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A large-aperture, seabed mounted, fiber-optic hydrophone array has been constructed and gt
characterized. The system is designed for use as a large area surveillance array for deployment in m
shallow water regions. The underwater portion comprises two arrays of 48 hydrophones separated of
by a 3 km fiber-optic link, which are connected to a shore station by 40 km of single-mode optical fil
fiber. The hydrophone is based on a fiber-optic Michelson interferometer and the acoustic T
transduction mechanism is a fiber-wrapped mandrel design. No electrical power is required in the w
underwater portion. The performance of the system is described, characterized during laboratory th
measurements and during a recent sea trial. Specifically, measurements of the acoustic resolution, W.
array shape, beam patterns, array gain, and target tracking capability of this array. The system in
demonstrates self-noise levels up to 20 dB (typically 10 dB) lower than the ambient acoustic noise cc
experienced in the sea trial and array gains close to the theoretical maximum. The system telemetry du
and electronics have been designed to be expandable to accommodate several hundred hydrophones. pt
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1. INTRODUCTION optic seabed hydrophone array that has been characterized | ©
. . . . during laboratory tests and during an open water sea-trial. ; $©
Optical fiber acoustic sensors are being developed for a  The system comprises 96 hydrophones in total, which ar se
variety of passive sonar applications. Since their inception in divided into two arrays of 48 hydrophones separated by ] I
the late 1.9705, this technology has been developed to alevel 1 The arrays are designed for conventional plane-wave _lga
§fnrna(t1ur1ty such that prototype systems 121ave been su;cess— beamforming. The hydrophones are linearly spaced at 1.51m ilsn
uly ;monstraﬁed in realistic sea tr1a1§. One area o par- intervals, yielding a design frequency, f,;, equal to 488 AR
ticular interest is shallow water acoustic surveillance. This _ . . erl
o ) s A where f,=c,/2d (here, d is the hydrophone spacing and thep .
application requires acoustic arrays comprising in some . _ «thi
) sound speed in water, c¢,,= 1475 m/s). Data from the two
cases several hundred sensors, which may be located several to
. . . . . arrays are processed separately. The arrays are separated bya .
kilometers from the receiving station. These installations . Inf
3 km fiber-optic cable and connected to the shore by a 40 ki
may be deployed for between a few months to several years. I ¢
P . o . fiber-optic link. he
or this application the all-optical system offers several ad- The detailed desi ¢ thi has b (ol
vantages. These systems contain no electrical components in | he g 4a1 ed esi;gn. O. this system has . een rep()l:f . qu
the wet-end portion and are therefore light-weight and less ?ni?l\z]e ect?thearilnd?z/?gu;lfl25:1151siﬁczigﬁssizz?g}ﬁ:vgz roa ;h?
susceptible to water ingress, improving reliability. The high ° ) ) A ’ ’ Ie
multiplexing capability of the optical fiber systems allows b.rlef_'explanat-lon of the operating pr.mc1ple and sysFené dz tw
several hundred sensors to be interrogated through two fibers ert‘i‘ 331 f%lV:llt lglosec‘sﬂ- The ﬁber—Optlg Sy.St;iam1 cotnta1m ;;1 ‘ ﬁ(
or less; requiring only a small diameter cable to link the er ise sources, compared with electro-cer (
underwater array to the shore. The underwater portion is also based systems; it is therefore important to accurately charat'| fre
immune to electro-magnetic interference. terize each noise source and determine its relative contribl | an
Described here is the performance of a large-scale fiber- tion to the total noise. This will allow an accurate predictio? Ui
' of the performance of the system during field “use. These‘%ﬁ( So1
Opresent address: Naval Research Laboratory, Code 5674, 4555 ?‘;1:6 Ss()urscss 2;1’1(1 (t;.le Corrzla;liil of dthbe n:;llse :fou?@; 3:5 ‘:é pa
Overlook A SW, Washington, DC20375; electroni i~ tween sensors are discussed, followed by the eect o =
ot comnch@nrln e clectone array detection performance when array beamforming is pef%é Ac
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rmed. In Sec. III, measurements of the self-noise of the
ﬁsors and data from the field trial are presented. In Sec. IV,
the method of determining the array shape after deployment
described and the results are presented. This information is
n used to perform shape-corrected conventional beam-
ming, which allows the beam patterns and array gain to be
ermined. In Sec. V, the acoustic emission tracking capa-
ity of the system is demonstrated. Finally, a summary is
en in the concluding section.

[I. PRINCIPLE OF OPERATION
A Background and sensor configuration

A fiber-optic hydrophone operates by converting the
fanoustically induced strain within an optical fiber placed
within the acoustic field into a phase shift in the light propa-
gating in the fiber. This phase shift is converted into intensity
nmodulation by incorporating the fiber into one arm of a fiber-
f’opuc interferometer. To enhance the strain induced in the
‘~'ﬁber, an - amplification mechanism is usually incorporated.
The technique used in this system is based on a fiber
wrapped air-backed mandrel design.’ The physical change in
the diameter of a plastic mandrel, around which the fiber is
wrapped, under the influence of a time varying pressure field
mduces a strain in the fiber. The air backing increases the
jcomphance of the structure and therefore increases the in-
duced strain within the fiber. An omni-directional hydro-
phone response is obtained when the acoustic wavelength is
much greater than the maximum hydrophone dimension.
Multlplexmg is achieved by serial concatenation of sensors
‘nd using the time of flight of injected optical pulses to se-
3quent1ally address each sensor. Wavelength division multi-
‘pléxing is incorporated with the time division multiplexing
-acterized | 10 permit signals from several time division multiplexed sen-
sea-trial, | S0r arrays to be combined onto a single optical fiber. Sixteen
vhich are ors are multiplexed with time (expandable to 64) and six
tted by 3 wavelengths are used to allow 96 hydrophones to be interro-
ane-wave | gated through two optical fibers. To achieve high phase reso-

ition from the interferometric sensor, a high coherence laser

t1.51m
)a 488 Hz required that emits a stable single optical frequency. Six

system with emission wavelengths ranging from 1541.35
549.32 nm spaced by 1.6 nm. The transfer function of the
ferometer is cosinusoidal and therefore an interrogation
method 1s required to linearize the response of the sensor. A
heterodyne based method is employed, where by the fre-
(Quency of the light from each arm of the interferometer is
shifted. When the two beams interfere on the detector, a beat
ywever, 4 ffequency equal to the difference in frequency between the
ystem de- le0 beams is generated. A strain imposed on the fiber will

reported
he perfor-

tains se¥"{modulate the phase of the light, which will appear as phase -

d-cerami®imodulation sidebands around the beat frequency. The beat
ly charac- fl‘equency is then mixed with a phase locked local oscillator,
contribu- d the phase information of interest is retrieved using a
sredictior g0n0metrlc method. A simplified example of a single sen-
se. Thest [t in this multiplexed configuration is shown in Fig. 1.

urces be'} | The optical emission from the laser is injected into a
sct on thelath-imbalanced interferometer or compensator (COMP).
ng is per ACOusto -optic modulators in each arm frequency shift and
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um doped distributed feedback fiber lasers are used in
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FIG. 1. Sensor configuration,

amplitude modulate the light when driven by a pulsed radio
frequency source. The output from one acousto-optic modu-
lator is delayed with a fiber delay line before being combined
with the other arm. The compensator thus generates two de-
layed pulses with a frequency difference, Af=RF,—RF,
which are repeated at a frequency, Srep- The pulses are am-
plified with an erbium doped fiber amplifier (EDFA) and
launched into the sensor array. The sensing region of the
fiber is defined by splicing two reflective directional couplers
at each end. The fiber length in-between the coupler forms
one arm of a Michelson interferometer, and is set to give an
optical path length equal to half the optical path length of the
delay line in the compensator. Therefore, the reflection of the
first pulse from the mirror after the sensor arrives back at the
detector at the same time as the reflection of the second pulse
from the mirror before the sensor. The total phase of this
interferometer configuration is the difference in phase be-
tween the compensator and the Michelson interferometer
sensor,

Dio= (27n/N) - (Leopp—2Lap)s (1)

where n is the effective index of the fiber core, \ is the
free-space optical wavelength, and Lcopp and Ly are the
fiber path imbalances in the compensator and Michelson in-
terferometer, respectively. In the ideal case (Lconp— 2L
=0 and ¢,,=0; however, imperfect matching of optical fi-
ber paths and thermally induced fluctuations in the fiber
lengths result in a small effective imbalance and hence a
nonzero total phase. At the detector, the two pulses reflected
from each directional coupler overlap and generate the het-
erodyne beat frequency. Assuming that equal power is re-
flected from each directional coupler, then the intensity in the
heterodyne pulse is given by

I=I (1+Vcos(2mAft+ ¢,(1))), 2)

where /. is the total mean intensity in the heterodyne pulse

and ¢(7) is the phase modulation containing the acoustic

information. V is a fringe visibility term, ranging from zero
to unity, that depends on the relative orientations of the po-
larization of the light from each interferometer arm. Remov-
ing the dc component from Eq. (2) and mixing with in-phase
(i) and quadrature (g) components of a stable local oscillator
yields

i(1)=A cos(¢y(1)), ‘ (3a)
q(1)=A'sin(py(1)), ‘ (3b)
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TABLE 1. Definition of terms.

Parameter Value Description
Frep(=1/T) 120 kHz Sensor interrogation rate
T Pulse width/sample time
L Sensor fiber length
D(=7IT) Duty cycle
Af ‘ 10 MHz Heterodyne frequency
fa 488 Hz Array design frequency
Cy 1475 m/s Sound speed in water
d 151 m Hydrophone spacing
N 1550 nm Free-space optical wavelength
n 1.465 Effective refractive index of
fiber core
¢ Optical phase
12 Fringe visibility
RIN Relative intensity noise
P Optical power
I Optical intensity
Ssp Spectral density
V2, Ordinary coberence function
G X'y Cross-spectra function
N Number of sensors

where A is proportional to the fringe visibility, photodiode
responsivity, received power, and gain in the mixing process.
The signal phase of interest is then obtained by taking the
arctangent of the ratio of Eqgs. (3b) and (3a). Prior to detec-
tion, the pulse train is amplified by a second EDFA. An op-
tical bandpass filter (OBPF) is placed at the output to remove
amplified spontaneous emission, generated by the EDFAs,
that lies outside the optical bandwidth of the signal interro-
gating the sensor. The effect of polarization induced signal
fading is alleviated with a polarization diversity receiver
(PDR), discussed in the following. The two outputs of the
PDR are each mixed with the local oscillator, low-pass fil-
tered and digitally sampled (A/D). The phase measurement
and tracking is then performed digitally by the demodulator.
Phase locking the local oscillator to the oscillators driving
the acousto-optic modulators allows the phase of the inter-
ferometer to be tracked. Although the phase will drift due to
thermally induced fluctuations in the fiber lengths and laser
wavelength, these effects are usually very slow, and in most
cases very low frequency pressure fluctuations (<1 Hz) can
be resolved.

A third EDFA is located at the output of the sensor array.
It is powered with an optical pump signal, at a wavelength of
1480 nm, delivered through a separate fiber and is called a
remotely pumped EDFA. The gain provided by this amplifier
compensates for signal attenuation in the return fiber, and
therefore allows the fiber link to be extended. '

The definition of terms and values of various parameters
used in this paper are given in Table L.

+

B. Optical sensor noise sources

A noise source refers to any effect that generates a sig-
nal, which is unrelated to the acoustic signal of interest and
interferes with its precise measurement. In the remotely in-
terrogated optical hydrophone sensor, there are several opti-
cal noise sources that can contribute significantly to the total
sensor noise. These are: (i) laser frequency noise, (i) laser
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FIG. 2. Laser noise: (a) frequency induced phase noise in a Michelson
interferometer with a 1 m fiber path-imbalance and (b) relative intensity
noise.

intensity noise, (iii) amplified spontaneous emission noise,
and (iv) coherent double Rayleigh scattering noise.® Other
noise sources, such as optical shot noise, detector noise, os-
cillator phase noise, single Rayleigh backscattering,’ fiber

thermal noise,® and input polarization noise’ are also present

but are generally less significant and will be ignored.

Laser frequency induced phase noise arises from the
small path imbalance present in each sensor. An imbalanced
interferometer converts input frequency fluctuations into in-
tensity fluctuations, which are proportional to the path imbal-
ance. The frequency induced phase noise, S¢g.q, for one
laser isolated from environmental noise is shown in Fig. 2(a)
scaled to a fiber path-imbalance of 1 m in a Michelson inter-
ferometer. Fluctuations in the intensity of the laser also con-
tribute to the sensor noise and generate a noise current on
detection indistinguishable from the sensor phase signal
This is characterized in terms of the relative intensity noise
spectral density (RIN) where

| S
RIN= -2 | . @

p2

Ssp is the spectral density of the optical power fluctuations
and P is the mean optical power. A typical RIN spectrum is
shown in Fig. 2(b). For the case when the RIN occupies
bandwidth much less than the heterodyne beat frequency, the
RIN induced phase noise is given by d¢rin= JRIN. RIN
appears in the parameter, A, in Eqs. (3a) and (3b) and is
therefore common mode to these two signals. Thus, by-care-
ful balancing of signal levels during the process of extracting
the phase, first-order rejection of the RIN can be achieved.
Optical amplifiers in the system generate amplified spont&
neous emission (ASE). ASE occupies an optical spectrufl
approximately 30 nm in width centered on ~1545 nm, most
of which is filtered prior to detection. However, ASE noist
within the bandwidth of the optical filter (approximately 0.
nm) will contribute a significant noise source. On detectio®

two noise contributions arise: noise-due to beating of the

ASE with the signal, 8¢,_,,, and noise due to beating of the

" ASE with itself, &¢;,.,. Expressions for these noist

sources can be found in Ref. 10 and only their relative mag
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udes are considered here. In an optimized system the ASE
nerated by the remotely pumped amplifier dominates: the
otal noise contribution due to ASE.!® Coherent double Ray-
igh scattering generated in the input fiber also contributes a
nificant noise source when the input fiber is many kilome-

se and can therefore be reduced by common mode rejec-
ion. It is considered here only in terms of the laser RIN.

k Finally, another source of noise that has been found to
egrade the sensor performance is due to leakage light from
he acousto-optic modulators. This is generated when the ex-
nction of the frequency shifted light is not sufficiently high.
his continuous leakage light forms multiple imbalanced

E parasmc interferometers, which generate frequency induced

_ phase noise. In the system presented here the optical extinc-
~ tion ratio of the acousto-optic modulators at the shift fre-
_quency is in excess of 100 dB and no degradation in the
"ensor noise has been observed due to leakage light.

c Noise in multiplexed systems Noise aliasing and
correlatlon

The effects of the above-described noise sources are
now considered in the case of the multiplexed sensor system.
The sensor signals [labeled ““i(#)” and “q(t)” in Fig. 1]
1.cons1st of a pulse train with each pulse proportional to the
‘nctlon given by Eq. (3a) or (3b). An individual sample is
taken during each pulse corresponding to a sample of each
fsensor The 31gna1 to be sampled contains the phase informa-
n of interest as well as noise components that may occupy
bandwidth much greater than the effective sensor sampling
equency, f.,. For the general case of sampling an arbitrary
- wave form, the Fourier transform of the sampled spectrum is
g1ven by the convolution of the Fourier transform of the
wave form with the Fourier transform of the sampling func-
tion. Consequently, when the wave form occupies a band-
width greater than the sampling frequency, the components
of the wave form at frequencies greater than the sampling
frequency will be aliased (or folded) into the true spectrum.
e result of this effect can be understood by considering the
se of sampling bandwidth limited white noise that occu-
es a bandwidth much greater than the sampling frequency.
this case, the aliased noise will add incoherently with the
Spectral components in the true spectrum. This, if bandw1dth
hrmted white noise with a power spectral density, %*, is
§§mpled with a periodic rectangular pulse train of penod, T,
d pulse width, 7, then the sampled signal will exhibit a
ise spectral density equal to /D 5?, where D=7/T is the
; ghpling duty cycle. For bandwidth-limited white noise the
ect of aliasing is to increase the noise power in the true
ectrum by /D. Noise sources such as amplified spontane-
%s emission noise closely resemble bandwidth-limited
'Whlte noise and will contribute aliased terms. However, if the
SPectral density of the noise source decreases for frequencies
hove the sampling frequency then the aliased néise contri-
blltlon can be neglected. Conversely, if the noise exhibits a

se noise

ive mag | Pl

fPﬂCnal density that increases for frequencies above the sam-
ng frequency, then the aliased noise contribution will be
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ers long. This noise source appears as an additional intensity ,

O,y (aliased spectrum)
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FIG. 3. (a) Fourier spectral content of the signal prior to digitization and (b)
sampled spectrum of sensor showing relative levels of noise sources.

greater than \/D. This is the case for RIN, shown in Fig.
2(b), which exhibits a noise spectrum resembling an under
damped harmonic oscillator.

Shown in Fig. 3(a) is the convolution of the sampling
function with the RIN spectrum, which illustrates the com-
ponents that are aliased into the true spectrum as dotted lines.
The sampling rate is chosen such that the aliased RIN corre-
sponding to the peak in the RIN spectrum (also know as the
relaxation oscillation frequency) does not fall within the
acoustic bandwidth of the sensor.

The digitized noise spectrum of the sensor therefore
comprises contributions from all the noise sources described
in Sec. IIB and also aliased contributions from the noise
sources whose spectral density either remains constant or
increase for frequencies above the sampling frequency. The
aliased noise contribution cannot be suppressed, since it is
not possible to incorporate anti-alias filters prior to the ana-
logue to digital conversion process.

Having determined the significant noise sources in the
sensor, it is necessary to consider the effect of noise correla-
tion. Correlated noise may degrade the beamforming pro--
cess, since the effectiveness of beamforming relies on the
implicit assumption that the correlation of the noise between
sensors is very low. It is generally valid to assume that the
above-described noise sources are statistically unrelated to
one another and are therefore uncorrelated. However, optical
noise sources that have a common origin, with a weak
aliased component, exhibit a high degree of correlation be-
tween sensors, particularly at the low frequencies of interest
in acoustic sensing. For example, for the case of white noise
existing between 0 Hz and fo Hz, the degree of correlation of
this noise source between two adjacent sensors is given by
its normalized autocorrelation function,

(5)

where 7 is the time between sampling two consecutive sen-

R(7)= sin(2afo)/ (27fy7),

_sors. Thus, for the case when f=f.,/2 (i.e., the noise band-

width meets the Nyquist sampling condition) then R(m)=0
(ie., no correlation) when 7=1/(2 frep). However, for an
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array of N sensors, 7~1/(N+1)f,, and in most cases,
R(7)#0 (i.e., noise is partially correlated). As the bandwidth
of the white noise decreases, then R(7) tends to unity. This
example is also a good approximation for noise sources
whose spectral density decreases for frequencies increasing
above f,. In this fiber-optic system, noise sources that fit this
criteria are laser frequency noise and double Rayleigh scat-
tering noise. Conversely, when the noise has a strong aliased
component the correlation is low, since the aliased noise adds
incoherently with the true noise spectrum. This case corre-
sponds to amplified spontaneous emission noise. An example
of the relative contributions of the noise sources is illustrated
in Fig. 3(b). The exact level of each noise source will depend
on the system configuration; however, in most systems of
this type the sensor noise will be limited by ASE noise gen-
erated by the optical amplifiers.

To quantify the correlation of noise between sensors, the
ordinary coherence function, %, is employed, where

Gy(f )F o)
xx }
Here, G,, is the cross-spectral density between signals x and

v, G, is the power spectral density, and* indicates complex
conjugatlon This quantity must be calculated by averagmg
over several records, since for a single average yxy equals
unity. The effect of correlated noise on the array performance
is observed when the array data are beamformed. For our
analysis, a conventional phase shift and add beamformer is
employed. The beamforming process provides an enhance-
ment in signal-to-noise ratio (SNR) in the direction of the
acoustic emission, when the array is in an isotropic noise
field. The enhancement in SNR is known as the array gain
and correlated noise reduces the array gain obtained by the
beamforming process, in the broadside direction.

D. Polarization diversity receiver

The visibility term, V, in Eq. (2) includes components -

for the laser coherence, optical loss, and polarization of the
light from each arm of the interferometer. The coherence
lengths of the lasers used in this system are several orders of
magnitude larger than the differential path mismatch in the
Michelson interferometer and this effect can be ignored. The
loss component includes the effects of the coupler coeffi-
cients, mirror reflectivity, and other optical losses, which can
imbalance the return powers from each arm of the interfer-
ometer. The intrinsic visibility component resulting from an
imbalance in received intensities is given by V;
=2 \/I—]TZ/ (I,+1,), where I, and I, are the optical intensities
at the detector from arms 1 and 2 of the interferometer, re-
spectively. This establishes the maximum achievable visibil-
ity and is effectively set at manufacture of the array with
some small thermal and aging related variation. The polar-
ization component of the visibility accounts for the state of
polarization (SOP) of the light from each arm of the interfer-
ometer. If the polarization states are aligned they will opti-
mally interfere but if they are orthogonal to one another there
will be no interference, resulting in what is referred to as a
polarization induced fade. This causes an increase in the sen-
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FIG. 4. Probability that N channels of a 48-element array experience 3 -

polarization induced signal fade of less than 10% (i.e., V,<0.1).

sor noise. Without the use of a PDR, the polarization induced

visibility component is given by V,=cos(7) where 7 is the

angle between the two SOPs. Environmentally induced per-
turbations on the fiber cause the SOP of the light from each
arm to vary randomly with time and 7 can vary between (
and 90°. Typically this is not acceptable and some method to

either eliminate or manage the polarization induced fading

must be incorporated.

The use of a polarizer based PDR is a common tech-
nique to overcome polarization induced fading and a “bi-
cell” configuration is used in this system. Polarizer-based
PDRs interfere the return signal across multiple polarizers
with different angular orientations and select the output with
the largest interference signal for further processing. Systems
incorporating three linear polarizers angularly spaced by 60°
can be shown to eliminate the possibility of a complete sig-
nal fade."! Bi-cell configurations, which incorporate two or-
thogonal polarizers, do not eliminate the possibility of a
complete signal fade but they do significantly reduce the
possibility of it occurring to an acceptable level. Figure 4
shows the probability that a given number of channels in
48-element array have a polarization induced visibility term
less than 10% (i.e., V,<<0.1), for both the bi-cell PDR and
the no PDR cases. The magnitude of the signal fade that can
be accommodated is dependent on the noise and dynamic
range of the detector as well as the above-given ftrinsic
visibility. Referring to Fig. 4, the probability that none of the
48 channels have faded below the 10% level is 99% whe!
the bi-cell PDR is present and 61% when no PDR is present
(i.e., 99% of the time, no channels in a 48-element array will
have faded below 10% of their maximum value when a br
cell PDR is used). The probability that two channels havt
faded below 10% is only 0.004%.for the bi-cell PDR. Thus
during an 8 h acquisition one channel will fade by great®
that 10% over approximately 5 min and two or more cha
nels will fade for a little more than 1 s. Losing one chani
in the array does not seriously degrade performance and i
deemed acceptable for this application. The bi-state PDR 1¢
duces. the electronics and signal processing requirements by

proach.
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FIG. 5. System self-noise power spectral density, beamformed data, and adjacent channel coherence. Array 1, 35 km link: (a) power spectral density, (b)
beamformer, (c) coherence; array 2, 35 km link: (d) power spectral density, (¢) beamformer, (f) coherence.

il. SYSTEM PERFORMANCE
A. Laboratory measurements

The system noise is characterized by replacing the hy-
drophone sensors with a “simulator” array. This consists of
16 sensors arranged in the same in-line Michelson configu-
ration, but with the fiber for each sensor wound onto a piezo-
ceramic (PZT) cylinder. This “simulator” array is placed
info an acoustically iselated box. The measured sensor noise
ismow limited by system noise and not ambient acoustic
toise. Driving the PZT cylinders allows signals to be indi-
Vidually injected onto a sensor. During these tests, all six
Wavelengths interrogated the same simulator array, and thus
the self-noise at each wavelength can be directly compared.
The phase resolution is expressed in units of dB re 1
#rad/Hz""? and can be converted to a noise equivalent sound
fressure level by subtracting the hydrophone responsivity
(75 dB re 1 rad/Pa).

- The sampled data are filtered and decimated to yield an
iiCOustic bandwidth of ~750 Hz. The frequency response of
!%ie digital filter exhibits a roll-off of ~7 dB for frequencies
Seater than 500 Hz, which is reflected in the following
thase spectra. '

' The arrays are denoted array 1 and array 2. The phase
loise spectral density for sensors 33-48 in arrays 1 and 2 are
ShOWn in Figs. 5(a) and (d), respectively, and have been cho-
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sen to illustrate best and worst case examples of sensor
noise. These measurements were taken with a 35 km fiber
link on the input and output. The variation in total noise
between the sensors is due to the combined effects of varia-
tion in received power from each sensor and polarization
induced signal fading. The phase resolution obtained was
~40 dB re 1 prad/Hz'? at 500 Hz, which corresponds to a
pressure resolution of 47.5 dB re 1 wPa/Hz"2. In both arrays,
at frequencies below ~100 Hz, the noise is limited by laser
frequency fluctuations. In array 2, a significant elevation in
the noise is present for frequencies between 100 and 200 Hz
and between 400 and 600 Hz (some narrowband tones origi-
nating from the power supplies are also present in the noise
spectra). This is due to laser frequency fluctuations induced
by the environmental sensitivity of the laser. The packaging
in which the lasers used to interrogate array 1 were incorpo-
rated provided better isolation to environmental disturbances
than that used for the lasers interrogating array 2. The detri-
mental effect of this laser noise is shown by the beamformed
data, which are given in Figs. 5(b) and (e). (These are calcu-
lated with a conventional beamformer, a Hann time window,
and no aperture shading.) Three beams are shown for each
array, corresponding to each endfire direction and broadside.
The noise at broadside is greater than the noise at endfire for
both arrays; however, the increase in noise is much greater
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for array 2, particularly at frequencies between 400 and 600
Hz. This shows that the sensor self-noise adds coherently,
rather than incoherently, when the data are beamformed in
the broadside direction. The correlation between sensor noise
is quantified by calculation of the coherence between two
adjacent sensors, which is shown in Figs. 5(c) and (f) for
arrays 1 and 2, respectively (these plots are typical of the
coherence between two adjacent sensors). The coherence is
close to unity for frequencies less than 100 Hz for array 1
and frequencies less than 200 Hz and between 500 and 600
Hz for array 2. Consequently, at frequencies where the co-
herence is high the beamforming process yields little im-
provement in signal to noise ratio at broadside. In the pres-
ence of an incoming acoustic signal at broadside, if the
sensor noise is highly correlated and the ambient sea-state
induced phase noise is comparable to the sensor self-noise,
then the array gain will be significantly degraded. Therefore,
the sensor self-noise must be sufficiently lower than the am-
bient noise to ensure that correlated sensor noise does not
degrade the beamforming process.

Injecting narrowband tones onto a single sensor and
measuring the signal amplitude on adjacent sensors allows
cross-talk to be characterized. This was found to range be-
tween —39 and —66 dB at 100 Hz depending on the sensor
location relative to the test sensor.
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B. Sea-trial measurements eaChqf;
Arrays 1 and 2 were deployed a few kilometers from the | acoust
coast of a major military and commercial shipping port. A3} At eac
km fiber-optic cable joined each array and a 5 km cable| band 5
connected array 1 to the shore station. For the majority of the | repeate
tests, an extra 35 km of optical fiber wound onto spools was Global
added to the input and output fibers, to increase the effective| which
array standoff to 40 km. Array 1 was deployed at a depth of | end of
57 m and array 2 at a depth of 73 m. Shown in Figs. 6(a) and Tt
(d) are the phase noise spectral density for all useable char lowing
nels from data taken during the sea trial. The region wher betwee
the array was deployed experienced a lot of marine traffic each o
and there were few opportunities when no marine traffic was| are the
present. However, these plots represent “quiet” periods and_ data fo
allow the spatial filtering ability of the array to be examir‘ledA s used
The ambient acoustic noise at this time was close to sea state; and so
3 for array 1 and sea state 1 for ‘array 2. This results in & Sidual ¢
ambient acoustic induced phase noise approximately 20 dB| & techn
higher than the mean sensor self-noise at 488 Hz for array I} culating
and up to 10 dB higher than the sensor self-noise for array }| lepths
(it is assumed that the environmentally induced laser noist Th
level during the laboratory measurements is similar to thal Iﬁme de
during the sea trial). The beamformed data, calculated will | lerative
" no aperture shading and shown in Figs. 6(b) and (¢), demo® e opt
strates that for array 1 the noise adds incoherently. Thu® bout tl
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h an acoustic signal present an array gain of ~15 dB
ould be obtainable at all steer angles (beamforming the
ata also reveals a weak target in one of the endfire direc-
ons). However, for array 2 the noise is coherent, which
sults in an increase in the beamformed noise by up to ~15

ctions. The array gain for a 48-hydrophone array with no
erture shading and linear spacing, in_an isotropic noise
eld at the design frequency is given by 101og,o(N), which
r N=48 yields 16.8 dB. Thus, during this data acquisition,
ose to the maximum array gain would be obtainable from
- yray 1; however, coherent noise from the lasers would de-
ngade the array gain for array 2 in the direction of broadside.
The correlation of the noise is confirmed by examining the
coherence between two adjacent hydrophones as shown in
“Figs. 6(c) and (f). The frequencies at which coherent noise
sddition is observed in array 2 corresponds to regions of high

nent is present in the sensor signals. It should be emphasized
that the correlated noise level between different sensors in
array 2 was found to be rather variable. The data shown here
represent a period when the correlation was above average.

g

| V. ARRAY BEAM PATTERNS AND ARRAY GAIN
'A Shape measurement

. During the deployment procedure the aim is to lay the
hydrophones in a straight line with no slack in the cable
~between them. Although the arrays were deployed under ten-
sion as they entered the sea, the effect of ocean currents at
varlous depths can affect how the array is deposited onto the
sea bottom. Therefore, measurements must be performed to
~determ1ne the actual positions of the hydrophones within
gach array.

_ These experiments were conducted by deploying an
from the | a oustic source at eight different positions around each array.
port. A3 At each position chirp signals were transmitted across the
im cable 'band 50-2000 Hz. The length of the chirp was 2 s and it was
ity of the r;;pcated continuously over a period of about 1 min. The
ools was | Global Positioning System (GPS) data of the boat from
effective| which the source was deployed were recorded at the start and
depth of | end of the chirp transmissions.

6(a) and|  The hydrophone locations are calculated using the fol-
ble chan- | lowing procedure: replica correlation functions are calculated
on whert | between the transmitted signal and the received signals for
ne traffic| ¢ach of the hydrophones in the array. Relative travel times
affic was | te then calculated between the sensors from the correlation
riods and ~data for each of the propagating paths. A propagation model
xamined Kfi‘used to predict relative travel times for each path. Sensor
source positions are determined by minimizing the re-
didual error between the measured and modeled delays using

ral density, |

ly 20 dB Atechnique similar to that described in Ref. 12. When cal-
)r array | Clﬂatmg the delays, a sound speed equal to 1475 m/s at all
or array 2| ®pths is assumed. -

iser noist
ar to tha
ated witlh
), demor
tly. Thus

The inverse problem of estimating sensor positions from
e delay information is nonunique and ill conditioned. An
ative linearized inversion is employed, which determines
1h€ optimum solution by including a priori information
;ﬂbout the problem. A two-stage process has been adopted to

hone ar | “Acoust. Soc. Am., Vol. 115, No. 6, June 2004

in the broadside direction compared with the endfire di-

f,mgnal coherence, indicating that a highly correlated compo- .
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FIG. 7. Derived shape of (a) array 1 and (b) array 2.

determine the positions of the sensors and sources. In the
first stage an optimization procedure is performed to deter-
mine the absolute location of the array (relative to the nomi-
nal source positions). To achieve this, the positions of the
sources are fixed at their nominal positions obtained from the
GPS measurements made during deployment. The depths of
the sensors are also fixed at their initial positions (interpo-
lated from the water depth at the array). In the second stage,
a further inversion procedure is performed to determine the
optimum positions and depths of both the sensors and
sources. In the second inversion, the position of sensor 24 in
the array is fixed and the positions of the remaining sensors
relative to it are determined.

Figures 7(a) and (b) show the derived shapes for the two
arrays. Array 1 is slightly curved, with the headings at each
end of the array differing by 17°. Array 2 is much straighter
with the heading at each end differing by only 4°. The cur-
vature of array 1 is beneficial and will be utilized to resolve
the left/right ambiguity in the beam pattern.

B. Beam patterns and sidelobe suppression

In order to test the beamforming capabilities of the ar-
ray, measurements are made using a signal transmitted by an
acoustic source towed behind a surface ship. For these ex-
periments, the signal consisted of broadband noise and a
number of tonals at known frequencies. In order to track the
towed source it is necessary to beamform the data. This has
been done using a conventional shape corrected beamformer
with the hydrophone positions obtained from the hydrophone |
localization measurements. For the following data analysis, a
Hann window is used in the temporal domain, while in the
spatial domain a Kaiser—Bessel window is used, designed to
give a maximum side lobe suppression of —36 dB.

An important feature of a hydrophone array is the level
of the sidelobes in the beam pattern, which affects the ability
of a system to detect a weak signal in the presence of a larger
one on a different bearing. Beam patterns at 445 Hz for both
arrays have been calculated at a time when the towed source
was relatively close to the arrays and so there was a strong
signal from a particular direction. For a perfectly straight
array an acoustic signal arriving on opposite sides of the
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array but at the same angle to broadside, will result in ex-
actly the same phase differences between the signals detected
by each hydrophone. It would therefore not be possible to
determine which was the actual direction of arrival and this
effect is known as the left/right ambiguity. Figure 8(a) shows
the beam pattern from array 1 for a towed source range of
1.0 km on a bearing of 170°. The main peaks are at the true
bearing and the corresponding bearing on the other side of
the array. The curvature in this array results in the peak at the
true bearing being sharper and higher than the false one, thus
allowing the left/right ambiguity to be resolved. The highest
sidelobe is ~26 dB lower than the main peak. A similar ratio
is obtained at a latter time when the towed source is at a
range of 4.7 km and the signal is 17 dB lower. This suggests
that the sidelobe level is determined by leakage from the
main peak rather than the background noise level. The array
shading used in the beam pattern should give a maximum
sidelobe level of —36 dB for a straight array. The higher
sidelobe level is partly due to the array curvature, and partly
to a number of other effects including variation in responsiv-
ity of the hydrophones, and errors in their calculated posi-
tions.

Figure 8(b) shows the beam pattern for array 2 when the
towed source was at a range of 2.3 km and a bearing of 195°.
Due to the straightness of this array, the two peaks are almost

identical and it cannot be determined from the beam pattern |

which peak corresponds to the true bearing. The maximum
sidelobe level in this case is only ~15 dB below the main
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FIG. 9. SNRs of beamformed and raw data.

peak although they are lower at greater separations from the
peak.

The sidelobe suppression in array 2 is expected to be
lower than array 1 since four of the hydrophones were dam.
aged during manufacture of the array and produced no
acoustic signal. To try and minimize the effect of this miss-
ing data on the beam pattern, the analysis program estimates
the missing hydrophone signal by interpolating values from
the remaining hydrophones. However, the interpolation can-
not perfectly reconstruct the missing data and the errors in-
troduced by the interpolation have the effect of increasing
the sidelobe levels. It may also be the case that the hydro-
phone responsivity is more variable in array 2 or that the
errors in the calculated hydrophone positions are greater than
estimated.

In order to compare the width of the peak in the beam
pattern with the predicted value, the same beamforming pro-
cedure is used to process ideal simulated data. The simulated
data corresponds to a signal of 445 Hz incident on a straight
array with the same number of hydrophones and spacing.
Although, due to its idealized nature, the sidelobe levels are
lower for the simulated data, it is found that the width of the
two peaks down to 20 dB below their maxima is very simi-
lar. This demonstrates that any variation between the hydro-
phone responsivities and uncertainties in their positions do
not adversely affect the width of the peak.

C. Array gain

As discussed earlier, the gain of an array is defined
the increase in the SNR that is obtained by beamforming i
the direction of the source. To demonstrate this effect tht

SNR of the signal at 445 Hz is used, this being defined as the|

ratio between the 445 Hz signal and the mean noise level in
the frequency bands within 50 Hz on either side of the peak

The SNRs, which are shown in Fig. 9, have been calct
lated with 50 min of data collected by array 1. To obtain th¢
SNR from the raw data, the power spectrum from each hy
drophone in the array is calculated followed by the med
value over all hydrophones. Since the mean is calculate!
using the power spectrums, the phase information of the hy’
drophones is lost and no increase occurs in the SNR whe?

the signals from all the hydrophones are combined. For thtg
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FIG. 10. Beam pattern image of towed source.
from the | .
amformed data the SNR is calculated using the frequency

2d to be | spectrum of the beam in the direction of the towed source.

sre dam- | The predicted value of the array gain depends on the
uced no | number of hydrophones in the array and the weighting func-
1s miss- | fion used in the beamforming, and for this configuration is
:stimates | 15.6 dB. The dot-dash line in Fig. 9 shows the beamformed
aes from § SNR minus 15.6 dB, which if the array gain is as predicted
ion can- | should overlap with the dotted line showing the raw SNR.
rrors in- | Although there is short term variability in the two lines their

neral levels agree, showing that the array can achieve the
predicted gain. The main discrepancy is between 20 and 30
n and this is due to the nature of the noise in this period.
:The calculation of the array gain assumes that the noise on
,each hydrophone-is isotropic; however, inspection of the data
he beam | between 20 and 30 min shows that the noise mainly origi-
1ing pro- | nates from the ship towing the towed source, which during
imulated | this period was quite close to the array. Under these circum-
1 straight | stances the array gain should be less than the optimum value,

that the
ater than

spacing. | which is the situation that is observed.
evels are |
Ith of the | . ACOUSTIC EMISSION TRACKING

ery sum- Figure 10 shows the results of beamforming data from
1e hydto- |

.. _aray 1 during one of the towed source runs, when the source
itions do_f s at a bearing of 168°. The gray scale shows the amplitude
0f the signal as a function of bearing and frequency. The
ESttongest signals occur at both the true bearing and at 80°,
Which would be a signal arriving at the same angle to broad-
Slde but from the other side of the array. Again, the true
efined as | b ring i higher and has a smaller angular width than the

»rming in | lilse one and so the left—right ambiguity can be resolved. As
sffect the | Well as the vessel with the towed source there also appears to
ted as the} % a second vessel present on a bearing of 255°, which ac-

nts for the broadband signal at that bearing and the ““mir-
ed” signal at 340°, The presence of coherent noise in the

each hy-pUstrates that the coherent noise is low enough not to have
the mean|ily observable effect.
salculated|  The towed source transmitted a number of discrete fre-

>f the hy- ncies and since the angular resolution of an array in-
tases with frequency, tracking is most accurately achieved
g the highest of the discrete frequencies, which is 445
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FIG. 11. Tracking pattern using array 1 data.

Hz. To show the capability of the system to track the towed
source only the section of the beam pattern at 445 Hz is used,
and this is combined with the same section from subsequent
beam patterns. This enables an image to be created that
shows how the bearing and strength of the signal at 445 Hz
varies as the towed source moves. Such an image, shown in
Fig. 11, has been created from 4900 s of data from array 1.

At times up to 2500 s the strongest signal detected is
from the towed source; however, as it moves further away its
signal strength decreases and the signal from another nearby
vessel becomes higher.

As before there are normally two maxima on the trace
due to the left/right ambiguity. When the towed source
moves near the endfire position (which happens around 1200
s), the angular resolution of the beam pattern becomes worse
and the two traces merge. The right-hand trace is narrower
and more intense, which shows that this represents the true
bearing. The dotted white line in this figure shows the actual
bearing of the towed source calculated from the log of its
GPS positions. The numbers beside this line show the range
in kilometers of the towed source from the array at that time.
There is clearly very good agreement between the actual and
measured bearing out to a range of around 5.5 km (3000 s)
after which time the signal from another vessel temporarily
masks the signal from the towed source. After 4200 s, when
the other vessel has moved away, there is still a faint trace
that follows the dotted line, which shows that the towed
source is being detected to a range of ~9 km.

Vi. CONCLUSIONS

This paper describes the design and acoustic perfor-
mance of a large-aperture, seabed mounted, fiber-optic hy-
drophone array. The system comprises two arrays of 48 hy-
drophones separated by a 3 km fiber-optic link, which are
connected to the interrogation electronics at a shore station
through 40 km of optical fiber. The sensors are multiplexed
using time and dense wavelength division multiplexing. An
erbium doped fiber amplifier is incorporated into the under-
water array, which is optically powered by a pump laser

-located within the interrogation electronics. The system has

been characterized by tests carried out in the laboratory and
during a sea-trial. During the sea-trial, the array was de-
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ployed a few miles from the coast of a major military and
commercial port. The portion of the array deployed in the sea
is entirely passive and requires no electrical power. The hy-
drophones in the array are linearly spaced at 1.51 m inter-
vals. An element localization method has been used to deter-
mine the shape of the array after deployment. Processing the
acoustic data with a shape corrected conventional beam-
former has demonstrated successful tracking of a towed
acoustic source by a surface vessel. Other passing vessels
can also be simultaneously tracked. The width of the main
lobe in the beam patterns and the array gain achieved agrees
with the theoretically predicted values. One of the arrays was
laid on the seabed with a small amount of curvature. This has
enabled the left-right ambiguity in the bearing of a target,
which exists for a perfectly straight array, to be resolved.

The ambient acoustic noise measured with the arrays on
the seabed is typically 10 dB higher than that measured in
the laboratory, thus the sensor noise is generally limited by
ambient acoustic noise. Correlation of the noise between sen-
sors has been characterized. The noise correlation for sensors
interrogated by the same laser is generally higher than be-
tween sensors interrogated by different lasers and is found to
be due to the environmental sensitivity of the lasers. Isola-
tion of the lasers from environmental noise greatly reduces
this noise correlation.

The optical architecture permits the pumber of multi-
plexed hydrophones to be significantly increased without in-
creasing the number of optical fibers in the link cable. Thus,
this system is suitable as a rapidly deployable, large-area
surveillance array.
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