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The recent concern about the impact of underwatiseremitted by ships, pushed national and
international bodies to face the problem of settingts to ship noise emission. In order to set
new limits, a deep knowledge of the three elemehthe noise chain (i.e. source, transmission
path and receiver) is needed. In this contexttiiésefore important to measure the acoustic sig-
nature of a ship, in order to characterize it dseeource. To this aim, dedicated measurements
may be carried out during sea trials, which usutakes place in an area close to the building
shipyard. The measurement layout foresees a séitigslrophones deployed in the water column
placed at a distance of a hundred metres fromHipetsat passes abeam the hydrophones on a
straight course. Such far field measurements dre teferred to the reference distance of 1 metre
in order to ensure results comparability. Soungagation from the ship to the hydrophones is
therefore to be carefully taken into account atstsidering the fact that measurements are carried
out in a continuously changing environment. In plhesent paper, an experimental technique to
characterise the environment frequency responsgifumis presented together with results of its
onsite application.

Keywords: propagation loss; ship underwater n@gglal processing

1. Introduction

The problem of assessing the impact of ship trafficthe marine fauna has recently become a hot
topic in the shipping field. Both ship buildersjslowners, ship operators, Classification Societies
and the scientific community are discussing abbistissue from different viewpoints (see e.g. [1],
[2]). A common denominator is represented by thedrad having an experimental procedure to char-
acterise the underwater acoustic emission of shifagl scale. In the light of this, the main Eusgm
Classification Societies issuing their Class notaito certify the low underwater noise emissidns o
the vessels included a measurement procedure. Maréme Acoustical Society of America [3] in
2009 issued a standard for the measurements ofwate sound form ships in deep water and within
ISO (International Standardisation Organisatio®) committee ISO/TC 43/SC 3 is working on the
matter and produced two standards on the mattgb[4The above mentioned standards are aimed
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at giving procedures for comparison purposes. [Dubis, the propagation losses of noise are taken
into account using the standard spherical law évemps are typically tested in different geograph
ical areas, seasons and daytime and thereforeea@s avhere noise propagates differently. If on the
contrary measurements are aimed at a real chasatien of the noise emitted by the ship for mod-
elling purposes or to assess the impact on thenmdauna, noise propagation has to be carefully
taken into account. Propagation losses can beftinerestimated either by using ad-hoc mathematical
models or by on site measures. In the present @apeasy technique to measure propagation losses
at the site where the ship is measured is presemteritechnique foresees the use, of a relatively
cheap noise emitter in addition to the normal imsntation needed for the underwater noise signa-
ture test.

2. Instrumentation

2.1 Emitting equipment

The noise generation system consisted of a lapiogpater, used to reproduce a "pre-packaged
WAV file (illustrated below), so as to ensure #ixsolute reproducibility of the test signal. Thépo
signal was then amplified by an 80W/channel staraplifier (Impact LK 602). The left output chan-
nel of the amplifier was sent directly to the Cl&ynthesis AQ339 underwater loudspeaker, while
the right channel was coupled to the ITC 1001 ttansr via a 1:10 transformer to adapt its imped-
ance. The following figure shows the block diagrmainthe transmitter unit described above. The use
of a 2-way system allows to cover a wide ranger@diencies emitted (20-48000 Hz), specifically
the low frequencies (from 20 Hz to 10 kHz) wererogjnced by the Clark loudspeaker, while the
high frequencies (from 10 kHz to 48 kHz) by th€l$ource (see scheme in Figure 1).

High freq. transducer
ITC 1001

Transformer 1:10 —»-4%

Low. freq. Tranducer

0“ Clark AQ339

Control hydrophone
Reson TC4013

DAQ Module | Stereo amplifier
«N.I. USB 6212» "| «Impact LK 602»

-

Charge amplifier
B&K 2635

Figure 1: Scheme of the signal emitting equipment.

In such a way a sort of natural cross-over betwkernwo channels is created, exploiting the two
underwater transducers in their optimal frequeranges. The signal levels used were such that the
transducers could function correctly without distay them.

The signal used for the measurements is an expahsimte sweep going from 20 Hz to 48 kHz
with a duration of 30s. More details about the aulzges of the adoption of this kind of signal are
given in section 3.

2.2 Receiving equipment

The underwater radiated noise measurement is daruethrough a vertical array, consisting of:
» up to 3 digital broadband hydrophones;
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» an underwater cable, which can be divided ide@ions and equipped with 3 fixed connection
points for hydrophones in order to easily configime array geometry before deployment;

» 2 antennas placed on the support vessel andeotatpet vessel respectively in order to ex-
change the data;

» a multi-channel data receiver.

Each hydrophone includes an electronic calibratar @ depth sensor, in order to monitor the
actual position of the hydrophones during measunésne

One GPS antenna is installed on the surface busad(to decouple the cable from the motions of
the sea and the supply vessel) and connected tmudliechannel data receiver, in order to exactly
know the position of the array during the test.

A second GPS antenna is installed on the targetelie order to calculate the simultaneous
distance between the target vessel and the hydneshauring the test.

In Figure 2 the cable with the hydrophones, théaserbuoy and the GPS antenna are positioned
on the supply vessel.

Figure 2: receiving equipment picture.

The array is lowered and recovered by a supporeleall machineries on-board the supply boat
remain switched off during the trials. All the inghents of the measurement set-up on-board the
supply boat are battery powered, in order to aaoig acoustic self noise from the supply vessel.
The hydrophones are omni-directional sensors, thghcharacteristics reported in Table 1.

Table 1: Receiving system data.

Parameters Values
Receiving Sensitivity (dB re 1V/pPa at 10 kHz) -200 (= 1 dB)
Linear Frequency Range 5 Hz — 90 kHz
Directivity - Horizontal Plane Omni (x 1.5 dB) @ kéiz
Directivity - Vertical Plane 240° (£ 2 dB) @ 10 kHz

3. Technique description

In order to characterise the propagation lossteeaest site a non-impulsive signal deconvolution
technique has been adopted. This technique, dedadnldetails in [6], allows to calculate in a slep
and fast way the impulse response (or the trarisfeation) of weakly non-linear systems and ap-
proximately time-invariant, as shown for exampld4happlied to the measurement of the transfer
function of a cavitation tunnel.

To understand how it works, let's consider a sygt@hack box") with a single input and a single
output (shown in the following figure), in which loytroducing a signal x(t) you get a signal y(t) at
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the output. For simplicity, we assume that theeysis linear and time-invariant. Within the system
itself, noise n(t) can also be generated and atidtee output signal. Typically this noise is assdm
as a Gaussian white process completely unrelatdetmput signal.

Noise n(t)

input x(t) “Black Box” output y(t)

FIx(®]

Figure 3: System block diagram.

The output signal can be written as the sum ofenaisd a deterministic function of the input

signal:
y(®) = n(t) + Fx®)]. (1)

If, as assumed, the system is linear and time-iamgrthe function F of the previous formula can
be written as the convolution between the inputaignd the impulsive response of the system h(t),
that is:

y(®) = n(t) +x®O h(). (2)

To calculate the unknown transfer function, tydicathat you do is to measure the output re-
sponse from the system y(t) when a known x(t) sigaa been applied to the input.

In particular, with the sine sweep technique, agane (sinusoid) is used as an excitation signal,
whose frequency increases over time:

X(t) = sin(f(t)). (3)

Such a signal is commonly called sweep, and aaogitdi the law governing the frequency varia-
tion we may have Linear Sine Sweep or Exponentra Sweep. In this work the Exponential Sine
Sweep has been used, here the frequency incregsaseatially with time, therefore very slowly at
low frequencies, and then more and more rapidhygit frequencies.

Figure 4: Spectrogram of the exponential sine sweep

Using the sine sweep technique, it is possibl&tosiase the signal-to-noise ratio (SNR), simply
by averaging over time several recordings of thputuy(t), suitably synchronized. From now on
we will indicate with y(t) the average time of these recordings.

This concept is very important because it allowsraging over a large number of recordings, to
consider y(t) as the system response in the absence of nojseMafthematically, what has been

said can be expressed as follows:
§(t) = x® O h(t). (4
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At this point, through a process of linear decontioh over time, it is possible to calculate the
impulse response (IR) of the system under exansnabeconvolution actually consists in convolu-
tion with a suitable inverse filter f(t), designedsuch a way that it, carried out with the inpighsl
X(t), gives rise to a Dirac Deltt):

f(t) O x(t) = 3(t). (5)

By applying this inverse filter to tt y(t) system response, you can obtain the impulse regpons
you are looking for:

h(t) = f(t) O ¥(1). (6)

When the excitation signal is a sweep, its revélse is simply the sweep itself reversed along
the time axis, so the frequency decreases progetgsas shown in Figure 5

Figure 5: Spectrogram of the inverse filter of é@xponential sine sweep.

Note that in the case of the exponential sine swaegrse filter, amplitude modulation must be
added to compensate for the fact that exponentieép gives more energy at low frequencies.

In this way, by convolving the exponential sweathwts inverse filter, you get a Dirac's delta.

One interesting advantage of this technique isttieatonvolution with the inverse filter increases
the signal to noise ratio of the sweep signal, packhe energy of the sweep in a short impulse
response.

The propagation loss measure slightly differ frdra above described technique as the real im-
pulse response of the ambient at different diswitge not directly evaluated. Nevertheless, some
the technique advantages are anyway used. The sabfdine studied system is reported in Figure 6.

Noise
n(t)

Emitted acoustic
Noise source signal w(t) | Seaenvironment C_":_)
Hsource[X(t)] W(t)Qh(t)

Figure 6: Scheme of the technique chain.

Sweep X(t)

The above described technique allows to deconvibleampulse response of the entire system
that comprises the propagation effects in the smdng environment and the source response that
usually presents a linear part, the so called Tn#tting Voltage Response (TVR) and a non-linear
response that generates unwanted harmonic distertis the technique allows to separate the dis-
tortions in principle the response of the marinei@mment could be directly estimated knowing the
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TVR. For the present work the frequency range stiidid not allow to have a robust measure of the
TVR as the reference distance of 1 meter from thece felt in the nearfield for some frequencies.
In the light of this the impulse response measigéde response of the marine environment plus the
source effects and to obtain the response of thimmengystem only a differential approach among the
different measures at different distances is uBedttically the IR of the system is measured asa f
distance that becomes the reference distance. §i¢ely the same measure is carried out at increas-
ing distances. The difference among the specttheofesponses are due to the propagation losses
taking pace in the environment as it is considehad the source effects do not change with time.
Finally, the reference measure may be scaled ta&riving from data the most suitable propagation
law. In the following the results for some signéft third octaves bands are reported.

4. Measurement Results
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Figure 7: Measured propagation loss vs. sphemaksling law.
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In Figure 7 the measured propagation losses amtegpfor some frequencies together with the
spherical propagation law. The measurements hase baried out with the boat from which the
hydrophones were deployed anchored while the bahttive source was free to drift and therefore
gradually departing. It is assumed that the charestics of the surrounding environment are coristan
in the investigated range allowing to consider @ggroach equivalent to the situation with fixed
emitter and moving receiver. At each distance tlsigeals were emitted in rapid sequence as it can
be seen for Figure 7 where families of three poamesreported. The differences among the three
points can give a picture of the uncertaintieshim ¢valuation of propagation losses with the above
described technique. In almost all the cases tlethoints are located within 5 dB. Looking at the
reported frequencies it can noticed that for lofwequencies the Llloyd’s mirror effect can be seen
for distances less then 200 meters where displatsre the spherical law are more consistent. For
greater distances, a transition from the zone wtieralestructive/constructive interference pattern
and a logarithmic decay is present. This transitemmbe seen for 1000 Hz at 200 meters and for 2000
Hz at around 300 meters. As expected for higheyugacies such transition zone is close to the
source as almost all the measurements are clofiee 8pherical curve.

5. Conclusions

In this paper a technique to measure propagatemdosea has been presented. The adopted setup is
characterized by the simultaneous presence of @tirggrsystem and some receivers, whose relative
distance is varied during tests. Between the braadisignals suitable for similar applications, the
exponential sine sweep has been used. The predectedque basically consists in evaluating the
impulse response of the system at varying distabeggeen the source and the receiver in order to
derive from data the laws governing propagatios loghe target area. The impulse response of the
system is evaluated by the linear deconvolutiom &iproper inverse filter exploiting the character-
istics of the sweep signal. This allows obtainiagssactory results on a wide frequency range with
relatively short signals.

The technique described has been applied durisgurmeasurements and some example of results
have been presented.

Trends observed in the experimental data are il @ggoeement with underwater noise propagation
theories, showing also evidences of the occurrehtéyd’s mirror effect.

Collected information may be used for the correctbnoise levels measured during ships sea trials
in order to estimate ships source strength leweladdition experimental results will be used for
validation and fine tuning of mathematical methodsd to model noise propagation in the sea at
short range.

Further measuring campaigns will be carried odhefuture in order to get a deeper insight int th
problem and to investigate the effects of differemtironmental parameters on noise propagation.
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