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Abstract
Objectives. Capacity, describing the maximum rate of information transmission, is an important characteristic of any 
communication channel. The main purpose of this work is to determine the capacity of a hydroacoustic communication 
channel with constrained average intensity of the transmitted signal. An additional aim consists in finding the optimal 
spectrum of  a  transmitted signal and calculate its boundary frequencies. A  model of  a  single-path channel was 
considered, which is characteristic of the deep sea with the receiver or transmitter placed at a sufficient depth.
Methods. Concepts of applied hydroacoustics, the theory of random processes, and information theory were used.
Results. An expression for gain in a hydroacoustic communication channel has been obtained. A novel expression 
derived for the spectral level of sea noise caused by sea surface waves is based on piecewise linear approximation 
of the curves of the spectral levels of noise obtained from four sources: turbulence, shipping, sea waves, and the 
thermal noise of the sea. Dependencies of the hydroacoustic channel capacity on communication distance, intensity 
of the transmitted signal, and sea state, are characterized. The definition of the optimal spectrum itself is determined 
along with the lower and upper boundary frequencies of  the optimal spectrum of  the transmitted signal. The 
dependence of  the bandwidth usage on  the intensity of  the input signal at various communication distances has 
been investigated.
Conclusions. On the basis of the Francois–Garrison attenuation coefficient, channel capacity was correlated with 
the parameters of the marine environment: temperature, salinity, and pH in the study area. At a given intensity of the 
input signal, channel capacity was shown to decrease significantly with increasing distance and sea wave intensity. 
It is also shown that the width of the optimal spectrum decreases with increasing distance. Sea wave noise was noted 
to affect significantly the shape of the optimal spectrum and its boundary frequencies. The possibility of cases where 
bandwidth usage increases with increasing distance at a given input signal intensity cannot be ruled out.
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НАУЧНАЯ СТАТЬЯ

Пропускная способность 
гидроакустического канала связи
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МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: denisov@mirea.ru

Резюме 
Цели. Пропускная способность является важной характеристикой любого канала связи, так как определя-
ет предельную скорость передачи информации в  нем. Основная цель работы  – определение пропускной 
способности гидроакустического канала связи при ограничении на среднюю интенсивность передаваемо-
го сигнала. Дополнительной задачей являлось определение оптимального спектра передаваемого сигнала 
и расчет граничных частот этого спектра. Была рассмотрена модель однолучевого канала, характерная для 
глубокого моря, когда приемник или передатчик расположены на достаточной глубине.
Методы. Использованы положения прикладной гидроакустики, теории случайных процессов и теории ин-
формации.
Результаты. Получено выражение для коэффициента передачи гидроакустического канала связи и новое 
выражение для спектрального уровня шумов моря, обусловленных волнением поверхности моря. На основе 
кусочно-линейной аппроксимации кривых спектральных уровней шумов турбулентности, судоходства, вол-
нения моря и теплового шума моря определена спектральная плотность интенсивности шума моря. Полу-
чены зависимости пропускной способности гидроакустического канала от дальности связи, интенсивности 
передаваемого сигнала и состояния поверхности моря. Определены нижняя и верхняя частоты оптимально-
го спектра передаваемого сигнала и оптимальный спектр. Исследована зависимость коэффициента исполь-
зования полосы частот от интенсивности входного сигнала для разных значений дальности связи.
Выводы. Использование коэффициента затухания Франсуа – Гаррисона позволило связать пропускную спо-
собность канала с параметрами морской среды: температурой, соленостью, значением водородного показате-
ля в иcследуемом районе. При заданной интенсивности входного сигнала пропускная способность существен-
но уменьшается с ростом дальности и усилением волнения моря. Показано, что с ростом расстояния ширина 
оптимального спектра уменьшается. Отмечается значительное влияние шума от волнения моря на форму оп-
тимального спектра и значения его граничных частот. Было установлено, что возможны случаи увеличения ко-
эффициента использования полосы частот ростом дальности при заданной интенсивности входного сигнала.

Ключевые слова: гидроакустический канал связи, шумы моря, спектральная интенсивность шумов моря, интен-
сивность сигнала, пропускная способность, оптимальный спектр, коэффициент использования полосы частот канала

INTRODUCTION

When developing digital hydroacoustic 
communication systems, the capacity of a given 
hydroacoustic communication channel (HACC), 
representing the maximum rate of information 
transmission at a given sea noise and given constraints 
on the transmitted signal, is of particular interest. Given 

knowledge of HACC capacity, it is always possible 
to estimate the efficiency of the communication 
system under development. HACC capacity has been 
estimated by a number of national and international 
researchers under various conditions. Works  [1–4] are 
particularly noteworthy among works in which capacity 
determination techniques are described. The closest 
approach to that taken the present work is the one 
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given in Stojanovic’s study  [1], where the capacity of 
a single-path HACC was obtained using the frequency 
dependencies of the attenuation coefficient and sea 
noise. Assuming nonspherical spreading, as it should 
be in the case with a point source, the Urick attenuation 
coefficient  [5], which is notionally independent of the 
parameters of the marine environment, was used. Here, 
the so-called practical spreading approach was used, in 
which the sound intensity taken as inversely proportional 
to the distance to the power of 1.5. However, as was 
noted  [5], if the properties of the marine environment 
are insufficiently known, it is recommended to apply 
the spherical law instead. The HACC capacity was also 
calculated [1] using a special approximating formula for 
the spectral noise density  [6], which gives somewhat 
overestimated values in comparison with the Urick 
curves  [6]. However, Stojanovic  [1] considered only 
the case of calm sea conditions. In the present work, the 
capacity of a single-path HACC was calculated using 
the frequency dependence of the attenuation coefficient 
described by the Francois–Garrison formula. Considered 
the most accurate at the present time, this formula is 
based around the parameters of the marine environment. 
In addition, a simple and illustrative piecewise linear 
approximation of the spectral level of sea noise was 
used. The dependence of the channel capacity on 
the intensity of sea surface waves was additionally 
investigated. Considering research carried out in recent 
years, the works [7–9] should be noted, in which various 
hydroacoustic communication systems were analyzed 
and their corresponding information transmission rates 
estimated.

1. HYDROACOUSTIC CHANNEL GAIN

In the emission of a harmonic signal, the instantaneous 
pressure p(t, R) in a boundless homogeneous absorbing 
marine environment at distance R from a point source 
can be represented as follows [10–12]:

	 p t R P R t R
c

( , ) ( )cos ,� ��
�
�

�
�
�

�

�
�

�

�
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is the root-mean-square pressure, Pa; ω = 2πf is the angular 
velocity of the source vibrations, rad/s; c = 1500 m/s is 
the speed of sound in seawater; R is distance, m; αe is 
the attenuation coefficient in the marine environment, 
Np/m; P0 is the root-mean-square pressure at reference 
distance R0 (typically, R0 = 1 m).

From expressions (1) and (2), the complex gain of 
the HACC can be expressed:
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where H(ω) is the frequency response and υ(ω) is the 
phase response. They are found as follows:

H H j
R
R

R R( ) ( ) exp ,� � �� � � �� ��� ��
0

0e  υ(ω) = −ωR/c.

In practice, the attenuation coefficient is typically 
expressed in dB/km, and the distance R is expressed 
in kilometers. Then, at R0  =  1  m, the formula for the 
frequency response takes the form

	 H f
R

R( ) exp( . ).�
�

�
1

10
0 115

3
km

� � (3)

As follows from expression (3), at a given 
communication distance R, the properties of the 
frequency response are completely determined by 
the frequency response of the attenuation coefficient. 
Therefore, let us dwell in more detail on the attenuation 
coefficient of seawater. α has to be calculated using 
various semi-empirical formulas obtained on the basis 
of theoretical and experimental data. One of such 
formulas for calculating α is the Francois–Garrison 
formula [13, 14], which was derived by analyzing and 
generalizing the known results of measurements in the 
ocean, including measurements in the Arctic. The sound 
attenuation coefficient α in the frequency range from 
200 Hz to 1 MHz to a depth of 5 km can be represented 
as follows [13, 14]:

α = α1 + α2 + α3, dB/km,

where α1  is the absorption coefficient due to ionic 
relaxation of boron compounds (borates), α2  is the 
absorption coefficient due to ionic relaxation of 
magnesium sulfate (MgSO4), and α3  is the absorption 
coefficient due to the shear viscosity of fresh water and 
the structural relaxation of fresh water molecules. These 
quantities are expressed as follows:

�1
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In the above formulas, the frequency f is expressed 
in kHz, and Ai (i = 1, 2, 3), Pi (i = 1, 2, 3), f1, and f2 are 
written as follows:

A
c1

0 78 58 86
10� � �.

,. pH  (dB/km)·kHz−1; 

P1 = 1, f1 = 2.8(S/35)0.5 ∙ 104 – 1245/Θ, kHz;
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Here, c is the speed of sound in seawater, m/s, which 
is approximately calculated as follows:

c ≈ 1412 + 3.21T + 1.19S + 0.0167z;

T is the water temperature, °C; Θ = 273 + T is the water 
temperature expressed in kelvins, K; S is salinity, ‰; 
z is depth, m; and pH is the pH of the water in the area 
of measurement α. The pH of the ocean water ranges 
from 7.5 to 8.4; the pH of the water in a certain area is 
available in the literature1.

At frequencies below 200 Hz, the Francois–Garrison 
equation may be invalid. The results of attenuation 
measurements at frequencies below 200  Hz were 
analyzed by Guilysse and Sabathe [15], who argued that 
the attenuation of sound at these frequencies is caused 
by the scattering of sound by inhomogeneities of the 
marine environment. The attenuation coefficient α4  in 
this frequency range id independent of frequency, but 
varies with latitude from 0.004 dB/km in polar waters 
to 0.0002  dB/km in the tropics. Stojanovic  [1] used 
the value α4  =  0.003  dB/km. The Francois–Garrison 
equation is applicable to all ocean conditions in the 
frequency range from 200  Hz to 1  MHz. Using this 
equation, the attenuation coefficient can be calculated 
with an accuracy of 10%. To obtain an expression for the 
sound attenuation coefficient in the frequency range from 
10 Hz to 1 MHz, it is necessary to add the attenuation 
coefficient α4  to the Francois–Garrison attenuation 
coefficient. Further, it is assumed that α4 = 0.003 dB/km. 
Therefore, the sound attenuation coefficient at frequency 
f has the form: α = α1 + α2 + α3 + α4.

1   Atlas okeanov (Atlas of the Oceans): in 3 v. V. 1. Tikhii okean 
(Pacific Ocean). 323 p. V. 2. Atlanticheskii i Indiiskii okeany (Atlantic 
and Indian Oceans). 334 p. V. 3. Severnyi Ledovityi okean (Arctic 
Ocean). Leningrad: MO USSR; 1974–1980. 188 p. (in Russ.).

To calculate the attenuation coefficient from the 
Francois–Garrison formula, it is necessary to know the 
water temperature T, salinity S, pH, and depth z along 
the entire sound propagation path.

Urick [5] proposed a simpler formula for the sound 
attenuation coefficient at a water temperature of T = 4°C, 
which is characteristic of great depths in the deep sea:
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f
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Here, αU is the attenuation coefficient, dB/km; and f 
is frequency, kHz.

The Urick formula is also based on the results of 
experimental studies, and its components are similar 
to those of the Francois–Garrison formula. However, 
Urick  [5] provided no information on the accuracy of 
the approximation of the known expressions for the 
attenuation coefficient by this formula. Moreover, the 
frequency range in which this formula is valid was not 
indicated. It was of interest to compare the Francois–
Garrison and Urick attenuation coefficients. Figure 1a 
illustrates the frequency dependence of the attenuation 
coefficient calculated by the Francois–Garrison formula. 
Since, on a logarithmic scale, the Urick curve differs 
little from the Francois–Garrison curve, the graphs of the 
Francois–Garrison and Urick attenuation coefficients and 
their differences were plotted on a linear scale (Fig. 1b).
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Fig. 1. Attenuation coefficient α versus frequency f  
in the frequency ranges (a) 0.1–103 kHz (Francois–Garrison 

formula) and (b) 10–100 kHz (the solid and dashed 
curves were calculated by the Francois–Garrison and 

Urick formulas, respectively; and the dashed-and-dotted 
curve represents the difference αU(f) − α(f))
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Figure 1b shows that the discrepancies between 
the attenuation coefficients at high frequencies can be 
significant. The relative error δα  =  (α  – αU)/α of the 
approximation of the Francois–Garrison formula by 
the Urick formula in the frequency range from 0.1 kHz 
to 1 MHz at a temperature of Т = 4°С and a seawater 
salinity of S  =  35‰ is δα  =  −0.26  at z  =  100  m and 
δα = −0.42 at z = 1000 m. At S = 30‰, |δα| increases 
by half. Such error values can hardly be considered 
acceptable under these conditions. Therefore, the 
HACC capacity should be calculated using the 
Francois–Garrison formula.

Further, let us the express frequency f in hertz. For 
this purpose, the factor 10−3  should be added to the 
formulas for the coefficients A1 and A2; the factor 10−6, 
to the formula for A3; and the factor 103, to the formulas 
for the frequencies f1 and f2.

2. NOISES OF THE MARINE  
ENVIRONMENT

The interference considered in this work is the noise 
that is characteristic of the deep sea. Its main sources in 
this case are ocean turbulence, long-distance shipping, 
sea surface waves, and thermal noise generated by the 
thermal motion of water molecules  [5]. At short time 
intervals and moderate depths, the ambient sea noise 
can be described by a stationary Gaussian process 
and characterized by spectral intensity density. Due 
to the variability of the sources, the ambient noise 
is characterized by the average spectral intensity 
density. The graphs of the average spectral intensities 
of turbulence noise, shipping noise, noise from sea 
surface waves, and thermal noise in the frequency range 
1–105 Hz were provided by Urick  [5, Fig. 7.5]. Using 
a piecewise linear approximation of these curves, the 
following analytical expressions for the spectral noise 
levels were obtained.

The spectral level of turbulence noise, Ntu( f ) , dB 
relative to 1 μPa:

Ntu( f )  = (107 – 30log f ) [1( f – 1) – 1( f  – 50)].

The spectral level of shipping noise, Nsh(f), dB 
relative to 1 μPa:

Nsh( f, k) = (44 + 9k + 20log f ) [1( f – 1) – 1( f – 10)] +

+ (64 + 9k)[1( f – 10) – 1( f – 100)] + 

(144 + 9k − 40log f ) 1( f – 100),

where f is frequency, Hz; 1( f )  is the unit step function; 
and k = 0, 1, and 2 are in the cases of low-, medium-, and 
high-intensity shipping, respectively.

The spectral level of sea wave noise, Nw(f), dB 
relative to 1 μPa:

Nw( f, b) =

= (N1 + 20logf – 46)[1( f – 1) – 1( f – 200)] +

+ N1[1( f – 200) – 1( f – 1000)] +

+ (N1 +60 – 20log f ) 1( f – 1000), 

N1 = N1(b) = Nw( f, b)|f = 1000 Hz =

	 = 44.9 + 13.4ln(1 + b).�

(4)

In the last formulas, b is a numerical quantity, 
which characterizes the sea state, measured as wave 
forces, and takes values in the range [0, 6]. Formula (4) 
was obtained by the least squares approximation of the 
sequence of the values Nw(1000, b) (b = 0, 0.5, 1, 2, 
3, 4, 6) of the family of curves Nw(f, b) presented on 
a large scale in [16]. The relative approximation error 
does not exceed 4%.

The spectral level of thermal noise, Nth( f ) , dB 
relative to 1 μPa:

	 Nth( f )  = (−75 + 20log f ) 1( f – 10000).� (5)

After the determination of the spectral levels of 
the noises, their spectral intensity densities can be 
found.

For turbulence noise,

J f J N f
tu

tu( ) . ( )= =0
0 110  
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where J0 = 0.667  · 10−22 W/(cm2·Hz) is the reference 
value of the spectral intensity, which corresponds to a 
root-mean-square pressure of 1 μPa.

For shipping noise,
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For noise from sea surface waves,
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For thermal noise,

J f J N f
th

th( ) . ( )= =0
0 110

	 � ��J f f0
7 5 210 1 10000. ( ),  W/(cm2·Hz).�

(6)

Expressions (5) and (6) are valid at a water temperature 
of T  =  4°C. At other water temperatures, the spectral 
density of thermal noise is calculated from the formula

Jth( f ) = 4πkBΘc−2f 21( f – 10000), W/(cm2·Hz),

where kB  =  1.38  ∙  10−23  W/(Hz·K) is the Boltzmann 
constant and с = 1.5 ∙ 10−5 cm/s is the average speed of 
sound in seawater.

Figure 2 presents the graphs of the spectral intensity 
density of the total noise of the marine environment,

Jn( f )  = Jtu( f )  + Jsh( f )  + Jw( f )  + Jth( f ) ,

for the case of medium-intensity shipping in various 
sea states. The solid, dotted, dashed, and dashed-and-
dotted lines are plotted at b = 0 (calm sea), 1, 3, and 6, 
respectively.
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Fig. 2. Spectral intensity density of the total noise  
of the marine environment in (a) physical units  

and (b) decibels relative to J0 = 0.667 ∙ 10−22 W/(cm2·Hz)

3. HACC CAPACITY

The HACC under investigation can be represented 
as a low-pass filter with the complex gain H( jω), to the 
input of which signal (pressure) p1(t) is applied, and at 
the output of which signal p2(t) is received and summed 
with nonwhite Gaussian sea noise pn(t). Thus, the 
process at the HACC has the form p(t) = p2(t) + pn(t). 
Let us consider the signal p1(t) the realization of a 
certain constrained-intensity stationary ergodic random 
process. Let the intensity of the input signal at a distance 
of 1  m from the source be IS. Let us determine the 
HACC capacity under constraints on the bandwidth (by 
the filter) and on the signal intensity. The capacity of a 
HACC-like channel under constraints on frequency and 
average power was found using information theory [17], 
and it was shown that the capacity is reached if the input 
signal is a stationary Gaussian process. In terms of this 
work, the formula for the HACC capacity takes the form

	 C H f B
J f

df
f B

f B
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Here, flower(B) and fupper(B) is the lower and upper 
frequencies, respectively, of the bandwidth, for which
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B is the solution of the equation
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and H(f) = |H(j2πf)| is the the frequency response of the 
HACC.

The spectral intensity density JS( f )  of the random 
input signal at which the channel capacity is reached is 
found by the formula

J f
B J f H f f f B f B

f f BS( )
( ) ( ) , [ ( ), ( )],

, [ ( ),
�

� �

�
n lower upper

lower

2

0 ff Bupper ( )].

�
�
�

��
 (10)

Thus, the HACC capacity is determined by two 
parametric equalities (7) and (9). The parameter is the 
quantity B, which should satisfy inequality (8). By 
simultaneously solving equations (7) and (9) under 
constraint (8), the C and B values can be found, and then 
from formula (10), the spectrum of the optimal input 
signal can be determined. This problem can be solved 
only by numerical methods on a computer.

Figure 3a illustrates the calculated dependence of 
the capacity C(R) on the communication distance at 
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three values of the input signal intensity for the case of 
calm sea (b = 0) and medium-intensity shipping (k = 1).

107
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0.1	 1	 10	 100

C, bps

R, km
(a)

107

105

103

10
0.1	 1	 10	 100

C, bps

R, km
(b)

Fig. 3. HACC capacity versus communication 
distance at k = 1: (a) b = 0 and IS = 10−7 W/cm2 

(dashed-and-dotted line), IS = 10−5 W/cm2 (solid line), 
and IS = 10−3 W/cm2 (dashed line) and (b) IS = 10−5 W/cm2 

and b = 3 (dashed line) and b = 0 (solid line)

Figure 3a shows that the capacity decreases with 
increasing communication distance, and this decrease 
is the faster, the lower the intensity of the input signal. 
Figure 3a can be used to estimate the order of magnitude 
of the capacity under the given communication 
conditions.

Figure 3b presents the dependences C(R) at 
IS = 10−5 W/cm2 and various b. It can be seen that the noise 
from sea surface waves can significantly decrease the 
capacity. For example, in calm sea (b = 0) at R = 10 km, 
C = 7 ∙ 104 bps, and if b = 3, then C = 8 ∙ 103 bps.

Calculations showed that, at a constant intensity of 
the input signal, with increasing distance R, the width of 
the spectrum of the optimal signal decreases due to an 
increase in the lower boundary frequency flower of the 
spectrum and a decrease in the upper frequency fupper. 
Figure 4  illustrates the distance dependences of these 
frequencies at k = 1 and b = 0.

As an example, Fig. 5 presents two spectra of the 
optimal signal at constant intensity of the input signal, 
k = 1, b = 0, IS = 10−5 W/cm2, and two values of the 
distance R.
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Fig. 4. Dependences of the lower boundary frequency 
flower (solid line) and the upper boundary frequency fupper 
(dashed line) of the optimal spectrum of the input signal 

on the communication distance at IS of (a) 10−7, (b) 10−5, 
and (c) 10−3 W/cm2
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Fig. 5. Optimal spectra of the input signal at various 
communication distances of R = 1 km (solid line)  

and R = 10 km (dashed line)
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As can be seen from Fig. 5, with increasing 
communication distance at constant intensity of the 
input signal, the optimal spectrum narrows, but its values 
increase. The spectrum of the optimal input signal is 
always limited in frequency.

Figure 6  shows the optimal spectra at k  =  1, 
IS = 10−5 W/cm2, and R = 10 km in the absence of sea 
waves (b = 0) and in the case of sea waves at b = 3. As 
follows from Fig. 6, the noise from sea waves leads to a 
decrease in the width of the optimal spectrum, a change 
in its shape, and an increase in its intensity.

3.0·10–9
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1.5·10–9

1.0·10–9

0.5·10–9

0
102	 103	 104	 105	 106

JSS(f), W/(cm2·Hz)

f, Hz

Fig. 6. Optimal spectra of the input signal at various sea 
wave intensities of b = 3 (solid line) an b = 0 (dashed line)
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Fig. 7. Bandwidth usage versus input signal intensity  
at various communication distances of R = 0.2 km  

(solid line), R = 1 km (dotted line), R = 5 km (dashed line), 
and R = 10 km (dashed-and-dotted line)

As follows from the analysis, the HACC is a 
constrained-bandwidth channel. Therefore, from a 
practical point of view, it was of great interest to evaluate 
the bandwidth usage of the HACC. Figure 7 shows the 
results of calculations of the dependence of the bandwidth 
usage γ = C/( fupper – flower) on the intensity of the input 
signal (in decibels relative to 1 µPa) at four communication 
distances. It can be seen from Fig. 7 that, regardless of the 
distance, γ increases with increasing input signal intensity. 
An interesting feature of these dependences is that the 

curves at R = 1 and 5 km intersect at a certain intensity 
value (in the vicinity of 190 dB). Therefore, there may 
be cases where the bandwidth usage at a longer distance 
is greater than that at a shorter distance at the same input 
signal intensity. From the data in Fig. 7, one can estimate 
the order of magnitude of the coefficient γ under the 
specified communication conditions. For example, the 
maximum value of γ is approximately 13  bps/Hz and 
occurs at IS = 200 dB and R = 0.2 km.

CONCLUSIONS

The main purpose of this work was to determine 
the capacity of a HACC with constrained average 
intensity of the transmitted signal. A model of a single-
path channel was considered, which is characteristic of 
the deep sea with the receiver or transmitter placed at 
a sufficient depth. In this case, the sound propagation 
to medium distances occurs along “stable” trajectories, 
which are unaffected by the sea surface and the bottom. 
Such trajectories exist for vertical and near-vertical 
(10°–15°) channels.

The comparison of the numerical values of the 
Francois–Garrison and Urick attenuation coefficients 
showed that Urick attenuation coefficient can differ 
markedly from the Francois–Garrison attenuation 
coefficient. Moreover, the Francois–Garrison attenuation 
coefficient takes into account the dependence of the sound 
attenuation on the seawater parameters. Therefore, in 
this work, the Francois–Garrison attenuation coefficient 
was used. Using it, the complex gain, the frequency 
response, and the phase response of the HACC were 
obtained.

A new expression was derived for the spectral 
level of sea noise caused by sea surface waves. The 
expression for the spectral density of the sea noise 
intensity used to calculate the channel capacity was 
obtained by subjecting Urick’s curves of the spectral 
levels of noises from turbulence, shipping, sea waves, 
and thermal noise to a piecewise linear approximation. 
The Francois–Garrison attenuation coefficient was used 
to relate the HACC capacity with the parameters of the 
marine environment: temperature, salinity, and pH of the 
study area.

The capacity was calculated for the cases of 
medium-intensity shipping in calm sea and in Beaufort 
force 3  waves. It was found that HACC capacity is 
significantly reduced by noise from sea surface waves. 
The dependencies of channel capacity on communication 
distance and the intensity of the transmitted signal were 
calculated. At a given intensity of the input signal, 
channel capacity was observed to significantly decrease 
with increasing distance.

The lower and upper boundary frequencies of the 
optimal spectrum of the input signal were determined 
along with the optimal spectrum itself. It was shown that, 
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with increasing communication distance, the width of 
the optimal spectrum also decreases. A significant effect 
of noise from sea waves on the shape of the optimal 
spectrum and the values of its boundary frequencies can 
be noted.

The dependence of bandwidth usage on the intensity 
of the input signal at various communication distances 
was characterized. Under some conditions, there may be 
cases where bandwidth usage increases with increasing 
distance at a given input signal intensity.
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