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TARGET IDENTIFICATION BY FIRST-PULSE DECONVOLUTION

(U) Pulses specularly reflected from smooth bodies of regular shape are replicas of the
incident pulse. They have the same phase if the target may be considered rigid, which is the
case for a solid in air, and they are reversed in phase from the incident pulse if the target is
acoustically soft (a pressure-release target), such as a bubble in water. The reflection amplitude
of the backscattered acoustic far-field pressure is described by a form function If, (ka) I which
is plotted against the variable ka, where k is 2/X. Here X is the incident acoustic wavelength
and a is the characteristic dimension of a body such as the radius of a sphere. The form func-
tion is related to the incident acoustic pressure amplitude pi( I and the reflected pressure
amplitude Pr ( I by the equation

IP, (t) I = pi (t) I 2a If (ka)|. (1)

Here a is the sphere radius and r is the distance from the reflector to the receiver. The form
function for a hard (inelastic) and a soft (pressure-release) sphere is shown in Fig. 1. That
function is compared for three shapes in Fig. 2 for small values of ka. Prolate spheroid end-on
and beam or side-on reflection is described in Fig. 3 by experimentally determined curves. In
all cases the curves are smooth curves that vary slowly over a range of ka which may be inter-
preted as frequency for a fixed size of object (constant a ; that is, 2r/x = 2rrf/c , where c is
the speed of sound in water (a constant). Also, each curve is different and discloses the
geometry of the reflecting object.
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(U) Fig. I - Theoretical form function for a rigid sphere and a
soft sphere

Manuscript submitted October 26, 1979.
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(U) Fig. 2 - Theoretical form function for a sphere (repeated
from Fig. 1), a cylinder, and an end-on spheroid
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(U) Fig. 3 - Experimentally measured form function for an end-on
(x) and beam-on (0) prolate spheriod. The solid curve is the theoreti-

cal curve (repeated from Fig. 2). The beam-on set of data is displaced
upward to avoid clutter in the plot.

(U) It has been shown [1] that the same (form) function can be otherwise arrived at by
deconvolution of the Fourier transforms of the incident and reflected pulses, which are time
functions. That is,

If. ka) 2a gr2ka
r g (ka) (2)

where g,(ka) is the Fourier transform of the reflected pulse p,(t) and g(ka) is similarly the
Fourier transform of the pulse p(t) incident on the target. Equation (2) states that the form
function is directly proportional to the ratio of the spectrum Igr(ka)l of the reflected pulse to
the spectrum Igj(ka)I of the incident pulse. The proportionality constant contains only
geometric factors for simple geometric shapes and in the case of the sphere is the ratio of the
diameter 2a to the range from the receiver to the target.
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If appendages are disregarded, submarines are roughly cylinders approximately 10
times as long as they are in diameter and have been regarded so by past calculations [21. In a
more refined sense a submarine could be regarded as a prolate spheroid of approximately a 10:1
major-to-minor axis ratio. For a submarine 9.14 m (30 ft) in diameter a ka of 5 corresponds to
a frequency of 250 Hz and a ka interval of unity corresponds to a frequency internal of 50 Hz
for an acoustic wave in water. If an acoustic echo from a submarine is the result of the interac-
tion of acoustic energy with the hull shape and not to a large degree the hull elasticity, the
reflection could have the property of varying slowly in amplitude with frequency, as was
described for reflections from cylindrical, spherical, and spheriodal geometries (Figs. 1,2, and
3).

In an earlier study [3] reflection of acoustic echoes from a submarine model target in
air was measured and, in part, showed that the target had three predominant echo sources: hull,
sail, and tail. Measurements were made at a frequency corresponding to a full-scale frequency
on a real target of 900 Hz. The sequence of echoes at fixed angles in the forward quadrant of
the submarine model for a single incident echo are shown in Fig. 4. The amplitudes of the
echoes are separately plotted in Figs. 5b, 5c, and Sd so that they may be compared with the
long-pulse-echo return plotted in Fig. Sa, which includes the net echo level when contributions
from all three echo sources add together (or subtract) in the phase appropriate to their relative
range from the acoustic source and receiver. The hull function (Fig. 5b) can be derived from a
distinct echo over a large part of the total target aspect. The exception occurs at and near 180
aspect when the first pulse comes from the complex structure of the tail.

30 ~~~~~~~~~~75*

0 ~ ~ ~ 0

45' 90,

Fig. 4 - Pulse returns at selected angles between bow aspect
(00) and beam aspect from the submarine model used in an earlier
study [31 in air at an equivalent-full-scale frequency of 864 Hz
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I, /.

Bow

air
(a) Derived from the whole-model return in

(b) Derived from the hull return

(c) Derived from the sail return

(d) Derived from the tail return

Fig. 5 - Peak target strength (determined by the amplitudes of the pulses represented in
Fig. 4) as a function of aspect
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One would reasonably expect the form function derived in the manner of Eq. (2)
from the pulse reflected by the hull to be a smooth simple function of ka (or frequency),
perhaps slowly oscillating in ka similar to the form functions of Figs. 1, 2, and 3.

The acoustic echo reflected from a submarine model suspended in air is shown in Fig.
6 at an aspect angle of 60° (the bow aspect is ). The incident pulse p (t) , which has a
center frequency of 40 kHz (equivalent-full-scale frequency), is shown in Fig. 7. The subma-
rine model is 33 cm (13 in.) long and is a hollow-metallic-shell model of the Skipjack. Experi-
mental measurements are made at low equivalent-full-scale frequencies below 600 Hz, and the
air facility accommodates the same models used in underwater measurements. The precision of
the air facility was developed and demonstrated for basic studies for reflection from simple
shapes [1]. The spectrum Ig,(ka) of the incident pulse is shown in Fig. 8, and spectra
Ig,(ka)l of pulses reflected at aspect angles of 00 (bow), 30 , 60°, and 900 (beam) are shown
in Figs. 9a, 10a, 1la, and 12a. Respective deconvolutions performed by fast-Fourier-transform
(FFT) techniques are given in Figs. 9b, Ob, ib, and 12b. The form functions at aspect angles
in the forward quadrant are indeed simple slowly varying functions, as anticipated, because of
the near satisfaction of the target boundary condition of rigidity, causing the sound in air not to
couple well to the relatively solid (relative to air) material of the target and set it into elastic
vibration.

w

_j
a.

w

-J

wj

I I I I I I I
20 60 100

TIME (ps)
140

I I

180

Fig. 6 - The reflected acoustic pulse Pr(t) in air from
a submarine model at an aspect angle of 600 from the bow
at an equivalent-full-scale frequency of approximately I
kHz
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100 140
TIME (juS)

220

(U) Fig. 7 - The acoustic pulse p,(,) incident in air on the
submarine model that reflected the pulse shown in Fig. 6
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ka

(U) Fig. 8 - The spectrum Ig,(ka)I of the incident pulse in air
shown in Fig. 7
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206 8 10 12 14 16 18
ka

Fig. 9a - the spectrum Ig,(ka) I of the reflected pulse at an aspect angle of
0° in air when the pulse in Fig. 7 is incident on the submarine model

10 12
ka

14 16 18

Fig. 9b - The form function resulting from deconvolution (the calculation
per Eq. (2)) using the Fourier transform (spectrum) of the reflected pulse's at
an aspect angle of 00 in air (Fig. 9a) and the incident pulses Fourier transform
(Fig. 8)
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Fig. 10a - The spectrum g,(ka)I of the
pulse at an aspect angle of 30° in air
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Fig. 10b - The form function resulting from deconvolution using the
spectrum of the reflected pulse at an aspect angle of 30°
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10 12 14 16 18
ka

Fig. Ila - The

10

spectrum g,(ka)I
of 60° in air

12 14

at an aspect angle

16

ka

Fig. lb - The form function resulting from deconvolution using the
spectrum of the reflected pulse at an apsect angle of 600
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Fig. 12a - The spectrum g,(ka)I of the reflected
pulse at an aspect angle of 900 in air
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Fig. 12b - The form function resulting from deconvolution using the
spectrum of the reflected pulse at an aspect angle of 90°
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The same target was next placed in the 570-M 3 (150,000-gal) acoustic pool at NRL,
and experiments were performed in water similar to those which were performed in, the air
echo range. The incident pulse that was used in these water experiments is shown in Fig. 13.
The center frequency is 210 kHz, chosen so that the ka for the water case would not be far
removed from that for the air case and the frequency be one previously used in reflection
measurements in water from other bodies. Even though the time scale of the incident pulse at
40 kHz in air in Fig. 7 is different from that of the incident pulse that is used in water and
shown in Fig. 13, the characteristic difference in the problem in each medium is apparent from
the pulses. In air, short pulses of only a few cycles are relatively easy to achieve at reasonable
amplitudes. Transducers (speakers) tend to be relatively broadband. In water, transducers
which have a high output tend to be relatively narrow band and ring extensively, causing pulses
of many cycles to be typical. Thus, a relatively narrow frequency (ka) range is examined in
experiments in water, and the pulse that reflects from the very first part of the target is likely to
not have ceased before an additional reflector contributes to the echo. That is, pulse isolation
of various contributors is more difficult in water. In addition, in water the acoustical energy is
better coupled to the target material because of the more nearly equal relative acoustic
impedance of water and the target material, which is copper in this case. So in water elastic
participation of the target is hard to avoid. However, the best chance to do so is to- use the
very first part of the echo in a time interval only as long as the incident pulse.

0 20 40 60
TIME (ps)

Fig. 13 - The acoustic pulse pi(i) incident
on the submarine model in water
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The spectrum Igi (ka) I of the incident pulse (Fig. 13) is given in Fig. 14. Division of
the spectrum of the entire reflected signal Ig, (ka) , given in Fig. 15a by the spectrum of the
incident pulse Ig (ka) I given in Fig. 14 results in the magnitude of the form function If,, (ka) I
given in Fig. 15b. Here the vertical scale is in arbitrary linear units. The center equivalent-
full-scale frequency of the incident pulse for a comparable real-submarine case would be 576
Hz. Similar spectra and form functions resulting from deconvolution with the incident pulse
spectra are given in Figs. 16 and 17 for aspect angles of 40a and 500 respectively. The curves
do bear a similarity to each other but are highly irregular complicated curves.
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0

18 20 22
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18 22

ka

Fig. 14 - The spectrum g,(ka)I of the
incident pulse in water shown in Fig. 13

Fig. 15a - The spectrum g,(ka)|
of the entire reflected pulse at an aspect
angle of 300 in water when the pulse in
Fig. 13 is incident on the submarine
model
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(U) Fig. 15b - The form function resulting from
deconvolution using the spectrum of the entire
reflected pulse at an aspect angle of 300 in water
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Fig. 16a - The spectrum |g,(ka)|
of the entire reflected pulse at an aspect
of 40° in water
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Fig. 6b - The form function resulting from deconvolu-
tion using the spectrum of the entire reflected pulse at an
aspect angle of 40° in water
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01 18 ~~~~~~~~~~20 22
is ~20 22
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Fig. 17a -The spectrum Ig,(ka)l Fig. 17b - The form function resulting from deconvo-
of the entire reflected pulse at an aspect lution using the spectrum of the entire reflected pulse at an
angle of 50° in water aspect angle of 50° in water

If, on the other hand, only the very first part of the reflected pulse is used in the pro-
cedure to arrive at spectrum for the reflected pulse, then for 0 (bow aspect) the transform
shown in Fig. 18a is derived for and the comparable form function shown in Fig. 18b is
derived. Similar spectra and form functions similarly derived from experimentally measured
pulses in water are shown in Figs. 19, 20, 21, 22, and 23 for aspect angles of 30°, 400, 500, 60°,
and 80° respectively. The reflected pulse at an aspect of 300 is shown in Fig. 24. A repeat of
the data taken at 30° and 400 two weeks later is shown in Figs. 25 and 26, and comparison with
the earlier data in Figs. 19 and 20 shows the variation and stability of the function that may be
expected. The resulting form functions are found to be smooth slowly varying functions that
bear a similarity to each other and those of simple geometries shown earlier.

The Skipjack submarine model measured in air and water was a single-hull model
and had no internal structure. The existence of such internal structure or a drastically different
hull configuration could modify the conclusions one might draw from the acoustical measure-
ments made in water on the Skipjack model. Another modifying influence could be the pres-
ence of an echo-modifying coating on the target submarine. The next series of experiments
were designed to test the validity of a similar conclusion: that a simple smooth form function
could be derived from the "first' echo using a significantly different hull configuration, a
double-hulled submarine, as well as using such a submarine covered with an echo-reduction
coating.
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1.0
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Fig. 18a - The spectrum I g,(ka) I
of the first pulse reflected at an aspect
angle of 0° in water when the pulse in
Fig. 13 is incident on the submarine
model
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Fig. 8b - The form function resulting from deconvo-
lution using the spectrum of only the first pulse reflected at
an aspect angle of 00 in water (Fig. 18a) and the spectrum
of the incident pulse (Fig. 14)
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Fig. 19a - The spectrum g,(ka)I

of the first pulse reflected at an aspect
angle of 300 in water 1p 0.4 _.
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Fig. 19b - The form function resulting from deconvolu-
tion using the spectrum of only the first pulse reflected at an
aspect angle of 300 in water
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Fig. 20a - The spectrum g,(ka) I
of the first pulse reflected at an aspect
angle of 400 in water
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Fig. 20b - The form function resulting from deconvolu-
tion using the spectrum of only the first pulse reflected at an
aspect angle of 400 in water
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Fig. 21a - The spectrum Ig,(ka)l
of the first pulse reflected at an aspect
angle of 500 in water
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Fig. 21b - The form function resulting from deconvolution
using the spectrum of only the first pulse reflected at an aspect
angle of 500 in water
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2220

ka

Fig. 22a - The spectrum Ig,(ka)I
of the first pulse reflected at an aspect
angle of 600 in water

Fig. 22b - The form
tion using the spectrum of
aspect angle of 600 in water

function resulting from deconvolu-
only the first pulse reflected at an
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Fig. 23a - The spectrum g,(ka)l
of the first pulse reflected an as aspect
angle of 800 in water
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Fig. 23b - The form function resulting from deconvolu-
tion using the spectrum of only the first pulse reflected at an
aspect angle of 800 in water

20

1.0

0.8 1-

0.6 -
-J

2
w
c-

u-
w(-
WI

0.4

0.2 -

0
is

1.0

0.

I- 0.6

0.4

0.2

.

. . . .



NRL REPORT 8380

0 100 120

Fig. 24 - The first reflected pulse p,(t) measured at
an aspect angle of 300 in water when the pulse in Fig. 13 is
incident on the submarine model. Figure 19a shows the
spectrum of this pulse
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Fig. 25a - The spectrum Ig,(ka) l
of the first pulse reflected at an aspect
angle of 30° in water in a later experi-
ment intended to duplicate the condi-
tions that resulted in Fig. 19a

Fig. 25b - The form function resulting from
deconvolution using the spectrum of only the
first pulse reflected at an aspect angle of 30 in
water in a later experiment intended to duplicate
the conditions that resulted in Fig. 9b
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Fig. 26a - The spectrum g,(ka) |
of the first pulse reflected at an aspect
angle of 40° in water in a later experi-
ment intended to duplicate the condi-
tions that resulted in Fig. 20a
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(U) Fig. 26b - The form function resulting from deconvo-
lution using the spectrum of only the first pulse reflected at
an aspect angle of 400 in water in a later experiment
intended to duplicate the conditions that resulted in Fig.
20b
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For this purpose a 1/300-scale model of a Soviet SSGN Charlie (Fig. 27) was
used. A photograph of the model disassembled and partially assembled is shown in Fig. 28.
The forward section of the inner (pressure) hull is not to be taken as the authentic or most
likely configuration to be expected in real life. During the experiment, the inner hull was air
filled, and the space between the inner and outer hulls, as well as the space in the sail and the
tail sections, was filled with water. One side of the outer hull was left bare, and the other side
was coated with an echo-reduction coating that afforded approximately 17 dB echo reduction at
6 MHz (real frequency), which would be equivalent to a frequency of 20 kHz for a full-scale
Soviet Charlie submarine.

WATERS LINE 

LENGTH (}

Fig. 27 - Estimated pressure-hull configuration of a Soviet Charlie-class submarine. Three possible
choices are shown at the left for the bow crossection

The center frequency of the pulses used in these experiments was 412.5 kHz,
corresponding to an equivalent-full-scale frequency of 1375 Hz and a ka of 27.5. At that fre-
quency the same coating afforded very little echo reduction. It did, however, significantly
modify the shape of the reflected echo; hence the test was considered adequate for examining
form-function behavior. The recording of the incident pulse has unfortunately been lost. How-
ever, the incident-pulse Fourier transform is shown in Fig. 29 and is unspectacular enough that
reconstruction of the incident pulse itself is not warranted.

The entire backscattered reflected pulse, at a target aspect angle of 107.50 from
the bow, is shown in Fig. 30a, for which the Fourier transforms is given in Fig. 30b. Deconvo-
lution of the reflected and incident transform result in the form function in Fig. 30c for the
uncoated side of the target. Using only the first part of the reflected echo shown in Fig. 31a,
whose transform is given in Fig. 31b, results in the form functions shown in Fig. 31c. Again a
regular smooth slowly undulating curve results.
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(a) Assembled outer hull (top) and inner
pressure hull with some ribs and frames (bottom)

(b) Pressure hull partially inserted into inner hull

Fig. 28 - Two views of a 1/300-scale Soviet Charlie-class submarine model
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-JuJ

(a

ka OR FREQUENCY

Fig. 29 - The spectrum g,(ka)I of the incident pulse used in echo
experiments on the Charlie-class-submarine model in water at a frequency
of approximately 1.4 kHz

A similar experiment was conducted at the same target aspect angle of 107.5' from
the bow on the opposite (coated) side of the model target. The sequence of entire target echo,
its spectrum, and its form function is shown in Figs. 32a, 32b, and 32c. The resultant form
function from this process is again observed to be irregular and definitely not smooth. The
sequence of the first part of the backscattered echo, its spectrum, and the deconvolution with
the spectrum of the incident pulse, which results in the form function, is shown in Figs. 33a,
33b and 33c. Again, the form function is smooth and slowly undulating. Comparison of Figs.
30a and 32a shows that the peak pulse amplitude has been reduced by the coating applied to the
model. However, comparison of Figs. 31a and 33a shows that the first part of the echo was not
reduced but is significantly larger from the coated side.

These studies were not meant to be a complete exploration of the concepts involved
but rather to be an examination by selected experiments to examine the idea of first-pulse
deconvolution and its production of a relatively smooth and stable (form) function that might
be used to detect and identify potentially hostile submarines such as Soviet submarines with
their characteristic double-hull construction and almost universal echo-reduction coating It
would have been most desirable to make a more thorough examination of frequency regions
where echo-reduction effectiveness of coatings was higher. Although more data were taken
than presented here, many more data are necessary to examine the stability and characteristics
of the form function derived from first-pulse echoes to maximize or optimize their usefulness.
These results, however, are sufficiently extensive and intensive to demonstrate that the concept
has potential use in submarine detection and probably identification and may hold promise for
even a much broader class of reflectors of Navy interest, such as mines or other man-made
objects in the sea.
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Fig. 30a - The entire reflected pulse at an aspect angle of 107.50 from the bow
of the submarine model shown in Fig. 28, reflected in water from the side of the
model with no anechoic coating
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Fig. 30b - The spectrum Ig,(ka)l of the entire reflected pulse at an
aspect angle of 107.50 shown in Fig. 30a (no coating on the model)
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Fig. 30c - The form function resulting from deconvolution using the spec-
trum of the entire reflected pulse at an aspect angle of 107.50 from the
uncoated side of the model

Fig. 3a - The first reflected pulse at an aspect angle of
107.50 in water from the uncoated side of the model shown in Fig.
28
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Fig. 31b - The spectrum g,(ka)l of the first reflected pulse at an
aspect angle of 107.50 from the uncoated side of the model
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Fig. 31c - The form function resulting from deconvolution using the
spectrum of only the first pulse reflected at an aspect angle of 107.5° and
the spectrum of the incident pulse (Fig. 29)
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Fig. 32a - The entire reflected pulse at an aspect angle of 107.50
in water from the coated side of the model shown in Fig. 28
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Fig. 32b - The spectrum of the entire reflected pulse at an aspect angle
of 107.5° shown in Fig. 32a (coating on the model)
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Fig. 32c - The form function resulting from deconvolution using the spec-
trum of the entire reflected pulse at an aspect angle of 107.5° from the coated
side of the model

Fig. 33a - The first reflected pulse at an aspect angle of 107.50
in water from the coated side of the model shown in Fig. 28
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Fig. 33b - The spectrum Ig,(ka)l of the first reflected pulse at an
aspect angle of 107.50 from the coated side of the model
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Fig. 33c - The form function resulting from deconvolution using the spec-
trum of only the first pulse reflected at an aspect angle of 107.5° from the
coated side of the model
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