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Abstract 

Stimulated Brillouin Scattering (SBS) is a non-linear effect which can couple 

between two optical waves counter propagating through a waveguide. An intense 

pump and a weaker counter-propagating signal are sent into the waveguide and 

stimulate an acoustic wave with a frequency matching the detuning frequency 

between the two optical waves. Effective coupling occurs when the difference 

between the two optical frequencies matches a particular value known as the Brillouin 

frequency shift. The Brillouin shift equals approximately 11 GHz in standard single 

mode fibers at 1550 nm wavelength and is dependent on the speed of sound in the 

fiber. Since the speed of sound, in turn, is dependent on both temperature and strain, 

the mapping of the local Brillouin gain spectrum along standard fibers has been used 

in distributed sensing of both quantities for 25 years. Much effort is being dedicated 

to increasing the range and the number of interrogated points of high-resolution SBS 

analysis, driven by structural health monitoring applications in the civil engineering, 

construction, aerospace and transportation sectors. 

The most common type of Brillouin sensor is based on Brillouin optical time 

domain analysis, B-OTDA. In this method a short, pulsed pump wave is sent through 

the fiber and a continuous, counter-propagating and weaker signal wave travels in the 

opposite direction. The signal gain is measured at the output as a function of time and 

the location of each gain segment is derived from the time-of-flight (ToF) of the pulse 

through the fiber. Commercial B-OTDA instruments can provide a measurement 

sensitivity of 1 C or 20 µ, over a range of 50 km and with a spatial resolution of 2-3 

m. The acquisition time is ten minutes. In the past 15 years these systems have been 

implemented for structural health monitoring in various applications such as: 
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monitoring of pipelines for leaks and defects, monitoring of subaquatic cables in gas 

and oil rigs, and more. 

The resolution limit in B-OTDA stems from the lifetime of hyper-sonic 

acoustic waves in silica, which is of the order of 5 ns and corresponds to a spatial 

resolution no better than 1 meter. In order to improve resolution, a different method 

named Brillouin optical correlation domain analysis, B-OCDA, was proposed during 

the late 90's. In B-OCDA the buildup of the acoustic wave takes place only at discrete 

and narrow correlation peaks along the fiber, and pulse duration and resolution are 

effectively decoupled. The technique was expanded by our group to the phase coding 

of both optical waves, in order to introduce correlation peaks in the fiber. This 

advance led to a substantial increase in the range of unambiguous measurements. 

Using phase-coded B-OCDA, our group and collaborators showed a distributed 

measurement of a 40 meter long fiber with a spatial resolution of 1cm. 

Phase-coded B-OCDA suffers from two main downsides: A) Even though the 

expectation value of the acoustic field at the off-peak locations equals zero, the 

instantaneous value does not. These residual fluctuations are referred to as "coding 

noise". The acoustic buildup, and signal wave gain, due to these off-peak interactions 

accumulate along the fiber length and degrade the measurement signal-to-noise ratio 

(SNR) substantially. B) The mapping of the Brillouin gain spectrum is carried out 

point by point, and the acquisition time becomes impractical for long range sensing 

purposes. 

In another previous work by our group, a hybrid method utilizing both B-

OTDA and B-OCDA principles was developed. The phase code modulating the two 

optical signals was periodic and repetitive, so that many correlation peak locations 
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could be introduced along the fiber. In addition, the pump wave was also modulated 

by a short-duration pulse, so that different correlation peaks became active at different 

times and their individual contribution to the signal wave amplification could be 

separated in time. By implementing this scheme, off-peak residual interactions are 

restricted to the extent of the pulse rather than span the entire fiber, and the SNR 

improves significantly. Furthermore, since so many locations in the fiber are scanned 

with one sweep, the number of sweeps required to cover a long fiber was reduced by 

2-3 orders of magnitude. Using this system we were able to measure a 1,600 meter 

long fiber with a spatial resolution of 2 cm. Unfortunately, averaging over a large 

number of repeating traces was still necessary to reach a reasonable SNR. One 

fundamental limitation on the SNR is pump depletion, which forbids the use of pump 

power levels above a certain threshold and restricts the signal gain accordingly.  

The objectives of the current research were the following: First and foremost, 

to come up with an improved Brillouin analysis scheme that would allow for the 

interrogation of high-resolution correlation peaks with a reduced number of averages 

and shorter acquisition durations. A secondary objective had been the introduction of 

the hybrid B-OTDA / B-OCDA protocols to the study of composite material beams. 

The solution path relied on a new, dual-hierarchy coding scheme, in which an 

amplitude code was overlaid on top of the cyclic phase code on the pump wave side. 

Instead of using a single, powerful pump pulse, high pump energy could be spread out 

in time over many pulses, and compressed effectively by digital post-processing of 

the output probe trace. Choice of amplitude codes having favorable correlation 

properties enables the proper separation of hundreds and even thousands of Brillouin 

amplification events. The transmitted peak power may be lowered considerably, so 
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that the onset of pump depletion is deferred. Further, an effective averaging over 

thousands of pump pulses may be obtained within only few ToFs.  

The scheme was studied in extensive numerical simulations of the acoustic 

wave buildup along the fiber as a function of time and position, and of the output 

signal as a function of time. The numerical simulations were carried out on a graphics 

card using 5,000 graphics processing units in parallel, in order to expedite the 

complex calculations required for long fibers. Even so, the simulation of an entire 

experimental procedure was impractical. Nevertheless, the simulations provided us 

with better understanding of the codes and their capabilities as well as proper 

understanding of some the experiments. 

The proposed method was demonstrated experimentally in the Brillouin 

analysis of two fibers, 2.2 km and 8.8 km in length, with a spatial resolution of 2 cm. 

Local hot-spots of few-cm length were properly recognized in both experiments. The 

experimental errors in the estimates of the local Brillouin frequency shifts were ±1 

MHz and ±3.5 MHz, respectively. The numbers of points interrogated were 110,000 

and 440,000, respectively. The latter represents the largest data set of any Brillouin 

sensor to-date. To our knowledge, all other schemes which address such a high 

number of potential resolution points only examine a relatively small subset of the 

locations along the fiber. The experiments are discussed in terms of a figure-of-merit 

proposed in the literature. 

In addition, high-resolution Brillouin analysis was carried out using optical 

fibers that were embedded in composite material beams during their production. In 

one experiment the production process itself was monitored over 30 hours. In another, 

the stiffness and Young's modulus of the beam were extracted from Brillouin analysis 
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during static loading. The results demonstrate the potential added value of the 

protocol to the study of composites.  
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1 Introduction 

1.1 Distributed Fiber-Optic Sensors 

The need for sensors in industry is wide and vast. The everyday usage of 

sensors can be found in the most mundane of everyday life such as motion sensors for 

elevators. Sensors for temperature and strain are used, for example, in the gas industry 

to find cracks in pipe-lines and/or leaks[1] [2] [3]. The requirement of long range 

sensors for these applications is apparent. Optical fibers may support distributed 

sensing, in which every segment of the fiber itself serves as a sensor node, whereas 

most other technologies such as electrical strain gauges or thermometers are restricted 

to point-sensors at discrete locations. The practical application of optical fibers as 

distributed sensors critically depends on the resolution required and the sensitivity of 

the attribute of interest on the fiber readout. The long reach, broad transmission 

bandwidth, mechanical flexibility and immunity to electro-magnetic interference of 

standard optical fibers, as well as their relatively low cost, presents them as favorable 

candidates for distributed sensors. In addition, the ongoing development of active and 

passive fiber-optic components, intended for optical communication, advances 

sensors performance as well. In the following sections I first discuss two technologies 

for distributed fiber sensors which are not employed in this work. I then proceed to 

introduce the principle of stimulated Brillouin scattering, which is underlying this 

research. 

1.1.1 Rayleigh scattering based fiber sensors 

In the manufacturing process of optical fibers, density fluctuations become 

frozen in the fused silica, resulting in refractive index fluctuations [4]. These 

fluctuations, of sub-wavelength-scale, cause the scattering of light in the fiber. 
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Rayleigh scattering limits losses in silica fibers to 0.2 dB/km at 1550 nm, and 

therefore sets a bound on the reach and capacity of communication systems [5]. On 

the other hand, Rayleigh scattering can be of use in sensing, as described here [3, 6].  

Rayleigh scattering occurs in all directions. However, some of the scattered 

light falls within the numerical aperture of the fiber, in the opposite direction, and is 

recaptured as backwards scatter. The monitoring of reflected light may provide an 

indication of the fiber structure. Since the sub-wavelength variations in the refractive 

index are random, a temporal trace of the reflected wave would appear arbitrary. Even 

if the entire fiber structural fluctuations were mapped, they would still not directly 

provide an understanding of the fibers surroundings. Still, since these fluctuations are 

"frozen" into the silica [4], a repeating measurement should provide the exact same 

trace of backscattered light as the first. If any part of the fiber is subjected to strain or 

to temperature variation with respect to the first measurement, the fluctuations in the 

refractive index will vary accordingly, and may modify the reflected signal.  

A standard optical time domain reflectometry (OTDR) measurement may be 

described as follows: A short pulse is sent through the fiber and the backscattered 

light is analyzed with respect to a previous baseline measurement. The spatial 

resolution, (here and later on "spatial resolution" refers to the capability to measure 

the smallest spatial change), is closely related with the pulse duration: the shorter the 

pulse the higher the spatial resolution. One can regard the OTDR measurement as 

direct assessment of the impulse response of the fiber Rayleigh backscatter. One 

challenge that is associated with high-resolution analyses is the detection of low-

power signals of interest in a noisy environment. In a direct approach, the relative 

fraction of power backscattered from short segments is extremely weak: -100 dB per 

mm of standard fiber [4]. 
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A more complex method is known as optical frequency domain reflectometry, 

or OFDR. In this measurement protocol, a continuous-wave (CW) signal is sent 

through the system, and both the amplitude and phase of the backscattered light are 

recovered through interference with a local oscillator. The process is repeated for a 

large number of incident optical frequencies. The collected data therefore represents 

the frequency-domain response of the backscattering process. Due to the linearity of 

Rayleigh scattering, the dime-domain impulse response can be recovered through the 

inverse Fourier transform.[3] [7] [8]. The spatial resolution of the measurement is 

given by: 
2

c
z

n f
 


, where f  is the frequency span and n  is the group velocity 

index of light propagating in the fiber. The range of frequency scanning in one 

notable example [9] was over 5 THz. Note that unlike the direct OTDR trace, the 

inverse Fourier transform of OFDR data provides both the magnitude and the phase 

information of the backscatter at each location. Therefore, local changes in index due 

to photo-elastic or thermo-optic effects may be recognized, through the comparison 

with a previous baseline. These index changes normally do not manifest in reflected 

intensity. In [10] a spatial resolution of 800 µm was achieved in an OFDR analysis, at 

a rate of 10 Hz. Higher spatial resolution, up to 20 µm, was achieved as well [11]. 

The main shortcomings of Ryleigh scattering-based sensors are the need for a 

reference trace, range limitations imposed by the finite coherence time of laser 

sources, and the need for precise frequency tuning over a broad range and with small 

increments. The reference trace inevitably changes with trivial handling of the fiber, 

let alone following installation inside a structure under test. Without a reference, the 

interpretation of results is difficult.  
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It should be noted that the ratio between range and spatial resolution (or in 

other words the number of potential resolution points) of OFDR systems is extremely 

high. As shown earlier in [10], 2 km of fiber were measured with a 800 micron 

resolution, representing 2.5 million points! 

Rayleigh scattering-based sensors draw large attention in recent years, as they 

represent the primary avenue towards distributed dynamic measurements [12]. 

Distributed acoustic sensing is widely being adapted in the oil and gas sector and in 

perimeter defense applications. These systems involve more complex variants of both 

OTDR and OFDR principles. Their study is, however, beyond the scope of this 

present research. 

1.1.2 Fiber Bragg gratings 

A "quasi distributed" sensor can be realized based on the cascading of multiple 

fiber Bragg gratings (FBGs). FBGs are periodic changes in the refractive index, which 

selectively reflect light at an incident wavelength that meets the following criterion:  

(1.1) 2B eff Bn    

Here B  is the index modulation period, and effn  is the effective index of the 

fiber mode. The reflectivity itself is dependent on the length of the grating and the 

magnitude of the index perturbation [13] [14]. Strain and temperature modify both the 

physical period of the grating and the fiber index. Variations in the wavelength of 

peak reflectivity in standard silica fibers are roughly 1.2 pm/µ and 10 pm/C at 1550 

nm wavelength. Both are mostly due to the changes in the refractive index. These 

linear relations form the basis for sensors. Gratings are imprinted along an optical 

fiber using UV irradiation [14]. A large number of gratings may be implemented 

along a section of fiber, and each can be designed for a different wavelength of peak 
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reflectivity, if necessary. Multiple gratings can be interrogated using either OTDR or 

OFDR methodologies [14, 15]. 

 

Figure 1: Illustration of spectral transmission and reflection from cascaded fiber Bragg gratings. 

Different gratings reflect and transmit different parts of the incident spectrum. [16] 

FBG sensors are widely used in aerospace and structural health 

monitoring[14] [17]. They are regarded as a mature and well-established technology. 

Drawbacks of FBGs sensors are mechanical strength degradation due to the grating 

inscription process; the need for high-precision wavelength control in interrogation; 

and the fact that measurements cannot be truly distributed.  

Another type of distributed fiber sensors relies on the spontaneous Raman 

scattering to infer temperature [18]. However, additional types of fiber sensors will 

not be brought down here. From here on, focus will be placed on using the nonlinear 

phenomenon of stimulated Brillouin Scattering (SBS) in fiber sensing applications. 

1.2 Stimulated Brillouin scattering sensor overview 

SBS is a non-linear effect that couples two optical waves via an acoustic wave, 

stimulated by the interaction between the two optical waves themselves [19]. When a 

relatively powerful pump enters the fiber at the correct frequency detuning with 
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respect to a counter propagating probe wave, the slowly varying beating between the 

two waves creates an acoustic wave, through the mechanism of electro-striction: the 

tendency of materials to become compressed in the presence of high electro-magnetic 

intensity. The acoustic wave causes a periodic perturbation in the dielectric constant 

due to the elasto-optic effect: the refractive index is higher in areas of the fiber that 

are denser than others. This moving periodic grating is perfectly phased matched with 

the incident pump wave, causing part of the pump to be reflected in the direction of 

the counter propagating probe. The scattered pump is down shifted in frequency, to 

match that of the probe (through the Doppler effect). The interaction is illustrated in 

Figure 2. The mathematical analysis of SBS is deferred to the next chapter.  

The first proposition of SBS-based sensors was provided 25 years ago [20]. 

Numerous methods to utilize SBS as sensors have been developed. In this work I 

address the two primary ones: Brillouin optical time domain analysis (B-OTDA) and 

Brillouin optical correlation domain analysis (B-OCDA). These too will be discussed 

at length in Chapter 2.  

 

Figure 2: Illustration of SBS interaction where a probe wave is intensified by a counter 

propagating, powerful pump wave. The acoustic grating reflects part of the pump wave back towards its 

origin at the probe wavelength. 
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The transfer of energy from pump to probe can lead to positive feedback: an 

intensified probe leads to more powerful beating, and hence to a stronger acoustic 

wave, more pronounced scattering etc. The effective stimulation of the acoustic wave, 

however, requires that the frequency detuning between pump and probe waves 

matches a specific value, known as the Brillouin frequency shift. It is proportional to 

the speed of sound in the fiber: 
2 pump

acousitc B

n
v

c


    [20] [21]. Here pump

denotes the pump optical frequency, and v  is the speed of sound in the fiber. 

The linewidth of the SBS interaction B  is approximately 2 30 MHz [19]. 

The inverse of this bandwidth is referred to as the acoustic lifetime  , which is on the 

order of 5 ns. The speed of sound changes with temperature and strain, allowing for 

the measurement of both quantities through the assessment of the Brillouin shift.   



 

8 

 

2 Mathematical analysis and SBS use as a 
sensor 

2.1 Stimulated Brillouin scattering 

2.1.1 Coupled wave equations 

Here, the mathematical analysis of stimulated Brillouin scattering (SBS) is 

brought down. Since two counter propagating optical signals are involved in 

describing the phenomena, we will denote the optical field of the pump as 1( , )E z t  and 

that of the probe wave (sometimes also named a signal wave) as 2 ( , )E z t . The two 

optical fields can be described as: 

(2.1) 1 1 1 1( , ) ( , )exp[ ( )] .E z t A z t j k z t c c    

(2.2) 2 2 2 2( , ) ( , )exp[ ( )] .E z t A z t j k z t c c     

Here ( , )iA z t  represents the complex envelope of the field 1,2i  , ik  the 

respective longitudinal wave number and i  the temporal frequency. Since the two 

waves are traveling in counter propagating directions, the wave number of the signal 

is negative. The positive direction of the z  axis is the propagation direction of the 

pump. 

The density fluctuations of the acoustic wave in the medium can be expressed 

as: 

(2.3)  0( , ) ( , )exp . .z t z t j qz t c c         

Here 0  is the mean density of the medium and   the amplitude of the density 

variation. 1 2     is the angular frequency of the acoustic wave and 
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1 2 12q k k k    is the wave-number. The acoustic wave is the result of the beating 

pattern between the two optical waves and electrostriction. As noted, both energy and 

momentum must be conserved [19].  

The material density must obey the acoustic wave equation: 

(2.4) 
2

2 2 2

2
' f

t t

 
 

  
      

  
 

Here   is the sound velocity in the medium, and '  is the acoustic damping 

parameter (which is a function of both viscosity and thermal conductivity). f  denotes 

mechanical force per unit volume. In our case, f  is represents the electro-strictive 

stimulation of the acoustic wave due to the electromagnetic intensity. The pump and 

probe interaction is the driving force creating the density changes. The force term can 

be expressed as the gradient of the strictive pressure difference: f = - stp . The 

pressure difference, in turn, is proportional to the optical intensity of the overall field: 

the sum of pump and signal averaged over many periods of optical frequency 

oscillations: 

(2.5) 2 / 8st ep E    

The electro-strictive parameter is denoted in e , and  represents temporal 

averaging. The temporal average eliminates those intensity terms that oscillate at 

twice the optical frequencies or their sum. DC terms are also irrelevant. The 

remaining term that is relevant to the generation of an acoustic driving force includes 

a beating component, which scales with the inner product of the two optical waves 

and oscillates at the difference between their frequencies: 
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(2.6)  
2

2 *

1f exp . .
4

e q A A j qz t c c



       

Here we neglected the first spatial derivatives of the complex amplitudes. This 

assumption, known as the slowly-varying envelope approximation and invoked on 

several occasions in this analysis, represents the fact that the complex envelopes of all 

three waves vary little within the wavelength scale [22]. Similar considerations hold 

for temporal derivatives of the complex envelopes.  

The acoustic wave equation may be simplified based on several assumptions. 

First, we may invoke the slowly-varying approximation for the acoustic field 

magnitude, which allows us to neglect its second derivatives with respect to time and 

position. Second, it is assumed that 2 2Bj j     . Third, only the most 

dominant term of the driving force was retained as noted above, and all other terms 

(derivatives of the complex envelopes) were neglected with respect to it. The 

substitution of equation (2.6) into the simplified form of the acoustic wave equation 

yields: 

(2.7)  
2

2 2 2 *

1 22 2
4

e
B Bj j jq

t z

q
A A

 
 



 
       

 
  

Here B q   this is the Brillouin frequency of the fiber. It may be worth 

reminding that 
1 1v 2 v 2B q k n

c


    , and that strain and temperature change the 

speed of sound in the fiber (as brought down earlier). 2 '

B     is the Brillouin 

linewidth (also mentioned in Chapter 1), which relates to the phonon lifetime 

(acoustic buildup time) by 1 B   . The last term on the left side, 
z




, represents the 

propagation of phonons. Hypersonic phonons are heavily damped and therefore 
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absorbed after very short propagation distances of tens of microns. These distances 

are much shorter than the characteristic length scale of changes to the driving force on 

the right-hand side. As a result, a legitimate simplification of the equation can be 

made in neglecting this term, and thus the equation becomes: 

(2.8)  
2

2 2 *

1 22
4

e
B Bi j

t

q
A A







      


  

This simplification states that the acoustic wave magnitude is considered a 

local phenomenon, affected only by the optical fields prevailing at a given position. 

The magnitude of the acoustic wave at a steady state is therefore simply given by the 

magnitude of both optical waves, and the frequency detuning 1 2    : 

(2.9) 
 

2
*

1 22 24

e

B Bj

q
A A






   
  

That being said, in most of this research a temporal transient analysis of the 

acoustic wave magnitude is necessary.  

The acoustic wave introduces perturbations to the dielectric constant of the 

medium via photo-elasticy, that can be formulated in terms of a non-linear 

polarization: 

(2.10)  
0

, .e z t


   
 


    


 

(2.11)    0
0

0

, ( , ) , ( , ).eP z t E z t z t E z t
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Here   denotes the susceptibility of the fiber medium,   the dielectric 

constant, and it is assumed that the fluctuations in the dielectric constant scale linearly 

with the density variations. 

The propagation of both optical waves can be described using the non-linear 

wave equation, which may now be coupled to the acoustic wave: 

(2.12) 
2 2 22

2 2 2 2 2

0

1i i iE E Pn

z c t c t

  
 

  
 

On the right hand side, iP  denotes the term of nonlinear polarization that 

matches the temporal frequency of optical field i . The two relevant terms may be 

identified as part of the overall nonlinear polarization in equation (2.11):  

(2.13)        0
1 1 1 1 2 1 1

0

, exp , exp .eP z t p jk z t A z t jk z t c c
 

  


      

(2.14)        *0
2 2 2 2 1 2 2

0

, exp , exp .eP z t p jk z t A z t jk z t c c
 

  


        

Here ip  denote the complex envelopes of the nonlinear polarization terms iP . 

By introducing these terms to the non-linear wave equations (2.12) a set of three 

coupled differential equations is obtained, two for the optical waves and one for the 

acoustic wave (2.8): 

(2.15) 1 1
2

0

1

/ 2

ejA A
A

z c n t nc






 
 

 
 

(2.16) 
*2 2

1

0

1

/ 2

ejA A
A

z c n t nc
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Here it was assumed that 1 2   . Once again, the slowly-varying 

envelope approximation was invoked so that the second derivatives of the complex 

magnitudes with respect to time and position are neglected. Also, only the most 

dominant term of the nonlinear polarization on the right-hand side is retained, 

therefore spatial and temporal derivatives of the nonlinear polarization magnitudes ip  

are dropped. 

2.1.2 Steady state conditions 

At steady state conditions, equation (2.9) can be incorporated into equations 

(2.15), (2.16) : 

(2.17) 

22 2
2 101

2 2 2

0 02 2

e e

B B

A AqA
j j

z nc nc j

   


 


  

    
 

(2.18) 

22 2
1 2* 02

1 2 2

0 02 2

e e

B B

A AqA
j j

z nc nc j

   


 


    

    
 

Optical intensity is related to the field amplitude by 
2

02i iI n c A . Therefore, 

the evolution of the intensities may be given by: 

(2.19)  1
2 1

I
g I I

z


  


 

(2.20)  2
2 1

I
g I I

z


  


 

 Here g  is referred to as the SBS gain coefficient, which is a function of the 

frequency detuning between pump and probe, and 0g  is the line center gain factor: 

(2.21) 
 

   

2

0 2 2

2

2

B

B B

g g
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(2.22) 
2 2

0 3

0

e

B

g
nc

 





 

The spectral width of the gain spectrum is given by B .  

In many practical cases, the intensity of the pump is much greater than that of 

the probe, to a degree that it can be viewed as a constant and the loss it experiences 

due to the interaction is negligible. This regime is denoted as that of an undepleted 

pump. The evolution of the probe intensity under these conditions can be simply 

described by an exponential growth: 

(2.23)      2 2 1expI z I L gI L z     

As the probe wave propagates through the fiber towards 0z   it is intensified. 

In high resolution Brillouin based sensors, the SBS interaction is confined to short 

segments where the exponential amplification can be approximated by a linear gain: 

(2.24)    0

2 2 11I z I gI z      

This approximation holds for B-OCDA taking place at numerous locations, so 

long as the pump can still be regarded as undepleted, i.e. the overall power transfer 

may still be approximated as linear. This approximation does not hold when the 

length of efficient interaction becomes increasingly large. 

2.1.3 Non-steady state conditions 

Analyzing the acoustic wave equation (2.8) outside of steady state conditions 

can lay out the ground work for understanding both B-OTDA and B-OCDA. This 

equation can be brought to the following form: 
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(2.25) 
 2 * 2 2

0 1 2
 

2

e B Bq A A j

t j

      


 

Ω Ω Ω

Ω
 

As discussed earlier, the acoustic wave is assumed to be local and non-

propagating, in the sense that its magnitude at any given point in the fiber z  is not 

effected by the buildup at a neighboring location z z . This assumption is justified 

due to the high acoustic damping, where any propagating acoustic wave decays after 

tens of microns. This decay length represents a theoretical upper bound on the 

attainable spatial resolution of Brillouin sensors. However, all practical systems are 

limited to much lower resolution, primarily due to the difficulties associated with 

measuring extremely weak gain.  

The acoustic wave differential equation can be integrated, using the integration 

factor method: 

(2.26)

     

 

 

*

1 1 2
0

*

1 1 2
0

*

1 1 2
0

, exp exp ' ' ' '

exp ' ' ' '

exp ' ' ' ( ) '

t

A A

g g

t

A

g g

t

A

g g

z L z
t z jg t t A t A t dt

v v

z L z
jg t t A t A t dt

v v

z L
jg t t A t A t z dt

v v





   
          

   

   
              

   

   
               

   







 

Here 

2

1
0

2

eqg
 




 is a parameter representing the electrostrictive properties of 

the fiber, the complex bandwidth is:
 2 2

2
A

B B
j

j 
 



Ω Ω Ω
, ( ) / gz z   is a 

position-dependent temporal lag between the pump and probe waves at point z, and 

g  is the group velocity of light in the fiber. The bandwidth reduces to half the 
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Brillouin linewidth 
1

2
A B   , for B  . Note that the Brillouin frequency shift 

( )B z  may vary with position. 

The obtained expression for the temporally-varying acoustic field may now be 

incorporated in the nonlinear polarization terms on the right-hand sides of the optical 

wave equations (2.12). In doing so, temporal derivatives of the complex envelopes of 

the optical fields must be taken into consideration as well. On the left-hand side of 

(2.12), the slowly-varying envelope approximation is invoked once more, to retain 

only first-order derivatives of ,p sA . The solutions to the optical wave equations under 

these conditions are obtained numerically.  

2.2 B-OTDA - Brillouin Optical Time Domain Analysis 

The acoustic wave buildup, assuming both optical waves were to be 

continuous, would take place along the entire fiber. The probe wave would be 

amplified in each and every point in the fiber, and a constant output probe power 

would be reached following the time-of-flight along the fiber. The acoustic grating 

would only build-up effectively if the frequency detuning between the two optical 

waves matches the Brillouin shift in the fiber. This can be seen directly from the 

Brillouin gain coefficient: 
 

   

2

0 2 2

2

2

B

B B

g g



   

. Even if ( )B z  is varied in 

some places along the fiber, the overall acoustic wave buildup will mask its effects. 

There would be a slight diminishing in the probe intensity gain, yet the location of the 

modified segment would not be determined. 

A rather direct scheme for distributed SBS-based sensing is B-OTDA [20] 

[21]: In B-OTDA a continuous signal wave is amplified by a counter propagating, 



 

17 

 

intense pulsed pump. SBS amplification taking place at different positions is resolved 

based on time of flight, much like in a Rayleigh scattering-based OTDR. A schematic 

of such a setup is shown in Figure 3.  

 

Figure 3: Schematic illustration of a B-OTDA setup [13] 

The pulsing of the pump creates a time gating effect: the acoustic grating at 

each position, according to (2.26), may only build up at a specific time interval. The 

duration of that interval matches that of the pulse. Outside that time frame, the 

acoustic wave quickly dissipates since its driving force, the product of the pump and 

probe, is equal to zero. This is illustrated in Figure 4. 

If at any given point in the fiber, the Brillouin frequency does not match the 

detuning frequency, there will be no acoustic buildup there and no amplification will 

be observed in the output probe wave. The process is repeated for many frequency 

offsets in order to properly map the Brillouin gain along the fiber as a function of both 

position and frequency. The local value of the Brillouin shift is extracted from the 

measured amplification spectrum at the specific position. Changes in strain or 

temperature in a particular location would manifest in a spectral offset to the Brillouin 

gain window as can be seen in the illustration of Figure 5. 
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Figure 4: Illustration of pulsed pump propagation, refractive index variation profile and the 

corresponding acoustic wave amplitude 

The spatial resolution of the fundamental B-OTDA scheme is restricted to the 

order of 1 m by the acoustic lifetime   of approximately 5 ns [23]. The resolution can 

be estimated as: 
2

c T
Z

n


   where T  is the pulse duration. If the pulse is made 

shorter than the acoustic lifetime, the weak acoustic buildup will result in a low 

signal, and the gain spectrum will be broadened. Both mechanisms make the correct 

estimate of the frequency of maximum gain more difficult. 
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Figure 5: Brillouin gain "map" illustration of a fiber with localized strain[24] 

An example of a commercial B-OTDA interrogator, with a 50 km range, is 

brought down in [25]. The instrument can provide a measurement sensitivity of 1 C 

or 20 µ, over a range of 50 km and with a spatial resolution of 2-3 m. The acquisition 

time is ten minutes. Such instruments are used primarily in the monitoring of large 

and critical infrastructures, and in the identification of large-scale defects (major 

breaks in pipelines etc). 

Performance of B-OTDA in the research literature advances beyond that of 

commercial instruments. In recent measurements, a B-OTDA setup has reached 325 

km range [26]. This measurement required distributed Raman amplification and 

cascaded erbium-doped fiber amplifiers (EDFAs) to compensate for large linear 

losses. The experimental setup is shown in Figure 6: 
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Figure 6: Experimental setup of long range B-OTDA[26] 

The top panel of Figure 7 shows the measured Brillouin frequency shift as a 

function of position along the entire fiber. The bottom panel of Figure 7 shows the 

evolution of the Brillouin gain. The pump power is restored by the optical repeaters, 

with little residual variance [26]. The experimental error in the measurement of the 

local Brillouin frequency shift was 2 MHz. The spatial resolution was 2-3 m, and the 

experimental duration was 100 minutes. 

 

 

Figure 7: Evolution over a 4 x 65 km (total 325 km) long sensing fiber, of: (top) the Brillouin 

frequency, and (bottom) the Brillouin gain [26] 
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More complex B-OTDA schemes attempt to circumvent the acoustic lifetime 

limitation. These involve the pre-excitation of the acoustic wave [27] [28], dark [29] 

and  -phase [30] [31] pump pulses and more. A spatial resolution of 5 cm over 5 km 

range has been reported [31]. In differential pulse pair B-OTDA (DPP-B-OTDA) 

measurements [32, 33], measurements are repeated twice with comparatively long 

pulses, whose durations are slightly different. The two temporal traces of the output 

probe are then subtracted, providing a spatial resolution that corresponds to the 

difference in durations. In [33] a 8.2 ns-long pulse and a 8 ns-long pulse were used. 

The 200 ps difference corresponds to a resolution of 2 cm. The two traces of the 

Brillouin signal are plotted in Figure 8. During the first 8 ns the signals are identical, 

yet they differ in the final stages when the longer pulse introduced higher buildup. 

The differential signal provides spatial information corresponding to the difference in 

pulse duration. 

 

Figure 8: Time traces of the Brillouin signal with 8 and 8.2 ns pulse widths, and the difference 

signal [33]. 

In [33], the local Brillouin shift was measured over 2 km of fiber with 2 cm 

resolution, and an uncertainty of 2 MHz (corresponding to 2 C or 40 µ). The entire 

Brillouin frequency traces are brought down in Figure 9. In Figure 10, a 2 cm-long 
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hot spot, located towards the end of the fiber, was properly identified in the 

measurements. 

 

Figure 9:  Measured time traces of the Brillouin signal with the 8/8.2 ns pulse pair, over 2 km of 

fiber [33] 

 

Figure 10: Measurements at the end of a 2 km-long sensing fiber: (a) the 3-D Brillouin spectra and 

(b) the fitted Brillouin frequency shift and corresponding temperature as a function of position [33]. 
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Although DPP-B-OTDA is a very promising architecture, it does face the 

following challenges: 

1) Like any high-resolution technique, it is challenged by the weak 

Brillouin gain over short segments. 

2) The detection bandwidth in DPP-B-OTDA must accommodate the 

difference between pulses, (5 GHz in the above example). Broader 

bandwidth brings about larger additive noise.  

3) As in all B-OTDA schemes, the pump wave undergoes depletion 

over the entire length of the fiber, eventually limiting the 

measurement range (more on depletion consideration in subsequent 

chapters).. 

A quick reference to high-speed dynamic Brillouin sensing should be given as 

well. The Tur group of Tel-Aviv University [34] [35] [36] has managed to reduce the 

acquisition time of B-OTDA setups to hundreds of µs for 100 m-long fibers [37]. The 

performance rivals that of Rayleigh scattering-based distributed acoustic sensing. 

Dynamic Brillouin analysis, however, falls outside the scope of this research. 

2.3 B-OCDA – Brillouin Optical Correlation Domain Analysis 

2.3.1 Brillouin Optical Correlation Domain Analysis 

An alternative Brillouin sensing technique is that of B-OCDA. The magnitude 

of the acoustic wave is related to the cross correlation between the complex envelopes 

of the pump and probe waves, integrated over an exponential window [38]. This was 

shown earlier in equation (2.26) and is repeated here for convenience: 

(2.27)     *

1 1 2
0

, exp ' ' ' ( ) '
t

A

g g

z L
t z jg t t A t A t z dt

v v
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Using this property, B-OCDA can confine the SBS interaction to specific, 

narrow points of interest along the fiber by manipulating the correlation 

characteristics between the pump and probe. In the initial configuration, the range of 

unambiguous measurements was limited by the generation of multiple correlation 

regions. This limitation led to a tradeoff between resolution and range (brought down 

in the next section). More elaborate B-OCDA protocols achieved mm-scale resolution 

[39-41] and over 24,000 resolution points [42], or cm scale-resolution and several km 

range.  

2.3.2 Frequency modulation B-OCDA 

The principles of B-OCDA were first proposed by Hotate et al [38]. They 

introduced correlation points along a fiber by modulating the frequencies of both 

counter-propagating optical waves by a sinusoidal frequency modulation. Thus the 

beating between the two optical frequencies, which controls the frequency for the 

stimulated acoustic wave, is given by[43]: 

(2.28)   2 sin 2 cos 2beat m m

g g

x x
f t f f f t  

 

     
            

    

 

Here   represents the nominal frequency difference between probe and 

pump, f  the frequency modulation range, mf  the frequency modulation rate and 

x  the path imbalance at a given point of interest. It should be noted that the 

frequency modulation range is substantially greater than the Brillouin gain bandwidth, 

thus reaching a resolution much greater than that achievable in B-OTDA. From 

temporal analysis standpoint, the frequency shift between the pump and probe 

oscillates on a time scale much faster than   at all locations not correlated, and 

remains fixed at   in locations correlated. 
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Periodicity in the correlation pattern is evident in equation (2.28). The 

separation between adjacent correlation peaks is given by: 

(2.29) 
2

g

m

d
f


  

The spatial resolution is determined by the span and rate of frequency 

modulation, as shown in [43]: 

(2.30) 
2

B g

m

v
z

f f






 


 

Examination of equations (2.29) and (2.30) reveals a unique property of 

frequency modulation B-OCDA. In order to increase resolution, either the rate or the 

swing of the modulation frequency must be increased. However, a higher modulation 

rate would also restrict the range of unambiguous measurements, represented by d . 

In order to reach higher resolution and not risk ambiguity, the frequency modulation 

depth must be increased. High resolution requires broad frequency modulation ranges, 

reaching tens of GHz.  

Direct modulation of the laser diode drive current may be used to obtain 

frequency modulation through chirp mechanisms. However, the large current 

modulations that are necessary for large values of f  also introduce parasitic 

intensity variations, that require proper compensation [44]. In [45] resolution of 7 cm 

was obtained over a km of fiber, by incorporating a temporal gating scheme. 

2.3.3 Phase coded B-OCDA 

A different approach to forming correlation points along the fiber, where a 

proper Brillouin buildup can exist, is described in [46] [47] [48]. In these previous 

works of the group, high-rate, binary phase modulation of both pump and probe 
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waves is applied. The duration of coding symbols is much shorter than  . Both are 

modulated by the same sequence, and enter the fiber from opposite ends. An 

illustration of the signed amplitude values of the two waves, throughout the fiber and 

over time, is brought down in Figure 11. Their inner product is fixed at a value that is 

given by their individual, constant magnitudes in the middle of the fiber, whereas the 

product is oscillating at all other points in the fiber around an expectation value of 

zero. 

 

Figure 11: Illustration of the joint amplitude values of pump and signal waves in phase-coded B-

OCDA, throughout the fiber and over time. Two waves modulated in the same binary phase sequence enter 

from opposite ends of the fiber. Their inner product assumes a stationary value in the middle of the fiber, 

whereas the product is oscillating in all other points in the fiber around an expectation value of zero. 
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The mathematical description of the two complex envelopes, at their 

respective points of entry into the fiber, can be written as: 

(2.31) 

 

 

0
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0
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( , 0) rect exp( ) ,
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n
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Here n  is a random phase variable which equals 0 or π, and  rect x  equals 1 

for 0.5x   and zero elsewhere. PhaseT  denotes the duration of each symbol in the 

phase code and 
0

1,2A  denote the constant magnitudes of the pump and signal waves, 

respectively.  

As noted before, the acoustic wave magnitude is proportional to the product of 

the two optical waves, integrated via an exponential window. This magnitude is 

therefore closely related with the temporal cross-correlation between the envelopes of 

the two optical waves at the particular point:     *

1 2( )C A t A t z    . The 

symbol duration of the phase code is chosen to be much shorter than the duration of 

the integration window (which equals 2  when the frequency offset between pump 

and signal matches the local Brillouin shift). Subject to phase modulation, the two 

waves are in correlation at the center of the fiber, while their cross-correlation drops 

significantly anywhere else. At the correlation peak, equation (2.26) becomes: 

(2.32) 
 

0 0*

1 1 2
0

0

1
,

,A A

jg A A
t z

z

 

 
   

 

At non-correlation peak locations, the exact derivation of the acoustic field 

magnitude is dependent on the statistical properties of the modulating sequence. At 
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these points, the driving force for the acoustic field generation is oscillating with an 

expectation value is zero. Therefore, the expectation value of the acoustic field itself 

averages to zero as well. The instantaneous values of the acoustic field magnitude are 

nevertheless nonzero, as they are fluctuating with a finite standard deviation. In [47] 

the standard deviation of the off-peak acoustic field was estimated based on a random 

walk model.  

The width of the correlation peak is on the order of 
1

2
g Phasez T  , which 

corresponds to half the spatial extent of a single phase symbol. In other words, the 

spatial resolution of the SBS interaction equals the correlation length of the modulated 

source. Since the symbol duration can be much shorter than , the spatial resolution 

can be a great deal better than 1 meter. 

In [46] the Brillouin frequency of a 40 meter long fiber was measured with a 

spatial resolution of 1 cm using phase-coded B-OCDA. Phase was modulated by a 

pseudo-random bit sequence (PRBS), whose period was much longer than the time of 

flight along the fiber under test. This guaranteed that only a single correlation peak 

was established, leading to unambiguous Brillouin analysis. The symbol duration was 

about 100 ps. The single correlation peak was scanned point-by-point along the entire 

fiber, in a manner that will be described later. Measurements were repeated for a 

number of frequency offsets between the pump and the probe, until the SBS gain 

curves could be reconstructed. Amplification over a cm-long segment is extremely 

weak. Fortunately, phase-coded B-OCDA leads to stationary amplification. Therefore 

the output probe power could be measured by a power meter with ultra-narrow 

bandwidth, to reduce noise. The Brillouin mapping of this experiment is brought 

down in Figure 12. 
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Figure 12: Top left – Brillouin gain mapping of a 40-meter-long fiber with 1 cm resolution, 

corresponding to 4000 resolved points. A 1 cm-long section of the fiber was locally heated. Top right – 

magnified view of the Brillouin gain map in the vicinity of the heated section. Bottom left – corresponding 

measured Brillouin frequency shift as a function of position. The region immediately surrounding the 

heated section is magnified in the inset. The standard deviation on this estimation along a uniform fiber 

section is 0.5 MHz, corresponding to a temperature inaccuracy of ±0.5 °C. Bottom right – Brillouin 

frequency shift measurements over a 200-meters-long fiber, with sub-cm resolution. 330 arbitrarily located 

sections of the fiber under test are randomly addressed. The interrogated sections are only 9 mm long, 

evenly spaced by approximately 60 cm. The fiber under test consisted of two dissimilar segments spliced 

together. The inset shows measurements of the Brillouin shift in the vicinity of a 1 cm-long hot spot, located 

at the end of the fiber. (The 330 randomly addressed sections of the main panel did not coincide with the hot 

spot) [46] 

The spatial scanning of the correlation peak position is central to the 

measurements. As proposed in [47], the position could be moved by inserting a long, 

deliberate fiber delay imbalance to the path leading either pump or probe to the fiber 

under test. The two paths, and the fiber under test, form a closed loop (this is shown in 

more detail in the experimental part of this report). A so-called 'zero order' correlation 

peak is formed at the center of the loop, as discussed above. However, for any phase 

code with a finite number of bits N , additional 'high order' correlation peaks appear 

with periodic separation of 1
2 g PhaseZ N z N T    . The exact locations of these 

high-order peaks move with fine adjustments to PhaseT . The path imbalance guarantees 

that a high-order correlation peak is in overlap with the fiber under test itself. These 

small modifications to the symbol duration have little effect on the spatial resolution. 
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For that purpose, however, the delay imbalance must be much longer than the test 

fiber itself. On the other hand, long fiber delays are susceptible to environmental 

drifts. An illustration of correlation peak scanning is shown below in Figure 13: 

 

Figure 13: Illustration of the optical delay line implementation. By expanding the bit duration by a 

𝚫𝑻, the fourth order correlation peak is shifted by  𝟒 ∙ 𝑵 ∙ 𝚫𝑻. In delay line usages 𝚫𝑻 is negligible with 

respect to the bit duration. 

The key advantage of phase-coded B-OCDA, as opposed to the frequency 

modulation technique, is in the decoupling of spatial resolution from the range of 

unambiguous measurements. Nevertheless, the concept does suffer from considerable 

downsides: 

 As stated, the off-peak acoustic field vanishes only on average. Its 

instantaneous value is nonzero and fluctuating [47]. This leads to residual off-

peak reflectivity that accumulates over the entire length of the fiber, and 

severely degrades the signal-to-noise ratio (SNR) of the measurements. A 
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large number of averages over repeated measurements are necessary to 

overcome this so-called 'coding noise' [48] [49]. 

 The Brillouin gain spectrum is mapped one spatial point at a time, repeating 

the entire experiment of SBS gain spectrum acquisition in every position. The 

completion of hundreds of thousands of such individual scans, using standard 

laboratory equipment, is impractical. 

2.3.4 Perfect GOLOMB codes 

The first problem of noise due to off-peak acoustic field fluctuations can be 

reduced by replacing the random sequences used in the phase modulation by 

carefully-constructed codes that are designed to exhibit low sidelobes. Antman and 

coworkers proposed modulating the pump and probe by so-called perfect Golomb 

codes, originally developed for radar applications [48-50]. The periodic auto-

correlation of these codes, in ideal, noise-free conditions, has sidelobes of exactly 

zero. An example of the periodic auto-correlation of a 63 bit-long sequence is shown 

in Figure 14: 

 

Figure 14: Periodic auto-correlation of a 63 bit-long perfect Golomb sequence 
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 All N symbols of a Golomb code are of unity magnitude. The phase of each 

symbol assumes one of two values: 
10 or cos (-(N-1)/(N+1))

. The construction of the 

codes is shown in [51]. Denoting each symbol as ja , the absolute values of the cyclic 

auto-correlation function 
1
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   are given in equation (2.33): 
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Use of such sequences in phase-coded B-OCDA would lower the off-peak 

cross-correlation values between pump and probe, and suppress measurement noise 

due to off-peak interactions accordingly.  

In [49], a complete analysis comparing between the use of Golomb and PRBS 

codes in phase-coded B-OCDA is brought down. Here it would suffice to say that the 

substitution of Golomb codes into (1.30) would reduce the standard deviation of 

 ,z t  in off-peak locations (note that the expectation value of the off-peak acoustic 

wave is zero in both cases). Yet, suppression provided by Golomb codes is not 

perfect. This is due to the difference between correlation windows: while Golomb 

codes are designed with respect to a rectangular correlation window of length PhaseN , 

the correlation that is effectively performed by SBS in the fiber is exponentially-

weighed. The next figure shows numerical simulations of the amplitude of the 

acoustic wave under Golomb and PRBS coding. 
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Figure 15: Top: simulated acoustic field magnitude |𝝆(𝒕, 𝒛)|𝟐 stimulated by PRBS coded optical 

waves (left), and by waves modulated with a perfect Golomb code (63 bit-long, right). The coding symbol 

duration was 100 ps in both simulations. Bottom: simulated |𝝆(𝒕 = 𝟏𝟎𝝉, 𝒛)|𝟐 for PRBS (red) and Golomb 

(blue) coding [52]. 

Two more issues should be mentioned: 

1) Golomb codes are only perfect under periodic correlation, hence the codes 

must be applied repeatedly in phase modulation.  

2) Golomb codes are the most effective when their period NT  is of the order of 

the Brillouin lifetime  , so that all bits constructing the code come into effect 

before being degraded by the exponential weighing window. In experiments, it 

is difficult to reduce symbol durations below 100 ps. Therefore, the added 

value of Golomb codes is greatly diminished when considering long 

sequences, beyond 500 bits [52] .The initial phase-coding proposition was 

based on very long codes, so that only a single correlation peak was 
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established along the fiber under test. Golomb codes are irrelevant to these 

setups.  

2.3.5 Hybrid B-OTDA/B-OCDA 

Both of the difficulties associated with phase-coded B-OCDA: noise due to 

off-peak interactions and exceedingly long scanning of peak positions, were 

addressed and partially resolved using a hybrid scheme of B-OCDA/B-OTDA [53]. 

The conceptual breakthrough provided by the hybrid approach has to do with time 

gating of correlation peaks. A first step in that direction was taken by Denisov et al. 

[54], who modulated the phase coded pump wave with an overlaying amplitude pulse. 

The ns-scale pulse triggered a synchronized, time-gated measurement of the output 

signal. Coding noise was substantially reduced since off-peak Brillouin interactions 

were restricted to the spatial extent of the pulsed pump rather than span the entire 

fiber. Measurements were performed with 1 cm resolution over 3 km of fiber, 

representing 300,000 potential resolution points. An extremely long PRBS phase code 

was used, so that only one correlation point was established along the fiber during 

each measurement. As a result, the scanning of the entire fiber remained challenging. 

 

Figure 16: Illustration of combined B-OTDA/B-OCDA technique. The blue line illustrates the 

cross correlation of  the phase code, and a peak can be seen at the correlation point. The red pulse denotes 

the pump. As the pulse propagates it accumulates only very low residual SBS gain along the fiber. The Gain 

at the correlation peak is substantialy greater. The entire summation of the orange line is what is measured 

at the output over time. If the residual gain along the fiber during a single pulse is much lower than that of 

the correlation peak, a proper measurement can be extracted. 
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The acquisition duration constraint was resolved by Elooz et al. in [53]. As in 

the previously discussed work, a pulsed pump restricted the extent of coding noise to 

an extent of few meters. Unlike the previous studies, however, a short, repeating 

Golomb code was used in the underlying phase modulation of pump and probe. 

Consequently, hundreds of correlation peaks were established sequentially, in a single 

time-of-flight of the pump pulse. An illustration of stimulating multiple correlation 

peaks by continuous, un-pulsed pump and probe that are co-modulated by a short 

Golomb phase code is provided in Figure 17. 

 

Figure 17: Illustration of two sequences propagating toward one another from either side of the 

fiber. The blue square represents the beginning of a cycle where the yellow is its bulk and the peach-colored 

region denotes its ending. The numbers indicate which cycle is being addressed. As can be seen in the first 

line, the two sequences meet at the middle of the fiber. As time progresses, in the middle there still is a 

constant overlapping of a positive constructive interference. Once the sequences reach the beginning of the 

next cycle (line 3) two additional points of constructive interferences appear, which also remain stationary 

so long as the two waves continue to propagate. 
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By using a pulsed pump, the SBS interactions taking place at individual 

locations could be resolved in the time-domain, as illustrated in the following 

example: Consider the phase periodic modulation of pump and probe by a 127 bit-

long Golomb code, with symbol duration of 200 ps. 2 cm-wide correlation peaks are 

established with a separation of 2.5 m. As long as the spatial extent of the amplitude 

pulse remains shorter than that separation, there would be no temporal overlap 

between SBS amplification events taking place at adjacent peaks. These 

considerations set bounds on the pump pulse duration: AM Phase PhaseT N T   . The 

temporal duration of each correlation peak is restricted to the order of AMT . A 

numerical calculation of the acoustic wave buildup in phase-coded B-OCDA with a 

pulsed pump is shown in Figure 18 [53].  

 

Figure 18: Simulated magnitude of the acoustic wave density fluctuations (in normalized units), as 

a function of position and time along a 6 m-long fiber section. Both pump and signal waves are co-

modulated by a perfect Golomb phase code that is 127 bits long, with symbol duration of 200 ps. The pump 

wave was further modulated by a single amplitude pulse of 26 ns duration. The acoustic field, and hence the 

SBS interaction between pump and signal, is confined to discrete and periodic narrow correlation peaks. 

The peaks are built up sequentially one after another with no temporal overlap. The arrow demonstrates 

the trajectory taken by the probe wave reaching the output end of the fiber at a particular instance. The 

instantaneous output probe interacts with a single correlation peak, or with none at all [53]. 
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In Figure 18, the acoustic wave magnitude as a function of position and time 

was calculated using direct integration of (2.27), subject to the boundary conditions of 

phase-coded B-OCDA with a pulsed pump [53]. The pump is shown to enter from the 

left hand side of the fiber and the continuous-magnitude probe wave is launched from 

the right hand side. The acoustic wave buildup is restricted to discrete and narrow 

correlation peaks, each being stimulated for the duration of the pump pulse only. Note 

that off-peak acoustic waves are restricted to the extent of the pulse as well. The probe 

wave reaching the output plane at any given instance is affected by SBS in a single 

correlation peak, at most (see arrow in the figure). A simulation of the output probe 

wave as a function of time is shown in Figure 19. A series of amplification events is 

observed, each event unambiguously related to the SBS interaction at a single 

correlation peak of known location. A detailed discussion of the output probe 

simulations is brought down in a subsequent chapter. 

 

Figure 19: simulation of the probe wave power at the output of a 20 meter-long fiber, in a hybrid, 

B-OTDA / B-OCDA experiment. A 127 bit long Golomb code with symbol duration of 200 ps was used in 

the repeated phase modulation of both pump and probe. The pump was restricted to a 25 ns-long pulse. 
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Using this technique, Elooz et al. were able to reach 2 cm resolution over a 1.6 

km-long fiber [55], corresponding to 80,000 resolution points. The measurement is 

shown in Figure 20.  

 

Figure 20: Left – measured SBS gain as a function of frequency offset between pump and signal 

and position along the fiber under test. Gain spectra are acquired for 80,000 resolution points. Right – 

zoom-in of the gain spectra in the vicinity of the hot spot[55] 

A long imbalance was used for the spatial scanning of correlation peak 

positions as discussed before. Due to the stimulation of a large number of peaks in a 

single acquisition, only 127N   scans per choice of frequency offset were required 

for mapping the Brillouin gain spectra along the entire fiber. Note that this number of 

scans does not increase with the fiber length. The net time-of-flight necessary to 

complete the experiment is given by 

(2.34) 
2

 AM Averages Phase

g

L
aquisition time T N N N

v


 
      
 

, 

 Where N   is the number of frequency offsets (40 in [55]), and AveragesN  is the 

number of averages taken for each combination of peaks positions and frequency 

offset (512 in [55]). In principle, the experimental duration should be on the order of 

half a minute. However, laboratory experiments take much longer due to the 

communication and switching latencies of standard, multi-purpose equipment such as 

pattern generators, microwave generators and oscilloscopes.  
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2.3.6 Limitations on Hybrid B-OTDA/B-OCDA 

Several limitations on this setup should be mentioned: 

A. Non-local effects: throughout the entire analysis it was assumed that the 

Brillouin frequency shift estimated in a given location is affected by interactions that 

take place at that location only. It is possible, however, that in certain locations along 

the fiber and for specific choices of frequency detunings, the measurement may be 

affected by pump - signal interactions prior to the examined location. An example of 

such an effect is pump depletion. The Pump power may be depleted due to the 

integrated effect of many interaction points along the fiber. If only a relatively small 

number of correlation peaks are stimulated and interrogated, the depletion of the 

pump takes place along a short effective length of fiber: the accumulated length of the 

correlation peaks combined. Yet, depletion can become appreciable in the analysis of 

long fibers. The effect is much reduced for frequency shifts which do not match the 

'nominal' Brillouin frequency of the fiber. As a result, the pump power reaching the 

far end of the fiber when the frequency detuning matches the nominal B  may be 

lower than that of all other traces. The observed Brillouin gain spectrum will be 

distorted by this inconsistent pump power.  

Depletion is made even worse by the accumulated effect of residual, off-peak 

interactions. Referring back to the numerical analysis of Figure 19, a pedestal of 

probe wave amplification is observed between adjacent amplification peaks. This 

pedestal is entirely due to the interaction of the pump wave with parasitic off-peak 

acoustic waves. Its cumulative effect over 126 off-peak positions amounts to 70% of 

the magnitude of the intended amplification events. The effective length over which 

the pump is being depleted is therefore longer than that of the correlation peaks alone. 

Pump depletion sets an upper bound on the power levels that may be used for both 
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pump and probe, and therefore restricts the measurement SNR. To-date, the only 

solution path available for improving SNR involves increasing the number of 

averages, at the expense of experimental duration.  

B. Self-phase modulation (SPM). The refractive index of the fiber is 

modified by the intensity of the pump through the Kerr effect. These changes manifest 

as changes in the optical phase, which accumulate with propagation: 

(2.35)    SPM p efft P t L     

Here   denotes the nonlinear index coefficient, which equals 1.3 [Wm]
-1

 in 

standard single mode fibers.  PP t  denotes the time dependent pump power in W, 

and the effective length effL  approximately equals the physical length for short fibers 

on the scale of few km. It approaches an asymptotic value of 1   for long lengths of 

fiber, tens of km or more. Since the hybrid B-OTDA / B-OCDA relies heavily on 

phase relations, it is susceptible to distortion due to SPM at exceedingly high pump 

power levels and/or over long fibers. Distortions to the instantaneous phase may 

degrade the correlation peaks and increase the off-correlation sidelobes. 

Unlike Brillouin pump depletion, which is suppressed (even if not perfectly) 

outside the correlation peaks, SPM accumulates over the entire effective length of the 

fiber under test. Assuming arbitrarily that a maximum tolerable SPM is on the order 

of 1 radian, we may obtain an upper bound on the pump power level due to the Kerr 

effect: 

(2.36) 
1

 pP
L
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Here it has been implied that the fiber is short, so that the effective and 

physical lengths are the same.  

We may now compare the pump power limitations imposed by SPM with 

those due to pump depletion. Assuming for the moment that depletion occurs only at 

the correlation peaks along the fiber, the exponential attenuation coefficient of the 

pump wave may be expressed as: 

(2.37) 0 0SBS P total P PhaseG P g z N P g L N       . 

Here total

phase

L
N

N z



 denotes the number of resolution points that are 

introduced by a single pulse along the fiber. Much like in the discussion of SPM, here 

too we may define an arbitrary criterion for the limit of the undepleted pump regime 

in 1SBSG  , leading to: 
0

 Phase
p

N
P

g L
 . The limitation imposed by pump depletion 

remains the more severe of the two, so long as: 0 75PhaseN g   .  

More careful considerations suggest that pump depletion would remain the 

dominant factor limiting the pump power even when using longer codes, due to the 

parasitic off-peak interactions discussed earlier. In the simulation results of Figure 19, 

for instance, the accumulated probe amplification due to all 126 off-peak interactions 

is 2.5 times stronger than the intended amplification event at the correlation peak 

itself. Experiments suggest an even larger ratio of 1:4. This observation suggests that 

the accumulated off-peak interactions are analogous to SBS over a section of fiber 

that is four times wider than the correlation peak itself. Therefore, depletion is about 

five times worse than estimated above, and we can expect pump depletion to 

dominate over SPM even when the length of the periodic phase code is about 350 bits.  
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C. Spontaneous Brillouin scattering: Spontaneous Brillouin scattering 

occurs due to the scattering of incident pump from very weak acoustic waves at the 

Brillouin frequency, which exist in the medium due to thermal reasons. Spontaneous 

scattering could provide the initial seed for a stimulated interaction, leading 

eventually to dramatic scattering of the pump wave into an intended probe wave, in 

what is known as amplified spontaneous emission. A common method to mitigate the 

effects of spontaneous Brillouin scattering in optical communication systems is the 

phase modulation of the signal [4], in order to spread its power spectrum beyond the 

30 MHz-wide Brillouin linewidth. Broadband phase modulation at 5 Gbit/s is inherent 

to the B-OCDA measurement scheme, elevating the spontaneous Brillouin scattering 

threshold by a factor of over 100. Therefore, this mechanism is expected to be 

negligible. 

At this point we may provide quantitative estimates for the power restrictions, 

and the implied SNR limitations, of the hybrid B-OTDA / B-OCDA protocol. For a 

fiber under test that is 1 km long, the power of pump pulses is restricted to 250 mW 

according to the following relation (see above considerations):  

(2.38) 
0

0

4 5
(1 ( 1))

Phase Phase
Pump peak

Phase

Phase

N N
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g L
g L N
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The pump power levels in the analysis of a 1.6 km-long fiber, reported in [55], 

violated this condition, possibly leading to diminished gain towards the end of the 

fiber and to non-local effects. In the following discussion of SNR levels, our 'signal' is 

the difference (in photo-current) between the detection of an amplified output probe 

and the detection of the probe power probeP  in the absence of SBS: 
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0probe Pump peakS P R z g P      . Here R  ~ 1 [A/W] denotes the responsivity of the 

photo-detector, and weak amplification was assumed.   

An upper bound on the expected system SNR may be obtained subject to the 

assumption that the dominant noise mechanism in the detection of the output probe is 

the fundamental shot-noise limit. Shot noise typically exceeds the additive noise of 

the photo-detector for probeP  of tens of µW or higher. While the noise level in all 

practical systems would be higher than the shot-noise limit, due to source intensity 

noise, amplified spontaneous emission of optical amplifiers in the probe wave path 

and additive detector noise, the study of a shot-noise limited system nevertheless 

provides a useful estimate. The SNR, defined as the ratio between S  and the standard 

deviation of the photo-current due to shot noise, is given by:    

(2.39)
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Here the measurement bandwidth f  is on the order of 200 MHz. Substituting 

the pump power limitation due to depletion considerations into (2.39) gives the 

following expression for the SNR: 

(2.40)
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Note that the SNR degrades with the number of resolution points that are 

interrogated in each trace, and improves with the square root of the probe power. In 

previous hybrid B-OTDA / B-OCDA setups, the number of points examined in a 
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single trace was on the order of 500. probeP , in turn, is restricted by the saturation of 

the photo-detector, to the order of 0.1 mW. An upper bound for the SNR of a single 

acquisition trace is on the order of 0.5. 

In [56] an analytical expression was derived for the uncertainty in the 

estimates of the Brillouin frequency shift, as a function of various experimental 

parameters: 

(2.41) 
1 3

4 2

B

SNR
 




   

Here,   is the frequency sampling step. For typical scans in 1 MHz 

increments, the above SNR estimate corresponds to an uncertainty in the estimate of 

the local Brillouin shift of ±10 MHz. This error is unacceptable. Thus far, the only 

avenue towards higher SNR, and lower experimental errors, has been the averaging of 

data over a large number averagesN  of repeating, identical acquisitions. Since noise in 

different acquisitions is statistically independent, the SNR improves with the square 

root of averagesN . The above analysis suggests that at least 100 averages are necessary 

to reduce the experimental error towards 1 MHz. These restrictions stem from the 

limitation imposed on the peak power of the pump and not the average power. 

Another important conclusion can be drawn from the above analysis: an 

increase of the fiber length by a factor M , without changing resolution, would 

require 2M  as many averages to retain a desired SNR (and a desired Brillouin 

frequency accuracy). Since the time-of-flight of each measurement is also increased 

by a factor of M  (equation (2.34)), the overall acquisition time of the entire 

experiment would become 3M  times longer.  
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2.4 Research Objectives 

As discussed at length in the previous section, the combination of pulsed pump 

as in B-OTDA and phase-coded B-OCDA allows for the simultaneous interrogation 

of thousands of high-correlation points, and restricts noise due to off-peak interactions 

to few meters of fiber, regardless of the measurement range. Compared with B-

OTDA, for instance, the method also restricts pump depletion to a fraction of the 

physical fiber length (typically few percent). Hybrid B-OTDA / B-OCDA supported 

the interrogation of 80,000 data points, one of the largest data sets among all Brillouin 

sensor experiments, of any resolution. Yet, we have also shown that given a fixed 

resolution, the necessary acquisition duration scales as the third power of the 

measurement range. This scaling law is not particularly forgiving: it puts the 

interrogation of 10 km of fiber with cm-scale resolution out of reach for setups using 

general-purpose laboratory instruments.  

The primary objective of my research, therefore, has been the extension of the 

analysis paradigm to more elaborate protocols, which only require few time-of-flights 

along the fiber but nevertheless provide an effective averaging over thousands of 

pulses. The solution path towards this objective relies on the coding of the Brillouin 

pump wave by carefully designed amplitude sequences, on top of the high-rate phase 

code of B-OCDA, and their post-detection processing using proper sequence 

compression algorithms. The principle is explained in detail in the following section.  

A secondary research objective was the application of high-resolution 

Brillouin analysis to the study of beams made of advanced composite materials, and 

to the monitoring of asphalt roads.  
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3 Solution path - incoherent compression 
of aperiodic pump sequences 

3.1 Introduction 

As stated earlier, the combined B-OTDA/B-OCDA setup faces several 

challenges. As in all high resolution Brillouin sensing protocols, here too gain over 

short segments is extremely low, of the order of 0.1% for 1 W of pump power. As a 

result many averages are needed to improve the measurement SNR. The time between 

repetitions of the experiment must be greater than twice the time of flight through the 

fiber. Given AveragesN  repetitions, the net acquisition time required for a single location 

of correlation peaks and a single frequency offset is 

(2 ) 2Averages g AM Averages gN L v T N L v   , where the duration of the amplitude bit is 

denoted by AMT . The technique proposed in this chapter addresses the acquisition 

duration bottleneck.  

In B-OTDA, a continuum of locations is examined by temporal analysis. In 

the original B-OCDA concept, (using frequency or phase modulation), there is only 

one location in the fiber being measured at any given time. In the Hybrid technique, 

time gating is used to differentiate between the many correlation peaks. In the 

following, rather than wait for a given pump pulse to clear the fiber before the next 

one is launched, the thousands of correlation peaks are examined by a large number of 

closely spaced pulses, leading to complete temporal overlap between the contributions 

of the different locations. The main challenge raised by this approach is the proper 

separation between these individual contributions.    
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3.2 The Radar Analogy 

Several parallels can be drawn between distributed Brillouin sensors and radar 

systems. Both are required to identify and locate irregular patterns in noisy 

background and at low SNRs. Both are evaluated based on range, resolution, 

sensitivity and acquisition durations, and both may have to resolve multiple events. 

The analogy is of course incomplete: Brillouin 'targets' are induced by the 

measurement procedure itself, and fiber sensors are strictly one-dimensional and do 

not include the equivalent of angular scanning. Nevertheless, many lessons learned by 

the radar community may be carried over to distributed fiber sensors. 

The combined B-OTDA / B-OCDA setup may be regarded as the SBS 

equivalent of a time-of-flight (ToF) range-finder measuring a large set of discrete 

targets. Care must be taken in making this comparison as well, as resolution in the B-

OCDA case is governed by the modulation rate of the underlying periodic phase code 

rather than by the amplitude pulse duration (as opposed to the radar case). Yet, both 

systems are able to separate multiple discrete events directly in the time domain. 

Much like in ToF setups, the amplitude of a single pulse in B-OCDA is restricted (due 

to depletion considerations), leaving the averaging over multiple pulses as the sole 

avenue towards SNR enhancement.  

As an alternative to isolated, intense pulses, many radar systems spread the 

transmission energy over an extended sequence of pulses, followed by the 

compression of collected echoes by a matched-filtering process [51]: the aperiodic 

correlation of the received sequence with a replica of itself. The measurement retains 

the high resolution and high SNR of a single, intense pulse, while alleviating the need 

for transmitting high instantaneous peak power levels. Matched-filtering collapses the 
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entire energy of a sequence to a narrow virtual impulse, whose magnitude represents 

the strength of the radar reflection event [51]. Most codes, however, may exhibit 

nonzero sidelobes of their aperiodic correlation which do not represent real targets. 

Correlation sidelobes are typically weak. Nevertheless the sidelobes induced in the 

processing of a large number of sequence echoes might add up and interfere with the 

analysis of true events. The primary metric describing the quality of sequence 

compression is therefore its peak-to-sidelobe ratio (PSLR), defined as the ratio 

between the magnitude of the main aperiodic correlation peak and that of the highest 

sidelobe. PSLRs of carefully-constructed sequences often scale with their lengths. 

3.3 Principle of operation 

The implementation of sequence coding in optical setups faces a fundamental 

difficulty. While most high-PSLR sequences involve the transmission and detection 

of phase information [51], many optical systems are based on direct detection of 

intensity only. Phase-coded B-OCDA is no exception, as the monitored quantity is the 

power of the signal wave. Only few SBS sensors to-date have involved the coherent 

measurement of phase [57]. Fortunately, protocols for the efficient compression of 

incoherently-detected, aperiodic amplitude codes were developed [58], and will be 

brought down in the next section. Incoherent compression relies on the transmission 

of a carefully-constructed binary amplitude sequence, and its aperiodic cross-

correlation with a complex-valued reference code that is stored at the receiver [59]. 

The procedures for deriving the amplitude sequences from known phase codes are 

detailed in [59] [60] and will be brought down in the next subsection. This principle 

was successfully employed in laser range-finder experiments [59] [60], and in image 

resolution enhancement [61].  
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3.3.1 Incoherent pulse compression  

In this subsection, the protocol for incoherent pulse compression of amplitude 

sequences is introduced [58], [62]. In most cases, effective sequence compression 

requires the use of phase codes. In 2006, however, Levanon had proposed a novel 

coding scheme for the effective compression of incoherently detected, unipolar pulse 

sequences [58]. The unipolar sequences are derived from low-sidelobe, bipolar codes 

through a pulse-position modulation algorithm. As opposed to coherent compression 

of phase codes, incoherent compression relies on direct detection of amplitude only 

while retaining much of the low-sidelobe attributes of the original phase codes.  

Consider a bipolar code of length N : mD , where 1m N . A unipolar code 

of length 2N  is generated based on mD  through pulse position modulation: if 

1mD  , then 2 1 1md    and 2 0md  . For 1mD   , 2 1 0md    and 2 1md   are chosen 

instead. The code kd , 1 2k N , is used in the amplitude modulation of the pump 

wave in our case. A bipolar matched filtering sequence kr  of length 2N  is 

constructed in a similar manner: kr  is set to 1 if 1kd   and equals -1 if 0kd  . The 

code kr  is digitally stored for post-detection processing. The transmission or 

measurement of phase information in the optical setup is not required.  

As an example, the construction of the kd  and kr  codes corresponding to the 

Barker 13 bipolar sequence is illustrated in Figure 21(left). The aperiodic cross-

correlation between these two codes is shown in Figure 21(right), alongside the 

aperiodic auto-correlation of the original bipolar Barker 13 sequence. With the 

exception of the two sidelobes immediately adjacent to the main correlation peak, the 

cross-correlation replicates the sidelobe suppression of the original bipolar code. 
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Figure 21: (left) - Transmitted code d (top) and matched filtering code r (bottom), corresponding 

to the Barker 13 code: [1 1 1 1 1 -1 -1 1 1 -1 1 -1 1]. (right) - Top – aperiodic auto-correlation of the Barker 

13 bipolar code. The correlation peak is 13, whereas the maximal sidelobe equals unity. Bottom – aperiodic 

cross-correlation between the transmitted code d and matched filtering code r corresponding to the Barker 

13 bipolar code. With the exception of the two time slots in the immediate vicinity of the central peak, the 

suppression of sidelobes reaches that of the original bipolar sequence [34]. 

The two pronounced negative sidelobes require that the period of the 

reoccurring echos is at least twice as long as the duration of individual amplitude 

pulses. When this condition is met, the detrimental effect of the negative sidelobes on 

the recovery of adjacent peaks is mitigated. This aspect is further elaborated upon in 

the following section. 

3.3.2 Echoes from multiple targets  

SBS interactions at many correlation peaks are simultaneously examined 

throughout the fiber under test. The compressed main lobe corresponding to each 

location is in overlap with the sidelobes of all other compressed replicas of the 

amplitude-modulation sequence. Therefore the choice of sequences having 

particularly low sidelobes in their aperiodic auto-correlation is essential. The 

sequence used in several measurements within this work was constructed from a 

1,112 bits-long maximum peak-to-sidelobe ratio (MPSL) bipolar code [58], following 

the pulse position protocol described above. MPSL codes exhibit the highest PSLRs 

among all sequences at a specific length [59]. Figure 22(left) shows the simulated 

cross correlation between the codes kd  and kr  corresponding to the chosen sequence. 

The peak-to-sidelobes ratio of the incoherently compressed sequence is 33 dB. The 
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cross-correlation sidelobes can be further suppressed using a mismatched filtering 

process, in which the sequence kr  is replaced by a code kr  that is three times longer, 

and whose elements are not restricted to 1 . Considerable additional suppression of 

the sidelobes can be obtained, at the cost of a modest degradation in the central 

correlation peak power [51]. Figure 22(right) shows the mismatch-filtered, 

incoherently compressed form of the amplitude sequence. The theoretical suppression 

of sidelobes reaches -52 dB. 

 

Figure 22: Calculated incoherent compression of a 1112 pulses-long unipolar sequence. The code was drawn 

from a 1112 bit-long MPSL sequence through a pulse-position modulation algorithm. Both matched (left) and 

mismatched (right) filters were used in the compression process 

The significance of sidelobe suppression is illustrated in the following 

example. Figure 23(top-left) shows the compressed form of 600 equal-magnitude 

echoes of the unipolar kd  version of the 1112 bit-long MPSL sequence, overlaid 

together. The delay between successive replicas was chosen as twice the duration of 

individual pulses to avoid degradation of adjacent compressed echoes by the 

pronounced negative sidelobes discussed in the previous section. A magnified view in 

the vicinity of the final compressed replica is shown in Figure 23(top-right). The 

aperiodic cross-correlation with a reference sequence properly recovers the 600 

individual events, with good uniformity. However, the compression performance is 

degraded when the number of echoes is increased to 3,000 (Figure 23(bottom-left)): 
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'ghost echoes' appear before the first real event and following the final one, and the 

magnitudes of the identical replicas following compression appear uneven. Figure 

23(bottom-right) shows the simulated compression of 3,000 echoes of a longer, 9,785 

bit-long code, used in the later experiments. The aperiodic cross-correlation between 

the longer sequence and its mismatched filter has perfectly zero sidelobes, (at least 

ideally). The compression of 3,000 replicas of that code shows no magnitude 

variations or ghost events. Note that the simulations do not take into consideration 

possible degradations due to imperfect pulse shapes, additive noise, or residual off-

peak interactions. 

 
 

Figure 23: (top left) Compressed form of 600 replicas of a 2,224 bit-long amplitude 

sequence. Time axis is normalized to the delay between successive replicas, chosen as twice the 

duration of individual pulses. The correlation magnitude axis is normalized to the magnitude of 

individual pulses. (top right) Magnified view of the compressed trace in the vicinity of the final 

event. (bottom left) Compressed form of 3,000 replicas of the same code. Nonzero sidelobes of 

multiple correlation peaks add up and degrade the compressed trace. (bottom right) Compressed 

form of 3,000 echoes of a 9,785 bit-code sequence. The aperiodic cross-correlation between the 

code and its mismatched reference is characterized by sidelobes of exactly zero. The compression 

recovers the 3,000 events without magnitude variations or 'ghost events 
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3.3.3 Incoherent sequence compression in distributed Brillouin sensors 

Let us denote the complex envelopes of the Brillouin pump and signal (probe) 

waves, at their respective points of entry into the fiber, as 1( )A t and 2 ( )A t  

respectively. Just as in B-OTDA/B-OCDA, both complex amplitudes are modulated 

at high rates with a periodic phase code. Suppose next that the pump wave is also 

modulated by an aperiodic sequence of isolated pulses of duration 

/ 2AM Phase PhaseT N T     (the factor 1/ 2  is due to the negative correlation sidelobes 

as above). The magnitudes of the AM pulses all equal 0

1A . With respect to (2.31), 

the complex envelopes of the pump and probe waves could be expressed as: 

(3.1)
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As before, the effective stimulation of the acoustic waves is confined to the 

correlation peaks of the high-rate phase code. The acoustic field at each correlation 

peak is stimulated only when a pump pulse reaches its position. The acoustic field 

decays at the end of each pulse, until the arrival of the next one. The acoustic wave at 

the correlation peaks positions is thus switched on and off, following the pattern of 

pump amplitude modulation, while each stimulation contributes a single amplification 

event to the magnitude of the signal wave. A computer simulation of this imprint is 

shown in Figure 24 (Left) and a zoomed in view is shown in the right-hand panel. 
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Figure 24: (Left) Simulated magnitude of the acoustic wave density fluctuations (in 

normalized units), as a function of position and time along a 20 m-long fiber section. Both pump 

and signal waves are co-modulated by a perfect Golomb phase code that is 499 bits long, with 

symbol duration of 200 ps. The pump wave is further modulated by a 26 bits-long amplitude 

sequence, with a pulse duration of 40 ns. The acoustic field at the correlation peaks of the phase 

codes is turned on and off by the overlaying amplitude modulation of the pump wave. (Right) 

Zoomed-in of the simulated magnitude of the acoustic wave density fluctuations in one 

correlation peak [63] 

 

Figure 25: Application of incoherent sequence compression to phase-coded B-OCDA. The 

amplitude of the pump wave is coded by a long, aperiodic sequence of comparatively long symbol duration, 

whereas the amplitude of the signal is fixed. In addition, both waves are phase-modulated by a high-rate, 

short periodic code (not shown). Phase-coding leads to SBS interactions at discrete, narrow and spatially-

periodic correlation peaks. The passing of the pump wave through each peak imprints a replica of its 

aperiodic amplitude code onto the signal. Overlapping replicas may be separated in post-processing, based 

on the incoherent compression protocol. 
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The SBS interaction at an individual correlation peak position therefore 

effectively imprints a replica of the aperiodic amplitude modulation sequence onto the 

signal wave power [63]. The mechanism is schematically illustrated in Figure 25. 

Since typically L z , a large number of replicas are superimposed on the 

signal wave, delayed by integer multiples of Phase PhaseN T . The magnitude of each 

replica can be traced back to the strength of SBS in a single correlation peak of known 

location, which is determined by the timing of the underlying phase modulation. 

However, the echoes of the code are in temporal overlap, and cannot be distinguished 

directly (see Figure 25). The unambiguous measurement of SBS interactions at 

individual peak locations is analogous to the separation between multiple reflections 

in an incoherent compression-based radar or range-finder (see Figure 23). We 

therefore look to employ long, low-PSLR aperiodic sequences in the modulation of 

the pump wave. Note that the analogue with radar systems is invoked twice in this 

configuration: first in the generation of correlation peaks through periodic phase-

coding, and second in the interrogation of multiple peaks via incoherent compression 

of the aperiodic amplitude sequence. 

3.4 Numerical Simulations 

Simulations were required to verify the applicability of incoherent pulse 

compression principles to high-resolution Brillouin sensors. Although the PSLR 

performance of long amplitude codes is promising (see Figure 23), fundamental 

differences between radars and B-OCDA must be taken into consideration. The 

primary concern is the effect of residual Brillouin interactions taking place outside the 

correlation peaks. As discussed in Chapter 2, while off-peak acoustic waves are weak 

and their expectation values are zero, their instantaneous magnitudes are nevertheless 
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stochastic with nonzero variance [49]. Residual SBS amplification events outside the 

intended peak locations accumulate along the entire fiber and contribute an additional 

noise mechanism, referred to as 'phase coding noise', which is not present in standard 

radars and not included in the simulations leading to Figure 23. This off-correlation 

peak noise was addressed in section 2.3.6 regarding its effect on depletion. Coding 

noise is the main penalty associated with the incoherent compression of pump pulse 

sequences. While it is restricted to few meters of fiber in the single-pulse, hybrid B-

OTDA / B-OCDA protocol, here coding noise is introduced along the entire fiber. 

In attempt to evaluate the prospects of incoherent pulse compression in the 

context of B-OCDA, the three coupled wave equations for the evolution of the pump, 

signal and acoustic waves were integrated numerically, subject to the boundary 

conditions of joint phase and amplitude coding described in equation (3.1), repeated 

here for convenience:  

(3.2)
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Here 0n  denotes an arbitrary starting point of the phase sequence at 0t   (its 

significance will be discussed shortly).  

Let s  denote the trajectory of one of the optical waves in space and time. We 

may write: i i idA A Az t

ds z s t s

  
 
   

, and use this variable to derive a curve ( )z t : 
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(3.3) 
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In a similar manner for the counter-propagating optical wave, we have: 

(3.4) 
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The trajectory variables help formulate the differential equations in terms of a 

single variable. The notations 01 02 01 02, , ,z zt t  represent initial conditions.  

 The three differential equations were numerically solved using Euler's 

integration method: 

(3.5)
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The length of the AM code used in these simulations was either 2,224M  , 

the length of the MPSL code mentioned above, or 9,785M   for an even longer code 

with ideally zero sidelobes following mismatched processing (see Figure 23 for both).  
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Analysis was performed over fiber lengths up to 3 km. The length of the 

simulated fiber was divided in 8 mm-long segments, and the two-way time-of-flight 

of the optical waves along the fiber was divided into time steps of 40 ps [64]. 

Calculations were carried out in a parallel manner, using a NVIDIA graphics card 

consisted of 5,000 processing units. The usage of this system was enabled by a 

programing language developed by NVIDIA, much resembling the known C 

language. Compared with standard personal computer simulations, the duration of 

calculations was reduced by three orders of magnitude. Even so, the calculation of the 

signal wave at the output of a 3 km-long fiber, for a single set of correlation peaks 

positions and for a single value of  , required one hour. The simulation of an entire 

experiment was therefore impractical. Nevertheless, the simulations provide useful 

insight to the accumulated effect of phase coding noise, which we could not obtain 

otherwise. All other potential sources of noise were not included in the analysis.  

Since the Golomb codes used in the phase modulation of the optical waves are 

deterministic, the effective averaging of the phase coding noise requires that the 

starting point 0n  of the Golomb code modulation be varied between successive 

acquisitions. In experiments, arbitrary offsets are automatically generated since the 

instruments used in the modulation of amplitude and phase are not synchronized. In 

order to account for effective averaging of a deterministic phase code in the model as 

well, variations of 0n  were induced in the simulations, considerably adding to the 

duration of calculation.  
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Figure 26: Simulated SBS amplification of 40 correlation peaks of 2 cm-width, along a 200 

m-long fiber. The pump wave was amplitude-modulated by an aperiodic binary sequence of 

2,224 pulses, with symbol duration of 20 ns. Both pump and signal were phase-modulated by a 

periodic 255 bit-long Golomb code, with symbol duration of 200 ps. The output signal wave was 

calculated through the numerical integration of the coupled differential equations for pump, 

signal and acoustic wave. The output trace was averaged over 50 realizations and compressed 

through cross-correlation with a mismatched filter, designed to minimize the sidelobes of the 

aperiodic amplitude code. The Brillouin frequency shift was offset by 30 MHz within a 7 m-long 

segment, at 𝒛 = 175 m. Blue (red) trace corresponds to a difference 𝛀 between the frequencies of 

pump and signal that matches the Brillouin shift outside (within) the modified region. 40 distinct 

and uniform compressed events may be seen in both traces. The two peaks which are in overlap 

with the modified region are less pronounced than all others in the blue trace, and stronger than 

the rest in the red trace, as expected. 

Figure 26 shows the simulated, compressed form of the signal wave at the 

output of a 200 m-long fiber, following averaging over 50 traces. The parameters of 

the simulation were set to 255 , 200 ps,  20 nsPhase Phase AMN T T   . The 2,224 bit-

long code was used in the pump wave amplitude modulation. The Brillouin frequency 

shift in a 7 m-long segment, centered at 175 m distance, was modified by 30 MHz 

from its value in the rest of the fiber. Calculations were made for B   of the 

background fiber (blue) and for B   of the modified region (red). A series of 

compressed impulses is obtained, each representing the SBS amplification in a single 

correlation peak. The two peaks which are in overlap with the modified fiber segment 

show a stronger amplification than that of others when   matches the Brillouin shift 

at that region, as expected. The simulation therefore suggests that incoherent 

compression of the particular code is applicable to phase-coded B-OTDA in 200 m of 

fiber. 
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The simulated, compressed trace of the signal wave at the output of a 3 km-

long fiber is shown in Figure 27(left). The chosen codes and simulation parameters 

were the same as above. Averaging was performed over 95 traces prior to 

compression. The magnified view of the final 200 m of the fiber, including a 7 m-long 

modified segment at 2813 mz  , is shown in Figure 27(right). A series of 600 

amplification events can be observed, separated by 5 mz   as anticipated. However, 

the magnitudes of the compressed amplification events over the uniform fiber appear 

uneven, and 'ghost events' appear outside the simulated fiber length. The results are in 

contrast with those of Figure 23(top left), where the direct compression of a similar 

number of echoes provided an impulse series that was much more uniform. In 

addition, the difference between the two peaks which are in overlap with the modified 

segment and all other events is smaller than in Figure 26. 

 

Figure 27: (Left) Simulated SBS amplification of 600 correlation peaks along a 3 km-long 

fiber, using the same parameters as in Figure 26 and averaged over 95 traces. Uneven magnitudes 

of compressed events, and 'ghost peaks' at 𝒛 < 𝟎 m and 𝒛 > 𝟑, 𝟎𝟎𝟎 m, are apparent. (Right) 

Magnified view of the final 200 m of the fibre of the left panel. The Brillouin frequency shift was 

offset by 30 MHz within a 7 m-long segment, at 𝒛 = 2813 m. The two compressed impulses which 

correspond to peaks within the modified segment are lower than adjacent events. The difference, 

however, is much less pronounced than in the simulation of the shorter fiber in Figure 26. 

The difference between Figure 23 and Figure 27 is due to the detrimental 

effect of phase coding noise. The compression of the 2,224 bit-long amplitude 

sequence might not be efficient enough for the precise measurement of the SBS gain 

spectra in hundreds of resolution points under these conditions. As mentioned, PSLRs 

of carefully-constructed sequences scale with their length, therefore a longer, better 
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code might be necessary. The longer experiment that is presented in chapter 4 of this 

work makes use of the 9,785 bit-long sequence of Figure 23. The numerical 

simulation of B-OCDA with aperiodic amplitude modulation using that sequence is 

extremely involved, and is still under study.  

It is already apparent, however, that the perfect zero sidelobes of the 

mathematical cross-correlation between this code and its reference are degraded in 

realistic Brillouin setups, due to the finite rise and fall times associated with the 

acoustic wave buildup. The compound effect of imperfect pulse shapes and coding 

noise introduces nonzero sidelobes. The problem at-hand represents a rather 

uncommon scenario in which an involved experiment converges more quickly than 

simulation. The evaluation of high-resolution Brillouin analysis using this powerful 

sequence is left for experiments, which are discussed next. 
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4 Experiment: long-reach, high-resolution 

4.1 Setup 

The experimental setup used in the demonstration of the dual-layer encoding, 

hybrid B-OTDA/B-OCDA technique is shown schematically in Figure 28. Both the 

pump and signal waves were drawn from a single laser diode at 1550 nm wavelength. 

An electro-optic (EO) phase modulator at the laser output was driven by an arbitrary 

waveform generator (AWG), programmed to repeatedly generate the perfect Golomb 

phase code with symbol duration of 200 ps. The symbol duration corresponds to a 

spatial resolution of 2 cm, as shown in section 2.3.3. 

 

Figure 28: Schematic illustration of the experimental setup used in long-reach, high-

resolution Brillouin analysis. AWG: arbitrary waveform generator. EDFA: erbium-doped fiber 

amplifier. 
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The modulated light was split into pump and signal branches. Light in the 

pump branch passed through an amplitude EO modulator, driven by a radio frequency 

(RF) sine wave of frequency B  , in suppressed-carrier format. In some 

experiments a single-sideband modulator was employed. In others a double-sideband 

modulator was used, in which cases the upper modulation sideband was retained 

using a narrowband optical bandpass filter. Pump light was then amplitude-modulated 

again by the output waveform of a second AWG, programmed to generate the AM 

code for each experiment. The pump wave was then amplified by an erbium-doped 

fiber amplifier (EDFA).  

The SBS interaction is polarization dependent [65]. The state of polarization 

of pump and signal vary arbitrarily as they propagate due to the low random 

birefringence of standard fibers. If the two are orthogonal in a particular correlation 

peak location, the SBS interaction vanishes entirely. To bypass this problem, a 

polarization scrambler was used in most experiments. The scrambler randomly 

changes the state of polarization at its output, and covers the entire Poincare sphere in 

about a micro second. With proper averaging of the output signal over a sufficiently 

large number of traces, use of the scrambler guarantees that the strength of the SBS 

interaction in all peak locations should converge to half its maximum value, and that 

no data is lost to polarization fading. However, the scrambler leads to a severe penalty 

in terms of experimental duration. In few of the experiments, a polarization switch 

was used instead [66] [67] [68]. The switch is toggled between two orthogonal states 

of polarizations. The sum of the two obtained traces is invariant to polarization 

transformations along the fiber [67, 68]. 
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Light in the signal branch was delayed by several km of fiber, in order to 

create the necessary imbalance for scanning the positions of the phase-coded 

correlation peaks as described in section 2.3.3. The signal and pump waves were 

launched into opposite ends of a fiber under test. The output signal wave was detected 

by a 200 MHz-wide photo-detector and sampled by a digitizing oscilloscope. Each 

trace was averaged over several repeating measurements. The resulting waveform was 

compressed using a mismatched filter, following the incoherent compression protocol 

discussed in section 3.3.1 and 3.3.3, using off-line processing. The procedure was 

repeated for a designated value of frequency offsets and for PhaseN  positions of the 

narrow correlation peaks. The entire procedure was controlled by a MATLAB script 

to minimize time lags. Once calibrated the system was fully automated. On one 

occasion it successfully and continuously acquired data over 60 hours, without the 

presence or intervention of lab personnel. 

4.2 Experimental analysis of a 2.2 km-long fiber with 2 cm 

resolution 

The setup parameters for the high-resolution Brillouin analysis of a 2.2 km-

long fiber under test were as follows: The amplitude code used was based on the 

1,112 MPSL sequence discussed in the previous chapter. Following Manchester 

encoding, its length was doubled to 2,224 bits. The analysis of a single trace obtained 

with this code is analogous to the averaging of 1,112 single-pulse acquisitions, from 

the standpoint of shot-noise and additive detector noise suppression. The symbol 

duration of the amplitude modulation was 40 ns. A 499 bit long Golomb code with a 

bit duration of 200 ps was used in the phase modulation of pump and signal. Since the 

100 ns-long period of this codes greatly exceeds the acoustic lifetime, most of the bits 

are "forgotten" by the exponential weighing window of acoustic stimulation. The 
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effectiveness of the Golomb code is therefore compromised. The phase code bit 

duration corresponds to a 2 cm spatial resolution, and to a total of 110,000 resolution 

points along the fiber under test. 

Light in the signal branch was delayed in a 25 km-long fiber delay line. A 5 

cm-long hot spot towards the output end of the pump wave was heated to 55 C. Each 

trace was averaged over 128 repetitions. The obtained waveform was compressed 

using a mismatched filter, following the incoherent compression protocol discussed 

earlier, and using off-line processing. The procedure was repeated for 20 values of 

frequency offsets  , and for 499 positions of the narrow correlation peaks. The net 

time of flight necessary for the entire experiment was under 150 s.  

Figure 29 presents a small fraction of two compressed traces, taken for the 

same positions of the correlation peaks. Only four peaks out of over 200 are shown 

for clarity, the final of which is in overlap with the hot spot. The magnitude of each 

gain event in the traces represents the extent of SBS amplification at a single 

correlation point of known location. The blue trace was obtained for   = 10.845 GHz   

which equals B  of the fiber under test at room temperature, whereas the red trace 

was acquired at the Brillouin shift at the temperature of the hot spot:   = 10.88 GHz. 

The observed gain at the location of the hot spot is stronger for an offset of 10.88 GHz 

than for 10.845 GHz. The opposite is true for the other locations.   
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Figure 29: Examples of experimentally obtained, incoherently compressed traces of the output 

signal wave, taken at the same location of the phase-code correlation peaks. Only four peaks out of over 200 

are shown for clarity. The final peak is in overlap with the hot spot. The blue (red) trace was taken at a 

frequency offset between pump and signal of 10.845 GHz (10.88 GHz), which corresponds to the Brillouin 

shift at room temperature (temperature of the hot spot). [63] 

Figure 30(left) shows the Brillouin gain map as a function of position and  . 

The map combines the data of 499 spatial positions of the correlation peaks, covering 

all 110,000 resolution points along the fiber. The SBS gain spectra at room 

temperature are centered at   = 10.845 GHz and characterized by a full width at half 

maximum of approximately 30 MHz, in agreement with expectations. The standard 

deviation in the reconstructed ( )B z  is about ±2 MHz. This experimental error was 

estimated based on the standard deviation of the local difference between the 

reconstructed Brillouin shift values in neighboring points:    B Bz z z   . It has 

been assumed that any variations in ( )B z  over such short length scales, (other than at 

the hot spot), do not represent 'true' changes in conditions and are entirely due to 

analysis noise. Larger changes in the Brillouin shift, over longer scales, represent 

physically meaningful changes in the strain of the fiber as it is wound around a drum. 

Figure 30(right) shows a magnification of the SBS gain map in the vicinity of the hot 

spot. The region of lower Brillouin frequency shift around 2183.95 m corresponds to 

the position of a fusion splice. 
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Figure 30: Measured Brillouin gain map (relative units), as a function of frequency offset between 

pump and signal, and of the position of correlation peaks along a 2200 m-long fiber under test. A 5 cm-long 

hot spot was located towards the output end of the fiber. The map was reconstructed using 499 scans per 

frequency offset. The complete map is shown in the left-hand panel, and a zoom-in on the hot spot region is 

shown in the right-hand panel. 

The reconstructed Brillouin shift as a function of position is shown in Figure 

31(left). A magnified view of the region including the hot spot is shown in Figure 

31(right). The hot spot and splice are clearly recognized.  

 

Figure 31: (left) Brillouin frequency shift (relative to 10.845 GHz) as a function of position, as 

extracted from the experimental Brillouin gain map of Figure 30 above. (right) Zoom-in on the hot spot 

region towards the output end of the fiber. 

 

4.3 Experimental analysis of a 8.8 km-long fiber with 2 cm 

resolution 

Attempts to extend the measurement range beyond 2 km, using the 2,224 bit-

long amplitude code, were only partially successful. Over a 4 km-long fiber under 

test, we could recover the local Brillouin shift in 99.5% of the 200,000 resolution 

points [69], but not in all. When the fiber length was extended to 6 km, several 
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thousands out of 300,000 resolution points were lost. In that experiment, the 

simultaneous interrogation of 600 resolution points was attempted. Although the 

analysis still recovered the Brillouin frequency in the vast majority of locations, 

clearly the setup had reached its limitations. In contrast to perfect conditions, in which 

simulations suggest that the specific MPSL sequence may correctly separate between 

600 echoes, the experimental performance with the same number of simultaneous 

points was showing the effects of coding noise and imperfect pulse shapes.  

Therefore, the experimental setup was modified in attempt to analyze an 8.8 

km-long fiber with the same resolution of 2 cm. The amplitude code used was 

replaced by a 9,785 bit-long sequence. The processing of a single trace of this code 

represented 3050 averages over single-pulse acquisitions. The amplitude code symbol 

duration was 20 ns. A 211 bit-long Golomb code with a bit duration of 200 ps was 

used in the phase modulation. As before, the phase code bit duration corresponds to a 

spatial resolution of 2 cm, and therefore to a total of 440,000 resolution points along 

the fiber under test. The longer fiber and shorter Golomb code led to the simultaneous 

generation and interrogation of over 2,100 resolution points, and to the collection of 

over 2,100 overlapping sequence echoes, in each acquisition trace. The experiment 

tested whether the favorable correlation properties of the specific amplitude code 

would allow for the proper measurement of that many points, in the noisy conditions 

of a realistic setup.  

The pump power level was set to an average of 150 mW by an EDFA. This is 

well in range of the limitation imposed by Equation (2.38). The delay line used in the 

scanning of correlation peak positions had to be extended to 60 km. Even so, the same 

change in phase coding symbol duration which moved the correlation peaks by 2 cm 

at the near end of the fiber under test, introduced positioning steps of 2.6 cm at the far 
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end. Therefore, segments of about 6 mm length remained uncovered. Here too a 

polarization scrambler was used to avoid polarization-related fading. Each raw trace 

of the output probe was averaged over 256 repetitions, and compressed through cross-

correlation with a carefully constructed reference via offline digital processing. In 

each positioning step, the output signal was recorded for 34 frequency offsets  , in 

step increments of 3 MHz.  

The overall duration of the experiment was several hours. The primary 

contribution to the large latencies of the setup was the switching of the pump EDFA 

on and off. Whenever the modulation frequency of the AWG, which generated the 

phase codes, is modified to scan the correlation peak positions, the instrument goes 

through a temporary phase in which no modulation takes place at all. Without 

modulation, the fiber under test is subjected to a continuous pump wave of 150 mW 

power, with no spectral broadening. This intense pump would give rise to extreme 

amplification of the incident probe, which in turn is likely to burn the photo-detector.  

Therefore, the EDFA of the pump channel was switched on and off prior to every 

scan of correlation peak positions. The EDFA requires a long time to stabilize. The 

problem can be easily avoided with the incorporation of a simple optical switch, 

which was unavailable to us. The net ToF of the experiment would amount to ten 

minutes [64]. 

Figure 32(left) shows a map of the Brillouin gain as a function of  and z . The 

interrogation of all 440,000 resolution points is presented. Figure 32(right) shows a 

magnified view of the gain map in the vicinity of a 7 cm-long hot-spot, located 

towards the output end of the pump wave. The hot-spot is recognized in the 

measurements. The experimental uncertainty in of the Brillouin frequency 

measurement, estimated again by the standard deviation of the local difference values, 
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was found to be ±3.5 MHz. To the best of my knowledge, these results represent the 

largest data set of resolution points actually interrogated within a single experiment, 

in any Brillouin analysis protocol of any resolution, high or low. 

 

Figure 32: Left – Measured Brillouin gain of the output signal wave (in arbitrary units), 

as a function of correlation peak position, and of the frequency difference between pump and 

signal waves. 440,000 resolution points are effectively interrogated. Right – Magnified view of the 

gain map in the vicinity of a 7 cm-long hot spot, located towards the output end of the pump 

wave [64]. 
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5 Applications and Implementation in 
Composite Beams 

5.1 Introduction 

Composite materials consist of strength members that are embedded in a 

polymer matrix. Compared with traditional materials, composites may be stronger, 

lighter or less expensive. Many critical structures in the civil engineering, 

transportation, automotive, aerospace and medical industries are made of composite 

materials. The potentially catastrophic consequences of failure in such structures call 

for their careful production monitoring and quality control.  

In most cases, static and dynamic structural analysis of composite material 

parts relies on point sensors, such as strain gauges, accelerometers or FBGs. In a 

series of works by the Tur group and collaborators, FBGs were used in the monitoring 

of curing processes of composite patch repairs [70] and in measurement of Lamb 

waves in composite plates [71]. Distributed Brillouin sensing was introduced to 

monitoring in aircrafts in 2001 [72], and the analysis of full-scale composite 

structures with 1 m resolution was reported in 2003 [73]. Minardo et al. recently used 

dynamic Brillouin sensing in vibration modal analysis of a composite structure, with a 

spatial resolution of 20 cm [74].  

In this chapter the implementation of the previously described high-resolution 

Brillouin analysis technique to the study of composite material beams is described. 

Over the past year our research group in collaboration with XENOM Ltd., a 

manufacturer of advanced composite materials parts, have been utilizing the 

measurement protocol to the analysis of parts produced using their technologies. 

Preliminary experiments compared the strain reading of the Brillouin setup against 
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those of a commercial Rayleigh scattering-based sensor instrument. Good agreement 

was found. Two main experiments are described below: the monitoring of a 

composite beam during its production, and measurements of the stiffness and Young's 

modulus of beams using static loading.  

5.1.1  Experimental setup and procedures 

Standard single-mode sensing fibers were embedded during fabrication of the 

beams. The experimental phase-coded B-OCDA setup used in the monitoring of a 

composite material beam during its production is much like the one shown in Figure 

33. It is shown again below for convenience. Unlike the interrogation of km-scale 

fibers reported in the previous chapter, here a single pump pulse was used without 

amplitude coding.  

 

Figure 33: Illustration of the hybrid B-OTDA / B-OCDA setup used in the distributed Brillouin 

sensing analysis of fibers embedded within composite materials beams. 

 This setup was practically the same for both experiments described in this 

chapter, with a minor change in the mitigation of polarization-induced fading: one 
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experiment used a polarization scrambler, whereas polarization switching was 

employed in the other. The spatial resolution and number of averages were also 

modified in certain experiments (full detail is provided alongside the results below). 

 Light from a distributed-feedback, semiconductor laser diode at 1550 nm 

wavelength was used as the common source of both pump and signal waves. The 

output of the source passed through an electro-optic phase modulator, driven by the 

output voltage of an AWG. The AWG was programmed to repeatedly generate a N  

63 bits-long phase code with bit duration T of approximately 400 ps, corresponding to 

a spatial resolution of 4 cm. 

The phase-modulated light was split into pump and signal branches. The 

optical frequency of light in the pump branch was raised by an adjustable offset  , 

using a single-sideband electro-optic modulator driven by a microwave generator. The 

amplitude of the pump wave was modulated by 25 ns-long pulses, through a third 

electro-optic modulator. Pump pulses were then amplified in an EDFA to an average 

optical power of 200 mW, and launched into one end of the fiber under test. Light in 

the signal branch passed through a 2.25 km-long fiber delay line, and a either a 

polarization switch or a polarization scrambler [67, 68]. The signal wave was then 

launched into the opposite end of the fiber under test. A fiber-optic circulator directed 

the output signal wave to a 200 MHz-wide photo-detector. The photo-current at the 

detector output was sampled by a real-time digitizing oscilloscope for offline analysis. 

The position of correlation peaks was scanned along the fiber under test, 

embedded within the beam, using the path imbalance principle described in earlier 

chapters. In each position step, the output signal was recorded for several tens of 
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frequency offsets  , in 2 MHz increments, and B  at each location was identified. 

Following PhaseN  position steps the acquisition of data was completed. 

5.2 Monitoring of a composite beam during production 

In this experiment a standard single-mode optical fiber with standard dual-

layer acrylate coating of 250 µm diameter was embedded within a composite beam 

during its production. The composite beam consisted of multiple structural layers of 

glass fibers, bonded together by epoxy resin. The length, width and height of the 

beam were 1,000 mm, 100 mm and 3 mm, respectively. The sensing fiber was placed 

underneath the upper-most layer of structural fibers. A picture of the beam during its 

production within the fiber-optic sensing research laboratory is seen in Figure 34.  

 

Figure 34: Picture of a composite beam of glass fiber sheets and epoxy resin, during its production 

within our group's research laboratory. Optical fibers were embedded within the beam and used for 

continuous monitoring during and following production. 
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Monitoring cycles were performed repeatedly every 20 minutes, starting from 

the initial placement of the sensing fiber, for over 30 hours. The photo-detector output 

for each   was averaged over 512 repetitions of the measurement. Figure 35 shows a 

map of the experimentally obtained values of the Brillouin frequency shift, as a 

function of the position of the correlation peak and time (in hours) since the initial 

placement of the sensing fiber. The values of ( )B z  are reported in terms of 

variations (in MHz) from a reference value, taken outside the beam. An initial 

increase in Brillouin frequency, lasting for several hours, is seen in Figure 35. It 

represents the heating of the sensing fiber surroundings by 20-25 C during the 

exothermal curing of the epoxy resin. The beam reached thermal equilibrium with the 

laboratory environment after about 20 hours. Following complete curing, a residual 

compressive strain of approximately 200 µ was observed in the sensing fiber. The 

results also illustrate the robustness of the measurement setup: monitoring was 

successfully completed with no personnel present, and without any calibration or 

adjustments through the entire experimental duration. The experimental uncertainty in 

the extraction of ( )B z  was ±1 MHz, estimated as above based on the standard 

deviation in local variations. 
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Figure 35: Measured changes in the Brillouin frequency shift (in MHz), as a function of position 

within a 1 m-long composite beam, monitored continuously over 30 hours following its production. 

Measurements were performed with 4 cm resolution, and 20 µ sensitivity [66]. 

5.3 Three-point-bending experiments 

A different, 2 m-long beam with implanted sensing fibers was produced for 

subsequent testing in a three-point bending setup. A picture of the setup is provided in 

Figure 36. It shows the beam simply supported by two cylindrical rollers, bridging a 

gap of L  = 1.8 m. A sketch of the setup is provided in the figure as well (bottom 

right), wherein 0 x L   denotes a position variable, and ( )w x  denotes the beam 

deflection at any position due to a force of magnitude P  applied at the center span 

/ 2x L . Mechanical indicators were placed under the beam, providing an 

independent measurement of the resulting deflections for six discrete x  values. The 

beam had a rectangular cross-section, with B  = 120 mm (width) and H  = 20 mm 

(height). The fiber under test was located underneath the outermost structural layer, 

along the entire length, and at a vertical offset distance from the centroid of 

9.5z mm  (see top right of this figure): 
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Figure 36: Left - Three-point bending setup, equipped with deflection indicators. Right (top) - 

Beam cross-section with position of sensing fiber. Right (bottom) – sketch of bending experiment with 

definition of coordinate system [66]. 

As the beam is loaded and bent, its upper part is compressed and its lower part 

is extended. The larger the offset of the sensing fiber from the neutral axis, the higher 

the strain it would experience. We therefore placed the sensing fiber as close as 

possible to the outer surface of the beam. According to the Euler-Bernoulli theory 

[75], the beam deflection for the specific setup is given by: 

(5.1) 

3 3

2 3( ) 3 4 8 8
48 2 2

P L L
w x L x x x x

EI

  
       

   

 

In (5.1) E  is the material’s Young’s modulus and 

3
8 4( )

8 10
12

BH
I m    is 

the cross-sectional moment of inertia. The strain along the beam ( )x x , which is 

derived by differentiating ( )w x  twice with respect to x , varies according to the 

expression: 

(5.2) ( )
2 2 2 2 2

x

z P P L P L
x x x x
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The strain was measured using the hybrid B-OTDA / B-OCDA setup. Figure 

37(left) shows the measured strain profile due to 68.6P N  (rectangular markers). 

The solid line shows a calculation of equation (5.2), with the bending stiffness term 
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EI  fitted using the least-squared errors method. The analysis results in an estimated 

stiffness of EI  = 2590 Nm
2
, or a Young’s modulus of E  = 32.4 GPa. The calibrated 

bending stiffness was then reused in equation (5.1) for projecting the beam’s 

deflection curve. Figure 37(right) shows the outcome of this calculation (sold line), 

alongside the six independently measured deflections (circular markers). Very good 

agreement was achieved, validating the B-OCDA strain measurements. 

 

Figure 37: Left - Distributed fiber-optic strain measurements (square markers) and computed 

strain with Eq. (5.2) after bending stiffness calibration (solid line). Right - beam deflection measurements 

(circular markers), and projected Eq. (5.1) deflections based on calibrated bending stiffness. 

The experiments demonstrate the added value of high-resolution Brillouin 

analysis in composite materials research, and in the development, quality control and 

maintenance of advanced composite materials products. The technique holds promise 

for structural health monitoring applications, as well as material science research and 

development in a wide variety of engineering disciplines. It should be noted that we 

proportionality constant relating variations in the Brillouin shift with strain was not 

calibrated in our experiments, but taken from the literature. 
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6 Summary and discussion 

6.1 Summary 

In this work, high-resolution, distributed Brillouin sensing setups were studied 

and employed. The main effort was dedicated to extend the range of and the number 

of resolution points in hybrid B-OTDA / B-OCDA protocols. Performance was 

improved using a hierarchal dual-layer coding of both phase and amplitude. The high-

rate, periodic phase coding of pump and signal confines the SBS interaction to narrow 

correlation peaks, and the super-imposed amplitude coding of the pump leads to a 

simultaneous interrogation of multiple peaks with higher SNR.  

The proposed technique allowed for the integration of 440,000 resolution 

points along 8.8 km of fiber. This is the largest data set ever interrogated in a single 

Brillouin sensing experiment. The benefit of utilizing advanced coding schemes, with 

low correlation sidelobes (and theoretically even zero sidelobes), in the separation of 

over 2,000 overlapping interaction was demonstrated. The obtained measurement 

range was over five times longer than that of the previous, single-pulse hybrid B-

OTDA / B-OCDA, while, the same resolution of 2 cm was retained. The employment 

of extended pulse sequences in the pump modulation allowed for reduced peak power 

levels, and the onset of detrimental effects such as pump depletion or SPM could be 

deferred. 

In this work I used either a 2,224 bit-long sequence that was drawn from an 

MPSL code of half that length, or a 9,785 bit-long code in conjunction with a 

carefully constructed mismatched reference. Other types of codes could be used in 

amplitude modulation of the pump wave as well. For example, the incoherent 

compression of complementary Golay code pairs, using the similar protocols to the 
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one employed here, was successfully employed in laser range-finding experiments 

[76]. Note that the use of code pairs would require twice the number of scans that is 

necessary when using a single sequence. The SNR of single-pulse measurements 

could also be improved, in principle, by simplex coding of the pump wave amplitude, 

as in coded long range B-OTDA ([77] and elsewhere). However, simplex coding 

would require the successive acquisition of the output signal wave, taken for different 

pump modulation code words, for each position of the correlation peaks and for each 

value of frequency offset. The overall acquisition time might become prohibitively 

long. 

The other aspect of this work was to implement the Hybrid B-OTDA/B-

OCDA techniques in the study of composite beams. In this work two experiments 

were brought down: a) High-resolution, temporally-continuous of a composite beam 

during and following its production; and b) Extraction of stiffness and Young's 

modulus of a different beam based on the Brillouin analysis of a static loading 

experiment. These experiments illustrate the potential for providing invaluable 

information to the structural engineer. 

6.2 Figure of merit 

In [56], Soto and Thevenaz proposed the following figure of merit for the 

evaluation of distributed Brillouin sensor configurations: 

(6.1) 
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2

/ 2
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vav phase

L e
FoM

z N N

  



 



 

Here   is the coefficient of linear propagation losses in the fiber under test 

and effL  denotes its effective length. L  is the total sensing length,   denotes the 
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frequency detuning step-size, z  the spatial resolution and v  the frequency standard 

deviation as calculated in earlier sections. The form of Eq. (6.1) in [56] is more 

general: a couple of adaptions to the specific case of relatively short-reach B-OCDA 

were made above. For example, the number of position scans PhaseN  was added here, 

and does not appear in the initial formulation.  

In [56] it is assumed that the ToF in the fiber is longer than the pulse duration 

to a degree where the pulse duration is neglected. The ToF is taken into the figure of 

merit only via the length of the fiber. In our dual hierarchy B-OCDA / B-OTDA 

configuration the duration of the amplitude code must be taken into account as well. 

In the following, therefore, I consider the number of averages avN  to be five times 

larger than the actual number of repetitions used in the experiments, to compensate 

for the fact that the code duration was four times longer than the ToF along the fiber. 

 Although the FoM was primarily proposed for the study of long-reach B-

OTDA setups, it was also used in [56] for the evaluation of high-resolution B-OTDA 

[33] [31]. The results of the 2.2 km experiment corresponds to a 
1

0.0061FoM
m

 
  

 
. 

This figure of merit is 1,000 times higher than that of the original phase-coded B-

OCDA experiment reported in [46], and it is comparable with that of the single-pulse 

B-OTDA / B-OCDA setup reported in [55] (
1

0.007FoM
m

 
  

 
). The two setups 

involved similar lengths and resolutions.  It should be noted that the FoM obtained in 

the 2.2 km experiment is still more than an order of magnitude lower than those of 

high-resolution B-OTDA setups with comparable range and resolution (

1
0.1FoM

m

 
  

 
 and 

1
0.2FoM

m

 
  

 
 for references [33] and [31], respectively [56]).  
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 The figure of merit of the second, 8.8 km-long experiment was

1
0.08FoM

m

 
  

 
. This figure is comparable with that of state-of-the art high-

resolution B-OTDA. It could be further enhanced using several improvements: the 

number of averages may be reduced with the use of a polarization switch instead of a 

scrambler; and the uncertainty in the Brillouin shift estimate will be reduced if the 

EDFA is not switched on and off between successive traces, leading to more stable 

operation.  

The FoM of the results reported herein, as are those of all B-OCDA setups, is 

strongly compromised by the large number of position scans that are required for the 

analysis of the entire fiber. Although the number of scans, which equals the length of 

the Golomb code, is orders of magnitude smaller than that of the original point-by 

point B-OCDA, it remains much larger than that of high-resolution B-OTDA which 

requires only one or two scans [31, 33]. This drawback is partially compensated by 

the narrow detection bandwidth that is required in B-OCDA. Lower bandwidth leads 

to lower shot noise and detector noise levels, and should allow for fewer averages. In 

addition, the use of amplitude coding is intended, first and foremost, to improve the 

measurement SNR further and reduce the number of averages. This potential benefit 

of our proposed scheme did not come into full effect in the current experiments, since 

the number of averages was restricted by the operation rate of the scrambler.  

Nevertheless, the measurement SNR cannot be improved indefinitely. The 

necessary number of averages, without polarization scrambling, will be determined by 

phase coding noise. As was discussed at length in this work, the imperfect shape of 

signal amplification pulses in a real-world system, together with off-peak interactions, 

degrade the otherwise perfect sidelobe performance of the amplitude code used. It is 
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expected that fewer averages than the 256 used here would be sufficient with 

polarization switching, however further work is needed to establish the practical lower 

limit.  

The merit of the method reported herein would become more significant with 

increasing distance, due to depletion consideration. A B-OTDA pulse experiences 

depletion along the entire length of the fiber, while the depletion of B-OCDA pump 

pulses only occurs along an effective length that is several percent of the 

measurement range. The high-rate phase modulation of the B-OCDA pump also 

suppresses spontaneous Brillouin scattering. We therefore anticipate that analysis 

protocol presented here might scale better to the interrogation of very large numbers 

of high-resolution points. 

6.3 Additional limiting factors 

In addition to the fundamental difficulties associated with weak SBS gain, 

coding noise etc., the proposed protocol is also facing technical implementation 

challenges associated with the specific embodiment chosen. One such issue has to do 

with the long fiber path imbalance that is included to support the scanning of 

correlation peak positions.  

A long path imbalance is required for the scanning of all correlation peaks 

positions that are in overlap with the fiber under test with equal increments. In order 

to calculate the change in the phase code clock rate that is needed to move a 

correlation peak from one location to the next, at the beginning of the fiber under test, 

the following equation can be used: 

(6.2) 
0

z f

Z f
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The path imbalance 0Z  for a specific peak location in the beginning of the 

FUT is defined as follows: it is the difference between the fiber lengths leading from 

the common laser diode source to the particular point, when taking the paths of pump 

and probe. Also in the same relation, f  is the small-scale offset to the nominal clock 

rate f . The same f  would introduce a different scanning step size towards the end 

of the fiber under test:  01z L Z   , since the path imbalance is now larger by L . 

We therefore require that 0Z L . 

Unfortunately, the group delay nL c   in optical fibers varies with 

temperature: 

(6.3)
1 1 1 1

T

n L n n L
L T T T

n T L T c n T L T
   

      
           

      
 

In equation (6.3) T  denotes the temperature and T  the temperature change. 

Both the physical length of the fiber and its refractive index are modified by 

temperature. The thermal optic coefficient of the fiber is denoted as 

  1n n n T     = 7 ppm/C [78], and the linear thermal expansion coefficient as 

   1L L L T      = 0.5 ppm/C [78]. Their combined effect is noted as: 

   1 n LT          . Temperature changes therefore move the locations of 

correlation peaks, away from their intended positions. The longer the delay line the 

larger the drift. Temperature variations of 0.05 C are sufficient to change the delay 

along the 60 km of fiber used in the 8.8 km experiment by more than 200 ps (the 

duration of phase coding bits). In this work the delay fiber was placed in an insulating 
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casing. Even so, the passive stabilization of temperature to within 0.05 C over 

several hours is difficult.   

 A more robust solution was recently proposed and employed by our group in 

[79]. In that paper, group delay variations due to chromatic dispersion were used to 

cancel out thermal delay drifts. A second laser source at a different wavelength was 

modulated by a RF sine wave, and propagated in parallel with the SBS signal wave 

along the delay imbalance and the fiber under test. The RF phase of that so-called 

'control tone' was tracked at the output of the fiber, to extract delay variations. This 

information was then used to adjust the optical wavelengths of both sources 

accordingly, in a closed feedback loop [79].  

In a proof-of-concept hybrid B-OTDA / B-OCDA experiment, a single 

correlation peak was aligned with a 2 cm-long hot spot while the delay fiber was 

deliberately heated. Brillouin gain spectra were repeatedly acquired over ten minutes. 

Open-loop interrogation resulted in erroneous reading, as the correlation peak drifted 

away from the hot spot to a cold region (Figure 38). The reading of the Brillouin shift 

remained stable with closed-loop operation (Figure 39).  
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Figure 38: Top – Measured Brillouin gain as a function of frequency offset between pump and signal, and of 

time. The phase-coded B-OCDA setup was adjusted to monitor the Brillouin gain spectrum in a 2 cm-wide hot-spot. The 

delay of the Brillouin signal was free-running, without closed-loop feedback to the wavelength of the sensor laser. The 

Brillouin gain spectrum changed after 10 minutes, from that of the hot-spot to that of the fiber under test at room 

temperature. Bottom – Wavelength of the control channel (left-hand axis), and the implied thermal drift in the path 

length of the 25 km-long delay line (right-hand axis), as a function of time. Thermal drift on the order of 10 cm is 

observed. SBS: stimulated Brillouin scattering [79]. 

 

Figure 39: Top – Measured Brillouin gain as a function of frequency offset between pump and signal, and of 

time. The phase-coded B-OCDA setup was adjusted to monitor the Brillouin gain spectrum in a 2 cm-wide hot-spot. 

Unlike the previous figure, the delay of the Brillouin signal was stabilized through closed-loop feedback to the wavelength 

of the sensor laser. The Brillouin gain spectrum remained that of the hot-spot throughout the measurements. Bottom – 

Wavelength of the Brillouin sensor laser source (left-hand axis), and the implied thermal drift in the path length of the 25 

km-long delay line (right-hand axis), as a function of time. Thermal drift on the order of 9 cm is observed, which is 

several times larger than the extent of the hot-spot. SBS: stimulated Brillouin scattering [79]. 

In Figure 40 the measured Brillouin frequency shift is shown as a function of 

time for the two cases. 

 

Figure 40: Measured Brillouin frequency shifts as a function of time. The phase-coded B-OCDA setup was 

adjusted to monitor the location of a 2 cm-wide hot-spot. Thermal drift in a 25 km-long delay line incorporated in the 

setup leads to incorrect interrogation after 10 minutes of free-running operation (blue). Thermal drift is overcome with 

closed-loop, stabilized delay (red) [79]. 
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Another aspect that can be improved is the signal processing in extraction of 

the Brillouin frequency shift from the raw data measurements. Presently a Lorentzian 

shaped gain window with the expected linewidth is slid along the measured gain 

curve of each fiber location, and the most likely frequency offset is identified based 

on least-squares differences analysis. The analysis does not take into consideration the 

values at neighboring locations. The current procedure is not optimal. More advanced 

fitting may help reduce the experimental uncertainty in  B z . 

6.4 Future work 

Future research in high-resolution Brillouin analysis would have to be linked 

with potential applications. A spool of fiber in a lab, long as it may be, does not 

qualify for a real-life application. This work included the initial implementation of 

hybrid B-OTDA / B-OCDA in the monitoring analysis of composite materials. These 

activities are moving forward. Towards the end of 2015, we look to perform high-

resolution Brillouin analysis in loaded models of unmanned airborne vehicles wings.  

In addition, a 100 m-long protected fiber cable was installed in the parking lot 

behind the Engineering Building in Bar-Ilan University, by the Klar and Levenberg 

groups of the Civil Engineering Department of the Technion and our group (shown in 

Figure 41). Preliminary results show very good stability in measurements taken over 

long periods of time (several hours). These were presented at the Structural Health 

Monitoring workshop in Stanford, CA in September 2015 [18]. Much work is still 

needed towards the extraction of relevant data for the Road Engineer from this 

analysis. The long-term objective of these efforts is to monitor the state of the asphalt 

subject to known static loading, and manage the schedule of repairs accordingly. 

Large savings in maintenance costs are foreseen. In support of such field 
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measurements, our group is already working on a portable setup, which would also 

incorporate several technical improvements (polarization switching, continuous 

operation of EDFAs etc.). The setup would employ the single-pump-pulse version of 

our measurement protocol, for short and mid-range applications. 

 

Figure 41: implementation of a fiber optic cable in an asphalt road. 

On the academic research front, there is no fundamental physical reason which 

forbids the extension of the measurements beyond 8.8 km, towards a million 

resolution points and more. That being said, measurements become increasingly 

difficult for a number of engineering, practical reasons: the accumulation of sidelobes 

and off-peak interactions, thermal delay drifts, stability of the setup etc. While 

solutions to each issue are possible, (and some had been addressed in this work), the 

further scaling of the setup would most likely require an industrial effort including 

dedicated hardware for codes generation, sampling and signal processing. Such efforts 

are beyond the scope of our research environment.  

On the other hand, further conceptual improvements of the measurement 

protocol are being considered. These might, at least potentially, take high-resolution 

Brillouin analysis to yet another level. One potential direction addresses the number 

of positioning scans necessary. The number of scans currently equals the length of the 

phase code used. As stated in section 2.3.5, if the phase code period is chosen to be 
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shorter than the pump pulse duration measurements become ambiguous. The pump 

pulse, in turn, cannot be shorter than the acoustic lifetime. The potential for reducing 

the number of scans in the current setup is therefore marginal.  

Instead, in the coming year we look to combine between the B-OCDA 

principles and the double-pulse architecture that was successfully employed in B-

OTDA (see section 2.2.1), in a new type of hybrid protocols. In this scheme each 

pump pulse will cover multiple correlation peaks, however experiments will be 

repeated using two pulse durations with a small difference. The subtraction between 

two such traces would reconstruct the contribution of individual correlation peaks to 

the probe wave amplification. If successful, the protocol would support correlation 

peaks that are much closer, and reduce the number of positioning scans needed from 

the order of 200 towards 20. The depletion performance of this protocol would be 

worse than that of the current one, and the detection bandwidth would need to be 

broader. Yet, both would still be superior to the respective attributes of B-OTDA. The 

method can be regarded as a middle-point between B-OTDA and B-OCDA, which 

would hopefully provide optimized performance. 

Altogether, high-resolution Brillouin analysis had experienced an order-of-

magnitude leap in the number of resolution points over the last few years. This 

progress, and its translation into real-world applications, is far from being finished. 
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 תקציר

 אופטיים גלים שני בין מצמד אשר ילינאר לא אפקט הנו מאולץ ברילואן פיזור

 מועברת עוצמה במוליך. שנוצר אקוסטי גל ע"י ,מנוגדים בכיוונים גלים מוליך דרך העוברים

 הזמני התדר השאיבה. לאות ביחס חלש )"סיגנל"( אות גלל ,גבוהה עוצמה בעל שאיבה אותמ

 צימוד .הגלים שני של האופטיים התדרים בין ההפרש תדר את תואם המתווך אקוסטי גלה של

 של ברילואן" "תדר הנקרא ספציפי לערך תואם האקוסטי הגל תדר כאשר רק מתרחש יעיל

 אופטי בסיב GHZ 11-לכ שווה ברילואן תדר בחומר. הקול במהירות תלוי אשר הגלים, מוליך

 .  nm 1550של גל ובאורך סטנדרטי אופן-חד

 של המכני )עיבור( במעוות והן בטמפרטורה הן תלוי בחומר ברילואן תדרש מכיוון

 מזה אלו גדלים שני של מרחבית מפולגת לחישה הבסיס את מהווה זו פעהות של מדידה ,הסיב

 התצורה אופטיים. סיבים של לאורכם ברילואן תדר של ומיפוי מדידה באמצעות שנה, 25

 (.B-OTDA) ןהזמ-במרחב-אופטית-ברילואן-אנליזת נהיה אלו מדידותב ביותר הנפוצה

 המוגבר רציף אופטי אות מול אל סיבה לאורך נשלח בזמן קצר אופטי שאיבה פולס זו, בשיטה

 לאורך למיקום ומתורגם בזמן, בתלות ונמדד מנוטר הסיב במוצא המוגבר האות הספק .ידו-על

 לבצע יכול אופייני מסחרי B-OTDA מכשיר בסיב. החבורה מהירות ידיעת מתוך הסיב

 מ', 2-3 של מרחבית וברזולוציה ק"מ 50 עד של בטווחים µ 20 או  1C של יוקבד מדידות

 הפועלות ניטור מערכות האחרונות, השנים 15 במהלך דקות. כעשר של מדידה זמן תוך

 צינורות ניטור יישומים: במגוון והוטמעו למסחריות הפכו ,B-OTDA  על ומבוססות ברציפות

 ונפט, גז קידוח באסדות ימיים-תת וצינורות כבלים ניטור ת,ודליפו פגמים מפני להגנה ארוכים

 ועוד. יתר התחממות למניעת ראשיים חשמל כבלי של ניטור

 הגל של החיים מזמן ובעתנ B-OTDA-ב המושגת המרחבית הרזולוציה על המגבלה

 המרחבית, הרזולוציה את מגדיר השאיבה פולס שךמ הגלים. במוליך המאולץ האקוסטי

 רזולוציהל שקולה זו מגבלה .שניות-ננו 5 -כ :האקוסטי הגל של החיים לזמן בתורו מוגבלו

 שנות מסוף החל יותר, טובה לרזולוציה להגיע מנת על .אחד מטר של גודל מסדר מרחבית

 שקיימת כך בסיב המתקדמים הגלים שני את מאפננים בה חדשה שיטה הוצעה התשעים

 .קורלציה -שיאי  נקראות אשר הסיב, לאורך בלבד ותבדיד בנקודות ביניהם )מתאם( קורלציה



 

 ב 

 

 הללו במקומותו כראוי להיבנות מצליח לא האקוסטי הגל הסיב בשאר אלו, נקודות מלבד

-B) הקורלציה-במרחב-אופטית-ברילואן-אנליזת נקראת זו כניקהט מוגבר. לא החלש האות

OCDA,) היא שם בלבד, רלציההקו שיא לנקודות השדות שני בין הצימוד את תוחמת והיא 

 המדידה טווח בין אילוץ נוצר קודמות B-OCDA בתצורות וקבוע. יציב באופן מתרחשת

 ושותפים שלנו המחקר קבוצת חברי של קודמות בעבודות המרחבית. הרזולוציה לבין האפשרי

 האופטיים הגלים שני של משותף פאזה אפנון לכדי הורחב B-OCDA-ה עקרון נוספים,

 טווח על המגבלה את מסירה זו טכניקה גבוה. בקצב משותפת סיביות תסדר באמצעות

 ס"מ. 1 של וברזולוציה מ' 40 באורך סיב פני-על מפולגות מדידות ואפשרה ,המדידה

 ערכי אמנם )א'( עיקריים: חסרונות משני סובלת פאזה-בקידוד B-OCDA טכניקת

 הרגעיים הערכים אולם אפס, הינם הקורלציה לשיאי מחוץ האקוסטיים הגלים של התוחלת

 גל בין שיורי צימוד קידוד'. 'רעשי מכונה זו תופעה אפס. שאינה תקן סטיית עם משתנים שלהם

 באופן ופוגע הנבדק, הסיב אורך לכל מצטבר הקורלציה לשיאי מחוץ האות גל לבין השאיבה

 אחר נקודה להיעשות חייב ברילואן-הגבר מיפוי )ב'( המדידה; של לרעש האות ביחס חמור

 ציוד באמצעות סריקות אלפי עשרות ביצוע הסיב. של אורכו לכל הסריקה להשלמת עד נקודה,

 מעשי. כלא הוכח מעבדתי

 שהחד גישה הוצגה נוספים, ושותפים שלנו המחקר קבוצת חברי של קודמת בעבודה

 אפנון .B-OCDA-וה B-OTDA-ה עקרונות בין שילבה אשר מרחבית מפולגת ברילואן לחישת

 לאורך נוצרו קורלציה שיאי מאוד שהרבה כך יחסית, קצר מחזור בעל להיות נקבע הפאזה

 מכך, צאהכתו וחזק. קצר יחיד, לפולס הוגבלה השאיבה אות של העוצמה לכך, בנוסף .הסיב

 ועקב הפולס, להתקדמות בהתאם זמני, בדירוג השונים הקורלציה בשיאי נבנה ברילואן פיזור

 נוסף זמני. ניתוח באמצעות שיא בכל המתרחשים ההגבר אירועי בין להבחין היה ניתן כך

 הקורלציה תכונות מושלם'. גולומב ב'קוד שימוש ע" הקידוד רעשי את שיפרה השיטה לזאת,

 .הקורלציה לשיאי מחוץ השיורית התגובה של ניכר לצמצום מביאות זו סדרה של המיוחדות

 סיבה לאורך משתרע ואינו ,בלבד הפולס במימדי נתחם הקידוד רעש ,השיטה של לוואי כתוצר

 זו שיטה יחיד, פולס במעבר זה אחר בזה רבים קורלציה שיאי של יצירתם משום .כולו

 ,זו שיטה באמצעות .יחידה בסריקה מדידה נקודות אלפי ואף מאות של ניטור מאפשרת

 2 של ברזולוציה מטרים 1,600 של באורך סיב פני-על ברילואן פיזור של מפולגת מדידה הראינו
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 חייבו המדידות ואולם, .בלבד סריקות 127 באמצעות נבדקו הנקודות 80,000 כל כאשר ,מ"ס

 התארך הנתונים איסוף זמן מכך וצאהוכת מדידה, כל על חזרות של ניכר מספר פני-על מיצוע

 אות של (DEPLETION) "ריקון" משום היתר, בין מוגבל, במדידה לרעש האות יחס משמעותית.

 קורלציה. שיאי של רב במספר מעבר לאחר השאיבה

 של ניטור שתאפשר כך ,המדידה שיטת הרחבת היתה זו עבודה של העיקרית מטרתה

 נתונים איסוף ובזמן מיצועים, של יותר קטן במספר שימוש תוך קורלציה שיאי של רב מספר

 קורות באיפיון גבוהה ברזולוציה ברילואן פיזור מדידות שילוב היתה משנית מטרה מקוצר.

   כחיישנים. המשמשים אופטיים סיבים שילוב באמצעות וזאת מרוכבים, חומרים העשויות

 מהיר בקצב הפאזה לאפנון מעבר כפול: בקידוד שימוש כוללת המוצעת הפתרון שיטת

 בקצב עוצמה באיפנון גם השואב האות בצד שימוש נעשה האופטיים, הגלים לשני המשותף

 מתחום נלקחו אשר רצויות קורלציה תכונות בעלות יעודיות סדרות באמצעות יותר, איטי

 בזמן נפרסה השואב האות של הגבוהה האנרגיה יחיד, תיעוצמ בפולס שימוש במקום המכ"מ.

 באמצעות מלאכותי" "פולס -ל בחזרה ונדחסה יותר, חלשים פולסים של ארוכה סדרה פני-על

 איפשרה העוצמה אפנון של מושכלת בחירה גילויו. לאחר האות גל של ועיבוד דחיסה טכניקות

 הרגעית העוצמה נפרדים. קורלציה יאיש אלפי ואף במאות ברילואן הגבר אירועי בין להבחין

 השאיבה. אות "ריקון" נמנע כך ועקב בהרבה, פחותה להיות עשויה זו בשיטה השאיבה אות של

 לאורך מעבר זמני של קטן מספר תוך מושג שאיבה פולסי אלפי של אפקטיבי מיצוע לכך, בנוסף

 הנבדק. הסיב

 האקוסטי השדה של נרחבות נומריות בסימולציות נתמכים המוצעת השיטה עקרונות

 הסימולציה בזמן. בתלות המוצא אות הספק ושל הסיב, לאורך ובמקום בזמן בתלות המאולץ

 סיב של ניתוח לצורך ,חישוב ליבות 5,000 בעל גרפי עיבוד כרטיס באמצעות נעשתה הנומרית

 ניסוי המייצג חישוב לבצע ניתן לא זו חומרה באמצעות גם ואולם, קילומטרים. מספר באורך

 הקידוד רעשי ושל השיטה מגבלות של משופרת הבנה מקנים החישובים זאת, למרות מלא.

 אחרות. בדרכים לקבל היה ניתן לא ,אשר

-על ברילואן פיזור של מפולגות מדידות באמצועת ניסיונית הודגמה המוצעת השיטה

 "נקודות ס"מ. 2 של וברזולוציה בהתאמה, ק"מ 8.8 -ו ק"מ 2.2 של באורך סיבים, שני פני

 הניסיוניות המדידה שגיאות המדידות. בשתי בהצלחה זוהו בודדים ס"מ של באורך חמות"



 

 ד 

 

 מספר בהתאמה. ,MHZ 3.5 -ו MHZ 1 היו הניסויים בשני המקומי ברילואן תדר בשיערוך

 הינו השני בניסוי הנקודות מספר ,בהתאמה.440,000 -ו 110,000 היה שנבדקו המדידה נקודות

 שיטת ביצועי ברילואן. פיזור בסיס-על כלשהי מפולגת חישה במערכת שנבדק ביותר הגדול

  בספרות. המופיע טיב למדד בהתייחס נידונים המדידה

 אופטיים סיבים גבי-על בוצעו גבוהה ברזולוציה מפולגות ברילואן מדידות לכך, בנוסף

 המרוכב החלק של ניטור בוצע ראשון, בניסוי מרוכבים. חומרים עשויות בקורות שולבו אשר

 קורה של יאנג ומודול הקשיחות שני, בניסוי שעות. 30 -מ למעלה במשך ייצורו, ולאחר כדי תוך

 את מדגימות התוצאות סטאטית. העמסה במהלךניסוי ברילואן מדידות מתוך שוערכו מרוכבת

 הנדסיים. ביישומים המוצעת המדידה שיטת באמצעות להשגה הניתן המוסף הערך

 



 

 

 צדוק אבי פרופ' של בהדרכתו נעשתה זו עבודה

 אילן-בר אוניברסיטת של להנדסה הפקולטה מן 

  



 

 

 

אילן-בר אוניברסיטת  

 על אופטיים-בסיבים מפולגת חישה

 ברזולוציה ,ברילואן אפקט בסיס

 תוך ,רחוק טווחול גבוהה מרחבית

 פאזה של כפול בקידוד שימוש

 ואמפליטודה

 

לונדון יוסף  

מוסמך תואר קבלת לשם מהדרישות כחלק מוגשת זו עבודה  
אילן-בר אוניברסיטת של להנדסה בפקולטה  

 

גן רמת    תשע"ו  


