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Abstract We explore two fiber sensing methods which enables coexistence with data transmission on
DWDM fiber networks. Vibration detection and localization can be achieved by extracting optical phase
from modified coherent transponders. Frequency-diverse chirped-pulse DAS with all-Raman
amplification can improve SNR and achieves multi-span monitoring. ©2022 The Author(s)

Introduction

Recent advances in optical fiber sensing has
enabled telecom network operators to monitor
their fiber infrastructure while creating new
revenue streams in public safety and smart city
applications [1, 2]. For example, the millions of
kilometers of installed submarine fibers can be
used to provide early warning for earthquakes
and tsunamis, replacing costly legacy systems
that use discrete components which have limited
sensing range [3]. However, using dedicated
fibers for sensing may be undesirable for
operators who wish to maximize fiber utilization
for data transmission. Co-existence between
sensing and data transmission is an ongoing
research topic where challenges remain [4,5].
Most distributed fiber optic sensing (DFOS)
methods rely on back-scatter and are
incompatible with existing inline amplifiers with
optical isolators. It is furthermore difficult to make
DFOS work over hundreds or thousands of
kilometers due to low signal-to-noise ratio (SNR).
Finally, the nonlinear impact of the sensing probe
signal on co-propagating data channels must be
considered [6].

In this paper, we review two recent methods
that allow simultaneous data transmission and
sensing on the same fiber. The first method is
based on the recovery of accumulated optical
phase during forward propagation. Other sensing
methods which used only forward signal
transmission have been proposed [7-11].
Although it was shown that state of polarization
(SOP) of telecom signals can be used for seismic
monitoring in submarine cables [8,9], phase
measurement offers higher sensitivity and
bandwidth, and allows localization of the vibration
position using bidirectional correlation.
Measurement of optical phase using
unmodulated continuous wave (c.w.) signals was
demonstrated in [10,11]. In our work, we show
that phase measurement is also possible with
data-modulated signals since phase is already

tracked by the adaptive DSP elements in a
coherent receiver [12]. This allows modified
coherent receivers to perform sensing as an
auxiliary operation [13].

The second method we review is distributed
acoustic sensing (DAS) [14,15] using chirp
pulses as a “code”, and frequency diversity [16]
to improve the SNR of the backscatter. Multi-
span operation is enabled using all-Raman
amplification which simultaneously amplifies both
the probe signal and the Rayleigh backscatter
Frequency-diversity chirped-pulse DAS (FD-CP-
DAS) enabled the first DAS system over >1,000
km of standard single-mode fiber (SSMF) with co-
propagating 10-Tb/s data transmission [17].

Event Localization by Data Transponders

In a coherent receiver, optical phase is tracked by
the combination of frequency offset compensator
(FOC), adaptive time-domain equalizer (TDE)
and carrier phase recovery (CPR). Optical phase
can be reconstructed using 8[n] = —2mAQn +
arg{Zii Wf}l) e‘fml’["]}, where AQ is the digital

frequency of the FOC, v‘vf]’?) is the mean value

(DC component) of the TDE coefficients, and
Ay[n] is the phase of the CPR. The vibration
component in @[n] is then extracted using a
digital phase-locked loop (DPLL) followed by a
bandpass filter (BPF) and amplitude equalizer
(AEQ) optimized for the vibration signature [12].

A field trial was conducted over 380 km of in-
service cables between Long Beach Island (LBI),
Seaside Height (SH) and Somers Point (SP)
configured into a loop shown in Fig. 1a. Due to
availability of only one fiber pair, same-core
bidirectional transmission was used with even
(odd) channels propagating in the CW (CCW)
direction. The two data and sensing transponders
co-located at LBI are shown in Fig. 1(b). For the
data channels that also performs sensing, two
low-phase-noise lasers were used as seed lasers
and modulated with 32-Gbaud 16-QAM. The
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Fig. 1: (a) 380-km long field fiber link, (b) offline bidirectional transponder setup at LBI, (c) optical phase when utility pole at
‘A’ is struck, (d) correlation between CW and CCW phases for various pole knocking scenarios.

CCW laser serves as the local oscillator (LO) for
the received CW signal, and vice-versa, after
appropriate frequency shifting to align the
transmitted signals to the ITU.T grid and ensure
the heterodyne beat signals fit within the
bandwidth of a 34-GHz digital signal oscilloscope
(DSO). This signal arrangement was chosen to
allow the CW and CCW signals to be digitized
using the same 4-channel DSO, thus timing
synchronization is guaranteed.

Fig. 1(c) shows an example of the optical
phase recovered when a utility pole at A (Fig.
1(a)) was struck with a hammer, and a data-
modulated signal was used for the CCW direction
and a continuous wave (c.w.) signal used for the
CW direction. The inset showed high correlation
between the two signals. The blue curve in Fig.
1(d) shows the correlation between the CCW and
CW phases has a peak at -1.67 ms matching the
expected propagation delay difference. The full-
width half-maximum (FWHM) of the sinc-like
main lobe is 1.07 ms (221 km) and represents the
closest distance that two simultaneous vibration
events can be separated and still be
distinguishable and localized. The standard
deviation (s.d.) in delay difference was 34 us (~7
km) and is a measure of uncertainty in vibration
position. The red trace in Fig. 1(d) shows the
correlation for a different pole, while the black
curve shows the correlation when the two poles
are struck simultaneously.

1,007-km All-Raman Link DAS Monitoring

A drawback of optical phase measurement using
forward transmission is that spatial resolution is
limited by the bandwidth of the vibration
signature, and the number of simultaneous
vibration events that can be detected and
localized may be limited. There thus exists a

need to extend the reach of DFOS based on
backscatter measurement. Fig. 2(a) shows the
setup of a recent FD-CP-DAS experiment over a
13 spans link comprised of a mixture of lab spools
and field fibers. All-Raman amplifiers with no
inline isolators were used to compensate fiber
loss. The FD-CP-DAS probe signal is generated
by modulating the same low-phase-noise laser in
the previous experiment with the output of an
arbitrary waveform generator (AWG). The FD-
CP-DAS signal comprises of 20 chirped pulses of
2
the form p(t) = ./Piens €Xp (jZm/ %) rect (Tic)
where y, P.,, and T, are the chirp rate, peak
power, and chirp duration. We chose T, = 10 ps
and B=yT,=10MHz to allow a spatial
resolution of 10 m and an SNR gain of 32 dB over
conventional DAS at the same peak power [17].
The 20 chirped pulses are launched
consecutively into the fiber, and the pattern
repetition period was set to 10.5 ms to allow an
interrogation of > 1,000 km. To reduce cross-
phase modulation (XPM) on co-propagating data
channels, we inserted out-of-band chirps
amplitude shaped with raised-cosine functions of
duration T,,. The sensing receiver comprise of a
dual-polarization coherent receiver sampled with
a 250-MSa/s DSO. The DSO was operated in
frame capture mode. Each data set comprises of
a number of frames of 200 ys duration, which
allows ~20 km of fiber to be monitored. The
sensing signal co-propagated with 50 DWDM
data channels where a real-time 200-Gb/s DP-
16QAM coherent transponder was used for the
channel under test, and noise-loading channels
emulated with an amplified spontaneous
emission (ASE) source. We investigated XPM
tolerance by placing the 200G channel on the
adjacent ITU.T channel 50 GHz away from the
sensing channel. Fig. 2(b) shows post-FEC BER
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Fig. 1: (a) Experimental setup for the FD-CP-DAS system using all-Raman amplification, (b) Post-FEC BER vs sensing
power for different T,., values, (c) DAS sensitivity vs position for the whole 1,007-km link.

vs P,.,s for various rise/fall-times T,.. With T,, =
60 us, the probe signal can have peak power of
+3.2 dBm while still allowing zero post-FEC BER
to be reported for the data channel.

For measurement of DAS performance, we
set Pyeps 10 2.2 dBm, or 1-dB below the nonlinear
threshold. We measured the phase noise power
spectral density (PSD) at different fiber positions
to find the average value S,,,, over the flat region
between 5 Hz to 47.6 Hz that is due to ASE noise.

Measurand resolution in €/+vHz can then
calculated as ep,s = 222 /S Fig. 2(c) shows
DAS ™ 3m(0.78)z5 V UMV :

a sweep of ep,s vs fiber position at 1 km
resolution. The spikes are due to connectors and
splice sleeves, and the large ep,s in the last three
span is due to environmental noise of the field
fibers. The ASE-limited sensitivity of the system
can be inferred from the lab spools and is shown
by the dotted red curve, which increases from ~
16 pe/+/Hz at the start of the link to ~ 100 pe/+Hz
at the end of Span 13. A DAS waterfall plot
showing the vibrations measured over 12 km of
the field fiber in Span 12 over a 40 s window is
shown in Fig. 3(a). The diagonal lines are moving
vehicles whose speeds and directions can be
inferred from their slopes.

In addition to the offline results above, we also
tested a real-time (RT) CP-DAS prototype during
the field trial. The real-time system used similar
components, while DSP for signal generation and
vibration estimation was implemented on a field-
programable gate array (FPGA) platform based
on Xilinx XCZU7EV with two DAC channels and
four ADC channels. Due to FPGA resource
limitations, frequency diversity was not
implemented, and the coding gain is 27 dB. We
reduced the sensing distance to ~210 km by
retaining only the last three spans in Fig. 2(a).
Fig. 3(b) shows a real-time waterfall plot,
demonstrating the capability to monitor the full

210 km of fiber at a spatial resolution of 13.05
meter and a gauge length of 20 m. Vibration
intensity was calculated by band-passing the
recovered phase at each fiber position between
2 and 100 Hz, followed by intensity accumulation
over multiple samples to obtain an update rate of
10 Hz. The inset in Fig. 3(b) shows two commuter
trains passing each other.
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Fig. 3: Waterfall plot of (a) FD-CP-DAS and (b) RT CP-DAS.

Conclusions

We reviewed two fiber sensing methods which
allows co-existence between data transmission
and sensing on the same fiber using wavelength-
division multiplexing. The first method is based
on measurement of accumulated optical phase
on a data-modulated signal using a digital
coherent transponder modified with a low-phase-
noise laser and auxiliary DSP. We demonstrated
vibration detection and localization using
bidirectional correction. In the second method,
we conducted the first >1,000 km DAS
experiment using FD-CP-DAS with all-Raman
amplification. DAS sensitivity of ~100 pe/vHz
was obtained alongside 10-Tb/s data
transmission with error-free operation confirmed
with a real-time coherent transponder.
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