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Twin inverted pulse sonar (TWIPS) is here deployed in the wake of a moored rigid inflatable boat
(RIB) with propeller turning, and then in the wake of a moving tanker of 4580 dry weight tonnage
(the Whitchallenger). This is done first to test its ability to distinguish between scatter from the
wake and scatter from the seabed, and second to test its ability to improve detectability of the
seabed through the wake, compared to conventional sonar processing techniques. TWIPS does this
by distinguishing between linear and nonlinear scatterers and has the further property of distin-
guishing those nonlinear targets which scatter energy at the even-powered harmonics from those
which scatter in the odd-powered harmonics. TWIPS can also, in some manifestations, require no
range correction (and therefore does not require the a priori environment knowledge necessary for

most remote detection technologies).

© 2011 Acoustical Society of America. [DOI: 10.1121/1.3626131]

PACS number(s): 43.30.Vh, 43.25.Yw, 43.30.Lz [EJS]

. INTRODUCTION

Twin inverted pulse sonar (TWIPS) is a process by
which a source emits a pressure time series, p(1) = I'(¢)
—I'(t — A), which consists of a pulse I'(¢) followed, an inter-
pulse time A later, by a pulse which is identical except that it
has opposite polarity to the first pulse." Consider a scenario
where the environment is noise-free, A is sufficiently long
that there is no overlap between the outgoing pulses, and no
second harmonic distortion is introduced to the outgoing
pulse by, say, the power amplifier. Then construct the signal
p.(¢) by adding together the echoes from scatterers, where
the first echo has been delayed by A. In such conditions, if
the environment contains linear scatterers which have not
evolved between the two pulses, p,(f) should equal O (since
if the scattering dynamics are linear, the principle of super-
position will hold even with the ring-up and ringdown that
are characteristic of bubbles?). Non-zero components from a
field of only linear scatterers would indicate evolution,
which could for example be used to detect the disturbance of
soil between the two pulses and be used for sonar or radar
detection of such' as will be explained. If there are nonlinear
scatterers, these will also give non-zero components in the
summation. This has been used for the detection of ultra-
sonic contrast agents® (although there the narrow size distri-
bution of bubbles present allows easy excitation of
nonlinearity through single bubble resonance,*> which is not
so simple a task in the ocean where the bubble size distribu-
tion spans many decades in radius®). If instead the second
echo is subtracted from the delayed version of the first echo,
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to form p_(z), then the even-powered harmonic components
of any nonlinear scatter become 0. Non-zero returns indicate
scattering from linear scatterers, and scattering of the funda-
mental and odd-powered harmonics from nonlinear scatter-
ers.”® This allows further discrimination between linear
scatterers, nonlinear scatterers that scatter in odd harmonics,
and those which scatter in even harmonics. This potential
richness of harmonic detection might have uses outside sonar:
TWIPR (twin inverted pulse radar) might be used to distin-
guish between soil (which scatters linearly), rusty metal
(which predominantly scatter odd harmonics), and semicon-
ductors (which scatter all harmonics), with application to the
detection of improvised explosive devices and in-wall surveil-
lance equipment.' Since p_(f) contains energy from both lin-
ear and nonlinear scatterers, ratios based on p_(¢) and p, (1)
can be used to enhance the linear with respect to the nonlinear
scatterers in an image field. Such ratios have the additional
useful property that they do not require range correction, for
example, through the use of time varying gain.' This obviates
the need for a priori knowledge of propagation losses that
would be required if range correction were undertaken. Such
a priori knowledge would be difficult to obtain in wakes or
the surf zone’ where, at a given point in the water column, the
sound speed and attenuation can vary significantly on time-
scales less than 1 s.

The TWIPS system has been described in detail else-
where,' although with just one sea trial result. The purpose
of this paper is to provide further sea trial data (raw and
processed data for this study are available for download'®).
In this study, a TWIPS system is deployed near the sea sur-
face in the wake of a moored rigid inflatable boat (RIB) with
its propeller turning, and then it is towed in the wake of a
tanker of 4580 dry weight tonnage. This is done first to test
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its ability to distinguish between scatter from the wake and
scatter from the seabed, and second to test its ability to
improve detectability of the seabed through the wake.

Il. METHOD

Two sea trials were conducted, both using a sonar
source made from four acoustic transmitters (GeoAoustics
T135D transducers) arranged in a 2 x 2 configuration. For
the Whitchallenger tests the source was towed as described
for the sea trials in Ref. 1, whilst for the RIB tests the source
were mounted on a pontoon [Fig. 1(a)]. The directivity of
this source, and the time histories of the 8-cycle 6 kHz pulses
(with Gaussian envelopes) emitted by this source, are plotted
by Leighton ez al.' The presence of side lobes must be borne
in mind when interpreting sonar images, especially as the

Vertical rod, at the base of which is mounted the hydro-
phone (so that it sits 5 cm laterally from the nearest edge

of the steel source support frame, with the deepest
portion of the hydrophone located 5 cm below the
acoustic centre of the siurce arr

-——— - ‘
Sources m———>y *-

y

FIG. 1. (Color online) (a) The dockside sea trial (26 February 2008). This
photo shows a downward looking view of the pontoon supporting the four
sources in a 2 x 2 array. When the system is lowered into the water, the
acoustic center of the array is located approximately 20 cm below the sur-
face. (b) The 26 February 2008 test where the downward looking TWIPS
sources are mounted in a pontoon and placed in the wake of a moored RIB.
See Ref. 36 for a movie of this trial taking place. The movie can also be
found at the web page given in Ref. 10 associated with this article.
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arrangements for both sea trials were practical rather than
idealized and optimized, so that there were numerous reflect-
ing structures (piers, ship sterns, air/sea interfaces, etc.) that
could give to spurious reflections from a side lobe that the
sonar imaging would interpret as on-axis scatter. Although
TWIPS should work with a range of pulse types (chirp, pseu-
dorandom), in this experiment only the pulse amplitude and
interpulse delay were within the control of the operator, and
the pulses used must satisfy some basic criteria. The ampli-
tude at target must be sufficiently great to excite a nonlinear-
ity if that is required (although not all TWIPS applications
require this, as the soil disturbance example of Sec. I shows).
The simple results described in Sec. I (that obtain zeros for
certain components when adding and subtracting the two
echoes), rely on the delay A being large enough such that the
response to I'(¢) has decayed sufficiently so as to be negligi-
ble prior to the start of I'(r — A). This imposes a lower limit
on the selection of A, such that one has to use an inter-pulse
delay large enough so that all echoes from the first pulse
have decayed before the second pulse is emitted. A delay of
A =50 ms was suitable for these trials, which can also be
seen as setting a maximum range over which a TWIPS based
system can operate; the maximum range being given by
coA/2 (which corresponds roughly to 37.5 m for the 50 ms
inter-pulse delay used here). For the application under con-
sideration here, when evolution of the scattering environ-
ment degrades performance (unlike the soil disturbance
example in Sec. I where evolution is key to performance),
there is also a maximum value of A which can be tolerated.
The performance of TWIPS in the application studied here
reduces by ~50% when relative motion between the scatter-
ers and platform generates the path length differences
corresponded to 0.374, where /4 is the acoustic wavelength.
In the open water tests, where the source is towed at 4 knots
(~2 m s, assuming a sound speed of no more than
1500 m s~ in the (admittedly bubbly) seawater, 0.37 corre-
sponds to no more than ~10 cm if only one receiver is avail-
able (as here), which means that an interpulse time of 50 ms
provides a useful compromise between the two limiting
factors on A.

The sonar images in this paper plot smoothed envelopes
of the basic signals p(?), p,(¢) and p_(¢) which are computed
by band-pass filtering the signals, then computing their enve-
lope (exploiting the Hilbert transform) and finally smoothing
the result by averaging over the duration of the outgoing
pulse. These smoothed envelopes are denoted here using
capital P notation, so that the envelopes of p(7), p(f) and

p_(¢t) are denoted P, P,, and P;_, respectively (the

subscripts “1” and “2” indicating the application of bandpass
filters centered about the first and second harmonics, respec-
tively, in the initial stage of this processing).

The same echoes are processed three ways, so that the
performance of P,_/P,, (which should suppress the wake)
can be compared with that of P, (which should highlight
the bubbles). Both are compared with “conventional” sonar
processing. In this, the returned signal is band-pass filtered
about the center frequency of the outgoing pulse, and then
the energy of the return is computed by temporally averaging
the envelope using a period which corresponds to the
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duration of the original pulse, and the final output calculated
from the average of the results from both TWIPS pulses so
that this “conventional” technique is not inherently disad-
vantaged relative to TWIPS.

While the ratio Py_/P,; obviates the need for time
varying gain, this comes with the disadvantage of instabil-
ity.""!" Here, fluctuations in the denominator are reduced
through geometrical averaging of values of P, over sets of
adjacent returns. For each image plot shown, a noise level
thresholding is also performed to eliminate spurious varia-
tion due to very low echo returns and noise. The noise level
thresholding is implemented by neglecting samples whose
value is less than 1% of the maximum value in the plot.

Note that the hydrophone is placed in front of the acous-
tic sources [Fig. 1(a)]. Given that inducement of a bubble
nonlinearity requires high amplitude pulses, data on the out-
going pulse (excluded from the processing here) in such
arrangements are liable to clipping. It is interesting to note
that TWIPS has the useful property of detecting clipped
data. Symmetrical clipping of the peak positive and peak
negative parts of a signal introduces odd harmonic compo-
nents as artifacts which were not present in the original sig-
nal, and these would be emphasized in P_ and suppressed in
P . In many practical situations, where clipping occurs it is
asymmetrical and, therefore, its influence on P_ and P, is
more complicated.

The objective of both sea trials was to detect the seabed
through a wake. Assessment of effectiveness is through visi-
bility of the seabed in the sonar images. While performance
could not be quantified through Receiver Operator Character-
istics curves since the measurements cannot be redone with
the seabed removed,1 nevertheless the wake clutter reduction
ratio can be calculated as 101log,,(Etwips/Estanp) Where
Erwps (the “energy” associated with the TWIPS function in
question) is first computed by summing the TWIPS values
over a region where there is wake, and where Estanp is the
energy associated with the conventional or standard sonar
processing over the same location. To prevent simple gains in
the system from affecting the measure, Erwips and Estanp
are both normalized with the respective average value of the
echo returns from the sea floor (which is the target here).

The first sea trial, on 26 February 2008, used a moored
RIB to generate the wake. While use of multiple hydro-
phones would have provided ready distinction between out-
ward and returning pulses, only one hydrophone was
available (Blacknor Technology D140, serial number 18 938
with built-in preamplifier, calibrated by the National Physi-
cal Laboratory). It was mounted with the downward looking
acoustic sources in a pontoon located 7.8 m downstream
from the RIB, in its wake [Fig. 1(b)]. The RIB and pontoon
were moored to the dockside at the National Oceanography
Centre, Southampton. For the second sea trial, on 27 Febru-
ary 2008, the same configuration of sources and sensors was
mounted in a towfish and towed 2—4 m behind the stern of
the RV Bill Conway at ~1.5 m depth through the wakes of
various vessels'? as the RV Bill Conway sailed from the
National Oceanography Centre (Southampton) (50°53/33”N,
1°23’38”W) to Calshot Castle (50°49'11.53”N, 1°18
23.17°W). Representative results are presented for the tanker
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Whitchallenger. The trials took place in the very busy ship-
ping lanes of Southampton Water (which handles 7% of the
UK’s entire seaborne trade), where the seabed varies
between 10 and 20 m depth. A time varying gain [propor-
tional to 7%(¢) where r(¢) is the penetration depth at time ]
was applied to all the echoes before processing to allow fair
comparison between the conventional sonar and TWIPS
results (noting that any such correction cancels out in the
TWIPS function P_/P ;).

The experimental results are compared to simulations
undertaken using the method described by Leighton e al.'
Two types of wake are studied in the simulations, one
reflecting the wake of a “small” vessel and another reflecting
the wake of a “large” vessel. Although equipment was pre-
pared to measure the bubble size distributions (BSDs) in the
wakes,'® budget limitations prevented its deployment. The
published literature contains few such measurements, and so
therefore best estimates (Fig. 2) had to be made to provide
BSDs as input for the simulations.

Although wakes have for decades been known to scatter
sound and strongly influence sound speed'* and attenua-
tion,'>"!7 there are few measurements which would enable
one to produce maps of the BSD as the wake is shaped and
evolves behind the ship through buoyancy and flow'®'? etc.
In wakes, the BSD is expected to vary in time*” and depend
on the ship speed and characteristics, the age of the wake
and the water quality.”' However, there is only limited infor-
mation on how the map of BSD in the wake varies with the
ocean environment and with ship operating conditions, such
as vessel speed and trim.?* Some studies measured the BSD
by fixing a sensor into position,”*** and then monitoring the
wake as a vessel steers close to the sensor. In this way, as
time progresses the data refers to the aging process of one
element of the wake. Alternatively, a sensor can be towed
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FIG. 2. (Color online) Bubble size distributions (BSDs) used in the simula-
tions at several depths (indicating the number of bubbles per cubic meter of
bubbly water, per micron increment in bubble radius). The lines show the fol-
lowing BSDs: at a depth of 1 m for a large vessel (solid line) and a small ves-
sel (solid line with cross markers), at a depth of 5 m for the large vessel
(dashed line) and the small vessel (solid line with open circle markers), and
at a depth of 10 m for the large vessel (dotted line) and the small vessel (solid
line with closed circle markers).
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through or beside the wake or mounted on an AU
such that the sensor moves through the water with the wake
or relative to it which can in principle allow mapping of the
bubble population in different parts of the wake.*’

To provide input for the simulations involving the RIB,
a representative wake for a “small” vessel was constructed
from the data in Event B of Valge and Burch.*® To com-
pare with the Whitchallenger data, a representative “large”
vessel wake was based on the data of Culver and Trujillo.”!
Because the wake at a given point depends on its age and
the vessel speed, and because no match to the Whitchal-
lenger measurement conditions was found in the literature,
several assumptions were applied to generate a “large” ves-
sel distribution that might be compared to the Whitchal-
lenger measurement conditions. First, the bubble size
distribution for radii outside that presented by Culver and
Trujillo is extrapolated from the “small” vessel wake data
in the absence of data on such bubble sizes for similar ves-
sels. Second, the factor of 2 is used to compensate for the
fact that Whitchallenger was, at 5 knots, traveling more
slowly than the 16 knots vessel measured by Culver and
Trujillo. To scale their results to the current case, the algo-
rithm incorporates the finding that the fraction of air present
as bubbles in a measured destroyer wake decreased from
23%x 1077 to 1.4x 107 per cubic centimeter when the
ship speed decreased from 20 to 10 knots for a wake age of
3 min.>? Hence, a factor of 2 (rounded to the nearest whole
number) is used. The wake profile has been simplified by
assuming that, below a critical depth, the wake density
decays with increasing depth, but the density is constant
above a critical depth. Measurements support this approxi-
mate model.”® The critical depth was set based on the esti-
mated depth of the propeller axis of each vessel. For the
RIB, this was estimated to be 0.5 m. For the Whitchal-
lenger, this was estimated to be 4 m. The fully laden draft
of Whitchallenger is approximately 6 m. At time of mea-
surement, the vessel was also observed to be not fully
laden. Below this depth, the wake density is assumed for
both vessels to decrease exponentially with depth, with an
e-folding scale of 1.5 m, consistent with Farmer and
Lemon.*

lll. RESULTS AND DISCUSSION

Pairs of pulses are emitted once per second from the
downward looking sonar to examine the seabed through the
wake. Each consecutive pair of echoes is processed (a) in the
“conventional” manner, (b) to calculate P;_/P,., and (c) to
calculate P, . The resulting echo lines are therefore gener-
ated once per second, and hence when stacked they form an
image (with amplitude represented by color, as defined in
the color bar). In the moored tests of Fig. 3(a), conventional
sonar shows the wake and there are occasional very faint
returns from the seabed. TWIPS increases the detectability
of the seabed in Fig. 3(b) and furthermore provides discrimi-
nation between seabed and wake, since the seabed is visible
when using Py_ /P, in Fig. 3(b) and not when using P in
Fig. 3(c), while the opposite is true of the wake. Sidelobe
scatter from pontoon struts is also linear, and so is enhanced
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FIG. 3. (Color online) Comparison of three processing types for the same
set of raw data (taken in the moored tests of Fig. 1 with an interpulse time of
50 ms and presented using a linear color scale normalized to its maximum
value shown in {} brackets): (a) Conventional sonar {max =35.1 x 10°}; (b)
P,_ /Py {max=2.4x 1()6}; and (c) P, {max=>5.8}. For all three repre-
sentations, noise level thresholding was set at 1% of maximum value and
geometric averaging was carried out for each ten lines in the denominator
of (b).

(at 6-8 ms) in Fig. 3(b) but suppressed in Fig. 3(c). The
wake clutter reduction ratios' 101ogo(Etwips/Estanp) in
this moored test was —26.3 dB for P_/P,, and —54.7 dB
for P;_ /P% (image not shown). The results of the “small”
vessel simulations (Fig. 4) show similar trends, although
exact agreement is not expected given the estimates required

Conventional Sonar

1
wake —5 5 |--|r|1-1m |
F10.9
4 4
F10.8
6 6
10.7
8 8
£ Z z |
é/ 10 g g 10 05
=12 = =12 04
14 14 2
seabed — 0.3
16 16 0.2
18 18 0.1
10 20 30 40 10 20 30 40 10 20 30 40
No of Sweeps No of Sweeps No of Sweeps
(a) (b) (©

FIG. 4. (Color online) Comparison of three processing types for a set of
simulated data (based on wake of a small vessel) and presented using a lin-
ear color scale normalized to its maximum value shown in {} brackets: (a)
Conventional sonar {max = 1.4 x 10'2}; (b) P;_/Pp, {max=28.9 x 10%};
and (c) P, {max=1.3x 10'2}. For all three representations, noise level
thresholding was set at 1% of maximum value and geometric averaging was
carried out for each ten lines in the denominator of (b).
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FIG. 5. (Color online) Data taken with the TWIPS source in the wake of the
RV Bill Conway only. Comparison of three processing types for the same set
of raw data (taken with an interpulse time of 50 ms and presented using lin-
ear color scale having a maximum value shown in {} brackets): (a) Conven-
tional sonar {max =5.6 x 10%}; (b) P_ /P2, {max=9.2 x 10°}; and (c) P>,
{max=1.1}. For all three representations, noise level thresholding was set at
1% of maximum value and geometric averaging was carried out for each ten
lines in the denominator of (b).

of the input for the bubble and seabed and different setup
conditions [and of course the maximum values in captions
for (a) and (c) will differ significantly between simulations
(based on pressure) and measurements (based on voltage
including amplifier gain); and the denominator in (b) will be
sensitive to absorption and noise]. For example, the seabed
echo in Fig. 4(a) is stronger than that in Fig. 3(a), probably

et 3

FIG. 6. (Color online) Approaching the wake of the tanker Whitchallenger
(measuring 85 m x 15 m, with 2965 gt, 4580 dwt) just prior to taking sonar
records of Fig. 7. Data is not shown for RV Bill Conway’s commercial depth
sounder (Wheel house unit: Simrad CR50 with Transducer: Simrad combi
C50/200 dual 50 kHz/200 kHz operating at 200 kHz) which was not opera-
ble in the wake of the vessel. See Ref. 36 for a movie of the entry into the
wake of Whitchallenger. The movie can also be found at the web page given
in Ref. 10 associated with this article.
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because the setup in Fig. 4 was for a moving boat since that
is the scenario from which the bubble size distribution data
were obtained. In contrast, for Fig. 3 the boat was moored
with the wake projected toward a quay [Fig. 1(b) was taken
from the quay]. Since the sonar was only meters from the
quay [Fig. 1(b)], the wake was partially confined and its den-
sity likely to be greater than that measured for the moving
boat, giving greater attenuation. Note also in comparing field
data (Fig. 3) with simulations (Fig. 4) that the first few milli-
seconds of field data cannot be shown because of overlap
with the time during which the source is transmitting.

The following day, the source was towed. Prior to
entering the wakes of a second vessel, the performance of
TWIPS as it was towed behind the RV Bill Conway at 4
knots was tested. This gives an indication of the effect of
the wake of the RV Bill Conway alone. The results (Fig. 5)
in this instance do not show dramatic improvement afforded
by TWIPS in the detectability of the seabed by the source:
the target (seabed) is sufficiently strong to be detectable
without TWIPS, given the 1.5 m towing depth of the sen-
sor. However, comparison of Figs. 5(b) and 5(c) enables
classification of the scatterers, indicating which are bubbles
and which are sediment. The wake clutter reduction ratios
IOloglo(ETWIPS/ESTAND) in Flg 5 are —18.1 dB for the
TWIPS function P;_/P,,, and —50.5 dB for the TWIPS
function P;_ /P% . (image not shown).

The RV Bill Conway then entered at 4 knots the wake
of the large vessel Whitchallenger (Fig. 6) (results for the
wake of the MV Red Osprey were shown earlier'). In the
wake of Whitchallenger, conventional sonar processing
identifies the wake but scatter from the seabed is barely
discernable [Fig. 7(a)]. TWIPS (P;_/P,;) in contrast scat-
ters strongly from the seabed and wake scatter is

P.IP

Conventional Sonar 15 2+
ke — 1
wake 4
109
6
3 10.8
10 10.7
7 12 2 2 0.6
g E g
.E 14 _QE) .aé 0.5
<16 - - 04
18
seabed — 0.3
20
0.2
22
0.1
24
0 10 20 30 0 10 20 30 0 10 20 30
No of Sweeps No of Sweeps No of Sweeps
(a) (®) (©

FIG. 7. (Color online) Data taken in the wake of the Whitchallenger (Fig.
6). Comparison of three processing types for the same set of raw data (taken
with an interpulse time of 50 ms and presented using linear color scale hav-
ing a maximum value shown in {} brackets): (a) Conventional sonar
{max=19x10?}; (b) Pi_/Pr{max=12x10"}; and (c) Pay
{max =2.7 x 10"}. For all three representations, noise level thresholding
was set at 1% of maximum value and geometric averaging was carried out
for each ten lines in the denominator of (b).
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FIG. 8. (Color online) Comparison of three processing types for a set of
simulated data (based on wake of a large vessel and presented using a linear
color scale normalized to its maximum value shown in {} brackets): (a)
Conventional sonar {max=6.3 x 10'2}; (b) P,_/P,, {max=4.4 x 10*};
and (c) Pp; {max=2.8 x 1013}. For all three representations, noise level
thresholding was set at 1% of maximum value and geometric averaging was
carried out for each ten lines in the denominator of (b).

suppressed [Fig. 7(b)], while in Fig. 7(c) P, scatters
strongly from the wake.

Similar observations can be made when these circum-
stances are simulated using the ‘“large” vessel model
(Fig. 8). This was carried out for a seabed at about 19 ms
and an ideally stable platform.

IV. CONCLUSIONS

A downward looking TWIPS source was tested in the
wake of a moored RIB, and when towed in the wake of the
RV Bill Conway both with and without the additional wake of
another vessel (Whitchallenger, the results for MV Red
Osprey having been shown earlier'). Use of P_ /P generally
improved the detectability of the seabed, which usually pro-
vided only a faint echo with conventional sonar processing.
Furthermore, comparison of the TWIPS P_/P. and P, func-
tions always enabled discrimination of the returns from the
wake and the seabed (conventional sonar inherently has no
capability for discrimination, which is why bubble-based tor-
pedo countermeasures were proposed). At-sea discrimination
between bubbles and linear scatterers has potential military
applications in mine countermeasures and target counter-
countermeasures, and for the detection of gas in marine
sediment® or pipelines.”> Even in the absence of nonlinear
scatterers, applications for monitoring for sediment disturb-
ance have been outlined, which could be extrapolated to land-
based sediments using radar. Furthermore on land, nonlinear
scattering of both acoustic and electromagnetic waves from
buried mines could be exploited using these methods.
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