
picture of the physical processes in near-earth space,
over the earth, on the earth, and as related to solar ac-
tivity, and their effects on the propagation of radio waves,

on the magnetic field, and perhaps also on meteorological
processes.

A. V. Gurevich and Ε. Ε. Tsedilina, Theoretical
Investigation of Ultralong-range Propagation of Short
Radio Waves. Ultralong-range and especially around-
the-world propagation of short radio waves is of interest
both for ground radio communications and for communi-
cations with rockets and satellites. We know that in radio
propagation in its interlayer waveguide, the ionosphere
is capable of stopping frequencies above the maximum
usable frequency (MUF). The use of these frequencies
is a highly important practical problem.

When a radio wave propagates over ultralong dis- .
tances, it passes simultaneously through strongly differ-
ing regions of the ionosphere, e.g., its daytime and night-
time sides or equatorial, middle-latitude, and polar
zones. In an analytic analysis, therefore, it is necessary
to take account of the regular horizontal variability of
the ionosphere along the ray path, i.e., to consider a
model of the ionosphere that is inhomogeneous in three
dimensions. Also of great importance are absorption
and scattering of the radio waves both during propagation
and at their entrance into and exit from the ionospheric
ducts.

Since the properties of the ionosphere vary compar-
atively slowly in the horizontal direction, the adiabatic
invariant I of the ray, which is the approximate integral
of motion of the equation of geometrical optics, is pre-
served t 1 ] . The FE interlayer duct of the ionosphere has
a special advantage for ultralong-range propagation.
Having been trapped in the FE duct, the wave propagates
through it at a small value of the invariant Io and there-
fore has the best chance of passing through the night
zone, where the duct volume is smaller than anywhere
else on the path. Further, absorption in the FE duct is
weaker than in the F duct above it, especially for nearly
glancing paths ^ .

The adiabatic-invariant method has been used to in-
vestigate the global properties of long-range propaga-
tion'-3-'. A model numerical experiment was carried out
on three-dimensional analytic models of the ionospheric
electron-density distribution and the effective electron-
collision frequency, which were constructed for quiet
equinoctial conditions at the solar activity minimum E4-1.
The calculated results showed that the maximum usable
frequencies of around-the-world signals (MUFAWS),
which are determined by the transit across the nighttime
middle-latitude zone, are of the order of 20-22 MHz,
i.e., 10—14 MHz higher than the night-zone MUF. There
is a rather extensive (basically daytime) region of exis-
tence of ducts at frequencies much higher than the
MUF F m a x — u p to frequencies on the order of
45—50 MHz. The capture and output of energy by the
interlayer duct are quite high during the daytime hours.
The maximum probability of capture should be observed
during the daytime hours at middle latitudes. Study of
the azimuthal directions in which around-the-clock ducts
exist has shown that the preferred directions are latitud-
inal for middle-latitude stations. The frequency and time
range of capture corresponds for the most part to ex-
perimental observations. However, it is narrower than
that observed experimentally C5: l. It appears that scatter-
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FIG. 1. Comparison of experimental (plotted points) and theoretical
(curves) MUFAWS according to AWS observations at Stanford in March-
April 1962. Tli3 dashed curve was calculated with consideration of 2°
scattering of the ray in the duct, the dot-dash curve for 3° scattering, and
the solid curve without consideration of scattering. The circles indicate
the experimentally measured MUFAWS values.
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FIG. 2. Azimuth dependence of absorption at frequency f = 15 MHz
for a station at latitude θ = 38°. Local times are indicated on the figure.
The optimum azimuths 0rnin a r e indicated at the bottom.

ing of the radio waves on small-scale ionospheric in-
homogeneities is an important factor here, and allow-
ance for these inhomogeneities makes it possible to ex-
plain the observed frequency and time range of the
around-the-world signals[6-" (Fig. 1). The absorbing
property of ionospheric waveguide ducts was investigated
in m . This study showed that for a radiator in middle
latitudes, signals propagating in near-latitudinal direc-
tions are absorbed least because absorption is minimal
during the day in middle latitudes. The azimuthal de-
pendence of absorption has two minima, one of which
corresponds to the well-known Fenwick theoremc of
the optimum azimuths of minimum absorption β^^,
while the other corresponds to the middle-latitude direc-
tion of minimum absorption (Fig. 2).

Analysis of the problem of excitation of the iono-
spheric waveguide duct indicates that capture as a result
of the regular horizontal variability of the ionosphere is
energywise favored. In this case, the trapped power is
10~l to 10"2 of the radiated power under optimum condi-
tions. The power trapped by scattering effects is
10"a-10"5, and by wave effects 10"4-10"5.

The trapping of radio waves in the ionospheric wave-
guide duct may be strongly influenced by nonlinear
effects Μ . Under exposure to powerful radio emis-
sionC8·1, the ionospheric plasma stratifies in the region
of the F layer, and this leads to the appearance of in-
homogeneities that are strongly elongated along the
earth's magnetic field and have a broad transverse-size
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FIG. 3. Curves on which the specular radiation cone intersects the
earth's surface for capture of radio waves in the ionospheric wavequide
duct in the directions indicated on the figure. Height of scattering re-
gion h 0 = 250 km, its coordinates λ = 38°, θ = 56°.

spectrum from 1 m to 1 km. These inhomogeneities re-
flect radio emission incident on them at frequencies 10
to 80 MHz in accordance with the law of specular scat-
tering ^ . This phenomenon can be used effectively to
excite the interlayer waveguide duct1-10·1. Figure 3 shows
the regions of radiation and possible reception of
around-the-world signals on the earth in the presence
of nonlinear stratification at a height h0 = 250 km. On
the curve for β = 96.6C, which is formed by the inter-
section of the plane perpendicular to the magnetic field
at the center of the scattering region with the surface of
the earth, we may expect the appearance of around-the-
world signals trapped at and incoming from the direc-
tions /3i = 96.6° and β2 = -83.4°, with either a spaced
receiver and transmitter or with these units in the same
emplacement. The regions to the north and south of this

S. F. Golyan and L. A. Lobachevskfi, Results of
Experimental Studies of the Global Propagation of Short
Radio Waves. During 1966-1972, IZMIRAN made ex-
perimental studies of propagation conditions for short
radio waves on long paths: from Moscow to Antarctica
(Molodezhnaya Station) and from Moscow to the diesel-
electric motorship "Ob"' during its voyage from
Leningrad to Molodezhnaya Station.

The 20-kW transmitter at Moscow was operated in a
pulsed mode into a rhombic antenna pointed in the direc-
tion of Molodezhnaya. The pulse duration was 500 μ sec
and the repetition frequency 12.5 pulses per second. It
transmitted at three-hour intervals around the clock at
10 fixed frequencies in the band from 4.5 to 23 MHz. The
field strength and relative delay time of the received
signals were measured at Molodezhnaya and on the
"Ob'." A vertical unbalanced dipole was used for recep-
tion. Synchronization between the receiving and trans-
mitting stations was obtained by the use of highly stabil-
ized reference oscillators.

Analysis of the voluminous experimental material
made it possible to study the propagation characteristics
of shortwave radio signals in both the forward direction
(along the smaller arc of the great circle) and the back

curve can be used only to radiate energy with the purpose
of getting it trapped in the interlayer duct in the capture
directions indicated at the ends of the curves or to re-
ceive it after around-the-world propagation and exit
from the duct, respectively.
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direction (along the longer arc), as well as those of
around-the-world signals.

This analysis demonstrated the existence of optimum
ionospheric ducts for ultralong-range radio propagation
with much less attenuation than would follow from field-
strength calculations made by existing methods.

It was found from these data that the optimum ducts
are formed in the ionosphere during the periods after
sunset and after sunrise, i.e., for propagation in the
plane of a great circle turned away from the plane of
the terminator (around the earth's axis) through an angle
of 15—20° in the direction of the earth's rotation.

Long radio links for which the plane of the great-
circle arc coincides at certain times of day and certain
times of the year with the plane of the optimum annular
duct offer the best conditions for radio communications
at these times.

On meridional radio paths, for example (such as
Moscow-Molodezhnaya), the most favorable conditions
for ultralong-range propagation occur at the equinox
1—1.5 hour after sunset (sunrise). Figure a) shows ex-
perimental curves of the diurnal trend of the monthly
median field-strength value (Eo) at the optimum working
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