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Abstract

Brillouin scattering-based fiber optic sensing systems have attracted much attention because they allow the
measurement of strain/temperature with high accuracy and sensitivity. Among them, Brillouin optical time domain
analysis (BOTDA) is of interest due to its capability to measure distributed strain/temperature with high spatial
resolution over long distance range, which is beneficial for the application especially in the field of civil engineering for
structural health monitoring of large structure such as buildings, dams, bridges etc. BOTDA technique is based on the
stimulated Brillouin scattering (SBS) process, which involves the process of optical energy conversion between pulsed
pump light (pump) and counter propagating probe light (probe) via acoustical phonon that acts as mediator. In the SBS
process, the optical energy is transferred from the pump to probe when the probe frequency is set lower than the pump
frequency; this process is called Stokes scattering process. Maximum interaction is obtained when the frequency
difference between the two lights coincides with the Brillouin frequency shift (BFS) that is in a function of local
temperature/strain. Moreover, by scanning the frequency difference between the two lights within the BFS vicinity, the
Brillouin gain spectrum as a function of distance can be constructed.

Numerous researches have been conducted to improve the BOTDA sensing parameters such as spatial resolution,
signal-to-noise ratio (SNR) etc. This is because, at the early stage of development, the best spatial resolution obtained
was 1m, with the use of pump pulse of duration 10ns. Shortening the duration to less than 10ns, which is around the
time constant of the acoustic wave amplitude z, for silica fiber could cause the Brillouin gain to decrease significantly
and consequently broadens the bandwidth of the Brillouin gain spectrum. Both the gain decrease and the bandwidth
broadening make it increasingly difficult to measure the BFS accurately.

However, the idea of using pre-pump pulse in a technique called pulse pre-pump BOTDA (PPP-BOTDA) has
overcome the limitation in spatial resolution of the conventional BOTDA. PPP-BOTDA uses a weak pulse pre-pump
with a long duration followed by an intense pulse with short duration. The acoustic wave excited by this pulse pre-pump
provides Brillouin gain to the short pulse, resulting in a narrow spectral bandwidth and high spatial resolution
measurement. Following to this success, several systems that are also based on pulse pre-pump technique have also
been introduced, such as differential pulse-width pair BOTDA (DPP-BOTDA), optical differential parametric
amplification BOTDA (ODPA-BOTDA) and phase-shift pulse BOTDA (PSP-BOTDA).

In order to improve the SNR, the idea of coding technique to modulate the pump light of BOTDA has been
proposed. Basically, there are two types of coded pulses proposed in BOTDA; non-return-to-zero (NRZ) coded pulses
and return-to-zero (RZ) coded pulses. Both types employ intensity modulation scheme to modulate the optical pulse.
However, employing NRZ coded pulses has induced distortion in the measured Brillouin signal when the bit pulse
duration is around or less than t,. This distortion is caused by varieties of additional gain of the preceding coded pulses.
Consequently, return-to-zero (RZ) format has been introduced into the coded pulses of the high-spatial-resolution
BOTDAs so that interactions between the preceding and succeeding bit pulses should not occur through the SBS
process.

In this thesis, the employment of coding techniques in modulating the pump light of the BOTDA called coded
phase-shift pulse BOTDA (PSP-BOTDA) is reported. In this work, the impact of pump light coding concept on the
SNR and the spatial resolution of the Brillouin signals were studied. Actually, there are two types of conventional coded
PSP-BOTDA that have already been proposed; they are coded discrete-PSP-BOTDA that uses RZ coded pulses and
coded continuous-PSP-BOTDA that uses NRZ coded pulses. In contrast to the coded BOTDAS described previously,
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the coded PSP-BOTDASs employ phase modulation scheme to modulate the optical pulse.

When employing the conventional coded discrete-PSP-BOTDA, theoretically, the SNR increases linearly with v/L,
where L is the code length. However, in the actual measurement, the use of AC-coupled amplifier for amplifying the
coded electrical signal of high frequency rejects the DC and the low frequency component signals. As a result, the
amplitude of the amplified signal exponentially decreases, especially when a very long pulse train is used. When light
from laser diode (LD) is externally modulated with such a distorted electrical signal, the linear increase in the Brillouin
signal with the code lengths cannot be obtained. As a result, the increment trend of the SNR with the code length
becomes nonlinear as well. Therefore, in this thesis, the author proposes a new configuration of the coded electrical
signal for the input of the AC-coupled amplifier to overcome the problems described above. The experimental results
have shown that by using the proposed configuration, the SNR increases in much better accordance with VL than the
conventional pump configuration.

In the case of conventional coded continuous-PSP-BOTDA, it was previously found that the use of
NRZ-formatted pulses employing Golay codes has successfully demonstrated sub-meter spatial resolution. The
Brillouin signals obtained with the NRZ-coded pulses are also well decoded if the total duration of the coded pulses is
around or less than t,. This is because the subtraction of Brillouin signal measured by a code and its inversion
intrinsically cancels the Brillouin gain due to the interaction between each coded pulse and the probe, extracting only
the Brillouin gain that is derived from the interaction of each coded pulse with the acoustic wave excited by the
pre-pump pulse. However, since the acoustic wave decays significantly after t,, the decoded Brillouin signal is
distorted, resulting in the degradation of the spatial resolution, especially when using Golay code of total duration
longer than ,,.

Therefore, in this thesis, instead of employing Golay codes, the author proposes to modulate the NRZ formatted
pump light of the coded continuous-PSP-BOTDA with Walsh codes. It was found that the use of Walsh codes in the
NRZ formatted pump induces little degradation in the spatial resolution, contrary to the previous results for Golay codes.
This advantage of the Walsh code over the Golay code comes from the fact that decoding the Brillouin signals via
Hadamard transform for Walsh codes is robust not only against variations in launched coded-pulse amplitudes but also
against those in response signals. 20cm and 10cm of spatial resolutions were successfully attained for pulse durations of
2ns and 1ns cases, respectively. Apart from that, the maximum SNR improvement of 3dB was recorded for 8-bit Walsh
code pulses having 1ns duration each, being consistent with analytical and numerical calculations.

In order to further improve the SNR, the author has also proposed in this thesis to simultaneously use RZ- and
NRZ pulses to modulate the pump light for coded PSP-BOTDA. The coding systems employed in these proposed
coding systems are Golay code and Walsh code. The use of the proposed combined codes offers higher SNR than that of
the conventional coded PSP-BOTDA that uses only RZ- or NRZ coded pulses. Furthermore, after the decoding process,
high spatial resolution corresponding to the coded pulse duration can still be attained. There are four types of coded
PSP-BOTDAs that simultaneously use the RZ or NRZ pulse coding discussed in this dissertation; the dual Golay
codes-PSP-BOTDA, the two types of combined Walsh and Golay codes-PSP-BOTDAs and dual Walsh codes
PSP-BOTDA.

In the case of dual Golay codes-PSP-BOTDA, for NRZ pulses, it was found that the SNR improvement is limited
by 7, which is 9ns for silica fibers. When using coded pulses of duration 1ns, the maximum code duration for NRZ

pulses is 8ns (8 bits of Golay NRZ pulses). It was found that using longer NRZ pulses has caused distortion in the
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Brillouin signal, leading to the degradation of the spatial resolution. On the other hand, for RZ pulses, the maximum
code length that can be used is limited by the round trip time of light in fiber. Initial experiments for NRZ code length
Leont=4 (NRZ pulses), Lgsc=8 (RZ pulses) have demonstrated about 7-dB enhancement in the optical signal-to-noise
ratios when compared to the single pulse PSP-BOTDA. The same amount of enhancement was also achieved when
Lcont=8, Lgisc=4. Furthermore, the spatial resolution measurement of 10 cm was successfully demonstrated.

In the case of combined Walsh and Golay codes PSP-BOTDA, from the simulation and experimental results, it
was confirmed that the assignment of Walsh codes to NRZ pulses has kept the spatial resolution high even when the
code duration exceeds 7, . Even though the Brillouin signal measured by the code sequences exponentially decays, the
decoding process via Hadamard transform for Walsh coded NRZ pulses in the proposed system still produces more
accurate decoded signals than that via Golay codes correlation calculations. From the rising edge length result obtained
with the combined codes, the spatial resolution of 10cm was successfully demonstrated.

It was also found that the combination of Golay and Walsh codes has contributed higher optical SNIR than that of
using only one kind of code in coded continuous- and coded discrete-PSP-BOTDAS. In the analysis, for both Golay and
Walsh codes cases, the use of coded RZ pulses increases the optical SNIR by +/L (L: code length of Golay code or
Walsh code). For NRZ pulses, however, the improvement became slow with increasing L and finally dropped from the
maximum for long code length. This is due to the decrease of Brillouin signal induced by the acoustic wave decay. It
was observed that the optical SNIR reached its maximum of 3dB when the total duration of the 8-bit coded NRZ pulses
was 8ns, confirming that code duration of the NRZ pulses is limited by 7, .

For dual Walsh codes PSP-BOTDA case, the robustness of Hadamard transform against the variations in the
received signal amplitudes during the decoding process has contributed to the achievement of high spatial resolution
measurement, even for total code duration Leon T, (T2: pulse duration) of longer than 7, cases. In the simulations, the
spatial resolutions of 20cm and 10cm has been confirmed with the use of T, = 2ns and 1ns, respectively. In terms of the
optical SNIR, for dual Walsh codes case, the maximum optical SNIR of about 3dB was obtained when LT, is set to
around z,and 27,. In the preliminary experiment, the impact of Lgisc on the measured Brillouin signals was studied.
Compared to the conventional PSP-BOTDA without coding, the total SNIR of about 5.4dB was obtained when Lgisc=4
(Leont fixed at 4 bits), which agrees well with the theoretical SNIR of 6dB.

Finally, from the numerical results obtained for the four types of combined codes system described above,
measurement performance in terms of the measurement speed and the spatial resolution is analyzed and compared. It
was found that the dual Golay codes PSP-BOTDA offers the fastest measurement speed to acquire the SNR for
reducing BFS error to below 1MHz. In contrast, dual Walsh codes PSP-BOTDA provides the slowest measurement
speed. On the other hand, the combination of Walsh (NRZ) and Golay (RZ) codes gives a good tradeoff between the
measurement speed and spatial resolution. For the opposite combination of Walsh (RZ) and Golay (NRZ) codes, since
the code duration for NRZ pulses is limited by z,, in order to achieve the required SNR, the code length for RZ pulses
(code length for Walsh codes) has to be increased. However, it would cause significant increase in the measurement
time. Therefore, it was concluded that there was little merit found in this combination.

In terms of the spatial resolution, dual Walsh codes PSP-BOTDA, however, provides the best measurement
performance. As explained above, the robustness of Hadamard transform against the variation in the Brillouin signal
amplitude has played an important role in realizing such a high spatial resolution measurement. The disadvantage of the

dual Walsh codes PSP-BOTDA is that it takes longer time to accomplish the measurement because Walsh code uses as
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many codewords as the amount of the code length. However, this disadvantage vanishes when once we measure the
fiber of longer than 10km with 2cm spatial resolution and with the frequency accuracy of better than 1MHz. This is
because in such a case signal averaging is required additionally, which results in the same measurement time it takes for
both Walsh code and Golay code.

In conclusion, the combined code systems proposed in this thesis provide the method to have a balance of the
tradeoff between the spatial resolution and the measurement time of the PSP-BOTDA in accordance to the measurement

condition.



Chapter 1: Introduction

1.1 Research Introduction

Fiber optic communication technology is expanding at an explosive rate. The need for an optical communication in
a nation is very high as the system has the potential to deliver better and more reliable services due to its technological
advancement compared to other communication system. The advantage lies in its capability to transmit optical signal
with low transmission losses of below 1dB/km and high speed data transfer rate [1]. Furthermore, fiber optic
communication is an excellent choice for long haul communication, especially for undersea fiber optic network, thanks
to its durability to withstand such an extreme environment.

Because of its prominent features against other communication systems, the evolution of the fiber optic
communication technology has opened the way for other researches, including the research on fiber optic sensor.
Studies have shown that the potential market for fiber optic sensor is increasing each year [2].

As such, in this thesis, the author has proposed and analyzed new techniques to measure distributed strain and
temperature utilizing the existing distributed fiber optic sensor called Brillouin optical time domain analysis (BOTDA)
for the purpose of improving the sensing efficiency. BOTDA is technique of measuring distributed strain and/or
temperature along fiber optic cable by utilizing the occurrence of optical scattering in fiber called stimulated Brillouin
scattering (SBS) [3]. BOTDA has found its applications especially in the civil engineering for structural health
monitoring (SHM) for buildings, bridges, dams etc. This sensor can also be applied as a nerve system to detect crack on
an airplane, intrusion detection in buildings, and even to detect leakage along petroleum/gas pipeline.

A BOTDA measurement system uses an intense pulsed light (pump) and a counter propagating continuous wave
light (probe) of frequency value set at Stokes frequency injected into a fiber optic cable. When the frequency difference
between the pump and the probe is tuned to the Brillouin frequency shift (BFS) of the fiber, the probe is amplified by
the pump through the process of SBS. BOTDA measures the amplified probe waveform. The unique characteristic of
the BFS is that it linearly increases with the increase in the strain or temperature of the fiber. Therefore, the BOTDA can
measure local changes in the strain and temperature along the fiber.

At the early stage of development, the best spatial resolution obtained was 1m, with the use of pump pulse of
duration 10ns [4]. This is because, shortening the duration to less than 10ns, which is around the time constant of the
acoustic wave amplitude for silica fiber could cause the Brillouin gain to decrease significantly and consequently
broadens the bandwidth of the Brillouin gain spectrum, resulting in the difficulty to measure BFS accurately. Therefore,
it had been believed then that both the gain decrease and the spectral width broadening had precluded sub-meter spatial
resolution measurements.

However, the spatial resolution problem in the BOTDA has been remarkably solved by a groundbreaking approach
called Brillouin optical correlation domain analysis (BOCDA), which was proposed by Hotate and Hasegawa in 2000
[5]. BOCDA technique is slightly different from the BOTDA,; instead of using time domain, it makes use of the optical
correlation of pump and probe for the strain measurement. Since both pump and probe lights are in the form of
continuous wave (cw), BOCDA is free from the spatial resolution limitation caused by the decay of the acoustic wave
amplitude. As a result, the spatial resolution has been hugely improved up to 1.6mm [6]. However, BOCDA should
keep a balance of the tradeoff between the spatial resolution and the distance range, requiring a further study on

expanding the distance range.



Returning to back to the progress of BOTDA technology, a major breakthrough in the spatial resolution
improvement was made from the experiments conducted by Bao et al. in 1999. In the experiment, it was found that the
bandwidth of the Brillouin gain spectrum suddenly reduced when the pulse duration further decreased to the value
smaller than the time constant of the acoustic wave [7]. This phenomenon was later explained by Lecoeuche et al. from
numerical calculations that weak cw leakage from the electro-optic modulator had played a role of pre-pump [8]. This
analysis had given researchers ideas to effectively use pre-pump pulse as a method to improve the spatial resolution;
pulse pre-pump BOTDA (PPP-BOTDA) was proposed to improve the spatial resolution down to sub-meter range [9].
PPP-BOTDA uses a weak pulse pre-pump with a long duration followed by an intense pulse with short duration. The
acoustic wave excited by this pulse pre-pump provides Brillouin gain to the short pulse. As a result, narrow spectral
bandwidth and high spatial resolution measurement have been realized by this system.

Based on the same approach, in recent years, several other systems have also been introduced, such as differential
pulse-width pair BOTDA (DPP-BOTDA), optical differential parametric amplification BOTDA (ODPA-BOTDA) and
phase-shift pulse BOTDA (PSP-BOTDA). DPP-BOTDA uses two separate pump pulses with small width difference.
The subtraction of the Brillouin signal in the electrical signal field produces the final measurement result. The width
difference determines the spatial resolution [10]. ODPA-BOTDA practices the same approach, except that the pulses
are generated at the Stokes and anti-Stokes frequencies and simultaneously injected into the fiber. This system allows
simultaneous measurement of Brillouin gain and Brillouin loss. Thus, no subtraction is required at the post-processing
stage because the signals due to the co-propagating pre-pump are cancelled out before reaching the photo detector [11].
PSP-BOTDA proposed by Horiguchi et al. uses two separate pump pulses having the same durations. One pump
contains a preceding long pre-pump pulse (1% pulse) and a succeeding short pulse (2™ pulse); these pulses are in the
same phase (no phase difference between the pulses). The other pump also contains a 1% pulse and a 2™ pulse; but the
2" pulse is in z-phase shift compared to the 1% pulse [12]. Subtracting the two Brillouin signals obtained by each pump
yields Brillouin signal whose intensity is approximately twice that of DPP-BOTDA. The spatial resolution is
determined by the duration of the 2" pulse.

1.2 The Proposal on Pump Pulse Coding in the BOTDA

Coding techniques have been commonly used in optical time domain reflectometry (OTDR) that measures Rayleigh
scattering in fibers for improving its performance [13, 14]. In general, the employment of coding technique in a
measurement system can improve the signal-to-noise ratio (SNR) of the measured signal. The employment of pump
light coding in PSP-BOTDA not only gives merit to the SNR improvement, but also gives benefit in faster measurement
speed. To further discuss this benefit, let us consider an ideal system of conventional PSP-BOTDA without coding,
measuring Brillouin signals over a 1000m length of fiber optic cable. In order to perform the measurements for 100 of
frequencies (Ngeq = 100) with 1000 times of averaging, the required total measurement time, T measurement fOr the
conventional BOTDA can be described as
Trmeasuremert = RT T fiper % Averaging timesx N freq

=10ps x1000x100 (1.1)
=1sec
where RTTgper IS the round trip time of light in fiber. If we assume the same measurement conditions and 6dB of
enhancement in optical SNR obtained with the coding, then the factor of the reduced measurement time F+ can be

described as
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= (10°¢ f ~15.8times

The analytical calculations above clearly give the merit of faster measurement speed that associated with the SNR

improvement.

For the same purpose, coding techniques have been proposed in the BOTDA based fiber sensor [15-17]. It has been
recognized, however, that the use of non-return-to-zero (NRZ)-formatted pulses in coded BOTDA has induced
distortion in the measured Brillouin signal when the bit pulse duration is around or less than the time constant of the
acoustic wave z,, . This distortion is caused by varieties of additional gain of the preceding coded pulses. Consequently,
return-to-zero (RZ) format has been introduced into the coded pulses of the high-spatial-resolution BOTDAS so that
interactions between the preceding and succeeding bit pulses should not occur through the SBS process [15-17].

Despite the signal distortion problem described above, the proposal on the use of NRZ-formatted pulses employing
Golay codes in the PSP-BOTDA called coded continuous-PSP-BOTDA has successfully demonstrated sub-meter
spatial resolution, [18-19]. The Brillouin signals obtained with the NRZ-coded pulses are also well decoded if the total
duration of the coded pulses is around or less thanz,. This is because the subtraction process in the PSP-BOTDA
intrinsically cancels the Brillouin gain due to the interaction between each coded pulse and the probe, extracting only
the Brillouin gain that is derived from the interaction of each coded pulse with the acoustic wave excited by the
pre-pump pulse. However, since the acoustic wave decays significantly afterz,, the decoded Brillouin signal is
distorted, resulting in the degradation of the spatial resolution, especially when using Golay code of total duration
longer thanz,, .

To solve this problem, the author has proposed the employment of Walsh codes in the coded
continuous-PSP-BOTDA. It was verified analytically, numerically and experimentally that Walsh codes can decode the
Brillouin signals more accurately than the Golay codes do, without deteriorating the spatial resolution [20]. The
robustness of the decoding process called Hadamard transform against the variations in the received Brillouin signal
power has contributed to this success. It will be further discussed in details in Chapter 6 the advantages of employing
Walsh codes over Golay codes in the coded continuous-PSP-BOTDA.

To further obtain higher SNR in the Brillouin signal, the author has proposed a technique of combining two codes in
modulating the pump light of the coded PSP-BOTDA. This technique utilizes the simultaneous use of RZ- and NRZ
pulses in modulating the pump light of the coded PSP-BOTDA [19, 21, 22]. Applying this technique can increase the
total code length that can be used for the measurement. As a result, it is possible to obtain higher SNR than that of the
previous coded continuous-PSP-BOTDA that uses only NRZ formatted pulses, the coded discrete-PSP-BOTDA that
uses only RZ formatted pulses and obviously higher than that of other coded BOTDAs described in references [16] and
[17]. Four types of code configurations are introduced in the combined codes PSP-BOTDA system; they are dual Golay
codes-PSP-BOTDA, the two types of combined Walsh and Golay codes-PSP-BOTDAs and dual Walsh
codes-PSP-BOTDA. Numerical simulations and experimental results are presented to show the advantages of
employing four coding systems above in the PSP-BOTDA.

1.3 Thesis Structure
In general, Chapter 2 and Chapter 3 present the discussion on the background studies related to the BOTDA based

sensing technique. In details, Chapter 2 explains the fundamental of the Brillouin scattering in fiber optic which covers
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the theoretical formulation of spontaneous Brillouin scattering as well as stimulated Brillouin scattering (SBS). In
Chapter 3, the literature review on the Brillouin based sensors are explained. Starting with the classic BOTDA
technique, other techniques such as PPP-BOTDA, DPP-BOTDA, ODPA-BOTDA, PSP-BOTDA, coded PSP-BOTDA
and BOCDA are also discussed in further details.

Chapter 4 ~ Chapter 11, which are the author’s main contributions to this dissertation, discuss the proposed coding
techniques in the PSP-BOTDA. In Chapter 4, a new concept of coding system for modulating the pump light of
PSP-BOTDA techniques is described. The two basic coding systems employed in the PSP-BOTDA technique are Golay
complementary pair (GCP) or also known as Golay codes and Walsh codes. To describe in brief, compared to the
conventional PSP-BOTDA without coding, the employment of coding system has contributed to the achievement of
higher SNR with high spatial resolution. The author has also proposed and discussed another new technique of
combining two codes to modulate the pump light for further improving the signal-to-noise ratio (SNR). There are three
combined code systems proposed in this chapter; the dual Golay codes, combined Walsh and Golay codes and dual
Walsh codes. In Chapter 5, analysis on the employing GCP in the coded PSP-BOTDA called coded
discrete-PSP-BOTDA s discussed. Coded discrete-PSP-BOTDA has been previously proposed to improve the SNR.
However, in the experimental analysis, there were some problems in utilizing long code lengths due to the effects of the
AC-coupled electrical amplifier used in the experiments. The author proposed a technique to overcome these problems.
In Chapter 6, the author highlights the proposal for further improving the spatial resolution of the previously proposed
coded continuous-PSP-BOTDA technique. In the previous studies, it was found that the spatial resolution of the coded
continuous PSP-BOTDA employing Golay code has been degraded when the code length of duration longer than z,
was used. The author has introduced a coding system called Walsh codes to overcome this problem. In Chapter 7, the
simulation and experimental analysis on the employment of dual Golay codes in the PSP-BOTDA technique is
discussed. Chapter 8 focusses on the proposal of combining Walsh and Golay codes in modulating the pump light of
PSP-BOTDA. Chapter 9 discusses the dual Walsh codes proposal. The simulation results shown in Chapter 9 are also
compared with that shown in Chapter 7 and further discussed for the purpose of comparing the sensing efficiency
between the two techniques. Preliminary experiments were also conducted and the results are described in Chapter 9. In
Chapter 10, the measurement performance of the BOTDA employing the proposed codes is numerically analyzed and
presented. By referring to the actual measurement data reported in publications, the parameters used in the analytical
calculations were determined. This study has highlighted the relationship between the SNR and the measurement time
for longer fiber length (1km and 10km) with high spatial resolution (10cm and 2cm). The results obtained for the
proposed coding systems are then analyzed and compared with that of conventional coded PSP-BOTDAS (coded
discrete- and coded continuous-PSP-BOTDAES); this analysis has revealed that the proposed coding system can provide
BOTDA with superior performance in the spatial resolution and measurement time than the conventional one. Finally,
Chapter 11 gives the conclusions and the proposed future works of the research.
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Chapter 2: Spontaneous and Stimulated Brillouin Scattering

2.1 Introduction to Chapter

Brillouin scattering is an optical scattering that occurs in a medium when light traveling through it interacts with
optical density variations of the medium. The density variation is caused by the acoustic wave that also acts as pressure.
The pressure then compresses the medium, causing the refractive index of the medium to change. In the case of fiber
optic cable, the sound wave causes the change in the refractive index of the fiber core. As a result, this process causes
the propagating light to scatter into the Brillouin scattered light. In other words, Brillouin scattering can be defined as
the scattering of a photon from an acoustic phonon. Brillouin scattering phenomenon is subjected to the Doppler shift,
because the sound wave also propagates along the fiber. Therefore, Brillouin scattering process causes the change in the
frequency and energy of the scattered light. There are two components of scattered light induced by Brillouin scattering
process. One is the scattered light with frequency shifted down to lower frequency known as Stokes component and the
other one is the scattered light with frequency is shifted to higher frequency known as anti-Stokes component. In this
thesis, the Stokes component is the main subject that will be explained in deep details.

Brillouin scattering can be detrimental in fiber optics communication system because it limits the performance of the
signal transmission in terms of maximizing the input power. However, at the same time, the scattering is also useful for
the applications such as the Brillouin fiber sensor, Brillouin fiber lasers and Brillouin fiber amplifiers [1-3]. Apart from
that, the theory of slow light induced from the scattering phenomenon has led to the development of optical buffering in
the future all-optical router communication systems [4].

Optical Brillouin scattering process falls in two categories, one is spontaneous Brillouin scattering and the other one
is stimulated Brillouin scattering (SBS). In general, the spontaneous light scattering means the light is scattered under
condition such that the optical properties of the medium are not modified by the incident light beam [5]. For
spontaneous Brillouin scattering, the optical field of the incident light is usually so small that it does not modify the
acoustic properties of the medium. In this case, the spontaneous Brillouin scattering originates from the scattering of the
light from the acoustic wave that is thermally excited. On the contrary, the SBS usually appears when the optical field
of the incident light used is sufficiently large, that it alters the density variation of the medium and causes the scattered
light to become quite intense. The incident light and the scattered light can then beat together, giving rise in the acoustic
wave through electrostriction process. Thus, under this condition, the scattered light and the acoustic wave mutually
contribute to each other’s growth [5].

In this chapter, spontaneous Brillouin scattering will be explained first which consists of both Stokes and anti-Stokes
waves. In the next section, stimulated Brillouin scattering (SBS), which is the main fundamental process applied in this
research, is also explained.

2.2 Nonlinear Wave Propagation

The theoretical formulation of the SBS process is considered from the propagation of light through a material and

the response of the material system to the light interaction. This can be described from the Maxwell equations as listed

below [5].

rotl:|sV><I:|=3+% 2.1)



B

rtE=VxE=—2 (2.2)
ot

divD=VeD=p (2.3)

divB=VeB=0 (2.4)

where E is the electrical field vector of the optical light, H is the magnetic field vector , D is vector of the
electric flux density, B is the vector of magnetic flux density, J is the vector of current density and p is the charge
density. The tilde sign (~) used in this chapter denotes the quantity that rapidly varies with time. To solve these

equations, we first consider the regions of space that contains no free charges, so that

p=0 (2.5)
and contains no free current, so that

J=0 (2.6)
We also assume that the material is nonmagnetic, so that

B = u,H 2.7)

where g, is the permeability of free space. However, we allow the material to be nonlinear in the sense that the fields
D and E are related by

D=g,E+P (2.8)
where &, is the permittivity of free space and P is the dielectric polarization. By assigning Egs. (2.5), (2.6) and (2.8)

into Eq. (2.1), one may obtain
rotﬁszﬁzg(gOE+5> 2.9)

with P is expressed as
P=gy/E+P\ (2.10)
where €OZE denotes the linear polarization part and PN the nonlinear polarization part. By using Eq. (2.10), we can

then express Eq. (2.9) as

rotl:lexﬁzg(gOE+5)

= O (B + e sE+PM)
ot
SNL
= g§+ P (2.11)
ot ot
where
e=go(l+ y) =gp5, (2.12)

with ¢, is the material relative permittivity and y is the electrical susceptibility. Next, the Eq. (2.7) is substituted into
Eqg. (2.2) to obtain
~ ~ 0B oH
ItE=VxE=——=—p, — 2.13).
at Ho ot ( )

By assigning another rotation (V') into Eq. (2.13), it then becomes

VxVsz—yog(Vxﬁ) (2.14)



Assigning Egs. (2.11) and (2.12) into the right side of Eq. (2.14), one may get

- - S NL
VxVxE:—,uog g§+ P
ot ot ot
o’E 02PNt
__/'tog 8t2 _/'IO atz (215)
By using the common relation of vector as expressed below,
Vx(VxE)=V(VeE)-V2E (2.16)
the left-hand side of Eq. (2.16) is replaced with the right-hand side of the Eq. (2.15) and further organized to produce
N - o2E 52pNL
V(VeE)-V2E=—u¢ 7 M (2.17).
Assuming that the contribution of Ve E issmall and negligible, Eq. (2.17) then becomes
N o2E o2pNL
—~V2E=—p¢ ~7 Mo (2.18)

8t2
Using the relation :1/5002 and the relation in Eq. (2.12), Eq. (2.18) then becomes
& O°E_ 1 9°P™

V2E- = (2.19)
c? at?  gc? at?

which notates the nonlinear wave propagation equation in media.
2.3 Spontaneous Light Scattering
2.3.1  Spontaneous Brillouin Scattering

In this section, the sound wave (pressure wave) equation involved in the optical scattering process that will be
described next is related to the expression of Stokes scattering. The equation of motion for a sound wave given in terms
of pressure wave Ap can be described as

2 ~ ~
%_r'vzaA_p_

where o isthe velocity of sound and T is the damping parameter.

v*VZAp=0 (2.20)

To study the nature of the acoustic wave equation in Eq. (2.20), we consider the propagation of the wave in an
acoustic medium as
Ap=Ape'@M 4 cc (2.21)
where c.c is the complex conjugate. We introduce Eq. (2.21) in Eq. (2.20) and solve the equation step by step. We
firstly expand the first term of Eq. (2.20)

N 2
o"Ap _ 6% Ape' @M Lo
PR (222)
=-02Ape' @M 4 cc

Next we expand the second term of Eq. (2.20) as

~ 2 ~
I—VVZ aAp :l—wa_ aAp
ot oz? ot (2.23)
=iq2Qr'Ape' @M 4 cc

Then we expand the third term of Eq. (2.20) as



2 .
L2V2AP = v? aa—zApe'(qz‘Qt) +ce
z

(2.24)
=—q20?Ape' M 4 e
We then substitute Egs. (2.22), (2.23) and (2.24) into Eq. (2.20) and write the equation as follows
_QZApei(qz—Qt) _ iqZerApei(qz—Qt) T qZUZApei(qz—Qt) =0
— Apei(@2) (Qz Tig2Qr - qzuz): 0
02 =g (L? -iQr’) (2.25).
We can then rewrite Eq. (2.25) as
2
q% = Q’ _ QAZ NQ_Z[l_,_ ierj (2.26)
L2 —iQr’ 1— iQr' )2 v? .
1)2
which shows that
q~ Q +£ (2.27)
v 2v
where the phonon decay rate, I' can be expressed as
I =I"g? (2.28).
The time constant of the acoustic wave amplitude, z, is defined as
2 2
=== 2.29),
a T qu—w ( )

which describes the time consumed by the amplitude of the acoustic wave to decay from 100% to 36.8% ( e).

Next process is to calculate the rate at which light is scattered out by the acoustic wave. We express the incident
optical field that propagates in z direction as
Eo(z,t) = Ege' k™ 4 cc (2.30)
The scattered field obeys the driven wave equation

2 A2F 25
veg_NC°E_ 1 0P (2.31)

that is analogous to Eq. (2.17). The nonlinear polarization P of the medium is described as

P=2¢g, (@Jgﬁ Eo (2.32)
op

and the variation in the density, Ap is given by

A= L] Ap+ (O_pj AS (2.33)
ap ) s ),

The first term of Eq. (2.33) describes the density fluctuations (acoustic wave) which leads to Brillouin scattering, while

the second term of Eq. (2.33) describes the density fluctuations with the entropy AS (temperature fluctuations), which
leads to Rayleigh-center scattering. Thus, by taking only the first contribution in Eqg. (2.33) where Ap denotes the

incremental pressure, one can find that
5(r,t):go[@j(a—p] Ap(r,t)Eq(z,1)
op )L op )q
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=& 7e Cs AB(r.) Eg(z,1) (2.34)
where Cg is called the adiabatic compressibility and y, is the electrostrictive constant, which is defined by

oe
Ve = [pa—) (2.35)
P p=po
We take a typical component of the thermally excited pressure disturbance within the interaction region to be given by
(2.36)

Ap(r,t) = Ape' @ L cc
and solve the Eq. (2.31) by using Eq. (2.30) through Eg. (2.36) to produce
= nd’E_ 1 o°P
c? ot?  gyc? ot?

Cs 0271 .~ ~
=2 ?[Ap(r,t) Eo(2,1)]

_ ﬁ_[(Apei(q-r-Qt) N Ap*e—i(qor-Qt))(Eoei(kor-wt) B, *eikeron )]

62
c? ot?

2
Vecz:s 0 5 [ApEOei(k+q)or—i(ru+Q)t + ADEO *e—i(k—q)-r+i(w—Q)t + Ap * Eoei(k—q)-r—i(a)—Q)t + Ap * EO *e—i(k+q)-r+i((o+Q)t]
C

V4 Cc i or-i —i(k—q)er+i(w—
_ eCzs [(w+Q)2ApEoe|(k+q) @O _ () (2)2 APE, *e i (k-dersilo-o)t
(0= Q)2 Ap* Epei kD@2 _ (1) )2 Ap*E, *e—i(k+q)or+i((u+Q)t]

C : . i )
__Ye - s [(a) _ Q)2 Ap* Eeik-aer-io-0)t (4, 4 )2 ApE eikHer-ilert c.c] (2.37)

The first term of Eq. (2.37) leads to Stokes scattering, and the second term refers to anti-Stokes scattering; the angular

frequency of both scattered lights is respectively downshifted and upshifted by the value of Q.

2.3.2  Stokes Scattering
The illustration of the Brillouin scattering in a media for the case of Stokes scattering (first term of Eq. (2.37)) is

shown in Fig. 2.1.
(ii) (ii1)

W .
¢ oL, e\
g v o'=0-Q
k :-\ k_k-q % %
k k, o

Fig. 2.1. Illustration of Brillouin scattering (Stokes scattering)

In Fig. 2.1, k is the wave vector of the incident optical field with its angular frequency of @, k> and ®'is the wave
vector and the angular frequency of the scattered light while g is the wave vector of the sound wave with its angular

frequency of Q. The scattered light comprises with wave vector and frequency can be expressed as

k’=k-q (2.38)

0 =w-Q (2.39)
The angular frequency © and the wave vector Kk of the incident light are related together according to

W= |k|(%] (2.40)
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and the angular frequency Q and wave vector q of the acoustic wave can be expressed as
Q= |q| v (2.41)

Therefore, one can change the form of Eq. (2.39) to become
o =|K] [%j (2.42)

In order to simultaneously satisfy the Eq. (2.38) through Eq. (2.42), the sound wave and its wave vector must have a
particular value for any scattering direction. Fig. 2.1 (i) shows the relation of & when the incident light is scattered at
that particular angle. Figure 2.1 (ii) shows the vector relation between those two optical fields in (i) and Fig. 2.1 (iii)
shows the relation of the wave vector of the sound wave disturbance that takes place when the incident field is scattered
in a media. Take note that |k|is nearly equal to |k'|because Q is much smaller than e. From the diagram of Fig. 2.1

(ii), it shows that
. (0
lo| = 2|k|sm[§] (2.43)
Therefore, Eq. (2.41) then becomes
Q = 2|k]usin 9 _oneYsin 2 (2.44)
2 c 2

From Eq. (2.44), one easily finds that the Stokes shift Q is equal to zero for forward scattering and becomes maximum

for back scattering (i.e: 8 = 180 degrees). Therefore, the Eq. (2.44) can be rewritten as
19
Quax = ZHEa) (2.45)

By taking the value of n = 1.5,0 =5960ms ™, /27 =1.9355x10**Hz for 1 =1550nm, one can calculate the value
of Q. /27 as
Q_max = 2n2 f
2r c

5960
=215
( )3><108
=11.536 GHz
2.3.3  Anti-Stokes Scattering
The illustration of the anti-Stokes scattering (second term of Eq. (2.37)) can be shown in Fig 2.2.

(ii) (iii)

i
W K K=Kk + q
\ 6 q O =0+Q \ sound wave
N K=k +
—> NI >
k k, o
q, Q

Fig. 2.2. lllustration of Brillouin scattering (anti-Stokes scattering)

1.9355x10%

The explanation on the anti-Stokes scattering resembles to that in the Stokes scattering in previous section. In Fig. 2.2
(i), it shows the relation of the wave vector of the scattered light when the incident light is scattered at the angle of 6. In

Fig. 2.2 (ii), it shows the vector relations derived from (i) and Fig. 2.2 (iii) shows the involvement of sound wave when
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the incident light is scattered in a media. From Fig. 2.2, the scattered light with its components of wave vector k’ and
angular frequency w’ can be expressed as

K=k+q (2.46)
Wm0t O (2.47)

By using the same relations shown in Eq. (2.40) to Eq. (2.43), one can write the wave vector of the acoustic wave q as
. (0
o= 2|k|sm(§j (2.48)
Therefore, the angular frequency Q of the acoustic wave is given as
0= 2|k|usin(g] —2nw? sin(gJ (2.49)
2 c 2

From the above explanation and illustration in Fig. 2.2, the anti-Stokes scattering can be defined as the scattering of
light from an oncoming sound wave. In contrast with the Stokes scattering, the anti-Stokes scattering shows that the
frequency of the scattered light is shifted up since it is induced by the oncoming acoustic wave. The illustration of the
Stokes and anti-Stokes scattering is shown in Fig. 2.3.

@
N

0
o)

Stokes scattered Incident light Anti - Stokes scattered
light spectrum spectrum light spectrum

Fig. 2.3.  The spectrum of Stokes and anti-Stokes waves

2.4 Stimulated Light Scattering
2.4.1  Stimulated Brillouin Scattering (SBS)

In the previous section of the spontaneous light scattering, we can see that the scattering of the light in a nonlinear
medium is said to be spontaneous when the fluctuation of the dielectric constant are excited thermally. In this section,
the physical and mathematical explanations of the stimulated light scattering especially involves in the stimulated
Brillouin scattering (SBS) are explained.

2.4.2  The Physical Process of SBS
The schematic diagram of the SBS process can be depicted in Fig. 2.4.

—_— o
>+~

Fig. 2.4. The schematic diagram of the SBS process

The concept of SBS process can be visualized as an interaction between pump light (@), Stokes light (»s) and

acoustic wave (Q) in a nonlinear medium. In Fig. 2.4, when an incident light is injected to the medium, an acoustic

13



wave is produced from the interaction between the incident light and the nonlinear medium, the sound wave which also
acts as pressure wave modulates the refractive index of the medium and the variation of the refractive index causes the
incident light to be scattered through Bragg diffraction. In the SBS case, the scattered light is usually in the backward
direction to the incident light. The portion of the incident light scattered is downshifted in its frequency which implies
the Doppler shift associates with the gratings that move at the acoustic velocity v. The angular frequency of the
scattered light is shifted downward in frequency to the Stokes frequency wg = wp —Q2. By implying the energy

conservation law, the Brillouin scattering process is said to be stimulated when [6]

(i The beating of the pump light and the Stokes light increases the energy of acoustic wave ( Q= wp — @y ).
(i) The beating between the pump light and the acoustic wave increases the energy of Stokes light
(wS = a)p _Q)

By properly setting the parameter to create SBS phenomena, the feedbacks resulted from the interaction explained in (i)
and (ii) may lead to the exponential growth of the amplitude of the Stokes wave.
2.4.3  Formulation of the SBS Wave

Assume that the optical field of the pump light and the Stokes wave can be respectively represented as
E,(zt)= Ap(z,t)ei(kpz_wpt) +cc (2.50)

Es(z,t) = Ag (z,t)e' 7Y j cc (2.51).
The total field can be expressed as

E(zt)=E,(z,)+Es(z,1) (2.52)

In a similar manner, the acoustic field can be described in terms of the material density distribution as

P(z,8) = py + (p(z,t)ei(qz’m) + c.c) (2.53)

where Q = w, — ws, q = 2k, and py is the mean density of the medium. The material density changes in the Brillouin

medium is assumed to obey the acoustic wave equation (similar to the expression of Eg. (2.20))
az—f‘r'VZ@—UZV25=V'f (2.54)
ot ot

where o is the sound velocity and I"” is a damping parameter. The right-hand side of Eq. (2.54) shows the divergence

of the force per unit volume f, which can be expressed as

f=Vpy, Py = —%507e<|§2> (pst: strictive pressure due to the presence of electric field) (2.55)

Vef = —%goye 2V2EE”
= —SoerZEE*
= —&07eV2(Ep +Es)(E"p +E’s) (2.56)
= —goyevz[ApA; + A AT 0 AT A A0 ASA:]
= goyeqz(Ap A'ee! @ c.c)
We assume that the acoustic amplitude varies slowly in time and space so that we can introduce the slowly varying

envelope approximation (SVEA) to simplify Eq. (2.54). Introducing Eqg. (2.53) into the left part of Eq. (2.54)
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Using SVEA to neglect the second derivatives of time and space, Eq. (2.57) is arranged to produce
_2iP -Q%p —F'iquQ—uZZiqa—p+ v2g?p @M | _ 2i0 P (QBZ -0? -iQT, )p —022iqa—p (@7 (2 58)
ot oz ot oz
where

Qg =qu (2.59)
is the Brillouin frequency shift (in angular frequency) and the Brillouin gain bandwidth Ty (in angular frequency) is

given as
Iy =q°T” (2.60)
Since I''= 2/Taq2 (see Eq. 2.29), we assign this equation into Eq. (2.60) to obtain
1
= 2.61),
fa TAvg ( )

where Avg s the Brillouin gain bandwidth given in ordinary frequency value.

By comparing the Eq (2.58) with that of Eq. (2.56), one may obtain
—2ig%”+(§282 —-Q? —iQT; )p—vZZiqZ—p:goyequpAS* (2.62).
zZ

Equation (2.62) can be simplified by omitting the last term on its left-hand side. This term describes the propagation of
phonons. Since the phonon propagation distance is typically small compared to the distance over which the source term
on the right-hand side of Eq. (2.62) varies significantly, it is conventional to drop the term containing 8p/ézin

describing SBS. If we drop the spatial derivative of Eq. (2.62) and assume steady state conditions (8p/ ot vanishes), we
find that the acoustic amplitude is given by
A AsT

— (2.63)
0,7 -0% -iQrT;,

p(2,1) = £97,9°

The spatial evolution of the optical fields is described by the wave equation

~ 0°E; o°P,
V2E, - (c/ln)z 8t2| = glc? 6’t2| ,  subscripti =P (Pump), S (Stokes) (2.64)
0

The total nonlinear polarization, which gives rise to the source term in this equation, is given by
P =cohe, E=20p5"7epE (2.65)

We next determine those parts of I5I that can act as phase-match source terms for the pump and the Stokes field,

which can be described as

ISP = ppei(kpz_“’pt) +cc, Py = pe'hszest) e, (2.66)

where
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Pp =000 VePPs,  Ps=80P0 VeP™ PAp (2.67)

For the pump case, the Eq. (2.50) is introduced into the wave equation of Eq. (2.64) where the subscript i is replaced
with P (pump), along with Egs. (2.66) and (2.67). The time derivative of Eq. (2.50) is given

6EP 0Ap . i(kpz—wpt)
— = ——iwpAp & PP +ce 2.68).
2 [ % o p] (269)
The second time derivative is
2c 2 .
OEBo [P iy P2 _ 2o, o070 4o (2.69)
at? at? ot
Next, we expand the space derivative of Eg. (2.50) to obtain
Ee _[Pe oA €0 L oc (2.70)
oz oz
Similarly, we expand the second space derivative
2c 2
E A . A i -
0°Bp |07 + 2ikp a —k%pAp [P L cc (2.71)
oz? oz° oz
Next, the time derivative of the pump part of Eq. (2.66) is expanded to produce
6I5P oPp . i(kpz—wpt)
— = ——iwpPs e """’ +ce 2.72).
at [ a Pj 2.72)
and its second time derivative can be expressed as
25 2
P E . P, i(kpz—o
0 2P = a—zp—Zla)Pa—P—wszp e'kpzept) | o e (2.73)
ot ot ot

Using the SVEA method, we omit the second derivative of Eq. (2.69) and Eq. (2.71). The second derivative of Eq.
(2.73) is also omitted. Furthermore, the term 2iwp % is also neglected since it is relatively small to the term a)é Ps

in Eq. (2.73). Introducing Egs. (2.69), (2.71) and (2.73) along with the expression of Eq. (2.67) into the wave equation
of Eq. (2.64), one may obtain

. OA . OA i - i )
2ikp P _K2A, —% ~2iop P — w2A, | !PT - 12w§yepA5 g'“prenY 2.74)
oz (c/n) ot PoC

Organizing Eq. (2.74) and cancelling the term ké Apand a)é Ap since k = w/c, one may get

OAp 1 0Ay iwpy,

+ = 2.75).
oz (c/n) ot 2ncp, Phs (@73)

Equation (2.75) shows the wave equation of the SBS wave for the pump case. Performing the same method of
calculation, the wave equation of the SBS wave for the Stokes case can be expressed as

_ OAg N 1 0As iawgy,
oz (c/n) &t 2ncp

0 Ap (2.76)

In these equations, p is given by the solution to Eq. (2.62). Furthermore, we dropped the distinction between wp and ws
by setting w = wp = ws. Considering a steady state condition, where the time derivative can be dropped and p is given

by Eq. (2.63), the coupled-amplitude equations from Egs. (2.75) and (2.76) then become
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e igo@q°y%e [As|” A
oz 2ncpy Qg2 -0% -0l
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aAS __ Igoa)qzyze |AP| AS (2 78)
oz 2ncpy Qg2 - 02 —iQT;

Equations (2.77) and (2.78) indicate that SBS is a pure gain process, that the SBS process is automatically

phase-matched. For this reason, it is possible to introduce coupled equations for the intensities of the two interacting
optical waves. By defining the intensities as 1, = 2ngocA A*; with i =P or S, Egs. (2.77) and (2.78) then become

ol
—=—qlpl 2.79
oz glels (2.79)
ol

—=—ql,l 2.80
oz glels (2.80)

In these equations, g is the SBS gain factor, which can be approximated as

(g /2

g=g (2.81)
’ (o} —Q)2 +(Tg /2)2
where gy is the line-center gain which can be given as
2 2
(0]
9o = 7e3— (2.82)
nue” pol'y

Take note that in the constant pump limit where I = constant, the solution for the Eq. (2.80) is given by

Is(2) =15 (L)ed'P? (2.83)

In this equation, a Stokes wave injected into the medium at z = L experiences exponential growth as it propagates

through the medium. Next, we find that the constant pump approximation corresponds to the case Is (z) = constant. Thus,

the solution for the Eq. (2.79) can be expressed as

I5(2) = 1p(0)e 9 (2.84)

In contrast to that of the exponential growth of the Stokes wave shown in Eq. (2.83), Eq. (2.84) indicates that the pump

intensity experiences attenuation due to the SBS process utilizing Stokes process.
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Chapter 3: Literature Review on the Brillouin Scattering-based Sensing
Techniques

3.1 Introduction to Chapter

Since the first demonstration of distributed BOTDA system [1], several techniques have been proposed to further
improve the efficiency of the sensing system. In this chapter, some well-known techniques of measuring strain and
temperature along fiber optic cable based on the conventional BOTDA are explained. They include the pulse pre-pump
BOTDA (PPP-BOTDA), differential pulse-width pair BOTDA (DPP-BOTDA), optical differential parametric
amplification BOTDA (ODPA -BOTDA) and phase-shift pulse BOTDA (PSP-BOTDA) to name a few.

Apart from the BOTDA, there is another technique of measuring the strain and temperature utilizing SBS called
Brillouin optical correlation domain analysis (BOCDA). BOCDA however differs from the BOTDA technique in which
that it is based on the optical correlation method. A brief explanation about this technique is also included.

3.2 Brillouin Optical Time Domain Analysis (BOTDA)
3.2.1  Principles of BOTDA

Brillouin optical time domain analysis (BOTDA) that utilizes the occurrence of SBS for distributed strain and

temperature measurement was firstly proposed by Horiguchi et al. [1]. A simplified measurement system of the BOTDA

is depicted in the Fig. 3.1.

Test fiber

To detector

Fig. 3.1.  Asimplified BOTDA measurement setup.

In Fig. 3.1, pulsed light or also called pump is injected to one end of a fiber, while at the other end, a
counter-propagating continuous wave light or also known as probe is injected. BOTDA utilizes the occurrence of SBS
in fiber cables when pump light interacts with counter propagating probe light. The beating due to the frequency
difference between the pump and the probe modulates the refractive index of fiber via electrostriction process, and then
excites an acoustic wave that moves in the same direction as the pump. As a result, some of the pump light is
backscattered into the SBS light. The frequency of the SBS light is down-shifted by the Stokes frequency; this
frequency shift is called Brillouin frequency shift (BFS), which is described as

Vg = . (3.1),

p
where vg (=Qpg/2m) is the BFS, v is the acoustic velocity, n is the refractive index of the fiber, and 4, is the

pump wavelength. BFS is very unique that it linearly changes with the change in strain and temperature of the fiber.
Therefore, BOTDA can measure distributed strain and temperature across the fiber by time-resolved measurement of
the BFS. The peak Brillouin signal can be obtained when the frequency difference between the pump and the probe is

equal to the BFS of the fiber; the energy transfers from pump to probe.

Furthermore, Brillouin gain spectrum along the fiber can be constructed by sweeping the frequency difference
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between the pump and probe in the vicinity of the BFS of the fiber. The Brillouin gain bandwidth Avg (=T /2m) of the
Brillouin gain spectrum can be expressed as a relation with the time constant of the acoustic wave amplitude by
following expression:
Avg =1 (3.2)
TT,

where 7, is the time constant of the acoustic wave amplitude. As has been given in Chapter 2, 7, is described as the
time taken for the amplitude of the acoustic wave to decay from 100% to 36.8% ( e). Throughout the thesis, this term
is used as a parameter to analyze the Brillouin signals obtained from the simulations and experiments.

As has been mentioned in Chapter 1, the best spatial resolution of the firstly demonstrated BOTDA was about 1m

that corresponded to the pump pulse duration of 10ns. The spatial resolution, Az can be described as

(dn)T
2

Az 3.3)

where c is the light speed in vacuum, n is the refractive index of fiber, and T is the pulse duration. In order to improve
the spatial resolution, one way is to reduce the pulse width of the optical pump. However, the pump pulse duration
cannot be set shorter than t,, which is about 9ns for silica fibers, because the acoustic phonons excited by such a short
pump pulse cannot generate the SBS efficiently. This will further cause the Brillouin gain to decrease and its gain
bandwidth to spread. As a result, it becomes difficult to accurately determine the center frequency of the Brillouin gain

spectrum.

3.2.2  Spatial Resolution

Spatial resolution is of important parameter in characterizing the efficiency of a fiber optic sensor. In the BOTDA
system, the equation to determine its spatial resolution is as shown in Eq. (3.3). This equation shows on how one can
calculate the spatial resolution theoretically. However, in the real measurement, the spatial resolution is analyzed by
measuring the rising or falling time of the measured time domain Brillouin signals at the transition range between the
test and reference fiber, as shown in Fig. 3.2. In Fig. 3.2, the spatial resolution is calculated by determining the rise or
fall time that corresponds to the 10% or 90% of the average signal power. This rise or fall time is then converted into
the length value which determines the spatial resolution. It should be noted here that the measured spatial resolution is
smaller than that of the theoretical value calculated by using Eq. 3.3. This is because the evaluation method shown in
Fig. 3.2 covers only 80% of the total rise/fall time. This method of evaluation is used throughout this thesis to analyze

the spatial resolution of the decoded Brillouin signal.

4

/\ Average (100%)

TT90%

Signal power

10%

Time

Rise time Fall tume

|
|
Fig. 3.2. Method of evaluating the spatial resolution.
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3.3 Pulse Pre-Pump BOTDA (PPP-BOTDA)

As explained in Section 3.2, one way to improve the spatial resolution is by reducing the duration of the pump pulse.
However, if the pump pulse duration is further decreased to shorter than 10ns, the Brillouin gain rapidly decreases and
the spectral width of the Brillouin gain begins to increase from the natural linewidth of approximately 35 MHz.
Therefore, it had been believed that both the gain decrease and the spectral width broadening had precluded sub-meter
spatial resolution measurements. Breakthrough was made when it was found experimentally that the spectral width is
suddenly reduced if the pulse duration decreases to further small values less than the time constant of the acoustic wave
decay rate [2], and when it was subsequently clarified by numerical simulations that weak cw leakage of the pulse plays

a role of pre-pump [3].

Ppo

Py v
Local Informrmation m
Pump | Stepped a #I Probe
Laser Pulse Laser
Genermion/ Source
Signal S—
Detection "
—— P —

Acoustic wave is stimulated by Pre-Pump in this region

Fig. 3.3. PPP-BOTDA measurement setup (source from www.neubrex.com).

Based on the findings, an alternative approach called pulsed pre-pump BOTDA (PPP-BOTDA) has been reported,
using weak pre-pump pulse with a long duration in front of the conventional intense pulse with a short duration [4]. The
long pre-pump pulse excites acoustic waves that offer the succeeding short pulse the beneficial Brillouin gain, thus
providing the advantages of a narrow spectral width and additional small gain at high spatial resolution. The
measurement system of the PPP-BOTDA is depicted in Fig. 3.3. In Fig. 3.3, the shape of the pump pulse is modified to
step function. In other words, the PPP-BOTDA utilizes a weak pre-pump of a few tens of nanoseconds (P.) in duration
and the following high peak-power pump of a short duration (Pp). The PPP-BOTDA makes the short pulse pump fall so
steeply to suppress a trail of the Brillouin signal due to the presence of the transient phonons, achieving high spatial
resolution. The trail has been unwanted response for the BOTDAs utilizing the light leakage from optical modulator [5].
3.4 Differential Pulse-width Pair BOTDA (DPP-BOTDA)

The differential pulse-width pair BOTDA (DPP-BOTDA) technique employs two pulsed pump lights having long
durations with a small difference. After the Brillouin signals measured by these two pulses are detected and converted
into the electrical signals by a photo detector, they are finally subtracted to produce the differential Brillouin signal. By
performing the subtraction, the spatial resolution is improved by the pulse duration difference between the two pulsed
pump lights. Figure 3.4 depicts the measurement setup of DPP-BOTDA technique [6].

In the DPP-BOTDA, the pulsed laser is tuned to the Stokes frequency while the cw is tuned to the pump frequency.
In this measurement setup, the pulsed Stokes beam experiences Brillouin amplification at the expense of the cw pump;
implying the energy conservation, this results in decrease in the cw pump power. By scanning the frequency difference
between the two lasers, the changes in the cw pump power is measured to produce the Brillouin loss spectrum in the
function of distance. Spatial resolution of 0.15m was reported by employing 20/19ns pulse pair over 1km of fiber length
[6].
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Fig. 3.4. DPP-BOTDA measurement setup [6].

3.5 Optical Differential Parametric Amplification BOTDA (ODPA-BOTDA)

Optical differential parametric amplification BOTDA (ODPA-BOTDA) resembles the DPP-BOTDA technique,
except that the two pulsed lights are injected simultaneously into the fiber. The schematic diagram of the
ODPA-BOTDA is shown in Fig. 3.5. Another interesting feature of the ODPA-BOTDA is that it employs the
combination of the Stokes and anti-Stokes in the pulsed lights that allows the simultaneous generation of Brillouin gain
and loss at the same position along the fiber cable [7]. At the overlapping region of the two pulses, the generation of
Brillouin gain and loss cancels out each other on condition that the power of the two pulses is carefully balanced. Thus,
compared to the DPP-BOTDA, the subtraction process of the two Brillouin signals is performed before the measured

signals reached the photo detector.

Anti-Stokes: v + v, ;
L CWsensing wave: v
rl Ij z Acousticwave : p, -
R >

< [ Sensin g fiber

—
j |< T+ AT Acousticwave: p,

Stokes: v —v,,

Fig. 3.5. Schematic diagram of the ODPA-BOTDA technique [7].

However, one needs to carefully set the peak power of the Stokes and anti-Stokes at the same level to obtain well
balanced gain and loss interaction so that the Brillouin gain and Brillouin loss can be canceled completely. If the peak
power of these lights is different, i.e. either Stokes or anti-Stokes dominates the process, it is impossible to obtain high
spatial resolution with narrow Brillouin gain bandwidth measurements. Besides the power level, the timing between the
two pulses should also be optimized at the same position so that no distortion is induced in the measured signal. In
addition, according to [7], considering the issue arises from the different state of polarization in fiber, currently this
technique restricts the use to the polarization maintained fiber (PMF).

3.6 Phase-Shift Pulse BOTDA (PSP-BOTDA)

In the phase-shift pulse BOTDA (PSP-BOTDA) technique, the pump is composed of two kinds of pulses; the 1%
pulse of long duration, and the 2" pulse of short duration [8]. As illustrated in Fig. 3.6, the following two pumps are
used: 1) the 1% pulse followed by the 2™ pulse without phase shift and 2) the 1% pulse followed by the 2" pulse with ©

shift in phase. The 2" pulse width determines the spatial resolution. The 1% pulse is around or longer than the time
21



constant of the acoustic wave 7, so that the acoustic wave grows to its full extent through the process of SBS. The 2™
pulse follows immediately after the 1% pulse in order to interact with the acoustic wave excited by the 1% pulse. The 2n
pulse is modulated with binary phase shift keying (BPSK).

First, pump 1) is injected to the fiber and the response is measured. Second, the measurement with pump 2) follows. In
both measurements, a portion of the 2™ pulse is backscattered by the acoustic wave excited by the pre-pump; the 1%
pulse. For pump 1), the 2" pulse backscattered interferes with the probe constructively, increasing the Brillouin gain.
Contrary to the case of pump 1), the 2" pulse backscattered in the case of pump 2) interferes with the probe
destructively, decreasing the Brillouin gain. The increase and the decrease in the gain have the same magnitude. Third,
the response signal measured with pump 2) is subtracted from that obtained with pump 1). This process cancels the
Brillouin amplified signals caused only by the 1% pulse and only by the 2" pulse, leaving only the Brillouin amplified
signal caused by a conjunction of the 2™ pulse and the acoustic wave excited by the 1% pulse. The differential Brillouin
amplified signal of the PSP-BOTDA is much greater than the Brillouin amplified signal for the PPP-BOTDA explained
above. This is because the pre-pump pulse and the 2" pulse of the PSP-BOTDA have the same power while for the
PPP-BOTDA the power of the pre-pump is about 10° of that of the 2" pulse. Furthermore, subtracting the two
Brillouin signals obtained by each pump yields a Brillouin signal whose intensity is approximately twice that of
DPP-BOTDA.

A A
1st pulse 20d pulse 1st pulse 2nd pulse

Power
Power

0 0 0 T

>

—> —>
Time Time

Fig. 3.6.  Pump pulse configurations of PSP-BOTDA technique.

3.7 Coded PSP-BOTDA
3.7.1  Coded Discrete-PSP-BOTDA

Coded discrete-PSP-BOTDA was proposed as a technique to improve the signal-to-noise ratio (SNR) of the
measured Brillouin signal [9]. In this technique, many kinds of codes such as Golay complementary pair (GCP) or also
known as Golay codes can be employed to modulate the pump light of the PSP-BOTDA. GCP is a complementary
sequence which is well-known for its property that the out-of-phase aperiodic autocorrelations coefficients of the codes

sum to zero and the correlation in phase produces high amplitude [10].

Fig. 3.7.  Example of pump configuration of coded discrete-PSP-BOTDA in the case of 4 bits.

An example of pump light configuration for coded discrete-PSP-BOTDA is illustrated in Fig. 3.7, showing that
return-to-zero (RZ) pulse formation is used to generate the pump light. In Fig. 3.7, a long pulse (1% pulse) of duration T

is used to excite the acoustic wave to generate the SBS wave. Next to it, much narrower pulse called the 2™ pulse is
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appended. The 2" pulse is phase-coded according to the bit-elements of the Golay code, and is used to measure the
strain change along the fiber. The width of one element of a Golay code is T,. The spatial resolution is determined by
the duration of T,. It can be seen from Fig. 3.7 that the bit-elements of a Golay code are appended separately to the 1%
pulse, with the bit interval time T; of each pulse group. The interval time must be set much longer than the time constant
of the acoustic wave amplitude t, in order to avoid the Brillouin interaction among pulse groups. Thus, the available
code length is limited by the amount of the round trip time (RTT) of light in the fiber. Previous numerical analysis has
shown that the shortest T; value that can be set in the coded-discrete-PSP-BOTDA was between 25~30ns [11].
3.7.2  Coded Continuous-PSP-BOTDA

Coded continuous-PSP-BOTDA is another technique introduced to improve the SNR of the Brillouin signal
measured based on the PSP-BOTDA technique. The pump light configuration for the coded continuous-PSP-BOTDA is
quite similar to that of coded discrete-PSP-BOTDA, except that the coded pulses are assigned as non-return-to-zero
(NRZ) pulses [12]. An example of the pump light of coded continuous-PSP-BOTDA is depicted in Fig. 3.8.

Fig. 3.8. Example of pump configuration of coded continuous-PSP-BOTDA in the case of 4 bits.

As can be seen in Fig. 3.8, the coded pulses are continuously appended together after a long 1% pulse. Similar to the
conventional PSP-BOTDA and coded discrete-PSP-BOTDA techniques, the 1% pulse of width T, is used to grow the
acoustic wave through the SBS process, while the 2" pulses of width T, each, which are four pulses in the case of 4 bit
code, are used to measure the strain and temperature changes. Assigning 1 and -1 bit-elements respectively to 0 and =
shifts in phase, the four pulses are phase modulated with code series.

Previous studies have shown that the use of non-return-to-zero (NRZ) formatted pulses in coded BOTDA has
induced distortion in the measured Brillouin signal when the bit pulse duration is around or less than t,,. This distortion
is caused by varieties of additional gain of the preceding coded pulses. Consequently, return-to-zero (RZ) format has
been introduced into the coded pulses of the high-spatial-resolution BOTDASs so that interactions between the preceding
and succeeding bit pulses should not occur through the SBS process [9, 13, 14].

Nevertheless, as already explained in Chapter 1, sub-meter spatial resolution has been successfully demonstrated by
using the coded continuous-PSP-BOTDA employing Golay codes. The reason of this success is that the subtraction
process in the PSP-BOTDA intrinsically cancels the Brillouin gain due to the interaction between each coded pulse and
the probe [8]. Thus, this process partly removes the Brillouin gain variation among coded pulses. The PSP-BOTDA
extracts only the Brillouin gain that is derived from the interaction of each coded pulse with the acoustic wave excited
by the pre-pump pulse. However, since the acoustic wave decays significantly after the time constant of the acoustic
wave 7,, when the total duration of the coded pulses becomes more than z,, the waveform of the Brillouin signal
decoded is distorted, resulting in the degradation of the spatial resolution. Thus, it was found that the total code duration
available for coded-continuous PSP-BOTDA is limited by the time constant of the acoustic wave in fiber, which is

around 9ns for silica fibers.
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3.8 Brillouin Optical Correlation Domain Analysis (BOCDA)

Brillouin optical correlation domain analysis (BOCDA\) is another technique of utilizing SBS to measure strain and
temperature along fiber optic cable. Being different from the BOTDA technique that uses time domain analysis for the
strain measurement, the BOCDA technique is based on optical correlation method. An example of the BOCDA
measurement setup is shown in Fig. 3.9 [15]. In the BOCDA system, both pump and probe lights are modulated in
frequency with a sinusoidal waveform, periodically generating correlation peak at a particular section along the fiber.
SBS signal is observed when the frequency difference between the lightwaves coincides with the BFS of that particular
section. The main feature of the BOCDA system is that it offers higher spatial resolution than the BOTDA technique up

to millimeter order, which is described as

Vg 'AVB

AZl=—"—— (3.4),
2nf,, - Af

and
\Y

d, =—2 (3.5),
21,

where V is the group velocity of light, f, and Af are respectively the modulation frequency and modulation
amplitude of the light source and d,, is the measurement range. It can be seen from Eq. (3.4) that higher Az can be
obtained by increasing Af rather than f, because of the trade-off between f_ andd, according to Eq. (3.5) [16].
Although employing time-division pump-probe generation scheme can expand the measurement range, this will

increase the measurement time with the increase in the number of time-division sections.

Fig. 3.9. Example of BOCDA measurement setup [15].
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Chapter 4: Coding Techniques

In later chapters, we will find in details the analysis on the employment of the proposed code systems in the
PSP-BOTDA technique. Before we proceed to the analysis of the employment, it is important to understand the
theoretical study of the proposed coding systems and the advantages, which is included in this chapter.

4.1 Introduction to Chapter

The coding system employed in modulating the pump light of PSP-BOTDA described in this thesis includes Golay
complementary pair (GCP), that is also known as Golay codes and another one called Walsh codes. Improvement in the
optical signal-to-noise ratio (SNR) of measured Brillouin signal is expected from this pump light coding concept. In this
chapter, the fundamental concept that mainly covers the code generation algorithm and the decoding process of these
two code systems is explained. In addition, the theoretical SNR contribution expected from the coding system is also
described.

Moreover, in this chapter, the proposal of new concept of combining two codes called dual Golay codes, combined
Walsh and Golay codes and dual Walsh codes are also explained. This new technique can further contributes to the
achievement of higher SNR than that of using one kind of code system; the theoretical SNR is explained. The algorithm
of combining the codes for the above mentioned coding systems are also given in details.

4.2 Golay Complementary Pair (GCP)

Golay complementary pair (GCP), which was firstly introduced in 1949 by Marcel J. E. Golay can be defined as [1]

Definition: A pair of two of L-element sequences, A with elements (a, ay, ... @,.1) and B with elements (bg, by, ...,5..1), is

said to be complementary if the sum of the auto-correlations for the two sequences satisfies below equations.

CDA’A(k)+<I>B’B(k)=2L5(k) (4.1)
where
L-k-1
Dpal)= D anan (4.2)
m=0
L—-k-1
g (k)= D bribr (4.3)
m=0
and
1, fork=
5(k)={' or _0 .
0, otherwise

In the equations above, L is the code length of Golay codes A and B, k is the bit shift during the auto-correlation
calculation. The out-of-phase aperiodic auto-correlation coefficients sum to zero, while the summation gives a peak
value of 2L for k = 0.

Let us consider a GCP, which consists of codes A and B. The codes can be generated, for example, through a method

called recursion method, which can be expressed as follows.

@ - (2:;] .

In Eq. (4.4), |’ means concatenation, and overbar ~  denotes bitwise inversion of the code. The expressions of A|B

and A|B denote the new codes of A and B, respectively. An example of a GCP of 8 bits in length is given below;
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A 111-111-11
= (4.5)
B gpix \111-1-1-11-1
which is generated from a pair of one bit code of A=1 and B=1 by using the recursion method three times. Fig. 4.1
shows a correlation function of a GCP of 8 bits. The special property of a GCP expressed by Egs. (4.1) to (4.3) is clearly
observed in Fig. 4.1, showing that the summation of the auto-correlation coefficients of Golay pair gives a peak value

which corresponds to the value of 2L (in this case 2L=16) and the aperiodic coefficients for both codes are cancelled to

zero. The code gain of 2L and the zero side lobes are favorable for distributed sensing.

16
——o—Correlation of Eq. (4.2) (8 bits)

-
N

~8-Correlation of Eq. (4.3) (8 bits)

(=]

Summation of Eq. (4.1)

Amplitude
-y
[

. e S
'R 2\./4\-/5\-/8

Bit shift

Fig. 4.1. Correlation functions for L=8.

4.2.1  The Employment of GCP in Coding the Pump Light of PSP-BOTDA

In the previous researches, the employment of GCP in the coded PSP-BOTDA is categorized into two systems. They
are coded continuous-PSP-BOTDA [2] and coded discrete-PSP-BOTDA [3]. The examples of pump configurations for
both systems in the case of 4 bits are depicted in Fig. 4.2 (a) and Fig. 4.2 (b), respectively.

(@) (b)
Fig. 4.2. Coded PSP-BOTDA pump configurations in the case of 4 bits (a) Coded continuous-PSP-BOTDA (b) Coded
discrete-PSP-BOTDA.

In Fig. 4.2 (a), the 1¥ pulse with width of T, is used to excite the acoustic wave to generate the SBS wave. Next to it,
much narrower pulses called the 2™ pulses are appended. These pulses are phase-coded with a Golay code, and to
measure the strain change. The width of one element of a GCP is T,. In Fig. 4.2 (a), the bit-elements of a Golay code are
continuously appended next to the 1% pulse. While in Fig. 4.2 (b), each element of the code is appended separately to
the 1% pulse, with the bit interval time T; of each pulse group.

For the coded continuous-PSP-BOTDA shown in Fig. 4.2 (a), the 1% pulse of width T is used to grow the acoustic
wave through the SBS process, while the 2" pulses of width T, each, which are four pulses in the case of 4 bit code, are
used to measure the strain and temperature changes. Assigning 1 and -1 bit-elements to 0 and = shifts in phase, the four
pulses are phase modulated with code series of {1, 1, 1, -1}. As for the coded discrete-PSP-BOTDA shown in Fig. 4.2
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(b), the 2" pulse of width T, following the 1st pulse of width T; is assigned to one bit-element of the code. The four sets
of the 1% and the 2" pulses are generated and the 2™ pulses are phase-modulated with the code series of {1, 1, 1, -1}.
The pulse sets are separated by T; in time so that we can ignore the interactions between them through the process of the
SBS. In both pump configurations T, determines the spatial resolution, as reported in [2] and [3].

4.2.2  Signal-to-Noise Improvement Ratio (SNIR)

The optical signal-to-noise improvement ratio (SNIR) for the coded PSP-BOTDA employing Golay codes can be
described by comparing it with the conventional single pulse PSP-BOTDA in the measurement. For the convenience of
the comparison, let us assume that the peak power and the total measurement time are equal for both measurement
systems. Firstly, the SNR for the conventional PSP-BOTDA system using the 0-shift pump and z-shift is calculated.
Since we consider the equal measurement time between the conventional PSP-BOTDA system and the coded
PSP-BOTDA system, then the total number of measurements for both 0-shift and n-shift pumps for the conventional
PSP-BOTDA becomes four. If we consider the number of the averaging for each measurement of pump is N, then the

optical SNR for the conventional single pulse PSP-BOTDA system can be expressed as follows [2]

SNRsingIepulsePSP—BOTDA — ,4N h_k (4_6)

o)

where h, is the response signal of probe that experiences the Brillouin amplification and o, is the quantized noise

power during the A-D conversion.
Next, the SNR of the coded PSP-BOTDA is given. In the coded PSP-BOTDA system, the humber of pumps used

in the measurement is four, including the pumps for inverted Golay codes. Thus, the SNR for this case can be shown as

)

where L is the code length of the Golay code. The SNIR of the coded PSP-BOTDA system can be expressed by
dividing the Eq. (4.7) with Eq. (4.6) as
SNRcodedPSP—BOTDA

coded PSP-BOTDA _
SNIR - SNRSingle pulsePSP-BOTDA

=JL 4.8)

In the conventional BOTDA that employs intensity modulation for producing the coded pulses, the SNIR of the
measurement system is \/L—/Z [4]. Therefore, with the employment of GCP in the coded PSP-BOTDA, the SNIR
improves is two times higher than that of the conventional BOTDA.

4.3 Walsh Codes
4.3.1  Encoding and Decoding with Walsh Codes

Walsh codes are generated from a square Hadamard matrix (H matrix) consisting of bipolar elements (+1s and -15).

Each row of Hadamard matrix describes a Walsh code. Hadamard matrices have been widely used in OTDR [5] and

spectrometry [6] applications. The expression of generating a Hadamard matrix for 2¥ matrix order can be expressed as

follows
Hii Ha
2 2 _
sz [H ke —H _H2®H2H
2 2
for k =1, (4.9)

28



for 2<k e N, where ® denotes Kronecker product. For instance, if k=2, the H matrix of order 4 that can be

generated is

11 1 1
1 -1 1 -1

H - 4.10).

101 -1 1 (4.10)
1 -1 -1 1

From Eqg. (4.10), one can immediately understand that the matrix elements are orthogonal; the order of the elements of
the transposed matrix H' is exactly the same with the original one. Furthermore, the sequence of the elements also
remains in the same order after matrix inversion H™. The decoding process using Hadamard matrix is called Hadamard
transform. In the spectrometry application, the Hadamard transform is processed in the space domain while for BOTDA,
the decoding is processed in the time domain. Nevertheless, the process of decoding the measured Brillouin signals can

be performed in the similar manner applied in the spectrometry.

—_— T —

Pty | | &1 (D

P3(t) i | P2 (1)

| et
el ol | I
|\.
[ ~—0

P.a(t) | b4 (D)

Fig. 4.3. lllustration of the single pulse input and its response in time domain.

We use the generated matrix in Eqg. (4.10) as an example of performing Hadamard transform. Let us define the
duration of each coded pulse as z. Figure 4.3 illustrates the input of single pulse and its response in time domain. The
single pulse corresponding to each code element in every row can be expressed as P, (t), P, (t), P;(t) and P, (t) . When
these pulse sequences are launched into the fiber, the trace signal 7(t) for each row can then be described as

Pu(t) + Py (t) + P3(t) + Py (t) > 7u(t) = 4.(t) + 4, (1) + 6 (1) + ¢4 (1) + &1 (1)
PL(t) = Py (1) + P (t) = Py (t) = 72 (t) = 41(1) — o (8) + 43 (1) — 44 (1) + €, (1)

411
P (t) + Py (1) — Py (t) — Py (t) & m3(t) = A1.(t) + 4 (t) — 5 (1) — 44 (1) +5(1) (10
P(t) = Po(t) = Py(t) + Py (t) = m0.(t) = 41.(t) — 4o () — d5 (1) + 24 (1) + €4 (1)
so that
m(t) at)) (et
m2(t) | H $,(t) 4 e, (t) (4.12)

m®) | g ]| est)
74(t) $4 (1) e4(t)
where ¢, (t) ~ ¢, (t) are the response signals for each launched P;(t) ~ P,(t) pulses and e (t) ~e,(t) the
uncorrelated zero-mean noise. It should be noted here that the time delay between ¢, (t)andg,,,(t) is 7, which
corresponds to the pulse duration.
We then perform Hadamard transform to calculate the estimate signal traces as g (t) ~ ¢, (t), which can be

expressed as
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& (t) m®)) () e, (t)

b0 |_ | O |_| 60 1, e (4.13)
01 m®| |60 4 e '
Q) @) \alt) ey (t)

ey (t) +e,(t) +ez(t) +e,(t)
4
e () —ex(t) +es(t) —e,(t)
! (4.14)
e (t) +e,(t) —es(t) —e,(t)
4
e (t) —ey(t) —es(t) +e4(t)
4

A =4 () +

(1) =, (1) +

$5(t) = g5 (1) +

B4 (1) = ¢4 (1) +

Next, the estimate traces in Eq. (4.14) are time-shifted with the factor z and then averaged to produce

):¢31(t)+¢32(t+f)+¢33(t+2f)+¢34(t+3r)

gt
4
_ qgl(t)+ e, (t) +e,(t) +es(t) +e,(t) N e t+7)—ey(t+7)+es(t+7)—e,(t+7)
16 16 (4.15)
N e (t+27)+e,(t+2r)—es(t+27) —e,(t+27)
16
N e (t+37)—e,(t+3r)—e;(t+3r) +e,(t+37)
16

Note that the calculations in Eq. (4.15) are obtained based on the following relations:

P(t) =PRi(t-12), () = (t-7)
Py(t) = Pi(t—27), ¢5() =i (t—27).
Py(t) = P(t =37), 44(t) = ¢ (t-37)

Therefore, in the case of code length L=4, the electrical noise power &% can be calculated as

e E[{‘/Z(t) —%(t)}z} - 1l: :126 N %62 1o

Equation (4.16) is calculated based on these assumptions [8]:
Efe; (1)} =0,E¥2 (1) = o2, Efe; (e (1) }=0,(i = J) 4.17)

4.3.2  Signal-to-Noise Improvement Ratio (SNIR)

From Eg. (4.16), when code length of 4 is used, the noise power is reduced by the factor of 16. From this, we can
compare the enhancement in the SNR obtained in Eq. (4.16) over the single pulse PSP-BOTDA measured under the
equal measurement times. Then, the noise power of 4-times averaging for single pulse PSP-BOTDA can be easily
expressed as

2
gSingle pulse _o (4.18)
4

Therefore, the theoretical SNIR for code length L=4 can be expressed as
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lo?
16

If we analyze the SNIR with arbitrary code length L, we can generalize the SNIR employing any code length of

lo?
SNR= =14 _ /4> (4.19)

Hadamard codes as
SNIR" =L (4.20)
which agrees with that reported by Sloane et al. [6].
4.3.3 Example of Matrix Calculations Involved in Hadamard Transform
In this section, we describe the matrix calculations involved in the Hadamard transform in the case of 4-bit Walsh

codes. Firstly, based on Eqg. 4.9, the generated 4-bit Walsh codes are as follows.

11 1 1
1 -1 1 -1

H, = .
11 -1 -1
1 -1 -1 1

Next, we calculate the inverse matrix of H,, which can be shown as

11 1 1
Lo11 -1 1 -1
“ 741 1 -1 -1

1 -1 -1 1

Then, the matrix calculation between H;l and Hy is performed as follows

1 1 1 1 11 1 1
H4_1><H4:1 1 -1 1 -1 y 1 -1 1 -1
41 1 -1 -1 1 1 -1 -1

1 -1 -1 1 1 -1 -1 1
00
4
0

0

NG
O O O b
A O O O

o b~ O

which produce the identity matrix of H,. Therefore, we can clearly observe from the above matrix calculation that the
processed Walsh code produced 1s at main diagonal and Os at other part, i.e., no side-lobes. The peak amplitude
obtained from 2™ to 4™ column in the above result is then shifted so that their peak amplitude is aligned to the peak
amplitude of the 1% column, and finally averaged.
4.3.4  Robustness of Hadamard Transform Against the Amplitude Variation

In Section 4.3.3, the example of Hadamard transform calculation was performed with assuming that the amplitude
of the coded pulses is uniform. However, in the view point of especially coded PSP-BOTDA employing NRZ pulses,
the amplitude of the measured Brillouin signal exponentially decreases due to the decrease of the acoustic wave used
for generating SBS (see Chapter 6). To clearly show the impact of such response signals decoding on the quality of the

decoded signal, in this section the author provides the illustration and explanation on decoding the response signal with
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decreased amplitudes via Hadamard transform. Under the same condition, the author also provides the signal decoded
via auto-correlations for Golay codes for comparison purpose.

We begin with the Hadamard transform process of a 4x4 Hadamard matrix. The launched pulses according to the
codes and their response signals are illustrated in Fig. 4.4. In Fig. 4.4, the amplitude of the launched pulses is same for
all Walsh codes (W1~W4). On the other hand, we assume that there is a decrease in the response signals (R1~R4)
measured by each codeword. Then, the matrix calculation between H,' and the response signals R, can be shown as
follows

11 1 1) (R, R, Ry R,
11 -1 1 -1 IR -R, Ry -R,
41 1 -1 -1 |R, R, -Ry —-Ry
1 -1 -1 1) (R -R, -Ry Ry

4R, 0 0 0

H:11><R4=

1| 0 4R, 0 0
4/ 0 0 4R; O
0 0 0 4R,

Since the Hadamard transform uses orthogonal matrix in the calculations, it can be seen from the above result that
peak amplitudes are produced at main diagonal while Os at other parts. After that, the signals from 2" to 4™ columns are
shifted so that their peak signals are aligned with the signal in the 1* column and finally averaged. Thus, we can clearly
see that the decoded signal produces no side-lobe even when the amplitude of the received signals is not uniform. The
key factor that contributes to such an undistorted decoded signal is the direction of the inner product calculation. One
can see from Fig. 4.4 that we perform the inner product calculation between the row vector of the inverse Hadamard
matrix and the column vector of the matrix produced from the response signals; the amplitude of the column vector is

uniform.

11 1 1 Ri Rz R; R, 1114 Ri Rz R;-Ry

'—JID_ Direction of inner product
Code A t >
1 11 1 R1-Ri R3-R}

E=E -

R1'R2-R3-Ry

o Uil -

J

3
L |
Y

1141 R1 R;-R;Ry

171 -1 1 — Direction of inner product

Direction of inner product

$

|1_'1 W R RERIR Fig. 4.5. Illustration of 4-bit Golay codes and their response

|:> V: ; -E } signals.

-

Fig. 4.4. llustration of 4-bit Walsh codes and their response

signals
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Next, we perform the auto-correlation calculations for response signals measured by 4-bit Golay codes, being shown
in Fig. 4.5. The auto-correlations for the response signal measured by codes A (1, 1, 1, -1) and B (1, 1, -1, 1) based on
Egs. (4.2) and (4.3) can be shown as
(CD ResA A ) = (CD ResA, A (O)= @ ResA A (1)1 @ ResA A (2)! @ ResA A (3))

=(R;+R, +R3+R,, R, +R;—R,, R; —-R,, —R,)
(CD ResB,B ) = (CD ResB,B (O)’(D ResB,B (1)1CD ResB,B (2)!CD ResB,B (3))

We then sum the above auto-correlations to obtain

(q)ResAA)+ (cDResB,B): (Z(Rl +Ry +R3+ R4): Z(Rz - R4)1 0, O)-

From the above calculation result, we can clearly see that the summation of auto-correlations produces a side-lobe of
amplitude 2(R, —R,) . Since the inner product between the Golay codes A and B with their response signal is in the
direction of the decreasing amplitude (as shown in Fig. 4.5), the summation after the auto-correlations has resulted in
the side-lobe generation. Thus, it is important to note that in the case of Golay codes, uniform amplitude of signal is
necessary in order to obtain a decoded signal with zero side-lobes.

Finally, it should be noted that the examples shown above are made for decoding the response signals from a single
localized point. However, the above analysis is also applicable for the signals from a number of distributed points
across the fiber because both Hadamard transform and auto-correlations are based on linear transformations.

4.4 Dual Golay Codes

In this section, the author presents the new concept of combining two GCPs to generate new code system called dual
Golay codes. It will be shown later that the correlation result of the combined codes still holds the special property of
the conventional GCP, that the out-of-phase aperiodic autocorrelation coefficients of the codes sum to zero, but with
higher amplitude at the in-phase correlation.

4.4.1 Generating the Dual Golay Codes from Two GCPs
The dual Golay codes are generated by combining one GCP with another pair [7]. Let us consider two GCPs; the

first pair of codes A and B and the second pair of codes C and D. These pairs and their elements can be expressed by

A=(ag,a,,8y,.... 2y 1) (4.21)
B = (bg,by,by..... 1)

C =(cy,C1,Cp,.-.- Cn_1) .
D = (do‘dl‘dZ""'!dN_]_)

where M is the code length for codes A and B and N is the code length for codes C and D. The process of combining the
two pairs is called nesting; the elements in Aand B is multiplied by each element of C and D to generate the dual Golay

codes, which can be explicitly expressed as

(A*C)yn =(Acq, Acy, Acsy,....... Acy_1) (4.23a)
(B *C)yy =(Bco, By, Bey,s ... Bcyy) (4.23b)
(A*D)y =(Adg, Ady, Ad,,....... Ady ) (4.24a)
(B*D) =(Bdg,Bd;,Bd,,....... Bdy_1) (4.24b)

where *refers to the operator of the nesting process, and

(Ac))=(ag,a;,a,,....... au.) forc =1 (4.25)
(Ac))=(ay,a,3,....... auw.) forci=—1
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and so on. From Eqgs. (4.23) and (4.24), the combination of the two pairs results in four sequences of the dual Golay
codes of length MN.

In the dual Golay code PSP-BOTDA system, we distinguish the two GCPs with different names for convenience;
one pair is the ‘continuous pulse codes’ and the other pair is the ‘discrete pulse codes’. One may immediately realize
that these names correspond to the configuration in Figs. 4.2(a) and 4.2(b), respectively. This is because the pump light
of the dual Golay code PSP-BOTDA is generated by combining the pump light of coded continuous-PSP-BOTDA with
that of the coded discrete-PSP-BOTDA. Note that Figs. 4.2(a) and 4.2(b) include the long 1% pulse with a pulse width
T, which is used to excite acoustic wave, as explained before. Since this section explains the methods to generate the
dual Golay codes, it is convenient to express the codes in terms of bit value and also to exclude the 1% pulse. We assume
the codes A and B in Eq. (4.21) as the continuous pulse codes, A°™ and B®" and codes C and D in Eq. (4.22) as the
discrete pulse codes, C*™* and D**. Since each pulse coded with C*** or D** is generated separately as shown in Fig.
4.2(b), the dual Golay codes used in the PSP-BOTDA system should include zero elements. Then, modifying the

right-hand sides of Eqgs. (4.23) and (4.24), we obtain four sequences as follows;

(AC)=(a®mtacdie) | —(Aregie s, ANt s s, APl ) (4.26a)
(BC)= (Bcont *Cdisc)(meLam)LmSC :(Bcontcgisc,S’ Beontedise 5 . S, Bcontcﬂi?&:—l’s) (4.26b)
(AD)=(a®mxpde) | —(A®Mgge s AR s, s, ARG ) (4.27a)
(BD)= (B xD5e) | —(B®MdS, S, BN S, .......5, BN I 5 (4.27b)

Here, S denotes a sequence of the zero elements of length L;, that is the interval between the discretely configured
coded pulses. Take note that the superscript refers to the type of the code. We call a set of these four sequences dual
Golay codes. The four sequences have the same length, Lq. that is given by
Laual = (Loont + Lint) Laisc (4.28)
where Loy is the code length of the continuous pulse codes and Ly is the code length of the discrete pulse codes.

Let us make an example to generate the (AC) code by using Eq. (4.26a). Codes A®™and C**° are assumed to be the
same 4 bit codes as follows;
AP = (111-1) (4.29)
C®* =(111-1) (4.30)
The bit number L, can be chosen as being any non-negative integers as long as the bit interference can be neglected.
Here we assume Ly, = 3 bits for simplification and the signal amplitude is zero in the interval. Then the (AC) code
becomes
(AC)=(111-1000111—-1000111-1000 —1—1-11000) (4.31)
and the total code length of (AC), Laua equals to 28 bits according to Eq. (4.28). The form of the signal coded in the
time domain is shown in Fig. 4.6 as a function of a bit. Since the 4th bit of the C*** is -1, the elements of the 4th A"

are inverted, as shown in Fig. 4.6.
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Fig. 4.6. An example of pulses modulated with (AC) code of the dual Golay codes. The 1st pulses are omitted.

4.4.2 Dual Golay Codes Correlation (Mutual Correlation)

The process of correlating the dual Golay codes is called mutual correlation [7]. For the dual Golay codes PSP-BOTDA
system, the process decodes the measured data. The procedure of the mutual correlations is divided into two;

(i) Correlations with the pair of continuous pulse codes (A®" and B®™) and

(i) Correlations with the pair of discrete pulse codes (C*™* and D**).

The correlations of (i) are expressed by Egs. (4.32) - (4.35).

Loonlfl
1D (acy ot (k)= Z(ac)m+k R (4.32)
m=0
Loonlfl
1@ (BC),B®" (k)= Z(bc)m+k by ™ (4.33)
m=0
Lcont71
1D ppy, acont (k)= Z(ad e A (4.34)
m=0
Loont71
1 o (BD)’Bcont (k) = Z(bd )m+k br%ont (435)
m=0

for 0 < k < Lyyuq — 1, where k refers to the bit shift during the mutual correlation process and the subscript on the left
side of @ refers to the interval of sampling the dual Golay codes data for the correlation. It is assumed that the elements
(C)m+ks (BC)mek, (@d)m+k @and (bd)m. Of codes (AC), (BC), (AD) and (BD) are zeros for m + k = Lj,q;- AS an example,
Fig. 4.7 illustrates the way to calculate the correlation by using Eq. (4.32) when Leoy = Lgisc = 4. The variable T in Fig.

4.7 denotes the time slot of the discrete pulse code element, and is given by

T = Leont + Lint (4.36)
The correlations of (ii) are expressed as
Ldi5071 i
TP pcycose (K) = Z(ac)(mT+k) e (4.37)
m=0
I-disc_]- .
TP (ppy pose (K) = Z(ad )(mT+k) g™ (4.38)
m=0
Ldisc_l i
T () (BC),CdiSC (k) = Z(bc)(mT+k) Cg]lsc (439)
m=0
I-disc_l .
TP gy pose (K) = Z(bd Jont ok A (4.40)
m=0
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Fig. 4.7. Mutual correlation between (AC) and A”™ codes for ~ Fig. 4.8. Mutual correlation between (AC) and C** codes for

Leont=Ldisc=4- Leont=Laisc=4-

for 0 <k < Lgyuq — 1. The variable T on the left side of & indicates that the dual Golay codes data sampled with the
interval T are correlated with the discrete pulse code. The elements (ac)mt+k, (@d)mT+k (DC)mT+k, aNd (bd)mr+ OF codes
(AC), (AD), (BC) and (BD) are assumed to be zeros for mT + k > Ly, ;- An example is shown in Fig. 4.8, where the
way to calculate the correlation given by Eq. (4.37) is depicted, when Leon = Lgisc = 4.

There are two methods to perform the mutual correlations by using both the calculations of (i) based on Egs. (4.32)
to (4.35) and those of (ii) based on Eqgs. (4.37) to (4.40). The first method processes (i) and (ii) in this order, while the
second method calculates them in reverse order, which will be discussed in the next sections.

A. FEirst Method to Perform Dual Golay Codes Mutual Correlation (Method 1)
In this method, codes (AC) and (BC) form one pair and codes (AD) and (BD) the other pair. First, (AC) and (BC)

codes are mutually correlated with A®" and B*™ by using Egs. (4.32) and (4.33), respectively. Summing both

correlated codes and using Egs. (4.1) to (4.3) give the following equation.

Loont_l Lcont_l
QP (pcy peon (K) +Q D iy geom(K)) = ( P COMD aﬁ?”tJ +( > (6C) b:;"”t}
m=0 m=0

= 2Lgont C EE] 5(k —TL%D

where | | notates the floor function and |x] means the largest integer not greater than x. If we define the data

(4.41)

generated from Eq. (4.41) as (C?5¢), it can be expressed as

50 (s[mmj, i 5{2 Tm] o (s[Ldua, 1TWT'1J]J (4.42)

=
Second, (AD) code is mutually correlated with A®™ by using Eq. (4.34) and (BD) code is mutually correlated with

(6 disc): 2Lcont

B®™ code using Eq. (4.35). Just as with the derivation of Eq. (4.41), summing both correlated codes above yields the

following;

Leont1 Leont1
(P (apy a=nt(K) +( @ g geoni(K)) = { z (ad) mix arﬁqontJJf[ z (bd) briont]
m=0 m=0

=2Lcone d ‘[E] 5[k —TL?D

T

(4.43)

The data generated from Eq. (4.43) is defined as (D?5¢) whose expression can be similar to Eq. (4.42).
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The third process is to mutually correlate the data (€4¢) with C*™° code by using Eq. (4.37) with modification:
Replacing (AC) in Eq. (4.37) with the calculated data (C%¢), we mutually correlate the (€45¢) with C*. In a similar
manner, we mutually correlate (D<) with the D** code by using Eq. (4.38). Summing these correlations results in

the final correlation of the dual Golay codes;

Ldisc_l i ) Ldisc_l ~ . )
(r CD(EdiSC),cd‘SC (k) +( (D(E)d‘“),Dd‘sc (k) =| 2Lcont Z(C)?nljf-k) C%ISC}{ZLcom Z(d)?r!rf‘lg+k) dr(#st (4.44)
m=0 m=0 '
= 4Lconilgise o(k)
Equation (4.44) shows that the peak value at zero-shift of the correlated code corresponds to 4LoniLaisc and that the side
lobes are canceled exactly.

B. Second Method to Perform Dual Golay Codes Mutual Correlation (Method I1)

The second method is analogous to the first method except that for the second method, the mutual correlation starts
with the correlation with the discrete pulse codes. First, using Eq. (4.37), the (AC) code is sampled at the interval T. The
sampled data is mutually correlated with C*™ by using Eq. (4.37). Similarly, the (AD) code is sampled at the interval T
and is mutually correlated with the D**° code by using Eq. (4.38). The summation of these correlations is expressed as
follows:

Lyisc—

1 ) Ldisc_l R
Z(ac)(mT+k) CgISCJ"'{ Z(ad)(mT+k) dr?llst
m=0

=l m=0

:2|—discal(<:Ont S L k J
Leont

Strictly speaking, ag°™ with k > L., — 1 has not been defined yet. However, hereafter we will use the expression of

(@ (AC),Cdisc(k)) +(; D (AD),DdiSC(k)) :[
(4.45)

Eqg. (4.45) for simplicity since ¢ in Eq. (4.45) equals to zero when k > L., — 1. The data generated from Eq. (4.45)
are denoted by (A°°™), and is given by

(A2on)= 2L g a™, a2 2™, .. 22" 0,0...) (4.46)

Equations (4.45) and (4.46) show that the first Le,n.1 elements of (4°°™) agree with the A®™ elements multiplied with
2Lise, and the rest of (A°°™) elements are zeros.

Second, in a similar manner, (BC) and (BD) codes are mutually correlated with the C%* and D** codes by using
Egs. (4.39), and (4.40), respectively. The summation of the correlations is as follows:

Lgisc 1 R Lyisc 1 R
(1 D (goy e (K)) +(r D (g poec(K)) =[ P CIOTR c%‘“} +( 2 0d) itk d%‘“]

m=0 m=0

:2Ldiscb,f°m5& K B
Lcont

We define the data generated from Eq. (4.47) as (B°°™) whose expression can be similar to Eq. (4.46).

(4.47)

Third, the data (A°°™t) and (Bc°™)are mutually correlated with A®™ and B*", respectively. The summation of

these correlations yields the total correlation of the dual Golay codes:

Lcont_1 Lcont_l~
(1q)(,&00"‘),,¢>0nt (k)) +(1(D(§com)’3wm (k)) = [ZLdisc Z (a)?%r]rtk) aﬁ}ont} + (ZLdisc Z (b )E%Tk) br(riomJ

m=0 m=0

(4.48)

= 4L contLogise o(k)
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It is not surprising that the final result of Eq. (4.48) agrees with that of Eq. (4.44) since the correlations are linear
systems and the calculation order is exchangeable. From Egs. (4.44) and (4.48), we can clearly see that the magnitude
of correlation coefficient code for k = 0 is 4 times the product of the code length of the continuous and discrete pulse
codes, and that the side lobes are canceled exactly.

443 Examples of Mutual Correlations

In this section, examples for both correlation methods (methods I and Il) are explained for a clearer view on the
mutual correlation equations provided. Consider a pair of the continuous pulse codes A®™ and B of the code length
Leont = 4, and a pair of the discrete pulse codes C** and D% of the code length Ly = 2, with the bit interval Liy = 3.

The generated GCPs based on Eq. (4.4) and the generated dual Golay codes based on Egs. (4.26) and (4.27) are as

follows:

AP —(111-1) (4.49)
B = (11-11) (4.50)
cYise = (11) (4.51)
DY = (1-1) (4.52)
(AC) = (111-1000111—1000) (4.53)
(BC) = (11-1100011—11000) (4.54)
(AD) = (111-1000 —1—1-11000) (4.55)
(BD) = (11-11000 —1-11-1000) (4.56)

Then the total code length of the dual Golay codes Lg.a based on Eq. (4.28) is 14 bits and the time-slot of the
discrete pulse code T based on Eq. (4.36) is 7 bits.
A. Example of Method |

The mutual correlations between (AC) and A®" of Eq. (4.32), and between (BC) and B®™ of Eq. (4.33), and their
summation of Eq. (4.41) are illustrated in Fig. 4.9. In Fig. 4.9, the summed data (Cdi“) of Eq. (4.41) have two peaks of

8 (=2Lony) in amplitude for k=0 and 7 (=T), and have zeros for other k values. The pattern of the peaks is the same with
C%*, except that the peaks are separated by the value of T=7. The mutual correlations between (AD) and A®™ of Eq.
(4.34), and between (BD) and B®™ of Eq. (4.35), and their summation are shown in Fig. 4.10, showing that the
summation based on Eq. (4.43) produces (5‘”“) with amplitude of 2L = 8 and the pattern is the same with D%, as

is the case explained above.

8 8
—e—Correlation of Eq. (4.32) 6 | —e—Correlation of Eq. (4.34)
6 | —@—-Correlation of Eq. (4.35)
4 LY
=@~ Correlation of Eq. (4.33) Summation of Eq. (4.43)
@ @ 2
N ]
= Summation of Eq. (4.41) E’ 0 —— ] ;12
%2 - !
\/_\/ \/\ -
9 3—0
o W iN—3" Ny oz s v
Bit shift
Bit shift

]
[

-2

Fig. 4.9. Mutual correlation functions for (AC) of Eq. (4.32), Fig. 4.10. Mutual correlation functions for (AD) of Eq.
(BC) of Eq. (4.33) and their sum of Eq. (4.41). (4.34), (BD) of Eq. (4.35) and their sum of Eq. (4.43).
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In the next process, the data (%) shown in Fig. 4.9 and the data (D%¢)shown in Fig. 4.10 are mutually
correlated with C*™* and D™, respectively. The mutual correlation functions and their summation of Eq. (4.44) are
shown in Fig. 4.11. From Fig. 4.11, we can see that the amplitude of the summation of Eq. (4.44) at k = 0 equals to 32,

which corresponds to 4L neLgisc = 32. Furthermore, the summation process produces no side lobes for other k values.
32

—o—1st term of Eq. (4.44)

N
»

——-2nd term of Eq. (4.44)

-
o

Summation of Eq. (4.44)

— . ’A‘ s
0 2 4 GVB 10 12
-8 Bitshift

Fig. 4.11. Mutual correlation functions for 1@ zaisc gdisc, T® pdiscpdise, and their sum of Eq. (4.44) based on method I.

Amplitude
[+

B. Example of Method 11
Using the same codes listed in Egs. (4.49) to (4.56), an example based on Method Il is explained. The mutual

correlations between (AC) and C%™* of Eq. (4.37), and between (AD) and D" of Eq. (4.38), and their summation of Eq.
(4.45) are illustrated in Fig. 4.12. In Fig. 4.12, the summed data (A°°™) produce the peak amplitudes of 2Ls.=4 and -4.

The data pattern is the same with the A®™. Next, in a similar manner, the mutual correlations between (BC) and C** of
Eq. (4.39), and (BD) and D" of Eq. (4.40), and their summation of Eq. (4.47) are calculated. The results are depicted

in Fig. 4.13. The summed data have the peaks of 4 and -4 in amplitudes and the data pattern is the same with B®™.

4 4
—4—Correlation of Eq. (4.37) —4—Correlation of Eq. (4.39)
~f—-Correlation of Eq. (4.38) ~@-Correlation of Eq. (4.40)
2 2 -
Summation of Eq. (4.45) Summation of Eq. (4.47)
: aaV N el
2 2
20 ! E—2—i —n =) A— —=— _—an
3 2 V4 6 8 10 12 £ o v 4 6 8 10 12
< <
5] i 2 4
Bit shift Bit shift
-4 -4
Fig. 4.12. Mutual correlation functions for (AC) of Eq. (4.37), Fig. 4.13. Mutual correlation functions for (BC) of Eq.
(AD) of Eq. (4.38) and their sum of Eq. (4.45). (4.39), (BD) of Eq. (4.40) and their sum of Eq. (4.47).

Finally, the mutual correlations between (A°™t) and A", and between (B°°™)and B®", and their summation are
calculated by using Eq. (4.48), being depicted in Fig. 4.14. The summed data agree with that obtained by using Method
I, as explained before. Therefore, we can confirm that both methods | and Il can be applied to perform the correlation

calculations of the dual Golay codes and further to be employed in the dual Golay codes PSP-BOTDA sensing system.
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Fig. 4.14. Mutual correlation functions 1@ zcont gcont, 1@ geont geont, and their sum of Eq. (4.48) based on method 1.

4.4.4  Signal-to-Noise Improvement Ratio (SNIR)

In the dual Golay codes PSP-BOTDA system, eight pumps are used for the measurement, which include the use of
pump light modulated with the inverted dual Golay codes. The response signal of the dual Golay codes PSP-BOTDA
system after the mutual correlation is defined as
CrrduaIGolaycodesPSPfBOTDA — 8NLcont Ldisc hk (4.57)

Analogous to the SNR calculations for the GCP of Eq. (4.7), we can define the SNR of the dual Golay codes as

SNRdualGoIaycodesPSP—BOTDA — 8NLcontLdisc hk

\/8NLcontLdiscO-u
h
= \/8NLcontLdisc :

Oy

(4.58)

On the other hand, including the inverted codes, the coded discrete- or coded continuous-PSP-BOTDA system
employing Golay codes uses four pumps each measurement. Thus, to make the measurement times to be equal with that
of the dual Golay codes, the measurement for each code must be repeated twice. Based on these considerations, we can
then describe the SNR for coded continuous- or coded discrete-PSP-BOTDA analogous to Eq. (4.7) as

h
SNRcodedPSP—BOTDA _ (8L ] k 4.59
contordisc o ( )

1%

Thus, we can describe the SNIR of the dual Golay codes over the coded PSP-BOTDA (discrete or continuous) as

SNRdualGoIaycodesPSP—BOTDA
SNIRduaIGoIaycodesPSP—BOTDA _

SN Rcoded PSP—BOTDA

h
\/SNLcontLdisc “
O

= - (4.60).
8NLcontor disc -

= Leontor disc

From Eq. (4.60), it is concluded that compared to the coded continuous- or coded discrete-PSP-BOTDA, the theoretical

1%

SNIR for dual Golay codes PSP-BOTDA improves with /L nior disc -

Based on the explanations above, we can easily derive the theoretical SNIR of the dual Golay codes PSP-BOTDA

compared to the conventional single pulse PSP-BOTDA measured under the same measurement times. In particular, the
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measurement with 0-shift and w-shift pumps must each be repeated 4 times with N times averaging. Then, the SNR for
the conventional PSP-BOTDA can be expressed as

SNRsinglepulsePSP—BOTDA _ /8N h_k (4.61).
o

1%

Ultimately, from Eqs. (4.58) and (4.61), we can express the SNIR for dual Golay codes against the conventional single

pulse PSP-BOTDA as

SNRduaIGoIaycodesPSP—BOTDA
SNIRdualGoIaycodesPSP—BOTDA —

SNRsingIe pulsePSP—BOTDA

h
\/8NLcontLdisc Gik
= e (4.62)
V8N —

o

= LeontLaisc

in which we can see that the SNIR improves largely with /L.,nLgisc -

v

4.5 Combined Walsh and Golay Codes

As described in Section 4.4, combining two GCPs to generate dual Golay codes is beneficial for achieving higher
SNR measurement than using only one kind of code. It should be noted however, that this concept is not restricted only
to the same two GCPs, but can also be applied to two different code systems. Therefore, in this section, the author
proposes another new technique of combining two different codes; Golay codes and Walsh codes.
45.1 Generation of Combined Walsh and Golay Codes

Consider a Hadamard matrix of dimension M x M with the elements of

d A aym
a a ... a

Hy = 21 22 M (4.63)
aMl aMz “ee aMM

and a GCP of a pair C and D with the elements of

C=(C,C1,C21-00- Cc 1)

(4.64)
D: (do’dl'le""ldK_l)

where M is the code length for Walsh codes and K is the code length for Golay codes. As explained in Section 4.3, every
row of a Hadamard matrix defines the Walsh codes. Therefore, based on the elements of Eq. (4.63), one can define the
Walsh codes as

Wy =(ay1,812,..., 81y )

Wz = (a1, azz.: PV, (4.65)

Wiy =(am18mzs-- 8um)

Similar to the case of dual Golay codes, it is easy to express the process of combining the elements of the Walsh
codes of Eq. (4.65) with the elements of Golay codes of Eq. (4.64) as
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(C*Wp)yk =Co (@11, 819,--1 81y ), €1 (811,819, By )1 Co (By1, 81y Bry )i iCic 1 (B11, B1 v By )
(C*Wy)mic =Co(a21,8:---,82m ), C1 (81,822, ---1 om ), C2 (821, 871+, B )r-,Ck 1 (21,8271, B )

(C*Wy )mk =Co@m1samzs---rAmm ) Cr(@m1sAmzs - Bum )i C2 (@mas Bmz s+ @wm ) Cka (@m1r s Bpm )
and (4.66)

(D*Wy)uk =dg(a11,819,-, 81 ), A1 (Ag1, 812, 81w ), Ao (819,815, Bgy v g (B11, 810, --0 Bgy )
(D*Wy) ik =do(@21:807:---18om ), 01 (821,822, 8o ) A (g1, 85911 8oy )r- i1 (821,822, B )

(D*Wiy vk =do(@m1amz:- @uu ), d1(@um1rBpzs - @um ) A2 (Bu1r Bpzs - @um ) dk-1(@up Buzs - @)
where MK is the code length generated from the combination of two codes. The process of combining the codes can be
performed the other way around; that is, the elements of the Golay codes are put into each element of Walsh codes.
However, in this section, only the combination of Eq. (4.66) will be used to explain the encoding and decoding methods
of the combined codes.

Let us make an example of generating the combined Walsh and Golay codes based on Eq. (4.66). In this
combination, we set the Golay codes as the discrete pulses while the Walsh codes the continuous pulses. We set the code
length for Golay codes Lgisc=4 bits and the code length for Walsh codes L=2bits. Note that for the application in the
coded PSP-BOTDA, we should also include the bit interval of length L, which composed of zero amplitude intervals.
We set L;w=3. The generated Walsh and Golay codes are
W, = (11)

. (4.67)
C=(11-1) (4.68)
D=(1-11)

Next, multiplying the elements of Walsh codes with each element of Golay codes and further including L, the
generated combined Walsh and Golay codes are expressed as

(C #W1) (Leont+Lint) Laise = (110001100011000 —1-1000)
(C*W3) (Leont+Lint) Laise = (1—10001-10001-1000—11000)
(D *W,) (Leomt LD Ldise. = (1100011000 —-1-100011000)

(D *W, =(1-10001-1000-110001-1000)

(4.69)

)(Lcont+|-int)|-disc
where in this case the total code length Lgya = (Leont™Lint) Laisc = 20 bits.

The process of decoding the combined codes involves the Hadamard transform calculations and the Golay
autocorrelation calculations. The decoding process can be performed by firstly performing the Hadamard transform for
Hadamard matrix and then the autocorrelations for Golay codes, or in the reverse order. However, one should carefully
select the combination of the codes when decoding via either order. For the codes generated in Eq. (4.69), if one tries to
perform the Hadamard transform first, the (C*W,;)and (C*W,) codes should be selected for the first Hadamard
transform; then the combination of (D *W,;) and (D *W,) for the next Hadamard transform calculation. Then the
results for obtained from these decoding processes are used for the autocorrelations with Golay code.

If one wishes to perform the autocorrelations first, the combination of (C+W,)and (D*W,) must be used for the

first autocorrelations; then the combination of (C*W,) and(D *W,) for the next autocorrelations. Two correlation

results obtained from these calculations are then used in the Hadamard transform calculation for the decoding process.
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45.2  Signal-to-Noise Improvement Ratio (SNIR)

The code length for both Walsh and Golay codes is in the form of 2" (n=0,1,...m). However, in the case of Walsh
codes, the number of pumps is defined by the code length, while for any length of Golay codes, only two pumps are
used. Suppose we have M number of pumps for Walsh codes, the total number of pumps used for the combined Walsh
and Golay codes is 2M. Furthermore, we should also include the number of pumps modulated with the inverted codes,
which sums the total pumps to 4M. Based on the above considerations, for N averaging times, we can express the SNR
for the combined Walsh and Golay codes PSP-BOTDA as

combinedWalsh Golay PSP—BOTDA h
SNR y = \JAMNLgniLgise 0—k (4.70)

v

The SNR for L-bit of Golay coded PSP-BOTDA (coded continuous- or coded discrete-PSP-BOTDA) is already
described in Eq. (4.7). However, to equally compare the SNR for the combined Walsh and Golay codes PSP-BOTDA
with the conventional Golay coded PSP-BOTDA, Eq. (4.7) must be modified. In details, including the pumps
modulated with the inverted codes, measurement with each pump must be repeated M times. We can then express the
SNR for coded continuous- or coded-discrete-PSP-BOTDA employing Golay codes as

h
SNRC0dedPSP-BOTDA _ [4nani| — Loontordiee o-_k 4.71)

Therefore, from Egs. (4.70) and (4.71), we can explicitly show the SNIR for combined Walsh and Golay codes
PSP-BOTDA against the coded continuous- or coded discrete-PSP-BOTDA as

SN RcombinedWaIshGoIayPSP—BOTDA

SNIRcombinedWaIshGoIayPSP—BOTDA —
SN Rcoded PSP-BOTDA

h
v 4MNLcontLdisc —x
O

_ v @.72).

h
v 4MNI—contor disc —x
O-U
=W Lcontor disc

Similar to the dual Golay codes PSP-BOTDA case, the SNIR for combined Walsh and Golay codes PSP-BOTDA

improves With [Leontor disc » PUL i this case [Loontoragisc  COrresponds to Walsh codes. It should be noted here that

considering the same measurement times, the SNIR for the combined Walsh and Golay codes PSP-BOTDA against the

conventional coded continuous- or coded discrete-PSP-BOTDA employing Walsh codes shall give the same result as in

EQ. (4.72) of [Leontordisc - HOWever, since the SNIR for this case is derived from the division of SNR for combined

Walsh Golay codes over the SNR for conventional Walsh codes, /L.niorgisc  COrresponds to Golay codes.

In a similar manner, we can describe the theoretical SNIR for the combined Walsh and Golay codes PSP-BOTDA

over the conventional single pulse PSP-BOTDA measured under equal measurement times as follow
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. SNRcombined\NaIshGoIayPSP—BOTDA
SNIRComb|ned\NaIshGoIayPSP—BOTDA —

SNRsingIe pulsePSP—BOTDA

h
V 4IVINLcontl-disc O_k
_ v (4.73)

Vv4MN hfk
O-L)
=4 Leont Laisc

4.6 Dual Walsh Codes
Combining two sets of Walsh codes of code length L for modulating the pump light of the PSP-BOTDA is another

new coding concept that is proposed in this thesis. We call this coding system dual Walsh codes. In this section, the
algorithm for encoding and decoding the dual Walsh codes is described.
4.6.1 Generating the Dual Walsh Codes

Similar to the dual Golay codes, dual Walsh codes are the codes generated from the combination of a Hadamard
matrix with another one. However, unlike the dual Golay codes whose number of code pattern is only four for any
combination of code lengths, the number of the code patterns for the dual Walsh codes increases with the dimension of
the combined two Hadamard matrices. For example, the combination of a 4x4 Hadamard matrix with a 2x2
Hadamard matrix will generate eight patterns of dual Walsh codes.

Suppose we have these 4x4 and 2x2 Hadamard matrices. Their bit elements can be respectively shown as

W, =(1111)

W, =(1-11-1) (4.74)
W, =(11-1-1) '
W, =@1-1-11)

and

WW, =(11) .75
WW, =(1-1) '

We assign the 2x2 matrix as the discrete pulses and 4x 4 the continuous pulses. Then we set the bit interval L;,, of
zero amplitudes to L;=3 to be inserted between the discrete pulses. Thus, the total code length, Lgua = (Leont™Lint) Laisc
=14 bits. By multiplying the continuous pulses with each of discrete pulses, one can obtain the generated dual Walsh
codes as

(WW, *W, ), , = (11110001111000)

(WW, *W,);, = (1—11—10001—11—1000)
(WW, *W,),;, = (11—1—-100011—1—1000)
(WW, *W,),, = (1—1-110001—1—11000)
(WW, *W,),, = (1111000 —1—1—1—1000)
(WW, *W,),, = (1—11—1000 —11—11000)
(WW, *Ws);, = (11—1—1000 —1—111000)
(WW, *W,),, =(@—1-11000 —111—1000)

(4.76)

Since the generation of the dual Walsh codes involves two Hadamard matrices, the decoding process requires the
Hadamard transform to be calculated in two stages. In the above case, at the first stage, the codes (WW, *W,),

WwW, =W,), (WW, «*W;) and (WW, *W,) are used in one set and decoded with the 4x4 Hadamard matrix and
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the (WW, =W,), WW, *W,), (WW, *W;) and (WW, *W,) are combined in another set and decoded with the
same 4x4 matrix. At the second stage, the two results produced from the first stage are then decoded with the 2x2
Hadamard matrix to produce the final decoded result.

4.6.2  Signal-to-Noise Improvement Ratio (SNIR)

As explained previously, the number of code patterns for Walsh codes is defined by the code length used. Suppose
we have a K x K Hadamard matrix that is combined with an M x M Hadamard matrix. Then the number of dual
Walsh codes generated from these matrices is MK. Including the measurement for pump modulated with the inverted
codes for N averaging times, the SNR for the dual Walsh codes PSP-BOTDA can be described as follow

h
SNRduaI Walsh codes PSP-BOTDA _ IZMKNLcontLdisc O__k (4_77)

v

To derive the SNIR for the dual Walsh codes, we first derive the SNR for the conventional coded continuous- or
coded discrete-PSP-BOTDA employing Walsh codes. Suppose we use an M xM Hadamard matrix for the
measurement, including the pumps for inverted codes, the measurement for N averaging times must be repeated K times.
We can show the SNR for L, Or Lgisc Of the conventional coded PSP-BOTDA employing Walsh codes as

h
GNRCodedPSP-BOTDA _ hMKNLccntordisc O__k (4.78).

1%

Thus, the SNIR for dual Walsh codes PSP-BOTDA over the conventional coded PSP-BOTDA is expressed as

SNIRduaIWalshcodes PSP-BOTDA _ “—contor disc (4_79)

Finally, we can explicitly express the SNIR for the dual Walsh codes against the conventional single pulse

PSP-BOTDA measured under the same measurements times with that of dual Walsh codes case as

SNR dualWalshcodesPSP—BOTDA
SNIRduaNVaIshcodesPSP—BOTDA _

SN Rsin gle pulsePSP—BOTDA

h
VZMKNLcontLdisc Uik
_ — (4.80)
V2MKN —%-
O-U

= Leont Laisc

Similar to the dual Golay codes and combined Walsh and Golay codes system, compared to the conventional single

pulse PSP-BOTDA, the SNIR for the dual Walsh codes is proportional to /Lt Lyisc -

4.7 Conclusions of Chapter

In conclusion, the process of combining two codes in modulating the pump light of the PSP-BOTDA offers higher
SNR compared to the previously proposed coded continuous- or coded discrete-PSP-BOTDAS. The numerical and
experimental analysis will be further discussed in the later chapters to compare with the theoretical SNIR discussed in
this chapter.
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Chapter 5:  Analysis on the Electrical Signal Configuration for
Modulating the Pump Light of Coded Discrete-PSP-BOTDA

51 Introduction to Chapter

The employment of Golay complementary sequences (Golay codes) in the PSP-BOTDA technique was firstly
introduced by Muroi et al. [1]. The technique is called coded discrete-PSP-BOTDA. The benefit of using Golay
complementary sequences is that the side-lobes of the autocorrelation functions of two Golay codes sum to zero and
produce signal of amplitude 2L (L: code length) at the main lobe [2]. Theoretically, the improvement in the optical SNR
of the coded discrete-PSP-BOTDA system increases in proportion to JL . This is because the coded BOTDA signal is
proportional to L while the white noise accumulates in proportional to\/fthrough the correlation of the Golay
complementary code.

Coded discrete-PSP-BOTDA employs return-to-zero (RZ) pulse coding technique in generating the coded pump
light. As illustrated in Fig. 5.1, the pump light is composed of a pulse of long duration T, followed by a short pulse of
duration T,. The long pulse, which is called the 1% pulse, excites acoustic wave effectively, while the 2™ pulse, which is
modulated according to Golay codes interacts with this acoustic wave to generate SBS wave which is then used for
strain measurement. In order to avoid the Brillouin signal interaction between the preceding and the succeeding bit
pulses groups, every pulse group must be separated by the time interval T; of longer than the time constant of the
acoustic wave t,. Thus, the available code length in the coded discrete-PSP-BOTDA is limited by the round trip time
(RTT) of the light in fiber. It was found from the numerical calculations that the shortest value of T; that can be set to
obtain optimum SNIR without distorting the Brillouin signal is about 25~35ns [3].

However, if one employs a high speed and high output amplifier that is commonly used for optical communication
system to drive an electro-optic modulator, the SNR becomes less than the expected value JL for long code length. The
reason lies in the use of an AC-coupled electrical amplifier used to amplify the Golay coded electrical signals. The
AC-coupled amplifier rejects the DC and the low frequency component signals. As a result, the amplitude of the
amplified signal exponentially decreases, especially when a very long pulse train is used. When light from a laser is
modulated by an electro-optic modulator with such a distorted electrical signal and then used as the pump light of the
sensor, the linear increase in the Brillouin signal with the code lengths cannot be obtained. As a result, the increment
trend in the SNR with the code length becomes nonlinear as well. If we could use a DC-coupled electrical amplifier
having high speed and high output, this problem would not occur. However, such sophisticated amplifiers are very
expensive, raising the measurement system cost.

Thus, in this chapter, the author introduces a new configuration of the Golay coded electrical signal for the input of
the AC-coupled amplifier to overcome the problems described above. It will be shown later in the experimental analysis

that by using the proposed configuration, the SNR increases in much better accordance with square root of the code

length (\/I ) than the conventional configuration of the electrical signal.
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Fig. 5.1. Example of pump light of coded discrete-PSP-BOTDA system.
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5.2 Coded Discrete-PSP-BOTDA
5.2.1 Lightwave Phase-Modulation with Golay Coded Electrical Signal

Figure 5.2(a) shows as an example one of a pair of the conventional 4-bit Golay coded electrical signal for
PSP-BOTDA. A pulse group consists of a wide pulse of duration T, (1% pulse) and a narrow pulse of duration T, (2™
pulse). The 1% pulse is used to produce an optical pulse that grows acoustic wave through long interaction with the CW
probe light. The 2™ pulse is formatted according to the Golay codes that contain bipolar elements (+1). Each pulse

group is separated by an interval time T;.
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Fig. 5.2. Configurations of the conventional 4-bit Golay coded signal (a) Electrical signal, (b) Optical signal.

This electrical signal is then supplied to an electro-optic modulator to generate the pump light for coded
discrete-PSP-BOTDA. The modulator modulates lightwave from a laser diode with the Golay coded electrical signal.
Phase modulation scheme is employed to generate the pump light. Figure 5.2(b) shows the light that has been produced
by the modulator with the electrical signal of Fig. 5.2(a). The 2™ electrical pulse of +1 code is transformed into an
optical pulse that is in the same phase with the 1 optical pulse while the -1 code is transformed into the optical pulse of
n-shift in phase compared to the 1% optical pulse. The 1% optical pulse is used to excite the acoustic wave for the

purpose of SBS generation, while the 2" optical pulse is used for the strain and temperature measurements with high

spatial resolution, Az given by
C
Az = @ (5.1)

where c is the light speed in vacuum and n is the fiber refractive index. Each pulse group is separated by T; whose
value is set longer than 7, to avoid Brillouin interaction among the pulse groups.
5.2.2  Coded Discrete-PSP-BOTDA Measurement System

In the classic BOTDA system, the interaction of the single pulse pump, the probe light and the acoustic wave
generates the SBS wave that is used for the strain and temperature measurement. However, in the coded
discrete-PSP-BOTDA, since the pump light is composed of the 1% pulses and coded 2" pulses, three kinds of SBS
waves are generated during the measurement. They are; (i) SBS wave caused by the 1% pulse only, (ii) SBS wave
caused by the 2™ pulse only and (iii) SBS wave caused by the interaction between the 2" pulse and the acoustic wave
generated by the 1% pulse.

The subtraction of the response signal obtained by using one of a pair of Golay coded pump light (e.g. 1,1,1,-1) from
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that obtained by using its inversion (-1,-1,-1,1) cancels the SBS signals of i) and ii), leaving only the SBS signal of iii)
that is doubled because of the different sign between the code and its inversion. The measurement is then continued by
using the other of the pair of Golay coded pump light and its inversion. The response obtained with one code is
subtracted from those measured with the inverted code. The doubled response signals thus obtained by the subtractions
are decoded by performing the auto-correlation calculations with their respective code and then summed to produce the
final measurement result.
5.3 Electrical Signal Configurations to Produce the Pump Light of Coded
Discrete-PSP-BOTDA

5.3.1 Conventional Electrical Signal Configuration

The experimental setup for generating the electrical signal is illustrated in Fig. 5.3(a). An arbitrary waveform
generator was used to generate the electrical signal that composed of the 1% pulse and the Golay coded pulses. This
electrical was then amplified to about 4V (amplitude) by an AC-coupled electrical amplifier. Voltage of about 4V is
required to efficiently drive an electro-optic modulator used in the experiments for generating the coded pump light. An
example of the electrical signal amplified by an AC-coupled electrical amplifier for the coded discrete-PSP-BOTDA
system is shown in Fig. 5.3(b). The code used was one of a pair of 32-bit Golay code sequence. In the experiment, the
amplitude of all 1% pulses was set to positive value. It is clearly observed that the rejection of the low frequency and DC
component signals caused a signal distortion and shift to the negative side.
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Fig. 5.3(a). Experimental setup for generating electrical Fig. 5.3(b). Amplified electrical signal of the 32-bit coded

signal. discrete-PSP-BOTDA (conventional configuration).
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Fig. 5.4(a). Experimental setup for modulating the pump light Fig. 5.4(b). Optical signal of the 32-bit coded

with the Golay codes. discrete-PSP-BOTDA (Conventional configuration).
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The amplified electrical signal was then used to modulate the light from laser diode by using an electro-optic
modulator. The experimental setup is shown in Fig. 5.4(a). The optical signal modulated with the amplified electrical
signal of Fig. 5.4(a) is shown in Fig. 5.4(b). This signal was then used as the pump light in the coded
discrete-PSP-BOTDA. As a consequence of the distortion in the electrical signal, the optical power of the pump signal
became uneven; it decreased almost exponentially, as can be observed in Fig. 5.4(b). Furthermore, due to the gradual
shift of the electrical signal to negative side, the optical signal at the interval time T; leaked through the electro-optic
modulator. This leakage of the optical signal may become considerably high if it is amplified by an optical amplifier;
resulting in the generation of unwanted Brillouin signals.

5.3.2  Proposed Electrical Signal Configuration

Since the use of AC-coupled amplifier affects the evenness of the signal amplitude, the author proposes a new
electrical signal configuration. In contrast to the configuration in Fig. 5.3(b), in the proposed configuration, the
amplitudes of the 1% pulses were set to positive and negative values alternately. By doing this, the positive and negative
pulses become almost balanced; the increasing shift of the signal to the negative side can be prevented. An example of

one of a pair of the proposed 4-bit Golay coded electrical signal is illustrated in Fig. 5.5.
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Fig. 5.5. Configuration of the proposed electrical signal for the coded discrete-PSP-BOTDA.

An example of the amplified electrical signal formatted with the proposed configuration is illustrated in Fig. 5.6(a).
As explained above, the voltage of the 1% pulse is alternately set to positive and negative values. It can be observed that
the amplitude of the signal is well balanced with little voltage offset, although there was a small difference in the
amplification rate of the amplifier used between the positive and negative signals. The optical signal modulated with the

signals of Fig. 5.6(a) is shown in Fig. 5.6(b). As expected, the amplitudes of each pulse group were almost uniform.

0.5 0.024
0.4 0.02
0.3
0.016
_02
S -
S0 0012
2 =
£ S
o 5 0.008
> 0 5 5 & H) KN T
04 >
I 0.004
-0.2 I
0.3 0
' : : : :
04— Time(psec) -0.004 Time(usec)
Fig. 5.6(a).  Amplified electrical signal of the 32-bit coded Fig. 5.6(b). Optical signal of the 32-bit coded
discrete-PSP-BOTDA (Proposed configuration). discrete-PSP-BOTDA (Proposed configuration).
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5.4 Experiments
5.4.1 Experimental Setup

The experimental setup is illustrated in Fig. 5.7(a). Light from an LD of 1550 nm in wavelength and 6mW in power
was divided by a 1 x 2 optical coupler (50:50). One was used to generate the probe light and the other the pump light.
To generate probe light, the light from LD was modulated by a single-side band modulator (SSBM) with a high
frequency electrical signal from an RF oscillator (RF OSC). The RF OSC was set at 10.555GHz in frequency. Then, the
bias voltages at the SSBM were adjusted so that carrier light can be suppressed and the probe light of frequency
downshifted by the amount of 10.555GHz can be generated. The probe light was monitored by an optical spectrum
analyzer (OSA). The probe light was amplified by an EDFA (EDFA 2) to 2mW.
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Fig 5.7(a). Experimental setup of the coded discrete-PSP-BOTDA, (b). The arrangement of the fiber used in the experiment.

As for producing the coded pump light, the light from LD was modulated by an electro-optics modulator, a
Mach-Zehnder modulator (MZM) with the electrical signal that was supplied from an arbitrary waveform generator
(AWG). The AWG generates the Golay coded electrical signal that consists of the 1% pulses and the 2™ pulses. This
signal was then amplified by an AC-coupled electrical amplifier (AMP 1) before being input to the MZM. The amplifier
used in the experiments was Picosecond Pulse Labs Model 5865 whose lower cut-off frequency was 30 kHz. The
modulated light passed through a polarization scrambler that randomized the polarization state of the light to reduce the
polarization induced noise in the BOTDA signal. Then the light was amplified by an EDFA (EDFA 1) to obtain pump
light of 100mW in power. The measured Brillouin signal was converted into electrical signal and then digitized and
averaged by a digital oscilloscope. This signal was processed by a computer for the decoding process.

The fiber arrangement used in the experiment is illustrated Fig. 5.7(b). Dispersion shift fibers (DSFs) of 0.3m, 1m,
3m and 10m in lengths were used as the test fibers, while single mode fibers (SMFs) of 10m in length were spliced
between the test fibers and used as a reference. The BFS difference between the SMF and DSF cables was
approximately 320MHz. The duration of T; was 30ns, T, 1ns which corresponded to 10cm of spatial-resolution and the
interval time, T; 100ns. The Golay code lengths were set to 1, 2, 4, 8, 16 and 32bits. The experiments were conducted

by using both conventional and proposed configurations for comparison.
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5.4.2  Experimental Results
A. Using Conventional Electrical Signal Configuration

The measured Brillouin amplification signals for all code lengths in the case of conventional electrical signal
configuration are illustrated in Fig. 5.8 [4]. It is observed that the Brillouin signal increases with respect to the code
length, as indicated by the arrow shown in the figure. However, as expected, the signal does not increase linearly with
the code length, especially in the case of 16 and 32 bits. The apparent decreasing pump waveform (e.g. Fig. 5.4(b)) for
16 and 32 bit codes might have generated uneven level in the Brillouin signal especially at 10m test section. It also
might be due to the presence of a quite high optical power leakage during the interval time T; since the leakage
contributed to the generation of undesired SBS light.

We then performed the optical SNR analysis based on the measured data. The measured optical SNR for each code
length was divided by the optical SNR for 1-bit code to find the relative SNR. The results for all code lengths are shown
in Fig. 5.9. The theoretical optical SNR, which is approximated as 10log+/L (dB) where L is the code length, is also
included for comparison. One can clearly see that the optical SNR in dB increases almost linearly for code length up to
8 bits at all tests sections, while they start to deviate from the straight line and drop off for longer code lengths. The

maximum relative SNR obtained for 32 bits case is 5.6dB (3m section), that is about 2dB lower than the theoretical

value.
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Fig. 5.8. Measured  Brillouin  signals of coded Fig.5.9. Measured relative SNRs (conventional configuration).

discrete-PSP-BOTDA for all code lengths (conventional

configuration).

B. Using Proposed Electrical Signal Configuration

The measured Brillouin signals for all code lengths in the case of proposed configuration are illustrated in Fig. 5.10
[4]. The arrow indicates the increase in the Brillouin signal with respect to the code length. Under the same
measurement condition, in the case of 16 and 32 bits, the Brillouin signals measured with the proposed configuration
are higher than that of the conventional configuration shown in Fig. 5.8. Furthermore, the Brillouin signal shown in Fig.
5.10 increases almost linearly with the code length. In addition, the level of the measured Brillouin signals is almost

uniform for all code lengths, even at the long test sections.
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configuration).

We then examined the rising edges of the Brillouin signal to analyze the spatial resolution of the system. We
measured the distance required for the Brillouin signal to rise from 10% to 90% of the average Brillouin power height.
In the case of 32 bits, the spatial resolution obtained as in a way described above was 8 cm for 1m test section and
8.5cm for other test sections. The values were slightly shorter than the theoretical value of 10cm, because we used the
10% to 90% rising edges in our analysis. Therefore we conclude that the spatial resolution as high as 10cm has been
achieved.

The results on the relative SNR are depicted in Fig. 5.11. In contrast to the results shown in Fig. 5.9, the relative
SNRs in Fig. 5.11 show a linear increment with respect to the code length. The increase in the experimental SNR agrees
with the theoretical one, although slight discrepancy is observed for 32 bits case. This might be due to the difference in
the electrical amplification rate between the positive and negative voltages. From the result, the maximum relative SNR

obtained at 3m test section is about 6.6dB, which is quite comparable to the theoretical value of 7.5dB.
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Fig. 5.12. Brillouin gain spectrum (BGS) for 32-bit code, measured at 3m test section (proposed configuration).

We further investigated the Brillouin gain spectrum (BGS) of the test fiber. Figure 5.12 illustrates the BGS measured
at the 3m test section for 32 bit code. There is no distortion in the spectrum shape as can be seen in the figure. The
spectrum width was measured at the full width at half maximum, being about 30MHz. Therefore, it is confirmed that

the characteristics of the measured spectrum are very similar to the spectrum of steady state condition.
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55 Conclusions of Chapter

Employing Golay complementary sequences in the coded discrete-PSP-BOTDA system can contribute to the
improvement in the optical signal-to-noise ratio (SNR) with the code length. A uniform optical power of the coded
pulses is required to realize such improvement in optical SNR. However, when an AC-coupled amplifier is used to
amplify the coded electrical signals which are input to an electro-optic modulator, the waveform of the optical pulses
modulated are distorted. This distortion degrades the correlation characteristic of the coded BOTDA signal.
Experiments for bit duration T, of 1ns have shown that the relative SNR increases almost linearly for code length up to
8 bits; however in the case of 16 and 32 bits, the relative SNR decreases and deviates from its linear form.

To solve this problem, the author has introduced a new electrical signal configuration for the input signal of the
AC-coupled electrical amplifier. The Golay coded electrical signal is modified by alternately setting the amplitude of
the 1% pulse to positive and negative values. As a result, the amplitude of the amplified signal becomes almost uniform
at all pulse groups and the shift of the mean voltage of the pulse signal is reduced. This new configuration of the coded
electrical signals is used to generate the pump light in the coded discrete-PSP-BOTDA. The analysis of the measured
relative signal-to-noise ratio (SNR) shows that the relative optical SNR in dB increases linearly with respect to the
increase in the Golay code length as expected from the theory. A maximum optical SNR of 6.6dB in the case of 32-bit
has been obtained, which is 1dB improvement compared to the conventional one. Finally, it is suggested that the new
configuration is also applicable to other coded PSP-BOTDASs that simultaneously use both RZ- and NRZ- pulses. The
analysis regarding this application will be further discussed in Chapter 8 and Chapter 9.
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Chapter 6: Analysis of Employing Walsh- and Golay Coded
Non-Return-to-Zero (NRZ) Pulses in the Coded Continuous-PSP-BOTDA

6.1 Introduction to Chapter

The employment of Golay coded non-return-to-zero (NRZ) pulses in the coded continuous-PSP-BOTDA for the
purpose of improving the spatial resolution and the SNR has been previously reported [1]. Using this system, sub-meter
spatial resolution measurement was successfully demonstrated. The Brillouin signals obtained with the NRZ-coded
pulses are also well decoded if the total duration of the coded pulses is around or less than the time constant of the
acoustic wave 7. The reason for this success is that the subtraction process in the PSP-BOTDA intrinsically cancels the
Brillouin gain due to the interaction between each coded pulse and the probe. Thus, this process partly removes the
Brillouin gain variation among coded pulses. The PSP-BOTDA extracts only the Brillouin gain that is derived from the
interaction of each coded pulse with the acoustic wave excited by the pre-pump pulse. However, since the acoustic
wave decays significantly after t,, when the total duration of the coded pulses becomes more than 7, the waveform of
the Brillouin signal decoded is distorted, resulting in the degradation of the spatial resolution; this should be addressed.

Therefore, in this chapter, the author proposes to modulate the NRZ-formatted pump light of the coded
continuous-PSP-BOTDA with Walsh codes [2, 3]. The author also compares in this chapter the Brillouin signal obtained
by employing Walsh codes with that using Golay codes. It was verified analytically, numerically and experimentally
that Walsh codes can decode the Brillouin signals accurately without deteriorating the spatial resolution
6.2 Pump Light Configuration of Coded Continuous-PSP-BOTDA

The NRZ formatted coded continuous-PSP-BOTDA has two kinds of coded bit pulses which are respectively
separated in phase from the pre-pump pulse by zero and =n. In particular, the code elements of +1s correspond to
zero-phase shift while -1s to n-phase shift. Through the process of the SBS, the two kinds of coded bit pulses provide
the increase and decrease in the Stokes power (probe), respectively. Consequently, the PSP-BOTDA allows the easy use
of Walsh codes, as well as the use of bipolar Golay codes. An example of the pump light modulated with a 4-bit Walsh
code in the coded continuous-PSP-BOTDA is illustrated in Fig. 6.1.
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Fig. 6.1. A coded continuous-PSP-BOTDA pump light configuration employing a 4-bit Walsh code.

Conventionally, simplex codes have been also used in BOTDA having the spatial resolution of around or larger than
one meter. However, if we shorten the width of coded NRZ pulses to less than 10ns to improve the spatial resolution of
the conventional simplex coded BOTDA, the k-th Brillouin response signal due to the k-th bit pulse becomes affected
by the preceding k-1 bit pulses. In contrast, the k-th Brillouin signal for coded PSP-BOTDA is determined solely by the
k-th bit pulse, not affected by the preceding bit pulses [4]. This makes more accurate measurement possible by using the

PSP-BOTDA with Walsh codes than the conventional intensity-modulation-based BOTDA with simplex codes. Another
merit of employing Walsh codes in the PSP-BOTDA system is that it offers higher theoretical SNIR of JL than the

commonly used simplex codes, whose theoretical SNIR is (L +1)/2\/E. The difference in the SNIR contribution
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between Walsh coded PSP-BOTDA and simplex coded BOTDA largely lies in the type of modulation scheme employed
for generating the coded pump pulses; Walsh coded PSP-BOTDA employs phase modulation scheme to generate the
+1 coded pump pulses, while simplex coded BOTDA system employs intensity modulation scheme to generate 1 and 0
coded pump pulses.
6.3 Analytical Calculations Involving  Walsh Codes in the Coded
Continuous-PSP-BOTDA

6.3.1  Encoding and Decoding with Walsh Codes

Walsh codes are generated from a square Hadamard matrix (H matrix) which consists of bipolar elements (+1s and
-1s). Every row of Hadamard matrix of order L defines a Walsh function or Walsh code of length L. Hadamard matrices
have been widely used in OTDR [5] and spectrometry [6] applications.

We define the single pulse that has duration T, and corresponds to each code element in every row of H matrix as
R (), R, (t),---, P (t) whereP,,(t)=P,(t-T,). When these pulse sequences are encoded by using H matrix and

launched into the fiber, the response signal 7(t) for each row can be described as

() (0| (e

7, (t) ey $, (1) N e, (t) , (6.1)

. (t) $ (V) e (t)

where @ (t),---, ¢, (t) are the response signals for each P, (t),---,P_(t) pulses and e;(t),---,e, (t) the uncorrelated
zero-mean noise. We define the response signal ¢ (t) for BOTDA as the change in the probe light power due to
Brillouin amplification with the pulse pump P, (t). It should be noted here that the time delay between ¢ (t) and
@1 (1) isT,, which corresponds to the pulse duration. In the case of measurement with coded continuous-PSP-BOTDA,
Eq. (6.1) should be modified to include response signal for the pulse pre-pump whose pulse width is T, . However,
since the subtraction process of the coded continuous-PSP-BOTDA removes the response signal for the pulse pre-pump,
we start with Eq. (6.1) by regarding the 7;(t) as () -7y (®))/2, M) as (gt) -4 ®)/2 and e (t) as
(epi(t)—emi (t))/z, where the quantities referenced with the subscripts p and m are obtained by using matrices H and
—H, respectively.

We then perform the Hadamard transform to calculate the estimate signals traces ¢ (t) ~ ¢, (t), which can be
expressed as

h(©) n®) (40 a®) (40) (4O
b0 |y O |_| 60| ol e®|_|£0| &0

H (6.2)
X0 ) \g®) ect)) (o)) (&L())
Next, the estimates in Eq. (6.2) are time-shifted with the factor T, and then averaged to produce
B(t) = () + (1) , (6.3)
where
L
dO)= ht+(-1T)/L (6.4)
i=1
L
pO) =D A+ (-2T)/L, (6.5)

i=1
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and
L
6) =Y & +(i-1r)/ L. (6.6)
i=1
In contrast to the previous coded OTDR [5], time shifted ¢ (t+(i—1)T,) (i=2,3,--L)in Eq. (6.5) for coded
PSP-BOTDA is not generally identical tog (t), as described below. However, as will be explained in next sections,
#(t) decoded provides high spatial resolution measurements, improved SNR and Brillouin gain bandwidth as narrow
as or even less than that for steady state measurements.
According to equation (A. 10) in [4], the increase in the probe power caused by the k-th bit pulse of coded
PSP-BOTDA is given by,

Pe=1 1A2 {exp(—kz)[cos(kza) — Asin(kza) |- exp(—t, )[cos(t, A) — Asin(t, A) ]} (6.7)
+

which has been derived by assuming pump depletion can be ignored. For simplicity, proportional constant in Eq. (6.7)
is determined so that p, =1 for A=0,7=0 and t, =oo. In addition, other parameters in Eq. (6.7) are normalized
by time constant of acoustic wave 7, =1/7Avg where Avg is FWHM of Brillouin gain spectrum: code bit pulse
width z=T,/z,, delay t, =(T, +kT,)/z, with pulse pre-pump width T, and frequency detuning from Brillouin

frequency shift A= (a)p -, — 0 ) 7,, where @, and w, are the frequencies of pump and Stokes wave, respectively,

P
and g is the Brillouin frequency shift (BFS).
Assuming that 7 is very short, response ¢, (t) for the i-th bit pulse can be approximated as follows:
& (t)= Pi R(t - (i _1)T2 ) (6.8)
where R(t) is an impulse response function given by
—aV t/2 0<t<2L,/V
R(t)= exol-cvyt/2) 1 (6.9)
0 otherwise
where « is an attenuation coefficient of a fiber, V, group velocity of light in the fiber, and L fiber length.
Substituting Eq. (6.8) into Eq. (6.5) allows us to rewrite Eq. (6.5) as
L
() =R pi/L (6.10).
i=1
6.3.2  Spatial Resolution and Improvement in SNR (SNIR)
As can be seen from Eqg. (6.10), decoded average signal ¢(t) decreases with increasing L since p; and thus ¢5,(t)
are proportional to g' = exp(—ir)<1. We can also see from Eq. (6.10) that irrespective of code length L, decoded signal
#(t) is proportional to the impulse response R(t) due to the single pulse; thus the signal decoded by Hadamard

transform and the time-shift suffers from no signal waveform distortion due to the decoding; we can consequently attain
high spatial resolution determined by the code bit pulse width T, even when using long codes. This feature is in
contrast to that of the Golay codes decoding in which the acoustic wave decay invokes severe distortion in the decoded
signal waveform when the total code pulse duration is longer than z, . The origin of this advantage of Walsh code over

Golay code for the coded continuous-PSP-BOTDA is similar to that of simplex code over Golay code for conventional
OTDR [5]. The only difference is that the non-uniformity among the responses ¢ (t) is mainly due to the acoustic

wave decay for the former, and due to the variation of the intensity among the input single pulses P, (t) for the latter.
Now, let us consider optical signal-to-noise improvement ratio (SNIR) by the proposed coding. As expected, p; of

Eqg. (6.7) takes its maximum when A =0. In addition, the second term in the right side of (6.7) can be usually

57



neglected since the factor exp(—tk) decays significantly for long duration of the pulse pre-pump T, . Then, decoded
signal power of Eq. (6.10) for A=0 can be approximated as

L L
() ~R()Y exp(-iz)/L=R(E)> A /L (6.11).

i=1 i=1
Noise power after the decoding process, which is derived from Eg. (6.6), can be given by [6], [7]

1

&= E[{&(t) —¢1(t)}2} —Elem?]= Lo, (6.12)

where o2 = E(éi (t)z). Therefore, the optical SNIR for code length L can be obtained from Egs. (6.11) and (6.12),

being expressed as
L L

SNIR =[Z,b’il / L]/(l/\/f)=z,3il /L. (6.13)
i=1 i=1

It is interesting to note that if we assume the acoustic wave decay can be neglected, namely g =1, Eq. (6.13) becomes

SNIR =L , which is usually given for Hadamard spectroscopy [6]. By inspecting Eq. (6.13) for g <1, we can find that

SNIR is optimized when the total duration of the coded pulses LT, is 7, ~2r, asshown in Fig. 6.2.
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Fig. 6.2.  SNIR as a function of the total coded pulse duration LT, .

6.3.3  Brillouin Gain Spectrum (BGS)

Brillouin gain spectrum obtained by PSP-BOTDA with Walsh coded NRZ pulses is given by Eq. (6.10) with Eq.
(6.7) that is in proportion to the average of p; (i =1,2,---L). Assuming a typical condition thatz =T, /7, =0.1, T, /7, =3,
Fig. 6.3 shows p,, ps, p1g.and pygas a function of normalized frequency detuning A. Figure 6.3 also includes
Brillouin gain spectrum in a steady state that is denoted by pg; and given by 1/(1+ AZ). We found from Fig. 6.3 that
p; s are similar in the profile of the Brillouin gain to the steady state gain p,,, and that the frequency at the peak of
p; is identical to that of pg . The decrease in p; at A=0 with increasing i is due to the decay of the acoustic
wave excited by the pre-pump pulse as explained before. Oscillating behavior of p; at large i with respect to A,
which does not occur for py,, is caused by rapid change in the phase difference between the acoustic wave excited by
the pre-pump pulse and the probe cw light launched into the fiber. For the same reason, we can find even negative p;
in the side-lobes of the spectrum, where the probe light power decreases. We can also find that the phase difference

offers Brillouin gain bandwidth that is slightly narrower than that of py; .
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Figure 6.4 shows the Brillouin gain spectrum calculated from Eg. (6.10) for L=8 and 16 bits, assuming
t=T,/7,=01T, /7, =3. The spectrum is normalized to unity at A=0 for comparison. We found that both spectra
are very similar to that of pg, and that the widths of the spectra are even narrower than that of p; , confirming that we
can accurately measure the distributed Brillouin frequency shift with Walsh coded PSP-BOTDA proposed.

6.4 Simulations

In this section we describe the simulations of employing Walsh codes in the coded continuous-PSP-BOTDA. We
also include the simulation results of employing Golay codes in the same technique for the purpose of comparison.
6.4.1  Simulation Setup

The simulation setup of coded continuous-PSP-BOTDA is shown in Fig. 6.5. The pump light is composed of the 1%
pulse with a long duration T, and coded 2™ pulses with short duration T, each. These 2™ pulses are phase modulated
with Walsh codes or Golay codes. In particular, the +1s are modulated into zero shift pulses while -1s are modulated
into 7-shift pulses to produce the pump light of coded continuous-PSP-BOTDA. The modulated pump light is injected

into one side of a fiber, while the cw probe light that is also called Stokes wave is injected from the other side.

10 m
Fump) Probe
— e T, =) T &=
M1 ol W

10m 10m 10m 10m 10 m

Fig. 6.5. Simulation setup of coded continuous-PSP-BOTDA.

As presented in Fig. 6.5, the test fiber is configured into four sections; 0.3m 1m, 3m and 10m in lengths. Reference
fibers of 10m in length are spliced between these fiber sections. The BFS difference between the test and reference

fibers was set to 300MHz. The Brillouin gain spectrum width Avg was assumed to be 35MHz; then 7, was 9ns.

The probe light amplified through SBS process is detected by a photodiode (PD), resulting in the Brillouin signal. This

numerical calculation was performed based on the interactions of three waves in the fiber cable, which can be modelled

as [8]
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whereE,, E; and E, are the normalized pump, Stokes and acoustic field, respectively. A is the normalized
frequency detuning expressed by A= [(w, — ws) — wp] - T Where w, and o, are the frequencies of pump and
Stokes wave, respectively, and wg is the Brillouin frequency shift (BFS).

In the case of Walsh codes, a set of L-waveforms of change in the Stokes wave power due to the Brillouin
amplification was decoded through the Hadamard transform process, time-shifted and finally averaged to obtain the
final result. We note here that the change in the Stokes wave power due to the Brillouin amplification is shortly called
the Brillouin signal. This decoding process is similar to that for simplex codes. As for the Golay codes, only two
patterns of the measured Brillouin signals corresponding to a pair of complementary sequences are decoded by
auto-correlation calculations and then summed to produce the final result. It should be noted here that for both Walsh
and Golay codes, actual measurement doubles the number of the Brillouin signals required since the codes whose sign
of elements is inverted are also used for subtracting the Brillouin signal caused by the pre-pump by itself.

To efficiently excite the acoustic wave, we set the duration T, to 30ns. We first performed the simulations by setting
the duration T, to 2ns for Walsh codes and then the calculations by setting the duration T, to 1ns for both Walsh and
Golay codes. The pump power was set to 30mW for T, = 2ns case and 60mW for T, = 1ns case, while the probe power
was set to 2mW for both cases.

6.4.2 Results and Discussions
A. Pump Light Coding with Walsh Codes for T,=2ns [2] [3]
The lengths of the Walsh codes were set to 1, 2, 4, 8 and 16 bits. The coded pulse duration was fixed to 2ns, which

theoretically translates into 20cm of spatial resolution. Figure 6.6 plots the calculated Brillouin signal for each Walsh
code length when the frequency difference between the pump and the probe was tuned to the BFS of the four test fibers,
which was assumed to be 300MHz lower in the BFS than the reference fibers. It was found from Fig. 6.6 that the
transitions of the Brillouin signals in the test fibers are very sharp, even when total duration of the coded pulses is much
longer than 7, (for 8 and 16 bit codes). We also observed in Fig. 6.6 that as the code length increases, the average
Brillouin signal processed decreases accordingly. This is due to the fact that the acoustic wave excited by the long pulse
of the duration T, exponentially decays.

We then analyzed the optical SNIR in the four sections of the 0.3m, 1m, 3m and 10m in lengths, assuming random
noise is added in each data sampling. The SNIRs were calculated as a function of code length L =1, 2, 4, 8, and 16 bits
under the condition of the same measurement time, so that every codeword of length L was averaged 16/L times. The
results are shown in Fig. 6.7, where we found the SNIRs rise in all sections up to about 1.7dB at code length of 4 bits.
This code length corresponds to the code duration of 8ns. However, the SNIR declines for longer code lengths. This is
because, as explained above, the interaction between coded pulse and the acoustic wave for SBS generation becomes
weak in order of the code sequence. The analytical calculation of SNIR based on Eq. (6.13) is also included in Fig. 6.7.
We can clearly see that the simulation results at the four fiber sections agree well with the analytical calculation result.

It should be noted that the straight line in Fig. 6.7 represents the SNIR that is expected for the OTDRs based on the
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Rayleigh scattering where no acoustic wave is involved. Therefore, the deviation of the data for the four sections from
straight line represents the effect of the acoustic wave decay.

8 - 7
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Fig. 6.6. Calculated Brillouin signals by employing 2ns of Fig. 6.7. Calculated optical signal-to-noise improvement ratio

pulse width of Walsh codes. (SNIR).

B. Pump Light Coding with Walsh Codes and Golay Codes for T,=1ns [3]

In this simulation, the duration T, was set to 1ns for both Walsh and Golay codes, which corresponds to 10cm of
spatial resolution. The code lengths were set to 1, 2, 4, 8, 16 and 32 bits. The calculated Brillouin signals for all code
lengths employing Walsh codes are shown in Fig. 6.8. Similar to the results shown in Fig. 6.6, we can see that the rising
and falling edges at all test sections show sharp transitions. Henceforth, the transient regions where the Brillouin signal
rises and falls are referred to as rising and falling edges, respectively.

However, in the case of Golay codes, as can be observed in Fig. 6.9, the appearance of side-lobes has caused the

increase in the rising and falling edge lengths especially when code lengths of 16 and 32 bits were used. This is because
strong Brillouin interaction was obtained only for the duration of code sequence less than z,, . For code sequence beyond

7,4, the Brillouin interaction became weak and this consequently distorted the Brillouin signal after the correlation.
Furthermore, in the case of 32-bit Golay codes, one can clearly observe the appearance of overshoots and undershoots
around the splice points between the test and reference fibers, causing the signal distortions. The distortions were due to
crosstalk noise that occurred through the process of calculating correlations. Negative crosstalk induces undershoots,
while positive crosstalk produces overshoots of the Brillouin signals. These distortions give rise to misreading of

measured Brillouin signals.
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Fig. 6.8. Calculated Brillouin signals in the case of Walsh Fig. 6.9. Calculated Brillouin signals in the case of Golay

codes. codes.
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On the other hand, in the case of Walsh codes, the encoding of the pump light and the decoding of the Brillouin
signals via Hadamard transform produced no side-lobes, as can be seen in Fig. 6.8. It is known that for OTDR
employing simplex codes, the variation in the launched pulse amplitude cause no side-lobes of the decoded signal [5].
We have noticed that the variation in the response to the code bit pulse does not generate side-lobes either, and that this
is true for Walsh codes as well as for simplex codes. Therefore, compared to auto-correlation calculations for Golay
codes, recovering the Brillouin signals using the Hadamard transform is robust against the variation in the received
signal. This is especially true for coded continuous-PSP-BOTDA since its Brillouin signal decreases with the decrease
in the acoustic wave amplitude and the decrease rate is the same among the L-responses to the L-sequences of the coded
pump light.

Next, we focused on the rising edges of the Brillouin signals illustrated in Figs. 6.8 and 6.9; the rising time was
evaluated by the time required for the Brillouin signal at the transition region to rise from 10% to 90% of the final
value; then the rising time was transformed into a distance across the fiber, that we call the rising edge length. The
rising edge lengths evaluated at 1m test section for both Walsh and Golay codes are shown in Fig. 6.10. In Fig. 6.10, for
both codes, the rising edge length is around 8cm for code lengths up to 8 bits. Take note that this value is smaller than
the theoretical spatial resolution (10cm), because the evaluation covers about 80% of the total rise time at the transition
region. For Golay codes of 16 and 32 bits, as predicted, the rising edge lengths increase up to 50cm and 130cm,
respectively. Therefore, from this analysis, we have confirmed that compared to Golay codes, coding the pump light
with Walsh codes for Brillouin signal measurement offers more accurate signal recovery.

More analysis was performed to compare the optical SNIRs between the two types of codes. Figure 6.11 shows how
the optical SNIR calculated at 0.3m test section changes with the code length. One can clearly observe that for both
codes, the SNIR increases with code length up to 8 bits and then decreases for longer codes. The peak SNIR obtained
for Walsh codes was 3dB while for Golay codes 3.6dB at L=8bits. This code length of 8 bits corresponds to the code
sequence duration of 8ns, which is around 7, =9ns. This result is consistent with that of Fig. 6.7 for Walsh codes of 2ns
bit pulse where maximum SNIR is obtained at L=4bits. Therefore, the total code duration must be set around or less
than 7, to obtain the highest SNIR in either code system.
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Fig. 6.10. Calculated rising edge length at the transition Fig. 6.11. Calculated optical SNIR at 0.3m test section for

region between the reference fiber and the 1m test section. both Walsh and Golay codes.

Figure 6.11 also shows the SNIR obtained from analytical expression of Eq. (6.13) for the case of Walsh coding. We
can easily show that Eqg. (6.13) holds also for the case of PSP-BOTDA coded with Golay code if we assume no

crosstalk may be brought about by correlation calculations of Golay code. Then, numerically simulated SNIRs for
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Walsh and Golay codes should be identical to the analytical one. However, Fig. 6.11 shows that the numerically
obtained SNIRs for Golay coding are slightly larger than the analytical ones. In addition, in other simulations for 1m,
3m and 10m sections, which were reported in [4], revealed that this discrepancy for Golay coding increases with
increase in the section length. In contrast, the numerically obtained SNIRs for Walsh coding agree well with the
analytical ones, as shown in Fig. 6.11. This discrepancy and agreement indicate that the crosstalk occurs for Golay
coding, but not for Walsh coding, respectively. Therefore, Fig. 6.11 does not necessarily show the superiority of the
Golay codes over the Walsh codes in terms of the SNIR. Rather, Fig. 6.11 indicates that compared to Golay codes, the

employment of Walsh codes in coded continuous-PSP-BOTDA offer more reasonable SNIR results without crosstalk.
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Fig. 6.12.  Brillouin gain spectra (BGS) simulated at a distance of 50m (10m

test section) for both 8-bit Walsh and Golay codes cases.

We then performed another simulation for the case of small BFS difference between the test and reference fibers. In
this simulation, we assumed that the BFS of the test fiber was 20MHz larger than that of the reference fiber. The code
length was set to 8 bits for both Walsh and Golay codes. The Brillouin gain spectra (BGS) simulated at a distance of
50m (10m test section) for both codes are depicted in Fig. 6.12. The Brillouin signal power was normalized for the
purpose of comparing BGS obtained with two codes. One can see that there is little distortion in the spectrum shape for
both Walsh and Golay codes. In addition, for Walsh codes case, the spectrum width was 27MHz, while for Golay codes
case 30MHez. It is interesting to observe that both spectrum widths are narrower than the steady-state gain spectrum of
35MHz, indicating that the calculated BGSs for coded PSP-BOTDA are consistent with the analytical ones described in
Section 6.3.3. It is also confirmed that the BGS peak was at frequency offset of 20MHz for both Walsh and Golay codes,
indicating that the coded PSP-BOTDA proposed accurately measure the local small change in the BFS.

6.5 Experiments

In this section we discuss the experimental analysis of coded continuous-PSP-BOTDA system employing Walsh
codes. We also show the experimental results obtained by employing Golay complementary sequences for comparison.
We set the parameters of the experiments to be the same with the simulations.

6.5.1  Experimental Setup

The sensor configuration of coded continuous-PSP-BOTDA is depicted in Fig. 6.13. A laser diode of wavelength
1550nm and power of 6mW (8dBm) was used as a source and its output was injected to a 3dB fiber coupler. One arm
propagates the light for generating the pump and the other one for the probe. To create an electrical signal that was
composed of the long pulse (1% pulse) and the Walsh/Golay coded pulses (2™ pulses), an arbitrary waveform generator
(AWG) was used. The rise time of the coded pulses was 0.5ns. This electrical signal was then amplified by an electrical

amplifier and after that fed to a Mach-Zehnder modulator (MZM). The MZM was used to modulate the light with the
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coded electrical signal. The DC bias voltage supplied to the MZM was carefully adjusted to a null point. Phase
modulation scheme is introduced to modulate the coded 2™ pulses. In particular, as shown in Fig. 6.13, the MZM
phase-modulated the light with +1 and -1 coded electrical signals into 0-shift and n-shift optical pulses, respectively. A
polarization scrambler (PS) was used to continuously change the state of polarization of the input pump light in order to
reduce the polarization induced noise. An EDFA (EDFA1) was placed after the MZM to amplify the pump power to
60mW for both 1% and 2™ pulses. This pump was then injected into an end of the test fiber. Soto et al. have previously
reported the distortion in the amplified coded pump pulse due to the gain depletion of the EDFA when it is placed after
the MZM [9]. To avoid such distortion, they have proposed the modification in the measurement setup by placing the
EDFA before the MZM. However, in our experiment, the total pulse pump duration including the pre-pump was as
short as 62ns at the most; then we observed little distortion in the amplified pump pulse signal even when the EDFA

was situated after the MZM.

LD
1550 nm

— ~~ -~ oscilloscope

Fig. 6.13. Experimental setup of coded continuous-PSP-BOTDA.

To produce the Stokes frequency-shifted probe light, a single side-band modulator (SSBM) was used. Previous
report has shown that the use of dual side-band modulator (DSBM) to simultaneously generate both Stokes and
Anti-Stokes frequencies-shifted probe light has favourably improved the pump depletion and non-local effects in the
measurement [10]. However, this technique requires a special optical band-pass filter of less than 10 GHz bandwidth
and careful tuning of its center frequency so that one frequency component of the probe should be selected and directed
to a detector. In our proof-of principle experiment, since the fiber tested was short and the pump power was 60 mw at
most, the pump depletion could be ignored. So, in this experiment, we preferred to use SSBM for ease of measurement.
The amount of the frequency shift of the probe light was controlled by the frequency of electrical signal supplied from
an RF oscillator (RF OSC). The generated probe light was then split by a 3dB fiber coupler; one arm was connected to
an optical spectrum analyser (OSA) for monitoring purpose and the other one was fed to an EDFA (EDFA2) for optical
amplification. The probe power was amplified up to 2mW before being injected into the other end of the test fiber. The
test fiber was made of dispersion shift fibers (DSF) with the length of 0.3m, 1m, 3m and 10m each. Standard single
mode fiber (SMF) cables of 10m in length were spliced between the DSF cables as the references. The difference in
BFS between the DSF and SMF cables is about 300MHz, which is equivalent to about 0.6% strain.

We placed an optical-bandpass filter (bandwidth~100GHz), being transparent to the Brillouin amplified signal, just
before an O/E converter, and reduced the spontaneous noise emitted from the EDFA2. Then, the Brillouin amplified

signal was converted into an electrical signal by an O/E converter, amplified by an electrical amplifier (AMP 3) before
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being digitized and averaged by an oscilloscope. Finally, the recorded data was decoded by either Hadamard transform
or auto-correlation calculation method, depending on the type of code used in the measurements.
6.5.2 Results and Discussions

A. Measurement with Walsh Codes for T,=2ns

The measured Brillouin signals in the case of 2ns of pulse width are shown in Fig. 6.14. The results show the
amplified Brillouin signals for 1, 2, 4 8 bits of code lengths [2]. As observed in Fig. 6.14, the Brillouin signal decreases
as the code length increases. As explained before, this is due to the fact that the acoustic wave excited by the 1% pulse
for the amplifying the Brillouin signal decays with time. However, it is interesting to observe that as the signal
decreases with code length, the random noise decreases more rapidly. Furthermore, as expected, little deterioration at
the transitions of the Brillouin signals in the test sections was seen even when the total duration of the coded pulses is
longer than 7, =9ns. By evaluating the 80% of the rising edge length at 3m test section, rising edge length of 16cm was
obtained for all code lengths. Thus, we have successfully demonstrated 20cm spatial resolution measurement system,

which corresponded to 2ns of pulse width.
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Fig. 6.14. Measured Brillouin signals in the case of Walsh Fig. 6.15. Measured optical SNIR versus code length.

codes for 2ns of pulse width.

We then analyzed the optical signal-to-noise improvement ratio (SNIR) of the measured Brillouin signals at all test
sections, being plotted in Fig. 6.15. The SNIRs were calculated by dividing the SNR measured for code length L by the
SNR for 1-bit code length, and further by dividing it with JL . The second division was made so that the SNIRs were
compared under the condition of the same measurement time. The absolute SNRs measured at 0.3m, 1m, 3m and 10m
test section in the case of 1-bit Walsh code were 8.6dB, 10.2dB, 10.8dB and 10.1dB, respectively. Overall, the optical
SNIR for each test section reached its peak when the code length is equal to 4 bits (8ns of total pulse duration). The
peak SNIR measured at 1m test section was about 1.5dB, which is consistent with the simulation. As explained in the
simulation section, the interaction between the coded pulses and the excited acoustic wave for SBS generation gets
weak in order of the code sequence. Thus we can see that for longer code length, the improvement rate has declined.

To justify the above discussion, we examined the normalized amplification rate of the Brillouin signal versus time.
The representative result of amplification rate measured at the 1m test section is shown in Fig. 6.16. Figure 6.16 plotted
the peak intensity of the Brillouin signals ¢ (t) ~ ¢38 (t) , corresponding to eight code sequences, which were
Hadamard-transformed but not time-shifted yet. The theoretical acoustic decay rate based on Eq. (6.13) was also

calculated, being plotted in the same figure. We can see that the experimental results of the Brillouin signal decay with
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time are well in line with the theoretical acoustic wave decay with the time constant of z,=9ns. Furthermore, when the
code duration got longer than time constant z,, the amplification rate decreased below a half of its maximum, which

consequently led to the decrease of the SNIR for 8 bits code as illustrated in Fig. 6.15.
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Fig. 6.16. Decrease in Brillouin signal versus time.

B. Measurement with Walsh Codes and Golay Codes for T,=1ns [3]

We continued the experiments by employing Walsh codes and Golay codes for 1ns pulse duration. The code lengths
for Walsh codes were set to 1, 2, 4, 8 and 16 bits while for Golay codes 1, 2, 4, 8, 16 and 32 bits [3].
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Fig. 6.17. Measured Brillouin signals by employing Walsh  Fig. 6.18. Measured Brillouin signals by employing Golay

codes. codes.

Figures 6.17 and 6.18 illustrate the Brillouin signal measured when the pump and probe frequencies difference was
tuned to the BFS of the DSFs, that was 10.555GHz.  As observed in Fig. 6.17, for all Walsh code lengths, there is only
small signal distortion at the rising and falling edges. On the contrary, in Fig. 6.18, the length of the rising and falling
edges has increased significantly when code lengths of 16 and 32 bits were used. In addition, as discussed previously,
the negative and positive crosstalk noises caused undershoots and overshoots around the splice points of the test and
reference fibers.

In order to evaluate the spatial resolution, we calculated the rising edge lengths at 1m test section for both codes by
using the method described in Section 6.4. The results are shown in Fig. 6.19. In the case of Walsh codes, the rising
edge length ranges from 8cm to 8.5cm for code lengths of 1, 2, 4, 8 and 16bits. This slight discrepancy might be due to

the limited rise time (0.5ns) of the coded pulses generated by the AWG. In general, we have successfully obtained 10cm
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of spatial resolution by using 1ns of pulse duration for Walsh codes. In the case of Golay codes, the rising edge length
varied from 8cm to 10cm for code lengths up to 8 bits. However, when the code lengths of 16 and 32 bits were used, the
rising edge lengths have increased significantly up to 50cm and 122cm, respectively. Overall, we have confirmed that

the experimental results for both Golay and Walsh codes are consistent with the simulations.
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Fig. 6.19. Rising edge length of 1m test section for both Walsh and Golay codes.

Figures 6.20 and 6.21 show how the optical SNIRs at all test sections changed with the code length for Walsh codes
and Golay codes, respectively. The SNIRs were evaluated based on the signals displayed in Figs. 6.17 and 6.18, and the
divisions with /L for Walsh coding and V2 for Golay coding were also performed so that the comparison of SNR
was made under the condition of the same measurement time, as described in Sub-section A of Section 6.5.2. The factor
2 for the Golay coding came from the fact that the Golay coding uses a pair of sequences to complement correlations.
The absolute SNRs obtained from 1-bit Walsh code measurement at all test sections were between 13dB and 13.3dB,
while the SNRs from 1-bit Golay code measurement were between 12.9dB and 13.7dB. Obviously, these results agreed
well each other. We can see in Fig. 6.20 that SNIR curves for Walsh codes at all fiber sections were almost the same and
in good agreement with the calculations shown in Fig. 6.11; the SNIR reached its maximum when the code length
equaled to 8 bits or 16 bits, whose total duration almost corresponded to z, =9ns or 2z, =18ns, as predicted.
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Fig. 6.20. Measured optical SNIR for Walsh codes. Fig. 6.21. Measured optical SNIR for Golay codes.

We also can see in Fig. 6.21 that the SNIR curve for Golay codes at 0.3m section was similar with that for Walsh
codes and agreed well with the calculation. However, the SNIR for Golay codes at longer sections were slightly higher
than that at the 0.3m section especially when L=16 and 32 bits. This is because, as explained before, crosstalk
spuriously increased SNIR. The crosstalk also increased the rising edge length as shown in Fig. 6.19, and degraded the

spatial resolution. Therefore, the spurious increase in SNIR for Golay codes with L=16 and 32 bits was meaningless; so
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we found that the code length of the Golay code should be less than 8 bits; namely the total code duration should be
around or less than 7, =9ns. Therefore, the maximum SNIR of about 3dB can be achieved by using 8-bit Golay code as
well as Walsh code. However, we note here that Walsh code has more tolerance of setting the total code pulse duration
Totar than Golay code to achieve the best SNIR and to maintain the high spatial resolution simultaneously; the duration
Tt for Walsh coding can be set to from 7, to 2z, ; however, the duration Ty for Golay coding should be in the
vicinity of .

C. Brillouin Gain Spectrum and Brillouin Frequency Shift Measurement [3]

In this experiment, we compared the BGS obtained with 8-bit Walsh code and 1-bit Walsh code. The latter
corresponds to the BGS measured with the conventional PSP-BOTDA system without the coding. In the experiment,
the signals measured with the conventional PSP-BOTDA without coding were averaged 8 times as many as the signals
measured with 8-bit Walsh code, so that the measurement time was the same, excluding the time for signal decoding
overhead. The results are depicted in Figs. 6.22 and 6.23, respectively. Lorentzian fitting curves were also included in
both Figs. 6.22 and 6.23, showing the BGSs measured at a distance of 32.3m (3m test section). In the case of Walsh
code (Figs. 6.22), the measured Brillouin gain width was approximately 28MHz, which agreed well with the simulation
result of Fig. 6.12. For the 1-bit Walsh code shown in Figs. 6.23, namely, for the PSP-BOTDA without coding, we
observed that the Brillouin gain bandwidth was slightly broader than that measured with the 8-bit code. Note that both
bandwidths of 28MHz and 31MHz were narrower than the steady state one which was evaluated at 35MHz by using the
measured acoustic wave time constant of 9ns. These results were consistent with the analytical results shown in Figs.

6.3 and 6.4.
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Fig. 6.22. Measured and Lorentzian fitted Brillouin gain Fig. 6.23. Measured and Lorentzian fitted Brillouin gain
spectrum (BGS) at a distance of 32.3m (3m test section), when  spectrum (BGS) at a distance of 32.3m (3m test section), when

using 8-bit Walsh code. using the conventional PSP-BOTDA.

Figure 6.24 shows the BFS distributions measured for 1-bit and 8-bit Walsh cases. The measurement with the 1-bit
code is identical to that with the conventional PSP-BOTDA. Figure 6.24 revealed that both results agreed well with the
BFS-distribution of the spliced SMFs and DSFs. The accuracy of the BFS for Walsh code is better than that for the
conventional PSP-BOTDA. The BFS accuracy (standard deviation) measured at the 3m test section for conventional
PSP-BOTDA was approximately 1.13MHz, which corresponds to 1.1°C of temperature resolution or 2.2x10™ strain
resolution. For 8-bit Walsh code case, we obtained an excellent frequency accuracy of about 0.62MHz, which translates

into 0.6°C of temperature resolution or 1.2x107 strain resolution. Therefore, it is confirmed that the employment of
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Walsh code has contributed to the improvement of the BFS measurement accuracy. Applying the same method of
analyzing the spatial resolution explained in Section 6.4.2, as shown in the inset of Fig. 6.24, we have obtained the
transient length of 8cm corresponding to 80% of the 10cm-spatial resolution at the transition region of the 3m test

section, in good agreement with the theoretical prediction.
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Fig. 6.24. Comparison in BFS distribution between measurement with 8-bit

Walsh code and the conventional PSP-BOTDA.

D. Further Discussion on the Comparison Between Walsh Codes and Golay Codes [3]

The simulation and experimental results have indicated that the acoustic wave time constant (9ns for 35MHz
Brillouin gain bandwidth) has limited the maximum total duration of the coded pulses that can be efficiently used for
both Golay and Walsh codes. In terms of the SNIR evaluation, the maximum SNIR was obtained for both Walsh and
Golay codes when their code duration was set to about z, . However, the use of Golay codes of duration longer than the
acoustic wave time constant z, has caused poor spatial resolution, while for Walsh code, the spatial resolution
remains as good as the theoretical one even when the total duration of the coded pulses is two times as long as the time
constant 7.

It has already been explained in Sections 4.2 and 4.3 that the process of decoding the Golay codes via
auto-correlations and Walsh codes via Hadamard transform produces no side-lobes at the decoded signal. In the case of
Golay codes, however, it is important to note that these side-lobes do not appear after the correlation only if the
amplitude is uniform for all coded pulses. In the coded continuous-PSP-BOTDA viewpoint, this means a uniform level
of received Brillouin signal power is necessary to produce decoded Brillouin signal with good spatial resolution, which
is however cannot be realized due to the exponential decay of acoustic wave amplitude with time. As a result, for Golay
codes, the auto-correlations that involve inner product of Brillouin signals with the codewords in time direction cause
distortion in the decoded signal. The distortion causes detrimental effects on the spatial resolution when the total coded
pulse duration exceeds 7, .

On the other hand, for Walsh codes, decoded signal with no side-lobes can still be obtained under the same
condition. The reason for this robustness against the uneven amplitudes lies in Hadamard transform process. In the
Hadamard transform, the matrix calculation involves the inner product of every row vector of inverse Hadamard matrix
with the synchronized Brillouin signals which are represented by the matrix column vector. The power of the

synchronized Brillouin signal measured by each Walsh code pattern is same, even when the Brillouin signals decay
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with time due to the acoustic wave damping. Therefore, in contrast to Golay codes, despite the decrease in the received
Brillouin signals, true signal without distortion can still be decoded with the use of Walsh codes.

In terms of SNIR, one might think that both Golay and Walsh codes approximately offer the same measurement
performance, as long as the total coded pulse duration is set to z, in order to obtain the achievable highest SNIR.
However, when we apply the coded BOTDA practically, we should take into account that fibers of a different kind or
produced differently vary in the Brillouin gain bandwidth. For examples, optical fibers with different GeO,-core
concentration have the Brillouin gain bandwidth ranging from 31MHz to 55MHz at the pump wavelength of 1.32um
[11]. Therefore, if the real Brillouin gain bandwidth of the fiber used happens to be wider than the value calculated from
the typical acoustic wave time constant z, , the total duration of the Golay coded pulses must be shorten, resulting in
decrease in SNIR. Otherwise, the spatial resolution would be degraded. On the other hand, for Walsh code case, the
spatial resolution will not be degraded even if the duration has exceeded the acoustic wave constant . Furthermore,
the SNIR for Walsh code would be kept almost optimal even if the code duration becomes two times as long as z,.
Therefore, we conclude that Walsh code is better solution to build a practical coded PSP-BOTDA system.

6.6 Conclusions of Chapter

Modulating the pump light of the conventional BOTDA with non-return-to-zero (NRZ) formatted code system to
realize sub-meter spatial resolution measurement has induced distortion in the Brillouin signal due to the variety of
Brillouin gain caused by the preceding coded pulses, when coded pulse duration is around or less than the time constant
of the acoustic wave amplitude z, . However, we have shown that this problem can be overcome by introducing NRZ
formatted coding system which includes Walsh codes and bipolar Golay codes in coded continuous-phase shift
pulse-BOTDA (PSP-BOTDA). This is because in contrast to the conventional BOTDA that is based on the intensity
modulation, PSP-BOTDA can remove the Brillouin gain variation due to the sequence of the coded pulses and utilizes
the only Brillouin gain that is induced by pre-pump pulse.

Holistic analysis on the employment of Walsh codes in coding the pump light of coded continuous-PSP-BOTDA for
attaining sub-meter spatial resolution and improving the signal-to-noise ratio has been presented. By comparing the
processed Brillouin signals with that obtained by using Golay codes, we have found that the use of Walsh codes
decodes the Brillouin signal without degrading the spatial resolution even when the total code pulse duration becomes
two times as long as z, at least. We have also found that for the Golay coded PSP-BOTDA, in contrast, the use of the
coded pulses whose total duration exceeds z, increasingly degrades the spatial resolution. This advantage of the
Walsh code over the Golay code comes from the fact that the decoding the Brillouin signals via Hadamard transform is
robust not only against variations in launched coded-pulse amplitudes but also against those in response signals. We
have attained 20cm and 10cm of spatial resolution by using NRZ formatted code system having pulse durations of 2ns
and 1ns, respectively.

In terms of the BGS, we have found from the simulation and experimental results that the BGS measured by using
Walsh coded PSP-BOTDA has become narrower than the steady-state gain spectrum. This narrowing is favourable to
measure the BFS accurately. Furthermore, it was also found that the use of Walsh codes has contributed to the
achievement of higher BFS measurement accuracy than that of using conventional PSP-BOTDA technique.

We have also found that the experimental SNIR dependence on the code length for Walsh codes agrees well with
that calculated by analytical and numerical methods. For both Walsh and Golay codes, the maximum SNIR can be

achieved only for total code duration of around the time constant of the acoustic wave amplitude z, ; so we have verified
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by experiments that 8-bit Walsh and Golay codes having 1ns pulse each enable the optical signal-to-noise improvement

ratio (SNIR) of about 3dB. Even though the maximum SNIR for Golay codes measured is slightly higher than that for

Walsh codes, this difference is merely caused by the crosstalk to the intrinsic signal after the auto-correlation

calculations for decoding the Golay codes. Furthermore, this crosstalk contribution varies for different fiber length.

Therefore, from these findings we have confirmed that the employment of Walsh codes in the coded

continuous-PSP-BOTDA offers a more intrinsic SNIR compared to that of Golay codes.

We have also confirmed that even when the total coded pulse duration becomes two times as long as z, at least,
the spatial resolution of the Walsh coded PSP-BOTDA maintains high spatial resolution and almost the same SNIR
with the maximum SNIR that is obtained when the total coded pulse duration is around z,, .

Based on the findings described above, we conclude that the Walsh coded PSP-BOTDA offers better solution than
the Golay coded PSP-BOTDA. This is because the former maintains high spatial resolution even if the acoustic wave
time constant 7, of fibers used, which is inversely proportional to the Brillouin gain bandwidth, varies and happens to
be less than the total coded pulse duration designed. In contrast, for the latter, the spatial resolution is significantly
degraded.
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Chapter 7: The Employment of Dual Golay Codes in High Spatial
Resolution PSP-BOTDA for Improving the Signal-to-Noise Ratio (SNR)

7.1 Introduction to Chapter

As discussed respectively in the previous Chapters 5 and 6, it was found that coded discrete-PSP-BOTDA
employing Golay coded return-to-zero (RZ) pulses and coded continuous-PSP-BOTDA employing Golay coded or
Walsh coded non-return-to-zero (NRZ) pulses contribute to the achievement of higher optical SNR compared to that of
the conventional PSP-BOTDA with no pulse coding [1-6] with good correlation results. The simulation and
experimental results reported have verified the merits of employing coding system in the PSP-BOTDA to measure
strain with high optical SNR and high spatial resolution. Actually, it is possible to obtain even higher optical SNR with
the use of combined codes in the coded PSP-BOTDA technique.

To address the matter above, in this chapter, the author proposes a new technique of combining two codes in
modulating a pump light of PSP-BOTDA. In particular, the author introduces the simultaneous use of Golay coded RZ
pulses and Golay coded NRZ pulses in a single pump light of PSP-BOTDA called dual Golay codes PSP-BOTDA.
From the analysis, it was found that the combination of two Golay complementary pairs (GCPSs) in a single pump pulse
of coded PSP-BOTDA indeed offers higher optical SNR than that of the coded continuous- and coded
discrete-PSP-BOTDASs [7]. Moreover, high spatial resolution measurement was also successfully demonstrated. In this
chapter, the simulations on the dual Golay codes PSP-BOTDA were performed and the results are described.
Experiments were also conducted and the results are discussed and compared with that obtained from the simulations.
7.2 Pump Light Configurations

As explained in Chapter 4, dual Golay codes are generated by combining two GCPs. The configuration of the pulse
pump of the dual Golay codes PSP-BOTDA is based on the combination of the pump light of coded
continuous-PSP-BOTDA and the pump light of coded discrete-PSP-BOTDA. The examples of the pump light for coded
continuous-, coded discrete- and dual Golay codes PSP-BOTDASs are illustrated in Fig. 7.1(a), Fig. 7.1(b) and Fig.
7.1(c), respectively. The pump in Fig. 7.1(c) is configured by the following procedure; First, four coded pulses in Fig.
7.1(a) are multiplied with each code element of the 2™ pulse each in Fig. 7.1(b). Therefore, the sign of bit-elements of
the four pulses are inverted if the value of the bit-element shown in Fig. 7.1(b) is -1 while the four pulses are left as they
are if the value of the bit-element in Fig. 7.1(b) is +1. Then the sixteen values of the bit-elements are obtained and
depicted in Fig. 7.1(c). It should be noted that in this example the code length used for the dual Golay codes
PSP-BOTDA is four times greater than that used for the previous coded PSP-BOTDAS.

T, is the width of the 1% pulse, T, is the width of one element of the dual Golay code pulses, and T; is the interval
time between adjacent groups of pulses. The use of the pump based on the dual Golay codes in Fig. 7.1(c) makes a
greater contribution to the increase in the optical SNR of the Brillouin signal than the previous pumps shown in Figs.
7.1(a) and 7.1(b). This is because a dual Golay code makes it possible to generate more coded pulses within the round
trip time (RTT), and to increase the optical SNR with the number of the coded pulses.

The value of T; is crucial for accurate and efficient measurements. It is set long enough so that no interference
between separate groups of pulses occurs through SBS process. However, long T; decreases the code length which is
available within a given period of transmitting the pump. It has been shown in [1] and [2] that the choice of T;= 30ns to
100ns makes a practical compromise between these two factors which affect the performance of the coded
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discrete-PSP-BOTDA system. Similar results have been reported in the case of RZ coded pulses BOTDA with 1-m

spatial resolution [8].
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Fig. 7.1. Coded PSP-BOTDA pump configurations in the case of 4 bits (a) coded continuous-PSP-BOTDA (L¢on=4 bits),
(b) coded discrete-PSP-BOTDA (Lgisc=4bits) and (c) dual Golay codes PSP-BOTDA (Lcont=Lgisc=4 bits).

7.3 Simulations
7.3.1  Simulation Setup

The SBS process in BOTDA involves the interaction among pulse pump, cw Stokes (probe) and acoustic wave. The
configuration of the basic BOTDA system is depicted in Fig. 7.2. The pump with frequency v, is injected at the distance
z = 0, moving to the +z direction across a test fiber, while a continuous Stokes or called probe with frequency vg is
injected at the distance of z = L, moving to the direction of —z across the test fiber. The backward SBS wave is
generated from the periodical fluctuation of the dielectric constant of the fiber material due to the pressure wave, i.e.,
acoustic wave excited by the beating between the pump and the probe. Complying with the energy conservation law and
the phase matching condition, the probe is amplified when the frequency difference between the pump and the probe

coincides with the BFS which is given by [9]

2nv
VB = (71)
Ap
Fig. 7.2.  Schematic of BOTDA Fig. 7.3.  Numerical model for dual Golay codes PSP-BOTDA.

Here n is the refractive index of the fiber, v is the acoustic velocity and 4, is the pump wavelength. The amplified

probe propagates to the optical coupler and finally is detected at a detector.
The dual Golay codes PSP-BOTDA system resembles the basic BOTDA system except that the pump pulse used in
the measurement process is phase coded with the dual Golay codes and the detected signals are processed with the

codes. The configuration of the dual Golay codes PSP-BOTDA simulations is shown in Fig. 7.3 where the test fibers are
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also shown. The lengths of the test fiber L; used were 0.3 m, 1 m, 3 m and 10 m. The 10m fibers connected between the
test fibers were used as the reference. The difference in the BFS Jf between the test fiber and the reference fiber was set
to 300 MHz, which simulates a change in 0.6% strain. The optical power of the 1* pulse P,; was set at the same level
with that of the 2™ pulses Pp2. The values of the parameters used in the simulations are listed in Table 7.1.

Take note that two conditions, Condition A and Condition B were considered in the simulations. Under Condition A,
the code length of the continuous pulse codes was fixed at 4 bits and the code length of the discrete pulse codes was
varied from 1 to 32 bits. In contrast, under Condition B, the length of the discrete pulse code was fixed at 4 bits and the
code length of the continuous pulse codes was varied from 1 to 32 bits.

The physical interactions between the three waves in the fiber optic cable can be modeled as follows: [10]

i B B 7.2
R 2
OEs  OEq
—-——==EE* 7.2b
a o " (7.2b)
OE _ .

8ta +[L+iAlE, = E,Eg (7.2¢)

where E,, Esand E, are the normalized pump, Stokes and acoustic fields respectively. 4 is the normalized frequency
detuning expressed by A = (wp — ws) — wp Where wp and wg are the frequencies of pump and Stokes wave,
respectively, and wy is the Brillouin frequency shift.

Table 7.1. Parameters used for the simulations.

Parameter Symbol Condition A Condition B
wavelength A 1.55 um
fiber refractive index n 1.5
strained fiber length L¢ 0.3m,1.0m,3.0m, 10 m
Brillouin frequency shift changes in strained fiber of 300 MHz
1st pulse optical power (pump) Pp1 33 mw
2nd pulse optical power (pump) Pp2 33 mw
Stokes power (probe) Ps 2mw
1st pulse width T, 30 ns
2nd pulse width T, 1ns
interval time T; 100 ns
code length (discrete part) Lgisc 1,2, 4,8, 16, 32 bits 4 bits (fixed)
code length (continuous part) Lecont 4 bits (fixed) 1,2, 4,8, 16, 32 bits

7.3.2  Results and Discussions
A. Simulation Results for Condition A [7]

The Brillouin amplifications for each Lgs. of Condition A are shown in Fig. 7.4, where the horizontal axis represents
the distance and the vertical axis the Brillouin optical signal. It appears that the Brillouin optical power detected at the
0.3m, 1 m, 3 m and 10 m strained fibers increases with the increment of the discrete pulse code length Lge.. At a glance,

the rising and the falling edges for each strained length are clearly identified, and no degradation in spatial resolution
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can be found for Lgs.=1 to 32.

Further analysis was performed by investigating the signal power increment and the relative optical signal-to-noise
ratio (SNR). These results are depicted in Figs. 7.5 and 7.6, respectively. The signal power increment was evaluated by
the ratio of the signal power APs to the power for Lgs=1, APO. Take note that the value APO=APs(Lgis.=1) in Fig. 7.5
corresponded to the sum of two sets of measurements with a 4-bit GCP having two sequences, while APS(Lgisc#1) was
calculated by one set of measurements with the dual Golay codes of L.,y =4 and Lgisc (1) having four sequences; then
the number of code sequences used to modulate the transmitting pump waves was the same among the measurements of
APO and APs(Lgisc#1)s; thus the measurement time was the same among all measurements with Lgs. ranging from 1 to
32. Fig. 7.5 shows a linear increment of the relative power with respect to the discrete code length. It is interesting to
see that the slope of the relative power increment is near to 1, being almost the same with that in linear system although

the PSP-BOTDA system is based on optical nonlinear phenomenon.
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However, it should be noted that the noise power also increases during the mutual correlations for the decoding.
Assuming that the noise power distribution is Gaussian, the noise in terms of optical power increases in proportion
to M , for constant L.n. Therefore, at constant L.y, the relative optical SNR can be obtained by dividing the signal
power APs(Lgisc)/ APO by noise power that is proportional to m . Thus, the relative optical SNRs calculated are
shown in Fig. 7.6. The data in Fig. 7.6 can be well approximated as follows;

SNRreIative =4/ I-disc (7-3)-

This improvement in the relative optical SNR is about twice that of intensity-modulation simplex-code BOTDA [8] and
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is twice that of intensity-modulation complementary-code BOTDA [11]. The factor 2 comes from the difference in
modulation methods: phase shift modulation for the PSP-BOTDA and intensity modulation for the conventional
BOTDA:s.

The rising edge was also investigated to evaluate the spatial resolution of the system. The results are listed in Table
7.2, which shows the rising edge length of the 3m strained fiber as the representative. The rising edge length was
obtained by transforming the time required for the Brillouin signal to rise from 10% to 90% of its final value.

Table 7.2.  Rising edge length of 3m strained fiber under Condition A.

Laisc (bits) 1 2 4 8 16 32

Rising edge (cm) 8.2 8.2 8.0 8.2 8.2 8.0

The calculated length of around 8.2 cm is a little bit shorter than the theoretical spatial resolution of 10 cm. This is
because the evaluation of the rise time only covers about 80% of its total. From Table 7.2, it is concluded that the
increment of the discrete code length (Lgs) does not deteriorate the spatial resolution of the dual Golay codes
PSP-BOTDA system. Thus, it is expected that Ly can be set longer than 32 bits to further improve the optical SNR.

B. Simulation Results for Condition B [7]

The Brillouin amplification results for each L under Condition B are shown in Fig. 7.7. As observed in the figure,
the Brillouin signal increases with the increment of the code length of L.,n.. However, the amount of the increment starts
to decrease considerably when Ly is set to 16 and 32 bits, especially at the 0.3 m strained region. Furthermore, when
Lcont is Set to 16 and 32 bits, there are noises in the region around the rising and the falling edges. The magnification of
the 3m strained region of Fig. 7.7 is shown in Fig. 7.8, where the Brillouin signals for L.n=16 and 32 exhibit
overshoots and undershoots that degrade the spatial resolution of the system. The results indicate the appearance of the
side lobes of the processed correlations. This is because the total duration of the pulses modulated with the continuous
pulse code (16 ns and 32 ns) is larger than the time constant of the acoustic wave 7, of around 9 ns. Thus, only the first
8 bit pulses strongly interact with the acoustic wave while the rest does not during the measurement. Note that in
contrast to the Condition B, the Brillouin signals under Condition A illustrated in Fig. 7.4 showed little degradation in
the spatial resolution because Lo T» Was fixed at the value of 4ns that is shorter than t, throughout the simulations.

The results of the signal power increment and the relative optical SNRs under Condition B are depicted in Fig. 7.9
and Fig. 7.10, respectively. As in the calculation for Condition A, the value APO=APSs(Ln=1) in Fig. 7.9 corresponded
to the sum of two sets of measurements with a 4-bit GCP while APs(L..n:#1) was obtained by one set of measurements
with the dual Golay codes of Lgsc=4 and Leo (#1); the GCP has two sequences while the dual Golay codes four
sequences; thus the measurement time was the same among all measurements with Lo ranging from 1 to 32. In Fig.
7.9, the relative signal power shows a linear increment trend with Lo Up to 8 bits. When Lo equals to 16 and 32 bits,
the occurrence of positive and negative overshoots causes the increment trend to deviate from its linear form.

The relative optical SNRs were calculated by dividing the relative power increment shown in Fig. 7.9 by the
value \/m since the noise power accumulated by the correlation process is proportional to \/m under Condition B.
It was found from Fig. 7.10 that the relative optical SNRs increase with the increase in Ley Up to 8 bits for the 0.3m
strained fiber and up to 16 bits for other strained fibers. However, the relative optical SNRs begin to decrease at the
longer Leone. This is because the random noise power, processed in the correlations, accumulates with the increase in the
code length Lo, While the increase rate of the signal gradually decreases as shown in Fig. 7.9. Take note that the values

of Leont T2 for Leont =8 and 16 are 8 ns and 16 ns, which are around 7, (~9 ns). This implies that when LT, is around
76



7, the relative optical SNR reaches the maximum, which is found from Fig. 7.10 to be less than the value /L.,,; by
about 1dB. It was also confirmed by other simulations that this is also true for narrower pulse widths: T, =0.5 ns and
0.25 ns. (See Fig. C.1 of Appendix C).
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Figure 7.10 also shows that the relative optical SNRs for the 0.3m strained fiber drops more steeply than those for
other strained fibers in the range of Lo, longer than 8 bits. This discrepancy is explained by difference in the crosstalk
from the neighboring parts of the fiber. The side-lobes of the correlations explained above caused the crosstalk that
made apparent increase in the signal. The crosstalk for the 0.3m strained fiber is less than that for the 1m, 3m, and 10m
strained fibers since the range of the neighboring parts of the former fiber is narrower than those of the latter fibers.
Thus, it apparently causes the higher relative optical SNRs for the 1 m, 3 m and 10 m strained fibers.

From the discussions above, the relative optical SNR under Condition B can be approximately expressed by
SNRetative = 774/ Leont (7.4)
where coefficient n (0 <n < 1) represents the ratio of the optical SNR improvement to the ideal improvement of
\/m. The coefficient » also accounts for the acoustic wave attenuation. Consequently, # is about unity when code
time Lot T2 IS much shorter than 7, (9ns); # gradually decreases to zero with the increase in Len T2, as shown in Fig.

C.2 of Appendix C. Thus, if one increases Lo, optical SNReive Which is given by the product of »# and /L.,
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initially rises in proportion to m then takes its maximum and after that gradually decreases. Since 7 is dependent
on the accumulation of the amplitudes of the decreasing acoustic wave, # is a function of code time Lcoy T2. Numerical
simulations show that the relationship between # and LT, are almost the same for T,=0.25, 0.5 and 1ns, as shown in
Fig. C.2. In addition, Fig. C.1 shows that for all T, cases, the optical SNRaive takes its maximum when Lo T iS
around the time constant of the acoustic wave t,,.

The results of further analysis on the rising edge length in the case of the 3m strained fiber are listed in Table 7.3.

Table 7.3.  Rising edge length of 3m strained fiber under Condition B.

Leont (bits) 1 2 4 8 16 32

Rising edge (cm) 8.2 8.0 8.2 8.2 61 162

Table 7.3 shows that the length of the rising edge which is estimated from the 10% and 90% response of the Brillouin
signal. In Table 7.3, the rising edge lengths for L.,w=1 to 8 bits are around 8.2cm, which are the same with that on
Condition A. However, it starts to increase at Lo = 16 and 32 bits, as explained above.

From the discussion above, one can conclude that the total duration of the pulses modulated with the continuous
pulse code (LcontT2) is limited at the value smaller than t,; the numerical results of the rising edge length in Table 7.3
and of the relative optical SNRs in Fig. 7.10 for T,=1 ns indicate that the effective total duration of the modulated
pulses is 8 ns or below.

C. FEurther Discussion on the SNR and the Brillouin Gain Spectrum (BGS)

It could be concluded from the results shown in Egs. (7.3) and (7.4) that the optical SNR enhancement (SNRE) for

the dual Golay codes PSP-BOTDA is given by

SNRE = 7/ Leont - Luisc (7.5).

Since 5 accounts for the attenuation of the acoustic wave excited by the 1% pulsed pump for the coded

continuous-PSP-BOTDA and we assume that interval time T; is long enough to avoid interactions among the acoustic
waves excited by the 1% pulses, # depends on Leon: but does not on Lgse. Therefore, if Loy is varied, optical SNRE takes
its maximum optical SNRE,,x When L T> is around the time constant of the acoustic wave as it would for optical
SNReiative Of EQ. (7.4). Then, considering that # ~ 0.7 as can be seen from Fig. C.2, optical SNRE,x is approximately
given by

SNRE o =0.7y/Leont - Laise (7.6)

where Loyt IS given by dividing the time constant of the acoustic wave by duration T».

Maximum values of Lgsc may be limited by the time taken for the pulse light to make a round-trip across the length
of the fiber (RTT: round-trip-time). BOTDAs usually inject pulsed pump light into fibers repeatedly to improve the
optical SNR with signal averaging techniques. The period of the repetition should be more than the RTT so that the
Stokes signal amplified by one pulsed pump should not superimpose on that amplified by the next pulsed pump.
When the repetition period is reduced to the RTT, the maximum improvement in optical SNR is obtained via the signal
averaging within a given measurement time. Then, the total coded pulse time that is proportional to Lgs should not
exceed the RTT so that the maximum improvement in optical SNR may not be reduced. This is required in both
conventional and proposed coded BOTDAs. However, the proposed coding method can virtually increase the code

length by nesting two codes as in a manner described before with just a little increase in the repetition time.
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Fig. 7.11. Brillouin gain spectra at the BFS transient range calculated with L=3m, L¢=8 and Lgs.=4. The values of other

parameters are as shown in Table I. Inset shows the time domain signal around the transient range.

From the discussion above and Eqg. (7.6), it was found that the optical SNR of the dual Golay PSP-BOTDA is
approximately 17/Lcon¢ Laisc times as large as optical SNR of the PSP-BOTDA with Lgsc=Leom=1, i.€., single-pulse
PSP-BOTDA. Furthermore, PSP-BOTDA has twice optical SNR compared to the intensity modulation BOTDA as
explained before. Consequently, the optical SNR enhancement of the dual Golay PSP-BOTDA is
approximately an times that of the conventional high spatial resolution RZ coded BOTDAS. Here, it is noted
that one should choose Leone SO that Leon(T> is less than the time constant of the acoustic wave t,. Then 5 ranges from 0.7
to 1 as shown in Fig. C.2.

The Brillouin gain spectra (BGS) of the dual Golay codes PSP-BOTDA can be almost the same as that of steady
state SBS since the coded continuous- and discrete-PSP-BOTDAS, which are the bases of the dual Golay codes
PSP-BOTDA, have approximately the same BGS with the steady state SBS spectrum, as analytically verified in
Appendices A and B. The BGS for the dual Golay codes PSP-BOTDA with Lgisc=4 bits and L,=8 bits has been also
evaluated by numerical simulations based on Eq. (7.2). The simulated fiber had a 3 m section of 300 MHz change in the
BFS. Fig. 7.11 shows the BGS calculated at three points I, I, and 11l in the BFS transition range. It was found that all
BGS for the 3m section and for the reference are approximately the same with the steady state BGS having gain widths
as narrow as 35MHz, demonstrating that the proposed coding method does not induce distortions in the measured BGS.
7.4 Experiments
7.4.1  Experimental Setup

The experiments on the dual Golay PSP-BOTDA were performed to be compared with the simulations to validate
the sensor system’s efficiency. The experimental setup of the dual Golay PSP-BOTDA system is shown in Fig. 7.12.

The light from an LD operating at a wavelength of 1550 nm and at power of 6 mW was divided by a 1 x 2 optical
coupler (50:50) into one for the pump and the other for the probe. An arbitrary waveform generator (AWG) was used to
synthesize the electrical signal which was composed of an electrical 1% pulse and the dual Golay code pulses (2" pulses).
The lightwave for the pump was modulated by a Mach-Zehnder modulator (MZM) with the electrical signal from the
AWG. Then, the MZM was biased at the transmission minimum point so that the 2" optical pulses are phase-coded. A
polarization scrambler (PS) was used to hinder the polarization dependence of the Brillouin amplification. The PS used
in the experiment modulates the state of polarization (SOP) of light via modulation of birefringence of the fiber inside it.
The polarization-induced noise was suppressed at the minimum level by observing that the noise was reduced to less

than the white noise at the receiver after averaging 10° signal waveforms. The modulated optical signals were amplified
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using an erbium-doped fiber amplifier (EDFAL) to set the peak power of the 1% and the 2™ optical pulses to be at 33mW.
The widths of the 1% and the 2™ optical pulses are 30 ns and 1ns, respectively. The rise time of the pulsed light is around
0.5ns. The test fiber cables used in the experiment were the dispersion shift fibers (DSF) with the lengths of 0.3m, 1m,
3m and 10m. Single mode fiber (SMF) cables with the length of 10m were connected between the DSF cables as the
references. The difference in BFS between the SMF and the DSF cables is about 300 MHz, which corresponds to about

0.6% strain.
RFOSC app 2

pcz2H mzm H ps
AMP 1 |
(AW }--->-

-=== Electrical connection '
——— Optical connection

Test fiber

e

AMP 3

~=-{>>--{oscilloscope

Fig. 7.12. Experimental setup of the dual Golay codes PSP-BOTDA.

As for producing the probe lightwave, the electrical RF signal with a frequency of 10.555 GHz from an RF
oscillator (RF OSC) was input to an optical single side-band modulator (SSBM). The SSBM output the Stokes light
(probe), whose frequency was downshifted with the amount of 10.555 GHz. EDFA2 was used to amplify the probe light
to set the probe power to 2 mW. An optical spectrum analyzer (OSA) was used to monitor the modulated light
frequency. The Brillouin amplified signal was converted into an electrical signal and sent to the oscilloscope. The
signals were digitized and averaged by the oscilloscope. Then the recorded signals were further processed by a
computer for the decoding (mutual correlation calculations).

7.4.2 Results and Discussion
A. Experimental Results for Condition A [7]

The experiments under Condition A were performed for various values of Ly by fixing Le,n=4. The experimental
results are depicted in Figs. 7.13(a) and 7.13(b). The results in Fig. 7.13 are in good agreement with the simulation
shown in Fig. 7.4, although random noise is superimposed on the experimental signals. One can observe that the
Brillouin signal peak power is almost the same for all strained regions. Furthermore, as expected, little deterioration can
be found in the rising and the falling edges of the signal waveforms even in the case of 32 bits of the discrete pulse code.
By using the same approach of calculating the theoretical rising edge length explained in Section 7.3, the experimental
spatial resolution was further examined. The rising edge length evaluated at the 3 m strained region was 8.5cm for all
values of Lgis=1, 2, 4, 8, 16, and 32 bits, being in good agreement with the theoretical value of 10x(0.9 - 0.1) = 8cm.

The optical SNR enhancement (SNRE) measured for Lgis.=1-32 bits and L¢nw=4 bits is shown in Fig. 7.14. Notice
that the optical SNREs were obtained by using the optical SNR for Lgs.=L.n=1 bit as a reference. This reference
optical SNR corresponded to the optical SNR for the single pulse PSP-BOTDA measured in the same measurement
time. The reference optical SNR obtained from the experiment was 4.7 dB. The straight line (SNRE:M

with L.,,; = 4) was also included in Fig. 7.14 for comparisons.
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It was observed that the optical SNRE increases linearly with respect to Lgs.. When Lgisc=8, the obtained optical
SNRE was as large as about 8dB. In comparison with the SNR obtained with the conventional PSP-BOTDA without
coding, this translates into about 40 times faster measurement speed. However, when Lgsc=8, 16 and 32 bits, the optical
SNRE starts to deviate from its linearity. This slightly differs from the simulations shown in Fig. 7.6. This discrepancy
was due to the amplification characteristic of the electrical amplifier used to amplify the Golay coded electrical signals
from the AWG. The capacitor incorporated in the electrical amplifier cut off the DC level and the low-frequency
components of the modulated signals, as has been explained in Chapter 5. This resulted in the inefficient optical
modulation by the MZM of the discretely configured coded-pulses of more than 8-bit code. The use of a DC-coupled
amplifier or the modifications on the electrical signal configurations would improve the modulation characteristics and
increase the optical SNRE in accordance with Eq. (7.3).

B. Experimental Results for Condition B [7]

Figs. 7.15(a) and 7.15(b) show the experimental results under Condition B. It can be found from the figures that the
increase in Leone also contributes to the Brillouin power increment of the system. However, as predicted, the increase rate
of the Brillouin amplified signal has dropped significantly when L., = 16 and 32 at the 0.3 m strained region. This is
because total time duration of those code length pulses has exceeded the time constant of the acoustic wave 7,, as
explained in Section 7.3. In addition, as predicted from the simulation in Fig. 7.7, the overshoot and undershoot noises

can be seen clearly when L equals to 16 and 32 bits.
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The optical SNREs for Lq,w= 1~32 bits and Lgsc = 4 bits are depicted in Fig. 7.16. The optical SNREs were obtained
by using the optical SNR for L.,w=Lgisc=1 bit as a reference, as in the case before. As in Fig. 7.14, the reference optical
SNR corresponded to the optical SNR for the single pulse PSP-BOTDA measured in the same measurement time. The
reference optical SNR obtained from the experiment was 4.7 dB. The straight line (SNRE:W with
Lgisc = 4) was also included in Fig. 7.16 for comparisons.

The optical SNRE for the strained lengths of 1 m, 3 m, and 10 m increases with L Up to 16 bits, while it begins to
decrease at 16 bits in the case of 0.3 m strained length. It is noticeable that the results in Fig. 7.16 agree well with the
simulated relative optical SNR shown in Fig. 7.10 if one takes into account the coding gain with Lgs.=4bits. For 0.3m
test section, when Ln=8, maximum optical SNRE of about 7dB was obtained, while for other test sections, when
Leont=16, maximum optical SNRE was about 8dB. As mentioned in Section 7.3, acoustic wave damping explains the
reason of the deviation from the straight line of the optical SNRE, i.e., the drop in the optical SNRE for L., longer than
8 bits. Also, as explained in Section 7.3.2, it should be noted that the further increase in the SNRE for Lw=16 bits case
at the 1m, 3m and 10m test sections was caused by the crosstalk. Therefore, it is concluded that the maximum SNRE
obtained in this experiment was about 7dB with the use of L¢n=8 bits (Len:T2=8ns). In comparison with the SNR
obtained with the conventional PSP-BOTDA without coding, this translates into about 25 times faster measurement

speed. As we recall from the simulation results (Section 7.3.2 B), the optical SNRE reaches its maxima when Loy T2 iS
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set around 7; i.e. the available code duration for NRZ pulses is limited by 7, which in this case is 9ns.

Since the optical SNRE for all test sections increases with L up to 8 bits under Condition B, the BGS was
measured for dual Golay code of Lgisc=4 bits and L,=8 bits case. The BGS measured at the 3m test section and at the
reference fiber are shown in Figs. 7.17(a) and 7.17(b). Both spectra measured were fitted well with Lorentzian curves of
the bandwidth as narrow as about 30MHz, indicating the BGS obtained by the proposed coding method were
approximately the same with the steady state BGS. Therefore, it is confirmed that the use of NRZ coded pulses in the

proposed method does not induce distortions in the BGS.
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The spatial resolution was also evaluated at the rising edge of 3 m strained region. The result showed that the rising
edge length was 8.5 cm for Len=1, 2, 4, and 8 bits. When L,; Was set to 16 and 32 bits, the rising edges range over
62cm and 160cm, respectively. It has been confirmed from these experiments that good optical SNRE can be obtained
and a high spatial resolution measurement can be achieved on condition that LT is set less than 7,. Otherwise,
however, not only the optical SNRE but also the spatial resolution deteriorates.

To fully analyze the change in the BFS and verify the spatial resolution, the BFS distribution was also measured.
Figure 7.18 shows the BFS distribution measured when L,n=8 and Lgs.=4, which agreed well with the
pseudo-BFS-distribution made by splicing SMFs and DSFs alternatively. The transient BFS is shown in an inset () in

Fig. 7.18, showing the 80% of the total transient length at 3m test section that is about 8cm. This is in good agreement
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with the theoretical spatial resolution (T,=1ns corresponds to 10cm of spatial resolution). It is also observed from the
inset (b) in Fig. 7.18 that the variation in the measured BFS in the 3-m section was estimated at 0.67MHz (standard
deviation) that corresponded to the measurement accuracy of 1.3x10°® strain or 0.56°C temperature. Therefore, it is
confirmed from the BFS distribution measurement that the high spatial resolution as short as 10cm has been
successfully demonstrated.

7.5 Conclusions of Chapter

An algorithm has been presented for synthesizing dual Golay codes for measuring distributed strain and temperature
based on phase-shift pulse Brillouin optical time domain analysis (PSP-BOTDA) with high spatial resolution. The
proposed dual Golay codes are configured by nesting one Golay complementary pair of sequences (GCP) into the other
one. The former is called pair of sequences continuous pulse codes and the latter discrete pulse codes, which are used to
generate the pulsed pump with NRZ pulses and RZ pulses, respectively.

Introducing a proper space time between the coded discrete pulses avoids the interference noise through the SBS
process. However, the introduction of the space time increases the time slot for one bit, decreasing the code length that
is limited by the round-trip-time (RTT). Constructing the coded continuous pulses with the total duration less than the
time constant of the acoustic wave T, makes it possible to obtain good correlation properties of the Brillouin signals.
However, the maximum code length is limited.

The proposed dual Golay codes enable one to use the RZ pulses and NRZ pulses simultaneously and advantageously
for coding the pump of the PSP-BOTDA, and to use longer codes than the conventional codes within a given period; let
code lengths of the continuous and the discrete pulse codes be L and Lgise, the code length of each dual Golay code is
LeontLaise: Then, the optical SNR enhancement, i.e., the coding gain of the proposed method is about nm, while
that of the conventional coded BOTDA based on intensity modulations is@ /2. Therefore, the optical SNR
enhancement of the proposed coding method is 271./L..,: times as large as that of the conventional coding method.
The coefficient n (0 < n < 1) represents the efficiency of the optical SNR improvement with the continuous pulse
codes and also accounts for the attenuation of the acoustic wave that is excited by the 1% pulsed pump of the
PSP-BOTDA. When the product of L., and the 2N pulse duration T, is longer than t,, the quantity »# decreases to less
than 0.7 and the spatial resolution gets worse than the theoretical one; thus L, T> should be less than t,; then # ranges
from 0.7 to 1.

A new coded PSP-BOTDA system based on the dual Golay codes has been demonstrated by both simulations and
experiments. High spatial resolution of 10cm was successfully demonstrated from both simulations and experiments.
From the results, it has been clarified that the power of the correlated Brillouin signal has increased with increase in the
code length of the new code provided that the total duration of the pulses coded by the continuous pulse codes is less
than . The increase in the Brillouin signal power raises the optical SNR and gives the benefit to BOTDA to attain
high spatial resolution. Initial experiments for L.n=4, Lgsc=8 have demonstrated about 8-dB enhancement in the
optical SNR when compared to the single pulse PSP-BOTDA, while for Len=8, Lgisc=4, the amount of enhancement
achieved was about 7-dB. Finally, it should be noted that the SNIR can be further enhanced by increasing the code
length Ly OF discrete part, but limited to the round trip time (RTT) of light in fiber. For the continuous part, however,
maximum SNIR is achieved when the total code duration L., T> is set around the time constant of the acoustic wave

amplitude 7, in this case LeontT2=8ns.
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Appendices

In this section, additional notes related to the analytical expressions for the previously introduced coded
continuous-PSP-BOTDA and coded discrete-PSP-BOTDA techniques are given. Some numerical analysis on the BGS
and the optical SNR for both techniques are also included, which are useful for the purpose of comparing with the
numerical results obtained with the dual Golay codes PSP-BOTDA, which have already been discussed above.
Appendix A

In the following, we give the signal for the coded continuous-PSP-BOTDA which is obtained by subtracting the
signal AP~ measured with a code Cfrom the signal AP* measured with a code C, where C = {c;,cy, ..., Cp},
C=—-C={-c,—Cy..,—C,} and ¢, = 1 or — 1, with k=1, 2,..., n. We note here that all parameters of analytical
expressions in this Appendix are normalized according to [10].

Let AEg(t) represent an increment in the Stokes light field produced by SBS after passage of a time t from the
time when the pulsed pump enters into a local region along an optical fiber. When 0 <t <T,, the field AEs(t) for
AP*and that for AP~ are the same. Then, the subtracted signal becomes zero. Therefore we have only to derive the
signal AE;(t)for t, <t <t,, where t, =T, + kt (k =1,2,..,n), T, is the first pump pulse width and t is the
code element pump pulse width. When 7 « 1, t = t;, the Stokes light field increment AE,(t,) is obtained from Eq.
(7.2b) as follows:

AE. (t)= 5 o EpEalti)r (A1)

The factor 1/2 in Eq. (A.1) comes from the fact that the Stokes light propagates in the direction of —z while the pump
light in the opposite.
The acoustic wave field E,(t) in Eqg. (A.1) is obtained from Eq. (7.2c) as follows:

t

.=

\ e"E, (E, (t)dt (A2)

withY =1 + iAwhere A denotes the normalized frequency detuning. If we express the pulsed pump field as E,(t)=E,

(0<t<T =ty), Epo()=E,C(t) (t, <t <t,) andassume Es(t) is constant, Eq. (A.2) is transformed into

Ea(t)=e™"E,E (I, +15(t) (A.3)
with
T v e’ 1
- L - A4
=] e a=" (A4)
and
1(t)= jto eVic(t)dt (A5)

Here we note that I; is due to the acoustic wave excited by the first pulsed pump, while I,(t) is produced by the
sequence of the coded pulsed pump, thus being dependent on the bit pattern of the code.

The Stokes light power increment APg(t) (t, < t, < t,))is given by
AP(t, )= Es AE, (1, )+ c.c. (A6)
where c.c denotes complex conjugate. For simplicity, the factor of proportionality in the right side of (A.6) was set to

unity. Substituting Egs. (A.1) and (A.2) into Eq. (A.6), we obtain the Stokes light power increment AP*(t,) when the
85



code C is employed as
AP;(tk):%ck‘Ep‘z\Es\zre’Ytk {1, +1,(t, )} +cc. (A7)

On the other hand, when the code —C(t) is used , ¢y in Eg. (A.7) and C(t) in I,(t) are replaced with —c, and —C(t), thus

yielding the Stokes light power increment as:

- 1 2 R
AP (t)= E(—ckjEp\ B[ re {1~ 1,(t) } +cc. (A.8)
Consequently, the differential Stokes light power is given by

DP, (t, ) = AP (t ) — AP, (t) A9
= Ck|Ep|2|ES|Zre’Ytk I, +cec.
Here, we find that the subtraction above exactly cancels the bit pattern dependent term I, (ty).
In contrast, when the intensity modulation format is employed for coding the pump as in the conventional intensity
modulation based BOTDA, codes (1+C)/2 and (1-C)/2 instead of codes C and —C are used for measuring APs" and AP,
respectively. Then, the bit pattern dependent term does not vanish through the subtraction. This is the reason why the
coded PSP-BOTDA has better correlation characteristics than the conventional intensity modulation based BOTDAS
when the NRZ coded pulses are used.
Substituting Eg. (A.4) into Eqg. (A.9) yields the explicit expression of the differential signal of the coded
continuous-PSP-BOTDA:
|Ep|2|ES|27

1+ A2
x (2¢, ) exp(— kz){cos(kzAa)— Asin(kzA )} — exp(—t, ){cos(t, A)— Asin(t, A)}]

DP; (t, )= (A.10)
We find from Eqg. (A.10) that the spectrum profile of the differential signal is almost the same with that of the steady
state, that is equivalent to what is given at the first row of the right side of Eq. (A.10). We also find that the differential
signal decreases with the order of the code element ¢y in accordance to exp(-kz) where time is normalized by time
constant of the acoustic wave. Thus the maximum code length in duration is limited up to about the time constant of the
acoustic wave t,.

The spectra of the differential signals also have been numerically evaluated based on Eq. (7.4) and shown in Fig.
A.1. Then the calculation condition was similar to that provided in Table 7.1. It can be observed that the peak Brillouin
power increases linearly with code length up to 8 bits. However, it starts to deviate from its linearity. The reason for this
to occur is as what has been explained in sub-section B of Section 7.3.2. While the spectrum width stays around 35MHz
in the case of 1 bit to 16 bits, the spectrum width has narrowed to about 30MHz in the case of 32 bits. However, there is

little distortion in the spectrum shape.
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Fig. A.1l.  Numerical results of BGS at the test section of the fiber for coded continuous-PSP-BOTDA.

Appendix B
In the following, we give the signal for the coded discrete-PSP-BOTDA. As can be seen from Figs. 7.1(a) and 7.1(b),
when the code length is one bit, the pump configuration of the coded discrete-PSP-BOTDA is the same with that of the
coded continuous-PSP-BOTDA. Therefore, one-bit signal of the coded discrete-PSP-BOTDA is given by Eq. (A.10)
with k=1 as follows:
Eo[IES7

YO (2c,)[ exp(—7){cos(za) - Asin(za )} —exp(~t, ) {cos(t,A)— Asin(t,A)} ] (B.1)

DP; (t,)

If we assume typical conditions for measurement with high spatial resolution BOTDA.: the one-bit pulse width is far
less than the time constant of the acoustic wave 7, (i.e. T « 1), the first pump pulse width is much greater than 7,
(i.e. t;=T1+1 >> 1), and the frequency detuning is within the Brillouin gain bandwidth (i.e. -1 <A < 1), then Eg. (B.1)
becomes
20|E, | |Es[ <

1+ A°
The factor 2 in Eqg. (B.2) comes from two measurements for the subtraction process. Therefore, it is found from Eq.

DP,(t,) = (B.2)

(B.2) with eliminating the factor 2 that the Brillouin gain spectrum of the coded discrete-PSP-BOTDA for one bit is

identical to that in the steady state in terms of both magnitude and bandwidth.
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Fig. B.1. Numerical results of BGS at the test section of the fiber for coded discrete-PSP-BOTDA.

If we configure the pulsed pump of the coded discrete- PSP-BOTDA as shown in Fig. 7.1(b) with separation T;

much longer than t,,, each pulsed pump for one bit does not interfere with the others. Then, the bit patterning effects are
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reduced and the Brillouin signal for the k-th bit is given by the right side of (B.2) with replacing c; by cx.

The spectra of the differential signals are evaluated numerically as in a manner of Appendix A, and are illustrated in
Fig. B.1. The Brillouin power for each code length is normalized to the peak Brillouin power for 1-bit code. It is
observed that the power increases linearly with the increase in the code length. Also, as expected, the shape of the
spectra was not distorted and their widths were found to stay about 35MHz; as narrow as the value for the steady state
SBS.

Appendix C

In the following, we give the relative optical SNRive and the coefficient # in Eq. (7.4), which are numerically
evaluated based on Eq. (7.2) for various T, of 0.25, 0.5 and 1ns. The numerical calculations were performed based on
Condition B of Table | except that the code lengths L, Were set up to 64 bits for T, = 0.5ns and up to 128 bits for T,=
0.25ns. Fig. C.1 shows optical SNR¢j4ive @S @ function of code time Lgon( T, for the 0.3m section. It can be seen from Fig.
C.1 that for all T, cases, optical SNRejative takes maxima when Leon T2 is around t, of 9ns.

Fig. C.2 shows coefficient # that is obtained by dividing optical SNReiaive shown in Fig. C.1 by /L,y according
to its definition given by Eq. (7.4). We found from the figure that code time dependence of # is almost the same for
different pulse durations of T,=0.25, 0.5 and 1ns. We also found that when optical SNRejaive iS maximum, that is when
LeontT2=8ns or 9ns (time constant of the acoustic wave t,) according to Fig. C.1, » takes the value of about 0.8 or 0.7

even for different T, values.
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Fig. C.1. Relative optical SNR vs code time Lcon T for different T. Fig. C.2. Coefficient 5 vs code time Lcon( T, for different T,.
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Chapter 8: Combined Walsh and Golay Codes PSP-BOTDA

8.1 Introduction to Chapter

It has been shown previously in Chapter 7 that the combination of RZ and NRZ pulses in coding the pump light of
PSP-BOTDA with dual Golay codes has contributed to the achievement of higher optical SNR than that of the
previously introduced coded continuous- and coded discrete-PSP-BOTDAs and obviously higher than that of the
conventional PSP-BOTDA [1]. However, in terms of spatial resolution, it was found from Chapter 7 that the available
code duration for Golay coded NRZ pulses case in the dual Golay codes PSP-BOTDA is still limited by the time
constant of the acoustic wave 7. This is because the assignment of Golay coded NRZ pulses of code duration longer
than 7, in the dual Golay codes PSP-BOTDA have induced distortion in the measured Brillouin signals, which
consequently caused the degradation in the spatial resolution. Nonetheless, we recall from Chapter 6 that the use of
Walsh coded NRZ-pulses in the coded continuous-PSP-BOTDA has overcome this issue [2, 3].

Therefore, based on the issue and findings presented in Chapter 6 and Chapter 7, the author proposes in this chapter
the combination use of different codes, namely Golay codes and Walsh codes in modulating the pump light of
PSP-BOTDA. The analysis of combining Golay codes and Walsh codes in modulating the pump light of the
PSP-BOTDA is discussed. In the simulation and experimental analysis, it was found that assigning Walsh codes as the
NRZ pulses has given better spatial resolution than that of the Golay codes of the same pulse formation [4-6]. Also, as
predicted, simultaneous use of RZ- and NRZ pulses formats in the pump light of PSP-BOTDA has contributed to the
achievement of higher optical SNR than that of using only one kind of pulse formation. In this chapter, both
combinations of i) Walsh codes (NRZ) + Golay codes (RZ) and ii) Walsh codes (RZ) + Golay codes (NRZ) are
examined to analyze their impact to the efficiency of the PSP-BOTDA.

8.2 Pump Light Configurations

An example of a pump light modulated with the combined Golay and Walsh codes is illustrated in Fig. 8.1.

In Fig. 8.1, a 4-bit Walsh code was assigned as the NRZ pulses while a 4-bit Golay code the RZ pulses. The
elements of the Walsh code were then multiplied with each element of Golay code. This multiplication yields 16 pulses
coded by the combination of the two codes. It should be noted here that as the Golay codes are generated from a pair of
codes and the Walsh codes are based on an M x M Hadamard matrices, the number of generated code patterns will
be 2 x M x 2. The first factor 2 denotes the two patterns of Golay codes, while the other factor 2 indicates the use of

inverted codes for the measurement in the coded PSP-BOTDA system [1-9].

Golay
[ )
<N
. L2
S le—>1-1-11 1-1 -1 1 1-1-11 -1 11 -1
- —_ = -
T %_l T, Time

Walsh
Fig. 8.1. Pump light configuration of combined Walsh and Golay codes. A 4-bit Walsh code was assigned as the NRZ pulses
while a 4-bit Golay code the RZ pulses.

8.3 Simulations
8.3.1  Simulation Setup

The simulation setup of the combined Walsh and Golay codes is shown in Fig. 8.2. An example of pump light coded
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with the combined Walsh and Golay codes is also shown in Fig. 8.2 where a 2-bit Golay code was assigned to RZ
pulses while a 4-bit Walsh code to NRZ pulses. In this case, the multiplication yields eight pulses coded by the

combination of the two codes.

O Test fiber

E ¢| Golay ¢ E Pump O Reference fiver 5
Ty

4114 ¢W3'5h¢1-1-11<—>

—_— >
TZ Ti

Fig. 8.2.  Numerical model for combined Walsh and Golay codes PSP-BOTDA.

The durations of the 1% pulse T;, 2™ pulse T, and interval T; were 30ns, 1ns and 100ns, respectively. The optical
powers for the pump and probe were respectively set to 60mW and 2mW. The artifact fiber consisted of four different
lengths of test fiber; 0.3m, 1m, 3m and 10m. Reference fiber of length 10m each was spliced alternately, as shown in
Fig. 8.2. The BFS difference between the test and reference fibers was 300MHz, which is equivalent to a change of
0.6% in strain. The value of the Brillouin gain spectrum width (Avg) used in the simulation was 35MHz, which
translates into 9ns of t,. The simulations were divided into two cases; (A) assignment of Walsh codes to NRZ pulses
and Golay codes to RZ pulses and (B) assignment of Walsh codes to RZ pulses and Golay codes to NRZ pulses.

8.3.2  Results and Discussions
A. Assignment of Walsh Codes to NRZ Pulses and Golay Codes to RZ Pulses Case [4]

In this simulations, the lengths of Walsh coded NRZ pulses (Lwaisn) Were set to 1, 2, 4, 8, and 16 bits. For every Lyaish
case, the lengths of Golay coded RZ pulses (Lgolay) Were set to 1, 2, 4, 8, 16 and 32 bits. Assuming that frequency
difference between the pump and probe is tuned to the test fiber BFS, the simulation results for various Lgoay and

Lwaisn=16bits are illustrated in Fig. 8.3.
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Fig. 8.3. Simulation results showing the Brillouin signals Fig. 8.4. Optical SNIR simulated at 1m test section versus

increase With Lgoiay (RZ) for a fixed 16-bit Lyasn (NRZ). Loolay (RZ) for five Luaisn (NRZ) cases.

It is observed from Fig. 8.3 that the Brillouin signal increases almost linearly with the increase in Lgoiay. Furthermore,
we can see that the Brillouin signals rose and fell very sharply even though the Walsh coded NRZ pulses of duration

longer than 7, was used in the simulation [4]. Compared to the correlation calculations for dual Golay codes system,
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decoding process via Hadamard transform for Walsh codes produces more correct decoded Brillouin signal, due to the
robustness of Hadamard transform calculations against the variation in the received signal amplitudes [2, 3]. This result
is in contrast to that obtained by dual Golay codes PSP-BOTDA [1], where for Lgoay=16 of NRZ pulses, the rising and
falling edges significantly increased, resulting in fatal degradation of the spatial resolution. For verification, we
analyzed the spatial resolution at 3m test section by transforming the rise time of the Brillouin signal from 10% to 90%
of its final value into rising edge length of about 8cm.

We then analyzed the optical signal-to-noise improvement ratio (SNIR) of the decoded Brillouin signals, being
shown in Fig. 8.4. For a fixed Lwash Case, the optical SNIR increases linearly by about 1.5dB at every doubling Lgojay-
This result confirms that the use of coded RZ pulses contributes to the linear increase in the optical SNIR. Figure 8.4
also shows the increase in the optical SNIR with the increase in the length of Walsh coded NRZ pulses. When Lygsh Was
set to 2, 4 and 8 bits, the optical SNIR increased to approximately 1.3dB, 2.3dB and 3.0dB, respectively, which is
however, a nonlinear increment. Furthermore, the optical SNIR showed little increase when Lygsn=16bits. This
nonlinear increase is caused by the decrease in the Brillouin signal with ascending Walsh code sequence. To further
analyze the contribution of Walsh coded NRZ pulses to the optical SNIR, we continued the simulations to calculate the
optical SNIRs in the case of Lywshn=1~32 (NRZ) at a fixed Lgoiay=4 (RZ). The optical SNIRs calculated at 1m test section
is shown in Fig. 8.5, showing that the optical SNIR has started to decrease when Lyus=16 and 32 bits. Therefore, from
this simulation, we found that the maximum optical SNIR was obtained when the duration (LwashT2) of Walsh codes

was around 8ns, near to 7,.

35 - 60
3 ; _. 50
== Lcoay_4 bits (RZ) %
25 E
= N &
x 2 5
z 2 30 / 31MHz (FWHM) \
= [ < >
g 1.5 % 20
‘6. .E / \
o 1 3 10
05 T / \
o 0 L L L L ~
G -20 -10 0 10 20 30 40 50 60
1 2 16 32 =10" - =

4 8
Lwaish (bits) Frequency (MHz)

Fig. 8.5. Optical SNIR simulated at 1m test section versus Fig. 8.6. Simulated Brillouin gain spectrum in the case of 4 bits
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Fig. 8.7. Simulated BFS distribution around the boundary between the test and reference fibers.

Another simulation was performed for the case of small BFS difference between test and reference fibers. In this

simulation, a test fiber of length 3m was spliced between two reference fibers of length 5m each. The BFS difference
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was 20MHz. Lyaish and Lgoiay Were both set to 4 bits. Figure 8.6 shows the BGS obtained from the simulation. From Fig.
8.6, the spectrum width obtained was 31MHz, which is almost the same with that of steady-state gain spectrum. We also
confirmed that there was no distortion in the spectrum shape, confirming that the proposed coding method does not
induce distortion in the BGS measured. The BFS distribution was then analyzed, being shown in Fig. 8.7. We found that
the frequency variation from the true 20MHz BFS difference was as small as 0.07MHz, which might be regarded as
numerical error and could be ignored. By evaluating the 80% of the total rising edge length, it was also confirmed from
Fig. 8.7 that 8cm of rising edge length has been obtained, confirming a good agreement with the theoretical spatial
resolution of 10cm.

B. Assignment of Walsh Codes to RZ Pulses and Golay Codes to NRZ Pulses Case [4]

In these simulations, Lywsh (RZ) was set to 4 bits while Lgoay (NRZ) was set to 1, 2, 4, 8, 16 and 32 bits. The
decoded Brillouin signals are illustrated in Fig. 8.8, showing the distortion of the Brillouin signal in the case of Lgolay =
16 and 32 bits. The decrease in the traced Brillouin signals in the order of Golay coded NRZ pulses has caused the
appearance of significant side-lobes after the Golay codes correlation calculations [4]. The side-lobes can be clearly

observed at the magnified rising edge region of 3m test section shown in Fig. 8.9.
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Fig. 8.8. Simulation results showing the Brillouin signals Fig. 8.9. Magnified rising edge region at 3m test section.
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Fig. 8.10. Optical SNIR simulated at 1m test section versus Lyesy (RZ) for a fixed Lgoay=4bits (NRZ).

We then calculated the rising edge length at 3m test section, obtaining the values of around 60cm and 160cm for 16
and 32 bits cases, respectively. The decoded Brillouin signals shown in Fig. 8.8 are quite similar to the previously
proposed dual Golay codes PSP-BOTDA system [1]. Thus, it is confirmed that compared to Walsh coded NRZ pulses

explained in sub-section A of Section 8.3.2, the Golay coded NRZ pulses with code duration longer than the time
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constant of the acoustic wave 7, has fatally distorted the Brillouin signal.

Another simulation was performed to examine the effect of the increase in the code length of Walsh coded RZ
pulses to the optical SNIR by assuming white noise. In this analysis, Lgoay (NRZ) was fixed at 4 bits at all times while
Lwaish (RZ) was set to 1, 2, 4, 8 and 16 bits. The optical SNIR result simulated at 1m test section is shown in Fig. 8.10,
indicating the optical SNIR increased linearly with Lyash. This result is identical to that shown in Fig. 8.4, showing that
the optical SNIR also increases linearly with the increase in length of Golay coded RZ pulses. Therefore, it is confirmed
that both Golay and Walsh codes contribute to the optical SNR improvement in accordance with JL when the codes
are assigned to RZ pulses.

8.4 Experiments
8.4.1 Experimental Setup

The arrangement of the fiber used in the experiments was similar to the simulation setup of Fig. 8.2. The
experimental setup for combined Walsh and Golay codes PSP-BOTDA is almost the same with other coded
PSP-BOTDAs (coded continuous-PSP-BOTDA, coded discrete-PSP-BOTDA and dual Golay codes PSP-BOTDA),
except that the pump is modulated with the combined Walsh and Golay codes. The experimental setup for the combined

Walsh and Golay codes is illustrated in Fig. 8.11.
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Fig. 8.11. Experimental setup for combined Walsh and Golay codes PSP-BOTDA.

The pump and probe powers and durations T;, T, and T; were set to be the same with those of simulations.
Furthermore, as has been discussed and proposed in Chapter 5, to avoid electrical signal distortion for long pulse train
due to the use of AC-coupled amplifier, the 1% pulse signal to drive an electro-optic modulator was alternately set to
positive and negative amplitudes [7].

8.4.2 Results and Discussion
A. Assignment of Walsh Codes to NRZ Pulses and Golay Codes to RZ Pulses Case [5, 6]

Preliminary experiments were performed to analyze the relationship between the optical SNIR with the increase in
the Golay coded RZ pulses. In the experiments, Lyash Was fixed at 4 bits at all times while Lgoay Was set to 2 and 4 bits.

The measured Brillouin signals for both Lgisy Cases are shown in Fig. 8.12.

94



—— Looay 4 bits

= Loy 2 bits
20 1 , * ,
15 TW
10 |
3

Fig. 8.12. Measured Brillouin signals for Lgoay=2 and 4 bits cases at fixed Lyasn=4 bits.
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As observed from Fig. 8.12, when Lggsy Was increased from 2 to 4 bits, the measured Brillouin signal increased
almost twice [5]. The absolute optical SNR measured at 1m test section for L, =2bits case was about 11.4dB. We then
analyzed the optical SNIR at the 1m test section for Lgay=4 bits, obtaining an improvement of 1.8dB. Based on the
evaluation method explained in Section 8.3.2, the achievement of 10cm spatial resolution measurement by measuring
the 80% of rising edge length at all test sections for both 2 and 4 bits Ly Cases was confirmed, which agrees well with
the simulation result and the theoretical value.

A more detailed analysis was performed to examine the effect of the code length of Walsh coded NRZ-pulses to the
optical SNR [6]. In the experiments, the code length of Golay coded RZ pulses was fixed at 4 bits while the code length
of Walsh coded NRZ pulses was set to 1, 2, 4, 8 and 16 bits. The decoded Brillouin signals for all Lyus cases are
illustrated in Fig. 8.13, showing that the Brillouin signal for all Lyais, cases produces sharp rise and fall at the transition
area hetween the test and reference fibers. The rising edge length measured between 10% and 90% of final peak power
at the 3m test section was approximately 8cm, which was transformed from the rise time. This result is in good
agreement with that of simulations discussed in sub-section A of section 8.3.2. Take note that even for LygsyT-=16ns
that was longer than the acoustic wave time constant t, of 9ns, the spatial resolution of around 10cm has been achieved.
In contrast, under the same condition of coded NRZ pulse duration of 16ns, the previous dual Golay codes
PSP-BOTDA had poorer performance in the spatial resolution [1]. Therefore, it has been confirmed that the high spatial
resolution measurement with the combined Walsh and Golay codes has been demonstrated.

It was also observed from Fig. 8.13 that at fixed Lgoiay (4 bits), as Lwaish increased, the Brillouin signal decreased
accordingly. However, the random noise also decreased more rapidly with the increase in Lyash. Thus, as a
representative, the optical SNIR at the 1m test section was measured, being shown in Fig. 8.14. The maximum optical
SNIR of approximately 3dB was obtained when Lyg5,=8 bits. Furthermore, we also analyzed the optical SNIR obtained
by the proposed system compared to the conventional PSP-BOTDA without coding. The absolute optical SNR for
Lwaish=8 bits case was about 21.9dB, while for the conventional PSP-BOTDA the optical SNR of about 16.2dB was
obtained under the same measurement time; thus, compared to the conventional PSP-BOTDA, we obtained the optical

SNIR of 5.7dB, in good agreement with the calculation of 6.0dB.
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Fig. 8.13. Experimental results showing the Brillouin signals  Fig. 8.14. Optical SNIR (dB) measured at the 1m test section.

for various Lyash (NRZ) cases and Lgony (RZ) = 4.

B. Assignment of Walsh Codes to RZ Pulses and Golay Codes to NRZ Pulses Case

The contribution of the code length of Walsh coded NRZ pulses to the Brillouin signals and the optical SNIR are
discussed. Since the use of Golay coded NRZ pulses of code length longer than the acoustic wave time t, has caused
the degradation in the spatial resolution [1-3, 8], in this analysis, Laeiay Was fixed at fixed at 4 bits while Lyasn Was set to
1, 2, 4, 8 and 16 bits. The measured Brillouin signals for all Ly, Cases are illustrated in Fig. 8.15, showing that at all
Lwaish cases, the Brillouin signal power is almost same. This result is in contrast to that for Walsh coded NRZ pulses
discussed in the sub-section A of section 8.4.2.

However, it is interesting to observe that even though the Brillouin signal power does not increase, the random noise
decreased rapidly with the increase in Lygsh. Therefore, the optical SNIRs were further analyzed; the results measured at
all test sections are being shown in Fig. 8.16. It was observed in Fig. 8.16 that the optical SNIR increased almost
linearly with Lygish, Which agrees well with that simulation results shown in Fig. 8.10. Furthermore, we should recall
that the configuration of the electrical signal for this experiment is based on that proposed in Chapter 5. It appears that
the employment of the proposed signal configuration has also contributed to the linear increment of the SNIR. This
strong evidence suggests that the electrical signal configuration proposed in Chapter 5 is also applicable to the
combined codes system. As can be seen from Fig. 8.16, the maximum optical SNIR of approximately 6dB was obtained
when Lysish=16 bits. The absolute optical SNR was also evaluated in order to compare the result with that obtained by
the conventional PSP-BOTDA without coding. The absolute optical SNR for Lyusn=16 bits case evaluated at the 1m test
section was about 24.4dB, while for the conventional PSP-BOTDA the optical SNR of about 15.6dB was obtained
under the same measurement time, indicating the achievement of maximum optical SNIR of approximately 8.8dB. In
comparison with the SNR obtained with the conventional PSP-BOTDA without coding, this translates into about 60
times faster measurement speed.

Take note that the assignment of Golay codes as RZ pulses also contributes to the linear increase of optical SNIR, as
being discussed based on the simulation results in Fig. 8.4 and the experimental results in sub-section A of section 8.4.2.
Thus, it has been verified that both Golay- and Walsh coded RZ pulses contributes to the linear increase of optical
SNIR.
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cases and Lgglay (NRZ) = 4.

8.5 Conclusions of Chapter

The proposal of combining two different codes in modulating the pump light of PSP-BOTDA fiber sensor for
distributed strain measurement was reported. From the simulation and experimental results, it was confirmed that the
assignment of Walsh codes to NRZ pulses has kept the spatial resolution high even for code length of longer than the
time constant of the acoustic wave 7,case. Even though the Brillouin signal measured by the code sequences
exponentially decays, the decoding process via Hadamard transform for Walsh coded NRZ pulses in the proposed
system still produces more accurate decoded signals than that via Golay codes correlation calculations. From the rising
edge length result obtained with the combined codes, we achieved the spatial resolution of 10cm.

It was also found that the combination of Golay and Walsh codes has contributed higher optical SNIR than that of
using only one kind of code in coded continuous- and coded discrete-PSP-BOTDAS. In the analysis, for both Golay and
Walsh codes cases, it was found that the use of coded RZ pulses increases the optical SNIR by\/f . For NRZ pulses,
however, the improvement became slow with increasing L and finally dropped from the maximum for long code length.
This is due to the decrease of Brillouin signal induced by the acoustic wave decay. It was observed that the optical
SNIR reached its maximum when the code length of the NRZ pulses was 8ns, confirming that code duration of the NRZ
pulses is limited by the time constant of the acoustic wave .

References

[1] M.S. D. B. Zan and T. Horiguchi, “A dual Golay complementary pair of sequences for improving the performance of
phase-shift pulse BOTDA fiber sensor”, J. Lightw. Technol. vol. 30, no. 21, pp. 3338-3356, Nov. 2012.

[2] M.S. D. B. Zan, T. Tsumuraya and T. Horiguchi, “The use of Walsh functions in modulating pump light of high-spatial
resolution BOTDA with NRZ pulses” Proc. of the 22" Int. Conf. on Optical Fiber Sensors (OFS-22) 2012, China, pp. 84219J-1
- 84219J-4, Oct. 2012.

[3] M.S.D.B. Zan, T. Tsumuraya and T. Horiguchi, “The use of Walsh code in modulating the pump light of high spatial
resolution phase-shift-pulse Brillouin optical time domain analysis with non-return-to-zero pulses”, J. Meas. Sci. Technol., vol.
24, no. 9, 094025, Jul. 2013.

[4] M.S.D.B. Zan and T. Horiguchi, “Analysis on the Employment of Combined Codes in Modulating the Pump Light of Phase
Shift Pulse Brillouin Optical Time Domain Analysis (PSP-BOTDA)”, Proc. of 51% Meeting on Lightwave Sensing Technol.,
LST51-17, pp. 115-120, Jun. 2013.

[5] ML.S. D. B. Zan, K. Yokoyama and T. Horiguchi, “Combination of Walsh and Golay codes in modulating the pump light of

97



(6]

[7]

(8]

(9]

phase-shift pulse BOTDA sensor”, Proc. of the IEEE 4™ Int. Conf. on Photonics (ICP 2013) 2013, No. 46 D2-AM2-A, Oct.
28-30, 2013, Malacca, Malaysia.

M. S. D. B. Zan and T. Horiguchi, “Experiments on the employment of combined Walsh and Golay codes in modulating the
pump light of PSP-BOTDA system” Proc. of the 2013 IEICE Soc. Conf., B-13-38, Sept. 2013.

M. S. D. B. Zan and T. Horiguchi, “A new electrical signal configuration for modulating pump light of coded discrete-phase
shift pulse-BOTDA”, Proc. of the IEEE 3™ Int. Conf. on Photonics (ICP 2012) 2012, Malaysia, pp. 294-298, Oct. 2012.

D. Uchiyama, T. Horiguchi, H. Ando, Y. Okumoto, T. Sasaki and Y. Sawai, “Signal to noise improvement ratio for coded
PSP-BOTDA”, Technical report of IEICE. OFT 109 (377) (in Japanese), pp. 33-38, Jan. 2010.

R. Muroi, T. Horiguchi, Y. Miyamoto, Y. Sato, A. Tachibana and A. Takakura, “PSP-BOTDA based on Golay code”, IEICE
Trans. Commun. (in Japanese), vol. J91-B, no. 11, pp. 1493-1501, November 2008.

98



Chapter 9: Dual Walsh Codes PSP-BOTDA

9.1 Introduction to Chapter

It has been shown numerically and experimentally in the Chapter 6 and Chapter 8 that the assignment of Walsh
codes to the NRZ pulses in the coded PSP-BOTDA system does not degrade the spatial resolution of the Brillouin
signal, even though the total duration of the code length used exceeds the time constant of the acoustic wave t, [1-4].
Furthermore, it was found that for coded continuous-PSP-BOTDA employing Golay complementary pair (GCP)
(Chapter 6) and dual Golay codes PSP-BOTDA (Chapter 7) cases, the use of code duration of longer than t, for the
NRZ coded pulses have caused the degradation in the spatial resolution. The employment of Walsh codes described in
Chapter 6 has overcome this issue.

Since the employment of Walsh codes has shown great advantage especially in terms of high spatial resolution, in
this chapter, the author proposes another new technique of employing dual Walsh codes in the coded PSP-BOTDA.
Similar to the dual Golay codes described in Chapter 7, NRZ and RZ pulses formations were employed in this new
technique, except that rather than using two GCPs, two Walsh codes are assigned to the respective NRZ and RZ pulses.
Simulation analyses were performed and the results obtained were also compared with that obtained by the dual Golay
codes to identify their performance.

9.2 Pump Light Configurations

Figure 9.1 illustrates an example of a pump light of PSP-BOTDA that is composed of the 1% pulses and the dual
Walsh coded 2™ pulses. The pump light configuration shown in Fig. 9.1 was generated from two Walsh codes having
the same code length of 4 bits and the same bit elements (1, -1, 1, -1). The process of generating the dual Walsh codes is
exactly the same with that of generating dual Golay codes or combined Walsh and Golay codes. Since Walsh codes are
generated based on a Hadamard matrix, the process of combining an M x M Hadamard matrix with another N x N
Hadamard matrix will generate dual Walsh codes that have M x N x 2 number of code patterns. As has been
explained in the previous chapters, the factor 2 denotes the needs of using codes’ inversion for the measurement in the
coded PSP-BOTDA. The code length of the generated dual Walsh codes is M x N.

A
1 = 1 -1

T

Power

S
g

1111 -1 1-11 T T Time

Fig. 9.1. A configuration showing the combined two Walsh codes (dual Walsh codes) in a single pump light of PSP-BOTDA.

The Walsh codes used in the configuration were both set to 4 bits.

9.3 Simulations
9.3.1 Simulation Setup

The numerical model for the dual Walsh codes PSP-BOTDA is depicted in Fig. 9.2. Generally, the model is almost
the same with the model for dual Walsh codes or combined Walsh and Golay codes systems, which is based on the
model introduced by Lecoeuche et al. [5]. The code length for the discrete part, Lgisc Was set at 4 bits throughout the
simulations, while the code length for the continuous part, LensWas set to 1, 2, 4, 8 and 16 bits. Four test fibers of 0.3m,

1m, 3m and 10m in length were set in the simulations. Between the test sections, reference fibers of 10m in length were
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set. The BFS of the test fibers was set to 300MHz lower than that of the reference fibers, which was approximately
0.6% strain.

9.3.2 Results and Discussions

A. Coded Pulse Duration T, = 2ns Case

In this simulation analysis, the durations Ty, T, and T; were respectively set to 30ns, 2ns and 100ns. The pulse
duration T, of 2ns translates into 20cm of spatial resolution. The pump and probe powers were set to 60mW and 2mW,
respectively. Tuning the frequency difference of the two lights to match with the BFS of the test fibers, we obtained the
simulated Brillouin signals for Leon=1, 2, 4, 8 and 16 bits at fixed Lgis.=4 bits as illustrated in Fig. 9.2, indicating that the
signals rise and fall sharply at all test sections, even for Ls=16 bits (Lcon T2=32 ns) case. Thus, we obtained the spatial
resolution of 16cm by transforming the 10%~90% (80% of total time) of rise/fall time of the signal at the transition area
into distance value, proving that the results agree well with the theoretical one. In addition, as expected, at fixed Ly,
we observed the decrease in the average of processed Brillouin signal with the increase in the Ly, Which was due to

the fact that the acoustic wave excited by the 1% pulse for SBS generation experiences exponential decrease with time.
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Fig. 9.2. Simulated Brillouin signals for dual Walsh codes Fig. 9.3. Calculated optical SNIR at all test sections for dual

with various L, cases at fixed Lgisc = 4 bits. Walsh codes case.

Considering the inclusion of random noise and the same measurement times for all Lo, cases, we then calculated
the optical SNIRs (dB) of the simulated signals, being depicted in Fig. 9.3. The optical SNIRs plotted in Fig. 9.3 were
calculated at all test sections, showing that the optical SNIRs reached their maximum value of around 1.7dB for Leoy =
8 and 16 bits cases.

B. Coded Pulse Duration T, = 1ns Case

In this simulation, the coded pulse duration, T, was set to 1ns, which translates into 10cm of spatial resolution.
Figure 9.4 plots the calculated Brillouin signal for Lgs=4 bits and Lcon=1, 2, 4, 8 and 16 bits cases, when the frequency
difference between the pump and probe was tuned to the BFS of the test fibers. It was observed from Fig. 9.4 that the
transitions of the Brillouin signals at all test sections were very sharp, even in the case of L¢n=16 bits (16 ns) that is
much longer than the time constant of the acoustic wave 7, (9ns). Calculating the rise time between 10% and 90% of
the Brillouin signals, 8cm of rising edge length was obtained at all test sections for all L cases. As explained in
Chapter 6, it should be noted that since the acoustic wave excited by the 1% pulse (T,) exponentially decays, one can see
from Fig. 9.4 that as Loy increased, the average Brillouin signal processed decreased accordingly.

On the other hand, in the case of dual Golay codes, as depicted in Fig. 9.5, the side-lobes that appeared at all test

sections for Lq,=16 and 32 bits cases have caused the increase in the rising and falling edge lengths [4]. Applying the
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same evaluation method to analyze the spatial resolution, for Ln Of 16 and 32 bits, the rising edge lengths obtained
were 50cm and 130cm, respectively. Therefore, by comparing the simulation results illustrated in Figs. 9.4 and 9.5, it
has been confirmed that compared to dual Golay codes, one can obtained more accurate Brillouin signal recovery with
the use of dual Walsh codes.
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Fig. 9.4. Simulated Brillouin signals for dual Walsh codes Fig. 9.5. Simulated Brillouin signals for dual Golay codes with

with various L cases at fixed Lgisc = 4 bits. various L case at fixed Lgisc = 4 bits.

Then, the optical SNIRs of the simulated Brillouin signals employing dual Walsh codes were also analyzed and
compared with that of dual Golay codes, being depicted in Figs. 9.6 and 9.7, respectively. In the case of dual Walsh

codes, it is clearly observed from Fig. 9.6 that the maximum optical SNIR was obtained when L., = 8 and 16 bits.
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Fig. 9.6. Calculated optical SNIR at all test sections for dual Fig. 9.7. Calculated optical SNIR at all test sections for dual

Walsh codes case. Golay codes case.

In contrast, in the case of dual Golay codes of Fig. 9.7, by accounting the scattered optical SNIRs for L,=16 and
32 bits at all four test sections, it was considered that the maximum optical SNIR was obtained when L, = 8 bits. Even
though the optical SNIRs further increased for longer Lon: (16 and 32 bits) for the test fibers other than the 0.3m fiber,
these optical SNIRs were merely caused by the crosstalk for different test length [1, 4]. As the amount of crosstalk
contribution varied with the length of the individual test fiber, the amount of the optical SNIR also varied; causing the
scattered optical SNIR results for L., 0f longer than 8 bits cases, as can be seen from Fig. 9.7. Also, the slightly higher
optical SNIR for dual Golay codes than that for dual Walsh codes can be explained by the crosstalk to the intrinsic
signal after the auto-correlation calculations for decoding the dual Golay codes, indicating that the optical SNIRs
obtained by employing dual Walsh codes would give more sensible results.
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9.4 Experiments
9.4.1 Experimental Setup

Preliminary experiment on dual Walsh codes were performed with the parameter was set to be the same with that of
the simulations. However, in this preliminary experiment, we only analyzed the impact of Lgis. on the Brillouin signals.
In this case, L¢nt Was fixed to 4 bits throughout the experiments, while Lgs. Was set to 1, 2 and 4 bits. The coded pulse
duration T, was set to 1ns, which theoretically translates into 10cm of spatial resolution. In addition, the configuration
of the electrical signal was made based on the configuration proposed in Chapter 5. In details, the amplitudes of the 1st
pulses were set to positive and negative values alternately, so that amplified electrical signals with uniform amplitude
can be generated (see Chapter 5). To perform a fair analysis, the measurement for all Ly cases was performed under
the same measurement time. The measurement with conventional PSP-BOTDA without coding was also performed and
its optical SNR was analyzed. Thus, based on the SNR result, the improvement in the SNR (SNIR) contributed by Ly
can also be examined. With the increase in L, it is apparent beforehand that an increase in the SNR would be a
desirable outcome.
9.4.2 Results and Discussion

We begin the discussion with the analysis on the decoded Brillouin signals, being illustrated in Fig. 9.8.
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Fig. 9.8. Decoded Brillouin signals for dual Walsh codes Fig. 9.9. Measured optical SNIR for various L at fixed Leon

with various L. at fixed Leone (=4 bits). (=4bits).

As clearly observed from Fig. 9.8, under the same measurement conditions, the measured Brillouin signal is almost
same for all Lgs. cases. However, it is also seen that the random noise decreased with Lgisc. In addition, for all Lg;s. cases,
we found little distortion at the rising and falling edges at all test sections, except for random noise. As a representative,
we calculated the 80% of rising edge length at 10m test section and obtained 8cm of rising edge length for all Lg;s. cases.
Therefore, this result suggests that the spatial resolution of 10cm can be obtained for any Lg;s case.

We then performed the analysis on the SNR, being depicted in Fig. 9.9. It was found that from the PSP-BOTDA
without coding case to Lgisc=1 case (Lcon fixed at 4 bits) that, at 0.3m test section, the SNR increased from 13.1dB to
15.2dB; about 2dB of SNR improvement. Furthermore, for Lgs.=2 and 4 bits cases, the SNR further increased
significantly up to respectively 17dB and 18.5dB; a linear increase in the SNIR. For all test sections, the total SNIR was
between 5.0 dB ~ 5.4dB, which is in good agreement with the theoretical SNIR. Even though the experiments were
performed only for three Ly cases, we have experimentally verified the effectiveness of pump light coding with dual
Walsh codes in improving the SNR of the Brillouin signal. We should also take note that the electrical signal

configuration that based on the analysis in Chapter 5 has also contributed to this linear SNIR increment. Furthermore, it
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is suggested that there is a tendency for the SNR to further increase with the use of longer L. As future works, the
analysis on the effect of L, to the measured signals should be performed in order to further analyze the effectiveness
of the proposed code system.

9.5 Conclusions of Chapter

9.5.1  Comparison with dual Golay codes (Simulations)

We have performed the simulations of PSP-BOTDA employing dual Walsh codes and compared the results with that
obtained with dual Golay codes. For clearer understanding on the comparison between the dual Walsh codes and dual
Golay codes, the simulation results for both techniques are concluded in Table 9.1. As has also been explained in
Chapter 6, the robustness of Hadamard transform against the variations in the received signal amplitudes during the
decoding process for dual Walsh codes has contributed to the achievement of high spatial resolution measurement, even
for Len T2 > time constant of the acoustic wave t, cases [1]. In contrast, for dual Golay codes PSP-BOTDA, the
appearance of side-lobes has caused the increase in the rising and falling edge lengths when the dual Golay codes of
LeontT2 longer than t, were used [4]. For code sequence beyondz,, the Brillouin interaction became weak and this

consequently distorted the Brillouin signal after the correlation.

Table 9.1. Comparison between dual Walsh codes- and dual Golay codes PSP-BOTDAs
(requirements of total code duration Loy T2)

dual Walsh codes dual Golay codes
Spatial resolution=10cm or 20cm | Leone T2 Up to 16 ns or more Leont T2 < 9ns (time constant of the acoustic wave)
Maximum optical SNIR Leont T2 = 8 and 16ns cases Leont T2 =808

In terms of the optical SNIR, for dual Walsh codes case, the maximum optical SNIR was obtained when LT, is
set toaround z, and 2z, while for dual Golay codes the optical SNIR reached its maximum value when Leon(T, was
set around z,, . Based on these findings, one might conclude that both dual Walsh- and dual Golay codes would exhibit
the same measurement performance. However, if one takes into account the spatial resolution results obtained by these
two techniques, the dual Walsh codes would provide better tolerance of setting the total duration of the coded NRZ
pulses (LcontT2) than Golay code to achieve the best optical SNIR and simultaneously maintain high spatial resolution.
This is especially beneficial in the practical applications when one tries to measure strain along a fiber having varied
Brillouin gain bandwidth. Therefore, it can be concluded in this chapter that the employment of dual Walsh codes in
coding the pump light of the PSP-BOTDA offers better measurement performance than that of the dual Golay codes
PSP-BOTDA.

9.5.2  The Impact of Lgisc on Brillouin Signals (Preliminary Experiment)

We have performed preliminary experiment on dual Walsh codes to study the impact of Lgs to the measured
Brillouin signals. For all Ly cases, it was found that the measured Brillouin signal is almost at the same level, but with
decreased in random noise amplitude in inverse proportion to Lgs.. Furthermore, it was found that the SNIR increased
linearly with the increase in Lgisc, Which is consistent with the theoretical SNIR increment. Under the same measurement
time, the SNR obtained with the conventional PSP-BOTDA without coding was about 13.1dB, while for Lge= 4 bits
(Leont fixed at 4 bits), the SNR was about 18.5dB. This gives the total SNIR of about 5.4dB, which agrees well with the
theoretical SNIR (6dB). We concluded from the experimental results that the increment of L in dual Walsh coded
PSP-BOTDA has contributed to the linear increase in the SNIR. However, we should note that the employment of new
design in the electrical signal, which is based on the proposal explained in Chapter 5, also plays an important role in

realizing such a good SNIR result. In addition, we also conclude that even though only three cases of Lg;sc Were studied,
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the use longer Lgisc Would also contribute to the linear increment in SNIR; as future works, this analysis should be

performed. Also, in the future, the experimental analysis on the impact of Len On the Brillouin signals should be

conducted in order to gain a deeper understanding of the dual Walsh codes employment in PSP-BOTDA technique.
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Chapter 10: Analytical Study on the Measurement Performance of
BOTDA Employing Proposed Coding Techniques

10.1 Introduction to Chapter

In this chapter, the measurement performance of BOTDA by employing the proposed coding techniques is
numerically analyzed.

The BFS measurement in BOTDA is performed by estimating the peak frequency of the BGS measured at multiple
frequencies. The measurement error can be classified into two; the error due to random noise and the systematic error of
the measurement system. For the former, the error depends on the SNR, while for the latter the error is caused by the
nonlinear effects in fiber.

At the beginning of this section, the SNR measured at the peak frequency and its relationship with the error in the
BFS will be explained.

In addition, within the range of first-order approximation, the intensity of the BOTDA signal increases with the
increase in the pump and probe powers. However, the maximum power of the pump light that can be injected into the
fiber is limited by nonlinear effects occurring in the fiber. Thus, in the next section, the main factors of nonlinear effects
such as self-phase modulation, modulation instability and the Raman scattering will be explained.

Furthermore, the systematic error of the measurement system occurs when the transfer of the pump power to the
probe during the Brillouin amplification process cannot be neglected; it is called pump depletion. Therefore, in the next
sections, the dependence of pump depletion on the probe power and the relationship between the probe power and the
error in BFS is described.

At the end of this chapter, based on the study results, the measurement performance of the conventional BOTDA
without coding and BOTDA employing proposed coding techniques will be explained.

10.2 Relationship Between SNR and the Error in BFS Measurement
SNR is of important factor in determining the measurement accuracy of the BFS. In the early study of BOTDA, the

relationship between BFS error vg, and SNR is given as follows [1].

Vee = Avg /+/2 (SNR, )% (10.2).

It should be noted that SNR, in Eq. (10.1) is the SNR for electrical signal. Since the SNR used in this thesis is for
optical signal, SNR = \/WRe Equation (10.1) is derived by assuming that the BFS should be regarded as the frequency
at which the Brillouin signal becomes maximum although random noise is superimposed on the signal. Equation (10.1)
describes the importance of the SNR in determining the accuracy of BFS in BOTDA, and also the degradation of BFS
measurement accuracy due to the increase in the Brillouin gain bandwidth Avg . However, in the recent BOTDA studies,
the BFS is determined by approximating the suitable function to the data of the BGS measured at multiple frequencies.
Therefore, based on the actual calculation procedure, the relationship between the BFS error and SNR was studied. The
numerical calculation was performed according to the following assumptions.

i)  The BGS is Lorentzian having gain bandwidth Avg of 35MHz.

i)  The frequency analyzed is ranged within the FWHM of the BGS with 2MHz step.

iii) The spectral shape is approximated by a quadratic polynomial.

iv) The peak frequency obtained from the equation is regarded as the BFS.
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v)  The probability distribution of noise is Gaussian.

vi) The standard deviation of the BFS obtained is defined as the measurement error.

The result of the numerical calculation is depicted in Fig. 10.1. It should be noted here that the SNR is defined for
the optical signal. It was found from Fig. 10.1 that the BFS error decreased significantly for the SNR of 8dB and larger.
For SNR less than 8dB the error increased steeply. Along with the increase in the random noise, the BFS approximate
expression has become very close to the linear equation, causing huge error in the BFS for SNR of lower than 8dB.
When SNR = 8dB, the BFS error determined from standard deviation was approximately 1MHz. Therefore, it is

concluded that the SNR of 10dB is satisfactory in order to realize a BFS measurement with error of below 1MHz.

25 |

6 8 10 12 14 16 18 20
SNR (dB)

Fig. 10.1. The relationship between the optical SNR and the error in BFS measurement.

10.3 Maximum Pump Power and Its Relationship with Nonlinear Effects

The maximum pump power that can be used in the BOTDA is mainly limited by the self-phase modulation,
modulation instability and stimulated Raman scattering (SRS) [2].

The pump light frequency is shifted by self-phase modulation effect when Gaussian-like pulse of high peak power is
used [3]. Since the amount of the frequency shift is inversely proportional to the pulse width, the effect of self-phase
modulation becomes dominant especially when performing high spatial resolution measurement. For instance, for a
pump of width 65ns and peak power 23dBm propagating through a 25km length of fiber, the frequency shift was about
+10MHz. Furthermore, the increase in Brillouin gain bandwidth of 25MHz was also observed in experiments [4].
However, since the frequency shift also depends on the shape of the pump pulse, it was found that the effect of
self-phase modulation is less susceptible when using pump pulse that is close to square wave [2], [4].

Modulation instability (MI) occurs in the wavelength region of anomalous dispersion of the optical fiber [3]. In the
case of standard SMF, 1.3um wavelength gives zero dispersion while longer wavelength gives anomalous dispersion.
Therefore, MI effect can easily occur when injecting an LD light of wavelength 1.5um into a standard SMF. In fact, the
effect of MI when injecting a pump light of pulse width 20ns and peak power of higher than 24dBm into a standard
SMF of length 11.8km has been reported [5].

In addition, the effect of forward SRS also gives a significant limit to the pump power. The threshold of the pump
power is however much higher than that for MI effect [3]. Thus, it is understood that in the wavelength region of
anomalous dispersion where MI effect becomes dominant, the SRS could be ignored. Nevertheless, if one uses
dispersion-shift fiber (DSF) in the wavelength region for normal dispersion, SRS effect would play a role in limiting the

pump power.
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From the above explanations, it can be concluded that the maximum optical pump power available for measurement
differs depending on the pump pulse shape and the fiber type. Based on the previous experimental findings explained
above, the use of pump pulse of maximum power 20dBm was considered a safe choice to analyze the performance of
BOTDA.

10.4  Pump Depletion Effects and Its Impact on Probe Power Limitation

It is known that the maximum probe power is limited by pump depletion effect [6], [7]. When pump light propagates

along a fiber, it experiences power loss due to the Brillouin amplification. The effect of pump depletion can be

expressed as the transmittance D of the pump light, which is given as
D(6v) = exp{— % Sg(6v)P., w} (10.2)
[24

where

[AVB ]2
Sg () =——~—

2
2
v+ (AVB ]
2
and

v =Av—vg (10.4).

(10.3)

It can be seen from Eqg. (10.2) that D becomes minimum when the frequency difference Av between the pump and
the probe coincides with the BFS vy, while it approaches to unity when Av moves away from vg. In Eq. (10.2), g is
the Brillouin gain coefficient, A is the fiber effective cross-section, PCiW is the probe input power, « is the fiber loss
coefficient, L is the fiber length and Avg is the Brillouin gain bandwidth measured as full width at half maximum value
(FWHM).

Therefore, the BGS measured from pump light intensity having such a frequency characteristic would be distorted
compared to the original spectrum, which would produce the error in the BFS. The error vy, is greatest when
measuring the end of a fiber having a uniform BFS value. In this worst condition, let us assume that the change in the
BFS at the fiber end is §5. Then, the distorted spectrum measured at the fiber end due to the pump depletion can be
described as

0 s plon(a) C0F
1(6v)=D(6v + 55 K exp KSB(év)PF',exp(— aL)T -1 (10.5),
where & is the detuning amount of frequency difference between the pump and the probe at the fiber end, P} is the

pump input power, c is the speed of light in vacuum, n is the fiber refractive index and 7 is the pump pulse width.

Since s very narrow, Eq. (10.5) can be approximated as

C )
1(6v)=13 (5!/)% Plexp(- aL)@ (10.6),
where
J(6v)=D(6v + 55 )Sg(v) (10.7).

Therefore, 6v that maximizes Eq. (10.7) gives the measurement error vy, of the BFS of the fiber end [7].

In calculating the measurement error vg,, the Brillouin gain coefficient was set to the typical value of g =
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1.12x10711 m/W. In addition, the effective cross-section for standard SMF was assumed to be A = 90um?2. The
numerical calculation results are depicted in Fig. 10.2. From Fig. 10.2 (a), for fiber length L = 1km, the measurement
error in the BFS for both « =0.2 dB/km and 0.3 dB/km cases is almost same. In addition, for probe input power of
i =0dBm, the maximum vy, /Avg was approximately 0.02. If we use Avy=35MHz, this translates into vg,= 0.7MHz
that is lower than 1MHz (1MHz corresponds to 2x107 in strain and 1°C in temperature). From Fig. 10.2 (b), for fiber
length L = 10km, the measurement error in the BFS for « =0.2 dB/km case is slightly higher than that for « =0.3

dB/km case. However, when the probe input power was setto P},=-10dBm, v, for both cases is lower than 1MHz.
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Fig. 10.2. Relationship between frequency error vg, and BFS difference §5. (a) L=1km, (b) L=10km. The power in dBm unit
shown in the graph is the probe input power. The solid line and dotted line represent the result for « =0.2 dB/km and 0.3 dB/km

cases, respectively.

10.5 Numerical Results of the SNR for BOTDA and Discussions

When we use a photo diode (PD) for direct detection, the signal-to-noise ratio SNRpp can be described as follows

is (10.8),

[+ T

where i is the photocurrent from the increase amount in BOTDA optical signal power detected by PD and i, isthe

SNRpp =

photocurrent from the probe power detected by the PD. Since the Brillouin amplification rate is very small, we assume
that ig <<ig, . Furthermore, e=1.60x10™ C is the electron charge, k=1.38x10% J/K is the Boltzmann coefficient,
T=300K is the room temperature given in Kelvin unit and R=50 Q is the load resistance. The bandwidth of receiver B is
given by B = 1/t Hz where 7 is pump pulse width. The noise figure of amplifier F was set to F=3. The photocurrents
i andi, are proportional to the optical signal power, which can be described as follows.
::N ::Sg;” (10.9),
where S is the sensitivity coefficient of PD, which is about 1.12 (A/W) for 1550nm wavelength case. Furthermore,
AP,,, is the increase amount of probe power detected by PD due to Brillouin amplification while P, is the probe power
detected by PD.

In this BOTDA model, we consider the utilization of optical circulator as a directional coupler to channel the
BOTDA signal to the PD. In this case, if we can neglect the pass loss, the Brillouin amplified signal AP, at far end of

the fiber, i.e. at the probe side, which is detected by the PD at the pump side can be described as
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0 oy k) ]
AP, =| exp ZPp'e—oﬁ% —1|Pl e~ (10.10).
Similarly, we can describe P,,, detected by the PD as
P, =Ple (10.11).

Based on the above discussion, we calculated the SNR for coded PSP-BOTDA. In the calculation, we set
a=0.3dB/km. Then, we calculated the SNR for spatial resolution Az = 10cm (z=1ns) and 2cm (7=0.2ns) for fiber
length L=1km and 10km cases. In the calculation, it is assumed that 7=0.2ns is the minimum pulse duration that can be
set for obtaining the highest spatial resolution, in order to avoid the signals overlap in the frequency region between the
Rayleigh scattered light and the amplified probe light.

For Az =10cm, L=1km case, the relationship between the SNR and measurement time is illustrated in Fig. 10.3. It
should be noted that the x-axis in Fig. 10.3 shows only the total time required for measuring BOTDA signal at a given
frequency value. Therefore, in the actual measurement, this measurement time must be multiplied with the number of
the steps of the frequency sweep. Take note that the same consideration is also applied when describing the relationship
between the SNR and the measurement time illustrated in Figs. 10.4, 10.5 and 10.6. For sweeping 100MHz of

frequency range with frequency step of 2MHz, the number of steps would be 51.
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Fig. 10.3. The relationship between the SNR and the measurement time for coded PSP-BOTDA case. L=1 km, A z=10cm.
(a) coded discrete-PSP-BOTDA (eGolay, mWalsh), (b) coded continuous-PSP-BOTDA (eGolay, m\Walsh).

In Fig. 10.3, the @ and m signs show the SNR results for coded discrete-PSP-BOTDA employing Golay code and
Walsh code, respectively. The numbers assigned next to ® and m signs indicate the index numbers of code length of
power of 2. In Fig. 10.3 (a) for coded discrete-PSP-BOTDA, the code time for 1 bit includes pre-pump pulse duration of
30ns, 1 bit pulse duration of 1ns and bit interval duration of 100ns, which give the total duration of 131ns. Furthermore,
for fiber of length L=1km, the RTT of light to travel the fiber is 10us. Therefore, it is explicitly understood that the
maximum code bit for coded discrete-PSP-BOTDA technique is 10us/131ns=76 bits.

Fig. 10.3 (a) illustrates the results for code lengths of 2° 2%, 22 2° 2% 2° and 2° which comply with the above
condition. Furthermore, in calculating the measurement time, it is assumed that the measurement time it takes for a
single codeword corresponds to the fiber RTT (10us), and the decoding process time can be neglected. For Golay codes
case, regardless to the code length, the total measurement time is 10pus x 2 x 2=40us. The first factor 2 represents the

complementary codes A and B, while the second factor 2 represents the two measurements by a code and its inversion.
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On the other hand, for Walsh codes, the number of code patterns increases with the code length. Thus, the total
measurement time for this case is 10ps x (code length) x 2. As a result, for code length of 2*, the total measurement time
for both Walsh and Golay codes is same. For longer code length, however the total measurement time for Walsh codes
increases. As discussed above, to achieve the BFS measurement error of below 1MHz, 10dB SNR is required. Therefore,
from Fig. 10.3 (a), for Golay codes case, the minimum required code length is 2° (32 bits); the total measurement time is
40us (10ps x 2 x 2). On the other hand, for Walsh codes case, the required code length is 2° (8 bits). In this case, the
total measurement time is 160us (10us x 8 x 2). Based on the above findings, in term of SNR analysis, it was found that
the measurement time for Golay codes is much faster than that for Walsh codes. However, if one considers signal
addition process to further improve the achievable SNR with Walsh codes, the result could be interpreted differently. In
Fig. 10.3, the dashed lines indicate the SNR results when implementing signal addition process. From Fig. 10.3, for the
same code length, if one includes signal addition process for Walsh codes, the relationship between the SNR and the
measurement time for both Golay and Walsh codes cases would be same. For example, in the case of 2° bits of Walsh
code, and measurement time of longer than 160us, we can see no difference in the SNR characteristic. Furthermore, we
should recall that as revealed in the previous chapter, in contrast to Golay codes, even if there are variations in the
magnitude of the signal strength corresponding to the code elements, a good decoded signal can still be obtained by
using Walsh codes.

From the above discussion, we can make a conclusion that Golay code is preferable when one considers fast
measurement time as a priority. However, if variations in the signal amplitudes are anticipated in the measurement,
Walsh codes would offer a better solution.

Furthermore, we can see that even without the use of combined codes techniques, the desired minimum SNR with
error in BFS measurement of lower than 1MHz has already been achieved by only using coded discrete-PSP-BOTDA
technique.

Next, we discuss the result shown in Fig. 10.3 (b). Figure 10.3 (b) illustrates the relationship between the SNR and
the measurement time for coded continuous-PSP-BOTDA technique. It has been explained in previous chapters that the
available code duration for this case is limited by the time constant of the acoustic wave z, of 9ns. For 1ns of code
pulse duration, the available code lengths are 2°, 2, 22 and 2. It is observed that the improvement in the SNR in Fig.
10.3 (b) is lower than that shown in Fig. 10.3 (a). This is because the amplitude of the excited acoustic wave for
Brillouin amplification process exponentially decays. Because of the factors of short available code length and the
decay of acoustic wave amplitude, the improvement in the SNR would be small compared to the ideal case, which
finally leads to the fail in reaching 10dB SNR. We can see from Fig. 10.3 (b) that the SNR of 10dB can be achieved
when signal addition process is introduced. However, the measurement time increases to 230us, which is much longer
than that for coded discrete-PSP-BOTDA employing Golay code.

Figure 10.4 illustrates the relationship between the SNR and measurement time over 1km fiber when the spatial
resolution A z of 2cm is required. Figures 10.4 (a) and (b) show the results for coded discrete- and coded
continuous-PSP-BOTDAS, respectively. In the case of coded discrete-PSP-BOTDA, we can see from Fig. 10.4 (a) that
for both Walsh and Golay codes, the maximum code length that can be used is 2° which is similar to that for
Az =10cm case. However, when Az was set to 2cm, i.e. the pulse width was narrowed to 0.2ns, the SNR dropped
accordingly. This is because narrowing the pulse width resulted in the reduced signal power and the use of wide

bandwidth receiver leads to the increase in noise. As a result, the use of discrete coding alone cannot achieve 10dB SNR
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without increasing the numbers of signal addition; this requires measurement time of 1.7ms.

For the coded continuous-PSP-BOTDA case, as the pulse width is narrowed to 0.2ns (2cm of spatial resolution), the
maximum code length that can be used increases to 2°, as observed in Fig. 10.4 (b). However, as expected, since this
code length is still shorter than that for the discrete coding and furthermore the acoustic wave decay causes the decrease
in measured Brillouin signal, the use of continuous coding alone cannot meet the requirement of 10dB SNR. Although
the signal addition process could increase the SNR, the total measurement time would increase up to 10ms.

Based on the above discussion, if one intends to improve the spatial resolution up to 2cm for L=1km, the proposed
dually coded systems (dual Golay and dual Walsh codes) or combined codes in this thesis would perhaps provide a
more effective solution. We analyzed the relationship between the SNR and the measurement time for the proposed
code systems, being illustrated in Fig. 10.4 (c). The combinations of continuous and discrete codings by using Walsh

and Golay codes are listed as follows.

+

1) discrete coding: Golay code (o) continuous coding: Golay code (e)

+

2) discrete coding: Golay code (®) continuous coding: Walsh code (#)

=+

3) discrete coding: Walsh code (m) continuous coding: Golay code (e)

=+

4) discrete coding: Walsh code (m) continuous coding: Walsh code (A)

20 20

o

o

SNR (dB)

=N SRR =131 )
esecene

- Om

5 4 3 2 b -5 -4 -3 -2 -1
Exponent x of measurement time of 10* sec. Exponent x of measurement time of 10* sec.

(a) (b)

25

20

15

10

SNR (0B}
(4]

-5 -4 -3 -2 -1
Exponent x of measurement time of 10~ sec.

(©
Fig. 10.4. Relationship between the SNR and the measurement time for coded PSP-BOTDA case. L=1 km, Az =2 c¢m. (a) coded
discrete-PSP-BOTDA, (b) coded continuous-PSP-BOTDA, (c) combined code systems.
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Note that the sign in parentheses represents the code name and its type of modulation. From Fig. 10.4 (c), for
combination no. 1) (discrete coding: Golay code (®) + continuous coding: Golay code (e)), i.e. dual Golay codes, when
the discrete code length is 2° and the continuous code length is 2°, with the inclusion of signal addition process, the
SNR of 10dB was achieved in a very short time of about 100us. Furthermore, for combination no. 2) (discrete coding:
Golay code (®) + continuous coding: Walsh code (#)), when Golay code of length 2° and the Walsh code of length 2°
are combined, the SNR of about 11dB was achieved in 320us of measurement time. If we compare this measurement
time with that of results in Figs. 10.4 (a) and (b) that consider signal addition process, the proposed combined codes
would provide more than 5 times faster measurement speed. For combined code systems of 3) (discrete coding: Walsh
code (m) + continuous coding: Golay code (®)), when Walsh code of length 2° and Golay code of length 2* were used,
the total measurement time was 2.5ms. The combination no. 4) (discrete coding: Walsh code (m) + continuous coding:
Walsh code ( A)) also gave the same measurement time of 2.5ms when the combination of Walsh code (discrete coding)
of length 2° and Walsh code (continuous coding) of length 2* was used. This measurement time is however much slower
than that of combinations no. 1) and 2), and a little bit slower than even that of the use of the single code with the signal

addition shown in Fig. 10.4 (a).
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Fig. 10.5. Relationship between the SNR and the measurement time for coded PSP-BOTDA case. L=10 km, Az =10cm.
(a) coded discrete-PSP-BOTDA, (b) coded continuous-PSP-BOTDA, (c) combined code systems.
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We then performed the same analysis but for the fiber length of L=10km. As has been explained before, to avoid the
pump depletion effect, for L=10km, the probe power was set to -10dBm. For the spatial resolution of Az =10cm case,
the relationship between the SNR and measurement time of coded discrete-PSP-BOTDA employing Golay code or
Walsh code is depicted in Fig. 10.5 (a). The sign e represents Golay codes while m indicates the employment of Walsh
codes. As the fiber length L is increased to 10km, the maximum code length for both Walsh and Golay codes is 2° = 512
bits. In the case of Golay codes, with the inclusion of signal additional process, the 10dB of SNR was achieved in 16ms
of measurement time. On the other hand, for Walsh codes of length 28=256 bits, 12 dB of SNR was achieved in
approximately 50ms of measurement time. In comparison with the measurement time of L=1km case of Fig. 10.3 (a)
(40us and 160us respectively for Golay code and Walsh code), the measurement time of Fig. 10.5 (a) will be 30 times to
40 times longer.

Next, we discuss the numerical result when employing Golay code or Walsh code in coded continuous-PSP-BOTDA,
being depicted in Fig. 10.5 (b). Due to the decay of acoustic wave amplitude, the maximum available code length for
both codes is 2° = 8 bits. As a result, even with the additional implementation of signal addition process for achieving
the 10dB of SNR, the measurement time would take longer than 2 seconds.

From the above analysis, again, we expect that the employment of dually coded systems or combined codes would
provide better solution. The relationship between the SNR and the measurement time for the proposed codes systems is
illustrated in Fig. 10.5 (c). Similar to Fig. 10.4 (c), the combination of Walsh and Golay codes and their code
modulation type are given as follows.

1) discrete coding: Golay code (8) -+ continuous coding: Golay code (e)

2) discrete coding: Golay code (8) + continuous coding: Walsh code ()

3) discrete coding: Walsh code (m) + continuous coding: Golay code (e)

4) discrete coding: Walsh code (m) + continuous coding: Walsh code (A)

From the result of Fig. 10.5 (c), the combinations no. 1) and 2) give faster measurement speed in order to obtain the
10dB SNR. With the inclusion of signal addition process, combinations no. 1) and no. 2) required the same
measurement time of 4ms in order to achieve the SNR = 10dB; 4 times faster than that of employing Golay codes in
coded discrete-PSP-BOTDA (see Fig. 10.5 (a)).

We then performed calculations to examine the relationship between the SNR and the measurement time for
L=10km, but for the pulse duration narrowed to 0.2ns (spatial resolution Az =2cm). The results for coded discrete-,
coded continuous- and combined codes-PSP-BOTDA are illustrated in Figs. 10.6 (a), (b) and (c), respectively.

We begin with the analysis on the results shown in Fig. 10.6 (a). When we employ either Golay code or Walsh code,
the maximum code length that can be used in the coded discrete-PSP-BOTDA is 2°=512 bits. However, as we narrowed
the pulse width from 1nsto 0.2ns, the increase in the bandwidth of the receiver also has caused the decrease in the SNR.
As a result, it is necessary for both codes to include signal addition process in the measurement in order to realize 10dB
of SNR, which leads to the increase in the measurement time to 2 seconds.

Next, from the result of Fig. 10.6 (b), it is obvious to see that since the maximum code length that can be used for
either Golay code or Walsh codes is 2°=32bits, the 10dB SNR cannot be achieved with the use of continuous coding
alone.

We then discuss the result of Fig. 10.6 (c), which illustrates the relationship between SNR and measurement time

when measured with dually coded system and combined codes system. The combinations of the codes and their code
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modulation type are listed as follows.
1) discrete coding: Golay code (8) + continuous coding: Golay code (e)
2) discrete coding: Golay code () + continuous coding: Walsh code (#)
3) discrete coding: Walsh code (m) + continuous coding: Golay code (e)

4) discrete coding: Walsh code (m) + continuous coding: Walsh code (A)

20 20

15 15

10

10

SNR (dB)
SNR (dB)

Iy

-4 -3 -2 -1 o 1 -4 -3 -2 -1 o 1
Exponent x of measurement time of 10* sec. Exponent x of measurement time of 10* sec.

G) (b)

20

L AEE
=L

15

10

SNR (dB)
b

O'O-INWAMO~D ©
Wmeeene0ed

-4 -3 -2 -1 o 1
Exponent x of measurement time of 10* sec.

(©
Fig. 10.6. Relationship between the SNR and the measurement time for coded PSP-BOTDA case. L=10 km, Az =2cm. (a) coded
discrete-PSP-BOTDA, (b) coded continuous-PSP-BOTDA, (c) combined code systems.

For combinations no. 1) and 2) with the combined use of signal addition, the SNR=10dB was achieved in 130ms.
Thus, if we compare this result with that of discrete coding employing only Golay code or Walsh code (see Fig. 10.6
(a)), the combinations no. 1) and 2) provide 16 times faster measurement speed.

For combination no. 3), it took longer than that for no. 1) and 2), which is about 200ms. However, this measurement
speed is 10 times faster than that of Fig. 10.6 (a). We should also note that the measurement of the combination no. 3)
did not include the signal addition process.

Finally for combination no. 4), the SNR of 10dB was achieved with the use of signal addition process. Compared to
the case of no. 3), it took 500ms to complete the measurement, and is about 4 times faster than that for the result of Fig.
10.6 (a).

From the above discussions, it was found that when Walsh code is assigned to the discrete coding, the measurement
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time tends to increase with the code length. This is because in order to obtain higher SNR, longer Walsh code must be
used, which resulted in the increase in the number of code patterns. This obviously leads to a longer measurement time.
In contrast, for Golay code, regardless to the code length, only a pair of codes is used in the measurement. Therefore, if
one aims to measure strain with fast measurement speed, combination no. 1) would be the best option.

On the other hand, as discussed in Chapter 6, when we have no information about the fiber type, there is a case
where the total duration of continuously coded pulses happens to be twice longer than the time constant of the acoustic
wave amplitude z,. If this is the case for Golay code, it will cause the distortion in the decoded signal, which leads to
the degradation of spatial resolution. Then, the employment of Walsh code would provide a better solution. In addition,
compared to the discrete coding employing Walsh code, it was found that the maximum allowable Walsh code length
for continuous coding is usually much shorter. In other words, the measurement time of the continuous Walsh coding
would not be a problem for almost cases.

Let us give an example of a fiber of length 500m. In the case of discrete coding, regardless to the pulse width T, the
maximum code length is 32 bits. On the other hand, if we set t=0.2ns, in order to obtain spatial resolution that
corresponds to the pulse width, the maximum allowable code length for continuous coding is also 32bits. For L of
longer than 500m, however, the allowable code length increases for discrete coding, but remains unchanged for
continuous coding. Consequently, the code length of the discrete coding can be often set longer than that of the
continuous coding.

Furthermore, when using the 32 bits of Walsh code for the continuous coding, compared to that before code
employment, the increase in the SNR is 15dB. In most cases of the continuous coding system, the SNR of 10dB cannot
be achieved with the SNR improvement of 15dB (See Figs. 10.3 (b), 10.4 (b), 10.5 (b) and 10.6 (b)). Therefore, the
implementation of signal addition process could be required additionally. Then, it takes the same time for both Walsh
code and Golay code to reach the 10dB SNR.

Based on the above discussion, when there is variation in 7, along the fiber, the use of Walsh code in continuous
coding would be preferable in order to obtain decoded signal with no degradation in spatial resolution. On the other
hand, for discrete coding, in terms of fast measurement speed, Golay code would offer a more effective selection.
Therefore, it can be concluded that combination no. 2) provides a good tradeoff between the spatial resolution and
measurement time. Since combination no. 3) is the opposite combination of no. 2), little merit of this combination can
be found.

For combination no. 4), the measurement time would become a problem. In this study, since the goal is to perform
the measurement of BFS with error of below 1MHz, the minimum required SNR of 10dB achievement was assumed. If
we further want to perform a more accurate BFS measurement (much lower than 1MHz), however, the use of dual
Walsh codes only would hardly obtain the required corresponding SNR. Thus, the signal addition process should be
implemented additionally. In that case, as explained before, since there is no difference in the measurement time
between Walsh code and Golay codes, combination no. 4) would be preferable for further obtaining smaller error in the
BFS measurement with better spatial resolution.

10.6 Conclusions of Chapter

In this chapter, the measurement performance that can be achieved by BOTDA with the employment of proposed

coding systems has been numerically presented.

First, the required SNR for achieving small error in BFS measurement was presented. In details, the simulations
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were performed so that the method to estimate the BFS should be as similar as possible with that of the actual
measurement. Based on the results, in order to achieve BFS measurement error of below 1MHz, the required optical
SNR was found to be about 10dB.

Next, the allowable maximum power of pump pulse and probe was discussed. For the pump case, the maximum
optical power that can be used for the measurement is limited by the nonlinear effects in fiber: self-phase modulation
effect, modulation instability (MI), Raman scattering etc. It was explained that the maximum allowable pump power
that can be used without the influence of the nonlinear effects above was around 100mW. Therefore, in the simulations,
the pump power was set to 20dBm (100mW).

For probe case, the maximum allowable power is influenced by the pump depletion effect. In this case, the probe
input power depends on the fiber length L. Thus, the relationship between the BFS error and the probe power input was
studied for two different fiber lengths, L=1km and L=10km. For L=1km case, in order to obtain BFS error of below
1MHz, the probe power was found to be less than 0dBm, while for L=10km case, the probe power should be less than
-10dBm. These power settings were used to analyze the performance of the BOTDA employing code systems.

Based on the above considerations, the SNR of the conventional coded PSP-BOTDA (coded discrete- and coded
continuous-PSP-BOTDAS) and the coded PSP-BOTDA employing code systems proposed in this thesis were analyzed
and compared. In the simulations, fiber length L was set to 1km and 10km. In each fiber length case, the measurement
with the spatial resolution Az of 10cm and 2cm was considered. In this thesis, the employment of Walsh code and
Golay code was proposed. The combinations of these codes that produce the dually coded system (dual Golay codes
and dual Walsh codes) and the combined codes system are listed as follows.

1) discrete coding: Golay code + continuous coding: Golay code

2) discrete coding: Golay code + continuous coding: Walsh code
3) discrete coding: Walsh code + continuous coding: Golay code
4) discrete coding: Walsh code + continuous coding: Walsh code

From the simulation results, it can be concluded that
i)  Combination no. 1) provides the fastest measurement speed.
ii) If the variation in the BGS along the test fiber is anticipated in the measurement, the combination no. 2) would
provide the best solution to obtain the good tradeoff between the spatial resolution and measurement time.
iii) Compared to other combinations, combination no. 3) has little merit.
iv) If BFS measurement error of much lower than 1MHz is required, the combination no. 4) would be appropriate.
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Chapter 11: Conclusions and Future Works

11.1  Conclusions of Each Chapter

The conclusions described in this chapter cover the topics discussed from Chapter 4 to Chapter 9, as these chapters
are the main contributions to this thesis.
11.1.1 Chapter4

The author has proposed in Chapter 4 new coding system called combined codes system which includes dual Golay
codes, combined Walsh and Golay codes and dual Walsh codes for modulating the pump light of the PSP-BOTDA. It
has been discussed theoretically that this new concept can contribute to the achievement of higher signal-to-noise ratio
(SNR) compared to that of using only one kind of code (coded continuous- and coded discrete-PSP-BOTDAS), and
obviously higher than that of the conventional single pulse PSP-BOTDA.

11.1.2 Chapter5

It has been discussed in Chapter 5 that the employment of Golay complementary pair (GCP) in the coded
discrete-PSP-BOTDA system can contribute to the improvement in the signal-to-noise ratio (SNR) with the code length
on the condition that coded pulses with uniform optical power must be used to realize such improvement in SNR.
However, when an AC-coupled amplifier is used to amplify the coded electrical signals which are input to an
electro-optic modulator, the waveform of the optical pulses modulated are distorted. This distortion has resulted in the
degradation of the correlation characteristic of the coded BOTDA signal. Experiments for bit duration T, of 1ns have
shown that the relative SNR increases almost linearly for code length up to 8 bits; however in the case of 16 and 32 bits,
the relative SNR decreases and deviate from its linear form.

To improve the relative SNR, the author has introduced a new electrical signal configuration for the input signal of
the AC-coupled electrical amplifier. The author has maodified the Golay coded electrical signal by alternately setting the
amplitude of the 1% pulse to positive and negative values. As a result, the amplitude of the amplified signal becomes
uniform at all pulse groups and the shift of the mean voltage of the pulse signal is reduced. The analysis of the measured
relative signal-to-noise ratio (SNR) shows that the relative optical SNR in dB increases linearly with respect to the
increase in the Golay code length as expected from the theory.

11.1.3 Chapter 6

Modulating the pump light of the conventional BOTDA with non-return-to-zero (NRZ) formatted code system to
realize sub-meter spatial resolution measurement has induced distortion in the Brillouin signal due to the variety of
Brillouin gain caused by the preceding coded pulses, when coded pulse duration is around or less than the time constant
of the acoustic wave amplitude t,. However, the author has shown that this problem can be overcome by introducing
NRZ formatted coding system which includes Walsh codes and bipolar Golay codes in coded continuous-phase-shift
pulse BOTDA (PSP-BOTDA). This is because in contrast to the conventional BOTDA that is based on the intensity
modulation, PSP-BOTDA can remove the Brillouin gain variation due to the sequence of the coded pulses and utilizes
the only Brillouin gain that is induced by pre-pump pulse.

By comparing the processed Brillouin signals with that obtained by using Golay codes, it was found that the use of
Walsh codes decodes the Brillouin signal without degrading the spatial resolution even when the total code pulse
duration becomes two times as long as z, at least. It was also found that for the Golay coded PSP-BOTDA, in

contrast, the use of the coded pulses whose total duration exceeds 7, increasingly degrades the spatial resolution. This
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advantage of the Walsh code over the Golay code comes from the fact that the decoding the Brillouin signals via
Hadamard transform is robust not only against variations in launched coded-pulse amplitudes but also against those in
response signals. The spatial resolution of 20cm and 10cm was successfully attained by using NRZ formatted code
system having pulse durations of 2ns and 1ns, respectively.

In terms of the Brillouin gain spectrum (BGS), it was found from the simulation and experimental results that the
BGS measured by using Walsh coded PSP-BOTDA has become narrower than the steady-state gain spectrum. This
narrowing is favourable to measure the BFS accurately. Furthermore, it was also found that the use of Walsh codes has
contributed to the achievement of higher BFS measurement accuracy than that of using conventional PSP-BOTDA
technique.

The author has also shown that the experimental SNIR dependence on the code length for Walsh codes agrees well
with that calculated by analytical and numerical methods. For both Walsh and Golay codes, the maximum SNIR can be
achieved only for total code duration of around z,; so the author has verified by experiments that 8-bit Walsh and
Golay codes having 1ns pulse each enable the optical signal-to-noise improvement ratio (SNIR) of about 3dB. Even
though the maximum SNIR for Golay codes measured is slightly higher than that for Walsh codes, this difference is
merely caused by the crosstalk to the intrinsic signal after the auto-correlation calculations for decoding the Golay codes.
Furthermore, this crosstalk contribution varies for different fiber length. Therefore, from these findings it is confirmed
that the employment of Walsh codes in the coded continuous-PSP-BOTDA offers a more intrinsic SNIR compared to
that of Golay codes.

It is also confirmed that even when the total coded pulse duration becomes two times as long as z, at least, the
spatial resolution of the Walsh coded PSP-BOTDA maintains high spatial resolution and almost the same SNIR with
the maximum SNIR that is obtained when the total coded pulse duration is around 7, .

Based on the findings described above, it is concluded that the Walsh coded PSP-BOTDA offers better solution than
the Golay coded PSP-BOTDA. This is because the former maintains high spatial resolution even if the acoustic wave
time constant 7, of fibers used, which is inversely proportional to the Brillouin gain bandwidth, varies and happens to
be less than the total coded pulse duration designed. In contrast, for the latter, the spatial resolution is significantly
degraded.

11.1.4 Chapter7

An algorithm has been presented for synthesizing dual Golay codes for measuring distributed strain and temperature
based on PSP-BOTDA technique with a high spatial resolution. The proposed dual Golay codes are configured by
nesting one Golay complementary pair of sequences (GCP) into the other one. The former is called pair of sequences
continuous pulse codes and the latter discrete pulse codes, which are used to generate the pulsed pump with NRZ-pulses
and RZ-pulses, respectively.

The proposed dual Golay codes enable one to use the RZ-pulses and NRZ-pulses simultaneously and
advantageously for coding the pump of the PSP-BOTDA, and to use longer codes than the conventional codes within a
given period; let code lengths of the continuous and the discrete pulse codes be Lon and Lgise, the code length of each
dual Golay code in the dual Golay code is Leonilgisc. Then, the SNR enhancement, i.e., the coding gain of the proposed
method is about 7v/Lonc Lazse, While that of the conventional coded BOTDA based on intensity modulations isy/Ly;s /2.
Therefore, the SNR enhancement of the proposed coding method is 2n./L.,,: times as large as that of the

conventional coding method. The coefficient n (0 <75 < 1) represents the efficiency of the SNR improvement with
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the continuous pulse codes and also accounts for the attenuation of the acoustic wave that is excited by the 1% pulsed
pump of the PSP-BOTDA. When the product of Leq and the 2™ pulse duration T is longer than the time constant of
the acoustic wave t,, the quantity » decreases to less than 0.7 and the spatial resolution gets worse than the theoretical
one; thus L¢.n T2 should be chosen to be less than 7,,; then 1 ranges from 0.7 to 1.

A new coded PSP-BOTDA system based on the DGC has been demonstrated by both simulations and experiments.
High spatial resolution of 10 cm was successfully demonstrated from both simulations and experiments. Furthermore, it
has been clarified that the power of the correlated Brillouin signal has increased with increase in the code length of the
new code provided that the total duration of the pulses coded by the continuous pulse codes is less than t,. The increase
in the Brillouin signal power raises the signal-to-noise ratio and is to BOTDA’s benefit to attain high spatial resolution.
Initial experiments for L.on=4, Lgisc=8 have demonstrated about 8-dB enhancement in the optical signal-to-noise ratios
when compared to the single pulse PSP-BOTDA, while for L.,n=8, Lgisc=4, the amount of enhancement achieved was
about 7-dB. Finally, it should be noted that the SNIR can be further enhanced by increasing the code length Lgis Of
discrete part, but limited to the round trip time (RTT) of light in fiber. For the continuous part, however, maximum
SNIR is achieved when the total code duration Le,n T is set around t,, in this case Leon T2=8nS.

11.1.5 Chapter8

The proposal of combining two different codes in modulating the pump light of PSP-BOTDA fiber sensor for
distributed strain measurement was reported. From the simulation and experimental results, it was confirmed that the
assignment of Walsh codes to NRZ pulses has kept the spatial resolution high even for code length of longer than the
time constant of the acoustic wave case. Even though the Brillouin signal measured by the code sequences
exponentially decays, the decoding process via Hadamard transform for Walsh coded NRZ pulses in the proposed
system still produces more accurate decoded signals than that via Golay codes correlation calculations. From the rising
edge length of the increase in the amplified probe signal obtained with the combined codes, we concluded that we
achieved the spatial resolution of 10cm.

It was also found that the combination of Golay and Walsh codes has contributed higher SNIR than that of using
only one kind of code in coded continuous- and coded discrete-PSP-BOTDAS. In the analysis, for both Golay and
Walsh codes cases, it was found that the use of coded RZ pulses increases the SNIR by JL . For NRZ pulses, however,
the improvement became slow and dropped for long code length. This is due to the decrease of Brillouin signal induced
by the acoustic wave decay. It was observed that the SNIR reached its maximum when the code length of the NRZ
pulses was 8ns, confirming that code duration of the NRZ pulses is limited by the time constant of the acoustic wave t,.
11.1.6 Chapter 9

The analysis on the employment of dual Walsh codes in the PSP-BOTDA for strain measurement has been discussed.
The process of generating the dual Walsh codes is almost similar to that for generating the dual Golay codes. Therefore,
in Chapter 9, the simulation results for dual Walsh codes have been compared with the results of dual Golay codes
PSP-BOTDA (Chapter 7). It has been found from the simulations that the robustness of Hadamard transform against the
variations in the received signals during the decoding process for dual Walsh codes has contributed to the achievement
of high spatial resolution measurement, even for LT, Of longer than the time constant of the acoustic wave t, cases.
In contrast, for dual Golay codes PSP-BOTDA, the appearance of side-lobes has caused the increase in the rising and
falling edge lengths when the dual Golay codes of L¢o, T, longer than 7, were used. For code sequence beyond z,, the

Brillouin interaction became weak and this consequently distorted the Brillouin signal after the correlation.
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As for the SNIR, for dual Walsh codes case, the maximum SNIR was obtained when Lo, T, is set in the range of 7,
to 2z,, while for dual Golay codes the SNIR reached its maximum value when Lc, T, was set to aroundz,. The
maximum SNIR (when LconT,=8ns) for dual Golay codes is slightly higher than that for the dual Walsh codes. This
slight difference is however caused by the contribution of the crosstalk to the Brillouin signals during the mutual
correlation calculations for dual Golay codes. Otherwise, if no crosstalk exists, the SNIR both codes are same. However,
if one takes into account the spatial resolution results obtained by these two techniques, as has been discussed above,
the dual Walsh codes would provide better tolerance of setting the total duration of the coded NRZ pulses (L¢ontT2) than
Golay code to achieve the best SNIR and to simultaneously maintain high spatial resolution. This is especially
beneficial in the practical applications when one tries to measure strain along a fiber having varied Brillouin gain
bandwidth. Therefore, it can be concluded in that the employment of dual Walsh codes in coding the pump light of the
PSP-BOTDA offers better measurement performance than that of the dual Golay codes PSP-BOTDA.

11.1.7 Chapter 10

The analytical study on the measurement performance of BOTDA with the employment of proposed coding systems
has been presented. The parameters such as the BFS measurement error, SNR and the limit in the pump and probe
powers must be first analyzed upon simulating the performance of the BOTDA.

First, it has been found in the study that in order to achieve BFS error of below 1MHz in the BOTDA technique, the
required optical SNR was about 10dB.

In the case of the pump power, the maximum input power that can be used is limited by the nonlinear effects in fiber
such as self-phase modulation, modulation instability (MI), Raman scattering etc. Based on the experimental results
from the previous reports, it is concluded that the use of pump input power of 100mW was considered tolerable to be
used to examine the performance of the BOTDA.

In the case of probe, the effect of pump depletion plays a role in limiting the maximum probe power that can be used
in the measurement. In the analytical study, the relationship between the BFS error and the probe input power was
studied for two different fiber lengths, L=1km and L=10km. For L=1km case, in order to obtain BFS error of below
1MHz, the probe power was found to be less than 0dBm, while for L=10km case, the probe power less than -10dBm.

The parameters obtained above were used in the simulations to study the relationship between the SNR and the
measurement time of PSP-BOTDA employing the proposed coding systems. In the simulations, fiber length L was set to
1km and 10km. In each fiber length case, the spatial resolution Az of 10cm and 2cm was assumed. In this thesis, the
employment of Walsh code and Golay code was proposed.

From the simulation results, it is concluded the dual Golay codes PSP-BOTDA provides the fastest measurement
speed. Next, if the variation in the BGS along the test fiber is anticipated in the measurement, the combination of Golay
code (RZ) and Walsh code (NRZ) would provide the best solution since we can obtain a good tradeoff between the
spatial resolution and measurement time. The opposite combination of Golay code (NRZ) and Walsh code (RZ) has
found little merit. Finally, if the BFS measurement error of much lower than 1MHz is required, the employment of dual
Walsh codes PSP-BOTDA would be appropriate.

11.2 Overall Conclusions on the Performance of Combined Codes Systems

It can be concluded from the experimental results of Chapter 5 that the new electrical signal configuration proposed

in the coded discrete-PSP-BOTDA has solved the problem of signal distortion especially for long RZ pulses of code

length 8 bits and longer. This new concept has also been implemented in the combined RZ- and NRZ coded pulses

121



employing Walsh and Golay codes of Chapter 8 and dual Walsh codes of Chapter 9, showing identical experimental
results with that of Chapter 5. Thus, the author suggests that the new concept can be generally applied to both coded
discrete-PSP-BOTDA (RZ pulses) and combined codes PSP-BOTDA techniques (dual Golay codes, dual Walsh codes
and combined Walsh- and Golay codes).

Based on the analysis explained from Chapter 7 to Chapter 10, the author has summarized the findings obtained

from the proposed coding technique into the Fig. 11.1.
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Fig. 11.1. Summary of performance of dual Golay codes-PSP-BOTDA, dual Walsh codes-PSP-BOTDA and the two kinds of

combined codes-PSP-BOTDAS in terms of measurement speed and spatial resolution.

From Fig. 11.1, in terms of measurement speed, it is seen that the dual Golay codes provide the fastest measurement
speed. This is because the Golay code uses only two codewords and thus the total measurement time is same for any
dual Golay code length. In contrast, for dual Walsh code, the total measurement time increases with the increase in the
code length since the number of the codewords of the Walsh code is identical to the code length. Thus, the dual Walsh
codes PSP-BOTDA gives the slowest measurement time. For the combination of Golay (RZ) + Walsh (NRZ), as
explained in Chapter 8 and Chapter 10, the maximum code length is limited by time constant of the acoustic wave z,; in
this case, the maximum duration of the Lo T» for obtaining the highest SNR is 8ns. Then, the SNR can only be further
improved by increasing Golay code length, which will not cause the increase in the measurement time. For the opposite
combination (Golay (NRZ) + Walsh (RZ)), the Golay code length is also limited to 8ns. In order to further improve the
SNR, Walsh code length should be further increased. However, this will result in the increase in measurement time.

In terms of spatial resolution, it is concluded that the dual Walsh codes PSP-BOTDA offers the best spatial
resolution measurement, because of the robustness of Hadamard transform against the variation in the signal amplitude.
In contrast, the use of dual Golay codes PSP-BOTDA would cause the degradation in the spatial resolution of the
measured signal, if the code duration of the NRZ pulses modulated with the Golay code significantly exceeds z, .
Furthermore, in the actual measurement, another factor that can induce distortion in the measured Brillouin signal is the
gain depletion of EDFA. Soto et al have previously reported the decrease in the amplified-coded pump pulse down to
60% of its initial power due to the gain saturation of the EDFA when placed after the MZM, especially for amplifying
pump light coded with relatively long RZ pulses [1]. To avoid this effect, they have proposed in the same report to place
the EDFA before the MZM, so that a uniform peak pulse power can be generated. Based on the above finding and
discussion, if the power of the optically amplified RZ pulses is uniform, the combination of Golay (RZ) + Walsh (NRZ)

can provide better spatial resolution measurement than that of the opposite combination of Golay (NRZ) + Walsh (RZ).
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From the summary in Fig. 11.1, the author suggests that each coding system proposed in this thesis has its own
merits and demerits, which could be judged according to the measurement conditions. For a fast speed measurement
with high SNR, dual Golay codes would be the best option. The combination of NRZ pulses modulated with Walsh
code and RZ pulses with Golay code would produce a good tradeoff between the spatial resolution and the measurement
time. Besides, if one seeks for a high spatial resolution measurement, the dual Walsh codes could be suggested for the
best coding system.

Finally, from Chapter 6 through Chapter 9, the simulations and experiments were performed over fiber cable of
distance about 70m. In this case, the expected applications are for health monitoring system of bridge of distance
around 35m (considering a round trip fiber of distance 70m) and for crack detection system for small size aircraft. More
detailed measurements over long range fiber of a few to ten kilometers should be performed in order to realize
long-range measurement system.

11.3  Proposed Future Works

Some of future works that can be considered for further enhancements/verifications of the coded PSP-BOTDA
techniques discussed in this dissertation are listed as below:

i) Long distance measurement: The main subject discussed in this dissertation is focused on the effect of coding
system to the PSP-BOTDA measurement. Therefore, the simulations and the experimental results reported were
obtained over a fiber optic cable of distance about 70m. For more detailed analysis on the measurement efficiency,
the employment of coded PSP-BOTDA for long distance measurement should be performed.

ii) Compared to Golay codes, a large number of code patterns for long Walsh codes may impose more overhead of
signal processing on the coded PSP-BOTDA. Therefore, it is important in the future to perform a comprehensive
analysis of the advantages and disadvantages of the kind of codes when designing a practical BOTDA system.

iii) The author would like to propose to simultaneously use Brillouin gain and Brillouin loss measurement in the
combined codes system: In this thesis, only Brillouin gain component was utilized in both simulations and
experiments. When using only gain component, the energy transfer occurs only from the light of higher frequency
to the lower one, in this case, from pump to probe. Since the Brillouin signal is hugely contributed by the
interaction between the 1% pulse and the acoustic wave induced by the 1% pulse, the use of especially long RZ
pulses (Lgisc) may induce error and distortion in the decoded Brillouin signal as the small Brillouin signals
contributed by the coded pulses are hidden by the relatively large former Brillouin signal. By alternately
modulating the 1% pulses with the frequencies for generating Brillouin gain and Brillouin loss, mutual energy
transfer would occur between the pump and the probe, which would result in a balanced increase and decrease of
Brillouin signals.
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