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shift in forward acoustic scattering”
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The aberration in the received acoustic field and the Doppler shift in the forward scattered field are simultaneously
induced when a submerged target crosses the source—receiver line. Formulations for the two variations are developed upon
an ideal forward scattering configuration. Both the field aberration and the Doppler shift are expressed as functions of the
same argument — the target motion time. An experimental validation was carried out in a tank, in which the continuous
wave was transmitted. The field aberration and the Doppler shift were extracted from the collected data by the simple Hilbert
transform and a hybrid technique, respectively. The measured aberration and Doppler shift agree with the theoretical results.
Simultaneous detection outputs are beneficial to enhance the reliability on target detection by providing both the aberrations
in the received acoustic field and the Doppler shift in the forward scattered field.
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1. Introduction

2] is aimed at de-

Forward acoustic scattering detection
tecting a target crossing the source—receiver line. In this con-
figuration, the scattered acoustic field interferes with the di-
rect blast and is difficult to separate from the latter. How-
ever, the forward scattering target strength is generally higher
than that in the backward direction,®! particularly for aspect-
dependent targets. The aberrations in the received acoustic
field caused by the interference effect between the forward
scattered field and the direct blast have been utilized to detect
an intruder. Gillespie!*! exploited the matched filter technique
to obtain the fluctuation of the received field in the forward
acoustic scattering. Songl®! introduced the time reversal mir-
ror (TRM) into an underwater acoustic barrier and achieved
target detection by using the acoustic energy enhancement in
the quiescent region of the TRM. Folegot!®! developed a ray-
model-based algorithm to realize simultaneous detection and
localization of multiple submerged targets crossing an acous-
tic barrier. Sabra!”) exploited the principal component analysis
(PCA) to process the received field matrix and then utilized
the second principal component to present the received field
aberration. Leil®! combined the PCA with the turning point
filtering and applied the hybrid scheme to the data on a short
vertical line array collected in a lake trial and then obtained
the enhanced aberration extraction effect. Moreover, they also
proposed a range estimation method!®! based on forward scat-
tering using two separated hydrophones. He!'”! proposed a
direct blast suppression approach based on adaptive filtering
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and generated a curve varying with the observation time to in-

dicate the received field aberration.

However, most of the above studies are focused directly
or indirectly on the aberrations in the received acoustic-field.
The motion characteristics of the target have not been fully
utilized. Since the positions of the source and the receiver are
fixed, the direct blast must be zero in Doppler shift. Mean-
while, the forward scattered field must be Doppler-shifted due
to the relative motion of the target to the source—receiver line.
In the case of passive detection, the target moving induced
Doppler shift makes the instantaneous frequency of the re-
ceived signal vary with the target motion time. The closest
point of approaching (CPA) is always used to describe the
time-varying characteristics of the instantaneous frequency at

ILI2] The instantaneous frequency rate reaches its

the receiver. !
minimum value at the CPA. Target range and velocity estima-

tion methods are usually developed based on this property.

In this context, the crossing point of the moving target on
the source—receiver line is similarly employed to describe the
time-varying characteristics of the Doppler shift in the forward
scattered field. A simultaneous detection scheme is proposed
to represent the received acoustic-field aberration and forward
scattered Doppler shift. Theoretical expressions are derived
based on a simple forward scattering model, followed by an

experimental validation conducted in an anechoic tank.
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2. Theoretical analysis and simulation
2.1. Theoretical analysis

Figure 1 shows a submerged target crossing the bistatic
source—receiver line, the length of which is represented by L.
The length of the incident acoustic-path from the source to
the target is denoted by rg, and that of the scattered acoustic-
path from the target to the receiver is denoted by r(,. The tar-
get crosses the source—receiver line along a straight track at a
constant velocity v. The intersection angle between the target
track and the source-receiver line is denoted by o, meanwhile
the crossing-point on the source—receiver line is labeled as C.
The range from point C to the receiver is denoted by L. In
the process of the target crossing, the bistatic angle 8 changes
with the target position.
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Fig. 1. Diagram of a submerged target crossing the source-receiver line
(top-down view).

If the target crosses the source—receiver line at time fy,
then the distance from the target to the source—receiver line at
an arbitrary moment ¢ can be expressed by v|t., —t|. There-
fore, ry and ry can be obtained in accordance with simple ge-
ometric relationships

re (t) = \/ (L—Ly)* +2 (tep — 1)* +2(L— L) v (fep — ) cOS @,

rtr \/L

The acoustic-path length for the forward scattered field is

2 (tep — 1) —2Ltrv(tcb—t)c0soc. )

The corresponding acoustic-path length for the direct blast is
L.

It is seen from Eqgs. (1) and (2) that the acoustic-path of
the forward scattered field is related to the target motion time.
These formulas from which the received field aberration and
the Doppler shift are derived constitute the basis of the theo-
retical analysis in this context.

According to Fig. 1, application of the law of cosine gen-
erates the bistatic angle 3

OHR0-EY g

B (t) =cos™ 1( e ) e

The arrival-time difference 7 () of the forward scattered
field referred to the direct blast is obtained from Eq. (1)
t)—L
vy = 1OL 4)

c

For the target with a given shape illuminated by an in-
cident wave with a known frequency, the scattering pattern is
dominated by the bistatic angle 8. At the receiver, the interfer-
ence effect between the forward scattered field and the direct
blast is dominated by 7 (¢). Therefore, the received acoustic-
field p; (B (¢),7(¢)) is the coherent sum of the forward scat-
tered field ps (B (¢),7 (¢)) and the direct blast pq (B (t),7 (1)),

pe(B(1),7(1))

=ps(B(®), (@) +pa(B(1),7(®)). ()

The Doppler shift of the forward scattered field is defined
[13]
as

1 |:dr5t

dri
fa=—1 | T+ } (6)

dr dt

where A is the wavelength of the incident wave. Substitution

re(t) = re () +re (1) (2)  of Eq. (1) into Eq. (6) gives
|
V2 (tep —1) + (L —Ly) veos a V2 (tep — 1) — Lyveos a } . )
v (1 —1)2 4+ 2 (L — Lg) v (e — 1) cOs 0 \/L V2 (1 — 1)? — 2Lagy (1o — 1) cOS €1

fa = k[\/(L e

Equation (7) indicates that when the target is just located at
the crossing point (¢ = fcp), the corresponding Doppler shift
is exactly zero. Moreover, the cross-term for o # 7/2 (an
oblique crossing) makes the Doppler shift curve more com-
plex than that case for o = /2 (a vertical crossing). It is seen
from Egs. (5) and (7) that aberration in the received field and
Doppler shift in the forward scattered field exist simultane-
ously when a submerged target is crossing the source-receiver
line, and both the received acoustic field and the forward scat-
tered Doppler shift can be expressed as functions of the target

motion time.

2.2. Simulations for simultaneous detection

As shown in Fig. 2, an aluminum spherical shell is illumi-
nated by a spherical wave emitted from a point source located
at S which is rg apart from the shell center. The origin of the
coordinate system is located at the shell center. The spher-
ical shell is filled with air. The inner and outer radii of the
spherical shell are denoted by a and b, respectively. The angle
0 is called the scattering angle, where 8 = 0 corresponds to
the forward scattering and 6 = 7 corresponds to the backward
scattering. The scattering angle and the bistatic angle satisfy
0 + f=mr. The field point located at P records the received
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acoustic field.
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Fig. 2. Diagram of forward acoustic scattering from an aluminum spher-
ical shell illuminated by a spherical wave.

According to Eqgs. (1) and (3), the incident and the scat-

tered acoustic fields can be expressed as series of spherical

functions!'4

Pin (1) 1), B 0)

= SR ) (0) Bleos (2~ B 1) 9
pea e 0). )

= X ot ) Atk (0) s (5~ B0

9

where i = v/—1, k is the wavenumber in the outer medium;
Jjn 1s the spherical Bessel function, hﬁll) is the spherical Han-
kel function of the first kind; and A,, is the coefficient to be
determined from the conditions on the target (outer and inner)
boundary. Substitution of Eqs. (8) and (9) generates the re-

ceived acoustic field at point P

o0 eikrsl(t) (1)
pe(t) = Z(2n+1)i” ————Jn (ke (2)) + Aphy (ki (1))
n=0 rSt(t) ]
X P, [cos(m— B (1))]. (10)
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Since the bistatic angle and the acoustic path are both related
to the target position, the received field p; (¢) is also a function
of the target motion time.

Let fo =50kHz, L=14 m, Ly =9 m, ¢, = 20 s, and
the aluminum spherical shell crosses the source-receiver line
at a constant velocity v = 0.35 m/s. The intersection angle o
is chosen to be 7/6, ©/3, n/2, and 57/6 respectively. The
aberration in the received field and the Doppler shift for the
forward scattered field are calculated from Egs. (10) and (7),
and are shown together in Fig. 3. The longitudinal coordinate
mov Tepresents the target motion time. The latitudinal coordi-
nates p; in the upper panel and fj in the lower panel represent
the normalized received acoustic-field level (in dB) and the
forward scattered Doppler shift (in Hz).

The maximum aberration is observed occurring at the
time the target is crossing the source-receiver line due to the
fact that the forward scattered energy has the peak value at
this moment. The farther the target departs from the source—
receiver line, the weaker the aberrations are. Meanwhile, the
Doppler shift changes from positive to negative when the tar-
get crosses the source—receiver line and is exact zero when the
target locates exactly at the cross-point. Moreover, the patterns
of the field aberration and the Doppler shift are related to the
target track. For the vertical crossing case, both the acoustic-
field aberration and the Doppler shift reveal their symmetries
of the crossing time 7. as shown in Fig. 3(c), whereas the pat-
terns become complicated as the track deviates from the verti-

cal case.
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Fig. 3. Simultaneous detection output of the received acoustic-field aberration and the forward scattered Doppler shift for an aluminum
spherical shell with (a) a=7/6, (b) a=n/3, (c) a=mn/2, and (d) x=57/6.
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3. Experimental validation
3.1. Configuration

An experiment was conducted in the anechoic tank
(20 mx8 mx7 m), as shown in Fig. 4(a). The transmitter, the
target, and the hydrophone were deployed at the same depth of
3 m. The hydrophone was about 14.2 m apart from the trans-
mitter. An aluminum spherical shell (shown in Fig. 4(b)) was
used as the target, of which the inner radius a = 0.09 m and
the outer one » = 0.1 m. In the experiment, the target crossed
the source—receiver line along two tracks (labeled as A and B).

The two tracks shared the same length but the opposite orien-
tations. The target motion time for each track was about 20 s.
The target velocity v was fixed to 0.35 m/s, which was
kept constant due to the fixed power system. The source cen-
ter frequencies were chosen to be 30 kHz and 50 kHz. The
Doppler shifts generated in the tank experiment represent the
cases in which the target crosses the source—receiver line at a
velocity of 5 knots illuminated by signals centered at 2.1 kHz
and 3.0 kHz, respectively. The duration of the transmitting was
about 65 s, which was three times longer than the duration of

target motion.

(a) tank wall 108m
track Al
transmitter itarget hydrophone &
| 11
8 f track B p
1 70.55 m T
14.2 m
20 nr

Fig. 4. (color online) Diagrams of the experiment: (a) top-down view layout, (b) target physical map.

3.2. Extraction of the acoustic-field aberration

Since the continuous wave is transmitted, the field aber-
ration in the receiver can be directly represented by the enve-
lope of the received field. The Hilbert transform is employed
herein to extract the envelope in the received acoustic field.
Figures 5(a) and 5(b) present the measured envelopes in tracks

A and B for the source frequency 30 kHz, while figures 5(c)
and 5(d) show the corresponding envelopes for 50 kHz. Mean-
while, the theoretical envelopes are also given in Fig. 5 by
solid blue lines. These theoretical curves are calculated based
on the vertical crossing for simplicity. The parameters used in
the calculation are consistent with those in the experiment.

(a) —— theory

(b) —— theory
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Fig. 5. (color online) Normalized acoustic-field aberrations in (a) track A, (b) track B for the source frequency 30 kHz; and in (c) track A, (d)

track B for 50 kHz.
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In Fig. 5(a), the measured envelope exhibits an approx-
imated symmetry due to the fact that the target trajectory is
approximately symmetric about the crossing-point. The closer
the target is to the source—receiver line, the larger the fluctu-
ation is. The magnitude of the aberration is around 4 dB. A
similar phenomenon is observed from Fig. 5(b), except that
the environment-induced fluctuations are relatively large. Af-
ter the source frequency increases to 50 kHz, two variations
are observed in the envelope. The first one is the enhanced
aberration magnitude; the other is the shortened aberration du-
ration. The reason is that the forward scattered energy beam
is narrowed in width while strengthened in magnitude. There-
fore, the magnitude of the aberration for 50 kHz is about 5 dB,
which is a little larger than that for 30 kHz. The measured
envelopes agree with the theoretical curves at aspects of aber-
ration duration, pattern, and aberration magnitude during the
period of the target crossing the source-receiver line. The
maximum discrepancy between the measured and the theoret-
ical envelopes is observed at the moment corresponding to the
crossing-point, at which the interference effect between the
forward scattered field and the direct blast is sensitive to fac-
tors such as target’s practical depth and time-delay difference.
These factors are difficult to be measured exactly in the exper-
iment. It should be noted that the sound absorption is ignored
in the theoretical calculation.

3.3. Extraction of the Doppler shift

The received field consists of both the direct blast and the
forward scattered field, in which the two components interfere
totally with one another. The simulated Doppler shift in Fig. 3
is relatively small, of which the magnitude decreases as the
target approaches the source—receiver line. In the spectrum of
the received acoustic-field, the direct blast corresponds to the
main-lobe, whereas the forward scattered spectrum must be
contained in the side-lobes due to the Doppler-shift. There-
fore two problems should be overcome to extract the forward
scattered Doppler shift: one is that the strength of the forward
scattered field is much smaller than that of the direct blast; the
other is that the Doppler shift contained in the forward scat-
tered field is small and is sensitive to the target position. A
hybrid scheme combining the sliding Blackman window func-
tion with fast Fourier transform (FFT) is proposed to extract
the Doppler shift. The time domain expression and the corre-
sponding spectrum for the Blackman window are given by!!>!

n

2 4

w(n) = 0.42—0.5cos [ %) +0.08cos [ 1),
N N

(n=0,1,....N—1), (11

W (ei‘”) = 0.42U (@) +0.25 {U (a) 2}\’;)

(o)

4r 4r
+0.04 {U (w—N) +U (aH—N)] , (12)

i0/2 sin (wWN/2)
sin(@/2)

The shape and the amplitude spectrum of a Blackman

where

U(o)=c (13)

window function consisting of 100 samples are presented in
Figs. 6(a) and 6(b), respectively. Compared with the com-
monly used rectangular window function, the side-lobe level
of the Blackman window is significantly lowered to —58 dB.
In data processing, the window length is chosen to be 10 s,
providing a frequency (or Doppler) resolution of 0.1 Hz. The
side-lobe low level is guaranteed by the characteristics of the
Blackman window.

1.5
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Fig. 6. Description of the Blackman window function: (a) the shape,
(b) the amplitude spectrum.

There are about 273 data segments truncated by the
Blackman window sliding along the total data stream with a
step length of 0.2 s. The normalized amplitude spectrum (in
dB) for every data segment is then stacked in accordance with
the observation time, forming the final Doppler—time image.
Figures 7(a) and 7(d) depict the Doppler—time images corre-
sponding to Figs. 5(a)-5(d), respectively. The longitudinal co-
ordinate t,,, corresponds to the observation time, which in-
cludes the target motion time.

The zero-Doppler straight striation is related to the di-
rect blast, since the relative positions of the source and the
receiver are fixed. The Doppler striation varying with observa-
tion time is exactly caused by the forward scattered field. The
measured Doppler striation agrees with the theoretical curve
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in magnitude, duration time, and tendency. Unlike the theoret-
ical curve, the energy distribution along the Doppler striation
is not uniform. When the target is far from the source-receiver
line, the Doppler shift is large in magnitude whereas the corre-
sponding scattered field is weak in intensity. When the target

—20
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tobv/s

10 20 30 40 50
tobv/s

—120

—120

is near or located at the source—receiver line, the Doppler shift
is around zero, but the scattered field is rather intensive. This
phenomenon can be easily explained by the directionality of
the forward scattered energy. This kind of Doppler-extraction
approach is only suitable for the continuous wave.
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—120
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Fig. 7. (color online) Comparisons of the measured Doppler shift (color contour) with the theoretical one (the dashed-dotted line) in
(a) track A, (b) track B for 30 kHz; and in (c) track A, (d) track B for 50 kHz.
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Fig. 8. (color online) Simultaneous detection results of the received acoustic-field aberration and the forward scattered Doppler shift
in (a) track A, (b) track B for 30 kHz; and in (c) track A, (d) track B for 50 kHz.
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3.4. Simultaneous detection results

It is seen from the above theoretical analysis, simulations,
and experimental verifications that when a submerged target
crosses the source—receiver line, the received acoustic-field
aberration and the forward scattered Doppler shift are simul-
taneously induced and can be represented by functions that
share the same argument — the target motion time. Simultane-
ous application of the approaches proposed in Subsections 3.2
and 3.3 to the same received acoustic field generates the joint
representation of the acoustic-field aberration and the Doppler
shift, where they span the same observation time. Figure 8
shows the simultaneous detection results, corresponding to
those in Figs. 5 and 7. When there is no target (in this case the
target is static), only fluctuations caused by the environment
are observed in the envelope. Correspondingly, there is only
the zero-Doppler straight striation in the Doppler—time image.
As the target approaches and crosses the source—receiver line,
the aberrations on the envelope are strengthened. At the same
time, a Doppler striation arises and decreases with the target
motion time. After the target departs from the source-receiver
line, the aberrations are weakened and then disappear. The
received envelope recovers to the state before the target cross-
ing. In the Doppler image, the Doppler striation crosses the
zero-Doppler straight line and converts from positive to neg-
ative. Finally, the Doppler striation vanishes after the target
stops moving, and only the zero-Doppler straight line exists.

In the published literature upon forward scattering detec-
tion, results only provide direct or indirect information on the
received acoustic-field aberration. The simultaneous detection
is beneficial to enhance the reliability on target detection, for
providing not only the aberrations in the received field but also
the Doppler shift of the forward scattered field.

4. Consideration of the real scenario

In the tank experiment, the environment is rather ideal
for its lower fluctuation. Meanwhile, the signal-to-noise ratio
at the receiver is high due to the limited source-receiver dis-
tance. According to the sonar equation, the direct blast level
at the receiver can be expressed by

DBL =SL—TLy, (14)

where SL is the source level (in dB) and T Ly; is the transmis-
sion loss from the source to the receiver. Similarly, the forward
scattered wave level is

FSL=SL—TLg+TS;—TLy, (15)

where TLy and TL, are the transmission losses from the
source to the target and from the target to the receiver, re-
spectively. TS is the target strength in the forward scattering

direction and is usually evaluated by

where A is the projected cross-section area. The variable
signal-to-direct-blast ratio is defined herein to denote the sig-
nal power ratio of the forward scattered wave to the direct

blast, and is expressed as
SDR = FSL—DBL

A
- 2010g10 (2’) + TLsr - TLS[ - TL" (17)

For an ideal case where the transmission loss is domi-
nated by the cylindrical spreading loss, let Ly/L =7, y €
(0,1), then equation (17) becomes

A 1
SDR = 2010g10 (}L) + 1010g10 |:’}/(1’}/):| — IOIOgIOL(IS)

Equation (18) indicates that SDR is dependent on the target
position in the source-receiver line. In the tank experiment,
SDRs for 30 kHz and 50 kHz are estimated to be —9.1 dB and
—4.7 dB, respectively.

After the processing of direct blast suppression, the signal
power ratio of the forward scattered wave to the direct blast is
given by

SDR, = SDR + PG, (19)

where PG is the processing gain from direct blast suppres-
sion. In present, almost all the studies concerned with forward
acoustic scattering are focused on the variable PG. However,
in reality the distance between the source and the receiver may
be several kilometers or even tens of kilometers. Therefore,
the signal-to-noise ratio for the direct blast may be very low
and the aberrations induced by the forward scattered wave are
probably overwhelmed by the environment-induced fluctua-
tions.

5. Discussion and conclusion

The aberration in the received acoustic-field and the
Doppler shift in the forward scattered field are simultane-
ously induced when a submerged target is crossing the source—
receiver line. Formulations for the two variations are devel-
oped upon an ideal forward scattering configuration. Both
of the field aberration and the Doppler shift are expressed as
functions of the same argument — the target motion time. An
experimental validation was carried out in a tank, in which the
continuous wave was adopted as the source signal. The field
aberration was presented by the envelope fluctuation extracted
by the simple Hilbert transform, whereas the Doppler shift was
extracted by a hybrid technique combining the sliding Black-
man window function and fast Fourier transform. The mea-
sured aberration and Doppler shift agree with the theoretical
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results. Simultaneous detection outputs are beneficial to en-
hance the reliability of target detection by providing both the
aberrations in the received acoustic field and the Doppler shift
in the forward scattered field.

Though the formulation and experiment are rather simple,
the basic physics principles indicated by the results make com-
mon senses. Further research should be conducted in two as-
pects: modeling in ocean waveguide and designing the wave-
forms suitable for the simultaneous detection.
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