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PREFACE

IT IS SCARCELY NECESSARY TO REMIND A COMMUNICATIONS

officer or a radio operator of the importance of main-
taining effective radio communication in time of war or
peace. We have an efficient, powerful radio trans-
mitter, and we are all set to send a signal, but what makes
us think that our signal will ever reach its intended
destination? What experiences will the wave undergo

. . . . -
in its excursion from our transmitter to wherever we

wish it to go?

Many things can happen to the radio wave in the
course of its travel through space. The operator must
know enough about what may occur, about the trans-
mission characteristics of radio waves, to be able to steer
the best course and select the best frequency from those
at his disposal for each particular problem that he meets.
If he chooses too high a frequency, the “mirror” that
exists high in the earth’s atmosphere may fail to reflect
the beam, in which case the signal will wing its way out
into interplanetary space. This might be fine for com-
munication with the moon or the as yet hypothetical
inhabitants of Mars, but it is highly impractical for
communication on earth. If the operator selects too
low a frequency, the waves may be too heavily absorbed
in their passage through the atmosphere. Communica-
tion would be impossible under that situation, too.

Unfortunately there is no permanent ‘“‘road map” of
the sky along which we can steer our signal, for the
passable sky-lanes are not paved, and a road usable now
may have a ‘“‘detour” sign posted on it an hour from now.
Fortunately, however, it is not too complicated for us to
construct a road map for any required time and from
it choose the frequency we must use to send our signal
and insure its safe trip.

We shall use certain terms so frequently that some
abbreviations are desirable. The lowest useful high
frequency and the maximum useful frequency we shall
call respectively the LUHF and the MUF. The
optimum working frequency condenses to OWF. Most
ionospheric experts pronounce the abbreviations instead
of saying the letters. Thus we hear ““loof,” “mewf,”” and
“ouf.” The technical jargon sounds like gibberish to
the uninitiated, but the procedure saves time and effort.

The range of frequencies useful for communication
purposes depends upon a large number of factors, the
most important of which are: the location of the points of

vii

transmission and reception, the distance between the
stations, the time of day, the time of year, and the state
of solar activity. There will be consideration on our
map for each of these factors. By following the rules
outlined in this elementary manual, we shall be able to
analyze and predict the behavior of radio signals over
any type of circuit and have further understanding of
the whys and wherefores of our complicated but inter-
esting communication system.

During the war the radio lanes were crowded. Delays
resulting from failure to use the right frequencies had
serious consequences. At an early date the armed
services set up Wave Propagation Committees under the
Communication Boards of the Joint and Combined
Chiefs of Staff. The Joint (U.S. Army-Navy) Com-
mittee established the “Interservice Radio Propagation
Laboratory”” (I.R.P.L.), at the National Bureau of
Standards, Washington, D.C. The Combined (U.S.-
British) Committee maintained international liaison
among the Allied Nations.

The records of ionospheric activity available prior to
the war were entirely inadequate for military purposes.
The Allied Nations joined in a project of building a net-
work of ionospheric stations. I[.R.P.L. analyzed the
incoming data and put out forecasts several months in
advance of the expected average ionospheric conditions.
Studies of the sun and of variations in the earth’s mag-
netism aided in the prediction problem.

The Army and the Navy maintained separate organi-
zations for the practical utilization of the fundamental
data supplied by I.R.P.L.. This manual is an elabora-
tion of a training pamphlet the author prepared for use
of Navy personnel. Speed of analysis was of great
importance. The methods presented here were de-
veloped in part by the author and in part by [.LR.P.L.
These methods were carefully tested and checked
against tens of thousands of individual transmissions
over an enormous variety of circuits. The results of
the comparison were entirely satisfactory.

I am particularly indebted to Dr. J. H. Dellinger and
Dr. Newbern Smith of I.R.P.L. for many helpful con-
ferences and for permission to use illustrations prepared
by them. Major Dana K. Bailey, U.S. Signal Corps,
gave helpful advice.

The United States Weather Bureau made available
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much valuable material related to meteorological
phenomena. I wish to thank Dr. F. W. Reichelderfer,
Chief of the Bureau, and Dr. E. Dillon Smith for per-
mission to use basic facts and illustrations contained in
their publication on meteorological factors affecting
propagation of radio waves on frequencies above 30
megacycles. The Navy Department Aerology section
placed additional material of this type at my disposal.
Mr. Martin Katzin and Captain John L. Reinartz of the
Naval Research Laboratory furnished experimental data.
A very complete study of the higher frequencies was
carried on by O.S.R.D. (Office of Scientific Research
and Development), under the chairmanship of Dr.
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Charles R. Burrows.
an international basis.

Finally, I wish to express particular appreciation to
the members of my own organization within the Navy
for assistance in preparing the original manuscript.
I regret that I cannot mention here the names of all who
helped, but I wish to acknowledge the aid of Dr. Albert
Whiteman and Dr. William Eberlein. Miss Catherine
Barber assisted me in preparation of the final manuscript.

The United States Navy Department has given official
permission for publication of this book. The material,
however, represents the views of the author and does not
necessarily carry official Navy endorsement.

The program was carried out on

Donarp H. MENZEL
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+ CHAPTER ONE -

WHAT HAPPENS TO A RADIO WAVE?

ALL SIGNALING BY MEANS OF RADIO OCCURS AS THE

result of waves that travel from a transmitter to a
recciver. These waves, which are electromagnetic in
character, arise from the presence of rapidly alternating
currents in the antenna of the transmitter. Oscillating
vacuum tubes within the transmitter are responsible for
this alternating current. From the antenna, the elec-
tromagnetic waves spread out in all directions with the
velocity of light. The distant receiving antenna inter-
cepts only a small fraction of the wave energy that is
radiated by the antenna of the transmitter. The receiv-
ing set amplifies these minute electrical impulses and
converts them into signals that can be audibly detected
or otherwise recorded.

We shall dispose of the radio set itself in these few
words, because this manual has little concern for the
details of the transmitter and receiver. We shall want
to know only the power output of the former and assume
that the latter is a communications equipment of high
sensitivity. The. limit of its receptive power should
depend on the external static level or upon the inevitable
noise level of a perfect receiver.

Our problem begins when the waves leave the trans-
mitter antenna and ceases when they enter the receiver
antenna. In other words, we seek to know what hap-
pens to the radio wave in its path through space, where
it ordinarily moves with the speed of light, 186,000 miles
per second.

A young friend of ours, when asked how radio trans-
mission was possible, answered that the radio waves left
a tower way up high and went straight to a receiver.
When shown how waves traveling in this fashion would
soon leave the curved earth’s surface and travel straight
on out into space, he remembered “that some waves hit
‘the sky’ and came back down again.” ‘“What part of
the sky?”’” was the next question. “Um, the clouds, I
guess.” ‘“How about communication on a clear day?”’
No answer.

Well, our young friend was partly right. The waves
do hit clouds high up in the sky, but not the puffy white
clouds of summer or the dark snow clouds of winter.
These clouds are far higher, invisible ones of electricity,

which we shall discuss in detail later on.

Two types of waves travel from the transmitter to the
receiver. First, we shall consider the so-called sky wave,
which travels through the atmosphere. Second, there
is a ground wave, which skirts along the curved surface of
the earth. The distance of ground-wave travel is
limited and, therefore, it is seldom of importance for
communication over distances of more than a few
hundred miles. We rely on the sky wave for long-range
communication.

When the receiving station lies far from the trans-
mitter, well around the curve of the earth, transmission
would be impossible were it not for the presence of several
layers of electricity high above the surface of the earth,
at altitudes of from 60 to 250 miles (the “clouds’ of our
young friend). These layers act as ‘“‘mirrors,” reflecting
back to earth the waves that otherwise would be lost in
interplanctary space. This upper region of the atmos-
phere consists of electrically charged particles originally
emitted by the sun, and molecules and atoms whose
electrons have been torn from them as the result of ultra-
violet radiation. Charged particles are commonly
referred to as ions; hence, the reflecting layers are usually
referred to as the ionosphere.  Since electrification is con-
trolled by the sun, the state of the upper atmosphere is
always changing as the sun rises and sets.

The ground wave is bent to follow the earth’s curva-
ture. The conductivity of the earth’s surface (land or
sea) and the frequency of the signal (as well as the power
employed) determine the effective range of the ground
wave. The longer waves (lower frequencies) penetrate
more readily the shadow cast by the earth’s horizon.
Thus, higher frequencies display shorter ranges than the
lower frequencies. Unlike the extremely variable reflec-
tive properties of the ionosphere, which change from
hour to hour, day to day, and year to year, properties
affecting the ground wave, for a given location, are
practically constant with the time.

Although we have very loosely referred to the iono-
sphere as a sort of mirror, we might more appropriately
have compared it to a sieve. Whether a ball will or will
not pass through the mesh of a sieve depends upon the
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sizes of the ball and of the mesh openings, as well as upon
the angle at which the ball strikes the surface. In this
analogy, the radio waves behave much like balls. High-
frcquency radiations, or short waves, correspond to small
balls; low-frequency oscillations, or long waves, corre-
spond to large balls.

The ionospheric sieve enclosing the spherical earth is, as
has already been indicated, not uniform. Over that
portion of the earth where the sun’s rays strike nearly
vertically, the sieve openings are small. This charac-

Iig. 1(a).
teristic arises from the fact that here the solar radiation
produces the greatest electrification. In all directions
from this point beneath the sun, the size of the mesh
openings tends to increase. Some exceptions to this rule
will be pointed out later, but this statement is roughly
correct. On the night side of the earth, where no sun-
light is falling to produce ions and electrons, the mesh is
wide indeed.

It should now be obvious, on the basis of the analogy,
that if a station operator happens to choose too small a
ball (too high a frequency) the ball will penetrate the
mesh and will not be sent back toward the earth. (See
Fig. 1.) Such a frequency is clearly useless for transmis-
sion. For this reason, if we are to be sure that our signal
will be received at a distant station, we must make a care-
ful study of the effective ‘“mesh” of the ionosphere all
along the path so as to make certain that the energy is
always reflected. The balls must be large enough—that
is, the frequencies must be low enough—to insure that
nowhere will they be able to escape.

It follows from the above discussions that, for a trans-
mitting station in any location, there always exists some

Escape of High-Frequency Waves.

frequency so high that it will pass directly through the
ionosphere. A mesh far larger than a ball will, never-
theless, act as a reflector if the ball happens to strike it
glancingly. Everything else being equal, then, if we
wish to send a radio signal from Washington to San
Francisco, we can employ a higher frequency (smaller
ball) than we can over the shorter path from Washington
to New York. On the longer path, the rays will strike
the ionosphere at a much more glancing angle than on
the shorter path. Thus, the upper limit of usable fre-

Fig. 1().

Analogy.

quency depends upon the distance between the trans-
mitting and receiving stations, as well as upon the
ionospheric mesh. The height of the reflecting layer,
which controls the angle at which the wave strikes the
mesh, is also a determining factor.

If the frequency adopted is high enough to permit
escape of vertical rays, but still low enough to allow
reflection at some oblique angle, the situation is such as
is illustrated in Fig. 2. Balls of the same size (corre-
sponding to a transmitter radiating constant frequency)
are being shot upward in all directions. Those that are
nearly vertical pass through the mesh; those that strike
the ionospheric sieve at greater angles are reflected.

The boundary between reflection and nonreflection is
fairly sharp. Thus, out to some distance from the trans-
mitter, except for areas immediately surrounding the
antenna where direct and ground waves give reception,
there will be a zone of silence (shaded in our illustration
Fig. 2). We may say that the wave skips over this inter-
mediate region. The distance from the transmitter to
the edge of the skip zone is called the skip distance. Most
radio operators are familiar with the effect. Thus,
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around nightfall, as the ionospheric mesh widens, letting
waves through which were previously reflected, we may
lose communication with a station and yet be able to hear
more distant ones on the same frequency. Radio opera-
tors refer to the phenomenon as a ‘‘station going into
skip.”

An additional complication of radio propagation arises
from the fact that the wave loses its intensity as it travels
over long paths. Part of this loss comes from the simple
spreading of the beam. A distant light always appears
fainter than a nearby one of the same wattage. In addi-

I'ig. 2(a). Reflection of Waves.

tion to this effect, however, there is an actual absorption
of the radio beam, a diminution of intensity resulting from
the presence of ions and electrons in regions just below the
ionosphere. The radio waves are ‘“dimmed’ in much
the same way that light waves are dimmed in the presence
of fog or clouds of dust.

The absorption is greatest when the beam travels over
atmospheric areas close to the point where the sun shines
vertically, for the sun causes the electrification of the
lower absorbing layer in much the same way that it
produces the electrification of the higher reflecting iono-
spheric layer. The absorption at night is practically
zero. We can represent this absorption roughly by the
presence of additional meshes through which the waves
(balls) must pass in order to reach the ionosphere. The
network of the absorbing layers, however, is loosely
strung and traps the balls that become entangled,
whereas the ionospheric mesh, if sufficiently small, lets
the waves bounce off, like balls from the face of a tennis
racket.

In addition to the maximum at the subsolar point, the
absorption also increases in the neighborhood of the

earth’s two magnetic poles, which deflect the electrical
charges shot earthward from the sun and concentrate
them in these regions where they act to absorb the radio
signal. The high concentration of electrified particles
in these polar regions causes the earth’s upper atmosphere
to glow, producing the phenomenon of aurorae.

The lower frequencies (the larger balls) find penetra-
tion of the absorbing layer more difficult than do the
higher frequencies. Thus, of two sets of radio waves,
originally equally intense, and traveling similar dis-
tances, the one with lower frequency will be weakened

Fig. 2(b).

Analogy.

more than the one of higher frequency. It may, in fact,
be so completely absorbed that the signal will be far too
weak for the receiver to pick up.

At some time or other, most of us have skipped stones
on a pond. We select a small flat stone and see how
many times we can make it bounce across the surface of
the water. A big round rock will sink out of sight,
whereas the correctly shaped pebble will dance right
along. This absorbing effect in the ionosphere is much
the same. The absorbing layer (the water) will catch
the low frequency (big rock), whereas the higher fre-
quency (little pebble) will bounce off.

As a consequence of absorption, we are forced to use
higher frequencies which will not be completely “blacked
out’ by radio noise. As a consequence of the sieve and
the size of its meshes, we are forced to use lower fre-
quencies. Between the two limits of the lowest useful
high frequency (LUHF) governed by the absorption and
the maximum usable frequency (MUF) determined by
the ionospheric mesh, we find a band of frequencies use-
ful for signaling purposes. If the MUF should happen to
be lower than the LUHF, the operator is out of luck.
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No transmission is possible under these circumstances
unless the absorption in the night hemisphere of the earth
is low enough to allow the signal to be transmitted around
the world over the longer path.

The electrical noise, either of the receiver or of the
atmosphere, also sets a limit to the receivable signal.
The stray radio waves arriving from distant lightning
flashes produce an electrical noise that may completely
overpower any faint trace that remains of the original

signal. Atmospherics are widely variable both with
time and over the surface of the earth. Our knowledge
of. the distribution of the limiting noise level is frag-
mentary at this time, and further revisions will certainly
be necessary.

But with the knowledge we have, we can calculate our
LUHF and MUF, construct our road map, and, between
these two limiting curves, choose the correct route num-
bers, our optimum or usable frequencies.



- CHAPTER TWO -

THE USE OF MAPS AND CHARTS IN
RADIO PROPAGATION PROBLEMS

IN VIEW OF THE FACT THAT THE IONOSPHERE VARIES IN
its propagation characteristics from time to time at a
given place or from place to place at a given time, the
investigator finds it necessary to employ maps and charts
in his studies. The only perfect map from the stand-
poiht of absolute accuracy in all details is one made on
the surface of a sphere. Spheres, however, are bulky,
unwieldy to use, and altogether impractical when a large
number of charts have to be published. For these
reasons, one must resort to the use of flat maps, with their
inevitable distortions.

The number of possible types of maps is infinite, but a
certain few have special characteristics for different types
of problems. In this book, we use several maps with dif-
ferent “faces,” although they are basically the same type.
For various reasons, such as finding the location of trans-
mitting or receiving stations, the operator may have
occasion to meet many different kinds of map projections.
In order that the possible difference in projection between
his reference map and those employed here may not con-
fuse him or lead him to question the authenticity of
either, we shall explain the special characteristics of a few
types that he may encounter.

The reference lines on any map are, of course, the lati-
tude and longitude lines. Latitude is measured in angu-
lar units north or south of the equator. For the purpose
of the present work, one can ignore the difference between
astronomic and geocentric latitude, which arises from the
fact that our earth is not a perfect sphere. Longitude is
measured east or west from the zero meridian passing
through the Observatory at Greenwich, England.

Longitudinal meridians and the equator are two speci-
fic examples of great circles drawn upon the surface of the
earth. The center of all great circles is the center of the
globe. A great circle divides the earth exactly in half.
Small circles, such as parallels of latitude, do not lie in
planes that pass through the center of the earth.

It is important to our study to realize the significance
of great-circle paths because the shortest distance between
two points on the sphere is that measured along a great

circle, and radio waves tend to follow this path. In some
map projections, great circles become curves resembling
neither arcs nor straight lines. We shall learn later how
to measure distance between two points along such great-
circle paths.

A great circle drawn from one station through a second
is often called the bearing, although, in the strictest sense,
the bearing is the angle between that great circle and the
meridian running to the north. Bearings range from 0°
to 360° and are measured from the north in a clockwise
sense—that is, from north toward the east. Thus, a sta-
tion lying due NE would have a bearing of 45°, and one
lying NW would have a bearing of 315°.

The difficulties of presenting a sphere on a flat map are
comparable to those encountered in trying to flatten out
the skin of a peeled orange. We can readily see how
impossible it is to wrap a flat sheet of paper around a
globe and then to trace the map upon this sheet of paper.
The flat paper will fold, warp, crinkle, or tear as we try
to fashion it into a curved surface. Suppose we stretch
a sheet of transparent rubber to fit the globe smoothly and
trace the map upon its surface. When we remove the
sheet of rubber from the sphere and allow it to relax into
its natural shape, the distortions that would appear show
to a certain extent what happens when we try to repre-
sent a sphere on a plane surface.

An ideal map would have these main properties:

(1) It should represent the countries, continents,
oceans, and so forth in their true shape and true relative
size.

(2) Great circles (the shortest distance between two
points on the sphere) should go into straight lines (the
shortest distance between two points on a plane).

(3) Itshould be easy to read the latitude and longitude
coordinates of any place on the map, or, conversely, given
the latitude and longitude, to plot the position.

(4) The distance of every place to every other place
on the map should bear a constant ratio to the corre-
sponding distance on the earth.

(5) The map should represent as much of the earth as



6 USE OF MAPS AND CHARTS IN RADIO PROPAGATION PROBLEMS

possible without being of too awkward a size.

Unfortunately, no single flat map can possess all these
characteristics. Various projections have been devised,
however, which have some of these traits to the exclusion
of others.

Two primary classifications of map projections exist—
those involving polar coordinates and those involving
cylindrical coordinates. There are, of course, a large
number of specialized projections that do not fall into
these classifications, but these do not have the properties
of symmetry possessed by the primary groups and are

90’ 0 90°

207 40° 60"

of tangency, and thereby represent the whole sphere by
several maps. The gnomonic projection is particularly

useful for plotting bearings because of its property that
great circles go into straight lines.

But the angles of the

GNOMONIC PROJECTION

usually developed for very special problems.

Polar or azimuthal projections are usually made upon
a plane tangent to the sphere at some one point. Bear-
ings from this point are laid off uniformly around the
map. If the North or South Pole is the center, then the
angle is simply equal to the longitude. Several types of
projections fall into this group:

The gnomonic projéction has the advantage that great
circles go into straight lines. This projection is made
upon a plane tangent to the sphere at some point, with
the projecting lines drawn from the center of the sphere.
Around the point of tangency, the map is a fairly true
representation, but as the distance from this point
increases, the map becomes more and more stretched out.
It is impossible to represent even a whole hemisphere on
this projection, because the 90° line would never cross the
plane. To project angles close to 90° would require a
map of tremendous size. We may choose different points

A

bearings are distorted except for those from the point of
tangency.

The stereographic projection has less distortion than the
gnomonic projection. Here, the point of projection is
a point on the sphere diametrically opposite the point of
tangency. A represents the antipodal point from PT,
the point of tangency. All circles, great or small, go
into circles or straight lines. This projection can be used
to represent considerably more than one hemisphere, but
the entire earth cannot be pictured simultancously. The
distortions increase the nearer one approaches point A,

The orthographic prajection may be compared to a photo-
graph of the moon. The point of projection is at infinity.
Its distortions are of the opposite type from projections
discussed previously.  Whereas the space between equal
degrees of latitude on the foregoing maps increases with
distance from the point of tangency, in this projection,
the space between, say, 80° and 90° is less than that

STEREOGRAPHIC PROJECTION
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ORTHOGRAPHIC PROJECTION

between 70° and 80° and so forth. Because of the
“squashed-in”’ effect along the outer edges, this type of
projection is rarely used for maps. Circles go into
ellipses or circles.

The azimuthal equidistant projection, like all polar projec-
tions, conserves bearings from the point of tangency, and
gives correctly the distances from that point to any other
point on the surface. Thus, if the North Pole is the
tangent point, the various parallels of latitude form
equally spaced circles. The representation of a single
hemisphere is particularly good on this form of map, and
the projection is favored by many cartographers. One
can fit the entire world into such a projection. The
South Pole, however, is not a point, but a circle bordering
the picture.

The azimuthal equal-area projection is often used when the
relative areas, but not necessarily the shapes of the areas,
are important. The map resembies the one previously
described, except that successive parallels of latitude are
spaced closer together.

Maps involving cylindrical projections have been designed
for certain desirable features. An easy way to visualize
this projection is to imagine a sheet of paper wrapped
around the sphere at the equator.

A cylindrical equal-area projection unrolls with equally
spaced longitude lines, but the latitude lines appear closer
together as they approach the poles, to allow for the
greater stretching that has taken place as the distance
from the equator increases.

To avoid this violent distortion in the polar regions we
may modify this projection—make the latitude parallels
equally spaced—but in so doing we lose the equal-area

property of the preceding projection. This new pro-
jection thus obtained is called the cylindrical equal-distance
projection.

The Mercator projection is the most familiar type of
cylindrical projection. As can be seen, this representa-
tion undergoes a noticeably great enlargement from 40°
to 80°. The distortion near the equator is less. It is not
extended beyond 80° because of this exaggeration, and
the poles lic at infinity. It is from maps of this sort in
geography books that some people get the misconception
that Greenland is larger than South America. Actually,
Greenland is smaller than Ecuador.

Maps are not limited to the location of cities or coast
lines, but may be employed for many purposes. For
example, we shall find that one of the most important
uses of maps is the determination of great circles between
two points. It should be noted that only on the gno-
monic projection are great circles represented as straight
lines; on all other projections, the great circles go into
curves. The student will be familiar with the use of
maps to report altitudes, with the aid of contour lines.
Such contour lines are often drawn on weather charts to
indicate barometric pressure, or lines of equal tempera-
ture. Similarly, the ionospherist employs contour lines
on mapsof the world to show conditions of the ionosphere.

The most convenient type of map for ionospheric
studies, and the type we have adopted in this book, is a
modified simple cylindrical projection (Fig. 24). Note
that the longitude divisions are equal and the latitude
divisions are equal, but they are not equal to each other.
The longitude divisions are smaller in order to make the
map a convenient page size. Great circles will be curves
on this projection. A method for drawing these curves
is explained later.

Closely associated with consideration of map-making is
the calculation of time. The calculations appearing in
this book are carried out with respect to Greenwich Civil
Time, (abbreviated hereafter as GCT). GCT is, of
course, the local time at the 0° longitude meridian
at Greenwich, England, to which we have referred
previously.

GCT runs from 0 to 24 hours, from midnight to mid-
night. Roughly, we may say that GCT represents the
number of hours that has elapsed since the sun was
directly below the meridian of Greenwich. Since the
earth turns 360° in 24 hours, we have these relationships.

360° = 24 hours
15° = 1 hour
1° = 4 minutes of time

1’ = 4 seconds of time

Standard meridians are marked off at 15° (or one-
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AZIMUTHAL EQUIDISTANT PROJECTION

hour) intervals from the meridian at Greenwich, east or
west.  The United States has four time divisions. The
time in each division is the local civil time of the Standard
Meridian nearly central. Thus, the area included in
the division for Eastern Standard Time is determined by
the 75° meridian line and is 75°/15°, or 5 hours, different
from Greenwich. When the sun is directly overhead at
Greenwich and England is eating lunch, it is just before
sunrise in California—4:00 a.m., eight hours before
Greenwich. In the Union of Soviet Socialist Republics,
on the other hand, the sun has already passed overhead.

Hence, for Greenwich noon, their clocks register some
time in late afternoon or early evening.

The system of standard-time zones is merely a useful
fiction. In the strictest sense, each meridian has its own
local civil tirne. A person sitting in a chair 10 feet to the
east of you would have a time 1{q second later. This
amount may seem small, but it adds up to almost five
seconds per mile. Think of the confusion that would
result if trains and airlines had to operate on local rather
than standard time. On a train moving east, one would
have to set his watch continuously ahead in order to have
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MAP OF THE EARTH ON THE AZIMUTHAL PROJECTION

the correct time. How much simpler it is to save up the Use the + sign for East longitude and the — sign for
seconds and minutes, and then move the watch ahead or West longitude. Or inversely,
back in jumps of a full hour! GCT = LCT = longitude/15.

But the ionosphere does not operate on standard time.
The electrification of the reflecting layers moves with the
sun, and one should use local civil time (LCT) for exact-
ness in determination of ionospheric records. GCT is
the local civil time for all stations on the meridian of
Greenwich.

Use the + sign for West longitude and the — sign
for East longitude.

The above equations will enable the operator to con-
vert his calculations made in GCT to his own civil time,
if he so desires. He might add an extra column to the
left of the GCT column in the worksheets and record his

LCT = GCT £ longitude/15. own time. Or, if he is making the calculations for a cer-
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Courtesy Lick Observatory, University of California

ORTHOGRAPHIC PROJECTION. PHOTOGRAPH OF THE FULIL MOON
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CYLINDRICAL PROJECTION

tain hour of his civil time, he may use the second equation
to find out what GCT he should use in following through
the method of calculation outlined in this handbook.
The reader may have gained the impression that local
civil time is the same as sun time—that is, the time indi-
cated by the apparent position of the sun or read from a
sun dial. Actually, the two are not quite equivalent,
although the discrepancy does not cxceed 16 minutes.
The source of the difference between the two kinds of
time is as follows. Civil time, whether local or standard,

must progress at a uniform rate throughout the year.
The sun, however, does not move uniformly across the
sky. Its path takes it south of the equator in the winter
and north in the summer. In addition, the earth swings
about the sun in an ellipse rather than in a circle. Its
rate of motion, not a constant, also affects the apparent
motion of the sun. The difference between local civil
time and apparent solar time is called the equation of time,
ET. Thus, LCT = AST 4+ ET

AST = LCT — ET

CYLINDRICAL EQUAL-AREA PROJECTION



USE OF MAPS AND CHARTS IN RADIO PROPAGATION PROBLEMS

12

CYLINDRICAL EQUIDISTANT PROJECTION
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The values of ET are tabulated for the 1st and 15th of
various months.

Date ET Date ET
Jan. 1 — 3 min Jan. 15 — 9 min
Feb. 1 —14 min Feb. 15 —14 min
Mar. 1 —13 min Mar. 15 — 9 min
Apr. 1 — 4 min Apr. 15 U min
May 1 + 3 min May 15 + 4 min
June 1 + 2 min June 15 0 min
July 1 — 3 min July 15 — 6 min
Aug. 1 — 6 min Aug. 15 — 5 min
Sept. 1 0 min Sept. 15 + 4 min
Oct. 1 +10 min Oct. 15 +14 min
Nov. 1 416 min Nov. 15 +16 min
Dec. 1 +11 min Dec. 15 + 5 min

We employ nomograms as well as maps in our calcula-
tions. Nomograms are extremely useful for solving
many types of problems. We could write a mathemati-
cal formula for solving problems, such as the relationship
between the latitude of two places, and the difference of
longitude and. the required distance. The equation is
involved, however, and its use requires some mathemati-
cal ability. With the nomogram, anyone can get the
result quickly and simply. A nomogram is usually a
chart with three (or more) scales. Locate two points on
different lines and connect them with a straight line.
The required answer appears at the intersection of this
connecting line with some other line on the chart. This
explanation may sound somewhat involved, but the pro-
cedure is simple in actual practice.

13

In this book, we shall employ the kilometer, rather
than the mile or nautical mile, as the standard of distance
for parts of the analysis. The calculations are often
simpler and more direct in the metric system. To reduce
kilometers to nautical miles, multiply by 0.540. To
reduce kilometers to statute miles, multiply by 0.621.
The circumference of the earth is almost exactly 40,000
kilometers, or 10,000 kilometers to a quadrant.

EASTERN
STANDARD
TIME

CEN TR|AL
STANDARD

7‘- ™
MERIDIAN

TIME ZONES OF THE UNITED STATES



+ CHAPTER THREE -
STRUCTURE OF THE IONOSPHERE AND WORLD MUF MAPS

HEN WE PLAN A TRIP, WE NATURALLY TAKE INTO
Waccount the geography of the route, whether we
have oceans to sail over, mountains to climb, deserts to
cross. In sending our radio wave on its travels, we
should know something about the geography or, more
accurately, the aerology, of the route it will follow.

at heights of from 60 to 250 miles above the surface of the
earth, considered the possibility that still other lower
layers might be discovered at a later date. Therefore,
they reserved some letters ahead of E in the alphabet—
Justin case. Indeed, the lower fringes of the E layer are
ofteh referred to as the D layer.

SHADOW

EARTH'S

Fig. 3. Schematic Dratéing of the Three Ionospheric Layers.

The ionosphere consists, as we have pointed out in
Chapter 1, of several electrified layers.  These are drawn
schematically in Fig. 3. The three layers are designated
by the letters E, /i, and F,—E being the lowest.  You
may wonder why this labeling starts with E instead of
A, B, C, and so forth.  Scientists, discovering these layers

The E'layer has a well-defined maximum at a height of
about 70 miles (110 km) above the carth's surface. The
so-called /' region is higher and lies above the earth from
90 to 250 miles (145 to 400 km). This region may have
a fairly complicated structure. At night, there is usually
a single maximum, known as the F (or £,) layer.  Dur-
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ing the day, however, this layer separates into two parts,
the F, rising and the F, sinking somewhat below the night
height.

t )

! }

1 4
.}'\ ._._'
S

Measurement of the Ionospheric Mesh.

Fig. 4.

Before undertaking our detailed calculations, we must
have a certain amount of information about ionospheric
conditions of the various layers over the surface of the
earth. We need to know how high, how dense, and how
variable these layers are. The experiments that have
been set up to securc these data for us are strikingly
demonstrated by the ball-and-mesh analogy of Chapter
1. The transmitter sends up short pulses at regular inter-
vals, between which the frequency is slowly varied. A
receiver stands by to pick up the returned echoes. The
situation is similar to that depicted in Fig. 4. Low
frequencies (long waves or large balls) are returned, and
high frequencies (short waves or small balls) escape. A
ball of critical size will exist—that is, a critical frequency,

which just will be reflected in the vertical path. Meas-
urements of this critical frequency indicate the size of the
ionospheric mesh.

From the time it takes for the signal to traverse the
path from transmitter to the ionosphere and back to the
receiver, we may estimate the effective or virtual height
of the ionosphere. The waves travel at 186,000 miles a
second in free space. Hence, a delay of 0.001 second
(1 millisecond) indicates that the total path length up
and down, or round trip, is 186 miles. The one-way
path;that is, the ionospheric height, is half that distance,
or 93 miles. The value of the vertical height is usually
somewhat greater than the true height, because the waves
are slowed down a little during their passage through the
ionosphere. A record, corrected for this lag, is shown
in Figs. 5a and 5b.

The actual records contain additional complications.
A record of this type appears in Fig. 5b. Note, first of
all, that the lines are tilted; the higher frequencies are
reflected at greater heights.  Also, the critical frequencies
are not sharply defined, as in the idealized record of Fig.
5a. Instead, there is a pronounced curvature as if the
ionospheric height rose sharply at the critical frequency.
This upward curving arises from the afore-mentioned
fact that waves near the critical frequency are markedly
slowed down. The virtual height increases though the
true height must remain the same. At times, the lag
produced by the slowing down of a pulse may introduce
a serious error in any device where the determination of

5
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Fig. 5.(a).

Schematic Tonosphere Record.
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SCALE OF VIRTUAL HEIGHT IN kM

0.516 |/ /‘

2
BAND CHANGE
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Fig. 5(h).  Observed variation of virtual height with wave-frequency.

TWatheroo Magnetic Observatory, March 14, 1939, 20% 15™ to 20% 30™ local time (120° east

meridian).

exact time intervals is important. SS Loran, for exam-
ple, may be subject to such uncertainties at various times
of day. Fig. 5c¢ presents another sample record.

Returning again to Fig. 5b, we note the fact that the F
layer, especially the F,. appears to consist of two parts.
One part extends to somewhat higher frequencies. This
apparent doubling is an effect of the earth’s magnetic
field. A plane-polarized radio wave—that is, one whose
vibrations are in a definite plane, splits into two com-
ponents during its passage through the ionosphere.
These two waves are elliptically polarized—that is, their
planes of polarization rotate, and the amplitudes of the
vibration change according to the instantaneous orienta-
tion of the planes.

In the optics of certain crystals, a somewhat analogous

splitting occurs with respect to polarized light waves,
which are, in effect, miniature radio waves. Here, we
call the phenomenon birefringence, which means that the
medium has two indices of refraction according to the
types of polarization of the incident light.

In the radio application, we borrow from optics the
terms ordinary wave and extraordinary wave. The former
rotates to the left and the latter to the right. The effect
arises from the fact that both the passing radio wave and
the earth’s magnetic field simultaneously exert forces on
the free clectrons in the ionosphere.

The principal difference between the two types of
waves, from the viewpoint of radio propagation, is that
the cffective ionospheric mesh is slightly smaller for the
extraordinary than for the ordinary wave. In other
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words, the critical frequency of the former exceeds the lat-
ter usually by a sizeable fraction of a megacycle. At
first sight, it would appear that the extraordinary wave
would be the factor controlling the maximum usable
frequency. For distances up to about 1500 km, the
extraordinary wave may play a significant role for com-
munication purposes, but it is more readily absorbed than
the ordinary wave.  In conscquence, we shall employ the
ordinary wave as a standard. Remember, however,
that the ionosphere may reflect the extraordinary wave at
somewhat higher frequences for communications over
the shorter ranges.

One other feature of the actual ionospheric records
deserves special mention—naruely, the repetition of the
record at double the height.  This duplication comes
from signals that have made two round trips, including
a reflection at the earth’s surface. Often several such

multiples show on the records.

A recent and very important development in the taking
of ionospheric records is the adaptation of motion-picture
photography to the instruments. The records, taken at
the rate of one or more per minute, are projected at the
normal speed of 16 to 24 frames per second. The
motions of the ionosphere, as the layers develop normally
or as they are disturbed by incoming blasts of solar
radiation or charged corpuscles, are spectacular. One
clearly sees that the jonosphere is far from being constant
or uniform.

The relationship between the extraordinary and ordi-
nary criticals, f; and fo, depends upon a quantity fa,
known as the gyro frequency. This quantity corresponds
to the natural period of a free electron circling in the
carth’s magnetic field. The value of f, is about 0.7 to
0.8 megacycle near the geomagnetic equator, and it
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Fig. 6.

gradually increases at the rate of about 0.09 megacycle
for each 10° of geomagnetic latitude until it attains a
value of 1.5 to 1.6 megacycles in the auroral zones sur-
rounding the magnetic poles.

The equation relating the three quantities is

Jo = f(fe £ /1), (1)
or
fo = i+ (/22 £ /2, (2)
which gives the approximate condition that
Je~Jo £ /2, 3)

as long as f, is greater than about 4 megacycles.

Note that these equations predict two extraordinary
waves, one at a higher and one at a lower frequency than
Jfo.  The latter, however, is unimportant for communica-
tion purposes because it is highly absorbed. It is rarely
observed, except on ionospheric records taken near the
magnetic poles.

The extraordinary wave occasionally shows for the E
layer, but only for F; and, occasionally, for F, does it ever
appreciably control the frequency limit for radio signals.

In order to obtain continuous records of the critical
frequencies, scientists have established numerous iono-
spheric observing stations at strategic locations on the
earth. Some of these stations have been in existence for
years, such as the one at Washington, D. C.; others are of
more recent building. A central laboratory collects the
data from them and experts analyse the data to forecast
trends and draw world maps of the predicted critical
frequencies (ordinary waves) several months in advance.

Analyses of the ionospheric records tell us how long a
trip to the ionosphere our wave will take. We are par-
ticularly interested in knowing at what angle the wave

will strike the layer, so that it will reflect on to a given
point of reception. The angle of impact, as well as the
mesh, is important to fix the critical limit for reflection or
transmission of the various frequencies.

Observations of radio echoes from the E layer show
that the critical frequency—namely, the highest fre-
quency that will be returned from the ionospheric mesh,
depends primarily on the altitude of the sun above the
horizon. At night, the electrons recombine with the
ions, and the E layer of electricity practically vanishes.
From observations, we may map either the critical fre-
quencies themselves, which refer to waves moving straight
up and down, or we may apply appropriate factors and
map the maximum frequencies that will be reflected for
rays striking the E layer at any given angle.

The geometry of the problem is shown in Fig. 6. As
the angle of transmission moves farther and farther from
the vertical, the rays are reflected to greater and greater
distances. At the very maximum, where the ray leaves
the earth tangent to the ground, the total hop is about
2400 km for an E layer at 110 km. For E-layer trans-
mission beyond 2400 km, therefore, it is essential that the
radio path include more than a single hop. Usually,
because of their greater height, the F layers are more
effective than multihop E transmissions for distances
greater than 2400 km (1500 miles or 1300 nautical miles).
This statement is especially true for high frequencies,
because the openings of the sieve are smaller in higher
ionospheric levels. Thus, a frequency too high for
E-layer multihop may be reflected from the F layer.

For our map or maximum reflected frequencies, we
shall adopt 2000 km as the distance for greatest effective-
ness of E-layer transmissions. As in our analogy, the
slanting angle at which the beam strikes the ionosphere
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for a 2000-km hop permits reflectionsof higher frequencies
(smaller balls) than would be possible for waves traveling
perpendicular to and striking the ionosphere; actually
frequencies 4.78 times as large can be reflected. Conse-
quently, if we multiply the observed critical frequency by
4.78, we obtain the maximum usable frequency (MUF)
that will just be returned to earth for a hop of 2000 km
from the E layer. :

Figs. 7 to 10 are essentially maps of the E-regicn
maximum usable frequencies for 2000-km hops at dif-
ferent seasons. The vertical coordinate is the latitude
and the horizontal, the time of day. We cannot specify
the longitude because the ionosphere is not fixed relative
to the earth, but rotates as the sun rises and sets. More
accurately, we may say that the sun and the ionosphere,
or rather the characteristics of the ionosphere, remain
fixed while the earth rotates freely beneath them.

Examine these maps of the ionosphere. The point
directly beneath the sun is marked by x. The curves
representing the MUF’s (maximum usable frequencies)

are not quite symmetrical about the sun—there seems to
be a tendency for them to be slightly shifted in latitude.
The curves are very nearly true circles on the surface of
the earth, and the distortions into ovals arise from the pre-
viously mentioned deformations that occur when we
attempt to map a sphere on a flat surface.

The numbers on the circles represent the MUF’s for
2000 km, the values being given in megacycles. Thus,
for June at 0615 (6:15 a.m. local time) at latitude 50°N,
the 2000 MUF is 12.0 megacycles. To find the critical
frequency, we divide by the factor 4.78 (or multiply by
0.21) and get the value of 2.5 megacycles. Frequencies
higher than 2.5 megacycles will penetrate if they are sent
up vertically. Frequencies greater than 12.0 megacycles
will penctrate if used for 2000-km hops.

To obtain the MUF for distances between 0 and 2000
km, or greater distances, Table 1 supplies the necessary
multiplying factors. Simply multiply the 2000-km E
MUF by the factor for the given distance in this table.

We may regard the charts of Figs. 7 to 10 as maps of
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the ionospheric mesh referred to in the analogy. The
higher frequencies near the subsolar point indicate a
smaller mesh, illustrative of the statement previously
made that the ionospheric network (especially for the £
layer) is smallest when the sun is directly overhead. The
map, depicted as a sieve with variable mesh, appears in
Fig. 11. This diagram is illustrative and is not to be used
for calculations.

The F, map shows a mesh very similar to that of the £
layer. Both layers are essentially daytime phenomena.
The F, layer is lowest at noon, with an effective height
of about 200 km (125 miles). The altitude generally is
greater toward sunrise and sunset.

For predictions of radio propagation, we may combine
the effects of the E and F) layers, and use the fundamental
E maps to forecast the combined effects of both.  As far
as the maps are concerned, the F, layer is the main agent
for distances between 2000 and 4000 km. The multi-
plying factors of Table 1 for converting the 2000-km
MUF to the MUF at another distance are simple only
because the E and F layers are fairly constant in height.

A nomogram, Fig. 20, furnishes another means of
obtaining the MUF for different distance hops. To use
it, find the 2000-km MUF on the left-hand scale and the
distance, in kilometers, on the right-hand scale. Con-
nect these two points by a straight line. The actual
MUF appears at the intersection of the left-center scale
with the straight line so drawn. The right-center scale
indicates the OWF, the optimum working frequency.
Because of unpredictable fluctuations in the E-layer
MUF’s, one generally finds it safer to employ a frequency
0.97 of the MUF, which defines the OWF.

Above the E and F, layers lies a third, the F; layer,
which is the most important.of all for long-range trans-
missions, especially for those in excess of 4000 km. Dur-
ing the might, the F; and F; layers coalesce into a single
Flayer at a height of about 250 km.  The splitting occurs
about sunrise, the F; layer falling to about 200 km and
the F, rising to 300 to 400 km, or even to 500 km for high
latitudes in the summer.

The critical frequency or ion-layer mesh is directly
connected with the density of electrons within the layer.
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For the E and F, layers, the controlling factor is the angle
at which the sun’s rays strike the upper atmosphere.
The sun when, directly overhead, produces greater ioni-
zation (electrification) than it does when shining at
oblique angles. The additional fact that the E and F,
layers do not vary greatly in height helps to keep the
phenomenon relatively simple, with the critical fre-
quencies decreasing fairly uniformly from the subsolar
point.

For the F, layer, however, which bulges out so tre-
mendously on the daylight side of the earth, the problem
becomes more complex. Two opposing factors appear
to be affecting this layer. The layer expands as the
solar altitude increases, probably as the result of solar
heating. and this effect tends to reduce the density of the
electrons and lower the critical frequencies. But the
additional solar ionizing radiation tends to increase
the frequencies. The two processes, expansion and
absorption, thus work in opposite directions, and the
resultant effect is more difficult to predict.

21

Apparently, the expansion is somewhat more effective
than the solar ionization. Hence, in March and Sep-
tember, when the sun is on the equator and, therefore,
symmetrically situated with respect to the northern and
southern hemispheres, there is less electron density at the
equator than at latitudes 20° north or south. This
behavior is exactly opposite to the behavior of the E and
Fy layers, where the density is greatest at or near the
subsolar point.

In December, for latitudes in the northern hemisphere
where the expansion by heating is less, the F; ion density
and, consequently, the MUF’s are considerably greater
than in the summer when the greater expansion more
than counteracts the effect of the more direct beam of
sunlight. In fact, the F, F; splitting is small in winter.
Similar effects occur at the appropriate seasons in the
southern hemisphere.

An additional tendency should be noted—namely, that
the maximum F, MUF’s generally occur two or three
hours after local noon, a result clearly suggesting that the

NiFEZE==c==cNNy/Zaail

| N A A T AR TN o

WH /XA TSN\ L1

EEmmEE|\| (1112, ammENNW\

3 W/ A AT T TR\ Ili -
: R aEER |

z | i 20°

- Q1 s

\ TJ i o

\ Nt 1]

2 AN o o

WAANNNL T VYU w

\\ 91l ot

| \“\ \\ - e /// //l 7o-;

NN EE e/ -

00 02 o4 06 \'Q;‘:a 7 12 : L—?‘—::rt"/"'/// e 26 2 $o°



#v6! '¥38W3030 ¥O0J 03101Q38d ‘9N NI 'dNN—0002 ¥3AVI-3

22 STRUCTURE OF THE IONOSPHERE AND WORLD MUF MAPS
TABLE 1
Distance Factors ForR Maximum UsaBLe FReEQUENCY
To obtain the maximum frequency reflected by the E or F,
layer, multiply the 2000-km E MUF by the factor for the
given distance in this table.
Distance Factor for Distance Factor for
(Km) E 2000 MUF (Km) E 2000 MUF
PPt .21 22000} 0 0000000506006 0600000000000000000aA5A500C .00
) 0 00000000600000000a6000600000080000666000 .22 720D 0 060000000000 000003000609080030000000000 .01
0 .25 2300, . . .01
&0 000000000000000000000000000000000000000 .30 2400 . . .. .02
)5 6 0000000 000a000000000000000000000000004 4 .35 X000 6 66 00000000000000000008a6000600000Aa0AA000 .02
Hlo  600060000000000000000060000060000000 006 .42 2X410)6 6 0000000000000 00000000006 0EEA00GA6AaA030T .02
600. .. .. e .48 23006 6 06 00000000000000006000G0000000006030000 .02
TOO. .o .54 2XJ01)0 5 60 00000000008000006000000600009000000900 .02
B800. .. .. e .61 X006 0 00 0000000000000605600000009000000000900 .02
900. . . e e .67 00000 00000000000050606000000600066006063A0a363 .02
1000. . ..o e 72 MWDo 5 000000600080 6006800000000609000000000300 .01
J100. . .. o 77 X000 0 6000000000 0000000600000000600600003AA0 363 .01
1200. . ... e .81 SY010)0 50000 000009000000000000000000AD0A0CAA0000 .01
1400. . .. .. e .85 Y0 5 000000000080006090096000990000000900300 .00
1300. . .. . .88 006 6 0090 09000090000089600000650093000008003 .00
1500 . . o e e .92 3600. ... . e .99
1600. . ... e e 395, DU D6 6 0000 000000000000806809500635060600806360 .98
1700 . . . .97 00 6 600090 050000000000000860606000000a69300 .96
1800. . ... e e .98 006 060 090000900000000800a050600B98000000000 .94
1900 . . .o e .99 4000. . .. ... e e 9
2000. . .. e e e 1.00
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ions and electrons do not recombine instantaneously.

A further complication enters as the result of the dis-
covery that the eastern and western hemispheres do not
give identical results. This last effect appears to depend
upon the magnetic latitude of the place, because the
observed distribution of electrons appears to be centered
approximately about the magnetic rather than the geo-
graphic poles. These magnetic poles do not coincide
with the geographic—that is, with the poles of rotation.

One might expect that Tokyo and Los Angeles, say,
cities having approximately the same geographic latitude,
would show similar ionospheric characteristics at a given
time of year. If the sun were the only factor, the iono-
spheric behavior should be almost identical, because the
daily variation of solar altitude is the same at both places,
in terms of their respective local times. Actually, we
have found that the ionospheric mesh for Tokyo, espe-
cially in the uppermost (F3) layer, is smaller than for Los
Angeles. The effect appears to be generally present in

23

the eastern vs the western hemispheres. The phenome-
non is not completely understood, but we attempt to
allow for it, in part, by using three maps of the F; layer,
one each for the Western, Eastern, and Intermediate
Zones.

During the night, ionization in the F, layer, unlike that
in the £ and Fy, does not subside to nearly the vanishing
point—a fairly substantial amount remains. Indeed,
near the equator, the indications are that there may be a
second maximum of ionization, produced perhaps by
condensation of the cooling F; layer, with resulting con-
centration of electrons in the layer thus compressed.
Nighttime transmissions are controlled almost entirely by
the F, layer.

The maps of Figs. 12 to 15 show the MUF’s for 4000-
km F, hops. To convert these figures to values for paths
of other lengths, multiply by the factors of Table 2.
These factors are only average values and are more
accurate for distances of from 2000 to 4000 km than for

l

L 11

Fig. 71.

Sievelike Pattern of Ionosphere.
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TABLE 2
Distance FacTors ForR Maxmum UsasLe FREQUENCY
Fo obtain the maximum frequency reflected by the F;
layer, multiply the F; 4000 MUF (critical frequency) by the
factor for the given distance in the table.

Distance Factor for Distance Factor for
(Km) F. 4000 MUF (Km) F, 4000 MUF
(Jo0 000000300000 8000080 00000000000000A050000 .35 2100, .. ot e e .76
100 e e e .35 2200 . 0 .78
200 . . ..t e .35 2300 . .\t .81
K 1 O R .36 2400 . . .0 e .83
B00. . .ttt e .36 2500, . et e e .85
L300 R PO S RS .37 2600 . . o e .86
600 . .. et .38 2700, . ot e .88
FOO . . ottt e et e .40 2800 . . o s .90
- 00 A .42 2000 . .« o e .91
1 P .44 3000, ..ttt e e .92
1000 . . ..ottt ittt .46 100 .« o e e e e .93
1100, . ..t ot ettt it e .48 3200 .+ oo e .95
1200, . ..ot et e e e i e 51 3300 . . . e e, 96
1300 . . ..ottt e e 54 3400 . .« o e 97
1400, . oottt e e e 57 3500 . o et e et e e e e e 98
1500 . . 0. et e e e e e 60 3600 . . . o e 98
1600 . o oottt e e e e e 63 3700, o ottt e e 99
L1700, . . ettt e et a s 65 3800 . ..ottt 99
1) 68 3900, .ttt et e e e 1.00
1000. . o osteveeureoarneaasneeoaoacataeaes 7 000 . ..ttt e s 1.00
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shorter distances. For the E and F, layers, the method
of simple conversion factors was amply accurate only
because the heights of the layers were reasonably con-
stant. The height of the F, layer, however, fluctuates
greatly from hour to hour and month to month. Hence,
as we apply the tabulated factors for hops less than 2000
km, the resultant MUF may not be correct. In conse-
quence, zero-distance MUF’s, so calculated, may differ
considerably from the true critical frequencies. It must
be emphasized that these MUF maps are for the year
1945.

To increase the accuracy for short-distance MUF’s, it
is preferable to use a world map of the critical frequencies
rather than the 4000 MUF’s. To +the zero-distance
MUF, as read from the map, apply the approximate
factor from Table 3 to convert to MUF’s for the given
distance. It is to be noted that this procedure, also, is
approximate and that the MUF’s calculated independ-
ently from the 4000- and zero-MUF charts may nu. pe
in complete agreement.
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World maps of the zero-MUF’s or critical frequencies
are given in Figs. 16 to 19, corresponding to the 4000-
MUF maps previously given. The nomograms of Figs.
20 to 22 may be used as an alternative method for con-
verting the standard MUF’s to approximate MUF’s at
other distances or to the OWF (optimum working fre-
quency). These nomograms give results equivalent to
those of the tables. The OWF for the F, layer is 85 per
cent of the MUF. The OWF is considered best—that is,
optimum, because it is sufficiently below the MUF to
allow for the very considerable fluctuations that may
occur in the F; layer. If the OWF is higher than the
LUHTF, it is the most satisfactory for transmissions.

For the F; layer, satisfactory agreement for all dis-
tances may be obtained by the following procedure. For
a given point on the surface of the earth, read off both the
zero- and 4000-MUF values. Lay a straightedge
between the points on the 4000- and zero-MUTF scales of
the nomogram of Fig. 23. Find the vertical line repre-
sentative of the distance of the hop (that is, the distance
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TABLE 3
DisTaNcE FacTtors ror MaxiMum UsaBLE FREQUENCY
To obtain the maximum frequency reflected by the F,
layer, multiply the zero kilometer F; MUF by the factor for
the given distance in the table.
Distance Factor for Distance Factor for
(l(m()) F, z;roogl UF (Km) F, z;rollél UF
100 1.00 2.22
200 1.01 2.29
300 1.02 2.35
400 1.03 2.40
500 1.05 2.45
600 1.09 2.50
700 1.14 2855
800 1.19 2.59
900 1.25 2.62
1000 1.31 2.65
1100 1.38 2.69
1200 1.45 2.72
1300 1.54 2.75
1400 1.62 2.717
1500 1.7 2.79
1600 1.79 2.81
1700 1.86 2.83
1800 1.94 2.84
1900 2.02 2.85
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between sending and receiving stations) and read off the
MUF by following the point of intersection along a line
parallel to the diagonals to one of the external scales.
The scale at the right is to convert MUF directly to OWF.

We recall from the earlier discussion that all these charts
refer to the ordinary wave. Since the F, transmissions
up to 1500 km, and occasionally for greater distances,
may be controlled by the extraordinary wave, the student
may prefer to correct his zero-MUF’s for the approxi-
mate gyrofrequency, to give the extraordinary rather
than the ordinary critical frequency. The writer prefers
to work entirely with the ordinary wave, whose values
tend to lie on the conservative side. But it is worth while
remembering the general effect of the extraordinary wave
—at certain times of day, particularly when the absorp-
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tion is high, the extraordinary wave may be more effec-
tive than the somewhat lower frequency designated by
the ordinary-wave MUF.

New E, F,- and F;-MUF charts are issued each month
by the Central Radio Propagation Laboratory, located
at the National Bureau of Standards, Washington, D. C,
These current maps should be used in place of the illus-
trative figures reproduced in the text.

Copies of the publication series D, may be obtained as

follows:

Army... TB11-499 series Adjutant General

Navy... CNC-13-1 series Registered Publications Section,
Division of Naval Communica-
tions

Others.. CRPL-D series  Central Radio Propagation Lab-
oratory
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- CHAPTER FOUR -
PREPARATION OF GREAT-CIRCLE MAPS

ROVIDED WITH THE BACKGROUND INFORMATION OF THE

P

some work sheets, and a pencil, let’s begin.

earlier chapters, we are ready, at last, to start our
paper and pencil work. With some transparent paper,

represent the shortest distance between two points.
Radio waves tend to follow paths of this variety.

In Chapter 2, we stated that an accurate representa-
tion of the complete map of the earth cannot be made on

|
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Fig. 24.  World Map Showing Zones Covered by Predicted Charts, and Auroral Zones.

First of all, we must plot on a map the positions of our
transmitting and receiving stations and connect them by
an arc of a circle whose center is also the center of the
earth—a so-called ‘“‘great circle.” Great circles on the
surface of the globe, like straight lines on a flat surface,
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a flat sheet of paper. Because of the distortions, great-
circle paths on a chart will usually be greatly deformed
and may not even have any resemblance to the circular
form.

We can best illustrate the successive steps to be
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employed by calculation of an actual case. Let us take,
for example, a path from San Francisco to Moscow,
cities whose positions are as follows:

Latitude  Longitude
San Francisco.......... 37.8° N  122° W
Moscow. . . .vvinnn.. 55.8° N 37.5° E

Fig. 24 shows a map of the earth (plotted on the cylin-
drical projection). The scale of this map is identical
with those of the ionospheric charts, which were pre-
sented in the previous chapter. Let us place our sheet of
transparent paper upon this map and put dots at the
positions of the two stations. Also, for reference, draw
the Greenwich (zero) meridian, the equator, and the two
meridians through the stations. The transparent chart
will then appear as in Fig. 25.

Now, let us pick up our sheet of transparent paper and
superpose it on Fig. 26. The latter depicts great circles,
which are the lines tending to radiate from the center of
the chart. Keeping the equators coincident on both
charts, slide the transparency horizontally (that is, paral-
lel to the equator) until you find a great circle that will

+SAN FRANCISCO

connect or nearly connect the two stations. If no circle
given on the map passes exactly through the two stations,
you will have to guess approximately where the circle lies
that does so. Draw in this great circle on the trans-
parency. Mark the positions of the terminals of the
vertical line Q-Q.

Now, transfer your sheet to Fig. 27, placing it so that
the lines Q-Q coincide on both. Ordinarily, it is prefer-
able to make the map of double length, repeating the
path after an interval of 360°. The circles (which look
like ellipses on the chart) are spaced at intervals of 1000
km. These small circles thus mark out equal distances
along the great circles. Note that the equator is almost
precisely 40,000 km in length, or 10,000 km to a quad-
rant. This property makes the kilometer more useful
to the student of the ionosphere than either the mile or
nautical mile. Along the great circle connecting the two
stations, mark off with short lines the intersections of the
great-circle path and the 1000-km small circles. The
completed map is shown in Fig. 28.

The map you have thus prepared depicts the locations

TMOSCOwW

MERIDAN OF GREENWICH

EQUATOR

Fig. 25. Ouverlay, San Francisco-Moscow Path.
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of the two stations upon the surface of the earth and the
great-circle radio path between them. You have also
marked the equator and three meridians, which consti-
tute sufficient identification for the exact location of the
path. Note that one may, if he wishes, continue the

great-circle path to run the long way around. In some
problems, we may have to distinguish between the long
path and the short path. Occasionally, the longer path
is an easier mode of travel for the radio wave, especially
when a large portion of the long path is in darkness.

I'ig. 26. Great Circle Map.

World Radio Histo
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+ CHAPTER FIVE .
EVALUATION OF DISTANCE BETWEEN TWO STATIONS

WE NOW WISH TO DETERMINE THE GREAT-CIRCLE DIs-
tance between the stations. We may add up the
1000-km segments on our previously prepared map, and
evaluate the fractions left over at the ends. Or, if we
desire greater accuracy, we may employ the nomogram of
Fig. 29, and evaluate the distance directly.

To use the nomogram for the present case, we must
know the sum of the latitudes and the difference of the
latitudes of the two stations, as well as the difference in

longitude. Thus, for the San Francisco-Moscow path
we have
Latitude sum = 93.6°
Latitude difference = 18.0°
Longitude difference = 159.5°

Referring to Fig. 29, connect 93.6° on the latitude-sum
line with 18.0° on the latitude-difference line. The line,
so drawn, crosses the chart at a diagonal angle. Find
the value 159.5° on the longitude-difference scale running
horizontally across the top or bottom of the chart and
note the intersection of the line previously drawn with
the vertical line at 159.5°. This point of intersection
falls near one of the remaining horizontal lines on the
chart. The figure on this line, read from the vertical
central scale, is the distance in thousands of kilometers.
The value of the present example is 9400 km.

When both stations are south of the equator, the sum

STATION A

LATITUDE STATION A
LATITUDE STATION B
LATITUDE SUM (A +B)
LATITUDE DIFFERENCE

STATION A

LATITUDE STATION A
LATITUDE STATION B
LATITUDE SUM (A+B)
LATITUDE DIFFERENGCE

STATION B
LONGITUDE STATION A

LONGITUDE STATION B
LONGITUDE DIFFERENGCE

DISTANCE

STATION B
LONGITUDE STATION A
LONGITUDE STATION B
LONGITUDE DIFFERENCE
DISTANCE

and difference will be negative since south latitudes are
considered minus. Employ the nomogram, however,
precisely as if the station lay in the northern hemisphere.
When one station is north and the other south of the
equator—for example, at latitudes 43° and —21°, we
subtract and add algebraically, minus a minus becoming
plus. Thus,
Latitude sum = 43 4+ (—21) = 43 — 21 = 22
Latitude difference = 43 — (—21) = 43 4 21 = 64

If either figure comes out negative, as for example,
Latitude sum = 17 4- (—21) = 17 — 21 = —4,

treat the value as positive—that is, use: latitude sum
= +4. A sample work sheet for the distance calcula-
tions appears in Fig. 30.

For nearby stations, for which latitude difference may
be small, the nomogram of Fig. 31 is preferable to that
of Fig. 29. The procedure for using it is identical with the
foregoing, except that certain of the lines are now in-
clined so that the scale for small distances is considerably
magnified.

These calculations give the short path—that is, the
minimum distance between the stations. Since the
total length of a great circle is 40,000 km, the long-path
distance is merely 40,000 minus the derived short-path
value.

IN KILOMETERS

IN KILOMETERS

Iig. 30. Work Sheet for Distance between Stations.
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+ CHAPTER SIX -
DETERMINATION OF MAXIMUM USABLE FREQUENCIES

HE ANALOGY OF THE SIEVE, GIVEN IN CHAPTER 1,

clearly illustrates the various processes that we must
employ in predicting the maximum usable frequency
(MUF)—that is, the highest frequency that will not
escape through the network of the ionosphere.

Chapter 3 presented several illustrative maps of the
ionospheric mesh for various months and discussed the
procedure for determining the MUTF for a hop of a given
length. In Chapter 4, we prepared a map of the great-
circle path of the radio wave. In Chapter 5 we calcu-
lated the distance between the stations.

If the distance is less than 4000 km (2500 miles or
2200 nautical miles), the £ and F, layers may be the
determining factors for daytime transmission. Ordi-
narily, however, they will dominate only for distances
between 600 and 2700 km. The F, layer will usually
control for distances up to about 600 and beyond 2700
km during the day, and will always control during the
night, except when “sporadic £” is present.

If the distance between the stations is less than 4000
km, put a cross on your drawing at the mid-point of the
great-circle path. This cross represents the control point
or point where the wave is reflected from the ionosphere.
For tracks longer than 4000 km, put crosses at the points
2000 km from each station. The region between the
two crosses represents the portion of the path controlling
the MUF. Next, place the transparent chart in its
original position upon the cylindrical projection of the
earth (Fig. 24). If the transmission distance is less than
4000 km, record on your work sheet the zone, I, E  or W,
in which the control point falls. If the distance is greater
than 4000 km, record all the zones through which the
path between the two control points passes. In addi-
tion, mark the boundaries between these same zones on
the great-circle path between the two stations.

Now superpose the great-circle transparency upon the
Fy-zero or 4000-MUF map for the zone in which the
control point falls. (For distances above 4000 km, where
two or more zones are involved, use the map of the
zone in which the first control point falls.) Make sure
that the equators on the two charts are coincident.
Slide the transparency horizontally along the equator
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until the 0° meridian on the transparency is coincident
with the vertical line on the lower chart that represents
the local time at Greenwich. (For conversion to local
time at the transmitter or receiver, see Chapter 2.) A
given position of the map corresponds to a certain time
of day, and the horizontal sliding represents the rotation
of the earth with respect to a stationary ionosphere.
The reason for a double-length map, with repeated path
as recommended in Chapter 4, is now apparent. When
a portion of the track slides out of the picture, a corre-
sponding portion reappears on the opposite side. The
value of the local time for any given station may be read
at the base of the meridian which passes through it.

With the transparency superposed on the 4000-MUF
map, note the /owest value of the MUF at the cross for
paths of 4000 km and less. If the path is greater than
4000 km, note the lowest MUF located along the trans-
mission path between the two control points, if this por-
tion of the path is entirely included by a single zone.
If more than one zone is involved, note the lowest MUF
between the first control point and the first zone bound-
ary. Repeat the process for the other zones, using the
MUF map appropriate for the zone, and note the lowest
MUF value along the remainder of the path up to the
second control point. Choose the lowest of these values
as the 4000-km MUF. Multiply this figure by the
distance factors in Table 2. The result is the approxi-
mate MUF for the given distance.

If the distance is between 0 and about 2000 km, one
may get a more accurate MUF from use of the zero-
rather than the 4000-MUF map of the ionosphere. The
procedure is essentially the same as that of the foregoing
paragraph. Note the zero MUF at the mid-point of
the path, and then apply the factors of Table 3 or the
nomogram of Fig. 21 to obtain the MUF for the actual
path distance.

If higher accuracy is desired, some extra work is
necessary. Use both the 4000- and the zero-MUF charts
as explained in the previous paragraphs to determine the
lowest #; MUF’s between the two control points on the
path. Then employ the nomogram of F ig. 23 to get the
actual MUF for the given distance. This procedure
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RECORD SHEET FOR DETERMINATION OF MUF FOR A PATH
LESS THAN 4000 KM
FROM (A) LAT. LONG. TO0 (B) LAT. LONG.
PREDICTED FOR DISTANCE KM.. ZONE OF CONTROL POINT
DISTANCE FACTOR F, 4000 DISTANCE FACTOR E-Fp 2000
[ 2 3 4 5 6
GREENWIGH GIVIL Fa 4000 CORREGCTED MUF | E-F 20009 | CORRECTED MUF PREDICTED WMUF
TIME NUF  MOS. f,?:‘,f,.'c:z “‘023: MUF MG °§.‘57‘.‘.5£ F-ﬂ:g&o (OR OWF) (SEE TEXT)

Fig. 32.

STATION A (TRANSMITTER)

CALCULATION OF MUF FOR PATH GREATER THAN 4000 Kms.
STATION B (RECEIVER)

DISTANGE IN KM. ZONE OF CONTROL PATH , ,
FF MUF| F. F. MUF |F, F MUF MUF XOF | OWF (85% OF
e - I DISTANCE | cORRECTED)| CORRECTED
[ GCT ZONE I ZONE Ir | ZONE I FACTOR MUF _MUF)

Fig. 33.
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makes a partial allowance, at least, for the fact that the
F, height varies with time of day. The Tables 2 and 3
and associated nomograms rely on an average F; height.

For shorter paths, one should ordinarily compute
values for both the E, Fy, and F, layers. The procedures
for the former are essentially the same as for the F, layer,
except that one need not distinguish between the different
zones. The distance factors appear in Table 1 and the
nomogram of Fig. 20. Adopt for the actual MUF the
greater of the two figures obtained. If the E, F;, MUF
exceeds the F3, the signal will not penetrate to the latter
layer at all. If the E, F, MUF is lower, the F, will act
to reflect frequencies transmitted through the lower-
lying E, F\.. Sample record sheets for longer and shorter
paths appear in Figs. 32 and 33. The columns labeled
corrected MUF are the 2000- and 4000-km MUF’s read
from the charts, multiplied by the appropriate distance
factors. The final column gives the predicted MUFs,
the higher of the values E F, or F,. Because of daily
unpredictable fluctuations in the ionosphere, one may
preferably enter in this last column 97 per cent of the
correct MUF for the E, F, layer or 85 per cent of the F,
values, whichever is higher. These are safety factors,
adjusted to make the optimum working frequency
(OWF) as reliable as possible for days on which the
ionospheric mesh may be abnormally large. The scale
of Fig. 23 may be used for the F, conversion of MUF to
OWF. Note that the uncertainties are less for the E,
Fy layer than for the F; layer.

If an operator uses the F, MUF as his transmission
frequency on a path of less than 4000 km, the receiving
station will lie just on the outside edge of the skip zone.
Points any nearer to the transmitter will receive signals

erratically, if at all.

The basic E, F, and F; charts change not only from
month to month, as previously indicated, but also from
year to year. The values of the frequencies are closely
associated with the state of solar activity, as evidenced
by the sun spots and other solar phenomena. Their
effects will be discussed in more detail in a later chapter.

For paths in excess of 4000 km, only the F, calculation
is ordinarily required. Rarely would the E, F, dominate
over a very long path.

There is one additional point that may have occurred
to the reader. Suppose that the transmission is required
over a path of 5000 km. This distance is too great for
one-hop F,. Should we then not consider the trans-
mission as resulting from two hops, each of 2500 km, and
determine the MUF separately for each, applying the
2500-km distance factor? The argument appears to be
logical. We have definite evidence, especially from the
Loran records, of multihop transmissions. In the early
stages of our ionospheric applications during World
War II, we actually attempted to apply this apparent
improvement. Many test cases indicated, however,
that the effective MUF was considerably higher than
the figures derived from such calculations. The simpler
method previously explained proved to give better
agreement with the observations.

These studies and applications of ionospheric measure-
ments to the solution of transmission problems represent
a new science. During the next few years our basic
knowledge should be rapidly increasing. Eventually,
many refinements should be possible in the prediction
methods.



+ CHAPTER SEVEN .

THE ABSORPTION PROBLEM AND RADIO NOISE

THE CALCULATIONS OF MAXIMUM USABLE FREQUENCY
make no use of the stated power of the transmitter.
For a signal to be received at all, the frequency must lie
below the MUF. There is, however, a second condition
that must be fulfilled. Radiation spreads out from the
transmitting antenna, and thus dwindles in intensity
with distance. In addition, the beam is absorbed, lower
frequencies being more affected than higher ones.

For a signal to be receivable, the electric field produced
at the distant point must exceed the noise level of the
receiver or the noise level of the atmosphere (static),
whichever is greater. For the frequencies between 1.5
and 30 megacycles, the latter will usually be the deter-
mining factor. Radio noise is by no means constant.
It changes with time of day and is different for various
locations on the face of the earth. Local thunderstorms,
especially in the tropics, may raise the noise level to a
very high value. In nontropical regions, the noise
levels depend on atmospherics transmitted from the
tropical storm centers, as well as on local thunderstorms.
All noise-zone boundaries are farther north during the
northern summer, when the tropical storm centers are
farther north.

Figs. 34 to 38 depict the field intensities required
for reliable reception of a phone signal. To apply these

curves to other types of transmissions—for example, CW, -

printing, and so forth—we introduce the corrections given
in Table 7 of the following chapter. The variations
with time and frequency are caused by noise conditions,
which have been classified into five different grades
according to the areas of the world shown in Figs. 39 and
40, on a scale of 1 to 5 of increasing static interference.
Note that the shapes of the noise curves in the range
from 20 to 40 hours—that is, during the night—are quite
similar, although the magnitude of the noise increases
at the rate of 8 to 10 db* for each grade. These curves
for night conditions, when ionospheric absorption is
small, represent the approximate distribution of static
interference with frequency as actually produced by

* «The difference in loudness level between two sounds 1s defined as the
common logarithm of the ratio of the two intensities, the unit difference
being called a bel.”” A decibel, abbreviated db, is a unit one tenth this
size.
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thunderstorms. There has been some modification of
these curves by propagation effects, but the statement
applies most accurately for noise grade 5, because
the receivers are then close to the actual sources of
interference.

The remaining curves, for other hours, represent the
modification of the noise curves by radio propagation.
For grade 5 (Fig. 38) the chief modification is a slight
decrease in noise level because of ionospheric absorption.
Frequencies in the range of 1 to 5 megacycles are weak-
ened more than the others because the absorption is
greatest near 1.5 to 2 megacycles.

Receivers located in noise grade 4 are somewhat more
distant from the tropical noise centers. The over-all
weakening is caused by this distance and by the fact that
storms in these areas are less violent than those of grade
5. The big daytime dip from 0700 to 1100 comes from
the increased ionospheric absorption. This dip would
apply to noon and afternoon hours also, if areas 5 were
the only noise centers. But local thunderstorms within
the areas are common around noon and continue
through the afternoon. These disturbances tend to
raise the general noise level.

In noise grade 3, the local showers are much less
effective, and they tend to occur later. Thus the noon
value shows the heavy minimum at 1.8 megacycles,
caused by the absorption. The magnitude of the mini-
mum increases for grades 1 and 2. The tendency for
1600 to lie above that for 0800 is a residual effect of the
afternoon showers.

The nighttime noise usually exceeds that of the day-
time. The main exception to this rule occurs for
grades 1 to 3, for frequencies greater than about 12
megacycles. This effect is mainly one of skip. During
the night, the ionospheric MUF’s are not high enough
to transmit noise from the distant storm centers. Thus,
for frequencies in excess of about 12 megacycles, the
receiving conditions are generally better at night.

From the above discussion, the reader may have
gained the impression that our approach to the noise
problem is somewhat naive and artificial. That impres-
sion is correct. Actually, the problems of radio noise
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are extremely involved—almost as complicated as the
weather. The noise levels here outlined have been
derived from a rather arbitrary analysis. The data
require checking—extensive checking—by actual meas-
ures, which are still unavailable. During World War I1,
the Allies planned an extensive program of noise meas-
urement, but the war ended shortly after the studies
were begun.

Despite the preliminary character of the above analy-
sis, the hopeful fact remains that studies and checks of
the theory on thousands of circuits and hundreds of
thousands of transmissions have shown excellent agree-
ment of the LUHF’s with their theoretical values.
This analysis was made by the military. It is true that
individual circuits occasionally gave trouble. There
were some transmissions that came through in spite of
noise, absorption, and interference; and vice versa.

A detailed analysis of noise must take into account the

53

storm may fail to occur or an unexpected storm will
appear in an unlikely area. For this reason, the calcu-
lated LUHF’s have uncertainties amounting to one and
occasionally two megacycles, according to the nature
of the path and time of day. The forecasts for long
circuits are likely to be more accurate than for short
circuits. Those for daytime conditions are more accu-
rate than the forecasts for night.

The world maps purposely omit the transition months
of April and October. The noise variability seems to
be greatest for those times of year. If one wishes to
forecast for these months, he will find it safer to make the
calculation for the noise grades from both maps. The
result will indicate the probable range of uncertainty.
The other alternative is to average the noise grades for
both maps.

The original five noise grades were found to represent
too large an interval. In preparation of the LUHF

variations with bearing. Unavoidable inaccuracies nomograms, which will be discussed in detail in the next
exist that arise from weather uncertainties. A scheduled chapter, we find it desirable to add grades 114, 215, 314,
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and 415 to those already considered. When a receiving
station lies on the boundary, or less than one fourth of
the way into the neighboring region, one may usefully
employ the half noise grades in the LUHF calculations.

The MUF sets a maximum value for the transmitted
frequency. Absorption calculations, considered along
with the radio noise level, set a lower limit for the fre-
quency. The value is known as the LUHF, lowest use-
ful high frequency. The LUHF depends upon the
transmitter power, whereas this quantity did not enter
into the calculations of the MUF.

Important to note is the manner in which the calcu-
lations predict the overpowering value of the absorption
and the rapidity with which the radio signal appears or
disappears at the point of reception at a given time of
day. The phenomenon is especially striking for long
paths. To improve the reception, it is usually much
more effective to raise the frequency than to increase
the power. The frequency must, however, remain
below the MUF. Best transmission occurs, when the

LUHEF is appreciably less than the MUF, at the OWF
(optimum working frequency).

If the LUHF exceeds the MUF for a given circuit at a
given time, transmission will be impossible unless by
chauce the absorption over the inverse great-circle path,
the opposite way around the earth, will permit a signifi-
cant signal. Occasionally. erratic transmissions, scat-
tered reflection radiation by the auroral zone or
ionospheric clouds, will be observed when the theory indi-
cates that no signal is possible. The reception, however,
is usually unreliable and will usually be subject to severe
fading. The variation of noise levels from the average
is so large that reception or the absence of reception
cannot be guaranteed for a particular day, even though
the calculations represent average conditions fairly well.
The required signal strength will be higher if the opera-
tor is inexperienced or if the receiving set is poor. It
will be lower if the receiving antenna is directional, with
the transmitter and noise centers on different bearings
from the receiver. We cannot, however, make quanti-
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tative refinements of this latter sort at the present time.
These considerations should, nevertheless, enter into the
selection of transmitter sites and the laying out of circuits
for commercial purposes.

The calculation of the absorption loss along a radio
transmission path is a cumbersome process at best.
The following procedure is the simplest available, at
present, for the determination of this important propaga-
tion factor.

We consider the absorption to be produced by two
distinct distributions of electricity in the earth’s atmos-
phere. The first is supposed to be symmetrical with
respect to the sun, the absorption being greatest at the
subsolar point and dwindling to zero shortly after sunset.
For a given transmission path, this contribution to the
absorption varies with time of day and must be com-
puted at one- or two-hour intervals, if the behavior of
the circuit is desired for the entire day.

This absorption appears to occur in the lowest portions
of the E layer, which are sometimes called the D regions.
Electrons are responsible for the absorption, but the
densities rarely reach proportions sufficient to give
reflections of frequencies above 1.5 megacycles. Since
sunlight is responsible for the production of electrons,

ABSORPITTON PROBLEM AND KADIU NUISL ko)

we take the total absorption to be proportional to the
total amount of sunlight falling along the path. The
amount includes the fraction lying beyond the sunrise-
sunset line at the earth’s surface, where the absorbing
layer may still be illuminated by twilight rays.

The second cluster of electricity that contributes to
the absorption is distributed in rings in the north and
south auroral zones. The poles or centers of these
zones lie fairly close to the so-called magnetic poles of
the earth, which do not coincide with the poles of rota-
tion. If the transmission path does not cut either of the
auroral zones, the absorption caused by this region may
be neglected.

The auroral zone is assumed to be constant with time
of day; hence, it is calculated only once. The figure
derived, however, is only approximately correct because
auroral-zone absorption is often subject to large and
unpredictable variations. These are associated with
magnetic storms which, in turn, are caused by solar
activity. When solar disturbances of the ionosphere
occur, the auroral zone tends to expand and may cause
transmission difficulties in intermediate latitudes. These
effects will be discussed further in Chapters 9 and 10.



- CHAPTER EIGHT -

CALCULATION OF LOWEST USEFUL HIGH FREQUENCIES

O EVALUATE THE ABSORPTION, WE ASSUME AS BEFORE
Tthat we have the locations of two stations. We
need to differentiate between the two because the noise
level will, in general, be unequal at the two sites. Con-
sider a to represent the transmitting and b the receiving
station. The general procedure of absorption calcula-
tion may be divided into a number of simple successive
steps. For short distances, a special procedure that
will be described later in this chapter must be used.
The general method follows. First, we shall evaluate
the solar contribution.

Step 7. Make up a work sheet like Fig. 41 and record

DATE

STATION A AND STATION B

WORK SHEEY FOR CALCULATION OF
BET WEEN

the value D, the distance in kilometers between the
stations, which you have already calculated in Chapter 5.

Step 2. Place your transparent map of the great-
circle transmission path over the absorption index chart
appropriate for the month for which the calculations
are to be made (Figs. 42 to 53). Be sure that the equa-
tors on the two charts are coincident. Slide the trans-
parency horizontally until the meridian passing through
the transmitting station lies upon the meridian (on the
lower chart) representing the local time at which the
message is to be sent. The numbers on the curves
drawn on the lower map are various values of the absorp-
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NOISE LEVEL GRADE STATION B
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tion index K. Read the value of K at the transmitting
station K, and at the receiver K;. Record these values
on the work sheet. The K’s on the chart represent the
amount of absorption contributed by each point of the
path.

Step 3. The portion of the path that lies outside the
zero curve represents the part of the great circle in dark-
ness. Using the 1000-km divisions, previously marked
on the transmission path, estimate the length in kilo-
meters of that fraction of the path passing through the
daylight regions. If the entire path is in daylight, the
distance is equal to that between the stations, as previ-
ously calculated. Record this distance in the column
labeled D' on your work sheet.

Step 4. Fill in the column labeled Ky + K, simply by
adding the two columns together.

Step 5. From the nomogram (Fig. 54 or 55) determine
(Kd),,—that is, the solar contribution to the absorption
constant, as follows: Connect the value of D' on the
diagonal scale with Ky + K, on the right-hand scale and
read off (Kd),, at the point where the extended line
intersects the left-hand scale. This nomogram repre-
sents the following equation

(Kd)y = 0.142D" + (K1 + Ky — 0.284) tan 14D". (1)

This quantity (Kd),, is proportional to the amount
of sunlight falling on the entire path. Actually, the
absorption takes place in certain limited regions where
the beam traverses the absorbing D layer. We have
distributed it over the entire path. The result is satis-
factory when the distance separating the stations is
greater than about 1700 km. When the stations are
nearer than this figure, the (Kd),, calculated by this
procedure is too small. We then employ a method
described later.

Step 6. We are now required to determine the auroral
absorption. For the measurement of MUF’s from the
basic monthly chart, you have already prepared a trans-
parent overlay map for the circuit. Superpose this
map upon the world auroral zone chart of Fig. 56 making
certain that both the latitude and longitude scales
coincide.

The curves on Fig. 56 are concentric circles drawn at
two-degree intervals about the north and south auroral
(geomagnetic) poles. Note the point of closest approach
of the great-circle radio path to the auroral pole (N or §),
and estimate the distance in degrees from this point to
the pole. Since the numbers on the circles are given in
degrees, estimate the distance to the nearest one-half
degree by interpolating between the curves. Call this
result P;. Since the pole is fixed relative to the earth
and stations, only a single reading for a given circuit is
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required. The value remains unchanged from month
to month.

Now, from the curves of Fig. 57 or from Table 4,
read off the value of (Kd),,. (Kd),, represents the
auroral contribution to the absorption factor. If Py
exceeds 37° set (Kd),,, = 0. This calculation is based
on the assumption that neither of the stations lies within
the auroral zone. If one point is so situated, we should
divide the tabulated (Kd),,, by 2 to get the approximate
value of the absorption.

TABLE 4
ABSORPTION OF AURORAL ZONE

Pd (Kd)nur Pd (Kd)nur Pd (Kd)nur
(Deg) Deg) (Heg
O............ .84 17............ 1.13 26%.......... 2.42
| 84 17 .. ... 1.16 27............ 1.98
2 .. .84 18............ 1.19 27k¢......... 1.36
3. .84 181¢ .1.23 28, 1.12
4o .84 19..... ... ... 1.27 28%4.......... .92
5. .85 1914 1.32 29............ 76
6. .86 20............ 1.36 29%.......... 60
Uo0aoo000000000 .87 20%.......... 1.41 30............ 48
8. ... 87 21............ 1.48 30%5.......... 36
9 .89 2114 D157 ... 29
10............ 91 22 ... 1.65 32............ 15
11...... 92 22%...... ... 1.80 33............ 06
12, 94 23............ 1.96 34............ 03
13..... 97 23%5.......... 2.23 35............ 02
14, ... . ... 1.00 24............ 2.37 36............ 02
15............ 1.04 24vg.......... 2.44 37............ 01
153 .. ........ 1.06 25............ 2.46 38............ 00
16............ 1.08 2515.. 2.47
1614 . . 111 0260 2.47

Step 7. Perform the addition (Kd),, = (Kd)su +
(Kd)uy, (Kd)e, the total value of Kd, is the funda-

mental quantity determining the propagation charac-
teristics of radio waves of frequencies in the range 2 to
30 megacycles. The value here determined must be
regarded as an average, however. The absorption is
subject to rapid and often unexpected fluctuations
which, under severe solar disturbances, may lead to
radio black-out conditions. The variations are most
critical for long circuits, for which the values of Kd are
high.

Step 8. To calculate the LUHF, note from Fig. 39
or 40 the location of the receiving station b, with respect
to radio noise level and position on land or sea. Choose
the appropriate nomogram, Figs. 58 to 72, according to
the grade of noise intensity 1 to 5. There are two sets
of nomograms for grades 214 to 5, one set for a land-
based receiver, the other for one based on the sea or near
the coast. For small values of (Kd),,, use the nomo-
grams Figs. 73 to 87.

The known quantities, already filled in on the work
sheet, are 73, the local receiving time, (Kd),,, and D,
the distance. The times, of course, are the local appar-
ent times and not standard times. To get the latter,
one must use the procedure described in Chapter 2.
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. Note the intersection of the straight line connecting
Kd and D, with the appropriate time curve. The value
of the LUHF for a transmitter operating on power of
1 kw is thus read off directly. For transmitters of other
powers, attach the auxiliary index, Fig. 88, setting it to
the appropriate power, and proceed as before. Since
Fig. 88 forms a part of this book, you should copy it
accurately on a strip of semitransparent, stiff white paper.
Note that there are two sets of auxiliary scales, one for
small and the other for large values of Kd. These cor-
respond to the two sets of nomograms, similarly indi-
cated. One may, for safety, wish to adopt a transmitter
power of 6 db or so less than the actual value.

The sliding strip thus prepared is to replace the left-
hand index of the nomograms, which refer to a 1-kw
transmitter. To use the strip, make the vertical line of
the paper coincide with the left-hand vertical line of the
nomogram. Then shift the index until the decibel
index on the paper corresponds to the effective power
of the transmitter. The upper distance scale, reading
as before in thousands of kilometers, replaces the old one
printed on the nomogram. It is advisable to prepare
a number of such scales and to attach them to the
individual nomograms with paper clips.

The sliding scale may also be employed with the field-
intensity nomograms, Figs. 89 and 90. Comparison
of these two nomograms with the LUHF nomograms
will show that the latter are based on the former. The
triangular gridwork of Figs. 89 and 90 is, in effect, an
oblique coordinate system, relating field intensity to
frequency, on which we may replot the required field
intensity curves of Figs. 34 to 38. If we make such a
plot and then remove the basic grid, the resulting dia-
grams are identical with the LUHF nomograms.

The fundamental field-intensity nomograms represent
a solution of the equation

Fp = ng - So(Kd)m- (2)

In this equation, Fy, is the actual field intensity of a 1-kw
transmitter, expressed in decibels above 1 microvolt per
meter. The term labeled Fj, is the field intensity
produced by such a transmitter at distance D when
there is no absorption. This term, which is néarly
independent of the frequency, allows for the loss of
energy by simple spreading.

Table 5 gives the relationship between F§, and D.
The latter quantity is given in thousands of kilometers.

Other values may be interpolated graphically, or
read from the intersections of the distance scale and the
decibel scale on the left of Figs. 58 to 87.

The term, So(Kd),,, represents the decibel absorption
loss. o depends upon the frequency. There may be

some minor seasonal variation also, but we neglect it
here.

TABLE 5

UnaBsorBeD FIELD INTENsITY FOR 1-Kw RADIATED Power
b Fa,
0.1 e e e 53
0.2 e e e 52
0.4 . e e 50
0.6 . ot e e e e 49
1.0 . e e 46
2.0 e e 40

Table 6 clearly demonstrates the greater absorption
experienced on the lower frequencies. Values below 3
megacycles are extremely uncertain. But the absorp-
tion curve has a maximum in the neighborhood of 1 to
1.5 megacycles, so that lower frequencies, such as the
broadcast band, are not as strongly absorbed as the 1 to
2 megacycle range. The absorption factor S, varies
appreciably with both latitude and time of year in the
lower frequency range. No analyses are available at the
moment to determine S exactly for the lower frequencies.

TABLE 6
VARIATION OF S, WITH FREQUENCY

fmeclcvclu So

.......................................... 94

(3o 06 000006600000000000000000000000000003D000 50

G5 0000600000000 000D00000D0000000000000000000a 32

(3 00 0000060060000000000000000000000000000000 23

(3 600000000000 00050000000000000000000000000 13
10)6 6000 0000000000000000000060000000030dD00000 8.3
1930 60 6000000000 006000000060000000000000D0BC0GC 6.2
196 000000000000000000000000000060000000000080 4.0
240)6 000000 B0B0D0BODO0000I00600000000000D0D000 2.3
X6 00060000000000000000000000000000000000DIDG 1.5
)0 50 050000000000006000060000000000000@0000000 1.08
()6 60606000 0000000000000000006000000000000D000 0.62
00 500000000000000000006000060600060000000000000 0.40
(306 6000 000000000000 06000060606000000006000000000 0.28

Actually, two types of absorption exist, although the
treatment considered above allows for only one—namely,
the energy loss by waves passing through the D region
of the ionosphere. Since such waves move very nearly
in a straight-line path through the region of active absorp-
tion, we speak of the effect as nondeviative absorption.

A ray near the MUF, which may pass through the D
region with or without appreciable energy loss, will be
strongly deviated as it passes through the upper iono-
spheric layers that are responsible for the MUF. Such
a ray, as we saw in Chapter 3, is strongly retarded. The
collision processes that tend to remove energy from the
radio wave, and which are ordinarily ineffective on a
rapidly moving wave in the low-density regions of the
upper atmosphere, now have time to act. The signal
thus suffers a depletion, which we term deviative absorp-
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tion. The gyrofrequency also enters to complicate the
problem. The absorption varies with latitude and the
direction of propagation (N-S or E-W). Because of
the great variability of the critical frequencies with
latitude and time of day, it becomes difficult to allow for
the effects of deviative absorption. Theoretical calcula-
tions, moreover, are very sensitive to the small fluctua-
tions that are always present in the ionosphere.

We prefer to base our calculations on the nondeviative
assumption. There will be times, however, when a
certain small range of frequencies will not be audible
even though the simplified theory indicates that there
is no absorption. These effects will be most marked for
relatively short paths, say from a few hundred to one
thousand kilometers. The result may be confused with
fading, which is discussed in more detail in Chapter 11.

Note that the calculated LUHF may well differ at the
two stations, even though the (Kd),,, is the same. The
discrepancy arises from the fact that the local times are
different, so that the noise level is not identical at the two
locations. The familiar adage of the radio operator, “If
you can hear him, you can work him,” is thus not
necessarily true.

Step 9. In many studies, the LUHF and MUF are
all that one requires. It is possible, however, to deter-
mine the decibel loss caused by absorption and the
spreading of the radio beam with distance. When the
frequency is given, one can determine the actual field
at the receiver in decibels above one microvolt per meter.
We use the nomogram of Fig. 89 for long ranges, or that
of Fig. 90 for short ranges. The intensities of the
received field must exceed the values given in the noise
curves of Figs. 34 to 38. This fact limits the LUHF
given by the procedure of step 8. For a given (Kd),,,
note that greater field intensities occur on the higher
frequencies.

Step 10. When the MUF (or OWF) and LUHF have
been computed for a given circuit, it is instructive to
draw them as curves. The shaded area between the
curves (shown in Fig. 91) indicates the usable range of
frequencies. Should the LUHF cross above the MUF,
reception will be impossible, unless the long-path
absorption allows it.

Analysis of the long path follows the same general
procedure as for the short path. The length of the
inverse path must exceed 20,000 km. The track may
start in the daylight zone, move into darkness, and then
cross back again into daylight. When this condition
occurs, we calculate (Kd),, in two parts, one for each
fraction of the path in the daylight region. We get K,
and D), the absorption index at the transmitting station
and the distance from the transmitter to the sunset or

zero line. K, = 0. From the nomogram of Fig. 54 or
55, find (Kd),,. Similarly, get K’ and D, for the receiv-
ing station and compute (Kd).,. Then (Kd) oo =
(Kd)yoy + (Kd)so + (Kd),,,- Thelast quantity is derived
as before, from the P, for the inverse path.

At first sight, the scale on the nomogram of Fig. 55,
which runs up to 40,000 km, seems anomalous. How
could a long path ever have 40,000 km in daylight?
The answer is that there is an appreciable twilight zone.
At certain times of day, for transmissions running
roughly north and south or, more accurately, approxi-
mately parallel to the sunset line, the entire path may
lie in the twilight region, and thus experience some
absorption. The case is rarely important, because the
direct path, under such circumstances, will usually pre-
dominate over the inverse. But the data are given for
the sake of completeness.

In using Figs. 54 or 55, you will shortly discover that
it is almost impossible to estimate (Kd),, when D' i
close to 20,000 km. When D' = D = 20,000 km, the
two stations will be at opposite extremities of the earth’s
surface. We have not one but an infinite number of
great-circle paths. There results a sort of “whispering-
gallery” effect. The energy diverging from the trans-
mitter tends to collect again at the antipodes. The
signal intensity is greatly increased, though certain
paths are favored more than others. This augmented
signal strength has been observed, but exact calculations
are impossible at present.

When D’ = 20,000 km, with D appreciably greater,
we may resolve the difficulty as follows. This condition
may occur when one of the stations lies in daylight just
20,000 km away from the opposite sunset line, with the
other station located well out in the area of darkness.
The situation is for inverse, or long-path, transmission.
When the stations themselves lie exactly 20,000 km
apart, the great-circle path is not defined; as we pointed
out in the previous paragraph, there are an infinite
number of great circles possible.

But in the present instance, the path is well-marked.
We can calculate (Kd),, in two steps by arbitrarily
marking a point on the track approximately half way to
the sunset line.” Compute the (Kd),, for each half of
the path separately, and sum to get the total. Note
that the long, inverse path may contain two (Kd),,,
contributions.

The general method which has just been described is
not sufficiently accurate for short distances, from 0 to
about 2000 km. In computing short-distance LUHF’s,
the following steps 2 and 3 replace steps 2 to 5 of the
general method.

Step 2. Using Figs. 42 to 53 in the same way as in the
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general method, read the value of K at the mid-point of
the path (K,). Record these values on the work sheet
(Fig. 92).

. Step 3. From the nomogram (Fig. 93) determine
(Kd),, for E-layer reflection and (Kd), for Fa-layer
reflection, as follows: Connect the value of D for the
desired layer with the value of K, by a straight line and
read off (Kd),, for the proper layer at the point where
the extended line meets the (Kd),, scale. Record
these values.

Following step 3, proceed with steps 6 to 8 of the
general method. These steps must be carried out for
both the E and F3 layers, and will yield two sets of values
for the LUHF. The LUHF for the circuit may be
determined by the following rule:

If the E-layer LUHF is less than or equal to the E-
layer MUF, the E-layer LUHF can be used as the circuit
LUHF. If, however, the E-layer LUHF is higher than
the E-layer MUF, transmission by reflection from the E
layer is not useful. The wave is too completely absorbed.

In such a case, we must investigate the Fy-layer values
to determine whether we can send our signal by reflec-
tion from this higher layer. We must compare the
F,-layer LUHF with the E-layer MUF and choose the
greater value as the circuit LUHF. If the Fp-layer
L UHTF values happen to be lower than the E-layer MU,
we nevertheless must use the E-layer MUF values as the
lower limits of our circuit frequency.

Clearly, we must use frequencies high enough to pass
through the E layer if they are to penetrate and be
reflected by the F, layer. Any frequency lower than
the E-layer MUF must be reflected by the E layer;
although the frequency may exceed the Fr-layer LUHF,
it never gets through to its intended destination. There-
fore, in a situation like this, the Fy-layer LUHF or
E-layer MUF, whichever is the greater, sets the lower
limit to the circuit frequencies.

The curves of Fig. 91 constitute our road map. From
the shaded area between the MUF at the top and the
LUHF at the bottom, we may select frequencies at will
and be reasonably sure of getting satisfactory transmis-
sion for average ionospheric conditions.

The MUF and the LUHF curves exhibit a tendency
to rise and fall approximately together. The reason
for this characteristic is obvious. During the middle of
the day, the ionospheric mesh is smaller than at night,
permitting the reflection of higher frequencies. Also,
during the day, the absorption resulting from the elec-
trons in the D region is high. Since the absorption is
greater for the lower frequencies, the LUHF shows a
daytime maximum.

For short paths, both the MUF and LUHF curves are

lower than for long ones. But, as we increase the
length beyond 4000 km, the MUF tends to approach a
limit while the LUHF continues to rise. Thus, the
shaded area for long paths is generally much smaller
than for short paths, especially during the daytime.

An increase of power tends to lower the LUHF, but
the effect of such increase on the LUHF’s for long-
distance transmissions is small. There are circuits
where a billion billion kilowatts would not produce an
appreciable signal on certain frequencies. But raise
the frequency by three or 4 megacycles and the trans-
mission may become effective with entirely reasonable
powers.

Charts such as Fig. 91 are of great value to the person
whose primary duty is the selection of frequencies or the
laying out of schedules for communications purposes.
Regulations will not permit the use of the OWF at all
times. In fact, the operator may consider himself
fortunate if, at certain times of day he has one fre-
quency that falls into the shaded area of the chart. But
it is important that he know what frequency to choose
for the most effective result.

Occasions will arise when frequencies slightly above
or below the boundaries of the chart will still give
communication. Also under certain circumstances,
no frequency at all will get through, even though the road
map indicates otherwise. The uncertainty arises from
fluctuations within the ionospheric regions. The upper
levels of the earth’s atmosphere, like the lower regions,
experience a type of weather variation. One of these,
known as sporadic E, will be discussed in Chapter 10.

The use of such charts will remove most of the guess-
work in communications problems, where choice of
frequencies is involved. A tendency exists for operators
to remember occasions when a certain frequency worked
like magic.on a given difficult circuit. He is likely to
give preference to that frequency on all future occasions
irrespective of time of day, month, or year. Long-range
planning of frequency schedules is almost a necessity
because of the cyclic variations of the sun, which will be
discussed in the following chapter. It should be men-
tioned that the (Kd)’s calculated in this section are
derived for sunspot minimum. They may well exhibit
some increase as the current cycle advances. But
further data mostly of observational character, are
required to establish the nature of the variations.
The CRPL will probably issue revised absorption maps
from time to time. If one wishes to be conservative, he
will assume a transmitter power 3 or 4 db less than the
theoretical value.

On a few circuits, one other effect may enter occasion-
ally to increase the effectiveness of transmission. For
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fairly long paths, say from 8000 to 16000 km, where the
F, layer is dominant in the transmission, we expect to
get from 2 to 4 or 5 hops. Each time the waves go
through the E layer to suffer reflection from the ground,
they are weakened by absorption. It is this absorption
we have here assumed to be spread over the path to give
an average (Kd),,.

But, if the downcoming waves strike the E layer at a
sufficiently glancing angle, they may suffer reflection
and go back up to the F, layer without reaching the
ground. Since the major absorption occurs in the D
region, which lies in the lower portions of the E layer,
the weakening is considerably reduced.

We call a transmission from ground to F; to E to F; to
ground an M-type transmission because of the M form of
the path. Very little is known of the properties of such
waves, but they are clearly responsible for occasional
transmission anomalies. They are most likely to occur
when the mid-point of the path is near local noon, for
there the E-layer mesh is smallest and quite as able to
reflect downcoming radiation back to the F; as to act
in the more familiar fashion.

Not enough data are yet availabie to test completely
the phenomenon. Clearly, both MUF’s and LUHF’s
are involved. Roughly, we may expect as a primary
condition that the frequency used be less than the 2000-
km E MUF near the mid-point of the path. If an M-
type reflection occurs, the (Kd),, computed by the
foregoing procedures will be roughly halved. Thus,
the LUHF’s will be correspondingly lowered.

The effects of MUF and LUHF are often shown in
bearings measured by direction-finding equipment.
When the transmission frequency is in the shaded zone,
the bearings will generally be reliable. But if any signal
at all is received on a frequency outside the range of
predicted frequencies, the bearing will generally be
poor, the maximum flat or wandering. Also, as a
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station moves into skip, the bearing will generally shift
toward the direction of higher ionospheric density—
that is, toward the sun. The ionosphere is not a perfect
reflecting surface: the layers are rough, the electrons
often occur in patches and clouds, and the regions are
often tilted, especially in the auroral zones.

The values of the LUHF calculated above refer
specifically to phone reception for 1 kw of power actually
radiated from the antenna. Other types of emission, such as
CW or machine recording, require, for efficient opera-
tion, different ratios of signal to noise than the values
here assumed. We may employ the same procedures
however, by adopting a fictitious power for the trans-
mitter. For the various services listed below, calculate
with a transmitter power greater than the actual value
by the number of decibels listed in the following table.
A negative sign signifies, of course, a transmitter power
less than standard. Use the auxiliary scale of Fig. 88 to
make the adjustment.

For example, you are using a transmitter radiating
250 watts on CW aural operation. The actual power
is 6 db less than 1 kw, or —6 db. But the sensitivity of
CW emission is 17 db greater than for phone. Hence,
the effective transmitter power is —6 + 17 = 11 db
greater than 1-kw phone. If the antenna is directive,
include the decibel gain in the given direction. Set the
auxiliary index, therefore, to 11 and proceed as explained
earlier in the text to evaluate field intensities or LUHFs,

TABLE 7

VaLues To0 Be SuBTrRacTED FROM REQUIRED FIELD INTENSITIES
ror ComMErciaL TELEPHONY

Barely
Satisfactory Acceptable

Telegraphy (aural)............. 17 db 25 db
Telegraphy (automatic)......... 6 14
Telegraphy (printing)........... 2 10
Commercial telephony.......... 0 8
Commercial broadcasting. .. .. ... -8 0
Facsimile. .. .. ................. 6 14
Direction finding. . ............. 0 8
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