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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 thiswork 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.
Itis 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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Pesiome

Llenu. MponyckHas cnocoBHOCTb ABASIETCSA BaXXHOW XapakTepuCTUKOM Ntoboro kaHana cBa3u, Tak kak onpenens-
€T NnpefesibHyl0 CKOPOCTb nepenayn nHbopmaunm B Hem. OCHOBHas Leflb paboTbl — onpeaesieHne NpPonyckHoM
CMOCOBHOCTW MMAPO0AKyCTUYECKOro KaHasa CBA3M Npu OrpaHMyYeHn Ha CPedHIo MHTEHCMBHOCTL NepenaBaemMo-
ro curHana. JononHnTtenbHOM 3aga4ven aBsiOoCh onpeaeneHne onTumMasnbHOrO CrekTpa nepegasaemMoro curHana
M pacyeT rpaHnyHbIX YacTOT 3TOro cnekTpa. bbina paccMmoTpeHa Moaenb OAHOMYYEBOrO KaHana, xapakrepHas aas
rny6oKoro Mopsi, Koraa npUeMHUK Uin nepenaTymk pacrnosioXeHbl Ha A0CTaTOYHOM rinybuHe.

MeToabl. Icnonb3oBaHbl NOMOXKEHNS NPUKNAAHON rMAPOAKYCTUKN, TEOPUM CAy4alHbIX MPOLLECCOB N TEOPUN UH-
dopmaunn.

PesynbTaTtbl. [10/1ly4eHO BbipaxeHne ona KoadobuumeHTa nepegadm rmapoakycTm4eckoro KkaHana CBs3u n HoBoe
BblpaxkeHune Ons CnekTpanbHOro YPoBHS LLYMOB MOPS, 00YCIOB/IEHHbIX BOSTHEHMEM MOBEPXHOCTM MOpPSA. Ha ocHoBe
KYCOYHO-/IMHENHOM anmnpoKCUMAaLIMK KPUBLIX CMEKTPaSIbHbIX YPOBHEN LYMOB TYPOYNEHTHOCTU, CYA0XOACTBa, BOJ-
HEHMS MOPS 1 TEMJIOBOIO LLyMa MOPS OnpeaeneHa cnekTpasnbHas NA0THOCTb MHTEHCUBHOCTM Wyma mops. ony-
YyeHbl 3aBUCUMOCTM MNPOMYCKHOM CMOCOBHOCTU MMAP0aKyCTUYECKOro KaHana oT AaflbHOCTU CBA3U, UHTEHCUBHOCTU
nepenaBaemMoro curHana n CoOCTOAHNS MOBEPXHOCTM MopS. OnpeaeneHbl HUXKHAS 1 BEPXHAS HaCTOTbl ONTUMabHO-
ro cnekTpa nepenaBaemMoro CurHana v onTumMasbHbIM CNEKTP. MiccnegoBaHa 3aBUCMMOCTb KO3hPULMEHTa NCNOSb-
30BaHUS MOJIOCHI YACTOT OT MHTEHCMBHOCTM BXOAHOIO CMrHana aJ/isi pas3HbiX 3Ha4eHMn 0anbHOCTU CBSA3N.

BbiBOAbl. Vicrnonb3oBaHne koadppuumeHTa 3atyxaHua PpaHcya — FappurucoHa no3BonIo CBA3aTh NPOMYCKHYO CHO-
COBHOCTb KaHasa ¢ napameTpamn MOPCKOM cpeabl: TeMnepaTypoii, CONeHOCTbIO, 3HaYeHEM BOAOPOAHOIO nokasare-
1191 B ccneayemMoM paiioHe. MNpuv 3aaHHON MHTEHCUMBHOCTY BXOOHOMO CUrHasa nponyckHasi CocOOHOCTb CYLLECTBEH-
HO YMEHbLLAETCS C POCTOM AAJIbHOCTU N YCUNEHNEM BOSTHEHMS MOPS. [Toka3aHo, 4TO C POCTOM PACCTOSIHUS LUMPUHA
ONTUMAaJIbHOIO CnekTpa yMeHbluaeTcs. OTMevaeTcs 3HaUNTENbHOE BAUSHME LLyMa OT BOJIHEHUS MOPS Ha GopMy on-
TUMaNIbHOrO CNEeKTPa U 3HAYEHNSA €ro rPaHNYHbIX YacTOT. BbIN0 YCTAaHOBMEHO, YHTO BO3MOXHbI Cily4aun YBESIMYEHUSA KO-
adPpurumMeHTa NCNOIL30BAHNS NONOCHl YACTOT POCTOM Aa/IbHOCTM NMPY 334AHHON MHTEHCUBHOCTW BXOAHOIO CUrHana.

Kniouesbie cnoBa: FI/ID,DOEIKyCTI/I‘-IGCKVIVI KaHa CBA3U, LLUYMbl MOPS, CriekTpaJibHasd MUHTEHCUBHOCTb LLUIYMOB MOPSA, UHTEH-

CMBHOCTb CUrHasia, nponyckHasa CMOCOBHOCTb, ONTUMAaJSIbHbIN CNeKTP, KO3IDPULMEHT NCMONL30BAHNSA MNOJIOCHI YACTOT KaHana

* Moctynuna: 28.04.2022 » fopa6oTaHa: 21.06.2022 ¢ MpuHaTa k ony6nukoBanuto: 10.11.2022

Ansa uutnpoBaHua: JeHncor B.E. MponyckHas cnocobHOCTb rmapoakycTUieckoro kaHana cesasu. Russ. Technol. J.
2023;11(1):31-40. https://doi.org/10.32362/2500-316X-2023-11-1-31-40

Mpo3spayHocTb pMHAHCOBOMN AeATENbHOCTU: ABTOP HE NMeeT GUHAHCOBOW 3aMHTEPECOBAHHOCTY B NMPeaCTaB/IeH-

HbIX MaTepuanax nim Metogax.

ABTOp 3asB/155€T 06 OTCYTCTBUM KOHDIMKTA UHTEPECOB.

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

Russian Technological Journal. 2023;11(1):31-40

32


https://doi.org/10.32362/2500-316X-2023-11-1-31-40
mailto:denisov@mirea.ru

Hydroacoustic communication channel capacity

Valery E. Denisov

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

Inthe emission ofaharmonicsignal, the instantaneous
pressure p(¢, R) in a boundless homogeneous absorbing
marine environment at distance R from a point source
can be represented as follows [10-12]:

c

p(t,R) = x/EP(R)cos{m(t —ﬁﬂ, (1)

where

R
P(R)= P, ?Oexp[—oce (R-Ry)] )

isthe root-mean-square pressure, Pa; o =2mnfis the angular
velocity of the source vibrations, rad/s; ¢ = 1500 m/s is
the speed of sound in seawater; R is distance, m; o, is
the attenuation coefficient in the marine environment,
Np/m; P, is the root-mean-square pressure at reference
distance R, (typically, R, =1 m).

From expressions (1) and (2), the complex gain of
the HACC can be expressed:

R
H(jo)= %exp[—ae (R _RO)_ng} =
= H(o)exp[j3(0)],

where H(w) is the frequency response and v(w) is the
phase response. They are found as follows:

R,
H(@) =|H(jo)| =2 exp ~ore (R= Ry ) |, v(w) =-oRk.

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

1
H(f)= mexp(—o.l 150R). 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. o has to be calculated using
various semi-empirical formulas obtained on the basis
of theoretical and experimental data. One of such
formulas for calculating o 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 o in the frequency range from
200 Hz to 1 MHz to a depth of 5 km can be represented
as follows [13, 14]:

o =0, +a,+a;, dB/km,

where a, is the absorption coefficient due to ionic
relaxation of boron compounds (borates), a, is the
absorption coefficient due to ionic relaxation of
magnesium sulfate (MgSO,), and a; 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:

_ABASE _APLS

_ 2
1= > Qg = Oy = AP S
f12+f2 f22+f2

In the above formulas, the frequency f'is expressed
inkHz, and 4, (i =1, 2,3), P, (i =1, 2, 3), f, and f, are
written as follows:

4 = 886 jg07spH =5 (dB/km)-kHz ;
C

P, =1, f,=2.8(5/35)%5 - 104~ 12450 kHz;
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bl

A4, =21 .44§(1 +0.0257), (dB/km)-kHz !;
c

P,=1-137-10"%+6.2-107°2;

8.17'108 —-1990/0
©1+40.0018(S -35)°

) kHz;

Py=1-3383" 1073z +4.9 - 1071022,

4.937-104-2.59-1075T +
+9.11-107772 -1.50-107873,
T <20°C,

3.964-1074 —1.146-107°T +
+1.45-107772 -6.50-1071073,
T >20°C,

(dB/km)-kHz 2.

Here, c is the speed of sound in seawater, m/s, which
is approximately calculated as follows:

c~ 1412+ 3217+ 1.195 + 0.0167z;

T is the water temperature, °C; @ = 273 + T is the water
temperature expressed in kelvins, K; S is salinity, %o;
z is depth, m; and pH is the pH of the water in the area
of measurement a. 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 literature!.

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 o, 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 a, = 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 a, to the Francois-Garrison attenuation
coefficient. Further, it is assumed that a,, = 0.003 dB/km.
Therefore, the sound attenuation coefficient at frequency
fhas the form: a = o, + a, + 0y + 0.

U 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 7, 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 7=4°C,
which is characteristic of great depths in the deep sea:

44 2
4100 + £2

01147

Oy = +3-1074 72,
U 1+ f2 f

Here, ay; is the attenuation coefficient, dB/km; and
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 la
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).

a, dB/km
108 T

10

0.1

10738 /|
0.1 1 10 102

108 f, kHz

a, dB/km
35
30
25 -
20 4—1
15 -
102 1=
AT
10 20 30 40 50 60 70 80 90100 f, kHz
(b)
Fig. 1. Attenuation coefficient a versus frequency f
in the frequency ranges (a) 0.1-108 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 ay,(f) — a(f))

\\
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Figure 1b shows that the discrepancies between
the attenuation coefficients at high frequencies can be
significant. The relative error 6, = (a — oy)/a 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 7 = 4°C and a seawater
salinity of § = 35%o is 8, = —0.26 at z = 100 m and
8, = —0.42 at z = 1000 m. At § = 30%., |6,| 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 fin hertz. For
this purpose, the factor 1073 should be added to the
formulas for the coefficients 4, and 4,; the factor 1070,
to the formula for 45; and the factor 103, to the formulas
for the frequencies £, and f,.

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
1-10° 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, N, (f), dB
relative to 1 pPa:

Ny (f) = (107 =30log /) [1(f = 1) - 1(f = 50)].

The spectral level of shipping noise, Ny (f), dB
relative to 1 pPa:

Ny (f; k) = (44 + 9k +20log /) [1(f— 1) = 1(f— 10)] +
+ (64 + 9K)[1(f— 10) — 1(f— 100)] +
(144 + 9k — 40log ) 1(f— 100),
where fis frequency, Hz; 1(/) 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, N (f), dB
relative to 1 pPa:

N (/. b) =
= (N, +20logf - 46)[1(f— 1) - 1(f-200)] + (4)
+ N,[1(f—200) — 1(f— 1000)] +
+ (N, +60 — 20log ) 1(f— 1000),

Ny =N(b) =N (f D)ly— 1000 1, =
=44.9 + 13.4In(1 + b).

In the last formulas, » 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 N (1000, b) (b =0, 0.5, 1, 2,
3, 4, 6) of the family of curves N_(f, b) presented on
a large scale in [16]. The relative approximation error
does not exceed 4%.

The spectral level of thermal noise, Ny (f), dB
relative to 1 pPa:

Ny(f) =(=75+20log /) 1(f—10000).  (5)

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

For turbulence noise,

Joy () = 1001 V() =
=J101%7 £3[1(f =)= 1(f = 50) ], W/(cm?-Hz),

where J;, = 0.667 - 10722 W/(cm?-Hz) is the reference
value of the spectral intensity, which corresponds to a
root-mean-square pressure of 1 pPa.

For shipping noise,

J g (f k) = Ty 1001 N () =
=Jy 1044+ 09k £211(f—1)-1(f -10) ]+
+J,1064 + 09K [1( £ —10) - 1(f —100)] +
+J, 10144 + 09k £=41( £ -100), W/(cm?-Hz).
For noise from sea surface waves,
0.1N, b) _
J o, (fb) = Jy 1041V (/:0) =
= Jo10%M =46 £2[1(f 1)~ 1(f -200) ]+
+J10%V [1(f = 200) —1(f ~1000)] +

+J 100N+ 6 £21( £ ~1000), W/(cm?-Hz).
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For thermal noise,

J i (f)=Jy 1001V () =

(6)
=J,10773 £2 1(f —10000), W/(cm?-Hz).

Expressions (5) and (6) are valid at a water temperature
of 7' = 4°C. At other water temperatures, the spectral
density of thermal noise is calculated from the formula

Ji(f) = 4nkgOc 2 21( f— 10000), W/(cm? Hz),

where kg = 1.38 - 10723 W/(Hz-K) is the Boltzmann
constant and ¢ = 1.5 - 10> 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,

o) =S () +I () + () +Ju(f)

for the case of medium-intensity shipping in various
sea states. The solid, dotted, dashed, and dashed-and-
dotted lines are plotted at » = 0 (calm sea), 1, 3, and 6,
respectively.

Jpy W/(cm?2Hz)
10-10

10-12 ]\

10-14

1016

10-18 BEARE A
10-20 P

10722

120

100 \\

80 <

60 ‘; >
40 h RENE =
N

20

1 102 104
(b)
Fig. 2. Spectral intensity density of the total noise

of the marine environment in (a) physical units
and (b) decibels relative to J, = 0.667 - 10722 W/(cm?Hz)

108 £, kHz

3. HACC CAPACITY

The HACC under investigation can be represented
as a low-pass filter with the complex gain H(jo), to the
input of which signal (pressure) p,(?) is applied, and at
the output of which signal p,(7) is received and summed
with nonwhite Gaussian sea noise p (¢). Thus, the
process at the HACC has the form p(?) = p,(¢) + p,(9).
Let us consider the signal p,(f) 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 Ig. Let us determine the
HACC capacity under constraints on the bandwidth (by
the filter) and on the signal intensity. The capacity of a
HACKC-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

Jupper(B)
C= j log{w} df.

%)
fonar® L T

Here, f e (B) and fupper(B) is the lower and upper
frequencies, respectively, of the bandwidth, for which

L) _
H2(f)

B is the solution of the equation

B, ®)

AT)
H2(f)

Jupper (B)
{ } df =1, ©)

flower (B)

and H(f) = |H(j2=nf)| is the the frequency response of the
HACC.

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

By (NH D) 1 Ui B) Supee B

J(F) =
s() { 0, / & [ frower (B): fupper (B)]-

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).

C, bps

107

7

10° -3

108

10

0.1 1 10 100 R, km

C, bps

107

/7;"
/

10° .
| ™
103 N L

10
0.1 1 10

(b)

Fig. 3. HACC capacity versus communication
distance atk=1:(a) b=0and /g = 107 W/cm?
(dashed-and-dotted line), Ig = 1075 W/cm? (solid line),
and /g = 1073 W/cm? (dashed line) and (b) Ig = 107> W/cm?
and b = 3 (dashed line) and b = 0 (solid line)

100 R, km

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
I= 1073 W/cm? 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=7-10%bps, and if =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 f, ... 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,Ig=10" W/em?, and two values of the
distance R.
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Fig. 4. Dependences of the lower boundary frequency
fower (SOlid line) and the upper boundary frequency fupper
(dashed line) of the optimal spectrum of the input signal
on the communication distance at /g of (a) 1077, (b) 107,
and (c) 1073 W/cm?
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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 & = 1,
Iy =107 W/em?, 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.
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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 y = C/( fupper ~ flowep) ON the intensity of the input
signal (in decibels relative to 1 pPa) at four communication
distances. It can be seen from Fig. 7 that, regardless of the
distance, y 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 y under the
specified communication conditions. For example, the
maximum value of vy is approximately 13 bps/Hz and
occurs at /g =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.
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