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RADIO WAVE PROPAGATION

RECEIVING ANTENNAS.--PART 1

Just as the telephone engineer must be thoroughly familiar with the elec-
trical and physical properties of the wires and cables over whichk telephone
conversations are carried from point to point, so must the radio engircer un-
derstand the electrical and pbhysical properties of the space through whicth
his signals are to travel from transmitter to receiver. This space--tte
earth’s atmosphere--through which thte radio wave is propagated is ar evtreme-
ly complex and variable medium. Without the atmospheric contents of the space,
however, most radio communication as we know it would be impossible because of
the curvature of the earth’s surface.

Before Marconi proved that a radio wave could follow the curvature of the
earth, it was believed that radio waves, like the shorter light wave lengths,
traveled essentially in straight lines and could not follow the earth’s sur-
face beyond the horizon.

After his experimental results were announced, scientists began to in-
ves* igate the question of propagation of radio waves more thoroughly, and in
1909 Arnold sommerfeld, a German physicist, published a celebrated paper on

he radiation from a short vertical antenna at the surface of the earth, and
the effect of the finite conductivity of the ground upon the radiation. Som-
merfeld’s analysis indicated that (1) energy was directly propagated in a
straight line from the transmitting to the receiving antenna (direct ray);

(2) energy was propagated by means of a ray that was directed to the earth,
reflected from it, and then impinged upon the receiving anterna (ground-reflec-
ted ray); (3) and finally, energy was propagated by means of a wave that
moved along the surface of the earth, and hence was called a surface wave.
This wave could follow the curvature of the earth, and hence could exrlain re-
ception beyond the line-of-sight.

The direct and ground-reflected rays at the low freauencies then employed

tended to cancel one another by the process of destructive interference (men-
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tiored ir previous lessons), so that at those frequencies it appeared that on-
lv the surface wave was instrumental in affordirg communication.

Marconi found that the lower the frequency, the farther the wave could
travel before it was attenuated toa degree such that it was too weak to override
the natural static of the atmosphere, and so lower and lower frecuencies were
employed for commercial purposes, and the higher frequencies were allptted to
arateur use. Sommerfeld’s analysis seemed to justify this allocation: the
surface wave was attenuated by the resistance losses in the earth, but the ef-
fect was less at low frecuencies than at high frequencies, and as a result
low-frequency ground waves traveled over large distances before being attenu-
ated to the minimum usable irtensity. For example, Station NSS at Annapolis
operates at about 17 kc. with a power of several hundred kilowatts. Its radi-
ation jis essentially a surface wave which gives reliable reception over thou-
sands of miles practically day and night. In the early days the low-frequency
wave was easier to generate at high power than high-frequency waves, and in
view of the greater distance of reception, it is easy to see why the trend was
to the lower frequencies, in spite of the greater difficulty in radiating and
receivirg the long waves with antennas of practical size, and in spite of the
larger coils and condensers required in both the transmitting and receiving
units.

Strangely enough, however, Sommerfeld made a m;stake in sign in his formu-
la, which error he subsequently corrected in 1926. The corrected formula was
corroborated by Van Der Pohl, Wise, Burrows, Norton, and other scientists, and
seemed to indicate that a surface wave did not exist, at least of the type
previously considered. however, the last mentioned scientist, K. A. Norton,
bas shown that one can still consider the radiation from a short vertical an-
tenna near the earth as being made up of the direct ray, the ground-reflected
ray, and a surface wave. The result of all these investigations, as well as
those of others regarding the ionized layer of air above the earth’s surface
(the ionosrhere), has been that although it is now more fully appreciated how
complex radio transmission really is, its very complexity is recognized as an

aid rather than as a hindrance in the art of communication, for different fre-
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quencies and accompanying phenomena permit different types of services to be
utilized, such as hroadcasting, poirt-to-point communication, long distance
transmission, etc. Hence, although the second World War has accentuated the
the use of micro-waves (very high frequency waves), one must not overlook that
all frequencies are useful, and are by no means to be neglected. It is the
purpose of this lesson to show that the basic principles of radio communica-
tion are the same at all frequencies, and that the apparently complicated
phenomena fortunately simplify down to simple modes of behavior in each fre-
quency range.

MODES OF TRANSMISSION. -~-The surface wave is theoretically present at all
frequencies, and is a result of the reaction of the finite conducting earth
upon the energy radiated into the atmosphere near its surface. It is guided
by the curved surface of the earth, just as electrical energy is normally
guided in an ordinary electrical circuit arourd bends by the two wires of the
circuit. For this reasor receiving antenras beyond the horizon of the trans-
mitting antenna (to be explaired in greater detail later on) car pick up en-
ergy: thre surface wave will travel around the bulge of the earth and reach
the receiving anterna.

Fowever, the earth that guides the surface wave also absorbs a certain
amount of energy per urnit length, and uvltimately atteruates it dewn to a non-
nsable degree. The distance that the ground wave can travel before it is
attenvated unduly is greater, the greater the conductivity of the earth, and
the Jower the frequency. For e{ample, for average earth conditions, a sur-
face wave at | mc. (in the standard broadcast range) car travel as much zs 100
miles or so before it is attenuated to a value comparable to the sky-wave in-
tensity at that point, whereupon "fading" occurs. Hence, the so-called pri-
mary service area of a broadcast station may be as much as 100 miles.

On the other hand, at a high frequency of 46 mc. in the FM band, the sur-
face wave is attenuated so rapidly with distance that it is of no value for
even line-of-sight distances. In this frequency range one can disregard the
surface wave and instead consider the direct and ground-reflected rays, a com-
bination known as the srace wave. It will be shown here that at ultra-high

frequencies the space wave is the important means of communication, whereas at
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low frequencies, such as in the standard broadcast band, the surface wave is
the important factor.

Under certain conditions, however, the space wave may be of importance
even at low frequencies. The surface wave decreases very rapidly in intensity
as one moves away from the earth. Thus, in plane-to-plane communication, the
surface wave is very weak if the airplanes are flying very high, and are not
separated by too great a distance. Fortunately, however, these conditions are
favorable for the space wave, so that the latter is available for communication
where the surface wave fails to be of use.

Fipally, there is the cuestion of long distance comunication. It was
stated previously that the amateurs were given the then high-frequency part of
the spectrum (frequencies in excess of 1.5 mc.). The amateurs diligently be-
gan to exploit this frecuency range, and soon beganto report instances of re-
marlably long distarce reception. Investigation indicated that this was due
to kigh-angle srace waves that were reflected from or refracted (bent) by an
ionized layer of air known as the ionosphere, back to the earth at distarces
many thousands of miles from the transmitter. In many cases the reflections
were concentrated in distant regions of the earth, with ro reception on the
intervening portions of the earth. This was known as skip distance. But one
of the most interesting features of this short wave transmission was the low
attenuation suffered by the refracted space wave, so that very little trans-
mitter power was recuired. It was not long before important commercial uses
began being made of the short waves, and today they are among our most useful
frecuencies.

TIE GROUND WAVE.--From the foregoing discussion it is evident that trans-
mission over short and moderate® distances is due sclely to the ground wave:
at low freauencies due to the surface wave component; at high frequencies due
to tre space wave component. Long distance transmission, on the other hand,
is dve to reflection or refraction of the space wave from the upper regions of
the atmosphere (the ionosphere), although very low frequency surface waves can

* A tabulated 1list of distances for various frequencies is giver farther on in

this lesson,
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also travel long distances, and are therefore used for this purpose. In the
latter case it appears that the surface wave is '"guided," as it were, between
two concentric conducting spheres, the earth and the surrounding ionosphere.

The lower portions of the atmosphere, known as the troposphere, are also
capable of bending or refracting radio waves, particularly in the u.h.f. range,
and bave an effect upon ground wave propagation. Further mention of this will
be made later on in this lesson.

The ground wave will be considered first, particularly the space wave
component. In Fig., 1 is shown a short transmitting antenna T, h, units above.
the earth's surface, and a. receiving antenna R, h, units above the surface of
the earth, The direct ray proceeds in a straight line between T and R, as

shown, while the ground-reflected

T
~———__ Dir
F;\~C; “*—~st5§ay ray proceeds to the earth at an
N, ryo T,k
h \')gzp <y’ T angle of incidence y,, and is re-
1 \S’. P
NG, 49// h, flected to R at the same angle y
’\\868 (17 \ 2
Earth ?’ \fz::/ Ve | according to the law of reflection
N
k= d L that the angle of reflection equals
the angle of incidence.
Fig. 1 At the point of reflection

from the earth, however, the electric field component can undergo a change in
the phase that may affect the magnitude of the resultant at R of the direct
and ground-reflected rays. This matter is so important that some mention at
this point must be made of the characteristics of reflection, although the
matter will be discussed in more detail in a later lesson.

The reflection depends upon the angle of incidence y,, the conductivity
and dielectric constant of the earth, the frequency, and the polarization of
the wave. In most cases the earth’s conductivity is the important factor at
low frequencies, and the dielectric constant at high frequencies. As regards
polarization, for a horizontally polarized wave the electric field vector
undergoes a 180° reversal of phase for all values of y,, but a vertically
polarized wave undergoes a 180° phase reversal if the angle of incidence y,

is small, but tends to remain in phase if y, is large. Thns, if in Pkig. 1,
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¥, is near "grazing" (close to zero) then upon reflection, the electric field
vector of the ground-reflected ray is shifted through 180° in time phase, and
hence tends to meet the direct ray at K in phase opposition.

Normally distance d is many times h, or %,, so that y, is small--on the
order of a few degrees--and a phase reversal upon reflection takes place.
Bowever, there is a further factor that must be taken into account, and that
is the difference in path length between the two rays. Thus, the path length
for the direct ray is r,; that for the ground-reflected ray is r,. The latter
wave is delayed in phase with respect to the former by an amount depending upen
how much r, exceeds r, when measured in wave lengths. For example, if r, ex-
ceeds r, by A\/2, then the ground-reflected ray is delayed by 180° with respect
to the direct ray. This must be added to the 180° phase shift experienced by
the ground-reflected ray owing to reflection, so that the total phase shift is
360°, or the two rays meet in phase and are additive.

At the lower frequencies, h, and h, are small when measured in wave lengths.
As a result, the difference (r, — r,) is small when measured in wave lengths,
and the phase delay is therefore negligible. Consequently, the ground-reflec-
ted ray differs from the direct ray only by the 180° owing to reflection, and
so tends to cancel it at R. Hence, at low frequencies the space wave, which
is the vector combination of these two components, is negligibly small, and
only the surface wave is of importance.

At ultra-high frequencies the surface wave is attenuated so rapidly by
the ground losses that its intensity is negligible at but a short distance
from the transmitter. Normally it can be disregarded. However, in this fre-
quency range it is possible to elevate antennas by several wave lengths above
the earth's surface, (at least the transmitting antenna), and thus it is possible
to make r, exceed r, by an appreciable part of a wave length. This in turn,
as shown above, tends to counteract the 180° phase shift due to the reflection
and bring the two components of the space wave more nearly into phase, so that
the resultant becomes appreciable in magnitude. Thus, in the frequency range
where the surface wave fails the engineer, the space wave steps in to provide

communication.

[
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In actual practice, large objects such as buildings, hills, etc., may
produce several reflections, so that there are several ground-reflected rays
of different path lengths to be combined with the direct ray. The resultant
is not so easy to compute, but it is evident that it would rarely turn out to
be just zero. More important in such cases is that some one of the reflected
rays may be appreciably de layed compared to the others, and--in the case of
television images--give rise to echo effects (multiple images) on the television
screen.

In point-to-point communication, where both the receiver and trapsmitter an-
tenna heights can becontrolled, and a knowledge of the intervening terrain, or
possibly even its choice, is possible, it is possible to calculate the result-
ant voltage, and choose a receiver height, for example, such that the result-
ant will be a maximum. For ordinary television and FM broadcasting, however,
such control of the transmission conditions is not available, and the receiv-
ing antenna is located in a region that will avoid, as far as possible, reflec-
tions that will produce echo effects and other undesirable conditions.

At this point it is well to stress the fact th.t in ultra-high frequency
transmission there is an even more important reason for elevating the trans-
mitting and receiving antennas, and that is the increase in the line-of -sight
transmission distance. Since in this frequency range the surface wave, which
can follow a curved surface, is of negligible importance, and since the space
wave components travel in straight lines (like light energy), they carnot be
intercepted by a receiving antenna that lies much beyond the horizon and is
therefore in the shadow of the bulge in the earth owing to its curvature.

Transmission is practical th;refore only over distances not much greater
than line-of-sight, and such distances are increased by elevating the antennas.*
In Fig. 2 is shown a transmitter T at a height h,, and several receiver posi-

* a4 frequencies around 40 m.c. reception considerably beyond the line-of-
sight distance is possible because of diffraction (spreading of energy
from a straight-line path). Diffrection is less in actual distance of
spread at the higher frequencies, and hence frequencies around 1000 m.c.,

for example, are limited practically to line-of-sight paths.
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tions, all denoted by the letter R with the appropriate subscript. Any receiver
that can be joined to T by means
of a straight line without in-

tercepting the earth’s surface

T R, X is on the line-of-sight path
,“ T 7.
\\)s/v::\\'s/' %:, from T. Even though the space

L) wave consists of two components,
both can reach the receiver
Fig. 2 over such a line-of-sight path.
Thus K, can easily receive the space wave, as can uther receivers on the earth
farther and farther away until position R, is reached. Evidently this is the
greatest line-of-sight path, and a receiver at Ry, for example, is in the
shadow of the bulge in the earth’s surface, and will not receive energy from
T through line-of-sight transmission. This is clearly shown in the figure.

The distance along the earth’s surface from T to R, is called the horizon
distance. It is determined by drawing the tangent from T to the earth'’s sur-
face. Evidently a whole cone of such targents can be drawn all around T, and
they trace out a circlg on the earth’s surface passing through R, and having T
as a center. This circle is known as the horizon line. Its size evidently
depends upon the height h, of T above the surface of the earth; if h, is zero,
the horizon is zero. However, even a grounded vertical Marconi antenna has
some equivalent height above the earth’s surface, and hence some horizon dis-
tance. The latter may be so short, however, that the surface wave will be
appreciable or even predominating up to that distance.

From Fig. 2 it is evident that the line-of-sight path is unchanged if the
receiver and transmitter antennas are interchanged. Hence one can speak of a
horizon distance for an elevated receiving antenna. Thus, R, at the elevation
h, has a horizon distance up to R,. Furthermore, for transmitter T and re-
ceiver R,, the total line-of-sight path is clearly the sum of the two horizon
distances. The higher the .elevation of either or both antennas, the greater is
the maximum distance of transmission, and this is the principal reason for

elevating the antennas.

-~ .
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Nevertheless, if the receiving distance is well within the transmitter’s
horizon distance, as for example, R, in Fig. 2. there is still an advantage in
raising R, as far above the ground as possible. This is because of the con-
siderations previously presented concerning the increase in path length differ-
ence between the direct and ground-reflected rays as the two antennas are ele-
vated, and the consecuent veering around of the ground-reflected ray into phase
with the direct ray. For example, in the "Standards of Good Engineering Prac-
tice Governing Righ Frequency (FM) Broadcast Stations: 43-50 mc.," adopted by
the FOCG, June 28, 1940, we find the statement: "Doubling the height of the zn-
tenna is equivalent to increasing the power by four times.” Within the line-
of -sight path, and for the usual small values of y, (Fig. 1), doubling the
transmitter height roughly doubles the difference in path length, (r, — ry),
(normally a small quantity). This doubles the small angle of phase shift pro-
duced by the difference in path length, and this in turn approximately doubles
the resultant of the direct and ground-reflected rays. But the resultant is
the observed field strength at the receiving antenna, and if the resultant is
doubled, the received energy is four times as great, since it varies as the
square of the field strength., If instead of raising the transmitting antenna,
the transmitter power were quadrupled, the receiving antenna would also receive
four times as much energy, hence the above statement by the FCC.

The formula for the maximum line-of-sight distance between a transmitting

and a receiving antenna is given by

dy = 1.414(vFy + Yhy)

where dy is in miles, and hy and h_ are the transmitting and receiving antennas’
heights, respectively, above the earth’s surface in feet.

For example, the Empire State television antenna is approximately 1200
feet above ground. How far away can a receiving antenna be located if it is

30 feet above the earth'’s surface?

dy = 1.414(vT200 + v/30) = 1.414(34.7 + 5.48) = 56.8 miles
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Thus, receivirg anternas 30 feet high can pick up signals within a radius of

approximately 60 miles from the Empire State Building.

THE TROPOSPHERIC WAVE. --The troposphere is the lower portion of the earth’s

atmosphere. In this region is produced the weather--storms, snow, rain, etc.
The portions from about one-half mile above the earth up to about six miles is
the region of interest to radio engineers, for it is in this region that the
water vapor content of the air varies from a maximum near the earth to a mini-
mum six miles up or so. The dielectric constant of water vapor is much higher
than that of air (taken as unity) and hence will make the dielectric constant
of the atmosphere near the earth appreciably greater than that six miles up.

The effect of a dielectric constant that decreases with height is to pro-
duce a refraction or bending of the space wave that enables it to overcome the
curvature of the earth to some extent and thus to act upon a receiving antenna
beyond the ordinary line-of-sight. Since a space wave is involved, it is evi-
dent that this bending is important mainly at ultra-high frequencies, where
the space wave is the principal mode of transmission.

The bending effect of the troposphere car be taken into account most
simply by assuming that the spéce wave travels in straight lines, and that the
earth is flatter than it actually is, i.e., by assuming that the radius of the
earth is about one-third greater. Precisely that assumption has been incor-
porated in the previous formula for d;, the maximum line-of-sight distance be -
tween two elevated antennas.

However the above bending effect does not represent a tropospheric wave,
but rather the bending effect of the troposphere upon the space wave component
of the ground wave. The tropospheric save is assumed to be a wave distinct
from the ground wave. It has been found that occasionally quite strong sig-
nals can be picked up at ultra-high frequencies considerably beyond the line-
of-sight distance. While there is normally some signal in this region owing
to diffraction, nevertheless the signal occasionally picked up is much greater
than can be accounted for by diffraction alone.

One explanation that has been offered is that occasionally the tropo-

sphere is so disturbed that in an upper layer of it the dielectric constant
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varies so abruptly as to constitute a reflecting, rather thar a refracting
layer. Accordingly, a space wave is reflected down abruptly irto the region
of the earth appreciably beyond the line-of-sight, and gives rise to the oc-
casional strong signal there. This reflected wave is called the trorosrheric
wave. The action is similar to that of the ionosphere to produce ionospheric
or sky waves (to be described later).

There is some Question at the present time as to whether actual reflec-

" tion takes place, or merely very marked bending so that the ordinary space

wave refracts to a greater degree and is able to extend to a greater distance
than normally around the curvature of the earth. Whatever the exact explana-
tion may be, such effects are of interest in explaining unusual reception in

the ultra-high frequency range, as well as fading phenomena similar to those

produced by the sky wave at the lower broadcast frequencies.

TONCSPHERIC WAVES.--It was mentioned previously that at low frequéncies,
such as those employed by Marconi, propagation is by means of the ground wave
ard the ionosphere, and that at the Jowest frequencies, in the order of 10 to
30 kc. the ionosphere and the earth act as two concentric spherical shells be-
tween which the radisnt energy is guided.

At higher frequencies, such as from 100 kec. and up, the transmission is
somewhat separated: the ground wave and the space wave directed to the ioro-
sphere and reflected from it act more independently of one another. The stu-
dent may wonder why a space wave directed toward the ionosphere is not negligi-
bly small at the standard broadcast freguercies in view of what was said about
the cancellation between the direct and ground-reflected rays ir this fre-
quency range.

The reason is that the reflection of high-angle waves is different from
that of low-angle waves. This has been indicated previously, and will be dis-
cussed in greater detail here. In Fig. 3 is shown a high-angle direct ray,
and the accompanying ground-reflected ray. Actually the distance between the
ionosphere and the earth is so great that the angle a hetween the two rays is
practically zero, so that they form essentially one ray, and after reflection

from the ionosphere constitute the so-called ionospheric or sky wave.
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It 1s clear from the figure that y, is on the order of 45° or more. For
such large angles of incidence the electric field vector of the ground-reflec-
ted ray is not shifted 180° in phase with respect to that of the direct ray,

but instead is in phase
Ionosphere

with it. The difference
ip path length at the
standard broadcast fre-

quencies is negligible

when measured in wave

lengths, so that the on-

Fig. 3

ly phase angle between
the two rays is that due to reflection, and as just stated, is zero for large
values of y,. Eence the two rays add at their point of contact with the
ionospbere, instead of subtracting, as they do for low-angle rays. lloreover,
at such heights the surface wave is of negligible intensity and may be disre-
garded. However, along the surface of the earth the surface wave is nct nor-
mally negligible, and reception at the distant point R may be a vector.comr-
biration of the surface and sky waves. The resultant may be greater or less
than the two component waves, depending upon their pbase at this point. If
the beight of the ionosphere varies, the path length of the sky wave will vary,
and this in turn will vary its phase at R. The result will be fading at that
point, and this will be discussed in greater detail farther on in this lesson.

Ore further point will be brought out concerning reflection. The vari-
ation in phase of the electric field in the ground-reflected ray with y, occurs
only with .vertically polarized waves. However, at the lower frequencies only
vertically polarized waves can be radiated with any efficiency, since the con-
ducting earth tends to short out the horizontal electric field vector of a
horizontally polarized wave.

As the angle of incidence y, is varied from 0 to 90°, the phase of the
reflected electric field vector varies from 180° to 0°. At some intermediate
value of y, the phase angle is 90°. The space angle y, at which the phase angle

is 90° is ¥nown as the Brewster angle, after the name of a physicist who dis-
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covered a similar angle in optics.

At this angle of incidence the direct and ground-reflected rays neither
add nor subtract arithmetically; instead they add (geometrically) in phase
guadrature (9905. Hence even in the broadcast band the space wave may not be
negligible at this particular angle of incidence. The result is that in cal-
culating the directive pattern of an antenna array on the basis of a ground
image, some error will be involved in neglecting this effect at and around the
the Brewster angle of incidence, but this error is fortunately not serious and
need be considered only when high precision is required in the calculations.

The Brewster angle depends upon the frequency and the conductivity and di-
electric constant of the earth. For average values of earth conductivity and
dielectric constant, the Brewster angle at 1 mc. is about 62, and at 46 mc. it
is about 14.5°. The significance of this is that in the standard broadcast
range, space waves directed towards the ionosphere even at low angles (but
greater than 6°) are appreciable in strength, and may interfere with the sur-
face wave as described above. That is one reason why so much effort is direct-
ed to having the broadcast antenna radinte as much energy as possible along
the horizontal: to extend the interference (fading) effect as far out as
possible, as well as to increase the signal strength along the surface of the
earth for a given amount of radiated power.

In the u.h.f. range it might a* first appear that by elevating the trans-
mitting and receiving antennas to a sufficient degree, the angle of incidence
could be made to exceed the Brewster angle, and thus cause the electric field
vector of the ground-reflected ray to meet that of the direct ray in phase in-
stead of 180° out of phase. (Additional effects of the difference in path
length of the two rays would tend to counteract this additive effect).

However, in view of the large value that the Brewster angle has at these

frequencies (14.5° at 46 mc.), it will be evident that for all practical an-

tenna elevations and all but the shortest distances between the two, the angle
of incidence will be less than the Brewster angle, and hence the two rays will
inherently tend to cancel, except for the effect of difference in path length.

Furthermore, high angle space waves in the u.b.f. range (for which y, exceeds
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the Brewster angle) are of no concern to the radio engineer because they are not
reflected back to the earth by the ionosphere, but instead pass through it and
are lost into space.

In the year 1902 two scientists, Kennelly and Heaviside, working independent-
ly, developed the theory that the upper regions of the earth’s atmosphere contain
an ionized stratum and that this ionized region, being a better conductor than the
region below, reflects or refracts the radio wave and causes it to bend downward,
forcing the energy to follow the curvature of the earth’s surface. This assumed
layer was named the Kennelly-Heaviside layer.

Over the years scientists of the Naval Research Laboratory, the Bureau of
Standards, the Carnegie Institute, Radio Corporation Cf America, Bell Telephone
Laboratories, and others have done a vast amount of experimental work to determine
the composition of the ionized region and its effects on radio transmission. Since
the ionized region has been found to be very deep and to consist of several con-
tinuously changing layers, the entire region which affects radio transmission has
been named the "lIonosphere." Before considering the effects of the ionosphere it
is first necessary to know something of its characteristics.

The ionization of the upper atmosphere apparently is caused by ultra-violet
radiation from the sun. Thus the degree of ionization over any portion of the
earth’s surface at any instant is determined by all the factors which affect the
sun's radiation reaching that position at that time. Some of these factors are:
time of day; season of the year; relative time along the sunspot cycle, and hour-
by-hour variations in any unusual solar activity. From the data obtained over »
number of years, it is now possible to predict from current measurements the prob-
able degrees of ionization and their effect on radio transmission a considerable
time (several months) in advance--with the exception of those effects caused by
unusual and sporadic solar activities.

While the ionized regions of the upper atmosphere which affect radio trans-
mission have the effect of reflecting layers, this term may be somewhat confusing.
Actually there is some ionization of all the earth’s atmosphere, the degree of
jorization in general increasing with altitude within limits. The effect is somewhat

as shown in Fig. 4. Three layers are shown, designated E, F, and F,. These are

—
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the layers that have the greatest effect on radio transmissions and are shown at
typical noon beights ir summer. It will be seen that the increased degree of

jonization at certain heights with less-

" er degrees of ionization between prcduces
5300-- | the effect of layers of abnormal ioniza-
_g F, tion at several heights above ground.
522004‘ Investigations of the ionosphere

= E are made by transmitting short pulses
%3100-- vertically and receiving the reflected

§ pulses at a receiver located either at

Degree of Tonization or near the transmitter. The receiver
normally picks up at least two pulses,
one along the ground directly from the

Fig. 4
transmitter, the other or others re-
flected from the ionosphere. The received pulses are recorded by means of an
oscilloscope equipped with a continuous photographic recorder. By carefully
measuring the time along the photographic record between the direct pulse and
the reflected pulse, the virtual height of the reflecting layer is easily cal-
culated.

As the degree of ionization of a layer varies with variations in the sun’s
rays, the reflective and refractive characteristics of the layer vary. Further,
these characteristics are different for the different frecuencies. As the radio
frequency of the signal is increased, for any given degree of ionization, the
greater is the tendency for the signal to penetrate the layer rather than to be
reflected by it. From this has been developed a term "critical frequency," 1lne
critical frequency is defined as "the lowest radio frequency of a wave which pene-
trates a layer at normal incidence."

Another term that should be understood is the "virtual height" of an ionized
layer. This term is defined as follows: "The height at which reflection from a
definite boundary surface would cause the same time of travel as the actual re-
flection, fcr a wave transmitted from the ground to the ionosphere and reflected

back." Virtual height depends on the wave components and the frequency; the
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walue usuallv stated is for the ordinary wave and for the lowest frequency at
vhich reflect ion occurs.

In certain frequency ranges under certain conditions simultaneous reflec-
tions may occur from more than one leyer. This is owing to the fact that while
some of the energy is reflected from a lower layer, some energy penetrates and
is reflected from an upper layer. An example of this is shown in Fig. 5, which
shows the virtual heights of the E and F layers for a frequency range of 1.6 kc.
to 2.5 kc. taken over a period 1615 to 1652, October 6, 1933.

Fig. 6 (left) shows the virtual heights of the E and F layers for the al-
most identical period three months later over the same frequency range. Note
that reflections from the E layer occur only at certain frequencies with com-
plete penetration at other frequencies and that F layer reflections occur over
this entire band of frequencies.

Fig. 6 (right) illustrates how rapidly ionosphere conditions can change
during late afternoon. This frequency run, differing for equivalent frequencies
from the preceding by not more than 40 minutes, shows both E and F reflections
oer the entire frequency band. Such rapid changes are typical of early morn-
ing and early evening conditions.

Figs. 5 and 6 were redrawn from curves plotted by Kirby and Judson and
used in Figs. 8 and 9 in "Recent Studies of the lonosphere," I.R.E. Proceed-
ings, July 1935. These curves also show multiple reflections, which occur
when the original wave returning to earth is reflected upward to the layer
and back to the earth a second or third time, registering eachtime it strikes
the earth.

Measurements taken over a number of years have established several
pertinent facts. In the latitude of Washington, D.C., there are at all
times two major ionosphere layers, the E layer from 100 to 120 kilometers
above the earth’s surface and the F, layer with approximate virtual heights
from 230 to 350 kilometers. A third layer, present in the daytime and es-
pecially in summer, is termed the F, layer and exists in heights from 180
to 240 kilometers.

The F, layer is a daytime continuation of the F layer and varies
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symmetrically around noon. The F, laver disappears dur ing the night. This
is shown in the upper section of Fig. 7. (Fig. 7 is taken from "High Fre-
quency Transrission" by the National Bureau of Standards, I.R.E. Proceed-
ings, December 1941.

CRITICAL FREQUENCY.--This frequency, also called the "penetration fre-
quency," is that at which the virtual height for a wave component at verti-
cal incidence has a maximum value caused by penetration of the wave tbhrough
the layer.

At any given time of day under conditions of ionization, as the fre-
quency -s increased from some low value, the apparent virtual height of a

layer will have some fairly constant value until the penetration frequency

,:‘500 ser e T il is approached; then as the frequency
z — | ]
;ml ! ] 1 is further increased the measured
S 300 (= L i L L
¥ 200 i il virtual height will increase rapidly
] I . I
2 100 : 1 and reflections may cease for a short
« 1 11
> o |
00 02 04 06 08 10 12 14 16 18 20 22 00 frequency interval, then again appear
12
TT A T T .
" T = 11 from the next higher layer, etc. A
= AVERAGE FOR QUET OAYS
L H (4 T typical frequency run is shown in
W w
> 9 el NI . .
i z kaa Fig. 8 with the E, F, and F, layers
= lﬂl
5 7 { v : and their critical frequencies shown.
r4
g ® :/ :\ The E layer has a virtual height of
£ s ! 7 :
L. ¥y ] o L] : ‘\ 7] approximately 115 kilometers until
R S MEd I I
S B ! T a frequency of about 3.3 mc. is
(&)
| 1 . . . .
S N reached, at which point it rises
. i !
L : sharply and reflections disappear,

0
00 02 04 06 08 10 12 14 16 I8 20 22 OO .
EASTERN STANDARD TIME apparently owing to complete absorp-

Fig. 7 tion at that frequency; a strong re-
flection is resumed from the F, layer at about 3.6 mc., the virtual height
of this layer being approximately 200 kilometers. At about 4.2 mc. the F,
reflections rise sharply reaching about 450 kilometers at 4.4 mc., this
being the F, critical frequency. The F, virtual height is about 415 kilo-

meters until the F, critical frequency is reached at about 5 mc. This is
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a typical late spring condition shortly before noon.
fE' fp and fF denote respectively the critical frequencies of the E,
1 2

F, and F, layers.

1
The critical frequency is a function of the layer height and the degree
of ionization, and hence is affected by all the factors which control the con-

ditions in the icnosphere. The lower section of Fig. 7 shows average curves

for critical frequencies of the three

800 T
~ 700 fF, major layers plotted against time of
£
- 600 £ day for the month of October, 1941.
L 500 F 5
_’5 400 f Note that the curves of fg and fE,
@ fg / . .
= 300 N / vary quite symmetrically around noon.
=~ AY
= 200 / The critical frequency fg actually
100 . . .
o drops just about into the upper lim-
.0 3.0 4. . i .
2:0 3.0 0 5.0 6.0 it of the broadcast band at sunrise
F in MC/s

and suncet, rising to about 3.4 mc.
Fig. 8 at noon.

The F| critical frequency starts in the morning shortly after surrise at
about 3.7 mc., reaches 4.5 mc. at noon, and drops back to 3.8 mc. in the late
afternoon. This is strictly a daytime condition.

fF,, the critical frecuency of the F, layer, varies over a very wide rarge.
Dropping from 3.7 mc. at ridnight to Z2.7 mc. just before sunrise, it rises sharp-
Iy to a peak of 9.3 mc. at 2 p.m., then drops gradually back, the drop contiruinc
until the following morning but levelling off somewhat about-9 p.m.

It particularly should be noted that the most rapid variations of ioniza-
tion in all the major layers take place around sunrise ard sunset:! hernce the
variations in the medium of propagation are the most rapid at those times. The
effects of those variations on the transmission of a radio signal will be dis-
cussed later. It should be pointed out that the curves of virtual height and
critical frequency are simply typical and deviations from the values shown may
be considerable under varying conditions of season, sunspot cycle and solar
activity.

The critical or penetration frequency is a criterion of the height and de-
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gree of ionization of the layer under consideration, and as such is important
in that it permits the determination of more valuable effects of the layers of
the ionosphere. In conventional radio transmission it is desired to propagate
the signal not vertically but from point to point along the surface of the
earth. Consider the conditions illustrated in Fig. 9 and the manner in which a
wave is affected in passing into an ionized layer,

In the discussion above the wave is considered as being reflected from one
or more of the ionized layers and thus returned to earth. The actual process,
however, is a combination of reflection and refraction. Where the entrance of

the wave into the layer is perpendicular, the return of signal energy back to

Earth's
Surface \

ransmitter

Fig. 9
the transmitting point probably is mostly due to reflection and depends upon the
frequency. Where the angle of propagation with respect to the plane of the lay-
er is substantially less than 90°, the effect on the wave is due mostly to re-
fraction.
Refraction is defined as the deflection from a straight path suffered by a
ray of light, heat, sound, or the like, in passing obliquely from one medium to

another in which its velocity is different, as from air into water or from a den-
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ser to a rarer layer of air.

Trus as the radio wave passes into a layer of greater ionization it is bert.
Further, the degree of refraction is a function of freguency., Everyone has seen
the fariliar "rainbow'" effect produced when a ray of ordinary "white" light is
passed through a prism. The various frequency components making up the white
light are refracted to different degrees, the higher frequencies (blue) more
than the lower }requencies (red) so that a narrow beam of white light entering
one side of the prism leaves the otter side of the prism in the form of a wide
beam in whichk the color components are separated.

In the case of radio waves travelling through the ionosphere, the high fre-
cuency radio wave is refracted less than a lower freauercy wave; i.e., the bending
is less at the higher frequency. Thus a higher frequency wave entering a lower
layer at a given angle is more likely to penetrate the lower layer and be refrac-
ted by a higher layer than is a lower freouency wave.

From Fig. 9 it will be seen that the angle of incidence at which the radio
wave enters an ionized layer is determined by two factors: first, the angle of
propagation with resrect to the earth’s surface; second, the height of the layer.

Consider, in Fig. 9, the three components of the wave leaving the trans-
mitter. No. 1 leaves at a rather high angle with respect to earth and bhence
6"k, G”F‘ and 6"F2 all are large. However, e“F1 is greater than B"g and 9"F2 is
greater than G"FT. No. 2 component is transmitted at a lower angle and 6, 6F‘
are all smaller than the corresponding angles for No. 1. All of the laver anglcs
of inciderce are smaller for component No. 3 than for corresponding angles for
tte other components.

For a given degree of ionization of the layer, the smaller the angle of in-
cidence the less the degree of refractior recuired to bend the wave bacl toward
the earth. This is easily seen from inspection of Fig. 9. Fig.10 shows the
process by means of which a radio wave is returned to earth by an ionospheric
layer. It will be noted, however, that the lower the angle of incidence, the
smaller the degree of bending and hence the further the wave travels through the
layer before being refracted back to earth.

Tre facts explained above may be summarized in general terms and their broad
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Surface of Earth

Transmitter

Fig. 10

cffects studied:

First, the ionosphere dces nct consist of a single highly ionized stratum
in contact with a non-ionized stratum, but instead consists cf several layers
at various heights above the earth’s surface. Ionization in a depree effective
to radio waves becomes apparent about 50 I'm. above the surface of the earth
and increases as the distance above the earth increases, (See Fig. 1.) This
means that there is no sharp difference in the ionization of the atmosphere at
adjacent levels but rather a gradual hending of the wave in which the law of re-
flected energy, which states that the angle of reflection equals the angle of in-
cidence, does not hold true except in the case of waves that enter the layer at
angles approaching 90°.

Second, the height of any deegree of ionization varies with the time of day
and the season of the year, normally being lower during the middle of the day
and higher at night, averaging somewhat lower in the summer and higher during the
winter months., Measurements conducted by the Naval Research Laboratory in con-
junction with the Carregie Institute at Washington and by the Bureau of Standards

have shown that the degree of ionization at which lower level refraction takes
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place varies between heights of about 100 km. at noon on a sumrer day to 250 to
400 km. on a winter night, and even higher at times; also that the degree of iop-
jzation is continuallv changing, soretimes rapidly, sometimes slowly. This con-
tinual change causes many undesirable phenomena.

Third, the several principal ionization layers affect various frecuencies
differently. At any irstant, definite refraction of one frecuency may take place
in the lower layer while a higher frequency signal may pass through that layer
and not be seriously refracted until it strikes a higher layer. The critical
frequency at which refractior by a given layer begins may be cuite sharply de-
fined, and as the degree of ionization varies the critical frecuency of refrac-
tion may change quite suddenly. This accounts for the sudden fading in or out of
a distant signal when the frequency happens to be in the vicinity of a critical
value.

SKIP DISTANCE. --As experience was gained in high-frecuency communication
many peculiar phenomena were observed, one of the most important being that of
"skip distance." It has been found that for given power output, as the fre-
ouency is increased above about 2,500 kc., the reliable commuinication range is
increased. However, as the freguency is increased above about 6,000 kc. there
will be certain distances at which communication carnot be mairtained although
at much greater distances the signal strength is excellent.

It is perhaps well to tabulate some of the average results at different
frequencies and then analyze them. It must be understood that these average

figures are subject to wide deviation with season, sunspot cycle, etc.

Frequency Ground Wave Skip Distance in Miles Max. Range in Miles

in KC. in Miles Day Night Day Night
4,000 100 0 0 --- 7,000
8,000 S0 70 200 --- 7,000
12,000 15-25 285 575 2,000 7,000
16,000 5 495 Inf. 3,500 0



24. RADIO WAVE PROPAGATION—RECEIVING ANTENNAS

Analyzing the tabulated figures, it is seen that at a frequency of 4,000
kc. the ground wave extends about 100 miles, and at this frequency the reflected
and refracted erergy from the sky wave cverlaps that of the ground wave and
there is po skip distance. The daylight range of this frequency is not very
great, but the reliable night range is about 7,000 miles. (All of the tabulated
figures are for reliable telegraph communication with about five kw. in the an-
tenna. The occasional distances obtained are of course much greater than those
tabulated. Greater power will be necessary to produce equivalent results with
modulated wave transmission.) This frequency would be a very good reliable
night frequency for either long or short distances.

At 8,000 kc. the ground wave reaches only about 50 miles, and from that dis-
tance before the signal is again heard there is a gap of about 70 miles during
the day and 200 miles at night. Beyond this gap or "skip distance" the communi-
cation is again very similar to that of the 4,000 kc. frequency--not very good
during the day, but reliable up to 7,000 miles at night. This is also a good
night frequency for long-distance communication, but is not particularly desir-
able for daytime work. An intermediate frequency band around 6,000 kc. is ex-
tensively used for high-frequency broadcasting at night.

At 12,000 kc. the ground wave dies out at from 15 to 25 miles. Beyond
that point, for about 285 miles during the day and about 575 miles at night, no
signals will be heard, but beyond the skip distance the communication is again
good. It will be observed that the reliable daytime distance is now about 2,000
miles while the nighttime distance is still about 7,000 miles. This is a very
good frequency for moderately long distances during the day and all long dis-
tances at night.l This frequency, however, would be useless for distances less
than 300 miles during the day and less than 600 miles at night. A band around
11,500 kc. is used for daytime high-frequency broadcasting and later in the
evening a band around 9,500 kc. is used.

At 16,000 kc. the ground wave dies out at about 5 miles and the daytime
skip distance extends out to about 500 miles. During the night the skip dis-
tance extends to infinity, i.e., the sky wave normally is not refracted down

within the limits of the earth’s surface and so is completely lost. This isan
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excellent daytime frecuvency giving a reliable range of about 3,500 miles, but
cannot be used at all for reliable night comrunication. Frequencies in this
region are extensively used for high-frequercy broadcasting, particularly in
the morning and where the entire path is in the daylight zone.

It must be understood that all of the above figures are averages over a
period of many months and that there is no sharp dividing line between the day
and night distances. Also, conditions will vary from year to year with annual
positions along the sunspot cycle. The daytime distances are taken at noon and
night distances at midnight, At other times the conditions are continually changing,
graduallyblending from one cordition toanother. This is clearly shown inFig. 7. Al-
so the day and night figures will be different at the different seasons of the vear. The
conditions during a winter day may be similar to those during a summer night,etc. Condi-
tions east and west will be different from north and south transmission. Operating
conditions in the tropics will not be the same as in the more northern regions.

The figures show that for moderate distant daylight communication, 4,000 kc.
may be used without danger of missing the signal due to skip distance. The same
will be true for night conditions except that the reliable range will be extended.

At 8,000 kc. for shipboard or aeronautical work, it would be necessary toknow ap-
proximately the desired ship or plane position, if comparatively close, to be sure it
was not in the region of skipdistance. 12,000kc. and 16,000 ke, are strictly long-dis-
tance freguencies. Both are very good in the daytime, particularly 16,000 kc. The lat-
ter frecuency, however, is not at all dependable for nighttime communication.

With these figures inmind it should bea simplematter, if a verywide choice of
frequencies isavailable, to select a frequency thatwill give the most reliable re-
sults at any particular time of day and season of the year. In selecting the frequency
it should be remembered that night conditions may prevail over part of the distance be-
tween the two stations and day conditions over the other part. Also, when commun-
ication is between stations in a north and southdirection, summer conditions may pre-
vail at one station and winter conditions at the other. All of the various
factors will affect the reliability of long-distance communication.

In commercial communication work and broadcasting at high frequencies

over long distances such as in transatlantic services, stations may start
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out in the morning at a high freauency, shift early in the afternoon to a lower
freauency, again shift to a lower frequency later in the afternoon and to a still
lower frequency at night. In the case of short-wave broadcasting a station may
broadcast simultaneously on two or more frecuencies so as to serve the greatest
number of listeners in different parts of the world in which different conditions
of day and night prevail.

Based on many years of experience in measuring ionospheric and transmission
conditions, the National Bureau of Standards over several years published in the
I.R.E., Proceedings '"High-Frequency Radio Transmission Conditions, (month),
(vear), with Predictions for (month), (year)." Fig. llshows a set of curves

I

f-- ! 4 _ the I.R.E. Proceedings, each curve

- published in the June, 1941 issue of

representing a stated skip distance

and showing the maximum frequency

vs. time of day that can be used

at that distance from the trans-

NSRS

_Irng_:icw'p FOR | AUG. |i_:‘1|’ .
i

mitter to avoid skip signal.

MAXIMUM USABLE FREQUENCY IN MC/S

For example, to operate at a

4 Ll 11
0 2 4 6 8 10 12 14, 16 18 20 22 O

LOCAL TIME AT PLACE OF REFLECTION . . .
distance of 1,000 kilometers at

Fig. 11 noon it is pussible to use any fre-
quency up to 12 mc., while for the same distance at 4 a.m. it would be necessary
to drop down to about 5 mc.

For reliable communication at 3,000 km. in the late afternoon, 4 p.m. to
7 p.m., any frequency up to 19 mc. could be used but at midnight to avoid being
in the skip zore it would be necessary to drop to below 13 mc.

Particularly note that for the shorter distances during the day the maxi-
mum usable frequencies occur about noon yhile for the longer distances the maxi-
mum usable frequencies occur later in the afternoon. These should be compared
with the curves in the luwer section of Fig. 7. Evidently the lower frequencies
are being transmitted through the E and F, layers until late afternoon, the high-
er frequencies through the F, layer all during the day and night.

The reason for skip distance and for the long distances obtained with com-
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paratively low power, is the fact that the refraction of the wave when it en-
ters the ionosphere causes it to travel for long distances above the surface of
the earth where the absorption losses are almost negligible. Refraction is ow-
ing to the fact that the ionization of the medium at different heights is not
uniform but is greater at the higher levels. Energy in the form of a radio

wave travels more rapidly through a highly ionized medium than through a medium
in which the degree of ionization is less. Therefore, when the radio wave trav-
els uvpward at an angle, the top of the wave hits the highly ionized medium be-
fore the lower portion of the wave arrives; the wave thus bends gradually down-
ward because the top of the wave is travelling more rapidly than is the lower
portion of the wave. If the wave is travelling at an angle approaching the ver-
tical, a large portion of the front of the wave may enter the ionized region at
almost the same time and some reflection will take place instead of refractior.
A large portion of the wave which enters the layer at angles greater than the
critical angle of refraction travels straight into the ionized strata and does
not return to the surface of the earth.

As the frequency is increased, the degree of refraction of the wave becomes
less and less, and the energy therefore returns to the earth’'s surface at great-
er and greater distances from the transmitter. At the very bigh frecuencies the
ground wave is practically useless. Since the reflected energy comes down at
very sharp angles, and as the frequency is increased the refracted energy comes
down at greater and greater distances, it is evident that as the freauency is
increased beyond a certain point there will be a gap between the last of the re-
flected energy plus the ground wave and the first of the refracted wave, and as
the frecuency is made higher the gap will become wider. This gap is the skip
distance and is shown in Fig.12.

The greater the height of the effective layer, the less the degree of re-
fraction of the wave because the angle at which the wave strikes the layer will
become greater (see Fig. g, for example) and only the comparatively low angle
radiation will be refracted; the other energy will be partly reflected but most
of it will penetrate the layer and not return to earth. This will cause the

distance before the refracted energy reaches the surface of the earth to be-
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come greater. Thus when the layer -is bigher the skip distance (and also the
reliable communication range), will be greater.

For reliable long-distance comrunication it is also necessary to use
adequate power. While amateurs operate over long distances with very low
power, reliable communication as required for commercial operation and good
broadcasting could not be maintained urder such conditions. The power re-
quired, however, owing to the decrease in absorption losses and to high
radiation efficiency, is much less than that required to maintain equiva-
lent long-distance communication with the low and intermediate frequencies.
For transatlantic commnication and for similar distances, 20 to 40 kw.
with a directional transmitting antenna is the commonly accepted power re-
quirement for reliable communication and broadcasting. The directional
antenna produces the equivalent of an increase of power. Also a proper-
ly designed directional antenna permits the vertical angle of propagation
to be kept low so that the wave strikes the ionized layer at the proper
angle for long-distance transmission. This is demonstrated on Fig. 9,
where the low angle radiation enters the layer at a much smaller angle
than does the high angle radiation and hence travels to greater distances
before returning to earth.

It is a common belief that the reception of energy from the sky wave
is confined to the higher frequencies. That is not correct. All unusual
long-distance reception is due to the sky wave. Often at night some low-
power station on an intermediate frequency will be heard at adistance of sev-
eral thousand miles when the station’s reliable daytime range is a hundred
miles or less. This usually occurs onacold night when the effective layer is
very high. All long-distance broadcast reception is due to the sky wave.

Whether the antenna system radiates a vertically polarized or a hori-
zontally polarized wave, the effect of the ionized layer in conjunction with
the earth’s magnetic field is to produce polarization opposite to that of the
incident wave, sothat at the point of reception the wave contains more or less
equal vertical and horizontal polarizationcomponents. As explained later, it

appears preferable to employ a receiving antenna more responsive to the
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horizontally polarized components of the wave for long-distance reception,

FADING. --At certain distances within the limits of the ground wave fading is
very pronounced, particularly in the early evening. At distances within the limits
of the ground wave total energy from a transmitter at any given point will be made up of
two principal components, the ground wave and the sky wave. At any point in space with-

"in the limits of the ground wave energywillreack a receiving antenna by way of at
least two separate paths: first, in a direct line following the curvature of the
earth: second, from the ground up to the ef fective ionosphere layer and back toground.
Now if the signals over both paths reach the receiving antenna exactly in phase,

the total voltage developed at the receiving antenna will be the sum of the two.
If, however, the signals over the two paths reach the receiving antenna exactly out
of phase the total voltage developed at that point will be the difference between
the two; and if they are equal inamplitude and opposite inphase the total voltage
across the receiving antenna willbe equal to zero. At any instant the total signal
voltage at the antenna will be the vector sum of the ground wave and the sky wave.

The height of the ionized layer varies continually--sometimes slowly, some-
times rapidly. Fach time the height of the layer varies, the length of the path
for the sky wave between the transmitter and receiver varies. As the path varies
in lepgth the phase relation between the sky wave and the ground wave varies, the
two waves sometimes adding and sometimes subtracting. The signal at the receiver
varies accordingly, being strong when the two waves add and weak when the waves
subtract. This will cause alternately strong and weak signals at the receiver,
or fading.

Fading may be very slow or may be so rapid as to occur at an audible fre-
quency, in which case bad distortion will result. High speed fading is most
noticeable on broadcast programs, some of which are made entirely unintelligible.
Practically all modern receivers have automatic volume control, which minimizes
the effects of slow fading within quite wide limits. However, very rapid fading
often occurs at a rate too fast for the a.v.c. to follow, in which case the ef-
fect is very bad.

Fading is most noticeable at night and particularly in the hours immediate-

ly after sunset. This is because then the de-ionization of the upper atmosphere
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is occurring most rapidly, thus rapidly changing the effective heights of the
ionosphere layers and therefore the length of the path of the sky wave.

The radiated wave for long-distance transmission usually follows more than
one path from the transmitter to the receiver. This is indicated in Fig.12,
where a path of two hops, involving the skip distance is shown, as well as one
long hop which will ultimately reach the earth at the same point as that for
the two-hop path. If short waves are employed, and in any case if the distance
is long, the ground wave will be attenuated before reachirg the receiver, and
fading as a result of interference between the ground and sky wave will not
occur. But if one or other of the paths varies in length owing to variations in
the ionosphere, then fading can occur as a result of varying interference between
two or more sky waves arriving along different paths. Such fading may be differ-
ent for the carrier and side barnd frequencies, and give rise to the phenorenon
known as selective fading. This i1enders speech and music unintelligible.

Fading is independent of the power output, and depends solely upon the de-
sign of the antenna, the conditions in the ionosphere, and the conductivity of
the earth. With these conditions fixed, if the power is increased, the field
intensity of both components reaching the receiver will be increased in the
same proportion so that the points where the two interfere with one another will
not be changed. This is true whether the two components are the earth and a
sky wave, or two sky waves that have traveled over different patbs.

In the standard broadcast range, if the height or configuration of tte an-
tenna is changed so as to vary the vertical angle of radiation; if the conditions
in the ionosphere vary so as to change the angle with which the sky wave strikes
the layer; if the conductivity of the earth changes so that there is more or
less absorption of the ground wave; then the distance at which any degree of

fading takes place will be changed. Serious fading may start at anywhere from
about 75 to 125 miles from the transmitter, depending upon the factors mention-
ed above.

All of these effects are being studied by leading radio engineers in an
endeavor to minimize the undesirable phenomena, particularly that of fading.

It has been found that the fading of a given high-frequency signal is
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rarely simultaneouslv the same at two or more points separated by five to ten
wave lengths. At the receiving stations of RCA Communications, this fact is
made use of in one of the most practical solutions to the problem of fading
yvet to be developed.

The diversity antenna system in which three directional antennas separated
by about 1,000 feet feed into a common receiving system will be explained later
in this lesson. Experience has shown that these antennas should be spaced not
less than 10 wave lengths for best results. For high-frequency operation (in
the crder of 8 to 20 mc.) spacing of 1,000 feet is satisfactory. The diversity
system operation is based on the fact that, for a given signal, the voltages de-
veloped in three antennas sufficiently well spaced will very seldom fade simul-
taneously.

For radio telegraph reception the signals from the three antennas are fed
by untuned transrission lines to separate receivers, amplified, rectified, and
the audio outputs amplified and fed into a common load resistor, the current
through which varies the bias on a vacuum tube keying relay. The vacuum tube
relay keys the output of a tone oscillator to a telegraph line. So long as the
amplitude of the signal from any one receiver is above a minimum value as deter-
mined by the noise level, the vacuum tube relay operates and the signal to the
line is exactly the same as if the received signal were much stronger. Thus
the only time in which the signal reaching the operator or the recording device
will show the effects of tading, is when the signal fades out completely and sim-
ultaneously in all three receivers,

Satisfactory diversity reception of radio telephone or broadcast signals
is more difficult. In the case of radio telegraph reception it is simply a
matter of operating a keying relay circuit for dots and dashes; out-of-phase
signals are relatively unimportant so long as they do not destroy the spacing
of the dots and dashes, and so long as the length of a dot or a dash is long
as compared to the tiwne difference between the arrival of out-of-phase com-
ponents. Amplitude variation in the telegraph signal is unimportant so long
as the signal will operate the vacuum tube relay.

In the case of a broadcast signal, the carrier and its sidebands occupy
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a space in the frequency spectrur in the order of 10 to 20 kc. The actual in-
telligence of the signal is conveyved by the variaticns in amplitude. High speed
fading may be at an audible frecuency thus producing the effect of modulation
which may destroy the characteristics of the sigral. Fading over a2 frecuency
band of 10 or 20 kc. is not always the same in all nmarts of the band; it may
differ at frecuencies separated by only a few hundred cycles/second. Thus it
is possible for the one side band to fade out leaving the carrier and the other
side band; the carrier may fade out leaving the two side-band frequencies; cer-
tain side-band freaquencies may fade out leaving the carrier and other side-band
frecuencies. (Such selective fading is particularly likely to occur at a time
when the operating frequency approaches the critical frequency of one of the
ionosphere layers.)

For ordinary slow periodic fading a good automatic volume control circuit
with the proper time constant will hold the level quite constant. However,
when the diversity system is used to minimize the more rapid fading, other prob-
lem are introduced. The first problem is that of proper phasing. Where slight
phase discrepancies may be unimportart in the reception of telegrapb signals,
they can make the reception of broadcast signals entirely unsatisfactory. The
most satisfactory arrangement would be to have the output of only one receiver
connected to the line at any one time, the one, of course, in which the signal-
to-noise ratio is the highest. This would involve a quite elaborate system of
relays.

When the outputs of three receivers, each equipped with automatic volume
control, are fed into a commor circuit, another undesirable condition arises.
Even though the automatic volume control keeps the three signals at a quite
constant level, if the signal terds to fade in two receivers but not in the
third, the sensitivity of the two receivers in which the signal is fading is
increased, this in turn increasing the noise level. Thus at an instant when
one receiver may be adding little to the signal output, its noise level is in-
creased and adds to the noise level of the output. Even if the signal does
not fade sufficiently so that its signal contribution is a total loss, the in-

creased se.sitivity due to a.v.c. will increase the general noise level.
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In the system finally adopted for use with the diversity antenna, the sig-
nal from each arterna is amplified by means of an individual superheterodyre cir-
cuit and individually rectified. The audio outputs of all three detectors are
fed into a common 12sistance and a portion of the common resistance drop is used
to control tke gain of all receivers simultaneously. Thus so long as at least
one receiver is delivering a satisfactory signal level, the gain of all receivers
is reduced so as to reduce the noise level. This allows full advantage to be
taken of the diversitv syster because as the output of any one receiver increases,
the total gain is reduced; if one increases in about the proportion of the de-
crease in another, the decreasing signal is simply allowed to fade out, the other
receiver carryving the load. A general decrease in all three receivers must oc-
cur before the total gain is increased to the point of excessive noise level.

ECHO SIGNALS.--With the comron use of comparatively high power at high fre-
quencies another troublesome condition has arisen. Since high-frequency energy
encounters so little absorption in travelling through the ionosphere, a signal
that is not returned to the surface of the earth reasonably soon too often can
travel erormous distances through these regions. Thus it is possible for a
signal to travel completely around the earth a number of times and still retain
a considerable field intensity.

If the signal at the receiver arrives by way of the most direct route, and
then proceeds completely around the earth and is returned to the same receiving
antenna again, the second signal will be received at a short time interval after
the original signal, even though both left the transmitting antenna together.
fhe velocity of propagation is approximately 186,000 miles/second and the dis-
tance around the earth is approximately 25,000 miles so that the time lag of this
second signal will be 25/186 or .13 second. At slow telegraph speeds this will
sound to the operator like an echo but probably will not prevent copying. The
second signal is called an "echo signal.”

At high operating speeds the echo signal -car render a circuit completely
inoperative. At 100 words/minute, assuming three characters per letter and the
time of the spacing between dots and dashes as equalling the time of the actual

characters, the average time of one character is .02 second. This is a much
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storter time than the time lag of the echo signal, and consecuently the echo of

a character will appear several characters later. It can easily be imagined

what this will do to the signal. There may even be second and third echo signals.
Thus a frequency at which an echo signal occurs will be useless for high-speed
communication so long as this condition exists., A similar condition can occur in
high-frequency broadcasting in which case the speech or music will be completely
garbled.

Another cause of echo signal can be original reception of energy from two
paths of dissimilar lengths. For example, a signal being received from a station
3,000 miles away may reach the receiver by the direct route and also by the long
path around the earth, and approximate distance of 22,000 miles. This will pro-
duce an echo only slightly different in time lag from the one already described.
An echo signal of this type, however, can be eliminated by the use of a uni-di-
rectional receiving antenna because it is coming from a direction approximately
opposite to that of the direct signal. A directional transmitting antenna would
not produce this type of echo signal.

DIRECTING THE ARRAY.--In erecting a directional transmitting or receiving
antenna, it must be remembered that the surface of the earth is spherical and a
radio wave in going from one point on the earth to another point ordinarily will
follow a great circle course. Thus the direction in which the directional an-
tenna array must be pointed for communication between two widely separated points
must be great circle direction. The study of a globe in comparison with a flat

map will make this point clear.

TYPES OF RECEIVING ANTENNAS

In its simplest form a receiving antenna is a vertical conductor connected
to ground at the lower end through a coupling coil which energizes the first
tuned r.f. circuit of a receiver. When intercepting a normal vertically polar-
ized wave the voltage developed across such an antenna is directly proportional
to its effective height. Thus if the signal intensity is 50 uv./meter and the

antenna has an effective height of 6 meters, the voltage developed across the
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antenna will be 300 pv.

This signal voltage will cause a current to flow in the coupling coil and
induce a voltage into the tuned grid circuit of the r.f, amplifier tube. See
Fig. 13. In this case for most frequencies the current in L will be small be-
cause the antenna probably will not be near resonance and the reactance of the
circuit will be large. This arrangement is practical only with modern high-gain
receivers. Such an antenna is comple.~ly non-directional in the horizontal
plane.

If it is necessary to develop maximum voltage at the input terminals of

the receiver from such an antenna, condenser C may be added as shown in Fig. 14,

R
Fig. 13 Fig. 14
and the antenna circuit tuned to resonance with the signal being received. This
will very greatly increase the signal input to the receiver and will add to the
selectivity of the system. Its disadvantage is the additional tuning control re-
quired. Since the receiver manufacturer ordinarily does not know the electrical
characteristics of the antenra to be used, an antenna tuning condenser cannot be
ganged to the other r.f. tuned circuit condensers. Therefore with modern re-
ceivers it usually is considered more practical to obtain the desired gain and
selectivity by proper design of the r.f. and i.f. amplifiers than by tuning the
antenna circuit. This, of course, does not apply to specialized receivers to be
operated by experts and where the manufacturer can specify the antenna constants.
In the expanding commercial applications of radio the use of directional

antennas has become a frequent requirement, for reception as well as for trans-
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mission. One of the most rapidly expanding radio applications bas been in
aircraft navigation. Simple directional receiving antennas on the airplane
combine with the use of directional transmissions for this purpose.

For example, for purposes of aircraft navigation the C.A.A. operates cer-
tain 75 mc. marker beacons. One such beacon is the "core marker" which radi-
ates a cone-shaped beam vertically above each radio range station to indicat
definitely its location. Such a beam is shown in Fig. 15(A) with the hori-

zontal pattern shown in Fig. 15(B). A directional transmitting antenra is

T
Vertical
f @
wyn Horizontal

Field Pattern
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Fig. 15

used to produce this cone-shaped beam. 1t must be understood, however, that

the pattern shown simply represents that for some arbitrarily selected field in-

tensity. If a lower field intensity were selected the horizontal area covered

by the beam would be larger.

Mounted beneath the airplane and extending fore and aft is a horizontal

dipole. The receiving characteristics of such
an antenna are shown in Fig. 16 and were ex-
plained in a preceding lesson. Note that recep-
tion from directly ahead or behind will theoreti-
cally be zero. Thus the signal in the receiver is
very small until the airplane flies directly inrto
the major portion of the beam, i.e., until it is

Fig. 16 almost directly over the station; and the signal
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drops out sharply as the airplane flies out of the vertical beam. Thus the use
of a directional receiving antenna increases the overall directivity of the
system.

Otker uses for directional reception on an airplane involve the use of a
loop for direction finding.

By the use of a directional receiving array at the receiving end of a com-
munication circuit that employs a directional array at the transmitting end, a
substantial increase in signal gain and overall directivity is obtained.

Increased signal at the receiver input and directional selectivity are im-
portant factors in dependable communication on }ong-distance circuits. Theo-
retically it is possible to design a receiver for any desired voltage gain and
thus theoretically it might be thought possible by this means to operate with a
signal voltage of any small amplitude if receiver cost were not a factor. This
is rot true, however, for two reasors: static and inherent receiver noise.

In the frequency range of long-distance communication, in the order of 5
to 20 mc., ratural static often is cuite directional. Thus by the use of a di-
rectional receiving anterpa it is usually possible to obtain substantial dis-
crimination against static interference except during the times when static
bappens to be coming from exactly the same direction as the received signal.

Ir the northern latitudes much of the prevailing static comes from a southerly
direction. Thus on east-west circuits such as between the United States and
Europe, considerable static discrimination usually can be obtained by means of
a directional antenra. In this case directional discrimination is more import-
ant thar the signal gain obtained with certain types of directional arrays.

Inherent receiver noise owing to stot effect in the first r.f. tube and
thermal agitation of the molecules in the grid circuit of the first r.f. tube
set a more serious limitations to the amount of receiver gain it is feasible to
use. As the receiver gain is increased to permit the reception of weaker signal
voltages, *lFe receiver noise also increases. Thus there is a definite limita-
tion to practical receiver gain, and some means must be provided to assume that
adecuate sigpal voltarve to override the inherent noise voltage is applied to the

receiver input terminais if dependable communication is to be assured. Cne way
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of doirg this is to design an antenra that sirultapeously discrimirates again.t
extraneouvs sigrals and static, and at the same time provides signal gain in the
desired direction.

Some types of directional anternas, such as a small loop, provide excellent
directjonal discrimination but very poor signal pickup. Cther types such as the
wave and broadside anternas provide both directional discrimination ard signal
gain,

The term "gain," as referred to a receiving antenna, usuallv means the
ratio of the sign:l voltage developed by a directional array to that developed
at the base of a half-wave vertical wire. For example, if the signal voltage E
delivered to the receiver terminals by a directional antenra is six times great-
er than that (E;) delivered to the receiver by a A\/2 vertical wire, the direc-

tional antenna gain would be

Gain in db = 20 1og1°.€i_
a

20 log,, 6

20 x .778 = 15.6 db

"

Such an antenna would provide a 15,6 db improvement in signal/noise ratio
over a vertical A\/2 antenna and at the same time provide directional discrim-
ination against undesired radio signals and static. Thus directional receiving
antennas are as important as directional transmitting antennas in reliable long-
distance communication.

Directional Antenna.--Any directional array used for transmission may
be reversed and used as a directional receiving antenna. Such practice has
two primary disadvantages: first, the directional transmitting antenna is
usually a quite elaborate and expensive installation, much more so than is or-
dinarily required for reception; second, in order to obtain high radiation ef-
ficiency, the transmitting array is designed for selective operation, and for

reception would be efficient over only a narrow band of frequencies. In some



40.

RADIO WAVE PROPAGATION—RECEIVING ANTENNAS

cases the latter is desirable, but for most receiving installations it is desir-

able that the receiving equipment have considerable operating flexibility, and

high frequency selectivity in the antenna is usually neither necessary nor de-

sirable. The selectivity can better be built into the receiver with the antenna

effective over a reasonably wide band of freauencies. This is made possible by

the high gair of modern receivers. A principal object in the use of a direction-

al antenna with a modern high-gain receiver is to minimize the pickup of stray

noise and interfering signals. This is often more important than to increase

the received signal voltage. Of course, any reduction in stray noise and inter-

ference permits the use of a correspondingly weaker signal in conjunction with a

bigher receiver gain to bring it up to the desired output level, with the same

signal-to-stray noise ratio.

Loop Antenna.--One of the earliest forms of directional antennas was the

loop antenna. One special form, the Alford loop, was described in a previous

lesson. The older and more usual form of loop is shown in Fig. {7. It may be

F——_ S ———4 of square, round, octagonal, or other

shape, and may consist of one turn or

Wave 1 1’ T 2 2'4:‘r—;T_—_> many turns. Assume, for simplicity,
Direction L =To o .
7T” Receiver that it is square in shape and that a
— > vertically polarized wave is approach-
Fig. 17 ing from the left, as shown in the

figure. One can say that the vertical radiation electric field vector produces

an electromotive force in vertical conductors 1, 1' and 2, 2' as it passes

through them, or, alternatively, one can say that the radiation magnetic field

vector (which is horizontal in this case) cuts through them inducing the e.m.f.

in the conductors.

From either viewpoint it is evident that voltages in the

same upward direction are induced in the vertical conductors.

However, since the wave passes first through conductors 1, 1' and then

through 2, 2', the voltage in the latter, call it E,, will lag that induced

in the former, call it E,, by an amount depending upon the width of the loop S,

as compared to the wave length. The phase angle in radians will be equal to

o= 235
A
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This difference in phase produces a net resultant voltage Ep around the loop as
shown in Fig. 18.

It is evident that the magnitude of the voltage set up in each vertical con-
ductor is the same, and that no voltage is set up in the horizontal conductors
by the vertically polarized wave. The latter simply serve as connectors for the
vertical conductors. If g is the field strength of the wave, say in volts per

meter, and L is the length of a conductor in meters, i.e., the length of one

a/2 T side of one turn of the loop, then the voltage
induced in the conductor is gL, and if there
ER = El -_— E,
é' are N turns, then the total voltage induced in
o/2 E all the conductors in one side of the loop is
Fig ;8 eLN. In the illustration the total voltage

induced in the two conductors 1, 1' is 2¢L, which has been denoted by E,, and
the total voltage in the other two conductors 2, 2' is also 2elL, and has been
denoted by E,.

From Fig. 18 it is evident that Eg is twice the projection of E, or E,

upon it. The projection is clearly E| sin o/2 = E, sin %/2 or

Ep = 2¢IN sin-2MS - 2¢IN sin 1S
R n 2)\ in )\

Ep is small compared to E, or E; if S is much less than A, as is usually
the case, and hence loops are in general not very efficient antennas.

Suppose, however, the wave direction is not in the plane of the loop as
shown in Fig. 17. Suppose it is as shown
n Fig. 19, where a plan (top) view of the
loop is shown, and the wave direction makes

the angle 6 with the plane of the loop. Now

the difference in phase angle is produced
EERS by a shorter difference in path length,
namely S cos €, and the phase angle is therefore

o' = 218 cos §
A
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The previous formula must be modified by the introduction of the term cos 6,

so that the general formula for the voltage induced in the loop is

Eg = 2¢eIN sin (l‘%. cos 6)

When 6 = 0, we have the conditions of Fig. 17 and cos 6 = 1, so that this for-
mula reduces to the preceding one. A further simplification is possible if S is
small compared to A. The angle a'/2 = nS/A cos € is then small, and sin a'/2

is practically equal to a'/2 inradians. The above formula can then be written as

Eg EEEL%lS_cos 6

Since L x S equals the area A of the loop, we can finally write

neNA
A

"

Eg = ¢ cos 6
This formula can be used for loops ~f shapes other than rectangular, and indi-
cates that it is the area, rather than the shape of the loop, that determines
Ep. Since a circle has the greatest area compared to its perimeter, it might be
expected that a circular loop would have the greatest voltage pickup compared to
its ohmic resistance. Although airplane loops do have a circular shape the
above optimum relation of induced voltage to resistance is not too important in
practice, and loops of various shapes may be encountered in the field.

In general, as the wave approaches the loop from different directions 6, the

Induced induced voltage will vary as shown in the

polar diagram. of Fig. 20. This is the fam-
iliar figure-of-eight pattern. Note that
if the wave direction is perpendicular to

the plane of the loop (8 = 90°) the re-

sultant voltage is zero. This enables the
Fig. 20 loop to be employed as a direction finder.

Instead of varying the direction of the incident wave the loop is rotated on
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its axis so that its plane can be set at any angle to the given wave. The di-
rection of the wave can be told either by maximum output when the plane of the
loop coincides with the wave direction, or by minimum output (plane of loop at
right angles to the wave direction). The latter indication is almost always
preferred because the variation in signal for a given small change in 6 when 6
is around 90° is much greater than the variation in signal with change in 8 when
® is around 0°, so that the null indication is more sensitive than the maximum
indication. This is clearly shown in Fig 20.

The loop finds its major application in direction finders and radio com-
passes for ship and aeronautical use and will be discussed in more detail in les-
sons on those applications. Of late the loop has also been employed as an an-
tenna in broadcast receivers, where its compact structure enables it to be built
into the radiocabinet, although its directional characteristic is bhardly ar ad-
vantage here and the small pickup is a definite disadvantage which must be com-
pensated for by increased r.f. or i.f. gain in the receiver. However, such
gain is feasible, and the loop itself is not as directional as might at first
be supposed because of its capacity to ground.

Electrically the loop appears as an inductance if its dimensions are small
compared to a wave length, and so it is often tuned by a condenser across its
terminals. This in conjunction with the distributed capacity of the loop tunes
it to series resonance. The maximum number of turns of the loop is such that it
is self-resonant at its highest operating frequency, and in actual practice it
is wound with somewhat fewer turns and then may be tuned as described above,

Finally, it may be noted that the loop, even for low-frequency, long-wave
pickup, does not require a ground connection, and is very compact. As indicated
previously, its signal pickup is low, but especially at the lower frequencies
this is compensated for in present-day receivers by high gain with low inherent
set noise, and so it can handle signals which in this range are limited by the
static that is also picked up.

Beverage Antenna.--Another early and very successful type of directional
antenna is the Beverage antenna shown in Fig. 21. This type of antenna was

originally used for the reception of very long wave signals, 10,000 to 15,000
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meters, in which case the antenna consisted of a copper wire eight or ten miles
long supported on ordinary telephone poles. Such an antenna is entirely prac-
tical for short-wave reception, in which case it does not have to be so long.

When used for short-wave rrception the antenna is ordinarily five or six wave

lengths long and supported six or eight feet above ground. Thus for reception

<«——Desired Signal

i
T L Few Feet R

Receiver

Several )

Fig. 21

of wave lengths in the order of 30 meters, an antenna 450 or 500 feet long
pointing directly toward the transmitter from which reception is desired will
give excellent results. Such an antenna has little frequency selectivity. The
greater the length, in terms of wave lengths, the greater will be the direction-
al effect. The operation of such an antenna is simple. As the signal voltage
wave coming from the direction shown away from the receiver, sweeps along the
wire toward the receiver, a moving voltage wave is built up along the wire ow-
ing to the slope of the wave front; the current owing to the voltage wave passes
through coil L to ground. By means of L the signal voltage is induced across
the receiver circuit, energizing the receiver. The slope of the wave front is
owing to the fact that the lower portion of the wave is retarded as it travels
over the surface of the earth. This slope also could be owing to the skywave
approaching the surface of the earth at an angle and not directly parallel to
the surface.

Note resistor R between the extreme end of the antenna and ground. This
resistance, when adjusted to equal the surge impedance of the line, makes the
antenna unidirectional. {(Such an antenna functions as a single-wire transmis-
sion line.) If the extreme end of the antenna were open a signal from the op-
posite direction would build up a veltage along the wire. When the voltage

wave hit the infinite impedance of the open end of the wire it would be reflec-
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ted back along the line and would erergize the receiver just as did the desired
signal. When the resistance is connected and prorerly adjusted, the undesired
signal is dissipated in R and no reflection occurs; reception is then unidirec-

tional. R is ordinarily in the order of 400 or 500 ohms. A variable resistor
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Fig. 22
adjustable between 100 and 1,000 ohms should take care of any such installation,
R is adjusted until reception from a station in a direction opposite to which
the anterna points disappears. A wave coming from a direction broadside to the

antenna does not sweep along the wire so that the voltage built up across the



46 RADIO WAVE PROPAGATION—RECEIVING ANTENNAS

wire by such a signal is ordinarily negligible.

If it is necessary to be able to receive directively from several directions,
the required number of antennas may be built, radially from the receiver building,
and the receiver connected to the proper antenna to receive any desired signal.

It is desirable that the Beverage antenna be quite low because any effective
height will result in a vertical component of voltage which may be received from
all directions. Thus the greater the height of the antenna above ground, the
less its directional selectivity. It should be noted that the operation of this
antenna is very similar to that of a single-wire untuned transmission line.

RCA Broadside Antenna and Diversity Array.--Fig. 22 shows the RCA broadside
antenna which is one section of a diversity array. While the Beverage antenna
of Fig. 21 acts as a single-wire transmission line, each half of the array of
Fig. 22 acts as a two-wire transmission line to which are coupled, to increase
the pickup and properly load the line, a number of short horizontal members
oriented at right angles to the main line. These members are short and are not
resonant in the desired band of frequencies to be received so that the freguency
response is quite broad. The connected wires should be spaced not more than3/8 A
at the highest frequency to be received. As
the signal wave comes from the direction as
shown, it sweeps along the array and the vol-
tages built up across the individual members
are successively coupled to the central trans-
mission line and then by means of an untuned
transmission line, to the receiver which may
be 1,000 feet or more distant.

The complete arrangement is as shown in
Fig. 23. The view as shown in Fig. 22 is

from above, the entire array being suspended

horizontally about 50 feet above ground be-
tween wooden poles and supporting cables. Unidirectional reception is obtained
as in Fig. 2}, by terminating thecotherwise open end of the line with a dissipa-

ting resistance. Two parallel sections are used in each array unit as this in-
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creases the directivity. A complete diversity array consists of three units as
shown in Fig. 23, each complete in itself as in Fig. 22, and the three urits
separated about 1,000 feet from each other. Each unit is coupled by means of a
transmission line to one unit of a diversity receiver as explained earlier in
this lesson.

By close spacing of wires and transposition every few feet, the pickup by
the long transmission line between the array and the receiver is made negligible.
It is on diversity arrays such as this that foreign programs are picked up fer
rebroadcasting, and such receiving systems make possible high-speed, high-rre-

quency, long-distance communication with an extremely high factor of reliability.



EXANINATION RADIO WAVE PROPAGATION—RECEIVING ANTENNAS

1.

(a)

(b)

(a)
(®)

(<)

(2)
(®)
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(a)

C))
(¢)

(a)
(b)
(a)
(b)

(<)

In what way did Marconi's demonstration of long distance transmis-

sion apparently contradict the laws of optics?

How is transmission over very great distances accomplished? Explain
briefly.

What does the ground wave consist of?

What component is effective in medium trequency transmission over

moderate distances? Explain fu!'~

What component or components are effective in ultra-high frequency
transmission?

Describe the characteristics of the ionosphere.

Name the various layers and describe their positions at various
times of the day and various seasons of the year.

How is the virtual height of a layer measured?

What is a "critical" frequency?

At what time of the day do the greatest variations in the mediur of
propagation occur?

What is meant by "Skip Distance"?

What is the cause of skip distance? Explain.

Why are the losses in the case of skip distance transmission so low?
In the eastern part of the United States, what frequencies of
European short wave broadcasts should normally come through well in
the morning; in the late afternoon; in the evening? Why, in each
case?

What is an "Echo Signal" and how is it caused?

What are its effects on communication? Why?

Given a vertical Marconi antenna which is radiating at a frequency of

1 mc. Describe the polarization of the wave picked up at a distance
of 25 miles; and at 500 miles.

What is meant by fading and what is one of the principal causes of
fading? When is fading most likely to occur? Why? Explain fully.

Explain the "diversity" method of minimizing the effects of fading.
Upon what fact is this system based? Why is the diversity system

impractical for use with the ordinary broadcast receiver?
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9.

10.

(a)

(b)

Given a rectangular loop whose sides are each 3 feet long, and
whose top and bottom are each 2% feet long. There are 10 turns in
the loop. The frequency is 1.5 mc, and the field strength is 2 mv,

per meter.

What is the voltage induced in the loop when the wave arrives in
the plane of the loop, with the polarization parallel to the sides?

What is the voltage when the same wave arrives at an angle of 30°

to the plane of the loop?

Explain the operation and construction of the Beverage receiving
antenna, How is this antenna made unidirectional in operation?

Why is such an antenna more practical for high frequency operation
thar for low frequency work? Explain. How high should it be? Why?
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