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Introduction
“Parametric array systems are of the low-frequency signal generation
the parametric array can provide a
he parametric array (PA) is a nonsounding signal transmission in
linear transduction process that
a promising tool for multiextremely wide frequency bands (more
can generate a narrow beam of low
than two octaves).
frequency sound in a medium, through
frequency acoustical
The nonlinear interactions of
the interaction of co-linear, intense, high
sound
waves are described by Burgers
frequency sound waves,1,2 called pump
tomography techniques for
equation:
waves. The unique characteristic of a
parametric array is found in its extrememonitoring range dependent
ly narrow directivity pattern (1°-3° angular resolution) for low frequency acoustitemperatures and current
cal signals. The effective width of the
where u is the fluid velocity perturbadirectivity pattern remains practically
distributions in a complex
tions due to sound waves, x is the space
constant over a wide range of signal frecoordinate, y=t-x/c0 is the retarded time,
quencies. The parametric array has
ocean environment.”
α = ε/c0 , ε is the nonlinear parameter of
become essentially a virtual acoustic
the fluid, c0 is the sound velocity, and δ is the dissipation coefend-fire array that has been formed in the medium (water) by
ficient that is independent of frequency. The second term in
the non-linear interaction of the two high frequency waves at
the left-hand side and the term in the right-hand side take into
their sum and difference frequencies (Fig. 1). As a result, it
account the nonlinear effects such as combination frequency
radiates a sharp, low-frequency, directional signal at the intergeneration and attenuation of the wave, respectively.
action frequency of its pump waves that propagates independThe ratio of the nonlinear term of the Burgers equation
ently of the pump waves. Due to the non-resonance property

T

Fig. 1. Parametric signal generation: 1—acoustic array that generates two co-linear high-frequency, intense sound waves in the near field volume; 2 – far field volume where
parametric, low-frequency acoustic signals are generated. Directivity of parametrically generated, low-frequency signals are defined by the squared directivity pattern of high
frequency pump, Ds(Θ)-(D 20(Θ), where Ds is the directivity of the parametric signal and D0 is the directivity of the two primary signals.
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to the dissipative term is the Reynolds number, Re. Thus:
,
where u0 is the sound wave amplitude, and ω is the circular
frequency of the wave. If Re> 1 then the nonlinear effects in
a sound wave dominate the dissipation, and nonlinear effects
are essential in this case, while Re< 1 means that nonlinear
effects are weak and the wave decays before nonlinear distortion develops. One can see that the Reynolds number Re
increases with sound amplitude and decreases with wave frequency.
Historically nonlinear acoustics experiments were conducted in ultrasonic frequency ranges with large wave numbers and therefore it was necessary to apply very high sound
intensities to observe nonlinear effects.3 Thus, nonlinear
acoustics became a synonym of high intensity acoustics, with
many practical applications that can be found in science such
as medical ultrasound.4 But one could increase the Reynolds
number without the sound intensity increasing by decreasing
the frequency of the sound. Therefore, nonlinear effects
could be realized for low frequency acoustics in the atmosphere or the ocean.
Because long-range ocean investigations require low frequency sound signals that can propagate long distances without severe attenuation,5 the usefulness of the parametric array
for this purpose bears discussion. The main question that
arises when comparing specific features of parametric and
conventional acoustic arrays is: could the low-energy efficiency of parametric arrays be compensated for by its sharp
directivity pattern and wide frequency band?

Long range ocean sounding by a parametric array
Parametric arrays are widely used in marine research for
examining the layers under the bottom surface however, the
PA’s acoustic characteristics may also make it “a perfect tool
for ocean acoustics.” 5 Long range acoustic propagation in the
ocean is characterized by strong mode coupling .6 Resolving
the travel time variability in several tenths of milliseconds for
multi-paths in the ocean waveguide usually requires sophisticated signal processing techniques or single mode excitation. Parametric array experiments have shown that its directivity pattern can be very sharp (1°-3° in angular resolution)
and almost independent of the wave frequency. It is possible
therefore, that parametric arrays may provide the broad frequency band, single mode acoustic source needed for propagation in shallow water waveguides.
To our knowledge, there was only one actual long range
ocean experiment using a parametric array for up to 1000 km
range signal propagation.7,8 This experiment was performed
in the early 1990s during the cruise of the Russian research
ships R/V Academician B. Konstantinov (ABK) and R/V
Academician N. Andreyev (ANA) in the region of Kamchatka
and Kuril in the Pacific (Fig. 2). The 6 m long and 2 m high
side-looking array in the bow of the ABK was used as a parametric array with pump wave power of 20 kW at a mean frequency of 3 kHz. This array transmitted parametric signals in
a frequency range of 230-700 Hz. The vertical pump wave
directivity pattern had a width of 12° in the main lobe and its
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Fig. 2. Satellite view of Kamchatka and Kuril islands, where a parametric array has
been used in an experiment for long distance ocean sounding. Temperature inhomogeneities (variation in the blue false colors) can be seen in the ocean stream next
to Kuril islands (brown color).
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Fig. 3. Measured and predicted directivity pattern for the parametric array at different frequencies: □ –230 Hz at 200 κm; ○ – 400 Hz at 200 κm: ■ – 230 Hz
at 1000 κm.

Fig. 4. Frequency dependence of parametric array gain (dB), measured at 500 km
(reference level, 1 µPa-m.

axis was inclined from the horizon at the same angle, 12°
allowing some energy of pump transmission to be trapped by
the ocean waveguide. The horizontal directivity width for the
pump transmission was approx 4° in the main lobe. The
directivity pattern of parametric signal as well as propagation
characteristics of sharply directed parametric radiation
through synoptic ocean vortices were measured.
Harmonic sound signals of 60 sec and 180 sec duration
were generated parametrically at frequencies of 230, 400 and
700 Hz. Linear frequency-modulated signals with chirp in a
frequency band of 230-700 were used as well. The angular
directivity pattern was measured to be almost constant in the
frequency range of signals used and close to the squared
pump wave angular pattern (Fig. 3). The average level of
parametric signals as a function of frequency measured (Fig.
4) showed that the efficiency of parametric array increased
with signal frequency. This feature of the parametric array
led to an interesting result—leveling of the spectral components of the intensity with distance (Fig. 5). In this experiment, it is seen that the signal levels for a frequency range
from 230 Hz to 600 Hz are similar at a distance of about 600
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km from the source.
The ABK sonar was used to investigate synoptic eddy
structure at far distances. A region of the Kuril Strait with
typical ocean eddies was chosen for this experiment. The
ABK (transmitting) and the ANA (receiving) were spaced at
a distance of 400 km apart in this area. The chain of ocean
eddies was located in the ocean between the vessels. A parametric signal frequency of 700 Hz (with pump frequencies
of 3.6 kHz and 2.9 kHz) was transmitted from the ABK when
it passed five areas corresponding to positions of the ANA
indicated in Fig. 2. The map of ocean surface temperature in
this region is also shown in this figure from a satellite view.
The angular pattern for the parametric signal that passed
through an inhomogeneous ocean has been investigated in
this research (Fig. 6). The diagrams in Fig. 6 differ drastically from the directivity pattern measured in a quiet part of the
ocean when there were no eddies (Fig. 3). Additional lobes
appeared and the angular distribution of these lobes
changed with the position of the receiving vessel in the area
of experiment. The directivity pattern remained sharp while
the signal passed mainly in a quiet area (Fig. 6-N1) and completely dispersed when it propagated through an inhomogeneous current that was produced by eddies. It should be
noted that the noise level in these experiments never exceeded -30 to -25 dB.

Single-mode frequency dispersion for a parametric signal in a marine waveguide
In shallow water, the sound field usually consists of a
series of modes exhibiting frequency dispersion of the speed
of propagation of a signal. The value of the dispersion
depends, among other causes, on the vertical sound speed
profile. The frequency dispersion provides either a spread in
time of short broadband pulses that travel long distances, or
concentration of acoustic signal energy within a short time
interval when the frequency modulation of the signal corresponds to the dispersion conditions in the medium. In the
latter case, focusing of the acoustic signal or the signal compression in time should be considered. A parametric array
signal has been used to observe the compression effect.9 The
acoustic signal in this experiment was radiated by a narrowbeam parametric array. The sea depth at the site of the exper-

Fig. 5. Range dependence for selected frequencies of the intensity of the parametric
signal: 1 – 230 Hz; 2 –300 Hz; 3 – 400 Hz; 4 – 500 Hz; and 5 – 600 Hz.

Fig. 6. Directivity patterns of the parametric array as the two ships took measurements in the inhomogeneous section of the ocean. Refer to Fig. 2 for the actual physical location of the ships. Transmitting ship (1) R/V Academician B. Konstantinov (ABK) and receiving ship (2) R/V Academician N. Andreyev (ANA) are spaced at 400 km. The
ABK is moving through the five stations (N1–N5), keeping the same distance to the ANA during the experiments.

iment was 2.5–3 m. The parametric array was constructed in
the form of a mosaic of radiating elements, half of which
transmitted a high-frequency pumping signal at one frequency, and the other half transmitted a signal at a slightly
different frequency. The average radiation frequency (pumping frequency) was 150 kHz. The difference frequency, the
signal of interest, was within 5–20 kHz. The power of the
array amplifier was 1 kW for each of the pumping frequencies. The receiving array was constructed in the form of a vertical chain of eight hydrophones, spaced at 0.25 m and
mounted on a metal rod. The rod was positioned vertically at
the bottom so that the chain of hydrophones covered the
whole waveguide. A sequence of pulses was transmitted. The
duration of a single pulse was 2 ms, and the interval between
pulses was about 300 ms. Signals were simultaneously
received from all of the individual hydrophones of the vertical array. The measurements were carried out for transmit-

ter–receiver distances of 1 to 5.6 km.
The frequency–time characteristic for pulses with duration of 2 ms and a carrier frequency linearly modulated within 7–15 kHz that was propagated through the shallow water
waveguide was investigated. The received signals from the
vertical chain of hydrophones at a distance more than 1000 m
from the source show that the major part of the energy was
concentrated in the middle of the waveguide. A detailed
analysis shows that the signals received by different
hydrophones of the receiving array were in-phase throughout
the whole waveguide depth, which indicates that there was a
predominance of the single-mode propagation of the signal.
Thus, under the given experimental conditions, the parametric array excited the lowest mode of the waveguide.
The signal frequency sweep was in the direction from
low to high frequencies, which corresponded to normal
waveguide dispersion, i.e., to the case where the group velocThe parametric array and long-range ocean research
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ity of signal propagation increases with frequency.
Experiments have shown that acoustic pulses received at different distances varied in the shape of the pulse as it propagated in the waveguide. Pulse duration was reduced by a half
or greater when the signal propagated in the waveguide over
a distance of at least 3 km. To achieve complete synchronicity of arrival times of all the frequency components of the signal, a special type of frequency modulation would be necessary corresponding to the characteristic features of dispersion in the waveguide. Since the dispersion of the signal
propagation speed depends nonlinearly on frequency, the
frequency modulation should also be nonlinear to obtain the
maximum compression of the signal. The limiting duration
of the signal τ is in inverse relation to the effective frequency
band Δf of its spectrum τ~(Δf )-1. On the other hand, the signal duration T of the pulse under the condition of its complete compression at a distance L is determined by the frequency dispersion ∂c/∂f of the propagation speed c and signal
bandwidth Δf

almost without side lobes). Our experiments demonstrated
that a parametric array may provide the capability to investigate the crosswise currents in an ocean flow that is very turbulent. Parametric arrays may be considered to be a promising tool for multi-frequency acoustical tomography techniques, especially for monitoring the range-dependent temperature and current distribution in a complex ocean environment using only one acoustical path and scintillation
techniques.11
The International Science and Technology Center now
supports the development of a full scale experimental model
of a high-power parametric array for long distance ocean
monitoring; specifically for the Fram Strait environment conditions. This project is ongoing in the N. Andreyev Acoustics
Institute (Moscow, Russia) and in the Taganrog Technology
Institution (Taganrog, Russia). The parametric array, developed using the principles of nonlinear acoustics, promises
better experimental techniques for long-range multi-frequency acoustics experiments in complex ocean environments, when single mode transmission coupled with an
ocean waveguide is needed.AT

Thus, in the case of the signal compression due to waveguide
dispersion, the signal intensity may increase by factor of
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by the recording equipment during the signal reception time.
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increases with signal propagation distance L (Eq. 4). This can
be most pronounced in the case of long-range propagation of
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Conclusion
Long-range ocean sounding may be based on the use of
low frequency sound. Such waves may provide a favorable
condition for development of nonlinear effects and the application of parametric arrays. These arrays differ from conventional arrays by their small size (transmitting aperture
dimensions 1-3 m), a broad frequency band of the signal
transmitted (50 Hz -1000 Hz), and a very sharp directivity
pattern in the whole frequency range (2°- 3° in the main lobe,
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