Antipodal Propagation

BY N. GERSON
welsierperierpijyi

A diseussion of the special considerations fnvolved in the reception of a
radio aigmal of & podnl ontipodal to he fronemilier.

ENTRGDULCTION

Probably everyone is acquainted with “‘whispering galleries.” These
are rooms which after construction (sometimea deliberately, sometimes
accidentally) foous sound waves origingting at some particular souree
to a second point.  Many of these are well known, There iz one, for
instanee, in the old State Capitol of Maryiand in Annapolis; anether
in the U, 8 Capitol, in Washington; and another in the Louvre in
Parir. Probably the one best kaown in thiz country is that found in
Statnary Hall in the ofd House of Representatives in Washingion.
The elliptical reom, whose wails are fairly good reflectors for sound
energy, has two focl, and o whisper at one & clearly audible at the
other. However, should the speaker move even a foot from the focus
and then shout, his voice will {31l to carry and will not be heard at
the other facus.

Something simsilar, of course, can be constrncied for any type of
wave motlion. Signak radisting from one foeus would converge st
the second with but small attenuation.

In this connection it should be noted thal natural whispering gal-
leries are already In existence, Ome such gallery exista in principle
for radio waves propagating between the ionosphere and the earth.
The two foci are (a) the transmitter location itzelf, and (b) its antipode.

Although the asinal ease for the earth and its ionoaphere is some-
what eomplicated, the conditions may be idealized as shown in Fig. 1.
This dizgram illustrates two conoentrie apheres, the inper one corre~
sponding to the earth and the outer one to the fonic layer which re-
flects the radio wave in question, The outer surfaze of the inner
sphere and the inner surface of the outer sphere will be taken s per-
fect speeular reflectors. To simplify the treatment, the wavelength,
%, of the electromagnetic wave will be considered us ueh smaller than
the separation of the spheres, z; 1 8, 3 2.

The Tatter eondition holds for both the HF end VHF bands. For
axample, the ionic layer allewing reflection may be the B, F1 or F2,
which have aliitudes of approximately 100 km, 200 km, and 300 ko,
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raxas?ectimiy( When the wavelength is less than 1000 meters, the con-
dition A <z holds, and ray tracing is valid.
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Flg. 1.

Figure 1 represents a meridional eross-section through the spheres,
conlaining the center of the spheres, the radiator 7, and the antipodal
point R Two rays are illustrated, both of which are re-focussed at
the source 7' after one transit arsund the inner sphere.  The ray which
eompletes this transt in an odd number of hops is reflected from the
suler sphere at the antipedal distance, while the ray making an even
nurnber of hops, inlerseets the true antipode of the spurce.

Radio waves of the latter type are of great potential interest.  They
must satisfy the relationship

L o= ¥ (1\)

whers m is the number of hops to the antipode, and 4 i the sentral
angle (af the conter of the spheren) subtended by one hop.  Obvinusly
i must be a whole number,

It should be realized that Tig. 1 Hustrates a crossgection through
the sphieres in one plane enly. The same conditions oeeur in all planes
passing through T and £.  Thus the signal strength at the reesiver is
the intensity of all raye integrated through an azimuth of 360¢, arriv-
ing at &, In the ideal case, this intensity is appreciable, and aflows a
clear, unambiguous interpretation of the signals radiated at the spuree.

Some comments may be made about those hops whenr

ma = 2x, (2}

m being integral. {This condition includes not only those cases where
rays are {ocussed at the ground antipode, but also those where they are
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facussed at the jonogphieric antipode. In either event the rays agein
pass through the source of radiation, T, after one transit around the
carth.) When Equation (2) 1z satisfied, the refloctions my, w,, ole., at
the inner sphere are termed mulliple image poinis,

At the multiple image locations, rays ammive only along the great
cirele path containing both the receiver and the source, soms being
propagated zlong the short segment and others along the long segment
of this path.

In the ieal case considered above, the time differonce, Al beiween
the arrival time of (a) the short-segment and (b} the long.segment
rays is constant along the small circles containing the loct of all polnts
my, #, ete., respeclively isee Fig. 23 Each of the small eivles i

Fig. 2.

centered on the axis T-8.  For one globad transit, the time separation,
Af, miinins ifs maximum at T and ita minimum at B AL 7, M =
£y~ & = £, for the short-segment wave arrives ab lime 4, « 0 asconda,
and the long-segment ray atrives st ¢ = &, the time required for one
transit around the sphere. At the antipode K, the geometrical short-
and long.segment paths become equal, whence the time difference ¢
3 N A N

The time required for HF radio waves t0 make one bransit areund
the globe has been measured on 2 great number of oeonsions and found
ta be fairly constant at { = Q13788 seconda.  The transit i made vis
a multihop propagation hetween the ionosphere and earth, 25 in the
ideal ease porirayved in Fig. 1,

Fhe magnitude of the time separation between the Jong. and short
segment paths provides some indication of the fading expected at dif-
ferent locations. Severe fading would result when the two waves ar-
rive sufficiently out of phase to produee destructive interference, with
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markedly distorted signals. Thus the least interference between the
two signals may be found at the sites T and K, (The fading which
oecurs because of interference berwaen the ordinary and extraordinary
rays, lateral reflechions Lo the peceiver, and polarization, will not be
considered here.}

Maximum fading between the signals of the long-and short-segment
paths probably may be expscted at first-hop distances from the anti-
pedde, where the time separation, AL, is small, and the signal intensities
are approxvimately equal.  Appreciable fuding would not be sxpucted
at the antipode, since all geometric paths from T are oqual.  Io practice,
however, the electries! paths to the antipode are of diflerent lengths
for difforent rays, beeavse of differences in the dislectric congtant, the
presence of ionospheric discontinuities, differences between day and
night paths, and so on.

Several interesting sspects of the ideal model may be noted. With
two perfect, coneentrie, spherical reflectors, energy radiated from a
source T' is reflected indefinitely without loss. Thus, the entire volume
between the two spheres may become uniformly &lled with the radisied
energy, which iz confined without loss between the two apheres.

It should be noted that in Fig. 1, only one ray path was shown in
the Tm-meR plane. However, a number of rays may propagate
from T to R provided an integral number of reflections takes place
with euch. For example, assome that Equation (1) 5 satisfied. [f
the senteal angle is now halved, the number of hops is doubled and, in
general, ma = Zmiai2) = . .. = {mn} iam) = »r. When no energy
is lost or dissipaied by the spherical reflectors, emissions at any fre-
guency v e electromagnetic speetrum, radiated at angles satisfying
Equation {§), arfive al the source T after one spherical trangit, Any
ray not arriving at 7 at the Brst fransit will arrive there {approximately,
i not exactly’ al seme later time.

Az perfect specular reflectors are non-existent, the energy foss arising
from multiple reflections within the two concentric reflectors should be
examined. 1 the refleciance at each roflection peint is r, the final
intensity is given by

I =fir” (4}

where [ ia the final intensity; 1, the initial intensity, and m the num-
ber of reflections since emissionr, An indication of the decrease in
intensity for various values of reflectance and after » given number of
reflections is given in Table 1.

THE FONOSPHERE AR THE EARTH

The actual ioncaphere and earth depart from the simplified model
decribed shove.  Although any particular jonie layer is not spherical,
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FTABLE I
Efective Refeetivity Altar Multiple Refieetions®

i Reflectivity
a . . :
r =08 N—1 r = .95 | r=0m
' 1 1300 L9500 0.8060 1,990
b 8325 690 0174 2583
16 0107 0348 0508 0.906
15 0.0862 5,206 0.485 0.860
20 c.0M8 0.422 2869 o817
25 0.003% 0012 8277 8778
& 20012 2.042 8215 0740
36 .0004 0.025 1.186 G104
) 9.0001 0.018 o8 0,868

¢ Ry = re, whers: Ry w efective reflectivity
¢ = reflectivity
% = mumber of refections

its average departure from spherieity (about 50 kom in a redius of 550
k) is about .7 per cent for the £, F1 and F2 regions. The ionie sur-
face contains height, density and siope diseentinuities, sapecially sceross
the suprise-agnset line, in the vicinity of the geomagnetic equator and
in polar regions. A slope discontinuity, by changing the angle of inei-
denee and reflection, will direet & ray away from an expeated multipie
image point, ma.

Another discrepansy which may be important for antipodal radio
wnve propagation on the earth is the very low electron conreentration
existing in the winter polar ionosphere. Near the winier pole direct
suniight s sbsent for some months even at ionogpheric altitodes.
Under these conditions the slectron density falls to fow values, and
the critical frequencies of the F- and Fulayers become rather small,
The outer sphere of the ideal model (Fig. 1} then contains 2 “eircular
hole'’ through which HF radiation may escape into space. The radius
of the minsing apherical zone on the earth is about 15° and represents
about 2 per eent of the ares of the lonosphere.
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The effeet of the lonospherie hole may be visualized from Fig. 3.
With the outer sphere essentially missing within the winter polar circle,
radio waves transmitted at the winter pole would escape directly into
space. No ionospherie reflections would be possible, and the waves
could e received only within the ground.wave, radio line-of-sight,

Fig. 3

and diffraction regions. Tangent HF rays from the transnitter would
not encgunter a reflective fonde leyer.  For a oanemitier at the winter
pole, tmnsmitted HF energy can asape inio spaee.

Tt should be nofed that by the reverse of this mechanism, extra-
terrestriai emissions either from natural or safellite trancmitters may
be channelied to the antipodal receiver.

1f the transmitier wore at the summer pole amnd the receiver at the
winter pole, somewhat similar conditions would exist. In thia case,
all energy ransmitted at an appropriate frequency could be sueces-
sively reflected by multihop as the wave was propagated towards the
winter pole. Near this pole, however, the lack of a reflecting region
for HF radio waves would permit the energy to escape into space
instead of being returned to the earth at the pole itsell (see Fig. 3).
It should be noted that the further the loeation of the transmitter
and receiver from the winter pole, the smaller the fraction of energy
ezcaping by this mechanism.

The preceding exampie represents un extreme. Most transmitters
on earth are at considerable distances from the geagraphie poles. Thus,
while the peculinrities of the polar ivnagphere present some problems,
they may not pose x msjor ohstacle in antipodal propagation. While
the winier polar fonosphere represents & hole in the HF refleetor, the
high latituds lonosphers during the equinoxes presents absorption prob-
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terns. I equincetia) absorption eccurs simultanegusly in both polar
regions, spring and fall may offer the grentest diffieulty to antipodaf
propagation. Tn general, however, if a aufficient number of rays are
directed to the antipode, adequate reception will be possible.

1t sheuld be recognized that with the wleal model, radiation at all
wavelrngths may be reflevted. In practice, however, the normal
diurnal variation of the ionosphere will limit the officieney of propags-
tion of different frequencies.  These imitetions arise from the daily
variations in the electron coneentration and in the altitede of the
maximum electron density,  In operating practice these variations may
be roughly interpreted in ferme of changes in the maximum and lowest
ysable frequencies, respectively. If 2t any particufar ionospherie re-
fraction point the opetating fequeney exeeeds the local penetration
froquency, 3 purtion of the wave energy eseapes.  Simailarly with ah-
sorption: i the operabing freqoency i focally abworbed, a portion of
the wave enurgy 38 Jost.  If for the entire path sufficient energy pene-
trates the layers, the MUF is exceeded and the possibility of reception
of the radiated energy is greally reduced. Likewise, if for the entire
puth sheorption iz appreciable, the LUF has not been exreeded and
reception of the radisted energy again becomes difficult.

In general, the ionssphere {8 iuhomogencous and anisotropic, beth
with respect bo space and time.  His electron density at some locations
or on some oceasions may be low enough to sllow energy from the
incident eay 15 sseape, gither partially or completely, or to be absorbed.
Whether this condition will negate suceessful antipodal propagation
depends upon the fraction of energy ‘oat or absorbed. Ultimately, of
course, the oceurrence of favorahie pericds is a function of season,
time of day and portion of the solar eysle.

The initial model considered $wp concentric epecular reflectors,
For very low frequencies, where reflection may be considered to vecur
at the lower houndary of the £ layer, this model probably describes
actual propagation conditions. The outer reflector appears sufficiently
sinooth and reguiar everywhere except in the winter polar region.
Thus, with VLF and LF, antipadai propagation possibilities are prob-
ably good throughout the 24-hour period, and during both winter
and summer.

Consider & second maodel where the reflectivity of one hemisphere of
the outer sphere differs from that of the other. The latter case better
approximaies the true characteristios of the earth and the ionosphers,
where the day and night joncepheres have somewhat different proper-
ties,

This cuse applies more aptly to HF propagation where hemispheres
having distinct roflactivities must be carefully cousidered. The iono-
spherie layers in the Muminsted and the dark hemisphere differ not
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only in electron density but in altitude. Tn general, a varety of ab-
normalities in reflectivity oceur, caused by: different ionic densities;
abnormalities such 2% sporadic £, trans-equatorial F, and auroral ioni.
zation; different layer altitndes; different refractivity gradients; layer
niits; ardd 80 on.

Thus, far HE, the heighe of the reflector (external sphere) is different
over the day and night hemispheres, while the twilight ionosphere may
be considered as w tramsition 2one between the two, with the result
that the sntipode for HF may not be 3 true optical focus, but rather
en gberration.

Nonetheless, andd in spite of these many potential dificulties, a num-
ber of isclated examples indicate that an anlipode focus exists much
moere frequenily than commonly thought. The petential of antipeds]
propagation for communication purposes is such as to warrant further
investigation,

ROUND-TIE WHRLE SIENALYS

A far number of studies have been reade on “‘round-the-world"
propagation, These investigations were made on a comparison of
the long- apd short-segment great circle path signals emanating from
a given tranamitter.

Initial investigation by Quaek (1926), Quaek and Morgel (1926,
1927, 1929), Eckersley (1927 and Taylor and Young (1928) were de-
vobed mainly te determining the time interval, I, elapsing between
the reception of the short- and long-segment radiations. The results
indicated discrepancies in 8 exeeeding 5 per cont. However, careful
examinations with more refined equipment later indicated that at had
a constancy within 0.004 scconds (Heas, 1948, 1948).

The early experiments prompted von Schimidt to undertake (1934~
1988} 2 theoretical analysis of propagation in the spherical shell existing
between Lwo conecentric spheres. He formulated the siiding-wave
hypothesis of jonoepheric propagation to clarily the observations. In
van Schmidt's (1936 sliding-wave theory, the transmitted wave propa-
gates along the lower boundary of an fonespheric limiting surlace.
Just a3 a ground wave travels with constant velocity along the ground,
the sliding wave was assumed to travel as a surface wuve along the
lower surfzee of the ionosphers. This wave radiated contimuously,
znd al g definits gngle, from the icnesphere Lo the earth.

Von Schmidt's theory was in contrasi to the multiple-reflection
thoory whick ultimately superseded it (Hambaurger and Rawsr, 1947,
Lassen, 1948, The latter merely represented a multihop path be-
tween the ionosphere and earth as shown in Fig. Y. While both the-
ories were current, a series of practice observations was initiated in
Germany to determine which hypothesis could best clarify the ob-
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servations. The investigations provided very sccurate valnes of ai.
From these measurements, it wag found that the distance hetwoen
the transmitter and receiver could be obtained with aceuracies of
#35 wm, provided that the separation between (ransmitler and re-
eeiver was at least 1000 km. The recordings also confirmed earlier
resulis which indicated that HF signals could be detected at very
distant receivers.

In the ecurse of the observation, it was discovered that in addition
to the short-segment and long-segment transmissions, signals which
had made more than one {ramsit around the enrth were detectable.
Severs! instances were founid where signals were received after a third
or fourth trensit around the globe,

An indication of the size of the antipedal ohservation ares has bees
given by various researchers.  Whales (1556 predicled that the anii-
podal area could have a radius of about 500 ki centered on the anti-
podal point.  His conclusions were based on angle-of-arrival measure-
ments, [t was assumed that the ignosphers sola as a diffuse reflector,
and thal impinging rays may be deviated by angles of up 1o 0.6, per
reflection. Reund (1925) considered that antipodal signals should be
received within a radius of about 1000 kin from the antipode; however,
the results do not confirm the existence of such a large aren. Guierre
{19207 found that for very low [requencies signal strengths decrvase
at about 1000 km from the antipode.

Guierre studied field intensities of radic waves, radiated from Lyon,
at the antipodal point near Chatham Island. Ilay snd night intensi-
ties were practically identical. One test indicated that when the Lyon
trunsmitter was received strongly at the antipode, s diminution in
signal strength was observed up to about 800 km from the antipodal
point. On another cceasion w second intensity maximum was ob-
served about 600 km from the antipode, while at the same time lower
signal intensities were observed between the two sites, The effect
may perhaps be explained as a multiple image formed one ground
reflection away from the antipoade.

Round and others {1920) noted that even within an area of about
1060 km from the antipode, fading could become sufficiently strong to
make the signals unintelligible. However, when 5 directional antennz
was employed, it was possible to rejeet the interfering signal (which
arrived st an azimuth of elose to 180° from ibe strovger signal} and
thus noticeably improve the madabifity.

There are several possible mechanisms for causing the observed
interference and fading. For a non-antipedal receiver, the superpost-
tion of radio rays argving frum both the short- and long-segment
great-circle paths can add characters and, on sccasion, make the signal
completely uninteiligible, particulariy with high-spesd messages.
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Antipodal receplion has been observed sporadically. Observation
frooe Pyongtack and Chunchow, Korea, in 1957 indicated that woice
and CW were received from Brazil and {rom naval traffic in Beszilian
waters. Reception generally was possible between 08-08 and 17-24
LT, In late 1968 and carly 1887, tests at Seoul, Korea showed that
reception of 108- (o 200-meter radiations originating in South Americs
was possible “every day or so.”  Generally, however, the tests were
ennducted for rather limited time periods.

ANTIODAL. FROPAL.ATION

Before disenssing some general [eatures Lo be expeeted i antipodal
propagation, the Identification of the antipode on earih might be
mentioned. The location of aniipodal pairs may quickiy be discerned
from the definitive relationships ¢ w» 4, and # =« 180° ~¢',, where

& = [atitude (°N)

# = longitude (°W}
8, = antippdal latitude (“S)
#. = antipodal longitude °¥)

In general, no lnrge continents seem to be antipodal, a fact which
may account for the lnck of reports coneerning this Lype of propagstion.

The hours of reception of signals from the antipode reguire atudy.
Many regorts have been prepared regarding reception of radio waves
over very long distances, but the atalions studied were not strietly
antipodal, The resaits clearly indicate that radio-wave radiations ab
distanees of 10,000-15,000 km from the transraitier may be received
without diffigulty for about 4-6 hows daily. When the stations were
more closely antipodal, recepiion was possible for 57 hours daily
{Hess, 1988, 1839). Guierre (1920 reported Z4-hour reception of the
radiated tronsmissions from the antipodal point.  Whether the recep-
tion opeurred constantly or sporadically throuvghout the day is not
keoown, 1t should alse be noted that the antipodal image of Sputnik
I was received on 3 number of transizs; but the satellite constitutes a
special case, {Wells, 1958; Manning, 1958;, particularly for transmis-
sions which opeurred outside the jonosphere.

FANDING

While fading, at {imes severe, has been known for spme time in
reception over very long distances, few reports indicate the vresence
of fading at the antipode. Fading over long paths may arise from
interfopance hetweon the short-segment and long-segment greal cirgle
waves at the receiver gits,

At the antipode, where the geometrical gaths are equal, fading may
be produced by variations and fluciuationa of the refractive indices
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along the path, This type of fading, however, would probably be
extremely rapid, and minor i comparison with other propagation
effects, Nevertheless, when extremely high-speed tranamissions are
involved, or if smpli phase shifta are to be measured, the small dif-
ferences in electrical length of the various paths may be significant.
Obviously. the employrnent of directive antennas oriented aloby the
rost favorable path will diminish or entirely remove any potential
interferencs between the daylight and darkness rays.

Antipodal reeeption would not require the utilization of large, ea-
pensive antennas. Long wire, rhornbie, and a varety of smnidirec-
tiona! antennas have been utilized for very-long-distance propagation
atudies, and would be suitshle for reception at the antipode. When
fading eaused by destructive inferference between the day and night
waves 1 severe, use of divectional antennas will usually remove the
fading and permit unambiguous reception of the desired signal.

While relatively few resulta gre available on antipodal propagation,
the few tests which have been undertaken indicate that ommnidirec-
tional aniennes of relatively simple design sre effective. In view of
the paucity of data on this topie, however, & stedy of the comparative
performance throughout the day of both omnidirectional and diree-
tional antennas is required.

Direction finding at very long distances has been atlempted on many
oceasions. It general, the resylis seem to be charactorized by a definite
difficulty in choosing » bearing. At a frequency of 10 keja and at dis-
tances of about 19,000 km from the transwmitter, tests have indicated
{Namba, Iso and Ueno, 1981)° that the bearing angle s » function of
the time of day. In this instance smgles for the closely antipodal
signal changed markedly with time. When the Monte Carlo tranamit-
tor waa monitored at Tokyo {true bearing 90°) the DF reading showed
an apparent armmval of the wave from the West (270°) during the
morning. At about 1000 LST, no bearing could be measured,  Later,
the signal arrived from about 45°. The bearing then pradually veered
eastward, passing through %¢ and becoming 1507 at loeal suneet.
After sunsel, measured DIF values slowly returned to the true bearing
of 80

The effect may be easily explained if it is secepted that the wave
propagated prineipally in the dark hemispbere. Although Tokye and
Monte Carle sre not strictly antipodal, the change in bearing angle
indicates that the direction of the strongest wave more or less followed
the sun, and moved around the earth with the twilight, dark, and day-
light zonhes.

i 5. Namba, E, iso, and 8. Uena, “Polaritation »f High Frequency Waves sml
Thair Dirsction Finding,” Proe. LRE., Yol 19, p. 2000, (1031)~-Betor,
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Antipodal resepiion s clearly possible, singe it has been observed in
the past, at leagt for limited howrs of the doy.  Purther, on theoreties)
grounds its use s& a standard prosedure seemss promismg, although
several comprehensive studies are peeded.  Thus, the nymber of hours
per day during which seception is possible Is not fully known, and it s
uncertain whether ommidirectional or directional antenpas {possibly
rolated during the course of the day) are prefersbie; and whether
fading or aureral shaorption s in realily & diffiesdty. The investiga-
cions eould indicate the potential of the method and possibly defermine
what antenng fnprovemenis would optimize the results.

Prom the preceding disvussions, 1t is clear that in principle the anti-
podal focus may be utilieed to receive signals (in the range 15 kess to
perhaps 80 me/s} radipted within the spherical shell hounded by the
earth’s surface and the ionosphere. In practice, however, the actual
state of the hoynding surfaces will influence the intensity of the relracted
signal and the possibility of reception.  Even if caleulations are made,
the anticipated signal strengths yray depart aporeciably frem those
later experienced.



