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In general, one experiences considenable difficulties to communicate by electro-
magnetic waves between fwo points which are at or close to the eanth's swiface,
but are separated by an intercontinental distance, on the onden of several mega-
meterns. This 48 primarnily because of the sevene attenuation of Zhe propagating
eLectromagnetic field fan beyond the honizon of the transmitting antenna, while
the ambient noise at the recelve-station remains unaffected wuth the change 04
commumca,twn nange. The diffraction theory advanced by Watson' and van der Pol
and Bremmen® suggest such Loss of signal strength well beyond the horizon. Long
hange communications, howeven, have been common at high frequencies where the
Lonosphenic neﬁi’_ectéon on a combination o4 Lonosphernic and eanth's surface re-
glections of waves bouncing between the eanth and Lonosphere are utilized %o
obtain signals at communicable gield-strnength Levels. Offen somewhat unpredic-
table natute of the Lonosphere and the inherent mechanism of propagation utif-
Lzing one oh mone neglections grom the Lonospheric and earth's surface create
skip nanges whene neflected sdignals do not neach the neceiver and the diffrac-
ted signal around the eanth's surface {5 too weak to be of value for communica-
tion purposes. At extremely Low, verny Low and Low frequencies [ELF, VLF and LF)
comnunications at Long ranges and without "skips” ane possible, since the Lon-
ospherdic and eanth's sunfaces effectively form a concentric spherical waveguide
whene guided waves are attenuated at Long nanges Less rapidly than what is pre-
dicted by the diffraction theony.

The attenuation with distance for propagating guided waves is due essentially
to Losses of sdignals at the boundary walls of the waveguide, which in this case
are {onosphernic and earth's surnfaces. Since the effective conductivity at the
Lonospheric surface {s usually considerably Less than that at the earnth's sur-
face, the attenuation suffered by the propagating guided waves at ELF, VLF and
LF L8 primanily due Zo Losses at the {onospheric surface. More particularly,
Losses in this case ocewnr at negions whenre there L8 a Low conductivily sunrface
and the magnetic fietd fangential o the surface is relatively strong. This
suggests that out of many modes that can te excited and phropagated in the eanth-
Lonosphere waveguide A4 one, which has an extremely small component 0§ Langen-
tial magnetic field at zhe wmaphwc sunface and to Lessern extent at the
eanth's sunface, 48 used for Long range communication, one may experience a
sdgnigicantly Lowen attenuation rate with distance. Such a mode ex{sts in fact
with an attenuation rate which is on the ordern of one-hundredth of the attenua-
tion nate in dB pen megameten on Less than that of the dominant mode in the
eanth Lonosphene waveguide, corresponding to a radial (forn spherical eanth) cxr
vertical component of efectric field. This optimum mode has Zhe added advan-
tage that the nelevant ambient atmospheric noise is Lowen than the comrespond-
ing nodise Level fon the dominant mode. Anothen advantage of the optimum mode -
communication at Long ranges is that the attenuation nate is s0 Low that the
communication becomes relatively insensltive with nespeet Zo Lonospheric
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height variations durning the day and night, on due to natunal and man-made {on-
osphenic distunbances. ALso, from some Lest data it appeans that noise Lmmun-
Lty from atmosphenic Lightning dischanges s increased since Lightning odten
has a predominantly strong vertical electric field component while the optimum
mode thansmission {s characterized by waves having a predominantly strong ver-
tical magnetic field and an ideal receiving antenna designed fon the optimum
mode signal, hejects the noise corresponding fo the ventical component of the
electrnic fiekld.

To «Llustrate the characteristically Low attenuation nate 4in dB per megameter
0§ the communication distance gon the optimum mode, Lt is noted that the nradial
component of the vertical magnetic field for the sphenical eanth geometnry, due
to a honizontal Loop antenna (plane panallel to eanth's sundace) can be wiitten
as
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whene M 48 propontional to the source strength IA, 1 and A being nespectively
Zthe Loop cwunent and Loop area, d 48 communication distance, a 45 radius 0§ the
eanth, H L8 Lonosphernic height and
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B being 2 m/wavelength, S, and s, being modal characteristic functions and
6m {z) and 6m (zo) being hespectively the height-gain functions of the hecelv-
ing antenna height z and trhansmitting antenna height z 0

1t 44 seen grom Eqs. (1) and (2) that the §ield at great distances away §rom
the thansmitting antenna varies as 1/Vd, which is chanacteristic of the guided
wave propagation. 1In addition, the §ield experiences an exponential atienua-
tion with L{ncreasing d, depending on the imaginary part of Sy. Thus, fo deter-
mine the exponential attenuation nate, one needs to evaluate Sy. Wait® has
shown that the imaginary parnt of Sy, conresponding to a horizontal Loop radiat-
ing antenna, 45

Iy Sy ==- & (T2 g o (T )2y (3)
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where A 48 a function of the electromagnetic parameters of the Lonosphere and
the earth.

The mode conresponding to m=1 team in Eq. () may be referred to as the opti-
mun mode, since the attentuation due to this mode Ly the Lowest of all possi-
ble propagating modes in the eanth-ionosphere waveguide. In comparison, the
Amaginany part of Sy, which determines the exponential attenuation rate’ for
the dominant mode in the earth-ionosphere waveguide, comnesponding to a predom-
Lnantly vertical electric gield gon the propagating waves, is given as
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1S - 4L (4)

Figure 1 shows a plot of the rnatio of exponential attenuation rate in dB pexr
megameten fon the optimum mode to that of the dominant mode. 1t 4is seen that
as H/ A dncreases, constituting an oversized earnth-i{onosphere waveguide, the
attenuation hatio becomes very small indicating that {f§ the optimum mode {3
wsed {n such cases, the attenuation rate could be s0 small as Lo be negligible.
More specdfically, the day-time attenuation nate fon the dominant mode at 60
KHz s about 2 dB/megameten. Fon an assumed Lonodpheric height of 60 Km, the
atteauation rate for the optimum mode (s Less than one-hundredth of a dB/meg-
ametern. The significant neduction of attenuation rate for an overnsdized wave-
guide is analogous o the attenuation hate fon the oversized cylindiical wave-
guide cannying TE , mode ¢ .
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Figure 1. Ratio of optimum mode attemation rate Lo domirani mode
attenuation nrate in dB/megameter as a function of Lon-
ospherie height in wavelength.

The straiking difference in attenuation rates for the optimum and dominant modes
{8 shown in Figure 2, where nelative §ield strengths for the optimum and dominant
modes, as measuwred in a physical simubation modef of the spherical eanth-{ioncs-
phene waveguide, are plotted as a function of the communication nange. As may
be noted in Figure 2, the contrnibution of highern onder modes (othen than the Low-
est onden mode) in the senies of Eq. (2) cannot be ignored when the communication
distance {s not very far grom the Transmitting antenna. One thus observes a neon-
monotenic decrease of the §ield with distance, because of the different phases of
different modes. As the communicalion hange increases, the attenuations fon
fuighen orden modes increase and consequently thein contraibutions towand S de-
crease, making the field strength decrease monotonically with distance.

Characteristics of various modes associated with the excitation of the optimum
mode are discussed {n the papen. The comsideration of Lowen attenuation rate

0f the gield, although most significant, is not exclusive from the viewpoint o4
communications. The practical and reliable means of excifation of the opiimum
mode, relevant ambient noise, and means of phroviding {solation between the Lrans-
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mitting and recelving antenna in a collocated communication terminal also con-
stitute impontant Long-range communication considernations. These aspects of
the p&ab@em, in genenal, and means of adaptive isolation between transmitting
and necelving antennas, particularly for an airborne communication station, are
discussed in the papenr.
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figure 2. Cemparlson of nelative icld sirengths fox oplimum and
dominant modes as measuned in a physical model simula-
ing spheaical eanth and {cnosphere ot 20 Hhz. Tonos-
pheric height is 65 Ku.
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