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Abstract: The sound field interference pattern of broadband source in shallow water waveguide was
studied experimentally. The acoustic experiment was carried out on the Pacific shelf in 2004. The
acoustic signals were emitted by the airgun source (with frequency band 5-200 Hz). The source was
towed with speed 1.7 m/s at depth 15 m along different paths. Several bottom receivers were used
for recording acoustics signals. The experimental records are processed to obtain sound intensity
distributions (interferograms) I(w, t) in frequency-time domain for different paths of source motion.
The two-dimensional Fourier transform (2D-FT) is applied to analyze the experimental interferograms.
The result of the 2D-FT F(v, T) can be called the Fourier-hologram (hologram). The hologram allows
us to coherently accumulate the sound intensity of interferogram in the narrow area as focal spots. It
is demonstrated in the paper that position of focal spots in the experimental hologram depends on
radial speed of the source, motion direction of the source and the distance between the source and the
receiver. As a result, the position of focal spots can be used for estimation of the source parameters.

Keywords: sound field; waveguide; interference pattern; hologram; source detection; vector sensor;
signal processing

1. Introduction

The normal-mode interference of sound field in underwater waveguide leads to
structured pattern that can be observed in sound intensity distribution in the frequency-
time domain (Weston and Stevens[1]) or frequency-range domain (Chuprov [2]). The sound
field interference theory in underwater acoustics was offered by Chuprov [2]. He offered
the conception of the waveguide invariant - basic parameter of sound field interference
pattern. The more significant achievements in the interference theory are presented in the
following papers: Grachev[3], Orlov and Sharonov[4] and papers of Conf. Proc. ed. by
Kuperman and D’Spain[5].

The developed interference theory in ocean waveguide allowed to solve a set of
important problems of underwater acoustics: source localization (passive mode[6-9]
and active mode[10]), remote sensing of geo-acoustic parameters[11], effective signal
processing[12,13].

One of the important advancements of the interference theory is the approach to
the analysis of the interference pattern proposed in papers: Rouseff and Spinde [15],
Baggeroer[14], and Yang[16]. Within the framework of this approach the interference
pattern is considered as sound intensity distributions I(w, r) in frequency-range domain
or I(w, t) in frequency-time domain. The two-dimensional Fourier transform (2D-FT) of
I(w,r) is applied to analyze sound intensity distributions. At first, this approach allows to
estimate waveguide invariant[15]. The estimation of waveguide invariant is the extremum
of the "reference" distribution of 2D-FT. Secondly, this approach allows to coherently
accumulate the sound intensity of interferogram in the narrow area as focal spots and rise
the signal-noise ratio (SNR) significantly[8,9].
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Figure 1. The experiment scheme. Top view.

The purpose of this paper is to present experimental observation of the interference
pattern and results of analysis by 2D-FT. The experimental records are processed to obtain
sound intensity distributions (interferograms) I(w, t) in the frequency-time domain for
different paths of source motion. The two-dimensional Fourier Transformation (2D-FT) is
applied to analyze the experimental interferograms. The result of the 2D-FT F(v, T) can be
called the Fourier-hologram (hologram). The hologram allows us to coherently accumulate
the sound intensity of interferogram in the narrow area as focal spots.

This paper consists of the three sections. The Pacific shelf experiment is described
in the Sec. II. The theory of interferogram and hologram of moving source is presented
in the Sec. III. The experimental results of interferograms and holograms are considered
for different paths of source motion in the Sec. IV. It is demonstrated in the paper that the
position of focal spots in the experimental hologram depends upon radial speed of source,
motion direction and distance from a receiver. As a result, the displacement of focal spots
in hologram domain can be used for estimation of source parameters mentioned above.

2. Experiment

The acoustics experiment was carried out on the Pacific shelf (Yellow Sea) in 2004. The
water depth was a H ~ 53 m. The sound speed in water layer ¢ ~ 1474 m/s. These acoustic
parameters were approximately constant in experimental region. The airgun was used as
broadband sound source. The sound source was towed by research vessel. The source depth
was zs ~ 15 m. The towing velocity was v ~ 1.7 m/s. The airgun had a pulse signature that
was found to be quite repeatable. The signal pulses were controlled by monitor hydrophone
located at distance of 2 m from the source. The airgun produced broadband pulses that had
consistently repeatable spectra in the band Af ~ 10 — 250 Hz. The pulses were separated
with time interval T = 30s. During the experiment, the signals of airgun source were
received by stationary vector-scalar receivers (VSR), which had channels for measuring
pressure and vibration velocity three components. The pressure measurement results from
the VSR located at a depth z; ~ 52 m are used for signal processing presented in the paper.
The received signals are analyzed in the band Af ~ 80 — 120 Hz. The amplitude of airgun
pulses was normalized to the same value in order to keep constant the interference-pattern
contrast.

The motion geometry of the towed airgun source and the position of VSR Q; are
shown in Fig. 1. The source moved along an arc of radius rg ~ 11 km from the initial
point A to the point B. Point A was located approximately in the direction of the y axis
of VSR Q. At point B, the source motion was turned to the strait one. After point B the
source approached the VSR Q; along straight-line path from point B to point C. The point
C was located near the receiver VSR Q;. The distance between point C and the x axis was
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rc = 1km. At point C the source was turned and moved along a straight-line path away
from VSR Q; to point D.

3. The sound field interference pattern of the moving source

Let us consider ocean waveguide as a water layer bounded in depth by free surface
and bottom. We use the model of a uniform continuous spectrum of a source. We present
the sound field intensity of the source as a superposition of the modes as the following:

Hw,r) =YY Anl(w,r) Ay (w) explirhy (w)] 1)

where Ny (w) = hy(w) — hy(w). Here Ay (w, r) is mode amplitude, hy, (w) is horizontal
wavenumber of the m-th mode, w = 27t f is the cyclical frequency of the source spectrum,
and r is the distance between the source and receiver. The cylindrical divergence of the
sound field and the mode attenuation are taken into account by the distance dependence of
the mode amplitudes. The constant factor determining the source spectrum value is omitted
in front of the sum. This factor is inessential for the following analysis. The right-hand part
of Eq. (1), can be rewritten as the double sum of the terms corresponding to the interference
of a modes pair :

I(w,r) = ZZImn(w,r) ()

where
Lnn(w, ) = Ap(w, 1) A (w, ) explithpn (w)] (3)

We assume, that the number of modes is equal to M, and the number of the first mode is
m=1.

Let us consider the signal spectrum in the frequency band —Aw/2 4+ wy < w <
wy + Aw/2 and in the time interval t3 < t < ty + At. The source-receiver distance
increment is Ar within the observation time At. The initial source-receiver distance is
ro at the initial time #y. In the case of the constant source velocity we can represent the
source-receiver distance increment in the following form:

Ar = v At (cos @ + v, At sin? (p/ZrO) 4)

where ¢ is the angle between the source-receiver direction and the source motion direction,
v, is the radial velocity value. In the Eq. (4) the quadratic term is ignored under condition
At < 2rg cos ¢/ vysin¢@. This condition imposes a restriction for the duration of observation
depending on the velocity, the initial distance, and the angle of trajectory.

Let us put the right side of Eq. (4) in expressions Eq. (1)-Eq. (3). As a result, we pass
from variable r in I(w, ) to variable t in I(w, t). Then we apply two-dimensional Fourier
transform (2D-FT) for interferogram I(w, t) (Eq. (2)) in the frequency-time variables (w, t)

F(7,7) =YY Fun(7,7). (5)

m n
where 7 = 27tv is the cyclical frequency of the hologram domain, 7 is time of the hologram
domain.
Let us analyze the term in the right side of Eq. (5):

At wo+ATw
Fon(9,7) = / / T (0, 1) expli(#t — w)]dtdeo. ©)
0 (e

We use linear approximation of horizontal wavenumber /,,(w) as the following function
of frequency:
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Figure 2. The modeling results of Fourier-hologram for different paths of source movement (4 m/s):
1 - source moves along arc between A and B; 2 — source moves from B to C; 3 - from C to D.

hm(w) = hy(wp) + dh";iguo)(w — wp) (7)

Then, we assume that modes with numbers close to the [-th mode interfere construc-
tively. By considering the number of mode as a continuous variable, we can obtain

oA
Eyn(9,7) = AnA exp {z(”zt - Tw())]AwAt

X exp{i [(m —n)a (Aztv, + ro) + ro(ﬁ/vr)] }

sin{ [(ro + Opbn ) (M )5—“ T:| Aw }
[(70 + Ortyn ) (m di }

sin{[vr(m —n)a+ 17]A2t}
X AL (8)
[vp(m —n)a +17]7

X

where & = dhj(wp)/dl. The introduction of expansion Eq. (7) proves useful for interpreting 10
the hologram structure. In reality, according to Eq. (7) (da/dw)(m —n) = dhy,(wo)/dw,
a(m —n) = hyn(wy). Here dw/dhy, = uy, is the group velocity of the m-th mode. 108
Hologram Eq. (5) is localized in two domains symmetrically located with respect to 100
the origin of the plane (7, 7). This feature of the hologram is the result of the function 10
symmetry (Eq. (8)): Fun (7, T) = Fum(—9, —7). The hologram is located on on the T-axis 1
of plane (7, 7) if the radial velocity v, = 0 i.e., the source - receiver distance is constant 12
(Fig. 2, peak — 1). The hologram is located in quadrants Il and IV of plane (¥, T) if the radial .
velocity v, > 0 if the angle of the trajectory 0 < ¢ < 71/2 (Fig. 2, peak —2). The hologram is 11
located in quadrants I and III of plane (7, T) if the radial velocity v, < 01i.e., the angle of s
the trajectory 71/2 < ¢ < 7 (Fig. 2, peak — 3). As a result, it is possible to estimate by the 116
hologram if the source is moving away from receiver or to receiver. 117
Let us estimate the main maxima positions of hologram as follows

o
N

[

3

du

Tmn = (To+vrtmn)(m*”)%r (9)

Upn = —0p(m —n)a.
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Figure 3. The experimental normalized interferograms (a,b), holograms (c, d): (a,c) - the source
motion along the arc between A and B; (b,d) - the source motion turn around B.

Thus, the positions of the focal spots maxima in the hologram are proportional to the radial 11s
velocity v, and to the initial distance between the source and the receiver (r). 110

The values t,,,, are constricted to a small vicinity of some point t; in the observation 120
interval At (0 < t; < At) and it is possible to set t;;, ~ t;. Here, qualitatively and 121
quantitatively, as seen below, the results remain quite reasonable. 122

4. Experimental Results 123

The results of experimental data processing are shown in Fig. 3 and Fig. 4. The 12
dynamics of normalized values of interferogram Eq. (1) and hologram Eq. (7) for received 125
signals are shown for different types of the source motion. 126

The interferogram in Fig. 3 (a) and the hologram in Fig. 3 (c) correspond to the
movement of the source along the arc of radius 9 ~ 11 km between point A and point
B. One can see that interference bands are different from vertical lines. This implies that
the source path differs from the arc of a circle. At the same time, the position of the main
hologram peaks on the time axis (Fig. 3 (c)) indicates that the source radial velocity is zero.
The presence of two peaks in the hologram (Fig. 3 (c)) indicates that the field is formed
by three modes. It should be noted that the interferogram and hologram are identical for
an immobile source and for the source moving along arc. Value of arc radius 7y can be
estimated from the formula Eq. (9) on the assumption that the radial velocity v, = 0. Then,
we obtain the following expression:

2T1

- 1/u3—1/u1 (10)

o

where u; is the group velocity of the i-th mode. As follows from Fig. 3 (c), 71 = 0.168s. 127
Under the experimental conditions at the reference frequency fy = 100 Hz, the group i2s
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Figure 4. The experimental normalized interferograms (a,b), holograms (c, d): (a,c) - the source
motion between B and C; (b,d) - the source motion between C and D.

velocities 11 and u3 are, respectively, 1462.8 m/s and 1399.5m/s. As a result, we obtain
ro = 10.9 km.

The sound field interference pattern at the point B of the motion path along the arc of
a circle passes to a straight line towards the VSR Q; is shown in Fig. 3 (b). The break in the
band is observed in the interferogram (Fig. 3 (b)) at f; =~ 5 min, which corresponds to the
source rotation near point B (see Fig. 1). The form of the hologram (Fig. 3 (d)) shows that
the source radial velocity turn is nonzero during the rotation. The coordinates of the main
peak in the hologram are 71 = 0.139 s and v; = 0.00186 Hz.

Under the experimental conditions at the frequency fo = 100 Hz, the propagation
constants are 1; = 0.4245m~! and 3 = 0.3995m ! and the interference invariant is
B = 1.2. On the assumption that the interference peak frequency corresponding to the
instant ; =~ 5min is f; = 110 Hz (see Fig. 5(a)), we find that the radial velocity of the source
and its distance to the VSR Q at the rotation point B are, respectively, v, = —0.92 m/s and
r =10.8 km.

The sound field interferogram and hologram for a source moving from point B to
point C (to VSR Q1) are shown in Fig. 4 (a) and (c).

The sound field interferogram and hologram for a source moving from point C to
point D (away from VSR Q1) are shown in Fig. 4 (b) and (d).

The interference patterns (Fig. 4 (a),(c)) are sets of straight-line localized bands. It
indicates that source motion direction and radial velocity are constant.

The bands slopes have opposite signs for different source direction. As compared with

the case of a source moving along the arc from A to B, the holograms have more main peaks.

That indicates the increasing the number of sound field modes. For a source motion to VSR
Q1, the main-peak coordinates are 73 = 0.145s and v; = 0.0032 Hz (Fig. 4 (b)). For a source
motion from the VSR Q;. 77 = 0.127 s, v; = 0.0035 Hz (Fig. 4 (d)), As a result, we have the
following estimates of the radial velocity and the distance to the source: v, = —1.67 m/s
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and r = 9.7 km for the case of source motion to VSR Q7 and v, = 1.88m/s and r = 8.3 km
for the case of source motion from away the VSR Q1. As one would expect, the slope ratio
for the straight lines which contain the main peaks of the hologram is equal to the ratio of

source radial velocities:

0.0315 1.88
005 T 1er %

Fig. 3 (d) shows how the focal spots become diffuse when the path shape changes. The
focal spot size is minimum when a source moves along a circular or straight-line path Fig. 3
(c) and Fig. 4 (c),(d). when the interference band slope is constant.

At the same time, the peaks localization region is expanded at the point where the
path changes from an arc of a circle to a straight line (Fig. 3 (d)).

5. Conclusions

The results of the analysis of sound field interfer- ence pattern of a broadband source
in shallow water are presented in the paper. The experimental records are processed to
obtain interferogram for different paths of source motion. The Fourier-hologram is used
to analyze the experimental interferograms. It is shown in the paper that the hologram
allows us to coherently accumulate the sound intensity of interferogram in the narrow
area as fo- cal peaks along the line, passing through the origin. It is demonstrated in the
paper that position of focal spots in experimental hologram depends upon radial speed of
source, movement direction and distance from receiver. The position of the main hologram
peaks are on the time axis in the case of the source movement along the arc. It means that
source radial velocity is zero. The hologram peaks are located in quadrants I and III when
the source moves towards the receiver. In the case of the source movement away from
the receiver, the hologram peaks are in quadrants II and IV . Estimations of source pa-
rameters are presented for different directions of source movement in the experiment. Good
consistency of the experimental and estimated values demonstrates the ef- ficiency of this
approach for solving source localization problems. Thus, it is possible to use interferograms
and holograms as a potential basis for applying holographic interferometry in the passive
location of the source. This approach allows to solve complex problem of detecting a source
and estimating its velocity, distance and depth by using only a single receiver.
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