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Abstract: We study the performance limits of mono-color cyclic coding applied to Brillouin
optical time-domain analysis (BOTDA) sensors that use probe wave dithering. BOTDA analyz-
ers with dithering of the probe use a dual-probe-sideband setup in which an optical frequency
modul ation of the probe waves along the fiber isintroduced. This avoids non-local effectswhile
keeping the Brillouin threshold at its highest level, thus preventing the spontaneous Brillouin
scattering from generating noise in the deployed sensing fiber. In these conditions, it is possible
to introduce an unprecedented high probe power into the sensing fiber, which leads to an en-
hancement of the signal-to-noise ratio (SNR) and consequently to a performance improvement
of the analyzer. The addition of cyclic coding in these set-ups can further increase the SNR and
accordingly enhance the performance. However, this unprecedented probe power levels that
can be employed result in the appearance of detrimental effects in the measurement that had
not previously been observed in other BOTDA set-ups. In this work, we analyze the distortion
in the decoding process and the errors in the measurement that this distortion causes, due to
three factors: the power difference of the successive pulses of a code sequence, the appearance
of first-order non-local effects and the non-linear amplification of the probe wave that results
when using mono-color cyclic coding of the pump pulses. We apply the results of this study
to demonstrate the performance enhancement that can be achieved in a long-range dithered
dual-probe BOTDA. A 164-km fiber-loop is measured with 1-m spatial resolution, obtaining
3-MHz Brillouin frequency shift measurement precision at the worst contrast location. To the
best of our knowledge, thisisthe longest sensing distance achieved with aBOTDA sensor using
mono-color cyclic coding.
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1. Introduction

Distributed optical fiber sensors based on Brillouin optical time-domain analysis (BOTDA) [1]
have been widely employed due to their capability to provide high accuracy in distributed
measurements of temperature or strain. The basic principle of thistechnique consists in acquir-
ing the Brillouin frequency shift (BFS) of every positionin thefiber, asaresult of the interaction
between a pump pulse with a counter-propagating continuous wave probe through stimulated
Brillouin scattering (SBS) [1]. Some of the practical scope of applications of this technology
are in the monitoring of oil and gas pipelines, railway inspection, assessment of high voltage
cables, fire detection, and many other structural health monitoring applications.

Several of these applications require a large sensing range. However, the sensing range of
BOTDA sensorsislimited by the signal-to-noiseratio (SNR) that can be achieved at the receiver.
Thus, the sensing range of BOTDA sensorsis fundamentally limited by the attenuation suffered
by the pump and probe waves along the optical fiber, which eventually makes the measured
signal to be too small to be properly detected with the required SNR. This drawback could
be overcome by increasing the power of the pump and/or the probe waves. Nevertheless, the
maximum pump pulse power that can beinjected in thefiber islimited by the onset of non-linear
effects such as modulation instability [2] or self-phase modulation [3]. M oreover, the maximum
probe power that can be deployed is aso limited by the appearance of the so-called non-local
effects[4, 5] and noise induced by spontaneous Brillouin scattering [6].

In order to overcome these limitations, and achieve an improvement of the SNR of BOTDA
sensors, anumber of technigques have been proposed. A first possibility isto amplify the pulses
by the use of erbium-doped fiber amplifiers (EDFA) as pul se repeaters along the fiber link [7].
However, this technique needs a power supply for the in-line EDFAS, which isinconvenient for
itsreal applicability. It is aso possible to make use of Raman amplification [8,9] or distributed
Brillouin pump amplification [10, 11] to alleviate the effects of fiber attenuation on the probe
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wave, on the pump wave or on both of them.

Another alternative to enhance the SNR of BOTDA sensors is the use of different cod-
ing technigques, such as mono-color simplex coding [12], mono-color cyclic coding [13] and
color-coding [14, 15], which have proved to be useful for long sensing range analyzers. Nev-
ertheless, all these coding techniques require a compromise between the deployed fiber length
and the probe and pump power that can be brought into the fiber in order to avoid undesired
effects that distort the decoding of the measurement. Some of the issues related to the use of
pulse coding in BOTDA sensors that have been studied or mentioned before are the need for
pulse trainsin non-return-to-zero modulation format [16], the effects of power fluctuation of the
coded pulses[12,15] or the detrimental effects resulting from pump depletion [17].

In this work, we demonstrate a BOTDA sensor that combines probe dithering and cyclic
coding. We have recently introduced probe-dithered BOTDA sensor in which wavelength mod-
ulation of the probe is used to mitigate non-local effects and increase the Brillouin threshold of
the fiber link [18]. Thus, alarger probe wave power can be injected in the fiber, increasing the
SNR of the sensor, The additional use of mono-color cycling coding, with its associated cod-
ing gain, further increases the performance. However, as higher power levels are used, several
limitations related to coding become significant. Specifically, we analyze the distortion in the
decoding process, and the errors in the measurement that this distortion introduces, due to three
factors: the power difference of the successive pulses of a sequence, the appearance of pump
pulse depletion due to non-local effects and the non-linear amplification that results when using
mono-color cyclic coding. Finaly, the results of this analysis is deployed to demonstrate an
improved long-range BOTDA setup.

2. Fundamentals of dithered-probe BOTDA sensor with cyclic coding

The fundamentals of the BOTDA sensor using probe dithering are schematically described in
Fig. 1, where the optical waves involved in the technique are depicted. As it is highlighted
in Fig. 1(a), the optical frequency of the probe waves is modulated following a saw-tooth
shape [11], an aternative would be to use a triangular shape, which has been shown to have
asimilar effect [18]. Additionally, this frequency modulation (FM) is synchronized to the pump
pulses so that a pulse sequence experiences the same wavelength of the probe waves at any
given location. In this setup second-order non-local effects [5] are prevented because the FM
modulation of the probe waves makes the Brillouin interaction upon the optical pulse to spread
over alarge frequency range, leading to a broadening of the effective gain and loss spectrain-
duced by both probes on the pump: these spectra mutually compensate to avoid any distortion
of the pulse spectrum [18]. Moreover, the FM increases the Brillouin threshold limit of the fiber,
thus reducing the effective amplification of spontaneous Brillouin scattering in the fiber, so that
the probe power can overtake the Brillouin threshold limit. Therefore, a very large probe power
can be deployed to enhance the SNR in detection. Furthermore, as it is depicted in Fig. 1(b),
the FM of the probe wave is used to perform the scan of the Brillouin spectra, instead of doing
it by a conventional frequency sweep: at every location in the fiber the probe wave is made to
interact with additional frequencies of the Brillouin spectrum simply by changing the relative
delay between the probe wave FM modulation and the pump pulse [11, 18], as it is depicted
schematically in Fig. 1(b). The number of relative delays is given by the relation between the
peak-to-peak frequency deviation (Af) and the desired frequency step (6), being the same than
in a conventional BOTDA scheme. Notice that this scanning method does not introduce any
measurement time penalty compared to the conventional frequency sweep. Finaly, in order to
retrieve the Brillouin gain spectrum (BGS) of the fiber, areorder of the acquired data has to be
done. The aim of this processing is to compensate the frequency shift introduced to the probe
wave at each location due to the FM modulation. For that purpose, a simple shift is applied to
the elements of the columns of the matrix containing the probe wave samples (rows) for each
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Fig. 1. Fundamentals of the technique

relative delay between the FM modulation and the pump pulses [18].

In order to further increase the SNR, we combine the probe dithering technique with
mono-color cyclic coding. For this purpose, we introduce a code based on a circulant matrix
of dimension L., with L. aprime number [14]. The code is generated following the recurrence

equation for an integer n:
up=0
{ D

Up+1 = (U, +n) mod L.

where mod is the modulo function and n € [1, ch”]. The position p,, of the consecutive

"1" bits for the first line of the code matrix is simply given by the relation: p, = u, + 1.
The first line of the code matrix for a code length of seven is represented in Fig. 1(a). The
improvement of the SNR given by the coding gain is the same as for simplex coding, i.e.,
(L. + 1)/2VL,, with the advantage of a reduced measurement time: as the code scheme is
cyclic, there is no need to repeat each sequence that corresponds to a line of the coding matrix.
In thisway, the first sequence is simply repeated in a continuous loop, providing fast averaging.
Moreover, the number of possible code lengths using this recurrence equation can be chosen
between any prime number, in contrast to conventional code generation techniques where the
code length has to be a number given by 2n — 1, n being an integer. Note that in order to
properly decode the signal, the period of the FM modulation of the probe waves has to be equal
to the code period (Tyrope = Teode)s I €., the temporal distance between two of the contiguous
bits of the generated cyclic code. In addition, in a cyclic code all codewords of a sequence
must fit simultaneously inside the fiber. Therefore, for a given fiber length, the code period,
together with the FM modulation period, needs to be modified depending on the code length.
Finally, to properly decode the signal and retrieve the BGS of thefiber, the frequency shift of the
probe waves must be compensated by reordering the decode matrix, as it has been previously
explained.

An important consideration when using mono-color cyclic coding in BOTDA sensorsis re-
lated of the limitations faced regarding the maximum pump and probe power that can be injected
in agiven fiber sensing link. In the following, we analyze these limitations in the context of our
probe-dithered BOTDA sensor with mono-color cyclic coding. Furthermore, most of the consid-
erations made are equally valid for other BOTDA configurations, although the detailed analysis
and comparison of the relative severity of the various impairments in each setup is outside the
scope of this paper.

The first limitation in pump and probe power that our probe-dithered BOTDA sensors with
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mono-color cyclic coding face comes from the onset of non-local effects, due to pump pulse
depletion, which introduce an error in the measurement decoding process. Previous works have
shown that for conventional BOTDA setups without coding the pump pulse depletion is directly
linked to the probe power injected in the fiber [4]. Thus, the pump pulse power at the output of
the fiber is given by the expression (assuming a BOTDA in again configuration):

-g5(Av)
A

eff

Pr(L) = Pr(0) exp(-aL) exp Pew(L) Loy | @

where L.sr = (1 - exp(—al))/a isthe effective length, with L the length of the fiber, A, s
is the effective area of the sensing fiber, Pp(0) is the pulse power at the input of the fiber
and Pcyw (L) is the input probe power at the far end of the fiber link. However, Eg. (2) is no
longer valid when using mono-color cyclic coding because the successive pulses interact with
a probe wavefront that has been already amplified by previous pulses. Therefore, the amount
of pump depletion suffered by the single-pulses, instead of being just related to the power of
the probe wave injected in the fiber, as given by Eq. (2), aso depends on the amplification of
the probe wavefronts by previous pulses in the coded sequence. Hence non-local effects will ap-
pear earlier in BOTDA setups using mono-color pump pulse cyclic coding than in conventional
single-pulse BOTDA sensors. Furthermore, even for a dual-probe wave BOTDA configuration,
which mitigates non-local effects [19, 20], the presence of multiple pulses in the fiber when us-
ing mono-color cyclic coding makes pump depletion to become significant at lower input probe
wave power than for single-pulse dual-probe systems. In fact, all BOTDA setups deploying
mono-color cyclic coding are affected by pump depletion, but the amount of pump depletion
will be different for each configurations. Our probe-dithered BOTDA makes the sensor more
robust to pump depletion in comparison to other BOTDA configurations, due to the FM of
the probe wave. Finally, another assumption regarding non-local effects that becomes invalid
for BOTDA system with mono-color cyclic coding is the independence of pump depletion on
pump pulse power that is conveyed by Eq. (2). InaBOTDA system with mono-color cyclic cod-
ing, the higher the pump pul se power, the larger the amplification of the probe wave by previous
pulses in a sequence, and hence, the larger the depletion of a particular pump pulse. Therefore,
non-local effects in BOTDA sensors with mono-color cyclic coding lead to the need to reduce
the probe power as well as the pump pulse power compared to the sensor without coding, which
is counterproductive for the sensor performance.

The second limitation for pump and probe powersin BOTDA sensors with mono-color cyclic
coding comes from the fact that coding techniques can only be applied to linear interactions.
However, in BOTDA interactions, the Brillouin gain experienced by the probe wave does not
depend linearly on the pump pulse power, but exponentially. Indeed, the variation in the contin-
uous wave (CW) probe signal power, APcyw , detected in the receiver at a given instant, t, due
to aSBS gain interaction at alocation z; along the fiber with a pump pulse is given by:

APcw (t,Av) = Pcw (L) exp(-al) [G;(t,Av) - 1] (©)

where « is the fiber attenuation, L is the fiber length, Av isthe local detuning of the probe
wave frequency from the center of the Brillouin spectrum and G; (t, Av) is the Brillouin gain
defined as follows,

zi+tAz A
G;(t,Av) = exp[f gi( ") P, (0) exp(-az;) dz| = exp(g;) 4
Zi eff

where Az is the spatial resolution given by the pulse duration and g is the local Brillouin
gain coefficient for a given Av frequency shift. Only assuming that the Brillouin gain is very
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smal (g; < 1), can Eq. (3) be smplified considering that the BOTDA sensor operates in a
small signal regime:

zi+Az
Gi(t,Av) ~ 1 +f gi(Av) P,(0) exp(-az;) dz =1+g; (5
Zi eff

Hence, the Brillouin gain in asingle-pulse BOTDA configuration can be approximately con-
sidered to depend linearly on the gain provided by a single pulse so that in principle linear
optical pulse coding techniques could be applied. Nevertheless, the total amount of gain that the
probe wave experiences in a BOTDA deploying coding is provided by interaction with all the
pulses in the sequence for the whole codeword, so that AP¢y is obtained as follows:

APcw (t, Av) = Pew (L) exp(-al) [Gr(t, Av) — 1] (6)

where G7(t, Av) isthe total Brillouin gain provided by the successive pulses, which is given
by:

L. L.
Gr(t.Av) = G1G2G3..G,, = exp(Zgi) ~ 1+Zgi ©)
i=1 i=1

where G; = exp(g;) isthe gain provided by each pulse with position i in the coded sequence.
In order for mono-color cyclic coding to be applicable, the approximation in the last equality
term of Eq. 7 needs to be valid so that the total gain experienced by the probe wave isthe linear
superposition of the gains provided by each pulse. However, thisrequiresthe total Bri llouingain

induced by the pump pulses sequence on the probe needs to be relatively small (Z gi <« 1),

which is much more difficult because, despite the fact that the individual gains prowded by each
pulse may be small, the accumulated gain provided by the many pulsesin along pulse sequence
becomes much larger. Thus, in order to avoid distortion, it becomes necessary to reduce the
gain induced by each individual pulse by further limiting the pump power below the thresholds
imposed by the onset of nonlinear effects such as modulation instability.

Finaly, coding techniques are limited by the fact that for most of them, so as to decode
properly the signal, it is mandatory that al coded pump pulses have the same power. Thisindi-
rectly limits the pump power due to the transient behavior of the erbium-doped fiber amplifiers
(EDFA) that aretypically deployed to amplify the pulses before injecting them in the fiber. This
transient behavior worsens for large input powers making the pump pulses in a sequence to
experience different gain.

All these limitations lead to a trade-off between the maximum pump and probe powers that
can be used in mono-color cyclic coding systems and the sensor performance/measurement
error. The need to reduce pump and/or probe power implies a reduction of the effective SNR
enhancement that the application of coding potentially brings. In fact, there may be configu-
rations of the BOTDA setup in which the SNR decrement due to the limited pump and probe
power could completely counteract the enhancement brought by coding. Based on these con-
siderations, mono-color cyclic coding is really more useful in long-range loop configurations,
where only half of the fiber is used for the sensing while the other half is used as a leading
fiber to take the probe wave to the remote end of the sensing link. In this configuration the
probe power injected in the long-length leading fiber islimited to the Brillouin threshold of that
fiber; hence, the power finally reaching the end of the leading fiber and being injected into the
sensing fiber is reduced. Fortunately, the loop configuration is the one deployed in most long-
range sensing systems on the field. However, asit has been mentioned above, our technique for
probe dithering serves to increase the effective Brillouin threshold of the leading fiber, hence
the probe power that can reach the sensing fiber can still be sizable, leading to an improvement
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of the SNR. Moreover, as it has been explained, the use of dithered-probe waves makes the
sensor more robust to pump depletion, so that higher pump and probe powers can be injected
in the fiber. Therefore, the use of a dithered-probe wave aleviates the limitation caused by the
cascade effect of pump depletion due to the interaction between the probe wave with multiple
pulses. Thus, leading again to an enhancement of the SNR.

It is important to point out that different coding techniques presented so far in the literature
will be affected differently by the presented impairments. For instance, color coding [14, 15]
could aleviate the limitation regarding non-linear amplification, while three-tone bipolar cod-
ing technique [17] could get rid of non-linear amplification and reduce the impact of pump
depletion, but at the cost of a great increase in setup complexity.

3. Experimental setup

In order to evaluate the power limitations of mono-color cyclic coding and to demonstrate the
capabilities of the proposed technique, a BOTDA setup following the scheme in Fig. 2 was as-
sembled. The optical source was a 1550-nm DFB laser, whose output was divided by a coupler
into two branches. In the lower branch of the setup, a dual-probe wave was generated using
a Mach-Zehnder electro-optic modulator (MZ-EOM). This modulator was driven by an arbi-
trary waveform generator (AWG), and biased for minimum transmission so as to generate a
FM-modulated double-sideband suppressed-carrier signal. For this purpose, the AWG provides
a microwave signa with an instantaneous frequency varying around the Brillouin frequency
shift (BFS) of the fiber following a saw-tooth shape. Then, an EDFA was used to amplify the
probe wave power level. Finaly, before the receiver, a tunable narrow-band fiber Bragg grat-
ing (FBG) was used to filter out one of the probe sidebands and the Rayleigh backscattering
originating from the pump wave.

[ >

Photodetector

Leading Fiber
Fiber under test 2
h, @

Fig. 2. Experimental setup for the BOTDA sensor.

<)

Oscilloscope

In the upper branch, so as to generate a pump pulse with a high extinction-ratio (ER), the
pump signal was pulsed by a semiconductor optical amplifier (SOA), with an ER up to 50 dB.
The AWG was used to generate the coding pulse sequences, and also to synchronize them
with the FM modulation of the probe waves. Then, the pump pulse power was amplified in
another EDFA, and to smooth polarization effects in the Brillouin interaction along the fiber,
the polarization state of the pulsed pump was randomized with a polarization scrambler before
being launched into the sensing fiber.

4. Evaluation of the power limits for cyclic coding

A 25 km length of standard single-mode fiber (ITU G.652) was used initialy to evaluate the
limits on the probe and pump power that can be injected in the fiber when using mono-color
cyclic coding before the appearance of distortions and measurement errorsin the decoded signal .
The FM modulation of the saw-tooth of the probe waves was changed for different code lengths,
so as to maintain the same slope of the saw-tooth shape for all the measurements. Thus, as for
different code lengths the code period was different, in order to satisfy the condition explainedin
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Fig. 3. Power measurement of the cyclic pulsetrain of the first sequence for L. = 263

section 2, the peak-to-peak frequency deviation of the FM modulation was changed for different
code lengths. The probe power was fixed to -7 dBm per sideband at the input of the fiber, so as
to simulate the maximum probe power that could be obtained at the fiber-under-test (FUT) in
a 200 km loop configuration. That probe power was obtained by subtracting the attenuation of
the 100 km leading fiber (approximately 20 dB) from the maximum power that can be injected
in the fiber due to the Brillouin threshold with probe-dithering (approximately 13 dBm per
sideband). Finaly, the pump wave was modified in terms of pulse duration, pulse power and
code length.

First, the effect of power variations among the different pulses of the coded sequences was
investigated. A sequence of 20-ns pulses with a code length of L. = 263 was used. In order to
make sure that there was no pulse depletion, the pump pulses were first amplified to 19 dBm by
an EDFA and then reduced by an attenuator to 13 dBm power. Figure 3 depicts the power of the
pulsesin the sequence that clearly shows anon-flat response, dueto the transient behavior of the
EDFA. If thisis not taken into account during the decoding process, the obtained measurement
will be distorted with rapid variations of an acquisition trace, asit ishighlighted in Fig. 4(a). In
order to retrieve an undistorted smooth signal, as in Fig. 4(b), pulse power fluctuations have to

~3 ~3
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52 52
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£ £
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ol oN
0 5 10 15 20 25 0 5 10 15 20 25
Distance (km) Distance (km)
(@) (b)

Fig. 4. Decoded BOTDA trace at BFS of the fiber for a pulse of 13 dBm power and 20 ns;
(a) without taking into account the pulse power variations and (b) taking into account the
pulse power variations
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Fig. 5. For apulse of 19 dBm power and 20 ns; (a) Depletion of the pulses of the sequence
for different code lengths (b) distortion in BOTDA trace due to pulse depletion for different
code lengths

be corrected, and therefore, each " 1" of the original coding matrix has to be actually replaced by
the weighted pulse power, which needs to be monitored by another detector [15]. Note that this
effect isreduced, if not completely suppressed, by repeating the coded sequence in a continuous
way, so that the EDFA has a more linear behavior.

We also analyzed the distortion in the decoded signal produced by pump depletion due to
non-local effects. For this purpose, the power level of the pulse was raised to 19 dBm, while
the pulse duration was maintained at 20 ns. Figure 5(a) portrays the pump depletion factor that
the successive pulses of a cyclic sequence suffer for different code lengths. It can be observed
that even with the FM modulation of the probe waves, which makes the system less affected
by non-local effects than a conventional double-probe BOTDA system and for arelatively short
code length of L. = 71 thereisaready asmall depletion in the pulses (smaller than 1%). More-
over, note that the depletion suffered by each pulse of a sequence is not the same, increasing
accordingly with the amplification of the probe wave by previous pulses. Indeed, it can be ob-
served that the depletion of the pulses is a cascade effect, since the depletion factor of the ni"
pulse would be affected by the amplification suffered by the probe wave for al the coding units
before (13 to n-1™). However, notice that in Fig. 5(a) a given code unit experiences a different
depletion factor depending on the total code length, this is due to the fact that, as it was ex-
plained before, the code period needs to be modified as afunction of the code length. For larger
code lengths, the code period is reduced and this leads to stronger overall pump depletion.

Figure 5(b) depicts the decoded BOTDA trace at the BFS of the sensing fiber for different
code lengths. Notice that the difference in depletion factor for the successive pulses of a code
sequence has an analogous distortion effect on the decoded traces to those due to amplitude
variations of the pulses induced by the transient effects in the EDFA highlighted in Fig. 4(a).
This is reasonable, considering that the difference in deflection induces a difference in pulse
amplitude. Thefigure also showsthat the larger the pul se depletion of the pul ses of the sequence,
the higher the distortion. Furthermore, even for a small pulse depletion, e.g., for a code length
of L. = 139, in which a maximum depletion factor of approximately 2% is reached, there is
asmall distortion in the decoding process that is more visible at the end of the BOTDA trace.
Note that some traces of Fig. 5(b) are noisier than they should, for instance, for L. = 71.
This anomaly is attributed to the polarization scrambler deployed, which was found to change
slightly the time-averaged degree of polarization that it generated over time, probably due to
heating.
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Fig. 6. Obtained BOTDA trace at BFS of the fiber for apulse of (a) 13 dBm and 20 ns, (b)
16 dBm and 10 ns, (c) 16 dBm and 20 ns and (d) 16 dBm and 40 ns

Additionally, we studied the non-linear amplification of the signal due to the code length. In
apurely linear interaction, the amplitude of the decoded BOTDA trace should be the same for
al code lengths. However, Fig. 6 highlights the different amplitudes of the decoded BOTDA
trace due to the non-linear amplification measured while scanning the peak of the Brillouin
gain spectrum. The non-linear amplification was studied as a function of the code length, pulse
duration and pulse power. As it can be seen, the amplitude of the decoded BOTDA traces in-
creases with the code length, resulting in measurement distortion. Furthermore, thisdistortion is
also frequency-depend because for frequencies further away from the peak of the Brillouin gain
spectrum (BFS of the fiber), the gain provided by the pump pulses to the probe wave will be so
small that the linear interaction condition will be fulfilled. Notice also that as it was expected,
the non-linear amplification effects increase with increasing pulse duration (more gain to the
probe due to increased interaction length) and power. The additional distortion in the form of
rapid variations of the signal in the decoded traces in Fig. 6 can be attributed to the appearance
of pulse depletion due to non-local effects already visualized in Fig. 5(b). In any casg, it is
important to clarify that, as non-local effects and non-linear amplification occur both at same
time, the distortion in the form of rapid variations of the trace could be a consequence of both,
considering that they can both reinforce each other.

Figure 7 summarizes the non-linear amplification effect by depicting the normalized ampli-
tude in percentage value of the beginning of the decoded BOTDA trace (entry point of the pump
pulses) for different code lengths. To normalize the amplitude, for each of the different pulse
duration and power, the amplitude value of asingle pulse is used as areference. It can be seen



Research Article

Optics EXPRESS

Pulse 13dBm, 20ns
Pulse 16dBm, 10ns
Pulse 16dBm, 20ns
Pulse 16dBm, 40ns
Pulse 19dBm

8

[
o
T

(@}
o
T

Normalized amplitude (%)
2 R DNMNMDN W W
o U O u
SeoQ

a
o
T

]

1 71 83 103 127 139 167 199 227 263 331
Codelength (Lc)

Fig. 7. Non-linear amplification for different code lengths, and different pulse power and
duration

that for low pulse power the non-linearity of the gain interaction can not be clearly discerned
for small code lengths, but in the case where code length, pulse power or duration is higher, the
non-linear regime becomes noticeable. Thus, it is clear that the non-linear amplification has a
direct link to the pump power, the code length and also to the pump duration.

Finally, in order to analyze the error in the measurement that all these distortions introduce,
distributed temperature measurements were performed. The pulse power was set to 19 dBm and
the duration was set to 20 ns, corresponding to approximately 2 m spatial resolution. The traces
were averaged 1000 times. The final meters of the fiber were placed loose in a climatic chamber
with a fixed temperature, while the rest of the fiber was held at room temperature in a spool.
The BFS along the fiber was cal culated by performing a quadratic fit on the measured Brillouin
gain spectra. Figure 8 depicts the evolution of the measured BFS at the end of the fiber for
different code lengths and for a single-pulse measurement. The heated section isclearly visible,
and the measured BFS of the single-pulse measurement agrees with the smaller code length
measurements, while for the others the error increases. Specifically, it can be observed that
for L, = 1to L. = 103 there is no significant error while for L, = 139 and L, = 199 the
error in the measured hot spot are 2.2 MHz and 4 MHz respectively. Which makes sense, since
the greater the distortion the larger the error. Therefore, the error increases for a longer code
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Fig. 8. Calculated BFS as a function of distance at the final locations of the fiber, with a
fix temperature for different code lengths
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length. For all of these reasons, in order to avoid distortions in the decoded signal, that leads to
an error in the precision of the analyzer, it is mandatory to reduce the pump power, the probe
power, the code length or the pump duration, which can lead, in several cases, to anon-existing
improvement of the SNR of the analyzer.

5. Performance of the dithered-probe BOTDA sensor with cyclic coding

Once the limitations of mono-color cyclic coding were studied, and in order to analyze the
ultimate performance of our BOTDA sensor combining cyclic coding and probe dithering, dis-
tributed temperature measurements were performed over aloop of 164 km length of standard
single-mode (ITU G.652) fiber. The pulse duration was set to 10 ns, corresponding to approxi-
mately 1-m spatia resolution, and the code length was set to L. = 79, which was found to be
the largest code length that could be used without the appearance of the previously analyzed
impairments in mono-color cyclic coding, without decreasing the power of the optical waves,
which would lead to a decrease SNR. In this case, the code period was 10.7 us. Thus, in order
to satisfy the requirement explained in section 2, the FM of the probe waves was set to a period
of 10.7 usand peak-to-peak frequency deviation of 250 MHz. The final meters of the fiber were
placed loose in a climatic chamber, while the rest was held at room temperature in a spool.

Amplitude (a. u.)

5 25 45 65 85 105 125 145 165 185 205
Time (usec)

Fig. 9. Power measurement of the cyclic pulsetrain of the first sequencefor L, = 79

The probe wave was boosted to 15 dBm, so that there was 12 dBm per sideband, by a conven-
tional EDFA before being injected in the 82-km leading fiber, so that at the input of the sensing
fiber the probe power was -1.8 dBm. This value was measured to be the maximum tolerable
value before the appearance of noise induced by spontaneous Brillouin scattering. In addition,
we did not observe any other effect that deteriorated the performance of the sensor like for in-
stance four-wave mixing. Note that in a conventional BOTDA, the Brillouin threshold limitsthe
maximum probe power that can be injected into the fiber to approximately 6 dBm. Hence, the
use of the probe-dithering method entails an intrinsic enhancement in SNR. The pulse power
was amplified to 20 dBm, alevel closeto the limit before modulation instability becomes signif-
icant, by aspecific EDFA (Nano-second Pulsed EDFA, Amonics) for generating pulses, so asto
generate aflat power pulsetrain of the codeword asit is highlighted in Fig. 9. The performance
of this EDFA was aso checked with different code periods and lengths, obtaining an equally
flat response free from transient effects. In this case, the decoding process is simplified, with
no need for an additional detector to measure the power of the sequence of pulses injected in
the fiber. In case that this special EDFA is not available, the supplementary detector would be
deployed to monitor the pump pulses, or other alternative technique to suppress the transients
of the EDFA could be used [21].
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Fig. 10. Distribution of the BFS profile of the sensing fiber

The setup in Fig. 2 was completed by adding an EDFA preamplifier before the receiver. This
EDFA was placed between two tunable narrow-band FBGs that were used to filter out one of the
probe sidebands and the Rayleigh backscattering originating from the pump wave. In addition,
the final FBG served to limit the ASE noise being detected.

In order to analyze the measurement precision of the sensor, a series of 10 consecutive
measurementsin stable temperature conditions were performed. For that purpose, thefinal 5 km
of thefiber was placed in aclimatic chamber at constant temperature. From these measurements,
the uncertainty of the BFS measurement was found to be 3 MHz (1-07) at the end of the fiber
under test. Figure 10 portrays the BFS along the whole sensing fiber, where four fiber spools
are clearly distinguishable, with a fairly uniform BFS in all of them. Note that the BFS along
the fiber was calculated by performing a simple quadratic fit on the BGS. Furthermore, the fre-
quency step of the spectral scan was 2.3 MHz and 16000 averages were used to obtain the final
traces.

Amplitude (a. u.)

Distance (km)

Fig. 11. BOTDA traces at BFS obtained for the analyzer with a 79-bit cyclic coding (red)
and without aplying coding (blue)

The noise reduction effect provided by the coding technique can be clearly appreciated in
Fig. 11, which compares a conventional BOTDA trace with another one obtained after decoding.
The measured SNR enhancement was 6.2 dB, in good agreement with the theoretical expected
value (6.5 dB) for a 79-bit code length. The code length was limited by the appearance of the
distortion studied in section 4 for longer lengths.
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Fig. 12. Calculated BFS asafunction of distance at the final locations of the fiber, with the
last 3 metersin a climatic chamber

Finally, we introduced in a climatic chamber the last 3 m of the sensing fiber while the rest
of the fiber was placed at room temperature in spools. The difference between the room tem-
perature and the climatic chamber was set to 27°C. Figure 12 depicts the obtained BFS at the
far end of the FUT, where the hot spot can clearly be observed, with a difference of 28.5 MHz
between the hot spot and the ambient temperature, which perfectly matches with the expected
value. Furthermore, based on the obtained results, the figure-of-merit (FoM) of this BOTDA
setup was calculated [22], obtaining a value of 7,100.

6. Conclusion

In this paper, we have presented a study on the practical limitations on probe and pump power in
a BOTDA sensor that uses mono-color cyclic coding. In particular, we have studied the distor-
tion and the error that corrupts the measurement because of three factors: the power fluctuations
of the pulse sequence, the appearance of pump depletion and the non-linear amplification of the
probe wave resulting from mono-color cyclic coding. We reach to the conclusion that, in order
to avoid errors in the decoded signal, there is a compromise between the maximum pump and
probe powers that can be injected in the fiber, the code length, the pump pulse duration and the
fiber length. Thus, the use of coding techniquesis limited to casesin which the obtained coding
gain has areal benefit in the measurement in comparison with a single-pulse configuration. This
corresponds to high sensing ranges in loop configurations.

In addition, we have introduced an enhanced BOTDA analyzer that combines mono-color
cyclic coding and a frequency modulated dual-probe wave configuration. The capabilities of
the technique have been analyzed by performing distributed temperature measurements over a
164 km loop length of fiber with high precision (3 MHz) and spatial resolution (1 m). After
a correct adjustment of the sensor parameters, the effective code gain corresponding to the
used code length (L. = 79) isin good agreement with the theoretical value, thus proving the
usefulness of the combined techniques. To the best of our knowledge, thisisthelongest sensing
distance achieved with aBOTDA sensor using mono-color cyclic coding.
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