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We propose and demonstrate a high-performance DAS sys-
tem using ultra-short fiber Bragg grating arrays (USFBG)
and a phase-sensitive optical time domain reflectometry (-
OTDR). A USFBG with an ultra-short length of 30 um was
successfully fabricated in a single-mode fiber (SMF) by fem-
tosecond laser point-by-point inscription, exhibiting a large
full width at half maximum (FWHM) bandwidth of 24.6 nm.
To the best of our knowledge, this is the largest grating band-
width reported to date. The ultra-large bandwidth effectively
avoids the mismatch between the wavelength of the system
light source and the grating caused by temperature changes.
Moreover, a USFBG array with 300 identical USFBGs and
an interval of 5 m was fabricated along the SMF to enhance
the backscattering signal and suppress fading noise. An opti-
cal pulse compression algorithm was also deployed in the
heterodyne @-OTDR system to improve the spatial resolu-
tion. Thanks to the combination of USFBG arrays and the
pulse compression @-OTDR system, a long-distance DAS
with a sensing distance of 60 km, a spatial resolution of
5.9m, and an improved strain resolution of 13.9 pe/4/Hz
was achieved. Then, long-term high-temperature annealing
was carried out, and the results showed that the fabricated
USFBGs can withstand a high temperature of 1000°C. A
high-temperature DAS system capable of operating at up
to 1000°C was also demonstrated. As such, the proposed
DAS systems could be used in harsh environments, such as
aerospace vehicles, nuclear plants, and oil and gas explo-
ration. © 2025 Optica Publishing Group. All rights, including for
text and data mining (TDM), Artificial Intelligence (Al) training, and
similar technologies, are reserved.
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Distributed acoustic sensing (DAS) can monitor dynamic strain
over long distances, making it ideal for applications such as
perimeter intrusion detection and oil and gas exploration [1].
Conventional DAS systems are based on phase-sensitive opti-
cal time domain reflectometry (@-OTDR), which relies on
detecting intrinsic Rayleigh backscattering (RBS) light that is
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extremely weak (—70 dB/m), causing a low signal-to-noise ratio
(SNR) for the sensing signal. This leads to high noise levels
in the demodulated phase signal and limits the sensing dis-
tance [2,3]. Increasing the input power can compensate for
the low reflectance, but power injection into the fiber is lim-
ited by the nonlinear thresholds. Additionally, when a laser
pulse with narrow linewidth and high coherence is injected
into the fiber, interference cancellation arises due to interfer-
ence between the random Rayleigh scattering points within a
pulse, leading to coherent fading and creating a “dead zone”
[4]. To address these challenges, several methods have been
proposed, including multiple-frequency-probe ¢-OTDR, coded
pulse-sequence @-OTDR, and remote-pump-amplification -
OTDR, all of which have demonstrated promising results in
fading suppression, sensitivity enhancement, or sensing range
extension [5—7]. However, these methods achieve their benefits
at the cost of employing complex system or signal processing
techniques.

An alternative approach to improve DAS performance is
to enhance the Rayleigh backscattering signal by modifying
the fiber itself. Representative devices include ultra-weak fiber
Bragg gratings (UWFBGs) and reflection point arrays [8—14].
For example, Sun et al. enhanced the Rayleigh scattering inten-
sity by a range of 7.5-15dB using gradient reflection points,
thereby extending the DAS sensing range to 80 km [10]. More-
over, UWFBGs are also used for enhancing the backscattering
signal. In order to ensure the narrowband laser wavelength is
within the grating bandwidth in a wide temperature range, broad-
band UWFBGs are always required. Rao et al. demonstrated a
low-noise DAS system, which utilizes a chirped FBG array with
a bandwidth of 5.87 nm and demonstrates a reduced noise level
of 0.45 pe/4/Hz [11,12]. Yang et al. developed a multi-parameter
sensing system with a hybrid UWFBG array that comprises
narrowband FBGs and chirped FBGs, which is capable of simul-
taneously measuring temperature (100° C), strain (350 pe),
and vibration (4.5kHz) [13,14]. However, these UV-induced
devices cannot withstand temperatures exceeding 450°C, lim-
iting the DAS applications in high-temperature environments
[15].
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Femtosecond lasers are powerful tools for inscribing devices
that can operate at high temperatures [16]. The femtosecond
laser-inscribed reflection points have also been utilized in DAS
to achieve high-performance sensing [17-20]. For example,
Brambilla et al. presented a low-noise DAS utilizing a series
of localized reflection points with reflections of —53 dB [19].
They integrated the weak reflection point array with inline opti-
cal amplification to achieve a large sensing range exceeding
150 km [20]. In contrast to reflection points, the peak reflection
of UWFBGs can be controlled more flexibly by adjusting the
grating length or grating order [21]. However, high-performance
DAS systems based on grating arrays that can operate at high
temperature have yet to be reported.

In this Letter, we propose and demonstrate a high-
performance DAS system based on ultra-short fiber Bragg
grating arrays (USFBG) and a @-OTDR system. The USFBG
with a short grating length of 30 um exhibited a weak reflection
of —50.9dB and a broad bandwidth of 24.6 nm. To the best of
our knowledge, this is the largest grating bandwidth of a uniform
FBG reported to date. Such a broad bandwidth can avoid the mis-
match between the wavelength of the system light source and the
grating in high-temperature conditions. The high-performance
DAS with a sensing distance of more than 50 km was achieved
at a high temperature of 1000°C.

The experimental DAS configuration is shown in Fig. 1(a),
where the light from a narrow linewidth laser is split into two
beams using a coupler. The probe beam is periodically mod-
ulated into optical pulses with a width of 1us and a flexible
period by an acousto-optic modulator (AOM). The AOM is
operated by a self-developed direct digital synthesis (DDS) with
a frequency sweep range of 180-220 MHz by using a pulse
compression algorithm, and the spatial resolution of DAS theo-
retically reaches 2 m [22,23]. The probe pulse is then amplified
by an erbium-doped fiber amplifier (EDFA) and incident on the
fiber under test (FUT) via an optical circulator. The Rayleigh
backscattering (RBS) light interferes with the local light (LO)
at a 50:50 optical coupler, producing a beat signal. Finally, the
beat signal is converted into an electrical signal by two bal-
anced photodetectors (BPDs, 1.6 GHz bandwidth) and sampled
by an analog-to-digital converter (ADC) with a 3.2 GSa/s sam-
pling rate. A polarization diversity receiver is used to mitigate
polarization fading. It should be noted that the FUT consists of
1.5km of USFBG arrays at the end of a SMF to enhance the
backscattering signal. The process for fabricating the USFBG
array is also illustrated in Fig. 1. The USFBG array was suc-
cessfully inscribed in the SMF by using femtosecond laser
auto-positioning point-by-point technology. The setup and spe-
cific process for fabricating the USFBG array can be found in our
previous work [21]. By demodulating the phase change between
two USFBGs, the external vibration signal can be recovered. The
large bandwidth of the USFBGs can avoid the mismatch between
the wavelength of the system light source and the grating at high
temperature.

The three different USFBG samples, namely, S1, S2, and
S3, were inscribed in the SMF with grating lengths of 10, 20,
and 30 um, respectively, while maintaining a constant grating
pitch of 1.07 um and using the same pulse energy of 44 nJ.
The microscopy images of the fabricated USFBGs are shown
in Fig. 2(a). As shown in Fig. 2(b), the fabricated USFBGs
S1-S3 have similar Bragg wavelengths. However, as the grating
length increases from S1 to S3, the peak reflection of the fab-
ricated USFBG increases and the bandwidth decreases. For a
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Fig. 1. Schematic of the configuration of pulse compression -
OTDR system, fabrication of USFBG arrays, and the principle of
DAS.
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Fig. 2. (a) Microscopy images and (b) reflection spectra of three
fabricated USFBGs S1-S3 with increasing grating length L of 10,
20, and 30 pwm, respectively.

grating length of 30 pm, the USFBG shows a peak reflection of
—50.9 dB. Additionally, due to the ultra-short grating length, the
USFBG has a broad bandwidth of 24.6 nm, which is sufficient
to maintain wavelength matching with the system light source
(1550.12 nm) at a high temperature of 1000°C.

Moreover, a USFBG array consisting of 300 identical USF-
BGs was automatically fabricated in a 1.5-km-long SMF by
using the same fabrication parameters as S3. Note that no pre-
removal of the fiber coating is required in this process, and
the fabrication of such a USFBG array takes approximately
1 h. Moreover, the fabricated USFBG array was interrogated by
using the commercial OTDR system (Yokogawa AQ1210), and
the results were shown in Fig. 3. As shown in Figs. 3(a) and 3(b),
300 USFBGs with a spacing of 5m and a total array length of
~1.5km can be observed. The reflection of the USFBG is calcu-
lated using the intrinsic RBS intensity of the SMF as a reference
[2] and is approximately 14 dB higher than the average RBS level
from a 5 m SMF segment. The non-uniformity in the reflection
amplitude of these USFBGs is shown in Fig. 3(c). This may
result from the fluctuations in femtosecond laser pulse energy,
the inhomogeneity in the fiber core, and/or the positioning errors
in the image recognition process. The accumulated transmission
loss was recorded for every 50 USFBGs during the fabrication
process and is demonstrated in Fig. 3(d). As the USFBG num-
ber increases, the transmission loss also increases, exhibiting a
transmission loss of 0.0032 dB per USFBG. It should be noted
that this refers to the two-way return loss.
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Fig. 3. (a) Demodulation results of the fabricated USFBG array
in distance domain, showing the position of each USFBG in the
array; (b) zoomed-in view of (a) in the region from 0.41 to 0.43 km,
showing the reflection from the 82nd to the 85th USFBG. (c) Vari-
ation in the reflection of all USFBGs in the array. (d) Accumulated
transmission loss as a function of increasing number of USFBGs.

Subsequently, the vibration response of fabricated USFBG
array was investigated. The USFBG array was connected to a
61.4 km SMF, and a 5-m-long portion of the USFBG array was
mounted on a PZT. The DAS sampling rate was set tol.6 kHz.
As shown in the inset of Fig. 4(a), the RBS of the SMF atten-
uates significantly beyond 50 km. However, the USFBG array
can effectively enhance the backscattering signal. A sinusoidal
signal with an amplitude of 1.5V and a frequency of 100 Hz
was applied to the USFBG array. The phase changes were then
demodulated along the fiber and are shown in Fig. 4(a). The peri-
odic vibration could be seen around 61.55 km, and no cross talk
was found outside the disturbed area. In addition, several fading
points could be found in the SMF, but no similar problem could
be observed in the USFBG array, indicating that the USFBG
array was capable of suppressing interference fading. More-
over, we further compared the disturbance measurements with
the SMF and the USFBG array over a 60 km distance, and the
results are shown in Fig. 4(b). The demodulated phases using the
USFBG array and SMF are both the round trip phase changes.
The USFBG demonstrates excellent recovery of the sinusoidal
vibration signal, whereas the SMF exhibits spikes and noise in
the demodulated waveform. Note that the amplitude attenuation
of the vibration signal demodulated by the SMF is mainly due to
the influence of low SNR in the signal and intensity noise. The
corresponding power spectral density (PSD) spectra are shown
in Fig. 4(c), where it is evident that the measured frequency
matches well with the exciting frequency, without any harmon-
ics observed. The noise level of the demodulated signal in the
USFBG array is —64 dB rad*/Hz (i.e., 13.9 pe/+/Hz), which is
15dB lower than that in the SMF. Moreover, we performed a
comparison of the demodulation noise levels for 100 Hz vibra-
tion signals using both the SMF and USFBG arrays over a range
of distances from 10 to 70 km while keeping other parameters
constant. As shown in Fig. 4(d), when the distance increases, the
noise level demodulated by the SMF deteriorates severely, while
the USFBG array maintains a low-noise level of below —60 dB
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Fig. 4. (a) Spatiotemporal map of the demodulated phase, with
an inset showing the Rayleigh backscattering intensity curve from
a 60km SMF and a 1.5 km USFBG array connected in series. (b)
Vibration measurements using the SMF and the USFBG array over
a 60 km distance and (c) their corresponding PSD. (d) Comparison
of the noise level of the demodulated signal from the USFBG array
and SMF at various distances ranging from 10 to 70 km.

rad’*/Hz. Note that the vibration signal could not be detected in
the SMF as the distance reaches 70 km.

Moreover, distributed variation sensing was performed at a
high temperature of 1000°C. Figure 5(a) shows the schematic
diagram of the experimental setup. To eliminate the impact of
coatings on the performance of optical fibers at high temper-
atures, we conducted experiments using bare optical fibers. A
5m section of the USFBG array, consisting of two USFBGs,
was wrapped evenly around an alumina tube and secured with
high-temperature adhesive. The alumina tube was then mounted
on a mechanical exciter to generate disturbance signal v1. Addi-
tionally, the USFBG-wrapped alumina tube was placed in the
center of a tube furnace, which provided a high-temperature
environment. A thermocouple was placed in the center of tube
furnace to record the temperature. Disturbance signal v2 was
applied to another 5 m section of the USFBG array. This section
of the USFBG array was placed at an ambient temperature. The
distance between the two sections was ~20 m. And then, the tem-
perature response was investigated. As shown in Fig. 5(b), the
reflection spectra of the USFBG exhibits a “redshift” as the tem-
perature increases from 25 to 1000°C. Furthermore, the USFBG
was annealed at a high temperature of 1000°C for 10 h to study
its long-term thermal stability. As shown in Fig. 5(c), the reflec-
tion of the USFBG output at a wavelength of 1550.12 nm (the
wavelength of the laser source) does not change significantly,
either during heating or annealing processes. The maximum
variation was ~5.1 dB. This means the fabricated USFBG can
work in high-temperature environments for extended periods.

Two vibration signals, with each frequency of 120 Hz at room
temperature (25°C) and 100 Hz at high temperature (1000°C),
were applied to two sections of the USFBG array, as shown in
Fig. 5(a). As shown in Fig. 6(a), two disturbances, labeled v1
and v2, are identified at 50.22 and 50.24 km, respectively. These
vibrations were extracted and are shown in Fig. 6(b). Both vibra-
tion signals are demodulated with high fidelity. The standard
deviation of the phase along the fiber was calculated based on
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Fig. 5. Distributed vibration sensing at a high temperature of
1000°C. (a) Schematic diagram of the experimental setup. (b)
Evolutions of reflection spectra of S3 at various temperatures rang-
ing from 25 to 1000°C. (c¢) Long-term high-temperature thermal
stability.

a
@ 25°C, 120 Hz
0.2
&
o
£
=0l
0.0
50.10 5030  50.50 (I 0.2 03
Distance (km) Time (s)
© ——STD @ 25°C, 120 Hz
0.08 |- 20m 20k —— 1000 °C, 100 Hz
Y =
=) i v V2 =
£ P a~
b1 i B0t
2 L
Z 004} i g
- i 1l
i 2 -60 I
i o iy )
/\/dli le— 59m | |
0.00 — 1 80 b

50120 50122 50124 50.26 64 128 256 512

Distance (km) Frequency (Hz)

Fig. 6. (a) Spatiotemporal map of the demodulated phase of
vibration signals at both high and ambient temperatures. (b) Meas-
ured disturbances with excitation frequencies of 100 Hz at high
temperature and 120 Hz at ambient temperature. (c) STD of phase
signals along the fiber and (d) their corresponding PSD.

1000 RBS traces and is shown in Fig. 6(c). The rising edge (from
10 to 90%) of the vibration signal spans approximately 5.9 m,
demonstrating the spatial resolution of our @-OTDR system.
The actual spatial resolution length is larger than the theoretical
value, possibly due to the use of a Hanning window employed in
the frequency sweep, which mitigates signal cross talk. In addi-
tion, the distance between the two vibrations is 20 m, which is
consistent with our set values. As shown in Fig. 6(d), the meas-
ured frequencies of both vibrations closely match the excitation
frequencies. The noise levels of the demodulated vibration sig-
nals at both high and room temperatures are similar, suggesting
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that our system is capable of demodulating vibrations at different
frequencies under high-temperature conditions.

In summary, we have demonstrated a high-temperature DAS
system based on the USFBG array. The fabricated USFBG with
an ultra-short grating length of 30 um exhibited a broad band-
width of 24.6 nm. By integrating USFBG arrays with a pulse
compression @-OTDR system, a long-distance DAS with a
sensing distance of 60km, a spatial resolution of 5.9 m, and
an improved strain resolution of 13.9 pe/4/Hz was achieved.
Moreover, a high-temperature DAS system was demonstrated
at 1000°C. The proposed DAS systems could be used in harsh
environments, such as aerospace vehicles, nuclear plants, and
oil and gas exploration.
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