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Preface

In recent years, much effort has been devoted to the study, development, and appli-
cation of point-to-point fiber sensing for various parameter sensing. Fiber Bragg 
gratings (FBGs) are key components in the endeavor, usually fabricated using UV 
laser sources and a phase mask or interferometric techniques. An FBG can be used 
as a band reject filter; to detect strain, pressure, and temperature; and in telecom-
munication systems for wavelength selection, among other uses. On the other hand, 
distributed fiber sensing can monitor the environment along the fiber change based 
on the Brillouin scattering effect. Distributed Brillouin sensing technique has devel-
oped rapidly over the last thirty years. Quite a few investigations on the perfor-
mance enhancement of Brillouin sensors have been conducted on sensing distance 
and spatial resolution, paving the way to industrial and commercial applications.

This book presents recent advances in fiber sensing technologies, both in theoretical 
and real applications, reflecting the cutting-edge technologies and research achieve-
ments within these research fields. After a rigorous review process, the editors 
selected five outstanding chapters from among the submissions for inclusion in 
this contributor volume. Of these, four are focused on the subject of point-to-point 
fiber sensing, and the fifth covers distributed fiber sensing. The authors work in 
academia and industry in Austria, United States, Korea, and Taiwan.

The book consists of the following chapters:

In Chapter 1, “Introductory Chapter: An Overview of the Methodologies and 
Applications of Fiber Optic Sensing,” the editors briefly address the importance 
of fiber optic sensing, which may be applied in various fields where optical fiber 
is used either as a transmission medium or as a sensing head. Point-to-point fiber 
sensing using fiber Bragg gratings (FBGs) and distributed fiber sensing based on 
Brillouin scattering effect will be introduced. Some prior works based on either of 
these fiber sensing methodologies are introduced.

In Chapter 2, Fathy Mohamed Mustafa and Mofreh Toba introduce the “Theoretic 
Study of Cascaded Fiber Bragg Grating.” They simulate and analyze the spectral 
characteristics of the fiber Bragg grating to obtain narrow bandwidth and minimi-
zation side lobes in reflectivity. Model equations of cascaded uniform fiber Bragg 
grating and different cascaded apodization functions are numerically handled 
and processed via specially cast software to achieve maximum reflectivity, narrow 
bandwidth without side lobes. For better performance, the proper values for grat-
ing length and refractive index modulation must be chosen to achieve maximum 
reflectivity and narrow bandwidth.

In Chapter 3, “Femtosecond Transient Bragg Gratings” are investigated by Avishay 
Shamir et al. The authors briefly review the advantages of femtosecond fabrication 
of fiber Bragg gratings. Then they focus on transient FBGs for optical switching. An 
experimental result is achieved on generation and characterization of the transient 
FBGs. A possible mechanism to realize high-power femtosecond laser is introduced. 
The immunization technique presented here can be used to implement transient 
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thermal gratings in transparent materials and may serve as a diagnostic tool for 
dielectric materials with different compositions and doping.

In Chapter 4, the “Vital Sign Measurement Using FBG Sensor for New Wearable 
Sensor,” by Shouhei Koyama et al., the authors measured the vital signs from a liv-
ing body by installing the FBG sensor at a pulsation point. The method of calculat-
ing each vital sign from the FBG sensor signal was described. The FBG sensor signal 
was found to correspond to changes in diameter of the artery caused by the pressure 
of the blood flow. Vital signs such as pulse rate, respiratory rate, stress load, and 
blood pressure could be calculated by the FBG sensor head. All the vital signs were 
calculated with high accuracy. The study helps establish that these vital signs can be 
calculated continuously and simultaneously.

In Chapter 5, Cheng Feng et al. study “The State-of-the-Art of Brillouin Distributed 
Fiber Sensing.” This chapter provides an overview of different Brillouin sensing 
techniques and mainly focuses on the most widely used one, the Brillouin optical 
time domain analysis (BOTDA). The history and development of Brillouin sensing 
regarding the performance enhancement in various methods and their records will 
be reviewed, commented on, and compared with one other. In addition, related 
sensing errors and limitations will be discussed together with corresponding strate-
gies to avoid them.

As editor, I would like to take the opportunity to express my sincere gratitude to 
all the authors and coauthors who contributed manuscripts to this edited book. 
We also thank Ms. Jane Liao and Ms. Minglun Tsai for their kind help in typo and 
format checking.

Dr. Shien-Kuei Liaw
National Taiwan University of Science and Technology,

Taipei City, Taiwan 
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Chapter 1

Introductory Chapter: An 
Overview the Methodologies
and Applications of Fiber Optic
Sensing
Shien-Kuei Liaw

1. Introduction

Fiber sensors have several advantages compared to some conventional sensors. 
They are lightweight and have a small size, high resolution, and good stability; 
fiber sensors not only are insensitive to electromagnetic interference but also can
withstand high temperature and radiation. A variety of linear and nonlinear optical 
transduction mechanisms have been studied in the last 30–40 years, dealing with
the conversion from all kinds of measurands to local measurable optical effects
in the fiber. There are previous works, for instance, that designed temperature-
compensated fiber Bragg grating (FBG) sensor for monitoring the stress [1], 
FBG-integrated spherical-shape structure for refractive index sensing [2], and 
D-shaped fiber combined with a FBG for refractive index and temperature sens-
ing [3]. Fiber sensor can measure and/or monitor many parameters such as strain, 
weight, temperature, speed, pressure, and so on. Moreover, fiber sensor can also
measure the variation of light intensity, wavelength, frequency, phase, and polar-
ization by combining other detectors with optical fiber. Firstly, optical fiber sensors
for temperature and pressure have been developed for measurement in oil wells. 
For example, a precise and real-time ammonia monitoring technique is important
especially for gas sensing [3]. Once the gas leakage happens, an immediate alarm is
helpful to prevent danger. Secondly, fiber sensing is also used to make a hydrogen
sensor. Temperature can be measured by using a fiber that has evanescent loss with
various temperature ranges or by analyzing the Brillouin scattering in the optical 
fiber. Thirdly, angle measurement sensors can be designed based on the Sagnac
effect. In recent years, various sensing materials are available for biosensor fabri-
cation, so various fiber-optic biosensors have been proposed and demonstrated. 
Finally, optical fiber sensors have been developed to simultaneous measurement of
temperature and strain with very high accuracy by using fiber Bragg gratings.

2. Types of fiber-optic sensing

2.1 Intrinsic sensing and extrinsic sensing

According to the role optical fiber plays, fiber sensing can be divided into intrinsic
sensing and extrinsic sensing. The intrinsic sensing is that the optical fiber itself plays
as both the sensing element and the transmission media, as is shown in Figure 1(a); 



1

Chapter 1

Introductory Chapter: An 
Overview the Methodologies 
and Applications of Fiber Optic 
Sensing
Shien-Kuei Liaw

1. Introduction

Fiber sensors have several advantages compared to some conventional sensors. 
They are lightweight and have a small size, high resolution, and good stability; 
fiber sensors not only are insensitive to electromagnetic interference but also can 
withstand high temperature and radiation. A variety of linear and nonlinear optical 
transduction mechanisms have been studied in the last 30–40 years, dealing with 
the conversion from all kinds of measurands to local measurable optical effects 
in the fiber. There are previous works, for instance, that designed temperature-
compensated fiber Bragg grating (FBG) sensor for monitoring the stress [1], 
FBG-integrated spherical-shape structure for refractive index sensing [2], and 
D-shaped fiber combined with a FBG for refractive index and temperature sens-
ing [3]. Fiber sensor can measure and/or monitor many parameters such as strain, 
weight, temperature, speed, pressure, and so on. Moreover, fiber sensor can also 
measure the variation of light intensity, wavelength, frequency, phase, and polar-
ization by combining other detectors with optical fiber. Firstly, optical fiber sensors 
for temperature and pressure have been developed for measurement in oil wells. 
For example, a precise and real-time ammonia monitoring technique is important 
especially for gas sensing [3]. Once the gas leakage happens, an immediate alarm is 
helpful to prevent danger. Secondly, fiber sensing is also used to make a hydrogen 
sensor. Temperature can be measured by using a fiber that has evanescent loss with 
various temperature ranges or by analyzing the Brillouin scattering in the optical 
fiber. Thirdly, angle measurement sensors can be designed based on the Sagnac 
effect. In recent years, various sensing materials are available for biosensor fabri-
cation, so various fiber-optic biosensors have been proposed and demonstrated. 
Finally, optical fiber sensors have been developed to simultaneous measurement of 
temperature and strain with very high accuracy by using fiber Bragg gratings.

2. Types of fiber-optic sensing

2.1 Intrinsic sensing and extrinsic sensing

According to the role optical fiber plays, fiber sensing can be divided into intrinsic 
sensing and extrinsic sensing. The intrinsic sensing is that the optical fiber itself plays 
as both the sensing element and the transmission media, as is shown in Figure 1(a); 



Fiber Optic Sensing - Principle, Measurement and Applications

2

the extrinsic sensing is that the optical fiber just plays as the transmission media, as is 
shown in Figure 1(b). Both of them are important and are frequently used in temper-
ature sensing, strain sensing, or pressure sensing, depending on which parameters we 
want to measure. Specifically, intrinsic fiber-optic sensors provide distributed sensing 
over a long-distance zone [4], and extrinsic sensors can help us reach inaccessible 
places, for example, the measurement of temperature inside aircraft jet engines and 
the measurement of the high temperature inside the electrical transformer. Extrinsic 
fiber-optic sensors provide excellent protection of measurement signals against noise 
corruption, and they can be used to measure vibration, rotation, displacement, veloc-
ity, acceleration, torque, and temperature [5].

2.2 Types of fiber-optic sensing

Fiber-optic sensors can be split into two big categories: point-by-point sensors 
and distributed sensors. On the one hand, the point-to-point sensors are usually 

Figure 1. 
(a) The intrinsic sensing, the optical fiber plays as both the sensing element and the transmission media; and 
(b) the extrinsic sensing, the optical fiber just plays as the transmission media.
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based on FBG. They can measure parameters at a particular location where there is 
a FBG with high resolution and sensitivity. A standard FBG-based sensing system 
is shown in Figure 2 with most required components. Using an optical switch 
(OSW), a broadband light source may transmit to bridge 1, bridge 2, or bridge 3, 
respectively, for strain, temperature, and/or stress sensing. Several FBGs are used 
to monitor multiple parameters/points at the same time. The optical switch is used 
to share the cost. FBG here is not only the sensing element but also the cavity end 
of fiber laser. The reflected signals are detected by an optical spectrum analyzer 
(OSA). Then the data may be in time analyzed by a data logger.

On the other hand, the detectable range of the distributed sensors is based on 
the Brillouin scattering effect with moderate resolution and limited distances. 
Nevertheless, a sensor head like a FBG is not required, so distributed sensors are 
more cost-effective than numerous FBG sensors in long-range sensing distance. A 
standard Brillouin optical time-domain analysis (BOTDA) sensing system is shown 
in Figure 3 with most required components. Firstly, a highly coherent DFB laser 
source is split into pump source and probe source by using a 50/50 fiber coupler. An 
erbium-doped fiber amplifier (EDFA1) is used to boost the laser power. A pulse pat-
tern generator is used to drive the electrooptic modulator (EOM1). Then a micro-
wave sine wave around the optical fiber Brillouin frequency of ∼11 GHz) is fed into 
the probe source. The signals are scrambled by polarization controllers before they 
arrive at the Mach-Zehnder modulators (EOMs). The pumped light at the left-
hand side is further amplified by an EDFA2 and launched into the fiber under test 
(FUT) region. The reflected pumped light and probe light comes from other side 
travel through the optical circulator (OC) and then to EDFA3. A tunable filter or its 
equivalent is used to filter out pump backscattering and the upper sideband signal. 
Then the residual signal is monitored and analyzed by a real-time oscilloscope.

In general, point-by-point sensing is practical for short distance and remote 
monitoring up to 100 km. Distributed sensing based on the Brillouin scattering 
effect is used to detect strain and temperature for up to 10 km.

2.3 Fiber-optic sensing system

Figure 4 represents a standard fiber-optic sensing system [6]. There is a light 
source (laser or LED) launching into the optical fiber, and at the right-hand side is 

Figure 2. 
An example of FBG-based sensing system: OC, optical circulator; OSW, optical switch; OSA, optical spectrum 
analyzer; FBG, fiber Bragg grating.
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the detector sensing the signal output. The type of fiber sensing may be intrinsic 
sensing or extrinsic sensing. The parameters such as intensity, phase, polarization, 
wavelength, and other measurands can be detected and sensed when the light 
source passes through the monitoring zone where these parameters have direct or 
indirect effect on the propagating light source.

Figure 4. 
A standard fiber-optic sensing system [6].

Figure 3. 
An example of BOTDA setup: DFB-LD, distributed feedback laser diode; SG, signal generator; EDFA, erbium-
doped fiber amplifier; PC, polarization controller; EOM, electrooptical modulator; ISO, optical isolator; AWG, 
arbitrary waveform generator; PPG, pulse pattern generator; MBC, modulator bias controller; MBC, modulator 
bias controller; PD, photodetector; RTO, real-time oscilloscopes; OC, optical circulator; FUT, fiber under test.
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3. A brief review of previous works

In this section, some previous works of sensing are introduced and addressed. 
In [7], the authors proposed a FBG liquid level sensor based on the Archimedes’ law 
of buoyancy [8]. They experimentally demonstrated the capability of the proposed 
device to perform the measurement of water level. It is quite simple to design the 
device for specific applications without changing the complex cantilever structure. 
In [9], a D-shaped fiber structure combined with a FBG for refractive index (RI) 
and temperature sensing is experimentally investigated. The possibility of simulta-
neous measurement of the RI and temperature relies on monitoring the resonance 
dip of the D-shaped fiber modal interferometer and the Bragg wavelength of the 
FBG. An online monitor of moisture concentration in transformer oil that per-
mits the control of moisture buildup is proposed in [10]. The authors presented a 
methodology for measurement of moisture concentration in transformer oil using 
a poly(methyl methacrylate) (PMMA)-based optical FBG. In [11], the authors 
demonstrated a Brillouin optical correlation domain analysis (BOCDA) system with 
high-speed random access measurement and temporal gating scheme to extend 
the range of measurement. Dynamic strain applied at two points was selected 
arbitrarily along the fiber, and it was measured simultaneously [11]. Other Brillouin 
scattering effect based fiber sensing has also been addressed in [12]. In summary, 
fiber sensing is more and more important, and quite a few applications could be 
found in daily lives.
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a poly(methyl methacrylate) (PMMA)-based optical FBG. In [11], the authors 
demonstrated a Brillouin optical correlation domain analysis (BOCDA) system with 
high-speed random access measurement and temporal gating scheme to extend 
the range of measurement. Dynamic strain applied at two points was selected 
arbitrarily along the fiber, and it was measured simultaneously [11]. Other Brillouin 
scattering effect based fiber sensing has also been addressed in [12]. In summary, 
fiber sensing is more and more important, and quite a few applications could be 
found in daily lives.

Author details

Shien-Kuei Liaw
National Taiwan University of Science and Technology, Taiwan (R.O.C.)

*Address all correspondence to: peterskliaw@gmail.com

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



6

Fiber Optic Sensing - Principle, Measurement and Applications

[1] Ren F, Zhang W, Li Y, Lan Y, Xie Y, 
Dai W. The temperature compensation 
of FBG sensor for monitoring the 
stress on hole-edge. IEEE Photonics 
Journal. 2018;10(4). DOI: 10.1109/
JPHOT.2018.2858847

[2] Gu M, Yuan S, Yuan Q , Tong Z.  
Temperature-independent refractive 
index sensor based on fiber Bragg 
grating and spherical-shape structure. 
Optics and Lasers in Engineering. 
2019;115:86-89

[3] Jian S, Dong Y, Xiao H, Wu B, Xiao S.  
Refractive index and temperature sensor 
based on D-shaped Fiber combined 
with a Fiber Bragg grating. IEEE Sensors 
Journal. 2018:1-1

[4] Strong AP, Lees G, Hartog AH, 
Twohig R, Kader K, Hilton G. An 
integrated system for pipeline condition 
monitoring. In: International Petroleum 
Technology Conference; December 
2009; Doha, Qatar

[5] Roland U, Renschen CP, Lippik D,  
Stallmach F. A new fiber optical 
thermometer and its application for 
process control in strong electric, 
magnetic, and electromagnetic fields. 
Sensor Letters. 2003;1(1):93-98

[6] Lee C-L. Optical fiber sensing 
lecture 2018. Taiwan: National United 
University

[7] Consales M, Principe S, Iele A, Leone 
M, Zaraket H, Jomaa I, et al. A fiber 
Bragg grating liquid level sensor based 
on the Archimedes’ law of buoyancy. 
Journal of Lightwave Technology. 
2018;36(20):4936-4941

[8] Keighley HJP. Archimedes’ principle 
and flotation. In: Work Out Physics ‘O’ 
Level and GCSE (Macmillan Master 
Series). London, U.K.: Palgrave. p. 1986

[9] Dong Y, Xiao S, Wu B, Xiao H, Jian S.  
Refractive index and temperature sensor 
based on D-shaped Fiber combined 
with a Fiber Bragg grating. IEEE Sensors 
Journal. 2019;19(4):15

[10] Zhang W, Webb DJ. PMMA 
based optical fiber Bragg grating for 
measuring moisture in transformer oil. 
IEEE Photonics Technology Letters. 
2016;28(21):2427-2430

[11] Zhang C, Kishi K, Hotate K.  
Enlargement of measurement range in 
Brillouin optical correlation domain 
analysis with high-speed random 
accessibility using temporal gating 
scheme for multiple-points dynamic 
strain measurement. In: Proc. SPIE 
9634, 24th International Conference 
on Optical Fibre Sensors (OFS24); 
Curitiba, Brazil. 2015

[12] Motil A, Bergman A, Tur M.  
Invited, State of the art of Brillouin 
fiber-optic distributed sensing. Optics 
& Laser Technology. 2016;78:81-103

References Chapter 2

Theoretic Study of Cascaded Fiber
Bragg Grating
Mofreh Toba and Fathy Mohamed Mustafa

Abstract

The purpose of this chapter is to simulate and analyze the spectral characteristics
of the fiber Bragg grating (FBG) to obtain narrow bandwidth and minimization side
lobes in reflectivity. Fiber Bragg grating has made a big revolution in telecommuni-
cation systems. The existence of fiber Bragg grating is needed when an optical fiber
amplifier and filter are used. They can be used as band reject filter or band pass
filter for optical devices. The model equations of the cascaded uniform fiber Bragg
grating and different cascaded apodization functions such as, Hamming apodized
fiber Bragg grating, Barthan apodized fiber Bragg grating, Nuttall apodized fiber
Bragg grating, Sinc apodized fiber Bragg grating and Proposed apodized fiber Bragg
grating are numerically handled and processed via specially cast software to achieve
maximum reflectivity, narrow bandwidth without side lobes.

Keywords: fiber Bragg grating (FBG), reflectivity, grating length and narrow
bandwidth

1. Introduction

FBGs are typically used as a selective wave-length reflector. Fiber Bragg grating
nuts are spectral filters based on the Bragg reflection principle. The light usually
reflects the narrow wavelength and sends all other wavelengths. When light is
spread by periodic rotation of regions of the upper and lower refractive index, it is
partially reflected in each interface between those regions [1]. The power of cou-
pling, and hence the reflection and transmission spectra at an angle of inclination,
fiber geometry, and the refractive index (RI) of the surrounding medium are
affected [2]. There are a number of parameters in which FBG spectra have been
shown, such as change in refractive index, bending of fibers, period of grating,
excitation conditions, temperature, and length of tree fibers [3]. The fiber Bragg
grating separator (FBG) is an optical device that periodically changes the refractive
index along the direction of propagation at the heart of the fiber. The basic property
of FBGs is that they reflect the light in a narrow band centered around Bragg wave
length. There is a different structure of FBG such as uniform, wet, peep, slanted and
long period. When light diffuses through FBG in a narrow band of wavelength, the
total reflection occurs at the Bragg wavelength and the other wavelength is not
affected by the Bragg derivation except for some side lobes present in the reflection
spectrum. These side lobes can be suppressed using the coding technique. The
reflection range depends on the length and force of the refractive index formation.
Wave reflection also depends on temperature and voltage [4]. In order to achieve

7



6

Fiber Optic Sensing - Principle, Measurement and Applications

[1] Ren F, Zhang W, Li Y, Lan Y, Xie Y, 
Dai W. The temperature compensation 
of FBG sensor for monitoring the 
stress on hole-edge. IEEE Photonics 
Journal. 2018;10(4). DOI: 10.1109/
JPHOT.2018.2858847

[2] Gu M, Yuan S, Yuan Q , Tong Z.  
Temperature-independent refractive 
index sensor based on fiber Bragg 
grating and spherical-shape structure. 
Optics and Lasers in Engineering. 
2019;115:86-89

[3] Jian S, Dong Y, Xiao H, Wu B, Xiao S.  
Refractive index and temperature sensor 
based on D-shaped Fiber combined 
with a Fiber Bragg grating. IEEE Sensors 
Journal. 2018:1-1

[4] Strong AP, Lees G, Hartog AH, 
Twohig R, Kader K, Hilton G. An 
integrated system for pipeline condition 
monitoring. In: International Petroleum 
Technology Conference; December 
2009; Doha, Qatar

[5] Roland U, Renschen CP, Lippik D,  
Stallmach F. A new fiber optical 
thermometer and its application for 
process control in strong electric, 
magnetic, and electromagnetic fields. 
Sensor Letters. 2003;1(1):93-98

[6] Lee C-L. Optical fiber sensing 
lecture 2018. Taiwan: National United 
University

[7] Consales M, Principe S, Iele A, Leone 
M, Zaraket H, Jomaa I, et al. A fiber 
Bragg grating liquid level sensor based 
on the Archimedes’ law of buoyancy. 
Journal of Lightwave Technology. 
2018;36(20):4936-4941

[8] Keighley HJP. Archimedes’ principle 
and flotation. In: Work Out Physics ‘O’ 
Level and GCSE (Macmillan Master 
Series). London, U.K.: Palgrave. p. 1986

[9] Dong Y, Xiao S, Wu B, Xiao H, Jian S.  
Refractive index and temperature sensor 
based on D-shaped Fiber combined 
with a Fiber Bragg grating. IEEE Sensors 
Journal. 2019;19(4):15

[10] Zhang W, Webb DJ. PMMA 
based optical fiber Bragg grating for 
measuring moisture in transformer oil. 
IEEE Photonics Technology Letters. 
2016;28(21):2427-2430

[11] Zhang C, Kishi K, Hotate K.  
Enlargement of measurement range in 
Brillouin optical correlation domain 
analysis with high-speed random 
accessibility using temporal gating 
scheme for multiple-points dynamic 
strain measurement. In: Proc. SPIE 
9634, 24th International Conference 
on Optical Fibre Sensors (OFS24); 
Curitiba, Brazil. 2015

[12] Motil A, Bergman A, Tur M.  
Invited, State of the art of Brillouin 
fiber-optic distributed sensing. Optics 
& Laser Technology. 2016;78:81-103

References Chapter 2

Theoretic Study of Cascaded Fiber
Bragg Grating
Mofreh Toba and Fathy Mohamed Mustafa

Abstract

The purpose of this chapter is to simulate and analyze the spectral characteristics
of the fiber Bragg grating (FBG) to obtain narrow bandwidth and minimization side
lobes in reflectivity. Fiber Bragg grating has made a big revolution in telecommuni-
cation systems. The existence of fiber Bragg grating is needed when an optical fiber
amplifier and filter are used. They can be used as band reject filter or band pass
filter for optical devices. The model equations of the cascaded uniform fiber Bragg
grating and different cascaded apodization functions such as, Hamming apodized
fiber Bragg grating, Barthan apodized fiber Bragg grating, Nuttall apodized fiber
Bragg grating, Sinc apodized fiber Bragg grating and Proposed apodized fiber Bragg
grating are numerically handled and processed via specially cast software to achieve
maximum reflectivity, narrow bandwidth without side lobes.

Keywords: fiber Bragg grating (FBG), reflectivity, grating length and narrow
bandwidth

1. Introduction

FBGs are typically used as a selective wave-length reflector. Fiber Bragg grating
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spectrum. These side lobes can be suppressed using the coding technique. The
reflection range depends on the length and force of the refractive index formation.
Wave reflection also depends on temperature and voltage [4]. In order to achieve
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high-efficiency long-range fiber connections, WDM is introduced. Scattering is a
key factor limiting the design of long-distance optical links. Several techniques have
achieved effective dispersion compensation (DC). The widely used technologies are
DCF and broken glass panels (CFBG). Although DCF is a large-scale unit, CFBG is
superior to many faces [5]. Due to its excellent multicast capabilities, the fiber
Bragg grating (FBG) sensors are particularly attractive for applications where a
large number of sensors are desirable such as industrial process control, fire detec-
tion systems, and temperature conversion of power, since sensor FBG occupies a
narrowband bandwidth that is very narrow and can easily create a distributed
sensor matrix by writing several FBG sensors on a single fiber at different locations
[6]. The refractive index of the nucleus is permanently changed. Germanium doped
silica fiber is used in the manufacture of FBG because it is sensitive which means
that the refractive index of the nucleus changes through exposure to light. The
amount of change depends on the intensity and duration of exposure. It also
depends on optical fiber sensitivity, so the level of fission with germanium should
be high for high reflectivity [7]. Fiber Bragg grating nuts are spectral filters based on
the Bragg reflection principle. The light usually reflects the narrow wavelength and
sends all other wavelengths. When light is spread by periodic rotation of regions of
the upper and lower refractive index, it is partially reflected in each interface
between those regions [8]. This chapter is organized as follows. After the introduc-
tion in Section 1, Section 2 presents a basic model and analysis. In Section 3, we
present the proposed system. The simulation results are displayed and discussed in
Section 4. Finally we devoted to the main conclusions.

2. Basic model and analysis

In the present section, the basic model, governing equations and the
analysis of the fiber Bragg grating are investigated to obtain a maximum
reflectivity and minimum bandwidth, we discuss more than one case of different
models of fiber Bragg grating; we will discuss in this section two models of fiber
Bragg grating:

1. Uniform fiber Bragg grating

2.Apodized fiber Bragg grating

2.1 Uniform fiber Bragg grating

2.1.1 Fiber Bragg grating structure

The basic structure of the uniform fiber Bragg grating is illustrated in Figure 1
[7, 9]. As shown in Figure 1, the refractive index of the core is modulated by a
period of Λ. When light is transmitted through the fiber which contains a segment
of FBG, part of the light will be reflected. The reflected light has a wavelength
equals to the Bragg wavelength so that it is reflected back to the input while others
are transmitted. The term uniform means that the grating period, Λ, and the
refractive index modulation, δn, are constant over the length of the grating. A
grating is a device that periodically modifies the phase or the intensity of a wave
reflected on, or transmitted through it [10]. The equation relating the grating spatial
periodicity and the Bragg resonance wavelength is given by λB= 2neffΛ. Where neff
the effective mode is index and Λ is the grating period [11].
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2.1.2 Theory and principle of operation

The study of the spectral characteristics of the uniform fiber Bragg grating is
carried out by solving the dual mode equations. Dual mode theory is an important
tool for understanding the design of fiber dividers from fiber Bragg grating [7]. FBG
can be considered as a weak wave structure so that the pair mode theory can be used
to analyze light propagation in a weak waveguide structure such as FBG. Dual-mode
equations that describe the propagation of light can be obtained in FBG using the
couple mode theory. The theory of marital status was first introduced in the early
1950s to microwave devices and later applied to optical devices in early 1970 [11].

For maximum reflectivity [12]:

Rpeak ¼ tanh2 kLð Þ (1)

Reflective bandwidth, Δλ of uniform FBG is defined as wavelength bandwidth
between the first zero reflective wavelength of both sides of peak reflection wave-
length. It can be calculated by a general expression of the approximate bandwidth of
the grating is:

Δλ ¼ λB s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δnac
2neff

 !2

þ 1
N

� �2
vuut (2)

Where λB is the Bragg (center) wavelength, s is a parameter indicting the
strength of the gratings (�1 for strong gratings and �0.5 for weak gratings), N is
the number of grating planes, Δnac is the change in the refractive index and neff is
the effective refractive index.

The forward propagated light is reflected at Bragg wavelength [13]:

λB ¼ 2nΛ (3)

Where λB is the Bragg wavelength (wavelength of the reflection peak ampli-
tude), n is the effective refractive index of optical mode propagating along the fiber
and Ʌ is the period of FBG structure. For a uniform Bragg grating formed within the
core of an optical fiber with an average refractive index no. The index of the
refractive profile can be expressed as [6, 14]:

Figure 1.
Basic structure of fiber Bragg grating.
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n zð Þ ¼ n0 þ Δncos
2πz
Λ

� �
(4)

Where Δn is the amplitude of the induced refractive index perturbation, ᴧ is the
nominal grating period and z is the distance along the fiber longitudinal axis. Using
coupled-mode theory the reflectivity of a grating with constant modulation ampli-
tude and period is given by the following expression [6, 8, 12]:

R l; λð Þ ¼ k2sinh 2 slð Þ
Δβ2sinh 2 slð Þ þ s2cosh 2 slð Þ (5)

Where R(l,λ) is the reflectivity, which is a function of the grating length L and
wavelength λ, Δβ ¼ β–π=Λ is the detuning wave vector, β ¼ 2πn0=λ is the propaga-
tion constant and s2 ¼ k2_Δβ2 and ĸ ¼ πΔn

λ Mpower.
Mpower is ac coupling coefficient, Mpower is the fraction of the fiber mode

power contained by the fiber core.
In the case where the grating is uniformly written through the core, Mpower can

be approximated by, 1� V2, where V ¼ 2π
λ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2c0�n2cl

p
is the normalized frequency

of the fiber, a is the core radius, nCO and nCL are the core and cladding indices,
respectively. At the center wavelength of the Bragg grating the wave vector
detuning is Δβ = 0, therefore the expression for the reflectivity becomes:

R l; λð Þ ¼ tanh2 klð Þ (6)

The reflectivity increases as the induced index of refraction change gets larger.
Similarly, as the length of the grating increases, so does the resultant reflectivity.

2.2 Apodized fiber Bragg grating

In the present section, we cast the basic model and the governing equation to
apodized fiber Bragg grating. Apodized FBG offer significant improvement in side
lobe suppression but on the expense of reducing the peak reflectivity. Apodized
gratings have variations along the fiber in the refractive index modulation envelope
(Δnαc) with constant grating period and constant DC refractive index function.
The index of the refractive profile of Apodized can be expressed as [6]:

n zð Þ ¼ nc0 þ Δn0A zð Þnd zð Þ (7)

Where nc0 is the core refractive index, Δn0 is the maximum index variation, n(z)
is the index variation function and (z) is the Apodization function. Apodization
profiles are [6, 13, 15]:

1. Uniform:

A zð Þ ¼ 1,0≤ z≤L (8)

2.Hamming Function

A zð Þ ¼ 0:54� 0:46 cos
2πz
L

� �
,where 0≤ z≤L (9)

3. Barthan Function:

A zð Þ ¼ 0:62� 0:48
z
L
� 0:5

���
���þ 0:38 cos

z
L
� 0:5

� �
,where,0≤ z≤L (10)
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4.Nuttall Function:

A zð Þ ¼ 0:3635819� 0:48917755 2π
z
L

� �
þ 0:1365996 4π

z
L

� �
� 0:0106411 6π

z
L

� �
,

(11)

where, 0≤ z≤L

5. Sinc Function:

A zð Þ ¼ sinc 2π
z� L

2

L

� �
,0≤ z≤L (12)

6.Proposed ( cos 8) Function [8]:

A zð Þ ¼ cos
2z
L
� 1

� �� �8

,0≤ z≤L (13)

3. The proposed system

This section shows a proposed model for cascaded n stages of FBGs. Analysis of
this model is done by coupling theory [16]. T matrix 2 � 2 where FBG is divided
into sections.

Each section is shown in Figure 2 where T is the length of each section and ᴧ is
the space between reflected planes of each section where:

a0: is the incident optical signal.
b0: is the reflected optical signal.
am: is the output optical signal.
bm: is the reflected optical signal at output of grating.
m: is number of sections.

The transfer matrix can be expressed by small multiplied matrixes as in:

a0
b0

� �
¼ T1� �

T2� �
T3� �

T4� �
… Tm½ � am

bm

� �
(14)

Replacing m matrix by whole matrix T½ � where:

T½ � ¼
Ym
j¼1

Tm½ � (15)

Figure 2.
Fiber Bragg grating sections.
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into sections.

Each section is shown in Figure 2 where T is the length of each section and ᴧ is
the space between reflected planes of each section where:

a0: is the incident optical signal.
b0: is the reflected optical signal.
am: is the output optical signal.
bm: is the reflected optical signal at output of grating.
m: is number of sections.

The transfer matrix can be expressed by small multiplied matrixes as in:

a0
b0

� �
¼ T1� �

T2� �
T3� �

T4� �
… Tm½ � am

bm

� �
(14)

Replacing m matrix by whole matrix T½ � where:

T½ � ¼
Ym
j¼1

Tm½ � (15)

Figure 2.
Fiber Bragg grating sections.
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The transfer matrix can be written as:

a0
b0

� �
¼ T½ � am

bm

� �
(16)

Where T½ � can be written as:

a0
b0

� �
¼ T11 T12

T21 T22

� �
am
bm

� �
(17)

In case of FBG reflection, There is no reflection at o/p at distance L so bm= 0

3.1 In case of one grating

Transfer matrix can be written as:

a0
b0

� �
¼ T11 T12

T21 T22

� �
am
0

� �
(18)

Where Transfer matrix parameters T11 and T21 are:

a0 ¼ T11am (19)

b0 ¼ T21am ¼ a0T21

T11
(20)

Then reflectivity R can be calculated by:

R ¼ ρ1j j2 (21)

Where,

ρ1 ¼
b0
a0

¼ T21

T11
(22)

3.2 In case of two cascaded gratings

Figure 3 shows the connection between two FBGs where the output of the first
on is connected to input of the second. In this case, the input optical signal for the
second stage of the grating from (7) is:

b0 ¼ a02 ¼ a01
T21

T11
(23)

Transfer matrix can be written as:

a01
T21

T11

b02

2
4

3
5 ¼ T11 T12

T21 T22

� �
am
0

� �
(24)

Transfer matrix parameters T11 and T21 in two cascaded are:

a01
T21

T11
¼ T11am (25)
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Then from Eq. (12) we get:

a01 ¼ T11
2

T21
am (26)

b02 ¼ T21am (27)

We can calculate Reflectivity for the second grating by:

R ¼ ρ2j j2 (28)

Where,

ρ2 ¼
b02
a01

¼ T21 ∗ am ∗T21

T11
2 ∗ am

(29)

ρ2 ¼
T21

2

T11
2 (30)

∴ρ2 ¼ ρ1ð Þ2 (31)

3.3 In case of third cascaded gratings

The output of second grating b02 is equal to input of third grating:

a03 ¼ b02 ¼ a01
T21

2

T11
2 (32)

Transfer matrix can be written as:

a01
T21

2

T11
2

b03

2
4

3
5 ¼ T11 T12

T21 T22

� �
am
0

� �
(33)

Figure 3.
Connection between two cascaded FBG.
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Transfer matrix parameters T11 and T21 in two cascaded are:

a01
T21

2

T11
2 ¼ T11am (34)

a01 ¼ T11
3

T21
2 am (35)

b03 ¼ T21am (36)

We can calculate reflectivity for the third grating by:

R ¼ ρ3
�� ��2 (37)

Where,

ρ3 ¼
b03
a01

¼ T21 ∗ am ∗T21
2

T11
3 ∗ am

(38)

ρ3 ¼
T21

3

T11
3 (39)

∴ρ3 ¼ ρ1ð Þ3 (40)

From (23) we can prove that the reflectivity of three cascaded FBG at the same
parameters is equal to cubic reflectivity of the first one. At n stages of cascaded
FBGs have the same parameters and each of them have a reflectivity R; the reflec-
tivity of all n groups is equal to Rn.

4. Simulation results and discussion

In this section we will display the simulation results of the cascaded uniform and
cascaded different apodized fiber Bragg grating to obtain narrow bandwidth with-
out side lobes and maximum reflectivity.

4.1 Cascaded uniform fiber Bragg grating

We will simulate the spectral characteristics of the cascaded uniform fiber Bragg
grating as in Figure 4. In this simulation the modulation index,dn ¼ 0:0003 and
grating length L = 5 mm. From Figure 4 we noted that as the number of cascade of
fiber Bragg grating is increased the bandwidth is decreased and the side lobes are
also decreased but reflectivity is decreased.

We have obtained from simulation result for one unit of fiber Bragg Grating the
reflectivity, R = 99% and bandwidth =0.23 nm but the side lobes is high, for two
cascaded units from fiber Bragg grating the reflectivity, R = 98% and bandwidth
=0.18 nm but side lobes in this case is decreased on one unit of fiber Bragg grating,
for three cascaded units from fiber Bragg grating the reflectivity, R = 97% and
bandwidth =0.17 nm but side lobes is decreased and for four cascaded units from
fiber Bragg grating the reflectivity, R = 96%, bandwidth =0.16 nm and approxi-
mately no side lobes. Then we concluded that Reflectivity, R = 96%, bandwidth
= 0.16 nm and the minimum side lobes is achieved at the fourth unit of cascaded
fiber Bragg grating.
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4.2 Hamming apodized cascaded fiber Bragg grating

We will simulate the spectral characteristics of the cascaded Hamming apodized
fiber Bragg grating as in Figure 5.

In this simulation the modulation index, dn ¼ 0:0003 and grating length
L = 5 mm. From Figure 5 we noted that as the number of cascade of fiber Bragg
grating is increased the bandwidth is decreased and the side lobes are also decreased
but reflectivity is decreased.
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Figure 4.
Reflectivity spectrum for four stage uniform fiber Bragg grating.
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Reflectivity spectrum for four stage hamming apodized fiber Bragg grating.
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Transfer matrix parameters T11 and T21 in two cascaded are:
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out side lobes and maximum reflectivity.
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grating as in Figure 4. In this simulation the modulation index,dn ¼ 0:0003 and
grating length L = 5 mm. From Figure 4 we noted that as the number of cascade of
fiber Bragg grating is increased the bandwidth is decreased and the side lobes are
also decreased but reflectivity is decreased.

We have obtained from simulation result for one unit of fiber Bragg Grating the
reflectivity, R = 99% and bandwidth =0.23 nm but the side lobes is high, for two
cascaded units from fiber Bragg grating the reflectivity, R = 98% and bandwidth
=0.18 nm but side lobes in this case is decreased on one unit of fiber Bragg grating,
for three cascaded units from fiber Bragg grating the reflectivity, R = 97% and
bandwidth =0.17 nm but side lobes is decreased and for four cascaded units from
fiber Bragg grating the reflectivity, R = 96%, bandwidth =0.16 nm and approxi-
mately no side lobes. Then we concluded that Reflectivity, R = 96%, bandwidth
= 0.16 nm and the minimum side lobes is achieved at the fourth unit of cascaded
fiber Bragg grating.
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We will simulate the spectral characteristics of the cascaded Hamming apodized
fiber Bragg grating as in Figure 5.

In this simulation the modulation index, dn ¼ 0:0003 and grating length
L = 5 mm. From Figure 5 we noted that as the number of cascade of fiber Bragg
grating is increased the bandwidth is decreased and the side lobes are also decreased
but reflectivity is decreased.
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Reflectivity spectrum for four stage uniform fiber Bragg grating.
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We have obtained from simulation result for one unit of fiber Bragg grating the
reflectivity, R = 98% and bandwidth =0.026 nm but the side lobes is high, for two
cascaded units from fiber Bragg grating the reflectivity, R = 96% and bandwidth
=0.020 nm but side lobes in this case is decreased on one unit of fiber Bragg grating,
for three cascaded units from fiber Bragg grating the reflectivity, R = 93% and
bandwidth =0.018 nm but side lobes is decreased and for four cascaded units from
fiber Bragg grating the reflectivity, R = 92%, bandwidth =0.017 nm and approxi-
mately no side lobes. Then we concluded that Reflectivity, R = 92%, bandwidth
=0.017 nm and the minimum side lobes is achieved at the fourth unit of cascaded
fiber Bragg grating.

4.3 Barthan apodized cascaded fiber Bragg grating

We will simulate the spectral characteristics of the cascaded Barthan apodized
fiber Bragg grating as in Figure 6.

In this simulation the modulation index, dn ¼ 0:0003 and grating length
L = 5 mm. From Figure 6 we noted that as the number of cascade of fiber Bragg
grating is increased the bandwidth is decreased and the side lobes are also decreased
but reflectivity is decreased. We have obtained from simulation result for one unit
of fiber Bragg Grating the reflectivity, R = 100% and bandwidth = 0.083 nm but the
side lobes is high, for two cascaded units from fiber Bragg grating the reflectivity,
R = 99% and bandwidth =0.069 nm but side lobes in this case is decreased on one
unit of fiber Bragg grating, for three cascaded units from fiber Bragg grating the
reflectivity, R = 99% and bandwidth =0.066 nm but side lobes is decreased and for
four cascaded units from fiber Bragg grating the reflectivity, R = 99%, bandwidth
= 0.064 nm and approximately no side lobes. Then we concluded that Reflectivity,
R = 99%, bandwidth =0.064 nm and the minimum side lobes is achieved at the
fourth unit of cascaded fiber Bragg grating.
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Figure 6.
Reflectivity spectrum for four stage Barthan apodized fiber Bragg grating.
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4.4 Nuttall apodized cascaded fiber Bragg grating

We will simulate the spectral characteristics of the cascaded Nuttall apodized
fiber Bragg grating as in Figure 7.

In this simulation the modulation index, dn ¼ 0:0003 and grating length
L = 5 mm. from Figure 7 we noted that as the number of cascade of fiber Bragg
grating is increased the bandwidth is decreased and the side lobes are also decreased
but reflectivity is decreased. We have obtained from simulation result for one unit
of fiber Bragg grating the reflectivity, R = 99% and bandwidth = 0.08 nm but the
side lobes is high, for two cascaded units from fiber Bragg grating the reflectivity,
R = 99% and bandwidth =0.063 nm but side lobes in this case is decreased on one
unit of fiber Bragg grating, for three cascaded units from fiber Bragg grating the
reflectivity, R = 98% and bandwidth = 0.061 nm but side lobes is decreased and for
four cascaded units from fiber Bragg grating the reflectivity, R = 98%, bandwidth
= 0.059 nm and approximately no side lobes. Then we concluded that Reflectivity,
R = 98%, bandwidth = 0.059 nm and the minimum side lobes is achieved at the
fourth unit of cascaded fiber Bragg grating.

4.5 Sinc apodized cascaded fiber Bragg grating

We will simulate the spectral characteristics of the cascaded Sinc apodized fiber
Bragg grating as in Figure 8. In this simulation we choose modulation index,
dn ¼ 0:0003 and grating length L = 5 mm. From Figure 8 we noted that as the
number of cascade of fiber Bragg grating is increased the bandwidth is decreased
and the side lobes are also decreased but reflectivity is decreased.

we have obtained from simulation result for one unit of fiber Bragg grating the
reflectivity, R = 99% and bandwidth =0.013 nm but the side lobes is high, for two
cascaded units from fiber Bragg grating the reflectivity, R = 97% and bandwidth
=0.01 nm but side lobes in this case is decreased on one unit of fiber Bragg grating,
for three cascaded units from fiber Bragg grating the reflectivity, R = 96% and
bandwidth =0.0098 nm but side lobes is decreased and for four cascaded units from
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Figure 7.
Reflectivity spectrum for four stage Nuttall apodized fiber Bragg grating.
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We have obtained from simulation result for one unit of fiber Bragg grating the
reflectivity, R = 98% and bandwidth =0.026 nm but the side lobes is high, for two
cascaded units from fiber Bragg grating the reflectivity, R = 96% and bandwidth
=0.020 nm but side lobes in this case is decreased on one unit of fiber Bragg grating,
for three cascaded units from fiber Bragg grating the reflectivity, R = 93% and
bandwidth =0.018 nm but side lobes is decreased and for four cascaded units from
fiber Bragg grating the reflectivity, R = 92%, bandwidth =0.017 nm and approxi-
mately no side lobes. Then we concluded that Reflectivity, R = 92%, bandwidth
=0.017 nm and the minimum side lobes is achieved at the fourth unit of cascaded
fiber Bragg grating.

4.3 Barthan apodized cascaded fiber Bragg grating

We will simulate the spectral characteristics of the cascaded Barthan apodized
fiber Bragg grating as in Figure 6.

In this simulation the modulation index, dn ¼ 0:0003 and grating length
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unit of fiber Bragg grating, for three cascaded units from fiber Bragg grating the
reflectivity, R = 99% and bandwidth =0.066 nm but side lobes is decreased and for
four cascaded units from fiber Bragg grating the reflectivity, R = 99%, bandwidth
= 0.064 nm and approximately no side lobes. Then we concluded that Reflectivity,
R = 99%, bandwidth =0.064 nm and the minimum side lobes is achieved at the
fourth unit of cascaded fiber Bragg grating.
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Reflectivity spectrum for four stage Barthan apodized fiber Bragg grating.
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fiber Bragg grating the reflectivity, R = 95%, bandwidth =0.0096 nm and approxi-
mately no side lobes. Then we concluded that Reflectivity, R = 95%, bandwidth
=0.0096 nm and the minimum side lobes is achieved at the fourth unit of cascaded
fiber Bragg grating.

4.6 Proposed apodized cascaded fiber Bragg grating

We will simulate the spectral characteristics of the cascaded proposed apodized
fiber Bragg grating as in Figure 9.
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Figure 8.
Reflectivity spectrum for four stage sinc apodized fiber Bragg grating.
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Figure 9.
Reflectivity spectrum for four stage proposed apodized fiber Bragg grating.
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In this simulation the modulation index, dn ¼ 0:0003 and grating length
L = 5 mm. From Figure 9 we noted that as the number of cascade of fiber Bragg
grating is increased the bandwidth is decreased and the side lobes are also decreased
but reflectivity is decreased. We have obtained from simulation result for one unit
of fiber Bragg Grating the reflectivity, R = 96% and bandwidth =0.013 nm but the
side lobes is high, for two cascaded units from fiber Bragg grating the reflectivity,
R = 93% and bandwidth =0.0092 nm but side lobes in this case is decreased on one
unit of fiber Bragg grating, for three cascaded units from fiber Bragg grating the
reflectivity, R = 90% and bandwidth =0.0084 nm but side lobes is decreased and for
four cascaded units from fiber Bragg grating the reflectivity, R = 87%, bandwidth
=0.0081 nm and approximately no side lobes. Then we concluded that Reflectivity,
R = 87%, bandwidth =0.0081 nm and the minimum side lobes is achieved at the
fourth unit of cascaded fiber Bragg grating.

Apodization
profile

Grating length and refractive
index modulation

Stage
number

Reflectivity,
R (%)

Bandwidth
(nm)

Uniform L = 5 mm, dn = 0.0003 1st stage 99 0.22

2nd stage 98 0.17

3rd stage 97 0.168

4th stage 96 0.16

Hamming L = 40 mm, dn = 0.0004 1st stage 98 0.026

2nd stage 96 0.02

3rd stage 93 0.018

4th stage 92 0.017

Barthan L = 15 mm, dn = 0.0001 1st stage 100 0.083

2nd stage 99 0.069

3rd stage 99 0.066

4th stage 99 0.064

Nuttall L = 15 mm, dn = 0.0003 1st stage 99 0.08

2nd stage 99 0.063

3rd stage 98 0.061

4th stage 98 0.059

Sinc L = 80 mm, dn = 0.0004 1st stage 99 0.013

2nd stage 97 0.010

3rd stage 96 0.0098

4th stage 95 0.0096

Proposed L = 80 mm, dn = 0.0002 1st stage 96 0.013

2nd stage 93 0.0092

3rd stage 90 0.0084

4th stage 87 0.0081

Table 1.
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fiber Bragg grating the reflectivity, R = 95%, bandwidth =0.0096 nm and approxi-
mately no side lobes. Then we concluded that Reflectivity, R = 95%, bandwidth
=0.0096 nm and the minimum side lobes is achieved at the fourth unit of cascaded
fiber Bragg grating.

4.6 Proposed apodized cascaded fiber Bragg grating

We will simulate the spectral characteristics of the cascaded proposed apodized
fiber Bragg grating as in Figure 9.
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Reflectivity spectrum for four stage sinc apodized fiber Bragg grating.
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Reflectivity spectrum for four stage proposed apodized fiber Bragg grating.
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In this simulation the modulation index, dn ¼ 0:0003 and grating length
L = 5 mm. From Figure 9 we noted that as the number of cascade of fiber Bragg
grating is increased the bandwidth is decreased and the side lobes are also decreased
but reflectivity is decreased. We have obtained from simulation result for one unit
of fiber Bragg Grating the reflectivity, R = 96% and bandwidth =0.013 nm but the
side lobes is high, for two cascaded units from fiber Bragg grating the reflectivity,
R = 93% and bandwidth =0.0092 nm but side lobes in this case is decreased on one
unit of fiber Bragg grating, for three cascaded units from fiber Bragg grating the
reflectivity, R = 90% and bandwidth =0.0084 nm but side lobes is decreased and for
four cascaded units from fiber Bragg grating the reflectivity, R = 87%, bandwidth
=0.0081 nm and approximately no side lobes. Then we concluded that Reflectivity,
R = 87%, bandwidth =0.0081 nm and the minimum side lobes is achieved at the
fourth unit of cascaded fiber Bragg grating.

Apodization
profile

Grating length and refractive
index modulation

Stage
number

Reflectivity,
R (%)

Bandwidth
(nm)

Uniform L = 5 mm, dn = 0.0003 1st stage 99 0.22

2nd stage 98 0.17

3rd stage 97 0.168

4th stage 96 0.16

Hamming L = 40 mm, dn = 0.0004 1st stage 98 0.026

2nd stage 96 0.02

3rd stage 93 0.018

4th stage 92 0.017

Barthan L = 15 mm, dn = 0.0001 1st stage 100 0.083

2nd stage 99 0.069

3rd stage 99 0.066

4th stage 99 0.064

Nuttall L = 15 mm, dn = 0.0003 1st stage 99 0.08

2nd stage 99 0.063

3rd stage 98 0.061

4th stage 98 0.059

Sinc L = 80 mm, dn = 0.0004 1st stage 99 0.013

2nd stage 97 0.010

3rd stage 96 0.0098

4th stage 95 0.0096

Proposed L = 80 mm, dn = 0.0002 1st stage 96 0.013

2nd stage 93 0.0092

3rd stage 90 0.0084

4th stage 87 0.0081

Table 1.
Comparison between reflectivity, R and bandwidth for different cascaded units of apodized fiber Bragg grating.

19

Theoretic Study of Cascaded Fiber Bragg Grating
DOI: http://dx.doi.org/10.5772/intechopen.83020



4.7 Comparisons between reflectivity and bandwidth for different cascaded
units of apodized fiber Bragg grating

Table 1 show different cascaded apodized fiber Bragg grating variations of
reflectivity, R and bandwidth with the increase of number of stages.

From Table 1 we noted that as the number of cascaded units of fiber Bragg
grating is increased the reflectivity is slightly decreased and the bandwidth
decreased with minimum side lobes.

5. Conclusions

In this work the model equations of the cascaded uniform fiber Bragg grating
and different cascaded apodization functions are numerically handled and
processed via specially cast software to achieve maximum reflectivity, narrow
bandwidth and minimum side lobes. For better performance the proper values for
grating length and refractive index modulation must be chosen to achieve maxi-
mum reflectivity and narrow bandwidth. The minimization in side lobes achieved
by using cascaded units from FBG. From this study we concluded that:

1. Uniform FBG in case one unit R = 99%, BW = 0.22 nm and exist side lobes but
for fourth unit R = 96%, BW = 0.16 nm with minimum side lobes.

2. For Hamming, Barthan and Nuttall FGB achieved high reflectivity and narrow
bandwidth with minimum side lobes in fourth unit FBG.

3. For sinc and proposed FBG achieved narrow bandwidth without side lobes.

4.High reflectivity achieved in case of Barthan apodization function where,
R = 99% in fourth unit.

5. Narrow bandwidth achieved in case of proposed apodization function where,
BW = 0.0081 nm in fourth unit without side lobes.

Acknowledgements

I always feel indebted to ALLAH whose blessings on me cannot be counted. I
would like to thank the anonymous reviewers of IntechOpen and Academic Editor:
Dr. Shien-Kuei Liaw for their valuable comments. Finally, but most importantly, I
am really indebted to my parents, sisters, brother and my wife for their continuous
support throughout all my studies. Hope they find in my current achievement a
reward for their care and love.

Acronyms and abbreviations

FBG fiber Bragg grating
RI refractive index
DC dispersion compensation

20

Fiber Optic Sensing - Principle, Measurement and Applications

Author details

Mofreh Toba1 and Fathy Mohamed Mustafa2*

1 Electrical Engineering Department, Faculty of Engineering, Fayoum University,
Fayoum, Egypt

2 Electrical Engineering Department, Faculty of Engineering, Beni-Suef University,
Beni-Suef, Egypt

*Address all correspondence to: fmmg80@eng.bsu.edu.eg

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

21

Theoretic Study of Cascaded Fiber Bragg Grating
DOI: http://dx.doi.org/10.5772/intechopen.83020



4.7 Comparisons between reflectivity and bandwidth for different cascaded
units of apodized fiber Bragg grating

Table 1 show different cascaded apodized fiber Bragg grating variations of
reflectivity, R and bandwidth with the increase of number of stages.

From Table 1 we noted that as the number of cascaded units of fiber Bragg
grating is increased the reflectivity is slightly decreased and the bandwidth
decreased with minimum side lobes.

5. Conclusions

In this work the model equations of the cascaded uniform fiber Bragg grating
and different cascaded apodization functions are numerically handled and
processed via specially cast software to achieve maximum reflectivity, narrow
bandwidth and minimum side lobes. For better performance the proper values for
grating length and refractive index modulation must be chosen to achieve maxi-
mum reflectivity and narrow bandwidth. The minimization in side lobes achieved
by using cascaded units from FBG. From this study we concluded that:

1. Uniform FBG in case one unit R = 99%, BW = 0.22 nm and exist side lobes but
for fourth unit R = 96%, BW = 0.16 nm with minimum side lobes.

2. For Hamming, Barthan and Nuttall FGB achieved high reflectivity and narrow
bandwidth with minimum side lobes in fourth unit FBG.

3. For sinc and proposed FBG achieved narrow bandwidth without side lobes.

4.High reflectivity achieved in case of Barthan apodization function where,
R = 99% in fourth unit.

5. Narrow bandwidth achieved in case of proposed apodization function where,
BW = 0.0081 nm in fourth unit without side lobes.

Acknowledgements

I always feel indebted to ALLAH whose blessings on me cannot be counted. I
would like to thank the anonymous reviewers of IntechOpen and Academic Editor:
Dr. Shien-Kuei Liaw for their valuable comments. Finally, but most importantly, I
am really indebted to my parents, sisters, brother and my wife for their continuous
support throughout all my studies. Hope they find in my current achievement a
reward for their care and love.

Acronyms and abbreviations

FBG fiber Bragg grating
RI refractive index
DC dispersion compensation

20

Fiber Optic Sensing - Principle, Measurement and Applications

Author details

Mofreh Toba1 and Fathy Mohamed Mustafa2*

1 Electrical Engineering Department, Faculty of Engineering, Fayoum University,
Fayoum, Egypt

2 Electrical Engineering Department, Faculty of Engineering, Beni-Suef University,
Beni-Suef, Egypt

*Address all correspondence to: fmmg80@eng.bsu.edu.eg

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

21

Theoretic Study of Cascaded Fiber Bragg Grating
DOI: http://dx.doi.org/10.5772/intechopen.83020



References

[1] Gumasta RK, Khare A. Effect of
length and apodization on fiber Bragg
grating characteristics. International
Journal of Scientific & Engineering
Research. 2014;5:893-895

[2] Elzahaby EA, Kandas I, Aly MH,
Mahmoud K. Sensitivity improvement
of reflective tilted FBGs. Applied Optics.
2016;55(12):3306-3312

[3] Kaur R, BhamrahMS. Effect of grating
length on reflection spectra of uniform
fiber Bragg gratings. International Journal
of Information and Telecommunication
Technology. 2011;3(2)

[4] Ghosh C, Alfred QM, Ghosh B.
Spectral characteristics of uniform fiber
Bragg grating with different grating
length and refractive index variation.
International Journal of Innovative
Research in Computer and
Communication Engineering. 2015;3:
456-462

[5] Mohammed N, Okasha MN, Aly HM.
A wideband apodized FBG dispersion
compensator in long haul WDM
systems. Journal of Optoelectronics and
Advanced Materials. 2016;18:475-479

[6] El-gammal HM, Fayed HA, Abd El-
aziz A, Aly MH. Performance analysis &
comparative study of uniform, apodized
and pi-phase shifted FBGs for array of
high performance temperature sensors.
Optoelectronics and Advanced
Materials-Rapid Communications. 2015;
9(9):1251-1259

[7] Nagwan IT, Eldeeb WS, El_Mashade
MB, Abdelnaiem AE. Optimization of
uniform Fiber Bragg grating reflection
spectra for maximum reflectivity and
narrow bandwidth. International
Journal of Computational Engineering
Research (IJCER). 2015;5:53-61

[8] Ugale S, Mishra V. Fiber Bragg
grating modeling, characterization and

optimization with different index
profiles. International Journal of
Engineering Science and Technology.
2010;2(9):4463-4468

[9] Mahapatra JR, Chattopadhyay M.
Spectral characteristics of uniform fiber
Bragg grating using couple mode theory.
International Journal of Electrical,
Electronics and Data Communication.
2013;1:40-44

[10] Arora D, Prakash J, Singh H, Wason
A. Reflectivity and Braggs wavelength
in FBG. International Journal of
Engineering (IJE). 2011;5:341-349

[11] Mahanta DK. Design of uniform
fiber Bragg grating using transfer matrix
method. International Journal of
Computational Engineering Research
(IJCER). 2013;03:8-13

[12] Abdallah I, Rachida H, Mohamed
C-B. Uniform fiber Bragg grating
modeling and simulation used matrix
transfer method. IJCSI International
Journal of Computer Science Issues.
2012;9(1, 2):368-374

[13] Nazmi AM, Ali TA, Aly MH.
Performance optimization of apodized
FBG-based temperature sensors in single
and quasi-distributed DWDM systems
with new and different apodization
profiles. AIP Advances. 2013;3:1-21

[14] Turan Erdogan T. Fiber grating
spectra. Journal of Lightwave
Technology. 1997;15:1277-1294

[15] Mohammed NA, Elashmawy AW,
Aly MH. Distributed feedback fiber
filter based on apodized fiber Bragg
grating. Optoelectronics and Advanced
Materials—Rapid Communications.
2015;9(9–10):1093-1099

[16] Kashyap R. Fiber Bragg Grating. San
Diego, USA: Academic Press; 2009.
p. 316

22

Fiber Optic Sensing - Principle, Measurement and Applications

Chapter 3

Femtosecond Transient Bragg
Gratings
Avishay Shamir, Aviran Halstuch and Amiel A. Ishaaya

Abstract

Fiber Bragg gratings (FBGs) have found numerous applications in fiber lasers,
sensors, telecommunication, and many other fields. Traditionally, they are fabri-
cated using UV laser sources and a phase mask or other interferometric techniques.
In the past two decades, FBGs have been fabricated with femtosecond lasers in
either the point-by-point method or by using a phase mask, in a similar configura-
tion as with UV laser sources. In the following, we briefly review the advantages of
femtosecond fabrication of fiber Bragg gratings. We then focus on transient FBGs;
these are FBGs that exist for a short duration only, for the purpose of all-optical, in-
fiber switching and modulation and the possible mechanism to implement them
with a high-power femtosecond laser. The theory behind transient grating
switching is outlined, and we discuss related experimental results achieved by our
group on both permanent grating inscription and the generation of transient
(dynamic) fiber Braggs gratings.

Keywords: femtosecond fiber Bragg gratings, transient fiber Bragg gratings,
dynamic fiber Bragg grating, all-optical switching and modulation

1. Introduction

Femtosecond laser micromachining and inscription have attracted significant
attention in the past decade, not only for material processing applications, such as
cutting or drilling [1, 2], but also for the fabrication of 3D photonic devices in
transparent materials. When focusing a high-power femtosecond pulse inside a
transparent dielectric material, the intensity at the focal region is high enough to
initiate multiphoton ionization, which eventually leads to structural changes and
permanent refractive index changes [3–7]. This technique has some advantages
over current photonic device fabrication methods: (i) the nonlinear nature of the
laser-matter interaction confines any induced index change to the focal volume,
enabling 3D fabrication of photonic devices in a relatively short time compared to
planar semiconductor-based fabrication methods; (ii) the nonlinear absorption
process does not require any photosensitivity of the material, facilitating fabrication
in glasses, crystals, polymers, and practically any optical material. Although
preprocessing of the materials to be inscribed is not necessary, it can be helpful.
Hydrogen loading, for example, can enhance the sensitivity to inscription of fiber
Bragg gratings [8, 9].

Different categories of index change have been defined in the literature, mostly
with respect to grating fabrication. Type I index changes happen for pulse energies
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Chapter 3

Femtosecond Transient Bragg
Gratings
Avishay Shamir, Aviran Halstuch and Amiel A. Ishaaya

Abstract

Fiber Bragg gratings (FBGs) have found numerous applications in fiber lasers,
sensors, telecommunication, and many other fields. Traditionally, they are fabri-
cated using UV laser sources and a phase mask or other interferometric techniques.
In the past two decades, FBGs have been fabricated with femtosecond lasers in
either the point-by-point method or by using a phase mask, in a similar configura-
tion as with UV laser sources. In the following, we briefly review the advantages of
femtosecond fabrication of fiber Bragg gratings. We then focus on transient FBGs;
these are FBGs that exist for a short duration only, for the purpose of all-optical, in-
fiber switching and modulation and the possible mechanism to implement them
with a high-power femtosecond laser. The theory behind transient grating
switching is outlined, and we discuss related experimental results achieved by our
group on both permanent grating inscription and the generation of transient
(dynamic) fiber Braggs gratings.
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1. Introduction

Femtosecond laser micromachining and inscription have attracted significant
attention in the past decade, not only for material processing applications, such as
cutting or drilling [1, 2], but also for the fabrication of 3D photonic devices in
transparent materials. When focusing a high-power femtosecond pulse inside a
transparent dielectric material, the intensity at the focal region is high enough to
initiate multiphoton ionization, which eventually leads to structural changes and
permanent refractive index changes [3–7]. This technique has some advantages
over current photonic device fabrication methods: (i) the nonlinear nature of the
laser-matter interaction confines any induced index change to the focal volume,
enabling 3D fabrication of photonic devices in a relatively short time compared to
planar semiconductor-based fabrication methods; (ii) the nonlinear absorption
process does not require any photosensitivity of the material, facilitating fabrication
in glasses, crystals, polymers, and practically any optical material. Although
preprocessing of the materials to be inscribed is not necessary, it can be helpful.
Hydrogen loading, for example, can enhance the sensitivity to inscription of fiber
Bragg gratings [8, 9].

Different categories of index change have been defined in the literature, mostly
with respect to grating fabrication. Type I index changes happen for pulse energies
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close to the nonlinear ionization threshold (1013 W=cm2) and cause an accumulative
change in the refractive index of the order of 10�3 (in silica glass). The change in the
refractive index is isotropic and is mostly attributed to localized material melting
and rapid resolidification [10, 11], although other explanations (such as color center
formations) are also considered [12]. This type of index change is most useful for
the fabrication of waveguides [13], couplers [14], and FBGs [15].

Type II interaction happens at intensities beyond the damage threshold, which
can lead to the formation of voids [16]. Voids are submicron features, micro-
explosions in matter, or air bubbles, with larger refractive index contrast compared
to their surroundings. They are achieved by extremely tight focusing with power
densities of the order of 1015 W=cm2. Voids attract interest mainly due to their
potential as permanent highly dense 3D optical data storage materials. In such
schemes, each void represents a bit, which can be read with transmitted or scattered
light. It was found that voids can also be seized, moved, and merged by femtosec-
ond laser radiation [17]. Type II FBGs, also termed “damage” gratings, have been
shown to withstand higher temperatures and can be used as harsh environment
sensors [18].

On applying intensities between the above regimes, an anisotropic, polarization-
dependent, index change is induced, and the glass material becomes birefringent
[19, 20]. The magnitude of the reported index change is the same as for type I
changes, but it is not isotropic. The intensity boundaries for this interaction are not
well defined, as they depend on the laser source, the focusing lens, and the material
itself. The anisotropy of the refractive index change is believed to originate from the
nanogratings observed inside the focal volume. The planes of these gratings are per-
pendicular to the light polarization and behave as negative uniaxial crystals [21–24].

In the following we will focus on fabrication of FBGs using femtosecond laser.
Section 2 briefly describes methods of fabrications using femtosecond laser and
references to a more detailed work on the subject. Section 3 introduces the main
concept of this chapter—transient fiber Bragg gratings for optical switching. The
theory of transient grating is outlined, and an overview of various works on the
subject is described. Section 4 provides experimental results achieved by our group
on generation and characterization of transient FBGs. Finally, we summarize and
discuss possible future research direction of transient Bragg grating switching.

2. Femtosecond inscription of fiber Bragg gratings

FBG fabricated with femtosecond laser was first demonstrated by the point-by-
point (PbP) method [25, 26]. In this method, the beam is tightly focused into the
fiber core to a spot size radius smaller than half of the desired grating period. To
achieve this, a microscope objective with a high numerical aperture must be used, as
well as pulse energies just above the inscription threshold. The induced index
change happens on the pulse peak intensity only, which can be smaller than the
diffraction limit of the focusing objective lens. To fabricate the grating, the fiber is
aligned and translated in the focal plane at constant velocity. The scan velocity
matches the grating period to the laser pulse rate, so that each pulse inscribes a
single grating “plane.”

The PbP method requires tight control on all-optical and mechanical parameters
of the system. The optical system must be carefully aligned to avoid aberrations and
achieve the smallest spot size. The pulse width and energy should be controlled as
well, since they affect the actual spot size. For this reason, most PbP systems use
800 nm femtosecond laser, rather than its harmonics, to avoid dispersions [27].
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From a mechanical perspective, the fiber core must be maintained in the focal plane
through the entire fabrication process. This requires high-end air-bearing transla-
tion stages. An extension of the PbP method to reduce the mechanical complexity is
the line-by-line method, in which the beam is scanned across the fiber axis and
forms a rectangular “snake” pattern [28], or plane-by-plane method in which the
beam is focused to an elliptic sheet, creating 2D index change [29].

The PbP method offers the highest flexibility in grating fabrication. Uniform
gratings, phase-shifted gratings [30], apodization [31], and more [32] have been
demonstrated. The tight focusing condition also enables inscription through the
fiber jacket without damage [33]. The same inscription system can be used for the
fabrication of waveguides and long-period gratings as well [34–36]. Gratings fabri-
cated by this method have been shown to have superior thermal properties [37]
than UV gratings and better performance as fiber laser mirrors [38–40].

In 2003, Mihailov et al. demonstrated the fabrication of FBGs with a femtosec-
ond laser and a phase mask [41, 42]. The optical configuration is similar to its UV
counterpart. The beam is focused on the fiber core using a cylindrical lens and
through a phase mask. The mask period defines the Bragg grating period. In the
phase mask configuration, the grating is inscribed as a whole rather than plane by
plane. It is robust, repeatable, and typically stationary. As the period is defined by
the phase mask, relatively long-focus lenses can be used, which greatly eases align-
ment and makes this configuration suitable for large core fibers as well. With this
technique, grating inscription has been demonstrated in various types of fibers
[43–46]. The main drawback of this configuration is the lack of flexibility, as the
period is predetermined by the phase mask. Nevertheless, it is possible to tune the
Bragg wavelength by introducing defocusing and other aberrations into the
inscribing beam. Shifts of more than 300 nm, as well as chirp gratings, have been
demonstrated with this method [47, 48]. Inscription through the coating is also
feasible in this method with “of the shelf” high-NA cylinder lenses [49–51].

Both methods have been used for fabrication of fiber Bragg grating with superior
properties than grating fabrication with UV sources. Femtosecond laser can be used
to fabricate gratings in any type of fibers and can withstand higher temperature
than UV gratings. The most notable feature is the ability to inscribe grating through
the fiber coating, thus maintaining its mechanical strength, and avoid handling
issues such as stripping, cleaning, and recoating [52–54].

3. Transient fiber Bragg grating optical switching

All-optical switching has been investigated for a long time by the optical com-
munity, in particular for optical communication applications. If successful, it will
dramatically increase the throughput in optical links and will enable data switching
at speeds and rates far beyond the capabilities of current electronic devices.

Recently, there has been a growing interest in FBGs for optical switching appli-
cations. Several works reported implementations of an optical switch by tuning a
pre-inscribed grating by means of heat, stress, and other relatively slow processes
[55–58]. These methods are based on permanent FBGs, in which any change in the
refractive index (heat, cross-phase modulation) or period (induced stress) will shift
the grating resonance from the signal wavelength. Such switching mechanisms have
several drawbacks due to the inherent physical properties of their operation, which
limits their applicability and performance. In the wider context, there have been
several reports on the switching of various photonic crystal structures, both for
fundamental and for applicative purposes (see, e.g., [59, 60] for some recent
reviews).
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close to the nonlinear ionization threshold (1013 W=cm2) and cause an accumulative
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and rapid resolidification [10, 11], although other explanations (such as color center
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to their surroundings. They are achieved by extremely tight focusing with power
densities of the order of 1015 W=cm2. Voids attract interest mainly due to their
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ond laser radiation [17]. Type II FBGs, also termed “damage” gratings, have been
shown to withstand higher temperatures and can be used as harsh environment
sensors [18].

On applying intensities between the above regimes, an anisotropic, polarization-
dependent, index change is induced, and the glass material becomes birefringent
[19, 20]. The magnitude of the reported index change is the same as for type I
changes, but it is not isotropic. The intensity boundaries for this interaction are not
well defined, as they depend on the laser source, the focusing lens, and the material
itself. The anisotropy of the refractive index change is believed to originate from the
nanogratings observed inside the focal volume. The planes of these gratings are per-
pendicular to the light polarization and behave as negative uniaxial crystals [21–24].

In the following we will focus on fabrication of FBGs using femtosecond laser.
Section 2 briefly describes methods of fabrications using femtosecond laser and
references to a more detailed work on the subject. Section 3 introduces the main
concept of this chapter—transient fiber Bragg gratings for optical switching. The
theory of transient grating is outlined, and an overview of various works on the
subject is described. Section 4 provides experimental results achieved by our group
on generation and characterization of transient FBGs. Finally, we summarize and
discuss possible future research direction of transient Bragg grating switching.

2. Femtosecond inscription of fiber Bragg gratings

FBG fabricated with femtosecond laser was first demonstrated by the point-by-
point (PbP) method [25, 26]. In this method, the beam is tightly focused into the
fiber core to a spot size radius smaller than half of the desired grating period. To
achieve this, a microscope objective with a high numerical aperture must be used, as
well as pulse energies just above the inscription threshold. The induced index
change happens on the pulse peak intensity only, which can be smaller than the
diffraction limit of the focusing objective lens. To fabricate the grating, the fiber is
aligned and translated in the focal plane at constant velocity. The scan velocity
matches the grating period to the laser pulse rate, so that each pulse inscribes a
single grating “plane.”

The PbP method requires tight control on all-optical and mechanical parameters
of the system. The optical system must be carefully aligned to avoid aberrations and
achieve the smallest spot size. The pulse width and energy should be controlled as
well, since they affect the actual spot size. For this reason, most PbP systems use
800 nm femtosecond laser, rather than its harmonics, to avoid dispersions [27].
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From a mechanical perspective, the fiber core must be maintained in the focal plane
through the entire fabrication process. This requires high-end air-bearing transla-
tion stages. An extension of the PbP method to reduce the mechanical complexity is
the line-by-line method, in which the beam is scanned across the fiber axis and
forms a rectangular “snake” pattern [28], or plane-by-plane method in which the
beam is focused to an elliptic sheet, creating 2D index change [29].

The PbP method offers the highest flexibility in grating fabrication. Uniform
gratings, phase-shifted gratings [30], apodization [31], and more [32] have been
demonstrated. The tight focusing condition also enables inscription through the
fiber jacket without damage [33]. The same inscription system can be used for the
fabrication of waveguides and long-period gratings as well [34–36]. Gratings fabri-
cated by this method have been shown to have superior thermal properties [37]
than UV gratings and better performance as fiber laser mirrors [38–40].

In 2003, Mihailov et al. demonstrated the fabrication of FBGs with a femtosec-
ond laser and a phase mask [41, 42]. The optical configuration is similar to its UV
counterpart. The beam is focused on the fiber core using a cylindrical lens and
through a phase mask. The mask period defines the Bragg grating period. In the
phase mask configuration, the grating is inscribed as a whole rather than plane by
plane. It is robust, repeatable, and typically stationary. As the period is defined by
the phase mask, relatively long-focus lenses can be used, which greatly eases align-
ment and makes this configuration suitable for large core fibers as well. With this
technique, grating inscription has been demonstrated in various types of fibers
[43–46]. The main drawback of this configuration is the lack of flexibility, as the
period is predetermined by the phase mask. Nevertheless, it is possible to tune the
Bragg wavelength by introducing defocusing and other aberrations into the
inscribing beam. Shifts of more than 300 nm, as well as chirp gratings, have been
demonstrated with this method [47, 48]. Inscription through the coating is also
feasible in this method with “of the shelf” high-NA cylinder lenses [49–51].

Both methods have been used for fabrication of fiber Bragg grating with superior
properties than grating fabrication with UV sources. Femtosecond laser can be used
to fabricate gratings in any type of fibers and can withstand higher temperature
than UV gratings. The most notable feature is the ability to inscribe grating through
the fiber coating, thus maintaining its mechanical strength, and avoid handling
issues such as stripping, cleaning, and recoating [52–54].

3. Transient fiber Bragg grating optical switching

All-optical switching has been investigated for a long time by the optical com-
munity, in particular for optical communication applications. If successful, it will
dramatically increase the throughput in optical links and will enable data switching
at speeds and rates far beyond the capabilities of current electronic devices.

Recently, there has been a growing interest in FBGs for optical switching appli-
cations. Several works reported implementations of an optical switch by tuning a
pre-inscribed grating by means of heat, stress, and other relatively slow processes
[55–58]. These methods are based on permanent FBGs, in which any change in the
refractive index (heat, cross-phase modulation) or period (induced stress) will shift
the grating resonance from the signal wavelength. Such switching mechanisms have
several drawbacks due to the inherent physical properties of their operation, which
limits their applicability and performance. In the wider context, there have been
several reports on the switching of various photonic crystal structures, both for
fundamental and for applicative purposes (see, e.g., [59, 60] for some recent
reviews).
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Transient Bragg gratings (TBGs) can overcome these limitations. These are
Bragg gratings of finite duration. In the case of femtosecond gratings in materials,
they are expected to be formed at intensities below the threshold for permanent
index modification and to exist for the inscribing pulse duration only. Transient
gratings in fibers or waveguides are expected to act as a fast switch or modulator by
implementing a Bragg mirror with (ultra-) fast decay time.

Several mechanisms are available to implement transient Bragg gratings: the
optical Kerr effect, free-carrier recombination in semiconductor materials, and
diffusion of thermal gratings. The different mechanisms differ from one to another
by the rise and decay time of the switch and by the extinction ratio, i.e., the contrast
between on and off states. Such transient gratings can be turned on/off by modu-
lating the illumination beam.

The Kerr effect describes the refractive index change in the presence of high
intensities, such as those that are available from high-power femtosecond lasers
[61]. The refractive index changes by an amount of n2I, where n2 is the material
nonlinear index and I is the intensity. The response of the material is instantaneous.
For silica fibers, n2 � 3 � 10�16 cm2=W; thus, for an intensity of I ¼ 1011 W=cm2, the
refractive index change is of the order of 10�5. Stronger index change is feasible for
materials with higher Kerr nonlinearity, such as Chalcogenide or Bismuth fibers
[43, 62]. The Kerr grating has a periodic pattern, with the index modulation as
described above. A Kerr grating switch is expected to be weak yet with a femtosec-
ond time scale response. Several publications reported on transient Kerr gratings in
gas for the purpose of spectroscopy and in bulk semiconductors for studying free-
carrier recombination rates [63]. An optical grating based on the nonlinear Kerr
effect has been used in the past for parametric wavelength conversion [64] and for
chemical spectroscopy [65]. An optical switch based on an optical Kerr grating has
only been investigated numerically until now [66–68].

Free-carriers in semiconductor materials are formed upon pulse irradiation
followed by excessive charge concentrations. In this case, the refractive index
changes due to different charge densities are much higher than due to the Kerr
effect. The transient index change of the semiconductor is described by the Drude
model of excited free-carriers [69–71] reaching values as high as δn=n � 10�1

[59, 60]. Unlike the Kerr effect, which is instantaneous, the FC excitation is “turned
on” fast but typically persists for a time scale of several tens of picosecond to several
ns depending on the recombination rate of the generated electron-hole pairs and the
diffusion length [63, 72–74]. An optical switch-based free-carrier transient Bragg
grating is expected to have better contrast and stronger reflection but on a much
shorter switching time. As the reflection is very sensitive to the grating period
(typically 1 μm), extremely small diffusion is sufficient to wash out the grating and
its reflection. Sivan et al. showed theoretically that when exciting a transient grating
based on FC, the turn-off times are very fast (<ps) due to diffusion of the excited
FCs that erases the grating structure [75]. This is a key point that will allow for
switching times several orders of magnitude faster than in bulk FC switching
configurations, thus potentially revolutionizing switching technology. Such an
optical switch is expected to have a better extinction ratio than a Kerr grating and
slower (picosecond) time scale switching.

The same principle can be applied for transient thermal gratings, in which the
index changes as a response to localized heat or increased temperature and the
diffusion length is determined by the material properties. Transient thermal grat-
ings are used as a method for measuring the diffusion coefficient of materials and
were implemented in opaque materials with linear absorption at the laser wave-
length [76–78]. Optical materials are mostly transparent to NIR femtosecond lasers
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(800 nm); therefore, a transient thermal grating may only be realized through
nonlinear absorption.

Another mechanism is to form dynamic population gratings in active fibers. This
was implemented via counter propagating waves and resulted in millisecond time
responses [79].

TBGs of a few centimeter lengths were implemented using 193 nm, nanosecond,
excimer laser pulses, and a phase mask in phosphosilicate fibers without hydrogen
loading. In passive fibers, extremely slow reflection of tens of seconds’ duration was
demonstrated [80], while in active fibers, the grating was based on population
inversion, and the time response was estimated to be milliseconds long [81]. In both
cases the expected rise time of such switching mechanism cannot be shorter than
the ns pulse length.

Transient grating-based switching was suggested numerically by coupling light
from the fundamental mode to high-order modes [82]. Nanosecond switching was
implemented using the Kerr effect with a highly nonlinear polymer layer deposited
close to the core of a polished fiber [83]. It was suggested, theoretically, that a TBG
would result in an ultrafast switching response [84]. Thermal phenomena are typ-
ically associated with relatively long (microsecond) time scales. Recently, it was
suggested, theoretically, that picosecond scale switching is achievable with thermal
gratings, using metal nanoparticles in waveguides [85]. Nanosecond switching of a
permanent FBG was demonstrated by introducing electrodes into a special two-hole
fiber [86]; however, this device suffers from nanosecond rise time and a millisecond
time scale to return to its original state.

TBGs essentially enable pulse extraction from CW source. This can lead to
several photonic applications such as all-optical switching and modulator at any
wavelength, all-fiber Q-switching mechanism, and sub-ns pulse sources.

In the following, we will shortly describe the theory of transient Bragg grating. A
detailed derivation of the suitable coupled mode equations, and their numerical
solution can be found in literature. Here, we begin our discussion from the coupled
mode equations and limit the discussion to specific case where analytical solution is
possible to gain physical insight. Next, we will describe our group experimental
work on transient Bragg gratings in silica fibers. We will show the dynamic of
permanent grating switching and describe an immunization technique that enable,
for the first time to our knowledge, thermal grating-based nonlinear absorption.

The theory of transient Bragg gratings is fully developed and described in the
literature [87, 88] starting from the wave equation. Here, we provide a short
description of the theory starting from its derived coupled mode equation for
transient grating. The analysis begins from the well-known coupled mode equations
for forward and backward propagating waves in grating media, adapted to the case
of transient grating:

d
dt

Af þ vg
d
dz

Af þ 2 ivgκq zð Þm tð ÞAf ¼ iCvgκq zð Þm tð Þe �2iδκzð ÞAb (1)

d
dt

Ab � vg
d
dz

Ab þ 2 ivgκq zð Þm tð ÞAb ¼ �iCvgκq zð Þm tð Þ exp 2iδκzð ÞAf (2)

Here, Af and Ab represent the envelopes of the forward and backward pulses,
respectively, vg is the group velocity, q zð Þ is the spatial shape of the inscribed Bragg
grating, and m tð Þ is its temporal profile. C is the grating contrast, and δk ¼ δω=vg is
the detuning of the incident pulse from the center of the spectral gap. The forward-
backward mode coupling coefficient, κ ¼ k0n0Δn=4nneff , is a product of the free
space wavevector k0, the waveguide material refractive index n0, and its maximal
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Transient Bragg gratings (TBGs) can overcome these limitations. These are
Bragg gratings of finite duration. In the case of femtosecond gratings in materials,
they are expected to be formed at intensities below the threshold for permanent
index modification and to exist for the inscribing pulse duration only. Transient
gratings in fibers or waveguides are expected to act as a fast switch or modulator by
implementing a Bragg mirror with (ultra-) fast decay time.

Several mechanisms are available to implement transient Bragg gratings: the
optical Kerr effect, free-carrier recombination in semiconductor materials, and
diffusion of thermal gratings. The different mechanisms differ from one to another
by the rise and decay time of the switch and by the extinction ratio, i.e., the contrast
between on and off states. Such transient gratings can be turned on/off by modu-
lating the illumination beam.

The Kerr effect describes the refractive index change in the presence of high
intensities, such as those that are available from high-power femtosecond lasers
[61]. The refractive index changes by an amount of n2I, where n2 is the material
nonlinear index and I is the intensity. The response of the material is instantaneous.
For silica fibers, n2 � 3 � 10�16 cm2=W; thus, for an intensity of I ¼ 1011 W=cm2, the
refractive index change is of the order of 10�5. Stronger index change is feasible for
materials with higher Kerr nonlinearity, such as Chalcogenide or Bismuth fibers
[43, 62]. The Kerr grating has a periodic pattern, with the index modulation as
described above. A Kerr grating switch is expected to be weak yet with a femtosec-
ond time scale response. Several publications reported on transient Kerr gratings in
gas for the purpose of spectroscopy and in bulk semiconductors for studying free-
carrier recombination rates [63]. An optical grating based on the nonlinear Kerr
effect has been used in the past for parametric wavelength conversion [64] and for
chemical spectroscopy [65]. An optical switch based on an optical Kerr grating has
only been investigated numerically until now [66–68].

Free-carriers in semiconductor materials are formed upon pulse irradiation
followed by excessive charge concentrations. In this case, the refractive index
changes due to different charge densities are much higher than due to the Kerr
effect. The transient index change of the semiconductor is described by the Drude
model of excited free-carriers [69–71] reaching values as high as δn=n � 10�1

[59, 60]. Unlike the Kerr effect, which is instantaneous, the FC excitation is “turned
on” fast but typically persists for a time scale of several tens of picosecond to several
ns depending on the recombination rate of the generated electron-hole pairs and the
diffusion length [63, 72–74]. An optical switch-based free-carrier transient Bragg
grating is expected to have better contrast and stronger reflection but on a much
shorter switching time. As the reflection is very sensitive to the grating period
(typically 1 μm), extremely small diffusion is sufficient to wash out the grating and
its reflection. Sivan et al. showed theoretically that when exciting a transient grating
based on FC, the turn-off times are very fast (<ps) due to diffusion of the excited
FCs that erases the grating structure [75]. This is a key point that will allow for
switching times several orders of magnitude faster than in bulk FC switching
configurations, thus potentially revolutionizing switching technology. Such an
optical switch is expected to have a better extinction ratio than a Kerr grating and
slower (picosecond) time scale switching.

The same principle can be applied for transient thermal gratings, in which the
index changes as a response to localized heat or increased temperature and the
diffusion length is determined by the material properties. Transient thermal grat-
ings are used as a method for measuring the diffusion coefficient of materials and
were implemented in opaque materials with linear absorption at the laser wave-
length [76–78]. Optical materials are mostly transparent to NIR femtosecond lasers
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(800 nm); therefore, a transient thermal grating may only be realized through
nonlinear absorption.

Another mechanism is to form dynamic population gratings in active fibers. This
was implemented via counter propagating waves and resulted in millisecond time
responses [79].

TBGs of a few centimeter lengths were implemented using 193 nm, nanosecond,
excimer laser pulses, and a phase mask in phosphosilicate fibers without hydrogen
loading. In passive fibers, extremely slow reflection of tens of seconds’ duration was
demonstrated [80], while in active fibers, the grating was based on population
inversion, and the time response was estimated to be milliseconds long [81]. In both
cases the expected rise time of such switching mechanism cannot be shorter than
the ns pulse length.

Transient grating-based switching was suggested numerically by coupling light
from the fundamental mode to high-order modes [82]. Nanosecond switching was
implemented using the Kerr effect with a highly nonlinear polymer layer deposited
close to the core of a polished fiber [83]. It was suggested, theoretically, that a TBG
would result in an ultrafast switching response [84]. Thermal phenomena are typ-
ically associated with relatively long (microsecond) time scales. Recently, it was
suggested, theoretically, that picosecond scale switching is achievable with thermal
gratings, using metal nanoparticles in waveguides [85]. Nanosecond switching of a
permanent FBG was demonstrated by introducing electrodes into a special two-hole
fiber [86]; however, this device suffers from nanosecond rise time and a millisecond
time scale to return to its original state.

TBGs essentially enable pulse extraction from CW source. This can lead to
several photonic applications such as all-optical switching and modulator at any
wavelength, all-fiber Q-switching mechanism, and sub-ns pulse sources.

In the following, we will shortly describe the theory of transient Bragg grating. A
detailed derivation of the suitable coupled mode equations, and their numerical
solution can be found in literature. Here, we begin our discussion from the coupled
mode equations and limit the discussion to specific case where analytical solution is
possible to gain physical insight. Next, we will describe our group experimental
work on transient Bragg gratings in silica fibers. We will show the dynamic of
permanent grating switching and describe an immunization technique that enable,
for the first time to our knowledge, thermal grating-based nonlinear absorption.

The theory of transient Bragg gratings is fully developed and described in the
literature [87, 88] starting from the wave equation. Here, we provide a short
description of the theory starting from its derived coupled mode equation for
transient grating. The analysis begins from the well-known coupled mode equations
for forward and backward propagating waves in grating media, adapted to the case
of transient grating:

d
dt

Af þ vg
d
dz

Af þ 2 ivgκq zð Þm tð ÞAf ¼ iCvgκq zð Þm tð Þe �2iδκzð ÞAb (1)

d
dt

Ab � vg
d
dz

Ab þ 2 ivgκq zð Þm tð ÞAb ¼ �iCvgκq zð Þm tð Þ exp 2iδκzð ÞAf (2)

Here, Af and Ab represent the envelopes of the forward and backward pulses,
respectively, vg is the group velocity, q zð Þ is the spatial shape of the inscribed Bragg
grating, and m tð Þ is its temporal profile. C is the grating contrast, and δk ¼ δω=vg is
the detuning of the incident pulse from the center of the spectral gap. The forward-
backward mode coupling coefficient, κ ¼ k0n0Δn=4nneff , is a product of the free
space wavevector k0, the waveguide material refractive index n0, and its maximal
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modulation amplitude Δn, divided by the effective mode index nneff . These equa-
tions are similar to those obtained in [87]; however, they account for non-zero
mean index modulations, absorption, imperfect grating contrast, and nonuniform
pumping (via q zð Þ).

An exact solution of Eqs. (1) and (2) is possible only numerically. However, if
one assumes uniform pump spot (q ¼ 1) and ignores the spatial derivatives (justi-
fied for short modulations during which the pulse is nearly stationary), Eqs. (1) and
(2) can be solved analytically—this yields the well-known Rabi solution (see, e.g.,
[87, 89]). This was shown to give a reasonable accuracy in measurements with spin
waves [87], at least in this limit, and to lead to envelope reversal [90–92].

Alternatively, Eqs. (1) and (2) can also be solved analytically in the low conver-
sion efficiency limit, without neglecting the spatial derivatives. In this case, the
efficiency of the backward pulse generation is given approximately by a convolu-
tion of the incoming pulse with meff tð Þ, where Meff tð Þ is an effectivemodulation, and
the forward wave is (nearly) monochromatic (e.g., for a CW or nanosecond source
—Af tð Þ ! 1):

Ab z; tð Þ ¼ iCvgκq zð Þm tð Þe 2iδkzf gMeff tð Þ (3)

Meff tð Þ ¼ q zð Þ ∗m tð Þ is the convolution of the (transverse) spatial and temporal
profiles of the pump pulse. These equations can be solved analytically assuming

symmetric Gaussian shape for the pump pulse: q zð Þ ¼ e �z=Lgð Þ2 and
m tð Þ ¼ e �t=Tmodð Þ2 :

The complex analytical solution for the backward reflected pulse depends on
two time scales: (i) the modulation time Tmod, which, for a Kerr grating, is the pump
pulse duration, and (ii) the grating pass time Tpass ¼ L=vg, where L is the grating
length and has the form:
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Significant physical insight is achieved under the assumption that Tmod≪Tpass.
The solution for the reflected wave is then

∣Ab t; zð Þ∣ � ffiffiffi
π
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n0
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Δnω0Tmode
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v2g T
2
pass
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(5)

This reveals unique spatial-temporal dependency. The reflected wave has the
temporal duration of the longer time scale, and the power is scaled as the shorter
time scale. This occurs because the reflections occur from within the grating rather
than outside of it. Note that the grating length only influences the temporal dura-
tion and not the power efficiency. The reflected efficiency can be approximated to

be � π
3
2

2λ0n0
Δnc0Tp

� �2
.

For a 10�4 index change and a 50-fs pump duration with a 1500-nm signal
wavelength, we get an efficiency of � 4 � 10�6. Since vgTp � 10 μm, then the mini-
mal length of the grating for this limit to hold is about 0.1 mm. The backward pulse
is then at least 500 fs long.

In the opposite case of a very short grating, Tmod ≫Tpass, as is feasible in semi-
conductors, the reflected pulse power is
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Thus, the reflected wave duration and spectrum follow that of the pump pulse.
The above approximations are valid for low reflection efficiency, i.e., un-

depleted pump. Transient Kerr grating is expected to have a very low efficiency,
and an order of magnitude difference between Tpass and Tmod is expected to corre-
spond to the above solutions.

In silica fibers, there is also the possibility for thermal gratings. In this case the
index modulation time varies on the microsecond and nanosecond time scales,
which is considerably longer than the passage time for a typical 5-mm grating
(�25 ps). The expected reflectivity should behave as in the first case above with the
exception of non-Gaussian response.

The results indicate that with the Kerr mechanism high reflection efficiencies are
feasible for Chalcogenide fibers and semiconductor waveguides; however, silica
fibers are more challenging. Furthermore, as the reflection from transient Bragg
gratings is dependent on the pumping configuration, e.g., grating length and pump
pulse duration, and it is possible to control the signal modulation. In the theory,
generation pulses on time scale such as tens of ps, currently not available from fiber
lasers, are possible. Other interesting applications such as in-fiber Q-switching are
also feasible.

In the next sections, we will describe experimental results achieved by our group
on the subject of transient Bragg gratings in standard silica fibers for switching and
modulation applications. We will describe methods to generate them and their
results.

4. Experimental results of femtosecond transient FBGs

4.1 Experimental setup

The experimental setup is standard for FBG inscription with the phase mask
technique and is shown schematically below (Figure 1). A femtosecond laser
(800 nm, 35 fs, 1 KHz) is focused on the fiber core, through a phase mask. The mask
period is 2.14 μm, suitable for second-order Bragg gratings at 1550 nm. The fiber to
be inscribed is connected to a probe signal source and an Optical Spectrum Analyzer
(OSA) to monitor the FBG spectrum or to a fast photodiode (Thorlabs DETO8CFC)
to monitor the dynamic effects. The signal source can be a broadband ASE source
when characterize permanent FBG inscription or an amplified DFB laser when
observing transient, dynamic effect. The probe laser mostly operated in CW mode
providing 1 W output power and was operated in pulse mode for Kerr grating
experiments.

4.2 Transient Kerr grating

We tried to observe a transient Kerr grating with pulse energies below the
inscription threshold in standard SMFs. In these experiments, we monitor the
reflection from the grating with a photodiode. We found the permanent inscription
threshold to be 160 μJ; thus, our pulse energy is limited below this value. For 100 μJ
pulse energy, we expect grating index modulation of 8 � 10�7, which will exist for
35 fs only. The expected reflection from such a grating is extremely weak; the
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modulation amplitude Δn, divided by the effective mode index nneff . These equa-
tions are similar to those obtained in [87]; however, they account for non-zero
mean index modulations, absorption, imperfect grating contrast, and nonuniform
pumping (via q zð Þ).

An exact solution of Eqs. (1) and (2) is possible only numerically. However, if
one assumes uniform pump spot (q ¼ 1) and ignores the spatial derivatives (justi-
fied for short modulations during which the pulse is nearly stationary), Eqs. (1) and
(2) can be solved analytically—this yields the well-known Rabi solution (see, e.g.,
[87, 89]). This was shown to give a reasonable accuracy in measurements with spin
waves [87], at least in this limit, and to lead to envelope reversal [90–92].

Alternatively, Eqs. (1) and (2) can also be solved analytically in the low conver-
sion efficiency limit, without neglecting the spatial derivatives. In this case, the
efficiency of the backward pulse generation is given approximately by a convolu-
tion of the incoming pulse with meff tð Þ, where Meff tð Þ is an effectivemodulation, and
the forward wave is (nearly) monochromatic (e.g., for a CW or nanosecond source
—Af tð Þ ! 1):
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Meff tð Þ ¼ q zð Þ ∗m tð Þ is the convolution of the (transverse) spatial and temporal
profiles of the pump pulse. These equations can be solved analytically assuming

symmetric Gaussian shape for the pump pulse: q zð Þ ¼ e �z=Lgð Þ2 and
m tð Þ ¼ e �t=Tmodð Þ2 :

The complex analytical solution for the backward reflected pulse depends on
two time scales: (i) the modulation time Tmod, which, for a Kerr grating, is the pump
pulse duration, and (ii) the grating pass time Tpass ¼ L=vg, where L is the grating
length and has the form:
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This reveals unique spatial-temporal dependency. The reflected wave has the
temporal duration of the longer time scale, and the power is scaled as the shorter
time scale. This occurs because the reflections occur from within the grating rather
than outside of it. Note that the grating length only influences the temporal dura-
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For a 10�4 index change and a 50-fs pump duration with a 1500-nm signal
wavelength, we get an efficiency of � 4 � 10�6. Since vgTp � 10 μm, then the mini-
mal length of the grating for this limit to hold is about 0.1 mm. The backward pulse
is then at least 500 fs long.

In the opposite case of a very short grating, Tmod ≫Tpass, as is feasible in semi-
conductors, the reflected pulse power is
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Thus, the reflected wave duration and spectrum follow that of the pump pulse.
The above approximations are valid for low reflection efficiency, i.e., un-

depleted pump. Transient Kerr grating is expected to have a very low efficiency,
and an order of magnitude difference between Tpass and Tmod is expected to corre-
spond to the above solutions.

In silica fibers, there is also the possibility for thermal gratings. In this case the
index modulation time varies on the microsecond and nanosecond time scales,
which is considerably longer than the passage time for a typical 5-mm grating
(�25 ps). The expected reflectivity should behave as in the first case above with the
exception of non-Gaussian response.

The results indicate that with the Kerr mechanism high reflection efficiencies are
feasible for Chalcogenide fibers and semiconductor waveguides; however, silica
fibers are more challenging. Furthermore, as the reflection from transient Bragg
gratings is dependent on the pumping configuration, e.g., grating length and pump
pulse duration, and it is possible to control the signal modulation. In the theory,
generation pulses on time scale such as tens of ps, currently not available from fiber
lasers, are possible. Other interesting applications such as in-fiber Q-switching are
also feasible.

In the next sections, we will describe experimental results achieved by our group
on the subject of transient Bragg gratings in standard silica fibers for switching and
modulation applications. We will describe methods to generate them and their
results.

4. Experimental results of femtosecond transient FBGs

4.1 Experimental setup

The experimental setup is standard for FBG inscription with the phase mask
technique and is shown schematically below (Figure 1). A femtosecond laser
(800 nm, 35 fs, 1 KHz) is focused on the fiber core, through a phase mask. The mask
period is 2.14 μm, suitable for second-order Bragg gratings at 1550 nm. The fiber to
be inscribed is connected to a probe signal source and an Optical Spectrum Analyzer
(OSA) to monitor the FBG spectrum or to a fast photodiode (Thorlabs DETO8CFC)
to monitor the dynamic effects. The signal source can be a broadband ASE source
when characterize permanent FBG inscription or an amplified DFB laser when
observing transient, dynamic effect. The probe laser mostly operated in CW mode
providing 1 W output power and was operated in pulse mode for Kerr grating
experiments.

4.2 Transient Kerr grating

We tried to observe a transient Kerr grating with pulse energies below the
inscription threshold in standard SMFs. In these experiments, we monitor the
reflection from the grating with a photodiode. We found the permanent inscription
threshold to be 160 μJ; thus, our pulse energy is limited below this value. For 100 μJ
pulse energy, we expect grating index modulation of 8 � 10�7, which will exist for
35 fs only. The expected reflection from such a grating is extremely weak; the
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coupling coefficient, calculated according to the theory outlined in Section 3 is

κ � 8 � 10�7 1
μm

h i
, four orders of magnitude lower than typical permanent gratings.

Therefore, we drive our probe laser with 50 ns pulses at a 20 KHz pulse rate. In this
mode, the laser outputs 1 KW peak power, tuned to the Bragg wavelength. The
reflected efficiency expected for such index modulation is � 10�5:

Unfortunately, we could not detect any Kerr grating reflections with our detec-
tor or with a lock-in amplifier. Furthermore, we noticed an increase in the detector
DC level, and a photodiode was able to measure a weak (nW) but slowly growing
reflected power signal indicating permanent inscription. We repeated the experi-
ment with 50 μJ pulse energy to find again permanent inscription.

The reflected power was extremely weak and could not be detected with a
standard ASE source. The permanent inscription may be the result of tunneling
ionization rather than multiphoton ionization, which is a much slower process that
is expected for relative low intensities by the Keldysh theory [93]. Further investi-
gation is required in order to produce Kerr grating, most likely in a different
material with higher nonlinearity. In the following we will present different
methods to observe transient gratings based on thermal effects in silica fibers.

4.3 Permanent grating switching

In this configuration, we first fabricate a high-quality (>25 dB) grating and
observed light transmitted through it, i.e., we measure the transmission loss of the
grating rather than its reflections. To modulate the grating, we block half of the
beam and illuminate only half of the permanent grating through the phase mask.
Due to the induced heat of each pulse, the refractive index is elevated, causing half
the grating to shift to a higher Bragg wavelength, leaving the other half intact. This
opens a transmission gap in the grating, allowing a signal, at wavelength matching
the grating Bragg wavelength to be detected by the photodiode. Essentially, we
temporarily transform a uniform grating into a phase-shifted grating. Figure 2
shows the time profile of the transmitted signal through the shifted grating.

The switching mechanism is based on induced heat, as if the gratings were
placed on a temperature-controlled controller. However, here the switching is done
with an ultrafast laser that provides ultrafast rise time. As can be seen in Figure 2,
the switching time here is about 8 μs, which makes it suitable for Q-switching

Figure 1.
Schematic of the optical setup.
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applications. We can reduce the switching time to less than 2 μs at the cost of
extinction ratio by setting the signal wavelength slightly away from the grating
resonance.

While this is a very slow modulation time, it shows the natural response of the
induced grating by femtosecond laser pulse at different pulse energies above the
inscription threshold. Note that two different regimes are noticeable: for low pulse
energies, a fast decay of the signal followed by a long μs tail. When increasing the
pulse energy, the fast decay disappears. This indicates the formation of permanent
index modification. We will show that the long μs tail can be cut off by performing
immunization.

4.4 Immunization to femtosecond inscription

The ability of femtosecond lasers to modify the material refractive index of
practically any optical material is a keystone in photonic device fabrication. How-
ever, when one wants to observe transient grating effects, it is a drawback, as it
limits the applied pulse energy to energies below the multiphoton ionization
threshold and permanent index change. It is known that the modified index has a
limit, i.e., it can only grow to the order of 10�3 (positive change in silica fibers)
when it reaches saturation. Reflection from a transient grating, however, depends
on both the index modulation and the grating period.

We have found that femtosecond photo pre-treatment can immunize a fiber up
to a certain illumination intensity [94]. In fact, the reported multiphoton ionization
and inscription threshold (� 1013 W=cm2) can be raised so that permanent Bragg
gratings first appear at a higher pulse energies.

Fiber immunizing can help avoid permanent index change and observation of
transient FBG effects. After immunization, the fiber transient index change effects,
such as heat or Kerr, are expected to be observed more clearly as the permanent
index change is saturated and its effects are suppressed.

In order to immunize the fiber against femtosecond inscription, we remove
the phase mask and inscribe it with a focal line pattern. The pulse energy in this

Figure 2.
Pulse measured out of a modulated permanent grating as a function of pulse energy.
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coupling coefficient, calculated according to the theory outlined in Section 3 is
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DC level, and a photodiode was able to measure a weak (nW) but slowly growing
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The reflected power was extremely weak and could not be detected with a
standard ASE source. The permanent inscription may be the result of tunneling
ionization rather than multiphoton ionization, which is a much slower process that
is expected for relative low intensities by the Keldysh theory [93]. Further investi-
gation is required in order to produce Kerr grating, most likely in a different
material with higher nonlinearity. In the following we will present different
methods to observe transient gratings based on thermal effects in silica fibers.

4.3 Permanent grating switching

In this configuration, we first fabricate a high-quality (>25 dB) grating and
observed light transmitted through it, i.e., we measure the transmission loss of the
grating rather than its reflections. To modulate the grating, we block half of the
beam and illuminate only half of the permanent grating through the phase mask.
Due to the induced heat of each pulse, the refractive index is elevated, causing half
the grating to shift to a higher Bragg wavelength, leaving the other half intact. This
opens a transmission gap in the grating, allowing a signal, at wavelength matching
the grating Bragg wavelength to be detected by the photodiode. Essentially, we
temporarily transform a uniform grating into a phase-shifted grating. Figure 2
shows the time profile of the transmitted signal through the shifted grating.

The switching mechanism is based on induced heat, as if the gratings were
placed on a temperature-controlled controller. However, here the switching is done
with an ultrafast laser that provides ultrafast rise time. As can be seen in Figure 2,
the switching time here is about 8 μs, which makes it suitable for Q-switching

Figure 1.
Schematic of the optical setup.
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applications. We can reduce the switching time to less than 2 μs at the cost of
extinction ratio by setting the signal wavelength slightly away from the grating
resonance.

While this is a very slow modulation time, it shows the natural response of the
induced grating by femtosecond laser pulse at different pulse energies above the
inscription threshold. Note that two different regimes are noticeable: for low pulse
energies, a fast decay of the signal followed by a long μs tail. When increasing the
pulse energy, the fast decay disappears. This indicates the formation of permanent
index modification. We will show that the long μs tail can be cut off by performing
immunization.

4.4 Immunization to femtosecond inscription

The ability of femtosecond lasers to modify the material refractive index of
practically any optical material is a keystone in photonic device fabrication. How-
ever, when one wants to observe transient grating effects, it is a drawback, as it
limits the applied pulse energy to energies below the multiphoton ionization
threshold and permanent index change. It is known that the modified index has a
limit, i.e., it can only grow to the order of 10�3 (positive change in silica fibers)
when it reaches saturation. Reflection from a transient grating, however, depends
on both the index modulation and the grating period.

We have found that femtosecond photo pre-treatment can immunize a fiber up
to a certain illumination intensity [94]. In fact, the reported multiphoton ionization
and inscription threshold (� 1013 W=cm2) can be raised so that permanent Bragg
gratings first appear at a higher pulse energies.

Fiber immunizing can help avoid permanent index change and observation of
transient FBG effects. After immunization, the fiber transient index change effects,
such as heat or Kerr, are expected to be observed more clearly as the permanent
index change is saturated and its effects are suppressed.

In order to immunize the fiber against femtosecond inscription, we remove
the phase mask and inscribe it with a focal line pattern. The pulse energy in this

Figure 2.
Pulse measured out of a modulated permanent grating as a function of pulse energy.
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pre-treatment was chosen to be slightly more than twice the average energy for FBG
inscription, so that the peak intensity of the pre-treatment would be slightly higher
than that of the FBG inscription.

Figure 3 shows permanent gratings inscribed on a fresh fiber compared to
a treated fibers. Before any pre-treatment, gratings with �25 and � 30 dB trans-
mission dips were inscribed, at pulse energies of 160 μJ (Figure 3a) and 180 μJ
(Figure 3b), respectively. As is evident, when pre-treatment of the fibers is done at
slightly more than double of the pulse energy, the results is a complete immunity
for inscription at 160 μJ and in only �2 dB transmission loss at 180 μJ. For the latter,
a 2.5-nm wavelength shift is observed, corresponding to an increase of � 2 � 10�3 of
the average refractive index due to the pre-treatment. Thus, our treatment greatly
reduces the ability to inscribe gratings. Pre-treatment of the fiber causes complete
immunity or limited grating buildup at a considerably lower rate.

4.5 Fast switching with transient thermal grating

Fiber immunization extremely limits the grating buildup. We characterized the
transient grating reflections of an immunized fiber [95]. After completing the
photo-treatment process on a standard SMF at a pulse energy of 1 mJ, the pump
laser pulse rate was lowered to 2 Hz in order to reduce the average thermal effects,
and reflected pulses were measured with our detector. Figure 4a shows the aver-
aged time trace (100 pulses) of the reflected pulse for different femtosecond illu-
mination pulse energies (all below half of the immunization pulse energy).

The reflected pulses (Figure 4a) have a very fast rise time followed by nanosec-
ond decay. This is three orders of magnitude improvement compared to transient
grating based on UV laser reported in Ref. [80, 81]. The observed transient increase
in the reflectivity can mainly be attributed to local heating of the silica, due to
nonlinear absorption, corresponding to a local increase in the refractive index and is
followed by thermal diffusion that washes out the grating. The decay time is typical
for thermal diffusion at these sizes and distances.

Figure 3.
Transmission spectra of the inscribed permanent FBGs in untreated and treated fibers: untreated fiber, dashed
blue lines; treated fibers, solid red lines. (a) 160 μJ pulse energy. (b) 180 μJ pulse energy.
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The measured rise time is 2 ns, but we believe the actual rise time is significantly
shorter, since our measurement was limited by our detection system (about the
same rise time was also measured for our 35 fs laser source). For a 550 μJ illumina-
tion pulse, the reflected pulse duration is approximately 14.3 ns (measured between
1 and e points). An exponential fit is shown (light blue) in Figure 4a, with a time
constant of �10 ns. For a 550-μJ illumination pulse, the measured reflected peak
power is 0.38 mW, corresponding to a peak power reflectivity of 0.0435%.

Assuming an effective grating length of 5 mm, and applying the theory for
spatial-temporal gratings, we estimate an index change of Δn ¼ 2:3 � 10�6. This is
three orders of magnitude less than reported in the literature for permanent femto-
second inscribed gratings. However, it should be noted that tens of thousands of
pulses are used to achieve the reported Δn for permanent inscription. The thermal
grating, and the refractive index increase, decay time depends on the diffusion
coefficient of the fiber and the grating period. In this case, the decay time expected
to be 34 ns [96]. The reflected power from a temporal grating is proportional to
Δnð Þ2; thus, we expect from theory (Eq. (6)) a reflected signal decay time of 17 ns.
This is in good agreement with the experimental results, where differences may
arise due to the presence of germanium in the fiber core.

Figure 4(b) shows the peak reflectivity as a function of applied pulse energy.
A small increase in the inscribing pulse energy results in a higher induced transient
refractive index change, leading to a significantly stronger reflected pulse. As
suggested by the linear fit, the peak reflectivity has, indeed, a nonlinear growth that
corresponds to I5, which is a good indication that the grating is, indeed, based on
multiphoton absorption.

With respect to Figure 2, and time scale reported with femtosecond induced
index change [4], the immunization technique allows us to remove transient effects
associated with material resolidification and access the previous phase of femtosec-
ond laser-matter interaction.

Figure 4.
(a) Measured average time trace of the reflected pulses for different femtosecond illumination pulse energies.
The inscribing pulse rate was 2 Hz. An exponential fit with parameters, a = 17.87, b = 2.06, c = 10.5, and
d = 1.7, is shown for the highest reflectivity, indicating a thermal diffusion time of �10 ns. (b) The peak
amplitude of the measured reflected signal as a function of pulse energy. The linear fit indicates a nonlinear
relation between the pulse energy (intensity) and reflectivity.
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for inscription at 160 μJ and in only �2 dB transmission loss at 180 μJ. For the latter,
a 2.5-nm wavelength shift is observed, corresponding to an increase of � 2 � 10�3 of
the average refractive index due to the pre-treatment. Thus, our treatment greatly
reduces the ability to inscribe gratings. Pre-treatment of the fiber causes complete
immunity or limited grating buildup at a considerably lower rate.
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transient grating reflections of an immunized fiber [95]. After completing the
photo-treatment process on a standard SMF at a pulse energy of 1 mJ, the pump
laser pulse rate was lowered to 2 Hz in order to reduce the average thermal effects,
and reflected pulses were measured with our detector. Figure 4a shows the aver-
aged time trace (100 pulses) of the reflected pulse for different femtosecond illu-
mination pulse energies (all below half of the immunization pulse energy).

The reflected pulses (Figure 4a) have a very fast rise time followed by nanosec-
ond decay. This is three orders of magnitude improvement compared to transient
grating based on UV laser reported in Ref. [80, 81]. The observed transient increase
in the reflectivity can mainly be attributed to local heating of the silica, due to
nonlinear absorption, corresponding to a local increase in the refractive index and is
followed by thermal diffusion that washes out the grating. The decay time is typical
for thermal diffusion at these sizes and distances.
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Transmission spectra of the inscribed permanent FBGs in untreated and treated fibers: untreated fiber, dashed
blue lines; treated fibers, solid red lines. (a) 160 μJ pulse energy. (b) 180 μJ pulse energy.
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The measured rise time is 2 ns, but we believe the actual rise time is significantly
shorter, since our measurement was limited by our detection system (about the
same rise time was also measured for our 35 fs laser source). For a 550 μJ illumina-
tion pulse, the reflected pulse duration is approximately 14.3 ns (measured between
1 and e points). An exponential fit is shown (light blue) in Figure 4a, with a time
constant of �10 ns. For a 550-μJ illumination pulse, the measured reflected peak
power is 0.38 mW, corresponding to a peak power reflectivity of 0.0435%.

Assuming an effective grating length of 5 mm, and applying the theory for
spatial-temporal gratings, we estimate an index change of Δn ¼ 2:3 � 10�6. This is
three orders of magnitude less than reported in the literature for permanent femto-
second inscribed gratings. However, it should be noted that tens of thousands of
pulses are used to achieve the reported Δn for permanent inscription. The thermal
grating, and the refractive index increase, decay time depends on the diffusion
coefficient of the fiber and the grating period. In this case, the decay time expected
to be 34 ns [96]. The reflected power from a temporal grating is proportional to
Δnð Þ2; thus, we expect from theory (Eq. (6)) a reflected signal decay time of 17 ns.
This is in good agreement with the experimental results, where differences may
arise due to the presence of germanium in the fiber core.

Figure 4(b) shows the peak reflectivity as a function of applied pulse energy.
A small increase in the inscribing pulse energy results in a higher induced transient
refractive index change, leading to a significantly stronger reflected pulse. As
suggested by the linear fit, the peak reflectivity has, indeed, a nonlinear growth that
corresponds to I5, which is a good indication that the grating is, indeed, based on
multiphoton absorption.

With respect to Figure 2, and time scale reported with femtosecond induced
index change [4], the immunization technique allows us to remove transient effects
associated with material resolidification and access the previous phase of femtosec-
ond laser-matter interaction.
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(a) Measured average time trace of the reflected pulses for different femtosecond illumination pulse energies.
The inscribing pulse rate was 2 Hz. An exponential fit with parameters, a = 17.87, b = 2.06, c = 10.5, and
d = 1.7, is shown for the highest reflectivity, indicating a thermal diffusion time of �10 ns. (b) The peak
amplitude of the measured reflected signal as a function of pulse energy. The linear fit indicates a nonlinear
relation between the pulse energy (intensity) and reflectivity.

33

Femtosecond Transient Bragg Gratings
DOI: http://dx.doi.org/10.5772/intechopen.84448



We also note here that thermal grating diffusion time is highly dependent on
grating period. The diffusion time is opposite to the square of the grating period;
thus, working with first-order grating can reduce the time scale by a factor of four.
The applicability to transient thermal grating for higher pulse rate and life time of
such device is elaborated elsewhere [95].

5. Conclusions

Transient fiber Bragg gratings has a great potential for all-optical, all-fiber, fast
optical switching. Many challenges have yet remained to be investigated in this
field, mostly improving the efficiency of the grating for practical applications,
methods to generate them, and life time of such devices.

Achieving Kerr gratings for ultrafast switching is challenging in silica fibers
since the effect is much weaker than inscription of permanent gratings. However, it
may be feasible in highly nonlinear fibers or waveguide materials. Semiconductor
waveguides and materials are promising for both Kerr-based transient gratings and
free-carrier-based gratings. Furthermore, it should be possible to implement with
low-power, low-cost diodes rather than high-power femtosecond lasers—at the cost
of slower rise time.

The immunization technique presented here can be used to implement transient
thermal gratings in transparent materials and may serve as a diagnostic tool for
dielectric materials with different compositions and doping. Furthermore, the dif-
fusion of transient thermal gratings is highly dependent on the grating period; thus,
many time scales and wavelengths are accessible by simply choosing a suitable mask
and illuminating wavelength.

Several applications may rise from transient gratings in fibers and remain to be
demonstrated: fiber laser Q-switching and modulation, generation of sub-ns
pulses—a regime not accessible with Q-switching or mode-locking technique,
diagnostic tools, and more.
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Chapter 4

Vital Sign Measurement Using 
FBG Sensor for New Wearable 
Sensor Development
Shouhei Koyama and Hiroaki Ishizawa

Abstract

In this study, we measured the vital signs of a living body using an FBG sensor by 
installing it at a pulsation point such as the radial artery. We developed a biological 
model to demonstrate the capability of an FBG sensor. The FBG sensor signal was 
found to correspond to the changes in diameter of the artery caused by the pressure 
of the blood flow. Vital signs such as pulse rate, respiratory rate, stress load, and blood 
pressure were calculated from the FBG sensor signal. While pulse rate and respira-
tion rate were calculated by peak detection of FBG sensor signal. Blood pressure was 
calculated from the waveform shape of one beat of the FBG sensor signal by PLS 
regression analysis. All vital signs were calculated with high accuracy. The study helps 
establish that these vital signs can be calculated continuously and simultaneously. 
Considering that an FBG sensor can detect a strain with high sensitivity using a small 
optical fiber, it is expected to be adopted widely as a novel wearable vital sign sensor.

Keywords: FBG sensor, pulse rate, respiration rate, blood pressure, wearable sensor

1. Introduction

In Japan, there is surge in demand for medical care of the elderly as their popula-
tion continues to increase [1]. This is causing a serious concern especially consider-
ing the prevailing shortage of medical staff. Meanwhile, since the Tokyo Olympic 
Games will be held in 2020, there is a high need for self-healthcare management 
among healthy people. A simple home health system to monitor the vital signs in 
elderly people is becoming an absolute necessity, as there is increasing demand for 
their self-health management on a daily basis. Vital signs are fundamental indica-
tors of human health. These indicators include heart rate, respiration rate, blood 
pressure, body temperature, level of consciousness.

In order to meet such needs, wearable sensors are being developed by manufac-
turers to monitor vital signs [2–4]. These sensors are glasses or wristwatch type, 
they have a characteristic that can measure vital signs continuously. Most of these 
sensors are of photoelectric pulse wave type measuring the changes in light absorp-
tion caused by hemoglobin in blood vessels. These sensors are compact, portable, 
and easy to install on a human body. However, there are a few issues with these sen-
sors: moisture noise caused by perspiration, skin damage due to the probe pressure 
[5], and dependence of signal strength on probe mounting position [6]. In addition, 
people have psychologically stressful for people who do not use wrist watches or 
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eyeglasses from attaching these type wearable sensor. Many photoelectric pulse 
wave sensors can measure only the pulse rate and cannot measure blood pressure. 
The currently used measuring many sphygmomanometers are of stationary type 
and therefore cannot be carried by hand. Accordingly, they are not suitable for 
home use and continuous monitoring.

The FBG sensor is an optical fiber type highly accurate strain sensor. The FBG 
sensor has a feature that a plurality of sensors can be installed with one inter-
rogator, the optical fiber length is 1 km or more. From these features, FBG sen-
sors are used in building and civil engineering fields. Tam et al. have introduced 
FBG sensors in railway rail monitoring systems [7, 8]. There are research studies 
reporting measurement of vital signs using FBG sensors [9–11]. Furthermore, 
since the sensor part is an optical fiber, it can be introduced into a textile product 
[12]. Therefore, the FBG sensor is introduced into the wristband or the sleeve of 
the shirt, and the sensor can be installed on the living body simply by wearing the 
textile product.

The authors propose that the FBG sensor is installed to the pulsation point of the 
skin surface and the vital sign can be calculated from the measured signal. The vital 
signs such as pulse rate, respiratory rate, stress load, and blood pressure are calcu-
lated from the measured signal of FBG sensor. In this paper, the details of the strain 
signal measured at a pulsation point of a human body with the FBG sensor, method 
of calculation from the measured signal, and measurement accuracy for each vital 
sign are described.

2. FBG sensor system

An FBG sensor system is composed of an interrogator part with a light source 
and a detector, and a sensor part with an optical fiber. The schematic and the 
specifications of the FBG sensor system used in this study are shown in Figure 1 
and Table 1, respectively. We used the FPG interrogator system, named PF25-S01 
(Nagano Keiki Co., Ltd.) [13]. This interrogator is equipped with an ASE light 
source that emits near infrared light with a wavelength of 1525–1570 nm that passes 
through the core of the optical fiber.

In the FBG sensor, a diffraction grating is formed when the refractive index is 
periodically changed along the axis of the core of the optical fiber. The FBG sensor 
reflects only a specific wavelength corresponding to the interval period of the dif-
fraction grating. The wavelength of the reflected light from the FBG is called Bragg 
wavelength that follows the Eq. (1),

   λ  Bragg   = 2  n  eff   Λ  (1)

where,   λ  Bragg    is the Bragg wavelength,   n  eff    is the effective refractive index of the 
grating portion, and  Λ  is the grating interval. Since the effective refractive index is 
constant during a measurement, the Bragg wavelength changes accordingly as the 
lattice spacing changes. Therefore, when the Bragg wavelength varies, the lattice 
spacing changes due to the strain in the sensor part. Any distortion applied to the 
sensor section is detected based on this principle.

The Bragg wavelength reflected by the sensor portion passes through a circulator 
and is directed to a detection device that is a Mach-Zehnder interferometer. The 
optical path difference of the interferometer is approximately 5 mm. The homodyne 
detection method using the Mach-Zehnder interferometer detects the shift length 
of Bragg wavelength as interference phase shift [14, 15]. The Mach-Zehnder inter-
ferometer provides the light outputs through three detectors.
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In each detector, the detected light is photo-electrically converted into an electric 
signal that is further converted to a digital signal by an analog/digital converter. 
Subsequently, the phase angle is demodulated, and a wavelength shift (proportional 
to the displacement and distortion) is calculated. The method has an advantage in 
that the resolution of wavelength measurement is finer compared with other meth-
ods. By this method, the pressure of the FBG sensor part is detected by measuring 
the displacement in Bragg wavelength.

3. Relationship between human body signal and FBG sensor signal

Experiments were performed using a biological model (Figure 2) to study 
the signals measured by an FBG sensor attached to a living body. A piston was 
employed to simulate the heart, and a blood-mimicking fluid (manufactured by 
CIRS) was used to simulate the blood. The movement of the piston was controlled 
to set the flow rate of the pseudo blood passing through a 500-mm-long acrylic 
pipe (inner diameter 8 mm) that simulated a blood vessel. For a phantom biologi-
cal model, Flow Phantom (Supertech, Inc., ATS 524), was used. A flow phantom, 
made of a rubber material, was used to simulate the resilience of a living body 
(artificial skin), and it was provided with a hole of 8 mm diameter located at a 
depth of 15 mm from the top surface. A pipe of 8 mm inner diameter, made of vinyl 

Figure 1. 
FBG sensor system.

Interrogator Optical fiber

Size D × W × H (mm) 230 × 330 × 100 Material Silica glass (Core: Ge)

Weight (kg) 4 Mode Single mode

Light source ASE Fiber diameter (μm) 250

Wavelength (nm) 1525–1570 Cladding diameter 
(μm)

145

Power (mW) 30 Core diameter (μm) 10.5

Sampling rate (kHz) 10 Detection range (nm) 1550 ± 0.5

Detector InGaAs PIN PD

Wavelength resolution 
(pm)

±0.1

Table 1. 
Specification of FBG sensor system.
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chloride, and a sensor to measure the pressure of the pseudo blood were installed at 
the rear of the flow phantom. The pseudo blood, discharged from the piston, passed 
through the acrylic pipe, flow phantom, and vinyl chloride pipe in this order. An 
FBG sensor was attached on top of the flow phantom perpendicular to the direction 
of flow of the pseudo blood. The sensor part of an ultrasonic tomographic image 
measurement apparatus, installed parallel to the direction of flow of the pseudo 
blood and covering the FBG sensor as shown in Figure 2, captures the image of the 
inner details of the flow phantom [16].

During the flow of the pseudo blood, the changes in the inner diameter of the 
pseudo artery were measured by the FBG sensor and the tomographic apparatus. 
The FBG sensor signal for a flow rate of 30 mL of pseudo blood in 0.5 s, the diam-
eter of the simulated artery from the tomographic image, and the result of the pres-
sure gauge are shown in Figure 3. It is evident that the FBG sensor signal is closely 
similar to the diameter of the simulated artery and the pressure of the fluid. In addi-
tion, Figure 4 shows the FBG sensor signal for various conditions of the pressure of 
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the pseudo blood. It is evident that the larger the pressure of the simulated blood is, 
the larger the amplitude of the FBG sensor becomes. In this way, it was confirmed 
that the FBG sensor signal could measure the variations in the artery diameter 
caused by the blood pressure. In other words, as the strain at the pulsation point is 
changed by the pressure of the blood flow, the magnitude of the strain change is 
measured by the FBG sensor; this observation indicates that the FBG sensor signal 
contains information on blood pressure.

4. Relationship of heartbeat and FBG sensor signal

In Section 3, it was found that the variation in diameter of the blood vessel could 
be measured by the FBG sensor. In this section, we discuss the relation between the 
FBG sensor signal and heartbeat by installing the FBG sensor at a pulsation point of 
the subject.

The FBG sensor was installed perpendicular to the direction of blood flow in the 
radial artery at the wrist of the subject. An electrocardiograph (Nihon Kohden Corp., 
PVM-2701) was installed at the chest of the subject, and the electrocardiogram was 
measured simultaneously. The subject was male in their twenties, their posture at the 
time of measurement was supine, the sampling rate was 10 kHz, and the duration of 
measurement was 30 s. The peak-to-peak interval (PPI) of the FBG sensor signal and 
the R-to-R interval (RRI) of the electrocardiogram were calculated.

Figure 4. 
Result of FBG sensor signal while changing the pressure.

Figure 5. 
Results of RRI and PPI.
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blood and covering the FBG sensor as shown in Figure 2, captures the image of the 
inner details of the flow phantom [16].

During the flow of the pseudo blood, the changes in the inner diameter of the 
pseudo artery were measured by the FBG sensor and the tomographic apparatus. 
The FBG sensor signal for a flow rate of 30 mL of pseudo blood in 0.5 s, the diam-
eter of the simulated artery from the tomographic image, and the result of the pres-
sure gauge are shown in Figure 3. It is evident that the FBG sensor signal is closely 
similar to the diameter of the simulated artery and the pressure of the fluid. In addi-
tion, Figure 4 shows the FBG sensor signal for various conditions of the pressure of 

Figure 2. 
Schematic of a biological mode.

Figure 3. 
Result of flow phantom diameter and FBG sensor signal.

47

Vital Sign Measurement Using FBG Sensor for New Wearable Sensor Development
DOI: http://dx.doi.org/10.5772/intechopen.84186

the pseudo blood. It is evident that the larger the pressure of the simulated blood is, 
the larger the amplitude of the FBG sensor becomes. In this way, it was confirmed 
that the FBG sensor signal could measure the variations in the artery diameter 
caused by the blood pressure. In other words, as the strain at the pulsation point is 
changed by the pressure of the blood flow, the magnitude of the strain change is 
measured by the FBG sensor; this observation indicates that the FBG sensor signal 
contains information on blood pressure.
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In Section 3, it was found that the variation in diameter of the blood vessel could 
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PVM-2701) was installed at the chest of the subject, and the electrocardiogram was 
measured simultaneously. The subject was male in their twenties, their posture at the 
time of measurement was supine, the sampling rate was 10 kHz, and the duration of 
measurement was 30 s. The peak-to-peak interval (PPI) of the FBG sensor signal and 
the R-to-R interval (RRI) of the electrocardiogram were calculated.
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The result of the RRI and PPI of the subject is shown in Figure 5, where the 
horizontal axis is the measurement time, and the vertical axes are the time intervals 
of PPI and RRI [17]. The heart rates of subject was ~51 times per min. It is evident 
that the RRI and PPI plots are almost identical for the subject. In other words, the 
FBG sensor signal corresponds to the heartbeat vibration as it represents the varia-
tion in the diameter of the arterial blood vessel caused by the flow rate (or pressure) 
that in turn is related to the heartbeat.

5. Vital sign calculation from peak in FBG sensor signal

5.1 Calculation of pulse rate

Since the FBG sensor corresponds to heartbeat vibration, the vital sign can be cal-
culated from the FBG sensor signal. In this section, the pulse rate is calculated from 
the FBG sensor signal. An FBG sensor was installed perpendicular to the direction 
of blood flow in the radial artery at the left wrist of the subject. In order to measure 
the reference pulse rate, an electronic sphygmomanometer was installed at the upper 
arm of the subject. The measurements using the FBG sensor and the electronic blood 
pressure were performed at the same time. The peak interval (PPI) of the FBG sensor 
signal was measured, and the pulse rate per min was calculated from Eq. (2).

   PR  cal   (times / minutes)  = PPI / 60  (2)

where,   PR  cal    is calculated pulse rate, and  PPI  is the peak interval. Three subjects 
were measured in supine position, and the measurement conditions were the same 
as those for the experiment on heartbeat discussed in Section 4.

A scatter diagram between the reference pulse rate and the pulse rate calculated 
from the FBG sensor signal is shown in Figure 6. The correlation coefficients for 

Figure 6. 
Result of calculated pulse rate from FBG sensor signal.
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the subjects A, B, and C were observed to be 0.67, 0.87, and 0.56, respectively, while 
the respective measurement accuracies were 2.1, 2.6, and 1.9 bpm. These results 
indicate that the pulse rate could be measured from the FBG sensor signal with high 
accuracy. Thus, it is evident that the pulse rate can be calculated if the peak of the 
FBG sensor signal is detected accurately.

5.2 Calculation of respiratory rate

The pulse rate was calculated from the FBG sensor signal in Section 5.1. This sec-
tion describes the measurement and calculation of respiration rate. When a person 
breathes, a physiological phenomenon called respiratory dynamic arrhythmia 
occurs, whereby the pulse rate rises during inspiration and decreases during expira-
tion. In other words, the PPI decreases during inspiration, and increases during 
expiration. Therefore, when breathing is repeated, the PPI cycles up and down, and 
thus, the period of a breath cycle can be deduced from a PPI cycle. The respiratory 
rate per min is calculated from Eq. (3),

   RR  cal   =  PPI  cyc   / 60  (3)

where,   RR  cal    is calculated respiration rate, and   PPI  cyc    is the cycle of PPI.
Experiments on breathing rate were conducted with three subjects. To measure 

the reference respiratory rate, a medical face mask attached with a temperature data 
logger (Ishikura Shoten Co., Ltd., SK-L200 THII) was used. The purpose of the face 
mask was to prevent the breath from leaking out. Breath temperature is known to be 
higher than the atmospheric temperature. At the time of inspiration, the temperature 
of the atmosphere is measured with a data logger. On the contrary, as the breath 
temperature was measured at exhalation, the value was relatively higher. Thus, a 
constant periodic temperature change was measured every time the subject breathes. 
One cycle of this temperature change was used as reference respiration time, and the 
reference respiratory rate was calculated from Eq. (3). The FBG sensor signal was 
measured under the same conditions as those for the experiment on pulse rate pre-
sented in Section 5.1. The subjects were in sitting posture at the time of measurement.

The results of the temperature data logger and PPI from the FBG sensor signal 
are shown in Figure 7. It is evident that both curves are very similar to each other. 
In addition, it could be confirmed that the cycle varies depending on the number 
of breaths. The respiratory rates calculated from the temperature data logger and 
the FBG sensor signal are plotted against one another in Figure 8 for the three 

Figure 7. 
Results of the PPI from the temperature data logger and the FBG sensor.
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subjects. The measurement accuracies observed for the three subjects were 0.4, 0.6, 
and 0.4 per min, which were considered to be reasonably good. The high measure-
ment accuracy was observed even for different respiration rates of the same subject 
and for different subjects. The change in pulse rate (change in PPI interval) due to 
respiratory dynamic arrhythmia was very small; however, since the sampling rate of 
the FBG sensor was 10 kHz, it is considered that the calculated respiratory rate was 
accurate. This measurement method can calculate a respiratory rate in the range of 
6–10 bpm; therefore, it is suitable for measurement of slow breathing (~12 bpm or 
less). It is evident from the above results that the high accuracy of measurement of 
respiratory rate is attributable to the high sampling rate.

6. Calculating of blood pressure from the waveform of FBG sensor signal

6.1 Waveform of the FBG sensor signal

In this section, the blood pressure is calculated from the waveform of the FBG 
sensor signal. As shown in Section 3, the FBG sensor signal is measured represent-
ing the pressure of the blood flow that causes a change in the diameter of the blood 
vessel. Pulsation is a distortion that causes an arterial distortion on the skin surface. 
Therefore, information on blood pressure is considered to be present in the FBG 
sensor signal from which a distortion is measured.

A signal measured with a general photoelectric pulse wave sensor is a volume 
pulse wave signal indicating the volume of blood. A signal obtained by second 
derivative of the volume pulse wave signal is an acceleration plethysmogram. The 
basic shape of acceleration plethysmogram includes five peaks [18]. The A-wave 
to the E-wave are called initial systolic positive wave, initial contraction negative 
wave, mid-systole re-elevation wave, post-contraction descent wave, and expansion 
initial positive wave, respectively. Therefore, an acceleration pulse wave contains 
information on systole and diastole of the heart. The first derivative signal of the 

Figure 8. 
Result of calculating respiratory rate.
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FBG sensor is similar to the acceleration pulse wave in shape [13]. Since an FBG 
sensor signal indicates the displacement of the Bragg wavelength due to strain, time 
change of the volume pulse wave is measured. Therefore, the first derivative signal 
of the FBG sensor is similar to the second derivative signal of the volume pulse wave 
signal. Furthermore, since the first derivative waveform of an FBG sensor signal 
includes information on the systole and diastole of the heart, the blood pressure can 
be calculated from this waveform.

6.2 Calculation method of blood pressure from the FBG sensor signal

When blood pressure was calculated from FBG sensor signal, PLS regression 
analysis, which is a widely known multivariate analysis among others, was used. 
The PLS regression analysis can construct calibration curves from the explanatory 
and objective variables. At this time, it is a feature to construct a calibration curve 
on the premise that an explanatory variable and an objective variable contain errors. 
The explanatory variable is the FBG sensor signal waveform, and the objective 
variable is the blood pressure measured simultaneously by the electronic sphygmo-
manometer. The FBG sensor signal is processed through the following steps [19].

1. The FBG sensor signal is processed with a band pass filter of 0.5–5 Hz.

2. The ‘A’ peak (‘A’ wave) is detected from the signal waveform of the band pass 
filter.

3. The signal is divided for each detected peak.

4. The divided signals are averaged.

5. At the vertical axis of the averaged signal, the first point (peak of ‘A’ wave) is 
normalized to “1”, and the lowest point (peak of ‘B’ wave) is set to “0”.

6. The horizontal axis of all FBG sensor signal waveforms processed up to the 5th 
term is cut out in the shortest time, and the length of the horizontal axis is unified.

The step 1 of the signal processing a range for covering a signal with a pulse 
rate of 30–300 times/min. In step 4 of the signal processing, considering that the 
measurement time of the electronic sphygmomanometer is ~30 s, the average is 
calculated for the pulse wave signals measured within that time. The step 5 of signal 
processing is to cancel the vertical axis fluctuations caused by pressure while install-
ing the FBG sensor in humans. The step 6 of signal processing is to cancel the pulse 
rate fluctuations caused by respiratory sinus arrhythmia.

The FBG sensor signal processed through the aforementioned signal processing 
steps is used as an explanatory variable, the blood pressure value of the electronic 
sphygmomanometer measured simultaneously is used as a target variable, and a 
calibration curve is constructed by PLS regression analysis. The newly measured FBG 
sensor signal is substituted into this calibration curve to calculate the blood pressure.

6.3 Experimental result of calculating the blood pressure

This experiment was performed on three subjects. A schematic of the experi-
mental blood pressure measurement is shown in Figure 9 [19]. The posture of 
the subject was supine, and the FBG sensor was installed at the pulsation point of 
the radial artery of the right wrist. The reference blood pressure value (objective 
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subjects. The measurement accuracies observed for the three subjects were 0.4, 0.6, 
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FBG sensor is similar to the acceleration pulse wave in shape [13]. Since an FBG 
sensor signal indicates the displacement of the Bragg wavelength due to strain, time 
change of the volume pulse wave is measured. Therefore, the first derivative signal 
of the FBG sensor is similar to the second derivative signal of the volume pulse wave 
signal. Furthermore, since the first derivative waveform of an FBG sensor signal 
includes information on the systole and diastole of the heart, the blood pressure can 
be calculated from this waveform.

6.2 Calculation method of blood pressure from the FBG sensor signal

When blood pressure was calculated from FBG sensor signal, PLS regression 
analysis, which is a widely known multivariate analysis among others, was used. 
The PLS regression analysis can construct calibration curves from the explanatory 
and objective variables. At this time, it is a feature to construct a calibration curve 
on the premise that an explanatory variable and an objective variable contain errors. 
The explanatory variable is the FBG sensor signal waveform, and the objective 
variable is the blood pressure measured simultaneously by the electronic sphygmo-
manometer. The FBG sensor signal is processed through the following steps [19].

1. The FBG sensor signal is processed with a band pass filter of 0.5–5 Hz.

2. The ‘A’ peak (‘A’ wave) is detected from the signal waveform of the band pass 
filter.

3. The signal is divided for each detected peak.

4. The divided signals are averaged.

5. At the vertical axis of the averaged signal, the first point (peak of ‘A’ wave) is 
normalized to “1”, and the lowest point (peak of ‘B’ wave) is set to “0”.

6. The horizontal axis of all FBG sensor signal waveforms processed up to the 5th 
term is cut out in the shortest time, and the length of the horizontal axis is unified.

The step 1 of the signal processing a range for covering a signal with a pulse 
rate of 30–300 times/min. In step 4 of the signal processing, considering that the 
measurement time of the electronic sphygmomanometer is ~30 s, the average is 
calculated for the pulse wave signals measured within that time. The step 5 of signal 
processing is to cancel the vertical axis fluctuations caused by pressure while install-
ing the FBG sensor in humans. The step 6 of signal processing is to cancel the pulse 
rate fluctuations caused by respiratory sinus arrhythmia.

The FBG sensor signal processed through the aforementioned signal processing 
steps is used as an explanatory variable, the blood pressure value of the electronic 
sphygmomanometer measured simultaneously is used as a target variable, and a 
calibration curve is constructed by PLS regression analysis. The newly measured FBG 
sensor signal is substituted into this calibration curve to calculate the blood pressure.

6.3 Experimental result of calculating the blood pressure

This experiment was performed on three subjects. A schematic of the experi-
mental blood pressure measurement is shown in Figure 9 [19]. The posture of 
the subject was supine, and the FBG sensor was installed at the pulsation point of 
the radial artery of the right wrist. The reference blood pressure value (objective 
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variable) was measured simultaneously with the electronic sphygmomanometer 
installed at the left upper arm. Systolic and diastolic blood pressures were measured 
with an electronic sphygmomanometer. In the calculation of the systolic blood 
pressure, the signal-processed FBG sensor signal waveform was used as an explana-
tory variable, and the systolic blood pressure measured simultaneously with the 
electronic blood pressure monitor was used as the objective variable. Similarly, in 
the calculation of the diastolic blood pressure, the same FBG sensor signal wave-
form and the diastolic blood pressure measured simultaneously with electronic 
sphygmomanometer were used. The measurement time was 30 s, while the number 
of measurements was 75 times. Whereas 50 data points were used for construction 
of calibration curve, the remaining 25 data points were assigned to the calibra-
tion curve and used as verification data for blood pressure calculation. The target 
measurement accuracy was ±5 mmHg.

Table 2 shows the calibration curve construction data sets of systolic and 
diastolic blood pressures in each subject [19]. A calibration curve for calculat-
ing systolic blood pressure or diastolic blood pressure was constructed using the 
data sets of each subject. Table 3 shows verification data sets for calculation of 
systolic and diastolic blood pressures for each subject. The verification data set is 
substituted into the constructed calibration curve, and systolic and diastolic blood 

Figure 9. 
Experimental image of blood pressure measurement.

Subject Number Max 
(mmHg)

Min 
(mmHg)

Ave 
(mmHg)

(a) Systolic blood pressure data set

A 50 125 100 111.3

B 50 136 113 123.1

C 50 111 93 100.9

(b) Diastolic blood pressure data set

A 50 79 46 62.7

B 50 80 56 68.2

C 50 60 46 53.7

Table 2. 
Calibration curve construction data sets.
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pressures were calculated. For example, a calibration curve was constructed with 
50 data points of the systolic blood pressure of the subject A; the 25 data points of 
the systolic blood pressure of verification data of the subject A were substituted into 
the calibration curve, and the systolic blood pressure of subject A was calculated. 
Similarly, a calibration curve was constructed with 50 data points of the diastolic 
blood pressure of the subject B in Table 2; the 25 data points of validation data of 
the diastolic blood pressure of the subject B in Table 3 were substituted into the 
calibration curve, and the diastolic blood pressure of subject B was calculated.

Figure 10 shows a scatter plot of reference blood pressure and calculated blood 
pressure during systole and diastole of each subject. Table 4 shows the results of 
blood pressure calculation, whereby it was observed that the calculation accuracy 
of systolic and diastolic blood pressures were ±5 mmHg, and it was calculated with 
the same blood pressure value as that of a commercially available blood pressure 
monitor. In the case of the systolic blood pressure, the average value of the verifica-
tion data for blood pressure calculation was 110.9 mmHg, while the average value 

Subject Number Max 
(mmHg)

Min 
(mmHg)

Ave 
(mmHg)

(a) Systolic blood pressure data set

A 25 131 100 110.1

B 25 138 112 122.2

C 25 110 93 100.4

Average systolic blood pressure in data set (mmHg) 110.9

(b) Diastolic blood pressure data set

A 25 77 46 60.3

B 25 76 58 68.0

C 25 65 39 53.1

Average diastolic blood pressure in data set (mmHg) 60.5

Table 3. 
Verification data set in each subjects.

Figure 10. 
Scatter plot of reference blood pressure and calculated blood pressure during systolic and diastolic. (A) Calculated 
result in systolic blood pressure. (B) Calculated result in diastolic blood pressure.
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pressures were calculated. For example, a calibration curve was constructed with 
50 data points of the systolic blood pressure of the subject A; the 25 data points of 
the systolic blood pressure of verification data of the subject A were substituted into 
the calibration curve, and the systolic blood pressure of subject A was calculated. 
Similarly, a calibration curve was constructed with 50 data points of the diastolic 
blood pressure of the subject B in Table 2; the 25 data points of validation data of 
the diastolic blood pressure of the subject B in Table 3 were substituted into the 
calibration curve, and the diastolic blood pressure of subject B was calculated.

Figure 10 shows a scatter plot of reference blood pressure and calculated blood 
pressure during systole and diastole of each subject. Table 4 shows the results of 
blood pressure calculation, whereby it was observed that the calculation accuracy 
of systolic and diastolic blood pressures were ±5 mmHg, and it was calculated with 
the same blood pressure value as that of a commercially available blood pressure 
monitor. In the case of the systolic blood pressure, the average value of the verifica-
tion data for blood pressure calculation was 110.9 mmHg, while the average value 
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Scatter plot of reference blood pressure and calculated blood pressure during systolic and diastolic. (A) Calculated 
result in systolic blood pressure. (B) Calculated result in diastolic blood pressure.



Fiber Optic Sensing - Principle, Measurement and Applications

54

of the calculation accuracy was 2.9 mmHg (~2.6%). Similarly, in the diastolic blood 
pressure, the average value of the verification data for blood pressure calculation 
was 60.5 mmHg, while the average value of the calculation accuracy was 2.8 mmHg 
(~4.7%). These results indicate that the calculation accuracy of diastolic blood pres-
sure is lower than that of systolic blood pressure. This is due to step 6 of signal pro-
cessing, whereby the canceling of the pulse rate fluctuation was performed in order 
to calculate the FBG sensor signal by the PLS regression analysis. The so-called latter 
half portion of a single beat of the FBG sensor signal is truncated. There is a peak 
of expansion initial positive wave in this part, which represents the diastole of the 
heart. Therefore, it is considered that the deletion of the diastolic information from 
the FBG sensor signal caused a decline in the calculation accuracy. In other words, 
in this calculation method, since the negative characteristics of the signal processing 
is reflected in the result, the blood pressure is calculated from the movement of the 
heart included in the FBG sensor signal. However, considering that the results of all 
blood pressure calculations were ±5 mmHg, it is considered that the blood pressure 
was calculated with high calculation accuracy. Therefore, it is established that the 
blood pressure can be calculated with high calculation accuracy by constructing 
the calibration curve by PLS regression analysis of the waveform of the FBG sensor 
signal. It is evident from this result that it is possible to calculate blood pressure from 
the same FBG sensor signal in addition to pulse rate, respiratory rate, and stress load.

7. Conclusion

In this paper, the method of calculating each vital sign from the FBG sensor 
signal was described. An experiment using a biological model demonstrated that 
the FBG sensor signal was influenced by the change in diameter of the tube through 
which a fluid (pseudo blood) was allowed to flow by a simulated pressure. This 
model was replaced with a living body, and a change in the diameter of the artery 
caused by a change in the flow rate of blood related to the movement of the heart 
was measured. The FBG sensor signal was measured at a high temporal resolution 
of 10 kHz; therefore, the pulse rate could be calculated with a high measurement 
accuracy. Based on the phenomenon of respiratory sinus arrhythmia, the respira-
tion rate could be calculated from the cycle of pulse rate change during expiration 
and inspiration. On the other hand, the first derivative waveform of the FBG sensor 
signal was found to be similar to the acceleration pulse wave, which was the second 
derivative of the volume pulse wave signal; therefore, it was considered that the 
systolic and diastolic information of the heart was present in the signal. Subsequent 
to the signal processing of this primary derivative waveform of FBG sensor signal, 
a calibration curve was constructed by PLS regression analysis for calculating the 
blood pressure, and accordingly, the blood pressures (systolic and diastolic) were 
calculated with high accuracy. All these vital signs were calculated from a measured 
FBG sensor signal. Therefore, considering that only the analysis method is different, 
it is possible to calculate a plurality of vital signs simultaneously from one measure-
ment signal. Since the FBG sensor signal is continuously measured, the vital signs 

Subject A B C Average

Calculating accuracy (mmHg) Systolic 3.4 2.8 2.6 2.9

Diastolic 4.1 1.8 2.6 2.8

Table 4. 
Results of calculating blood pressure.
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can also be calculated on a continuous basis. In addition, the signal is measured sim-
ply by installing the FBG sensor at the pulsation point. Apart from the wrist, there 
are other pulsation points such as at the elbow, neck, temple, and ankle of the living 
body. Therefore, it is possible to select a part of interest that can be easily measured. 
Since the FBG sensor is an optical fiber, it can be introduced into a textile product. 
Cover the optical fiber with multiple silk thread in technic of braid. Unevenness is 
formed on the surface of the optical fiber by this silk thread, and frictional force is 
occurred. The optical fiber covered with this silk thread is embedded into the knitted 
fabric by inlay knitting. With this method, the optical fiber can be fixed without 
slipping in the knitted fabric. If FBG sensor can be introduced into textile products, 
it can be applied to wristbands, long-sleeved shirts, socks, and various other prod-
ucts. However, there are issues such as miniaturization of the FBG interrogator.

There are two approaches to applying the FBG sensor system in the clinical 
setting. First method, place the current FBG interrogator in the corner of the room, 
extend the optical fiber and install the FBG sensor in the hospitalized patient. With 
this method power supply can be supplied stably. The second method is to develop a 
compact FBG interrogator that can be attached to the human body. We are develop-
ing the 1/12 downsizing prototype FBG interrogators (74 × 97 × 57 mm, 175 g) using 
commercially available optical components. This interrogator is battery-powered and 
wirelessly communicates measurement signals. If electronic circuits etc. are changed 
from commercial type to specialization type, further size down is predicted. This pro-
totype FBG interrogator can be operated at minimum 5 hours with battery. However, 
it is necessary to take measures against the temperature caused by heat. In our study, 
we employed the FBG sensor commonly used in applications ranging from infra-
structure to living organisms. While we used only one FBG sensor for all our experi-
ments, the length of the optical fiber was also very short. The currently available 
commercial FBG interrogators have been specifically developed for use in large-scale 
applications employing many sensors. Our research is a highly original theme that is 
entirely different from the current application areas of FBG sensors. An FBG sensor 
can measure a distortion on a continuous basis with high accuracy and sensitivity, 
and the sensor section is compact owing to the use of optical fiber. Furthermore, it 
facilitates measurement of a pulse wave signal by a very simple method of fixing it at 
a pulsation point. Except for a few issues, the FBG sensors having such characteristics 
are expected to be used as wearable sensors successfully in future.

Currently, there are very few products that can continuously measure blood 
pressure without using a cuff. In addition, pulse rate and stress load can be detected 
with commercially available wearable sensors. However, at the same time, there 
is no wearable sensor using which both breathing rate and blood pressure can be 
calculated. This is because of the issues related to the time resolution and detection 
sensitivity of the measurement signal. In contrast, the FBG sensor can calculate 
these vital signs with high accuracy. It can be used as a precious blood pressure 
monitor. Moreover, considering that hospitalized patients need to be monitored on 
a continuous basis in respect of the vital signs, it would be a major breakthrough if 
the sensors can be installed in textile products for ease of handling and installation. 
The above discussions lead to the conclusion that it is possible to use an FBG sensor 
for monitoring of vital signs with high accuracy.
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of the calculation accuracy was 2.9 mmHg (~2.6%). Similarly, in the diastolic blood 
pressure, the average value of the verification data for blood pressure calculation 
was 60.5 mmHg, while the average value of the calculation accuracy was 2.8 mmHg 
(~4.7%). These results indicate that the calculation accuracy of diastolic blood pres-
sure is lower than that of systolic blood pressure. This is due to step 6 of signal pro-
cessing, whereby the canceling of the pulse rate fluctuation was performed in order 
to calculate the FBG sensor signal by the PLS regression analysis. The so-called latter 
half portion of a single beat of the FBG sensor signal is truncated. There is a peak 
of expansion initial positive wave in this part, which represents the diastole of the 
heart. Therefore, it is considered that the deletion of the diastolic information from 
the FBG sensor signal caused a decline in the calculation accuracy. In other words, 
in this calculation method, since the negative characteristics of the signal processing 
is reflected in the result, the blood pressure is calculated from the movement of the 
heart included in the FBG sensor signal. However, considering that the results of all 
blood pressure calculations were ±5 mmHg, it is considered that the blood pressure 
was calculated with high calculation accuracy. Therefore, it is established that the 
blood pressure can be calculated with high calculation accuracy by constructing 
the calibration curve by PLS regression analysis of the waveform of the FBG sensor 
signal. It is evident from this result that it is possible to calculate blood pressure from 
the same FBG sensor signal in addition to pulse rate, respiratory rate, and stress load.

7. Conclusion

In this paper, the method of calculating each vital sign from the FBG sensor 
signal was described. An experiment using a biological model demonstrated that 
the FBG sensor signal was influenced by the change in diameter of the tube through 
which a fluid (pseudo blood) was allowed to flow by a simulated pressure. This 
model was replaced with a living body, and a change in the diameter of the artery 
caused by a change in the flow rate of blood related to the movement of the heart 
was measured. The FBG sensor signal was measured at a high temporal resolution 
of 10 kHz; therefore, the pulse rate could be calculated with a high measurement 
accuracy. Based on the phenomenon of respiratory sinus arrhythmia, the respira-
tion rate could be calculated from the cycle of pulse rate change during expiration 
and inspiration. On the other hand, the first derivative waveform of the FBG sensor 
signal was found to be similar to the acceleration pulse wave, which was the second 
derivative of the volume pulse wave signal; therefore, it was considered that the 
systolic and diastolic information of the heart was present in the signal. Subsequent 
to the signal processing of this primary derivative waveform of FBG sensor signal, 
a calibration curve was constructed by PLS regression analysis for calculating the 
blood pressure, and accordingly, the blood pressures (systolic and diastolic) were 
calculated with high accuracy. All these vital signs were calculated from a measured 
FBG sensor signal. Therefore, considering that only the analysis method is different, 
it is possible to calculate a plurality of vital signs simultaneously from one measure-
ment signal. Since the FBG sensor signal is continuously measured, the vital signs 
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can also be calculated on a continuous basis. In addition, the signal is measured sim-
ply by installing the FBG sensor at the pulsation point. Apart from the wrist, there 
are other pulsation points such as at the elbow, neck, temple, and ankle of the living 
body. Therefore, it is possible to select a part of interest that can be easily measured. 
Since the FBG sensor is an optical fiber, it can be introduced into a textile product. 
Cover the optical fiber with multiple silk thread in technic of braid. Unevenness is 
formed on the surface of the optical fiber by this silk thread, and frictional force is 
occurred. The optical fiber covered with this silk thread is embedded into the knitted 
fabric by inlay knitting. With this method, the optical fiber can be fixed without 
slipping in the knitted fabric. If FBG sensor can be introduced into textile products, 
it can be applied to wristbands, long-sleeved shirts, socks, and various other prod-
ucts. However, there are issues such as miniaturization of the FBG interrogator.

There are two approaches to applying the FBG sensor system in the clinical 
setting. First method, place the current FBG interrogator in the corner of the room, 
extend the optical fiber and install the FBG sensor in the hospitalized patient. With 
this method power supply can be supplied stably. The second method is to develop a 
compact FBG interrogator that can be attached to the human body. We are develop-
ing the 1/12 downsizing prototype FBG interrogators (74 × 97 × 57 mm, 175 g) using 
commercially available optical components. This interrogator is battery-powered and 
wirelessly communicates measurement signals. If electronic circuits etc. are changed 
from commercial type to specialization type, further size down is predicted. This pro-
totype FBG interrogator can be operated at minimum 5 hours with battery. However, 
it is necessary to take measures against the temperature caused by heat. In our study, 
we employed the FBG sensor commonly used in applications ranging from infra-
structure to living organisms. While we used only one FBG sensor for all our experi-
ments, the length of the optical fiber was also very short. The currently available 
commercial FBG interrogators have been specifically developed for use in large-scale 
applications employing many sensors. Our research is a highly original theme that is 
entirely different from the current application areas of FBG sensors. An FBG sensor 
can measure a distortion on a continuous basis with high accuracy and sensitivity, 
and the sensor section is compact owing to the use of optical fiber. Furthermore, it 
facilitates measurement of a pulse wave signal by a very simple method of fixing it at 
a pulsation point. Except for a few issues, the FBG sensors having such characteristics 
are expected to be used as wearable sensors successfully in future.

Currently, there are very few products that can continuously measure blood 
pressure without using a cuff. In addition, pulse rate and stress load can be detected 
with commercially available wearable sensors. However, at the same time, there 
is no wearable sensor using which both breathing rate and blood pressure can be 
calculated. This is because of the issues related to the time resolution and detection 
sensitivity of the measurement signal. In contrast, the FBG sensor can calculate 
these vital signs with high accuracy. It can be used as a precious blood pressure 
monitor. Moreover, considering that hospitalized patients need to be monitored on 
a continuous basis in respect of the vital signs, it would be a major breakthrough if 
the sensors can be installed in textile products for ease of handling and installation. 
The above discussions lead to the conclusion that it is possible to use an FBG sensor 
for monitoring of vital signs with high accuracy.
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Chapter 5

The State-of-the-Art of Brillouin
Distributed Fiber Sensing
Cheng Feng, Jaffar Emad Kadum and Thomas Schneider

Abstract

The distributed Brillouin sensing technique has been developed rapidly since its
first demonstration three decades ago. Numerous investigations on the performance
enhancement of Brillouin sensors in respect to spatial resolution, sensing range, and
measurement time have paved the way to its industrial and commercial applica-
tions. This chapter provides an overview of different Brillouin sensing techniques
and mainly focuses on the most widely used one, the Brillouin optical time domain
analysis (BOTDA). The history and the development of Brillouin sensing regarding
the performance enhancement in various methods and their records will be
reviewed, commented, and compared with each other. As well, related sensing
errors and limitations will be discussed, together with the corresponding strategies
to avoid them.

Keywords: stimulated Brillouin scattering, distributed fiber sensing,
nonlocal effects, modulation instability, pump depletion, polarization fading,
spatial resolution, dynamic sensing

1. Introduction

Since optical fibers can be used to measure a variety of physical parameters
directly or indirectly, sensing in optical fibers has been intensively investigated in
the past few decades [1]. Fiber optic sensors can be split into two big categories, that
is, point and distributed sensors. The former type, such as the fiber Bragg grating
(FBG), measures the physical parameters only at a particular location but with
relative high resolution and sensitivity. The detectable range of the latter one, such
as optical time-domain reflectometry (OTDR) [2], is relatively large (usually the
fiber length itself) and continuous but with only moderate resolution and limited
sensitivity [3]. However, numerous investigations have been carried out to design a
novel sensor with the advantages of both types, but avoiding their disadvantages.

With a moderate spatial resolution in the range of 1 m, distributed Brillouin
sensing offers a more cost-effective solution than applying numerous point sensors
in long-range sensing and a more accurate result than traditional distributed sensing
methods such as OTDR [4]. Due to the recent success in breaking the limits of
numerous sensing parameters such as spatial resolution, sensing range, and
measurement time, the Brillouin sensing technique has proved its eligibility in a
variety of fields. Thus, it has aroused significant interest in many different applica-
tions like civil engineering, oil and gas pipelines leakage monitoring, and other
infrastructure surveillance tasks.
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Chapter 5

The State-of-the-Art of Brillouin
Distributed Fiber Sensing
Cheng Feng, Jaffar Emad Kadum and Thomas Schneider

Abstract

The distributed Brillouin sensing technique has been developed rapidly since its
first demonstration three decades ago. Numerous investigations on the performance
enhancement of Brillouin sensors in respect to spatial resolution, sensing range, and
measurement time have paved the way to its industrial and commercial applica-
tions. This chapter provides an overview of different Brillouin sensing techniques
and mainly focuses on the most widely used one, the Brillouin optical time domain
analysis (BOTDA). The history and the development of Brillouin sensing regarding
the performance enhancement in various methods and their records will be
reviewed, commented, and compared with each other. As well, related sensing
errors and limitations will be discussed, together with the corresponding strategies
to avoid them.

Keywords: stimulated Brillouin scattering, distributed fiber sensing,
nonlocal effects, modulation instability, pump depletion, polarization fading,
spatial resolution, dynamic sensing

1. Introduction

Since optical fibers can be used to measure a variety of physical parameters
directly or indirectly, sensing in optical fibers has been intensively investigated in
the past few decades [1]. Fiber optic sensors can be split into two big categories, that
is, point and distributed sensors. The former type, such as the fiber Bragg grating
(FBG), measures the physical parameters only at a particular location but with
relative high resolution and sensitivity. The detectable range of the latter one, such
as optical time-domain reflectometry (OTDR) [2], is relatively large (usually the
fiber length itself) and continuous but with only moderate resolution and limited
sensitivity [3]. However, numerous investigations have been carried out to design a
novel sensor with the advantages of both types, but avoiding their disadvantages.

With a moderate spatial resolution in the range of 1 m, distributed Brillouin
sensing offers a more cost-effective solution than applying numerous point sensors
in long-range sensing and a more accurate result than traditional distributed sensing
methods such as OTDR [4]. Due to the recent success in breaking the limits of
numerous sensing parameters such as spatial resolution, sensing range, and
measurement time, the Brillouin sensing technique has proved its eligibility in a
variety of fields. Thus, it has aroused significant interest in many different applica-
tions like civil engineering, oil and gas pipelines leakage monitoring, and other
infrastructure surveillance tasks.
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2. Basics of SBS

2.1 Spontaneous and stimulated Brillouin scattering

Brillouin scattering, named after the French physicist Léon Brillouin, who theo-
retically predicted light scattering by a thermally excited acoustic wave (phonon) in
1922 [5], is one of the most prominent nonlinear effects in optical fibers [6]. For
spontaneous Brillouin scattering (SpBS), an incident photon (pump wave) is
transformed into a frequency-downshifted scattered photon (Stokes wave) and a
phonon (acoustic wave). The angular distribution of the Stokes wave is governed by
the laws of momentum and energy conservation, that is,

kA
! ¼ kp

! � ks
!

ωB ¼ ωp � ωs (1)

where kA
!
, kp
!
, and ks

!
are the wave vector of acoustic, pump, and Stokes wave,

and ωB, ωp, and ωs are their corresponding angular frequencies. Considering the
fiber geometry and provided that the phonon frequency is much smaller than that
of both photons, an efficient Brillouin scattering only occurs in the backward
direction. The Brillouin frequency shift (BFS) νB ¼ ωB=2π is estimated to be
�11 GHz for typical single mode fibers (SMF) and a pump wavelength in the
C-Band of optical telecommunications (around 1550 nm) [7]. As has been shown
very recently, forward SBS [8] can be used for sensing applications as well [9, 10].
However, the interaction is governed by transverse acoustic modes, and compared
to backward SBS, the effect is rather weak. Since a description of this new field of
SBS in sensing would go far beyond the scope of this book chapter, hereafter only
backward SBS and its applications are discussed.

The basic origin of SBS is electrostriction, which tends to compress the material in
the presence of an electrical field [11]. The superposition of the pump and the
counterpropagating Stokes wave modulates the density and hence the refractive
index of the optical fiber through electrostriction. Thus, a moving grating (an acous-
tic wave) is formed. If the velocity of this moving grating coincides with the speed of
sound in the material, the effect is very efficient and it additionally reflects optical
power from the pump wave. Due to the Doppler effect, the reflected pump wave is
downshifted in frequency by the frequency difference between pump and probe and
thus adds power to the Stokes wave. Therefore, a positive feedback loop is
established. This transformation from SpBS to SBS can be quantitatively described by
the differential equation system (DES) in the propagation direction z as:

dIp
dz

¼ �gB ωð ÞIpIs � αIp

� dIs
dz

¼ gB ωð ÞIpIs � αIs

(2)

where Ip and Is are the intensity of pump and Stokes wave, α is the fiber attenua-
tion, and gB ωð Þ is the SBS gain.

The threshold of SBS is defined by the critical power that characterizes the
transformation from SpBS to SBS. However, its definition is rather controversial.
Smith et al. first defined it as the input pump power at which the backscattered
power equals to the transmitted power at the output [12] and Eq. (3) with the
critical gain factor Cth≈21 gives an estimation of this critical value:
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Pth � Cth
Aeff

gB ωBð ÞLeff
(3)

where gB ωBð Þ is the peak SBS gain, Leff ¼ 1� exp �αLð Þ½ �=α is the effective
length with L as the real fiber length, Aeff is the effective cross section of the fiber,
and Pth is the estimated SBS threshold. Later on, this estimation has been revised
with different theories and approximations, achieving also different Cth values
[13–15]. However, instead of a constant, Cth has been recently found to be depen-
dent on the fiber length and its parameters [16]. As a typical experimental example,
Figure 1(a) illustrates the transmitted and the reflected power as a function of the
incident power in a 20 km SMF. The dashed black line symbolizes the SBS thresh-
old, beyond which the backscattered power rapidly increases and the output pump
power stays almost constant.

2.2 The Brillouin gain

The transferred energy from the pump to the Stokes wave can be regarded as an
amplification when it is frequency downshifted to the pumpwave by BFS. For typical
SMF in the C-Band of optical telecommunications, the lifetime TB of the phonon
involved in the SBS interaction is usually in the magnitude of�10 ns, which leads to a
finite spectral distribution of the SBS gain. The complex SBS gain coefficient, which
depicts the evolution of the probe wave as a function of frequency detuning ω
between pump and probe wave, is approximated by a Lorentzian shape [17]:

g ωð Þ ¼ g0Pp

1� 2j ω� ωBð Þ=ΓB
(4)

where ΓB ¼ T�1
B , Pp is the pump power, g0 is related to the inherent material

Brillouin gain gp with g0 ¼ gp=Aeff and Aeff is the effective cross section of the fiber,

gp is in the range of 3� 10�11 m/W to approximately 5� 10�11 m/W at 1550 nm.
The real part of Eq. (4) represents the power amplification of the probe wave, also
known as the Brillouin gain spectrum (BGS), and can be expressed as:

gB ωð Þ ¼ g0Pp ΓB=2ð Þ2
ω� ωBð Þ2 þ ΓB=2ð Þ2 (5)
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Figure 1.
(a) The transition from SpBS to SBS in a 20 km SMF, from a distinct threshold (here Cth≈16), the reflected
stokes power drastically increases, whereas the transmitted pump power stays almost constant; (b) simulated
normalized Brillouin gain spectrum (BGS) and Brillouin phase spectrum (BPS) of a 20 km SMF.
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retically predicted light scattering by a thermally excited acoustic wave (phonon) in
1922 [5], is one of the most prominent nonlinear effects in optical fibers [6]. For
spontaneous Brillouin scattering (SpBS), an incident photon (pump wave) is
transformed into a frequency-downshifted scattered photon (Stokes wave) and a
phonon (acoustic wave). The angular distribution of the Stokes wave is governed by
the laws of momentum and energy conservation, that is,
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and ωB, ωp, and ωs are their corresponding angular frequencies. Considering the
fiber geometry and provided that the phonon frequency is much smaller than that
of both photons, an efficient Brillouin scattering only occurs in the backward
direction. The Brillouin frequency shift (BFS) νB ¼ ωB=2π is estimated to be
�11 GHz for typical single mode fibers (SMF) and a pump wavelength in the
C-Band of optical telecommunications (around 1550 nm) [7]. As has been shown
very recently, forward SBS [8] can be used for sensing applications as well [9, 10].
However, the interaction is governed by transverse acoustic modes, and compared
to backward SBS, the effect is rather weak. Since a description of this new field of
SBS in sensing would go far beyond the scope of this book chapter, hereafter only
backward SBS and its applications are discussed.

The basic origin of SBS is electrostriction, which tends to compress the material in
the presence of an electrical field [11]. The superposition of the pump and the
counterpropagating Stokes wave modulates the density and hence the refractive
index of the optical fiber through electrostriction. Thus, a moving grating (an acous-
tic wave) is formed. If the velocity of this moving grating coincides with the speed of
sound in the material, the effect is very efficient and it additionally reflects optical
power from the pump wave. Due to the Doppler effect, the reflected pump wave is
downshifted in frequency by the frequency difference between pump and probe and
thus adds power to the Stokes wave. Therefore, a positive feedback loop is
established. This transformation from SpBS to SBS can be quantitatively described by
the differential equation system (DES) in the propagation direction z as:

dIp
dz

¼ �gB ωð ÞIpIs � αIp

� dIs
dz

¼ gB ωð ÞIpIs � αIs

(2)

where Ip and Is are the intensity of pump and Stokes wave, α is the fiber attenua-
tion, and gB ωð Þ is the SBS gain.

The threshold of SBS is defined by the critical power that characterizes the
transformation from SpBS to SBS. However, its definition is rather controversial.
Smith et al. first defined it as the input pump power at which the backscattered
power equals to the transmitted power at the output [12] and Eq. (3) with the
critical gain factor Cth≈21 gives an estimation of this critical value:
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where gB ωBð Þ is the peak SBS gain, Leff ¼ 1� exp �αLð Þ½ �=α is the effective
length with L as the real fiber length, Aeff is the effective cross section of the fiber,
and Pth is the estimated SBS threshold. Later on, this estimation has been revised
with different theories and approximations, achieving also different Cth values
[13–15]. However, instead of a constant, Cth has been recently found to be depen-
dent on the fiber length and its parameters [16]. As a typical experimental example,
Figure 1(a) illustrates the transmitted and the reflected power as a function of the
incident power in a 20 km SMF. The dashed black line symbolizes the SBS thresh-
old, beyond which the backscattered power rapidly increases and the output pump
power stays almost constant.

2.2 The Brillouin gain

The transferred energy from the pump to the Stokes wave can be regarded as an
amplification when it is frequency downshifted to the pumpwave by BFS. For typical
SMF in the C-Band of optical telecommunications, the lifetime TB of the phonon
involved in the SBS interaction is usually in the magnitude of�10 ns, which leads to a
finite spectral distribution of the SBS gain. The complex SBS gain coefficient, which
depicts the evolution of the probe wave as a function of frequency detuning ω
between pump and probe wave, is approximated by a Lorentzian shape [17]:

g ωð Þ ¼ g0Pp

1� 2j ω� ωBð Þ=ΓB
(4)

where ΓB ¼ T�1
B , Pp is the pump power, g0 is related to the inherent material

Brillouin gain gp with g0 ¼ gp=Aeff and Aeff is the effective cross section of the fiber,

gp is in the range of 3� 10�11 m/W to approximately 5� 10�11 m/W at 1550 nm.
The real part of Eq. (4) represents the power amplification of the probe wave, also
known as the Brillouin gain spectrum (BGS), and can be expressed as:

gB ωð Þ ¼ g0Pp ΓB=2ð Þ2
ω� ωBð Þ2 þ ΓB=2ð Þ2 (5)
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(a) The transition from SpBS to SBS in a 20 km SMF, from a distinct threshold (here Cth≈16), the reflected
stokes power drastically increases, whereas the transmitted pump power stays almost constant; (b) simulated
normalized Brillouin gain spectrum (BGS) and Brillouin phase spectrum (BPS) of a 20 km SMF.
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The full width at half maximum (FWHM) of the BGS ΔνB ¼ ΓB= 2πð Þ, also
known as the natural Brillouin linewidth, is estimated to be several tens of MHz for
SMF, as shown in Figure 1(b) for a 20 km SMF. The Brillouin linewidth can be
engineered to several GHz with a broadened pump for applications such as SBS-
based filters [18–20] and slow light [21–23] while it can also be narrowed to a record
of 3.4 MHz with specific techniques [24–28].

It is also worth to mention that the complex SBS gain changes not only the probe
wave in amplitude, but also in phase by its imaginary part. As shown in Figure 1(b),
the SBS phase shift has a linear dependence on the frequency detuning in the vicinity
of the BFS and zero-phase shift directly at the BFS, that is, the peak Brillouin gain.
These properties are important for applications such as SBS-based microwave
photonic filters [29] and distributed Brillouin dynamic sensing [30].

2.3 The polarization effect of SBS

Since the state of polarization (SOP) of the probe and pump waves hover
randomly in the fiber due to the weak birefringence of SMF and only an averaged
interaction can be detected at the output, the dependence of the SBS gain on the
SOP has been neglected for long. However, with the rise of the polarization
maintaining technique [31], the polarization effect of SBS has been investigated,
and it has been found that the SBS efficiency of the pump-probe interaction with
arbitrary polarization states is governed by [7]:

ηSBS ¼
1
2

1þ ŝ � p̂ð Þ ¼ 1
2

1þ s1p1 þ s2p2 � s3p3
� �

(6)

where ŝ ¼ s1; s2; s3ð Þ and p̂ ¼ p1; p2; p3
� �

represent the unit vectors of Stokes and
pump waves in the Poincaré sphere. As shown in Eq. (6), the SBS efficiencies of a
parallel and orthogonal SOP are 1� s23 and s23. The SBS efficiency reaches zero when
both of the pump and Stokes are orthogonally linear polarized (s3 ¼ 0). This behavior
can be used for many different applications from filters [19, 32, 33] via high-
resolution spectrum analyzers [34–36] to the generation of THz waves [37, 38].

3. Principle of distributed Brillouin sensing

According to the DES of SBS, the Brillouin gain in each fiber section is accumu-
lated in an SBS interaction between two continuous waves (CW). This accumula-
tion along the fiber leads to a relative high energy conversion at the detector but
makes it difficult to distinguish the information of local interactions. Therefore,
distributed Brillouin sensing uses other techniques.

3.1 Temperature and strain-dependent Brillouin frequency shift

According to the theory of material science, the velocity of the longitudinal
acoustic mode in the fiber depends on material properties such as Young’s moduli
and the density [39]. This high sensitivity to the temperature and tensile strain
makes the BFS also temperature [40] and strain [41] dependent. The linear depen-
dence has been proved and measured in several papers [40–42], as illustrated in
Figure 2 and can be expressed as:

νB T; εð Þ � νB T0; ε0ð Þ ¼ Cε � δεþ CT � δT (7)
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where νB T; εð Þ represents the BFS at a temperature T and strain ε, CT and Cε are
the temperature and strain coefficients. Although both temperature and strain
contribute to the BFS shift, the physical difficulty in discriminating the response
from these two factors can be solved with specific strategies [43]. For standard
SMF, CT and Cε are measured to be 1.081 MHz/°C and 42.93 kHz/με, respectively
[42]. The slope of the linearity has also been studied intensively and optimized with
different doping concentrations [44].

3.2 Overview of SBS sensing techniques

Since the first demonstration of the most widely used distributed Brillouin
sensing scheme in time domain [4], which is now called Brillouin optical time
domain analyzer (BOTDA), several different schemes have been proposed and
developed with their own advantages and disadvantages.

3.2.1 BOTDA

The principle of BOTDA is based on the Brillouin interaction between a pulsed
pump (or probe) wave and a counterpropagating CW probe (or pump) wave. The
acoustic wave is generated locally at the point where the pump pulse and the probe
CW meet. The energy transfer via the acoustic wave at each position of the fiber
under test (FUT) is determined by the frequency detuning between the two signals
in comparison to the phonon frequency, that is, the probe wave is amplified when
νp � νs ¼ νa and depleted when νs � νp ¼ νa where νp, νs, and νa are the pump,
probe, and phonon frequency, respectively. As shown in Figure 3(a) as a typical
example, local Brillouin gain (or loss) can be translated from the time-dependent to
the distance-dependent information according to the round trip relation z ¼ ct= 2nð Þ
where z is the fiber position where pump and probe wave interact, t is the propa-
gation time of the pulse, c is the velocity of light in vacuum, and n is the refractive
index.

In order to derive the local BFS at each position of the fiber, the reconstruction
of the BGS, as illustrated in Figure 3(b), should be carried out by a frequency sweep
with every frequency detuning around the phonon frequency. The accurate BFS
at each fiber section can be achieved by fitting every measured BGS with the
theoretical profile (either Voigt [45] or Lorentzian, dependent on pulse width) as
illustrated in Figure 4(a).
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BFS dependence on (a) temperature and (b) strain in a SMF for a pump wavelength of 1550 nm [42].
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The full width at half maximum (FWHM) of the BGS ΔνB ¼ ΓB= 2πð Þ, also
known as the natural Brillouin linewidth, is estimated to be several tens of MHz for
SMF, as shown in Figure 1(b) for a 20 km SMF. The Brillouin linewidth can be
engineered to several GHz with a broadened pump for applications such as SBS-
based filters [18–20] and slow light [21–23] while it can also be narrowed to a record
of 3.4 MHz with specific techniques [24–28].

It is also worth to mention that the complex SBS gain changes not only the probe
wave in amplitude, but also in phase by its imaginary part. As shown in Figure 1(b),
the SBS phase shift has a linear dependence on the frequency detuning in the vicinity
of the BFS and zero-phase shift directly at the BFS, that is, the peak Brillouin gain.
These properties are important for applications such as SBS-based microwave
photonic filters [29] and distributed Brillouin dynamic sensing [30].

2.3 The polarization effect of SBS

Since the state of polarization (SOP) of the probe and pump waves hover
randomly in the fiber due to the weak birefringence of SMF and only an averaged
interaction can be detected at the output, the dependence of the SBS gain on the
SOP has been neglected for long. However, with the rise of the polarization
maintaining technique [31], the polarization effect of SBS has been investigated,
and it has been found that the SBS efficiency of the pump-probe interaction with
arbitrary polarization states is governed by [7]:
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represent the unit vectors of Stokes and
pump waves in the Poincaré sphere. As shown in Eq. (6), the SBS efficiencies of a
parallel and orthogonal SOP are 1� s23 and s23. The SBS efficiency reaches zero when
both of the pump and Stokes are orthogonally linear polarized (s3 ¼ 0). This behavior
can be used for many different applications from filters [19, 32, 33] via high-
resolution spectrum analyzers [34–36] to the generation of THz waves [37, 38].

3. Principle of distributed Brillouin sensing

According to the DES of SBS, the Brillouin gain in each fiber section is accumu-
lated in an SBS interaction between two continuous waves (CW). This accumula-
tion along the fiber leads to a relative high energy conversion at the detector but
makes it difficult to distinguish the information of local interactions. Therefore,
distributed Brillouin sensing uses other techniques.

3.1 Temperature and strain-dependent Brillouin frequency shift

According to the theory of material science, the velocity of the longitudinal
acoustic mode in the fiber depends on material properties such as Young’s moduli
and the density [39]. This high sensitivity to the temperature and tensile strain
makes the BFS also temperature [40] and strain [41] dependent. The linear depen-
dence has been proved and measured in several papers [40–42], as illustrated in
Figure 2 and can be expressed as:

νB T; εð Þ � νB T0; ε0ð Þ ¼ Cε � δεþ CT � δT (7)
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where νB T; εð Þ represents the BFS at a temperature T and strain ε, CT and Cε are
the temperature and strain coefficients. Although both temperature and strain
contribute to the BFS shift, the physical difficulty in discriminating the response
from these two factors can be solved with specific strategies [43]. For standard
SMF, CT and Cε are measured to be 1.081 MHz/°C and 42.93 kHz/με, respectively
[42]. The slope of the linearity has also been studied intensively and optimized with
different doping concentrations [44].

3.2 Overview of SBS sensing techniques

Since the first demonstration of the most widely used distributed Brillouin
sensing scheme in time domain [4], which is now called Brillouin optical time
domain analyzer (BOTDA), several different schemes have been proposed and
developed with their own advantages and disadvantages.

3.2.1 BOTDA

The principle of BOTDA is based on the Brillouin interaction between a pulsed
pump (or probe) wave and a counterpropagating CW probe (or pump) wave. The
acoustic wave is generated locally at the point where the pump pulse and the probe
CW meet. The energy transfer via the acoustic wave at each position of the fiber
under test (FUT) is determined by the frequency detuning between the two signals
in comparison to the phonon frequency, that is, the probe wave is amplified when
νp � νs ¼ νa and depleted when νs � νp ¼ νa where νp, νs, and νa are the pump,
probe, and phonon frequency, respectively. As shown in Figure 3(a) as a typical
example, local Brillouin gain (or loss) can be translated from the time-dependent to
the distance-dependent information according to the round trip relation z ¼ ct= 2nð Þ
where z is the fiber position where pump and probe wave interact, t is the propa-
gation time of the pulse, c is the velocity of light in vacuum, and n is the refractive
index.

In order to derive the local BFS at each position of the fiber, the reconstruction
of the BGS, as illustrated in Figure 3(b), should be carried out by a frequency sweep
with every frequency detuning around the phonon frequency. The accurate BFS
at each fiber section can be achieved by fitting every measured BGS with the
theoretical profile (either Voigt [45] or Lorentzian, dependent on pulse width) as
illustrated in Figure 4(a).

10 20 30 40 50 60
-50

-40

-30

-20

-10

0

10

0 100 200 300

10.75

10.80

10.85

10.90

B
ril
lo
ui
n
fr
eq
ue
nc
y
sh
ift
(M
H
z)

Temperature (°C)

(a) (b)

B
ril
lo
ui
n
fr
eq
ue
nc
y
sh
ift
(M
H
z)

Microstrain ( )

Figure 2.
BFS dependence on (a) temperature and (b) strain in a SMF for a pump wavelength of 1550 nm [42].
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3.2.2 BOTDR

The principle of Brillouin optical time domain reflectometry (BOTDR) is a
Brillouin scattering-based OTDR [2]. Different from BOTDA, only a pulsed pump is
launched into the FUT from one side of the fiber. Since the time-resolved probe
signal is back reflected due to SpBS instead of SBS, the signal power is much weaker
than for BOTDA [4] and it is of great importance to apply a coherent detection
with a strong local oscillator simultaneously [46]. Since an access to the other fiber
end is not necessary, BOTDR is advantageous for some applications. However,
besides the weak received signal, it suffers from further disadvantages such as limited
spatial resolution of around 1 m, the distortion from Rayleigh backscattering, Fresnel
reflection from the connector, and a limited sensing range due to fiber attenuation.

3.2.3 BOCDA

The Brillouin optical correlation domain analyzer (BOCDA) is one of the most
recently demonstrated Brillouin sensing techniques. Compared to BOTDA and
BOTDR, much higher spatial resolutions down to several millimeters can be
achieved [47]. Its principle is based on the interaction of two identically frequency-
modulated (FM) counterpropagating CW waves. Similar to the principle of a
standing wave (see Figure 5), the frequency difference between the counterpro-
pagating pump and probe wave remains constant at specific positions of the fiber,
that is, correlation peaks called nodes. Brillouin interactions will take place at these
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(a) Evolution of the Brillouin gain for a given frequency detuning; (b) reconstructed 3D BGS along the fiber.
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(a) Measured BGS (solid) at a given fiber section with its Lorentzian fitting (dashed); (b) the reconstructed
Brillouin gain mapping with a 20 m long hot spot at the fiber end.
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nodes with the frequency difference properly set in the vicinity of the BFS of the
FUT [48]. Since the frequency difference varies much faster than the time to excite
an acoustic wave, only negligible Brillouin interactions will take place at the other
positions. Therefore, unlike a pulse-based scheme such as BOTDA, the spatial
resolution of a BOCDA system is usually high and determined by the modulation
parameters (amplitude and frequency) written as:

Δz ¼ vg � νB
2πf m � Δf (8)

where vg is the group velocity, νB is the Brillouin gain linewidth, f m and Δf are the
modulation frequency and amplitude of the FM. By sweeping the frequency differ-
ence between the pump and probe wave, the BGS of the measured fiber position is
scanned.

It is difficult to determine the contribution of the Brillouin interaction from
multiple points of the fiber simultaneously. Therefore, the modulation frequency of
both waves and the delay from one side should be carefully set, so that only a single
correlation peak along the fiber is measured at a time. Thus, the sensing range of a
BOCDA system is usually short and limited by the distance between adjacent cor-
relation peaks dm ¼ vg= 2f m

� �
. The location of the measured correlation peak can be

shifted by changing the modulation frequency.
In comparison with other Brillouin sensing techniques, BOCDA has an excellent

performance in achieving high spatial resolution, which depends on the FM modula-
tion amplitude and the natural Brillouin linewidth. Besides, since the acoustic wave is
excited by CWwaves, the BGS linewidth will not be broadened. However, since each
point along the fiber must be measured individually, the total measurement time will
be linearly proportional to the amount of resolved points, which makes the measure-
ment time also longer, compared to the other Brillouin sensing techniques.

3.2.4 BOFDA

The principle of the Brillouin optical frequency domain analyzer (BOFDA) [49]
is based on the measurement of the complex transfer function that relates the
amplitudes of the CW counterpropagating pump and probe wave with the FUT.
The probe wave is frequency downshifted to the pump by the BFS and amplitude
modulated with a sinusoidal function at a variable frequency. The modulated pump
and probe wave intensities are measured at the end of the FUT with two separate
photodiodes (PD) that fed to a network analyzer (NWA). By sweeping the modu-
lation frequency, the NWA measures the baseband transfer function of the FUT,
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Figure 5.
Schematic explanation of BOCDA [48]. The frequency difference between pump and probe wave is constant at
the correlation peaks.
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3.2.2 BOTDR

The principle of Brillouin optical time domain reflectometry (BOTDR) is a
Brillouin scattering-based OTDR [2]. Different from BOTDA, only a pulsed pump is
launched into the FUT from one side of the fiber. Since the time-resolved probe
signal is back reflected due to SpBS instead of SBS, the signal power is much weaker
than for BOTDA [4] and it is of great importance to apply a coherent detection
with a strong local oscillator simultaneously [46]. Since an access to the other fiber
end is not necessary, BOTDR is advantageous for some applications. However,
besides the weak received signal, it suffers from further disadvantages such as limited
spatial resolution of around 1 m, the distortion from Rayleigh backscattering, Fresnel
reflection from the connector, and a limited sensing range due to fiber attenuation.

3.2.3 BOCDA

The Brillouin optical correlation domain analyzer (BOCDA) is one of the most
recently demonstrated Brillouin sensing techniques. Compared to BOTDA and
BOTDR, much higher spatial resolutions down to several millimeters can be
achieved [47]. Its principle is based on the interaction of two identically frequency-
modulated (FM) counterpropagating CW waves. Similar to the principle of a
standing wave (see Figure 5), the frequency difference between the counterpro-
pagating pump and probe wave remains constant at specific positions of the fiber,
that is, correlation peaks called nodes. Brillouin interactions will take place at these
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Brillouin gain mapping with a 20 m long hot spot at the fiber end.
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nodes with the frequency difference properly set in the vicinity of the BFS of the
FUT [48]. Since the frequency difference varies much faster than the time to excite
an acoustic wave, only negligible Brillouin interactions will take place at the other
positions. Therefore, unlike a pulse-based scheme such as BOTDA, the spatial
resolution of a BOCDA system is usually high and determined by the modulation
parameters (amplitude and frequency) written as:

Δz ¼ vg � νB
2πf m � Δf (8)

where vg is the group velocity, νB is the Brillouin gain linewidth, f m and Δf are the
modulation frequency and amplitude of the FM. By sweeping the frequency differ-
ence between the pump and probe wave, the BGS of the measured fiber position is
scanned.

It is difficult to determine the contribution of the Brillouin interaction from
multiple points of the fiber simultaneously. Therefore, the modulation frequency of
both waves and the delay from one side should be carefully set, so that only a single
correlation peak along the fiber is measured at a time. Thus, the sensing range of a
BOCDA system is usually short and limited by the distance between adjacent cor-
relation peaks dm ¼ vg= 2f m

� �
. The location of the measured correlation peak can be

shifted by changing the modulation frequency.
In comparison with other Brillouin sensing techniques, BOCDA has an excellent

performance in achieving high spatial resolution, which depends on the FM modula-
tion amplitude and the natural Brillouin linewidth. Besides, since the acoustic wave is
excited by CWwaves, the BGS linewidth will not be broadened. However, since each
point along the fiber must be measured individually, the total measurement time will
be linearly proportional to the amount of resolved points, which makes the measure-
ment time also longer, compared to the other Brillouin sensing techniques.

3.2.4 BOFDA

The principle of the Brillouin optical frequency domain analyzer (BOFDA) [49]
is based on the measurement of the complex transfer function that relates the
amplitudes of the CW counterpropagating pump and probe wave with the FUT.
The probe wave is frequency downshifted to the pump by the BFS and amplitude
modulated with a sinusoidal function at a variable frequency. The modulated pump
and probe wave intensities are measured at the end of the FUT with two separate
photodiodes (PD) that fed to a network analyzer (NWA). By sweeping the modu-
lation frequency, the NWA measures the baseband transfer function of the FUT,
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whose inverse fast Fourier transformation approximates the pulse response of the
FUT and represents the temperature and strain distribution. The high spatial reso-
lution that BOFDA could achieve depends on the frequency sweep range, though, at
the cost of the measurement time.

3.3 Basic setup of BOTDA

As illustrated in Figure 6(a), a typical conventional BOTDA setup mainly com-
prises three parts. A highly coherent laser is split via a coupler into the probe
(upper) and pump (lower) branch. A microwave signal, which can be scanned over
the range of the BFS (�11 GHz � 150 MHz), is applied on a Mach-Zehnder modu-
lator (MZM 1) in the probe branch and biased in the carrier suppression regime.
The generated lower frequency sideband serves as the probe wave, while the upper
one is blocked by a narrow band-pass filter (FBG 1). The probe power is controlled
by an erbium-doped fiber amplifier (EDFA 1) and launched into one end of the
FUT. In the pump branch, the pump pulse with a required duration is formed by
another MZM, amplified by EDFA 2 and launched into the other end of the fiber
via a circulator (Cir 1). In order to mitigate the influence of the SBS polarization
effect [50], the polarization of either pump or probe wave is scrambled via a
polarization scrambler (Pol.S.) before launched into the fiber.

The Brillouin amplified probe wave is detected by a fast photodiode (PD) whose
minimum bandwidth should correspond to the inverse of the pump pulse duration,
to avoid any trace distortions. Another narrow band-pass filter (FBG 2) blocks the
residual reflected pump wave. The electrical signal from the PD, which represents
the evolution of the probe power, is processed digitally with a large number of
averaging by a signal processor, that is, an oscilloscope or a digitizer. The Brillouin
gain, which is essential for BFS estimation, can be derived by dividing the output of
the PD by the probe power before the pump pulse is launched into the fiber [51].

3.4 Evaluation of the BOTDA performance

The BOTDA sensing performance is highly dependent on the estimation accuracy
of the local BFS. According to recent investigations [52], system parameters such as
the FWHM of the BGS ΔνB, the scanning frequency step δ, and the system noise σ,
which is the inverse of the signal to noise ratio (SNR) of the normalized Brillouin
gain, contribute significantly to an accurate estimation of a local BFS, as presented by
the red curve in Figure 6(b). Provided that νB zð Þ is the estimated BFS at distance z
after a parabolic fitting of all experimental data above a given fraction η of the peak
value (see Figure 6(b) for η ¼ 0:5), the estimated error of the BFS is [52]:

Figure 6.
(a) Conventional BOTDA setup. RF, radio frequency; MZM, Mach-Zehnder modulator; EDFA, erbium-
doped fiber amplifier; Pol.S., polarization scrambler; FUT, fiber under test; PD, photodiode; Cir, circulator;
FBG, fiber Bragg grating; (b) typical measured local BGS (red) and BPS (black) with system parameters that
contribute to an uncertainty of the BFS estimation.
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As expected, a denser frequency sampling and a higher SNR value lead to a more
accurate BFS estimation. Taking the relation of the SNR and number of averaging
NAV into consideration, that is, SNR zð Þ∝ ffiffiffiffiffiffiffiffiffiffi

NAV
p

, the frequency error will also
decrease significantly after thousands of averages due to an enhanced SNR. Owing
to the linear dependence of the Brillouin phase response in the vicinity of the BFS,
the sensor performance can also be evaluated by the linear fitting of the BPS [53]
with a narrow frequency scanning and reduced measurement time (see black curve
and yellow line in Figure 6(b)).

3.5 Major issues and limitations of BOTDA

3.5.1 Polarization fading

As discussed in Section 2.3, the Brillouin gain is highly dependent on the SOP of
the pump and probe wave. Due to the weak birefringence of SMF, the SOP change
of pump and probe leads to a highly nonuniform Brillouin gain along the fiber and
consequently to a poor SNR for almost every fiber section, which is called polariza-
tion fading [50]. There are several solutions for polarization fading in a BOTDA
system. The first proposed idea was to sequentially launch two orthogonal SOPs of
the pump (or probe) wave and average the two measured results [4]. Another
option is polarization scrambling, where the SOP of the pump and probe is varied
rapidly so that the SOP is effectively randomized over time. It can be used in
various scientific setups to cancel the errors caused by polarization-dependent
effects. With a polarization scrambler and a digitizer, the traces can be averaged
over thousands of pump pulses until a required high enough SNR is reached,
though, at the cost of the BGS acquisition time.

3.5.2 Limitations on pump pulse width

According to the round-trip relation, the Brillouin interaction in a conventional
BOTDA system takes place in a fiber section with a length of cT= 2nð Þ, which can be
seen as the spatial resolution [54], where c is the light speed in vacuum, n is the fiber
refractive index and, T is the pulse duration. In principle, the spatial resolution
could be enhanced by using shorter pulses. However, two main factors limit the
spatial resolution to only 1 m.

First of all, decreasing the pulse duration will shorten the Brillouin interaction
length and hence lower the SBS gain and consequently the SNR. Furthermore, the
pump power spectrum for a shorter pulse will be severely broadened. Therefore,
the resulting effective BGS should be modified as the convolution of the pump
spectrum density and the natural Brillouin linewidth [21], that is,

geffB νð Þ ¼ gB νð Þ⊗Ip νð Þ (10)

where Ip νð Þ is the pump pulse power spectrum, which is significantly broadened
to 1=T for pulses shorter than 20 ns [55]. The inherent broadening of the BGS leads
to a decrease of the peak gain, which makes the estimation of the BGS peak more
sensitive to the noise level. Moreover, it also indicates that the probe wave will be
amplified only after the acoustic field is excited by the pump-probe interaction,
which takes 10–30 ns. Due to the abovementioned reasons, the spatial resolution of
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whose inverse fast Fourier transformation approximates the pulse response of the
FUT and represents the temperature and strain distribution. The high spatial reso-
lution that BOFDA could achieve depends on the frequency sweep range, though, at
the cost of the measurement time.

3.3 Basic setup of BOTDA

As illustrated in Figure 6(a), a typical conventional BOTDA setup mainly com-
prises three parts. A highly coherent laser is split via a coupler into the probe
(upper) and pump (lower) branch. A microwave signal, which can be scanned over
the range of the BFS (�11 GHz � 150 MHz), is applied on a Mach-Zehnder modu-
lator (MZM 1) in the probe branch and biased in the carrier suppression regime.
The generated lower frequency sideband serves as the probe wave, while the upper
one is blocked by a narrow band-pass filter (FBG 1). The probe power is controlled
by an erbium-doped fiber amplifier (EDFA 1) and launched into one end of the
FUT. In the pump branch, the pump pulse with a required duration is formed by
another MZM, amplified by EDFA 2 and launched into the other end of the fiber
via a circulator (Cir 1). In order to mitigate the influence of the SBS polarization
effect [50], the polarization of either pump or probe wave is scrambled via a
polarization scrambler (Pol.S.) before launched into the fiber.

The Brillouin amplified probe wave is detected by a fast photodiode (PD) whose
minimum bandwidth should correspond to the inverse of the pump pulse duration,
to avoid any trace distortions. Another narrow band-pass filter (FBG 2) blocks the
residual reflected pump wave. The electrical signal from the PD, which represents
the evolution of the probe power, is processed digitally with a large number of
averaging by a signal processor, that is, an oscilloscope or a digitizer. The Brillouin
gain, which is essential for BFS estimation, can be derived by dividing the output of
the PD by the probe power before the pump pulse is launched into the fiber [51].

3.4 Evaluation of the BOTDA performance

The BOTDA sensing performance is highly dependent on the estimation accuracy
of the local BFS. According to recent investigations [52], system parameters such as
the FWHM of the BGS ΔνB, the scanning frequency step δ, and the system noise σ,
which is the inverse of the signal to noise ratio (SNR) of the normalized Brillouin
gain, contribute significantly to an accurate estimation of a local BFS, as presented by
the red curve in Figure 6(b). Provided that νB zð Þ is the estimated BFS at distance z
after a parabolic fitting of all experimental data above a given fraction η of the peak
value (see Figure 6(b) for η ¼ 0:5), the estimated error of the BFS is [52]:

Figure 6.
(a) Conventional BOTDA setup. RF, radio frequency; MZM, Mach-Zehnder modulator; EDFA, erbium-
doped fiber amplifier; Pol.S., polarization scrambler; FUT, fiber under test; PD, photodiode; Cir, circulator;
FBG, fiber Bragg grating; (b) typical measured local BGS (red) and BPS (black) with system parameters that
contribute to an uncertainty of the BFS estimation.
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As expected, a denser frequency sampling and a higher SNR value lead to a more
accurate BFS estimation. Taking the relation of the SNR and number of averaging
NAV into consideration, that is, SNR zð Þ∝ ffiffiffiffiffiffiffiffiffiffi

NAV
p

, the frequency error will also
decrease significantly after thousands of averages due to an enhanced SNR. Owing
to the linear dependence of the Brillouin phase response in the vicinity of the BFS,
the sensor performance can also be evaluated by the linear fitting of the BPS [53]
with a narrow frequency scanning and reduced measurement time (see black curve
and yellow line in Figure 6(b)).

3.5 Major issues and limitations of BOTDA

3.5.1 Polarization fading

As discussed in Section 2.3, the Brillouin gain is highly dependent on the SOP of
the pump and probe wave. Due to the weak birefringence of SMF, the SOP change
of pump and probe leads to a highly nonuniform Brillouin gain along the fiber and
consequently to a poor SNR for almost every fiber section, which is called polariza-
tion fading [50]. There are several solutions for polarization fading in a BOTDA
system. The first proposed idea was to sequentially launch two orthogonal SOPs of
the pump (or probe) wave and average the two measured results [4]. Another
option is polarization scrambling, where the SOP of the pump and probe is varied
rapidly so that the SOP is effectively randomized over time. It can be used in
various scientific setups to cancel the errors caused by polarization-dependent
effects. With a polarization scrambler and a digitizer, the traces can be averaged
over thousands of pump pulses until a required high enough SNR is reached,
though, at the cost of the BGS acquisition time.

3.5.2 Limitations on pump pulse width

According to the round-trip relation, the Brillouin interaction in a conventional
BOTDA system takes place in a fiber section with a length of cT= 2nð Þ, which can be
seen as the spatial resolution [54], where c is the light speed in vacuum, n is the fiber
refractive index and, T is the pulse duration. In principle, the spatial resolution
could be enhanced by using shorter pulses. However, two main factors limit the
spatial resolution to only 1 m.

First of all, decreasing the pulse duration will shorten the Brillouin interaction
length and hence lower the SBS gain and consequently the SNR. Furthermore, the
pump power spectrum for a shorter pulse will be severely broadened. Therefore,
the resulting effective BGS should be modified as the convolution of the pump
spectrum density and the natural Brillouin linewidth [21], that is,

geffB νð Þ ¼ gB νð Þ⊗Ip νð Þ (10)

where Ip νð Þ is the pump pulse power spectrum, which is significantly broadened
to 1=T for pulses shorter than 20 ns [55]. The inherent broadening of the BGS leads
to a decrease of the peak gain, which makes the estimation of the BGS peak more
sensitive to the noise level. Moreover, it also indicates that the probe wave will be
amplified only after the acoustic field is excited by the pump-probe interaction,
which takes 10–30 ns. Due to the abovementioned reasons, the spatial resolution of
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a conventional BOTDA system is limited to around 1 m, which corresponds to a
pulse width of 10 ns.

3.5.3 Limitations on the pump wave power

In principle, the pump pulse power launched into the FUT should be high enough
to compensate the fiber attenuation and hence generate an efficient Brillouin inter-
action. However, modulation instability (MI) in the optical fiber appears when the
pulse power is beyond a certain threshold [56]. MI refers to the breakup of the
balance between the anomalous dispersion and the Kerr effect, so that a train of
soliton-like pulses rises from the noise as spectral sidebands symmetric to the pulse
frequency [57, 58]. Several theoretical as well as experimental investigations have also
demonstrated that there exists a periodical energy exchange between sidebands and
pulse power along the fiber, that is, after a certain length of propagation, the pulse
energy that has been spread to the sidebands will be transferred back to the pulse
frequency and thus forms the Fermi-Pasta-Ulam recurrence [59].

For a conventional BOTDA system, this periodical power exchange leads to the
fluctuation of the pump pulse power during the propagation and therefore distor-
tions of the traces. As illustrated in Figure 7(a), some of the fiber sections are not
correctly interrogated due to the limited SNR. Furthermore, the critical power of the
MI for a conventional BOTDA system with 25 km fiber is estimated to be as low as
135 mW [57]. Due to a rapid decrease of the Brillouin gain, MI severely limits the
sensing range.

3.5.4. Limitations on the probe wave power

In order to achieve a high SNR for a better BFS estimation, a high enough probe
wave power should be launched into the FUT. However, due to nonlocal effects
(NLEs), the probe wave power in a conventional BOTDA system, that is, single
probe sideband system, is usually limited to only �14 dBm [60]. The NLE generally
refers to the fact that the Brillouin interaction from a local fiber segment is
influenced by the interaction of other segments and hence leads to an error in the
BFS estimation of the local fiber segment. It should be noticed that not only a too
high probe power, but other factors, such as a limited pump pulse extinction ratio
(ER), would also lead to NLE.

The origin of the NLE due to the high probe wave can well be explained by
Figure 7(b) and the DES of SBS. As pointed out by Eq. (2) in Section 2.1, the
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Brillouin interaction at each fiber segment not only amplifies the probe wave but
also slightly depletes the pump power intensity. Since for each time-resolved inter-
val, the CW probe wave interacts with the pump pulse only once, and the impact of
the depletion becomes much higher on the pulse than on the probe wave. Therefore,
the pump spectrum density is no longer independent of the Brillouin interaction
that the pump pulse has experienced before reaching the distant fiber segment with
nonuniform BFS (see Figure 7(b)). NLE typically leads to an asymmetry of the BGS
and hence to an error in the BFS estimation. It should be noticed that, due to the
accumulative impact of the depletion on the pump pulse, the NLE is in general more
severe at the far end of the fiber (see Figure 8).

Another limitation on the probe power is the Brillouin threshold of the fiber. It is
theoretically the maximum power that the input probe wave can have with no
depletion and no thermally induced SpBS from the probe wave [61]. Since the
Brillouin threshold is usually higher than the probe power limit due to the NLE, a
series of techniques have to be applied to solve the NLE and then push the probe
power limit toward the threshold of SBS.

4. State-of-the-art of BOTDA

As discussed in Section 3, due to the limitations on the pump pulse and probe
power, the spatial resolution, and hence the sensing range and BFS measurement
accuracy, a conventional BOTDA system is far from achieving an ideal perfor-
mance. In order to compensate the SNR degradation, a higher averaging must be
applied at the cost of measurement time. In this section, methods to break these
limitations are reviewed.

The techniques introduced in this section are categorized according to their
enhanced sensor performances. It is worth to notice that the contribution of each
technique may lead to enhancements in several performances, for example, a tech-
nique that overcomes the MI enables a pump power higher than the limit and thus
also an extended sensing range due to the increased Brillouin gain.

4.1 Strategies to avoid modulation instability

4.1.1 Noise filtering

The origin of MI is system noise, in which especially the amplified spontaneous
emission (ASE) noise from the EDFA for pump pulse amplification plays an
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a conventional BOTDA system is limited to around 1 m, which corresponds to a
pulse width of 10 ns.

3.5.3 Limitations on the pump wave power

In principle, the pump pulse power launched into the FUT should be high enough
to compensate the fiber attenuation and hence generate an efficient Brillouin inter-
action. However, modulation instability (MI) in the optical fiber appears when the
pulse power is beyond a certain threshold [56]. MI refers to the breakup of the
balance between the anomalous dispersion and the Kerr effect, so that a train of
soliton-like pulses rises from the noise as spectral sidebands symmetric to the pulse
frequency [57, 58]. Several theoretical as well as experimental investigations have also
demonstrated that there exists a periodical energy exchange between sidebands and
pulse power along the fiber, that is, after a certain length of propagation, the pulse
energy that has been spread to the sidebands will be transferred back to the pulse
frequency and thus forms the Fermi-Pasta-Ulam recurrence [59].

For a conventional BOTDA system, this periodical power exchange leads to the
fluctuation of the pump pulse power during the propagation and therefore distor-
tions of the traces. As illustrated in Figure 7(a), some of the fiber sections are not
correctly interrogated due to the limited SNR. Furthermore, the critical power of the
MI for a conventional BOTDA system with 25 km fiber is estimated to be as low as
135 mW [57]. Due to a rapid decrease of the Brillouin gain, MI severely limits the
sensing range.

3.5.4. Limitations on the probe wave power

In order to achieve a high SNR for a better BFS estimation, a high enough probe
wave power should be launched into the FUT. However, due to nonlocal effects
(NLEs), the probe wave power in a conventional BOTDA system, that is, single
probe sideband system, is usually limited to only �14 dBm [60]. The NLE generally
refers to the fact that the Brillouin interaction from a local fiber segment is
influenced by the interaction of other segments and hence leads to an error in the
BFS estimation of the local fiber segment. It should be noticed that not only a too
high probe power, but other factors, such as a limited pump pulse extinction ratio
(ER), would also lead to NLE.

The origin of the NLE due to the high probe wave can well be explained by
Figure 7(b) and the DES of SBS. As pointed out by Eq. (2) in Section 2.1, the
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Brillouin interaction at each fiber segment not only amplifies the probe wave but
also slightly depletes the pump power intensity. Since for each time-resolved inter-
val, the CW probe wave interacts with the pump pulse only once, and the impact of
the depletion becomes much higher on the pulse than on the probe wave. Therefore,
the pump spectrum density is no longer independent of the Brillouin interaction
that the pump pulse has experienced before reaching the distant fiber segment with
nonuniform BFS (see Figure 7(b)). NLE typically leads to an asymmetry of the BGS
and hence to an error in the BFS estimation. It should be noticed that, due to the
accumulative impact of the depletion on the pump pulse, the NLE is in general more
severe at the far end of the fiber (see Figure 8).

Another limitation on the probe power is the Brillouin threshold of the fiber. It is
theoretically the maximum power that the input probe wave can have with no
depletion and no thermally induced SpBS from the probe wave [61]. Since the
Brillouin threshold is usually higher than the probe power limit due to the NLE, a
series of techniques have to be applied to solve the NLE and then push the probe
power limit toward the threshold of SBS.

4. State-of-the-art of BOTDA

As discussed in Section 3, due to the limitations on the pump pulse and probe
power, the spatial resolution, and hence the sensing range and BFS measurement
accuracy, a conventional BOTDA system is far from achieving an ideal perfor-
mance. In order to compensate the SNR degradation, a higher averaging must be
applied at the cost of measurement time. In this section, methods to break these
limitations are reviewed.

The techniques introduced in this section are categorized according to their
enhanced sensor performances. It is worth to notice that the contribution of each
technique may lead to enhancements in several performances, for example, a tech-
nique that overcomes the MI enables a pump power higher than the limit and thus
also an extended sensing range due to the increased Brillouin gain.

4.1 Strategies to avoid modulation instability

4.1.1 Noise filtering

The origin of MI is system noise, in which especially the amplified spontaneous
emission (ASE) noise from the EDFA for pump pulse amplification plays an
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important factor. Therefore, a narrow band-pass optical filter after the pulse amplifi-
cation might mitigate the MI [62]. Conventionally, the Brillouin gain is proportional
to the input pump power, as indicated in Figure 9(a). However, this is not the case if
MI takes place. When the pump is depleted, the Brillouin gain decreases correspond-
ingly. As indicated by the red line in Figure 9(a), the application of the filter enables
a slight increase of the Brillouin gain when the pump power is beyond the MI
threshold, indicating a lower pump depletion in comparison to the case without the
1 GHz band-pass filter, and a mitigation of MI. Besides, the sensing range is also
extended due to the lower pump depletion. Figure 9(b) illustrates experimental
results for the distance that the pump pulse reaches when its amplitude is depleted by
50%. Since the MI extends over a band of �60 GHz [62], it is believed that a filter
wider than this bandwidth has a negligible contribution on the MI mitigation, while
an enhanced mitigation is expected with a much narrower filter.

4.1.2 Dispersion-shifted fiber

Since the origin of MI is the interplay between the Kerr effect and anomalous
dispersion, the MI can be eliminated in a dispersion-shifted fiber (DSF) with normal
dispersion D = �1.4 ps/(nm�km) at 1550 nm [63]. As discussed in Section 3.5.3, the
MI threshold in a 25 km SMF is estimated to be around 135 mW. However, as shown
in Figure 10(a), in DSF with the same length, no obvious trace distortion is observed
at a pump pulse power of 400 mW, indicating a much higher MI threshold. An
exponential fitting, which implies a pure fiber attenuation, further confirms the full
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mitigation of MI. In comparison with other techniques, this technique is simple and
requires no further change in the setup. However, DSFs of long length are muchmore
costly than SMFs of the same length and DSFs usually have a higher attenuation.

Though the successful mitigation, according to a recent investigation [64], there
are still pump power limitations. As shown in Figure 10(b), for a pump pulse with a
power of around 1 W, the traces are distorted mainly by forward Raman scattering.

4.1.3 Orthogonal polarized pump pulses

Since the single pump pulse power is limited by MI, a novel technique based
on multiwavelength pumps was proposed to break the power limitation [65].
However, it has soon been identified that four wave mixing (FWM) between
different spectral lines [65, 66] limits this approach. Thus, an orthogonal polarized
dual-pump technique was proposed [67]. In this technique, two pump pulses with
orthogonal SOP in different frequencies are launched into the FUT and interact
with their corresponding probe waves. As shown in Figure 11, the orthogonal
pumps effectively mitigate the MI in comparison with a single pump regime and
successfully avoid the FWM interaction in comparison with the parallel polarized
dual-pump regime both in time and frequency domain. It is worth to note that no
additional polarization scrambler is required for orthogonal pulses, since two
complementary Brillouin interactions are already ensured.

4.2 Strategies to avoid nonlocal effects

In an early proposal to avoid NLE, a general postprocessing algorithm was used
for the BFS profile reconstruction [45]. Based on the BFS distribution that matches
the measured data with a minimization algorithm in multidimensions, the parame-
ters of the unknown BFS profile can be derived. However, the experimental reali-
zation complicates the setup and increases the processing time [68]. Another idea
for the mitigation of NLE in general is to use pulses for both pump and probe wave
[69]. However, despite the effective mitigation of the NLE, the shortened interac-
tion length increases the measurement time significantly. In this subsection, other
effective solutions for the NLE are reviewed.

4.2.1 Dual probe

One of the origins of NLE is the pump pulse depletion, which can be further
separated in first- and second-order NLE. First-order NLEs are mainly caused by
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important factor. Therefore, a narrow band-pass optical filter after the pulse amplifi-
cation might mitigate the MI [62]. Conventionally, the Brillouin gain is proportional
to the input pump power, as indicated in Figure 9(a). However, this is not the case if
MI takes place. When the pump is depleted, the Brillouin gain decreases correspond-
ingly. As indicated by the red line in Figure 9(a), the application of the filter enables
a slight increase of the Brillouin gain when the pump power is beyond the MI
threshold, indicating a lower pump depletion in comparison to the case without the
1 GHz band-pass filter, and a mitigation of MI. Besides, the sensing range is also
extended due to the lower pump depletion. Figure 9(b) illustrates experimental
results for the distance that the pump pulse reaches when its amplitude is depleted by
50%. Since the MI extends over a band of �60 GHz [62], it is believed that a filter
wider than this bandwidth has a negligible contribution on the MI mitigation, while
an enhanced mitigation is expected with a much narrower filter.

4.1.2 Dispersion-shifted fiber

Since the origin of MI is the interplay between the Kerr effect and anomalous
dispersion, the MI can be eliminated in a dispersion-shifted fiber (DSF) with normal
dispersion D = �1.4 ps/(nm�km) at 1550 nm [63]. As discussed in Section 3.5.3, the
MI threshold in a 25 km SMF is estimated to be around 135 mW. However, as shown
in Figure 10(a), in DSF with the same length, no obvious trace distortion is observed
at a pump pulse power of 400 mW, indicating a much higher MI threshold. An
exponential fitting, which implies a pure fiber attenuation, further confirms the full
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mitigation of MI. In comparison with other techniques, this technique is simple and
requires no further change in the setup. However, DSFs of long length are muchmore
costly than SMFs of the same length and DSFs usually have a higher attenuation.

Though the successful mitigation, according to a recent investigation [64], there
are still pump power limitations. As shown in Figure 10(b), for a pump pulse with a
power of around 1 W, the traces are distorted mainly by forward Raman scattering.

4.1.3 Orthogonal polarized pump pulses

Since the single pump pulse power is limited by MI, a novel technique based
on multiwavelength pumps was proposed to break the power limitation [65].
However, it has soon been identified that four wave mixing (FWM) between
different spectral lines [65, 66] limits this approach. Thus, an orthogonal polarized
dual-pump technique was proposed [67]. In this technique, two pump pulses with
orthogonal SOP in different frequencies are launched into the FUT and interact
with their corresponding probe waves. As shown in Figure 11, the orthogonal
pumps effectively mitigate the MI in comparison with a single pump regime and
successfully avoid the FWM interaction in comparison with the parallel polarized
dual-pump regime both in time and frequency domain. It is worth to note that no
additional polarization scrambler is required for orthogonal pulses, since two
complementary Brillouin interactions are already ensured.

4.2 Strategies to avoid nonlocal effects

In an early proposal to avoid NLE, a general postprocessing algorithm was used
for the BFS profile reconstruction [45]. Based on the BFS distribution that matches
the measured data with a minimization algorithm in multidimensions, the parame-
ters of the unknown BFS profile can be derived. However, the experimental reali-
zation complicates the setup and increases the processing time [68]. Another idea
for the mitigation of NLE in general is to use pulses for both pump and probe wave
[69]. However, despite the effective mitigation of the NLE, the shortened interac-
tion length increases the measurement time significantly. In this subsection, other
effective solutions for the NLE are reviewed.

4.2.1 Dual probe

One of the origins of NLE is the pump pulse depletion, which can be further
separated in first- and second-order NLE. First-order NLEs are mainly caused by
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pump depletion due to a high probe power. Second-order NLEs are based on linear
distortions of the pump pulse spectrum. Second-order NLEs can even happen when
first-order NLEs are completely mitigated [70].

The most popular solution for first-order NLE mitigation is the dual-probe
sideband regime. In contrast to a conventional BOTDA system, both probe wave
sidebands generated by the MZM are involved in the SBS interaction. The pump
pulse depletion due to the energy transfer to the lower frequency sideband is
compensated by an energy transfer from the upper frequency sideband to the
pump. A theoretical analysis reveals that in the dual-probe sideband regime, the
probe power limit rises from �14 to �3 dBm [60, 71]. Furthermore, since the
energy transfer from the high power (pump) to the low power (probe) is more
efficient than the reverse process, slightly unbalanced dual-probe sidebands miti-
gate NLE better than balanced ones [60, 72].

Even with dual probe regime, second-order NLEs still exist [70]. This kind of
NLE has its origin not in the depleted pump, but in the frequency-dependent
distortion of the pump pulse spectrum that affects the interaction in the gain and
loss configuration differently (see Figure 12(a)). However, a total mitigation of
first- and second-order NLEs can be achieved with dual-probe sidebands [61] with
additional FM in saw-tooth shape [73]. A similar performance enhancement can
also be achieved with sinusoidal or a triangular shape [61, 74]. If the FM is syn-
chronized to the pump pulses (see Figure 12(b)), a series of pulses at a specific
fiber position interacts always with the same probe frequency. In turn, each single
pulse experiences SBS interactions with probe waves that have different frequency
detunings as it propagates along the fiber. Since the pulse depletion is accumulated
along the fiber, a decreased distortion upon the pulse spectrum can be achieved by
interacting with different frequencies within the BGS, indicating a mitigation of the
second-order NLE. Together with the mitigation of the first-order NLE by dual-
probe sidebands regime, the probe power limit has been successfully pushed to a
record of 8 dBm [61], reaching the Brillouin threshold of SMF in �20 km range.

4.2.2 Higher pulse extinction ratio

Another origin of NLE is the imperfect pulsing of the pump wave. Due to the
limited extinction ratio (ER) of common pulsing methods, there is a residual power
leakage. Since the pulse pedestals have the same frequency as the pump, SBS

Figure 12.
Schematic explanation of (a) the Second-order NLE due to the distortion of the pump spectrum [70] and (b)
the strategy to avoid it using an FM probe wave [73].
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interactions can take place between the probe wave and the leading as well as the
trailing pedestals [75], as schematically depicted in Figure 13(a). Therefore, the net
effect of the presence of the pulse pedestal is that the probe wave will be addition-
ally amplified. However, this amplification is not useful for sensing. In case of a
strong probe wave, not only the pulse but also the pedestals (especially the trailing
pedestal) will deplete, which lead to severe distortions on the BOTDA traces (see
Figure 13(b)) [75, 76].

Under a very low ER, the interactions between probe wave and pedestals may
dominate the final BGS detection due to a long interaction length and leads to an
error on the BFS estimation (see Figure 14(a) and (b)) [77]. For a conventional
MZM, the ER is only 20 dB but can be enhanced up to 30 dB with special designs.
Higher ERs of more than 40 dB can be achieved with switching type semiconductor
optical amplifiers (SOA) and a 60 dB ER with RF switches [75, 76].

4.3 Enhancement of the spatial resolution

4.3.1 Differential pulse width pair (DPP)

In a DPP-BOTDA system, two consecutive measurements are carried out with
the same pulse peak power but slightly different durations, T and T þ ΔT. Usually,
T is longer than the phonon excitation time, indicating a full excitation of the
acoustic wave in both measurements and ΔT is short so as to achieve a high spatial
resolution [78]. Since both pump pulses give the same amplification in the time slot
T and only the longer pulse contributes amplification in the extra time ΔT, the
subtraction of the two measured Brillouin amplified probe signals yields to the BGS
in the time slot ΔT.

Figure 13.
(a) The schematic description of the interaction between pulse and probe wave [75]; (b) the distorted BOTDA
traces under different pulse ER due to the pump pedestal depletion [76].
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pump depletion due to a high probe power. Second-order NLEs are based on linear
distortions of the pump pulse spectrum. Second-order NLEs can even happen when
first-order NLEs are completely mitigated [70].

The most popular solution for first-order NLE mitigation is the dual-probe
sideband regime. In contrast to a conventional BOTDA system, both probe wave
sidebands generated by the MZM are involved in the SBS interaction. The pump
pulse depletion due to the energy transfer to the lower frequency sideband is
compensated by an energy transfer from the upper frequency sideband to the
pump. A theoretical analysis reveals that in the dual-probe sideband regime, the
probe power limit rises from �14 to �3 dBm [60, 71]. Furthermore, since the
energy transfer from the high power (pump) to the low power (probe) is more
efficient than the reverse process, slightly unbalanced dual-probe sidebands miti-
gate NLE better than balanced ones [60, 72].

Even with dual probe regime, second-order NLEs still exist [70]. This kind of
NLE has its origin not in the depleted pump, but in the frequency-dependent
distortion of the pump pulse spectrum that affects the interaction in the gain and
loss configuration differently (see Figure 12(a)). However, a total mitigation of
first- and second-order NLEs can be achieved with dual-probe sidebands [61] with
additional FM in saw-tooth shape [73]. A similar performance enhancement can
also be achieved with sinusoidal or a triangular shape [61, 74]. If the FM is syn-
chronized to the pump pulses (see Figure 12(b)), a series of pulses at a specific
fiber position interacts always with the same probe frequency. In turn, each single
pulse experiences SBS interactions with probe waves that have different frequency
detunings as it propagates along the fiber. Since the pulse depletion is accumulated
along the fiber, a decreased distortion upon the pulse spectrum can be achieved by
interacting with different frequencies within the BGS, indicating a mitigation of the
second-order NLE. Together with the mitigation of the first-order NLE by dual-
probe sidebands regime, the probe power limit has been successfully pushed to a
record of 8 dBm [61], reaching the Brillouin threshold of SMF in �20 km range.

4.2.2 Higher pulse extinction ratio

Another origin of NLE is the imperfect pulsing of the pump wave. Due to the
limited extinction ratio (ER) of common pulsing methods, there is a residual power
leakage. Since the pulse pedestals have the same frequency as the pump, SBS

Figure 12.
Schematic explanation of (a) the Second-order NLE due to the distortion of the pump spectrum [70] and (b)
the strategy to avoid it using an FM probe wave [73].
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interactions can take place between the probe wave and the leading as well as the
trailing pedestals [75], as schematically depicted in Figure 13(a). Therefore, the net
effect of the presence of the pulse pedestal is that the probe wave will be addition-
ally amplified. However, this amplification is not useful for sensing. In case of a
strong probe wave, not only the pulse but also the pedestals (especially the trailing
pedestal) will deplete, which lead to severe distortions on the BOTDA traces (see
Figure 13(b)) [75, 76].

Under a very low ER, the interactions between probe wave and pedestals may
dominate the final BGS detection due to a long interaction length and leads to an
error on the BFS estimation (see Figure 14(a) and (b)) [77]. For a conventional
MZM, the ER is only 20 dB but can be enhanced up to 30 dB with special designs.
Higher ERs of more than 40 dB can be achieved with switching type semiconductor
optical amplifiers (SOA) and a 60 dB ER with RF switches [75, 76].

4.3 Enhancement of the spatial resolution

4.3.1 Differential pulse width pair (DPP)

In a DPP-BOTDA system, two consecutive measurements are carried out with
the same pulse peak power but slightly different durations, T and T þ ΔT. Usually,
T is longer than the phonon excitation time, indicating a full excitation of the
acoustic wave in both measurements and ΔT is short so as to achieve a high spatial
resolution [78]. Since both pump pulses give the same amplification in the time slot
T and only the longer pulse contributes amplification in the extra time ΔT, the
subtraction of the two measured Brillouin amplified probe signals yields to the BGS
in the time slot ΔT.

Figure 13.
(a) The schematic description of the interaction between pulse and probe wave [75]; (b) the distorted BOTDA
traces under different pulse ER due to the pump pedestal depletion [76].
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Later on, the DPP-BOTDA technique has been developed into a simultaneous
measurement by launching two pump pulses with slightly different durations in
different frequencies [79]. Pump pulse 1 with duration T interacts with the probe
wave via SBS loss, while simultaneously pump pulse 2 with duration T þ ΔT inter-
acts with the probe wave via SBS gain (see Figure 15(a)). Therefore the subtraction
of the BGS is automatically achieved at the detector with no postprocessing
required. A 10 cm spatial resolution BOTDA system has been reported by using a
30 ns gain pump pulse and a 29 ns loss pump pulse (see Figure 15(b)) [79].
However, in comparison with the pre-excitation method, the subtraction of the
traces adds noise to the data. Therefore, in order to achieve the required SNR,
massive averaging must be applied.

4.3.2 Pre-excitation

The reason for the spatial resolution limit of around 1 m is the excitation time of
the phonon. A prepump excitation can solve this problem by shaping the pump
pulse into two parts, that is, a long pedestal with low power (prepump pulse (PPP),
part 1 in Figure 16(a)) for the phonon excitation, followed by a narrow high power
pulse (part 2 in Figure 16(a)) [80]. In order to excite the phonon, the PPP is usually
longer than 10 ns. To achieve high spatial resolutions, the high power pulse can be
very short (�1 ns). Figure 16(b) shows experimental results when the PPP (12 ns
duration), the high power pulse (1 ns duration), and the total pump pulse interro-
gate a 20 cm fiber section with strain individually. The resulting BGS of the total

Figure 15.
(a) Schematic description of the simultaneous DPP-BOTDA in the frequency domain and (b) Brillouin gain
profile in the experiment. Along the fifth meter of the fiber, two 20 cm fiber sections were located 65 cm apart
and manually stretched to have nonuniform strains [79].
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pulse is characterized by a broadened spectrum with low amplitude and a narrow
cap, whose width is determined by the high power pulse and PPP, respectively. A
clear BFS shift between the PPP and total pulse case indicates an enhancement of
the spatial resolution down to �10 cm. In comparison to DPP-BOTDA, the high
spatial resolution by pre-excitation does not come at the expense of a decreased
SNR and therefore, it is more favorable for commercial use.

4.4 Enhancement of the sensing range

Due to the fiber attenuation or other depletions, the sensing range of a conven-
tional BOTDA system is usually limited by the low SNR at the far end of the fiber to
only a few tens of kilometers [51]. Therefore, the key to extend the sensing range is
either to enhance the probe signal power or to eliminate the system noise.

4.4.1 Multi-frequency pump-probe interaction

In this technique, the total pump power is spread over multiple-pump waves in
different frequencies, with every single pump power still limited by MI [65]. The
theoretical enhancement of the SNR could reach the number of pumps N. However,
severe FWM occurs for too narrow pump frequency spacing, while the BGS linewidth
from each pump may differ when they are too widely separated apart [65]. The
solution for the latter is a postprocessing algorithm [81], while the solution to avoid
the FWM is to shift the pump pulse propagation in time domain with a frequency-
selective time shifter, which can be realized by N-consecutive FBGs separated by a
certain length of fiber in the experiment. The schematic description of the frequency-
selective time shifter is illustrated in Figure 17(a). After the time-shifted pump pulses
have interacted with their corresponding probe waves, another consecutive FBG with
a reversed sequence offers a reversed delay and combines the traces back in time
domain so that they can be simultaneously detected. For a three pump system, an
SNR improvement of 4.8 dB has been demonstrated (see Figure 17(b)) [65].

4.4.2 Self-heterodyne detection

Another possibility to amplify the signal amplitude is the heterodyne detection.
Provided that the Brillouin amplified probe wave at frequency νs beats with an local
oscillator at frequency νLO, the total electrical field can be expressed as [30]:

Figure 17.
(a) Schematic explanation of the time shifter and recombiner; (b) SNR measured in the experiment for
standard BOTDA (single pulse), three pulses with and without time delay [65].
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Later on, the DPP-BOTDA technique has been developed into a simultaneous
measurement by launching two pump pulses with slightly different durations in
different frequencies [79]. Pump pulse 1 with duration T interacts with the probe
wave via SBS loss, while simultaneously pump pulse 2 with duration T þ ΔT inter-
acts with the probe wave via SBS gain (see Figure 15(a)). Therefore the subtraction
of the BGS is automatically achieved at the detector with no postprocessing
required. A 10 cm spatial resolution BOTDA system has been reported by using a
30 ns gain pump pulse and a 29 ns loss pump pulse (see Figure 15(b)) [79].
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duration), the high power pulse (1 ns duration), and the total pump pulse interro-
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Figure 15.
(a) Schematic description of the simultaneous DPP-BOTDA in the frequency domain and (b) Brillouin gain
profile in the experiment. Along the fifth meter of the fiber, two 20 cm fiber sections were located 65 cm apart
and manually stretched to have nonuniform strains [79].
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74

Fiber Optic Sensing - Principle, Measurement and Applications

pulse is characterized by a broadened spectrum with low amplitude and a narrow
cap, whose width is determined by the high power pulse and PPP, respectively. A
clear BFS shift between the PPP and total pulse case indicates an enhancement of
the spatial resolution down to �10 cm. In comparison to DPP-BOTDA, the high
spatial resolution by pre-excitation does not come at the expense of a decreased
SNR and therefore, it is more favorable for commercial use.

4.4 Enhancement of the sensing range

Due to the fiber attenuation or other depletions, the sensing range of a conven-
tional BOTDA system is usually limited by the low SNR at the far end of the fiber to
only a few tens of kilometers [51]. Therefore, the key to extend the sensing range is
either to enhance the probe signal power or to eliminate the system noise.

4.4.1 Multi-frequency pump-probe interaction

In this technique, the total pump power is spread over multiple-pump waves in
different frequencies, with every single pump power still limited by MI [65]. The
theoretical enhancement of the SNR could reach the number of pumps N. However,
severe FWM occurs for too narrow pump frequency spacing, while the BGS linewidth
from each pump may differ when they are too widely separated apart [65]. The
solution for the latter is a postprocessing algorithm [81], while the solution to avoid
the FWM is to shift the pump pulse propagation in time domain with a frequency-
selective time shifter, which can be realized by N-consecutive FBGs separated by a
certain length of fiber in the experiment. The schematic description of the frequency-
selective time shifter is illustrated in Figure 17(a). After the time-shifted pump pulses
have interacted with their corresponding probe waves, another consecutive FBG with
a reversed sequence offers a reversed delay and combines the traces back in time
domain so that they can be simultaneously detected. For a three pump system, an
SNR improvement of 4.8 dB has been demonstrated (see Figure 17(b)) [65].

4.4.2 Self-heterodyne detection

Another possibility to amplify the signal amplitude is the heterodyne detection.
Provided that the Brillouin amplified probe wave at frequency νs beats with an local
oscillator at frequency νLO, the total electrical field can be expressed as [30]:

Figure 17.
(a) Schematic explanation of the time shifter and recombiner; (b) SNR measured in the experiment for
standard BOTDA (single pulse), three pulses with and without time delay [65].
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ET t; νð Þ ¼ ES0 gSBS νs; zð Þ exp j � 2πνstþ ϕSBS νs; zð Þ½ �f g þ ELO exp j � 2πνLOtð Þ (11)

where Es0 and ELO are the complex amplitude of the probe wave and local oscillator,
gSBS and ϕSBS are the SBS gain and phase shift. Hence, the detected current at the PD
can be written as:

Ic tð Þ ¼ RcPT ¼ 2RC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ps0 1þ gSBS νs; zð Þ� �2PLO

q
� cos 2πf IFtþ ϕ0 � ϕSBS νs; zð Þ� �

(12)

where ϕ0 and f IF are the phase and frequency difference between the probe wave
and local oscillator, PLO and PS0 are the optical power of the local oscillator and probe
wave, Rc is the PD responsivity. As the detected current is dependent on the power of
the local oscillator, the wholemechanism could be regarded as a signal amplification
with a strong oscillator.As shown inFigure 18(a), the trace detected by self-heterodyne
is cleaner and has an SNR enhancement of 10 dB [30]. Further investigations with five
consecutive distributedmeasurements show that the self-heterodyne detection
decreases also the BFS standard deviation (see Figure 18(b)), indicating amore accu-
rate BFS estimation. In comparisonwith other techniques, self-heterodyne detection
provides themost simple and feasible scheme for sensing range enhancement.

4.5 Enhancement on measurement time

For a conventional BOTDA, it usually takes several minutes to finish a single
measurement, which is impractical for dynamic strain sensing. One of the main
factors that limit the measurement time is the sweeping of the probe frequency to
scan the total BGS. Therefore, several techniques have been applied to solve this
problem.

4.5.1 Slope-assisted BOTDA

One of the techniques for dynamic sensing is based on partially scanning the
BGS [82]. In order to achieve the BGS profile in general, the technique requires a
preliminary frequency scan without vibration. The probe scanning frequency is
then set at half of the BGS linewidth, as shown in Figure 19(a). This 3 dB point has
the steepest slope and widest linear range and is the most sensitive working point
for tiny frequency shifts. The BGS is reconstructed according to the measured signal
amplitude, and the strain values are obtained by the strain coefficient Cε mentioned

-5 0 5 10 15 20 25
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20
0

2

4

6

8

10

R
el
at
iv
e
am
pl
itu
de
(a
.u
.)

Distance (km)

Conventional
Self-heterodyne

(a) (b)

St
an
da
rd
de
vi
at
io
n
er
ro
r(
M
H
z)

Distance (km)

Conventional
Self-heterodyne

Figure 18.
(a) BOTDA traces and (b) BFS standard deviation of consecutive measurements with (red) and without
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in Section 3.1. In Figure 19(b), the proposed technique is demonstrated with a
perturbation frequency of 12.3 Hz. Obviously, this technique can only detect small
temperature or strain distributions and is not applicable for a BFS nonuniformity
that exceeds half of the BGS linewidth.

4.5.2 Sweep-free multi-tones

Another idea to speed up the measurement time is to utilize multitone pumps
[66]. As shown in Figure 20(a), multiple pumps with multiple frequencies are
launched into the fiber aligning at different frequency detunings of the BGSs. Since
the multi-SBS interactions happen simultaneously, the necessary frequency sweep-
ing can be done in a single shot. Thus, the total measurement time including extra
averaging measurements for SNR improvement lasts only several seconds.

However, there are still trade-offs and limitations in this technique. Undesired
FWM occurs when the pump pulses are simultaneously launched. This can be solved
by unequal spacing or a sequential launch of the pumps. The total number of pump
tones, which determines the accuracy of the BGS reconstruction, is restricted by the
intertone spacing Δf and the total tone span f total. The intertone spacing is usually
larger than the total BGS width so as to avoid BGS overlaps. The total tone span
should not exceed the BFS so that no pump lines are within the BGS of other pumps.

Recently, a new improved method has been proposed to avoid these limitations
by utilizing digital optical frequency combs (DOFC) as probe signals [83]. Since the
probe wave power in the BOTDA system is usually low, multiple-probe waves
suffer less from FWM than multiple pumps. The DOFC owns narrow frequency
spacing, wide flat top, and total bandwidth, as depicted in Figure 20(b). According
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(a) Schematic explanation of the dynamic sensing with the working point set at the half value of the peak
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Figure 20.
(a) Schematic explanation of the principle of the sweep-free multitone BOTDA [81]; (b) spectrum of
DOFC [83].
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where Es0 and ELO are the complex amplitude of the probe wave and local oscillator,
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can be written as:
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where ϕ0 and f IF are the phase and frequency difference between the probe wave
and local oscillator, PLO and PS0 are the optical power of the local oscillator and probe
wave, Rc is the PD responsivity. As the detected current is dependent on the power of
the local oscillator, the wholemechanism could be regarded as a signal amplification
with a strong oscillator.As shown inFigure 18(a), the trace detected by self-heterodyne
is cleaner and has an SNR enhancement of 10 dB [30]. Further investigations with five
consecutive distributedmeasurements show that the self-heterodyne detection
decreases also the BFS standard deviation (see Figure 18(b)), indicating amore accu-
rate BFS estimation. In comparisonwith other techniques, self-heterodyne detection
provides themost simple and feasible scheme for sensing range enhancement.

4.5 Enhancement on measurement time

For a conventional BOTDA, it usually takes several minutes to finish a single
measurement, which is impractical for dynamic strain sensing. One of the main
factors that limit the measurement time is the sweeping of the probe frequency to
scan the total BGS. Therefore, several techniques have been applied to solve this
problem.

4.5.1 Slope-assisted BOTDA

One of the techniques for dynamic sensing is based on partially scanning the
BGS [82]. In order to achieve the BGS profile in general, the technique requires a
preliminary frequency scan without vibration. The probe scanning frequency is
then set at half of the BGS linewidth, as shown in Figure 19(a). This 3 dB point has
the steepest slope and widest linear range and is the most sensitive working point
for tiny frequency shifts. The BGS is reconstructed according to the measured signal
amplitude, and the strain values are obtained by the strain coefficient Cε mentioned
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in Section 3.1. In Figure 19(b), the proposed technique is demonstrated with a
perturbation frequency of 12.3 Hz. Obviously, this technique can only detect small
temperature or strain distributions and is not applicable for a BFS nonuniformity
that exceeds half of the BGS linewidth.

4.5.2 Sweep-free multi-tones

Another idea to speed up the measurement time is to utilize multitone pumps
[66]. As shown in Figure 20(a), multiple pumps with multiple frequencies are
launched into the fiber aligning at different frequency detunings of the BGSs. Since
the multi-SBS interactions happen simultaneously, the necessary frequency sweep-
ing can be done in a single shot. Thus, the total measurement time including extra
averaging measurements for SNR improvement lasts only several seconds.

However, there are still trade-offs and limitations in this technique. Undesired
FWM occurs when the pump pulses are simultaneously launched. This can be solved
by unequal spacing or a sequential launch of the pumps. The total number of pump
tones, which determines the accuracy of the BGS reconstruction, is restricted by the
intertone spacing Δf and the total tone span f total. The intertone spacing is usually
larger than the total BGS width so as to avoid BGS overlaps. The total tone span
should not exceed the BFS so that no pump lines are within the BGS of other pumps.

Recently, a new improved method has been proposed to avoid these limitations
by utilizing digital optical frequency combs (DOFC) as probe signals [83]. Since the
probe wave power in the BOTDA system is usually low, multiple-probe waves
suffer less from FWM than multiple pumps. The DOFC owns narrow frequency
spacing, wide flat top, and total bandwidth, as depicted in Figure 20(b). According
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(a) Schematic explanation of the principle of the sweep-free multitone BOTDA [81]; (b) spectrum of
DOFC [83].
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to the frequency difference between each line and the pump frequency, the pump
pulse shapes the amplitude of each spectral comb line via the SBS interaction
simultaneously. The total measurement time, including the necessary 100 acquisi-
tions for the SNR improvement, results in only 10 ms [83]. Furthermore, the
experimental results in Figure 21 confirm its equivalence to a conventional BOTDA
regarding the temperature and strain measurement. However, the main disadvan-
tage of this technique is the special requirement of the DOFC, which is generally not
so simple to achieve.

5. Summary

In this chapter, the basics of SBS and its application for distributed sensing have
been reviewed. The overview has started with an introduction of SBS together with
its physical origin and applications due to inherent, striking advantages in a variety
of fields such as slow light, optical and microwave photonic filters, and many more.
Among all these exciting applications, distributed temperature and strain sensing is
one of the most prominent.

The enhanced SNR and the moderate resolution are the superiority of distrib-
uted Brillouin sensors to the traditional distributed and point sensors in long-range
sensing. However, conventional BOTDA sensors are limited by MI and NLE. The
origins, as well as methods for the mitigation of MI and NLE, have been presented
and discussed in detail. Thus, with these new methods, much longer sensing ranges
became possible.

Besides the sensing range, methods to enhance the spatial resolution and the
speed of the measurement have also been reviewed and discussed. Nowadays,
distributed Brillouin fiber sensors can have a resolution in the centimeter range, or
even below and act like thousands or millions of point sensors. At the same time,
novel ideas such as multi-tone pumps have successfully shortened the measurement
time in distributed SBS sensors from several minutes down to �10 ms. Due to the
fruitful proof-of-concept results, some of the state-of-the-art techniques discussed
in this chapter have already been applied in some BOTDA prototypes.
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