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EXPERIMENTAL STUDY OF BRILLOUIN FREQUENCY SHIFT
ON CLASSICAL AND MODERN BOTDA, BOTDR SETUPS

ABSTRACT

Brillouin scattering has many applications in optics. This thesis study is observing
the effects of various optical elements and environmental factors Brillouin gain
spectrum and frequency shift on different optical configurations. Methods to improve
Brillouin readings in classical and modern BOTDA/BOTDR configurations are
proposed. Effects of EDFA power on Brillouin gain spectrum are observed on a
BOTDA setup with single mode fiber as FUT. Comparisons with respect to optical
Rayleigh power are done. EDFA power interval for sufficient Brillouin gain is
obtained. Then, effects of step increments of ambient temperature on Brillouin
frequency shift are observed on a BOTDR setup with single mode fiber as FUT. The
relation between temperature and Brillouin frequency shift is obtained. In addition,
effects of test fiber length on Brillouin gain spectrum are observed on the BOTDR
setup. The direct relation in between Brillouin power and fiber length is observed.
Furthermore, different length and brand fiber cables are connected back to back and
their Brillouin frequency shifts are observed. Brillouin gain spectrum for fiber very
short fibers (40m) is obtained.

Keywords: Brillouin Scattering, BOTDA, BOTDR, Rayleigh Scattering



BRILLOUIN FREKANS KAYMASININ DEGISIiK KLASIK VE
YENIi BOTDA VE BOTDR DUZENEKLERINDE INCELENMESI

OZET

Brillouin sagilmasi optik diizeneklerde pek ¢ok uygulama alanina sahiptir. Bu
caligmada, c¢esitli optik devre elemanlarinin ve c¢evresel unsurlarin, Brillouin
sacilmast giic degerleri ve frekans kaymasi {iizerindeki etkileri farkli optik
diizeneklerde incelenmistir. Brillouin degerlerinin klasik ve yeni BOTDA/BOTDR
diizeneklerinde daha etkili sekilde elde edilebilmesi icin 6neriler sunulmustur. Ilk
olarak tek modlu test fiberi olan BOTDA diizeneginde EDFA gii¢ diizeyinin
Brillouin giicli tizerindeki etkisi incelenmistir. Elde edilen Brillouin giicii, farkli
EDFA gii¢ diizeylerinde optik Rayleigh giicii ile kiyaslanmistir. Yeterli derecede
Brillouin giicli saglayan EDFA gii¢ araligi elde edilmistir. Sonra, tek modlu test
fiberi olan BOTDR diizeneginde basamak basamak artirilan g¢evre sicakliginin
Brillouin frekans kaymasi lizerindeki etkisi incelenmistir. Sicaklik ve Brillouin
frekans kaymas1 arasindaki iligki elde edilmistir. Bununla birlikte, ayni diizenekte
test fiber boyunun Brillouin giicii {izerindeki etkisi incelenmistir. Fiber boyu ve
Brillouin giici arasindaki iliski elde edilmistir. Ayrica farkli uzunluktaki farkli
tekmodlu fiber kablolar ucuca eklenerek olusturulan test fiberinde Brillouin frekans
kaymasi1 incelenmistir. Cok kisa fiber boylar1 (40m) i¢in Brillouin gii¢ spektrumu

elde edilmistir.

Anahtar Kelimeler: Brillouin Sagilmasi, BOTDA, BOTDR, Rayleigh Sagilmasi
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CHAPTER 1

INTRODUCTION

Fiber optic sensor is a rapidly developing research area. There are numerous studies,
research and commercial applications abroad; however, this technology is new in
Turkey. The loss factors that adversely affect optical data transfer actually provide

sensory applications.

D. Hazarika and D. S. Pegue’s work suggests using a microcontroller to monitor the
air pressure with fiber optic sensors. A laser source is introduced to the system to
improve the macro bending. A beam splitter, multi-mode fiber optic cable and light-
dependent resistors (LDR) comprises AT89S8252 microcontroller circuit. One of the
fibers is chosen as reference point to eliminate the environmental impact during the

measurement of air pressure [1].

P. B. Buchade’s study suggests a mobile platform can be designed and tested with an
optical fiber sensor. IC 89C51RD2 microcontroller is used. The microcontroller on
the platform, is designed with two motorized wheels behind and in front of a free
turning wheel. Platform is equipped with weight sensors and plastic fiber touch
sensor. The load cell sensors detect the current positions of the sensor (i.e. target),
the proximity sensor and the weights. The route to reach the target position is

deduced without any software on the platform [2].

In Alberto J. Palma and his colleagues’ work, an optical sensor with portable optic-
chemical electronic device for the detection of atmospheric oxygen is presented.
Optical sensors based on luminescence quenching are designed. The sensor designs
provide a single-channel optical sensor, an optical filter, a digital signal processing
capacity, re-programming ability, data saving, low power consumption and high
signal data processing rate. Digital output of the photodetector provides fewer
harmonic terms and better noise reduction. Typical measurement range is from 0 to
30% oxygen, and the response time is under 30 seconds for the full range. It provides

temperature correction and oxygen concentration accuracy of 0.5% [3].



In Mahfooz Rehman’s study, the development of a low-cost intelligent fiber optic
based liquid flow measurement system is discussed. A turbine is used as the
flowmeter. Turbine blades are used to receive incident light onto the module. The
frequency of the pulses produced depends on the number of blades. With the right
calibration, the flow rate is almost linear and accuracy is 4% [4].

In Omar A. F. and M. Z. Matjafr’s study, fiber optic spectroscopy method is used for
detecting water quality. The system can detect the interaction between the scattered
light and the suspended solids in water. The analysis (mg/L) is performed by
measuring the density of suspended clay in the water. System is sensitive to blue
(470nm) and red (635nm) monochromatic light. Two separate light detector circuits,
TSLB257 and TSLR257 at the center of the sensor system have 470 nm and 635 nm
peak responses respectively. The detection results are sent to the Basic Stamp 2
microcontroller for processing and analysis. The turbidity level is calculated by the
microcontroller and displayed [5].

In Ryder’s study, a stable, low-voltage detector, silicon photo mixer for measuring
low light levels is discussed. These are designed for detecting high-altitude cosmic
rays. In laboratory tests, embedded wavelength shifting fibers are used as cosmic ray
detector. ARM Cortex-M3 detector that has been developed using a microprocessor-
based data collection system [6].

In Qiuhong Zhang Qian’s study, a computer system providing an information service
and management system to improve the high-tech living stantdards of intelligent
home control systems is discussed. Optical scattering based fiber sensor sensitive to
temperature and stress changes is proposed. The microcontroller centered smart
home control system with GSM and fiber optic sensor is explained. The study was
conducted using the GSM wireless data transmission network for wireless

communication [7].

In Zhang and Jiahong’s study, a new method to control intensive electric-field
measurement using asymmetric Mach-Zehnder interferometer-based LiNbO3
photonic sensor is proposed. With a microcontroller, an adjustable laser wavelength

is obtained. The electrical field measurement is done with the linear operating point



of the sensor. This method performs successfully without disturbing the optical
output wavelength of LiNbO3 photonic sensors. With the proposed control system
linear characteristic of this detection system can vary from 840 and 160 kV / m to
obtain a correlation coefficient of 0.999. This wavelength calibration technique is

used to accurately identify and extract the electric field [8].

In Oleg Uzenkov’s study, an FPGA based, fiber Bragg grating sensor system is
proposed to measure the tension output. The system can track up to 10 simultaneous
light source outputs generated by the fiber Bragg grating sensor with
monochromatically tunable miniature. A 2048 pixel linear CCD array is controlled
by the FPGA with 2 MHz scan frequency linear sequence and the first sub-pixel
resolution is achieved. Control circuit to observe micro tensile equal to the resolution

is performed by a XCS40, with 58% less logic resources [9].

In Graham Wild’s study, a general purpose, smart transducer interface module for
distributed optical fiber intelligent sensors (STIM) is designed to be used with
intensio-metric fiber optic sensors. The system consists of two optical fiber
interfaces, PIN receivers, a differential amplifier and a digital signal processor. Both
of the received signals are strengthened to improve the signal-to-noise ratio and the
differential sensitivity. DSP card has the ADC. This system has been successfully
used in embedded systems as well as temperature and strain measurements. It can
monitor and alert when a predetermined threshold is exceeded. Detection system

used for dynamic strain signals also performs successfully without the DSP [10].

In Altug’s thesis work, a fiber brag grating-based sensor system to measure the ECG
signal of a patient is proposed. The signal is transferred via fiber optic media to the
central control unit (i.e. computer). The control unit converts optical signal into
electrical signal with a demodulator and a capture card data (Data Acquisition Card).
The ECG signals are sampled rapidly and a database with this information is created.
The control unit is also simulated with MATLAB. These projects can be created with
the help of ECG follow-up networks. Synchronization with new technology can be
provided if necessary. In addition, a human’s heart health status throughout his/her

life can be traced and monitored with a central database [11].



In Qin’s dissertation, a distributed optical fiber vibration sensor has been developed
based on the Rayleigh scattering. The maximum distance between the vibration
source and the detection point was measured to be 18 cm with a spatial resolution of
1 m. Distributed vibration measurements up to 500 Hz and 1 kHz were performed

over a 20 cm length of single mode fiber [12].

In Karaman and Unverdi’s study, different types of fiber Bragg grating-based optical
fiber sensors are analyzed. The characteristics that make up the grid, reflection and
transmission spectrum bandwidth were investigated. The reflected and transmitted
power amount of the grid changes depending on the grid length and refractive index
value, the temperature and stress. The amount of change occurring in the reflected

wavelength is determined [13].

In Bao and Chen's study, the recent developments in scattering based fiber sensors
are examined. The interaction of photons in the fiber with respect to temperature and
stress is examined and corresponding Rayleigh, Brillouin and Raman scattering
intensities are observed. These local temperature and stress variations cause
interactions resulting with acoustic/mechanical waves with a dynamic viscosity
diversity. The phase, frequency and amplitude changes of the scattered back light on
hundreds of meters of the fiber can be analysed to find the vibration measurement
[14].

In Soto’s study, Brillouin optical time domain analysis (BOTDA) with optical pulse
coding techniques for long-haul distributed sensors are examined. Compared with
conventional BOTD sensors, optical coding offers a better detection range and 1 m
margin of error over 50 km of single-mode fiber. It also offers better temperature and

stress measurements [15].

In Hao’s study, return to zero/not return to zero (RZ / NRZ) formats are used for
long-distance optical probe pulses with low margin of error measurements. The
detection ranges increase with the use of zero-return format. 512-bit coded pulses are
sent to 50 km fiber and the voltage measurements are performed with 0.5 pe

accuracy [16].



In the study of Barrios, Brillouin sensors are discussed to offer innovative solutions
for temperature and strain measurements on large structures. Typically, Brillouin
optical time domain analysis has effective measurement range of 20-30 km interval.
BOTDR approach is tried for the sensor. The measurement quality can be increased

as well as the measurement range [17].

In the study of Soto, using long-distance and Raman amplifier to achieve high-
resolution measurements with Brillouin the time domain analysis (BOTD) is
examined. 120 km long single mode fiber with a Raman amplifier reinforcement is
used. The error margin was low with 45pe and 2m/2.1°C accuracy of

stress/temperature measurements [18].

In Jia’ study, Brillouin optical time domain analysis (BOTDA) with Raman amplifier
approach is used for achieving high performance, high accuracy temperature
measurements. The experimental results confrimed theoretical assumptions. Raman
amplified temperature measurements are conducted with 0.6 ° C error margin along
the 75 km fiber. The broad Raman power and Brillouin pump power help to improve
the signal to noise ratio. Raman amplification makes it possible for BOTDA to be

used in long distances and as potential fire alarm sensors [19].

In Zornov’s study, for hybrid and combined Brillouin distributed sensors, a new
Raman amplified consept is proposed that has long range sensing with low cost. On a
46 km network, point vibration sensors and temperature sensors are distributed over
fiber brag gratings. In order to tolerate for 13 m spatial resolution and 0.7 °C
temperature measurements, Raman amplifier is used. Density sensor are also able to

measure vibrations in the frequency range of 0.1 Hz to 50 Hz [20].

In Sperber’s study, a new BOTDA technique that is capable of taking measurements
in the spatial resolution range of few centimetres is developed. This technique
requires only a single long pump pulse for the acoustic wave and is based on a
simple modulation scheme. Brillouin frequency changes are experimentally detected

with 2cm spatial resolution [21].



In Chen’s study, a new distributed sensor structure that is dependant on the
relationship of Brillouin gain and loss is discussed. Using 20/15 ns Stokes and anti-
Stokes pulses on a 15 m polarization protected fiber, a spatial resolution of 0.5 m and

6 ue stress is obtained experimentally [22].

In Mafang’s thesis, a new technique called Brillouin scattered resonant detection
(BEDS- Echoes Distributed Brillouin sensing) is discussed. First, the classic
Brillouin sensor configuration is updated. Then constraints encountered in
conventional Brillouin sensors at long distances are examined. Secondly, BEDS
approach to identify the spatial resolution in Brillouin scattered measurements are
presented. It was possible to achieve greater accuracy with lower error rate in
laboratory testings using BEDS technology. In addition, using BEDS fluctuations

along the photonic crystal fiber, its geometry is modeled [23]

In Foaleng’s study, high spatial and spectral resolution in detecting Brillouin, optical
phase control and activation by using acoustic wave are discussed and signal to noise
ratio is examined. Acoustic wave activation maintains its natural Brillouin
wavelength, whereas it uses different gain techniques. 3 MHz resolution over 5 km
of fiber, 500 psi (5 cm) is measured using the phase shift of the Brillouin shift

frequency coupling is carried out experimentally [24].

In Andrew's study, nonlinear change in stimulated Brillouin scattering in a single-
mode fiber is observed experimentally. At high laser excitation, equal to half of
Stoke impact on the earnings outlook of traditional fiber Brillouin frequency was

investigated [25].

In Alahbabi’s study, to improve the performance of distributed temperature and
voltage sensors based on Brillouin scattering, random compatible detection studies
are conducted. To increase the detection range and the performance of the sensors,
Raman amplifier with different Raman pump configurations are examined. Using
only Raman diffusion pump, the frequency measurements are performed with a 150-
km fiber at 50 m spatial resolution and temperature measurements with a resolution
of 5 °C. Spread along 100 km of fiber in the Raman pump with 20 m resolution and
1.7 °C resolution temperature offspring are achieved. Together with the use of power



and frequency of the Brillouin signal, 50 km fiber for 3.5 °C temperature resolution
and 85pe voltage error of 5 m is identified [26].

In his thesis, Giinday discussed, in order to reach the temperature data along the
cable, temperature measurement method based on Raman scattering is used.
Brillouin frequency shift is utilized to obtain data for the fiber’s temperature and
stress. Experimental temperature and strain measurement data for 380 kV power

cables are obtained using 5 km long single-mode fiber at 1550 nm wavelength [27].

In Giinday’s study, the temperature and strain detection simulations along 380 kV
high voltage cable at 1550 nm single-mode optical fiber are performed. To reach the
temperature data along the cable, distributed temperature sensing based on the
Raman scattering method is used. In order to obtain strain data over cable, i Brillouin
frequency shift of the backscattered signal is used. For cable joints, intersections and
other passage of pipes under, a 5 km long fiber is used. The simulation results are 1.5
m spatial resolution 1.25 °C temperature resolution and 50ue strain resolution. In
addition, utilizing the Brillouin frequency shift and Brillouin gain spectrum change
profile along the cable, the effective value of the frequency shift noise 1:20 MHz and

power exchange RMS noise on cable is calculated as 0.45% to [28].

In Frazao’s study, Raman fiber bragg grating stress sensor for temperature
measurement are presented. Using a 35nm pump Raman laser, bragg grating sensor
is achieved. Bragg gratings determined by a 10 km radius from the detection system
is run [29].

In Martins’ study, along with Rayleigh scattering, a fiber bragg grating Raman laser
FWM (Four-Wave Mixing) is proposed to obtain a voltage-based temperature sensor.
To strengthen their Raman and Rayleigh scattering along two linear fiber bragg
grating laser sensor is used to format the space. Because of the low fiber dispersion
coefficient, it was possible to use two lasers using FWM. In this configuration, only
one of the two sensors are sensitive to voltage. The difference in the converted signal

by the wavelength of the signal sensor 2 pm / pe offers a stress factor in sensitivity
[30].



In Koyamada’s study, the OTDR is used for distributed strain and temperature
measurements. Using this technique, 8 km length of 0.01 °C precision temperature

measurements were made in a fiber [31].

In Alahbabi’s study, Raman amplified Brillouin scattering based distributed
temperature sensor with extended frequency offset detection is studied. With 100 km,
Raman pump, 0.8 °C temperature sensing accuracy is achieved. With 150 km
emission-free Raman pump, 5.2 °C temperature sensing accuracy is achieved and the

location of the change is detected with 50 m accuracy [32].

In Li Yuelu’s study, using a optical time domain reflectometer (OTDR) a phase
diffuse vibration sensor is developed. Broadband acoustic frequency vibration
components are generated by breaking the pen. These vibration sensors measured the
scattering. The fracture is a standard technique for pre-defined acoustic analogy for
pen breaking measurement of steel or concrete bridges. 1 kHz frequency response
with 5 m highest point accuracy is obtained [33].

In Gifford’s study, a fiber optic temperature sensor based on Rayleigh scattering’s
temperature and spectral shift is developed. Wavelength scanning interferometer is

used to measure the Rayleigh scattering [34].

In Posey’s study, a fiber optic strain sensors based on optical pulse using the time
division multiplexing Rayleigh scattering is developed. This sensor in a small

adjustment range of 2 kHz and has a small stress sensitivity of 0.5 m [35].

In Signorini’s study, gradient index multimode fiber and high performance based on
standard single-mode fiber distributed temperature sensing system developed for
Raman techniques are presented. The code generated by this technique offers

opportunities for a very long measurement capability for spatial resolution [36].

Long-distance fiber-optic Raman sensors work by Farahani and Gogolla is used for
distributed temperature measurement. For this purpose, the optical fiber frequency
domain reflectometry is applied. Theoretical Raman intensity of single-mode and

multi-mode fibers are formed. Thus, wavelength for a suitable sensor for optical fiber



Raman sensing element is determined. In addition, errors in temperature sensor for

long fibers are analyzed theoretically [37].

In the study conducted by Bello and VVo-Dinh, stimulating and supported collector
surface Raman scattering (SERS) in a fiber-optic system has been developed for the
signal. Fiber type to be fulfilled in optimum conditions SERS fiber-optic devices,
fiber substrate geometry and other experimental parameters are investigated. In
addition to measuring the performance of the SERS fiber-optic sensors, linear
dynamic range, reproducibility, various parameters such as detection limit are

examined [38].

In Hartog’s study, the design of a fiber-optic distributed temperature sensors,
operating principles and performance was examined. The backscattered power to
detect temperature changes in more than one point on the fiber optic time domain
reflectometer (OTDR) is used. In a study conducted over a fiber length of 100 m and
1 m spatial resolution of 1 © C measurement accuracy of the temperature detection

are performed [39].

In Al-Tahir’s study, Rayleigh scattering from a 22 km long fiber and multipoint fiber
brag grating (FBG) with a Raman fiber laser reflector is observed. 100 GHz spaced
22 laser line has been established. Established circuit has shown that it is possible to

create Raman gain width of about 100 nm [40].

In Bologna’s study, coded behavior of distributed temperature sensor based OTDR
has been studied theoretically and experimentally. In particular, high performance,
using the appropriate amplitude modulation to simplex coding design has been
applied. Partly Raman amplification and detection range is expanded by using a
direct detection. 17m spatial resolution of 30 km and with 5 K temperature resolution
scattering shifted along the fiber, efficient and proven economic theory and a

distributed temperature sensor has been achieved experimentally [41].

In Stokes and Vo-Dinh's work, surface dependant Raman scattering based (SERS-
Surface Enhanced Raman Scattering) fiber sensor for remote measurements is

developed. The heart of the sensor is designed with a special single-mode optical



fiber. Based on a single fiber offers practicality specially designed for measuring
displacement in the microenvironment, remote type sensor for SERS signal is carried
along the laser excitation and radiation parameters in a single fiber is simpler and
more stable [42].

Palmieril and Schenato’s study features scattered fiber sensors based on Rayleigh
scattering. This scattered optical sensors are based on the interaction between light
from scattering processes occur and objects. This work may occur in fiber Rayleigh,
Brillouin and Raman scattering from Rayleigh scattering sensors based on optical
fibers are examined. For a given optical frequency, intensity Rayleigh based sensors
with three fundamental characteristics of light, it uses the phase and polarization. All
these detection mechanisms in this study basic principles, the basic flow is analyzed

in terms of techniques and applications [43].

In Froggat’s study, a Rayleigh scattering-based distributed measurement technique
has been developed. Using standard fiber polarization voltage and the detection of
temperature change was investigated. Scattering of the desert in high-precision

optical frequency domain reflectometry that is used [44].

In Newson’ study, Rayleigh and Brillouin scattering’s intensity dependence on the
temperature is observed experimentally. These results will allow the random result of
temperature and strain the construction of Brillouin scattering distributed fiber sensor
that measures the temperature and stress when they occur combined with the

frequency dependence of the Brillouin scattering known [45].

In Ji Han Lee’s study, Raman amplification based on random temperature and
voltage measurements are analyzed. For this erbium doped fiber (EDF) and a
detection probe consisting of the combination of fiber brag grating it is used. These
measurements are used for fiber 50 km long, 11 dB signal to noise ratio (SNR), high-

quality signal could be detected [46].

In Kazuo Hotate’s study, Brillouin dynamic grid (BDG) and using the Brillouin
scattering together, distinctive and heat stress with techniques BOC held its messy 10

mm resolution measurements [47].
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In Wosniok’s study, stretching a single mode along the fiber is developed.
Distributed fiber optic monitoring system for determining the temperature is based
on the BOFD technical and no frequency interference effects using sideband
technique is being used. By a single DFB laser to cut costs been and is not necessary

to set the laser source [48].

In Hyungwoo Kwon’ study, 36 km length of coherent along the fiber line (one-stage)
using a detection system of long-distance dispersed measuring system have been
developed. Using the optical modulator (AOM) the damping ratio in optical pulse is
developed. The result, which applied to optical fiber temperature and strain,
calculated using the Lorentzian algorithm, the Brillouin frequency shift has also been

successfully measured [49].

In AH. Resham’s study, optical fiber in Brillouin and Rayleigh scattering behavior
are examined. Simulating dominant noise source of coherent Rayleigh noise (CRN)
calculating is done. Analyzing temperature and stress result thanks to algorithm
characteristics are examined. Thanks to a new algorithm, the position of the Brillouin

backscattering can be effectively found for a pump power known [50].

In Yosuke Mizuno’s study, to diffuse tension measurement BOCD technique as high
Brillouin gain a tellurite glass fiber is used. First, BOCDR by use of the gain fiber is
evaluated. High Brillouin spatial resolution using tellurite fiber has clearly the spatial
resolution Rayleigh scattering - using fiber is restricted. By inducing noise, BOCD
the Brillouin frequency shift with the technical 6 mm spatial resolution of 1 cm was

measured at a tensile successfully applied field [51].

In Yungi’s study, BOTD detection system in spontaneous Brillouin scattering
spectrum of the signal to noise ratio (SNR) examined the development impact of
theoretically and experimentally the effects of changing the modulated pulse shape is
given. Same pulse width or the same spatial resolution, SNR is greater than the
impact triangular contraction and sensing distances of the spectral width. Meyd has

nearly doubled the triangular instead of rectangular pulses using pulse [52].
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Romeo Bernini and colleagues’ work suggests temperature / stress measurements for
the full frequency base of optical fiber Brillouin sensing techniques to experimental
verification is shown. The signal to noise ratio is developing both long distance in the
deal with the effects of non-regional occurring while measuring, sensing fiber
Brillouin gain profile and along they offer an original formula in the form of base
frequency related measurements [53].

In Y. D. Gong’s work, optical stimulated in the fiber Brillouin upgrade impact based
distributed temperature and place the analysis of the stress sensor is given. Our
starting power, such as optimizing the design guide of the short and long-distance
distributed temperature and strain sensors offers some new rules [54].

In V. Lecoeuch’s study, 25 km from the sensors in the length of fiber in any of 2 m
on the applied temperature or stress is perceived quickly enough some precision, a
new study stimulated Brillouin scattering-based single-ended to a fiber sensor is
shown. The study also phases modulation effect; the probe reveals the impact a

major limiting factor for wave power [55].

In P.C. Waite’s study, narrow bandwidth pulse advances in laser technology and
low-loss fiber filters through Brillouin signal can be separated from the Rayleigh
signal. Theoretical analysis, Brillouin scattering-based spontaneous temperature
sensing Raman-based sensor indicates that provide longer detection of the system
[56].

In Shekhar and P. K. Pradhan Sahu’s study, BOTD based for optimization is shown.
The receiver performance improvement of 150 km of scattered sensor system, phase
modulation and a global transformational calculation based optimization technique
(Differential conversion algorithm (DE)) a BOTD system formed by the
combination. 150 kilometers detection compared with an amplitude modulated wave

probes have provided 3.3 dBm for distance like a SNR improvement [57].

In Haroldo T. Hattori’ work, smart materials and scattered detection for buildings
Raman and Brillouin effects of that custom applications. In the types of sensors, fiber

that acts like a messy sensor kilometers stretching across the length and temperature
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can be detected at the same time to process this information, the data also show that
fiber can carry the Brillouin and Raman systems for the optimization is started, to
cover long distances in a small area of effect. Hence special elliptical fiber sensor

and is intended for use in low-power laser [58].

In Xue-Feng Zhao’s study, asset-based thermometers scattered Brillouin optical
sensor used in submarine pipeline monitoring system is discussed. The system shows
direct heat exchange, heating and a parallel thermal cable to the pipeline provides the
frequency shift of the optical sensor during cooling. Collapse scenarios and welded
release stress is tested. Temporal stability of the different behavior of water in heat
transfer, the three-feature temperature-time history including spatial continuity and
size are obtained. The experimental tests have proven the system can run over a

monitoring system [59].

In Lijuan Zhao’s study, 110 kV fiber composite submarine cable with 1 m spatial
resolution with BOTD established system is observed. The system in China now also
offered. Spring monitoring system provides an appropriate plan to ensure the safe

operation of the submarine cable [60].

In V. Lecoeuch’s study, high-grade Stokes and the suppression of anti-Stokes
components and very high conversion a Brillouin fiber used grid Bragg for efficiency
laser configuration is presented. Theoretically presented a study and experimental
feasibility proven its operating system to reduce the laser bandwidth and it provides a

technical solution in reducing noise [61].

In A. Perez-Herrera and M. Lopez-Amour’s study, including networks using optical
amplification and lasing multiplexing systems, which define the different types of
multiplexing networks used in fiber optic sensors and compared. Especially healthy
and should focus away from the multiplex network and dispersed scattered Brillouin

sensor networks has been shown [62].

In Bum Kwon’s study, dozens of kilometers an overall laser diode. To construct a
compact BOTD detection system intrusion along the line detection and is capable of

showing the location and two electro-optic modulators are used. Affect of an attack
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simulation, stress that a device to obtain 4.81 kilometers in length edilmistir.1.5 secs

is provided with a resolution of 3 m optical fiber [63].

In Shiqging’s study, an iron mine located in my southern part of the city as a physical
and mechanical testing model to investigate the collapse of a portion of the earth's
surface to monitor. Modelling the stress distribution according to BOTD technique is
used. Test result BOTD based scattered detection high sensitivity of the method, easy
handling, good tensile testing techniques because of their advantages such as

immunity to interference are that it [64].

In Zhou’s study, to monitor the characteristics and state of stress damage to the ice
structure as shown. As an early warning system, a block of ice and ice rafter’s load
under axial and bending to understand the behavior of the fiber Bragg grating and
BOTDA/R sensors are placed. Second, damage to the ice structure under test
conditions and the accuracy of the claims process as early warning damping systems
edilmistir.so obtained analytically and ice structure of the behaviors were monitored
continuously for 34 hours. Ultimately, optical sensor long-term structure of the ice

early warning system has been shown to be effective in monitoring [65].

In Femi Tanimol and David Hill’s study, formerly Fixture has LNG and from giving
examples leak detection systems used in LPG pipelines fiber optic distributed
temperature sensing (DTS) leak made using identified and explained third parties’
burglary detection system principles. As a result, fiber optic acoustic sensing
scattered next to pipelines that provide the environmental protection, efficiency and

integrity (DAS) burglar monitoring system has been examined [66].

In Si Zhu Yan and Lee Sheng’s study, stimulated Brillouin scattering (SBS)
threshold, sensing distance, the signal is noise ratio and the critical parameters in the
pipeline for the performance of BOTD system of the concept of spatial resolution
that is used. According the study, the optical fiber nonlinearity, statistical approach
stimulated by the Brillouin results of simulations until the theoretical approaches
along with concepts such as scattering is used. The result, SBS to print up to 11 dB
maximum sensing distance of the next 110 km/s far are shown. 3-bit simplex coding

working laser pulses to improve the SNR at the receiving end according to the results
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are used. Simulating 1:38 SNR gain and higher SBS threshold has been observed
[67].

In Yingchun Ding’s study, scattering Brillouin stimulated in different frequency
optical fiber (SBS) two continuous waves generated by (CV) waveform are shown.
signal pulse shape control of the pulse signal by using experimentally depending on
total input power "fully optical way module methods have provided a novel method

not only for light nanosecond pulse width for control of the light is available [68].

In Yucel’s study, the temperature effects on fiber’s Brillouin gain spectrum and
frequency shift are observed. A BOTDR setup is used. 40m length fiber under test is
exposed to temperatures 22°C and 95°C. Then, using an RF analyzer the Brillouin

gain spectrum is observed. A 1°C/0,921 MHz temperature change is observed [69].

In Oztiirk’s study, a Fiber Bragg Grating (FBG) based temperature sensor is analyzed
and simulated. FBG is gradually exposed to temperatures from 0°C to 60°C in 10°C
steps and the frequency shifts in both RF and optical spectrum are observed. A 10

°C/0.1 nm wavelength change is obtained [70].

Since Brillouin scattering holds an important place in fiber sensor applications, it is
important to analyse Brillouin gain spectrum and frequency shift very accurately. In
this study, various factors that may affect the Brillouin gain spectrum and frequency
shift such as, EDFA power, fiber length and ambient temperature are observed.
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CHAPTER 2

THEORY

2.1 Optical Scattering

2.1.1 Linear Scattering

2.1.1.1 Rayleigh Scattering:

The inhomogeneous molecular structure of the silica glass causes random refractive
index fluctuations. The resulting scattering field is proportional to ®? hence the

scattered wave is proportional to o*. This means that waves with lower wavelengths

are scattered much more [71].
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Figure2.1 Rayleigh scattering vs. wavelength [71]

The electric displacement field vector for fiber can be written as:
D=e(1+x)E=(c+Ae)E (2.1)
The Ae represents the molecular discrepancies. With the Maxwell equation for the

electric field:
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The Ae terms in above equation represent the scatterings that are both spatial and
time dependent. Assuming only Rayleigh scattering, i.e. only considering time

dependence, the equation can be simplified to:
VZE + V[ E - VIn(e + Ae)] + 1o £w?(1 + )E = 0 (2.3)

The wave medium fiber means we need only to take z axis in consideration, the

equation becomes:

0%E 5 Ae(2)
ﬁ+uoea) 1+ - E=0

Ae(z) _
S)E—O (2.4)

0%E 5
+p(1+
2.1.1.2 Mie Scattering:

Mie scattering, just like Rayleigh scattering, is the scattering that is caused by the
inhomogeneities of molecules and particles in the fiber. Molecules and particles that
are larger than the wavelength of the incident wave cause the Mie scattering. The

forward Mie scattering is heavier for larger particles [72].

Mie Scattering Mie Scattering,

larger particles
»
- =

—= [irection of incident light

Figure2.2 Mie scattering in a silica fiber [73]
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2.1.2 Nonlinear Scattering

2.1.2.1 Raman Scattering:

The incident light travelling through silica fiber excites molecules to higher energy
states, where vibrations occur. These states have comparatively small energy levels
such that the excitation must happen with the help of an additional photon
transitioning to Raman. The first photon has frequency wp and the additional one has
ws. If the vibrational state has energy A(Q) at frequency €, the resulting scattering
converting wp to wp - Q (i.e., ws) IS an inelastic process called Stokes. The transition

from mp to wp + Q on the other hand is called Anti-Stokes [74].

Stokes anti-Stokes

Vibrational
continuum

Ground State

Figure2.3 Stokes and Anti-Stokes in a silica fiber [74]

The resulting vibrations can actually be treated as a third phonon with set frequency
if you will. However, the set frequency does not obligatorily fall to wp- @s, hence the
scattered light does not have a unique direction, rather random. The most of the

energy however, is dealt among forward and backward scattering [74].

The Raman scattering can also convert the Stokes or Anti-Stokes scattered light back

to original frequencies; wp or ws. This is called the reverse Stokes or Anti-stokes.

The pump light (0p) has the following power equation with the below thermal

equilibrium (men) equation:
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%S(z, w) = [S(z, w)g(wp,ﬂ,e) + 2—: [man (12]) + v(Q)] |g(wp,ﬂ, 9)” P,(2)

(2.5)

-1
ma (19D = [exp (357) = 1] (2.6)
9(@,,Q,0) = gy(wp, 2)cos?(0) + g, (wp, Q)sin?(6) (2.7)

The g(wp, Q, 0) provides the Raman gain which decides how strong a scattering
happens. As mentioned above, the amount of gain is related to the polarization of
light. Should the wp and ws happen to be linearly polarized, the Raman gain becomes
maximum, while most of its energy is preserved in forward and backward scattering
[74].

Stimulated Raman Scattering:

In addition to the pump (wp) beam, if there are any other linearly polarized beams,
the resulting Raman scattering tends to be much stronger. This phenomenon is called
the stimulated Raman scattering. The additional beam has the frequency wp - Q or wp

+ Q, hence, the scattered light will amplify this beam [75].
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Figure2.4 Stimulated Raman scattering in a silica fiber [75]

Figure 2.3 shows a summary of the stimulated process. The inelastic polarization
excites the molecules to the virtual state. With the additional light beam already on
this excited state, it gets even stronger when scattered light is added. The amount of
frequency shift (i.e. Raman wp - ws) highly depends on the material vibrational levels
[75].
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The resulting stimulated scatterings are temperature dependent and the strength of
the scattering increases with higher temperatures. The Anti-Stokes scattering
however, reaches 0 as the temperature gets lower, while stokes scattering saturates to
a fixed level. Hence, the Stokes phenomenon would be quite useful in low

temperature sensing applications [75].
2.1.2.2 Brillouin Scattering:

The Brillouin scattering has the same concept as the Raman scattering, except here
the resulting vibrational state is sound waves not molecular vibrations. Brillouin
scattering is polarization dependent and has much lower vibrational frequencies
(~10GHz) compared to the Raman scattering [76].

The dispersion equation for acoustic wave in Brillouin scattering is:
|2]= Va |Ka| (2.8)
va = 5.96 km/s is the velocity of acoustic wave and ka is the wave vector.

The wave vector has to obey the conservation of momentum, therefore ka = kp — Ks,
i.e. the difference between pump and Anti-Stokes waves. The magnitude of the wave
vector can be found as:

IKal? = (Kp —Ks)? = [kol+ [ksf*~ 2Kp.ks (2.9)

The energy gap between pump and Anti-Stokes is miniscule, i.e. kp = ks, which

means:
[Kal? = [kpl*+ [Ks— 2kp.ks = [kpl+ [Kp[~ 2kp.kp = 2]Kpf? - 2]kp[*COS (¢)
= 2|kp|* (1-cos (p)) (2.10)
Ik = 2Jkol2 (1-C08 (9)) = Alkof?2 (L/2-COs (¢)/2) = AJkof? sin? (¢/2) (2.11)
Putting |ka| = 2|kp|sin (¢/2) into (2.8):

Q] = 2valKplsin (¢/2) 2.12)
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where |kp| = 2nn/A, (n the refractive index and A wavelength):
|Q| = 4nn sin (p/2) va /X (Bragg condition) (2.13)

which has the maximum value when ¢ = & (i.e. the pump and anti-stokes waves are
at opposite directions); |Q| = 4rtn va /A and minimum value for ¢ = 0, |Q|= 0 (no

Brillouin scattering), meaning no frequency shift in forward direction.

The Brillouin frequency shift is wg = Q/21 = 2valKp|sin (¢/2) /27. So at ¢ = © we

have the maximum frequency shift:
®B =2nVa /L (2.14)

The Brillouin gain spectrum can be written as;

gp(w) = —228) (2.15)

1+(w—wpg)2T3

Which is a Lorentzian equation with maximum value at ® = wg, at backward

direction. The Tg is the lifetime of acoustic phonons.

2.2 Brillouin Optical Time Domain Methods

2.2.1 Brillouin Optical Time Domain Reflectometry

Fiber sensor systems based on Brillouin scattering provide distributed sensing with
the unique frequency shift of the backscattered light in the optical fiber. The reflected
light has different frequency shifts with respect to the local fiber points. Applied
strain and/or temperature to the optical fiber affects the Brillouin frequency shift. The

relationships between BFS and temperature or strain can be described as;

VUp (Tr' £) = CS(S - 57‘) + Vpy (Tr' Er) (2.16)
VUp (T, Sr) = Cr (T - Tr) + vBr(Tr' Sr) (2.17)

where vg is Brillouin frequency; Cs and Cr are strain and temperature coefficients,
respectively; whereas T, and &r are relative strain and temperature compared to a

reference Brillouin frequency ver [76].
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The BOTDR system acquires the Brillouin spectrum of the sampling points along the
fiber path, and then the strain or temperature is determined using the relationship
above. First, pulsed light is launched into one end of single-mode optical fiber while
the other end of the fiber is left open. Then the Brillouin backscattered signal is
obtained on the same end. The Brillouin backscattered light power dPg(z, v) that is
produced in a small section, dz, of the fiber is:

dPg(z,v) = g(v,vg) ip(z)dz -exp(—2a,z) (2.18)

h(w/2)?

(v-vp)?+(w/2)? (219)

g(U, UB) =

_ct
2n

(2.20)

Where z is the distance along the fiber; p(z) is the launched signal power at z; c is the
velocity of light in vacuum; n is the refractive index of the fiber; o is the attenuation
coefficient of the fiber; t is time interval between the pulsed incident light and the
backscattered light at the detector (i.e. doing so the location of the received
backscattered light can be found) [76].
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Figure2.5 BOTDR Setup [77]
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2.2.2 Brillouin Optical Time Domain Analysis

Here, the stimulated version of Brillouin scattering is used and is based on a pump-
probe technique. From one end of the fiber, an intense pump pulse is sent while; on
the other end, a weak continuous probe wave is sent. The pump wave feeds the weak
continuous wave and the gain experienced by the probe on each location can be
deduced in the time domain. For each differential location, the frequency difference
between pump and probe is scanned and a localized map for Brillouin gain is

obtained.
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Figure2.6 localized Brillouin gain spectrum

The pump pulse and CW probe propagate in reverse direction to each other in the
sensing fiber. In addition, the electrostriction that stimulates the acoustic wave is
driven by the interference between pump and signal. Once their polarizations are
aligned, maximum gain is obtained. Orthogonal polarizations, on the other hand, will
result in a totally vanishing gain. In order to prevent zero gain, polarization
scramblers may be needed. The polarization dependence may be useful in measuring

local birefringence properties along the optical fiber.
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CHAPTER 3

ANALYSIS OF BRILLOUIN FREQUENCY SHIFT &
GAIN SPECTRUM

3.1 EDFA Power Analysis over Brillouin Gain Spectrum

For fiber optic configurations, mainly Erbium Dopes Fiber Amplifiers (EDFA) are
used to amplify the optical waves. For BOTDA configurations, while the incident
and probe waves are amplified, the scattered waves are also amplified. Using a
classical BOTDA setup, the effects of EDFA power over Brillouin gain spectrum and
Rayleigh power are observed. An EDFA power interval for optimum Brillouin
readings for BOTDA configurations is proposed.

A classical BOTDA setup given in figure 3.1 is used for this experiment. The source
is an adjustable TLS laser set at 1550.103nm with 0 dBm. The incident wave
supplied by TLS laser is split into two with a 3 dB 1x2 coupler to supply for both
pulse and pump waves. The usage of same laser source for both pulse and pump
prevents optical frequency shifts that may happen in case of two laser different
sources. One of the split wave is sent to Mach-Zender intensity modulator (MZM) to
be modulated with a pulse generator. The pulse generator is set to provide an
electrical pulse with repetition rate of 5 kHz and 200ns pulse duration. The
modulated pulse signal is sent to Erbium doped fiber amplifier (EDFAL). The gain
level of EDFAL is not fixed since its effect on Brillouin peak frequency power level
is to be observed. The amplified pulse wave is then sent to the 18.2km fiber under
test (FUT) through a circulator. The other split incident wave is sent to another MZM
to be modulated with an RF signal. RF generator is set to provide a 10 GHz
sinusoidal signal. The modulated pump wave is sent to EDFA2 with fixed 101.21mA
gain. The amplified pump wave is then sent to the other end of the FUT. Hence
pump and pulse waves are sent in opposing directions to amplify the power transition
between pulse and backscattered light. The backscattered pulse wave is sent to

EDFA3 with fixed 20dB gain via circulator. The amplified backscattered wave is
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then split into two with another coupler and respectively sent to high resolution
optical spectrum analyzer (OSA) and to photodetector (PD). The electrical output of

PD is sent to RF spectrum analyzer.

18.2km
FUT

RF
Spectrum
Analyzer

EDFA2

Figure3.1 Classical BOTDA Setup

The EDFA1 gain level is steadily incremented and the resulting RF Brillouin peak
power level and optical Rayleigh and stimulated Brillouin scattering (SBS) power

levels are observed. The resulting power graphs are shown in figures 3.2 and 3.3:

EDFA1 Gain vs. Brillouin Peak Power

25 ——
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Figure3.2 Brillouin peak power vs EDFA1 gain
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EDFAT Gain vs. Optical Power
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Figure3.3 Optical SBS and Rayleigh power vs EDFA1 gain

The EDFAL gain level is steadily incremented and the resulting RF Brillouin peak
power level and optical Rayleigh and stimulated Brillouin scattering (SBS) power
levels are observed. The resulting power graphs are shown in figures 3.2 and 3.3:

3.2 Ambient Temperature and Fiber Length Analysis over Brillouin

Frequency Shift

The experimental setup (BODTR) for observing the temperature dependence of
Brillouin frequency shift on different length fiber cables is presented in Figure 3.4.
An adjustable DFB laser source is used with settings tuned at; 1553 nm wavelength
and 8.52 dBm power. The incident light wave from the source is first subjected to an
Erbium Doped Fiber Amplifier with 8dBm gain. Then the amplified wave is sent to

95m single mode fiber under test (FUT) via a circulator. The other end of the fiber,

attached with an FC/APC connector, is left unconnected.
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Figure3.4 Modern BOTDR test setup

The backscattered light, through the circulator, is sent to another EDFA which is
fixed at 190mA gain. Then the amplified backscattered light is split into two with a
3dB 1x2 coupler and respectively sent to high resolution optical spectrum analyzer
(OSA) and photodiode (PD). The electrical signal obtained from the photodiode is
amplified with a Radio Frequency Amplifier (RFA) and sent to radio frequency
spectrum analyzer (RFSA) to be analyzed.

First the FUT is subjected to 60°C temperature with a furnace. After settling at this
temperature, the Brillouin frequency shift of the reflected wave is observed with the
high frequency signal analyzer. Then the temperature of the furnace is changed to
50°C, 40°C, 30°C, 20°C and 10°C respectively and the Brillouin frequency shift at

each temperature level is observed.

The frequency spectrum of Brillouin backscattered light on 95m FUT at temperature
levels 30°C and 20°C are shown below;
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Figure3.5 Brillouin backscattering of 95m FUT at 30°C (Peak frequency at 10.834375GHz)
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Figure3.6 Brillouin backscattering of 95m FUT at 20°C (Peak frequency at 10.825GHz)

Using the peak frequency values at each temperature level, the Brillouin frequency
shift vs temperature graph is given below;
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Brillouin Frequency Shift vs. Temperature
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Figure3.7 The Brillouin frequency shift vs temperature of a single mode fiber

For the next step, using the same setup, temperature dependence of Brillouin
frequency shift is observed for different FUT which are; 2.1 km SMF, 18km SMF,
200m shielded SMF buried 50cm deep into the ground and 40m SMF coiled around
a drinking glass. These FUT are observed separately. The Brillouin frequency shift
with respect to temperature of these fiber segments are shown as:

Table 3.1 Temperature vs Brillouin frequency shift on different fiber lengths

Fiber Length(m) | Temperature (°C ) | Brillouin Frequency Shift (GHz)
2100 22 10,8400
18000 22 10,8610
200 10 10,8035
40 22 10,8330
40 95 10,8945

RF spectrum of Brillouin frequency shift for 2.1km SMF FUT is given,
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RF spectrum of Brillouin frequency shift for 18km SMF FUT is given,
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Figure3.8 Brillouin peak on 2.1km SMF FUT
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Figure3.9 Brillouin peak on 18km SMF FUT



Then 2.1km and 18 km fiber segments are both connected back to back to the test
setup. The resulting RF spectrum of Brillouin frequency shift is given. These two

different length and type segments produced two Brillouin frequency peak values.

MR: 2.768 % M2: 4.395 %

10.84 GHz 10.8615 GHz
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Figure3.10 Brillouin peak on 2.1km and 18km SMF FUT added back to back

Then 40m SMF coiled around glass is used as FUT. With this setup, experiment is
conducted at both room temperature and with boiling water inside the glass. The
respective Brillouin frequency shift RF spectrum and optical spectrum readings are
shown in Figures 3.11, 3.12, 3.13 and 3.14:
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Figure3.11 Brillouin peak on 40m SMF FUT at room temperature
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Figure3.12 Brillouin peak on 40m SMF FUT with boiling water
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Figure3.14 OSA reading with boiling water inside glass
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MR: 0.000 % 1M2: 846.141 m%

10.833 GHz 10.8036 GHz
-60.12 dBm -63.50 dBm
AM2: §46.141 m%

-29.5 MHz
-337dB

Figure3.15 Brillouin peak on 200m buried shielded SMF FUT

Then the buried 200m shielded SMF is connected to the test setup and the RF

spectrum reading in Figure 3.15 is obtained.

The outside temperature during this experiment was measured at 18°C and the
underground temperature at 10°C. The Brillouin frequency shift peak is measured at
10.8035GHz.

Finally, both the 40m coiled SMF and 200m buried shielded SMF are connected

back to back to the test setup. The glass is filled with boiling water so as to observe

35



effects of both high and cold temperatures at the same time. The RF spectrum

reading in Figure 3.16 is obtained:

MR: 3.518 m% M2: 1.488 %
10.833 GHz 10.803 GHz
-60.12 dBm -61.25 dBm
‘ ! | AM2: 1.454 %
-30 MHz
-112dB

Figure3.16 Brillouin peak on 40m and 200m buried shielded SMF FUT connected
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CHAPTER 4

CONCLUSION

The BOTDA EDFA power analysis shows that the Brillouin power has a linear
dependence on source EDFA (i.e. EDFA1) and as the EDFA power increases, the
Brillouin power also increased. This continued until EDFA power reached 360mA.

From then on, the Brillouin power hits a plateau and stays same.

The Rayleigh power, however; is not affected by the EDFA power increase and stays
the same throughout. The Brillouin optical power becomes higher than Rayleigh

power around 270mA EDFA power.

For EDFA powers higher than 360mA, the cost of the system is increasing. For
EDFA powers lower than 270mA, the Brillouin gain spectrum is very low. Hence in
order to obtain a powerful enough Brillouin power, the EDFA power level should be
set in between 270mA and 360mA.

Then the temperature effect on Brillouin frequency shift is observed with a BOTDR
setup. As the temperature increases, the Brillouin frequency shift increases as well.
The experimentally obtained Brillouin frequency shift vs temperature graph has a
constant slope. Hence there is a direct relation between temperature and Brillouin
Frequency shift. This is as expected as Brillouin frequency is primarily used as
temperature sensor. The temperature affect can be observed much more closely using
a higher temperature interval with smaller step increments. Also a higher resolution

furnace for applying finer temperatures would help.

Then the fiber length effect on Brillouin frequency shift is observed using the same
BOTDR setup. The longer the fiber length, the stronger Brillouin shift is obtained.
This is due to the longer interaction of incident wave along the fiber. Additionally,
the Brillouin frequency shift readings for BOTDR setup with low fiber lengths such
as 40m and 90m are obtained. The acquired Brillouin readings are powerful enough

to process.
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Also, for the back to back added fiber cases, it is observed that there are two different
Brillouin peaks at same temperatures. This is due to the fact that each fiber has a
unique Brillouin frequency peak. Which means that, while splicing fibers for
experimental purposes, it is strongly recommended to use same type and brand
fibers. Otherwise, unwanted Brillouin frequency peaks may occur and mislead the

experiment.
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