
of Kotel'nikov's theorem; however, a quantitative description
of this effect is connected with considerable technical
difficulties and fundamental theoretical problems. It should
be noted that, unfortunately, this phenomenon is not
sufficiently considered in the literature; therefore, let us
dwell on it a bit more.

6. Two fundamental questions in computer simulations
First. The final goal of computer simulation is obtaining
information about the object under study. But then, one
should take into account that while it is often possible to
pass from one continuous model to another without the loss
of information (homeomorphous changes of variables, etc.),
passing from a continuous object to a discrete model, as a rule,
leads to information loss. A simple example is discretization of
a reversible linear system on a uniform lattice: as a rule, it is an
irreversible mapping. Another example considers the main
information characteristic of a dynamical system, its entropy.
The entropy is a measure of the exponential increase in the
ratio of the number of different trajectories of the system to
their length. However, any unambiguous spatial discretiza-
tion of a system allows only a limited number of infinite
trajectories, and the definition of entropy becomes mean-
ingless in this case. Here, we have an evident contradiction
between a continuous object and its discrete model; also
evident is the necessity to improve the methods of evaluating
the entropy of a continuous system from its discretizations.
Notice that although different methods of solving this
problem have already been proposed, the general task is
very difficult to solve. In other cases, the conflict may be less
evident but not less dangerous. Hence, the first fundamental
question of every computer simulation is: What is the
information loss for the chosen scheme of passing from a
continuous object to a discrete one?

Second. The question is related to the continuous-
mathematics analogues of robustness and structural stabi-
lity. In continuous simulations, if one omits verbal descrip-
tions, this is the question of whether one property or another
of the object is tolerant to continuous, smooth, etc. (but
necessarily small in some continuous sense) perturbations.
However, if we accept that the main point of computer
simulations is related to information, we should also pose
the following question: Can we guarantee the information
robustness of the chosen scheme of passage from the continuous
object to the discrete one?

Probably, thorough analysis of these questions will be one
of the strategic areas of natural sciences in the nearest
decades. To give an overall description of the situation in
this field is a hopeless task, even more so to predict its
development. Some initial progress in this area is reported in
Refs [10 ± 12].

This work was supported in part by RFBR (projects
Nos 06-01-00256 and 07-07-00031).
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Remote sensing of sea bottom
by hydroacoustic systems
with complex signals

V I Kaevitser, V M Razmanov

1. Introduction
This report deals with various aspects of applying complex
sounding signals with linear frequency modulation (LFM) in
hydroacoustic systems (including amultielement antenna) for
the exploration of the ocean floor. The report presents a
review of theoretical and practical results obtained by authors
recently in the course of the development, testing, and
implementation under different conditions of the following
hydroacoustic systems: acoustic low-frequency linear profilo-
graphs, surveillance and interferometric side-looking sonars
(SLSs), and multibeam echo sounders.

The radar exploration of planets that was conducted
starting in the late 1950s by the group of scientists under the
leadership of V A Kotel'nikov resulted in establishing at the
Institute of Radioengineering and Electronics (IRE) of the
USSR Academy of Sciences (now the Russian Academy of
SciencesÐRAS) a new field of researchÐremote mapping
of extended objects by high-energy complex sounding signals
and digital methods of coherent processing of echo signals.
The digital methods of signal synthesizing, recording, and
processing, used earlier for planetary radar, in late 1970s were
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successfully applied to develop a new generation of hydro-
acoustic systems for seafloor mapping.

Nowadays, the hydroacoustic systems of coherent radar
sounding have become the primary tool for remote measure-
ments of the undersea relief and structure of sea bottom
deposits. By now, two main classes of systems (somewhat
competing with each other) aimed at synchronous measure-
ments of seafloor relief and acquiring bottom surface acoustic
images have been developed: interferometric SLSs and multi-
beam echo sounders [1]. While the surveillance SLS usually
contains one onboard antenna and interferometric SLSs two
or three antennas, multibeam echo sounders constitute a
more complicated system that contains a significantly higher
number of receiving elements, usually 100 or more. The
studies of subsurface structure of a sea bottom employ low-
frequency acoustic profilographs. These are usually one-
channel systems that provide continuous profiling of a
seabed along a vessel route. The exploration systems are
equipped with satellite navigation GPS (Global Positioning
System)/DGPS (Differential Global Positioning System),
devices for measuring the speed of sound in deep water, and
sensors to monitor roll, pitch, and vertical displacements of
the vessel. In complex multielement systems, usage of
stabilizing equipment reducing vessel rolling effects is
justified.

The operational efficiency of coherent sonar systems is
determined by the type of sounding signals. For shallowwater
exploration (up to 100 m in depth), SLS and multibeam echo
sounder systems use short sounding pulses with a carrier
frequency of up to 500 kHz due to the simplicity of their
formation and treatment. For deep water exploration,
contemporary systems utilize sounding signals with linear

modulation frequency that combine both high-energy capa-
city and high time resolution.

2. Diagram of side-looking survey
Hydroacoustic methods of side-looking surveys are based on
sequential accumulation of seafloor data while the vessel is
moving (Fig. 1). The acoustic pulse radiated by the transmit-
ting antenna is sequentially reflected from seafloor elements
at different distances. The reflected echo signals are acquired
by one ormore receiving antennas. The cycle that consists of a
pulse transmission and a signal reception forms one realiza-
tion (one horizontal row of the acoustic image in Fig. 1). A set
of sequential realizations that is formed during the vessel
movement contains information about scattering character-
istics of a seafloor within the sonar survey strip and represents
the acoustic image of the floor, similar to optical and radar
images. These acoustic images are aimed at visualization and
classification of objects. For example, the inset to Fig. 1
shows a detail of the acoustic image of a seafloor area that
reveals the fragments of two sunken vessels. The sonar survey
strip which is determined by the antenna patterns of receiving
elements, power characteristics and the shape of undersea
relief is usually set in units of depth H0, equaling �4ÿ10�H0.
The use of antennas with narrow side-looking patterns
provides a distinct type of 2-dimensional measurement in a
plane of side-looking survey. The seafloor is perceived as a
medium with the back scattering factor R � R�L; y� depen-
dent on distance L and angle y between the vertical line and
the direction of a signal arriving in a plane of side-looking
survey. Considering a coefficient of reflectionR � R�u; t� as a
function of two parameters, namely, the angle parameter
u � sin y and time delay t, the signal Zn�t� received by a
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Figure 1.Geometrical sketch of a side-looking sonar survey and a detail of an obtained seafloor acoustic image depicting sunken vessels.
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particular antenna in multielement antenna system can be
expressed as

Zn�t� �
��

R�u; t�S0�tÿ tÿ tnu� du dt ; u � sin y : �1�

Distance L is related to the propagation time (delay) t as
t � 2L=c, where c is the speed of sound. Additional delay
tn � ln=c caused by geometrical differences in paths at which
echo signals reach the various elements of the antenna is
determined by coordinate ln of a particular element in the
antenna coordinate system.

In many practical instances that employ complex signals,
model (1) can be simplified, limiting itself to a narrow-band
approximation. With this in mind, we can present S0�t� as
S0�t� � exp �io0t�SA�t�, where o0 is a carrier frequency, and
SA�t� is a slowly varying component of modulation. Signal
S0�t� will be considered as a narrow-band signal, assuming
that under Dt5 t0 the expression SA�t� Dt� � SA�t� is true.
As a result, for Dt5 t0 we arrive at the following relationship
for a narrow-band signal: S0�t0 � Dt� � exp �io0Dt�S0�t0�.
Considering arrival time delay tnu on individual elements of
the array as small parameter Dt of theory, in other words,
given that tnu5 tÿ t is true, measurement model (1) can be
presented as follows:

Zn�t� �
��

R�u; t�S0�tÿ t� exp �ÿio0tnu� du dt

�
�
Rt�u� exp

�
ÿ2pi ln

l
u

�
du ; �2�

where Rt�u� �
�
R�u; t�S0�tÿ t� dt, and l is a wavelength

that is related to the carrier frequencyo0. For fixed distances,
the determination of the reflection coefficient is a task of
spectral estimation, i.e., assessment of the acoustical spec-
trum of a signal based on a set of its discrete samples Zn:

Zn �
�
Rt�u� exp

�
ÿ2pi ln

l
u

�
du : �2a�

Here, Rt�u� can be considered the angular spectrum that
may be estimated by the well-known spectral analysis
methods of both a parametric and nonparametric nature
[2, 3]. The task of data processing is the estimation of
reflection coefficient R�u; t� based on a set of measurements
of Zn�t� and subsequent determination of parameters of a
seafloor. The applied methods of estimation of the reflec-
tion coefficient R and parameters of a seafloor, as well as
various limitations related to variations in the shape of an
undersea relief, differ from each other depending on the
number of receiving antennas in the measuring systems
employed.

3. One-channel systems
with linear-frequency-modulated signals:
acoustic profilographs and surveillance side-looking sonars
In one-channel systems, in the absence of angular selectivity,
measurement model (1) degenerates into the relationship for
the coefficient R � R�t� which is dependent on delay t
(distance L) only; thus, the registered signal is described as

Z�t� �
�
R�t�S0�tÿ t� dt :

In a mean-square metric, the R�t� estimate should minimize
the functional

D �
�
dt

�
Zÿ

�
S0�t�R�tÿ t� dt

�
�
�
Z � ÿ

�
S �0 �t�R ��tÿ t� dt

�
: �3�

The optimum estimate of R�t� must satisfy the Fredholm
integral first-order equation�

Z�t� t�S �0 �t� dt �
�
R�tÿ t�K0�t� dt ; �4�

where the kernel is determined by the correlation function of a
sounding signal:

K0�t� �
�
S0�t�S �0 �t� t� dt :

For LFM signal S0�t� � exp
ÿ
io0t� i�Do=2T �t 2�, the corre-

lation function looks like

K0�t� � exp
ÿ
iF�t�� sin �pB�t=T0�

ÿ
1ÿ jtj=T0

��
pBt=T0

; �5�

where F�t� � ÿ�o0 � pB=T�t, B is a base of a signal, defined
as T0Do � 2pB, T0 is a pulse length, and Do is a bandwidth.

Strictly speaking, equation (4) falls into a class of ill-posed
problems. A number of methods that allow solving these
problems use various additional assumptions about the
changing character of R�t� [4]. In practice, relationship (4) is
employed as a ready-made algorithm of approximate estima-
tion of ~R�t� for a given resolution. To demonstrate it we
present expression (4) as two relationships:

~R�t� �
�
Z�t� t�S �0 �t� dt ; �6a�

~R�t� �
�
R�tÿ t�K0�t� dt : �6b�

Relationship (6a) can be regarded as a treatment algorithm
that is realized in a spectral range with the help of fast Fourier
transform (FFT) algorithms. The operation of a signal
compression is the price for employing complex signals.
Relationship (6b) defines resolution of the ~R�t� estimate as a
convolution of the exact solution with the kernel K0�t�Ðthe
correlation function of a sounding signal. For tone signals,
the correlation interval (area where the value of jK0�t�j differs
from zero significantly) is determined by the pulse duration
T0. The main advantage of employing LFM-probing signals
is that due to intrapulse modulation the correlation interval
decreases to Ti=B, where B is a signal base. This allows us to
combine high energy potential with high (up to fractions of
the centimeter) resolution.

The dependence of the modulus of reflection coefficientR
on the distance serves as the basis for acoustic seafloor
mapping. The absence of angular selectivity in one-channel
surveillance SLSs does not prevent employing this class of
systems for exploration of relatively flat seafloor areas in
searching for small-sized objects and details of undersea relief
such as furrows, trenches, and stones. Usually, the surveil-
lance SLS constitutes a one-channel acoustic sonar mounted
on the right and left sides of the shipboard and is equipped
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with independent transceiver antennas having a narrow
(around 1�) directional pattern along the route of a vessel, as
well as a digital system for generating, recording, and treating
signals. The type of radiated pulse comprises both tonal and
LFM sendings. Operating frequencies fall within 10 ±
500 kHz. In tonal mode, the pulse duration is several
fractions of a millisecond, while in LFM mode it reaches
several seconds.

Among one-channel devices that broadly employ LFM
signals in experimental samples are acoustic linear profilo-
graphs. Many years of experience using low-frequency
profilographs with LFM-probing signals (the ones that have
been developed at IRE RAS) has confirmed their good
operational abilities and helped to reveal some specifics in
interpreting obtained results. The profilograph operating
frequency equals 5 kHz, band frequency is around 4 kHz,
and radiated power is near 3 kW. The profilograph comprises
a 9-element antenna system, electronic system for generating
probing sonar signals (digital synthesizer), sound projector,
and computer data input interface. The device contains a
digital system for collecting, mapping, and processing data. It
is intended for use in exploration of a seafloor topography
and structure of sea bottomdeposits in a range of depths from
20 to 3000 m. Data collection programs provide coherent
engagement of echo signals, input of navigational informa-
tion about vessel location from GPS sensors, real-time data
imaging, and archiving of the processed data.

Figure 2 shows a detail of an undersea relief that was
acquired in the course of seabed profiling in the deep freezing
waters of the Chukchi Sea at a depth of approximately 70 m.
The result of profiling shows high interference immunity of
the device, providing a high-resolution image of seabed
deposits. The above detail attracts more interest because it
clearly depicts a depression filled with deposits. This image
resembles a riverbed of an ancient river after the land
submerged as a result of a rise in the sea level. The offered
hypothesis may serve as a very productive approach to
solving some problems in the course of establishing con-
tinental shelf boarders.

The high energy potential of LFM-probing signals allows
conducting the profiling of seabed deposits at quite large
depths. Figure 3 presents the results of profiling in the Sea of
Japan at depths of 1200 ± 1400 m. The studied area is
characterized by varying relief with a thick stratum of
layered deposits. The first reflection corresponds to the
depth and it is confirmed by the measurements made with
single- and multibeam echo sounders. The horizontal axis is
the distance travelled inmeters; the vertical axis is the depth in
meters. As indicated in Fig. 3, the depth of profiling is more
than 100 m; slope deposits have the layered structure which is
typical of silted clay. In the area of the depression, the
character of the profilogram is more homogeneous over the
depth, typical of sandy clay soils.

4. Signals with linear frequency modulation
in interferometric side-looking sonars
The complex interferometric SLS system that is used for the
analysis of an undersea relief within the sonar survey strip
includes additional receiving channels that contain a set of
antennas in a vertical plane. In interferometric SLSs, signal
processing is based on the assumption that at any given
distance the present signal propagates in a single direction:
R�u; t� � R�t� d�uÿ u0�t�

�
, therefore, reception model (2) in

a narrow-strip approximation becomes

Zn�t� � R�t� exp
�
2pi

ln
l
u0�t�

�
;

where R�t� � � R�t�S0�tÿ t� dt, and u0 � sin y0. The deter-
mination of reflection coefficientR�t� is exactly the same as in
a surveillance SLS. To calculate the angle of signal arrival we
need to measure the phaseC of a complex-conjugate product
of the pair of samples in two channels (interferometer):

An;m�t� � Zn�t�Z �m�t� �
��R�t���2 expCn;m ;

�7�
Cn;m � arctan
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Figure 2. Profile of undersea relief and sedimentary rocks (Chukchi Sea). Probable ancient riverbed.
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The interference phase is related to both the angle of arrival y
and the interferometer base bnm � ln ÿ lm as follows:

Cn;m�t� � exp

�
2pi

bnm
l

sin y�t�
�
:

The phase is used to calculate the angle of arrival, while the
depth h and horizontal coordinate x of the reflection element
(relief) are calculated from the distance L and angle of arrival
y using the relationships

h � L cos y ; x � L sin y : �8�
The details of processing the data obtained by interferometric
SLSs are described in Refs [6, 7].

Commonly used interferometric SLSs contain 2 ±
3 antennas on each side of a shipboard (several interferom-
eters), a satellite navigation system, devices for profiling the
speed of sound, and sensors to monitor the roll, pitch, and
vertical displacements of a vessel. Similar to one-channel
systems, interferometric SLSs have a directional pattern that
is narrow (near 1�) along the line of motion and rather wide
(near 60�) in the plane of the side-looking sonar survey. This
type of acoustic system is broadly used since it is easy to
operate and has a wide survey strip of observation. These
systems produce high-quality acoustic images and at the same
time allow measuring the depths within the survey strip.

Various modifications of experimental interferometric
SLSs developed at IRE RAS have been successfully
employed in different applications from river floor sound-
ings to a large-scale exploratory projects carried out on large-
capacity ships in the deep freezing waters of the Arctic Ocean
[5 ± 7]. Surveying work in shallow waters (up to 100m)mostly
employs tone acoustic pulses that do not require any
compression. On the other hand, work in deep waters
employs LFM signals of various duration depending on
depth and the desired energy characteristics.

We have to note the important differences in applying
tone and LFM signals. In acoustic images created by tone
signals, the prime elements on both the left and right sides
contain a characteristic flare. This is caused by amplitude

overload of the detectors. In practice, it significantly
complicates the circuitry of the receiving device because it
requires engaging a temporal automatic gain control (TAGC)
for each reception row. This imposes considerable difficulties
in data processing and requires manual operator interven-
tion. The quality of produced images greatly depends on
acoustic noises of various natures. In coherent processing of
complex signals, the extraction of useful information is done
along the frequency rather than amplitude characteristics.
This problem is nonexistent when coherence of echo signals is
retained. In such cases, the use of a conventional system of
AGC is a sufficient means for matching a level of output
signal with the dynamic range of the analog-to-digital
converter (ADC). The latter provides an important advan-
tage to the above remote sounding systems in uncrewed
submersible vehicles and in cases of significant amplitude
interferences.

Figure 4 depicts details of acoustic images obtained in the
course of studying the route of an undersea optical cable in
the icy conditions of the Arctic Ocean. Figure 4a shows traces
of sea bottom exaration caused by a large iceberg, and Fig. 4b
demonstrates trenches of the same nature. The complex
trajectory of the trenches is related to the changing direction
of underwater currents. Besides images of the objects
themselves, the acoustic images contain information about
the acoustic density of a sea bottom surface. The difference in
back scattering factors is determined by the degree of
background brightness. It carries information about the
geological bedrock on the sea bottom. Figure 5 presents a
detail of a bathymetric chart built on the results of interfero-
metric measurements. Halftone images exhibit the fluctua-
tions in seabed density.

The main deficiency of interferometric systems is the
distortions in the selectivity of signals detected with the
same delay with respect to the angle of arrival. This results
in limitations on using these systems in multibeam applica-
tions, as well as in cases of a complex undersea relief, etc. [6].
Multielement systems are free of such limitations; they allow
separating signals coming from different directions (para-
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Figure 3.Detail of profiling a sea bottom deposit in the Sea of Japan at depths of up to 1500 m. The depth of profiling the subsurface bottom structures is

more than 100 m.
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metric approach) or signals with high angular resolution
(nonparametric methods).

5. Miltibeam echo sounder
with linear-frequency-modulated sounding signals
In a multielement array and in measurement model (1), the
mean-square criterion (3) for estimation of the reflection
coefficient takes the form

D �
X
n

�����Zn�t� ÿ
�
R�u; t�S0�tÿ tÿ tnu� du dt

����2 dt ;
while the equation for the estimate is written out asX

n

�
Zn�t�S �0 �tÿ t0 ÿ tnu0� dt

�
�
R�u; t�

�X
n

K0

ÿ
tÿ t0 ÿ tn�uÿ u0�

��
du dt :

The kernel (enclosed in curly brackets) of the integral
equation describes the resolution in angle and distance. In
the narrow-band approximation, the kernel degenerates into
a product of two factors dependent on angle and distance:X

n

~Zn�t� exp
�
2pi

ln
l
u0

�
�
�
R�u; t�K0�tÿ t�Ky�uÿ u0� du dt ; �9�

where ~Zn�t� �
�
Zn�t�S �0 �tÿ t0� dt is the compressed input

data, and Ky�uÿ u0� �
P

n exp
ÿÿ2pi�ln=l��uÿ u0�

�
is a

directional pattern of the array. Similar to the equation
from Section 3, equation (9) can be considered an estimate
of the reflection coefficient ~R�u; t� within the framework of
time resolution of the correlation function K0�t� and angular
resolution of directional pattern Ky�u�:

~R�u; t� �
X
n

~Zn�t� exp
�
2pi

ln
l
u0

�
: �10�

200 100 0 100 200 m

200 100 0 100 200 m

a

b

Figure 4. Details of acoustic images provided by an interferometric SLS

with an LFM-probing signal: (a) bottom tracks are traces of exaration

caused by a large iceberg in the Arctic Sea at a depth of 20 ± 30 m; the

vertical length of the detail is 1 km; (b) ice exaration that characterizes the

trajectory of iceberg movement in changing currents; vertical length of the

detail is around 2 km.
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In this case, signal processing constitutes a compression of
input samples in all channels and Fourier transformation of
these samples for each distance. For a fixed pattern, especially
with a small number of receiving antennas, an increase in
spatial resolution becomes an important practical goal. The
solution to this problem can be found with the help of both
equation (9) (nonparametrical approach) and the use of
parametrical algorithms of spectral estimation [2 ± 4].

The first tests of an experimental system with a multi-
element antenna and LFM-probing signals were conducted at
IRE RAS in 2007 at an aquatorium on the Sea of Japan. This
hydroacoustic system consists of a linear transmitting and 32-
element receiving antenna system (modelled on the Mills
cross), powerful amplifier of radiated signals, digital gen-
erator (synthesizer) of LFM signals, and 32-channel low-
noise digital receiver with computer input data interface. The
carrier frequency of sounding signals is 30 kHz, frequency
deviation is 3.0 kHz. Signal quantization was carried out at a
frequency of � 6:0 kHz in each of the channels. The distance
between receiving elements of the antenna array is a half
wavelength of the radiated signal at the carrier frequency.

In accordance with formula (10), compression in all
32 channels of signals was carried out initially. The
calculation of the angular spectrum for each distance was
performed with the help of FFT with N � 32 dimensions (in
some cases a larger dimension, up to N � 256, was used) and
by weighting the input channel samples for different variants
of weighted sequences. In this case, the set of spectral
samples forms a system of partial beams. The angular
position um � sin ym of a beam with number (spectral
sample) m for distance d between receiving elements of an
antenna with a half wavelength l is derived from relationship
um � lm=�dN� � 2m=N, where m � 0; . . . ;Nÿ 1, N is the
FFT dimension, and the angle y is measured from the antenna
normal. Beam amplitude reaches its maximum at a distance
corresponding to the point where the beam crosses the sea
bottom. The generation of the undersea relief was performed
using slant range L, which had been determined by the
position of the amplitude maximum peak in each beam with
a known angle of inclination in accordance with expressions
(8). Examples of variation of beam amplitude near the
maximum are shown in Fig. 6 and characterize two extreme
types of data. For the first group of data (in the left part of
Fig. 6a), the peak near the maximum is wide, and its
amplitude smoothly decreases along the ascending beam
number (angle of inclination), shifting in distance. The FFT
algorithm applied to the spatial diagram forms a good image
of a seafloor relief (an example of this type of relief is shown in
Fig. 6b). For a second group of data (in the right part of
Fig. 6a), the shape of the amplitude near the maximum looks
like a narrow peak along almost the same distance; the peak
amplitude declines sharply with ascending beam number. The
treatment of data revealed that the use of FFT in such cases is
inefficient due to a high level of side lobes; therefore,
estimation of the angular spectrum was performed on the
basis of the autoregressive parametric method (Proni
method) [2]. This demonstrates good timing for the develop-
ment and application of spectral methods of estimation with
high resolution in multibeam systems.

6. Conclusion
The presented results of theoretical analysis and developed
algorithms of signal processing in various hydroacoustic
systems with LFM-probing signals for remote seafloor

exploration have been implemented and tested under differ-
ent conditions, including complicated operation in Arctic
waters.

This report outlines only some aspects of treating data in
LFM-signal applications. Certain important issues, such as
methods of secondary data treatment, the construction of
bathymetrical maps and maps of brightness, preparation of
various reports, and documenting the results, are beyond the
scope of this presentation.

The conducted experiments have proved the important
advantages of such development projects in comparison with
traditional hydroacoustic sonars that employ tone sounding
pulses. These advantages include an increase in energy
potential and resolution; higher interference immunity that
results in improved electrical and acoustical compatibility of
various devices, and increased potential for automation of
various hydroacoustic systems.

Besides the above aspects, the application of coherent
methods of LFM-signal processing in promising projects will
in the future allow employing additional signal characteristics
that may become important classification criteria for inter-
preting the results of remote sea bottom studies [8].
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Figure 6. Variation of echo signal amplitude of individual beams versus

distance (sample number); m is the beam number. The sampling period

corresponds to a distance interval of 0.1 m. (Obtained in the course of

probing various types of bottom soils.) (b) Example of relief extraction

from the system of spatial beams.
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