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Abstract

Distributed fiber optic vibration sensors based on ®-OTDR using Rayleigh backscattering of
highly coherent light source pulses are very popular type in the area of sensors due to many
attractive features, mainly due to its distributed manner of sensing, i.e. they can operate as
thousands of local sensors simultaneously. The paper summarizes and describes several
important modifications of the original sensor scheme to enhance its key performance
parameters and to extend its application potential. A multi-fiber sensor form was proposed.
Single- and two-fiber sensors were designed, constructed and tested both in the laboratory and
in a real environment. Variants of two-fiber sensor utilizing optical switches for the sensor
flexibility enhancement are proposed and their applications are described.

Introduction

Optical fibers are well known as brilliant electromagnetic waveguides that dominate internet
communication technologies and are capable to transport data with the capacity up to terabits
per second and per a fiber, [1]. The area of sensors where optical fibers are used as a sensing
element is also widely and rapidly developing field of industry, [2]. There is a number of fiber
-based sensors groups, they can be specified according to different points of view, e.g. into
extrinsic and intrinsic sensor classes, point or distributed sensors, etc. The fiber-based sensors
are used in many areas of industry, mainly for health structure monitoring, ([3], [4], [5], [6])
but its potential is also in a security area to detect, locate and optionally classify intruders.
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A distributed fiber optic vibration sensor based on ®-OTDR (phase-sensitive optical time
domain reflectometry) is the most widespread sensor for sensing the occurrence of (generally
multiple) mechanical vibrations with the ability to detect, locate, or, if needed to classify the
activity of sources of mechanical vibration. This type of sensor has a wide range of applications
in both the civilian and security sectors, and its research has been very intensive within more
than twenty last years ([7] - [30]).

Technology of Distributed Fiber Optic Vibration Sensing

The principle of ®-OTDR sensors consists (see Figure 1) in the emission of narrow
interrogating optical pulses down to the sensing optical fiber and in the reception and
processing of its response, which is influenced by vibrations occurring in the proximity of the
sensing fiber, [7], [8]. Procedures such as detection, localization, and even classification of
vibration-type events alongside the sensing fiber path are based on such parameters as the
latency, frequency spectrum, modulus, and response phase.

Optical

Interrogating optical pulse circulator Fiber sensor trace

Tt transmitter
T
P

T
"
Optical receiver, o/e and

] A/D converters

Data
processing

Figure 1: The basic principle of distributed fiber optic sensor.

The basic functional scheme of a distributed optic fiber vibration sensor based is shown in
Figure 2. The sensor consists of a laser source, (whose light emission is controlled by a pulse
generator), a laser protection isolator, an optical coupler, a photodetector, an A/D converter,
and a computer unit for processing the acquired data, [7].

Pulselaser Isolator

S

Laser ensing fiber
.“

I x A/D Digital signal
G 7‘& _’/‘/\Nimﬂm_} processing

O/E converter A/D converter

Figure 2: Basic functional diagram of a fiber optics distributed sensor.

The disadvantage of this basic sensor structure is the low stability of the pulsed laser, which
results in low sensor performance, i.e., mainly the maximum sensing fiber length and the
sensitivity. This disadvantage can be solved by the separating the laser beam generation, the
optical pulse generation and the optical power amplification. In such a case, a continuous-wave,
low-power, and highly stable laser can be used, pulses are generated by an optical modulator
and the required power is got from an optical amplifier. A further improvement is achieved by
replacing the optical coupler with an optical circulator with lower coupling losses and higher
isolation. The most commonly used version is shown in Figure 3. It consists of several costly
components, where the most expensive are ultra-narrow band laser, power optical amplifiers,
acousto-optic modulator, optical preamplifier, balanced photodetector, and some others.
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Figure 3: Functional diagram of a distributed fiber optic sensor.

Therefore, modifications of the basic connection leading to more efficient use of expensive
components are beneficial. Better efficiency may be achieved by expanding the applicability
of equipment or the number of functions while ensuring the required values of qualitative
indicators provided by distinguished parts.

Range extension and sensitivity improvements

Optical pulses entering an optic fiber carry energy whose amount is set by the transmission
power and the width of the pulses. Both the optic pulse power level and the fiber response level
exponentially decrease during their propagation in the fiber. As a result, the received signal
(backscattered fiber response) is attenuated with a coefficient equal to twice the optic signal
attenuation coefficient in the fiber. A photodetector designed for appropriate wavelength band
and frequency bandwidth is based on a photodiode and an electric transimpedance amplifier.
These components determine the converter sensitivity, and it is limited by the overall level of
the noise sources present in both optical and electrical parts of the receiver.

There are several basic options available to extend the sensor range and to increase its
sensitivity:

a) Increasing the power of interrogating optic pulses — this technique can be applied up to
a certain level only. Further increase of the optical pulse power may cause nonlinear
effects (Brillouin effect, self-phase modulation, and others.).

b) Increasing the width of optical pulses — this results in an inversely proportional
reduction of the sensor spatial resolution.

c) Amplification of the optical signal — it is possible to amplify the power of either the
interrogating signal or the fiber response signal or both:

a. the signal amplification on sensing fiber — applying optical amplifiers on the
sensing fiber must allow two-way propagation of the optical signal

i. in-line optical amplifiers — bidirectional optical amplifiers are used at
certain distances. In addition to bidirectionality demand, the amplifier-
produced ASE (Amplified Spontaneous Emission) noise is also a
drawback that is difficult to mitigate.

ii. Distributed optical amplification — utilization of the Raman (single-stage
or multi-stage one) or Brillouin amplifiers.

b. Amplification at the receiver path —amplifying the sensing fiber response in the
optical part of the sensor receiver - unidirectional discrete or distributed
amplifiers can be used.

d) Heterodyne receiver — employing a strong signal of the so-called local oscillator,
merging with a weak response from the sensing fiber and subsequent conversion to
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electrical form, preferably by utilization of a balanced photodetector is obtained a
product, the so-called resonant signal, whose level is given by the product of signal
levels of both of the optical signals entering the converter. Due to the much stronger
signal of the local oscillator, the resulting signal has a significantly higher level than
the signal obtained by direct detection shown in Figure 3. The beat signal product is
further processed and finally converted to baseband. The structure of this improvement
of signal detection is shown in Figure 4. This principle is very often used to increase
the sensor sensitivity significantly, [12].

Separate processing of mutually perpendicular polarization planes of optical signals of
the local oscillator and the fiber response — while using a heterodyne receiver, the gain
of the heterodyne detection and following o/e conversion depends on the mutual
polarization of the optical signals of the local oscillator and the response of the sensing
fiber. If the mutual polarization of the two components of the optical signals is close to
orthogonal, the effect of response amplification is suppressed. This leads to a loss of
sensitivity of the sensor at specific points alongside the fiber. Therefore, due to the
randomness of the polarization state of the sensing fiber response, it is appropriate to
divide the fiber response into two mutually orthogonal polarization states, to split the
local oscillator signal by the same way, and then to combine components with the same
polarization state and to convert them into two electrical signals, which can then be
combined to reduce the risk of sensitivity loss, and thus fail to capture the occurrence
of events at specific points alongside the sensing fiber trace, [9].

The above modifications can also be combined in one device, as shown in Figure 5.
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Figure 4: Schematic of a sensor with heterodyne receiver.
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Figure 5: Sensor equipped with a heterodyne receiver, distributed optical amplifier (Raman amplifier), and
separate processing of mutually orthogonal polarization planes.

The sensor on Figure 5 is a single-fiber sensor with a heterodyne receiver, Raman amplification
(optionally with both forward and reverse pumping), with optical amplification in the receiving
path (preamp and filtering), and polarization differentiation. The carrier for converting the beat
signal to the baseband is recovered from the received signal.

In the following, the basic scheme for further modifications will be the system based on a
heterodyne receiver as presented in Figure 4.

Multi-fiber sensor unit

A multi-fiber sensor means a sensor system operating on more than one sensing fiber using one
measurement unit - a probe, (see Figure 6). If each sensing fiber represents a different trace,
then events can be sensed along multiple paths to cover either a larger area or to provide
multiple measurements in case of higher reliability requirements.
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Figure 6: Multi-fiber sensor system principle.
Event monitoring on multiple sensing fiber paths can be:

a) Simultaneous — events on all N sensing fibers are monitored simultaneously and
independently of each other. This approach requires N parallel chains of fiber response
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processing, including amplification, filtration, detection, localization, and
classification. This results in the increase of the overall cost, the higher complexity of
the system, and the demand for higher computing power. Despite of this the cost is
lower than the adequate number of separate measurement units

b) Sequential — using an external optical switch, the measuring unit switches between
several sensing fibers, where it performs a certain number of measurements on each
trace. Switching can be either periodic or driven by some other rules, e.g., external
trigger.

Schemes for the concurrent scanning of multiple sensing fibers

The primary type of a simultaneous multi-fiber sensor system with the heterodyne receiver is
a measuring unit equipped with one source of optical pulses. Optical pulses consist of a laser,
an optical power amplifier, a modulator, and an optionally optical filter for amplifier noise
suppression. An example of a double-stranded version is shown in Figure 7. The optical pulse
power is divided by an optical power splitter into several branches, which the individual
sensing fibers are connected to. Because all branches use the same frequency band
simultaneously, the sensor unit must contain the same number of receiving chains as the
number of sensing fibers the signal is transmitted into. The local oscillator signal must also be
split into the same number of branches to ensure heterodyne reception. The period of optical
pulses transmission is the same for all sensing fibers regardless of their respective lengths and
it is determined by the longest one.

AOM Sensor fiber trace 1

X
sy —3 » * [T &[] - Sensor fiber trace 2
Booster A
-
G

“j& + ! \ -
! X _

xjﬁ}PT%»kr o | AD 3
______ s > Av/’\' §0§u§
‘k 1“- \! >\ v‘{\/\%ﬂ]ﬂllﬂlﬂ u% B
A .
e 197 > [ SR 1 ?/ > ~=pl p
\jg _ /I / n\///\/

Figure 7: Two-fiber sensor unit (probe) with one modulator.

Suppose we use a dedicated acousto-optic modulator for each branch. In that case, we obtain
independence in generating optical pulses for individual sensing fibers, unless it is limited by
control pulse generators or data acquisition methods, i.e., by the D/A and/or A/D converters.
In addition, if we choose modulators with non-overlapping carrier frequency bands, it is
possible to combine the responses from several fibers into one complex signal and to realize a
standard optical amplification and conversion to electrical form in one processing chain. This
approach can save the number of amplifiers and balanced photodetectors (in the case of a two-
fiber unit from Figure 7, one component is saved, in the case of N sensing fibers, N-1
photodetectors and amplifiers are saved). On the side of electrical signal processing, the
complex signal must be split again, and the signals from distinguished sensing fibers have to
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be processed separately. The double-stranded form of such sensor system is presented in Figure
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Figure 8: Dual-fiber form of the sensor unit with two modulators.

The drawback of the above solution is the need for several distinguished modulators and the
signal attenuation due to the signal coupling and splitting. This requires use of additional
amplifiers in the optical or electrical receiving parts or shorter sensing length. In the case of
separate polarization processing the complexity of the sensor unit is further increased, as shown
in Figure 9.
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Figure 9: Dual-fiber form of the sensor unit with Raman amplification and polarization differentiation.
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The forward path of the scheme is the same as in Figure 8 and extended by the Raman
amplification. Raman pump power is split into two branches and combined with interrogating
signal in the WDM coupler in each branch. The fiber responses are coupled and the pump
scattered signal is filtered out before amplification and ASE noise filtering. Then after the
signal is combined in a 50/50 optical coupler with the local oscillator signal, whose polarization
is appropriately rotated to obtain approximately the same power after polarization splitting.
The signals from both outputs of the 50/50 coupler is then passed through a polarization beam
splitters (PBS), which splits the signal into two mutually orthogonal polarizations. The pair of
PBS outputs with the same polarization enters the same balance photodetector. After
conversion to electrical form, the signal of each photodetector is split into two branches, and
the resulting four signals are further processed separately.

Both single-fiber and two-fiber sensor units were constructed and tested both in the laboratory,
see Figure 10, ([31], [32]). Both sensor units in the picture are operating, waterfalls are shown
on displays. Three fiber traces are 50 km long each and bare fiber spools are used (one is shown
on the left).

The two-fiber sensor contains the Raman amplifier and it has 4-channel data acquisition card.
It supports several configurations, e.g. to send two pulses with non-overlapping AOM
frequency shifts to the fiber or to process mutually orthogonal polarizations from two fibers
simultaneously, according to scheme depicted in Figure 9. Thus the two-fiber sensor unit can
cover approximately 200 km range.
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Figure 10: Two sensor units (single-fiber and two-fiber) in operation — testing in the laboratory

The sensor units were also connected to the real fiber traces buried approx. 50 cm and 1 m
under ground surface. Several different events producing mechanical vibrations were
generated. Two cases are depicted in Figure 11.
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Figure 11: Sensor testing in a real setup: a) a walk of two persons spaced 20 meters, b) hammering the rod into
the ground

Sequential scanning of multiple sensing fibers

In the sequential scanning of several sensing fiber traces, the sensor unit is switched among N
sensing fibers using an external 1: N optical switch (see Figure 12). Sharing one probe with
more sensing fiber traces provides more efficient usage of the expensive probe equipment.

The sensor unit is set to generate certain number of measurement pulses per unit time, which
is limited by the longest sensing fiber or by the sensor itself. The frequency is thus the same
for all sensing fibers. Switching among fibers can be either periodic or driven by any other rule.
The measurement is blocked during switching phases. Important parameters, which determine
the overall number of scans per switching period, are the switching period duration, the
switching latency and the number of switches per the period.
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Figure 12: Probe sharing among several sensing traces

Therefore, a value expressing the number of required scans per unit time and per the sensing
fiber must be determined and the distribution of scans within a time unit to obtain enough data
from each line for further processing. The amount of data needed depends on whether the
sensor units only need to detect and locate the vibration sources or whether it is also necessary
to identify (classify) the sources.

There are two main types of fiber optic switches: MEMS (micro-electromechanical system)
based and switches based on a magneto-optical principle. The typical switching time of
MEMS-based switches is about 0.5 — 1 ms. The switching time depends on the case whether
the switching occurs between directly neighboring ports or not.. The typical switching time of
magneto-optic switches is in order of units of ps. The price of the fiber optic switch matters as
well. The price of magneto-optical switch is typically 3-4 times higher than the price of a
MEMS-based switch with the same number of ports. The optical switch can have more
applications in distributed vibration sensors; namely, they can improve the flexibility of the
sensor unit.

Utilization of optical switches for sensor unit flexibility improvement

When deploying multi-fiber sensor systems, not necessarily all sensing ports must be always
used, i.e. connected to sensing fibers. Therefore, it is appropriate to design the sensor units
concerning efficient use of outputs of signal generating subsystem. This means that no energy
is wasted for unused ports. It allows more efficient optical energy usage to active ports, which
have sensing fibers connected to. The modification will be demonstrated on two-fiber systems.

Figure 13 and Figure 14 show two schemes of a two-fiber sensor units with the heterodyne
receiver described in the chapter ,,Concurrent scanning of multiple sensing fibers* (see Figure
7 and Figure 8). These setups are equipped with one and two optical modulators, respectively,
and with Raman signal amplification circuit. The aim is to modify these setups to efficiently
use optical signals for both two fiber and one fiber deployments.
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Figure 13: Two-fiber sensor unit with one modulator and Raman amplifier.
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Figure 14: Two-fiber sensor unit with two modulators and Raman amplifier.

In the setup with one optical modulator (see Figure 13), an optical coupler 2:2 will replace the
originally proposed 1:2 optic splitter, and a 2-port switch is connected to the coupler second
output (see Figure 15). In the case of the deployment with one sensing fiber only, this setup
allows sending the signal from the unused output back to second coupler input and thus to
strengthen signal at the active output.
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Figure 15: A scheme for efficient utilization of optical pulse power in a dual-fiber sensor system: a) two active
sensing fibers; b) single active sensing fiber.
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When the sensing system contains two modulators with non-overlapping frequencies (see
Figure 14) more options are available and therefore more flexible modification of the original
setup can be designed (see Figure 16).
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Figure 16: Modification of the transmission chain of a two-fiber sensor system with two modulators offering
better flexibility.

Splitting of the optical amplifier (booster) output is solved by the same way as described above
in the case of one modulator system. By utilizing two additional two-port switches behind the
AOM modulators other options are possible. When both sensing fibers are connected the
position of both switches are as shown in Figure 16. If only one sensing fiber is used, either
only AOML1 branch is active and switch A changes its position or both AOM1 and AOM2
branches are active (switch A is in its original position) and the AOM2 output is switched
through switches B and C to the sensing trace 1. This causes that two pulses at different
frequencies are sent to the same sensing fiber. Both pulses may have different widths and
different instants of generation too. As the result it can improve the sensor's sensitivity fading
issue.

To prolong the range of sensing the Raman amplification is frequently used. One setup is
shown in Figure 13 and in Figure 14.

In both original schemes, the Raman pump output power is distributed evenly to both ports via
WDM couplers. If the Raman pump is in operation and only one sensing fiber is applied, a half
of the pump output power normally would be lost. In addition, it would be necessary to
terminate the unused port with an optical terminator for absorption of relatively high pump
power (hundreds of mW). The unterminated port can be very risky for human or animal health
if they focus their eyes at the unterminated port, which the strong pump signal is leaking from.
The solution enabling the efficient use of the pump power and other deployment options are
presented in Figure 17 and in Figure 18.
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Figure 17: Modification of the Raman pump connection for the sensor flexibility improvement: a) balanced
Raman pump distribution, b) Raman pump power concentration for the fiber trace 1
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To enable flexible and efficient usage of two-port sensor unit a 4-port switch was implemented
into both schemes (see Figure 17 a). If both sensing traces are used the switch position is as
shown in Figure 17 a) and a half of pump power is sent to the fiber 1 and the second half to the
fiber 2.

If only one sensing fiber trace is required, the sensing fiber will be connected to the sensor fiber
trace 1 (see Figure 17) and thus the port 1 is active. The 4-port optic switch changes its position
to one shown in Figure 17 b), and the pump power originally directed to the port 2 (which is
now unused) is redirected (with minor loss) back to the port 1 for forward Raman amplification.

Alternatively, if both ends of the sensing fiber of trace 1 are terminated at the place where the
sensing unit (the probe) is located, the second output of the coupler with Raman pump power
can be switched to the second end of the trace 1 for backward amplification (see Figure 18 a).
The fiber trace 2 is without Raman amplification either active or optionally unused. Figure 18
b) shows the other option with the same switch position where both ports are active and the
fiber trace 1 is forward pumped and the fiber trace 2 is backward pumped.

If both ports are active and both of them begin and end at the place of the probe, it is possible
to use the switch to split and forward the second half of the pump power in a counter-
propagating direction of both sensing fibers (see Figure 18 c¢). Thus the 4-port switch
implementation extends one original scheme to five optional schemes.
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Figure 18: Three additional options of the sensor unit application with 4-port switch implementation

The overall solutions of flexibility improvement of the sensor unit transmitting parts is shown
in Figure 19 and Figure 20.
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Figure 19: Utilization of optical switches for a two-fiber sensor with one modulator and a Raman amplifier.
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Figure 20: Utilization of optical switches for a two-fiber sensor with two modulators and a Raman amplifier.

Conclusion

There are a wide variety of modifications of the distributed fiber optic sensor basic scheme that
try to improve its performance or to obtain more flexible design. Some of them have been
presented in this paper. Their main benefits are streamlined utilization of the expensive heart
of the sensor - laser, optical amplifiers, modulators, and broader sensor system application
opportunity.

Like many similar attempts to expand the device's functionality or to further improve its
parameters, these modifications also have their pitfalls. Namely, the complexity increase of the

setup, sometimes increasing the cost due to the need for additional components, and thus
increasing the likelihood of complications in their daily operations.
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