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The principle of operation of spherical antennas, which were used in experiments on the transmission of a
short-wave radio signal in the marine environment, is theoretically described. A solution of a spherically symmetric
electrodynamic problem based on the experimentally found potential component of the magnetic field is proposed.
The characteristics of a potential wave process in an electrically conductive medium are determined. The law of
transformation of an electromagnetic wave at the ,,conductor-dielectric“interface has been established.
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Introduction

The papers [1,2 |present the results of full-scale experi-
ments on the transmission of short-wave (HF) radio signal in
the marine environment within half a kilometer using special
spherical antennas. The carrying capacity of the radio
communication channel is estimated, its spectral and energy
characteristics are obtained. It is concluded that it is possible
to create a two-way voice radio communication channel
between mobile underwater objects at a distance of several
kilometers. The results obtained can lead to the creation of
breakthrough technologies that allow solution of the urgent
scientific and technical problem of organizing high-speed
radio communication channels with mobile underwater
objects. The scientific basis for these experiments was the
developing generalized theory of electromagnetic waves [3].

The purpose of this work is to theoretically describe the
process of radio wave generation by spherical antennas and
their free propagation in the marine environment, as well as
at the ,,conductor-dielectric,, interface.

1. Generalized theory of electromagnetic

waves

The theory, which was formed at the end of the
XIXth century as a result of studies by Maxwell, Lorentz,
Heaviside, Hertz, describes the electromagnetic wave as a
sequence of changes in the vortex electric and magnetic
fields. It received universal recognition and allowed the
creation of modern means of radio and telecommunications.
Nevertheless, this theory has certain inconsistencies that
contradict physical concepts: the in-phase change in the
strength functions of electric E(r,t) and magnetic H(r, t)
fields in the description of free electromagnetic wave,
periodic zeroing of its energy density function, the need
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to use mathematical calibrations. Obviously, numerous
problems and paradoxes of electrodynamics are connected
with this, the theory is not able to explain them.

One of the problems arises when considering a spheri-
cally symmetric electrodynamic problem given in the article
by B.M. Bolotovsky and V.A. Ugarov [4], published in 1976.
It is proposed to determine the electromagnetic field of
the expanding ball, on the surface of which an electric
charge is uniformly distributed. As the charges move,
radial electric currents arise. What is the configuration
of the electromagnetic field in this case? The authors
of the article conclude that the electric field outside the
expanding ball will be constant, and the magnetic fields
created by neighboring radial currents will be completely
compensated. Thus, the electrodynamic process does not
occur, and all comes to electrostatics. They agree with
the opinion of Ya.B. Zel’dovich and L.A. Yakovlev that the
charge conservation law prohibits the formulation of the
nonstationary problem itself.

The problem formulated above models the situation that
arises in a nuclear explosion, when, as it is known, strong
electromagnetic radiation is detected. In this case, the
radial flows of charged particles create open currents. What
configuration does the field of the vector electrodynamic
potential A have in this case? Is it possible in this case
to represent it as a purely vortex, i.e., without sources and
drains? These issues require a theoretical study, taking into
account the results of experiments with spherical antennas.

In the experiments described in the articles [1,2] the
spherical antennas with a diameter of 60 mm made of
copper were used. They were loaded on kapron halyards
into the sea to a depth of 6 to 10m. An amplitude-
modulated or frequency-modulated non-stationary electric
potential ¢(t) with a carrier frequency of 27MHz was
created on the transmitting antenna, and the receiving spher-



The principle of organizing an underwater radio communication channel using spherical antennas 371

ical antenna recorded this signal. The maximum distance
between the antennas (470.7m) by many times exceeded
the length of the electromagnetic wave, therefore, in the
marine environment a free electromagnetic wave process
propagated between the antennas, which must be described
analytically. There is a need to obtain an adequate solution
for a spherically symmetric electrodynamic problem similar
to that considered above. In this case, two fundamental
problems arise: firstly, it turns out that non-stationary
spherically symmetric problem cannot be reduced to a
stationary case, as the authors of the article [4] suggest,
and secondly, it is known that radio communication channel
in the marine environment in HF band cannot be organized
using free transverse electromagnetic waves.

There is a need for a critical analysis of some of the ideas
developed in electromagnetism. It is customary to identify
the magnetic field with a picture of iron shavings and
consider it purely vortex. This does not correspond to the
general field theory, or more accurately — to the Helmholtz
decomposition theorem [3], which requires that any vector
field be represented as a superposition of the solenoidal and
potential components. This discrepancy is due to the use of
calibrations for the vector electrodynamic potential A, which
do not consider the potential electromagnetic processes.

Let’s expand the electrodynamic theory, refusing from
artificial restrictions, first of all, the prohibition of the
potential component of the vector electrodynamic potential
Ap, especially since this component is implicitly present in
the theory using the Lorentz calibration:

0
v-A+e'eou’uoa—f =0, (1)
where o, o — magnetic and electric constants, respec-

tively, u’, € — relative magnetic and electric permeability
of the medium, ¢ is the potential of the electric field.
Obviously, in (1) V-A#0, hence Ay #0. Thus, the
Lorentz condition simultaneously excludes two potential
components: magnetic and electric.  For this reason,
under such theory only vortex vector functions are used
to describe the wave process. If instead of (1) we write a
more general relation:

V-A—e’eoad)

H* X/, /,Z/,t — —,
X'y ) P P

2)
then it becomes possible to take into account the so-called
potential magnetic field (PMF), the intensity of which is
determined by the scalar function H*(x',y’,z’,t). The
conditions of PMF occurrence and numerous experiments
with it, performed by various researchers, are described
in the monograph [3]. The concept of PMF is associated
with the consideration of open electric current, examples of
which can be a separate moving charged particle or a linear
Hertz oscillator, which is a linear conductor of finite length.
Besides, potential magnetic fields are formed in complex
electrical and magnetic systems of the toroidal type [5].
They serve as sources (—H*) and drains (+H*) of field

4*  Technical Physics, 2023, Vol. 68, No. 3

of vector A. By the way, the relation (2) is not calibration
relation, it should be considered as an expression of the
PMF strength in potentials.
d’Alembert wave equation
32A .
AA — €'eou' o oz = — o] (3)

in this approach contains a superposition of the solenoidal
(As) and potential (A,) components of the electrodynamic
potential:

A= As + Ap.

Using closed (js) and open (jp) electric conduction
currents, we obtain from (3) two wave equations for the
vortex and potential components of the magnetic field of
vector A respectively

/ / 82As 12 .

AAs — € e’ Lo TS = —U Ho)s (4)
3%A .

AAp — €'eou’ 1o sz = —4'thojp- (5)

Equations (4), (5) should be supplemented with the wave
equation for the scalar potential:
02 0

¢
A¢ — 6‘/8()/.1//,!0 W = - g0 B (6)

where p = p(r, t) is the electric charge density.
Differentiating (2) with respect to time, we obtain
oB* A 3%

— .__/ ! _
e T e e U

Here the relation B* = u/uoH* is used. Jointly consider-
ing (6) and (7), taking into account the expression of the
electric field strength in potentials

= (®

we get the equation

B~

It follows from (9) that the potential electric field can be
generated not only with the help of electric charge, but also
due to non-stationary potential magnetic field. The process
of changing PMF B*(r, t) at some point in space is similar
to electric charge of a certain density, since at this point
a source or drain of the electric field is created. This can
be called the phenomenon of vortex-free electromagnetic
induction. It is confirmed by several experiments given in
the monograph [3]. Thus, equation (9) describes the process
of non-stationary PMF transformation into non-stationary
potential electric field.

Applying the operator ,gradient to relation (2), taking
into account (3) and (9), we obtain the equation

aD
VxH+ VH" =j+ 2. (10)

V-D=p+¢£eg
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It takes into account both vortex and potential processes
of generation by conduction currents and displacement of
the magnetic field, which in the general case is represented
by 4-vector (H, H*), which corresponds to the Helmholtz
theorem.

Equations (9), (10), which form the basis of generalized
electrodynamics, were obtained in different ways by several
authors independently of each other [6-16]. A rather
complete analysis of the problems of electrodynamics and
the foundations of the generalized theory with various
Appendices are contained, for example, in the monograph
by Professor B. Zohuri (USA, University of New Mexico),
published in 2019 [17]. The earliest of the found articles
containing the equations of generalized electrodynamics was
published in 1956 and belongs to the Japanese physicist
T. Ohmura [18]. For a complete description of four-
component electrodynamic processes, it is convenient to use
quaternions as, for example, in the article [19].

2. Spherically symmetric wave process

Separating the potential and vortex components we obtain
from (10) two independent equations:

aD.
V xH=js+ —, (11)
at
aD
VH* :jp—i-Wp. (12)

To describe electromagnetic wave emitted by the spheri-
cal antenna, it is sufficient to jointly consider equations (9)
and (12), which determine the interconversion of radial
conduction currents jp and/or displacement currents dDp/0t
into a potential magnetic field and vice versa. These
processes form a free electromagnetic wave. Its propagation
occurs along the direction of the vectors Dy, and jp, therefore
such waves are usually called longitudinal. Sometimes they
are called electroscalar because they are described using
the current density vector jp and the scalar intensity func-
tion H*. Experiments with such waves in the atmosphere
and outer space are described in publications [3,8,20,21].
However, in the atmosphere and in outer space radio
communication using transverse waves works much more
efficiently. Using longitudinal waves you can solve the
problem of radio communication with mobile underwater
objects [1,2], and also it can be used to transmit radio signal
in mine workings [22].

To describe a free longitudinal electromagnetic wave in
an unrestricted medium with electrical conductivity o the
equations (9) and (12) should be represented as

] oB*
Vip=0— (13)
VH* =jp. (14)

When writing (13) Ohm law is used in differential form:

Jjo=0Ep. (15)

From equations (13), (14) one can obtain the correspond-
ing differential equations for a free longitudinal wave and
write them in spherical coordinates:

32jp Zajp / / asz
or2 T roar £k =0, (16)
PH*  29H*  , , 9H*
o Troar SeHH e =0 (17)

Let us consider the process of propagation of the
free spherical longitudinal electromagnetic wave with a
cyclic frequency w and length 4 in unrestricted electrically
conductive medium. As follows from the wave equa-
tions (16), (17), the propagation speed of the longitudinal
electromagnetic wave in each medium is the same as that
of the transverse one:

1
VeTeop g

Let’s start the review of the wave process from the
moment of time t = 0, when the wave front has a radius ry,
and write down the initial conditions:

Vp=V.=

H*(ro,O) :—Hg, jp(ro,O) =0. (18)

It is convenient to divide the wave period T into quarters,
and, accordingly, discriminate four concentric spherical lay-
ers with a thickness of a quarter of the wavelength each. The
temporal and spatial arguments of the functions describing
the process in neighboring layers are shifted relative to
each other by T/4 and A/4, respectively. Differential
equations (16), (17), taking into account the conditions (18)
have corresponding solutions:

+ (max)

ip(r, ) = 2B

rng . J A
- expi [(wt — 5) — k(r —Trg— Z)],
(20)
where k = w\/e’eoi/tly — wavenumber, 5™ — the
maximum amplitude value of the conduction current density.

The longitudinal electromagnetic wave propagating in an
arbitrarily chosen radial direction is conventionally shown in
Fig. 1. It is a spatiotemporal sequence of generation of non-
stationary PMF H* by non-stationary conduction currents j,
and vice versa. The vortex magnetic field is not shown in
this Figure, since, as noted above, such fields created by
neighboring currents are compensated.

It follows from solutions (19), (20) that the longitudinal
wave in the conductor decays according to the law 1/r.
Note that in the dielectric medium instead of the current
density function jp(r,t) the electric field strength Ep(r, t)
should be used. The coefficient of proportionality between
these values is the specific electrical conductivity of the
medium ¢ in accordance with Ohm law (15). For sea
water depending on salinity and temperature 0 = 3—7 S/m.

expilwt — k(r —ry)], (19)

H*(r,t) =
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Figure 1. Schematic representation of longitudinal electromag-
netic wave in linear conductor.

This contributes to increase in the range of the radio
communication channel using longitudinal waves in the ma-
rine environment by o times compared to the atmospheric
channel with the same transmitter power.

The energy density at the spherical front of the longitu-
dinal electromagnetic wave is determined by the function
transformed taking into account (15):

_L H*2 & oo E2) — 17, H*2 e

w(r’t)—i(ﬂﬂo + &g p)—i(ﬂﬂo T2 )
(21)

Note that this function does not have zero values, since
the characteristics of the electromagnetic wave included in
it are shifted in phase. This corresponds to the physically
meaningful idea of the energy conversion of the conduction
current into the energy of the potential magnetic field and
vice versa. Using (21) and the initial condition (18) for
the function H*, as well as the initial value of the energy
density: w(ro, 0) = wo, we can determine the maximum
the amplitude value of the conduction current present in the

solution (19):
2w
i (max) _ 0
iv oy 7o

This ratio imposes a certain limitation on the power
of underwater radio power supplies, since it is necessary
to ensure the electrical safety of scuba divers and marine
animals.

3. Boundary conditions

The boundary conditions for the generalized electromag-
netic theory are formulated in [3]. It follows from them that

__________

__________

__________

K

Figure 2. Transformation of electromagnetic wave at the interface
,conductor—dielectric”.
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the longitudinal electromagnetic wave with wave vector k|,
propagating in the conductor and incident normally on
flat interface ,,conductor-dielectric, is converted into the
transverse electromagnetic wave with wave vector k.,
which propagates in the dielectric along the interface plane,
ie. in this particular case k; L k,. The tangential
component of the longitudinal electromagnetic wave at the
interface ,,conductor-dielectric is continuous, it generates
the transverse wave in the dielectric, the wave vector of
which is directed normally to the interface. This means that
at the interface ,,conductor-dielectric™ there is a transforma-
tion of the longitudinal wave into the transverse one and
vice versa in accordance with the general law (Fig. 2):

kjcosa =k, cosfB, B=m/2—aq,

or
thl:k”/kJ_. (22)

The boundary condition (22) indicates the fundamental
possibility of organizing a communication channel for a
ground radio station operating on conventional transverse
waves with the mobile underwater object whose antenna
is capable of receiving longitudinal waves. This conclusion
was indirectly confirmed by analyzing the signals recorded
with the help of the underwater spherical antenna in the
course of the experiments described in the articles [1,2].
In the power density spectrum of the received signal the
narrow-band harmonics were found, the presence of which
cannot be explained, for example, by multiple frequencies
,of the tone call“. Presumably, this is explained by the
boundary condition formulated above: the sources of these
radio signals are in the air, and the signals themselves,
being transformed, pass through the interface ,air—water*
and then propagate under water in the form of longitudinal
waves. However, this hypothesis requires additional study,
and a series of special experiments must be performed for
the final conclusion.

4. Spherical antenna design

To create non-stationary electric potential on the trans-
mitting spherical antenna, it is proposed to use an open
oscillatory circuit with a spiral coil, which is the secondary
winding of a Tesla transformer (Fig. 3). Both coils of the
transformer are located in the same plane.

Electromagnetic processes occurring in the spiral coil are
determined by equations (9), (11), (12) and are described in
detail in the monograph [3]. The conduction current flowing
in the spiral coil has two components: a vortex (circular) js
and a potential (radial) jp, i.e., (Fig. 4,a). The corresponding
electric field can be represented as a superposition of the
vortex and potential components: D = Ds + D, (Fig. 4, it
b).

Radial currents j, create PMF of strength H* in accor-
dance with equation (12). The PMF of the primary coil
is transformed into the PMF of the secondary coil due to
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Figure 3. Schematic diagram of spherical antenna.

a

Figure 4. Configuration of conduction currents (a) and electric
field (b) in spiral Tesla coil.

radial displacement currents dD,/9dt. A non-stationary PMF
creates electric potential in the center of the secondary coil
in accordance with the law (9). This potential is transmitted
to the spherical antenna connected to the center of the
secondary coil.

In [3] a method for calculating the inductance of the spiral
coil and resonant frequencies of the spherical antenna is
given, taking into account its electric capacitance. It was
used in the design, manufacture and setting of antennas,
which were used in the experiments described in the
articles [1,2]. Note that the resonant setting of the spherical
antenna with spiral coil is complex process. In such
oscillatory circuit the so-called ,three-humped” resonance
arises [3]. To detect the maximum resonant peak it is
necessary to carefully examine a sufficiently wide frequency
range using a special antenna analyzer. Besides, capacitive
couplings occur between the turns of the helical coil, which
can affect the resonant peaks.

Conclusion

Thus, both problems identified at the beginning of
the study were successfully solved under the generalized
electrodynamic theory: a wave electromagnetic process is
described in the spherical electrodynamic problem, and it is
shown that free longitudinal (electroscalar) electromagnetic
waves propagate in electrically conductive medium. These

provisions make it possible to design special antennas for
organizing radio communication channels with mobile un-
derwater objects. One of the possible types of antennas for
longitudinal electromagnetic waves — spherical antennas —
was used in experiments, the results of which are described
in articles [1,2]. The conditions obtained at the interface
,conductor-dielectric“ indicate the transformation of longi-
tudinal waves into transverse waves and vice versa, i.e. there
is fundamental possibility of connecting atmospheric and
underwater radio communication channels without special
repeaters.
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