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Vibration Sensing for Deployed Metropolitan
Fiber Infrastructure

Ilaria Di Luch1, Pierpaolo Bof�1, Senior Member, IEEE, Maddalena Ferrario1, Giuseppe Rizzelli2,
Roberto Gaudino2, Senior Member, IEEE, Mario Martinelli1, Member, IEEE

1Politecnico di Milano, Milan, Italy, 2Politecnico di Torino, Turin, Italy

Abstract�The optical �ber deployed in the metropolitan in-
frastructure carrying high-speed WDM traf�c data is used also
for network surveillance, identifying and localizing the onset of
vibrations and dynamic stress events, potentially dangerous for
the integrity of the �ber telecom asset. A coherent approach
is adopted in a counter-propagating interferometer to develop
a sensing system exploiting the ring layout of the metro net-
work. With respect to usual dual Mach-Zehnder interferometric
sensors, where typically the reference arm is kept isolated, in
our arrangement we use as reference arm a �ber inside the
same deployed cable, minimizing the impact of the city strong
environmental noise. Preliminary assessments of the proposed
sensing solution have been experimented in a metro ring of 32-
km standard single-mode �ber deployed in the city of Turin, Italy,
devoted to telecom applications. The sensor is demonstrated to
operate preserving the coexistence with the high-speed WDM
telecom traf�c. With respect to complex and expensive sensing
solutions based on pulsed phase-OTDR techniques, in the present
case continuous-wave counter-propagating optical signals are
exploited and the spatial resolution in dynamic event localization
depends only on the receiver sampling rate: in our implemen-
tation, by adopting off-the shelf low-cost commercial 20MS/s
sampling boards, 10-meter spatial resolution is experimentally
achieved. The proposed sensing solution provides signi�cant
added value to the deployed metro �ber infrastructure and the
same interferometric approach based on the counter-propagating
layout can be easily exploited in metro networks even in case of
presence of optical nodes equipped with recon�gurable optical
add-drop multiplexers useful for WDM traf�c routing

Index Terms�Metro Networks, �ber sensors, interferometric
sensors.

I. INTRODUCTION

NOWADAYS our cities are interconnected by hundreds of
kilometers of optical �bers supporting the metropolitan

area network (MAN) and the access network. In the next
future, it is also estimated the deployment of new deep
�ber in the urban infrastructure by the telecom operators
and communications service providers, to increase broadband
services for residential and business customers, to assure very
high-speed access, and to allow wireless densi�cation for 5G.
The continuous reinforcement of the metro �ber infrastructure
to provide high-speed connections appears mandatory to face
the issue of the present digital divide. Actually, the optical
�ber running in our cities offers the capability to be used as
a pervasive sensor as well, where not only telecom data are
carried, but the �ber constitutes the sensitive medium able
to detect vibrations, strain, pressure, temperature, etc. This
exploitation of the deployed �ber provides an added value
to the optical asset itself, allowing a smart monitoring of

our cities in a large scale. Recently, a �ber link deployed
in the Dallas area, Texas, carrying multi-Tb/s data traf�c
has been used to monitor vehicle speed and car density in
a road [1]. Distributed Acoustic Sensors (DAS) exploiting
ocean-bottom �ber optic links has provided seismographic and
oceanographic data along a 42 km link with 10-m spatial
resolution [2] while distributed vibration patterns along op-
tical communication links were recovered with phase-OTDR
technologies [3]. Moreover, deployed passive optical network
(PON) infrastructure has been exploited for structural vibration
monitoring in smart city applications with the simultaneous
downstream of 10-Gb/s NRZ signal [4].

The optical MANs are often organized on ring topologies
used, for example, as the primary link of active access
networks, where the interconnection between the different
network sections takes place through switching devices, e.g.
recon�gurable optical add-drop multiplexers (ROADMs) [5].
The ring con�guration has the advantage of providing a
redundant pathway if a link goes down and is often applied
where long distances make dif�cult to deploy the �ber in
a star topology from a central station. The ring layout in
the MAN opens the possibility of new sensing applications
that can run on a dedicated wavelength in parallel to all the
other wavelengths in a dense wavelength division multiplexed
(WDM) grid carrying telecom traf�c.

In the present work, a coherent sensing system has been
exploited on a metropolitan �ber ring, to detect and even
localize the onset of vibrations or dynamic stress applied to the
�ber link. Indeed, damages or breakages of optical telecom-
munication infrastructures, due to strong mechanical stress
events, caused, for example, by sudden landslides or road
works too close to the deployed �ber cable, is a current topical
issue that can cause prolonged out of service, requiring time-
consuming and high-cost repairs [6]. The proposed diagnostic
solution, embedded in the metro ring can thus provide a real-
time monitoring of the structural health of the optical cable
itself and also of the surrounding environment.

Experimental demonstration to assess the performance of
such a sensing system is presented for a deployed 32-km ring
cable of standard single-mode �ber (SSMF) running in the city
of Turin, Italy, devoted to telecommunication applications. The
sensing system proposed in this work exploits the capabilities
of a coherent approach [7] combined to a dual Mach-Zehnder
interferometer (MZI) arranged in a loop con�guration. The use
of a counter-propagating layout allows the localization of the
dynamic events. A similar scheme was previously considered
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by the Authors [8] but, in that case, a local oscillator was
exploited and system performance, in terms of localization
accuracy and maximum monitorable �ber ring length, were
severely affected by the laser source coherence and relative
phase noise. In the present case instead, exploiting two �bers
available inside the deployed cable, both sensing and reference
signals of each MZI could run in parallel along the same path
length, as suggested in [9], thus making the solution almost
independent from the coherence of the exploited laser source.
Moreover, being reference and sensing �bers paired in the
same cable, this drastically reduced the common mode phase
noise caused by the city environment, whose entity would
otherwise have prevented any vibration detection. Indeed, with
respect to [9], the main purpose of this work is to prove the
feasibility of a dual MZ scheme in a real-noisy-environment
for the detection of impulsive events on the optical link.

The experimented sensing system, relying on the detec-
tion of counter-propagating continuous wave optical signals
and implemented with off-the-shelf low-cost optoelectronic
devices and digital acquisition boards, provides a simple and
reliable solution for optical network surveillance, able to
identify in advance potentially dangerous situations that can
affect the integrity of the optical metro link, without resorting
to more complex and expensive pulsed-based phase-OTDR
(Optical Time Domain Re�ectometer) distributed solutions
[1]�[3], [10], [11].

The paper is organized as follows. After the introduction in
Section I, Section II shows the theoretical algorithm useful for
the localization of a vibration or a stress event in a distributed
interferometric sensor arranged in a loop con�guration, where
two counter-propagating clockwise (CW) and counterclock-
wise (CCW) optical signals travel along the same deployed
optical cable. Moreover, the demodulation algorithm used to
convert the phase shift induced by the dynamic event into
an intensity change is brie�y presented for the dual MZI
scheme employed in our sensor, exploiting two symmetrical
3x3 optical couplers as coherent receivers [7]. In Section
III the experimental layout is detailed while in Section IV
experimental results are described, discussing the impact of
the environmental noise due to the urban deployment and
the adopted solution to minimize its impairment. Moreover,
performance in terms of spatial accuracy in the localization
of dynamic event is evaluated by comparing different post-
processing algorithms applied to measured phase time sig-
nals. Also the coexistence with WDM data transmission is
shown, demonstrating negligible impact of the sensing signals
copropagating in the ring with telecom traf�c. Finally, in
Section V the implementation of the proposed sensing system
in MAN ring also in presence of network nodes equipped
with recon�gurable optical add-drop multiplexers (ROADMs)
able to route the WDM traf�c is discussed, followed by the
Conclusions in Section VI.

II. SIGNAL PROCESSING FOR VIBRATION LOCALIZATION

A. Localization algorithm
The proposed sensing system based on a coherent approach

exploits a distributed interferometric layout arranged in a

loop con�guration in order to perform the event localization:
the continuous light from a laser source travels along the
same �ber in two counter-propagating directions, CW and
CCW, that is clockwise and counterclockwise respectively.
If a vibration affects the �ber, a phase modulation ��(t) is
induced in both CW and CCW optical signals. The localization
process then simply relies on the evaluation of the time of
arrival difference �T between the two counter-propagating
phase modulations ��(t).

As shown in Fig.1, if L is the total length of the �ber ring
and an event occurs at an arbitrary point z = ZP , the two
modulated phases will travel:

LCW = L� ZP

LCCW = ZP
(1)

for the clockwise and counterclockwise direction respectively.
The two phase modulations ��CW and ��CCW have a Time-
of-arrival �T which can be derived as follow:

�T =
L� ZP

�
; (2)

where � is the light velocity in the medium. The position ZP
is easily retrieved from (2) as:

ZP =
L��T � �

2
: (3)

As the two counter propagating lights are emitted by the
same laser source and have been affected by the same im-
pulsive event, the two received phases signals result strongly
correlated and can be written as follow:

��CW = S(t) + n1(t); (4)
��CCW = S(t��T ) + n2(t); (5)

where S(t) is the interference signal induced in the �ber by
the event, n1(t) and n2(t) are the additional noise signals
which accumulate progressively along the propagation in the
�ber ring and which can be modelled as mutually independent
random processes, as in [9]. These noise contributions, for the
present application, are mainly caused by the city environment
and accumulate progressively along the propagation in the
�ber ring. A further source of noise can be also introduced
by the optical source coherence in presence of possible
imbalances between the sensing and reference arms. In the
real application, phase signals are sampled and digitalized in
order to be post-processed and analyzed. The sampling process
imposes a �xed estimation error since, typically, the time delay

Fig. 1: Set up of a dual MZI, comprising two 3x3 couplers
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is not a integer multiple of the sampling interval. Eq. (3) can
be thus modi�ed and the localization estimation becomes:

ZP =
L�N � Ts � �

2
; (6)

where N is the integer number of samples of delay between
the two phases ��CW and ��CCW and Ts is the sampling
interval. Thus, the system spatial resolution Rsin event local-
ization results:

Rs = � � Ts: (7)

while the resulting theoretically accuracy in the estimation of
�T, and thus of ZP , is �Ts. In practice, however, this accu-
racy results degraded by phase noise contributions mentioned
above. Objective of this work is to provide an effective as-
sessment of the localization accuracy of the proposed coherent
solution exploited in a real noisy environment.

B. Demodulation Algorithm

The two counter-propagating phase signals ��CW and
��CCW , are separately retrieve by means of two independent
coherent receivers, each one exploiting a 3x3 optical coupler
coherent demodulator as explained in [12], [13] and shown
in Fig.2. The following explanation, referred to ��CCW ,
likewise applies to ��CW .

The 3x3 coupler performs a passive stable homodyne de-
modulation where the output signals are 120� phase shifted
and the corresponding receiver photocurrents can be written
as:

I1 = C +B cos(��(t)CCW � 2=3�);
I2 = C +B cos(��(t)CCW + 2=3�);

(8)

where ��(t)CCW is the phase difference induced by the
dynamic event between the CCW sensing and reference arms
of the ring interferometer. C and B are constants that depend
on the coupling coef�cient kij of the 3x3 coupler as:

B = 2
p
k12k13k22k32;

C = 2k11k22 + k13k32:
(9)

Finally, to retrieve the phase difference ��(t)CCW , I1
and I2 can be processed to retrieved the following sum and
difference:

Icos = I1 + I2 = cos(��(t)CCW );
Isin = I1 � I2 = sin(��(t)CCW ):

(10)

From Eq.(10) calculating the arc-tangent of the ratio be-
tween Isin and Icos, and the ��(t)CCW is obtained:

��(t)CCW = atan
Isin

Icos
= atan

sin(��(t)CCW )
cos(��(t)CCW )

: (11)

Thanks to the adopted coherent demodulation scheme, based
on a 3x3 coupler, the phase signal ��(t)CCW can be retrieved
in a completely passive way without the need of an active
feedback for quadrature point stabilization as in conventional
�ber optic interferometry. Yet, with respect to the Michelson
scheme adopted in [7], [13], the present MZ ring layout works
in transmission and signal polarization cannot be retraced by
exploiting Faraday rotator mirrors. However, the noise caused
by the city environment rapidly scrambles the polarization of
both reference and sensing signals intrinsically avoiding any
polarization fading issues in ��(t)CCW recovery.

III. EXPERIMENTAL LAYOUT

To experimentally assess the proposed sensing system in
a real deployed network, we exploited a 32-km SMF ring
deployed in the city of Turin, Italy, belonging to one of the
Italian FTTH operators (Fig.2-right) in order to prove the fea-
sibility of metro �ber infrastructure for sensing purposes, e.g.
for monitoring the structural integrity of the �ber itself. The
dual MZI is thus arranged in a loop con�guration as shown
in Fig.2-left, where counter-propagating CW and CCW optical
signals travel along two �bers inside the same deployed optical
cable [14]. The two �bers act as the sensing and reference arm
of each Mach-Zehnder interferometer. The continuous light
emitted by a laser source (linewidth �� = 100kHz) is split
by a 50:50 coupler and enters the two symmetric 3x3 couplers.
Two ports of each 3x3 coupler are connected to the sensing and
reference �bers of the MZ ring. After propagation, each pair
of signals travelling into the ring (two for the CW and two for
the CCW directions) interfere and are coherently demodulated
in the other 3x3 coupler at the end of their path. The four

Fig. 2: Experimental layout (on the left) comprising a 32 km �ber ring deployed in the city of Turin (on the right)
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Fig. 3: Examples of recovered phase signals in case of a) reference �ber inside the lab, b) paired �bers along the ring. Detailed
of the temporal behavior of 5kHz vibration in the case of c) reference �ber inside the lab, d) paired �ber along the ring.
Corresponding frequency spectra in case of e) reference �ber inside the lab, f) paired �bers along the ring.

optical signals are simultaneously detected by 125 MHz pho-
toreceivers (NEP = 25 pW=

p
Hz), sampled by a 20MS/s real-

time oscilloscope board (4 channels Picoscope 5442D with 13
bit) and post-processed, as detailed in the previous paragraph,
to recover ��CW and ��CCW and evaluate the relative time
delay �T for vibration localization [8], [14]. In particular,
��CW and ��CCW are separately retrieved by means of
coherent receivers constituted by a simple 3x3 optical coupler
providing the in-phase I and quadrature Q components of each
interferometric signal [13]. Although the frequency band of
mechanical and acoustic vibrations is in the order of kHz,
a 20MS/s sampling rate is required to guarantee a 10-meter
spatial resolution in event localization. We believe this is a
good tradeoff between a reduced DSP complexity (20 MS/s
can today be implemented on extremely cheap programmable
electronic boards) and a spatial accuracy in fault location that
is more than adequate for metro network.

IV. VIBRATION MONITORING CHARACTERIZATION AND
EXPERIMENTAL RESULTS

A. Environmental Noise Suppression
As stated before, the two counter-propagating phases signals

��CW and ��CCW have to be correlated to perform their
relative time delay estimation. The correlation is more accurate
the more the phase noise affecting ��CW and ��CCW is low.
As mentioned before, noise contributions are mainly due to the
two laser sources coherence and to the city environment. With
respect to the former one, the optical source phase noise can be
modelled as a random walk noise with a variance that depends

on the ratio between the laser coherence length ‘c and the path
unbalance �L between the two arms of the interferometer. As
long as �L is kept much lower than ‘c, that is:

�L < ‘c =
c

���
: (12)

where �� is the laser linewidth, the laser phase noise contri-
bution does not affect the accuracy in the recovery of ��.
The rule of thumb is to guarantee a path difference �L
not exceeding one tenth of the coherence length, in order to
ensure measurements with a good Signal to Noise Ratio (SNR)
[8]. To minimize instead the latter noise contribution, that is,
the one caused by the city environment, which progressively
accumulates along the �ber ring, the idea was to exploit the
availability of two �bers paired inside the deployed cable.
Typically, interferometric sensors have their reference arm kept
separated from the measurement area [8], [14]. to guarantee
the highest sensitivity. In the case under test, however, as
phase noise contributions caused by the city environment
are signi�cantly strong, the reference and sensing arms were
chosen along the same path. In this way, the common mode
noise is reduced, at the expense, of course, of a reduction of
the actual detected vibration signal. To prove the feasibility of
this solution it was initially veri�ed the possibility of detecting
a vibration tone generated by a PZT on the �ber to emulate
a dynamic stress event. In particular, a 900�m tight �ber
cable was wrapped for 1.5m length around the cylindrical
piezo-transducer (PZT) and a 5kHz sinusoidal signal with an
amplitude of 14V was applied to the PZT, inducing a dynamic
deformation of about 160n� on the �ber, corresponding to a
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