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Abstract

A descripticn is given of the facilities provided by the
National Bureau of Standards on Cheyenne Mountain in Colorado
and in its vicinity which are used for the measurement of the
transmission loss on radio transmission circuits operated in the
frequency range from 92 to 1046 Mc. Some preliminary results of
these measurements are presented together with tentative theoretical
explanations.
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II
SUMMARY

This surmary is intended to be sufficiently extensive so that
those not interested in the details may nevertheless obtain a com-—
prehensive review of the work going on at Cheyenne Mountain, Colorado,
near Colorado Springs.

An essential part of any radio system of communication, navi-
gation, or remote control is the propagation between the trans-
mitting and receiving antennas. The most significant measure of
the characteristics of this part of a system is a parameter we
shall call the "transmission loss," that is, the ratio of the
power radiated from the transmitting antenna to the resulting
signal power available from the receiving antenna. The trans-
mission loss depends upon (1) the gain characteristics of the
transmitting antenna, {2) the characteristics of the terrain
between the transmitting and receiving antennas (except in the
very special case of the transmission between aircraft separated
by a distance much less than their altitude above the ground),

(3) the characteristics of the atmosphere between the transmitting
and receiving antennas, and (L4) the gain characteristics of the
receiving antennas.

Since the characteristics of the terrain and the atmosphere
vary extensively with geographical location, the National Bureau
of Standards has been conducting and coordinating an extensive
program for the measurement of transmission loss in various
parts of the United States. An indication of the extent of this
cooperative program may be obtained fram figure 1, which gives
the locations of the transmission paths under study. On trans-
mission paths greater than, say, 4O miles in length, the varia-
bility from minute to minute in the characteristics of the
atmosphere along the path causes the transmission loss to vary
over wide ranges. A proper assessment of the importance of this
fading to the operation of a radio system can be obtained only
by recording the transmission loss over an extended period of time.
In general it is believed that a minimum of one year's recordings
is essential for such an assessment. Examples of the appearance
of this fading at points far beyond the radio horizon are shown
on figures 21, 33, 36 and 37. Statistical analyses of the fading
observations on the paths originating from Cheyenne Mountain trans-
‘mitters are shown on figures 28, 29, 30, 31 and 32.

In anticipation of the development and extensive use of the
frequency band 890-1600 Mc for air navigation systems involving
air-to-ground transmission paths, the Air Navigation Development
Board is supporting an extension of the NBS radio propagation
research program into this frequency region and under terrain
conditions intended to represent, as closely as possible, typical
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air=to~ground transmission paths. The primary purpose of this
report is to provide a detailed description of the physical
facilities provided by the NBS to make possible this extension
of the program. Typical ground terminals of air-to-ground trans-
mission paths consist of comparatively low antennas, say 30 feet
above local terrain, located on comparatively flat terrain.
Figures 5 and Ta illustrate examples of sites chosen to simulate
an actual ground terminal. Since the object of the transmission-
loss measurements was the recording of signals over long periods
of timey, the actual vse of an aircraft as the air terminal was
considered to be impracticable. Instead, two sites were chosen
on Cheyenne Mountain which are believed to simulate satisfac-
torily the characteristics of typical air terminals several
thousand feet above the local terrain., These sites are shown

on figures 3 and L, and their relation to the terrain along the
transmission paths presently in use is shown on figures 6, 26,
38, L2 and L3,

Because of its great cost it was decided to use only a single
UHF transmitter, and this, operating at 1046 Mc, was located on
the higher of the two sites, the transmitting antenna being at a
height of 8760 feet above sea level. With the assistance of the
United States Army Signal Corps who also have a vital interest
in radio propagation information in the VHF and UHF portion of
the spectrum, four other transmitters were provided in the
Cheyenne Mountain program, operating on frequencies of 92, 100,
192.8 and 210.4 Mc, and their operation provides a means of
extrapolating the results of the 1046-Mc observations to other
frequencies and then indirectly t.0 the other transmission paths
shown on figure 1 which have a much wider variety of terminal
heights and climatological characteristics. Descriptions of these
five transmitters are given on figures 9, 10, 11, 12, 13 and 1L.

In order to extend the range of the transmissicn-loss
measuring system very narrow<band receivers were employed -
approximately 500 cycles per second bandwidth - and very precise
crystal control of the transmitter and receiver oscillators
was used to make this feasible. The receivers used have a high
degree of gain and noise-figure stability and are described in
some detail on figures 15, 16, 17, 18, 19 and 20.

The ability to predict the 1046-Mc transmission loss and
its variability expected for a wide variety of transmission
paths is obviously essential to a prediction of the range and
reliability of radio systems operating in this part of the
frequency spectrum. For example, if it is known that P_ is the
minimum power from the receiving antenna (expressed in deci-
bels above one watt) necessary to provide satisfactory service
in a given system, then the transmitter power (in decibels above
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one watt) required to provide satisfactory service for p percent
of the time is equal to L(p) + P,, where L(p) denotes the trans-
mission loss (in decibels) exceeged for (100 - p) percent of the
time. Figures 29 and 36 give L(p) as a function of p based on
our preliminary data.

The geographical spacing between systems, operating in the
same or in adjacent parts of the spectrum, required for the
elimination of mutual interference, is a function not only of
the transmission losses expected with each system but also de-
pends on the correlation between the variations in these two
transmission losses., Discussions of this, and other applica-
tions, of our data are not contained in this report but will
be included in later reports. It is believed that such questions
can be treated satisfactiorily only with respect to particular
systems for which all of the pertinent parameters are specified.

An extensive theoretical discussion of within-line-of-
sight propagation is given in Section VII of this paper. This
shows the degree to which transmission loss is calculable at
points within the line of sight. It is shown, in particular,
that the terrain within line of sight of the lower of the two
antennas in a system will affect the expected transmission loss.
This means, for example, with a ground antenna at a height of
30-35 feet, that the character of the terrain within a radius
of about 8 miles of this antenna may be expected to affect the
performance of the system for all transmission paths within the
line of sight. Furthermore, a criterion of roughness is given
indicating the deviations from a smooth spherical surface which
are permissible within this horizon distance in order to make
possible the accurate calculation of the expected transmission
loss. It is interesting and significant to note that the terrain
in the vicinity of the Kendrick 'site (see figure 5) was not
sufficiently smooth to satisfy this criterion at 1046 Mc nor
even, for that matter, at 92 Mc. Although the information
available supports the validity of the theory, it will be neces-
sary to collect extensive additional experimental data in order
to obtain a more complete appreciation of its significance.

Progress has recently been made also in the development
of a theory of propagation to points far beyond the horizon
of the transmitting antenna. The data plotted in figure 2
for this far region indicate a much lower rate of attenuation
with distance than was expected in previous estimates, while
figure 25 indicates the degree of success achieved in explain-
ing these results by means of the Feinstein theory of partial
reflection recently developed at the NBS.§7 Figures 26, 27,
3L and 35 provide information of use in the interpretation and
application of this new theory.
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I. INTRODUCTION

The National Bureau of Standards Cheyemne Mountain Field
Station at Colorado Springs, Colorado, has been established to
supply radio propagation information which closely approximates
transmissions from an aircraft to distances far beyond the
horizon. Information is being obtained in such a way that re=
sults advance our over=all knowledge of the factors influencing
radio propagation in other parts of the world and in other radio
systems not immediately under study.

At the close of World War II, considerable effort was being
made in the air navigation field to develop a unified system of
air communications and ravigation in the frequency range 960 to
1600 Mc., This work is now centralized in the Air Navigation and
Development Board which is administratively under the Civil
Aeronautics Administration.

Very little quantitative information exists relative to
the effects of irregular terrain for transmission paths within
the radio line of sight and still less at distances beyond the
usual service range of navigational systems where signals would
be a source of interference to nearby facilities operating on
the same or adjacent frequency chamnnels.

In order to expedite the program of research in tropospheric
propagation which is designed to determine propagation factors
required for effective allocation and use of VHF and UHF frequency
bands; particularly from an air navigation standpoint, the Air
Navigation and Development Board has been sponsoring a rapid
expansion of the tropospheric propagation research facilities of
the National Bureau of Standards at Cheyenne Mountain, including
the development, installation and operation of a system for
studying propagation factors at approximately 1000 Mc. This -
system utilizes a transmitter which gives the highest continuous
power output of any 1000-Mc transmitter ever developed in this
country and specially developed very narrow bandwidth receivers
capable of measuring received signal powers much lower than usual
receivers for this frequency range. This high level of system
performance is necessary to obtain radio propagation data at
great distances.,
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The United States Army Signal Corps, because of their vital need
for radio propagation information in the VHF and UHF frequency bands,
have also been sponsoring the acceleration and expansion of research
facilities at Cheyenne Mountain. Military personnel of the Signal
Corps are participating in the work and are receiving training in the
methods of making VHF and UHF radio propagation measurements.

The Cheyenne Mountain measurements at frequencies between 92 and
210.4 Mc, which are not in the proposed air-navigation band, provide
a means of studying climatic effects on tropospheric propagation in
Colorado and vicinity, for comparison with many other regions of
the country where measurements have been made at these presently-
used air-navigation communications, FM and television frequencies.

A high system performance in the range 92-210.4 Mc has been achieved
through the use of stabilized transmitters, relatively high antenna
gains and very narrow-band receivers.

A picture of the over-all VHF=UHF tropospheric field strength
program of the National Bureau of Standards may be obtained from
figure 1. This shows the numerous propagation paths over which
VHF and UHF field strengths are being measured.

II. SYISTEM SELECTION

When the National Bureau of Standards was requested to acceler-
ate its tropospheric propagation research program, a complete study
of existing facilities and equipment was initiated. System design,
selection of a suitable site, and establishment of the Cheyenne
Mountain Field Station followed. Some of the most important factors
concerned with the selection of the Cheyenne Mountain location and
and system design employed are as follows:

A. Site

It was proposed to locate a site and install a system
for long-term continuous radio-propagation measurements over
air-to-ground paths near and below the horizon. Use of air-
craft for one terminal was considered prohibitively expensive
and impractical for long-term continuous recording; moreover,
their use would not permit the obtaining of data under ex-
tremes of weather conditions. For these reasons, ground in-
stallations which would simulate an air-to-ground path were
sought. Accordingly, after an extensive survey, a site on
Cheyenne Mountain near Colorado Springs, Colorado, was chosen.
This mountain, 9200 feet above sea level, rises abruptly out
of the eastern Colorado plains and provides an excellent
"airborne terminal" which is over 3000 feet above the adjacent
plains. The existing all-weather road and high-voltage power
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facilities to the mountain summif were also important factors
to be considered. Receiving sites and paths with almost any
desired characteristics were available at the distances of
interest, including smooth, moderately rough and rough terrain,
as well as some of the most rugged terrain in North America.
In addition, highway systems extending eastward into Colorado,
Kansas, and Arkansas, offered a number of approximately
radial all-weather highways; suitable for mobile recordings
and convenient to fixed recording sites. The location of the
Army's Camp Carson and the Air Force installation at Peter-
son Field in Colorado Springs were considered as making
future aircraft investigations and measurements practical.

B. Equipment

The primary objective of these experiments was an
investigation of radio fields produced near and far beyond
the horizon. This required a receiving and recording system
embodying maximum sensitivity, accurate monitoring of per-
formance, accurate calibrations and a minimum of variations
over extended operating periods. From a propagation research
point of view, the absence of suitable available equipment
in the 92=1600=-Mc range has been fortunate, since it made
possible the design and development of a system specifically
suited for propagation measurements rather than the usual
compromise adaptation of existing commercial or military
equipment. The system sensitivity of a number of experi-
mental methods was analyzed and comparisons made on the
basis of a "Margin of Detectability", M. This was calculated
in db below the free=space value for radio waves propagated
over a path arbitrarily taken to be 200 miles long. M is
the excess of the free-space power at this distance cver
the minimum detectable power and is expressed by the follew-
ing formula:

M (db) = Py = Lt = Lp = Lg = Ppp (1)

where: Le 20 logyg (Lmd/A) = Gy = Gpo  (2)

P

m =10 logy (p £ k T B), (3)
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Py = average transmitter power delivered to the transmitting
antenna transmission line, expressed in db above one watt,

Lys L. = transmission line, antenna and coupling circuit ohmic
losses at the transmitter and receiver, respectively expressed
in db,

= transmission loss expressed in db expected for transmission

through free space to a distance, (d), expressed in wave-
lengths (1),

Gt, Gp = gains of the transmitting and receiving antennas (relative
to an isotropic antenna) expressed in db,

Pp, = minimum detectable signal in the presence of receiver noise,
expressed in db above one watt, )

= receiver noise figure,

£

k = Boltzman's constant = 1.37 x 1072 Joules per degree K,

T = absolute temperature taken to be 300° K,

B = equivalent noise bandwidth of the receiver in cycles per
second,

p = minimum detectable ratio of ﬁ%fgﬁlsggggs that can be

measured by the detection circuits and is a function of
(1) signal and noise bandwidths, (2) modwlation (i.e., for
pulses, the pulse width, pulse repetition frequency), (3)
detector characteristics, (L) gating and band-sweeping
techniques, (5) receiver-gain stability, and (6) receiver
noise-figure stability. Detailed treatment of_ some of
these factors can be found in the literature, 1:2/#*

A study of narrow-band sweeping circuits to improve sensi-
tivity, made at Central Radio Propagation Laboratory by

J. W. Herbstreit and W. Q. Crichlow, was used in the analysis
of the cw systems. Further studies of this problem are
being made at the present time, but, tentatively, such
circuits have been rejected as unsuitable for our present
application.

%* See references at the end of this report,
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For the purposes of cur present analysis, the antenna gains
may be treated as constants in the above equation. Similarly,
the receiver noise figure (f) can be considered invariable for
a particular frequency andy at 200 miles, the distance in wave
lengths (d/\) is also constant. Current research on receiver
noise figures in the 1000=Mc range did not promise army substantial
reduction from the 8-10=db noise figures of good 1000=Mc
receivers and 10 db is therefore considered a practical constant.
At VHF somewhat better noise figures can be obtained; at any one
frequency, however, this is also assumed to be constant. The
loss terms L. and Ly can be made to approach unity by careful
design and avoidance of long transmission lines., Lumping all
these relatively constant parameters into one constant trans-
mission loss Kys

M (db) = K4 + Py = 10 logig B = 10 logjg P (L)

From this abbreviated relationship it can be seen that
chgosing a system is reduced primarily to choosing average
power output, bandwidths, and threshold-detection factors. It
is clear from equation (l) that the use of a system with the
highest available average power and the narrowest feasible
bandwidth will provide the largest margin of detectability. In
addition to theoretical considerations, practical operating
problems and costs were significant factors in determining a
final system; since the ultimate objective was continuous
2l=hour=per-day operation at all frequencies. Available high-
power tubes in the 1000=Mc range rconsisted of three major types:
(1) magnetron, (2) klystron, and (3) resnatron. An average
continuous=wave power output of at least 1 to 5 kw was available
in these tubes. A peak pulse power of several megawatts was
available in klystron tubes having approximately the same average
power as the cw tubes. Pulse-modulated transmitters producing
several megawatts peak power, however, require extremely bulky
power supplies and modulation units because of high-voltage
requirements. In comparison, cw transmitters of the same average
power operate at lower voltages with less complex high-voltage
design problems. The resnatron provides extremely high-power
outputs, of the order of 30 kw, and can be crystal controlled;
it was not seriously considered; however, because the average
filament 1life of such a tube has been only about 150 hours.,
Moreovery, the design features of a resnatron have been such
that a vacuum must be maintained by continuous pumping.

The factor of bandwidthy; By, is not an independent variable,
since it determines not only the noise level but influences the
signal threshold for a modulated system. From a propagation
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point of view the signal bandwidth need only be wide enough to
pass information on the tropospheric variations of the trans—
mitted signal. Previous experience indicated that bandwidths

of 10-100 cycles involve an extremely high degree of frequency
stability (1 part in 108 to 1 part 109) both at the receiver and
at the transmitter. Another method investigated was a system
employing narrow-band sweeping techniques to follow the expected
long=-time frequency drifts of the transmitter and receiver
oscillators. An analysis showed that the use of the sweeping
technique does not permit detection of as weak a signal as does
the narrow-band stabilized system with comparable detector
characteristics, Pulse systems utilizing gating circuits in

the receiver to improve noise thresholds offer considerable
advantage in threshold detection, but require a high degree of
gate synchronization, comparable to the frequency stabilization
problem in the simpler cw narrow-band systems.

A survey of frequency stabilization potentialities of both
crystal=controlled high-powered cWw transmitters, and crystal-
controlled receivers indicated that an-over-all stability of the
order of 100 to 200 cycles at 1000 Mc was feasible. Direct
crystal control of the entire system was attractive because it
eliminated complex sweep and gate circuitry in the receivers
which would operate largely unattended except for periodic
calibrations.

Attainment of low signal thresholds must be accompanied
by provision of adequate signal generators capable of operating
at low output levels, in order for practical measurements to be
made.

By weighing all the practical problems of delivery dates,
installation, operationy gain stability and maintenance aspects,
together with the technical parameters, a system was designed
incorporating extremely stable crystal-controlled transmitters
with unusual freedom from undesired frequency modulation, and a
narrow=band (500-cycle) crystal-controlled receiver recording
system. Details of this equipment are described in the following
sections of this report. Table I summarizes the transmission
loss factors determining the margin of detectability finally
achieved in the systemyand Table II gives additional detailed
data relative to the receiving system characteristics. Table III
is a summary of the distances and bearings from the transmitter
terminals to the various receiving sites.
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Table I

TRANSMISSION LOSS FACTORS DETERMINING THE MARGIN OF DETECTABILITY
OF THE FINAL -SYSTEM ADORTED FOR CHEYENNE MOUNTAIN

Frequency (Mc)

92 100 192.8  210.L4 10L6
Py (db) 33,010 ©~ 33,010 33,010 33.010  36.021
Ly (db) 0.089 0.10L 0.30k4 0.185 0.215
L. (db) 0.193 0.111 0.181 0.3Lk 1.037
G, (db) 9,25 9.98 10.40 10.60 26,00
G. (db) . 2.15 2.15 2,15 2.15 2.15
Le (db at 110.478  110.472 115,759 116.313  11L.8L3
200 miles) : :
10 logy, f 10 10 10 10 12

10 logy (KT) -203.862 -203.862 =-203.862 =203.862 —203.862

10 logyp B 30 30 30 30 28.L5
10 logyq p¥ 0 0 0 0 3
P, (db) -163.862 -163.862 =163.862 =163.862 =160.412
M (db) 86,112 86,185 80.628 80.030  80.338

# This factor depends upon the receiver stability and can, in
principle, be reduced considerably by averaging the detector
output over a period of time for which the receiver may be
considered to have stable gain and noise figure. The use of
time constants greater than a few seconds; however; will have
the effect of averaging out some of the fading of the received
signal and thus in a loss of some of the information desired
about the nature of the propagation.



Table II
RECEPTION CHARACTERISTICS - CHEYENNE MOUNTAIN TRANSMISSIONS

Ground Eleva- Distance Fre- Receiving Antenna Antenna Transmission
Location tion Above Sea in quency Elevation gbove pntenna Gain (Iso- Line Loss

Level - ft. Miles Mc Sea Level - ft Type tropic Gy) Ly

Kendrick, L9.L 92 5260 + 36.75 Dipole 2.15 0.46
Colo. 5260 49.3 100 5260 + 18.75 " " 0.69
49.3 192.8 5260 + 17.50 " n 1.03

L9.L 210.4 5260 + 35.50 " " 0.76

L9.3 10L6. 5260 + }2.67 " " L.12

Karval, 5060 70.2 92 5060 + 36.75 2.15 0.19
Colo. 100 5060 + 18.75 " 0.12
192.8 5060 + 17.50 " 0.19

210.4 5060 + 35.50 " 0.35

1046 5060 + h2.67 " 1.03

Haswell, 4315 96.8 92 U315 + 36.75 Dipole 2.15 0.19
Colo. 96.6 100 4315 + 18.75 " J 0.12

_ 96.6 192.8 4315 + 17.50 " " 0.19
96.8 210.4 L4315 + 35.50 " n 0.35

96.6 1046 L315 + L2.67 " ) 1.03

Garden City, 2855 226.6 92 2855 + 36.75 Dipole 2.15 0.97

Kansas 226.5 100 2855 + 18.75 ) n 0.7k

. 226.5 192.8 2855 + 17.50 n " 1.1

226.6 210.4 2855 + 35.50 " " 1.71

226.5 1046 2855 + U42.67 n " 1.87

Anthony, 1335 393.5 ‘92 1335 + 39.00 57! Rhombic  15.15 2.0
Kansas 92 1335 + 39.00 115 " 15.95 2.8

. 100 1335 + 39.00 57t " 12.15 2.L6

100 1335 + 39.00 115t *® 15.55 2.8y

192.8 1335 + 39.00 115* " 13.25 3.5

1046 1335 + 30.00 10! Parabola 26.15 3.75

Fayetteville, 1325 616.3 100 1325 + 38.00 120t Rhombic  15.55 1.87

Ark.
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Table III

DISTANCE AND BEARING FROM TRANSMITTER

Receiver Site

Kendrick
Karval
Haswell
Garden City
Anthony

Fayetteville

Transmitter

Base
Summit

Receiver Sites

Kendrick

Karval

Haswell

Garden City

Anthony

Fayetteville

Base
W -
70.2
96.8

226.6
393.55
616.3 -

LATITUDE AND LONGITUDE

38.774°
104 .862°

38.76L°
10 .864°

38.569°
103,98L°

38.632°
103.572°

38.383°
103.141°

37.833°
100.858°

37.240°
97.898°

36,107°
94,107°

Site
106.375°
97.627°
105.668°
105.421°
103.L45L°
103.67°

Summit Site

L9.3

70,2

96.6
226.5
393.49
616.3

105.569°
97.059°
105.255°
105.247°
103.352°

103,67°
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ITT. SYSTEM DESCRIPTION

After studies on site selection and system design were com-
pleted, detailed plans for procedure were drawn up. Initially
three general frequency ranges were selected: 100, 200 and 1000
Mc. The 1000-Mc region was selected to supply information in the
960-1600-Mc band allocated for aircraft communication and naviga-
tion. The 100 and 200~Mc systems offered a common basis of
comparison for the general data being collected on a nation-wide
- recording program. This program, sponsored by the National Bureau
of Standards,involves the recording of commercial FM and TV
stations in locations having representative climatological con-
ditions, usually under contracts with Universities or other
qualified organizations. The data collected at Cheyenne Mountain
under controlled conditions at both terminals, together with the
data from the nation-wide recording program, would then provide
propagation information for most types of locations and climate.
Additional factors affecting the selection of these frequency
ranges were the availability of surplus 100-Mc commercial FM
transmitters and conventional tubes which could be used in
amplifier-doubler stages at 200 Mc. A general description of
the system is given under two major divisions as follows:

A. Site

A map of the area showing the location of transmitting and
receiving facilities is shown in figure 2. Figures 3 and L
are photographs of the two transmitting sites on Cheyenne Mountain
showing the general installations. An idea of the relative
heights of the transmitting terminals can be obtained by noting
the appearance of Colorado Springs in the background of figures
3 and 4. Figure 5 shows the receiver installation at Kendrick,
Colorado, and is typical of the four fixed sites where the
terrain is essentially bare rolling hills departing from a
smooth spherical surface by only a few hundred feet. As will
be shown in a later section of our report, even such small
irregularities are of major importance in connection with the
propagation of 1000-Mc signals for which the wavelength is
only about one foot. The distant portions of “"¢ path through
south-central and south-eastern Kansas become progressively
smoother but finally become much rougher at a distance of
approximately 600 miles in the Boston Mountains of northwest
Arkansas. Terrain profiles are shown in figure 6 for each
S5-degree interval of true bearings from Cheyenne Mountain
between 90 and 115 degrees. This terrain slopes from a ground
elevation of approximately 6000 feet above sea level at the
base of Cheyenne Mountain to approximately 1500 feet above
sea level in western Arkansas,
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The four fixed receiver sites were installed at distances
from L9 to 227 miles. (See figures 2 and 6.) These were
chosen to provide propagation measurements over paths that
were (1) radio optical, (2) near the radio horixon, (3) a
moderate distance beyond the horizon, and (L) far beyond the
horizon. Since the nature of UHF propagation beyond the
horizon is not well understood, a mobile receiver=recording
system was designed and constructed for additional investi-
gations of field strengths well beyond the horizon., This
unit has been established at fixed points for several days
and progressively moved to the more distant locations as
indicated by the reception of recordable signals. A typi-
cal mobile installation is shown in figures 7 and 7a.

B. Equipment

The preliminary objectives of the Cheyenne Mountain
experiments are to measure radio field strength produced
near and far beyond the radio horizon with a carefully
monitored transmission and recording system which is divided
into four equipment classes: (a) Transmitting, (b) Receiving,
(c) Recording, and (d) Calibrating. These are described
generally as follows:

(a) Transmitting -= The operating frequencies are 92,
100, 192.8, 210.4 and 1046.47L8 Mc. The available con-
tinuous power output is 3 kw at 92 and 100 Mc and L kw

at 192.8, 210.L4, and 10L46.47L8 Mc. During propagation
measurements the transmitted energy on each frequency

is confined to a band less than 50 cycles wide. This

in combination with narrow-band receivers insures the
maxirum "Margin of Detectability" for a given receiver

and provides data at maximum distances. As pointed out
in the description of system selection, the detectable
signal in a given system is essentially a function of
average power output, bandwidths, and threshold-detection
factors. Reducing the receiver bandwidths or detection
factors by 1/2 is effectively the same as increasing the
average transmitter power output by a factor of two.

As an example, if received signal power at some given
distance were recorded on a regular commercial FM opera-
tion at 100 Mc where the receiver bandwidth is necessarily
150 kc and the effective radiated power of the transmitter
10 kw, the equivalent power for field=strength recording
purposes could effectively be increased to 3000 kw by
reducing the transmitter drift and incidental modulation
to much less than 500 cycles and the effective noise band-
width of the receiver to 500 cycles.
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The frequency stability of each transmitter is capable
of being maintained to within + 200 cycles of the assigned
carrier frequency. This insures that the transmitted signal
power is measured within the + 1/2 db flat-top response of
the receivers. The frequency-monitoring equipment for
checking the transmitter frequencies utilizes a Hewlett-—
Packard frequency counter in conjunction with a General
Radio Primary Frequency Standard.

411 transmitiing antennas have moderate power gains.
Since the purpose of these studies was to observe propaga-
tion over air=to—ground paths under conditions similar to
those of typical air—navigation systems, omni-directional
transmitting and recelving antennas would have been most
desirable., However, a mountain is not a typical airborne
terminal because of other mountains to the rear and at
either side. These mountains are excited by the RF fields
of the transmitting antennas and rsradiation occurs. In
order to minimize this reradiation from the adjacent terrain
and to approach the conditions expected for a typical air-
navigation system some moderate directivity is desirable.

A careful survey of the transmitting sites resulted in a
choice of an over-all solid angle of radiation corresponding
to ranges of 60 degrees in azimuth and 15 degrees in eleva-
tion. Figure 8 is a photograph of the transmitting antennas
at the summit site. The VHF antennas at the base site are
identical.

Modulation systems were provided in all transmitters
to assist in carrier identification and to provide facilities
for modulation studies.

(b) Receiving - The receiving equipment was designed to
measure accurately the transmission loss on each of the
five frequencies involved. It has several features to
improve its stability characteristics and make it adaptable
to a narrow-band recording system. General recording
characteristics of all receivers are approximately the same,
but the design and construction features of the VHF and UHF
equipment differ widely because of frequency.

Both the VHF and UHF receiving equipment are frequency
stabilized by multiplying the 100-kc output of a primary
frequency standard to the appropriate oscillator injection-
voltage frequencies. In locations where recordings are
made on all frequencies, one common primary frequency
standard is used for five receivers. The receiver circuits
for feeding the data-recording equipment are essentially
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the same for all receivers. The equipment installation
and facilities in the mobile recording units are the same
as those at the fixed recording sites,

(e) Recording - Received power is recorded at all loca-
tions on clock=driven charts, and at the more distant
recording sites, where fading makes analysis of chart
data impractical, on time=totalizing recorders. These
time=totalizing recorders are equivalent to a battery of
clocks, each one recnrding the total time that a certain
pre-set signal level is exceeded. Each clock is aoti-
vated by the receiver when the appropriate pre=set 'signal
level is crossed. Readings of the clocks are periodi-
cally recorded by an automatic camera system,

(d) Calibrating - The calibration of receivers and
measurement of the available signal power from the
system is based on a compariscn between that available
from the receiving antenna transmission line and that
available from the output of a calibrated signal genera-
tor with the same impedance (50 ohms). A8ll signal
generators used at various locations are related to a
standard and to transmitter power indication devices.

IV. SYSTEM COMPONENTS

The system for collecting propagation data may be divided
into three equipment groups. These are: (A) Transmission,
'B) Reception, and (C} Data Recording. These groups are further
divided according to frequency range and individual components;
they are discussed in detail appropriate to their importance or
unusual features as follows:

A. Transmission

The transmission system includes all of the basic
components as outlined in block diagram form on figure 9.

(a) UHF Transmitter - 1046 Mc., This transmitter was
built by Varian Associates of San Carlos, California,
for the National Bureau of Standards. Its installation
in the summit bullding on Cheyenne Mountain is shown in
figure 10, It was designed to meet the rigid specifica-
tions of the narrow-band, continuous-wave radio propaga-=
tion system for Cheyenne Mountain., This transmitter
meets the essential system requirements of radiating a
high-power, essentially monochromatic, stable, continu=-
ously monitored radio-frequency signal at 10L6.L7L8 Mc.
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It is described in more detail than the VHF units because
the transmitter is unique in having the highest continuous
power output of any 1000 Mc transmitter in the country. It
consists of four major components. They are: (1) the
crystal driver unit, (2) the klystron power amplifier,

(3) the direct current power supplies, and (L) the antenna
systems. The driver unit and the klystron amplifier instal-
lation may be seen in figure 10.

(1) The Crystal Driver Unit - The basic requirements
for a driver unit for this type of transmitter were
very exacting and necessitated the employment of a
number of rather unique design features. The first of
these requirements was that an extremely stable basic
crystal source be chosen so that multiplication of the
output frequency of the crystal standard 10,368 times
could result in an essentially monochromatic output
with a long-term variation of less than 250 cycles at
1046 Mc. A General Radio primary type 1100 AP frequency
standard was selected to meet these requirements. For
reasons of technical simplicity in the receivers, the
output frequency desired was not an exact multiple of
100 kc. A crystal unit approximately 1 percent higher
was used. The General Radio Company cooperated with
the Central Radio Propagation Laboratory in this prob-
lem by designing this special crystal at 100.93315 kc
and performed appropriate tests to verify adequate
performance. Long-term experience over the past six
months has shown that the actual total variation
between two General Radio Standards is less than 125
cycles at the final 1046-Mc frequency. (The second
standard is used as a crystal unit for the local
oscillator multiplier chain in the receiver.)

The second requirement specified that the driver out-
put at 1046 Mc should be free of all types of modula-
tion and noise, and have a constant power output. To
accomplish these results, considerable effort was spent
in the design of this unit. The plates and filaments
of all tubes are operated on well-filtered, DC-regulated
supplies, which are in turn supplied by AC regulators.
To reduce spurious outputs and unwanted modulation com-
ponents, the stages are arranged as follows: All of
the low and medium frequency multiplier stages consist
of two tubes with the grids connected in push-pull and
and plates connected in parallel (for the doublers),

and both grids and plates in push-pull for the triplers.
A11 of the input and output circuits and high Q, double
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tuned and slightly undercoupled. The radio frequency drive
on all stages is sufficient so that the transconductance
of a tube can drop to 50 percent of its normal value with=
out affecting the over-=all output of the transmitter. In
practice it has been possible to operate at full output
for a period of several weeks with the tubes in two of the
stages having transconductances of less than 20 percent of
normal' values. The high=frequency multiplier stages are
grounded=grid, coaxial=cavity typemultipliers. In these
stages, as in the lower frequency strip, all of the above=-
described precautionary measures against unwanted modula-
tion components are employed with one single exceptionj
these stages consist of a single tube. The arrangement

of the driver unit is shown in the block diagram of

figure 9.

(2) The Klystron Power Amplifier = The final amplifier
consists of a L-kw output, three-cavity, klystron tube
and associated components. This type of tube in itself
presents a unique solution to the high~powered problem in
this frequency range. The tube is a low-efficiency de-
vice, generally of the order of 20 to 25 percent, but
this disadvantage is greatly offset by the extremely
high gain of the tube in this circuit (LOO). The arrange-
ment of the tube elements is shown in figure 11,
Basically, the tube operates as follows: The filament

is heated from a 6-volt supply and requires 50 amperes
for normal operation. The difference in potential
between the cathode and filament is 2200 volts, which
produces by electron bombardment the heating of the
tantalum cathode; the primary source of the electron
beam. A further difference in potential of 11,000 volts
exists between the cathode and the body of the tube,
which in turn produces the high-velocity electron stream
moving through the drift space and the cavities. These
electrons are absorbed by the catcher or bucket, causing
it to heat up. This heat is removed by a large=capacity
water cooling system. The operation of the tube is simi-
lar to that of low=powered klystron tube types, except
that the electron beam is magnetically confined to the
correct path by use of three focusing coils around the
cavities,

A number of rather interesting circuits have been employed
to maintain constant power output from the tube under
operating conditions. For example; since the electron
emitter source is operated as a temperature-=limited
device, it is pecessary to maintain the input power
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to the filament-cathode constant. This is accomplished in the
following manner. The cathode supply is regulated to keep
the cathode temperature as nearly constant as possible in
order to maintain the temperature-limited beam current at a
constant value. This circuit uses a saturable reactor which
has one primary and two secondary windings. The primary is
in series with the transformer which supplies the klystron
with its filament power. The basic function of the reactor
is to control the impedance of this primary winding and thus
control the filament power. The filament is operated
temperature-limited so that a decrease in reactor primary
impedance will increase the filament power and so increase
the cathode current and temperature. One of the secondary
windings is a "tias" coil. The bias current is made up of
a constant current plus a compensating curirent which decreases
when the line voltage increases. The constant current is
about four times that of the compensating current and sets
the level of saturation of the reactor and therefore the
level of the filament power. The second of the reactor
secondary coils carries the cathode current. The current
in this coil has an effect opposite to the current in the
Ypias" coil. The reactor is designed so that an increase
in the cathode current will increase the impedance of the
reactor coil primary and so decrease the filament power.
This prevents the cathode current from becoming excessive
due to the "back heating effects." The saturable reactor
prevents this "running away" because an increase in cathode
current causes a decrease in the filament power to compen-
sate for the increase in back heating. However, this effect
is not large enough to keep the cathode power constant with
changes in line voltage. If only the cathode coil of the
reactor were sensitive to line voltage changes, an increase
in line voltage would cause an increase in cathode voltage
and a small increase in current would result. Therefore,
the bias current is also made sensitive to line voltage in
such a way that an increase in line voltage causes a de-
crease in cathode current sufficient to keep the cathode
power almost constant. This is accomplished by making the
compensating portion of the bias current decrease with an
increase in line voltage. This, in turm, reduces the total
bias current and therefore the filament power and the
cathode power, thus giving the over-all effect.

Approximately 12 kw of heat are dissipated in the klystron
"bucket" under normal operating conditions. Cooling water
is circulated through the klystron catcher bucket and the
tube body, using a pump for circulation and an external
radiator for cooling. The water for the catcher bucket is
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metered with a flowmeter and a thermometer. These are
both connected electrically into the beam voltage supply,
so that a failure of water flow or excessive temperatures
will automatically remove the beam voltage. The body
water flow is determined by two pressure gauges with
associated interlock circuits so that a failure of body
water flow will turn off the klystron filament, cathode
and beam voltages.

The last major unit of the klystron unit is the regulated
Focus Coil Supply. This supply furnishes current for the
three focus coils. The current in the top and center
coils flows in the same direction but the current in the
bottom coil flows in the opposite direction. The purpose
of the bottom coil is to counteract the effects of the
two top coils on the formation of the electron stream at
the cathode.

Some of the electrons in the beam are attracted to the
cavity structure resulting in a small "body" current.
This current is dependent primarily upon the focus coil
currents, but is also influenced by the degree of RF
modulation or "bunching" in the electron beam. The

power gain and output of the klystron are also a function
of the focus conditions of the beam. In practical opera=
tion, the currents in the focus coils are adjusted to
give maximum output power while keeping the body current
minimized.

(3) The Beam Power Supply = The power supply consists of
three basic units: =1-= the high voltage rectifier unit
and associated AC control circuitsy =2~ the DC regulator
unit, and =3- the control panel. The power unit operates
on three-phase 208 or 230 volts AC and is capable of
supplying 14,000 volts at about 2.0 amperes. The circuits
of the high-voltage rectifier and the stabilization
equipment are shown in figures 12 and 13, respectively.

The operation of the power supply as a unit can best be
described in conjunction with the description of the
regulator unit. The regulator unit consists of a two-
stage DC amplifier, an adjustable reference voltage
source, regulated power supplies and the high<voltage
divider. Referring to the block diagram on figure 9,
it can be seen that the high=voltage divider balances
the high negative output voltage against the positive
reference voltage. The voltage unbalance signal from
the divider is fed to the DC amplifier and after
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amplification appears as a large controlling voltage at
the grids of the gate tubes. This voltage on the grids
of the gate tubes alters their conduction in such a
direction as to minimize the unbalance signal at the in-
put of the DC amplifier. Thus, within the limits of the
amplifier and the gate-tube range, the output voltage is
quite closely proportional to the reference voltage.

It can be noted in the block diagram that no IC filters
are used but filtering and regulation are entirely
dependent upon electronic circuits. The basis for this
exact regulation is the use of five Weston standard cells
as a reference voltage source. In this way the two
standard reference supplies (for the DC amplifier and
tubes in the high-voltage reference supply) are maintained
within a few mv of rated voltage. As an example, the
high-voltage reference supply will show a change of less
than 5 volts at L850 volts with the input line voltage
changing fr» 212 to 2L8 volts.

The high-voltage rectifier unit cansists of two full-
wave three~phase systems connected in series, so arranged
as to produce the equivalent of a 1l2-phase system. The
gate tubes consist of four 3X2500F3 Eimac tubes in paral-
lel. The entire rectifier system can be controlled re-
motely from the transmitter control panel, thus greatly
simplifying transmitter operation.

(L) The Antenna and Power Measuring System - The antenna
system consists of two moderate gain antennas and associated
feed systems. The first, for horizontal polarization only,
is a slot-fed, tapered array, guided by a divided horn.
With this arrangement side lobes are attenuated to below

the 20-db level while the vertical beam is maintained at 15
degrees, and the horizontal at 60 degrees. The second is a
parabolic section illuminated by a horn, with the horn

feed so arranged that either horizontal or vertical polari-
zation can be used. The patterns and side-lobe conditions
are essentially the same in each polarization as for the
first antenna. Both antennas are tuned at the feed points
by double stub tuners, thus maintaining a low SWR in the
3-1/8 inch coax line and allowing the maximum power transfer
out of the klystron.

Absolute power of the transmitter is measured by a watt—
meter which is essentially a coaxial water load with

provision made for measuring the temperature rise of the
water flowing through the load. The calorimetric load is
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made from standard 3-1/8 inch line by a gradual transi-
tion from air-to-water around the center conductor,

The RF power heats and is absorbed in the water as it
flows through the load. The input and output water
temperatures are measured and the power calculated.

In addition, a continuous monitor is provided in the
form of a Bethe-hole directional coupler, crystal
detector, tuning stub, and power meter. This meter
reads the forward power flowing from the klystron
towards the load. When the load is well matched;

the meter indicates the power output of the trans-
mitter directly.

(b) VHF Transmitters — 92, 100, 192.8, and 210.L Mc (see
figure 1l). The 92-Mc transmitter installed on the mountain
at the base site (elevation 7700 feet above sea level) and
the 100-Mc transmitter installed at the summit site (eleva-
tion 8800 feet above sea level) are conventional commercial
3=kw FM-broadcast transmitters with provision for the use

of a high=stability crystal-controlled frequency source and
primary voltage regulation.

The 192.8=Mc transmitter at the summit site and the 210.4=Mc
transmitter at the base site are adaptations of conventional
commercial FM transmitter driver circuits with the addition
of final power amplifier doublers. These are interesting in
that conventional 3X2500 A3 tetrodes, although not normally
employed at such high frequencies, were used for economic
reasons and to simplify construction. These have given
consistently reliable performance with a tube=life averaging
well over LOOO hours. The frequency control of these trans-
mitters also has provisions for more stable crystal control.

The antennas for all frequencies from 92 to 210.4 are
corner reflector types driven by half-wave dipoles and matched
to 50-ohm 3-1/2-inch coaxial transmission line. These an~
tennas have gains of approximately 10 db relative to an iso-
tropic radiator and directivity patterns such that only a
small amount of the radiated energy strikes the mountain
behind and below them. The power output of the transmitters
is continuously monitored with a wattmeter periodically
calibrated against a calorimeter load.

In addition to the VHF transmitters described above a
1-kw commercial-type FM transmitter operating on 100 Mc has
been installed in a house-~type trailer. This mobile trans-
mitting system will be used to make additional height-gain
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studies by transmitting from the base of Cheyenne Mountain
at approximately 6000 feet above sea level and from Pike's
Peak at an elevation of 14,250 feet, The power output,
voltage regulating, and frequency-control systems of this
transmitter are essentially the same as the others. The
frequency of 100 Mc was chosen in order to take advantage
of existing receivers.

Receiving
Receivers are also divided into two groups, UHF and VHF. A

block diagram of the UHF receivers is shown in figure 15. A block
diagram of the VHF receivers showing general construction and fre-
quency relations is shown in figure 16,

(a) UHF Receivers - 1046 Mc. The 10L6-Mc receiver was de-
signed and constructed by the Polytechnic Research and Develop-
ment Co. and design considerations were to obtain narrow-band,
extreme-frequency stability, and high-gain stability. The
receiver has a signal bandwidth of 500 cycles between points
one db down from the maximum response. A noise figure of
approximately 12 db above KTB noise has been attained in this
receiver. This narrow bandwidth and low noise figure yield

a sensitivity, P, of approximately -160 db (0.P7 microvolts
across the 50-ohm receiver terminals). The receiver is of

the double super-heterodyne type with the local oscillators
crystal-controlled by multiplier chains operating from a 100-
kc General Radio type 1100-AP primary frequency standard. The
output circuits of this receiver were designed specifically to
operate with 1-5 ma Esterline-Angus recorders and 0-10 volts
high-impedance time-totalizing equipment. The output response
of this receiver is approximately linear in both voltage and
current with logarithmic input signal power. The dynamic
ranges available are 0-20 db, 0-LO db, 0-60 db. The receiver
consists of a number of integral units which may be removed
separately. The first of these major units is a preselector
of the coaxial-cavity type. The selectivity of this tunable
coaxial cavity is such that signals 25 Mc either side of

. resonance are attenuated by 30 db. This unit has an inser-

tion loss of approximately 1 db at the 10L46-Mc operating
frequency. The signal out of the preselector is fed to the
next component of the system, which is a coaxially-mounted
crystal mixer of conventional design., This third component
of the receiver is a crystal multiplier chain operating from
the basic 100-kc frequency standard and consists of two
integral strips. The first of these strips operates directly
from the 100-kc crystal standard and consists of a series of
tuned multiplier stages which produces an output signal at
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9.6 Mc. This output serves both as a local oscillator for
the second mixer and drives the second high-frequency multi-
plier strip. This latter multiplier strip consists of seve
eral tuned multiplier stages of which the last tripler stage
is an RCA pencil triode mounted in a coaxial cavity. This
last stage provides a local oscillator power for the crystal
mixer at 1036.8 Mc. The fourth component of the receiver is
a 9.675 Mc IF strip. This strip consists of several singly-
tuned stages of relatively conventional design. The last
stage of this strip is of typical cathode follower design
providing a 50-ohm BNC coaxial cable termination. The
output of this strip is fed into a push-button attenuator
with five attenuation settings: 0, 3, 5, 20, and LO db.

The 9.675 Mc output from this strip is fed to the second
mixer where it is heterodyned with the 9.675-Mc local
oscillator previously mentioned in the multiplier chain,

The 75=kc IF frequency from this second mixer is fed into
the second and final IF strip. The narrow band of 500 cycles
is attained in this final strip. Carefully designed double-
tuned stages are used to obtain a flat-top response curve
with a high skirt selectivity. The detector circuit is
built into the last stage of 75<kc IF amplifier. An auto-
matic volume control circuit designed to provide a linear
output vs decibel ratio of input signal is included in this
strip. Deviation of the desired signal within the narrow
bandwidth-can be monitored by a high "q" parallel tuned
circuit, adjustable over a range of plus or minus 500 cycles
from the 75=kc center frequency. The last component of the
receiver consists of two electronically regulated plate
voltage supplies and a filament voltage supply. The IF
amplifiers are operated from one plate voltage supply, and
the nmultipliers and frequency deviation circuits are
operated from the other. All filaments in the entire

system are operated from the regulated DC voltage supply.

(b) VHF Receivers = 92, 100, 192,8 and 210.l4 Mc. These
receivers have been constructed by the Polarad Electronics
Corporation of Brooklyn, New York. Special features are
utilized to improve gain and frequency stability, and to
obtain a very narrow recording channel bandwidth. They
are of a triple superheterodyne type, the frequency for
oscillator injection voltages being controlled by the same
100~kc primary frequency standard as employed for the 10l6-
Mc receiver. The receivers are identical for each of the
frequencies from 92 to 210.l Mc with the exception of the
preselector preamplifier and the first crystal oscillator
maltiplier circuits. A detailed description of the
oscillator frequencies, and of the frequency multiplier
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system is shown in figure 16, The transmitter frequencies were
chosen for adequate separation of all fundamental and harmonic
frequencies, and so that suitable receiver-oscillator frequency
multiplication factors could be employed. The over-all effec-
tive narrow bandwidth of approximately 1 kc is obtained in the
200-kc third intermediate frequency amplifier which has associ-
ated with it a discriminator for determining that the trans-
mitter and receiver are tuned to the same frequency. The 200-kc
final IF frequency was selected so the second harmonic of the
primary frequency standard which is adjusted to 100 kc by
comparing it with WWwV, may be used to calibrate the receiver
discriminator circuit.

C. Recording

The same type of data-recording equipment is used with all
receivers and consists of an Esterline-Angus clock-driven chart
recorder and a 10-channel totalizing cleck operated by the receiver
AVC voltage and recorded by an automatic camera. The totalizing
recorder is designed to operate with a receiver DC output voltage
over a 0 t9 -10-volt range. This voltage is an approximately
logarithmic function of the radio frequency input voltage to the
receiver, Each channe]l consists of a stabilized DC amplifier
driving a bistable multivibrator which actuates a relay. The
relay in turn operates a motor, revolution counter, and pilot
light. The sequence of operation (see circuit diagram in figure
17) for each channel is as follows. Negative input DC voltage from
a receiver is applied to the grid of the amplifier V7, with a com=-
pensating negative bias applied to the grid of the upper tube V5.
When the magnitude of the input voltage exceeds the negative bias
applied to the upper tube, the grid of the left multivihrator tube
V3 is driven positive in excess of 60 volts. The multivibrator is
normally operated with V3 cutoff and V), conducting, holding the
relay contact open. When V3 is rendered conducting by the positive
input from the DC amplifier, V), is cutoff, releasing the relay and
operating the motor, pilot light and counter. V3 is periodically
cutoff by negative pulses (at a rate of 1000 per second) from the
blocking oscillator. The presence of these pulses reduces the
difference between the voltages required to activate and deactivate
the multivibrator. The resistor Ry allows an adjustment of each
channel to a desired pre-set level at which all input signals equal
to or in excess of that level will operate the ten counters.

A typical fixed-site recording installation is shown in block
diagram form in figure 18.

Figure 19 shows a typical receiver totalizing recorder cali-
bration in terms of receiver input voltage from a standard signal
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generator for a period of one week. Successive calibrations

are shown to give an idea of system stability. Figure 20 is a
photograph of the inside equipment in a mobile recording trailer
showing rack-mounted data recording equipment and receivers.

D. Calibration

The value of received signal power at the receiver input
terminals is determined by comparing the signal level with an
equivalent level from a calibrated signal source. The signal
sources used are divided into two classes, VHF and UHF. These
are discussed separately as follows:

(a) UHF = 1046 Mc. The narrow bandwidth, extreme fre-
quency stability, and high sensitivity of the 10L6-Mc

UHF receivers make it necessary to employ special signal
generators for calibration purposes. These signal
generators consist of three major components. The first
of these is a series of frequency multipliers, similar to
those of the local oscillator of the receivers, controlled
by a Bliley Type BCS frequency standard of 100.93315 kc.
This basic frequency is multiplied 10,368 times to give
the transmitier frequency of 1046.L7L8 Mc. The power
output of this multiplier chain is monitored by a UHF
Hewlett=Packard type woltage probe and indicates the level
on a meter on the front of the panel. The second com=
ponent of the signal generator is a carefully designed
wave--guide=~below~cut-=off type of attenuator. When the
power output of the multiplier system is calibrated to
the normal reference level, the output of the attemator
can be varied from zero to -1L40 dbm with an accuracy of
plus or minor 0.5 db. The panel dial of the attenuator
is calibrated in both db above one milliwatt and in
microvolts. The alttenuator has an output impedance of
50 ohms with a VSWR of less than 1.2, The power supplies
are the last major component of the signal generator and
are similar to those used in the receiver.

(b) VHF - 92 through 210,L4L Mc. The signal=-generator design
problems in this frequency range are less stringent than

in the higher frequency UHF band, and crystal control,
though highly desirable, has not been found to be absolutely
essential., Conventional signal generators using calibrated
wave=guide-below=cut-off type of attenuators have proven
marginally satisfactory when used with external voltage
regulation and under stabilized temperature and vibration
conditions., Frequency adjustments are accomplished by
adjusting the signal generator frequency until the signal
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source frequency is at the center frequency of the final IF
band as indicated by the recelver frequency meter. Since
this meter 1s compared to a primary frequency standard at 200
kc this method of setting the frequency of the signal gen-
erator to the frequency of the transmitter is very accurate.
Calibrations of the signal generators are made by the High
Frequency Standards Section of Division 1l of the National
Bureau of Standards. These are maintained by continuous
checks with bolometer bridges and a cross comparison between
generators. A system of comparing RF voltages with accu~
rately measured 60-cycle voltages by means of selected,
essentially flat frequency response, crystal diodes has

also been successful.

V. SYSTEM OPERATION

Propagation data at Cheyenne Mountain are collected on a
continuous twenty--four-hour-per-day basis. This schedule is
limited only by loss of time due to regular maintenance or equip-
ment failures. Less than 60 percent of this goal has been realized
to date because of slow equipment deliveries, new equipment faults,
the problems of perfecting system operation, and the training of
operating personnel.

As of March, 1952, however,all transmitters were operatirg on
a continuous schedule. The fixed sites at distances of 9.3, 70.2,
96,6, and 226.5 miles are visited and calibrated at least once each
day. The mobile sites have been operated for relatively limited
periods at several locations. It is not planned to make continuous
measurements at long distances but to take periodic samples of
data during typical seasonal climatological conditions. Some
special recordings planned for the near future include samples of
data at distances equivalent to the fixed sites over several dis-
similar paths and recordings at many additional locations over
line-of-sight paths.

VI. SYSTEM RESULTS

Field-strength recordings have been made on all frequencies
at various distances from the transmitters. Recordable signals
have been received on 92, 100, 192.8, and 1046 Mc as far as Anthony,
Kansas, a distance of 393.5 miles, and on 100 Mc at Fayetteville,
Arkansas, a distance of 616.3 miles. Recordings are now being
made at each of the four fixed receiving sites shown in figure 2
on a regular basis in order to obtain measurements over an ex-
tended period of time for the purpose of studying the effects of
diurnal and seasonal factors on the transmission loss (received
field strength) as a function of distance, frequency, and antenna
heights.
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Figure 21 shows sample fast-speed recordings of the field
strengths received on 92 and 1046 Mc at a distance of 393.5
miles. Calibration scales are shown in terms of "transmission

loss"éé microvolts input to the receiver and; for the 10L6=Mc
recordings, signal power available from the receiver transmis-
sion line in db below a milliwatt. Transmission loss/ is
considered to be the ratio of the power radiated from the
transmitting antenna to the resulting signal power which
would be available from the receiving antenna if it had no
ohmic losses., Expressed in db, the measured transmission

loss of a system may be written:

ng(Pt.nLt)_(Pader)EthPaw(Lt"'Lr) (5)

where Py, Lty and L, were defined earlier and P, = measured

signal power available at the terminals of the receiver
transmission line expressed in db above one watt.

Reporting measurements in terms of transmission loss avoids
the assumption that a plane-wave front is received by the
receiving antenna and thus that the full free-space antenna
gains will be realized; this may not be the case if the
received fields arrive from a number of directions after
being scattered in the transmission medium.

The short spikes of high signal intensity which appear
on the 92-=Mc recordings of figure 21 are believedto be the
the result of reflections of the signal from ionized meteor
trails as has pre*'ﬁ*sly been reported in connection with FM
broadcast receptio and which have been the subject of

independent researc o These spikes are not evident in
the 1046=Mc recordings. These sample recordings, having
been taken with a short time constant and an accelerated
chart speed, give a representative picture of the relative
magnitude and rapidity of fading at this distance on these
two frequencies. It may be seen that, while the amplitude
of fading on the two frequencies is roughly the same, the
frequency of fading on 1046 Mc is about 10 times that on 92
Mc, i.e., roughly proportional to the frequency.

Results of the measurements on all frequencies of the
Cheyenne Mountain transmissions in terms of transmission loss
for the period January 20, 1952 to April 1, 1952 are shown
in figure 22. These are medians of the hourly median
recorded field strengths shown for the periods of recording
given in Appendix I.
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In figure 23 the results have been plotted in terms of trans-
mission attenuation relative to free space as determihed by use
of the following expression:

A =Ly - Lg = Ly~ 20 logyg (bn d/A) + Gy + Gy (6)

Results expressed in terms of attenuation relative to free
space assume that the gains of the antennas as determined for
reception of plane waves in free space are realized. Also
shown for comparison on.figure 2y are the results of the Federal
Communications Commission Ad Hoc Committee for 98 Mc with a
transmitting antenna height, of 2000 feet and a receiving
antenna height, h,., of 30 feet i/ as well as the reg 1ts of

Fine and Higgins for the frequency range 288-700 Mc~ .

It may be seen from this figure that there are two distinct
regions, the near region where the field strength falls off
rapidly with distance and the far region where the field strength
decreases much more slowly with distance. The rapid decrease in
the very near region is generally in accordance with what would
be expected using conventional diffraction theory. However, in
the very far region the measured transmission losses are far less
than those expected with conventional theory. A plausible ex-
planation of these lowtransmission losses in the very far region
has been given by Dr. Joseph Feinstein of the National Bureau
of Standards in his recent application of the partial reflection

theory to the tropospheric propagation problem—z This partial
reflection theory is an extension of the results obtained for a
slowly varying medium by Dr. H. Bremmer of the Philips Laboratories
at Eindhoven, Holland,

Curves of field strength vs distance, calculated in accord-
ance with the authors! interpretation of the partial reflection
theory, are shown in figure 25 together with the same measured
data appearing in the previous figure. The agreement between
measurement and the partial reflection theory in the far region
is remarkable. Figure 26 shows the geometry involved in the
partial tropospheric reflection theory for the path between
Cheyenne Mountain and Anthony, Kansas. The terrain has been
plotted assuming an effective earth's radius 1.231 times the
actual radius to allow for average air refraction expected in
Colorado during the month of February. The four ray paths shown
are rays which have the same angle of incidence and reflection
at an assumed layer in the troposphere concentric with the earth
and are tangent to the earth's surface at the horizon points as
seen from the transmitting and receiving antennas. It may be
seen that, at a distance of LOO miles, these assumed reflection
points occur at heights from about 15,000 to 35,000 feet above
the earth's surface.
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The existence of four separate ray paths is more clearly
illustrated in figure 27 where a plane earth representation of
the earth and a reflecting layer is shown. In the upper por-
tion of the figure the concept of having one tropospheric
reflecting point for both the direct and ground-refliected
waves is illustrated. However, in this representation, Snell's
law, requiring equal gngles of incidence and reflection at
both the ground and the reflecting layer, is not satisfied for
the ray paths between the transmitting and receiving antenna,
The lower portion of the diagram illustrates the four ray
paths determined by satisfying Snell'’s law at each reflecting
surfaces (1) ry, the direct ray from the transmitting to the
receiving antenna, via the reflecting layer, (2) r,, the
direct wave from the transmitting antenna first striking
the reflecting layer and then being reflected at the ground
near the receiving antenna, (3) r;, the ground-reflected ray
from the transmitting antenna arr%ving via the layer directly
to the receiving antenna and (L) r),y the ray which is reflected
at the ground on each side of the reflecting layer. -

The existence of a number of separate ray paths also
provides an explanation for the observed statistical Ray-
leigh distribution of instantaneous field strengths for
relatively short periods of time as is illustrated in figure
28 for measurements taken at Anthony, Kansas,and Fayetteville,
Arkansas.,

Thedistributions of hourly median signal levels for the
100 and 1046~Mc transmissions at the various distances are
shown on figure 29, and for the 92; 192.8 and 210.4-Mc trans-
mission on figure 30, The total number of hours of data
included in these samples is shown on each distribution curve.
It should be noted that the variances of these distributions
are generally smaller at the distances within and near the
radio horizon (70.2 miles and less) and in the very distant
region, 226 miles and beyond, than they are at the intermedi--
ate distance of 96.6 miles. An explanation for this result
may lie in the mamner in which the field strength varies with
time of day at the various distances as shown in figures 31
and 32. Over the shorter paths wvery little diwrnal variation
of signal strength is observed; however, at Haswell, Colorado
(96.6 miles), there is a definitie increase in field strength
during the nighttime hours from that observed at midday. And
then at Garden City, Kansas (226.5 miles), and Anthony, Kansas
(393.5 miles), this characteristic diurnal variaticn is again
not observed.

Figure 33 shows sample recordings of the 100-Mc Cheyenne
Mountain transmissions made at Fagyetteville, Arkansas, The
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upper record is a sample of recordings made with the recorder
tape running 3 inches per hour and with a 20-second averaging
time constant in the recording circuit. The transmitter carrier
was turned off on the hour for ten minutes and these periods are
strikdingly clear of noise or of interfering signals. The lower
chart was made with a recorder tape speed of 3 inches per minute.
This record is very similar to the sample recordings shown in
figure 21 for 92-Mc transmissions at a distance of 393.5 miles,
particularly with regard to the period and extent of fading

of the background signal. Of particular note is the considerably

more frequent appearance of the previously mentioned short-
duration spikes of high signal strength,associated with meteoric
ionization, riding on top of the weaker background signal.

The possibility that partial tropospheric reflections
occur at such great heights in the troposphere (greater than
15,000 feet) provides an explanation for the lack of a pro-
nounced diurnal trend at these great distances, since variations
in the gradient of refractive index with height would not be
expected to have large variations at these great heights as
compared to the relatively more turbulent portion of the atmos—
phere very near to the earth's surface. The refractive-index
gradient at the effective point of partial reflection is one
of the important factors determining the strength of the
received field strength under the partial reflection theory.

Figure 3l shows the average refractive-index gradient as
a function of height for the Cheyenne Mountain path in the
months of February and August as determined from the 1945
Weather Bureau Ratner Report .ﬁ The February values shown on
this figure were used in calculating the curves on figure 25.
The climatic variation of the gradient of refractive index up
to large heights above the earth's surface is shown in figure
35. San Juan in July was chosen as an example of a warm, humid
climate; Washington, D.C. in October as a temperate or median
climate; and Fairbanks, laska, in February as a dry, cold
climate.

In order to investigate the extent to which the received
field strengths fade together on two spaced antennas, simul=-
taneous recordings were made on 92 Mc at Anthony, Kansas, using
two rhombic antennas. The lengths of the antennas were 5.31
and 10.75 wavelengths on a side, and the two antennas were dis-
placed 50 feet in a direction normal to the propagation path.
Sample results are shown in figure 36. With 50-foot antenna
separations, it may be seen by inspection that the background
signals from the two antennas are very closely correlated and
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fade together. Also it may be noted that the transmission loss
is less on the smaller rhombic antenna by approximately the
difference in gain. These observations indicate that the wave
front is essentially coherent and plane over the area taken up
by the two antennas. Generally, the spikes of high signal
strength of meteoric origin are more prominent on the shorter
rhombic antenna which has a broader antenna pattern and con-
sequently less discrimination against signals arriving from
angles of incidence much above the low angles for which the
rhombic antennas were designed.

Figure 37 shows sample similtaneous recordings taken on
92 Mc and 100 Mc using the two rhombic antegnas. In this case
the received signal strengths appear entirely uncorrelated
except for the times at which the meteoric signals occur.
Under these conditions, not only is the frequency different
but also the transmitter heights are widely different.

VII. A FORMULA FOR THE TRANSMISSION LOSS OF SPACE WAVES
PROPAGATED OVER IRREGULAR TERRATN

In order to provide methods of extrapolating the Cheyenne
Mountain results to other transmission paths for which the
terrain and the atmosphere are different, considerable time
and effort were expended in the development of formulas suit-
able for calculation of the transmission loss expected under
a wide variety of conditions. This section of this report
outlines the results of one phase of this study, i.e., a
formila for transmission loss calculations at points within
the radio line of sight.

A space waveil/is that part of the ground wave which con-
sists of the direct and ground-reflected waves, i.e., it does
not include the surface wave. The ground wave is predominantly
a space wave whenever the transmitting and receiving antennas
are both elevated by more than a wavelength above the ground.
Since the surface-=wave intensity is much less with horizontal
than with vertical polarizationy the ground wave is always
less contaminated with a surface-wave component in the former
case. The data presented in this paper were all obtained with
horizontally polarized radio waves,

The present discussion is concerned with space waves
only within the "line of sight" of the higher of the two antennas
comprising the transmission system. For the purposes of this
discussion "line of sight" is defined in a particular way and
the maximum distance from the highest antenna at which the
methods herein apply corresponds to the "space wave horizon'"

R
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of this antenna as defined in figure 38. The detailed methods
of arriving at the precise location of this "space wave horizon"
will be developed later. At this point it may be briefly
described as the maximum distance at which the terrain would be
illuminated by a source of radiation at the location of the
higher of the two antennas comprising the transmission system.

Our development of a transmission-loss formula is based
upon the determination of a smooth curved surface (either con=-
cave or convex) which approximates that part of the actual
terrain which is effective in the ground-reflection process,
and the subsequent use of well-known methods of attenuation
calculation applicable to such smooth curved surfaces. For

example, methods have been outlined in a paper by the authorlg/
for ground-wave calculations over a smooth spherical surface.
Expressed in terms of transmission loss, this formula may be
written: :

L, = 36.58 + 20 logjod + 20 logg fine

d )2

21p12
- 10 log; |:g1d goq * D°IR| (E-l-_*Tz Elr E2r

d
+ |R| (=35 /814 B2a B1r Eor 08 (0 + C):I (7

The geometry involved is illustrated on figure 39; the antenna
power gains, g14s B24s E1rs and gpp are also illustrated. In the
above formula the distances are expressed in statute miles.

2 ~ Ln byt hot
0-—:(d1+d2-d)=T£ (8)

lRleiC = plane wave ground-reflection coefficient
-1/2

2 dy dp kt sin ¥
D=[1+ktad_§in;lr 1+ k% '):l (9)

The above divergence factor, D, applies to convex surfaces
for which is positive and becomes a convergence factor for
concave surtaces for which k; is negative. This equation for
D is, to a high degree of approximation, the same as that given
by Riblet and Barkerl3/ for the case where the principal radii
of curvature at the bounce point are taken to be parallel and
normal, respectively, to the great circle plane through the
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transmitting and receiving antenna locations. The radius of
curvature of the surface in this great circle plane is kia
and normal to this plane k!a. At points near the horizon,

(7) will not apply since D approaches zero for convex surfaces
and in this case it is necessary to interpolate between (7),
which is applicable at short distances, and a diffraction
formula applicable at large distances; this methog;ff inter-
polation is fully described in the reference cite

A solution may now be obtained by finding the spherical
surface {either convex or concave) which most nearly approxi-
mates the actual terrain. A simplification in determining
this spherical surface may be made when we note that the only
part of it of importance lies near the great-circle arc of
this sphere which passes from the base of the transmitting
antenna to the base of the receiving antenna. The physical
basis for this latter simplification may be established by
locating the first Fresnel zone on the reflecting surface.

This first Fresnel zone will be found to be a long narrow
ellipse with its major axis lying along the great-circle arc,
and we know that the part of the terrain of greatest importance
in determining the intensity of the ground-reflected wave is
that part lying within this first Fresnel zone. An example

in the visual spectrum of this phenomenon of reflection is
furnished by the reflection of the moon in the surface of a
lake. When the surface of the lake is perfectly smooth, a
perfect image of the moon appears on the surface at the loca-
tion corresponding to the points of reflection of the ground-
reflected rays of geometrical optics. Since the moon is not

a point source, its image in the surface does not occur at

a point but extends over a small area. When the surface of

the lake is rough, however, the image of the moon becomes a

long narrow path of light extending from a point on the sur-
face near the observer to a point far beyond the location of

the smooth surface image. The important thing to notice in
connection with this well-known visual phenomenon is the

fact that the roughness of the reflecting surface does not

widen the smooth surface image appreciably but does lengthen

it by a very large amount. Thus we may expect to obtain a very
good approximation to irregular terrain space-wave transmission
loss calculations by considering only the profile of the terrain
along the great-circle arc between the bases of the transmitting
and receiving antennas. The above discussion assumed that there
is no very prominent terrain feature, such as a mountain-s1de,
off the great-circle arc.

Before considering the method of fitting a circle to the
profile along this particular greatecircle arc, it will be
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desirable to digiv:ss a little and consider the effect of air
refraction on the calculations. Allowance for the effect of
air refraction is ordinarily made by using an earth with effec-
tive radius L/3 of its actual value. In the present calcula-
tions we have made refinements on this procedure by using the
actual gradient of refractive index as observed in Colorado in
February and have used a value of k = 1.231 instead of L/3.
This value of k was determined by Mr. Bradford Bean of the

National Bureau of Standardslk/, and figures 4O and L1 give
similar data for February and for August as determined from
the Weather Bureau Ratner report at points throughout the
United States. It is interesting to note the relatively high
values of k along the coastal areas of the country.

The effective value of kia which includes both the effects
of irregular terrain and_of atmospheric bending may be obtained
by the following formulal2/ which is derived in Appendix II.

P SR S S 5 (10)
kta kpa. ka a

where a is the actual radius of the earth and kpa is the effec-
tive radius aof the actual terrain,

The receiving site for the measurements discussed in this
paper is at a distance of 49.3 miles as shown on figure L2. We
see on this figure that the radiation from the transmitter at a
height of about 8800 feet above sea level will illuminate all
of the terrain from the base of the transmitting antenna out to
a point beyond the base of the receiving antenna. In fact, on
figure 38 we saw that the terrain would be illuminated by the
transmitting antenna out to its horizon at a distance of 56
miles. Thus the condition for the use of our space-wave formula
is satisfied. Note further on figure L2 that, although all of
this terrain is illuminated, only that portion of it which is
within 1line of sight of the receiving antenna will contribute
appreciably to the reflected wave intensity at the receiver.
Consequently we will, somewhat arbitrarily, assume that only
this part of the terrain which is within line of sight of the
receiving antenna plgys a significant role in the reflection
process. The final justification for malkdng this somewhat
arbitrary, although physically plausible,# assumption will be

# The waves reradiated from that part of the terrain beyond the
receiver (low terminal) horizon may be expected to be compara-
tively weak on arrival at the receiving antenna due to their
diffraction on propagation over this bulge of the earth.
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provided by the degree of agreement between the measured and
calculated transmission losses.

This particular part of the terrain is shown in more
detail on figure L3. This also shows how the distance to the
horizon of the receiving antenna was determined. The next
step in our calculations involves the fitting of a circle to
only that part of the terrain from the receiving antenna out
to the receiver horizon. It should e noted that there are
two purposes for determining an equivalent curved surface in
the neighborhood of the bounce point of the ground-reflected
ray path: (1) it is used to determine the precise location
of this bounce point, i.e., the location of that point on the
surface such that the ray path satisfies Snell's law, and
(2) it is used to determine the surface curvatures kia and
k%a at this bounce point. We have already shown that what
happens to the equivalent surface at points far removed from
this bounce point is immaterial and, in fact, in the example
used to illustrate our formula the transmitting antenna
actually lies below the extrapolation of this equivalent
surface back to the transmitter location. It is shown in
Appendix II that fitting a circle is equivalent to fitting a
second-degree polynomial to the terrain, at least for the
range of terrain curvatures likelyto be encountered in
practice. The fitting of this second-degree polynomial may
conveniently be done by the method of least squares.

Returning now to figure 42, we may extend this second-
degree polynomial back to the transmitting antenna. This
dashed curve may now be corrected for the effects of the
curvature of the earth and the effects of air refraction to
give the solid curve which is now taken to be the great circle
on the equivalent spherical surface passing through only that
portion of the terrain assumed to be involved in the reflec-
tion and relative to which our space-wave transmission~loss
calculations are to be made. It will be noted in this par-
ticular case that our transmitting antenna is actually below
this equivalent spherical surface, which indicates an actually
negative transmitting antenna height, hp. This, however, will
not cause any difficulty in our calculations since it is the
positive height, ho!, above the plane tangent at the bounce
point which enters directly into the space=wave calculations.
It is shown in Appendix ITI that the formula for the effective
iadius of curvature, kya, of this circular arc may be determined

V&

1 .1_1
St 1.L995 c (11)
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2

where ¢ is the coefficient of y< in the polynomial expression

fitting the terrain:
h=hg+by+cy? (12)

In the above equation h is expressed in feet above sea level
and y is the geodesic distance along the great-circle arc
from the receiving site expressed in statute miles.

The value of k,a enters directly into the transmission
loss calculations only in connection with the formula (9) for
the divergence (or convergence) factor. In this formula kia
denotes the radius of curvature of the curved surface in the
plane of propagation while k]la denotes the radius of curvature
of the surface in the plane normal to the plane of propagation.lé/
Since D is appreciably different from unity only near grazing
incidence so that sin - 1is quite small, it follows that the
factor in the round brackets of (9) will be of no practical
importance. Thus we conclude that only the curvature of the
reflecting surface in the plane of propagation will appreciably
influence the intensity of the ground-reflected wave and
normally we need not even investigate the surface curvature
normal to the propagation path.

The only factors in our transmission loss formula which
have not yet been discussed are the ground-reflection coefficient
magnitude, |R|, and phase, C. The measurements discussed in this
paper have all been made with horizontal polarization for which
|R| =1 and C = n. This completes the description of our
formula and we may now use it for a comparison with our measured
transmission losses. These are given in the following table.
Unfortunately only three measurements are now available. These
three correspond to transmission from the upper site at Cheyenne
Mountain to the first receiving site which is at a distance of
L49.3 miles. All of the other presently available Cheyenne Mountain
measurements correspond to points beyond the "space wave line of
sightg as defined earlier. For this path k = 1.231 and ky =
-0.3062.

fre  Fn(d) Fo(dd) (FpF)d “BARSIBY. o i(rr) hyo(rt)

100 121.21 117.00 L.21 0.198 1603 12.78
192.8 120.27 118.16 2.11 0.397 1668 11.45

1046 102.31 95.L40 6.91 1.866 1423 Lo.70
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It will be noted that the measured transmission losses
exceed the calculated losses by an amount varying up to nearly
7 db for this particular path. Since our theoretical formila
is for a smooth spherical surface, it may be that the deviation
between the measured and calculated values arises from the
irregularities in the terrain height relative to the spherical
surface.

We see on figure 43 that the actual terrain departs fram
the dashed line used to represent it by as much as Ah = 25
feet at a distance of 4 miles from the receiving location. A
departure of this magnitude, ah, will cause the phase of the
reflected wave from this particular portion of the terrain to
change at the receiving location by an amount L4nAh sin 7,#/)\.
We may expect our formula to be increasingly inaccurate the
larger the value of this factor. This is Rayleigh'!s criterion
of roughness and it appears from our particular results that
(bnah sin yr/L) must be of the order of 1/10 or less if we
are to obtain agreement between measurements and theory to
better than, say, one db. As additional measurements are made
and compared with the theory a still better estimate of the
permissible height deviations will be obtained.

It is of interest to determine the influence of air
refraction on our calculated transmission losses. An idea of
this effect may be obtained by calculating the additional
transmission loss for k = 1 as compared to the value in the
table which corresponds to k = 1.231, At 100 Mc the calculated
value of this additional loss is equal to 0.96 db, at 192.8 Mc
is equal to 1.23 db and at 1047 Mc is equal to 3.06 db.

At large distances our transmission-loss formula may be
written in an approximate form which makes possible a better
appreciation of the influence of the various factors. Thus
assume that g1q = g1p and gog ¥ gor, let d ¥dy + dp, D £ |R|
=1, 0 = hnhy"hy'/Ad, and 6 << /2. Then we obtain for L,:

Le ¥ 20 log1g (d%/h1' hot) = 10 logyg & - 10 logip gp (13)
In the above formula, d, hy! and hy' are to be expressed in
the same units. With d expressed in statute miles and h;' and
h,! expressed in feet, this becomes:

Le = 148.9 + 4O logip d = 20 logyg hy' = 20 logyighp' -

- 10 logyg g - 10 logyp 82 (1L)
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It is of interest to note that the frequency does not appear
in this approximate expression for the "within line of sight"
space wave transmission loss; we have already seen that this type
of formila tends to be applicable when Rayleigh's criterion of
roughness is satisfied and we may therefore conclude that the addi-
tional losses observed at the higher frequencies arise from the
increasingly important effects of the departures of the terrain

from a smooth spherical surface.

It is of interest to attempt a reconciliation of this formula
with the observed transmission loss results discussed by Norton,
Schulkin and Kirby in Reference C to the FCC Ad Hoc Committee

report .w In that report it was found that the observed trans-
mission loss departed substantially from the values calculated
using the FCC 2-to-10O-mile rule for determining the transmitting
antenna height. These departures, when expressed in db, appeared
to be normally distributed about a mean which increased with
increasing frequency and decreased with increasing distance. This
behavior of the mean is exactly what would be expected in view of
the form of Rayleigh's criterion of roughness. The variance of
the normal distribution was not found to behave as would be ex-
pected from the form of this criterion of roughness, however, and
we must look further for an explanation of this characteristic of
the observations. It is believed that a clue to the explanation
of the variance lies in the coefficients hjp, b, and ¢ in our
polynomial fitting the terrain. These three coefficients will
vary as we go from one receiving site to the next and, in fact,

we may suppose each of these three coefficients to be random,
independent, normally distributed, variables. The expected mean
value of hyjp will be the average of the heights above sea level
of the actual terrain for all receiving locations while the ex-
pected mean values of b and ¢ will each be zero. We will now show
that the variance of these three coefficients provides a plausible
explanation of the observed log normal distribution of the trans-
mission loss.

The effective height, ho!, of the transmitting antenna may be
approximately expressed as follows:

2
hy! ¥ hpg = hyg = d {b +cdy + ‘;ﬁ } (15)

where ho. is the height of the transmitting antenna above sea
level. En this formula, all heights are expressed in feet while
the distances are expressed in miles. Equation (15) may be
derived by passing a plane through the points on the spherical
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surface corresponding to y = 0 and y = d; and assuming that
this plane is a good approximation to the reflection plane
tangent to the spherical surface at y = dj. The approxima-
tion involved in this assumption is better the smaller the
value of the ratio (dy/dp). Assuming that hyy, b, and c
are each normally distributed variables, we see that hy!
will also be normally distributed with a mean value,

_— — 2ddp _ 2dd»
h2l=h2s-th-T =hf-Tk_ (16)

This mean value mgy be interpreted as follows:

The difference (h2S - HIS) simply represents the height
of the transmitting antenna above the average level of the ter-
rain in the service area; hyy is not the actual terrain height
at the receiving location but its average value will neverthe~
less closely appromimate the average height of the terrain
above sea level. We will represent this height by hf, the sub-
script f being used since this height is closely allied to the
FCC transmitting antenna height determined from the FCC 2-to-10-
mile rule. The term 2ddy/3k gradually reduces the value of hy!
to zero as the distance increases and represents the systematic
effects of the curvature of the earth and of air refraction.
However, as hp! approaches zero we reach the region for which
our formula is no longer directly applicable and we must resort
to interpolation between these results and those obtained by a
diffraction formula. Using this expression for hs! and writing
h1!' = h)g = hyjp we may now express our formula for transmission
loss as follows:

~ PR h _h—
L. ¥ 148.8 + L0 logyg d - 20 logip |(h1s = h10)(1 - h10 210
N 1s ~ by

- 10 logyp g7 = 10 logyg &2

- 20 logyo [(hf - '?"g%g) 1 - (h10 - hlgid; d(b + cd1) )} (17)

he = =g
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L, = 148.8 + LO logyp d - 20 logyg (hyg - hyg) =10 logig &1

2ddy

- 10 logio g2 - 20 logyp (hf - o )
h1o-h10 + d(b+cd h1o - hio
+ 8.68)|| 2020t Albtedr) , HID - Tlo " (18)
_ by - 2dd, hs - o |

3k

Note that (h1g - Kia) may be considered to be the height of

the lower antenna above the local terrain, i.e., 30 feet in the
case of the FCC studies. The assumption is made in going from
(17) to (18) that each of the terms in the square brackets in
(18) is small with respect to unity and use is then made of the
approximation log, (1-X) ¥ =X. The quantity in the square
brackets above is, in accordance with our assumptions, a random
variable, normally distributed about a mean of zero. Thus it
provides an explanation of the observed fact that transmission
loss is log normally distributed with respect to receiving
antenna location; i.e., that L is a normally distributed variable.
Let opy1s Opy and o, represent the variances of the independent
random variables (hjp - Hig), b, and c, respectively, and we
find for the standard deviation of this variable term, expressed

in db:
J' hs 2ddp, .2 ' 1/2
8.68 2 3k 2 2 2 2
Gha-————éaﬁg Oh1 1+h _h_]+d(ob + dy O'c) (19)
he = == L 1s 10

We see that this variance will increase with increasing distance
from the transmitter. Remsmbering that the component of variance
due to roughness decreases with increasing distance, we see that
the combination of that roughness variance with the above value
may result in an over-all variance which will be more or less
independent of the distance as has been observed in practice.lé/

Conclusion

It is considered desirable that (7) and (19) be used for a
study of the nature of space-wave propagation over irregular
terrain. It is believed that these two equations provide a
method of separating the systematic from the random effects of
terrain irregularities.



APPENDIX I - CHEYENNE MOUNTAIN TRANSMISSION LOSS DATA

_6€—

ERF in db
Distance Transmitter and Months Recorded Py in db Gy in db above 1 watt
in Miles Location above 1 watt (Py + Gy = L)
Frequency Recording Agency Hours Recorded Ly in db Gy in db hy in feet
in Mc and Location h,. in feet
L9.3 mi (CRPL) Jan. 20, 1952- >
Colo. Springs, Colo.
1046 Mc CRPL 2l hrs/day 0.215 2.15 8800" me
Kendrick, Colo. L2.,6T! 36u¢
L9.3 mi (CRPL) . vl
Chey’enne Mt.’ IJ/'I:"I[} 5?-’ %‘ggg 33 oolo lo.ho h3 0106
Colo. Springs. Colo, C o
192.8 Mc CRPL 2l hrs/day 0.304 2.15 8800" st
Kendrick, Colo. 17,50 306
: (CRPL) - Jan. 20, 1952-
Colo. Springs, Colo.
100 Me CRPL 2L hrs/day 0.30L 2.15 8800! st
Kendrick, Colo. 18,751 seae

* height of antenna above 2--10-mile average terrain in the direction of the other antenna.

3 height of antenna above 2-10-mile average surrounding terrain.

sa6¢  height of antenna above ground.

300 height ofantenna above mean sea level,

b transmitting antenna is greater than or equal to this figure. Given in db above an isotropic antenna.



ERP in db

Karval, Colo.

Distance Transmitter and Months Recorded Py in db Gt in db above 1 watt

in Miles Location above 1 watt (Pt + Gy - L)

Frequency Recording Agency Hours Recorded Ly in db G, in db hy in feet

in Mec and Location hr in feet

. (CRPL) Jan. 20, 1952-

L9.L mi Cheyenne Mt., Mar, 7. 1952 33.010 10.60 L3.L25
Colo. Springs, Colo.
CRPL 2, hrs/da 0.18 2.1 T700"

2104 Mo Kendrick, Colo. L hrs/day 2 2 35,501 st

L9 by mi (CRPL) Jan. 20, 1952- 33.010 9.25 42,171
Cheyenne Mt., Mar. 7, 1952
Colo. Springs, Colo. 0

92 Mc CRPL 2l hrs/day 0.089 2.15 7700 s
Kendrick, Colo. 36,751 ¢
(CRPL)

70.2 mi Cheyenne Mt., 3121;’ 2(.;’ iggg 33.010 9.25 L2.171
Colo. Springs, Colo, ° 2

92 Mc CRPL 2l hrs/day 0.089 2.15 7700" sea
Karval, Colo. 36.75" s
(CRPL) i,

70.2 mi Cheyenne Mt., 3[:?' 55’ iggg 33.010 9.98 L2.886
Colo. Springs, Colo. o

100 Mc CRPL 2L hrs/day 0.10L 2.15 8800 sneae

18,751 s6¢

_01'[.-



ERP in db

Distance Transmitter and Months Recorded Py in db Gy in db above 1 watt

in Miles Location above 1 watt (Py + Gy = Ly)

Frequency Recording Agency Hours Recorded Ly in db Gp in db hy in feet

in Mc and Location h,. in feet

(CRPL) Jan. 20, 1952-

70,2 mi Cheyenne Mt., Mar. 31, 1952 33.010 10.40 43.106
Colo. Springs, Colo, (834 hrs)

192.8 Mc CRPL 2L hrs/day 0.30L 2.15 88001 %
Karval, Colo. 17.50" 3¢

70.2 mi (CRPL) Jan. 20, 1952-
Cheyenne Mt., Feb. 29, 1952 36.021 26.00 61.806
Colo. Springs, Colo (207 hrs)

1046 Mc CRPL 2L, hrs/day 0.215 2.15 88001 06k
Karval, Colo. : L2.67F 306t
(CRPL) _

96.6 mi Cheyenne Mt., aan. 20, 1522 33.010 9.98 42,886
Colo. Springs, Colo, ?

100 Mc CRPL 2l hrs/day 0.104 2.15 8800¢ st3ex
Haswell, Colo. 18,75" e

. (CrRPL) .

96.6 mi Cheyenne Mt., Jan. 329 iggg' 33.010 10.40 13.106
Colo. Springs, Colo/ —

192.8 Mc CRPL 2L, hrs/day 0.30L 2.15 88001 et

Haswell, Colo,

1705'08 3¢




ERP in db
Distance Transmitter and Months Recorded Py in db Gy in db above 1 watt
in Miles Location above 1 watt (Py + Gy - L)
Frequency Recording Agency Hours Recorded Ly in db G, in db ht in feet
in Mc and Location h, in feet
(CRPL) _
96.6 mi Cheyenne Mt., Jan. Sg’ iggg 33.021 26.00 61.806
Colo. Springs, Colo. * '
1046 Mc CRPL 2L hrs/day 0.215 2.15 8800 30t3¢
Haswell, Colo. L2.67¢ 386
=#_
(CRPL)
96.8 mi Cheyenne Mt., 3{:?‘ 2.?’ }.ggg- 33.010 10.60 L3.425
Colo. Springs, Colo. .
210.4 Mc CRPL 2l hrs/day 0.185 2.15 T700* 3686%
Haswell, Colo. 35.501 s8e¢
6.8 mi (CRPL) _
? . e Cheyenne Mto, ;;an. 23, %:ggg ) 33 .010 9025 h2.171
Colo. Springs, Colo. ar. b
92 Mc CRPL 2l hrs/day 0.089 2.15 T700" 3366
Haswell, Colo. 36.75" 306
226.6 mi (CRPL) Feb. 23, 1952-
Cheyenne Mt., Feb. 25, 1952 36.021 26.00 61.806
Colo. Springs. Cola.
1046 Mc CRPL 2L hrs/day 0.215 2,15 8800 60t
Garden City, Kansas L2.67" a0

_ar(.—.



ERP in db

Distance Transmitter and Months Receorded Py in db Gt in db above 1 watt
in Miles Location above 1 watt (Py + Gy - Ly)
FréQuency Reéording Agency l Hours Recorded Ly in db Gy in db ht in feet
in Mc and Location | hy, in feet
(CRPL) - .
226.6 mi Cheyenne Mt., | dan, 20, 1952- 33.01 9.98 41.886
Colo. Springs, Colo. Mar. 31, 1952
|7 vEVEvE
100 Mc CRPL 2l hrs/day 0.104 2.15 ggogs, s
o Garden City, Kansas )
- (CRPL) =
226.6m | Cheyemne M., e, 33.00 10.40 43.106
Colo. Springs, Colo, * o
192.8 Mc CRPL 2L hrs/day 0.30L 2.15 8800! saetx
Garden City, Kansas 17.50"
(CRPL) =
226.6 mi Cheyenne Mt., &:ﬁ' 28’ iggg 33.010 9.250 L2.171
Colo. Springs, Colo. 0
92 Mc CRPL 2l hrs/day 0.089 2.15 77001 suee
Garden City, Kansas 36,751 soe
(CRPL) Feb. 5, 1952~
393.5 mi Cheyenne Mt., Mar . 7’ 1952 33.101 9.25 42.171
Colo. Springs, Colo. ° 2
92 Mc CRPL Intermittent 0.089 12.15 7700t s806¢
Anthony, Kansas periods

391 sae¢




ERP in db
Distance Transmitter and Months Recorded Pt in db Gy in db above 1 watt
in Miles Location above 1 watt (Py + Gt - Ly)
Frequency Recording Agency Hours Recorded I‘“t in db G, in db hy in feet
in Mc and Location hy in feet
393.5 mi Feb. 5, 1952-
Chey’enne Mt., Mar. 11, 1952 33-010 9098 h2.886
Colo. Springs, Colo. ?
100 Mc CRPL Intermittent
. 12.1 L2
Anthony, Kansas periods 0.10k 3 8838, sy
st TS N T R R e
SEERER B Cheyenne Mt., ﬁeb" 15’ 1923' 33.010 9.98 42.886
Colo. Springs, Colo. are 1l 19
100 Mc CRPL Intermittent 0.10L 15.55 8800" e
Anthony, Kansas periods 39t b0¢
393.5 mi (CRPL) Feb. 5, 1952-
* .0l 10.40 .
Cheyenne Mt., Feb, 18, 1952 33.010 L 43.106
Colo. Springs, Colo.
192.8 Mc CRPL Intermittent 8B0O" e
Anthony, Kansas periods 0.30L 13.25 391 e
393.5 mi égg i‘r)me "t Feb. 5, 1952- 36.021 26.00 61.806
Gold. Springd, Colo. | Feb. 20, 1952 :
1046 Mc CRPL Intermittent 26 b s
Anthony, Kansas periods o 15 8828, o




ERP indb

Distance Transmitter and Months Recorded Py in db G, in db above 1 watt

in Miles Location above 1 watt (Py + Gt = L)

Frequency Redording Agency Hours Recorded Ly in db Gr in db ' ht in feet

in Mc and Location ) h, in feet

- (CRPL) Feb. 21, 1952-

616.3 mi Cheyenne Mt., Feb. 2)_: 1952 33 .010 9.98 )42.886
Colo. Springs, Colo. ?

100 Mc CRPL Intermittent 0.104 SER55 8800! 3t
Fayetteville, Ark. periods 381 st

an =
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APPENDIX II

SPHERICAL SURFACE GEOMETRY INCLUDING AN ALLOWANCE FOR
ATMOSPHERIC REFRACTION

The following relations may be determined from figure LhL:

=8 20
cos © T ( )
d
6 = (21)
h = a(sec 8 - 1) = QE(1 + EQEZ + eee) (22)
2a 12a

Use of the first term only in (22) above introduces an error in
estimation of h of less than 0.l percent for d < (a/ZO), i.e. for
a = 4000 miles, d < 200 miles.

Similarly we may obtain:

2
d
By = 2kpa (23)
42
ht = Pk (2L)

In the above a denotes the actual radius of the earth which we
take to be equal to its average value 3958.7L4 miles. Note that,
at the limit of applicability of the first term in (22), 8 <
2.8° and this should be kept in mind in interpreting figure Ll
on which  is, for convenience, shown to be L5°., For & 2.8°
all of the circled points on figure L4 will lie very nearly on
& vertical line. In the above equations, the heights and dis-
tances are to be expressed in the same units. In (12), however,
h is expressed in feet and y in miles. Consequently, when used
in the above equations, the curvature of the terrain relative to
a plane tangent at the bounce point of the ground-reflected wave
is equal to:

L 21 2¢ o1 (7. 1,,995¢) (25) .
a a

Note that the radius of curvature, k,a, at the bounce point is
independent of the slope of the plane tangent to the terrain at



e

the bounce point and is thus independent of b. This independence
of k, and b may be seen by reference to figure Ll (drawn for the
case b = 0) if we let b vary by rotating the curve labelled sea
level in the plane of the diagram about the bounce point at d =
O: this rotation clearly does not change the radii of curvature
of either the actual terrain or the effective terrain.

It has long been recognized;Z/ that the effects of air
refraction may, to a first approximation, be allowed for in
transmission loss calculations at points within the line of
sight by assuming that the refractive index of the atmosphere
has a constant gradient (dn/dh) with height above sea level.
Since (dn/dh) is assumed to be a constant, independent of h,
the reference height may as well be that of the actual earth
rather than sea level. The ray curvature resulting from such a

constant gradient is simply (l— %%) and the effective curvature

of a fictitious earth, relative to which the rays appear to be
straight lines, is thus:

dn (26)

=.:!:+
a dh

gl
&I

The values of k shown on figures LO and L1 are based on (26) with

a equal to the average radius of the earth but with (dn/dh) measured
from the actual surface of the earth. Finally, we may obtain a
fictitious curvature which allows for both the effects of air
refraction and of terrain curvature relatiwve to tha% of the earth
simply by adding the curvature (“_.%%) to the net curvature of the

actual terrain as given by (25):

1 _1 dn .1 (1.
2= = L (1 - 1.l995e) + u; F== (k 1.L995¢) (27)

An alternative derivation of (27), which may appeal to
some, follows from the geometry of figure Ll, remembering that
in all of our applications, 8 will be very small, If we define
h,. to be the changa, due to air refraction, in the effective
height of the horizon, then:

2
1 d
hy = [1 - El 5 (28)

~

On the diagram we see that hy = - h,., the degree of
approximation arising from the higher brder terms of (22).
Thus, by substituting (23), (24) and (28) into this relation,
we obtains



or
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O N T
—— b —
2kpa 2a

1 ,1_7-1_
k— + E 1 k 1.’49950

(29)

(30)
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BLOCK DIAGRAM OF 88 TO 108, I76 TO 1056 MC TRANSMITTERS

3 KW 88-108 MC TRANSMITTER

MULTIPLIER PUSH I
J{ sTrip | 1oomc | PLL
b e T A
,ﬁ, 70am0m mn.:= l 100M:

J 6.33333Mc

3 KW 176-216 MC TRANSMITTER

. MATIPLER PUSH FUS
] STRIP | 9648 |aximoa | 928Me | AL e _
o L 7 DGUBLERS DELR. 4%5004 1T
- REG 1 TRPLER ORIVER
Ima::auc

B
i

Figure 9






ARRANGEMENT OF ELEMENTS
IN 1046Mc KLYSTRON TUBE

Bucket or Catcher
O Volis

Lt Power Output
' To Wave Guide

Tuned

/ Cavities

From 25 Watt
% Drwver Unit
1046.4748Mc

= 11000 V.

Focusing Coils
\

—— -13200V.

Cathode

Filament [

TYPICAL OPERATING CONOITIONS 1046.4748 Mc
Beom Volfoge 11000 Volts
Beom Current 1.55 Amps.
Boltom 1.34 Amps.
Focusing Coils | Center .88 Amps.
Top 29 Amps.

Bomboarder Voltoge 2200 Volts <>

Continuous Power Oulpul 4 KW

Figure I



GIRCUIT DIAGRAM OF 1046 MC KLYSTRON AMPLIFIER HIGH VOLTAGE RECTIFIER -I
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CIRCUIT DIAGRAM OF 1046 MC KLYSTRON AMPLIFIER VOLTAGE STABALIZATION EQUIPMENT
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BLOCK DIAGRAM OF 1046.475 Mc RECORDING RECEIVER

| FREQ. DEVIATION

CIRCUITS AND
MIXER FOR
EXTERNAL BFO.

EA
RECORDER

TIME
TOTALIZER

FIRST SEC
CRYSTAL L.E AMPLIFIER
PRESELECTOR MIXER 1.F. AMPLIFIER I.F. ATTENUATOR ks
9.675 Mc/Sec. MIXER 8 DETECTOR|
8 Mc/Sec.
1036.8 Mc/Sec.&
SECOND FREQUENCY s6me/sec FIRST FREQUENCY
MULTIPLIER MULTIPLIER
9.6 TO 10368 Mc/Sec. 10O kc TO 9.6Mc/Sec.
50-60 cPS SORENSEN ELECTRONICALLY 100Kc/Sec.
e fmeed  REGULATOR REGULATED  |==—p=B8+ FREQUENCY
MODEL 250 S POWER SUPPLY STANDARD
STANCOR
MODEL 752 LERJLLS
S - REGULATED
T FILAMENT VOLTAGE

Figure |8




BLOCK DIAGRAM OF VHF RECEIVERS

ECTOR |
RF RE LF. AMP LF LF AMP|
ame [ amp [TMXER " 20 mMe MIXER= 5 pe [T ER 1200 ke
\sTLO. 2ND.LO. 3ROLO. AMP. awio| [asoo]  avoo
CHAIN CHAIN CHAIN 200 ke AMP ame [ TiouTPuT]
t
| .
100 ke |
AMP RETECTOR
ROTATIONAL 100 ke TOTAL 'RECOR-]
PERIOD OF STRTMEL | FREQ IZER f— o [ DER
THE EARTH SIGWWV ] ; P
TOTALIZER ~™\ RECORDER
OUTPUT OUTPUT
LOCAL OSCILLATOR FREQUENCIES (Mc)
SIG_FREQ LOCAL OSC.| INPUT | .
92 i 01,03,09,18,9,18, 72
- 36,72 ;
100 I'ST 01 01,05.25,5,58306q 120
120
192.8 1ST™ T 01 04,03,08,27,54/08, 1728
o 216,432 864,172.8
2104 | §T 01 01,03,09,18,3672, 2304
| ’ . ”‘M&'aéﬂ,__
92,00, © 2ND_ | 18 __18,9,I8 '
19282104 3RD 04 01,0309,18 i u.a @

Figure 16
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BLOCK DIAGRAM OF TYPICAL RECORDING SITE

SIG. GEN. SIG GEN SIG GEN SIG. GEN. SIG. GEN.
STAMDARD-| STANDARD-| STANDARD-| STANDARD-{ STANDARD-|___
1ZED IZED 1ZED 1ZED IZED
oUTRUT OUTPUT ouTPUT OUTPUT OUTPUT
92 Mc 100 Mc 192.8Mc 210.4 Mc 10464748 Mc
NARROW NARROW BAND NARROW BAND NARROW BAND NARROW BAND
RECEIVER RECEIVER —I RECEIVER -I RECEVER "| RECEIVER
100 ke 100 ke 100 he 100k

TOTALIZNG TOTALIZNG TOTALIZNG TOTALZNG TOTAUZYG
S e
LEVEL LEVEL LEVEL LEVEL LEVEL
OVER TIME OVER TIME OVER TIME OVER TIME OVER TME
VR TWE VR
TO ALL RECEVER 3 mv ss'&ns -
LocaL oscuLarors 4 Ze'ey o "
PEROCOOF
T™E CARTH

Figure 18



CURVES SHOWING MEASURED STABILITY
OF RECEIVER-TOTALIZER SYSTEM FOR TYPICAL WEEK
Dynamic Range of Receiver in 20 db Posifion

¥ 8 8 83888

MICROVOLTS TO RECEIVER

a0 wNovd

&

Nowember Decimber @
1951

Figure 19






SAMPLE FAST SPEED RECORDINGS OF 92 MC AND 1046 MC
TRANSMISSIONS FROM CHEYENNE MOUNTAIN

Distance 393.5 Miles
‘[RHOMBIC WITH 5.31 WAVELENGTH LEGS]

0
ﬂ " (92 Mc] 2
g 165 L5
z 1
g 70 07
0.5
§ 178
L2 I 0.3
S 180 1= 0.2
g \o}s
B 2sem 2:53 PM. 2:54 PM, 2:55 PM. 2:56 PM. 2:57 PM. 2:58 PM 2:59 PM.
February 20, 1952
g .
¥ ' 3
2 6 1046 MC| J §
— Q
¥ Ay i 5
AL . 2 e
% 9:34 P M. 9:35P M. 9:36 PM. g

February 12, 1952

Figure 2|
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TRANSMISSION LOSS IN DECIBELS

1o

120
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210

TRANSMISSION LOSS

CHEYENNE MOUNTAIN TRANSMISSIONS

92 Mc
100 Mc
192.8 Mc

210.4 Mc
1046 Mc

> ® B x 0
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&l (5" Rhombic

- i
ol
115" Rhombic

x 1 O u}-/ L_I

Xy

[120'Rhombic)”|
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MILES FROM CHEYENNE MOUNTAIN

Figure 22



TRANSMISSION ATTENUATION RELATIVE TO FREE SPACE

( ASSUMING ANTENNA GAINS ARE REALIZED)

S

8

TRANSMISSION ATTENUATION
RELATIVE TO FREE SPACE
CHEYENNE MOUNTAIN TRANSMISSIONS

] |
o— —— 92 Mc
X———/00 Mc

........... 192.8 Mc
. ——-2/0.4 Mc
a— - — /046 Mc

!

—4\\

w
o

50

70 100 200 300 500
MILES FROM CHEYENNE MOUNTAIN

Figure 23
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CALCULATED TRANSMISSION ATTENUATION RELATIVE TO FREE SPACE
(ASSUMING ANTENNA GAINS ARE REALIZED)

" TRANSMISSION ATTENUATION
RELATIVE TO FREE SPACE
CHEYENNE MOUNTAIN TRANSMISSIONS

(o] & A L A |
o 92Mc
\ x /OOMc
10 192.8 Mc |
e 204k
A /046 M

FCC AD HOG
\ " |98 #c; 1, 30"
\ h’ UZOW'

. N

B
Fine & MHiggins

i N i

NI |

o) 100 200 300 400 S00 600 700
MILES FROM CHEYENNE MOUWTAIN ®

Figure 24



TRANSMISSION ATTENUATION RELATIVE TO FREE SPACE
Assuming Antenna Gains ore Realized

TRANSMISSION ATTENUATION
RELATIVE TO FREE SPACE
CHEYENNE MOUNTAIN TRANSMISSIONS

or—* a I I s 2
o === 9zm;,#y-867
R — (OO, hy* 3033’
‘0 aT 192.6Mc; Py <3033’
A —-— 1047 Mc;y-3033'
]
20| g
X
o
4
30 |- °=*
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T0
80
S
90
\\ \"\ \
N \ N
100 \\ ,
1o - = 4 Ao - \\‘
\\
\\
120 - \;\
N
130 =
0 100 200 300 400 500 600
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GEOMETRY OF TERRAIN INVOLVED IN PARTIAL
TROPOSPHERIC REFLECTION THEORY

35,524'(dn/dz) = 11.9x10°°

/16,561" (dn/dz) =19.5x10"°

15,826 (dn/dz)=20.0x10™®

SEA LEVEL

15000" —

Terrain plotted with respect fo earths radius

10000' 7, ;
hos® 8805 [ [/ k =1.23/ times actuol radius o allow for \
v avérage air réfraction éxpected in Colorado \
s000' {120 in February
 hy=1374
5 | | | L | L j
o 50 100 150 200 250 300 350 400
CHEYENNE MOUNTAIN ANTHONY, KANSAS
DISTANCE IN MILES

Figure 26



ILLUSTRATION OF RAY THEORY
IN RADIO PROPAGATION
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DISTRIBUTIONS OF INSTANTANEOUS SIGNAL LEVELS
RECEIVED ON 100 MC AT 393.5 AND 616.3 MILES

TRANSMISSION LOSS IN DECIBELS

|60 | — I [ . E—
o Anthony, Kansas 2:26-2:4/ PM.
February 14, 1952
k X Fagyetteville, Arkansas 3:/0 -4:00PM.
February 24, 1952
\L
170 L~ <
N\ P
N\,
N\
AN
o,
N
180 ]
I~
R
N\
\O
N
190 <
\ 1 \o
S AYLEIGH | L
N |[orsTRIBUTION N
NU 5
N N
\'(/:: N
N N
N N
N N
AN

™

210 : .
00105 510 3050 7080 90 95 98 99 99.9
PERCENTAGE OF TIME

THE VALUES ARE LESS THAN THE ORDINATE

Figure 28



TRANSMISSION LOSS IN DECBELS

DISTRIBUTIONS OF HOURLY MEDIAN SIGNAL LEVELS
RECEIVED BETWEEN JANUARY 20 AND APRIL I, 1952

100 Mc Transmitting Antenna H,=5805 +3000 Feet; G, =998 db
1046 Mc Transmitting Antenna H, =5805 + 2955 Feet; G, = 26 db

95
100 S
‘\"‘u... h.--‘._"'*'—\.—.-
105 e S B e O Y 216 Hours; 49.3 Miles
TT+4d Hp =5260+ 48.666; Gy =215 db
no e
V.\ L__
. i —<\. __ [PP7Hours; 702 Miles
— ‘\\ | Hp <5060+ 42.666; Go=2.15db
120 |
\ Tf:: —1 455 Hours; €9.3 Miles
- \ ~L ||| #p = 5260+1875; Gy s2.150
\\h T~ Hours; 70.2 Miles '
130 \\ Hy 25060+18.75; Gy =£.15 db|
-~ h
135 M
LY
\‘\
.
140 <] -
N h
145 . = M
'--....___J
- \ﬂ—-_..__“ 360 Hours; 96.6 Miles
So Vo =43/5+18.75; Gg=£:/5dD
155 ™ - Hours ; 96.6 Miles
Ho= 4315+ 42665; Gy »2.15db
160
165
170
175
180
185
190 Ty
\h..\ 1< _|_ [¥&Fours; 226.5 Mites
195 ™ He=2855+42.7; Gpe2./5db
200 ] 1
' ™~
205 {——— 100 mMc I ] -
70 Hours; 2265 Miles
———— 1046 Mc - N i
210 T l t { | He 2855 +18.75; Go=2.15db
o0l 01 ! 5 10 20 304050607080 90 95 99 999 9999

PERCENTAGE OF TIME
THE VALUES ARE LESS THAN THE ORDINATE

Figure 29




DISTRIBUTIONS OF HOURLY MEDIAN SIGNAL LEVELS
RECEIVED BETWEEN JANUARY 20 AND APRIL |, 1952
- 92Mc Transmitting Antenna H, 5805 + 1680 Feet; G, =925 db
192.8Mc Transmitting Antenna H, =5805 +3050 Feet; G, =10.40db
2104Mc Transmitting Antenna H, 5805 + 1700 Feet; G, =10.60db

100

"

130

140

L]

TRANSHISSION LOSS IN DECEELS

472 Hours; 96.6 W:]
it : S 1 s a5 + 355, Gye2u

173 ﬂ\.;_b___. —_— _WM-T
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1
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00l (o]} | S 10 20 3040506070 80 90 85 99 999 9999

PERCENTAGE OF TIME
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Figure 30




TRANSMISSION LOSS IN DECIBELS

DIURNAL VARIATION OF SIGNAL LEVEL MEDIANS
BY 3 HOUR PERIODS
RECEIVED BETWEEN JANUARY 20, AND APRIL |, 1952
IO0 Mc Transmitting Antenna Height 5805 + 3000 Feet Gain 9.98 Decibels
I046 Mc Transmitting Antenna Height 5805 + 2955 Feet Gain 26 Decibels

|00 A A 1 [ 1
a A a B |[Kendrick - 1046 Mc; 216 Hrs|
=]
a A 5 A Al karval— 1046 Mc.207 Hrs|
110 I
I i ] re ok — o
120 BT 18 8 ) 5 8 ol endrick — 100 Mc; 955Hrs
O} o [Karvar — 100 Mc; 880 Hrs |
| i
130
a a A A ||Haswell — 1046 Mc; 360 Hrs|
n J
140
(o] o o 8| “ oO| |Haswell — 100 Mc; 1005 Hrs |
o A )
(9] O
IS0
160
170
180 5 .
o
5 O Q Q 0 O Anthony — 100 Mc; 78 Hrs |
. I
190 |+& & A 5 & A s+-{Gardan City -1046 Mc; 46 Hrs
o o o
! 8]
o o . ;
200 o OHGarden City — 100 Mc; 70 Hrs | -
210 = - =
2 2 4 6 8 10 12 2 4 6 8 10 12
Mdnt Noon "Mdnt

MOUNTAIN STANDARD TIME

Figure 3i



DIURNAL VARIATION OF HOURLY MEDIAN )
FIELDS RECEIVED ON |00 MC AT ANTHONY, KANSAS
Distance 393.5 Miles

|7o A 1 R I Y W A 1 Fi L L I[ L L i
Transmitting Antenno Helght 5805 + 3000 Fee?
]Gdn 8.98 Decirbels: Receiving Anieénna Height
/1345 + 39 Feet Gain 12.15 Dec/bsls
180 = g
-Al -I' « ] | ! v|lo|[®|o|s]lo o'|o~°!o
190 o L l | | L i 1
February 10, 1952
170 ————— — :
I I l foafint
«w 180 |11t |
~J | ] il oro ejo|o l
g ovﬂdo_-'a"‘n_a" | ooﬂllg nl:goﬂ (-]
Q February |11, 1952
g |70 l r T T T '! ]’ 1 1 . | |
g i80 =
olol lololodols i ol" . ° o oo ol®|, o
3 I LT
v 190 - : .
1] February 12,1952
= 170
%) 1
E " | [Rhombic #7 Rhombic # 2]
IBO CRE:] o o ° s
< o|© o o|o %]e Oflo|o °
o o 8 T ) O d 1 |
190 : b 13, 1952
* February
|7o i N S O ] o e T N i P M .1 | |
| Recelving Antenna Galn 15.55 Decibels)
l
ie0 2280, o
- - i sy +-l - ‘_..
190 | | |

2 2 4 6 8 1012 2 4 6 8 10 12
Mdnt Noon Mdnt
February 14, 1952

MOUNTAIN STANDARD TIME
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TRANSMISSION LOSS IN DECIBELS

SAMPLE RECORDINGS OF 100 MC TRANSMISSIONS
FROM CHEYENNE MOUNTAIN

Distance 616.3 Miles

TRANSMISSION LOSS N DECIELS

[
; o7 Iy
B
1‘ \ . t‘ L I : ‘;I 03 ;
i AR i) \ \ i
N A N\ \ AR o g
W \ \ 3 \ A % E
4:30AM 8:30AM 6:30AM T:30AM 8:30AM. 9:30AM.
February 24, 1952
. - ’ . = s
R A
. [ £ op H . i . ’ 1 e
I ' I | q :
- “ : ' ' s 9
10:94 AM. . 10:58 AM. 10:56 AM ‘l0:57 AM 10:S8 AM _ 10:59 AM 11:00 AM E
Februory 28, 1952
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AVERAGE REFRACTIVE INDEX GRADIENT
OVER CHEYENNE MOUNTAIN PATH

100x 10”9
®  February
0 X August
S0
30

-9

An PER METER
2
5

1x10™9

(o) 10 20 30 40 S0 60 70 680 90
HEIGHT IN THOUSANDS OF FEET ABOVE SEA LEVEL
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AN PER METER

1x10~°

- AVERAGE REFRACTIVE INDEX GRADIENT

@ Median climate (Washington-Oclober)
e  Warm humid climale (San Juan = July)
X Gold dry climole (Fairbanks - February)

(o) 10 20 30 40 S0 60 70 80 90

HEIGHT IN THOUSANDS OF FEET ABOVE SEA LEVEL
Figure 35



TRANSMISSION LOSS IN DECIBELS

TRANSMISSION LOSS IN DECIBELS

SIMULTANEOUS RECORDINGS OF 92 MC TRANSMISSIONS
FROM CHEYENNE MOUNTAIN

Received On Rhombic Antennas Displaced Horizontally 50O Feet Normal To The Path
Distance 393.5 Miles

160 /"~ ' RHOMBIC WITH 10.75 WAVELENGTH LEGS -
165 - -415
170 l'
175
03
'?25 02
i\ .\ _ i ] ~%0s
2:52P M 2:53P M. 2:54PM. 2:55PM. 2:56 P M. 2:57PM. 2:58PM. 2:59 PM.
February 20, 1952
0/ 7 RHOMBIC WITH 5.3 WAVELENGTH LEGS _ - L2
l65 ) y l.5
70« :
0.5
175 -
03
180 0.2
185 INe)
190 N e BT : S \, 005
2:52PM. 2:53PM. 2:54PM 2:55P M. 2:56PM. 2:57PM. 2:58PM. 2:59 PM.

February 20, 1952

Figure 36
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TRANSMISSION LOSS IN DECIBELS

TRANSMISSION LOSS IN DECIBELS

SIMULTANEOUS RECORDINGS 92 MC AND I00 MC TRANSMISSIONS
FROM CHEYENNE MOUNTAIN

Distance 393.5 Miles

[RHOMBIC WITH 5.31 WAVELEN,.. §
IGO/F 2 )
! e
1m0 07 §
s 05 S
180 o &
@
o s §
7-53AM. 7:54AM. 7:55A.M. 7:56 AM. 7:5TAM. 7:58AM. 759AM =
February 25, 1952
{(RHOMBIC WITH 10.75 WAVELENGTH LEGS| E
4 > o]
: B
’ [
06 [
05 §
G 3
s
| % §
7:53A.M. 7:54A.M. 7:55A.M. 7:56AM. 7.57AM. 7:58AM. 7:59AM. X

February 25, 1952
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ELEVATION ABOVE SEA LEVEL IN FEET

GEOMETRY ILLUSTRATING THE REGIONS
WITHIN AND BEYOND THE "SPACE WAVE LINE OF SIGHT"

:

(2) High Antenna
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] i

 (octual height of terrain

above sea level)
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B 8 & 8 8 § ‘¢
%
o
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2ka| Y
h |
dyy —
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0
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OISTANCE IN MILES <>

Figure 38




GEOMETRY FOR SPACE WAVE CALCULATIONS WITH A
CONCAVE OR A CONVEX SPHERICAL SURFAGE OF
EFFECTIVE RADIUS k,a

Higher
Antenna

(20

Figure 39 i



EFFECTIVE EARTH'S RADIUS, ka,
ALLOWANCE FOR AIR REFRACTION

An isthe index of refraction change calculated
from the 1945 Weather Bureau Ratner Report
data corresponding fo Ah from the surface fo
a height of one kilometer above the surface

[ "

rd}

Figure 40 .



EFFECTIVE EARTH'S RADIUS, ka,
ALLOWANCE FOR AIR REFRACTION

Tt

k=1/[1+2 48]

5

Y Tk=160

\.

-/":m

" -

An is the index of refraction change calculated
from the 1945 Weather Bureau Ratner Report H
data corresponding to Ah from the surface to
a height of one kilometer above the surface

ol

™

Figure 4l




ELEVATION ABOVE SEA LEVEL W FEET

GEOMETRY FOR SPACE WAVE CALCULATIONS
FOR RECEIVING POINTS WITHIN LINE OF SIGHT
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HEIGHT IN FEET ABOVE SEA LEVEL

TERRAIN ANALYSIS FOR RECEIVING
TERMINAL AT KENDRICK, COLORADO

t 2ka

5600 1 _ _tf_ (February in Colorado); b{
N

5850

|Actual TeM-?/ 5‘

DISTANCE FROM RECEIVING SITE

10

Figure &3
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,Eftfective Terrain Curvature

o/t

hy

Figure 44



THE NATIONAL BUREAU OF STANDARDS

Functions and Activities

The functions of the National Bureau of Standards are set forth in the Act
of Congress, March 3, 1901, as amended by Congress in Public Law 619, 1950.
These include the development and maintenance of the national standards of
measurement and the provision of means and methods for making measurements
consistent with these standards; the determination of physical constants and
properties of materials; the development of methods and instruments for testing
materials, devices, and structures; advisory services to Government Agencies on
scientific and technical problems; invention and development of devices to serve
special needs of the Government; and the development of standard practices,
codes, and specifications. The work includes basic and applied research, de-
velopment, engineering, instrumentation, testing, evaluation, calibration services
and various consultation and information- services. A major portion of the
Bureau’s work is performed for other Government Agencies, particularly the
Department of Defense and the Atomic Energy Commission. The scope of ac-
tivities is suggested by the listing of divisions and sections on the inside of the
front cover.

Reports and Publications

The results of the Bureau’s work take the form of either actual equipment and
devices or published papers and reports. Reports are issued to the sponsoring
agency of a particular project or program. Published papers appear either in the
Bureau’s own series of publications or in the journals of professional and scientific
societies. The Bureau itself publishes three monthly periodicals, available from
the Government Printing Office: The Journal of Research, which presents com-
plete papers reporting technical investigations; the Technical News Bulletin, which
presents summary and preliminary reports on work in progress; and Basic Radio
Propagation Predictions, which provides data for determining the best frequencies
to use for radio communications throughout the world. There are also five series
of nonperiodical publications: The Applied Mathematics Series, Circulars, Hand-
books, Building Materials and Structures Reports, and Miscellaneous Publications.

Information on the Bureau’s publications can be found in NBS Circular 460,
Publications of the National Bureau of Standards ($1.00). Information on cali-
bration services and fees can be found in NBS Circular 483, Testing by the National
Bureau of Standards (25 cents). Both are available from the Government Print-
ing Office. Inquiries regarding the Bureau’s reports and publications should be
addressed to the Office of Scientific Publications, National Bureau of Standards,
Washington 25, D. C.
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