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1   Introduction 

 

 

 

In this Chapter, I introduce the overall background and the aim of this dissertation. First 

of all, I briefly describe the history of glass and polymer optical fibers. Next, I will 

explain the fundamentals of Brillouin scattering in optical fibers and the principle of 

Brillouin-based optical fiber sensing. Then, I review some of the conventional 

distributed Brillouin sensing techniques, which include Brillouin optical time-, 

frequency, and correlation-domain analysis/reflectometry. Finally, I present the purpose 

of this thesis. 

1. 1   Optical fibers 

It was in 1966 that Prof. Charles K. Kao [1] made a greatest-ever discovery in fiber 

optics, which laid the groundwork for the evolution of the Internet. He calculated how 

light can be propagated over a long distance along an optical glass fiber and found that, 

using a fiber composed of perfectly pure glass, light can be propagated for >100 km. 

Note that the longest propagation distance for the fibers available in the 1960’s was only 

20 m [2–4]. Inspired by his achievement, other researchers shared his vision of the 

future potential of fiber optics. Just four years later, the first ultrapure fiber with a 

propagation loss of <20 dB/km was fabricated [5]. Further progress in fabrication 

technology [6] led to a loss of only 0.2 dB/km at 1.55 m [7], where the loss level was 

limited by the fundamental process of Rayleigh scattering. The availability of low-loss 

silica fibers has brought a revolution in fiber-optic communications [8–10] and sensing 

[11–14]. It was no wonder that Kao, currently known as the “Godfather of Broadband” 

and the “Father of Fiber Optics”, was awarded the 2009 Nobel Prize in Physics for his 

“groundbreaking achievements concerning the transmission of light in fibers for optical 

communication”. In 2018, while I was working on fiber-optic sensing as a Ph.D 
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candidate, he passed away at the age of 84. I would like to respectfully express my 

sincere condolences. 

To date, silica fibers are the most commonly used optical fibers not merely for 

network communication but for fiber-optic sensing, which I describe in the next section. 

However, they are extremely fragile and break easily even when a relatively small strain 

is applied. One method for reducing the fragility is to coat the glass fibers with some 

smooth materials such as polymer, but as long as the cores are composed of glass, they 

cannot withstand much larger strains. Extremely flexible fibers with polymer cores are 

referred to as polymer (or plastic) optical fibers (POFs), which have been attracting 

considerable attention recently. The first product of POFs named “Eska” was 

commercialized in 1975 by Mitsubishi Rayon Co. Ltd., in Japan. As the propagation 

loss is high (440 dB/km at 650 nm) partly because of its step-index structure, Eska was 

not suitable for longer-range applications. In 1990, to improve the propagation loss, led 

by Prof. Yasuhiro Koike, Keio University succeeded in inducing graded-index structure 

into the core of POFs and achieved a relatively low loss of 143 dB/km at 650 nm [15], 

which was still far from being sufficient at that time. However, using perfluorinated 

polymer as core material, the same group has recently reduced the propagation loss to < 

40 dB/km; the low-loss wavelength window is currently extended even to telecom 

wavelength [16]. As the propagation loss of perfluorinated graded-index POFs is higher 

than that of silica glass fibers, POFs have been exploited for medium-range applications, 

such as home and in-vehicle networks [17] as well as for large-strain sensing 

applications [18]. What is notable about POF sensing is its “memory effect” [19, 20], 

which will provide a new function to the existing fiber-optic sensing techniques. 

1. 2   Optical fiber sensors based on Brillouin scattering 

Health monitoring of civil structures, such as buildings, dams, tunnels, bridges, 

highways, pipelines, railway lines, containers, airplanes, ships, aircraft wings, windmill 

blades, etc., is beneficial from the economic and security viewpoints. Using an 

appropriate sensing system, we can obtain information about the structural conditions 

(e.g., damages caused by earthquakes and aging deterioration), which can be used to 
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design repair schedules and to provide early warnings which will someday result in a 

catastrophic failure. Health monitoring has been traditionally performed based on visual 

inspection [21]. This method is, however, limited in time and scope, since it is only 

possible to see degradations that are visible and apparent at the time of the inspection. 

Moreover, one can only see degradations relative to the original state (or the state at the 

previous inspection), but the defects hidden in the structure from the start cannot be 

detected. Fitting the structure with a comprehensive sensor network capable of 

continuously gathering information on all relevant structural parameters offers a better 

way of assessing its actual behavior. Various types of sensors have been developed for 

over a half century to measure structural parameters, such as strain, temperature, 

pressure, rotation, oscillation, humidity, and acceleration. A number of researchers now 

believe that optical fiber sensors — in particular, distributed Brillouin sensors — will 

also be a key technology to fulfill this purpose. Prof. Kazuo Hotate, who was a 

professor at the University of Tokyo and now serves as President at Toyota 

Technological Institute, named such systems “fiber-optic nerve systems” because these 

structures can “feel pain” just like human beings [22, 23]. 

1. 2. 1   Brillouin scattering in optical fibers 

Light scattering in optical fibers is omnipresent irrespective of the amount of optical 

power present in the fibers. When a monochromatic lightwave at frequency f0 is 

launched into a fiber, it is scattered via three kinds of scattering phenomena (Fig. 1.1). 

These scatterings physically correspond to two cases: elastic scattering and inelastic 

scattering. In elastic scattering, that is, Rayleigh scattering, the scattered photons 

maintain their energy and thus have the same frequency as the incident light. On the 

other hand, in inelastic scattering, that is, Brillouin scattering (interaction with acoustic 

phonons) and Raman scattering (interaction with optical phonons), the scattered photons 

lose or gain energy and thus undergo a frequency shift. In “Stokes-type” scattering, the 

photons lose energy and their frequency is downshifted, whereas in “anti-Stokes-type” 

scattering, the photons gain energy with their frequency upshifted. Among these 

scatterings, Brillouin scattering [24] is especially suitable for developing distributed 



1  Introduction 

 

Dissertation 2019, Tokyo Institute of Technology                                                                              4  

sensors, because its frequency shift is linearly dependent on both strain [25] and 

temperature [26], as detailed later. In this thesis, we will focus on Brillouin scattering.  

Brillouin scattering is a photon-phonon interaction; in other words, it is based on the 

annihilation of a pump photon that creates a Stokes photon and a phonon 

simultaneously. The phonon is the vibrated modes of molecules (i.e., an acoustic 

phonon). The Brillouin frequency shift (BFS) is approximately 11 GHz in silica fibers. 

This mechanism can be more classically understood in the following way. At non-zero 

temperature, the molecules involved in the fiber are thermally oscillating at numerous 

frequencies or wavelengths. When one of these wavelengths is the same as half of the 

optical wavelength in the fiber (Bragg’s condition), the incident light is strongly 

scattered. As this “grating” is moving forward (in the case of Stokes) at an acoustic 

velocity, the frequency of the scattered light is downshifted owing to a Doppler effect 

by the amount of BFS, which is determined by the acoustic velocity (i.e., by the 

Young’s modulus and density).  

Brillouin scattering is classified into two configurations: spontaneous and stimulated 

scattering. The configuration for spontaneous Brillouin scattering is shown in Fig. 

1.2(a), where only one pump light beam is injected into one end of the fiber. Its 

reflectivity is extremely low (even lower than that of Rayleigh scattering). In contrast, 

the reflectivity of stimulated Brillouin scattering is tens of dB higher than that of 

spontaneous scattering, which is attractive from the viewpoint of a signal-to-noise ratio 

 

Fig. 1.1 Schematics of the spectra of the reflected light via Rayleigh, Brillouin, and Raman 

scattering in optical fibers. 
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(SNR) of the system. However, stimulated scattering requires a probe light beam 

injected into the other end of the fiber besides the pump light (Fig. 1.2(b)), which 

sometimes lacks practical convenience of end-users. Thus, depending on the priority of 

the system performance, spontaneous and stimulated Brillouin scatterings are both 

used to develop fiber-optic sensors, as detailed in the next section.  

1. 2. 2   Brillouin-based optical fiber sensors 

As already mentioned, because of increasing demand for structural health monitoring 

techniques, a wide variety of fiber-optic sensors have been developed [27–29]. Above 

all, those based on Brillouin scattering [24] have been gathering worldwide attention 

owing to their capability of measuring strain and temperature distributions. As I have 

already described how to measure the magnitude of strain and temperature change in the 

previous section, what is important next is how to resolve the locations where strain or 

temperature change is applied. There are some spatially resolving methods, such as 

time-, frequency-, correlation-domain techniques. In this section, I survey their basic 

concepts. 

Fiber-optic Brillouin sensors can be classified into six configurations, which are 

called Brillouin optical time-domain analysis (BOTDA) [30–40] and reflectometry 

 

  
(a) 

 (b) 

Fig. 1.2 Schematics of (a) spontaneous Brillouin scattering and (b) stimulated Brillouin 

scattering. 
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(BOTDR) [41–47], Brillouin optical frequency-domain analysis (BOFDA) [48, 49] and 

reflectometry (BOFDR) [50], and Brillouin optical correlation-domain analysis 

(BOCDA) [51–60] and reflectometry (BOCDR) [61–74]. Each configuration has its 

unique merits and demerits and has been extensively studied. 

In analyzers (BOTDA, BOFDA, and BOCDA), stimulated Brillouin scattering with a 

relatively high reflectivity is used, resulting in a high SNR. As a result, high sensing 

performances, such as an ultimately fast measurement speed in BOTDA [40] and a 

nominal spatial resolution of as high as 1.6 mm in BOCDA [55], have been achieved. 

However, analyzers require light injections to both ends of a fiber under test (FUT), 

which reduces the degree of freedom in embedding the FUT into structures; they do not 

operate appropriately when the FUT has one breakage point, either. In addition, 

relatively expensive devices, such as single-sideband modulators, are often needed to 

generate probe light. Thus, from the users’ standpoint, reflectometers (BOTDR, 

BOFDR, and BOCDR) which operate by single-end light injection are preferable, even 

if their SNR is relatively low owing to the use of spontaneous scattering.  

In BOTDR, short optical pulses are used to resolve the positions by a well-known 

time-of-flight technique. BOTDR has a measurement range of several tens of kilometers 

or longer, and its spatial resolution is determined by the width of the optical pulses. 

However, when the width is lower than ~10 ns, the Brillouin spectrum is broadened, 

resulting in the inherent limitation of the resolution of ~1 m [75]. Using a special 

scheme, such as double-pulse configuration [47], the spatial resolution has been 

enhanced, but it is still in the order of (tens of) centimeter. As the reflected light signals 

of numerous pulses need to be processed, its relatively low operating speed is also a 

problem. BOFDR has been very recently developed by Aldo Minardo [50]. This system 

is based on the use of a pump light the amplitude of which is sinusoidally modulated at 

a variable frequency. Although BOFDR requires only less expensive electrical devices 

for relatively low-frequency uses, it is still at the stage of the first demonstration and its 

performance reported so far is far from being sufficient for practical use. Thus, the third 

configuration called BOCDR is the only technique that can simultaneously achieve 

operation by single-end light injection and high spatial resolution of millimeter order. 

This is why BOCDR is focused on in this thesis. 
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1. 3   Brillouin optical correlation-domain reflectometry (BOCDR) 

In 2008, attempting to implement a single-end-access configuration of BOCDA, Yosuke 

Mizuno succeeded in demonstrating the basic operation of BOCDR [61], which can 

measure the distribution of strain and temperature along an FUT by light injection from 

merely one end.  

The conceptual schematic of the proposed BOCDR system is shown in Fig. 1.3 [61]. 

A light beam from a laser is divided into pump and reference light beams. The pump 

light is injected into the FUT, and the Stokes light is directed into a heterodyne receiver 

composed of two balanced photodiodes (PDs). The reference light is used as an optical 

local oscillator. The electrical beat signal of the two light beams is monitored by an 

electrical spectrum analyzer (ESA). Since there is, without any additional frequency 

shifters, a frequency difference of about 11 GHz between the Stokes light and the 

reference light, this configuration is called self-heterodyne scheme. 

In order to resolve the position in the FUT, the optical frequency of the light beam 

from the laser is directly modulated in a sinusoidal wave by modulating the injection 

current to the laser. From the viewpoint of time averaging, the correlation (or 

coherence) function is synthesized into a series of periodical peaks [76], whose period is 

inversely proportional to the frequency of the sinusoidal modulation fm. By controlling 

 

Fig. 1.3 Conceptual schematic of BOCDR. AC, alternating current; DAQ, data acquisition; 

DC, direct current; ESA, electrical spectrum analyzer; FUT, fiber under test; PD, photo 

diode. 
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fm to leave only one correlation peak within the range of the FUT, so that only the 

Brillouin scattering generated at the position correspondent to the peak has high 

correlation with the reference light, and then gives high heterodyne output. The peak 

frequency observed in the ESA gives the BFS caused at the position. By sweeping fm, 

the correlation peak is scanned along the FUT to obtain the distribution of BGS or BFS, 

thus, distributed BFS measurement becomes feasible. Sinusoidal frequency modulation 

results in the periodic generation of multiple correlation peaks along the FUT, and their 

frequency determines the measurement range dm (distance between the neighboring 

correlation peaks) by [62],  

 
2

m

m

c
d

n f
  (1-1) 

where c is the velocity of light in vacuum and n is the core refractive index. When fm is 

lower than the Brillouin bandwidth ∆νB, the spatial resolution ∆z is also given by [62],  

 
2

B

m

c
z

n f f






 


 (1-2) 

where ∆f is the modulation amplitude of the optical frequency. 

Since the basic BOCDR system was first proposed [61], numerous configurations 

have been developed in order to improve its performance [65–74]. For example, the 

measurement range was elongated using temporal gating [65] and double modulation 

[66]; millimeter-order spatial resolution was achieved by use of a tellurite glass fiber 

[67] and by apodization [68]; and the strain dynamic range was extended using polymer 

optical fibers [69–73]. However, its sampling rate was lower than 20 Hz, which was not 

sufficient for some practical applications. Thus, it is of crucial importance to develop 

high-speed BOCDR to real-time distributed strain and temperature measurements or 

vibration measurements. 

1. 4   Objectives and constitution of this thesis 

The purpose of this thesis is to propose a new BOCDR configuration—named slope-

assisted (SA-) BOCDR—to achieve real-time distributed measurements and to improve 
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its performance from a variety of aspects. Finally, we perform pseudo-field tests toward 

future development of SA-BOCDR-based structural health monitoring system.  

In order to achieve these objectives, this thesis consists of six chapters, including the 

present Introduction. The structure of the thesis is illustrated in Fig. 1.4.  

 Following Chapter 1: “Introduction,” in Chapter 2: “Proposal of slope-assisted (SA-) 

BOCDR,” a new configuration of BOCDR assisted by the slope of the BGS—named 

slope-assisted (SA-) BOCDR—is proposed. After explaining its principle, we 

experimentally verify the basic operation of simultaneous distributed measurement of 

strain, temperature and loss with a high sampling rate.  

In Chapter 3: “Characterization,” the detailed operation of the system is described. 

After investigating the system output of SA-BOCDR both theoretically and 

experimentally, we show that SA-BOCDR has a unique ability to detect strained or 

heated sections even shorter than the nominal spatial resolution. This “beyond-nominal-

resolution” effect is well clarified, and the shortest-ever hotspots are detected using this 

effect both in silica and polymer fibers. Then, the influences of the experimental 

conditions, such as incident power and spatial resolution, on the measurement 
 

 

Fig. 1.4 Structure of this thesis. 
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sensitivity of SA-BOCDR are investigated. Finally, we demonstrate SA-BOCDR with a 

long measurement range of >10 km to enhance its applicability. 

In Chapter 4: “Performance improvement,” we provide experimental results for the 

enhancement of stability, sensitivity, strain dynamic range, and robustness. First, loss-

insensitive operation of SA-BOCDR is demonstrated using a trench-index-type special 

silica fiber. Then, by employing polarization maintaining fibers and optimizing the state 

of polarization, polarization-dependent power fluctuations are suppressed and the 

measurement sensitivity are improved. The strain dynamic range is also enhanced by 

investigating its trade-off relation to the spatial resolution. Finally, we demonstrate 

distributed strain and temperature measurements based on SA-BOCDR using a POF. 

Unlike a silica fiber, POF can endure large strains of over several tens of percent and 

provide much higher temperature sensitivity. 

In Chapter 5: “Pseudo-field test,” an example of structural diagnosis using SA-

BOCDR is provided to show the practical usefulness of the system. As a specimen, we 

prepare a carbon-fiber-reinforced-plastic strengthened steel plate, in which a standard 

silica fiber is embedded. The tensile and compressive strains are then applied to the 

embedded fiber by applying load to the specimen using a three-point bending device, 

and distributed strain measurements are performed. The obtained results moderately 

agree with the theoretical trends. In addition, we carry out similar experiments by 

applying larger strains until the embedded fiber is broken, and show that the detection 

of fiber breakage is feasible by measuring loss distributions. 

In Chapter 6: “Conclusions,” we summarize each Chapter of this thesis and provide 

concluding remarks by discussing which of the two configurations, standard BOCDR or 

SA-BOCDR, should be used in practical situations. 
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2   Proposal of slope-assisted (SA-) BOCDR 

 

 

 

In this Chapter, using the slope of the Brillouin gain spectrum, we propose a new 

configuration of Brillouin optical correlation-domain reflectometry (BOCDR)—named 

slope-assisted (SA-) BOCDR—which can measure strain, temperature and even loss 

distributions simultaneously with a high sampling rate. The strain, temperature, and loss 

dependence coefficients of the output signal are measured to be 1.95×10–4 dB/µε, 

4.42×10–3 dB/K, and 0.191, respectively, which well agrees with the theoretical 

predictions. The basic operation of the system is verified through simultaneous distributed 

measurement of the three parameters with a high sampling rate 

2. 1   Preface 

Among Brillouin-based fiber-optic distributed sensors, BOCDR has been extensively 

studied since it is the only scheme with single-end accessibility and high spatial resolution. 

However, one of the important drawbacks of standard BOCDR is its limited sampling 

rate due to the necessity of acquiring the whole Brillouin gain spectrum (BGS) to obtain 

the Brillouin frequency shift (BFS) values (corresponding to strain and temperature).  

Thus, to overcome this drawback and to achieve real-time distributed measurement 

with intrinsic single-end accessibility and a high spatial resolution, we develop a new 

BOCDR configuration––named slope-assisted BOCDR (SA-BOCDR) in analogy with 

SA-BOTDA [77, 78]––which operates with the assistance of the BGS slope. In this 

method, the whole BGS need not be observed to derive the BFS value, which leads to a 

higher sampling (or repetition) rate in principle. In addition, since it operates based on 

power information, unlike standard (frequency-based) BOCDR, newly developed SA-

BOCDR can provide loss distribution along the fiber under test (FUT). 
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2. 2   Principle 

In standard BOCDR systems, the BFS (i.e. strain or temperature) at one sensing point is 

derived after obtaining the whole BGS. In contrast, the main idea of SA-BOCDR is to 

exploit BGS slope. As depicted in Fig. 2.1(a), the BFS is in one-to-one correspondence 

with the spectral power PB0 at a certain frequency νB0, which is set at the high-frequency 

point in the linear region (lower-frequency side) of the BGS slope. When the FUT is 

strained or heated and BFS shifts to a higher frequency, PB0 decreases almost linearly. 

Then, when the slight loss occurs in the FUT, since the propagation light decreased 

entirely from the loss point, the spectral power of the BGS decreases, leading to the 

reduction of PB0.  

 

 
        (a) 

  
(b)                                                            (c)                    

Fig. 2.1 Schematic illustrations of the operating principle of SA-BOCDR. (a) One-to-one 

correspondence between the BFS and the spectral power PB0 at frequency νB0. The dotted curve 

is the initial BGS, and the solid curve is the BGS shifted to higher frequency on account of 

strain and/or heat. (b) PB0 distributions along the sensing fiber with (solid curve) and without 

(dotted line) partial strain and heat. (c) PB0 distributions along the sensing fiber with (solid 

curve) and without (dotted line) partial strain and a point loss. 
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Figures 2.1(b) and 2.1(c) schematically show the changes in the PB0 distributions when 

strain (or temperature change) and loss are locally applied, respectively. Note that the 

strain and temperature effects cannot be separated in this method, but the loss effect can 

be discriminated from the locally applied strain (or temperature change) because the once 

decreased PB0 value does not return to the initial value (If strain (or temperature change) 

is applied from a certain point to the distal end of the FUT, it cannot be separated from 

the point loss; in which case, the problem could be resolved by utilizing the ratio of the 

spectral powers at two frequencies. The details will be published elsewhere). The PB0 

     

 

 

              (a) 

   

              (b) 

Fig. 2.2 (a) Measured BGS and (b) its differential coefficient at each frequency. Highlighted 

region indicates the linear region of the BGS (lower-frequency side is indicated). 
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change distributions (calculated by substituting the resultant PB0 distributions (solid 

curves) from their initial distributions (dotted lines)) are used as final measurement data. 

As shown in Fig. 2.2(a), to evaluate the optimal νB0 value and the bandwidth of the 

linear region, we analyzed a raw BGS with a BFS of 10.89 GHz, which was 

experimentally obtained when the FUT length L and experimental conditions (such as the 

modulation frequency fm and amplitude Δf) were set to the same values as those for the 

experiment (L = 5.0 m, fm = 8.0 MHz, Δf = 1.4 GHz; refer to the following sections). Here, 

we define the linear region as the region where the change in the BGS slope is suppressed 

within 20% compared to its maximum. Based on the slope (i.e. differential coefficient) 

dependence on the frequency (Fig. 2.2(b)) obtained by differentiating the BGS with 

respect to frequency, the optimal νB0 value to widen the linear region was found to be 

10.85 GHz. The bandwidth of the linear region was approximately 50 MHz, which 

corresponds to the strain of up to ~1035 µε and the temperature change of ~45 K. In this 

linear region, the theoretical strain and temperature dependence coefficients were 

calculated to be 2.11×10–4 dB/µε and 4.27×10–3 dB/K, respectively. Note that these 

coefficients will be different if the experimental conditions alter. For instance, if the 

spatial resolution is set lower, the coefficients will be larger, while if the video bandwidth 

(VBW) of an electrical spectrum analyzer (ESA) is set lower, they will be smaller. 

2. 3   Experimental setup 

We employed a 5.0-m-long silica single-mode fiber (SMF) as an FUT. Its BFS at 1.55 

µm at room temperature was 10.89 GHz. Figure 2.3 shows the experimental setup of SA-

BOCDR, which is basically the same as that of standard BOCDR [61, 62]. The final signal 

processing is mainly different from the standard BOCDR. The output light from a 

distributed-feedback laser diode at 1.55 µm was divided into two light beams, pump and 

reference. The pump light was amplified to ~24 dBm using an erbium-doped fiber 

amplifier (EDFA) and injected into the FUT. After passing through a ~1-km-long delay 

line and another EDFA (amplified to ~5 dBm), the reference light was used for 

heterodyne detection with the Stokes light, which was amplified to ~2 dBm. The 

heterodyned optical signal was converted into an electrical signal using a photo diode 
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(PD) and was guided to an ESA (VBW: 3 kHz, resolution bandwidth: 300 kHz). Using 

the narrowband-pass filtering function of the ESA, the PB0 change at a fixed frequency 

νB0 (= 10.85 GHz) was sequentially output to an oscilloscope (OSC). The polarization-

dependent fluctuations were suppressed using a polarization scrambler (PSCR). 

A 0.1-m-long section around the distal open end of the FUT was bent to suppress the 

Fresnel reflection. The modulation frequency fm and amplitude Δf were set to 7.975–8.055 

MHz and 1.4 GHz, respectively, corresponding to the measurement range of 12.9 m and 

the theoretical spatial resolution of 88 mm from the equations in [62]. The repetition rate 

was 100 Hz, and 16 times averaging was performed on the OSC. The room temperature 

was 26°C. 

2. 4   Experimental results 

First, we investigated the PB0 change dependence on strain. Strains of 0 to 850 µε were 

applied to a 0.2-m-long section (3.5–3.7 m away from the circulator) of the FUT. The 

measured PB0 change distributions along the FUT are shown in Fig. 2.4(a). With 

increasing strain, the PB0 change increased (PB0 itself decreased). The PB0 change 

dependence was almost linear in this range (Fig. 2.4(b)), and its coefficient was 1.95×10–

4 dB/µε, which moderately agrees with the theoretical value (2.11×10–4 dB/µε). Note that, 

in Fig. 2.4(a), the SNR was so low that relatively small strains of < 300 µε were unable 

 

 

Fig. 2.3 Experimental setup of SA-BOCDR. EDFA, erbium-doped fiber amplifier; ESA, 

electrical spectrum analyzer; FUT, fiber under test; LD, laser diode; OSC, oscilloscope; PD, 

photo diode; PSCR, polarization scrambler. 
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to be distinguished from the signal fluctuations in this measurement. 

Subsequently, the PB0 change dependence on temperature was measured. The result 

obtained when the temperature was locally changed to 75°C in a 0.2-m-long section (2.0–

2.2 m) is shown in Fig. 2.4(c). With increasing temperature, the PB0 change increased. As 

shown in Fig. 2.4(d), the PB0 change dependence was almost linear with a coefficient of 

4.42×10–3 dB/K, which agrees with the theoretical value (4.27×10–3 dB/K). 

The loss dependence of the PB0 change distribution was also measured. Bending losses 

of 0 to 2.8 dB were applied at a midpoint of the FUT (2.5 m away from the circulator). 

 

          

                                        (a)                                                                          (b)           

           

(c)                                                                          (d)                    

Fig. 2.4 (a) PB0 change distribution when strains were locally applied, and (b) PB0 change 

dependence on strain. The dotted line is a linear fit. (c) PB0 change distribution when 

temperature was locally changed, and (d) PB0 change dependence on temperature. The dotted 

line indicates a linear fit.  
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As shown in Fig. 2.5(a), with increasing loss, the PB0 change increased on the distal side 

from the loss-applied point (again, note that the PB0 value itself decreased). The loss 

dependence of the PB0 change (averaged in the 2.5-m-long distal section (2.5–5.0 m)) was 

almost linear (Fig. 2.5(b)) with a coefficient of 0.191. 

We then evaluated the stability of this method. When neither strain/temperature change 

nor loss was applied to the FUT, we measured the temporal variations of PB0 for 20 ms 

 

 

(Fig. 2.6). The standard deviation was calculated to be ~0.0178 dB, which corresponds to 

a strain error of +/– 92 µε, a temperature error of +/– 4 K, and a loss error of +/– 0.1 dB. 

These values, which can be suppressed further by averaging more data at the cost of a 

 

          

                                        (a)                                                                          (b)           

Fig. 2.5 (a) PB0 change distribution when losses were locally applied, and (b) PB0 change 

dependence on loss. The dotted line is a linear fit.   

 

 

Fig. 2.6 Measured temporal variations of PB0. 
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reduced sampling (or repetition) rate, showed no quantifiable changes when the 

measurement time was longer than 10 minutes. 

Finally, a proof-of-concept demonstration of SA-BOCDR was performed by 

simultaneous measurement of strain, temperature, and loss. The structure of the 5.0-m-

long FUT is shown in Fig. 2.7(a); ambient temperature was changed to 55°C along the 

1.9–2.1-m section, a 0.64 dB loss was applied at the midpoint, and a 550 µε strain was 

applied to the 3.5–3.7-m section. Figure 2.7(b) shows the measured PB0 change 

distribution along the FUT. The PB0 changes corresponding to the temperature change, 

loss, and strain were observed at the expected sections. The amounts of the PB0 changes 

for the temperature change, loss, and strain were approximately 0.16, 0.14, and 0.12 (= 

0.26 – 0.14) dB (corresponding to the temperature change, loss, and strain of ~62°C, 

~0.73 dB, and ~615 µε, respectively). The measurement errors probably originate from 

the signal fluctuations and the resultant low SNR, which needs to be improved by optimal 

low-pass filtering and/or increase in the number of averaging in future.  

 

 

          

(a)                                                                              (b) 

Fig. 2.7 (a) Structure of the FUT. (b) Measured PB0 change distribution. 
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2. 5   Discussions 

Before make the conclusions, here we make a discussion on operating speed of standard 

BOCDR and SA-BOCDR. Figure 2.8(a) shows the measured BGS with a frequency span 

of 500 MHz when the spatial resolution and measurement range of the system are ~90 

mm and ~13 m, respectively. To clarify the measurement error of SA-BOCDR, we 

measured the temporal variation of spectral power for 20 ms, as shown in Fig. 2.8(b). 

From this result, it was found that the standard deviation corresponds to a strain error of 

+/– 46 µε and a temperature error of +/– 2 K. Since the BGS power fluctuations of 

BOCDR becomes the measurement error of SA-BOCDR, these obtained values are 

regarded as measurement error of strain and temperature in SA-BOCDR. Then, the 

measurement error dependence on the number of measured points in the frequency span 

of 500 MHz was plotted as described in Fig. 2.9. With decreasing the number of points, 

the measurement error drastically increased. The result shows that the spectral power 

should be obtained at least from eight points to keep the measurement error level of the 

standard BOCDR system same as that of the SA-BOCDR, which indicates that the 

measurement speed of SA-BOCDR is expected to be at least eight times faster than that 

of the standard BOCDR. 

However, considering that the BGS shifts to a higher frequency as strain or temperature 

change is applied to the sensing fiber, the frequency span should be wider than 500 MHz.    

  

 

 

       

                                      (a)                                                                          (b)           

Fig. 2.8 (a) Measured BGS, and (b) temporal variations of spectral power. 
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Furthermore, the number of measurement points are set more than eight in most practical 

cases to achieve highly accurate measurements. Therefore, the operating speed of SA-

BOCDR is expected to be significantly faster than eight times in actual sites. 

2. 6   Conclusions 

We experimentally proved the concept of a new BOCDR configuration, SA-BOCDR, 

which can perform the simultaneous distributed measurement of strain, temperature, and 

loss by exploiting the slope of the BGS. After measuring the strain-, temperature-, and 

loss-dependence coefficients of the output signal (1.95×10–4 dB/µε, 4.42×10–3 dB/K, and 

0.191), we verified the basic operation of simultaneous measurement of the three 

parameters. The improvement of the low SNR is one of the most important future tasks. 

Note that the idea of the slope-assisted technique has been already reported to enhance 

the operating speed of Brillouin optical time-domain systems by other researchers [77, 

78]. What we presented in this Chapter can be regarded as the first trial to exploit this 

idea to develop high-speed correlation-domain systems. From the next Chapter, we will 

describe some novel functions of SA-BOCDR that have not been obtained in time-domain 

systems before. 

 

       

Fig. 2.9 Measurement error dependence on number of points in standard BOCDR. 
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3   Characterization 

 

 

 

In this Chapter, we characterize the operation of SA-BOCDR and describe the unique 

features of the system with an emphasis on a so-called beyond-nominal-resolution effect. 

First, we theoretically and experimentally investigate the relationship between the system 

output of SA-BOCDR and the actual BFS distribution along the FUT and show that these 

two are not identical. Then, we prove that the strained/heated sections even shorter than 

the nominal resolution can still be detected using SA-BOCDR, which is not the case for 

standard BOCDR. After characterizing this unique “beyond-nominal-resolution” effect, 

we show the usefulness of this effect by demonstrating the detection of a 2-mm-long 

strained section along a silica fiber and a 5-mm-long heated section along a polymer 

optical fiber POF. The lengths of these detected sections are smaller than those of the 

other demonstrations reported so far. Next, the influences of the experimental conditions 

on the measurement sensitivity of SA-BOCDR are investigated. The sensitivity is found 

to be improved with increasing incident power and/or lowering spatial resolution. Finally, 

we demonstrate distributed temperature sensing based on SA-BOCDR with a long 

measurement range of > 10 km. We find that, to achieve such a long-range measurement, 

a delay line in a reference path needs to be at least 4 times longer than the FUT. Finally, 

by exploiting a beyond-nominal-resolution effect of the SA-BOCDR, we detect a 3-m-

long heated section in a 13-km-long silica fiber in a distributed manner. 

3. 1   System output 

 3. 1. 1  Preface 

The proof of concept for SA-BOCDR has been demonstrated in Chapter 2, but its detailed 
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operation has to be provided. One fundamental issue is the correspondence between the 

final system output (i.e., power-change distribution) and the actual BFS distribution. In 

standard BOCDR systems based on frequency information, these two distributions have 

been proven to be identical, in principle; however, in an SA-BOCDR system based on 

power information, these two are not identical. 

In this section, we theoretically and experimentally show that the final system output 

of SA-BOCDR is generally different from the actual BFS distribution. When the strained 

section is sufficiently longer than the nominal spatial resolution, the power-change 

distribution almost reproduces the actual BFS (or strain) distribution. However, when the 

strained section is almost equal to or only a few times longer than the nominal resolution, 

the actual BFS distribution is not directly obtained (further data processing is necessary). 

We also show that even when the strained section is shorter than the nominal resolution 

some shift in the power change can be observed. This feature is unique to SA-BOCDR 

and potentially useful for practical applications. 

3. 1. 2  Simulation 

To start with, the system output of SA-BOCDR was theoretically investigated. We 

assumed that the strain was uniformly applied to one section of the FUT and its magnitude 

was smaller than the upper limit of the linear region (~2000 µε). The strained length was 

assumed to be 0.25R, 0.5R, 0.75R, R, 2R, 5R, and 10R, when R indicates the nominal 

spatial resolution of the system. Figure 3.1(a) shows the simulation results in standard 

BOCDR. The strain distributions were deduced from the BFS information, and we can 

confirm that the final output completely reproduce the actual BFS distributions. Next, the 

simulation results for the strain distributions obtained from SA-BOCDR (also deduced 

from the final power-change distributions simply based on the linear power-to-strain 

relationship) are shown in Fig. 3.1(b) (strained: 0.5R, R, 2R, 5R, and 10R) and Fig. 3.1(c) 

(strained: 0.25R, 0.5R, 0.75R, and R). To make the calculation simple, the complicated 

longitudinal shape of the correlation peak and the influence of its sidelobes [59] were 

neglected; that is, the longitudinal shape of the correlation peak was approximated by a 

rectangular profile with a length of R. At the ends of the strained section (i.e., the 
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boundaries between the strained and non-strained sections), the power change varied 

linearly with the length of R; consequently, each whole power-change distribution 

showed a trapezoidal shape (including triangular). Thus, we see that when the strained 

section is sufficiently longer than R, the power-change distribution almost reproduces the 

actual BFS distribution. In contrast, when the length of the strained section is 

approximately R or only a few times longer than R, the correct BFS distribution cannot 

be directly obtained (under the assumption that the strain is uniformly applied; however, 

the correct information can be easily derived). What we should focus here is that we can 

observe some signal change (trapezoidal-shaped shift in the power change) even when 

the strained section is shorter than R. For instance, when the strained length is 0.5R, a 

trapezoidal shape with a maximal power-change shift corresponding to half the amount 

seen with a strained section longer than R is observed. This “beyond-nominal-resolution” 

information, which neither standard BOCDR systems nor SA-BOTDR/BOTDA systems 

 
        (a) 

    
(b)                                                                        (c)                    

Fig. 3.1 Simulation results (deduced strain distributions directly obtained from power change 

distributions) of (a) standard BOCDR and (b, c) SA-BOCDR. Note that (a) gives the correct 

strain distributions. 
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can provide (note that standard BOCDR systems determine the BFS as the frequency at 

which the highest spectral peak is observed; even when the local Brillouin spectrum 

includes a low spectral peak corresponding to strain, as long as this peak is lower than the 

initial spectral peak corresponding to the non-strained sections, it does not contribute to 

the derived BFS), will be of great use in practical applications. One important benefit is 

that using this effect, we can effectively elongate the measurement range of BOCDR, 

which generally suffers from the trade-off relation between the spatial resolution and the 

measurement range.  

3. 1. 3  Experimental setup 

Figure 3.2(a) schematically shows the experimental setup of SA-BOCDR for evaluating 

the simulation results described above. The light output from a 1.55 µm laser was divided 

into two light beams: pump and reference. The pump beam was guided through a PSCR 

to suppress the polarization-dependent signal fluctuations, then amplified to ~27 dBm 

using an EDFA and injected into the FUT. The backscattered Stokes light was amplified 

to ~2 dBm using another EDFA. The reference beam was guided through a ~1-km-long 

delay line and amplified to ~1 dBm. The Stokes and the reference beams were then mixed 

(heterodyned), converted into an electrical signal using a PD, and guided to an ESA. 

Using the narrow band-pass filtering function of the ESA (with the video bandwidth and 

resolution bandwidth set to 10 kHz and 10 MHz, respectively), the change in the spectral 

power at 10.81 GHz was sequentially output to an OSC. An electrical amplifier was not 

used in this measurement. 

As an FUT, we used a 13.0-m-long single-mode silica fiber with a BFS of 10.86 GHz 

at 1.55 µm at room temperature. Measurements were performed using two configurations: 

one for a relatively high spatial resolution and the other for a relatively low resolution 

(required to investigate the beyond-nominal-resolution effect). In the first, high-

resolution configuration, strains of 750 µε and 1500 µε were applied to 5-cm-, 10-cm-, 

20-cm-, 50-cm-, and 100-cm-long sections of the FUT, as shown in Fig. 3.2(b). The 

modulation frequency fm and amplitude ∆f were set to 7.11–7.31 MHz and 1.3 GHz, 

respectively, corresponding to the measurement range of 14.5 m and the theoretical 

spatial resolution of 9.5 cm according to Eqs. (1-1) and (1-2). In the second, low-
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resolution configuration, a strain of 1500 µε was applied to 5-cm-, 10-cm-, 15-cm-, and 

20-cm-long sections of the FUT (see Fig. 3.2(c)). The modulation frequency fm was swept 

in the same range (7.11–7.31 MHz), thus giving the same measurement range (14.5 m). 

The modulation amplitude ∆f was reduced to 0.7 GHz, corresponding to a theoretical 

spatial resolution of 19.6 cm. In both configurations, the repetition rate was set to 100 Hz, 

and 64 times averaging was performed on the OSC to improve the SNR. The room 

temperature was 25 °C.  

3. 1. 4  Experimental results 

First, we present the experimental results with relatively high spatial resolution (9.5 cm). 

An example of the measured power change distribution (converted into strain) along the 

whole length of the FUT (with a 1500 µε strain applied to a 20-cm-long section) is shown 

in Fig. 3.3(a). At this scale, it appears that the correct amount of strain was detected at the 

 
        (a) 

       
(b)                                                                        (c)                    

Fig. 3.2 (a) Experimental setup for SA-BOCDR. EDFA, erbium-doped fiber amplifier; ESA, 

electrical spectrum analyzer; FUT, fiber under test; OSC, oscilloscope; PD, photo diode; 

PSCR, polarization scrambler. The silica fibers and electrical cables are shown in the blue 

curves and green lines, respectively. (b) Structure of an FUT when the spatial resolution was 

relatively high (9.5 cm). (c) Structure of an FUT when the spatial resolution was relatively low 

(19.6 cm). 
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correct location. The strain distributions measured when strains of 750 µε and 1500 µε 

were applied (magnified views around the strained sections), simply deduced from the 

power-change distributions based on the linear power-to-strain relationship, are shown in 

Fig. 3.3(b) and 3.3(c), respectively. Each distribution is shifted by 3000 µε, and the 

simulated data is indicated by dotted lines. The trends in the measured distributions agree 

well with the simulation results, including the case where the strained section is half the 

nominal spatial resolution. This indicates that our relatively rough simulation is almost 

 

 

 
        (a) 

          
(b)                                                                     (c)                    

Fig. 3.3 Obtained strain distributions calculated from power change distributions. Note that the 

spatial resolution was 9.5 cm. (a) Example measurement along a 13-m-long FUT when a 20-

cm-long section was strained (1500 µε). and the magnified views when strains of (b) 750 µε 

and (c) 1500 µε were applied to 5-cm- to 100-cm-long sections. In (b) and (c), the simulated 

data was shown in dotted lines, and each distribution was shifted by 3000 µε. 
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sufficient to predict the experimental results, which is beneficial from the viewpoint of 

simulation cost. The discrepancy from the simulation results probably originates from 

signal fluctuations due to an insufficient SNR and the fact that the influence of the 

correlation peak sidelobes was not considered in the simulation process. 

Subsequently, we performed similar experiments with a relatively low spatial 

resolution (19.6 cm) to evaluate the beyond-nominal-resolution effect. The magnified 

views of the strain distributions (simply deduced from the power-change distributions), 

measured when a strain of 1500 µε was applied, are shown in Fig. 3.4. As the strained 

section becomes shorter, the maximal power-change shift becomes smaller. The trend in 

the measured distributions is basically in good agreement with the simulation results. As 

the strained section is shortened further, the signal is buried by the noise. The standard 

deviation of the noise floor (power fluctuations corresponding to the strain of the non-

strained sections) was calculated to be approximately 130 με in this measurement. This 

amount is theoretically obtained as the maximal strain when the strained section is 1.7 

cm, which could be regarded as the shortest detectable length. Note that this value is 

influenced by various experimental parameters, such as the amount of the actual strain, 

the number of averaging, the incident power, etc. 

 

 

 

 
Fig. 3.4 Magnified views of the deduced strain distributions with a spatial resolution of 19.6 

cm; a 1500 µε strain was applied to 5-cm- to 20-cm-long sections. Each distribution was shifted 

by 3000 µε, and the dotted lines indicate the simulated data. 
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3. 1. 5  Conclusion 

The final system output (i.e., the power-change distribution) of the SA-BOCDR system 

has been shown, both theoretically and experimentally, not to reproduce the actual BFS 

(or strain) distribution. When the strained section was sufficiently longer than the nominal 

spatial resolution, the system output almost corresponded to the actual BFS distribution. 

In contrast, when the length of the strained section was equal to or only a few times the 

nominal resolution, the BFS distribution was not reproduced correctly. These findings 

will be of great importance in improving the performance of SA-BOCDR systems in the 

future. In addition, we have also demonstrated that a strained section that is even shorter 

than the nominal resolution can still be detected as a shift in the power change. Beyond-

nominal-resolution sensing of temperature change will be also feasible in the same way 

(cf. the influence of thermal expansion [79] is smaller than the noise floor fluctuations in 

this measurement). As for loss sensing, as it is point detection, the same effect cannot be 

observed (not available); in theory, the measured power gradually changes along the 

length equal to the nominal resolution. We anticipate that this feature, unique to SA-

BOCDR, will be an attractive advantage in every application where even slight strain or 

heat cannot be permitted (regarded as irregular) because of the required high-level 

constancy, such as nuclear plant monitoring. 

3. 2   Beyond-nominal-resolution effect 

 3. 2. 1 Preface 

In previous section, it has been proved that, even when the strained (or heated) section is 

shorter than the nominal spatial resolution, some shift in the power change can be 

observed. Although this “beyond-nominal-resolution” effect unique to SA-BOCDR is 

very attractive for practical applications, the detailed characterization of this feature has 

not been carried out.  

Here, first, we experimentally characterize the beyond-nominal-resolution effect using 
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a silica SMF. We find that a strained section that is over 50 times shorter than the nominal 

spatial resolution can be detected. Then, we show the usefulness of the beyond-nominal-

resolution effect by detecting a 2-mm-long strained section along a silica SMF and a 5-

mm-long heated section along a polymer optical fiber (POF). These values are smaller 

than the world records previously reported, which are 3 mm [55] and 100 mm [69] for a 

silica SMF and a POF, respectively (both values were restricted by the SNRs of the 

systems].  

 3. 2. 2  Experimental setup 

Figure 3.5 shows the experimental setup of SA-BOCDR used in the experiment. A laser 

diode at 1550 nm with a bandwidth of ~1 MHz was used as a light source. Throughout 

the experiment in this work, the video and resolution bandwidths of the ESA were set to 

3 kHz and 10 MHz, respectively, while the repetition rate was 100 Hz. Note that a PSCR 

was inserted in the pump path in this setup, but it could be inserted immediately after the 

laser output before an optical coupler. 

 

 

 
 

Fig. 3.5 Experimental setup for SA-BOCDR. EDFA, erbium-doped fiber amplifier; ESA, 

electrical spectrum analyzer; FUT, fiber under test; OSC, oscilloscope; PD, photo diode; 

PSCR, polarization scrambler. 
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First, to characterize the beyond-nominal-resolution effect, we employed a 14.0-m-

long silica SMF as a FUT. The output light from a laser was amplified to ~25 dBm using 

an EDFA and injected into the FUT. The BFS of the FUT was 10.89 GHz at 1.55 μm at 

26 °C (room temperature). The open end of the FUT was bent to suppress the Fresnel 

reflection. The spectral power change at 10.87 GHz (determined by differentiating the 

BGS) was monitored using an OSC. The modulation amplitude Δf and the modulation 

frequency fm were set to 0.19 GHz and 5.10–5.26 MHz, respectively, leading to the 

nominal spatial resolution of 1.01 m and the measurement range of 20.1 m, calculated 

using Eqs. (1-1) and (1-2). A strain of 0.1% was applied to 0.01-, 0.02-, 0.05-, 0.10-, 0.20-, 

0.50-, and 1.00-m-long sections of the FUT, as shown in Fig. 3.6(a). When the length of 

the strained section was changed, the position of its proximal end was fixed. Averaging 

was performed 512 times on the OSC to obtain a higher SNR. The number of sampling 

points was 2500. 

Subsequently, exploiting the beyond-nominal-resolution effect, we attempted to detect 

the shortest-ever strained and heated sections along a silica SMF and a POF. In this 

experiment, we injected ~28 dBm light to the FUTs to enhance the measurement 

sensitivity (See Chapter 3.3 for further explanation), and averaging was performed 1024 

times. The number of sampling points was 2500. To begin with, as an FUT, we employed 

a 2.0-m-long silica SMF, the BFS of which was 10.85 GHz at room temperature. We 

applied strains of 0.10, 0.15, and 0.20% to a 2-mm-long section (fixed on translation 

stages using epoxy glue; ~55 times shorter than the nominal spatial resolution; see below), 

as depicted in Fig. 3.6(b). The nominal spatial resolution and the measurement range were 

0.11 and 7.64 m (modulation amplitude Δf: 0.67 GHz; modulation frequency fm: 13.45–

13.54 MHz), respectively. The change in the spectral power at 10.84 GHz was observed 

using the OSC. Then, a 2.0-m-long perfluorinated graded-index (PFGI-) POF [80] (core 

diameter: 50 μm; propagation loss at 1.55 μm: 0.25 dB/m; BFS at room temperature: 2.75 

GHz) was used as an FUT. A 5-mm-long section was heated to 35, 45, and 55 °C [See 

Fig. 3.6(c)]. The modulation amplitude Δf and the modulation frequency fm were set to 

0.69 GHz and 24.70–24.84 MHz, respectively, resulting in the nominal spatial resolution 

of 0.21 m and the measurement range of 4.5 m [62]. Note that the length of the heated 

section was over 40 times smaller than the nominal spatial resolution. The change in the 

spectral power at 2.78 GHz was monitored.  
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3. 2. 3  Experimental results 

Figure 3.7(a) shows the measured power-change distributions when the strained length Lε 

was reduced from 1.00 to 0.01 m, while keeping the nominal spatial resolution at 1.01 m 

throughout the experiments. The vertical axis was normalized so that the maximal power 

change became 1 when Lε was 1.00 m. Each distribution was shifted by 0.5 in vertical 

ways. The power-change distribution showed a triangular shape, only when Lε was 1.00 

m (almost same as the spatial resolution),which is natural considering the operating 

 

 
        (a) 

 
        (b) 

                                                                         

        (c) 

Fig. 3.6 (a) Structure of the FUT (silica SMF). The strained length Lε was set to 0.01, 0.02, 

0.05, 0.10, 0.20, 0.50, and 1.00 m, while keeping the spatial resolution at 1.01 m.(b) Structure 

of the FUT (silica SMF), which was locally strained for 0, 0.10, 0.15, and 0.20%. (c) Structure 

of the FUT (POF), which was locally heated to 26, 35, 45, and 55 °C. 
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                  (a) 

          

                  (b) 

Fig. 3.7 (a) Normalized power-change distributions measured when the length of the strained 

section Lε was reduced from 1.00 to 0.01 m; each distribution was shifted by 0.5. The dotted 

lines indicate the theoretical trends. (b) Maximal power changes plotted as a function of Lε. 

The error bars are calculated as standard deviations of the signal fluctuations at nonstrained 

sections. The dotted line is a linear fit. The inset shows the magnified view at Lε shorter than 

0.1 m. 
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mechanism of SA-BOCDR (See Chapter 3.1). As Lε decreased, the maximal power 

change also decreased. When Lε was 0.02 m, the power change was still clearly detected, 

however, when Lε was shorter than 0.02 m, it became difficult graph the power change 

due to the signal fluctuations (calculated standard deviation: 0.06). Accordingly, a 

strained section at least 50 times shorter than the nominal spatial resolution was shown to 

be detectable under this experimental condition. The normalized maximal power change 

was then plotted as a function of Lε in Fig. 3.7(b). The error bars were standard deviations 

of the signal fluctuations at nonstrained sections. The maximal power change decreased 

almost linearly with decreasing Lε, which agrees well with the theory. The observed 

     

 

                       

                  (a) 

 

                  (b) 

Fig. 3.8 (a) Normalized power-change distributions along a silica SMF measured at four 

strains. Each distribution was shifted by 1. (b) Maximal power changes plotted as a function 

of strain. The dotted line is a linear fit. 
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length of the nonzero-power-change section was almost equal to the sum of the strained 

length Lε and the nominal spatial resolution, which also agrees with the theory 

(quantitative evaluation is difficult because of the low SNR when Lε is short). 

Subsequently, using the “beyond-nominal-resolution” effect verified above, we tried to 

detect the shortest-ever hotspots both in a silica SMF and a POF. Figure 3.8(a) shows the 

normalized power-change distributions measured when strains of 0.10, 0.15, and 0.20% 

were applied to a 2-mm-long section of the silica SMF. At the correct position, the local 

power changes corresponding to the strain were observed. The lengths of the power-

   

   

                   

                  (a) 

  

                  (b) 

Fig. 3.9 (a) Normalized power-change distributions along a POF measured at four 

temperatures. Each distribution was shifted by 1. (b) Maximal power changes plotted as a 

function of temperature. The dotted line is a linear fit. 
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changed sections appeared to be much larger than 2 mm; in theory, they should be almost 

the same as the nominal resolution (0.11 m), which moderately agrees with the measured 

results. The maximal normalized power change of each distribution in Fig. 3.8(a) was 

plotted as a function of applied strain in Fig. 3.8(b). With increasing strain, the power-

change also increased almost linearly, which indicates that the magnitude of the strain 

can be correctly measured in this strain range. Then, we performed a similar experiment 

using the POF. The normalized power-change distributions measured when the 5-mm-

long section was heated to 26 (room temperature), 35, 45, and 55 °C are shown in Fig. 

3.9(a). The abrupt power changes were observed at the correct position along the POF. 

The lengths of the power-changed sections moderately agreed with the nominal resolution 

(0.21 m). The magnitude of the maximal power change was proportional to the 

temperature change as shown in Fig. 3.9(b), indicating the potential feasibility of 

distributed temperature sensing.  

3. 2. 4  Discussions 

Hereafter, we discuss the unique features of the beyond-nominal-resolution effect of SA-

BOCDR in detail. The first discussion is regarding the measurement capability of the 

location, length, and magnitude of applied strain, when the strain is shorter than the 

nominal spatial resolution. The strain location can be derived from the system output as 

   

 

   

Fig. 3.10 Normalized power-change distribution along a silica SMF. A 2-mm-long silica SMF 

with different BFS was, as pseudostrain, spliced between two silica SMFs. 
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the center of the nonzero-power-change section, and the strained length can be given by 

subtracting the nominal spatial resolution from the length of the nonzero-power-change 

section, as already described. The strain magnitude can also be given by the maximal 

power change and the ratio of the strained length to the nominal spatial resolution. Thus, 

if the SNR of the system is sufficiently high, these three parameters of strain can be 

theoretically obtained from the measured power-change distribution, although the SNR 

may not be sufficiently high in most practical cases. 

Next, we discuss the validity of claiming that the 2-mm-long strained SMF section and 

the 5-mm-long heated POF section were detected. When a 2-mm-long strain was applied 

to the SMF using epoxy glue, unintended strain distribution was inevitably induced along 

the SMF inside the glue. This may result in a practically longer strain to be measured. To 

avoid this effect and to prove that the 2-mm-long strain was truly detected, we performed 

an additional experiment. By splicing a 2-mm-long SMF with a different BFS (11.02 GHz 

at room temperature), we induced pseudostrain with a length of exactly 2 mm and 

measured the power-change distribution [the other experimental conditions were the same 

as those used in Fig. 3.8(a)]. The result shown in Fig. 3.10 clearly indicates that the 2-

mm-long pseudostrain was truly detected. As for the temperature measurement, it is 

difficult to completely avoid the influence of the thermal conduction, and the detected 

heated section may be slightly longer than 5 mm; however, the conclusion that this system 

has the capability to detect a 2-mm-long section with a different BFS remains true. 

The third discussion is regarding the limitation of the detectable strained length. In this 

experiment, it was restricted to 2 mm because of the deteriorated SNR. Therefore, the 

limitation could be enhanced by improving the SNR by using higher-power incident light 

or by applying a larger strain. For instance, in Fig. 3.8(a), a clear peak (which can be 

discriminated from the noise floor even when the power-change becomes half) was 

observed at 0.2% strain; this may indicate that strain with a length of less than half of 2 

mm, namely of submillimeter length, can be potentially detected by SA-BOCDR. 

Lastly, we discuss the possibility of employing this technique in other types of 

Brillouin sensors. We consider that the beyond-nominal-resolution effect can also be 

given to BOCDA systems, because they work on a similar principle of BOCDR (the final 

system output of BOCDA can be expressed by the same mathematical forms as that of 
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BOCDR). As BOCDA exploits stimulated Brillouin scattering, which is much larger than 

spontaneous scattering, we predict that the beyond-nominal-resolution effect of SA-

BOCDA will have higher performance than SA-BOCDR and deserve developing in the 

future, despite its shortcomings in terms of the two-end-access nature and the complexity 

of the setup. 

3. 2. 5  Conclusion 

First, we experimentally characterized the “beyond-nominal-resolution” effect of SA-

BOCDR using the silica SMF. When the nominal spatial resolution was constant, the 

measured maximal power change decreased almost linearly with decreasing length of the 

strained section. Even when the strained length was over 50 times shorter than the 

nominal spatial resolution, power change was still clearly observed at the correct position. 

Subsequently, by exploiting this effect, we demonstrated detection of the 2-mm-long 

strained section in the silica SMF and a 5-mm-long heated section in the POF. In both 

cases, the power-change distributions at four different strains and temperatures were 

measured, and the maximal power changes at each distribution increased almost linearly 

with increasing strain and temperature. These results indicate that, even when the strained 

(or heated) section is much shorter than the nominal spatial resolution, if the SNR is 

sufficiently high, its length and the magnitude of the applied strain (or temperature 

change) can be potentially calculated from the measured power-change distribution. Thus, 

we anticipate that this work, which has proven the capability of detecting extremely short 

strained/heated sections along optical fibers, will greatly enhance the practical 

applicability of SA-BOCDR in the near future. 

3. 3   Sensitivity dependencies on experimental conditions 

 3. 3. 1  Preface 

Since SA-BOCDR operates by exploiting the spectral power of the BGS, unlike in the 
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case of standard BOCDR, the measurement sensitivity of SA-BOCDR is susceptible to 

the experimental conditions, such as incident power and spatial resolution, which 

determines the Brillouin signal power.  

In this work, first, by analyzing the BGS shape, we investigate the measurement 

sensitivity dependencies on the incident power and the spatial resolution in SA-BOCDR. 

We show that the sensitivity is enhanced with higher incident power and/or lower spatial 

resolution. Then, this result is verified through distributed temperature measurements. 

3. 3. 2  Experimental setup 

In the experiment, we employed a 3.0-m-long silica SMF as an FUT. The experimental 

setup depicted in Fig. 3.11 is basically the same as that previously used. The output from 

a 1.55 μm laser (3 dB bandwidth: ~1 MHz, power: 4 dBm) was divided into two light 

beams, pump and reference. The incident power to the FUT was changed by adjusting the 

output power of an EDFA in the pump path. The backscattered Stokes light was amplified 

to ~1 dBm using another EDFA and heterodyned with the reference light, which was 

amplified to ~3 dBm after passing through a 1-km-long delay line (used to control the 

order of the correlation peak generated in the FUT). The heterodyned signal was 

   

 

 

   

Fig. 3.11 Experimental setup for SA-BOCDR. EDFA, erbium-doped fiber amplifier; ESA, 

electrical spectrum analyzer; FUT, fiber under test; OSC, oscilloscope; PD, photo diode; 

PSCR, polarization scrambler. 
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converted to an electrical signal using a PD. The polarization state was scrambled to 

suppress the polarization-dependent signal fluctuations. The video bandwidth and the 

resolution bandwidth of the ESA were set to 10 kHz and 10 MHz, respectively. 

The modulation frequency fm and amplitude Δf were set to 10.858 MHz (swept from 

10.825 to 10.891 MHz for distributed measurement) and 0.06–3.08 GHz, respectively, 

corresponding to a measurement range of ~9.5 m and a theoretical spatial resolution of 

1.65–0.03 m according to Eqs. (1-1) and (1-2). For each measurement, vB0 was adjusted 

to maximize the linear range (i.e., strain/temperature dynamic range) by differentiating 

the spectral slope; see Chapter 2 for the details. The repetition rate was set to 100 Hz, and 

128 times averaging was performed on the oscilloscope to obtain a sufficiently high SNR. 

The room temperature was 21°C. 

3. 3. 3  Experimental results 

First, to clarify the measurement sensitivity (defined as a spectral slope at vB0) at each 

incident power and spatial resolution, we obtained the BGS at incident powers from 9 to 

27 dBm (step: 3 dB), while the spatial resolution was simultaneously varied in the range 

from 0.03 to 1.65 m. Examples of the BGS measured at 15 and 24 dBm are shown in Figs. 

3.12(a) and (b), respectively. In both cases, the BGS gradually became weaker and 

broader as the spatial resolution grew higher (the value itself became smaller), which 

leads to the reduction in its spectral slope. Here, the reduction in the peak power is natural 

if we simply consider that the Brillouin signal returns only from the fiber section roughly 

equal to the spatial resolution. The broadening of the bandwidth caused by the frequency 

modulation has also been reported. Note that, in Fig. 3.12(b), when the spatial resolution 

was 1.65 m, an irregular peak was observed at ~11.1 GHz. This peak, which originated 

from the 2nd-order Brillouin peak [81], immediately disappeared by increasing 

modulation amplitude and did not influence the results of this measurement. 

We then precisely analyzed the spectral slopes of each BGS and investigated the 

measurement sensitivity dependence on the spatial resolution. Here, the values of the 

optimal fixed frequency vB0 (at which the slope power is measured) and the bandwidth of 

the linear region wL (which is evaluated by differentiating the spectral slope; see Chapter 
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2 for its detailed definition) were calculated for each BGS. For instance, when the incident 

power was 24 dBm and the spatial resolution was 1.65 m, vB0 was set to 10.83 GHz and 

wL was approximately 50 MHz (10.78–10.83 GHz). Fig. 3.13 shows the measurement 

sensitivities plotted as functions of the spatial resolution at seven different incident 

   

  

       (a) 

  

       (b) 

Fig. 3.12 Examples of the BGS when the spatial resolution ∆z was 1.65 (purple), 0.43 (aqua), 

0.18 (green), 0.09 (yellow), and 0.03 m (red). (a) Measured at 15-dBm incident power. (b) 

Measured at 24-dBm incident power. 
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powers. Regardless of the incident power, the measurement sensitivity decreased and 

finally converged to 0 dB/GHz as the spatial resolution grew higher (the value of the 

resolution itself grew smaller). At 9-dBm incident power, it was difficult to calculate the 

BGS slopes when the spatial resolution was lower than ~0.3 m, because the BGS was 

buried by the noise. Note that, as Brillouin-scattered power does not generally increase in 

proportion to increasing incident power [10], we did not normalize the plots in Fig. 3.13. 

Note also that, though the temperature dynamic range seems to be dependent on incident 

power and spatial resolution as well, it cannot be simply evaluated by the range of the 

linear region because of the structural noise floor unique to correlation-domain techniques 

[82]. 

Subsequently, we performed distributed temperature measurements to verify that the 

results shown in Fig. 3.13 (indirectly acquired based on the analysis of the BGS slope) 

can be practically employed. The structure of the FUT is depicted in the inset of Fig. 3.14. 

While maintaining the temperature of a 0.30-m-long section (1.7 m away from the 

proximal FUT end) at 60°C using a heater, the power-change distributions along the FUT 

were obtained under the following four experimental conditions: (incident power Pin, 

spatial resolution ∆z) = (15 dBm, 0.09 m), (15 dBm, 0.18 m), (24 dBm, 0.09 m), and (24 

   

  

Fig. 3.13 Measurement sensitivities plotted as functions of the spatial resolution at incident 

powers from 9 to 27 dBm (step: 3 dB). 
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dBm, 0.18 m). Fig. 3.14 shows the power-change distributions; the vertical axis was 

normalized so that the maximal value became 1 when (Pin, ∆z) = (24 dBm, 0.18 m). Note 

that the proportions among the four data on the vertical axis were maintained. The 

maximal value of each data were in good agreement with the trends (shown as dotted 

curves in Fig. 3.13) calculated using Fig. 3.13. Note that, in the calculation, the shape of 

the correlation peak was assumed to be a rectangle (see Chapter 3.1.2), which is not 

accurate. The discrepancy between the measured data and the calculated trends seems to 

be partially caused by this assumption. For each power-change distribution, we measured 

the standard deviation of the noise floor (signal fluctuations of the non-heated sections). 

Under the four experimental conditions: (Pin, ∆z) = (15 dBm, 0.09 m), (15 dBm, 0.18 m), 

(24 dBm, 0.09 m), and (24 dBm, 0.18 m), the standard deviations (unit: °C) were 

calculated to be approximately 4.8, 3.3, 1.2, and 0.9°C, respectively. The sensing error 

decreased with increasing measurement sensitivity (increasing incident power and/or 

lowering spatial resolution). Note that these values are also affected by other experimental 

parameters, such as the measurement speed, the number of averaging, etc. Thus, higher-

power light was confirmed to be required to enhance the measurement sensitivity as well 

as the signal-to-noise ratio. However, injection of extremely high-power light sometimes 

induces a so-called optical fiber fuse phenomenon, which destroys the FUT [83–85]. 

Consequently, the optimal incident power will be approximately 25 dBm, which should 

be increased or decreased considering the actual situations.  

   

  

Fig. 3.14 Normalized power-change distributions along the FUT measured at four experimental 

conditions. The solid curves are measured data, and the dotted curves are calculated trends. The inset 

indicates the structure of the FUT. 
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3. 3. 4  Conclusion 

Based on the analysis of the BGS shape, we investigated the measurement sensitivity 

dependencies on the incident power and the spatial resolution in SA-BOCDR. The 

sensitivity decreased and then converged to 0 dB/GHz as the incident power decreased 

and/or the spatial resolution grew higher. Then, we verified this result through distributed 

temperature measurements. Thus, we believe that this work will provide a useful 

guideline in setting the experimental conditions of SA-BOCDR and then in achieving 

single-end-access high-speed distributed sensing with high spatial resolution in the future. 

3. 4   Long-range measurement 

 3. 4. 1  Preface 

Considering practical applications, SA-BOCDR with a long measurement range needs to 

be demonstrated. However, most of the previously reported demonstrations of SA-

BOCDR and even standard BOCDR had measurement rages shorter than ~1.5 km [65] 

(Only one exception is referred to in Conclusion).  

In this work, the operation of SA-BOCDR with a long measurement range of > 10 km 

is demonstrated. First, we show that a delay line in a reference path should be at least 4 

times longer than the sensing fiber to achieve such a long measurement range. We also 

show that the use of such a long delay line inevitably accompanies forward-propagating 

Brillouin-scattered light in the reference path, which leads to a deteriorated SNR and thus 

should be filtered out. Then, based on the beyond-nominal-resolution effect, we 

demonstrate the detection of a 3-m-long heated section in a 13-km-long FUT. We also 

discuss the reason for the low SNR of the long-range measurement. 

3. 4. 2  Experimental setup 

The experimental setup of SA-BOCDR with a long measurement range is depicted in 
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Fig. 3.15(a). The output from a frequency-modulated laser (linewidth: ~1 MHz) was 

divided into pump light and reference light. The pump light was amplified to 10 dBm 

using an EDFA and injected into a 13-km-long FUT (see below for details). The 

polarization state was scrambled. Here, it is notable that the incident power should not be 

too high, because the Brillouin threshold power of a long FUT is generally low and, even 

when the frequency is modulated, most of the high-power incident light does not reach 

the end of the FUT by stimulated Brillouin scattering [24]. What is also unique to long-

range measurement is the structure of the reference path; unlike in standard BOCDR, a 

long delay line and an optical narrowband-pass filter (3-dB bandwidth: ~10 GHz) were 

employed. One of the new findings is that the length of the delay line should be at least 4 

times longer than the FUT. In this experiment, a 60-km-long delay line was employed; 

otherwise, the 1st-order correlation peak cannot be scanned along the entire length of the 

FUT (the use of a higher-order correlation peak requires an even longer delay line, which 

   

  

(a) 

 

(b) 

Fig. 3.15 (a) Setup of SA-BOCDR with a long measurement range. EDFA, erbium-doped fiber 

amplifier; ESA, electrical spectrum analyzer; FUT, fiber under test; OSC, oscilloscope; PD, photo diode; 

PSCR, polarization scrambler. (b) Structure of the FUT.  
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is not ideal considering its cost and propagation loss). Another finding is that, when the 

delay line is extremely long, in addition to the carrier at laser frequency, forward-

propagating Brillouin-scattered light, both Stokes and anti-Stokes, is induced and appears 

as sidebands in the optical spectrum. This results from the back reflection of spontaneous 

Brillouin scattered components, etc. These unintended Brillouin components in the 

reference path cause considerable noise in the final system output if they interfere with 

the Rayleigh-scattered light from the FUT. Therefore, the optical filter was newly 

employed in the reference path to suppress the Brillouin components. The Brillouin-

scattered light was amplified and heterodyned with the reference light. Then it was 

converted into an electrical signal using a PD; its spectral power at 10.87 GHz (on the 

BGS slope) was output using a zero-span mode of an ESA and monitored using an OSC. 

The video bandwidth and the resolution bandwidth of the ESA were 10 kHz and 10 MHz, 

respectively. Averaging was performed 128 times on the OSC. 

The structure of the FUT is depicted in Fig. 3.15(b). A 13-km-long silica single-mode 

fiber (SMF; BFS = 10.88 GHz) was employed as an FUT, and a considerable bending 

loss was artificially applied near its end to suppress the Fresnel reflection. A 3-m-long 

section (11 km far from the proximal end) was heated from room temperature (23°C) to 

70°C. The modulation amplitude was 5 GHz, and the modulation frequency was swept 

from 4.51 kHz to 7.07 kHz, corresponding to the measurement range of 14.5 km and the 

nominal spatial resolution from 26.7 m to 41.9 m [62]. Note that the variation of the 

resolution according to the measurement position is striking when the FUT is extremely 

long.  

3. 4. 3  Experimental results 

The normalized power-change distributions near the heated section (23°C, 50°C, and 

70°C) are shown in Fig. 3.16(a). Clear peaks were observed at the heated section. The 

shape of the waveforms at the heated section is not rectangular, which is valid considering 

the nature of SA-BOCDR (see Chapter 3.1 for details). It is also valid that the peaks were 

broadened because the nominal spatial resolution at this position is 28.2 m. The SNR was 

not high in this long-range measurement, because (1) the incident power was much lower 

than those of shorter-range measurement, (2) the weak incident power was reduced 
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further during propagation of the long FUT, (3) the measurement position is far beyond 

the coherence length of the laser (~100 m) [86], and (4) the aforementioned noise caused 

by the Brillouin components in the reference path cannot be completely suppressed. 

Subsequently, we plotted the maximal power-change at the heated section as a function 

of temperature (Fig. 3.16(b)). The dependence was almost linear, indicating that, although 

the SNR was low, a 3-m-long heated section was properly detected at a >10 km distant 

position. 

   

  

(a) 

 

(b) 

Fig. 3.16 Measured results. (a) Power-change distributions near the 3-m-long heated section. (b) 

Maximal power-change plotted as a function of temperature. The dotted line is a linear fit. 
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3. 4. 4  Conclusion 

We demonstrated the operation of SA-BOCDR with a >10 km measurement range. The 

experimental setup needed to be modified from a standard short-range setup. We found 

that a delay line of at least 4 times the length of the FUT should be inserted in the reference 

path. We also showed that the long delay line induces forward-propagating Brillouin-

scattered light in the reference path, and that it should be filtered out to avoid the 

deterioration of the SNR. Finally, based on the beyond-nominal-resolution effect, a 3-m-

long heated section in a 13-km-long FUT was detected. We discussed four reasons why 

the SNR was relatively low in this measurement.  

Although there is a report that BOCDR with such a long measurement range properly 

operated [86], the temporal gating scheme was employed to extend the measurement 

range [64] and, in that case, a long delay line did not need to be used. Unlike this report, 

our study is useful on the point that the influences of the long delay line on the 

performance of BOCDR have been investigated for the first time to the best of our 

knowledge.  
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4   Performance improvement 

 

 

 

In this Chapter, some studies are carried out to improve the performance of SA-BOCDR, 

such as stability, sensitivity, strain dynamic range, and the robustness. First, we verify 

the loss-insensitive operation of SA-BOCDR by using a special silica SMF. Following 

the fundamental characterizations, by comparing the distributed strain and temperature 

measurement results using the standard fiber and the special fiber, we prove the 

effectiveness of this loss-insensitively configured slope-assisted BOCDR.  Then, we 

develop polarization-scrambling-free SA-BOCDR and evaluate the performance of this 

scheme. After showing that this system can operate with higher stability even when the 

PSCR is switched off, we investigate the fundamental sensing properties. We also show 

that the measurement sensitivity of the scheme is 1.4 times higher than the conventional 

value. Next, we try to enhance the strain dynamic range of SA-BOCDR, which has been 

limited to approximately 0.15%. We clarify that, unlike widely used time-domain 

techniques, SA-BOCDR has a trade-off relation between the strain dynamic range and 

the spatial resolution. This trade-off originates from the unique bell-shaped noise floor 

inherently involved in the BGS observed with correlation-domain techniques. We 

experimentally show that, at the cost of 3 times lowered spatial resolution, the strain 

dynamic range of >0.6% can be achieved. Finally, we investigate the influence of the 

use of a high-loss polymer optical fiber (POF) on SA-BOCDR, which enhance the 

robustness, temperature sensitivity, and maximal detectable strain. Due to the gradual 

reduction in the transmitted power along the POF, the measurement sensitivities are 

found to depend on sensing position, unlike the case of standard silica fiber-based 

configurations. This unique effect is investigated experimentally, and then a correct 

POF-based distributed measurement is performed by compensating this effect. 
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4. 1   Stability 

 4. 1. 1  Preface  

SA-BOCDR has the detection capability of not only strain and temperature but also 

locally applied loss. This feature is sometimes beneficial to practical applications, but 

from the viewpoint of stable measurement, the influence of unintendedly applied losses 

should be minimized.  

In this section, we demonstrate loss-insensitive operation of SA-BOCDR by 

employing a special silica fiber with low bending loss. We characterize the sensing 

performance of the loss-insensitive SA-BOCDR and find that the coefficients of the 

power-change dependencies on strain and temperature are 1.42×10–4 dB/µε and 

3.28×10–3 dB/K, respectively (when the spatial resolution is 144 mm and the 

measurement range is 14.7 m). Subsequently, by comparing the distributed strain and 

temperature measurement results using a standard silica fiber and the special fiber, we 

show that this configuration offers highly stable loss-insensitive operation for practical 

use in the future.  

4. 1. 2  Experimental setup 

Figure 4.1 shows the experimental setup of SA-BOCDR, which is basically the same as 

that previously used. The pump light was amplified to ~26 dBm using an erbium-doped 

fiber amplifier and injected into the FUT. The reference light was passed through a ~1-

km-long delay fiber, amplified to ~2 dBm, and coupled with the Brillouin-scattered 

light (amplified to ~1 dBm) for heterodyne detection. By inserting a polarization 

scrambler in the pump path, the polarization-dependent signal fluctuations were 

suppressed to improve the SNR. The heterodyned optical signal was converted into an 

electrical signal with a photodiode, amplified by 23 dB using an electrical amplifier, and 

observed with an ESA (video bandwidth: 3 kHz, resolution bandwidth: 10 MHz) as a 

BGS. Exploiting the narrow band-pass filtering function of the ESA, the power change 

at a fixed frequency (= 10.81 GHz; calculated by analyzing the measured BGS, as 
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mentioned below) on the BGS slope was sequentially output to an oscilloscope, on 

which averaging was performed 1024 times. The modulation amplitude Δf was set to 

1.3 GHz. For distributed measurements, the modulation frequency fm was swept from 

6.91 to 7.10 MHz (note that, in a single-point measurement for characterizing the 

system performance, fm was fixed at 7.04 MHz, which corresponds to the location of the 

correlation peak 7.9 m away from the circulator). According to Eqs. (1-1) and (1-2), 

these conditions resulted in the nominal spatial resolution of 144 mm and the 

measurement range of 14.7 m. The room temperature was 21 °C. 

The low-bending-loss silica fiber used in the experiment was a 12.0-m-long trench-

index-type SMF (FutureGuide-BIS-B, Fujikura [88, 89]) with a low bending loss (e.g., 

0.018 dB/turn at 1550 nm for a bending radius of 7.5 mm). One end of this special fiber 

was connected to the 1.0-m-long pigtail of the second port of an optical circulator via an 

“FC/APC” adaptor, and the other end was cut with an angle and immersed into index 

matching oil to suppress the Fresnel-reflection-dependent signal fluctuations. 

4. 1. 3  Experimental results 

First, without modulating the optical frequency of the laser output (i.e., using the 

 

 
 

Fig. 4.1 Schematic of the SA-BOCDR setup. AMP, electrical amplifier; EDFA, erbium-

doped fiber amplifier; ESA, electrical spectrum analyzer; OSC, oscilloscope; PD, photo 

diode; PSCR, polarization scrambler. 梶川  
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whole length of the FUT), the strain and temperature dependencies of the BGS and BFS 

in the low-bending-loss fiber were investigated. As shown in Fig. 4.2(a), with increasing 

strain, the BGS shifted to higher frequency (see the inset), and the BFS linearly 

depended on strain with a coefficient of 465 MHz/%. In the same manner (Fig. 4.2(b)), 

   

  

                (a) 

  

                (b) 

Fig. 4.2 Measured dependencies of the BGS (insets) and the BFS on (a) strain and (b) 

temperature. Each BGS was normalized so that its maximal power became 1. The BFS was 

extracted from the BGS using Lorentzian fitting. The dotted lines are linear fits. 
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with increasing temperature, the BGS also shifted to higher frequency (see the inset), 

with increasing temperature, the BGS also shifted to higher frequency (see the inset), 

and the BFS dependence coefficient on temperature was 1.2 MHz/K. The strain and 

temperature dependence coefficients are 0.9 and 1.1 times the values in standard silica 

fibers reported in Ref. 24 and 25; the small discrepancies are natural considering that 

the fiber cores are both composed of germanium-doped silica. Note that Brillouin 

bandwidth ΔvB of this special fiber (non-strained, at room temperature) was 

approximately 40 MHz, which was used to calculate the nominal spatial resolution of 

the system using this fiber (see Eq. (1-2)). Next, we performed a single-point 

measurement of strain and temperature to evaluate the sensing performance of SA-

BOCDR using the low-bending-loss fiber. The measured BGS is shown in Fig 4.3. By 

differentiating the BGS with respect to frequency, the optimal vB0 value was calculated 

to be 10.81 GHz, and the linear range (defined as the range where the change in the 

BGS slope is suppressed within 20% compared to its maximum) was calculated to be 

~70 MHz. We then applied strains of up to 1200 με to the 0.15-m-long section (at the 

midpoint of which the correlation peak was located) and measured the dependencies of 

the power-change distributions (Fig. 4.4). Each distribution was displayed with an 

artificial shift of 0.2 dB for clear comparison. At the strained position, a clear peak was 

observed, and its peak amplitude increased with increasing strain. Refer to Methods for 

the reason why the power-change distributions do not form rectangular shapes at the 

 

  

Fig. 4.3 BGS measured when the spatial resolution was 144 mm and the measurement range 

of 14.7 m. The linear range on the lower-frequency side is indicated in red. 
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strained position. Figure 4.5(a) shows the maximal power change plotted as a function 

of the strain. The dependence was almost linear with a coefficient of 1.42×10–4 dB/µε; 

the slight discrepancy from the linear trend seems to have been caused by the 

imperfectly straight BGS slope even within the linear range. The power-change 

dependence on temperature (< 50 °C) was investigated under the same conditions, and 

as shown in Fig. 4.5(b), an almost linear behavior with a coefficient of 3.28×10–3 dB/K 

was obtained. These values were in moderate agreement with the theoretical values 

calculated using the BGS shape and the strain and temperature dependence coefficients 

of the BFS.  

Finally, the loss-insensitive operation of SA-BOCDR was demonstrated using the 

FUTs depicted in Fig. 4.6. Two different types of 12.0-m-long silica SMFs (a standard 

SMF (FPC-SM20, Alnair Labs) and the aforementioned low-bending-loss SMF) were 

employed. Heat (50 °C) and strain (600 µε) were applied to 0.15-m-long sections, and 

bending losses were applied between the heated and strained sections. The bending loss 

was applied by winding the fibers around rods for one turn without strain. The radii of 

    

   

Fig. 4.4 Measured strain dependence of the power-change distributions. Each distribution is 

shifted by 0.2 dB. 
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the rods were 8 and 10 mm, which theoretically induce bending losses of ~3.1 and ~0.8 

dB for the standard SMF, respectively [89]. The bending losses induced to the special 

SMF were relatively low (<0.02 dB). 

Figure 4.7(a) shows the power-change distributions measured along the standard 

SMF with 8- and 10-mm rod radii. The vertical axis was normalized so that the maximal 

power change at the heated section became 1 (when the rod radius was 10 mm). Note 

   

    

                (a) 

  

                (b) 

Fig. 4.5 Measured power-change dependencies on (a) strain and (b) temperature. The dotted 

lines are linear fits. 
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                (a) 

  

                (b) 

Fig. 4.7 Normalized power-change distributions with rod radii of 8 and 10 mm when the FUT 

was (a) the standard silica SMF and (b) the low-bending-loss silica SMF. Each distribution is 

shifted by 2. 

 

 

  

Fig. 4.6 Structure of the FUT, where heat, strain, and bending loss were applied. 
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that the two distributions were displayed with an artificial shift of 2 for clear 

comparison. Regardless of the rod radii, the heated sections were correctly detected, and 

the rough locations of the applied bending losses were also detected (Refer to Methods 

for the reason why the power-change distributions do not form rectangular shapes at the 

heated/strained positions). However, when the rod radius was 10 mm, the location of the 

strained section was correctly detected, but the strain magnitude appeared to be much 

smaller than the actual value (which is approximately 0.6). This is because the BGS 

power reduced by bending loss lead to the reduction in the spectral slope, resulting in 

the reduced sensitivity to strain. When the rod radius was even smaller (8 mm), the loss 

was so high that the strained section was not detected at all. This is because the 

considerable loss almost completely diminished the BGS (i.e., the spectral slope became 

almost flat), and consequently, the strain-induced spectral shift posed only negligible 

influence on the final output. In contrast, Fig. 4.7(b) shows the normalized power-

change distributions measured along the low-bending-loss SMF with 8- and 10-mm rod 

radii. The two distributions were similar to each other irrespective of the rod radii, and 

the heated and strained sections were correctly detected in both measurements. The 

applied bending losses did not affect the measured results, indicating that, by SA-

BOCDR using this special fiber, a stable distributed measurement of strain and 

temperature can be performed with no influence of unintended local loss. 

4. 1. 4  Conclusion 

In this work, we verified the loss-insensitive operation of SA-BOCDR using the special 

SMF. First, we measured the coefficients of the power-change dependencies on strain 

and temperature to be 1.42×10–4 dB/µε and 3.28×10–3 dB/K, respectively. Then, by 

comparing the distributed strain and temperature measurement results using the standard 

SMF and the special SMF, we proved the effectiveness of this loss-insensitively 

configured SA-BOCDR. To enhance the measurement stability further, the use of low-

bending-loss polarization-maintaining fibers may be an option. We anticipate this 

configuration with high stability is of significant use in practically employing SA-

BOCDR for structural health monitoring in the future. 
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4. 2  Stability and sensitivity  

4. 2. 1  Preface 

Since SA-BOCDR operates based on power information, the output signal is highly 

affected by the polarization-dependent power fluctuations. To mitigate this problem, a 

PSCR has been employed in the system. However, but the averaged state of polarization 

(SOP) leads to non-ideal sensitivity, and in addition, the use of the PSCR increases the 

cost and encumbers the downsizing of the system.   

Thus, in this section, to resolve these shortcomings, we develop polarization-

scrambling-free SA-BOCDR using a polarization-maintaining fiber (PMF) as an FUT. 

A PSCR is not employed in this configuration, leading to the cost reduction (when the 

FUT is relatively short). In addition, what is more important, the SOP can be optimized 

so that the sensitivity can be higher. First, we experimentally show that, unlike the case 

where the FUT is a silica SMF, PMF-based SA-BOCDR can operate correctly even 

when the PSCR is switched off. Subsequently, we characterize the fundamental sensing 

properties, such as the strain/temperature dependencies of the BFS and the Brillouin 

spectral power in the PMF, and show that the strain sensitivity of the PMF-based SA-

BOCDR is 1.4 times higher than that of the conventional configuration.  

4. 2. 2  Experimental setup 

As the FUTs for distributed measurements, we used a silica SMF (LPSGK-S-SM, 

Sigma Koki) and a polarization-maintaining and absorption-reducing (PANDA) fiber 

(most commonly used PMF; P3-1550PM-FC, Thorlabs) [90]. The PANDA fiber had a 

core diameter of 8.5 µm and a relatively low propagation loss of ~0.4 dB/km. The BFSs 

of the silica SMF and PANDA fiber were 10.855 and 10.863 GHz, respectively, at 1.55 

μm at room temperature (20 °C). The lengths of the two FUTs were both 9.15 m. Figure 

4.8 schematically shows the experimental setup of SA-BOCDR, in which a PSCR can 

be switched on and off. Compared to the previous setup, a PC was newly employed to 

control the SOP when the PSCR was switched off. The 1.55-μm light from a 
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distributed-feedback laser diode (NLK1C5GAAA, NTT Electronics) was divided into 

two: pump and reference lights. After amplified to 26 dBm using a high-power EDFA, 

the pump light was injected into the FUT. In this measurement, no special attempt was 

made to align the polarization state of the pump light to one of the eigenaxes of the 

PMF. To suppress the Fresnel reflection, a bending loss was applied near the distal end 

of the FUT. The backscattered Brillouin Stokes light from the FUT was amplified to ~1 

dBm using another EDFA and coupled with the reference light. The reference light was 

amplified to ~2 dBm in advance after passing through a delay fiber (which was 

employed to avoid the appearance of the zero-optical-path-difference point, i.e., the 0th 

correlation peak, in the FUT; the length can be shortened to <<1 km, if necessary). Then, 

using a PD, the self-heterodyned optical signal was converted into an electrical signal, 

which was observed as a BGS using an ESA. The spectral power change at a fixed 

frequency (10.86 GHz for the PMF and 10.85 GHz for the SMF) was obtained using a 

zero-span mode of the ESA and observed using an OSC with 256 times averaging. The 

resolution and video bandwidths of the ESA were 10 MHz and 10 kHz, respectively. 

The room temperature was 20 °C. 

By sinusoidally modulating the optical frequency of the laser output, a correlation 

peak was generated and scanned along the FUT, which enabled distributed 

measurement. Based on Eqs. (1-1) and (1-2), the spatial resolution and the measurement 

range were ~72.5 mm and ~11.4 m by setting the modulation frequency and amplitude 

 

  

Fig. 4.8 Experimental setup of SA-BOCDR, in which the polarization scrambler (PSCR) can 

be switched on and off. EDFA, erbium-doped fiber amplifier; ESA, electrical spectrum 

analyzer; OSC, oscilloscope; PC, polarization controller; PD, photo diode; PMF, 

polarization-maintaining fiber. 
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to 8.990–9.036 MHz and 1.5 GHz, respectively. Only when we performed single-point 

measurements to investigate the system performance, the modulation frequency was 

maintained at 9.023 MHz to obtain the Brillouin signal only from the correlation peak 

(located 7.15 m away from the end of the second-port pigtail of an optical circulator). 

4. 2. 3  Experimental results 

First, we performed distributed measurements of Brillouin spectral powers using the 

partially strained SMF and PMF under three SOPs: 1) optimized using the PC so that 

the power change at the strained section was maximized, 2) scrambled by switching the 

PSCR on so that the polarization-dependent power change along the FUTs was 

suppressed, and 3) anti-optimized using the PC so that the power change at the strained 

section was minimized. Strains of 1000 µε were applied to 0.3-m-long sections (7.0–7.3 

m away from the circulator) in both the FUTs. Figure 4.9 (a) and (b) show the power 

distributions along the SMF and PMF, respectively, under three SOPs. In the case of the 

SMF, only when the SOP was scrambled, the power distribution was relatively flat and 

the strained section was correctly detected. However, when the SOP was optimized, 

although the strained section was detected with higher strain sensitivity, the baseline 

was significantly distorted and the distributed measurement was clearly erroneous. In 

addition, when the SOP was anti-optimized, not only was the distributed measurement 

erroneous but also even the signal at the strained section was completely buried under 

the distorted baseline. Thus, when the SMF was used, polarization scrambling was 

found to be of paramount necessity for correct distributed measurements. In contrast, in 

the case of the PMF, regardless of the SOPs, the baselines were relatively flat and the 

strained sections were correctly detected. The strain sensitivity at the strained section 

was highest at the optimized SOP and lowest at the anti-optimized SOP (note that, when 

the SOP was scrambled, the results were almost identical between the SMF and PMF). 

Thus, when the PMF was used, polarization scrambling was not necessary any longer, 

leading to the cost reduction of the system (when the FUT length is relatively short; 

considering the high cost of the FUT, the PMF-based configuration is not suitable for 

long-distance measurements). Besides, from the viewpoint of strain sensitivity, the SOP 

should be optimized instead of being scrambled. 
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In the experiments below, we characterized the fundamental operations of PMF-

based SA-BOCDR and, in both experiment and theory, quantitatively evaluated how 

much the strain sensitivity can be improved by optimizing the SOP. First, we 

investigated the BFS dependencies on strain and temperature in a 0.57-m-long PMF. 

Without applying frequency modulation, the BGS was observed when strains from 0 to 

4800 µε were applied to the whole length of the FUT. The BFS was then plotted as a 

function of the strain in Fig. 4.10(a). With increasing strain, the BGS linearly shifted to 

   

    

                (a) 

  

                (b) 

Fig. 4.9 Spectral power distributions along (a) the SMF and (b) the PMF measured at three 

different states of polarization, when 1000 µε strain was applied to the FUTs (7.0–7.3 m). 
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higher frequency with a coefficient of 425 MHz/%, which is ~0.82 times the value in a 

typical SMF [25]. In the same manner, the BFS dependence on temperature was also 

measured (Fig. 4.10(b)). With increasing temperature from 20 to 80 °C, the BFS also 

increased with a coefficient of 1.1 MHz/°C, which is almost the same as that in an SMF 

[26]. 

Subsequently, after frequency modulation was applied, we measured the BGSs under 

three different SOPs (Fig. 4.11(a)). The Brillouin spectral power was highest at the 

   

    

                (a) 

    

                (b) 

Fig. 4.10 BFS dependencies on (a) strain and (b) temperature in the PANDA-type PMF. The 

dotted lines are linear fits. 
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optimized SOP and lowest at the anti-optimized SOP, and using the spectral slope at 

10.86 GHz (derived from Fig. 4.11(a)) and the strain coefficient of the BFS, we can 

calculate the theoretical strain sensitivities of the spectral power to be 0.96×10–4, 

0.76×10–4, and 0.66×10–4 dB/µε (corresponding to the temperature sensitivities of 

2.49×10–3, 1.97×10–3, and 1.72×10–3 dB/°C) at optimized, scrambled, and anti-

optimized SOPs, respectively. Finally, at three different SOPs, we measured the spectral 

power dependencies on strain (Fig. 4.11(b)). The dependencies were almost linear and 

   

    

                (a) 

    

                (b) 

Fig. 4.11 (a) Measured BGS in the PANDA-type PMF at three different SOPs. (b) Spectral 

power plotted as a function of the applied strain at three different SOPs. The dotted lines are 

linear fits. 
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the coefficients were 1.09×10–4, 0.78×10–4, and 0.69×10–4 dB/µε at optimized, 

scrambled, and anti-optimized SOPs, respectively. These values are in moderate 

agreement with the aforementioned values calculated from the BGS. In this 

measurement, the standard deviation of the power fluctuations along the non-strained 

section was approximately +/–0.01 dB, which corresponds to a strain uncertainty of 

~190 με. The most important finding here is that the strain sensitivity at the optimized 

SOP is 1.4 times higher than that at the scrambled SOP. Note that it is difficult to derive 

this value theoretically based on the theory developed by Deventer et al. [91], because 

the BGS observed in correlation-domain techniques is inherently influenced by bell-

shaped background noise [82]. It is also not easy to compare the increased sensitivity 

with the previously reported sensitivities because SA-BOCDR has the measurement 

sensitivity dependencies on various experimental conditions including incident light 

power, spatial resolution, and resolution and video bandwidths of an ESA (see Chapter 

3.3 for details). Nevertheless, our results clearly indicate that, compared to conventional 

SMF-based SA-BOCDR, the PMF-based SA-BOCDR can offer polarization-

scrambling-free operation with high strain/temperature sensitivity along with the high 

stability. 

4. 2. 4  Conclusion 

We developed and characterized the PMF-based SA-BOCDR with no need of 

polarization scrambling. First, we showed that, unlike silica-SMF-based systems, PMF-

based SA-BOCDR can operate with higher stability even when the PSCR is switched 

off. This enables the use of the optimized SOP for higher sensitivity. After investigation 

of the strain/temperature dependencies of the BFS and the Brillouin spectral power in 

the PMF, we finally showed that the strain sensitivity of the PMF-based SA-BOCDR is 

1.4 times the value of the standard silica-SMF-based configuration. Considering the cost 

of PMFs, this configuration is suitable for high-resolution sensing with a relatively short 

measurement range. We anticipate that this PMF-based SA-BOCDR will be of 

significant use for practical structural monitoring in the future owing to its single-end 

accessibility, higher stability, and enhanced sensitivity. 
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4. 3   Strain dynamic range 

 4. 3. 1 Preface 

Remarkable progress has been made to improve performance of SA-BOCDR. However, 

one of the important problems unsolved yet is its strain (or temperature) dynamic range 

limited by the narrow linear range of the BGS slope. The linear range is generally 

reported to be several tens of megahertz as described in Chapter 2, which corresponds to 

a relatively small strain of ~0.15% (or temperature change of ~64 K). This value is far 

from being sufficient for some practical applications [92–94]. 

The simplest idea to improve the strain dynamic range is to exploit not only the linear 

range but also the nonlinear range of the BGS. However, this approach may not operate 

so effectively as expected, because the BGS observed in BOCDR involves a unique 

bell-shaped background noise floor [59, 82], which is not sensitive to the strain applied 

to the sensing position. Thus, it is crucial to extend the upper limit of the measurable 

strain by another method. 

In this section, to start with, we experimentally confirm that the aforementioned idea, 

i.e., additional use of the nonlinear range of the BGS, is not effective. The maximal 

measurable strain obtained by this approach is found to be merely ~0.25%. Then, we 

clarify that SA-BOCDR has a trade-off relation between the strain dynamic range and 

the spatial resolution and that the former can be extended at the sacrifice of the latter. In 

the experiment, we achieve a strain dynamic range of >0.6% when the spatial resolution 

is 3 times lower. 

 4. 3. 2  Principle 

In Chapter 2, we determined the strain dynamic range by the linear range of the BGS 

slope. It may be feasible to extend the dynamic range if the nonlinear range (foot of the 

BGS) is additionally used to measure strain at the cost of the deteriorated sensitivity. 

However, the effect of this method is probably limited because the BGS observed in 

BOCDR inherently involves a bell-shaped background noise floor. This noise is caused 



    4  Performance improvement 

 

Dissertation 2019, Tokyo Institute of Technology                                                                            65  

by accumulation of the Brillouin signals from non-correlation (or non-sensing) sections 

along the FUT [59, 82]. As the nonlinear range of the BGS is mostly located on this 

noise floor, drastic improvement of the strain dynamic range cannot be expected by this 

method. 

Here, we draw attention to the fact that the bell-shaped noise floor consists 

predominantly of the Brillouin signals from the non-sensing sections close to the 

sensing section (in other words, the closer the non-correlation sections are to the 

correlation peak, the greater their contributions to the noise floor become). Therefore, if 

we intentionally lower the spatial resolution and include initially non-sensing sections 

into newly defined sensing section, the noise floor will be drastically diminished; as a 

result, the strain dynamic range will be greatly enhanced. Thus, SA-BOCDR has a 

trade-off relation between the strain dynamic range and the spatial resolution. We give 

experimental analysis on this nature in this paper. 

4. 3. 3  Experimental setup 

The experimental setup of SA-BOCDR is depicted in Fig. 4.12. A continuous lightwave 

from a laser with a center wavelength of 1.55 µm was divided into two light beams: 

pump and reference. After amplified to ~26 dBm using an EDFA, the pump light was 

injected into the FUT. The Brillouin-scattered Stokes light was then amplified to ~2 

dBm using another EDFA and coupled with the reference light for heterodyne detection. 

The reference light was amplified to ~1 dBm after passing through a ~1-km-long delay 

fiber. After converted into an electrical signal using a photodiode, the heterodyned 

signal was guided to an ESA (video bandwidth: 10 kHz, resolution bandwidth: 10 MHz). 

Using the narrowband- pass filtering function of the ESA, the change in the spectral 

power at 10.80 GHz was transmitted to an OSC. The repetition rate was 100 Hz, and 

averaging was performed 512 times on the OSC to achieve a higher SNR. 

As shown in Fig. 4.13, we used a 7.5-m-long silica SMF with a BFS of 10.82 GHz at 

room temperature (20 °C). A bending loss was applied near the open end to suppress the 

Fresnel reflection. 
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We performed two experiments: one was to measure the strain dynamic range of 

standard SA-BOCDR and to confirm the origin of its limitation, and the other was to 

investigate the trade-off relation between the strain dynamic range and the spatial 

resolution. In the first experiment, we set the modulation frequency fm and modulation 

amplitude ∆f to 9.80–9.97 MHz and 0.27 GHz, respectively, which correspond to the 

meausrement range dm of ~10.3 m and the theoretical spatial resolution Δz of ~0.37 m 

according to Eqs. (1-1) and (1-2). Distributed strain measurements were performed 

when strains of 0–0.7% were applied to a ~0.37-m-long section (same as Δz). We 

simultaneously measured the BGSs in the strain range of 0–0.3% when the correlation 

peak was located ~4.0 m away from the end of the second-port SMF of an optical 

circulator (see Fig. 4.13; fm was 9.89 MHz). In the second experiment, similar 

measurements of strain distributions and single-point BGSs were performed, but with 

elongated strained lengths Lε from Δz to 3Δz, which can be regarded as intentionally 

lowered spatial resolutions.  

 

  

Fig. 4.12 Experimental setup of SA-BOCDR. AC, alternating current; CW, continuous wave; 

DC, direct current; EDFA, erbium-doped fiber amplifier. 

 
 

  

Fig. 4.13 Structure of FUT.  
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4. 3. 4  Experimental results 

First, we present the results of SA-BOCDR-based distributed strain measurements when 

relatively large strains were applied. Figure 4.14(a) shows an example of the measured 

distribution of the spectral power change along the whole FUT when a 0.25% strain was 

applied to a ~0.37-m-long section. The vertical axis was normalized so that the maximal 

power change became 1. The power change at the strained section was detected; a 

triangular shape (not rectangular) indicates the correct operation of SA-BOCDR when 

the strained length equals the sptatial resolution. Similar measurements were performed 

at various strains in the range of 0–0.7%. Figure 4.14(b) shows the measured 

dependence of the normalized power change (at the midpoint of the strained section) on 

applied strain. With increasing strain, the power change also increased, but the slope 

became gradually small (moderately fitted by an exponential curve). When strain was 

smaller than ~0.15%, the dependence was almost linear, which agrees well with 

previous reports. However, in the strain range of approximately 0.15–0.25%, the slope 

became smaller, which can still be used to measure strain because the power change and 

strain are in one-to-one correspondence. In contrast, once the strain exceeded ~0.25%, 

the power change showed no significant growth and became almost constant. These 

results indicate that the use of the nonlinear range of the BGS slope is not an effective 

method for improving the strain dynamic range, which was slightly extended from 

0.15% to 0.25% in this experiment. We also measured the BGSs while applying strains 

of 0–0.3% to the ~0.37-m-long section in the FUT. As shown in Fig. 4.14(c), with 

increasing strain, the spectral power at 10.80 GHz decreased when the applied strain 

was smaller than ~0.25%, which corresponds to the trend in Fig. 4.14(b). However, it is 

clear that, when strain was larger, the spectral power stopped decreasing because of the 

aforementioned bell- shaped background noise floor. This observation confirms that the 

strain dynamic range of SA-BOCDR is, even when the nonlinear range of the spectral 

slope is exploited, significantly restricted by this unique noise structure. 

Subsequently, we show the results when the spatial resolution was lowered. Fig. 

4.15(a) shows the BGSs measured when the strains of 0–0.6% were applied to a 1.1-m-

long section (corresponding to 3Δz) in the FUT. Unlike in the case where the strained 
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                  (a) 

     

                  (b) 

      

                  (c) 

Fig. 4.14 (a) Measured distribution of the normalized power change when the applied strain 

was 0.25%. (b) Normalized power change plotted as a function of applied strain. The dotted 

curve is an exponential fit. (c) BGSs measured at strains of 0, 0.1, 0.2, 0.25, 0.3% when the 

strained length Lε was the same as the nominal spatial resolution ∆z (= ~0.37 m). 
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             (a) 

     

             (b) 

      

             (c) 

Fig. 4.15 (a) BGSs measured at strains of 0–0.6% (step: 0.1%) when the strained length Lε 

was 3∆z, where ∆z is ~0.37 m. (b) Normalized power changes plotted as functions of applied 

strain when the Lε values were ∆z, 1.5∆z, 2∆z, and 3∆z. The dotted curves are exponential 

fits. (c) Maximal measurable strain plotted as a function of Lε. The dotted line is a linear fit. 
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length Lε was Δz, the spectral power at 10.80 GHz decreased even when the applied 

strain was larger than 0.25%. This is because part of the noise floor shifted to higher 

frequency owing to the lowered resolution. This trend was basically the same when Lε 

was 1.5Δz and 2Δz. Figure 4.15(b) shows the strain dependence of the normalized 

power change (at the midpoint of the strained section). Regardless of Lε, the power 

change increased with increasing applied strain. The slope became gradually small, and 

the power change finally became almost constant, in the same manner as in Fig. 4.14(b). 

However, is is notable that, with increasing Lε, the strain at which the power change 

became constant increased. In Fig. 4.15(c), As a function of Lε, we finally plotted the 

maximal measurable strain, which we defined as the strain at which the power change 

reaches ~86.5% of its saturated value. As Lε increased, the maximal measurable strain 

increased almost linearly with a coefficient of ~0.2% in this experiment. When the 

spatial resolution was 3 times lowered, the strain dynamic range was >0.6%. Thus, we 

proved that the strain dynamic range can be improved at the cost of the spatial 

resolution in SA-BOCDR. 

4. 3. 5  Conclusion 

We clarified that SA-BOCDR has a trade-off relation between the strain dynamic range 

and the spatial resolution. To start with, we measured the BGSs when applied strains 

were larger than the previously reported upper limit (~0.15 %), and proved that the 

limited strain dynamic range is caused by the bell-shaped noise floor peculiar to the 

correlation-domain techniques. Then, by making use of the nature of this noise floor, we 

showed that the strain dynamic range can be improved at the cost of the spatial 

resolution. In the experiment, a strain dynamic range of >0.6% was achieved with a 

spatial resolution lowered by 3 times. Considering that the spatial resolution of BOCDR 

is relatively high even in its standard configuration, such a lowered spatial resolution 

should still be useful in some applications. We have some other ideas to improve the 

strain dynamic range; for instance, by low-pass filtering the BGS, the dynamic range 

will be improved, but at the sacrifice of the measurement sensitivity. Using multiple 

spectral powers will be another approach, but the signal processing will be more 

complicated. Thus, we believe that our simple approach to widening the strain dynamic 
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range of SA-BOCDR will be of significant use for practical applications in structural 

health monitoring in the future. 

4. 4   Robustness 

4. 4. 1  Preface 

In previous Chapters, we have characterized the operation of SA-BOCDR with some 

unique features and performed some studies to improve performance of the system, 

such as stability, sensitivity, and strain dynamic range. However, all the experiments 

were carried out using silica fibers, which are relatively fragile and easily cut even at 

several strains.  

To tackle this problem, in this section, we implement SA-BOCDR using a polymer 

optical fiber (POF). Furthermore, use of POF can extend upper limit of detectable strain 

[70] and provide much higher temperature sensitivity [72]. However, due to their high 

propagation loss, the strain and temperature sensitivities are dependent on sensing 

position because the transmitted power is gradually reduced with light propagation. 

After analyzing how the performance is affected by this unique effect, we show that a 

correct POF-based distributed measurement using SA-BOCDR is feasible by 

compensating the sensitivity dependence on sensing position. 

4. 4. 2  Principle 

As described in Chapter 1, when the pump light is injected into the fiber, due to the 

interaction with acoustic phonons, backscattered Stokes light is generated through 

Brillouin scattering. And due to the Doppler shift, the central frequency of the BGS is 

lowered than that of the pump light spectrum. This frequency downshift is referred to as 

BFS, which is about ~10.8 GHz for silica SMFs [24] and ~2.8 GHz for perfluorinated 

POFs [72] at telecommunication wavelength, 1550 nm. When strain or temperature 

change is applied to the fiber, the BFS shifts to higher or lower frequency depending on 
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the fiber types. Their strain- and temperature-dependence coefficients are reported to be 

approximately 500 MHz/% and 1 MHz/K for silica SMFs [25, 26] and –120 MHz/% 

and –3 MHz/K for POFs [70, 72]. These dependences have been a basic sensing 

mechanism of Brillouin-scattering-based distributed measurements. 

Since standard BOCDR needs to acquire the whole BGS to calculate the BFS at a 

single sensing position (as a peak frequency of the BGS) [61, 62], its operating system 

has been limited. On the other hand, SA-BOCDR only observe the spectral power 

change at a certain frequency vB0 by exploiting its one-to-one correspondence to the 

 

 
        (a) 

 
(b)                                                                         (c)                    

Fig. 4.16 (a) Schematic of the operating principle of SA-BOCDR. (b, c) Power and power-

change distributions along (b) a low-loss fiber and (c) a high-loss fiber; with (solid curves) 

and without (dotted lines) partial strain and heat. 
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BFS (Fig. 4.16(a)), high-speed measurement is feasible.  

When a silica SMF with a low propagation loss is used as an FUT, unless the FUT is 

extremely long, the Brillouin power shows almost no change irrespective of the sensing 

position (Fig. 4.16(b)). However, when a relatively high-loss fiber is used, even when 

the FUT is short, the Brillouin power decreases with increasing distance from the 

proximal end of the FUT (i.e., the pigtail end of the second port of a circulator) as 

shown in Fig. 4.16(c). Note that the final system output of SA-BOCDR is provided as a 

power-change distribution, and strain (or heat) is displayed as a positive shift in the 

vertical axis. The weakening of the BGS along the high-loss fiber leads to the reduction 

in the spectral slope, finally resulting in the gradual decrease in the strain and 

temperature sensitivities. 

4. 4. 3  Experimental setup 

As an FUT, a 15.0-m-long perfluorinated graded-index POF was employed. The POF 

had a three-layered structure consisting of core, cladding, and overcladding (diameters: 

50, 70, and 490 μm, respectively), and a propagation loss of the POF was ~250 dB/km 

at 1550 nm. 

The experimental setup of POF-based SA-BOCDR is basically the same as that of 

silica SMF-based SA-BOCDR. Only the FUT along all the light paths is POF. A laser 

diode at 1550 nm with a bandwidth of ~1 MHz was used as a light source. The pump 

light was amplified to ~25 dBm using an EDFA and injected into the FUT. The 

backscattered Stokes light was amplified to ~1 dBm using another EDFA. After passing 

through a ~1-km-long delay fiber, the reference light was guided to another EDFA and 

amplified to ~2 dBm, and then coupled with the Stokes light for heterodyne detection. 

Instead of polarization scrambler (PSCR), a polarization controller was used to optimize 

the polarization state so that the SNR became maximal for each measurement (note that 

the use of a PSCR for observing Brillouin signals in POFs causes considerable 

reduction in SNR [72]). The heterodyned signals were converted into electrical signals 

using a PD and observed as a Brillouin signal using an ESA. 
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Then, exploiting the zero-span mode (narrow band-pass filtering function) of the ESA 

(video bandwidth: 10 kHz; resolution bandwidth: 10 MHz), the spectral power change 

at vB0 was sequentially output to an OSC. As a preparatory experiment for determining 

the vB0 value and the bandwidth of the linear region, we measured the local BGS 

obtained at 1.0 m away from the proximal POF end (Fig. 4.17). The detailed 

measurement conditions are described in the next paragraph. The BFS was 2.76 GHz at 

room temperature (25°C). The optimal vB0 value was found to be 2.80 GHz, which was 

set to a higher frequency than the BFS because the BGS shifts to lower frequency in 

POFs with strain and/or heating [72] (unlike the case of silica-SMF-based SA-BOCDR). 

The bandwidth of the linear region (see Chapter 2 for its definition) was approximately 

140 MHz (2.80–2.94 GHz), which corresponds to the strain of up to ~1.15% and the 

temperature change of ~43°C in the POF (with light propagation, the BGS is basically 

weakened in the vertical direction; in other words, if normalized, the BGS shows an 

only negligible change depending on the location, leading to almost no position 

dependence of the linear range). Here we discuss the shape of the BGS, which is neither 

Lorentzian nor symmetrical. Compared to silica fibers, POFs inherently have a much 

wider Brillouin bandwidth (>100 MHz) [70]. Moreover, in general, as the modulation 

amplitude grows higher, the Brillouin bandwidth becomes wider [62], which deviates 

the BGS from a Lorentzian shape. Meanwhile, the asymmetric shape originates from the 

overlap of the foot of the Rayleigh spectrum [73], which also grows wider by 

modulation in the same manner as the BGS [62]. Note that the BFS of the POF (~2.8 

 

  
Fig. 4.17 Local BGS obtained at 1.0 m away from the proximal POF end. 
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GHz) is ~4 times lower than that of silica fibers [70] and that the BGS is more likely to 

be overlapped by the Rayleigh spectrum. 

In the preceding measurement as well as in the following experiments, the 

modulation frequency fm and amplitude ∆f were set to 6.15–6.33 MHz and 0.6 GHz, 

respectively, corresponding to the measurement range of 18.1 m and the theoretical 

spatial resolution of 0.96 m according to Eqs. (1-1) and (1-2). The repetition rate was set 

to 100 Hz, and averaging was performed 128 times on the OSC to improve the SNR. 

4. 4. 4  Experimental results 

First, to derive the theoretical strain and temperature sensitivities as functions of sensing 

position, we measured the BGS distribution along the POF with a constant interval of 

1.0 m using standard BOCDR (Fig. 4.18). Due to the high propagation loss in the POF, 

the peak power of the BGS gradually decreased with light propagation, which also 

induced the reduction in its spectral slope. Note that the BGS is weakened even within 

the fiber length of the spatial resolution, resulting an unavoidable measurement error. 

Here we interpreted the measured sensitivity as that of the midpoint of the 

corresponding fiber section. 

 

 

  
Fig. 4.18 BGS distribution along the POF. 
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             (a) 

 

             (b) 

 

             (c) 

Fig. 4.19 (a) Sensitivity plotted as a function of sensing position for theoretical analysis. The 

dotted line is a linear fit. (b) Spectral powers plotted as functions of temperature; measured at 

four different sections in the POF. The dotted lines are theoretical trends. (c) Temperature 

sensitivity plotted as a function of sensing position. The dotted line is a linear fit. 
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By differentiating the spectral slope in the linear range (vB0 = 2.80–2.94 GHz, the 

theoretical dependence of the sensitivity on sensing position was derived (Fig. 4.19(a)). 

The slope decreased almost linearly as the sensing position became far from the 

proximal POF end with a coefficient of approximately –0.16 dB/GHz/m, which 

corresponds to the strain sensitivity dependence of –1.99×10–2 dB/%/m and the 

temperature sensitivity dependence of –5.22×10–4 dB/°C/m. Subsequently, we measured 

the spectral power dependence on sensing position when the temperature of the POF 

was locally changed to 60°C. The spectral powers were measured when 1.0-m-long 

sections (4 sections; 2.0–3.0, 5.0–6.0, 8.0–9.0, 11.0–12.0 m distant from the proximal 

POF end) were heated, and plotted as functions of temperature (Fig. 4.19(b)). The 

measured data were in good agreement with the theoretical trends (indicated by dotted 

lines) obtained from the BGS distributions (Fig. 4.18). The spectral powers were almost 

linearly dependent on temperature, and their coefficients were found to decrease with 

increasing distance from the proximal POF end. For each section, the temperature 

sensitivity was calculated and plotted as a function of sensing position (Fig. 4.19(c)). 

   

      
             (a) 

 

             (b) 

Fig. 4.20 (a) Structure of the fiber under test for final demonstration. (b) Power-change 

distributions along the FUT. The dotted line is a theoretical trend. 
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The dependence coefficient was –4.98×10–4 dB/°C/m (corresponding to –2.10×10–2 

dB/%/m for strain), which is in good agreement with the theoretical value calculated 

from the BGS distribution (–5.22×10–4 dB/°C/m). 

Lastly, distributed measurement of strain and temperature along the POF was 

demonstrated using SA-BOCDR. Using the FUT depicted in Fig. 4.20(a), a 1.0-m-long 

section was strained for 1 %, and another 1.0-m-long section was heated to 60 °C. The 

measured power-change distribution is shown in Fig. 5(b). At the expected sections, the 

power changes corresponding to the strain and the temperature change were observed, 

which moderately agrees with the theoretical dotted line considering the sensitivity 

dependence on sensing position and the trapezoidal effect of SA-BOCDR. Thus, the 

applied strain and temperature change were correctly detected. The measurement errors 

originate from the signal fluctuations caused by the low SNR, which can be improved 

by increasing the number of averaging, increasing the pump power, or optimizing the 

low-pass filtering function of the ESA. 

4. 4. 5  Conclusion 

We investigated the influences of high-loss POFs (~250 dB/km at 1550 nm) on SA-

BOCDR. Due to the gradual reduction of transmitted power in the POFs, the 

measurement sensitivities are found to depend on sensing position, unlike the case of 

standard silica fiber-based configurations. This unique effect is studied both 

theoretically and experimentally. The dependence coefficients were –2.10×10–2 dB/%/m 

for strain and –4.98×10–4 dB/°C/m for temperature, which agreed well with the 

theoretical predictions. Furthermore, a correct POF-based distributed measurement is 

performed with a resolution of ~1 m by compensating this effect. We believe that these 

results will be an important basis in implementing high-loss fibers to SA-BOCDR, 

especially POFs, which allows high flexibility and high temperature sensitivity.  
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5   Pseudo-field test 

 

 

 

In this Chapter, as a first step toward practical applications, we present an example of SA-

BOCDR-based diagnosis using a composite structure with carbon fiber-reinforced 

plastics. After preparing a specimen using a so-called vacuum-assisted resin transfer 

molding technique, we apply load to the structure on its top or bottom using a three-point 

bending device. Then, we measured strain distributions along the embedded optical fiber 

and show that the system’s output agrees well with the actual strain distributions. We also 

detect the breakage of the embedded fiber by applying large strains to the structure. 

5. 1   Preface 

We developed a new structural health monitoring technique, named SA-BOCDR to 

achieve real-time distributed strain, temperature, and even loss measurements along 

optical fibers. The basic operational principle of SA-BOCDR has been well clarified with 

some unique features and system performances, such as stability, sensitivity, strain 

dynamic range, and robustness have been improved. However, measurements using 

optical fibers embedded in actual structures need to be provided to employ the system to 

practical applications. 

As a first step toward such practical applications, in this section, we present an example 

of SA-BOCDR-based diagnosis using an optical fiber embedded in a composite structure. 

As a specimen to be measured, we prepared a carbon fiber-reinforced plastic (CFRP) [95–

96] strengthened steel plate, in which a standard silica SMF was embedded. As load was 

applied to the structure on its top or bottom, we detect the induced compressive and tensile 

strain distributions, respectively. We show that the breakage of the embedded fiber can 

also be detected as an abrupt local power change in the SA-BOCDR output.  
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5. 2   Fabrication of specimen 

Owing to their high strength, high elastic modulus, light weight, and high corrosion 

resistance, CFRPs have been widely used as materials for repairing or strengthening steel 

structures [98]. In this experiment, as a specimen, a CFRP-strengthened steel plate was 

prepared using a so-called vacuum-assisted resin transfer molding (VaRTM) technique 

[99, 100], which is known as an advanced, highly reliable, and reproducible method for 

the fabrication of composite materials. The VaRTM process [99] is schematically shown 

in Fig. 5.1. The process was conducted by infusing a liquid resin into laminated fibers or 

woven fabrics using a pressure differential between the atmosphere and vacuum; 

thereafter, the resin was hardened by heat. This technique does not require a prepreg or 

an autoclave, yielding highly efficient fabrication of composite materials.  

Figure 5.2 shows the structure of the specimen. A 1.4-m-long silica SMF with BFS of 

10.85 GHz at room temperature (23 °C) was, as a sensing fiber, embedded between a steel 

plate and CFRP strips (containing carbon fiber cloth (UM46-40G, Torayca). This 

 

 

 
 

Fig. 5.1 Schematic of the VaRTM process (adapted from Ref. 99). 

 

 

 
 

Fig. 5.2 Structure of the specimen. 
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structure was fabricated by placing the SMF before the infusing liquid resin during the 

VaRTM process. The depth of the structure (both the steel plate and the CFRP strips) was 

39 mm, and the thickness of the steel plate was 12 mm. The total thickness of the CFRP 

strips composed of seven tapered layers (the length of each strip differed by 10 mm) was 

~3 mm.  

5. 3   Experimental conditions 

Figure 5.3 shows the experimental setup of SA-BOCDR for measuring the strain 

distributions along the sensing fiber. The 1550-nm light from a semiconductor laser was 

divided into two light beams: incident and reference. After passing through a PSCR, the 

incident light was amplified to ~28 dBm using an EDFA and injected into the sensing 

fiber embedded in the specimen. In the meantime, the reference light was guided to a 1-

km-long delay fiber, amplified to ~3 dBm, and then heterodyned with the Stokes light 

(Brillouin-scattered from the sensing fiber; amplified to ~1 dBm). The heterodyned 

optical signal was converted into an electrical signal using a PD, and amplified by 23 dB 

using an electrical amplifier to improve the SNR. Thereafter, the spectral power change 

at a fixed frequency vB0 (= 10.83 GHz) of the BGS was acquired using the narrow band-

pass filtering function of an ESA and observed using an OSC. The video and resolution 

bandwidths of the ESA were 3 kHz and 10 MHz, respectively. Averaging was performed 

1024 times to enhance the SNR. 

 

 
 

Fig. 5.3 Experimental setup for SA-BOCDR. EDFA, erbium-doped fiber amplifier; ESA, 

electrical spectrum analyzer; OSC, oscilloscope; PD, photo detector; PSCR, polarization 

scrambler. 
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To resolve the sensing locations, the laser output frequency was sinusoidally modulated 

and a so-called correlation peak was generated in the sensing fiber. By sweeping the 

modulation frequency fm (= 9.132–9.156 MHz), the correlation peak was scanned along 

the fiber, enabling a distributed measurement. The measurement range dm was 11.3 m, 

which was determined by fm. By setting the modulation amplitude Δf to 1.52 GHz, the 

spatial resolution of the system was 7.1 cm.  

We performed two different types of experiments: one for evaluating the magnitude of 

tensile and compressive strains applied to the sensing fiber, and the other for detecting 

the breakage of the fiber. First, using a three-point bending device (Fig. 5.4), tensile and 

compressive strains were applied to the middle of the specimen by tightening the top 

screw with a pitch of 2 mm (the specimen was upturned when tensile strains were applied). 

We measured the distributed tensile and compressive strains from 0 to 1.5 and from 0 to 

2.5 turns (of the top screw), respectively. Measurements were performed every 0.5 turns. 

According to our calculation based on the finite-element analysis, the strain increases by 

~400 με with each additional turn, leading to the applied strains of approximately 0, 200, 

400, and 600 με (for tensile strains) and 0, 200, 400, 600, 800, and 1000 με (for 

compressive strains).  

Similar experiments were performed by applying larger compressive strains to the 

specimen until the sensing fiber was broken. Using SA-BOCDR, the power-change 

distributions were measured while the top screw was tightened from 0 to 6.0 turns, 

correspo nding to strains of 0 to ~2400 με. Throughout the measurements, the room 

temperature was 23 °C.  

 

 
 

Fig. 5.4 Three-point bending device. 
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5. 4   Experimental results 

 5. 4. 1   Strain distribution measurements 

First, we present the experimental results of evaluating the magnitude of the applied 

tensile and compressive strains. Figure 5.5(a) shows the measured power-change 

distributions along the whole sensing fiber when tensile strains of 0, 200, 400, and 600 

     

 

           (a) 

 

           (b) 

Fig. 5.5 (a) Strain distributions along the sensing fiber measured when the tensile strains of 0, 

200, 400, and 600 με and the compressive strains of 0, 200, 400, 600, 800, and 1000 με were 

applied. The dotted lines indicate the theoretical trends. (b) Maximal tensile and compressive 

strains (derived from (a)) plotted in terms of the revolution numbers of the top screw. 
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με and compressive strains of 0, 200, 400, 600, 800, and 1000 με were applied to the 

specimen. The vertical axis was converted into strain using the known strain-dependence 

coefficient of a power change of –1.59 dB/%. Note that the positive and negative signs 

indicate tensile and compressive strains, respectively. The horizontal axis indicates the 

relative distance from the midpoint of the embedded section of the sensing fiber (positive 

values correspond to distal locations). The power changes were observed along a ~390-

mm-long section around the embedded section. Note that the actually embedded length 

of the sensing fiber was ~320 mm; the ~70-mm difference corresponds to the nominal 

spatial resolution. With increasing applied tensile and compressive strains, the measured 

strains also increased moderately in accordance with the theoretical values (shown by 

dotted lines; which are not theoretical SA-BOCDR outputs but theoretical strain 

distributions). In Fig. 5.5(b), the maximal strain obtained from each measured distribution 

in Fig. 5.5(a) is plotted as a function of the number of revolutions of the top screw. 

Irrespective of tensile or compressive strains, the maximal strain increased almost linearly 

with increasing the number of revolutions of the screw. The calculated slopes for tensile 

and compressive strains were ~364 με/turn and ~385 με/turn, respectively, in a moderate 

agreement with theoretical values (~400 με/turn). The discrepancy seems to be caused by 

the insufficient adhesion strength of the sensing fiber. 

5. 4. 2   Fiber breakage detection 

Subsequently, we detected the breakage of the sensing fiber by applying larger 

compressive strains to the specimen. The top screw was tightened to 0, 1.5, 3.0, 4.5, 5.3, 

5.5, and 6.0 turns. The measured distributions of the power change are shown in Fig. 5.6. 

The vertical axis was defined to be positive when the strain was compressive. When the 

number of revolutions was equal to or smaller than 4.5, the power changes were observed 

along the correct section. In this range of strains, the power change was almost 

proportional to the number of revolutions. However, when the number of revolutions was 

larger than 5.3 (~2120 με), the power change showed a drastic increase along the distal 

side from the midpoint of the specimen. This behavior implies that considerable optical 

loss was induced, possibly by fiber breakage. Figure 5.7 shows the photographs of the 

specimen after the revolution number of 6.0 turns was applied. Part of the CFRP strips 

were clearly peeled off from the steel. These results indicate that SA-BOCDR has the 
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capability to indirectly predict the peeling of composite structures via fiber breakage 

detection. 

 

 
 

Fig. 5.6 Power-change distributions along the sensing fiber measured when the compressive 

strains were applied until the fiber was broken. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 5.7 Photographs of the CFRP strips peeled off from the steel; (a) top view, (b, c) side 

views. 
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5. 4   Discussions 

In this section, for the user’s sake, we make a discussion on how to determine the 

experimental parameters in SA-BOCDR under the given conditions, such as the 

frequency span (i.e., strain range), measurement range, spatial resolution, and repetition 

rate. First of all, the modulation frequency fm and amplitude Δf should be fixed to a certain 

value using Eqs. (1-1) and (1-2).  Then, the BGS of the sensing fiber at room temperature 

needs to be obtained to optimize the linear range and νB0. In most cases, the linear range 

is almost the same as the strain dynamic range of the system.  

 The parameters also can be determined in the same manner even when the several 

sensing fibers with different BFSs are connected each other. Since SA-BOCDR (or 

standard BOCDR) allows random access to any sensing position in the sensing fiber, 

unlike time-domain schemes, accurate distributed measurement can be performed along 

different fibers with different BFSs by controlling the modulation frequency fm.   

5. 5   Conclusion 

In conclusion, we experimentally investigated the strain distributions along the sensing 

fiber embedded in the CFRP-strengthened steel plate. The measured tensile and 

compressive strains were shown to be linearly dependent on the number of revolutions of 

the top screw. The dependence coefficients were ~364 με/turn for tensile strain and ~385 

με/turn for compressive strain, which were in moderate agreement with the theoretical 

values. We also detected the breakage of the embedded sensing fiber when large 

compressive strains were applied. The optical loss appeared when the screw was tightened 

to 5.3 turns (~2120 με), and the embedded sensing fiber was completely broken at 6.0 

turns (~2400 με). We believe that, by presenting a promising example of composite 

structural diagnosis, this work will provide an important basis for the future development 

of SA-BOCDR-based health monitoring systems for practical applications. 
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6   Conclusions 

 

 

 

To achieve real-time distributed strain, temperature, and even loss measurements with 

single-end accessibility and a high spatial resolution, in this thesis, we proposed a new 

configuration of Brillouin optical correlation-domain reflectometry (BOCDR)—named 

slope-assisted (SA-) BOCDR—which operates with the assistance of the slope of the 

Brillouin gain spectrum (BGS). In this method, instead of observing the whole BGS, we 

detect the spectral power at a certain frequency on a linear range of BGS, which enables 

a higher sampling rate. After carefully investigating its operation with some unique 

features, performance improvements were performed toward practical applications. 

Finally, some pseudo-field tests were conducted using a silica-fiber-embedded 

composite structure to show the practical usefulness of the system.  

In Chapter 1: “Introduction,” the basic concepts of optical fibers and optical fiber 

sensors were described. We also explained the principle of Brillouin scattering for 

sensing applications. Furthermore, conventional Brillouin-based fiber-optic distributed 

sensors are briefly reviewed. The purpose of this thesis is also presented including the 

necessity of high-speed BOCDR.  

In Chapter 2: “Proposal of slope-assisted (SA-) BOCDR,” the principle of SA-

BOCDR was presented. After explaining that the system can achieve a higher sampling 

rate by detecting the spectral power at a certain frequency on a linear region of BGS, we 

also showed that, unlike difficult in standard (frequency-based) BOCDR, newly 

developed SA-BOCDR can provide loss distribution along the sensing fiber, because it 

operates based on power information. The basic operation of the system was then 

verified through simultaneous distributed measurement of strain, temperature, and loss 

with a high sampling rate. 

In Chapter 3: “Characterization,” we presented the detailed operation of SA-BOCDR 

with some unique features. First, the relationship between the final system output and 
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actual Brillouin frequency shift distribution along the fiber under test (FUT) was 

investigated both theoretically and experimentally. As a result, we found that SA-

BOCDR has a unique ability to detect hotspots even shorter than the nominal spatial 

resolution. This “beyond-nominal-resolution” effect was well clarified, and using this 

effect, we successfully detected world’s shortest strained and heated sections both in 

silica and polymer optical fibers. Following these works, we showed the influences of 

the experimental conditions (incident power and spatial resolution) on the measurement 

sensitivity of the system, which can provide a useful guideline in setting the 

experimental conditions of SA-BOCDR. Finally, considering some practical 

applications, a long-distance measurement with a > 10-km range was also demonstrated. 

To achieve such a long measurement range, it was found that the length of the delay line 

in a reference path should be at least four times longer than the FUT. In addition, we 

also showed that unintended forward-propagating Brillouin-scattered light in the 

reference path should be suppressed to obtain high signal-to-noise ratio of the system. A 

3-m-long heated section in a 13-km-long silica fiber was then detected in a distributed 

manner by exploiting aforementioned “beyond-nominal-resolution” effect. 

In Chapter 4: “Performance improvements,” the experimental results for the 

enhancement of stability, sensitivity, strain dynamic range, and robustness were 

provided. To start with, we eliminated the loss sensitivity of SA-BOCDR for stable 

strain and temperature measurements using a trench-index-type special silica fiber with 

low bending loss. Then, the stability of SA-BOCDR was also enhance by mitigating 

polarization-dependent power fluctuations by employing polarization-maintaining fibers 

(PMFs). We also showed that PMF-based SA-BOCDR can provide a higher 

measurement sensitivity than silica-fiber-based systems by optimizing polarization 

states. Subsequently, the strain dynamic range was enhanced by investigating its trade-

off relation to the spatial resolution. After showing that the unique bell-shaped 

background noise, which is unavoidable in BOCDR systems, was the origin of this 

limitation, we investigated the trade-off relation between the strain dynamic range and 

the spatial resolution of the system. As a result, we achieved the strain dynamic range 

~3 times wider than that previously reported at the cost of lowered spatial resolution. 

Finally, polymer optical fibers (POFs) were employed to enhance the robustness of the 

system. Due to their high propagation loss, the measurement sensitivity was found to be 
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a function of the sensing location in the POF. Thus, we demonstrated POF-based 

distributed measurements by compensating this effect. 

In Chapter 5: “Pseudo-field test,” the relevance of SA-BOCDR was evaluated by 

providing an example of structural health monitoring using a composite structure, in 

which a standard silica fiber is embedded. After preparing a specimen (a carbon-fiber-

reinforced-plastic strengthened steel plate), we induced tensile and compressive strains 

to the embedded fibers by applying load to the structure using a three-point bending 

device and conducted distributed strain measurements. The obtained results moderately 

agreed with the theoretical trends. In addition, we performed similar experiments by 

applying larger strains until the sensing fiber is broken and showed SA-BOCDR can 

indirectly predict the peeling of the composite structures by detecting the breakage of 

the embedded fiber.  

Finally, we would like to make a conclusion by discussing how to use SA-BOCDR in 

practice. Standard BOCDR and SA-BOCDR have their own merits and demerits. For 

example, standard BOCDR has a relatively high measurement accuracy, but their 

operation speed has been limited due to the necessity of acquisition of the whole BGS. 

On the other hand, SA-BOCDR has a relatively low measurement accuracy since it 

works based on power information, however, real-time distributed measurement is 

feasible in SA-BOCDR. In addition, the unique feature called beyond-nominal-

resolution effect is highly useful in many practical cases. Thus, these two systems 

should be switched according to applications. Since standard BOCDR and SA-BOCDR 

is composed of extremely similar setup, they are expected to be switched easily and 

instantaneously only with a simple action. 
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Abbreviations 

 

 

 

BFS Brillouin frequency shift 

BGS Brillouin gain spectrum 

BOCDA Brillouin optical correlation-domain analysis 

BOCDR Brillouin optical correlation-domain reflectometry 

BOFDA Brillouin optical frequency-domain analysis 

BOFDR Brillouin optical frequency-domain reflectometry 

BOTDA Brillouin optical time-domain analysis 

BOTDR Brillouin optical time-domain reflectometry 

CFRP carbon fiber-reinforced plastic 

EDFA erbium-doped fiber amplifier 

ESA electrical spectrum analyzer 

FUT fiber under test 

LD laser diode 

OSC oscilloscope 

PANDA  polarization-maintaining and absorption-reducing  

PD photodiode 

PFGI-POF perfluorinated graded-index polymer/plastic optical fiber 
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PMF polarization-maintaining fiber 

POF polymer/plastic optical fiber  

PSCR polarization scrambler 

RBW radio bandwidth 

SA-BOCDR slope-assisted Brillouin optical correlation-domain reflectometry 

SMF single-mode fiber 

SNR signal-to-noise ratio 

SOP state of polarization 

VaRTM vacuum-assisted resin transfer molding 

VBW video bandwidth 
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