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Abstract: We present a low-noise distributed acoustic sensor using enhanced backscattering
fiber with a series of localized reflectors. The point reflectors were inscribed in a standard
telecom fiber in a fully automated system by focusing an ultra-fast laser through the fiber cladding.
The inscribed reflectors provided a reflectance of —53 dB, significantly higher than the Rayleigh
backscattering level of —70 dB/m, despite adding only 0.01 dB of loss per 100 reflection points.
We constructed a coherent ¢-OTDR system using a double-pulse architecture to probe the
enhanced backscattering fiber. Using this system, we found that the point reflectors enabled an
average phase noise of ~91 dB (re rad’/Hz), 20 dB lower than sensors formed using Rayleigh
backscattering in the same fiber. The sensors are immune to interference fading, exhibit a high
degree of linearity, and demonstrate excellent non-local signal suppression (>50 dB). This work
illustrates the potential for low-cost enhanced backscattering fiber to enable low-noise, long-range
distributed acoustic sensing.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Distributed acoustic sensors (DAS) based on coherent phase-sensitive optical time-domain
reflectometry (¢-OTDR) are attractive due to their ability to perform distributed, dynamic strain
measurements over long distances using commercial-off-the-shelf fiber [1]. As a result, DAS
systems have been used for a variety of applications, including perimeter intrusion detection [2],
pipeline monitoring [3], subsea cable condition analysis [4] and structural health monitoring [1].
Despite their success, coherent ¢-OTDR sensors have two significant limitations. First, these
sensors rely on collecting Rayleigh backscattered light, which is an inherently weak process,
leading to low light levels that limit the sensitivity of these systems. While increasing the input
power could compensate for such low reflectance, non-linear thresholds limit the power that can
be injected into the fiber. Second, these sensors are susceptible to polarization and interference
fading [5-7]. Although frequency and polarization multiplexing can address this issue, these
techniques increase the system cost and complexity [8,9].

Recently, a number of groups have proposed novel interrogation techniques to address these
limitations in an on-going effort to achieve lower noise Rayleigh-based DAS [10-13]. While these
works are promising, the interrogation systems are considerably more complex, often requiring
high-speed modulators and detectors, or increased computational processing. As an alternative,
researchers have recently proposed modifying the fiber itself in order to realize lower noise DAS.
These fiber-modification efforts can by divided into two approaches. The first approach relies
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on increasing the distributed backscattering throughout the fiber. This can be accomplished
by exposing hydrogen-loaded fiber to UV light [14] or by using an ultra-fast laser to inscribe
scattering defects along the length of the fiber [15]. Alternatively, researchers have proposed
introducing continuous random fiber Bragg grating (FBG) [16,17] or overlapping a series of
chirped FBGs [18,19] to provide continuously enhanced backscattering without the narrow
bandwidth that would typically be associated with a long FBG. While these approaches have
shown promise in relatively short-range applications (typically <100 m), a continuous increase
in the backscattering coefficient is accompanied by significantly higher attenuation which can
limit the sensing range. To address this, researchers have suggested using a limited length of
this type of continuously enhanced backscattering fiber after long lengths of standard fiber to
achieve long-range sensing without accruing additional loss over the entire fiber under test [20].
The second approach is to increase the reflectivity at a series of discrete locations in the fiber.
Since discrete reflectors only increase the attenuation at specific locations, longer range sensing
is still possible as long as the reflectance is sufficiently low. In addition, this approach has the
potential to eliminate interference fading. Researchers initially suggested using ultra-weak fiber
Bragg gratings as discrete reflectors [21-24]; however, FBGs operate in a relatively narrow band
and the fabrication of consistent low-reflectance FBGs is extremely challenging [25]. Recently,
an alternative approach was proposed using an ultra-fast laser to inscribe low-reflectivity point
defects through the fiber cladding [26,27]. This technique is compatible with standard telecom
fiber, providing a potentially scalable path to introduce discrete reflectors in long lengths of fiber.
However, quantitative measurements confirming that this type of point reflector can be used for
low-noise distributed strain sensing have not been reported to our knowledge.

In this work, we present a low-noise DAS using enhanced backscattering fiber (EBF) with
a series of localized point reflectors. The reflection points were inscribed in standard telecom
fiber using a custom-built apparatus. Using this apparatus, we added a series of localized
reflectors spaced by 20 m with an average reflectance of —53 dB. We found that 100 reflectors
introduced less than 0.01 dB of attenuation, making this approach compatible with long-range
strain sensing. We then constructed a coherent ¢-OTDR system using a double-pulse scheme
to compare the sensor performance using the localized reflectors with the performance using
Rayleigh backscattered light. We measured an average phase noise of —91 dB (re rad’/Hz)
using the point reflectors compared with an average phase noise of —69 dB (re rad’/Hz) using
the Rayleigh backscattered light in the same measurement. The sensor formed with the point
reflectors exhibited the same sensitivity to strain as a standard Rayleigh based measurement,
a high degree of linearity, and excellent non-local signal suppression. We also found that the
sensors formed using point reflectors were immune to interference fading, enabling a simplified
interrogation system. This work confirms that localized point reflectors can significantly improve
the sensitivity of DAS based on a standard coherent ¢-OTDR architecture.

2. Fiber design and fabrication

A fully automated fiber inscription setup was constructed to introduce the point reflectors. A
schematic of the inscription setup is shown in Fig. 1(a). A Yb:KGW (ytterbium-doped potassium
gadolinium tungstate) laser with a pulse duration of 206 fs was frequency doubled to 515 nm
and focused onto the fiber. A 3D printed stage was used to align the fiber at the focal point of
the laser while it was fed between two spools. This technique is capable of inserting localized
reflection points in km-length spools of standard telecom fiber without removing the fiber coating
(which is transparent at the laser wavelength). A schematic of the EBF is shown in Fig. 1(b).
The sensor position and size are defined by the spacing between the localized point reflectors.
In this proof-of-concept demonstration, we separated the point reflectors by 20 m, allowing us
to wind part of the fiber between the reflectors on a piezo-electric transducer (PZT) cylinder
in order to characterize the responsivity of the sensor. The measured reflectance is shown in
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Fig. 1(c). In this measurement, the fiber under test consisted of ~500 m of standard telecom
fiber (Corning SMF-28e) followed by 200 m of EBF with 10 reflectors spaced by 20 m. The
point reflectors had an average reflectance of —53 dB. Note that this reflectance was independent
of pulse duration, in contrast to the Rayleigh backscattering signal which increases with pulse
duration and is approximately —70 dB/m for standard telecom fiber.
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Fig. 1. (a) Schematic of the reel-to-reel, automated, fiber inscription set up. A femtosecond
laser was directed onto the fiber through an iris, a dichroic mirror and an objective lens.
A 3D printed stage was used to position the fiber under the objective lens and a LED and
camera were used to monitor the fiber alignment. A PC and microcontroller were used to
manage the process. (b) Schematic of the EBF. A series of localized point reflectors were
inscribed in standard single mode fiber. The sensor region is defined by the spacing between
the localized reflectors. (c) Reflectance measurement using an EBF with 10 reflectors spaced
by 20 m. The localized reflectors had an average reflectance of —53 dB.

In order to evaluate the attenuation introduced by the point reflectors, we performed a cut-back
measurement on a separate fiber containing 300 point reflectors. The reflectors were fabricated
with the same parameters as those used in the dynamic strain measurement reported in this
work. The reflectors were divided into three sections containing 100 reflectors each, with 2
meters of fiber between each section. Within each section, the spacing between the reflectors was
randomized to avoid any interference effects. The fiber was connectorized with APC pigtails at
both ends. To measure the loss, a continuous 1550 nm source was launched into the fiber and
the transmitted power was recorded using a photodiode. This measurement was then repeated
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after sequentially removing each of the 100-reflector fiber sections and re-splicing the fiber. The
results of the cutback measurement are shown in Fig. 1(d). Note that the attenuation of the
100-reflector segments is comparable to the loss induced by the splices. Although this introduces
some uncertainty, we were able to estimate the attenuation by fitting the decrease in transmitted
power with increasing reflectors, as shown in Fig. 1(d). This fit indicated that the reflectors
introduced ~0.01 dB of loss per 100 reflectors.

The reflectance of the sample tested in this work strikes a balance between providing
higher return light levels than Rayleigh backscattering and introducing excessive attenuation
or introducing significant levels of cross-talk which could build up in a fiber with many point
reflectors [28]. In general, the optimal reflectance will depend on the total fiber length and
sensor spacing required for a given application along with the acceptable level of cross-talk.
Nonetheless, this sample is sufficient for our purpose of confirming that this type of point reflector
enables low noise strain sensing without compromising the linearity or non-local signal rejection
of Rayleigh-based coherent ¢-OTDR systems.

3. Interrogation system

We constructed a coherent ¢-OTDR system to interrogate the EBF. We adopted a double-pulse
interrogation scheme due to its reduced sensitivity to laser phase noise and excellent non-local
signal rejection. A narrow-line seed laser was carved into 20 ns pulses using a combination of an
electro-optic modulator (EOM) and acousto-optic modulator (AOM). The EOM generated 20
ns pulses with modest extinction (~20 dB) while the AOM generated 150 ns pulses with high
extinction (~50 dB). This resulted in a 20 ns-wide pulse with a 150 ns-wide pedestal and high
extinction outside the pedestal. The pulse repetition rate was set to 100 kHz. The pulses were
then directed to a path-mismatched interferometer with an AOM in each arm. The AOMs were
driven at 55 MHz and 55.025 MHz. The pulses in the two arms were delayed by 40 m and had a
relative frequency offset of 25 kHz. The delay line was selected to match the round-trip distance
between the point reflectors, allowing us to form sensors using light reflected from neighboring
reflectors. The intermediate frequency between the pulses was used as a carrier, allowing us to
recover the relative phase between the two pulses. The pulse pair was then amplified to a peak
power of 500 mW using an erbium-doped fiber amplifier (EDFA) and the amplified spontaneous
emission (ASE) was removed using a 100 GHz wide wavelength division multiplexing (WDM)
filter. The pulses were then injected into the fiber under test (FUT). Approximately 1 m of fiber
was wrapped on a PZT between the 8" and 9" point reflectors to introduce a test signal. The
Rayleigh backscattered light along with the light from the point reflectors were amplified using a
second EDFA, filtered, and directed to a polarization diversity receiver, which helped to minimize
polarization fading. The interference signal between the two pulses was recorded on a pair of
150 MHz photodetectors and digitized at 5 GS/s.

This scheme allowed the interrogation system to measure the relative phase between the two
pulses as a function of position in the fiber. In other words, the system measured the relative
phase between light backscattered from a pair of 2 m reflector regions separated by 20 m. The 2
m reflector region size was set by the 20 ns pulse duration, while the 20 m sensor aperture was
dictated by the 40 m delay line and was designed to match the round-trip spacing between the
localized point reflectors. This allowed us to monitor, in a single experiment, sensors formed
using point reflectors, as shown in Fig. 2(b), and sensors formed using Rayleigh backscattering,
as shown in Fig. 2(c). Also, note that by wrapping only 1 m of fiber on the PZT, we were able
to monitor both a point-reflector based sensor and a Rayleigh-based sensor with apertures that
contained the section of fiber wrapped on the PZT.

Note that this interrogation system could be simplified in the future. Using appropriate
drive electronics, a single AOM could be used to both generate the pulse pair and introduce
the frequency shift between the two pulses. Alternatively, by placing the path-mismatched
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Fig. 2. (a) Experimental setup used to interrogate the EBF. A pair of 20 ns pulses with a
frequency offset of 25 kHz was injected into the fiber under test. The Rayleigh backscattered
light and light from the localized point reflectors was then directed to a polarization diversity
receiver using a circulator and the interference between the two pulses was recorded using a
high-speed digitizer. After demodulation, the system provides the relative phase between
backscattered light from a pair of 2 m reflector regions separated by a 20 m sensing aperture
at each position along the fiber. (b) In order to probe the strain induced by the PZT using
a sensor formed with point reflectors, we select a location where the reflector regions are
centered on neighboring point reflectors and the sensing aperture contains the length of
fiber wrapped on the PZT. (c) The same PZT can also be probed by a sensor formed using
Rayleigh backscattered light at a position where the reflector regions are offset from the
point reflectors.

interferometer on the receive side, a baseband demodulation scheme could be used to maximize
the sensor bandwidth [29].

4. Experimental performance characterization

Using the experimental setup shown in Fig. 2, we recorded a series of measurements while the
PZT introduced varying levels of strain to the fiber. After digitization, the raw data was re-shaped
to provide the interference signal at each position in the fiber over time (at an update rate of 100
kHz). The interference signal at each position in the fiber was then demodulated using the 25
kHz intermediate frequency between the pulses as a carrier. This provided the phase evolution
over each sensor aperture in the fiber, as shown in Fig. 3(a). The PZT, which was located 790 m
into the FUT, was driven at 2 kHz in this test and is clearly visible. We also calculated the power
spectral density (PSD) of the sensor phase at each position in the fiber, as shown in Fig. 3(b).
Again, the 2 kHz modulation signal at 790 m is visible. Note that the PZT modulation is visible
over a ~20 m region. In this measurement, the phase shown at a given position represents the
phase accumulated over a 20 m aperture centered at that location, as shown in Figs. 2(b) and 2(c).
Thus, the PZT modulation is visible at any position within +£10 m of the PZT. Cross-sectional
plots of the PSD at two positions in the fiber are shown in Fig. 3(c). These positions correspond
to a sensor formed using either the 8 and 9" point reflectors (on either side of the PZT as shown
in Fig. 2(b)) or a sensor formed using Rayleigh backscattered light on either side of the PZT,
as shown in Fig. 2(c). Note that the strain introduced to the 1 m of fiber wrapped on the PZT
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produced the same signal in both cases, as shown in in the inset of Fig. 3(c). In addition to
producing the same signal as a standard Rayleigh-based sensor, the sensor formed with point
reflectors also exhibited excellent linearity. This can be inferred from the PSD in Fig. 3(c), which
shows a tone at 2 kHz with an SNR of ~60 dB without any evidence of harmonic distortion. As
an additional test, we repeated this measurement while increasing the drive voltage applied to
the PZT. The measured phase as a function of voltage is shown in Fig. 3(d), confirming that
the sensor exhibits a high degree of linearity. We also plotted the PSD from a sensor formed
after the PZT using the 9" and 10" point reflectors in Fig. 3(e). In this case, the 2 kHz signal
was suppressed by 50 dB, confirming an excellent non-local signal rejection achieved using the
double-pulse technique.

The main motivation for introducing the point reflectors is to achieve lower noise. This effect
can be seen in Fig. 3(c), where the PSD obtained using the local reflectors shows ~20 dB lower
noise than the PSD obtained using Rayleigh backscattered light at frequencies above 1 kHz.
Below 1 kHz, the gradual increase in phase noise is due to environmental noise in the lab. The
impact of the point reflectors is also evident in Fig. 3(b), in the form of ten parallel blue lines
between 640 m and 820 m, revealing a series of positions in the fiber with low phase noise
corresponding to the locations of the point reflectors. That is, these are positions where the
reflector regions overlap with the point reflectors in the configuration shown in Fig. 2(b). To show
this more clearly, we calculated the average PSD between 3 and 12 kHz (i.e. above the PZT drive
frequency) at each position in the fiber, as shown in Fig. 4. We also plotted the reflected power at
each position in the fiber in orange. As expected, the phase noise shows a series of minima at
the locations of the point reflectors. The average phase noise of the sensors formed using point
reflectors was —90.9 dB (re rad>/Hz), compared with an average phase noise of —68.7 dB in the
rest of the fiber where the sensors were formed using Rayleigh backscattered light. The minimum
detectable strain noise can be calculated from the measured phase noise as \/S(p~[/l/(47m§L)],
where S, is the phase noise PSD, A is the wavelength, n is the refractive index, ¢ is the elasto-optic
coefficient, and L is the sensor aperture [30]. Note that this expression assumes the strain is
exerted uniformly across the entire sensor aperture. The minimum detectable strain for a 20 m
sensor with a phase noise of —90.9 dB (re rad*/Hz) is 0.15 pe/vHz.

In addition to providing lower noise, the standard deviation in the phase noise was reduced from
5.5 dB using Rayleigh backscattered light to 1.4 dB using the point reflectors. The significant
variation in the phase noise formed using Rayleigh backscattered light is a characteristic of the
intensity distribution of Rayleigh scattered light.

In addition to providing higher reflectance and enabling lower noise, the EBF also eliminates
interference fading. Interference fading occurs when the Rayleigh backscattered light from a
position in the fiber interferes destructively with itself. In a coherent ¢-OTDR system, this fading
can severely degrade the phase noise at certain positions in the fiber. This was evident in Fig. 4,
which shows phase noise as much as 25 dB higher than the average level at some positions in the
fiber. Moreover, as the temperature and strain in the fiber change over time, every position in
the fiber will eventually experience interference fading. This can result in discontinuities in the
measured phase (or strain) when the amplitude of the backscattered light approaches zero.

In order to confirm that the localized reflectors are immune to interference fading, we modulated
the frequency of the seed laser. Changing the laser frequency has an analogous effect on the
Rayleigh backscattered field as a change in temperature or strain [31]. Thus, by modulating the
input frequency, we could controllably study the effect of changing the strain (or temperature) of
the entire fiber under test.

In Fig. 5, we present the phase and amplitude of a typical sensor formed using Rayleigh
backscattering and a sensor formed using point reflectors. These sensors were formed using
the configurations shown in Figs. 2(b) and 2(c) so that both sensor apertures contained the 1 m
region of fiber wrapped on the PZT In this measurement, the PZT was driven at 2 kHz, while the
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Fig. 3. (a) Measured phase at each position in the fiber. The PZT was located ~790 m
into the fiber and driven at 2 kHz. (b) Phase noise PSD at each position in the fiber. The
PZT modulation at 2 kHz is visible. In addition, the phase noise shows a series of minima
corresponding to the positions of the point reflectors. (c) Phase noise PSD at three positions
in the fiber, including a sensor formed using point reflectors covering the region of fiber
wrapped on the PZT, a sensor formed using Rayleigh backscattering also covering the region
of fiber wrapped on the PZT, and a sensor formed using point reflectors after the PZT. The
PZT modulation produces the same signal level in the point reflector and Rayleigh based
sensor without measurable harmonic distortion. The 2 kHz signal was suppressed by 50 dB
in the sensor after the PZT. (d) The PZT-induced phase signal measured as a function of
drive voltage using the point reflector sensor.
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Fig. 4. Average phase noise between 3 and 12 kHz at each position in the fiber is shown in
blue on the left-axis. The reflected power is shown in orange on the right axis. The sensors
formed using the point reflectors exhibited an average phase noise of —90.9 dB (re rad?/Hz)
compared with an average noise of —68.7 (re rad?/Hz) dB in the rest of the fiber.

laser frequency was modulated at 100 Hz with a deviation of 10 MHz. The amplitude of the
Rayleigh backscattered light, shown in Fig. 5(a), is clearly impacted by the 100 Hz frequency
modulation. In addition, the measured phase changes discontinuously when the backscattered
amplitude approaches a local minimum. In contrast, the amplitude of the return light from
the localized reflectors is nearly constant despite the laser frequency modulation, as shown in
Fig. 5(b). Moreover, the sensor formed using point reflectors accurately measures the phase
imparted by the PZT for the duration of the measurement. This measurement, combined with
our observations over a series of similar experiments, confirmed that the sensors formed using
point reflectors are effectively immune to interference fading.
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Fig. 5. (a) Phase and amplitude of a sensor formed using Rayleigh backscattered light
covering the PZT region. The laser frequency modulation impacted the backscattered
amplitude and the measured phase exhibited discontinuities when the amplitude approached
a minima, indicative of interference fading. (b) The phase and amplitude of a sensor formed
using point reflectors. The laser frequency modulation had minimal impact on the reflected
power and the phase modulation imparted by the PZT was successfully recovered for the
entire measurement.
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5. Conclusion

In summary, we presented a low-noise DAS based on enhanced backscattering fiber. The fiber
was fabricated in a fully automated system by focusing an ultra-fast laser through the cladding of
standard telecom fiber to add a series of point reflectors. The point reflectors had an average
reflectance of —53 dB and we found that 100 reflectors introduced ~0.01 dB of attenuation. Using
a coherent ¢-OTDR system, we showed that the point reflectors enabled a phase noise of —90
dB (re rad’/Hz) compared with a noise floor of —69 dB (re rad?/Hz) obtained using Rayleigh
backscattered light. The sensor exhibited a high degree of linearity and excellent non-local signal
suppression. The sensor is also immune to interference fading, enabling the use of a relatively
simple, single wavelength interrogation system. This work opens us a new path to low-noise
DAS using micro-machined fiber.
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