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Abstract. The present study reports on an acoustic fiber optic
sensor system with applications in the development of up to date
stationary systems for complex acoustic monitoring of remote ma-
rine and land areas having no power supply of the acoustic sensors
with capabilities for remote intruder detection and no detectabil-
ity of the system by non-authorized external observers, immunity
to electromagnetic noise and intentional jamming etc.
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1. INTRODUCTION

This work presents the results from the development and experimental
studies of an acoustic fiber optic system which can find applications in the
construction of modern stationary systems for complex acoustic monitoring of
remote marine and land areas without power supply for the acoustic sensors
and with a capability for remote detection of unknown intruders and no de-
tectability of the system presence by non-authorized observers, insensitivity
to intentional electromagnetic jamming etc.

Recent years witnessed progress in the use of the unique acoustic sensing
capabilities offered by optical fibers for which sensitivity reached that of most
widely used piezoelectric acoustic sensors and demonstrated advantages at
ultralow frequencies. The need for an electric power supply for amplifiers of
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the conventional piezoelectric sensors leads to essential complications to the
development of modern acoustic systems for complex monitoring over large
remote marine and land areas.

A fiber optic device containing a broadband depolarized source, an input
Michelson interferometer, a Y-splitter and a Fabry—Perot sensor resonator for
the detection of seismic waves has been known for twenty years [1]. In this
device the light from the broadband light source which is further depolarized
passes through the input Michelson interferometer and the first port of the
Y-splitter to reach the sensing Fabry—Perot interferometer, while the reflected
signal is received via the second port of the Y-splitter and is further analyzed.
A disadvantage of the device is the use of a broadband source, the relatively
short sensor length which limits sensitivity and the possibility for a coherent
detection especially for interrogating of remote acoustic sensors. Reference [2]
describes a device using a coherent source, a fiber optic isolator, a splitter, an
input fiber to a Fabry—Perot resonator encapsulated in a box with a highly
sensitive to external longitudinal vibrations membrane and a photodetector
unit in the reverse direction. Light from the single frequency laser traverses
an optical isolator and through the first port of an X-splitter reaches a Fabry—
Perot sensing resonator the reflected light from which is detected at the second
port of the splitter. The disadvantage in this case is the lower sensitivity to
weak acoustic signals due to the presence of mechanical components such as the
membrane, the acoustic waveguide etc. Another important disadvantage is the
incapability of creating networks of serially arranged sensors under mechanical
stress which reduces the reliability of the system. Another known device [3,
4] has such disadvantages as:

a) limited sensitivity due to the fact that detection is on the slope of the
transmission spectrum of the Fabry—Perot interferometer;

b) limited length of the lead-in fiber;

c) difficulties to multiplex multisensory systems.

Another known device [5] consists of serially connected time multiplexed
Mach—Zehnder interferometers using 1% fiber optic X-splitters. Light from
the laser source is directed through the X-coupler to a series of time mul-
tiplexed Mach—Zehnder interferometers, next to a modulated Mach—Zehnder
interferometer and then to the detector system. The disadvantages are the
complicated and costly construction, the use of many couplers which impose
essential limitations to the development of monitoring systems over larger ter-
ritories.
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2. DESCRIPTION AND OPERATION OF THE ACOUSTIC
SYSTEM

An essential advantage of the proposed acoustic fiber optic system is the
possibility to be deployed over distances as large as 10 to 20 km and above from
the transmitter/receiver unit which together with interrogation unit make the
system for acoustic monitoring marine and land areas. The link of the acous-
tic sensors with the transceiver/receiver unit is via a low-loss (< 0.2 dB/km)
optical fiber thus making the sensor system all-optical eliminating the need
for electrical powering of the remote underwater amplifiers. Thus, it is the de-
velopment of low-loss passive sensing networks for long-term complex acoustic
monitoring of remote marine and land areas. The optical sensor systems for
acoustic monitoring with a sensitivity over a section Al as a rule are based on
coherent detection methods using sources of coherence length L. that fulfill
the condition:

Keon = (Le/AL) > 1. (1)

Typically, the reference signal is formed in the basic unit of the coherent
system in which the length of the reference channel is I,y < L.. The present
work refers to systems at a distance L,y from the basic unit for which the
length of the signal channel is lg;y ~ 2Lsysno > oy where ng is the fiber
core refractive index. For a higher efficiency of the coherent detection of the
whole system the condition K., = (L¢/lsig) > 1 has to be fulfilled from
where the minimum coherence length can be estimated as L¢min > 2Lgysno.
For the acoustic sensor at a distance of Lgys = 20 km and ng = 1.5 the laser
coherence length will have to be L, > 60 km. This leads to unacceptably high
requirements to laser parameters and prices, an increase in the complexity of
the acoustic monitoring systems and their maintenance.

It is the objective of the present work to develop a new fiber optic acous-
tic sensor system in which to minimize the difference between the signal and
reference optical paths [y and [,y of the signal and reference channels corre-
spondingly:

Al = lsig = lyey — 0, (2)

and to ensure conditions that the optical paths in both channels coincide in
all part of the system outside the very acoustical system, i.e., to fulfill the
condition

lsz'g ~ lref + lsens’

where ls.ns is the optical path in the acoustic sensor. Then the condition
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Al ~ lgens can be fulfilled and for K., we obtain:

Kcoh - (Lc/lsens) > 1. (3)

Assuming an acceptable value of the optical path in the sensor l4e,s < 20 m,
for the minimum optical coherence length of the laser we obtain the value
[ > 20 m, from which the acceptable frequency stability is in the limits
A fias < (3—15) MHz for which the condition (3) can be fulfilled. These values
are typical for the routinely used and affordable single frequency telecommu-
nication laser diodes. An important consequence from the fulfillment of the
condition (3) is through the proper choice of laser diodes the possibility to
build unique multiplexed sensor networks of a large number of remote inde-
pendent acoustic sensors and simultaneously preserve a high level of efficiency
of coherency detection.

The subject of our study is the practical realization of new efficient sys-
tems for acoustic monitoring in the case of large distance to the acoustic sensor
based on the above-described conditions. On this basis a variety of technical
realizations of acoustical optical fiber devices are possible which will widen
the areas of application of the systems for remote acoustic monitoring such as
border and port security, maritime and geophysical monitoring etc. An impor-
tant advantage is that the high optical sensitivity and efficiency of the acoustic
optical fiber sensors are realized with an all-optical system avoiding electri-
cal power supply to the acoustical sensors which is caused by the possibility
to have greater distances between the basic unit of the transmitter/receiver
and the acoustic sensor transducer. Several other advantages of the proposed
system can be outlined such as simplicity of the optical scheme, use of lower co-
herence and low-cost laser diodes, possibility to develop multisensory systems
and networks described below.

Figure 1 represents the basic scheme of the fiber optic sensor with a single
sensor which can be from 10 to above 20 km away from the basic interrogation
unit. This simple arrangement can become a building block for time and
spectrally multiplexed sensor systems that are appropriate to monitor large
maritime areas of more than 1000 km?.

We next present a more detailed description of the system. In Figure 1, the
system consists of a transmitter/receiver unit 1 with a lower coherency single
frequency laser 2, a fiber optic circulator 3 with input 3a, input-output 3b and
output 3c, as well as an optical detector 4 with an output to the interrogation
unit of the acoustic monitoring. Through the input-output 3b of the optical
circulator 3, the transmitter/receiver 1 is connected optically through a lead-
in/lead-out fiber of definite length 5 to the acoustic sensor 6, consisting of
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Fig. 1. Basic scheme of a single sensor fiber optic system

a serially connected semi-transparent mirror 7 with a specified transmission
coefficient, a fiber optic transducer 8, a polarization controller 9 and a reflector
10 with a specified reflection coefficient.

The system functions in the following way. The single frequency laser 2
emits a continuous optical path at a single frequency wj,s = 27 flqs, Whose
electric field Ej s (t) can be represented in the form:

Elas (t) = Epexp [_j (Wlast + Plas (t))] s

where Ej is the amplitude, while ¢y, (t) are the slow fluctuations of the optical
phase. It is assumed that the frequency wj,s of the laser diode fluctuates within
the limits wis = Awjgs/2 while the coherence length L. is chosen according
to (3). From the input 3a, and the output-input 3b of the circulator 3 the
continuous light from the laser 3 is passed through the optical fiber 5 to the
acoustical sensor 6. Upon reaching the partially transparent mirror 7 of a
fixed transmission, part of the light is reflected in the reverse direction and
after reaching the output-input 3b of the circulator 3 through the output 3c
is passed to the photosensitive area of the coherent detector 4 as a reference
signal, the amplitude of which is given with the expression:

Eref (t) = (1 - kmir)krefEO €xp [_] (wlast + Plas (t) + q)ref (lref))] ) (4)

where k- is the transmission coefficient of the amplitude of the mirror 7.
D@t (Iref) is the accumulated phase during propagation of the radiation along
the optical path from the laser to the coherent detector, while £, is the optical
transmission of the reference channel. It is evident that the total optical path
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of the reference signal I,.; as counted from the output of the laser 2 in the
basic station will be:

lref = lcirc + 2lfib) (53)

where [ is the optical path in the circulator 3 from its input 3a to its output
3c together with the lead-in/lead-out fibers from the laser 2 and to the detector
4 which in our case is evidently much shorter than the optical path of the fiber
lfib, SO lfib >>>liire, thus

lref ~ QZfib. (5b)

The useful signal carrying the information is described by the electric field
Eig (t) and is formed by the wave from laser 2 and propagating along the fiber
5, i.e., by the reference wave formed from the same laser wave and following
the same path distance. After the semitransparent mirror 7 the field is written
as:

;ig (t) = kmirkf;igEO €xp [_.7 (wlast + Plas (t) + \I/sig ( ;zg))] > (6)

where W, (l’sig) is the phase of the signal accumulated along the optical path
from the laser to the mirror 7, lg;, = (leire/2) + Ly and k;, is the optical
transmission coefficient along the same path in one direction. After the mirror
7 the wave traverses consecutively the fiber 8 of the acoustic sensor 6 of a total
length l.p,s and after passing the polarization controller 9 is reflected by 10
whose reflection coefficient is r,,;,-. The wave returned by the reflector 10
traverses again the sensor accumulating the same path ls.,s and through the
semitransparent mirror 7 enters the optical fiber 5 across the same surface as
the reference signal. After that the optical paths of both the sensor and the
reference signal down to the coherent detector coincide. Correspondingly, their
common optical path of the sensor signal ly;, which carries the information
about the acoustic signal Uy (¢) is:

lsig = lcirc + 2lfzb + 2186715' (7)

From (5a) and (7) we obtain that the optical path difference between the
signal and the reference wave is:

Al = lsig - lref = 2lsens- (8)

Equation (8) holds for arbitrary lengths of the lead-in/lead-out fiber 5, i.e.
does not depend on how far from the basic source/interrogation unit 1 the fiber
sensor module is located. In this way the proposed system minimizes the effects
for possible unfavorable influences on the way from the source/interrogation
unit to the sensor which is of greatest importance for high phase stability and
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detection efficiency particularly needed for the implementation of monitoring
systems of remote sensors located at greater distances. From the above ex-
pressions we obtain an expression for the optical field on the photodetector in
the signal channel:

ESi.‘J (t) = k?nirrmiT'kSigEO exXp [_] (Wlast + Plas (t) + ‘bsig (lszg))] ) (9)

where @4 (l5ig) is the total phase accumulated during the propagation of the
wave from the laser 2 back to the photodetector 4, kyjg = kypef + ksens is the
total optical transmission in the signal channel, kg.,s being the transmission
in the acoustic sensor with ksens < kpop because of the short fiber length in
sensor coil, and correspondingly ks;g ~ kyef.

The introduction of information in the acoustic signal U, (t) is based on the
well know acousto-optic effect [8], which consists in the change of the refractive
index in proportion with the imposed mechanical stress €4 (t) = KemUsge (t)
caused by the acoustic wave, i.e.:

nOp [E(t)] = nop [(Uac(t))] ~ ngp + KemUac (t) 9

where ngp is the average index of refraction, while K., is the electromechanical
coefficient. The changes of the index of refraction caused by the acoustic wave
lead to changes of the speed of light in the sensing fiber section. The optical
path lsens in the sensing fiber section thus becomes time dependent:

Lsens (t) = lgens + Al?ﬁi@ [UaC(t)] ’ (10)

where 19, . is the total optical path of the sensing fiber section, while

AI%* [U,.(t)] is the time dependent change in the part lyep, < 12, of the

sens
sensing fiber subjected to the acoustic field

Al?ﬁi@ (UaC(t)) = lacto KemUac (t) . (11)

The detected coherent signal V,,; (t) at the output 4.1 of the detector 4 is
described by the well-known expression:

Vour (1) ~ ( Buig (1) % Epey (1))

Tas

where E,. 7 (t) is the complex conjugated reference signal, while complex 7, is
the integration time constant of the acoustic signal. As a result, we obtain for
the detected signal the expression:

Vout(t) ~ kzpirTmir (1 — Emir) ksighre  Eg exp(A®). (12)
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For the phases in equation (8) we obtain:

27
Ad = q)sig (lsig) - (I)ref (lref) = rleenSa (13)

i.e., the detected signal at the output 4.1 depends only on the optical path
length of the sensing part of the acoustic sensor 6 irrespective of how remote
it is from the basic unit. Using the expressions for ls.,s we obtain:

4
T oot o Uae(t), (14)

sens
)\las

Ad = (Pgens +

where 2, . = 4xl% / Alas- The expression for the useful output signal be-
comes:
V;)ut(t) ~ KeffksigkrengZgo exp ;ll—ﬂlsensKemUac(t) 5 (15)
as
with Kepp = kZpirTmir (1 — Kmar)-

Due to the low values of the coefficient K., and the amplitude of the
acoustic signal Uy, (t) we limit the expansion into series of the exponent in
expression (11) to its second term, and as a result we obtain an expression to
evaluate the variable component of the output signal which is proportional to
the amplitude of the acoustic signal:

Vout(t) ~ ‘/()Uac (t) ) ‘/O ~ 477KeffksigkrengZgo)\ljl};lsensKem- (16)

We can assume here that Z, = exp(¢,,) = const, based on the consid-
erations that the elements of the acoustic sensor 6 (mirror 7, sensing fiber,
polarization controller and reflector 10 are encapsulated in a metallic box and
are affected by ambient temperature changes, which compared to the time re-
sponse of the detection system are extremely low in underwater deployment.
By fine tuning the polarization controller 9 we can achieve that ¢%, = = 2wm,
m =1,2,3... and hence Z, = 1. In this case for the internal loop 7-8-9-10-9-
8-7 the resultant Jones matrix is unitary and reproduces the input polarization
at mirror 7. Thus, the sensor and reference signals will be in phase at the out-
put of the mirror 7. Due to the equality of the sensor and reference optical
paths, the latter will arrive in phase at the photoreceiver so the detected sig-
nal will be at a maximum. The coefficients k;,; and 7,,; can be optimized
so that the coefficient K s in expression (15) to be at maximum, in which
case the output signal will equally be at a maximum for a given level of laser
power. The electric signal V. (¢) containing the information for the acoustic
signal Uy, (t) is passed to the interrogation unit of the monitoring system for
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processing and decision making on the presence of an object, emitting the

acoustic wave Up ().

The advantages of the scheme from Fig. 1 can be summarized as follows:
1) It ensures a perfect match between the optical paths of the sensor and ref-

erence signals outside the acoustic sensor, thus permitting the lead-in/lead-

out fiber to have lengths of 10-20 km and above and by reducing the require-
ments to the laser to those of coherence lengths of several meters which is
the case for most of the commercially available lower cost lasers for Coarse

Wavelength Division Multiplexing (CWDM). This in turn makes it possible

to create highly efficient multiplexed coherent systems for acoustic control

of remote wide marine and land areas;

2) Simplicity of the whole optical system including the remote acoustic sen-
sor which does not need electrical power to function and the transmit-
ter /receiver interrogation unit is located ashore in a closed cabinet. For
lasers in the C (conventional) optical communication band (1530 nm to
1565 nm) for which a single mode fiber has an attenuation of less than
0.15 dB/km, a sensor at 20 km from the basic station will accumulate 6 dB
of power losses thus leaving sufficient margin for additional multiplexing.
Figure 2 presents a next development of a time multiplexed sensor system

where it is of simultaneously functioning independent parallel acoustic sensors.

The multiplexed system consists of a transceiver /receiver block 1 including a

single frequency laser diode 1 with an external electro-optic modulator 2.0, an

optical circulator 3 and a coherent optical detector 4 with time demultiplexing,

as well as a lead-out/lead-in finer 5, a 1xm splitter 12 with outputs from 12.1

to 12.m to the corresponding secondary lead-in/lead-out fibers from 5.1 to 5.m

with different lengths and the corresponding outputs to a series of m acoustic

sensors 6.1 to 6.m with input 7.1 to 7.m and output 10.1 to 10.m reflectors,

sensor coils 8.1 to 8.m, and polarization controllers 9.1 to 9.m.

The system from Fig. 2 is analogous to that from Fig. 1. The reference
signal from the laser 2.0 propagating along the common fiber 5 is divided by the
splitter 12 and continues along the corresponding secondary lead-in/lead-out
fibers 5.1 to 5.m to the acoustic sensors from 8.1 to 8.m. For an appropriate
choice of the secondary fiber lengths, the sensor and reference pulses from each
of sensors arrive independently to the coherent detector at fixed delays and
are processed separately by the interrogation system.

The advantages of this scheme are as follows:

1) The possibility to cover a larger surveilled area which is as a whole at a
large distance from the central station;
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Fig. 2. Basic arrangement of a passive time division multiplexed
sensor system with parallel acoustic sensors

2) The acoustic sensors after the splitter can be installed in an arbitrary ar-
rangement depending on the structure of the system of monitoring;

3) A single lead-in/lead-out fiber is used since the sensors are inherently re-
flective;

4) A greater reliability if certain sensors fail;

5) Lower cost optical communication components are used.

3. POSSIBLE APPLICATIONS OF THE DEVELOPPED FIBER
OPTIC ACOUSTIC SYSTEMS FOR MARITIME AREA
MONITORING

The results from the analysis of the above presented arrangements of fiber
optic monitoring systems of wide maritime areas [9] can find applications in
the development of novel passive stationary systems for complex acoustic mon-
itoring of large maritime and land areas (above 100 km?) that do not need
electric power, avoid radio transmission and are low-cost.

The proposed arrangements allow for different geometry and with some
modifications of different topologies depending on the particular geometry of
the application.

The fact that electric power is needed only for the land-based basic unit,
while the sensor system is all optical, means that once deployed on the bottom
of the water basin the fiber network becomes virtually undetectable since only
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dielectric and plastic components are used and the metal parts of connectors
and couplers are with millimeter dimensions. As the signals are optical, they
emit no radio waves and are immune to radio jamming and electromagnetic
noise. Suitably positioned sensors in a network can determine the location of
the intruder by measuring time delays and using triangulation, pattern recog-
nition techniques and can track several different moving objects by detecting
their acoustic emissions and signatures. This allows maximum efficiency and
versatility of monitoring.

The principle of operation of the above-described system was experimen-
tally tested for different lengths of the lead-in/lead-out fiber 5 between the
basic unit and the fiber sensor, namely 1 km, 3 km, 5 km and 10 km. In
all cases a stable functioning of the laser, the modulator and the sensor unit
was observed and the acoustic signals were with sufficient signal-to-noise ratio
which did not decrease with fiber length 5. The sensing fiber was coiled on
a 10 cm diameter drum which was excited using a piezo-electric transducer
activated by a sine signal. We estimated experimentally the acoustic signal
transmission quality at the passing throughout the entire fiber optical system
of length exceeding 10 km between the more distant sensor 6 (see Fig. 1) and
the position of the coherent optical detector 4 on the output 4.1 (Fig. 1). To
this purpose we compared (see Fig. 3(a) the phase differences between the
reference signal from a signal generator on the sensor 6 and the output signal
on the output 4.1. As seen, both the signals (the input and the output) display
very stable temporal phase stability. In addition, the frequency spectrum of
the output signal is shown in the Fig. 3(b). It is evident the output signal
from the 4.1 channel demonstrates a single frequency spectral line.

|

DL ()

Fig. 3
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As a conclusion of this item, we can state the acoustic fiber optical system
here described is capable to provide high quality acoustic signals to be applied
in modern information system for detection of different underwater targets
over large coastal sub-water areas, as well as for determination of their coordi-
nates and the long-distance prevention of their activities within the monitored
coastal areas by the system developed.

4. CONCLUSION

The high sensitivity of the developed acoustic fiber optic multi-sensor sys-
tems is achieved by using coherent detection with an accurate equalizing of
the optical path between the sensor and reference signals to achieve high effi-
ciency. These are necessary conditions to realize monitoring systems of areas
located at great distances from the central station. It has been shown that the
coherence length of the single frequency laser must be approximately equal to
the fiber sensing section length (~ 10 m) which is much less than the distance
between the basic unit transmitter/receiver unit and the fiber acoustic sensor
(~ 10 km).

This allows by an appropriate choice of the single frequency laser and its
coherence length to create unique time (TDM) and wavelength division mul-
tiplexed (WDM) fiber sensor networks of independent acoustic fiber sensors
based on coherent detection. A single sensor and a network sensor arrangement
were described that allow different applications in the monitoring of large ma-
rine and land areas. The network sensor system can monitor simultaneously
a large number of surface and underwater moving vessels by detecting the
emitted acoustic noises. The latter can be directly identified by an operator,
applying an appropriate signal processing algorithm.
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