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Abstract We propose and compare two DSP anomaly detection schemes based on state of polariza-
tion monitoring over 35-km of installed metropolitan fibers. We experimentally evaluate their statistical
performance through receiver operating characteristics curves analysis. ©2023 The Author(s)
Introduction
In recent years, great effort has been dedicated
to exploit pre-installed optical fibers to sense me-
chanical vibrations[1], which has yielded promis-
ing outcomes in detecting natural and anthro-
pological activities[2],[3]. In a metropolitan sce-
nario[4],[5], construction and maintenance works
can commonly lead to fiber cuts or damages.
Anomalous vibration real-time detection is then
a key point to determine if an unsafe condition
is rising nearby fiber cables, and possibly avoid
costs related to replacements or new installations.
Moreover, it is fundamental to perform a “blind”
detection, i.e. separating normal fiber conditions
from hazardous ones without explicit knowledge
of anomalous vibrations models. We thus envi-
sion in this work an optical fiber-based monitoring
system, able to trigger a real-time alarm (with a
delay limited to few seconds of processing time)
and completely autonomous.

Fig. 1: (a) Map of the 35-km Turin metropolitan fiber in green,
(b) block scheme of the experimental set up.

In particular, we investigate DSP solutions for
robust anomaly detection through state of polar-
ization (SOP) monitoring on deployed metropoli-
tan fibers. External mechanical perturbations,
due to birefringence, induce SOP variations:
these can be accurately monitored even using
lasers with a broad optical linewidth (i.e., hun-
dreds of kHz)[6]. Polarization is indeed intrinsically
stable, and not affected by the noise of the abso-
lute phase of the laser: this makes SOP-based
sensing suitable also for commercial coherent
transceivers[2]. Recent literature has shown that
SOP based Power Spectral Density (PSD) anal-
ysis allows to detect events related to mechan-
ical vibrations[2],[3],[7]. In this paper, we propose
two DSP schemes for anomaly detection, and we
introduce a new signal called SOP-Power Spec-
tral Density Gap (SOP-PSDG), which exploits the

PSD of the Stokes parameters to detect low-
frequency (<50 Hz) disturbances. We validate
these solutions on the experimental setup illus-
trated in Fig. 1.a, where we induce anomalous vi-
brations on a short portion of the laboratory fiber
connected to the input of a 35-km metropolitan
fiber (see Fig. 1.b) deployed in Turin (Italy), and
then acquire at its output the SOP using a po-
larimeter. Fig. 2.a shows the spectrogram of
a Stokes parameter (S3, see next Section) dur-
ing the SOP acquisition in normal fiber condition,
compared to the one (Fig. 2.b) obtained when in-
ducing sinusoidal anomaly (40 Hz) for 10 seconds
every minute. By analyzing experimental Re-

a) b)

Fig. 2: Experimental S3 spectrogram (a) in normal fiber
conditions (b) with induced 40 Hz sinusoidal vibrations.

ceiver Operating Characteristic (ROC) curves[8],
we show that anomaly detection leveraging SOP-
PSDG outperforms SOP angular speed (SOPAS)
thresholding, obtaining an optimal detection ac-
curacy in a wide set of induced mechanical vibra-
tions.
Methodology
In this Section, we describe two DSP algorithms
for blind anomaly detection: the first considers the
SOPAS, while the second is based on the SOP-
PSDG. The block schemes of the two algorithms
are illustrated in Fig. 3.

They both share a common structure, which
processes the SOP evolution acquired from the
polarimeter, and the DSP elaborates it to get a
real-time alarm signal for anomaly detection. S =
[S1, S2, S3] is the vector containing the Stokes pa-
rameters relative to the Cartesian coordinates on
the Poincaré sphere. We then refer to S[n] as the
evolution of S through time, where n is the dis-
crete time index.

In the SOPAS anomaly detector (see Fig. 3.a),
the signal ω[n] is computed as follows,

ω[n] = fs · arccos
(

S[n− 1] · S[n]
∥S[n− 1]∥∥S[n]∥

)
(1)
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Fig. 3: Schematics of the two anomaly detection algorithms. (a) SOPAS DSP block scheme; (b) SOP-PSDG DSP block scheme.

where fs is the sampling frequency. ω[n] repre-
sents the magnitude of the SOP angular speed in
[rad/s] on the Poincaré sphere, which increases
when the fiber is subject to mechanical stresses.
The alarm is triggered as the SOPAS exceeds
a given value, using a threshold-based detector.
Before this, a Low Pass Filter (LPF), implemented
as a moving average FIR filter, smooths the sig-
nal ω[n] to ensure signal stability and reduces the
risk of false alarms.

In the second DSP scheme (see Fig. 3.b),
the SOP-PSDG signal g[n] is designed to detect
anomalies in spectral behaviors by evaluating the
PSD of the Stokes parameters S1[n], S2[n], S3[n]
in real-time and comparing it to its average PSDs
values. By quantifying the discrepancy between
the current PSD and the past average, unex-
pected PSD patterns can be identified as anoma-
lies. First, the three S[n] components are stored
into separated digital delay lines. The buffers are
exploited to compute the current one-sided power
spectral densities (PSD) of the Stokes parame-
ters, represented by the vectors PS1 [n], PS2 [n],
PS3 [n], defined as

PSi [n] =
[
PSi
1 [n], . . . , PSi

N
2 +1

[n]
]

i = 1, 2, 3 (2)

where N is the number of samples stored in the
buffers to compute the FFTs. In order to ne-
glect the DSP discrepancies relative to the slow
SOP fluctuations in normal conditions, which can
broaden over the entire Poincaré sphere, the
three PSDs are High Pass Filtered (HPF), by
zeroing in each vector the first 2 low-frequency
entries. To reduce complexity, the three power
spectra are summed element-wise to form a
single PSD PS[n], representing the magnitude
of the SOP power spectral content over the
three Poincaré coordinates. Finally, the SOP-
PSDG g[n] is computed as the root weighted
mean square error (RWMSE) between PS[n]
and its moving average over time µ̂

(
PS

)
=[

. . . , µ̂
(
PS
k

)
, . . .

]
, as follows:

g[n] =

√∑
k

1

σ̂
(
PS
k

)2 ∣∣PS
k [n]− µ̂

(
PS
k

)∣∣2 (3)

where the weights for the RWMSE are given by
the vector σ̂

(
PS

)
=

[
. . . , σ̂

(
PS
k

)
, . . .

]
, whose

entries are the element-wise standard deviations
over time of the past PSD previously evaluated
under normal condition. The element-wise divi-
sion by σ̂

(
PS

)
minimizes the penalties caused

by the temporal fluctuations of the PSD pattern in
normal condition. In practice, the RWMSE com-
putation consists of applying an adaptive normal-
ization to each entry of the vector PS[n][9], to then
evaluate its euclidean norm to obtain the signal
g[n] (see Fig. 3.b). The SOP-PSDG signal is
then used for a LPF + Threshold Detector mech-
anism as for the SOPAS. With this DSP scheme,
the SOP-PSDG provides a blind anomaly detec-
tor able to keep up in real-time with the non-
stationarity of the SOP evolution in normal con-
dition, by updating the PSD statistics µ̂

(
PS

)
and

σ̂
(
PS

)
using current PSD values and the g[n] sig-

nal as feedback to the update (see Fig. 3.b).

Experimental Results
The experimental setup is illustrated in Fig. 1.a.

Fig. 4: ROCal curves of SOPAS and SOP-PSDG detecting
40Hz-bandwidth vibrations (1.2 Vpp modulation).

Fig. 5: AUC comparison for different DSP delays.
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Fig. 6: AUC for different modulation Vpp and bandwidth of the induced vibration (a) using SOP-PSDG (b) using SOPAS.

The optical source is a commercial laser, which
conveys light inside a 35-km metropolitan single
mode fiber deployed around Turin (green path in
Fig. 1.b), and outputs light inside a polarimeter,
with sampling frequency fs = 95.3 Hz. Anoma-
lies have been induced on fiber by means of a
mechanical shaker, over which ∼ 1 m of fiber be-
fore the metro-span has been glued. An analog
waveform generator (AWG) drives the shaker with
a low-bandwidth (<50Hz) quasi-Gaussian vibra-
tion (i.e., having distribution clipped by the peak-
to-peak AWG modulation voltage): this Gaussian-
distributed vibration models a generic anoma-
lous stress, emulating the arbitrary nature of real
anomalies. To emulate the real-time behavior of
the SOP-PSDG, for 20 consecutive times, we per-
formed a 3-minute measurement of SOP evolu-
tion without inducing anomalies, followed by 3
minutes of acquisition with shaker-induced vibra-
tions, and then another 3 minutes of anomaly-
free acquisition. This approach allowed us to
train the average statistics µ̂

(
PS

)
and σ̂

(
PS

)
on

the first acquisition, while the following 2 acquisi-
tions were used for testing the anomaly detectors
performance through ROC curves analysis. The
ROC curve tracks the probability of correct detec-
tion (True Positive Rate) as function of the false
alarm probability (False Positive Rate): specifi-
cally, by computing the ROC curve’s Area Under
Curve (AUC) it is possible to assess the accuracy
of the detector (perfect detector has AUC=1, ran-
dom detector has AUC=0.5)[8]. We computed ω[n]
and g[n] (see Fig. 3) to obtain, after the smooth-
ing LPF, the non-thresholded output distributions
for the negative and positive anomaly presence
hypotheses. Fig. 4 depicts the ROC curves of the
SOPAS and SOP-PSDG anomaly detectors for a
vibration with 40 Hz bandwidth (1.2 Vpp AWG
modulation voltage), for different DSP delays.
The delay introduced for the SOPAS DSP ac-
counts for the memory of the smoothing LPF (i.e.,
the number of FIR taps), whereas in SOP-PSDG
the latency is equally split between the FFTs input
buffers and the smoothing LPF. The anomaly de-
tector based on SOP-PSDG approaches the up-
per lefthand corner of the ROC space better than

SOPAS: for instance (see inset image in Fig. 4),
SOP-PSDG is able within 5.3 seconds to correctly
detect (True Positive Rate) 98% of anomalies with
less than 8% of false alarms (False Positive Rate),
while in the same condition, SOPAS produces
over 17% of false alarms. Fig. 5 quantifies the
AUC of the ROC curves for both detectors: this
shows that SOP-PSDG is significantly better than
SOPAS, with an approximately 8% AUC improve-
ment for any delay. Using the same acquisition
procedure, several vibration intensities have also
been selected by choosing different AWG modu-
lation voltages, from 0.3 to 1.8 Vpp, with a step of
0.3 Vpp. Moreover, the vibration bandwidth has
been varied from 20 to 45 Hz with a step of 5
Hz. We specifically test also very weak vibrations
(low Vpp and frequency) in order to test the de-
tectors in the harshest conditions. Fig. 6 illus-
trates the performance of the detectors in terms
of AUC by separately evaluating the distributions
of the smoothed SOPAS and SOP-PSDG for each
anomaly driving condition (with DSP delay set to
5.3 s). It can be observed that the SOPAS-based
approach (Fig. 6.b) is able to detect with high con-
fidence (AUC∼1) only anomalies with high inten-
sity (around and bigger than 1.8 Vpp) and vibra-
tions resonating with the experimental setup (30
Hz of noise bandwidth). The SOP-PSDG detector
(Fig. 6.a) proves instead to outperform SOPAS in
a wide set of different anomalies, resulting a re-
liable detector even for vibrations down to 1 Vpp
(≈ 0.5 mm of maximum fiber displacement): this
suggests also a better sensitivity of SOP-PSDG
to weak anomalies.
Conclusion and Discussion
We compared 2 SOP-based DSP blind anomaly
detectors on deployed metropolitan fibers.
Through ROC analysis, SOP-PSDG demon-
strates to be a better anomaly detector than
SOPAS. The real-time implementation of this
DSP algorithm is postponed to future work.
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