Measured beat spectrum of Fresnel reflecif an optical fiber with length of (a)
1000 m and (b) 6640 m.

After successfully tested our system to measurg-tange optical fiber, we then
install three FBGs into our system over 6.6 kmangth. The lengths of FO1 and FO2 are
1000 m and 5640 m, respectively, in order to vadiddie capability of long-range FBG
sensing, and the length of FO3 is short opticarBlbetween three optional lengths (40 m, 5
m, or 3 m) to confirm the spatial resolution andoaldentify the exact location of FBG
installed. In this measurement, all of FBGs aretkieproom temperature (2@) and
unstrained condition.

We then measure the Bragg wavelength shift of tB&d$-against the temperature
change to evaluate the temperature sensitivitthiBiexperiment, the ambient temperature of
FBG1 was increased from Z5to 4%C in 5°C step, and contrary the temperature of FBG2
and FGB3 are kept at room temperature. The reflectpectra of all FBGs are shown in
figure 4. We find the reflection spectrum of FBGA figure 4(a) is shifted to longer
wavelength according to the temperature increabédethe reflection spectra of FBG2 and
FBG3 in figure 4(b) and (c), respectively, are uaraded. During the experiment, the room
temperature is almost constant. Therefore the teatye of FBG2 and FBG3 are also
unchanged.
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Next, we examine only the response of FBG1 wherathkient temperature increase
from 25°C to 45C in 2.5 steps. Figure 5 shows the correlation betwthe temperature of
FBG and the Bragg wavelength of FBG1. The Bragg elgth of FBGL1 is linearly
increased with the temperature match with the tegdoarticleby Song et al. [28]. The
expression shown in figure 5 also gives the tempegasensitivity of FBG1 is 17.3 pid
and is almost the same as a typical FBG, whicteponted by other researchers, which is
between 11 prAC ~ 14 pnfIC [29]-[31].
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Figure 5. Transfer function of temperature FBG sens

We also measured the Bragg wavelength shift agaimsttemperature change by
using an OSA and an amplified spontaneous emiq#&\&t) as a broadband light source.
The result is now also shown in same figure 5. Dhee line expresses the result of
temperature FBG measurement by using ASE and O84, tle red line shows result
measurement by using our system. Both results sthovst the same trends and correlations.

Like temperature measurement, we also demonstratspectrum profile of FBGs as
a function of the strain change. FBG1 and FBG2s#lein unstrained condition, and FBG3
is strained in the range of 369 p 1076 j£. The measured beat spectra are shown in figure
6(a), (b) and (c) for FBG1, FBG2, and FBG3, regpebt. In figure 6(c), the Bragg
wavelength of FBG3 is shifted to longer wavelengthth the strain. However, the Bragg
wavelength of FBG1 and FBG2 are almost unchangeduse FBG1 and FBG2 were
unstrained as shown in figure 6(a) and (b).

Figure 7 shows the correlation between the strach tae Bragg wavelength of the
FBG3. the Bragg wavelength is also linearly changét the strain. From this figure, we
also define the strain sensitivity is 0.29 pm/which is lower than a typical FBG strain
sensitivity of 1.2 pm/p[29]-[32]. The relatively low sensitivity may beiel to not optimized
fixing of the FBG to the cantilever beam. We alsmpare to strain measurement results by
OSA and ASE as a broadband light source. The risalso shown in figure 7. The blue line
is a result measurement by using OSA and ASE, lamded line is a result measurement by
using VCSELor FBG Interrogator which developed hg proposed method. Both results
show almost the same trends and correlations.
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IV Conclusion

We have developed and tested a system to inteeogaitipoint FBG sensors
combined by the I-FMCW optical ranging system andGSEL. Our proposed system has
been successfully to measure long-range distarogpdrature sensing, and strain sensing.
Our system has tested to measure temperature f58@1t@ 45C and strain from368n to
2137um. We offer a low-cost for multiplexing FBGs sengaterrogator as comparing with
other techniques because our system uses comrhemailable VCSEL as a wavelength-
tunable laser source. Our system also has greanhfmtfor remote SHMS because of the
system capable of identifying the location of sessfsom the beat frequency, and the
physical parameters such as temperature and &toanthe Bragg wavelength. Even though



in our experiment, the system tested for monitottiexyperature and strain, the developed
system is able to be improved to measure varioysigdl parameters such as stress, crack,
and load in the monitored structure.

We also have presented the stability of our FBGrimogator for 23 hours as a
temperature sensing measurement in our laboralug. to the FBG interrogator will be
applied to monitor structures for a long time,hosld be tested more a long time (for months
and years). A field study of the proposed systemlgs needed to validate the effectiveness
of detecting physical parameter change caused fmage of structures.
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