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Abstract—The possibility is considered of increasing the efficiency of a parametric antenna when exciting
acoustic modes in a shallow marine waveguide. It is shown that the complete compression of acoustic signals
propagating in the shelf sea can be achieved with a corresponding increase in their intensity if a special mode
of frequency modulation is selected. Results are presented from an experimental study of this effect in the
propagation of a broadband acoustic signal of a parametric antenna in the shelf sea.
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INTRODUCTION

The development of new acoustic tools and tech-
niques for studying the ocean on long tracks continues
to be relevant. Accomplishing it requires means that
are adaptive to the structure of the ocean. One of these
is based on the principles of nonlinear acoustics using
directional broadband parametric emission [1]. A
parametric antenna is formed in a medium during the
collinear interaction of intense sound waves (so-called
pumping). Such an antenna is well known as a tool for
profiling bottom structures. One feature of a paramet-
ric antenna is an extremely narrow beam pattern (usu-
ally several degrees of angular resolution) for low-fre-
quency signals [2]. The effective width of the diagram
remains constant over a wide range of frequencies. A
parametric antenna differs from conventional anten-
nas with comparable characteristics of the beam pat-
tern at relatively small sizes, a wide frequency band of
the emitted signal (two octaves or more), and a sharp
directional characteristic throughout the range of fre-
quencies. Experience in using a parametric antenna
shows that it allows single-mode excitation of an
underwater sound channel [3]. The expansion of the
band of acoustic signals raises the spatial resolution of
studies, improves the quality of information transmis-
sion and underwater communications, and allows the
use of new approaches in hydrophysical research,
especially in the acoustic tomography of marine
waters via the frequency processing of signals propa-
gating along a single track instead of the familiar spa-
tial processing of signals propagating along different
tracks [4, 5]. L.M. Brekhovskikh noted that the acous-

tic characteristics of a parametric antenna make it an
“ideal tool for ocean acoustics” [6]. The low efficiency
of parametric antennas hinders their widespread use in
marine experiments. Conventional acoustic antennas
have a fairly high value of acoustic emission power per
unit of the exciting generator’s electric power. How-
ever, the debate about the possibility of parametric
antennas competing with traditional hydroacoustic
tools began almost immediately after they appeared.
Part of this debate was described in [7], where it was
noted in particular that when the reverberation of the
acoustic signal is substantial, the narrow beam and the
absence of side lobes in the beam pattern can more
than compensate for the low levels of the parametric
antenna’s emitting. It also indicates that a wider band
can be used to improve the signal-to-noise ratio via
broadband signal processing. Note too that the effi-
ciency of a parametric antenna’s emitting grows along
with its power when sounding the ocean over long
tracks. In this work, we consider the idea of increasing
the signal-to-noise ratio via parametric emitting under
conditions where the dispersion of a broadband
acoustic signal propagating in an underwater wave-
guide results in its compression and the local concen-
tration of its energy in a given area of the waveguide.

Ways of improving the efficiency of acoustic
sounding in the ocean, especially in the shelf sea, are
now a subject of active debate. One area of interest is
focusing acoustic radiation in a marine waveguide
[8, 9]. Scientists prefer to solve this problem by using
wavefront reversal [10—12]. It is believed that the spa-
tial focusing of acoustic emission in the waveguide’s
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thickness would reduce the scattering at its boundaries
and thereby increase the ratio between the useful sig-
nal and the noise caused by reverberation. Due to the
highly directional nature of emission in a wide fre-
quency band [13], a parametric antenna provides sin-
gle-mode excitation of an underwater acoustic wave-
guide and is one device that allows implementation of
these techniques.

The aim of this work is to discuss the capabilities of
a hydroacoustic antenna, operating on principles of
nonlinear acoustics, to concentrate the energy of an
emitted acoustic signal in a given region of the wave-
guide’s space during compression of a broadband sig-
nal due to waveguide dispersion. Results are presented
from an experimental study of the propagation charac-
teristics of broadband parametric emission in an
underwater sound channel.

EXPERIMENTAL

One feature of a parametric antenna is an
extremely narrow beam pattern (in our studies, the
characteristic width of the pattern in the vertical plane
was 6°) for low-frequency acoustic signals. The width
of a parametric antenna’s diagram is virtually constant
over a wide frequency band and has no side lobes. It
can therefore allow selective excitation of the modes of
a broadband acoustic signal in a marine waveguide.
The sound signal forms in the marine environment,
which is excited by intense high-frequency acoustic
pumping modulated in amplitude. As a result, a trav-
eling wave antenna is formed in the waveguide, which
generates sharply directed emission of the signal at the
frequency of modulation. Such a low-frequency
acoustic signal emitted in a parametric manner will
then propagate independently of high-frequency
pumping, which rapidly decays. A parametric antenna
provides emission of sounding signals in a wide fre-
quency band, due to the nonresonant way of generat-
ing a low-frequency signal.

Experimental studies were performed in August
2018 in the Taganrog Bay of the Sea of Azov. The emit-
ting antenna was positioned on the bottom and
equipped with a rotary device that allowed scanning of
the water area with a narrow beam of parametric emis-
sion in a horizontal plane. The axis of emission was
oriented horizontally.

The parametric antenna was in the form of a
mosaic of radiating elements, half of which emitted a
high-frequency pumping signal at one frequency. The
other half emitted at another frequency slightly differ-
ent in value. The mean frequency of emission (pump
frequency) was 150 kHz. The difference frequency
(the signal’s frequency of emission) was in the range of
5—20 kHz. The electric power of the antenna amplifier
was 1 kW for each pump frequency. The receiving
antenna was in the form of a vertical chain of five
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hydrophones, mounted on a metal rod with a step of
0.3 m. This rod was a part of a rigid structure, posi-
tioned on the bottom so that the vertical chain of
hydrophones overlapped almost the entire waveguide.
Two more hydrophones were attached to the sides of
the rod to determine the direction of the signals’
arrival. The signal from the antenna’s receiving ele-
ments was transmitted by cable to the receiving boat,
where it was digitized and recorded for subsequent
processing. The vertical distribution of the speed of
sound’s propagation in the waveguide varied consider-
ably; it changed notably over time and with the place
of measuring. Such a distribution ensured the near-
bottom propagation of sound.

Measurements showed that the directionality of
parametric emission remained virtually the same in
the 5 to 15 kHz range of frequencies and was 10° at half
the power of emission. Due to design features of the
emitter, this directionality is even stronger in the verti-
cal plane. The mode of pattern measurement, in
which when the emitting antenna rotated slowly in the
horizontal plane, was used because of the high direc-
tionality of the parametric antenna’s emittance. The
maximum intensity of the received signals was deter-
mined on a stationary vertical chain of receivers posi-
tioned on the bottom, and pulses of frequency-modu-
lated signals were then emitted. The duration of the
emission pulses varied from 0.7 to 3 ms, and the inter-
val between pulses was around 300 ms. Signals were
recorded in parallel from each receiver of the vertical
antenna. The measurements were made at distances of
0.5 to 1.5 km between the emitter and the receiving
antenna. The signal decayed quickly at great distances
as a result of the near-bottom propagation of sound.

RESULTS AND DISCUSSION

We studied the temporal—frequency characteristics
of the propagation of pulses whose frequency of filling
varied in the range of 7—15 kHz. The frequency evolu-
tion of a signal proceeded from the lower to the upper
frequencies. This corresponded to the normal wave-
guide dispersion, where the group speed of a signal’s
propagation grows along with frequency. Analysis of
our results showed this was the best range of frequen-
cies for this experiment. Even though the waveguide
dispersion rose as the frequency fell, the parametric
antenna’s efficiency of emission diminished. The effi-
ciency of parametric radiation grew along with fre-
quency, but dispersion declined rapidly. The wave-
guide dispersion was acceptable in our range of fre-
quencies, and the intensity of the parametric signal at
distances of 1000 and 1500 m changed little through-
out the range of frequencies. Figure 1 shows the oscil-
lograms of acoustic chirp pulses 3 ms in duration,
recorded by the receiving antenna’s hydrophones at a
distance of 1000 m. It can be seen that field of para-
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Fig. 1. Oscillograms of the signals recorded by the hydro-
phones of the receiving antenna. The numbers correspond
to the ordinal number of the hydrophone, according to the
distance from the bottom. The maximum signal level was
recorded by hydrophones (2) and (3), which corresponds
to bottom propagation. Hydrophones (6) and (7) were
installed at the level of hydrophone (2) and measured the
direction of signal arrival.

metric emission was concentrated in the middle part
of the waveguide, and the signals recorded by different
hydrophones of the receiving antenna were in phase
over the depth of the waveguide, corresponding to its
first mode of excitation.

The oscillograms show typical features associated
with the propagation of a pulse of parametric emission
in a waveguide. We can distinguish the chirp signal
itself and its precursor associated with the excitation of
the second harmonic of the main signal (Fig. 2). The
registered duration of the chirp signal was 2 ms, while
that of the emitted pulse was 3 ms. The duration of the
broadband signal was reduced by 1 ms when propagat-
ing in the waveguide at a distance of 1000 m. These
features were noted earlier in studying the waveguide
propagation of a parametric antenna signal [2].

Based on our analysis of the frequency dispersion
of the speed of waveguide sound propagation under
these conditions, we would expect complete compres-
sion of the parametric signal in the selected frequency
band at an emission duration of 1.7 ms and a distance
of 1500 m. Note that these distances fully correspond
to the distant propagation of a signal. In our experi-
ments, the range of propagation exceeded the scale of
the vertical waveguide by 500—750 times. The effect of
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a broadband parametric signal’s compression is shown
in Fig. 3. Because of attenuation, the signal precursor
is less notable than at a distance of 1000 m. The signal
itself, with a duration of 1.7 ms propagating in a shal-
low waveguide (depth along the path, 2 m), is com-
pressed at 1500 m into a pulse with a duration of
0.4 ms. Reflections from the boat next to the receiving
antenna are visible behind this pulse. The duration of
the signal was compressed by more than four times.

FEATURES
OF THE WAVEGUIDE PROPAGATION
OF DIRECTIONAL BROADBAND EMISSION

Maximum compression T of a signal is determined
by the effective frequency band of its spectrum Af,

T=(Af )_'. On the other hand, duration 7 of an emit-
ted pulse, provided it is completely compressed at dis-
tance L, is determined by frequency dispersion ac/ of
of speed ¢ of sound wave propagation:

de/of
LzAf : (1)

4

When a signal is compressed as a result of wave-
guide dispersion, we can therefore increase its inten-

sity by a factor of 7’ / T:

T=1L

T/t= Lac/—zafAﬁ. 2
c

In other words, the effect of increasing the intensity
is proportional to the distance over which the signal
extends, the magnitude of waveguide dispersion, and
the square of the signal’s frequency band. This
increases the ratio between the signal and the noise
that accumulates in the recording equipment when
receiving signal t.

Note that the group speed of a signal’s propagation
in a waveguide is determined by the latter’s parame-
ters. When using a Pekeris waveguide with constant
speed ¢, of sound propagation that is independent of
depth, the frequency dependence of the speed of signal
propagation is determined by the relation

2P 1/2
c:co[l— - 2} , (3

where H isthe vertical scale of the waveguide, and / is
the mode number. We thus obtain the limit estimate of
the frequency dispersion of the speed of sound in the

waveguide: ac/ of =~ f7>. When a signal with constant
relative frequency band Af / f = const is emitted, the
relative compression of signal T/ T grows along with

distance L of signal propagation and diminishing
waveguide thickness. The strongest effect of a relative
increase in the intensity of a broadband signal can thus
No. 6
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Fig. 2. Spectrogram of a chirp signal with duration of 3 ms, recorded by hydrophone (2) at a distance of 1000 km. (/) Precursor;
(2) reflection from the boat. The level of the signal is given in arbitrary units.

be obtained with long-track waveguide propagation in
the shelf sea.

The duration of a frequency-modulated signal as it
propagates in a waveguide thus shortens with distance:

T(r) =1, — AT, where T is the initial duration of the
signal, associated (according to expression (1)) with

frequency dispersion Bc/ df in the waveguide and dis-

tance L at which the maximum compression of the
signal is achieved:

AT =re™? g—;Af, 4)

where ris the distance covered by the signal. Using the
law of conservation of energy, we then obtain an
expression for the intensity of the signal as it propa-
gates in the waveguide. Since the accuracy of deter-
mining signal duration T = Af~' is related to its fre-
quency band Af, we have

T, \_, R L 5
T+J IOLr(l—r/LH/TO)’ ©

I(r) = Io(R/r)(

where R is the spatial scale characteristic of waveguide
propagation; L is the distance of the maximum com-
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pression of the signal; and [ is the initial intensity of
the signal at the input to the waveguide.

With broadband signal t/7,, <« 1, relative intensity
1 (r)/ I, reaches a maximum at » = L. The maximum

of ratio / (r)/ 1, depends on the dispersion properties
of the waveguide and the square of the frequency band
of the signal. According to expressions (1)—(3), this
ratio is

To|  _ pe20€ 002 (6)

1 0 lp=L af
Ratio 1., / 1, grows rapidly along with the fre-
quency band of the signal and can be ashigh as 1 : 1 (or

even more) at the octave band of the signal.

Figure 4 shows the relative change in the intensity
of a frequency-modulated signal, compared to typical
examples of spherical signal propagation in a homoge-
neous medium or cylindrical propagation in an ideal
waveguide. It is seen that the intensity of the fre-
quency-modulated signal reaches a maximum, form-
ing an acoustic barrier at which the maximum ratio
between the intensity of the parametric antenna’s sig-
nal and the noise of the water area is reached. The effi-
Vol. 84

No.6 2020



642

ESIPOV, POPOV

Signal and spectrogram. The duration of window of analysis was 0.0005 s
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Fig. 3. Spectrogram of the compression of a signal with duration of 1.7 ms, recorded by hydrophone 2 at a distance of 1500 m.
(1) Precursor; (2) reflection from the boat. The level of the signal is given in arbitrary units.

ciency of the parametric antenna reaches its maximum
in this area. The intensity of the signal falls rapidly
after this barrier, since its duration begins to grow rap-
idly as a result of frequency dispersion.

dB
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Fig. 4. Dependence of the intensity of an acoustic signal on
distance r/R. (I) Homogeneous medium 1/1y(R/r)*;
(2) ideal waveguide 1/1y(R/r); (3) frequency-modulated
signal in the waveguide (expression (5)). R is the spatial
scale of the acoustic field.
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CONCLUSIONS

The conditions of propagation in a shallow wave-
guide corresponded in our case to normal waveguide
dispersion, where the group speed of signal propaga-
tion grows with frequency. To achieve the effect of a
broadband signal’s compression as it propagates in the
waveguide, we must therefore increase its frequency
during signal emission. Such modulation was used in
our experiments.

Calculating the group speed of dispersion allows us
to estimate the variation in the delay of a signal’s dif-
ferent frequency components as it propagates in the
waveguide. The temporal—frequency relationships in
the signal change as the distance grows. The delay in
the low-frequency components of the signal increases;
as a result, the difference between the time of arrival of
the beginning and end of the parametric signal is
reduced. This corresponds to a shortening of its dura-
tion, and the signal is compressed. Analysis shows that
the condition for the simultaneous arrival of low-fre-
quency and high-frequency components is deter-
mined by both the duration of the emission and the
distance at which such signal compression proceeds.
Experience shows that special frequency modulation
corresponding to the characteristics of dispersion in
No. 6
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the waveguide is required to achieve complete syn-
chronism of the time at which all frequency compo-
nents of the signal arrive. Since the dispersion of the
speed of signal propagation depends nonlinearly on
the frequency, the frequency modulation must be
nonlinear in nature so as to achieve maximum signal
compression.

Our experiments demonstrated the possibility of
compressing a broadband acoustic pulse as a result of
the action of waveguide dispersion as it propagates in a
shelf'sea. A parametric antenna was used to emit broad-
band signals. Due to its high directionality and nonres-
onant signal generation, the parametric antenna
allowed single-mode excitation of the waveguide in a
wide band of frequencies. The relative width of the sig-
nal’s frequency band can in this case be as great as an
octave (or more).

The frequency modulation of the signal used in our
experiments did not fully correspond to the nature of
the waveguide dispersion of the speed of sound
detected experimentally. Compensating for the dura-
tions of propagation of a signal’s different frequency
components was possible only in a limited range of
frequencies. This ensured signal compression of more
than four times at a distance of 1.5 km. Special fre-
quency modulation corresponding to the characteris-
tics of the dispersion of the speed of sound in a wave-
guide is required to completely synchronize the arrival
of all frequency components of the signal. Calcula-
tions showed it is then possible to compress the signal
by ten times under experimental conditions.

Analysis showed that the compression of the signal
as a result of waveguide dispersion is proportional to its
range for given dispersion values and the relative width
of the signal frequency band. Compression of the sig-
nal increases its intensity. When the frequency charac-
teristics of the signal are matched with the characteris-
tics of waveguide dispersion along its track of propaga-
tion, the increase in its intensity can accurately
compensate for the drop in signal intensity with dis-
tance when the mode of propagation is cylindrical in a
layered waveguide. This conclusion can be considered
only qualitatively, since our analysis assumed propa-
gation of the signal in an ideal homogeneous wave-
guide without losses. Attenuation of the signal as it
propagated in a shallow waveguide limited the dis-
tance at which the effect of signal compression was
observed.

The most efficient compression of broadband sig-
nals is possible on fairly long tracks with single-mode
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excitation of the waveguide. The compression of the
broadband signal considered here was a purely linear
acoustic procedure. However, a parametric antenna
operating on the principles of nonlinear acoustics is
the most effective tool for studying the compression of
acoustic signals in marine waveguides, due to its char-
acteristics with respect to the selective excitation of
modes in the waveguide in a wide range of frequencies.
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