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Abstract: The method of formation of the 2D-interferogram and 2D-hologram of a noise source by
a vector scalar receiver in the high-frequency band in a shallow water waveguide is presented in
the paper. The interferograms and holograms for different channels of the vector scalar receiver are
considered. It is shown that 2D-interferogram consists of parallel interference fingers in presence of
moving noise source. As a result, the hologram contains focal points located on a straight line. At
presence of moving source the angular distribution of holograms has the main extreme value. Thus, it
is possible to detect and locate the noise source in the shallow water waveguide within the framework
of holographic signal processing. The moving direction of the noise source can be estimated by the
slope of the interference fringes and the angular coefficient of the straight line of the focal points
in the hologram domain. The results of noise filtering within the framework of holographic signal
processing are demonstrated in the paper. It is shown in the paper that within the framework of
holographic signal processing the temporal dependence of the source bearing is estimated by using
the relation between the main extreme values of angular distributions of holograms for X-channel
and Y-channel of vector scalar receiver. The results of reconstruction of the source bearing within the
framework of numerical simulation and experimental data processing. The bearing source values
reconstructed within holographic signals processing are close to the values defined by the geometry
of the source trajectory.

Keywords: shallow water; noise source; sound field; sound rays; interference; interferogram; holo-
gram; source detection; source bearing

1. Introduction

The problem of source detection and localization in shallow water has attracted
considerable interest in underwater acoustics. One of the ways to solve this problem is
Matched Field Processing (MFP) [1-4]. Within the MFP method, the signal replica is simulated
for the shallow water waveguide model, and then the source coordinates of the signal
replica closest to the experimental signal are selected as the source location. However,
the main problem of MFP is the need to use waveguide model with parameters close to
experimental waveguide. Often, it is impossible to create such a waveguide model due
to the spatio-temporal variability of the oceanic environment. Therefore, there is a need
to develop alternative methods for source detection and localization in shallow water
waveguide.

J. Mar. Sci. Eng. 2023, 1, 0. https:/ /doi.org/10.3390/jmse1010000

https:/ /www.mdpi.com/journal /jmse


https://www.mdpi.com/article/10.3390/jmse1010000?type=check_update&version=1
https://doi.org/10.3390/jmse1010000
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-4083-8046
https://orcid.org/0000-0002-4136-3081
https://orcid.org/0000-0003-2561-8854
https://orcid.org/0000-0003-2561-8854
https://orcid.org/0000-0002-8597-0959
https://orcid.org/0000-0002-3253-1100
https://doi.org/10.3390/jmse1010000
https://www.mdpi.com/journal/jmse

J. Mar. Sci. Eng. 2023,1,0

20f19

Recently, there has been a great scientific interest in interferometric signal processing
in underwater acoustics. The interferometric signal processing (ISP) is based on stable features
of the interference structure (pattern) of the broadband sound field in the shallow water
waveguide [5,6]. The sound field normal mode interference in underwater waveguides
results in specific patterns within the sound intensity distribution, observable both in the
frequency domain, as noted by Chuprov [5], and in the frequency-time domain, as outlined
by Weston and Stevens [6]. The seminal work of Chuprov [5] laid the foundation for the
mathematical theory of sound field interference in underwater acoustics. Chuprov intro-
duces the concept of the waveguide invariant — a key factor in the analysis of interference
patterns within the sound field. Such interference in underwater waveguides produces
observable, organized patterns in sound intensity seen in the frequency-time domain (see
Weston and Stevens [6]) and the frequency-range domain (Chuprov [5]). The basic princi-
ples of sound interference in underwater acoustics were established by Chuprov [5], who
also introduced the concept of waveguide invariance, which marks a critical aspect of the
interference pattern of the sound field. Notable advances in the theory of interference are
detailed in subsequent research by Grachev [7], Orlov and Sharonov [§], Ianniello [9], and
in the conference proceedings edited by Kuperman and D’Spain [10].

D’Spain and Kuperman [11] used the waveguide invariant for single hydrophone
spectrograms in shallow water environments. Heaney and Cox [12] proposed an incoherent
method for geoacoustic characterization. Thode [13] used a vertical receiving array and a
guide source to construct a virtual receiver. Hodgkiss et al. [14] used the concept to move
the focal plane in a time-reversal experiment. Thode et al. [15] studied the sidelobe structure
of a matched-field processor. Yang [16] used waveguide invariant theory for source motion
compensation. Yang [17], Rouseff and Leigh [18] Striation patterns can also be observed in
the output of a coherent processor such as a horizontal line array beamformer. In the paper
Thode [19] develops the waveguide-invariant theory for source ranging with minimal
environmental information. In the papers Rouseff and Leigh [20], Baggeroe [21], ISP is
developed for estimating invariant parameters of waveguides. In the work of Heaney [22],
ISP is used to classify the seabed based on passing ship signals. In the work of Cockrell
and Schmidt [23], the ISP is offered to estimate the source range in shallow water. The
ISP is used in Rouseff and Zurk [24] for range-independent invariant estimation. The ISP
approach is used in Harrison [25] to explain interference fringes by the arrival times of
the eigenrays. The ISP is developed in the papers of Bonnel et al. [26,27] for deep-sea
passive sonar. Wang and Gao [28-30] have applied dispersion elimination technology to
shallow water acoustic signal processing and made some research achievements. Guo
[31] proposed a method to estimate the range and depth by using a single hydrophone
based on the relationship of the horizontal wavenumber difference between two modes,
with the waveguide invariant, for low-frequency underwater acoustic pulse signals in a
range-independent shallow-water waveguide. Zhang [32] proposed a method using the
de-dispersive transform to extract the source position information from the dispersion. The
result of numerical simulation shows that the method is effective. Lee and Makris [33-35]
proposed the concept of array invariant. This approach provides reasonable source range
estimation with little computational effort, full array gain, and minimal knowledge of the
environment.

One of the most advantageous approaches of ISP is holographic signal processing (HSP)
[36—42]. The physical and mathematical principles of hologram formation were first de-
scribed by Kuz'kin and Pereselkov [36]. In papers [37] and [38] the HSP is analyzed for
low-frequency band in regular waveguide. In paper [39] the resolution of sources by HSP
is offered. In paper [40] the HSP is developed for noise source. In papers [41] and [41] and
the HSP is developed for irregular waveguide at presence of internal waves.

In the development of HSP it was assumed that acoustic signals of the source are
recorded by hydrophone (sound pressure) in low-frequency band. However, in many
useful cases acoustic signals are recorded by vector scalar receiver (VSR) [42—47] in high-
frequency band (0 — 10 kHz). VSR and high-frequency band give us additional capabilities.
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VSR allows to record the acoustic signals on fourth channels: sound pressure P(t), Vx(t),
Vy(t), Vz(t) components of vibration velocities [42—45]. Thus, it is important to consider
the HSP when using VSR in the high-frequency band.

The aim of this paper is to present the results of theoretical analysis, numerical model-
ing and experimental verification of holographic signal processing for noise source by VSR
in high-frequency band (0 — 10 kHz). The method of formation of 2D interferogram and 2D
hologram of a noise source by vector scalar receiver in high-frequency band in a shallow
water waveguide is developed in the paper. The interferograms and holograms for different
channels of the vector scalar receiver are considered. It is shown that 2D interferogram
consists of parallel interference fingers in presence of moving noise source. As a result, the
hologram contains focal points located on a straight line. At presence of moving source
the angular distribution of holograms has the main extreme value. Thus, it is possible to
detect and locate the noise source in the shallow water waveguide within the framework
of holographic signal processing. It is shown in the paper that within the framework of
holographic signal processing the temporal dependence of the source bearing is estimated
by using the relation between main extreme values of angular distributions of holograms
for X-channel and Y-channel of vector scalar receiver. The results of reconstruction of
the source bearing within the framework of numerical simulation and experimental data
processing. The bearing source values reconstructed within holographic signals processing
are close to the values defined by the geometry of the source trajectory.

The paper consists of five sections. The review of papers related to signal processing
based on waveguide invariant in shallow water is presented in Section 1. The theory
of holographic signal processing by VSR in the high-frequency band in shallow-water
waveguide is described in Section 2. The results of holographic signal processing obtained
by numerical modeling are considered in Section 3. The results of holographic signal
processing in the context of experimental data processing are analyzed in Section 4. In the
conclusion, Section 5, the presented results are summarized.

2. Holographic Method of the Signal Processing in a Shallow Water Waveguide
2.1. High-Frequency Sound Field of a Moving Source in Shallow Water

Consider the high-frequency sound field in a 3D model of a shallow water waveguide.
The vertical plane of the waveguide is shown in Figure 1. The horizontal plane of the
waveguide is shown in Figure 2. The waveguide in the coordinate system (X, Y, Z) is
represented as a layer of water with sound speed ¢(7,z). Here 7 = (x, y) is the radius vector
in the horizontal plane. The water layer is limited at depth by a free surface (z = 0) and
the sea bottom (z = H). The reflection coefficient of the water-bottom boundary is W.

_eS!
_-=" - T(X, y)
O —
W:
receiver
(¢ oving source

(xr' Yrs Zr) xs,gys, Zg

H =

bottom = ~~=
Os2
z

Figure 1. Shallow Water Waveguide Geometry. Vertical plane (7,z).
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Figure 2. Shallow Water Waveguide Geometry. Horizontal plane (x, y).

The receiver is located at point Q(xr, Yy, z;). The high-frequency sound source is
moving at point S(xs(t),ys(t),zs(t)). The velocity of the source is denoted by @. The
spectrum of the signal emitted by the source is s(w), with w = 27 f.

The complex sound pressure can be written as [48,49],

= xp (ik(w)ry xp (ik(w) 7y
P(F(t), 25,2, ) = s(w) ZO(_W)m exp ( rfm) 0) e p(l;(ﬂl) ),
Wexp(ili(c;’)rmz) _Wexp(ili(c:)rm) )

where 7(t) = |7, — 75(t)| denotes the distance between source and receiver. k(w) = w/c
denotes the sound wavenumber. Here, in (1) we used the notation

1/2
Tmj = (r2 + 22]-) , (2)
where the values Zyj are defined as follows

Zmo = 2Hm + zs — z;  zyy =2H(m+1) —z5 — 24,
Zmp = 2Hm + 254+ 24, zyz =2H(m+1) — z5 + z4; (3)
m=20,12,...; j=0,1,23.

The vibration acceleration (particle acceleration) complex field A = (Ax, Ay, Ayz) is
expressed by the sound pressure Eq. (1) in the following way [43]:

1
A=_-VP. (4)
p

Using the ray decomposition of the sound pressure field, expressions for the horizontal
acceleration components can be obtained:

. 10P
Ax (7(t), 25,2, w) = ~oox
r & exp (ik(w)r ikrpo — 1 exp (ik(w)ry1) (ikryn — 1
_ —s(w)f Z(_W)m p( ( ) m30)( mo ) . P( ( ) 31)( 1 ) (5)
pm:O "mo L
exp (ik(w)rma) (ikrmo — 1) exp (ik(w)r3) (ikrmz — 1) | or

T2 T3
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10P
Ay (7(t),zs,2r,w ——
v (7(t) ) =23
r & m [ exp (ik(w)rmo) (ikrmo — 1 exp (ik(w)r ikry,n — 1
P m=0 im0 Yo
N Wexp('k(w)rmj) (ikrmo —1) Wexp(ik(w)rm;) (ikrys — 1) gl
T2 "3 Yy

The vibration velocity (particle velocity) complex field V = (Vx, Vy, V) is expressed
by the vibration acceleration Eq. (4):
i i
V=—A=-—VP (7)
w wp

The final formulas for horizontal components of vibration velocity complex field are:
- i
VX(r(t)/ZS/Zer) = EAX

— —s(w)i—r i (—w)™ exp (ik(w)rmo) (ikrmo — 1) exp(ik(w)ry) (ikryn — 1)
wp =,

3 B 3 (8)

m m0 ml
N WP (ik(w)rmg) (ikrmp — 1) WP (ik(w)f’m;) (ikrms — 1) ﬂ,
T2 T3 dx

- i
VY(r(t)/ZS/ZT/w) - EAY =

ir & n [exp (ik(w)rmo) (ikrmo — 1 exp (ik(w)rm) (ikrm — 1
WP =0 'm0 Tm1
N WP (ik(w)rm?)z) (ikrmo — 1) WP (ik(w)rmj) (ikrms — 1) gl
T2 T3 Y

Taking into account dr/dx = cos ¢, dr/dy = sin¢, we can simplify the Eq. (8) and
Eq. 9):
Vx = Vrcos¢p, Vy = Vgrsing, (10)

where ¢ is source bearing, Vy is vibration velocity complex field in horizontal plane:

VR (P(t), 25, 2r, w)
B ir & [ exp (ik(w)rmo) (ikrmo — 1) exp (ik(w)ry) (ikrm — 1)
B _S(w)@ mgo(_W) I=h B = (11)
Wexp(ik(w)r:?) (ikryp — 1) B Wexp(ik(w)r,:;) (ikrys — 1) .
m2 m3

In the rest of the text, the following notation is used for the sound pressure: P(f, 1),
and the vibration velocity components: Vx(f,t), Vy(f,t), Vr(f,t):

P(frt) = P(7(t /ZSrerw),
Vx(f,t) = Vx(F(t), 25,27, w),
Ve (f, £) = Vi (F(t), 26,20, @), (12)
VR(f,t) = VR(7(t), 25, 2r, w).
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2.2. 2D-Interferograms of the Moving Source Formed by a Vector Scalar Receiver
In frequency-time variables (f, t) we introduce the notation for interferograms:
Ip(f,t) = P(f,)P*(f,1),
Ix(F,8) = Va (£ 0V; (£.0) )
L (f.1) = W(f, V(£ 1),
Ir(f,t) = VR(f,)V7 (£, ).

The superscript asterisk means complex conjugation. Here Ip(f,t) is the interferogram
of the sound pressure. Ix(f,t), Iy(f,t), Ir(f,t) are the interferograms of the horizontal
components of the vibration velocities. The interferogram of the sound pressure Ip(f,t) is
analyzed in detail in the papers [37,38]. The interferograms of the horizontal components of
the vibration velocities Ix(f,t), Iy (f, t), Ir(f, t) have the same structure and characteristics.
Thus, the method of description of the sound pressure interferogram described in [37,38] is
applicable to analysis of vibration velocity interferograms.

2.3. 2D-Holograms of the Moving Source Formed by a Vector Scalar Receiver

In holographic signal processing, the quasi-coherent accumulation of the intensity
distributions: Ip(f,t), Ix(f,t), Iy (f,t), Ir(f, t) in frequency-time coordinates [37,38]. The
2D Fourier transform (2D-FT) is applied to the accumulated intensity of the interferograms
I(f,t). The 2D-FT of the interferogram I(w, t) is called Fourier hologram (hologram) F(t,v).
The hologram F(7,v) allows to concentrate the intensity of the interferograms I(f,t) due
to the interference fingers in focal points.

Consider 2D holograms of sound pressure and horizontal components of vibration
velocities:

fa
Fp(t,v) = /ON /1 Ip(f, t) exp[i27t(vt — fT)] dtdf,

At f
Fx(t,v) :/0 /1 Ix(f,t) exp[i2rt(vt — ft)] dtdf, )

Fy(t,v) = /O o /f lf “Iy(f, 1) exp[i2rt(vt — f7)] dtdf,
Fr(t,v) = /0 o /f f " Ir(f,t) exp[i27(vt — fT)] dtdf.

Here v and 7 - frequency and time of the hologram domain; At - observation time;
fi2 = foF (Af/2), fo and Af - average frequency and spectrum width; the initial time
t = 0. The expression under the modulus sign describes the trajectory accumulation | of
independent complex signal amplitudes in the frequency band Af during the observation
time At. The number of samples | is determined:

At

I =5+,

(15)
where 6t1 and Jt; are the duration of the signal realizations and the time interval between
them. Realizations are independent if 6t, > 271/ Aw.

The spectral density of the hologram F(7,v) is localized in focal points, mirrored with
respect to the origin [37,38]. They are located in the first and third quadrants when the
source moves to the receiver (w < 0). They are in the second and fourth quadrants as the
source moves away from the receiver (w > 0). Focal points located in the first and fourth
quadrants are the real image of the source, and in the second and third quadrants - a virtual
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image. The spectral density of the hologram F(7,v) is mainly concentrated in the band
bounded by straight lines [37,38]:

v =&+ dv, v =E&r — v, (16)

where év = 1/At is the half-width of the focal points in the direction of the axis v, £ is the
angular coefficient of the line on which the coordinates of the focal points are located. In
the direction of the axis, the half-width of the focal spots is 6T = 1/Af. Outside this band
the spectral density of the hologram is practically suppressed. The angular coefficients of
the interference fringes ¢ f /5t are defined by the expression

_5f
§= 5 (17)

where ¢ f - frequency shift of the wave field maximum over time Jt.

2.4. Detection of the Moving Source
Consider the angular distribution of the spectral density of the holograms Fp(f, ),

Fx(f,t), Fe(f,£), Fr(f, £):
AT
Ge(x) = [ [Felr,x0)] d,

AT
Gx(0) = [ [Fx(ram)a,
(18)

AT
@m:A\H@ﬂWh
AT
Gr(0 = [ [Fr(ram)|dr,

The function G(x) has maximum value at Y = Xmax if the source is present. The direction
of the maximum value is defined by e. The maximum value of G(Xmax) is two or more
times higher than the values in the other directions (x # Xmax):

G(Xmax) = 2G(x)- (19)

The Eq. (19) is the criterion for source detection.

. If this condition is met, the source is present in the waveguide;
e if the condition is not satisfied, the source is absence.

Here AT is the linear size of the focal point along the T-axis; x is the angular coefficient of
the straight lines v = x T in the hologram domain. Information about the transfer function
of the medium is not required. If the criterion Eq. (19) is fulfilled, the estimates of the
moving source parameters (bearing, radial velocity, range, depth) in holographic signal
processing are close to the true values [37,38].

2.5. Source Bearing Estimation

Let us consider the method of source bearing estimation. The holograms Fx, Fy up
to the factors cos ¢ and sin ¢ reproduce the hologram Fr, where ¢ is the source bearing
(Figure 2) - the angle in the horizontal plane between the axis X of the VSR and the direction
to the source. Therefore

_ GY(Xmax)
tan¢g = m (20)

The determination of the direction to the source is ambiguous: the bearings £¢, 7w & ¢ are
indistinguishable. The inverse 2D Fourier transform is used to recover the interferograms
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Ix, Iy, Ir. The ambiguity of the bearing is removed by determining the sign of the ratio of

the interferograms
Ix(f.t) _ L(ft) _
R O R =

The criterion for unambiguous source bearing estimation:

e ifyx >0, vy > 0, then the source is located in the I-th quadrant of the VSR;

e ifyx <0,y > 0, then the source is located in the II-th quadrant of the VSR;

o ifyx <0,y <0, then the source is located in the IlI-th quadrant of the VSR;
e ifyx >0, vy <0, then the source is located in the IV-th quadrant of the VSR.

3. Numerical Simulation Results

Let us consider the following model of the shallow water waveguide, which is close
to the experimental waveguide. The vertical plane of the waveguide is shown in Figure 3.
The depth of the waveguide is H = 15 m. The sound velocity profile of the water layer
is constant ¢y (z) = 1400 m/s. The parameters of the liquid absorbing bottom: sound
velocity ¢, = 1780 m/s, density p, = 2.0 g/cm3. The sound source at a depth of z; = 5 m
moves along the trajectory shown in Figure 4. The source speed is v = 1.5 m/s. The
high-frequency band is Af = 9 kHz (2.5 — 11.5 kHz). The receiver is located at a point at a
depth of z; = 15 m.

0

Cw = 1400 m/s source

receiver

depth (m)

15

cb=1780m/s |

pb =2.0 glom® :

bottom

I T
1400 1800
sound velocity (m/s)

Figure 3. Model Parameters for the Shallow Water Waveguide.

The trajectory of the noise source in the horizontal plane of the waveguide is shown in
Figure 4. The source moves along a straight line (A—B—C) which is parallel to the x-axis.

X

N
receiver
(xT" yT' ZT)
Figure 4. Trajectory of the noise source. Horizontal plane. A - Starting point. B - Traverse point. C -
Finish point.

The source trajectory parameters.
*  receiver is located in point: (x, = 0m, y» = 0 m, z; = 15 m);
e source velocity: w = 1.5m/s;
e  motion time: At = 0 — 15 min;
*  motion starting point: A (xs = 150 m, ys = —675m, z; = 5m), r; = 700 m;
*  motion traverse point: B (xs = 150 m, ys = 0m, z, = 5m), r, = 150 m;
. motion finish point: C (x; = 150 m, ys = 675 m, z, = 5m), r3 = 700 m.
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The time dependence of coordinate y;(t) is:
ys(t) = —675 + 1.5t.

The time dependence of range 7s(t) between source and receiver is:

ro(t) = /(150)2 + (=675 + 151)2.

The results of numerical modeling are shown in Figures 5-10. The interferogram
of the sound pressure Ip(f,t) for the time of motion At = 0 — 15 min, in the frequency
band Af = 2.5 —11.5 kHz is shown in Figure 5. The interferogram Ip(f,t), hologram
Fp(7,v) and angular distribution Gp(x) for different cases of source motion are shown in
Figures 6-9.

Let us consider the results of numerical modeling of the interferogram Ip(f,t) for
a source moving along the trajectory A—+B—C (Figure 5) in the time-frequency domain.
It can be seen that the interferogram of the sound pressure Ip(f,t) has a quasi-periodic
structure (Ty - period in the frequency domain). If the source moves from point A to point
B, the interferogram period decreases from Ty = 9 kHz to Ty = 1.8 kHz. The slope of the
interference fringes is negative: 6f /6t = —1.5 kHz/min. When the source passes through
the traverse zone, the interferogram period is Ty = 1.8 kHz. The interference fringes are
parallel to the f axis. As a result, 6f/6t = 0 kHz/min. As the source moves from point B to
point C, the interferogram period increases from Ty = 1.8 kHz to Ty = 9 kHz. The slope of
the interference fringes is positive: 6f /6t = +1.5 kHz/min.

f (kHz)

0 5 10 15
t (min)

Figure 5. Interferogram Ip(f, t) of a source moving along the trajectory A—B—C in the frequency
band Af =2.5—-11.5kHz.

The interferogram Ip(f,t), hologram Fp(7,v) and angular distribution Gp() for three
cases of source motion are shown in Figures 6-9.

The Ip(f,t), Fp(t,v) and Gp()) for the case of the source moving from point A to
point B in the time interval At = 2.5 — 4.2 min are shown in Figure 6. It can be seen that the
slope of the interference fringes is negative: 6 f /6t = —1.5 kHz/min on the interferogram
(Figure 6 (a)). As a result, the focal points lie on a straight line v = &t with an angular
coefficient &€ = 40 Hz/s in the hologram Fp(7,v) domain (Figure 6 (b)). The angular
distribution Gp(x) has an extreme value at point y ~ —0.025 52 (Figure 6 (c)).

The Ip(f,t), Fp(t,v) and Gp(x) for the case of the source moving at point B (traverse)
in the time interval At = 6.7 — 8.4 min are shown in Figure 7. It can be seen that the slope
of the interference fringes is approximately zero. d f /6t = 0 kHz/min on the interferogram
(Figure 7 (a)). As a result, the focal points are located at points on a straight line v = &t
with an angular coefficient of € = 0 Hz/s in the hologram Fp(7,v) domain (Figure 7 (b)).
The angular distribution Gp () has an extreme value at the point x ~ 0 s~2 (Figure 7 (c)).
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Figure 6. Interferogram Ip(f, t) (a), hologram Fp(t,v) (b), angular distribution Gp(x) (c).
Time: At = 2.5 — 4.2 min. Frequency: Af = 2.5 —11.5kHz.
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Figure 7. Interferogram Ip(f, t) (a), hologram Fp(t,v) (b), angular distribution Gp(x) (c).
Time: At = 6.7 — 8.4 min. Frequency: Af =2.5—11.5kHz.

The Ip(f,t), Fp(7,v) and Gp() for the case of the source moving from point B to point
C in the time interval At = 10.8 — 12.5 min are shown in Figure 8. It can be seen that the
slope of the interference fringes is negative. 6 f /5t = +1.5 kHz/min on the interferogram
(Figure 8 (a)). As a result, the focal points are on points on a straight line v = &t with

an angular coefficient of € = —40 Hz/s in the domain of the hologram Fp(7,v) (Figure 8
(b)). The angular distribution Gp(x) has an extreme value at the point y ~= +0.025 s>
(Figure 8 (c)).
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Figure 8. Interferogram Ip(f, t) (a), hologram Fp(t,v) (b), angular distribution Gp(x) (c).
Time: At = 10.8 — 12.5 min. Frequency: Af = 2.5 —11.5 kHz.

The structure of interferograms Ix(f,t), Iy (f,t), Ir(f, t), holograms Fx(t,v), Fy(T,v),
Fr(7,v) and its angular distributions Gx(x), Gy(x), Gr(x) are the same as shown in
Figures 6-8:

e  The interferograms Ix, Iy, Ig have the same slope of the interference fringes as Ip;
e the focal points are on the same straight line v = &t with the same angular coefficients
in the hologram domain of Fy, Fy, Fr as in the hologram domain of Fp;
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e the angular distributions of the holograms Gy, Gy, Gr have an extreme value at the
same points.

-0.1 0, O1

(@ (b) (©

Figure 9. Angular distribution of holograms Gx(x) (for Vx) and Gy (x) (for Vy). Time: (a) At =
2.5 — 4.2 min; (b) At = 6.7 — 8.4 min; (c) At = 10.8 — 12.5 min. Frequency: Af = 2.5 — 11.5 kHz.

The angular distributions of the holograms Gy, Gy for three cases of source motion
(At = 2.5 — 4.2 min; At = 6.7 — 8.4 min; At = 10.8 — 12.5 min) are shown in Figure 9. It can
be seen that the shapes of Gx and Gy, but the extreme values are different: - time interval
At = 25— 42 min: Gy(Xmax)/Gx(Xmax) & —2.5. This value of |tan ¢| corresponds to
¢ ~ —68 degrees; - time interval At = 6.7 — 8.4 min: Gy (Xmax)/Gx(Xmax) = 0. This
value of |tan¢| corresponds to ¢ ~ 0 degrees; - time interval Af = 2.5 —11.5 kHz:
Gy (Xmax)/Gx (Xmax) = +2.5. This value of | tan ¢| corresponds to ¢ ~ +68 degrees.

Using Eq. (20) | tan ¢| = Gy (Xmax)/ Gx (Xmax) and Eq. (21) the time dependence of the
source bearing ¢(t) can be calculated. The source bearing ¢(t) reconstructed by numerical
modeling for the time interval At = 0 — 15 min is shown in Figure 10. The blue solid line -
source bearing corresponding to the trajectory geometry. The red dots - source bearings
reconstructed by holographic signal processing. It can be seen that the source bearing
values reconstructed within the numerical simulation are close to the true values.

90
45

0
-45
90F

¢ (degree)

0 5 10 15
t (min)

Figure 10. Time dependence of the source carrying ¢(t). Time: At = 0 — 15 min. Frequency:
Af = 2.5 —11.5 kHz. The blue solid line - source bearing according to the trajectory geometry. The
red dots - source bearings reconstructed by holographic signal processing.

4. Experimental Results

Let us consider the experimental results of holographic signal processing in the high-
frequency band in a natural shallow water waveguide. The depth of the water layer is
H = 8 — 10 m. The distance from the coast 7 ~ 2 km. Three VSRs (VSR1, VSR2, VSR3) are
placed at the vertices of the triangle at the bottom of the waveguide (Figure 11). A small,
low-noise underwater source is used in the experiment for noise signal emission. The
source velocity is w = 1.5 m/s. The source depth is z; = 4 m. The noise source trajectory
(A—B—C) in the horizontal plane of the experimental shallow water waveguide is shown
in Figure 11.

The source trajectory parameters (Figure 11).

. motion time: At = 0 — 18 min;
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*  motion starting point: A;

. motion start time: t = 14 : 13;

*  motion first track: along a straight line from point A to point B;

e  motion first track time: t = 14 : 13 — 14 : 24;

*  motion turning point: B;

. motion turning time: ¢ = 14 : 24;

*  motion second track: along a straight line from point B to point C;

e  motion second track time: t =14 : 24 — 14 : 31;

. motion finish point: C;

e  motion finish time: t = 14 : 31;

e distance between point A and receiver VSR1 ~ 990 m;

¢  distance between point A and receiver VSR2 ~ 740 m;

e distance between point A and receiver VSR3 ~ 810 m;

. distance between receiver VSR1 and receiver VSR2 & 450 m;

e  distance between receiver VSR1 and receiver VSR3 ~ 440 m;

e  distance between receiver VSR2 and receiver VSR3 ~ 410 m;

e  distance between receiver VSR1 and line connecting the receivers VSR2 and VSR3
~ 390 m.

Figure 11. Experimental noise source trajectory. Horizontal plane. A - Starting point. B - turning
point. C - finish point. VSR1, VSR2, VSR3 - positions at the vertices of the triangle at the waveguide
bottom.

Let us consider experimental results of interferogram Ip(f, t) for source moving along
trajectory A—B—C (Figures 12-14) in time-frequency domain. The experimental results
are obtained for frequency band Af = 0 — 2 kHz and time interval At = 14 : 10 — 14 : 35.
The motion of the first track A— B starts at 14:13. The motion of the first direct track A—B
ends at 14:24. Point B is the turning point. Motion second reverse track B—C begins at
14:24. Motion second backward track B—C ends at 14:31. Duration of motion along the
A—B—C trajectory At = 17 min.

During the experiment, the hydroacoustic signals of the moving noise source were
recorded by four VSR channels: sound pressure P and three vibration velocity components
Vx, Vy, Vz. The experimental interferogram Ip(f,t) for receiver VSR1 is shown in the
Figure 12. The experimental interferogram Ip(f,t) for receiver VSR2 is shown in the
Figure 13. The experimental interferogram Ip(f,t) for receiver VSR3 is shown in the
Figure 14. The change in the slope of the interference fringes indicates the movement of the
source dynamics relative to the location of each VSR. In the case of the source moving from
point A to the traverse point for each VSR, the slope of the interference fringes is negative
6f /6t <0, the period of the interferogram decreases Ty. It can be seen from the trajectory
geometry (Figure 11) and experimental interferograms (Figures 12-14) that the traverse
point time of the first motion track A— B is different for different VSR. The traverse point
times are 14:21 (VSR1), 14:17:30 (VSR2), 14:17 (VSR3). The slope of the spurious fringes is
zero approximately 6f /6t = 0 for all VSR at the traverse points. When the noise source
moves from the traverse point to the turning point B, the slope of the interference fringes is
positive 6f /6t > 0, the period of the interferogram increases Ty. The turning point B time
is the same for each VSR - 14:24. In case the source moves from point B to traverse point for
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each VSR, the fringes slope is negative 6f /6t < 0, the interferogram period decreases Ty
again.

f (kHz)

t (min)

Figure 12. Experimental interferogram Ip(f,t) of the sound pressure of a noise source moving along
the trajectory A—B—C. Receiver: VSRI1. Frequency Af = 0 — 2 kHz. Time At =14 :10 — 14 : 35.

15 20 25 30
t (min)

Figure 13. Experimental interferogram Ip(f,t) of the sound pressure of a noise source moving along
the trajectory A—B—C. Receiver: VSR2. Frequency Af = 0 — 2 kHz. Time At =14 :10 — 14 : 35.

f (kHz)

t (min)

Figure 14. Experimental interferogram Ip(f,t) of the sound pressure of a noise source moving along
the trajectory A—B—C. Receiver: VSR3. Frequency Af = 0 — 2 kHz. Time At =14 :10 — 14 : 35.

The traverse point time of the second track B—C is different for different VSRs. The
traverse point times are 14:27 (VSR1), 14:30:00 (VSR2), 14:31:00 (VSR3). In the case of the
source moving from traverse point C to for each VSR, the slope of the interference fringes
is positive 6f /6t > 0, the interferogram period increases T¢. When the noise source moves
from the traverse point to the finish point C, the slope of the interference fringes is positive
0f /6t > 0, the period of the interferogram increases Ty. The time of the end point C is the
same for each VSR - 14:31.

The interferogram Ip(f,t), the hologram Fp(7,v) and the angular distribution Gp ()
for different moments of the source motion are shown in Figures 15-19. The parameters of
holographic signal processing are as follows. The frequency band from 0.7 kHz to 1.7 kHz,
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Af = 1.0 kHz. The 1Hz is a step in the frequency domain. The time interval is At = 60
sec with the parameters: 6t; = 1.5, 6t = 0.5 s. The single interferogram consists of a
spectrum of | = 30 temporary implementations.

The source was turned off at the beginning of the experiment. The interferogram
Ip(f,t), hologram Fp(t,v) and angular distribution Gp () corresponding to t = 14 : 13 and
VSR1 are shown in Figure 15. It can be seen (Figure 15 (a)) that the interferogram Ip(f,t) is
a set of horizontal and vertical fringes. As a result, the hologram Fp(7,v) (Figure 15 (b)) is a
set of random focal spots. The angular distribution Gp() has a set of peaks corresponding
to other distant sources moving to and from VSRI.

0
05 025 0 025 05
-2
X!S

(©

ot
08 10 12 14 16
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Figure 15. Interferogram Ip(f, t) (a), hologram Fp(t,v) (b), angular distribution Gp(x) (c).
Time: t = 14 : 13 min. Frequency: Af = 0.7 — 1.7 kHz. Receiver: VSR1.

The interferogram Ip(f, t), hologram Fp(t,v) and angular distribution Gp()) corre-
sponding to t = 14 : 20 and VSR1 are shown in Figure 16. The source moved from point A
to the reverse point of VSR1 (Figure 11). It can be seen that the slope of the interference
fringes is negative df /0t = —0.9 < 0 kHz/min. As a result, the focal points are located at
points on a straight line v = &t with an angular coefficient & = 20 Hz/s in the hologram
Fp(7,v) domain (Figure 16 (b)). The angular distribution Gp(x) has an extreme value at
the point y ~ 0.012 572 (Figure 16 (c)).

0 3 5
08 10 12 14 16
f (kHz)

(@)

Figure 16. Interferogram Ip(f, t) (a), hologram Fp(7,v) (b), angular distribution Gp(x) (c).
Time: ¢ = 14 : 20 min. Frequency: Af = 0.7 — 1.7 kHz. Receiver: VSR1.

At t = 14 : 23 the source moved from A—B from the traverse point for VSR1 to point
B (Figure 11). The interferogram Ip(f,t), hologram Fp(7,v) and angular distribution Gp(x)
corresponding to ¢ = 14 : 23 and VSR1 are shown in Figure 17. It can be seen that the slope
of the interference fringes is positive 6 f /5t = 0.5 > 0 kHz/min. There are two groups of
focal points on different straight lines v = &7 in the hologram Fp(7, v) domain (Figure 17
(b)). One of them corresponds to € = —10 Hz/s. The other corresponds to & = —5 Hz/s.
The angular distribution Gp(x) has a main extreme at the point x ~ —0.007 s~ (Figure 17

(©)-
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Figure 17. Interferogram Ip(f, t) (a), hologram Fp(t,v) (b), angular distribution Gp(x) (c).
Time: ¢ = 14 : 23 min. Frequency: Af = 0.7 — 1.7 kHz. Receiver: VSR1.

At the end of the experiment (t = 14 : 30), the source moved from the traverse point
for VSR1 to point C (Figure 11). The interferogram Ip(f,t), hologram Fp(T,v) and angular
distribution Gp() corresponding to t = 14 : 30 and VSR1 are shown in Figure 18. It can
be seen that the slope of the interference fringes is positive 6f /6t = 0.4 > 0 kHz/min.
There are two groups of focal points on different straight lines v = &t in the hologram
Fp(t,v) domain (Figure 18 (b)). One of them corresponds to & = —11 Hz/s. The other
corresponds to € = —6 Hz/s. The angular distribution Gp () has a major extreme at the
point x ~ —0.006 52 (Figure 18 (c)).

t (sec)
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Figure 18. Interferogram Ip(f, t) (a), hologram Fp(t,v) (b), angular distribution Gp(x) (c).
Time: t = 14 : 30 min. Frequency: Af = 0.7 — 1.7 kHz. Receiver: VSR1.

The results of holographic signal processing noise filtering are shown in Figure 19 for
VSR1, time t = 14 : 19 min, frequency band Af = 0.7 — 1.7 kHz. The interferogram Ip(f, t),
hologram Fp(7,v) and angular distribution Gp()) corresponding to t = 14 : 30 for the
experimental data are shown in Figure 19 (a), (b), (c). The results of noise filtering are shown
in Figure 19 (d), (e), (f). It can be seen that the interference fringes of the experimental
interferogram Ip(f,t) are blurred (Figure 19 (a)). The focal points of the hologram Fp(7,v)
are in the background noise (Figure 19 (b)). The filtering of the spectral density of the
hologram Fp(7,v) is carried out in the band represented by the dotted line (Figure 19 (e)).
It can be seen that the extreme values at the point are the same for the experimental angular
distribution Gp () (Figure 19 (c)) and for the angular distribution Gp(x) after noise filtering
(Figure 19 (f)). The filtered interferogram Ip(f, t) is in (Figure 19 (d)). It can be seen that
the filtered interferogram has more contrast. The interference fringes have the same slope
angle.

Using Eq. (20) | tan ¢| = Gy (Xmax)/ Gx (Xmax) and Eq. (21) the time dependence of the
source bearing ¢ () can be calculated. The source bearing ¢ (t) reconstructed by holographic
signal processing of experimental data for time interval At = 14 : 10 — 14 : 35 min and
frequency band Af = 0.7 — 1.7 kHz is shown in Figures 20-22. The Figure 20 corresponds
to VSRI. The Figure 21 corresponds to VSR2. The Figure 22 corresponds to VSR3. The blue
solid line - source bearing corresponding to the trajectory geometry. The red dots - source
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Figure 19. Results of the noise filtering in holographic signal processing. (a) Interferogram Ip(f,¢) -
experiment. (b) Hologram Fp(t,v) - experiment. (c) Angular distribution Gp(x) - experiment. (d)
Interferogram Ip(f, t) - noise filtering result. (e) Hologram Fp(t, V) - noise filtering result. (f) Angular
distribution Gp()) - noise filtering result. Time: { = 14 : 19 min. Frequency: Af = 0.7 — 1.7 kHz.
Receiver: VSR1.

bearings reconstructed by holographic signal processing. It can be seen that the source
bearings reconstructed by holographic signal processing are close to the experimental
values.
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Figure 20. Temporal dependence of the source bearing ¢(t). Receiver: VSR1. Time: At = 14 :
10 — 14 : 35 min. Frequency: Af = 0.7 — 1.7 kHz. The blue solid line - source bearing according to the
trajectory geometry. The red dots - source bearings reconstructed by holographic signal processing of

the experimental data.

5. Conclusions

The method of formation of 2D interferogram and 2D hologram of a noise source
by a vector scalar receiver in the high-frequency band (~ 0 — 10 kHz) in a shallow water
waveguide (= 10 m) is presented in the paper. The interferograms Ip(f, t), Ix(f, ), Iy (f, )
and the holograms Fp(7,v), Fx(t,v), Fy(7,v) for different channels of the VSR: P - sound
pressure; Vx, Vy - horizontal components of vibrational velocities are considered for
different frequency bands.

It is shown that the 2D interferogram consists of parallel interference fingers in the
presence of a moving noise source. As a result, the hologram contains focal points located
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Figure 21. Temporal dependence of the source bearing ¢(t). Receiver: VSR2. Time: At = 14 :
10 — 14 : 35 min. Frequency: Af = 0.7 — 1.7 kHz. The blue solid line - source bearing according to the
trajectory geometry. The red dots - source bearings reconstructed by holographic signal processing of
the experimental data.
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Figure 22. Temporal dependence of the source bearing ¢(t). Receiver: VSR3. Time: At = 14 :
10 — 14 : 35 min. Frequency: Af = 0.7 — 1.7 kHz. The blue solid line - source bearing according to the
trajectory geometry. The red dots - source bearings reconstructed by holographic signal processing of
the experimental data.

on a straight line v = &t with an angular coefficient & In presence of moving source
the angular distribution of holograms Gp(x), Gx(x), Gy(x) has the main extreme value
at Xmax- Thus, it is possible to detect and locate the noise source in the shallow water
waveguide within the framework of holographic signal processing by using this feature of
the hologram and its angular distribution.

The moving direction of the noise source can be estimated from the slope of the
interference fringes and the angular coefficient of the straight line v = &t of the focal points
in the hologram. When the noise source moves to the VSR, the slope of the interference
fringes has a negative value 6f/Jt < 0. The hologram focal points are in the first and
third quadrants of the hologram domain & > 0. The coordinate of the main extreme value
(Xmax > 0) of the angular distribution Gp(x) is in the positive range. When the noise
source moves away from the VSR, the slope of the interference fringes has positive value
0f /6t > 0. The hologram focal points are located in the second and fourth quadrants of
the hologram domain & < 0. The coordinate of the main extreme value (xmax < 0) of the
angular distribution Gp () is in the negative range. When the noise source moves in the
traverse point of the VSR, the interference fringes are parallel to the frequency f-axis in
the interferogram domain. The hologram focal points are located on the time 7-axis in
the hologram domain: & = 0. The coordinate of the main extreme value (max = 0) of the
angular distribution Gp() is located at the origin of the axis.

The results of noise filtering within the framework of holographic signal processing
are presented in the paper. It is shown that the interference fringes of the experimental
interferogram are blurred. The focal points of the hologram lie in the background noise.

The extreme values Ymax are at the same points for the experimental G} (x) and for G{; (x)
after noise filtering. The filtered interferogram Ip(f,t) becomes more contrasted. The
interference fringes have the same slope angle.

It is shown in the paper that within the framework of holographic signal processing
the temporal dependence of the source bearing ¢(t) is estimated using the relation between
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Gx(Xmax) and Gy (Xmax). The results of the source bearing reconstruction within the
framework of numerical simulation and experimental data processing. The values of the
source bearings reconstructed within the framework of holographic signal processing are
close to the values defined by the geometry of the source trajectory.
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