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Abstract: The paper describes an algorithm for determining the depth of a sound source using a multielement bottom linear
antenna, based on measurements of differences in signal delays in a multipath channel. The accuracy of the algorithm is con-

firmed by simulation and verified experimentally.
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1. INTRODUCTION

Hydroacoustic surveillance systems are intended
to detect marine intruders that cross the border of a
protected area [1-3]. These systems are usually bot-
tom low-frequency linear arrays (LFLA) consisting
of acoustic receivers spaced at a distance from units
to tens of meters from each other [1].

The main objective of such LFLA is to identify
intruders (usually submarines, manned and un-
manned underwater vehicles) from a variety of ob-
jects crossing the border. Normally, it is not prob-
lematic for LFLA to detect them. The situation is
more complicated with their classification. The
identification of an intruder as an underwater or
surface object is commonly based the differences
between the spectra of the carrier and amplitude
envelopes of such objects [4—12]. However, the
problem is that an underwater intruder can effec-
tively adjust its noise profile to that of a surface
ship, this being a well-proven technology. US Navy
submarines, for instance, are equipped with systems
that allow a submarine noise to be masked as a
noise of a surface ship.

In view of the above, it is of practical interest to
create alternative methods and algorithms for clas-
sification of underwater intruders. In this sense, the
most effective method is to determine the depth of
the detected object, since it is rather difficult to arti-
ficially disguise this parameter.

The distance and depth of a sound source can be
calculated based on the multipath propagation of a

source signal in an ocean waveguide [14]. The es-
sence of this method lies in the fact that the auto-
correlation function (ACF) of the source broadband
noise shows the correlation maximums (CM)
(Fig. 1) caused by coherent signals propagating
along different acoustic rays. The abscissa of each
CM is equal to the relative delay of the arrival of
each pair of rays at the antenna, and the width, to
the inverse value of the signal frequency band.

Since this delay carries information about the
source coordinates, solving a system of equations
that relate these coordinates to the value of the rela-
tive delay of acoustic rays, it is possible, in theory,
to determine the source location.
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Fig. 1. An ACF of a sound source multipath broadband signal. The
graph starts with a 3-ms delay to exclude the highest correlation
maximum at zero delay that does not carry any useful information.

A large number of algorithms have been devel-
oped to implement this method in practice [13-23].
At the same time, the studies have shown that both
the method itself and the algorithms implementing
it have a significant drawback, which is the ambi-
guity of the result obtained. This drawback can be
eliminated with the use of additional information.
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This paper proposes an algorithm for determining
the depth of a sound source, which allows classify-
ing objects passing over a bottom linear antenna.

2. JUSTIFICATION OF THE ALGORITHM

The geometry of the problem is illustrated in Fig. 2.

Several acoustic rays, along which the object
noise is propagated, arrive at the input of each
LFLA receiver. We distinguish two of them:

. a direct ray (red line);
o a ray once reflected from the sea surface
(green line).

They differ from the other rays in that they are most
intense due to the minimum number of reflections from
the waveguide boundaries, and therefore, the corre-
sponding CM in the ACF has the highest level.

The relative delays in the arrivals of the two dis-
tinguished rays at the receiver is given as

JR*+4-H -H —R
= — (1)

Tl2 - s
c

where R is the slant (shortest) distance between
the object and the receiver; H, is the sea depth; H,
is the depth of the object-intruder; c is the average
speed of the sound signal propagation in the wave-
guide calculated based on the measured vertical dis-
tribution of the sound velocity.

The magnitude of the relative delay 712 is deter-
mined as follows: first, the ACF of the source
broadband noise is calculated at the receiver output,
where the object noise has the highest level (this
receiver is designated as Receiver m,), then, the
CM with the largest value is identified in it, and,
finally, its abscissa is found, which is equal to the
sought delay ti2.

Since the sea depth H,, in the area where the
LFLA is installed and the parameters of 112 and ¢
are known, to calculate the depth H, of the sub-
merged object from formula (1), it is necessary to
find the slant distance R between the source and
Receiver m,. For this purpose, we use the range-
difference method [24], based on measuring delays
of signal arrivals at three receivers, determined as
the abscissas of the largest CMs in the cross-
correlation function (CCF) of the signals at the out-
put of each pair of the receivers.
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Let us select 3 receivers: Receiver m,, with the
highest level of the object noise, and two more, Re-
ceivers m-1 and m+1, symmetrically located relative
to the first one. It is essential that the distance L be-
tween the receivers be maximum, but not exceed
the signal coherence interval (30—40 wavelengths at
frequencies below 1 kHz and 50 wavelengths at
frequencies above 1 kHz) at the upper frequency of
the frequency range used to measure the CCF [25].
It should be noted that the coherence interval values
given are rather averaged and are valid for open
water areas. In shallow areas with difficult relief of
the seabed and configuration of the vertical distri-
bution of sound velocity, the coherence interval can
be significantly smaller.

In this manner, we determine the relative delay
T- between the source signals at the outputs of Re-
ceivers m, and m-1, as well as the relative delay t+
at the outputs of Receivers m, and m+1, and then
calculate the slant distance between the source and
Receiver m, by the formula:

~ 2-L2—cz-(ti+rf)

2-co(t,+1) @

Together with the slant distance, using the meas-
ured delays t- and t+, we can calculate angle a (Fig.
Al) with the vertex at the point where Receiver m,
is located between the antenna line and the direc-
tion to the object:

(c % +R)2 (G

oL = arccos . 3)
4-L-R

Formulas (2) and (3) are derived in the appendix.

As a result, from Formula (1), we obtain the
depth of the object’s location:

. 2 —_ 2
HU — (C 1124+1§) R . (4)

The described algorithm is efficient when the
following two conditions are met:

(1) the CM level in the ACF and CCF exceeds the
specified threshold value under the background
fluctuations;

(2) the RMS error of the CM abscissa measure-
ments is significantly lower than the measurand.
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Fig. 2. Geometry of the problem: (1) intruder; (2) linear antenna of the LFLA; (3) LFLA receivers; (4) direct acoustic ray along which the
intruder noise is propagated to the LFLA; (5) acoustic ray once reflected from the sea surface; Hn — sea depth; H, — depth of the object-
intruder; R — slant (shortest) distance between the object and Receiver mo, at which the noise of the object has a maximum level.

The first condition is met if, under the assump-
tion of complete coherence of the direct and reflect-
ed rays, the following inequality is valid [18, 19]:

q
O,cr —\/2 Af-T-K, K, (C]+1) >0, (5)
where Qucr 1s the CM excess of the background
fluctuations in the ACF, called output signal-to-
noise ratio (SNR); Af is the bandwidth in which
ACEF is calculated; T is the ACF accumulation time;
Ka, Keris the ratio, respectively, of the power of the
direct ray and the ray once reflected from surface to
the total power of all rays at the receiver output; ¢
is input SNR (in terms of power) in the frequency
band Af; QOmr is the threshold value of the output
SNR, usually equal to 5.

The second condition is satisfied if
T,>3-0_, (6)

where o: is the RMS error of the CM abscissa
measurements in the ACF or CCF, defined as fol-
lows [26]:

1

o, =——. (7)
Af-q

When the CCF is calculated under the assump-

tion of coherence of the direct and reflected rays

and in the absence of correlation of interference at

the output of two spaced receivers, the first condi-

tion is satisfied if the following inequality is true
[18, 19]:

B Af-T
QCCF _\/(1+q11)-(1+q21)+1 >chr’ (8)

where ¢; is the SNR at the output of the i-th receiver.

By periodically determining the slant distance
and depth of the object, it is possible to calculate its
motion parameters — heading K,, speed V,, and
depth H,.

3. ALGORITHM SIMULATION

The simulation was aimed to estimate the accu-
racy of determining the depth of an object, as well
as the distance to it, based on a specific example.

The simulation was conducted for the following

conditions:

e seadepth —200 m;

e sound speed at the bottom — 1460 m/s;

e object depth — 180 m;

e distance between the receivers in the antenna —
20 m;

e the frequency band in which the CCF and ACF
are calculated varies from 100 to 2000 Hz;

e the SNR (in terms of power) in the frequency
band at the moment when an object is crossing
the antenna line varies from —15 to +35 dB.
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The horizontal projection of the object’s path of

motion relative to the antenna is shown in Fig. 3.
Object

Object trajectory
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@

Fig. 3. Horizontal projection of the object’s motion relative to the
antenna.

The simulation consisted of the following:

e the frequency band and SNR values were se-
lected from the specified intervals;

e the intervals of delay variations in the ACF and
CCF were calculated for the depth of the object
from 10 to 190 m. For the ACF, they were from
20 to 190 ms, and in the CCF — from 0 to 8.4 ms;

e the object’s path of motion was calculated; in
so doing, it was divided into intervals of meas-
uring 10 accumulations of the ACF and CCF,
each lasting 200 ms;

e for each i-th interval, the slant distance be-
tween the object and the nearest receiver was
calculated, as well as the distance between the
object and two neighboring receivers, those on
the right and left;

e at the interval of each 200 ms-accumulation, digi-
tal methods were used to generate the object
noise with a spectrum in the selected frequency
band, decreasing according to the law of /2;

e depending on the calculated distances, the gen-
erated noise of the object was recalculated at
the outputs of the three receivers according to
the spherical law;

e simultaneously, on the interval of each accu-
mulation, a broadband interference was gener-
ated at the output of each of the three receivers,
decreasing in accordance with the law of %;

e on each interval, the accumulated ACF signal-

and-interference mixtures at the output of the
receiver closest to the object and two CCF of
the signal-and-interference mixtures at the out-
put of the receiver closest to the object and
each of the neighboring receivers were calcu-
lated. An example of the calculated ACF is
shown in Fig. 4, and the CCF, in Fig. 5;
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Fig. 4. An example of the calculated ACF with the highest CM for a
delay of 216.8 ms caused by the interference of the direct ray and the
ray once reflected from the surface, and the second highest CM for a
delay of 244.8 ms caused by the interference of the direct ray and the
ray once reflected from the seabed and then from the surface.
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Fig. 5. The calculated CCF of signals at the output of the receiver
closest to the object and the one adjacent to it on the left (red line), as
well as at the output of the receiver closest to the object and the one
adjacent to it on the right (blue line). The CMs in the CCF corre-
spond to the delays in the propagation of the object’s noise to the
corresponding receivers.

e in the calculated ACF, we identified 2 or 3 max-
imums that were highest against the background
and determined their abscissas, then we com-
pared them with the abscissas of the maximums
identified in the previous processing cycles.
Thus, we found the abscissa 112 of the maximum
corresponding to the interference of the direct
ray and the ray that was once reflected from the
surface. This procedure is necessary because,
for various reasons, this maximum does not al-
ways exceed the background to the greatest ex-
tent. To illustrate this statement, in Fig. 6 we
show, depending on time, the delays between
the direct ray and the ray reflected from the sur-
face (dashed green line), as well as between the
direct ray and the ray reflected first from the
seabed, then from the surface (dashed blue line),
and also, the abscissa of the maximum of the

greatest level (solid red line);
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Fig. 6. The calculated delay-time dependences between the direct ray
and the one reflected from the surface (dashed green line) and be-
tween the direct ray and the one reflected first from the seabed, then
from the surface (dashed blue line), as well as the abscissa of the
highest peak value in the simulated ACF (solid red line).

e in cach of the two calculated CCFs, we identi-
fied narrowband CMs that significantly ex-
ceeded the background and determined their
abscissas - and 1+. The dynamics of changes in
the position on the axes of these abscissas and
their theoretical values during the object mo-
tion are shown in Fig. 7;

Fig. 9. Determination of the object’s depth while it was crossing the
antenna line with a bandwidth of 1000 Hz for calculation of the CCF and
the SNR 13.6 dB when the object was above the antenna. The blue line is
the theoretical dependence, and the red line is the simulation result.

e the calculated values of these parameters were
compared with their values specified based on
the model of the object’s motion. The results
obtained were used to calculate the estimation
errors AR; and AH;;

e after the simulation of the object’s path, we
calculated the RMS errors of the estimates of
the slant distance and the object’s depth for the

. : selected frequency band and SNR.
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slant distance to the object R; (the result is
shown in Fig. 8) and the depth of the object H;
(the result is shown in Fig. 9);
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Fig. 8. Determination of the slant distance to an object while it was
crossing the antenna line in a bandwidth of 1000 Hz for calculation
of the CCF and the SNR 13.6 dB when the object was above the
antenna. The blue line is the theoretical dependence, the red line is
the simulation result.
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Fig. 10. Dependences of the RMS errors in the estimation of the
distance to the object (blue line) and its depth (red line) in the band-
width in which the ACF and CCF are calculated, with the SNR 13.6
dB at the moment when the object is passing over the antenna.
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Fig. 11. Dependences of the RMS errors in the estimation of the
distance to the object (blue line) and its depth (red line) on the SNR
at the receiver output at the moment when the object is crossing the
antenna line at a frequency band of 1000 Hz in which the ACF and
CCF are calculated.
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Figure 10 shows the dependences of the RMS
errors of the distance and depth estimates on the
frequency band, and Fig. 11, on the SNR.

It follows from the figures:

e with the SNR 13.6 dB at the moment of the ob-
ject passing over the antenna and a frequency
band greater than 1000 Hz, the RMS error in
the estimation of the distance to the object does
not exceed 8 m, and the object depth, 12 m;

e at a frequency band of 1000 Hz and the SNR
10 dB at the moment of the object passing over
the antenna, the distance and depth are deter-
mined with similar accuracy.

In conclusion, we should make an important re-
mark. The simulation results were obtained for the
case when antenna has only one noisy object within
its view. If there are more than one sound sources,
the number of CMs in the ACF and CCF increases
many times, which significantly complicates the
problem solution, since the algorithm will be gener-
ating coordinates of not only real objects, but false
ones as well. In addition, there may be a situation
when the calculations of the distance and depth cal-
culated by formulas (2) and (4) will use the CM in
the ACF corresponding to one object, and the CM
in the CCF, to another one.

The way out of this situation is to trace the dis-
tance and depth estimates in time, which will allow
rejecting false objects.

4. EXPERIMENTAL VERIFICATION
OF THE ALGORITHM

The algorithm was verified using the experi-
mental data obtained during the tests of an engineer-
ing fiber-optic towed streamer in the waters of Lake
Ladoga in 2022 [27]. A 100 m long towed streamer,
consisting of 309 fiber-optic sensors, was laid on the
seabed at a depth of 23 m. The sound speed all over
the entire water layer was constant — 1430 m/s.

The distance from the towed streamer to the shore
did not exceed 500 m. The coordinates of the towed
streamer ends were determined with the receiver of a
differential satellite navigation system (DSNS). Dur-
ing the tests, signals from each antenna receiver in
the frequency band of up to 4 kHz were stored in the
laptop memory with precise time reference.

A broadband acoustic generator, used as a noisy
object, was towed by a boat at a speed of 1.0 m/s at
a depth of 12.5 m. The boat coordinates were de-
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termined with the DSNS and stored in the laptop
memory with precise time reference. The experi-
mental data were processed using the methodology
described above. The duration of one processing
cycle was 0.5 s.

During data processing it became clear that there
were a lot of local noise sources in the test area that
showed themselves as a large number of CMs in the
ACF and CCF formed by both direct signals from
sources and their reflections from the seabed, sur-
face and coastline. An example of the calculated
ACF is shown in Fig. 12.
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Fig. 12. An example of the ACF calculated with the use of experimental
data. For the sake of clarity, the largest CM with zero delay that does not
carry any useful information is excluded from the graph.

Therefore, the following measures were taken to
identify the emitter’s trajectory:

e the delay ranges in the ACF and CCF corre-
sponding to the depth of the region and possi-
ble distances between the object and the towed
streamer were calculated; during signal pro-
cessing, the CMs were identified in the ACF
and CCF only within these ranges;

e the coordinates of the objects calculated at
each processing cycle were traced in time,
which made it possible to reject stationary and
false sources.

Figure 13 shows the results obtained during the
experiment, when the emitter was moving away
from the towed streamer at a speed of 1 m/s. The
red line corresponds to the estimates of the slant
distance to the object, the blue one, to the estimates
of the depth of the object’s location.

The dashed lines show the real values of the dis-
tance and depth. The average errors in the distance
and depth estimates were 5.3 and 7.9 m, and the
RMS fluctuation errors in determining the distance
and depth were 7.7 m and 6.9 m, respectively.
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Fig. 13. Determination of the slant distance (red line) and depth (blue
line) of an object when the emitter is moving away from the towed
streamer line at a speed of 1 m/s. The dashed lines indicate the real
distance and depth.

5. CONCLUSIONS

1. An algorithm has been developed which al-
lows us, using a linear bottom hydroacoustic anten-
na, to determine the depth at which marine objects
cross it, as well as other parameters of their motion,
such as heading, speed, and current slant distance to
the antenna.

2. The algorithm is based on the calculation of
the delays between the signal rays along which the
broadband noise of the object is propagated. The
algorithm consists in the calculation of the autocor-
relation function of the object’s broadband noise at
the output of the antenna receiver, corresponding to
the maximum signal-to-noise ratio, and two cross-
correlation functions of the signals at the output of
this receiver and each of the two receivers on the
left and right, located from the middle receiver at a
distance close to (but not exceeding) the interval of
spatial correlation of the signal at the upper fre-
quency of the frequency range used.

3. The conditions for the feasibility of the pro-
posed algorithm have been studied. It is shown that
the main factors that influence the accuracy of de-
termining the object’s coordinates are the band-
width used to calculate the correlation functions
and the signal-to-noise ratio at the receiver output
when the object is passing over the antenna.

4. The algorithm performance has been verified
by simulation and experimentally.

APPENDIX
Derivation of Formulas for the Calculation

of the Object Coordinates and Motion Parameters

Figure A1 shows a linear bottom equidistant hy-
droacoustic antenna. Consider a plane Cartesian
coordinate system fixed to the seabed with the cen-

ter at the location of Receiver m,, the X-axis di-
rected along the antenna line, and the Y-axis orient-
ed perpendicular to the antenna line.

It is required to determine the slant distance R to
the object from Receiver m,, angle o with the vertex
at the location of Receiver m, between the antenna
line and the direction to the object, the object speed V'
and the object heading v relative to the receiver line.

The delays in the signal arrival of object O at
Receivers m, and m_1, as well as at Receivers m,
and m-+1, are determined as

A

\/R2 ‘sin2a+(L+R-cosoc)2 -R
7 ¢ (A1)
. \/R2 sin? o+ (L - R-cosat)’ — R
T, = ,
¢

where 1,7, are the delays of the object signal arri-

val at Receivers m, and m-; and Receivers m, and
m+1, respectively; R is the sought distance between
the object and Receiver my,; o is the sought angle
between the receiver line and the direction to the
object; L is the distance between adjacent receivers;
c is the speed of sound at the depth.

After squaring both parts of the both equations
(A1) and carrying out simple transformations, we
obtain:

(-t +R)' =R*+I*+2-L-R-cosa,
) . (A2)
(c-%,+R) =R*+L*—2-L-R-cosa.

In (A2), the second equation is subtracted from
the first one:

(c-%7+R)2—(c-%++R)2 =4-L-R-cosa, (A3)

from where
(¢t +R)2 —(c-1
4-L-R
Substituting (A4) into the first equation (A2), we
obtain

+R)2

+

. (A%

cosa =

(ct +R) =R*+ > +2LRx
(A5)

A 2 A 2
><(c~t_+R) —(c-%, +R) '
4LR

After simple transformations we derive
(c-%_)2 +2¢-%_ -R+(c-%+)2 +2c-1,-R=20", (A6)

from where

(A7)
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Fig. Al. Illustration of determining the coordinates and parameters of an object’s motion

As a result, the distance to the object is calculat-
ed by formula (A7); the cosine of the angle between
the receiver line and the direction to the object, by
formula (A4).

The Cartesian coordinates of the object at mo-
ment #1 of measuring the slant distance to the object
are written as

Y, =R-cosa,

X, = \/R2 ~(H,~H,) —R*-cos’a= (A8)

=\/R2 (l—coszoc)—(Hs -H, )2 ,

where H; is the sea depth at the antenna location.

When redetermining the slant distance R and an-
gle a relative to a certain receiver my at time ¢, and
using them to calculate the object coordinates X>,
Y2, the object’s speed V" and heading vy relative to
the receiver line can be calculated by the formulas:

XX +(r-y)

V= 5
t, - (Ag)
= arct; Yz — Yl
Y g X, - X1~
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