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Abstract

This paper reports on a laboratory study into the use of sonar to detect objects, two of which exhibit a poor acoustic impedance mis-
match with the water-saturated sediment in which they are buried to depth of about 30 cm. The targets are solid cylinders having diam-
eters of 20–25 mm and 50 cm length, made of polyethylene, of telecommunications optical fibre, and of steel. Steel spheres are included
for comparison. A poor acoustic impedance mismatch between the target and the host sediment is one factor that can make buried tar-
gets difficult to detect with sonar, but such detection is increasingly becoming an issue in a range of applications from archaeology to
defence to telecommunications. Attention is paid to those signal processing techniques which could be of potential benefit. For this range
of test objects, comparisons are made between use of optimal filtering and synthetic aperture sonar. In addition, the potential of a range
of acousto-optical effects (optical time domain reflectometry, Raman and Brillouin scattering, and fibre optic hydrophones) is assessed in
the Appendix for the particular application of detecting non-metallised fibre optic telecommunications cables. A web page dedicated to
this paper hosts movies and reports at http://www.isvr.soton.ac.uk/fdag/uaua/target_in_sand.htm.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

This paper outlines a laboratory-based experimental
investigation into the acoustic detection of difficult objects,
having dimensions of a few centimetres, which are buried
in underwater sediment. A key parameter in the detection
of such objects is the signal-to-noise ratio (SNR). Several
factors influence this, including the range, the size of the
target with respect to the wavelength, the level of noise,
reverberation and clutter in the received signal, the detec-
tion of resonances, the beam properties, the target strength
and scattering cross-section, which in turn are influenced
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by the acoustic impedance mismatch between the target
and the sediment. In the field, such studies have relevance
to the detection of certain types of mines [1–15] and pipe-
lines [16,17], archaeological objects [18,19], and submarine
optic fibre telecommunication cables [20]. Such cables may
be buried to depths of �1 m in sediment under 1 km of
water. They need to be detected when repair is required,
and this is currently achieved by equipping remotely oper-
ated vehicles with magnetometers which respond to the
metallised cores of current commercial submarine fibre
optic communications cables [20,21]. However future gen-
erations of these cables are likely to lack such metallised
elements. Whilst the exploitation of acoustics in oceano-
graphic detection has a long and successful history, such
cables would represent difficult targets, indeed making
the problem of detecting optic fibres buried in saturated
sand akin to detecting ‘glass in glass’ using acoustics.
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There is a wide range of possible deployments for sonar
detecting buried targets including monostatic, bistatic and
multistatic systems, and platforms ranging from surface
vessels to autonomous or remotely operated vehicles (in
the water column or driven along the seabed). The experi-
ment described here uses a bistatic system with the trans-
ducers close to the seabed (as would happen if they were
mounted on a remotely-operated or an autonomous vehicle
which travels on the seabed [20] or just above it, or on a
raft in very shallow water [19]). The principles that these
experiments illustrate (in terms of the propagation of the
acoustic beam in the sediment and the signal processing
techniques) are applicable to the general problem of the
detection of objects buried in sediment. The Appendix
deals specifically with alternative techniques which might
be used for the particular case of detecting optical fibre
telecommunications cables.

2. Materials

2.1. The saturated sediment

A steel test tank, measuring 150 cm · 180 cm · 125 cm
deep, was mounted on a series of wooden blocks to reduce
vibration-induced background noise. It was part-filled with
2400 kg of sediment to a depth of 50 cm, and fresh water to
give a total fill-depth of 116 cm. The sediment consisted of
round-grained quartz sand (BS 1200 – Fig. 1), which has
less rigidity and attenuation than angular-grained natural
sands [22–24]. This is a suitable analogue for seabeds at
water depth of 1000 m, which are typically composed of
fine sand and clay–silt, with a mean particle diameter of
Fig. 1. A scanning electron microscope picture of two typical sand grains
taken from the sediment bed. The scale bar is 100 lm in length.
Microanalysis showed the particles to be principally composed of silicon
and oxygen.
less than 100 lm [25]. The size distribution of the test tank
sand is shown in Fig. 2, as measured by laser scattering
[26]. The density of a sample of individual sand grains
was measured to be 2670 kg m�3 ± 2.5%, and the water-
saturated sediment density was 2110 kg m�3 ± 2.5%, with
a calculated porosity of around 0.33 (which is typical for
sediments of this type [27]).

There are many examples of sediment at 1 km depth
where gas bubbles do not significantly affect the acoustics,
as the rate of biological out-gassing is very low [28]. How-
ever laboratory test tanks are far more prone to the pres-
ence of unwanted bubbles where they can dominate the
acoustic results [29], and so a variety of stringent measures
was put in place to prevent this happening [26]. These
included the installation of a ‘fluidised bed’ [26,30]. In this,
a constant stream of water passes through the fixed sedi-
ment bed at a speed below the limit of stability, which
marks the transition to the fluidised state. This stream pro-
vides sufficient agitation to remove bubbles. A small water
pump (44 m head, 40 l/min peak flow rate) was used to
force the stream of water up through the sediment
(Fig. 3). A nylon mesh filter was fixed over the inlet to pre-
vent sand in suspension from entering the pump, as this
would have caused damage. Water was transported in a
20 mm diameter plastic conduit and expelled through a ser-
ies of approximately one hundred 1.5 mm diameter holes.
The far end of the conduit was periodically opened (i.e.,
once every time the system was used) to flush out any sand
that had accumulated. To prevent out-gassing as a result of
the natural breakdown of biological material in the sedi-
ment, a small quantity of household bleach was added to
the water in the laboratory tank every few months.

2.2. Acoustic propagation characteristics

The acoustic detection system required sound to propa-
gate through clear water, water containing suspended
material, and sediment before interacting with a buried
object. The return path also contains such environments.
Hence, it was necessary to investigate each component of
the acoustic path separately to gain an understanding of
the processes affecting the performance of the system as a
whole (so that, for example, scatterer positioning algo-
rithms from time-of-flight measurements could be imple-
mented). This characterisation is detailed in Ref. [26].
From the transmission of a single-cycle sine wave pulse
(of centre frequency of 75 kHz) along arrays of hydropho-
nes in the water column and the sediment, sound speeds
were estimated to be 1478 m s�1 ± 2% in water and
1692 m s�1 ± 2% for the pressure wave in the sediment
(as indicated by the path of the fastest perturbation
throughout this paper – see Section 2.5.2). These values
were taken for a water temperature of 16.5 ± 0.5 �C, and
an atmospheric pressure of 100.6 ± 0.05 kPa.

The effect of suspended sediment on attenuation and
sound speed (and related effects such as refraction) in the
water column were found to be negligible for the measure-



Fig. 2. The measured size distributions of sand particles in a light suspension in the water above the sediment (solid curve), and from a few centimetres
beneath the surface of the sediment in the laboratory tank (dashed curve).

Fig. 3. Schematic layout of the fluidisation system. Bubbles were removed from the sediment by a stream of water, pumped into the conduit and expelled
through the irrigation holes.
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ment tolerances of the system [26]. Measurement of the
attenuation of the pressure wave in this sediment provided
an interesting dataset in the frequency range 10–100 kHz
(the frequency range that is of particular interest in this
investigation), a region in which historically measurements
of attenuation in sandy saturated sediments have been
more scarce than for some other frequency ranges
(Fig. 4). This was done using a 1 ms long chirp pulse,
sweeping upwards in frequency from 20 kHz to 150 kHz,
which was used to drive the acoustic source. A 1/10

cosine-tapered window was applied to minimise transient
distortion, resulting in the useful frequency range of the
pulse being reduced to 33–137 kHz. The duration of the
pulse was chosen to be as long as possible before reflections
within the tank would have become a problem (determined
using techniques illustrated in Section 2.5.2).

2.3. Transducer design

A bistatic acoustic sensing system (where the source and
receiver are at two different locations) was chosen for ease
of use in the laboratory. However the techniques utilised in
this paper would in principle work in the monostatic
arrangements (where the source and receiver are co-
located) that have been historically favoured in active
sonar. To obtain good signal-to-noise (SNR) in the scatter,



Fig. 4. The attenuation coefficient adB (in dB m�1) measured in a range of saturated sandy marine sediments. The average attenuation coefficient measured
in the laboratory sand used in this experiment is marked by the curve. The error bars at selected frequencies correspond to ±1 standard deviations. The
points · indicate the attenuation coefficient measured for a range of naturally occurring sandy sediments (these may be compared with attenuation
coefficients of other types of sediments using Fig. 9 of Ref. [26]), compiled with data from Hamilton [22–24]. The straight line corresponds to an
attenuation coefficient of adB ¼ 0:5f 1

k , where fk is the acoustic frequency in kilohertz. The extent to which a power law accurately describes attenuation in
saturated sediments, and across what frequency range, is discussed in the literature [27,31–33].
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a high acoustic source power, and a narrow beamwidth (in
both transmitter and receiver), were specified.

A remote receiver system was chosen, so that the acous-
tic target detection could be non-invasive (although preli-
minary measurements to characterise the in-sediment
propagation and validate the performance of the remote
hydrophones used buried sensors – see Section 2.5). The
remote hydrophone system will be discussed more fully in
Section 3.1.

The sensing volume was defined by the overlap of the
beampatterns of the transmitter and remote receiver [26].
Certain options were considered and rejected [26]. These
included the use of: parametric sonar [34] (rejected on
grounds of power and limited interaction distance in a
small tank); beamforming [35] (rejected on grounds of the
cost of generating a sufficiently large and windowed array
to compromise between directionality and sidelobe genera-
tion), [36]; and iterative, time-reversal focusing [37]
(rejected because of high attenuation in the sediment).

Instead a system based on the use of acoustic reflectors
was chosen, primarily for its simplicity and low cost, and
suitability for use in a small tank. This system allows direc-
tionality to be obtained from a single omni-directional
transducer placed on the acoustic axis of a curved focusing
acoustic reflector. Whilst inexpensive, electronic beamsteer-
ing (a simple procedure if beamforming is used) was not
possible. Instead transducer/reflector assembly was reposi-
tioned en masse using a custom-built computer-controlled
positioning rig [26]. The focal length of the transducer/
reflector assembly was varied by changing the position of
the source relative to the back of the reflector [26].

Of the options available (paraboloidal, spherical wave,
ellipsoidal and hyperboloidal [38]), a spherical reflector
was chosen because it was the easiest to fabricate to the
required a surface tolerance of much less than a wave-
length. In addition, the effect on the acoustic field of a
spherical reflector is very similar to the effect of a parabolic
one in the paraxial focusing region and, in general, will suf-
fer less aberration than its aspheric counterparts [26]. The
maximum reflector size was constrained by the dimensions
of the laboratory tank and, to some extent, by the cost of
fabrication. After comparing by simulation the perfor-
mance of a range of reflectors of various sizes [26] in terms
of compromising between focusing, aberrations and the
practical limitations placed on source positions, two
35 cm diameter spherical reflectors (one for the transmitter,
and one for the receiver) were cut from a block of closed-
cell expanded polyurethane foam (a pressure-release sur-
face underwater). This cutting was done to a surface toler-
ance of ±1 mm, i.e., around 1/20 of an acoustic wavelength
at 75 kHz in water [26].

Calibrated Brüel & Kjær type 8103 hydrophones were
used as both the acoustic source and receiver elements
(the variation in hydrophone sensitivity should have been
less than 3 dB in every direction at a frequency of
100 kHz [39], and less than this at lower frequencies). In
order to confine their directional responses to within the
collection angles of the reflectors, back-reflectors were
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attached to each of the hydrophones (their effectiveness is
discussed in Section 2.5.2).

Fig. 5 demonstrates the performance of the transmitter
(i.e. hydrophone source and reflector) in the free field
(time-gated in an 8 m · 8 m · 5 m deep water tank) with
the hydrophone fixed 13 cm from the back of the reflector
such that the paraxial focus was, in theory, close to infinity.
That hydrophone, which was used as an acoustic projector,
was driven by a series of single-cycle sine wave pulses, each
having a centre frequency of 75 kHz. The 3 dB bandwidth
of such a pulse extends from 31.1 kHz to 98.0 kHz. If the
response of the hydrophone (which was found to have a
peak at around 120 kHz when used as an acoustic source)
is also taken into consideration, then most of the transmit-
ted acoustic energy is found to lie between 75 kHz and
100 kHz [26]. The acoustic pressure amplitude that resulted
from each pulse was recorded at discrete points in front of
the reflector using an independent hydrophone.

The measured sound field is shown in Fig. 5. The SPL at
each of the sample points, ·, is calculated from the pulse-
averaged intensities measured at the receiver relative to
1 lPa rms) [26,40]. A continuous image was obtained using
piecewise, bilinear interpolation between the sampling
points. The solid outline delineates the theoretical bound-
ary of the acoustic field, i.e., the back of the reflector and
the caustic.

It can be seen from Fig. 5 that the highest energy density
coincides with the point at which marginal rays cross the
acoustic axis [26]. From Fig. 5, the directivity index (the
ratio of the intensity of a directional source at some distance
Fig. 5. The experimentally measured sound field generated by a focused acous
discrete measurement positions and the solid line delineates the theoretical boun
of the reflector).
on the acoustic axis to the intensity of an omni-directional
source at the same distance) of the focused acoustic reflector
was estimated to be greater than 20 dB [26].

Following this free-field characterisation, the propaga-
tion of the beam into the sediment was measured. Care
was also taken to ensure that the water–sediment interface
displayed translational invariance, or stationarity, such
that the statistics of one section of the surface were the
same as the statistics of a different section of the same sur-
face [26,41–43]. Within the footprint made by the beam on
the sediment/water interface, there will be a certain rough-
ness. Obviously if any departures from a smooth surface
are much smaller than a wavelength, the surface can be
considered to be acoustically smooth. However the simple
assumption that the roughness increases with increasing
frequency is not necessarily true for all acoustic systems,
because for a transmitter of a given size, the directionality
will be frequency-dependent and so too will be the size of
the footprint: the apparent roughness for an individual
‘ping’ may decrease if an increase in frequency reduces
the footprint size. Furthermore, if a pulse is used, the ‘foot-
print’ will take the form of a time-varying area on the inter-
face, the size of which may reduce if the pulse duration
decreases [44,45].

2.4. Surface roughness

Data for two angles of incidence hi (64� ± 2� and
33� ± 2�, corresponding to respective grazing angles hg of
26� ± 2� and 57� ± 2�; see Fig. 6) and two surface rough-
tic reflector (focusing at1) in water in the free field. The crosses represent
dary of the acoustic field (which on the left side corresponds to the surface



Fig. 6. The source/receiver arrangement for the sediment transmission
loss measurement in the laboratory tank. The filled symbols represent the
initial positions of the acoustic source, Tx, and receiver, Rx. The outlined
symbols represent the range of positions of Tx and Rx. The figures shows
the angles of incidence (hi) and transmission (ht), measured between
transducer axis and normal to the mean horizontal sediment reference
plane; and the grazing angle (hg), measured between transducer axis and
the mean horizontal sediment reference plane. It is recognised that finite
beam pattern and surface roughness mean that not all of the acoustic
energy is restricted to these nominal angles.
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nesses are reported in this paper. The surface characteris-
tics were as follows:

� The ‘smooth’ interface: For all the measurements
described in this paper, with the exception of Fig. 8, a
‘smooth’ interface was used. Its topography was charac-
terised by taking 20 depth measurements at random
positions using a plumb-line. The measured rms height
variation was less than the error associated with the
use of the plumb-line, which was estimated to be
±1 mm. Therefore, the rms height was taken to be
Dhs < 1 mm. Therefore the maximum value of the Ray-
leigh roughness parameter Ra = kDhs sinhg (found for
Dhs = 1 mm using the acoustic wavenumber k in water
corresponding to 100 kHz – see above), for a grazing
angle of 57� ± 2�, is Ra = 0.35 ± 0.01. A surface is con-
sidered to be ‘rough’ if Ra > 2p/8 > � 0.8. Hence values
of Ra are small enough to classify the interface as
‘smooth’.
� The ‘rough interface’: In addition to the ‘smooth’ surface

discussed above, tests were made of a ‘rough’ surface
which was fashioned using a weighted corrugated strip
that was dragged across the width of the laboratory
tank. The strip profile was sinusoidal with a period of
3.2 cm and an rms height of 6.4 mm. (It should be noted
that the imposed roughness was not random since all of
the corrugations were parallel). After dragging, a small
quantity of fine sediment was observed to have been
swept up into suspension and settled out over the next
few hours. The plumb-line was used to measure the
surface roughness by taking 20 equally spaced measure-
ments in the direction of the sinusoidal profile. The rms
height was confirmed to be 6.4 mm with an error of
±1 mm. This paper reports on results with this ‘rough’
surface for a grazing angle hg of 26� ± 2� only, for which
the Rayleigh roughness parameter takes a value of
0.89 ± 0.16 at a frequency of 75 kHz, and 1.17 ± 0.20
at 100 kHz. Both values of Ra are large enough to clas-
sify the interface as ‘rough’.

2.5. Preliminary characterisation of acoustic penetration

This section reports on results from two of the prelimin-
ary tests undertaken to characterise the acoustic penetra-
tion of the sediment by the beam. One reason for
undertaking such tests was to validate the results of using
a remote receiving system (as will be described in Section
3.1, Fig. 10), by first taking data using buried hydrophones.
The apparatus would not allow continuous variation in the
grazing angle, and the two values chosen are those closest
to the ideal angles. In Section 2.5.2, a grazing angle of
26� ± 2� is used to examine the effect near the critical angle
[41,46]. Before that, Section 2.5.1 will report on tests with a
grazing angle of hg of 57� ± 2� (i.e., and angle of incidence
hi of 33� ± 2�), which was used for all the tests of Sections 3
and 4 because, as will now be explained, it gives optimal
coverage.

2.5.1. Beam plot in sediment for smooth interface and
33� ± 2� angle of incidence

The target detection tests, which will be described in Sec-
tions 3 and 4, will all use the ‘smooth’ interface and an
angle of incidence hi of 33� ± 2�. Therefore the acoustic
penetration for sediment/beam system was characterised.
In this subsection, results are shown for penetration close
to the critical angle, to illustrate the method. A two-dimen-
sional measurement was obtained by moving the receiver
vertically (i.e., in the z-direction) within the sediment and
the reflector horizontally above it (the direction of move-
ment being used to define the x-direction; see Fig. 6). This
technique is valid if the statistics of the beam footprints are
invariant from one location to the next. An error of ±1 dB
was determined for the error associated with use of inserted
hydrophones, which are calibrated for use in water. The
height of both above the sediment surface was
23 cm ± 1 cm, close to the 25 cm required (from calcula-
tions based on the free field beam pattern of Fig. 5) to max-
imise the peak sound pressure that would occur at a depth
of 25 cm beneath the sediment surface. The angle at which
the acoustic axes of both transmitter and receiver met the
normal to the reference plane of the sediment interface
was 33� ± 2� (the angle of incidence hi; see Fig. 6). This
angle is close to the 30� which, it was calculated, would give
optimal coverage of the sediment volume in range and in
depth (the angle of incidence could not be adjusted contin-
uously over the range) [26]. Simple application of Snell’s
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law predicts an angle of propagation in the sediment of
38.6� ± 2.8�, which agrees with the measured value
37� ± 2� obtained in Fig. 7 when the acoustic projector
was driven by a series of single-cycle sine wave pulses, each
having a centre frequency of 75 kHz (see Sections 2.2 and
2.3).

2.5.2. Effect of surface roughness, and measurement of sound

speeds

Whilst the target detection experiments (to be described
in Sections 3 and 4) were conducted using the ‘smooth’ sur-
face (which had an rms roughness of <1 mm as described in
Section 2.4), preliminary tests were made to characterise
the effect of varying surface roughness on this test sediment
bed. The results for measurements using a grazing angle of
26� ± 2� are shown, to examine the effect near the critical
grazing angle (which is 29� ± 3� for a measured sediment
sound speed of 1692 ± 34 m s�1 and a measured water
sound speed of 1478 ± 30 m s�1). Of course, whilst the
source produced waves close to planar on axis, there was
a beam pattern (Fig. 5) and this, along with the existence
of any surface corrugations, means that not all of the
acoustic energy will be incident on the sediment at the
nominal 26� ± 2� grazing angle.

The average acoustic pressure amplitude as a function of
time was measured at each position of the source and bur-
ied hydrophone. (The average was calculated from 1000
measurements at each position although, given the low
Fig. 7. The sound field generated within the ‘smooth’ sediment bed by a focused
of 33� ± 2�. The crosses represent discrete measurement positions, the other dat
position of the acoustic axis (see [26]).
noise conditions in the laboratory, this amount of averag-
ing was excessive). By plotting the two-dimensional sound
field at discrete moments in time, it was possible to visual-
ise the progression of compressional acoustic waves within
the sediment.

Fig. 8 compares the pressure in the sediment obtained
from the smooth (upper plot) and rough (lower plot) inter-
faces, at six times te measured after the initial excitation of
the source hydrophone. As expected for conditions close to
the critical angle, the beam axis propagates almost parallel
to the interface. In each plot, a weak emission can be seen
propagating ahead of the main pulse (for example Fig. 8c,
at te = 750 ls, it intersects the sediment/water interface at a
horizontal displacement of between 0.8 m and 0.9 m from
the source transducer). This arises from the direct transmis-
sion of sound from the source hydrophone without reflec-
tion from the spherical reflector, because the source
hydrophone is not perfectly shielded in this direction. For
practical purposes it does not enter into the analyses in this
paper because its amplitude is more than 30 dB below that
of the focused plane wave (which in Fig. 8c intersects the
water/sediment interface at a displacement of �0.57 m).

As te increases it becomes increasingly clear from visual
inspection of Fig. 8 that more acoustic energy is transmit-
ted through the rough interface than through the smooth
interface, and penetrates to greater depths. This is quanti-
fied in Fig. 9. However the data in Fig. 9 must be treated
with caution after about te = 800 ls. This is because the
acoustic reflector for an angle of incidence at the water/sediment interface
a being interpolations between these. The solid line indicates the calculated



Fig. 8. The sound field within the laboratory sand at an elapsed time after the excitation of the source hydrophone of (a) 650 ls, (b) 700 ls, (c) 750 ls, (d)
800 ls, (e) 850 ls, (f) 900 ls. For each panel the upper plot (i) corresponds to the ‘smooth’ interface (rms height < 1 mm) and the lower plot (ii)
corresponds to the ‘rough’ interface (rms height 6.4 ± 0.7 mm). The upper surface of the sediment is at 50 cm height on the mantissa, and the base of the
tank corresponds to 0 cm on the mantissa.
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Fig. 8 (continued)
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incident energy begins to interact with the tank base at
te = 800 ls (Fig. 8d), and at te = 850 ls (Fig. 8e) the arrival
of the first reflection of a source sidelobe from the water/air
surface is seen to enter the top left corner of the frame.
The data in Fig. 9 show increased acoustic penetration
of the rough sediment surface compared to that of the
smooth one, not only of the acoustic pulse generated by
the source but also of the background noise (see Fig. 9



Fig. 8 (continued)
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for 500 ls < te < 650 ls). Wave interactions at the sediment
interface [43,47–54], and particularly the enhanced penetra-
tion associated with rough surfaces [41,43,55–67] are inter-
esting topics in their own right. However this topic will not
be explored further in this paper. Instead, having demon-
strated the ability to conduct preliminary characterisation
of the acoustic penetration of the sediment, the remainder
of this current paper will explore the acoustic detection of



Fig. 9. The ratio of the average acoustic power transmitted through the rough interface to that transmitted through the smooth interface as a function of
time (based on the spatial integration of the data in Fig. 8 and for data corresponding to different elapsed times te).

Fig. 10. The arrangement of the signal generation/data acquisition
hardware that was used in the laboratory tank automated control system
for the target detection tests of Section 4. Also shown is an example
scanning pattern for the automated position control system, as viewed
from the side of the laboratory tank. Symbols: + = discrete positions of
the acoustic projector; · = discrete positions of the acoustic receiver;
� = points of intersection within the sediment.
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targets using a variety of processing methods. To reduce
the number of variables in this comparison, these tests will
use an angle of incidence of 33� ± 2� upon a ‘smooth’ inter-
face. The test protocols will be described in Section 3, and
the results will be presented in Section 4.

3. Acquisition and processing

3.1. Control and data acquisition

The results shown so far represent measurements made to
characterise the beam, in free field (Fig. 5) and in the sedi-
ment (Figs. 7 and 8). However in order to undertake target
detection in the sediment, a different experimental arrange-
ment was required [26]. To take sufficient numbers of mea-
surements, an automated position control rig was
mounted above the laboratory tank (Fig. 10), comprising
a rectangular frame with two independent sliding beams.
A sliding stage was attached to each beam, below which
the acoustic reflectors were suspended. All the components
of the rig near to the water were made from anodised alu-
minium and stainless steel to minimise corrosion. A step-
per-motor and gearbox assembly was attached to each of
the four sliding elements, allowing the reflectors to be posi-
tioned anywhere in the two-dimensional plane above the
sediment. The centres of mass of each of the buoyant reflec-
tors were centrally positioned to distribute evenly the stres-
ses within the frame. The height and orientation of the
reflectors were fixed so that they always remained pointing
in the same direction. Slack in the gearbox resulted in a small
error of up to ±1 cm about the programmed position. The
error in the mean position of the sliding elements was mea-
sured to be less than 1 cm over a travel length of 150 cm.
A dedicated computer, host to four stepper-motor con-
trol boards, and a separate power supply were used to drive
the motors. Control commands were sent from a second,
more powerful computer via an RS-232 null modem link.
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The second computer was used to co-ordinate the entire
signal generation/data acquisition process. It was equipped
with a DAQ card that was used for both data acquisition
and signal generation, and a GPIB card that enabled the
remote control of a fast digital storage oscilloscope. The
basic arrangement of the signal generation/data acquisition
hardware is shown in Fig. 10.

Control software for the acquisition card, the oscillo-
scope and the stepper-motors was written using the Lab-
ViewTM programming environment. A standard file
format was adopted so that waveform data could be
exported to other software packages, particularly Mat-
LabTM, for post-processing and analysis.

Discrete positions were calculated for the acoustic trans-
ducers, such that the reflector beams intersected at a range
of points in the middle of each xz-plane. For the target
detection studies which will be described in Section 4, the
arrangement followed the example shown in Fig. 10. Here
the hydrophones are positioned 23 cm above the sediment
surface, the reflectors are inclined such that the angle of
incidence is hi = 33� ± 2�, and the angle of transmission
ht into the sediment is 37� ± 2� (as found through Fig. 7).

The symbols, + and · in Fig. 10 correspond to the posi-
tions of the two hydrophones (acoustic projector and recei-
ver, respectively). Acoustic beams projected into the
sediment from these positions intersect at the 60 sample
points marked by the symbols, �. These points cover an
area 20 cm wide and 30 cm deep in the centre of the xz-
plane. An example for one combination of source and
receiver positions is indicated in the figure. By moving
the transducers in the y-direction, i.e., out of the plane of
the paper, it was possible to scan successive planes and,
thereby, sample a three-dimensional volume within the
sediment.
Fig. 11. The time windowed, linear-swept FM (chirp) pu
3.2. Options for signal processing

Figs. 12–16 will show measurements in which attempts
are made to detect real objects, using a range of signal pro-
cessing approaches to enhance contrast, and reduce the
effect of noise, clutter and reverberation [68,69]. Each
received waveform dataset is processed in two ways to
compare their effectiveness when processing identical raw
echo data: optimal filtering, and a synthetic aperture tech-
nique [68]. Particular characteristics of the target, such as
resonances or directionality in the scatter, can be exploited.

Several candidate waveforms were possible for the out-
going pulse. These include modulation methods (amplitude
modulation (AM); frequency modulated continuous wave
(FMCW); continuous wave (CW); and pulse expansion/
compression methods). Of these, CW systems were deemed
inappropriate as they would generate reverberation prob-
lems in the test tank. Although pulsed AM waveforms have
been tested with these targets, the results are not relevant
for the comparative tests reported in this paper [68]. The
output waveform for this paper was chosen to be a lin-
ear-swept FM pulse (Fig. 11). In terms of pulse expan-
sion/compression techniques, this is a good choice if a
high power and wide bandwidth are required. It was
designed in the time-domain and extended over the entire
operational bandwidth of the transducers (sweeping
upwards in frequency from 20 kHz to 150 kHz). A 1/10

cosine-tapered window was used to prevent unacceptable
distortion of the frequency spectrum which abrupt signal
truncation might engender.

The aim of the signal processing was to produce a three-
dimensional representation of the subsurface volume, and
if required there are a range of techniques to reduce noise
and clutter before more advanced signal processing opera-
lse waveform with which the transmitter was driven.



Fig. 12. The normalised, peak-squared, matched filter output (linear scale) from a target region containing (a) a steel sphere of 50 mm diameter
(SNR = 24.3 dB), (b) a polyethylene cylinder of 20 mm diameter (SNR = 23.4 dB), (c) a steel cylinder of 25 mm diameter (SNR = 24.0 dB) and (d) a real
lightweight telecommunication cable of diameter 22 mm (SNR = 24.1 dB). In Figs. 12–16, the z-co-ordinate is measured up from the base of the tank, such
that the sediment/water interface is at z � 50 cm. In (b)-(d) of Figs. 12–16, the apparent background mesh in each plane is actually made up of small
crosses · indicating the measurement points.
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tions are undertaken [68,70]. Two classes of advanced
techniques were applied to enhance target detection [68].
First, waveform dependent methods can exploit a filter
which, if it is assumed that an estimate of the incident
waveform is available through a calibration experiment
or modelling, can be designed to pick out the signal in
the received waveform. Such a filter can modify the shape
of the received signal, usually into a single peak, to
increase the detection probability [68]. An obvious method
of doing this is by Wiener filtering [71], where the desired
output shape is used as an input to the filter design pro-
cess. Second, target dependent methods can be used as a
detection aid. These can exploit the distinctive scattering
properties of some targets. In particular, regularly shaped
objects (such as spheres and cylinders) have a set of reso-
nances which impose a characteristic spectrum on the scat-
tered signal when illuminated with broadband radiation.
For example, the echoes generated from a smooth, solid,
elastic cylinder insonified by a source of plane acoustic
waves comprise diffracted waves, surface flexural waves
and back-reflected compressional waves from within the
target [68,72]. The scattered signal is dependent on the
physical dimensions of the target and the mechanical prop-
erties of the material from which it is made. Modelling the
scattering from the targets used in this investigation is
discussed in Ref. [68].

3.3. Protocols for target detection experiments

The acoustic axes of the transducers were inclined at an
angle of incidence of 33� ± 2�, and aligned such that they
would intersect at discrete sample points within the sedi-
ment. Thus, each set of data comprised a series of pulse-
echo measurements from a range of sample points.

Initially, each target was scanned with a sample spacing
of 5 cm, giving 60 points in each of the five sample planes
within the sediment, such that a total of 300 sample points
were measured. If examination of the data for a given tar-
get indicated the possible (but not conclusive) presence of a
target, a second scan was conducted with a reduced sample
spacing, such that there were 300 points in each sample
plane within the sediment.

The average waveform was obtained from 100 nomi-
nally identical scatters, thus reducing the level of the back-
ground noise signal by a factor of 10. Band-pass filtering in
the 20–150 kHz range was performed to limit the system



Fig. 13. The normalised, peak-squared, inverse filter output from a target region containing (a) a steel sphere of 50 mm diameter (SNR = 22.3 dB), (b) a
polyethylene cylinder of 20 mm diameter (SNR = 21.4 dB), (c) a steel cylinder of 25 mm diameter (SNR = 21.1 dB) and (d) a real lightweight
telecommunication cable of diameter 22 mm (SNR = 22.7 dB).
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bandwidth to the maximum operational bandwidth of the
transducers. Signal energy outside of this frequency range
carried no useful information and could only have served
to increase the noise level. The triggering level and pre-trig-
gering delays of the acquisition system were used to align
all the measured data within a common time frame. This
was necessary to enable subsequent time windowing
operations.

Subsequent to the pre-processing described above, the
signal was processed in different ways, depending on
whether target detection exploited optimal filtering (Sec-
tion 3.3.1) or the synthetic aperture paradigm (Section
3.3.2). Processing details are given in Ref. [68]. In each case
the output of the filter was squared and time windowed in a
50 ls window (the duration being estimated from the
known positional errors [68]).

3.3.1. Protocol for detection using optimal filtering

An optimal filter is one that is designed to select and
modify the shape of a signal to increase the likelihood of
detection of any targets that may be present. For measure-
ments containing high levels of noise, such as those
obtained in the field, this can be very useful [68,71]. A sam-
ple of the noise spectrum is usually required and can be
obtained from separate measurements.
One approach to constructing an optimal filter that
enhances performance is based on the Weiner, or inverse,
filter. This represents the optimal linear filter that reduces
the effect of the noise on a signal, using a minimum mean
squared error principle. Details can be found in Ref. [68].

Alternatively one can employ a matched filter, which
constitutes the optimum linear processor for increasing
the SNR, when the corrupting noise is White and Gaussian
[73]. The precise formulation employed in this study, can
be found in Ref. [68]. A matched filter transforms the
raw data at the receiver into a form that is suitable for per-
forming optimum detection decisions, i.e., target/no target
decisions.

Having determined the optimal filter for an arbitrary
waveform (see [68]), it is necessary to find the waveform
that best suits the application. In principle, the optimal fil-
ter concept can be applied to any waveform. However, cer-
tain waveforms give rise to less ambiguous measurements.
In this application, high resolution and accuracy are
required, i.e., the waveform should leave the least amount
of ambiguity to contend with after the filtering process.
Ref. [68] outlines how the construction of the ambiguity
function can be used to quantify how well a particular
waveform performs, and the resulting choice of a linear-
swept FM pulse (Fig. 11).



Fig. 14. The normalised, peak-squared, elastic-response-optimised, inverse filter output from a target region containing (a) a steel sphere of 50 mm
diameter (SNR = 22.7 dB), (b) a polyethylene cylinder of 20 mm diameter (SNR = 20.3 dB), (c) a steel cylinder of 25 mm diameter (SNR = 21.0 dB) and
(d) a real lightweight telecommunication cable of diameter 22 mm (SNR = 20.9 dB).
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Both matched and inverse filters were used in this inves-
tigation [68]. They were adjusted to include the path-
length-dependent attenuation measured in the sediment
(see Section 2.2) and the frequency response of the mea-
surement system. The scattering responses of the targets
(i.e., both the resonant and rigid scattering responses of
spheres and cylinders) were also included in the filter func-
tions, making this a target dependent processing method
[68,74]. After optimal filtering, the output signals were
squared and time-windowed as described above. The peak
value in the time window was recorded as the detection
result.

3.3.2. Protocol for detection using the synthetic aperture

paradigm
One method of increasing the signal level is to use an

array of acoustic sources and receivers. In the implementa-
tion of this here, the transducers of the array do not coex-
ist, but are generated through the relocation of a subset of
transducers and combining the measurements taken at the
various locations, a technique known as synthetic aperture
sonar (SAS) [5,10,13,75]. An image is formed from a coher-
ent sum of the pings that comprise the ‘aperture’, after they
have been compensated for the appropriate propagation
delays associated with each the source/receiver location.
The experimental conditions are well-suited to the require-
ments and limitations of SAS, as the distance from the
detection platform to the target is only a few metres, and
the platform speed is slow. Although physically the rig is
stable and the water almost motionless, the roughness on
the sediment/water interface may introduce an effective
instability which degrades the performance of SAS [68].

4. Results

The range of detection techniques discussed in Sections
3.2 and 3.3 were tested with four different single targets: a
steel sphere, 50 mm in diameter; a polyethylene cylinder,
20 mm in diameter; a steel cylinder, 25 mm in diameter;
and a section of real, lightweight telecommunication cable,
22 mm in diameter. The cylinders (all 50 cm long) were ori-
ented so that their long-axes were perpendicular to the
sample planes, i.e., each plane sliced through a cross-sec-
tion of a cylinder. One at a time, these targets were buried
at depths of 20–30 cm below the sediment/water interface,
near the middle of the tank. The locations of the ‘sample’
points (marked by the symbol · in the figures) are discussed
below: they correspond to the centre of the sensing volume
(Section 2.3), and the variation of beam pattern between
neighbouring sensing points can be estimated for a given



Fig. 15. The normalised, peak-squared, rigid-response-optimised, inverse filter output from a target region containing (a) a steel sphere of 50 mm diameter
(SNR = 23.8 dB), (b) a polyethylene cylinder of 20 mm diameter (SNR = 21.6 dB), (c) a steel cylinder of 25 mm diameter (SNR = 21.4 dB) and (d) a real
lightweight telecommunication cable of diameter 22 mm (SNR = 21.9 dB).
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scan using Fig. 7. Note from Section 3.1 that there is a
±1 cm uncertainty in the positioning system.

With reference to the experimental arrangement
described in Sections 3.1 and 3.3.1, a sample spacing of
5 cm was used for measurements involving the steel sphere,
and a spacing of approximately 2 cm was used for the
cylindrical targets. That is to say, the scanning pattern of
60 sample points was used for the sphere, and the pattern
of 300 sample points for the cylinders (detailed below).

In each image, the z-direction corresponds to vertical
position in the sediment, measured upwards from the bot-
tom of the laboratory tank, and the x-direction corre-
sponds to horizontal position. In the case of the buried
cylindrical targets, the x-direction is perpendicular to their
long-axes.

The sample points are marked in each image (Figs. 12–
16) using the symbol, ·. For the buried sphere, 60 sample
points were measured in each of the five vertical planes
within the sediment. The processed results were then spa-
tially averaged. For the cylindrical targets, 300 sample
points were measured in each of the vertical planes. The
processed results are shown without any spatial averaging
having been performed. Continuous images were formed
by interpolating between each sample point using a piece-
wise bilinear interpolation algorithm.
The signal-to-noise ratio (SNR) was chosen as the fig-
ure-of-merit that would allow comparison between alterna-
tive processing techniques. It was calculated for each set of
measurements by dividing the peak-squared value at the fil-
ter output (with no normalisation having been applied) by
an estimate of the average noise level. The average noise
level was determined by applying similar processing to a
set of baseline measurements, which were obtained when
the experiment tank contained no buried targets, and cal-
culating the mean-squared value at the filter output. The
SNR values that were obtained are noted alongside each
of the graphs in Figs. 12–16.

4.1. Result for detection using the optimal filtering

The peak-squared optimal filter output was calculated
from every sample point for each different buried object.
The results are presented in Figs. 12–15.

The signal-to-noise ratio was calculated so that a com-
parison could be performed between the different sets of
results. It was calculated using a similar method to that
described in Section 3.3.1. That is to say, the SNR for each
set of measurements was found by dividing the peak value
by an estimate of the rms noise level. (Values of SNR in
decibels are noted on each of the graphs).



Fig. 16. The synthetic-aperture-enhanced, inverse filter output from a target region containing (a) a steel sphere of 50 mm diameter (SNR = 22.2 dB), (b) a
polyethylene cylinder of 20 mm diameter (SNR = 21.1 dB), (c) a steel cylinder of 25 mm diameter (SNR = 21.0 dB) and (d) a real lightweight
telecommunication cable of diameter 22 mm (SNR = 22.5 dB).
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The averawge1 signal-to-noise ratio for the matched fil-
ter (Fig. 12) measurements is in the range 23.6–24.3 dB
(Table 1). However, the peak signal levels in some of the
results (such as Fig. 12b, the polyethylene cylinder) corre-
spond to clutter rather than to the target. Therefore, the
SNR values obtained from these measurements must be
treated with some caution when being compared with other
results.

The average SNR for the inverse filter measurements
(Fig. 13) is less than for the matched filter, having a value
in the range 21.1–22.6 dB (Table 1). However, there is a
marked reduction in the level of clutter in the output plots
and, significantly, a higher proportion of the sample points
in the target region indicate the presence of a buried object
than was the case for the matched filter. Therefore, the
inverse filter is judged to be better suited to the detection
of buried objects in a cluttered environment.
1 In this paper, the quoted ‘averages’ of series of decibel values were
obtained as follows: Firstly, each decibel value was converted into a linear
system of units. The average and the standard deviation of these values
were then calculated, to give a range of values with an uncertainty of ±1
standard deviation centred on the mean. Finally, this linear result was
converted back into the logarithmic (decibel) system of units, to give a
range of values that encompassed an estimate of uncertainty.
For the inverse filter, optimised to the elastic scattering
response of the targets (Fig. 14), the average SNR is in the
range 20.0–22.3 dB (Table 1). This overlaps the average
SNR of the basic inverse filter (Fig. 13). Therefore, these
results do not show any quantitative improvement in the
use of this filter instead of the basic inverse filter. However,
the filter output in the region of the buried targets is, qual-
itatively, more distinct than in the previous case.

For the inverse filter, optimised to the rigid scattering
response of the targets (Fig. 15), the average SNR value
is in the range 20.9–23.4 dB (Table 1). As in the elastic-scat-
tering-optimised case, this overlaps the average SNR of the
basic inverse filter (Fig. 13). That is to say, neither of the
optimised filters show a quantitative improvement in
SNR. However, the target localisation is better than that
obtained using the basic inverse filter in both cases.

4.2. Result for detection using the synthetic aperture

paradigm

The data presented in Section 4.1 were reprocessed fol-
lowing the synthetic aperture paradigm. For each sample
point, a synthetic aperture was formed from the recorded
signals corresponding to the point itself and to the nearest
four surrounding points. The signals were phase-adjusted



Table 1
The signal-to-noise ratios (expressed in dB) that have been calculated for each detection process and target type

Detection process Steel sphere Polyethylene cylinder Steel cylinder Real cable Average SNR (see footnote 1)

Matched filter 24.3 23.4* 24.0 24.1 23.6–24.3
Inverse filter 22.3 21.4 21.1 22.7 21.1–22.6
Elastic-response-optimised inverse filter 22.7 20.3 21.0 20.9 20.0–22.3
Rigid-response-optimised inverse filter 23.8 21.6 21.4 21.9 20.9–23.4
Synthetic-aperture-enhanced inverse filter 22.2 21.1 21.0 22.5 20.9–22.4

An asterisk indicates that the peak signal corresponds clutter rather than to the target.
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to match the signal corresponding to the central point,
using the time-of-flight equation (Eq. (14) of Ref. [68]).
Then the average value over the five points was calculated.
The resulting signal was processed using the basic inverse
filter and a time window was applied to the filter output
(according to the method described in Section 3.3). The
results are shown in Fig. 16.

In the synthetic aperture case (Fig. 16), the average2

SNR is 20.9–22.4 dB (Table 1). When compared with the
basic inverse filter, which exhibited an average SNR of
21.1–22.6 dB (Fig. 13), the synthetic-aperture-enhanced fil-
ter does not seem to yield any improvement in perfor-
mance. Moreover, it should be noted that the high signal
regions in Fig. 16 are not as well localised as before. The
apparent lack of improvement using the enhanced tech-
nique may be attributed to the fact that only a small num-
ber of points were used to create the synthesised aperture.
Further investigation using a larger synthetic aperture is
required before any conclusions may be drawn as to
whether this technique offers any significant improvement.

5. Discussion

5.1. Comparison of techniques for target detection

A comparison of the buried object detection techniques
presented in the previous sections is given below. For each
technique and buried target type, the signal-to-noise ratio
at the output of the processor was recorded. These are
summarised in Table 1. It should be noted that in some
cases, where the peak clutter levels were comparable to
the peak target signals, the SNR estimate may actually be
more representative of the peak clutter-to-noise ratio.
The measurements for which this was the case have been
marked in the table by an asterisk.

The matched filtering results contained significant clut-
ter (contributing to the SNRs observed) and target localisa-
tion was unremarkable. Inverse filtering resulted in lower
SNRs than the matched filter, but from the output plots
it is clear that the clutter level was significantly reduced
and target localisation greatly improved.

Target optimisation resulted in better localisation of the
buried objects in the output images. However, this was not
2 Refer to footnote 1.
accompanied by an increase in the overall SNR. Given that
the resonant scattering response in sediments was not
expected to be the same as the theoretical response (for
which it was assumed that the surrounding medium was
a fluid), it is not entirely surprising that this was the case.

For the rigid scattering inverse filter with synthesised
aperture enhancement, the average SNR is in the range
20.9–22.4 dB. This level is similar to the average SNR for
the basic inverse filter, which was found to be in the range
21.1–22.6 dB. However, localisation in the target regions
was found to be poor. This is symptomatic of the synthes-
ised aperture process which requires the returned signals to
be aligned to within a fraction of a wavelength (typically
less than 1/5 of a wavelength). It was concluded that fur-
ther investigation into the use of this technique is required.

Although not presented in detail here (since the environ-
ment that is of interest in this study is highly cluttered)
matched filter measurements optimised to resonant and
rigid targets have shown similar results to the inverse filter
case. It is surmised that the matched filter would be a better
choice than the inverse filter for use in a noisy environment,
this being consistent with the filter behaviour predicted in
Section 3.3.2.

6. Summary

The difficulties associated with the detection of targets
generally increase as the acoustic impedance mismatch
between the target and the host medium decreases [68].
This paper addresses the issue of the detection of polyeth-
ylene, fibre optic, and steel targets which are buried in sat-
urated sediment. For data from a bistatic sonar system in a
test tank, two main approaches to the detection problem
were described, based on waveform dependent filtering
using FM pulse compression waveforms. The techniques
should be generally applicable to monostatic, bistatic and
multistatic sonar systems mounted on, for example, an
ROV.

Overall, the algorithms presented in this paper (and the
acoustic detection system in general) have proven to be
very successful in detecting objects buried at depths of
between 25 and 30 cm in the sediment.

In every case, either 60 or 300 sample points were mea-
sured over a series of planes extending vertically into the
sediment. It was found that with 60 points (having a sam-
ple spacing of 5 cm) the resolution was not high enough to



Fig. 17. The detection protocol associated with an acousto-optic detection
system. In this scenario, an acoustic beam is projected from a surface
vessel (though it could also be projected from an ROV). As the footprint
of the beam passes over cable B, its effect on the optical transmission
properties of the inner fibres may be detected using a land-based system.
By comparing the position of the footprint over time with the time of
detection, it should be possible to determine the location of the cable.
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provide conclusive detection results. Conversely, with 300
points (having a sample spacing of around 2 cm) the buried
objects could be detected easily. In a practical system,
where the time available for scanning a volume of the sea-
bed may be quite limited, this issue needs to be addressed.
The sample spacing may be adjusted to find the lowest res-
olution that still provides acceptable performance,
although of course an appropriate budget would allow
the deployment of rapid beamsteering solutions to replace
the low-cost mechanical system deployed in this paper.

Simple matched filtering was shown to be useful in an
environment dominated by noise. However, the optimal fil-
ter was shown to be more successful in dealing with the
cluttered seabed environment. This is particularly impor-
tant in light of Section 2.5.2, since surface roughness could
give rise to an increase in clutter at the receiver.

Target optimisation techniques had mixed success.
When the target scattering responses (for both rigid and
the elastic scattering) were incorporated into the filters,
qualitative improvements in target localisation were
observed. However, these were not accompanied by an
increase in the average values of the signal-to-noise ratio.

Synthetic aperture techniques have also been investi-
gated. It was suggested that these may have the potential
to improve the performance of a detection system. How-
ever, the positional error in the laboratory apparatus and
the small number of measurement positions used to form
the synthetic aperture meant that no significant perfor-
mance improvement was actually observed.

The Appendix describes a possible technique for the
detection of one class of ‘difficult’ targets, specifically the
next generation of optical fibre telecommunications cables
which may lack the metallised cores of current commercial
submarine fibre optic communications cables, and which
allow them to be detected using magnetometers [20,76].
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Appendix. Acousto-optical options for the particular case of
optical fibres

1. Background

The methods considered so far in this paper have inves-
tigated sonar techniques (specifically the bistatic option,
although adaptation to the monostatic case would be sim-
ple) for the detection of targets in general when they are
buried in saturated sediment. There are the additional pos-
sibilities for one specific type of target: the optic fibre [77].
For example, an external acoustic field might be directed at
the cable in order to change its properties (notably, its opti-
cal transmission properties) to facilitate its detection by
some other means. In this way, for example, it should be
possible to determine the position of the cable by using
established optical techniques to detect when the footprint
of the acoustic beam passes over it.

The detection protocol associated with this technique is
summarised in Fig. 17. Here the acoustic field is projected
by a surface vessel, although an ROV (remotely-operated
vehicle) could equally be used. Three cables are shown in
the example. If the requirement is for cable B to be found,
then the acousto-optic detection system should be con-
nected to its input. The position of the cable is determined
using the fact that it will be directly beneath the footprint
of the acoustic beam at the time at which a change in the
optical transmission properties of the fibres is detected.
An advantage of this system is that even if the beam passes
over cables A and C there can be no danger of confusing
them with the broken cable, since the detection system is
connected directly to cable B.

It should be noted that it is not the cable that is being
detected using this approach. Instead the influence of the
acoustic source is detected by the fibre within the cable,
which acts as a sensor. The advantage of this method is
that the issues surrounding scattering at the water–sedi-
ment interface, and back-scattering from the target,
become largely irrelevant. Simply by directing an acoustic
beam of sufficiently high acoustic intensity at the seabed,
it should be possible to locate the target. The specifics of
the cable technology would have to be included in an
assessment of the practicability of any eventual system,
but this is not addressed in this paper because its purpose
is to outline techniques which may be applicable to future
cable types (for example, whilst repeaters in submarine
cables [20,77] would discard the acoustic modulation of
the optical signal during the conversion into an electrical
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Fig. 19. Schematic of an OTDR output trace. The intensity of the back-
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length). An almost constant attenuation is observed over the length of the
fibre except at point X where some external influence has caused the
attenuation to increase.
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signal, unrepeated systems based on the erbium-doped fibre
amplifier do not need to convert optical signals into electri-
cal signals for amplification). The potential for this tech-
nique was investigated using an optical time domain-
reflectometer (OTDR).

2. The OTDR experiment

The OTDR launches a short pulse of laser light into a
fibre under test. As the pulse propagates through the fibre,
loss occurs because of Rayleigh scattering from random,
microscopic variations in the refractive index of the fibre
core (other loss mechanisms will be discussed in Section
3). A fraction of the light is scattered back towards the
detector. The processing electronics measures the level of
back-scattered light as a function of time relative to the
input pulse (Fig. 18).

If the fibre is homogeneous and subject to a uniform
environment, the intensity of the back-scattered light
decays exponentially with time because of the intrinsic loss
in the fibre. However changes in the optical properties of
the fibre, such as might occur in the presence of an applied
acoustic field, generate regions in the fibre of differing
attenuation (Fig. 19). Reducing the duration of the pulses
increases the spatial resolution, but decreases the maximum
sensing range because of the reduced signal energy. For a
discussion of the practical considerations associated with
OTDR (including the limitations on the system resulting
from chromatic dispersion, contaminants in the glass, dis-
persion, and the differing responses of the fibre to micro-
bends and to clean and partial fractures), see Ref. [77].

The particular OTDR device that was used (an Anritsu
MW9070A OTDR) exhibited an optical bandwidth of
around 60 nm [78]. That is to say, at an optical wavelength
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Fig. 18. The architecture of an optical time-domain reflectometry system.
of 1550 nm the optical bandwidth of the OTDR would
have been around 5 THz. This is much greater than the
Brillouin frequency shift in silica which is ±11 GHz. There-
fore, it should be noted that this device was not capable of
isolating Brillouin back-scattered signals from the back-
scattered Rayleigh signal since its output would have
encompassed all the back-scattered signals that existed
within the optical bandwidth.

The apparatus is depicted in Fig. 20. The OTDR was
connected to a 1.8 km length of monomode optic fibre.
The refractive index was refractive index of 1.466, and
the other properties of this fibre were similar to those
shown in Table 2. The outer jacket was made of acrylic
and the overall diameter was around 1 mm. The end of
the fibre was clipped to give a strong reflection, which
was easy to identify in the OTDR back-scatter trace. The
acoustic source was purpose-built using a piezoceramic
hollow tube transducer (PZT-4 Lead Zirconate Titanide,
Fig. 20. The apparatus used in the OTDR experiment. The OTDR was
connected to a 1.8 km length of optic fibre wound on a mandrel. The final
8 m of fibre was wound through a submerged tubular acoustic source. The
fibre was excited using the acoustic source, and the back-scattered optical
signal was measured using the OTDR.



Table 2
The composition, dimensions and elastic and elasto-optic coefficients of a typical single mode optic fibre

Fibre parameter Core Layer 1 Layer 2 Layer 3

Composition SiO2GeO2 (trace) SiO2 (95%) B2O3 (5%) SiO2 Silicone
Radius (lm) 2 13 42 125
Young’s modulus (GPa) 72 65 72 0.0035
Poisson’s ratio 0.17 0.149 0.17 0.49947
pEM11 0.126 – – –
pEM12 0.27 – – –
Refractive index 1.458 – – –

See Ref. [77] for details.
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with 104 mm inner diameter and a 6 mm wall thickness
[79,80], encapsulated in a light-duty epoxy resin.

The final 8 m of fibre was wound 10 times through the
hollow centre of the tube transducer, with the final metre
left to hang freely. Eight frequencies were identified at
which the acoustic source was found to be capable of pro-
ducing an on-axis sound pressure level of 210 dB re 1 lPa.
At a wavelength of 1550 nm, the shortest duration optical
pulses that the OTDR could generate were 20 ns. This
duration corresponded to a pulse length of 4 m in the fibre.
The output trace was adjusted to measure the back-scat-
tered optical power in a 4 m length of fibre ending 1 m
before the reflective end.

This meant that, at the start of the OTDR measurement,
the leading edge of the optical pulse would have reached
the middle of the length of fibre wound through the acous-
tic source. The trailing edge of the pulse would have just
entered this region of the fibre. Similarly, at the cessation
of the OTDR measurement, the leading edge of the pulse
would have reached the end of the wound length of the
fibre. The trailing edge would have reached the middle of
this region of the fibre. Hence, throughout the 4 m OTDR
measurement window, the optical pulse would have resided
Fig. 21. An example of the OTDR output trace with no acoustic
excitation. With a 1550 nm optical wavelength, 20 ns pulse width and
refractive index of 1.466, the back-scattered optical power is displayed as a
function of distance. The decrease in the region between the two cursors
(arrowed at distances of 1748 m and 1752 m) was caused by radiation at
bends in the fibre. The distinct reflection from the end of the fibre can be
seen one metre beyond this region. (Note that the end-reflection has been
clipped for display purposes only in order to allow the region between the
two cursors to be visible in the figure: no clipped data were used for
processing).
entirely within the region of fibre that could have been
excited by the acoustic source.

An example of the OTDR output trace is shown in
Fig. 21. In the case shown the fibre was not excited by
the acoustic source. The back-scattered power in the mea-
surement region (between the two cursors) reduces at a sig-
nificantly greater rate than in the fibre before this region.
The increase in loss is due to the radiation of optical power
from the bends in the section of fibre wound through the
tube transducer.

The back-scattered optical signal was measured with no
acoustic excitation and with a 210 dB re 1 lPa excitation at
each of the output frequencies. In order to be certain of a
statistically significant result, 1000 averages of the signal
were performed in each case. The measurements were then
repeated to check that they were consistent.

Under the influence of an acoustic field, the back-scat-
tered optical power was observed to increase over the
OTDR measurement window. Changes in back-scatter as
a function of acoustic frequency for the two sets of mea-
surements are presented in Fig. 22. In this instance,
‘change’ is defined as being the difference, in decibels,
between the measurements with and without acoustic exci-
tation. In other words, the figure shows the back-scattered
optical power measured in decibels relative to the back-
scattered optical power with no acoustic excitation.

It was expected that the coupling between the fibre and
the acoustic field would improve as the acoustic wavelength
decreased, implying that the back-scattered optical power
should increase with frequency. This is consistent with
the change that was observed. That is to say, the data
points in Fig. 22 tend, asymptotically, towards a maximum
value at high frequencies, and follow the expected sigmoid
model [77].

These results indicate that acoustically generated stres-
ses can cause a change in the back-scattered optical power,
as measured using a conventional OTDR. However, the
observed change was found to be very small (i.e., the
change in optical power was around 0.5 dB for a sound
pressure level of 210 dB re 1 lPa).

Therefore, it has been concluded that for a cable detec-
tion system of this kind to be successful, a specially
designed OTDR would be required, such as an OTDR
which exploits a sensitive interferometric system designed
to measure changes in phase. Another alternative would



Fig. 22. Two sets of data (+, ·) showing back-scattered optical power in decibels as a function of the acoustic excitation frequency. The values were
calculated relative to the back-scattered optical power in the case when there was no acoustic excitation.
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be an OTDR which exploits one of the non-linear processes
that can occur in optical fibres, which impart a frequency
shift to the scattered light. The potential for such tech-
niques to detect buried marine optic fibre telecommunica-
tions cables is discussed in the next section, and detailed
in Ref. [77].

3. Non-linear optical process in fibres

There are four important processes to consider in non-
linear processes in monomode, optic fibre transmission sys-
tems: Raman scattering; Brillouin scattering; self-phase
modulation; and parametric, four-photon mixing [77,81].
These can lead to signal loss, pulse spreading, cross-talk
and even physical damage to the optic fibre. The Raman
and Brillouin scattering processes give rise to a difference
in frequency between the incident light and the scattered
light. Components which lose energy in the scattering pro-
cess, and therefore have lower frequency, are referred to as
Stokes components [77,82]. Those which gain energy and
increase in frequency are referred to as anti-Stokes
components.

The back-scattered signal in Raman scattering consists
of light of the same frequency and weak, sideband compo-
nents. The difference between these sidebands and the inci-
dent frequency is characteristic of the vibrational modes of
molecules in the material. This is in general a greater fre-
quency shift than is engendered by Brillouin scattering,
which is the consequence of the interaction between light
and thermally generated acoustic waves in the medium.
The acoustic wave produces density variations which result
in a periodic modulation of the material dielectric constant.
Scattered light is, effectively, Doppler-shifted by the acous-
tic wave.

For the laboratory experiment to be studied here, Brill-
ouin scattering offers many advantages over the use of
Raman scattering. Whilst optical wavelengths of 800–
900 nm are popular for low-cost, short-haul systems, a bet-
ter choice for telecommunication is the 1300 nm minimum
dispersion wavelength. However, most modern long-dis-
tance systems use the narrow window around the
1550 nm minimum absorption wavelength. For a
1550 nm OTDR system, the wide bandwidth occupied by
the Raman signal means that it occupies the region of
strongest absorption in the frequency–attenuation curve.
The Brillouin interaction, on the other hand, occupies a
much narrower bandwidth and is closer in frequency to
the Rayleigh signal. This means that it can make much bet-
ter use of the minimum dispersion window. Whilst the
greater frequency shift inherent in Raman scattering offers
some advantages (e.g. with respect to cross-talk separation
between the input pulse and any strong reflections [77]), in
such circumstances the Raman signal is around 30 dB
below the Rayleigh signal.

The principle of operation of the Brillouin optical fibre
sensor is similar to that of the OTDR, the main difference
being that the scatter mechanism is Brillouin instead of
Rayleigh. Hence the term ‘Brillouin OTDR’ (BOTDR) is
used [77,83].

At a temperature of 4 �C, the ratio of the power of the
Rayleigh scatter, to that of the Brillouin scatter (the Lan-
dau–Placzek ratio) is 20.8, such that each of the two Brill-
ouin components (Stokes and anti-Stokes) are
approximately 16 dB below the Rayleigh signal [77]. The
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radial sensitivity of a typical glass fibre is around 9 kHz/
lstrain. This corresponds to an applied stress, or pressure,
sensitivity of approximately 130 Hz/kPa (given that the
Young’s modulus of glass is around 7 · 1010 Pa) [77]. Even
with a sensitive interferometric system this modulation
would be very hard to detect, given that the optical fre-
quencies are in the terahertz band. Although in principle
account should be taken of the effect of temperature
changes on the optical frequency, in practice this effect is
small (i.e. in the range 0–200 �C it is �1 MHz/�C [77].

The related acousto-optic effect not only exhibits a sim-
ilar pressure sensitivity to that inherent in Brillouin scatter-
ing, but also takes into account the physical change in the
length of the fibre, which may result in a much higher sen-
sitivity. The most successful optic fibre hydrophones are
those based on interferometry [77,84,85]. Such systems
measure the change in relative phase between a light beam
transmitted into a fibre and the same beam exiting the fibre.
This phase change is caused by changes in physical length
and refractive index which are directly related to changes
in pressure. The total phase change is the sum of many
small changes which are accumulated as the incident light
is transmitted. However, in the current scenario (Fig. 17),
access is only available to one end of the fibre. Therefore,
to measure the change in phase, light must be returned
from the far end. This is possible if the break in the fibre
is reflective; light will be returned along the same path,
experiencing twice the phase change. Evans and Leighton
[77] showed that, in order to estimate the magnitude of this
effect if applied to the scenario of Fig. 17, account must be
taken of the anatomy of practical optic fibres, which com-
prise a glass core surrounded by layers, which are also
Fig. 23. Calculated pressure sensitivity as a function of fibre radius. The differe
bulk modulus, Kb, was kept the same (4 GPa) in each case.
made of glass, with an outer jacket of plastic [20]. In a tele-
communication cable several fibres are bundled together to
form a single fibre unit which is, itself, sheathed in layers of
insulation, armour, etc. However, an understanding of the
physical processes at work can be obtained from a model of
a single, multi-layered fibre [86,87]. Evans and Leighton
[77] used in this model data from Cable & Wireless for a
typical monomode fibre, for the core and three layers
(Table 2).

A hydrostatic boundary condition was chosen, this
being the most appropriate for a long fibre. An outer
jacket, layer four, was included. The radius and Young’s
modulus of this layer was varied while the bulk modulus,
Kb, was fixed at a value of 4 GPa. The set of pressure sen-
sitivity curves that resulted from these calculations are
shown in Fig. 23.

As the coating gets very thick the pressure sensitivity
approaches a limit which is independent of the Young’s
moduli. This suggests that for very thick coatings the mag-
nitude of the strains in the fibre are dependent on the bulk
moduli alone. Fig. 24 confirms this to be the case. In this
calculation the radius of the outer layer was fixed at
3 mm and Young’s modulus set at 0.1 GPa. The curve is
inversely proportional to the bulk modulus (i.e., linearly
proportional to the compressibility) of the outer layer. At
smaller radii the sensitivity relationship is more compli-
cated, being a function of changes in both elastic moduli.

These results demonstrate that a greatly enhanced pres-
sure sensitivity can be achieved using a clad, rather than an
unclad, fibre [77,88]. This can be further improved by using
a coating with a high compressibility, which is precisely the
case for non-metallised fibre optic cables. It has been dem-
nt curves are for outer jacket layers with different Young’s moduli, EY. The



Fig. 24. Calculated pressure sensitivity as a function of bulk modulus, Kb, for a large radius (3 mm) outer jacket. Young’s modulus, EY, was kept constant
(0.1 GPa).
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onstrated that fibres with metal cladding layers are much
less sensitive than fibres clad with low bulk modulus mate-
rials [77,89]. Non-metallised submarine telecommunication
cables may be particularly suited to detection by this
method.

4. Summary

An experiment was performed to investigate whether a
conventional OTDR could be used to detect acoustically-
generated stresses within an optic fibre. A change in the
back-scattered power in the optical window of the detector
was found to occur. In the experiment the change that was
observed was very small. It was concluded that an OTDR
system, specifically designed to pick out the Brillouin fre-
quency shift, or an interferometric system designed to pick
up small changes in optical phase, would be required for
the acousto-optic detection approach to work in practice.

The strain dependence of the Brillouin shift was esti-
mated to be around 130 Hz/kPa. At optical wavelengths
of around 1 500 nm in glass, this corresponds to a change
in the phase of the Brillouin signal of only 10�15 Pa�1.
For the acousto-optic effect, the change in phase of the
optical signal was expected to be significantly larger. The
pressure sensitivity was shown to be related to the elastic
properties of the fibre jacket material. A greatly enhanced
sensitivity is predicted if the cladding has a high compress-
ibility (which is expected to be the case for non-metallised
fibre optic cables). For a fibre having a relatively thick and
compressible cladding, it was calculated to be of the order
of 10�10 Pa�1.
The sensitivity values for a real fibre optic cable buried
in marine sediment are unknown, although they are
expected to be similar to the values predicted (above) for
the Brillouin and acousto-optic effects. Therefore, it is sur-
mised that an acoustic pressure amplitude in excess of
100 kPa would be required to be incident on the cable to
achieve a measurable effect, given that a sensitivity of
around 1 part in 107 can be achieved using interferometric
techniques. Whilst it may be difficult to generate such pres-
sures at the ranges indicated by Fig. 17 [90], a vehicle close
to (or on) the seabed (such as is discussed in the body of the
paper) may be more effective at delivering such pressures at
the cable. It is therefore conceivable that the techniques
discussed in the Appendix could be useful in identifying
cables when used as an adjunct to the detection methods
discussed in the body of the paper.
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