2022 Photonics & Electromagnetics Research Symposium (PIERS) | 978-1-6654-6023-1/22/$31.00 ©2022 IEEE | DOI: 10.1109/PIERS55526.2022.9792714

2022 Photonlcs & Electromagnetics Research Symposium (PIERS), Hangzhou, China, 25-27 April

Spectral Shadowing Compensation in Double-pulse FBG-assisted
v-OTDR

F. Sandah' 2, M. Dossou', and M. Wuilpart?

'PHORAN, EPAC, University of Abomey-Calavi, Calavi, Benin
2Electromagnetism and Telecommunications Unit, Faculty of Engineering
University of Mons, Mons, Belgium

Abstract— In this paper, a method to suppress the spectral shadowing effect in the frame of
a double-pulse FBG-assisted phase-OTDR is proposed and experimentally demonstrated. The
approach is based on the introduction of a small extra delay between the two pulses.

1. INTRODUCTION

Distributed optical fiber sensors (DOFS) have received important attention because of their sig-
nificant advantages in many application fields such as crack detection [1], electrical discharge lo-
cation [2], geophysical seismic data acquisition for earthquake identification and location [3, 4] and
groundwater level monitoring [4]. Another significant application is structural health monitoring
(SHM), which enables the monitoring in real-time of transportation infrastructures such as rail-
roads [5], dams, tunnels, highways, bridges, and pipelines. SHM allows to detect defects on those
infrastructures in order to prevent collapses or any other undesirable events [6]. DOFS aim to
perform the distributed measurement of physical parameters such as temperature, pressure and
vibration [1-7]. Some of DOFS are made with reflectometers sensitive to the phase of the Rayleigh
backscattered signal or (phase-optical time domain reflectometer, o-OTDR). o-OTDR enables dis-
tributed vibration sensing by analyzing the interference properties of the backscattered signal when
an optical pulse is launched in the sensing fiber. As the Rayleigh backscattered light power is quite
weak (a few tens of dB below the pulse peak power), identical fiber bragg grating (FBG) arrays
can be used to increase the signal to noise ratio [7]. In that context single-pulse and double-pulse
configurations have been proposed to interrogate a cascade of FBG and to measure the interference
resulting from two successive FBGs. Compared to the single-pulse approach, the double-pulse con-
figuration enables the reduction of the Rayleigh backscattered noise [8]. However, using identical
FBGs generates undesirable effects such as spectral shadowing. Spectral shadowing is a distortion
of the signal reflected by an FBG and measured by the ¢-OTDR that is induced by all the up-
stream FBGs [9]. As a consequence if a vibration is applied on a given FBG of the sensing fiber, its
frequency content will be included in all the interference signals resulting from two successive FBGs
located downstream. Ghost frequencies will therefore be recorded by the sensor, resulting to an
erroneous vibration diagnosis. Spectral shadowing compensation has already been demonstrated
by our team in the case of single-pulse FBG-assisted ¢-OTDR [9]. In this paper, a spectral shad-
owing compensation technique is proposed in the context of a double-pulse FBG-assisted ¢-OTDR.
In Section 2, the sensor principle is presented as well as the compensation method. Section 3 is
dedicated to the experimental validation of the proposed approach.

2. PRINCIPLE OF DOUBLE-PULSE FBG-ASSISTED ¢-OTDR

The FBG-assisted p-OTDR based on double-pulse interrogation was proposed in [8]. Compared to
the single-pulse approach [9], the double-pulse configuration enables using shorter pulse duration,
resulting to a smaller Rayleigh-induced noise level. The double-pulse approach allows measuring
the interference of the signals reflected by two successive FBGs if the delay between the pulses
corresponds in the spatial domain to twice the distance between two successive FBGs (denoted by
Lypc) and if the coherence length of the laser source is much larger than 2Lppg. The interference
signal is sensitive to any external vibration applied between the two FBGs since it will locally
modify the propagation constant. Figure 1 shows a section of the sensing fiber with two identical
successive FBGs (FFBG4 and FBGp). Let us consider that this configuration is interrogated by
a double pulse. The first pulse is partially reflected by F'BG 4, and the ¢o-OTDR, detects the Py
power. No signal is then detected until the first pulse is partially reflected by F BGg. The reflected
signal from F'BGp returns and passes through the FF BG4 a second time and overlaps with the
signal corresponding to the second pulse reflected by F'BG 4. The resulting interference signal is

530
Authorized licensed use limited to: Marc Wuilpart. Downloaded on June 24,2022 at 13:37:42 UTC from IEEE Xplore. Restrictions apply.



2022 Photonlcs & Electromagnetics Research Symposium (PIERS), Hangzhou, China, 25-27 April

denoted by Pap. This interference appears since the distance between the two pulses is equal to
twice the distance between the two FBGs (round trip time of the first pulse between the two FBGs).
A third peak appear in the p-OTDR due to the second pulse reflected by F'BGp.
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Figure 1: Double-pulse principle.

3. EXPERIMENT

The experimental setup is presented in Figure 2. It is composed of the source, the FUT (Fiber
Under Test) and the receiver. The light source consists of an ultra-narrow linewidth laser (NLL)
emitting a highly coherent and continuous light with a linewidth of 0.1 kHz and a wavelength of
1552.5nm. A pulse function generator (PG) enables to generate a pulse electrical signal sent to
an acousto-optic modulator (AOM) which modulates the continuous lightwave to obtain a double-
pulse configuration so that the pulse duration is equal to 60ns and the delay is set to 80ns with
a repetition rate of 20kHz. The pairs of pulses are amplified by an erbium doped fiber amplifier
(EDFA) and filtered by a bandpass filter (BPF, bandwidth of 1nm) and finally launched into the
FUT through the first port of an optical circulator. The backscattered/reflected light is guided to
the receiver through port 3 of the circulator. The receiver is composed of an optical amplifier, a
photodetector (PD) with a transimpedance gain amplifier and a data acquisition card with 1 GS/s
sampling rate.

To study the effect of spectral shadowing crosstalk, four low reflectivity (0.04%) FBGs have
been inscribed in the FUT. The four FBGs share globally the same characteristics, having a length
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Figure 2: Experimental setup.
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of 4mm, a center wavelength of 1552.5nm and a 3dB bandwidth of 0.2nm. The grating pitch is
equal to 536.42nm. Two successive FBGs are separated by 10m (Lppg = 10m). The array is
preceded by a lead-in fiber spool of 2.18 km and terminated by a fiber spool of 0.5 km length. The
first FBG (FBG)) is attached to a shaker (SHR1). The 10m distance between the second and
the third FBGs is attached to an plastic tube connected at its midpoint to shaker SHR2. Unlike
the first FBG, the others are static. The plastic tube has its ends clamped. SHRI is driven by
a sinusoidal signal at 700 Hz with a 1g acceleration and SHR2 is driven by a sinusoidal signal of
2kHz with a 0.1 g acceleration.

4. PRINCIPLE OF THE SPECTRAL SHADOWING COMPENSATION METHOD

The FBG-assisted o-OTDR configuration presented so far is subject to spectral shadowing. As
described in Section 1, spectral shadowing occurs when a concatenation of gratings sharing the
same spectral characteristics are addressed simultaneously. Distortion occurs in the downstream
FBGs spectra due to light passing twice through an upstream FBG. The main idea of the proposed
compensation method is to interrogate the cascade of FBGs with a double-pulse signal for which an
extra delay between the two pulses has been generated. This extra delay is obtained by reducing the
delay between the two pulses to 2k Lppg where k is the reduction coefficient (k € [1—57%—, 1] when

" 2Lppc

W is the pulse width). This additional delay allows to obtain extra data on the phase-OTDR trace:
the signals reflected independently by each FBG can also be measured (not only their interference).
As explained later, this extra information can be used to remove the spectral shadowing. Let us note
that the signals reflected by two successive FBGs still overlap over a distance of W —2(1 — k) Lrpg
so that the interference signal is still accessible.

The compensation principle is shown in Figure 3. Let us first suppose that £ = 1 so that the
distance between the front and rear pulses is equal to 2Lgpa. When the two pulses propagate
down the fiber, the signals reflected by two adjacent FBGs overlap and the interference signal is
detected at the OTDR. In the specific case of k = 1, the overlap is perfect and the o-OTDR trace
is as shown in Figure 3(c) where the interference peaks appear (Psp for instance). Reducing the
distance between the pulses by a factor k, the ¢o-OTDR signal will show extra power levels as Py
and Pp resulting from the power reflected independently from FBG 4 and FBGp, respectively,
over a distance of 2(1 — k) Lppg (see Figure 3(d)).
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Figure 3: (a)—(b) Principle of double-pulse within sensing fiber embedded of n identical FBGs; typical
©-OTDR trace versus position over the time for (¢) k=1 and (d) k € [1 — ﬁ, 1].

532
Authorized licensed use limited to: Marc Wuilpart. Downloaded on June 24,2022 at 13:37:42 UTC from IEEE Xplore. Restrictions apply.



2022 Photonlcs & Electromagnetics Research Symposium (PIERS), Hangzhou, China, 25-27 April

Each FBG is characterised by the magnitude and the phase of its reflection and transmission
complex coefficients r and t. They depend on parameters such as effective refractive index, index
modulation depth, periodicity, visibility and grating length [10]. Considering a complex electric
field E;, at the FBG array input, a complex reflection coefficient r4 (rp) for FBG4 (FBGpg) and
complex transmission coefficient ¢4 for F'BG 4, the electric fields £ 4 and Ep reflected respectively
by FBG 4 and FBGp and observed at the sensing fiber input are given by [9]:

EA = EpT?(t)ra(t) (1)
Ep = EpT*(t)t4(t)rp(t)el ) (2)
with T'(t) the product of the complex transmission coefficients of all F'BGs preceding FBG 4
and Agp(t) twice phase difference between FBG4 and FBGpR. Ap(t) contains information about

external effect (here a vibration) applied between FBG4 and FBGp. Based on Egs. (1) and (2),
the reflected powers defined in the previous paragraph yield:

Py = EaE} = BT ra)P (3)
Py = EpEj = |EuIT®) [ta(t)'Irs(t)? (4)
Pap = EapEip = |BulITO ra®) + Bl T0) ) rp )P

2| Bun PIT @) [t (1) Plra ()] Ir5(8)] cos(De(t) + 6(¢) (5)

where 0(t) = arg[rp(t)/ra(t)]. As T'(t) is the product of the complex transmission coefficients of all
FBGs preceding F'BG 4, it is responsible for the generation of spectral shadowing in the interference
power P4p if one or several of the preceding FBGs is subject to an external vibration. By using
Egs. (3), (4) and (5), it can be shown that the spectral shadowing can be compensated by a proper
arrangement of Py, P and Pap [9]:

Pup(t) — Pa(t) — Pp(t)

2 (\/ Pa(t)y/ PB(t))

The result of this mathematical operation does not depend on T'(¢). It therefore allows to suppress
the spectral shadowing. In the next section, the proposed approach is experimentally validated.

Figure 4 shows the supperposition of o-OTDR traces detected after interrogating the FUT many
times with a frequency of 20 kHz. Since the delay between the front and the rear pulses is set to 80 ns
and Lppg = 10m, the reduction coefficient k is equal to 0.8. The p-OTDR detects five different
peaks: the peak related to the power reflected by FBGq, three interference peaks corresponding
to the three successive pairs (FBG; and FBGy, FBGy and FBGs, FBG3 and FBGy4) and a peak
related to the power reflected by FBGy4. The reducing delay between the pulses allows to obtain
three different power levels in each FBG pair peak as shown in Figure 4 for the FBG2-FBG3 pair:
Py, Pg and Pap can be identified. Therefore, the application of the compensation formula (6) can
be applied to suppress the spectral shadowing.

= cos(Ap(t) +6(1)) (6)
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Figure 4: Experimental o-OTDR trace: detected reflected signal power versus position over time (zoom
21802250 m).
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Figure 5(a) shows the reflected power P4p as a function of time and Figure 5(b) its fast Fourier
transform (FFT). It corresponds to the signal detected at 2212m, i.e., the position of the inter-
ference peak related to FBGo and FBGj in between which the 2kHz vibration is applied. The
frequency of 2kHz was easily detected. It also clearly appears that at the same position, an un-
wanted frequency component at 700 Hz is observed. This is induced by the vibration applied on the
first FBG at 2190 m through spectral shadowing. After applying the compensation formula (6), the
spectral shadowing is suppressed. Figure 5(c) shows the compensated power as a function of time
and Figure 5(d) its FFT. Clearly, the result shows that the proposed approach enables to remove
the spectral shadowing.
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Figure 5: (a) Pap as a function of time and (b) its FFT (inset: zoom 0-800Hz) around 2212m; (c)
compensated power as a function of time and (d) its FFT (inset: zoom 0-800 Hz) around 2212 m.

5. CONCLUSION

In this paper, a spectral shadowing compensation technique is proposed. The main idea is to
interrogate the cascade of identical weak FBGs with a double pulse signal for which an extra
delay between the two pulses has been generated. This additional delay allows extra data on the
phase-OTDR, trace: the signals reflected independently by each FBG can also be measured. This
extra information can be used to remove the spectral shadowing. The compensation method was
theoretically explained and tested on a cascade of four identical FBGs separated by 10 m.
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