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Abstract: The interference pattern of the sound field of a broadband source in a shallow water
waveguide is studied theoretically and experimentally in this paper. In the ocean waveguide, the
sound source generates the interference pattern of the intensity distribution (interferogram) in the
frequency-time domain. The mathematical theory of the interferogram structure is developed. The
source interferogram consists of a set of quasi-parallel interference fringes in the frequency-time
domain. It is shown that the slope of the interference fringes depends on the distance, velocity, and
direction of motion of the sound source. The relationship between the slope angle of the interference
fringes in the interferogram and the source parameters is derived in the paper. The two-dimensional
Fourier transform (2D-FT) is used to analyze the interferogram. The result of the 2D-FT is called
the Fourier hologram (hologram). It is shown that the hologram consists of a few focal spots in a
relatively small area. The presence of these focal spots is the result of the interference of acoustic
modes with different wavenumbers. The mathematical theory of the hologram structure is developed
in this paper. The relationship between the coordinates of the focal spots on the hologram and the
source parameters is considered. Consequently, the position of the focal spots can be used to estimate
the source parameters (range, velocity, and direction of motion). The theoretical conclusions are
verified in the context of computer modeling and the results of the acoustic experiment on the Pacific
shelf (Yellow Sea, 2004) in the band 180-220 Hz.

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

PACS: 43.30.+m; 43.60.-c; 43.60.Vx; 02.30.Nw

1. Introduction

The interference pattern of the sound field of a broadband source in a shallow water
waveguide was studied experimentally and theoretically. The acoustic experiment was
conducted on the Pacific shelf (Yellow Sea, 2004). The acoustic signals were emitted from
the airgun source (with a frequency band of 10-250 Hz). The source was towed at a speed
of 1.7 m/s at a depth of 15 m along different paths. The bottom receivers at a depth 53 m
was used to record the acoustic signals. The experimental recordings were processed to
obtain sound intensity distributions (interferograms) I(w, t) in the frequency-time domain
for different paths of the source motion. The two-dimensional Fourier transform (2D-FT) is
applied to analyze the experimental interferograms F(t,v).

The interference of the normal modes of the sound field in underwater waveguides
leads to certain patterns to be observed in the sound intensity distribution in the frequency
domain (Chuprov [2]) or the the frequency-time domain (Weston and Stevens [1]). In this
context, let us note that the mathematical theory of sound field interference in underwater
acoustics was developed by the pioneering work of Chuprov [2] hereby introducing the
waveguide invariant - an essential parameter of the interference pattern in the sound field.
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The normal mode interference of the sound field in underwater waveguides leads to
structured patterns that can be observed in the sound intensity distribution in the frequency-
time domain (Weston and Stevens [1]) or in the frequency-range domain (Chuprov [2]). The
theory of sound field interference in underwater acoustics was developed by Chuprov [2].
He introduced the concept of the waveguide invariant — a fundamental parameter of the
interference pattern in the sound field. The more significant achievements in interference
theory are presented in the following papers: Grachev [3], Orlov and Sharonov [4] and
papers of Conf. Proc. edited by Kuperman and D’Spain [5]. The developed interference
theory in ocean waveguides allowed solving a number of important problems in under-
water acoustics: source localization (passive mode [6-16] and active mode [17,18]), remote
sensing of geo-acoustic parameters [19], effective signal processing [20-22].

One of the most important advances in interference theory is the interference pattern
analysis approach [23-26]. In this approach, the interference pattern is considered as the
sound intensity distribution I(w, r) in the frequency domain or I(w, t) in the frequency-time
domain and the 2D Fourier transform (2D-FT) of I(w, r) is used to analyse sound intensity
distributions. With this approach, the waveguide invariant [24,27] can be estimated first.
The estimate of the waveguide invariant is the extremum of the "reference" distribution
of the 2D-FT. Secondly, this approach allows the coherent accumulation of the sound
intensity of the interferogram in a narrow region as focal spots and significantly increases
the signal-to-noise ratio (SNR) [6,9].

Matched field processing (MFP) [28-30] for passive localisation estimates of the range
and depth of the source are taken into account. The application of MFP needs a priori
information about the model waveguide (such as water layer and the soil). MFP is based on
a spatial filter for acoustic signals received by an antenna; it includes methods like Bartlett’s
method [31,32], Capon’s method [33,34] and MUSIC’s method [35,36]. The main limitations
of the MFP methods are inaccuracies in the acoustic parameters of the model waveguide,
source motion and low robustness to noise. In addition, the MFP method does not allow
the range of the source and its velocity to be estimated in a single computational process
without numerous iterations of the values. Overcoming these difficulties is associated with
the development of an interferometric method for localising the moving source.

The mathematical theory of the interferogram structure is developed in this paper. The
source interferogram consists of a set of quasi-parallel interference fringes in the frequency-
time domain. It is shown that the slope of the interference fringes depends on the distance,
velocity, and direction of motion of the sound source. The relationship between the slope
angle of the interference fringes in the interferogram and the source parameters is derived
in the paper. We recall that the result of the 2D-FT is called a Fourier hologram (hologram).
It is shown that the hologram consists of a few focal spots in a relatively small area. The
presence of these focal spots is the result of the interference of acoustic modes with different
wavenumbers. The mathematical theory of the hologram structure is developed in this
paper. The relationship between the coordinates of the focal spots on the hologram and the
source parameters is considered. Consequently, the position of the focal spots can be used
to estimate the source parameters (range, velocity, and direction of motion). The theoretical
conclusions are verified in the context of computer modeling and the results of the acoustic
experiment on the Pacific shelf.

This paper consists of seven sections. The experiment on the Pacific shelf is described
in Section 2. The mathematical theory of the interferogram of the moving broadband sound
source is developed in Section 4. The theory of the hologram of the moving broadband
sound source is discussed in Section 5. The results of numerical simulation of the interfero-
gram and the hologram for the acoustic experiment conditions are presented for different
paths of the source motion in Section 6. The experimental results of the interferograms
and holograms are considered in Section 7 for different paths of the source motion. It
is shown that the position of the focal points in the experimental hologram depends on
the radial velocity of the source, the direction of motion and the distance to the receiver.
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Consequently, the displacement of the focal points in the hologram domain can be used to
estimate the above source parameters.

2. The Experiment

Let us briefly describe the setting of our experiment that was conducted in 2004 on
the Pacific shelf (Yellow Sea). First, the environmental parameters: water depth H ~ 53 m,
sound velocity in the water layer ¢ ~ 1474 m/s. Next, we turn to the acoustic parameters.
The airgun was used as a broadband sound source and the sound source with depth
z; =~ 15 m was towed by a research vessel with speed v ~ 1.7 m/s. The airgun had a pulse
signature that proved to be quite repeatable. The signal pulses were controlled by a monitor
hydrophone located at a distance of 2 m from the source. The airgun produced broadband
pulses, separated by a time interval T = 30 s, that consistently exhibited repeatable spectra
in the range of 6 f ~ 10 — 250 Hz.

Figure 1. The experimental scheme. View from above.

In Fig. 1 we illustrate the movement if the towed airgun source, including the stationary
position of the vector scalar receiver (VSR) Q. It can be clearly seen, atht the source moved
along an arc of radius ry ~ 11 km from the starting point A to point B. At point B, the
source motion became a straight line and in the sequel the approached VSR Q on a straight
line path from point B to point C close to the receiver VSR Q. At point C the source was
rotated and moved along a straight line away from VSR Q to point D.

0.5f

Relative Value
o
Relative Value

-1k 1 = 0 h 1 n N =
0 0.5 1 0 50 100 150 200 250
Time, (sec) Frequency, (Hz)

(a) (b)

Figure 2. The experimental airgun pulse: (a) time dependence; (b) normalized spectrum.

During the experiment, signals from the airgun source were received by the VSR,
which had channels for measuring the pressure and the three components of the vibration
velocity. The pressure measurement results from the VSR, located at a depth of z; ~ 53
m, are used for the signal processing presented in this paper. The example of the received
signal is shown in Fig. 2. The normalized time dependence of the received signal is shown
in Fig. 2(b). The normalized spectrum of the received signal is shown in Fig. 2(b). The
received signals are analyzed in the band Af ~ 180 — 220 Hz. The amplitude of the airgun
pulses was normalized to the same value to keep the contrast of the interference patterns
constant.
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The experimental waveguide bottom parameters are determined by the maximal
match between the experimental received signal and the numerical simulation results. The
time dependence of the normalized signal envelope in the band 180-220 Hz: are shown
in Fig. 3: (a) experiment; (b) simulation. The vertical dotted lines show the m — th mode
propagation times; m = 1 — 5. The waveguide bottom parameters for maximal match:
refractive index is 0.86(1 + i0.01), density p, = 1.8 g/cm? (see Fig. 3). The mode parameters
for maximal match are given in Table 1

1 I:L 2 T ::3 T 4 T 1 T 1 -
3 ; 3
o N H . H H T
> NHWE : : s
205F BV E : : 1 205F
K A'H YV H H K]
Q [}
14 14
0 I: H \ H | H i T 0 - H
6.7 68 69 70 71 72 73 7.4 67 68 69 7 71 72 73 74
Time, (sec) Time, (sec)

(a) (b)

Figure 3. Time dependence of the normalized signal envelope in band 180220 Hz: (a) experiment;
(b) simulation. The vertical dotted lines show the m-th mode propagation times; m=1-5.

Table 1. Mode parameters

Mode Wave Number (m~1) Group Velocity (m/s)
1 0.8488 1467.0
2 0.8420 1455.3
3 0.8284 1438.4

3. The Sound Field in Shallow Water Waveguide

In this section we introduce the mathematical tools behind our research work. We use
a Cartesian coordinate system (7, z) and consider an oceanic waveguide as a water layer
between the ocean surface (z = 0) and the shallow bottom surface (z = H). Fig. 4 shows a
schematic of this water waveguide geometry. In our model the refractive index and density
of the water layer are denoted by n(z), p(z). Next, the complex refractive index and the
density of the soil are denoted by n;(1 + i), pp,. Further, the parameter « is determined by
the absorption properties of the soil.

- N —
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Figure 4. The waveguide model. Vertical plane.

The receiver is located at the point Q(7;, z;). The broadband sound source is moving
at the point S(7;(t), zs(t)). The source velocity is denoted by 7. The spectrum of the signal

118

119

120

121

123



Version March 16, 2022 submitted to Sensors 5 of 20

radiated by sound source is S(w). Here, w = 27tf is the sound frequency. The sound field
in the shallow water waveguide is the solution of the following boundary problem

Ap +K*(R)p = —S(w)6(F—75)d6(z—z5), 0<z<H, )
Apy +k2pp =0 z> H,
supplied with boundary conditions
P(ﬁ)|z:o =0, P(KHZZH = Pb(ﬁﬂz:H/
PR _ (R @
0z lz=H 0z z=H
The complex sound pressure can be written as follows, cf. [30,37]:
je—in/4 M Zs, W 24, W irhy, (w
Pt ,20,27) = S() ie P (2s, ) P (24, w) exp[irhy( )], 3)
p(zs)V8m thy (w)
where r = |7; — 7;| denotes the distance between source and receiver. h,(w) denotes 1

the horizontal wavenumber of the m-th acoustic mode, where ¢, (z, w) is the respective 13
acoustic mode. In (3) the summation is performed up to M, the total number of acoustic 134
modes to be considered. Finally, we recall the standard assumption that the source depth 135
zs and the receiver depth z; are constant. Consequently, the sound pressure depends on 13
the sound frequency w and the distance r between source and receiver. 137
Using the acoustic vertical modes, one obtains for the pressure field Eq. (1). The
¢m(z, w) are the eigenfunctions (modes) and h,,(w) and 7, (w)/2 are the real and imag-
inary parts of the eigenvalues (horizontal wave numbers) &, (w) = hpy(w) + iym(w)/2
obtained by solving the Sturm-Liouville problem subject to the usual boundary conditions

[30] )
T | K (z) = Bupu(2),
Pm(2)],_o =0, (4)
o)y + 8o P22 |
4. The Interferogram of the Moving Source 138

In this section we investigate the interference pattern of the intensity distribution
(interferogram) in the frequency-time domain. In the framework of the normal mode
analysis to describe the sound pressure field Eq. (1), the interferogram I(w, r) reads

M M
I(w,r) = |p(w, 1) > = ZZAm(w,r)A;(w,r) exp [irhmn (w)], (5)

where )
ieilﬁ/4 47111 (ZSI w) 4)m (Zq/ W)

p(zs)\/ﬁ 1y (w) ’
(W) = by (W) — hy(W).

In equations (5), (6) Am(w, ) denotes the amplitude of the m-th mode and the superscript 130
* indicates complex conjugation. Here, the modes exhibit an amplitude dependence, 10
accounting for the cylindrical divergence of the field, the modal damping coefficients, 1
and the depths of the source z; and the receiver z;. In the sequel, we will drop the sound 1
intensity arguments, because the depths of the source and receiver do not affect the structure 14
of the interferogram in the range (w, r). 144

Ap(w,r) = S(w)

(6)
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The interferogram I(w,r) can be represented as the sum of partial interferograms
Iun(w, r) produced by interference of m-th and n-th modes.

M M
Hw,r) =YY Lun(w,r), 7)

where
Lun(w,r) = Am(w, 1) Ay (w,r) exp[irhum(w)]. (8)

Let us consider the interferogram I(w, r) in the frequency band wy — Aw/2 < w <
wp + Aw /2. The signal spectrum S(w) is assumed to be constant for this frequency band.
Therefore, the variation of the interferogram with frequency is due to the dependence of
the horizontal wavenumbers on frequency. In the case of a moving source, the distance
between the source and receiver is a function of time:

r(t) = |7g = 7s(t)]. )

So, the interferogram I(w, r(t))
Aw/2 <w<wy+Aw/2,0<
observation time At is:

= I(w, t) can be considered frequency-time domain wy —
t < At. The source-receiver distance increment within the
Ar(t) =r(t) —ro. (10)

Here, the initial source-receiver distance is r(fy) = r¢ at the initial time fy. When the
horizontal distance between the source and the receiver changes, the frequency shift Aw
can be described as follows
Ar(t)
Aw(t) = Bwg—=, (11)
o

where (wy, 7) are the initial coordinates of the observed local field maximum; Aw(t) =
w(t) —wp and Ar = r(t) — ry are, the frequency and distance increments, respectively,
corresponding to the shift of the observed maximum in the w — r plane; and B is an
interference invariant characterizing the slope of a localized fringe [2]. The § value can be
determined by one of the methods developed to date [23].

Considering that the distance traveled by a source is p(t) = vt and that the difference in
distances between the observation point and the source positions (accurate to the smallness
terms p?/r3)

2
p(t) sin a (12)

Ar(t) =r(t) —rg = p(t) {cos o+ 270

where ¢ is the angle between the source-receiver direction and the source motion direction.
The expression can be written as

p(t)(cos ¢ + p(t) sin? ¢/2r)
1o

w(t) = wp + Pwo = wo + Aw(t). (13)

The frequency shift is thus determined by both the linear projection v, = v cos ¢ (the
radial component) and the quadratic projection v = (vsin ¢)? (the tangential component)
of the source velocity. Thus, when the object is moving, the interference pattern in the
frequency-time plane (w, t) is generally formed by curved localized fringes determined by
the quadratic dependence

AF(F) :bz(t+%)2— (%)2 (14)

where a = Bwov, /19 and b2 = ﬁwov% / 21%. It can be seen that increasing the initial distance
ro and a decreasing the velocity v and angle ¢ decrease the degree of fringe curvature. In
particular, when ¢ = 0, Aw(t) = at; i.e., the fringes are described by Aw(t) = b2t2 [16],
and the fringes are maximally curved. Note that the above analysis suggests the smallness
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of p? /3, which limits the signal accumulation time t, depending on the source velocity v
and the initial source-receiver distance ro: #* < r3/v%. According to (14) the slope of the

interference fringe is

ew(t) = dA;"t(t) - 2b2(t + v;;"). (15)

Hence, the fringe curvature can be neglected (assuming that e(t) ~ const ) if

L (16)
To sin” @

This is the condition under which the tangential component of the velocity is small com- 1s0
pared to the radial component. In this case, the second term in brackets in (14) can be s
neglected. 152

If the inequality (16) is valid, one can determine the object velocity using the approach
proposed in [23], which is applied to determine the interference invariant g (11). The
expression for the latter has the following form in the considered case:

= —— 17
B= o 17)

Let us analyze the interference component u(w, t) = I(w, t) — I(w, t), where I(w, t) is
the I(w, t) field smoothed over spatial and frequency interference beatings in the frequency-
time domain —Aw /2 4+ wy < w < wy + Aw /2,0 < t < At. Beyond this window, u(w, t) =
0. Let us pass to sound frequency f = w/2m:

Yo €
foor

Taking into account the linear time dependence of the frequency shifts, we then obtain
the position of the maximum of the functional (see Fig. 5).

p= (18)

f()+Af
)= [ 0w, (19)

which corresponds to the radial velocity component v, = v cos ¢. Here, Af is the interference-
fringe width and
£(5) = fo+et. 0)

Physically, this process means the accumulation of spectral intensity along the inter- 1ss
ference fringes formed by a moving source (see Fig. 5). The maximum of (19) is reached
when the fringe slope is determined by the source velocity projection v,. Note that with s
this approach the radial velocity component v, can be determined at an unknown angle 1se
@. If the condition (16) is not fulfilled, the use of the algorithm (19) leads to an error in  1s-
the determination of v,, which increases with the time of the trace analysis. Among the 1ss
numerous variants, the approximation of a very fast noise source is the most dangerous. 1se
In this case, a fast estimate of the approximation velocity in passive mode is particularly
urgent. 161

1
B

o
=)
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Figure 5. The structure of the interferogram of a moving source and angular interferogram distribu-
tion ®(e).

Figure 6. The structure of the interferogram for different cases of the source moving:
(a) source moves to receiver; (b) distance between source and receiver is constant; (c) source moves
from receiver.

The structure of the interferogram is shown in Fig. 6 for different cases of the source
moving. The Fig. 6 (a) is corresponds to source moving to receiver. The slope ratio of the
interference fringes is negative. As results maximum of the ®(¢) is for ¢ < 0. The Fig. 6
(b) is corresponds to constant distance between source and receiver. The slope ratio of the
interference fringes is zero for this case. So, maximum of the ®(¢) is for ¢ = 0. The Fig. 6 (c)
is corresponds to source moving from receiver. The slope ratio of the interference fringes is
positive. As results maximum of the ®(e) is for € > 0.

5. The Hologram of the Moving Source

Consider a hologram of the sound source in an oceanic waveguide. We apply a
two-dimensional Fourier transform (2D-FT) to the interferogram I(w, t) (Eq. (5)) in the
frequency-time variables (w, t). The result of the 2D-FT is called Fourier hologram (holo-

gram) F(7, T):
E(7,7) = ZZan(ﬁr T), (21)

where 7 = 27tv is the cyclical frequency of the hologram domain, 7 is time of the hologram
domain. Let us analyze the term on the right-hand side of Eq. (21):

wo— 45

At pwo+Bg
Fon (7, 7) = / / Ln(, £) exp i(7t — wT)] dtdew. 22)
0
We use a linear approximation of the horizontal wavenumber h,,(w) as a function of
frequency:
dhm(WO)

i (w) = hy(wp) + T

(w — wp). (23)

169



Version March 16, 2022 submitted to Sensors 9 of 20

Then we assume that modes with numbers close to the I-th mode interfere constructively.
Considering the number of modes as a continuous variable, we obtain

Fun(7,T) = AnA;, exp {1(1/2At - ‘L'a)o)] AwAtexp{i(m - n)a(%vr + ro> }

5 } sin{ [0,(m —n)a+ 7] %}

[0+ o) - ) 2 o 20 o - mar o] A

. du Aw
) sm{ [(ro + Upbyn) (M — n)@ — T]

(24)

where a = dhj(wy)/dl. The introduction of the expansion in equation (23) turns out to be
useful for the interpretation of the hologram structure. In fact, according to Eq. (23)

dw

dua
%(m—n)

, a(m—n) = hyy(wp).

Here dw/dhy, = uy, is the group velocity of the m-th mode.

Figure 7. The partial hologram structure - F,,, (T, 7). The focal spots are at points with coordinates
(T, V) and (=7, —V) -

(a) (b) (©

Figure 8. The partial hologram structure - Fy,, (7, 7) for different cases of the source moving: (a)
source moves to receiver; (b) distance between source and receiver is constant; (c) source moves from
receiver.

The hologram Eq. (24) is localized in two domains symmetrical to the origin of the
plane (7, T) (Fig. 7). This property of the hologram is the result of the function symmetry
(Eq. (24)): FEyn(9,7) = Fuu(—9, —T). The hologram is located in quadrants I and III of the
plane (7, T) when the radial velocity v, < 0, i.e. the angle of the trajectory 7/2 < ¢ < 7
(Fig. 8 (a)). The hologram is located on the T-axis of the plane (7, T) when the radial velocity
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v, = 0, i.e. the distance between the source and the receiver is constant (Fig. 8 (b)). The
hologram is located in quadrants II and IV of the plane (7, T) when the radial velocity
v, > 0, i.e. the angle of the trajectory 0 < ¢ < 7t/2 (Fig. 8 (c)). Thus, based on the hologram,
one can estimate whether the source is moving away from the receiver or toward the
receiver. The positions of the main maxima of the hologram can be estimated as follows

Tun = (ro + 0rt )(m—n)d—“
mn — /0 rtmn dwo’ (25)

Vpn = —0p(m —n)a.

In other words, the positions of the focal spot maxima in the hologram are proportional to
the radial velocity v, and the initial distance between the source and the receiver (r).

The values t,,,, are limited to a small neighborhood of a point #; in the observation
interval At (0 < t; < At), and it is possible to use t;;;, ~ t1. Doing so, the results remain
quite reasonable qualitatively and quantitatively, as seen below.

In this case, the localization region (M — 1) contains main maxima with coordinates
(’L’V, 17,1), as shown in Fig. 7. Here y = 1,..., M — 1 is the number of focal spots that
are located on the line v = €7. The focal spot peak closest to the origin of the hologram
coordinate system is due to the interference of adjacent modes (m, m + 1). It is located at
the point (73, 7). The adjacent focal point caused by the interference of modes numbered
(m, m + 2) is located at the point (1, 7,), etc. The coordinates of the farthest peak are
determined by the interference of the first and last modes — (Tp1—1, Vpr—1). At points with
coordinates (T, V) main peaks are summed up.

The main maximum of the spectral density is located in the first focal point. It can be
deduced [12] that the slope ratio of the line v = €7 is

E= (0u/T), (26)

where the angle brackets denote averaging over focal spot numbers. we emphasize that the
slope ratio of the line ¥ = €7 on the hologram and the slope ratio interference fringes are
the same. Therefore,

= —dbw/t, (27)

where dw denotes the field maximum frequency shift during the time 6¢.
On the hologram, the spectral density is mainly concentrated in the band between
straight lines (see Fig. 7)
V=¢Tr+0V, V=2¢T—0V, (28)

where 6v = 27t At is the bandwidth along the frequency axis. Outside this band, the spectral
density practically vanishes.

The spectral density distribution in different directions €, is described by the function
[24]

G(e*):/O F(r,5(7))| /1 + 2 dr. 29)

Here, AT is the linear size of the localization region along the T-axis. In absence of the noise,
the maximum position of the function (Eq. (29)) is equal to the value of €. G(¢,) is called
the angular hologram distribution in our paper.

The focal spot maxima coordinates are proportional to the radial velocity and the
initial source distance from the receiver.

A

'Z)r = —Kwyijy, ?O + Z’jrt* = KryT],{, (30)

where the coefficients )
Koy = [hm(m—i-y)(won ’

. (31)

Kry = [dhm(nl+y)(w0)/dw]
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determine the spatial and frequency scales of the waveguide transfer function variability
[37].

The estimates of the source parameters, in contrast to their true values, are denoted
by the dot on top. Bars above an expressions denote the averaging over mode numbers.
The value ¢, is a point in the observation interval At (0 < t, < At). For the first focal spot,
u = 1, the relation Eq. (31) can be simplified as follows

K1 = (M — 1) [hyp(wo)] !

1 (32)
K1 = (M —1)[dhipm(wo)/dw]
Using expressions Eq. (30), Eq. (31), the waveguide invariant [2]

o (wo)

== (33)
P wo [dhyn(wo) /dw)]
can be written in the form o

S (34)

p= W Ty

An interferogram is observable if the spectrum width Aw is several times greater than the
smallest interference frequency period [37]

27
A= . (35)
r|(dhi(wp)/dw) — (dhp(wp)/dw)|
As a criterion for the interferogram observability, we take the following inequality
Aw > 2A. (36)

It is equivalent to observing one or more fringes. The minimum source distance from the
receiver, corresponding to the condition, is estimated as

47
Aw|(dhy(wp)/dw) — (dhp(wp)/dw) |

(37)

min =

With increasing bandwidth and decreasing center frequency of the spectrum, the minimum
distance decreases when interferometric methods are used.

Two adjacent focal spots can be distinguished from each other according to the
Rayleigh criterion if their maximum positions diverge by more than half the width of
the spot. The following inequality applies

dh dh
Awro m(m;z:) (wo) m(m-&-dgzlj—l)(WO) > 2 (38)
At|w| ‘hm(m—&-,u)(wO) - hm(m+y+1)(wo)’ > 27 (39)

Increasing the distance, bandwidth, radial velocity and observation time leads to an
increase in the resolution of interferometric processing. Failure to satisfy the conditions
Eq. (38), Eq. (39) leads to superposition of adjacent focal points. The maxima spread out and
the errors in radial velocity and source spacing increase. We adhere to this interpretation of
the focal spot configuration even in the case of the small number of modes.

The localization method is robust to small perturbations of the marine environment
parameters. This is because the solution of the inverse problem is determined by the
difference between the propagation constants and their frequency derivatives for the
different numbers of perturbation modes. This property underlies the concept of waveguide
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invariant [2]. The stability of the method to changes in oceanic bottom parameters is
experimentally illustrated in [13].

In practice, the proposed processing method is relatively simple to implement. During
the observation time Af in the radiation band Aw] independent realizations of duration f;
and a time interval between them Jt; are accumulated

At

I= i Ts5

(40)

Implementations are uncorrelated if 6t > 271/ Aw. An interferogram I(w, t) is formed and
a two-dimensional Fourier transform is applied to it in the time-frequency variables. At
the output of the integral transform, the spectral density is localized. The linear size of
this region is small compared to the size of the interferogram. The solution of the inverse
problem based on the estimation of the coordinates of the maxima of the focal spots is
performed with a time delay of At. The transfer function of an oceanic waveguide can be
considered as a two-dimensional linear time-frequency (spatial) filter. In this sense, the
proposed method can be considered as a two-dimensional optimal filtering on receiving a
given signal.

6. Numerical Simulation Results

The waveguide model is similar in characteristics to the experimental channel (see
Fig. 9). The waveguide depth is H = 53 m. The water layer sound velocity profile is
constant ¢(z) = 1470 m/s. The liquid absorbing bottom parameters: refractive index is
0.86(1 +10.01), density is p, = 1.8 g/cm3. The sound source at a depth of z; = 15 m moves
along the trajectory shown in Fig. 1. The source speed is v = 1.7 m/s. The frequency band
is Af = 40 Hz (180-220 Hz). The receiver is located in point Q at a depth of z; = 53 m.

mode 1 mode 2 mode 3 mode 4 mode 5
0
o~ lc =1470m/s
g — 3
= Ip=1.0g/cm
£51 i
Q 1
[ 1
© 1
10 1 ~ - ~ ~
cp=1775m/s |
bottom 31
pp =18g/cm !
I I 1 1 1
1400 1600 1800

sound velocity (m/s)

Figure 9. The model waveguide parameters for the numerical simulation.

Our numerical analysis assumes that the sound field is formed by a broadband source
with spectrum S(w) = const at the point S (7s(t), zs()). The velocity of motion of the source
is 7. Using the acoustic vertical modes shown in Fig. 9, Eq. (1) is obtained for the pressure
field. The ¢, (z, w) are the eigenfunctions (modes) and 1, (w) and 7, (w) /2 are the real and
imaginary parts of the eigenvalues (horizontal wave numbers) &, (w) = hy (w) +iym(w)/2
obtained by solving the Sturm-Liouville problem under the usual boundary conditions
[30].

in water layer (0 <z < H):

PP (z, w

n(50) | {Rn2(2) — )z 0) = O )
in bottom (z > H) : (41)

2
T | (Rn3(z) - (@) () =0,
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with boundary conditions:
Pm (Z,Cd) ‘2:0 =0,

P (z,0)| _y o= Pm(z,w) ’z:HJrO’

1Y dz lz=H-0 - Ob dz z=H+0
-1 0 1 0 0.5 1
| — —
0.01 T T T T

v (Hz)
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t (min)

-0.01—

180 200 220 02 0 0.2
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(a) (b)
[0} G
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Figure 10. The results of the numerical simulation for case I. The source motion between A and

B. Normalized interferogram I(f,r) - (a), normalized hologram F(t,v) - (b), normalized angular
interferogram distribution ®(¢) - (c), normalized angular hologram distribution G(e) - (d).
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Figure 11. The results of the numerical simulation for case II. The source motion between B and
C. Normalized interferogram I(f,r) - (a), normalized hologram F(t,v) - (b), normalized angular
interferogram distribution ®(¢) - (c), normalized angular hologram distribution G(e) - (d).
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Figure 12. The results of the numerical simulation for case III. The source motion between C and
D. Normalized interferogram I(f,r) - (a), normalized hologram F(t,v) - (b), normalized angular
interferogram distribution ®(¢) - (c), normalized angular hologram distribution G(g) - (d).
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Three cases of source motion (Fig. 1) are considered using the simulated data.
I) Source moves along an arc from A to B around receiver Q :

r(t) = |7y —7s(t)| =ro, 1o =11km, v=17m/s,
0<t<10min, 180 < f < 220Hz.

II) Source approaches to receiver Q along straight-line path from B to C:

r(t) = |7y —7s(t)] =ro—ot, 1o =7km, v=17m/s,
0<t<10min, 180 < f < 220Hz, 6km < r(t) < 7km.

III) Source moves away from receiver Q along a straight-line path from C to D:

<

(t) = |Fqg = 7s(t)| = ro +vt,rg = 6km, v =17m/s,
0<t<10min, 180 < f <220Hz, 6km < r(f) < 7km.

The results of the processing of the simulated data are shown in Fig. 10, Fig. 11, Fig. 12.

The different cases of the source motion are considered. The dynamics of normalized
interferogram I(f,r) (Eq. (5)) is shown in Fig. 10 (a), Fig. 11 (a), Fig. 12 (a). The dynamics

of normalized hologram F(t,v) (Eq. (21)) is shown in Fig. 10 (b), Fig. 11 (b), Fig. 12 (b).

The dynamics of normalized angular interferogram distribution G(e) (Eq. (19)) is shown in
Fig. 10 (c) Fig. 11 (c), Fig. 12 (c). The dynamics of normalized angular hologram distribution
d(¢) (Eq. (29)) is shown in Fig. 10 (d) Fig. 11 (d), Fig. 12 (d).

The interferogram in Fig. 10 (a), hologram in Fig. 10 (b), angular interferogram and
hologram distributions in Fig. 10 (c,d) correspond to case I: source moves along the arc
of radius ryp = 11 km from point A to point B. Interference fringes are localized along
vertical lines. On the hologram, the focal spots are located on the time 7-axis. The main
maximum coordinate is 7y = 0.077 s. The maximum of angular interferogram and hologram
distributions (Fig. 10 (c,d)) is e; = e = 0 s~2. In result, we have the following estimations
of the radial velocity and the distance of source (Eq. (30)): ¥, = 0 m/s and # = 11.3 km.

The normalized interferogram I( f, ), hologram F(7,v) and angular interferogram and
hologram distributions ®(¢) G(¢) in Fig. 11(a,b,c,d) for case II: source approaches to receiver
Q along straight-line path from B to C. The slope ratio of the interference fringes is equal
5f /6t = —0.05 s~2(see Fig. 11(a)). The maximum of angular interferogram distribution
®(e) is ey = —0.05 s2 (Fig. 11(c)). The maximum of angular hologram distribution G(¢) is
er = 0.05 572 (Fig. 11(d)). The hologram main focal spot coordinates are 7; = 0.053 s and
v; = 0.0032 Hz (Fig. 11(b)). This gives the following estimates for the radial velocity and
the distance of the source (Eq. (30)): ¥, = —1.9m/s and # = 7.3 km.

The normalized I(f,t), hologram F(t,v) and angular interferogram and hologram
distributions ®(¢), G(¢) in Fig. 12(a,b,c,d) for case III: source moves away from receiver Q
along a straight-line path from C to D. The slope ratio of the interference fringes is equal
5f /6t = 0.05s2 (see Fig. 12(a)).

The maximum of angular interferogram distribution ®(¢) is ¢ = 0.05 52 (Fig. 12(c)).

The maximum of angular hologram distribution G(¢) is e = —0.05 52 (Fig. 12(d)). The

hologram main focal spot coordinates are 71 = 0.05 s and v; = —0.0033 Hz (Fig. 12(b)).

This gives the following estimates for the radial velocity and the distance of the source
(Eq. (30)): v, =19 m/sand # = 7.2 km.
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Figure 13. The experimental results for case I. The source motion between A and B. Normalized
interferogram I(f,r) - (a), normalized hologram F(t,v) - (b), normalized angular interferogram
distribution ®(¢) - (c), normalized angular hologram distribution G(¢) - (d).

7. Experimental Results

The results of the experimental data processing are shown in Figs. 13-15. The different
cases of the source motion are considered. The dynamics of normalized interferogram
I(f,r) (Eq. (5)) is shown in Fig. 13 (a), Fig. 14 (a), Fig. 15 (a).
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Figure 14. The experimental results for case II. The source motion between B and C. Normalized
interferogram I(f,r) - (a), normalized hologram F(t,v) - (b), normalized angular interferogram
distribution ®(e) - (c), normalized angular hologram distribution G(¢) - (d).
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Figure 15. The experimental results for case III. The source motion between C and D. Normalized
interferogram I(f,r) - (a), normalized hologram F(t,v) - (b), normalized angular interferogram
distribution ®(¢) - (c), normalized angular hologram distribution G(¢) - (d).
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The dynamics of normalized hologram F(t,v) (Eq. (21)) is shown in Fig. 13 (b), Fig. 14
(b), Fig. 15 (b). The dynamics of normalized angular interferogram distribution G(e)
(Eq. (19)) is shown in Fig. 13 (c) Fig. 14 (c), Fig. 15 (c). The dynamics of normalized angular
hologram distribution ®(¢) (Eq. (29)) is shown in Fig. 13 (d) Fig. 14 (d), Fig. 15 (d).

The interferogram in Fig. 13 (a) and the hologram in Fig. 13 (b) correspond to the
motion of the source along the arc of radius g ~ 11 km between point A and point B. It
can be seen that the interference bands are different from the vertical lines. This implies
that the path of the source deviates from a circular arc. At the same time, the position of the
main hologram peaks on the time axis (Fig. 13 (b)) indicates that the radial velocity of the
source is zero. The presence of two peaks in the hologram (Fig. 13 (b)) indicates that the
field is formed by three modes. Note that the interferogram and hologram are identical for
a stationary source and for a source moving along an arc. The value of the arc radius 7y can
be estimated from the formula Eq. (30) assuming that the radial velocity v, = 0. As shown
in Fig. 13 (b), 1 = 0.074 s. Under the experimental conditions at the reference frequency
fo = 100 Hz, the group velocities 11 and u3 are 1467.0 m/s and 1438.4 m/s, respectively.
This results in ryp = 10.9 km.

The sound field interferogram and hologram for a source moving from point B to
point C (after VSR Q) are shown in Figs. 14 (a) and (c). The sound field interferogram
and hologram for a source moving from point C to point D (away from VSR Q) are in
Fig. 15 (a) and (c). The interference patterns (Figs. 14 (a), Figs. 15 (a)) consist of straight-
line localized bands. This shows that the direction of motion and the radial velocity of
the source are constant. The slopes of the bands have opposite signs for different source
directions. Compared to the case of a source moving along the arc from A to B, the
holograms have more main peaks. This indicates the increasing number of sound field
modes. For a source moving to VSR Q the maximum of angular interferogram distribution
®(e) is e; = —0.05 572 (Fig. 14(c)). The maximum of angular hologram distribution G(¢)
is e = 0.05 s~2 (Fig. 14(d)). The coordinates of the main peaks are 7, = 0.056 s and
v; = 0.0031 Hz (Fig. 14 (b)). For a source motion from VSR Q the maximum of angular
interferogram distribution ®(¢) is e; = 0.05 s~2 (Fig. 15(c)). The maximum of angular
hologram distribution G(¢) is ef = —0.05 s~2 (Fig. 15(d)). The coordinates of the main
peaks are 71 = 0.056 s, v = —0.0031 Hz (Fig. 15 (b)). This yields the following estimates for
the radial velocity and distance to the source: v, = —1.9 m/s and r = 7.8 km for the case
of source motion toward VSR Q and v, = 1.9 m/s and r = 7.7 km for the case of source
motion away from VSR Q.

One can see that results presented in the Section 7 for solving the inverse problem
of source localization in the numerical simulation agree well with the numerical model
parameters and are consistent with the results of the acoustic experiment presented in
Section 6.

8. Conclusions

The results of the analysis of the interference pattern of the sound field of a broadband
source in shallow water are presented in this paper. The experimental recordings are
processed to obtain interferograms for different paths of the source motion. The Fourier
hologram is used to analyze the experimental interferograms. It is shown that the hologram
shows a coherent accumulation of the sound intensity of the interferogram in a narrow area
as focal peaks coherently accumulate along the line passing through the origin. Further, we
have shown that the position of the focal spots in the experimental hologram depends on
the radial velocity of the source, the direction of motion, and the distance to the receiver.
The position of the main hologram peaks is on the time axis as the source moves along the
arc. It means that the radial velocity of the source is zero. The hologram peaks are located
in quadrants I and IIl when the source is moving towards the receiver. In case of the source
movement away from the receiver, the hologram peaks are located in quadrants II and IV.
The estimates of the source parameters are presented for different directions of the source
motion in the experiment. The good agreement between the experimental and estimated
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values shows the efficiency of this approach for solving source localization problems. Thus,
it is possible to use interferograms and holograms as a potential basis for the application of
holographic interferometry in passive source location. This approach allows the complex
problem of detecting a source and estimating its speed, distance, and depth to use only a
single receiver.
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