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Physical model of acoustic forward scattering by
cylindrical shell and its experimental validation*
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Research on the underwater target scattering can provide important theoretical support for target detection. The

scattering model of cylindrical shell is established in this paper. It is found that the forward target strength is much

stronger and varies with angles of incident wave less significantly than backward target strength. The received forward

signal strength fluctuates with the target moving due to the interference between direct signal and scattering signal,

which is most significant when the target approaches the baseline. An experiment is carried out in an anechoic tank

to validate the scattering model. The method of acquisiting forward scattering in the tank is proposed. The forward

and the backward target strengths are achieved by using the pulse compression technology, and they are about 3dB less

than the modeling results. The forward scattering phenomena of quiescent and moving targets are measured, which are

similar to modeling results with different target types.
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1. Introduction

In the past few years, the acoustic scatter-
ing models of underwater target were adequately

[1-5] These models accord well with the real

developed.
scattering of underwater target. Yel®! assumed a dif-
ferential element of the cylinder scattered sound to be
part of an infinite cylinder of the same radius, thus the
scattering function of cylinder body was derived rig-
orously by using the Kirchhoff integral theorem. The
method is useful for studying the target scattering
near beam aspect. Virtual source method has ad-
vantage in acoustical scattering calculation when tar-
get is under a complex environment, but the compu-
tation of method is a burden in the case of large tar-
get compared with wavelength. It was found that the
forward target strength was much stronger than the
backward target strength, so the target detection with
forward scattering was attractivel—1% recently. Some
relevant studies were conducted, such as modeling the
forward scattering in the shallow water waveguide, ")
detecting target with continuous wavel®? and the
structure of arrival with target submerged.['”) How-
ever, these studies were focused mainly on the target

detection in the shallow water with forward scatter-

ing. The physical principle of the forward scattering
by underwater target is rarely studied, and the rele-
vant laboratory experiment is hardly carried out ei-
ther. The true reason is that the forward scattering
signal and the direct arrival signal arrive at the for-
ward hydrophone at the same time, and the acquisi-
tion of forward scattering signal is difficult due to the
strong interference of direct signal.

In the experiments of monostatic sonar,[!12] the
environment and the target shape in reality were
considered in the measurement of monostatic tar-
get strength. However, due to the complex bistatic
reverberation!'? and dispersive propagation™* in the
shallow water, the measurements of forward scatter-
ing were still restricted in the laboratory.!'>16 Espe-
cially there has been almost no published report on
Use of for-
ward scattering may enjoy a few advantages. First,

the forward scattering by large target.

as will be seen below, the forward target strength
is much stronger than the backward target strength.
Second, the forward scattering of target varies with
the incidence angle of sound less significantly than
backward scattering. In real situations where the tar-
get moves and the incidence angle changes with time,
the forward scattering signal is changed insignificantly.
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Therefore the detection method based on the forward
scattering is stable with respect to the change in tar-
get moving direction.

The scattering model of cylindrical shell is derived
in this paper, and a simple laboratory experiment is
designed and carried out in the anechoic tank to ob-
serve the scattering phenomenon. The forward and
the backward target strengths of cylindrical shell in-
sonified by 30 kHz acoustical wave are calculated and
measured. The forward target strength is 12dB higher
than the backward target strength, and 3dB less than
the modeling results. The reasons are studied in the

paper. The effects of forward scattering by moving
target are analysed, and the general physical princi-
ples are achieved.

2. Scattering model

The scattering by finite cylindrical shell is illus-
trated in Fig. 1. The length of the shell is L with outer
radius a and inner radius b. The angles between the
incident plane wave and axis of cylinder, and between
the scattering wave and axis of cylinder, are 6; and s,
respectively.
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Fig. 1. Illustration of scattering by finite cylindrical shell.

The yaw angle with respect to the beam direction
is 0°. The incident plane wave is represented as the
sum of cylindrical wave,!!7]

p; = el Fzeost Z i"epJp (k17 sin 6;) cos(ng), (1)
n=0

1, n=0,
2, n=1,2,3,---.
of cylinder is written as

where €, = The scattering field

ps = el kzcosti Z B,H,, (k17 sin6;) cos(ng).  (2)
n=0
The acoustic character of the shell is considered
only for modeling the target strength. The internal
field of the shell is

Ping = e FZcos i Z [Ap Ty (kor sin 6;)

n=0

+ CpH,, (kor sin 6;)] cos(ng), (3)

where A,,, B, and C,, are the coefficients determined
by the boundary conditions of the shell scattering; J,

and H,, denote the Bessel function and the first kind
Hankel function, respectively; k1 and ko are wavenum-
bers in the water volume and shell material, respec-
tively.

The shell is full of air. It approximately satisfies
the soft boundary condition on the inner surface of
shell, i.e. the pressure is zero on the inner surface,

Dint | p—p = el Fzcosbi Z[Aan(kgr sin 6;)

n=0

+ CpHy, (korsin 0;)] cos(ng)|r—p» = 0. (4)

Thus the coefficient C,, is achieved to be

Jn(kobsin 6;)

O s
Hn(kgb sin 91)

(5)

The pressure and velocity on the surface of shell are
continuous, so

Bn = Dln/Dva (6)

where
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Dy, = —i"enlg)), (k1asin 6;)J,, (kaa sin 6;)
— Jn(k1asin6;)J, (k2asin 6;)
— B(gJ, (krasin ;)H,, (kza sin 6;)
— Jn(krasin 6;,)H,, (k2asin 6;))],
Ds,, = gH., (k1asin 6;)J,, (kea sin 6;)
—H,,(k1asin6;)J/,(kaasin 6;)
— B(gH., (k1asin 6;)H,, (kaa sin 6;)
— H,,(k1asin 6;,)H,, (kaasin 6;)),
_ Jn(kobsin6;) _ kipo

== @ 7 d = .
H,(kobsind) kap1

B

The scattering function of finite cylinder near beam
aspect can be derived rigorously by using the Kirch-
hoff integral theorem.[®! It is written as

—iL >
f(eiy 957 ¢) = 71T sincA Z BnFn(_ 1)n COS(”¢)a (7)
n=0
where
sineA — sin(k; L(cos 5 — cos 6;)/2)

k1 L(cosfs —cos6;)/2 (®)

F, = %(ka) [H),(k1asin 6;)J,, (k1asin 0s) sin 6;
i

— H,,(k1asin 6;)J/, (k1asin 65) sin ). (9)
|

10
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According to Egs. (6)—(9), the target strength is
determined to be

TS = 201g | £(6:, 65, 9)| - (10)

In the simulation, a cylindrical shell with 70 cm
in length, 10.95 cm in outer radius and 0.6 cm in
thickness is considered. The sound speed of water is
1500 m/s, and the mass density of water is 1.0 g/cm?3.
The shell is made of steel with sound speed 4900 m/s,
and density 7.8 g/cm?. The inner of the shell is in vac-
uum. The distribution of forward target strength in-
sonified by 30 kHz acoustic wave is shown in Fig. 2(a),
where the horizontal axis denotes the yaw angle of tar-
get. The forward target strength decreases 3 dB at
target yaw angle 45°, which means that the change
of forward target strength is kept within 3 dB with
target yawing near beam aspect. When the angle is
larger than 45°, the yaw angle has a great influence
on forward target strength. In the backward direction
as shown in Fig. 2(b), the target strength can only
achieves —4 dB, even if in the reflecting direction of
incident wave. While in the other directions, the tar-
get strength drops off significantly. The yaw angle of
target has a great influence on the backward target
strength.

TS/dB

I

—20 0 20 40

—40
Yaw angle/(°)

Fig. 2. Distributions of forward (a) and backward (b) target strengths with respect to the yaw angle of target.

The forward scattering function of the cylindrical shell is shown in Fig. 3. The horizontal axis denotes

the angle of scattering. Figures 3 (a) and 3(b) are the strength and the phase of the forward scattering,

respectively. In the forward direction, the function has a maximum value and the target strength is strongest.

The forward scattering occupies a sector whose width is in inverse proportion to k1 L. The phase of the forward

scattering function is variable alternatively. The difference in phase between the forward scattering signal and

direct signal is changed with target position. The forward scattering signal interferes with direct signal so that

the Poisson spot is generated on the plane vertical to the incident direction, which is similar to the spheroid

scattering.l5] When the target moves with respect to baseline, the amplitude and the phase of the received signal
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are changed due to the present of Poisson spot. The acoustical shadow zone is generated in near field because

of the destructive interference between forward scattering signal and direct signal when target passes through

the baseline.
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Fig. 3. Curves for strength (a) and phase (b) of forward scattering of cylindrical shell versus forward scattering angle.

The solid line in Fig. 4 denotes the variation of re-
ceived signal amplitude with the cylindrical shell per-
pendicular to the baseline in the far field. The ampli-
tude of incident plane wave is 1 V. And the moving
speed of target is 0.15 m/s with a 50 m distance to hy-
drophone when target passes through the baseline at
the time moment 20 s. The duration of continuous sig-
nal is 40 s. When the target approaches the baseline,
the received signal strength fluctuates significantly. In
the far field, the received signal becomes stronger be-
cause of the superposition of the forward scattering
signal and direct signal. The received signal fluctu-
ates less significantly when target departure from the
baseline, which is because of the sidelobe effect of the
forward scattering. A rigid plate is presented here for
comparison. The size of the plate is 1 mx1 m. And
the result is shown by dash line in Fig. 4.

1.041

1.02}

Received signal amplitude/V

0o 10 20 30 0
Time/s

Fig. 4. Fluctuations of received signal amplitude due to

target moving in the far field, where solid line and dash

lines denote cylindrical shell and rigid plate, respectively.

The signal strength also fluctuates significantly
when target approaches the baseline, even though

the different targets have different forward scattering
functions and forward scattering signals. It is difficult
to model the scattering in the near field because the
scattering function in Eq. (7) is only hold in the far
field.

3. Laboratory experiment

3.1. Experimental setup

The experiment is carried out in an anechoic wa-
ter tank, which has a cone-shaped sound absorber on
the wall of tank and water surface. The frequency
band of the absorber is 2-80 kHz. The aim of the ex-
periment is to observe the scattering phenomenon of
cylindrical shell and the effect of forward scattering.
The scattering of underwater large target is difficult
to measure directly, so a scaled model is used. The
scaling coefficient is about 100. Thus the frequency is
up to 30 kHz.

The experimental setup is shown in Fig. 5(a). The
transmitter with 20° (—3 dB) beamwidth is fixed at
a depth of 2 m underwater and works at a central
frequency of 30 kHz. The centre of the target is on
the axis of source beam pattern. And the measured
sound speed is 1483 m/s. All the hydrophones are
at a depth of 2 m. The echoes from the surface of
water and walls of tank are very weak. Two types
of hydrophones are used. No. 2 and No. 3 are type
ST500, No. 6 is F4032, with sensitivities of —191 dB
and —160 dB at 30 kHz, respectively. The maximum
amplitude outputs of these hydrophones are 10 V.
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the shape of the cylindrical shell.

The bandwidth of the bandpass filter is 2 kHz,
with a central frequency 30 kHz. And the sample fre-
quency is set to be 200 kHz.

The cylindrical shell is made of stainless steel with
air filled. As shown in Fig. 5(b), the shell is 0.6 cm
thick, 70 cm long, and has an outer radius of 10.95 cm.
Each of the ends has a spherical cap. The target is
softly fixed with lines under the platform. The min-
imum scale angle of the platform is 1°. The target
drops about 3 cm in the experiment because of the
gear clearance, which is much smaller than the size of
target and has a negligible influence on the measured
results.

3.2. Measurement principles

Given the design of the experiment, the forward
and backward target strength can be derived straight-
forwardly. The wavelength is much smaller than the
size of target. When the target is close to the trans-
mitter, the Fresnel (phase) zones should be considered.
The radius of the first Fresnel zone in the case of for-
ward scattering of far field can be expressed as['®

a = \/Arirg/rq, (11)

where ) is the wavelength; r; and r¢ are the distances
from source to target, and from target to forward hy-
drophone, respectively. rq = r; + r¢ is the distance
from source to hydrophone. If the target is not en-
tirely within the first Fresnel zone, the scattering sig-
nals from the first and second zones tend to inter-
fere destructively. In this experiment, r; = 5.3 m,
re = 8.8 m, and 7q = 14.1 m. Thus a is 0.41 m at fre-
quency 30 kHz. The size of first Fresnel zone is larger
than the 70-cm-long target in the far field. It means
that the entire target is in the first Fresnel zone at fre-
quency 30 kHz. The wave insonifying the target can

(®)

Fig. 5. Diagram of the experiment, where panel (a) shows experimental configuration and panel (b) displays

be considered as a plane wave coming from a certain
direction.

The method given in Ref. [15] is adopted to mea-
sure the target strength. The target is on the central
axis of the source beam, and the beam pattern of the
source can be omitted. The incident wave on the tar-
get (pi) and the direct wave on the hydrophone (pq)
can be written as

pi = Po/’l“i . e—jkr;7 P4 = Po/Td . e_jkm7 (12)

and the forward scattering wave in the far field (pf) as
pe=pi/re- e T F = Py/rirg - F - e HAT)

= Py/rirg - F-e7Fra, (13)

where Py is the pressure amplitude at 1-m distance

from the source. F' is the forward scattering function

of the target. Equations (12) and (13) lead to
T
pr=pa—r - F. (14)
rir

1

It is clear from this equation that there is difference in
phase between the forward scattering signal and direct
signal determined by the forward scattering function.
The amplitude of forward scattering function is ex-

pressed as
Py omyiry

" Py ora’
where P and Py represent the forward and the direct

|F| (15)

signal amplitudes, respectively. According to Eq. (15),
the measurements of the forward scattering function
have no direct relationship with the sensitivity of hy-
drophone.

In the forward direction of the target, the forward
scattering signal and the direct signal arrive at the hy-
drophone at the same time. The direct signal must be
subtracted from the received signal. The direct signals
with and without target can be regarded as the same
in amplitude and phase under this static laboratory

environment, so the pulse compression technology[ls]
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is used. The received signals with and without tar-
get are synchronized, so that the direct signals under
these two cases arrive at the same time in the sampled
signal sequence. The difference between these two re-
ceived signals is the forward scattering signal. In the
aforementioned procedure, the hydrophone is assumed
to be aligned with the centre of the source beam pat-
tern. If that is not satisfied, Eq. (14) does not hold
and the amplitude of forward scattering function is
only achieved from Eq. (15).

According to the definition of target strength, 9]
the forward target strength is expressed as

TS = 20lg(Fr/F)

reee = 20| F[, . (16)

where r,of = 1 m (from the acoustical centre of tar-
get).

So far we have assumed that the target is on the
beam axis. If it deviates slightly, the results can be
corrected by dividing Eq. (15) by D(6), where D(0)
is the beam pattern of the source and 6 the angle of
target deviating from the beam axis.

The length of target is L. The incident angle with
respect to the axis of the cylinder is 6 and sound speed

in water is ¢. For monostatic measurement of tar-
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get strength, the pulse duration contributing to target
strength is

70 = 2L cosf/c. (17)

When the transmitted pulse duration 7 is longer
than 7p, the target is fully insonfied by the pulse at
angle 6. In other words, when the angle 6 is larger
than

o = cos *(cT/2L), (18)

the measured target strength is correct.

3.3. Results and discussion
3.3.1. Backward target strength

The target is located at a depth of 1.5 m under
the water surface. The 30 kHz pulse signals with du-
rations of 5 cycles and 20 cycles are transmitted sep-
And the data of No. 6 hydrophone is pro-
cessed. According to Eq. (18), the valid intervals of

arately.

yaw angle are [—10°, 10°] and [—45°, 45°], respec-
tively. At angles that are beyond these intervals, the
echoes from the end-caps of cylindrical shell are dis-
tinguished clearly. The results are shown in Fig.6,
obtained by utilizing the pulse compression method.

-5

—10F

—15+F

720 L

TS/dB

—25+

—30+

—35

—40 0 40 80
Yaw angle/(°)

—80

T 0 a0 80
Yaw angle/(°)

—80

Fig. 6. Backward echoes and target strengths. Panels (a) and (c) show that the signal arriving structure with target yawing, and
panels (b) and (d) display the backward target strengths with target yawing. In panels (a) and (b) a 5-cycle pulse is used, while

in panels (c) and (d) a 20-cycle pulse is adopted.
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Figures 6(a) and 6(b) are the results acquired with
a 5-cycle signal, Figs. 6(c) and 6(d) with a 20-cycle
signal. It can be seen from Fig. 6(a) that the arriv-
ing times of echoes change with target yawing. The
echosignals from beam aspect of the target are later
but stronger than those reflected from the two end-
caps. This is because the two end-caps are closer to
hydrophone than to the beam aspect when the target
yvaws. The target strength at beam aspect is strongest
with a largest reflect cross section. Figure 6(b) shows
the backward target strength versus target yaw angle.
The target strength approaches to the strongest value
(=6 dB) at a yaw angle of about 5°, which is because
the hydrophone is deviated by 0.5 m from the axis of
source. When the yaw angle becomes large, the target
strength drops off quickly. And the target strength is
acquired from the first echoes beyond the valid interval
[—10°, 10°], which denotes the strength of the nearest
spot of target to receiver. While in Fig. 6(c), the long
pulse is used, thus the entire target is insonified by in-
cident signal in [—45°, 45°]. As shown in Fig. 6(d), the
target strength at yaw angle 5° is about —6.2 dB, a

the same as the mentioned above, the target strength
is only the spot strength of target beyond the aspect
interval [—45°, 45°].

3.3.2. Forward target strength

When the target is on the baseline between the
source and receiver, the acoustical shadow zone is gen-
erated in the near field, the received signal strength is
decreased. The direct signal interferes with the for-
ward scattering signal and needs to be subtracted. It
can be seen from the top of Fig. 7(a) that the am-
plitude of direct signal is about 1.5 V without target.
When the target is located between the source and the
receiver, the forward scattering signal and the direct
signal interfere destructively and the amplitude of re-
ceived signal drops to 0.8 V. After the direct signal is
subtracted by using the subtraction method proposed
in this paper, the forward scattering signal is obtained
as shown in the bottom of Fig. 7(a). The difference in
phase between the direct and the forward scattering
signals shown in Fig. 7(a) is 157°, which tends to in-
terfere destructively. This is consistent well with the

little smaller than the results from 5-cycle signal. It is  observation.
2_directsignal MMIHMMMMMMM : I : ' .
O
> 00092 0009 00100 00104 00108
% 1 [total signal ' [ 1 ' ' ' : J
5 0
= I : . il
=] -1 i i 1 I L L i I I
%D 0.0092 0.0096 0.0100 0.0104 0.0108
1 | forward signal f 1 : : ' |
0
1 i ; ; d i ; i i i
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Time/s
(a)
....................... Y| S W 6l
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) o
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Fig. 7. Forward scattering signal and the distribution of forward target strength. Panel (a) shows the received and scattering

signals of No. 2 hydrophone with and without targets; panel (b) displays the forward target strength obtained by No. 2

hydrophone; panel (c) exhibits the forward target strength obtained by No. 3 hydrophone.
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From Egs. (5) and (6), the forward target strength
is obtained. = The distribution of forward target
strengths with target yawing is shown in Figs. 7(b)
and 7(c) after averaging 8 times, where the 20-
cycle transmitted signal is used. The forward target
strength is strongest in the beam aspect with a largest
cross section. When the yaw angle is greater than 50°,
the forward target decreases. In Fig. 7(c), No. 3 hy-
drophone is deviated by 0.15 m from the beam axis,
which leads the forward target strength to be 0.3 dB
less than the result of No. 2 hydrophone. Comparing
Figs. 6 and 7 shows that the forward target strength
is 12 dB higher than the backward target strength,
and varies less significantly with target yawing. Thus
the detection method based on the forward scattering
is stable with respect to the change of target moving
direction.

The measurement results are compared with
model results in Fig. 2, showing that the backward tar-
get strength and the forward target strength are about
2.2 dB and 2 dB lower than the model result respec-
tively. The main reasons are as follows. (i) The model

target is different from real target: the target in the

: (a)
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experiment is not an absolutely homogenous cylindri-
cal shell. (ii) The distance between the hydrophones
and the target is less than L?/\. The transmission
loss behaves like cylindrical expansion in near field
and spherical expansion in far field. If the spherical
expansion is considered in target strength calculation
of near field, the target is smaller than that of far
field.[20)

3.4. Forward scattering of continuous
wave

The above simulation shows that the strength of
forward received signal is fluctuated with target mov-
ing because of the interference between the forward
scattering signal and the direct signal. Here the con-
tinuous wave is transmitted, and the targets move ver-
tically in the tank. The effects of the forward scatter-
ing signal are observed.

When there is no target, the amplitude of received
signal is 1.1 V. Then the cylindrical shell is submerged
into the tank and moves vertically. The speed is about
0.15 m/s. The strengths of the received signal are
shown in Fig. 8.
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Fig. 8. Fluctuations of received amplitude with target moving vertically. Panel (a) shows that the trajectory is deviated

by 0.27m from the baseline with target up-moving; panel (b) displays that the target crosses the baseline with target

up-moving; panels (¢) and (d) exhibit the cases of the plate moving down and up respectively.
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In Fig. 8(a), the trajectory is deviated by 0.27 m
from the baseline, and target moves cross the baseline
in Fig. 8(b). It can be seen that at about time moment
22 s, the received signal is weakest, and the target, the
source and the hydrophone are at the same depths at
this time. The acoustical shadow zone is generated in
the forward direction. The strength of received signal
is fluctuated with the target moving from bottom to
water surface.

In order to achieve the general principles, a
1 mx1 m aluminum plate with 0.5 cm in thickness
is also used. The plate moves vertically in the tank.
The amplitude of received signal is 0.55 V without the
plate. And the received signals with plate moving are
shown in Figs. 8(c) and 8(d). The signals are weakest
when the plate goes through the baseline. When the
plate is apart from the baseline, the forward scatter-
ing signal and the direct signal interfere constructively,
and the received signals become stronger.

In both Fig. 4 and Fig. 8, the fluctuation of re-
ceived signal varies significantly when the target be-
comes close to baseline. As shown in Fig. 8, the acous-
tical shadow zone is generated in the near field, ow-
ing to the forward scattering, while in the far field,
the received signal becomes stronger. When the tar-
get moves far from the baseline, the received signal
is still fluctuated. This is because forward scattering
has sidelobes and the Fresnel spot is generated on the
plate vertical to the forward scattering direction.

4. Conclusions

The physical principle of the underwater target
scattering can provide important theoretical support

for target detection. Derived in the paper are scatter-
ing function and target strength of a typical cylindrical
shell based on the finite cylinder scattering model. A
simple experiment is designed and carried out. The
forward and the backward target strengths are mea-
sured, where the target is insonified by a 30 kHz in-
cident wave using pulse compression technology. The
scattering model and measurement results show the
following physical phenomena. (i) The forward target
strength of the cylindrical shell is much stronger than
the backward target strength. Both the simulation
and the measurement results show that the forward
target strength is 12dB higher than the backward tar-
get strength. (ii) In the yaw angle interval [—45°, 45°],
the forward target strength varies with yaw angle of
target less significantly than that of the backward tar-
get strength. (iii) When the target moves beyond the
baseline, the Fresnel spot is generated because of the
interference between the direct signal and the forward
scattering signal. The received signal fluctuates with
target moving. When the target approaches the base-
line, the acoustical shadow zone is generated in near
field and the received signal strength is enhanced in
the far field.
the near field are 2dB smaller than the model results,

(iv)The target strengths measured in

which need to be corrected.

In the real application of forward scattering, the
forward scattering signal is difficult to observe directly,
which is influenced by noise and multi-path transmis-
sion. The methods to suppress the direct wave and
detect the forward scattering signal need to be fur-
ther studied.
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