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1CROWAVE radio comimunication over line-of-sight waths is now accepted as being

quite conventional. Its extensien substantially beyond the optical horizon, once
thoupht to be impracticable; 1s now receiving much attention.” A -great deal of labora-
tory work has been done on the development of micrewave apparatus, and experimen-
tation with 1t'in the field has disclosed that nature provides means fer scattering micro-
waves to places: far beyond the direct optical horizon of the transmitter.

The troposphere and ionosphere are layers of the gaseous blanket that envelopes
the earth, These particularly identified ‘regions are about 10 and 188 miles above the
surface of the earth, respectively. Unlike an_ optical misror, -they are not sharply-de-
fined surfaces that remain fixed in space but are broad regions frem which electromag-
netic waves are scattered in an irregular pattern that varies from mement to-moment,

lonospheric scatter occurs over distances of the order of a thousand miles at fre-
quencies between 25 and 60 megacycles per second. At this time, it seems to be limited
to bandwidths suitable for telegraphy and telephony.

Tropospheric scatter, occurring relatively close to the earth, produces useful signals
over distances of a few hundred miles. It is applicable to a wide range of frequencies

-
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and, therefore, offérs a”large number of ‘channels: that may be used for such wide-
band ¢commuinication services as multichannel telephony and television.

In general, a single transmission over one of these beyond-the-horizon -microwave
paths is too greatly affected by short-term fading to be of adequate commercial value.
By operating two or more such transmissiens in parallel and by selecting the strongest
signal at each moment at the receiving end, commercial reliability can be attained.

The effective radiated power must, however;, be very great so that not only are
the transmitters of maximum ratings but extremely high-gain antennas must be used
to concentrate- the radiated waves into thin pencil-like beams that are aumned toward
the receiving antennas, which are out of sight around the bulge of the earth.

The cost of such a system is high, but the prize is another new and useful com-
munication channel wrested from nature’s stockpile of mysteries.

The International System has:a leng history of successful research, development, and
application of microwaves to communication systems. Thisissue-of Electrical Commuiii-
cation is-devoted entirely to its work on beyond-the-borizon micrewave wropagation,
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Microwave Communication Beyond the Horizon

By ANDRE

G. CLAVIER

Federal Telecommunication Laboratories, a division of International Telephone
and Telegraph Corporation; Nutley, New Jersey

ERHAPS the most important advance in

microwave communication in recent years

was the discovery that the attenuation
of signal strength beyond the horizon was not
so large as was generally predicted from theoret-
ical considerations and from the limited evidence
previously available on ‘“‘near-line-of-sight” ex-
perimentation.

1. Line of Sight

When early in 1931 the application of micro-
waves to radio communication was experimen-
tally demonstrated! across the English Channel
from Escalles in France to

the extent to which microwave relay links have
blossomed all over the world based on sub-
stantially the same ideas developed for the
Calais—Dover experiments. In its annual report
for 1955, the Federal Communications Commis-
sion mentions, for instance, that at the end of
1954, some 6 million miles of telephone circuits in
the United States was by microwaves, these
facilities also serving for the relaying of radio and
television programs. There is no doubt that these
systems have markedly increased in 1955 and
will continue to expand in the future. These
line-of-sight installations will remain the major

Saint Margaret’s Bay in Eng- 40
land, it was thought that the

best condition would obtain
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when an unhampered line of =~

sight was available between the
transmitting and receiving an-
tennas. [t was even expected
that the losses in the transmis-
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sion path across the troposphere
would remain quite stable and
that this radio-communication
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system would in effect justify
its early name of ‘‘Hertzian
Cable,” which is still sometimes
used to suggest its similarities
with propagation through
physical waveguides and the
attendant stability of losses. Though this hope
was soon disappointed, particularly on the
rather unfavorable path over the English
Channel, as illustrated by Figure 1, the use of fre-
quency diversity? brought at least a partial cure.

The pioneering enthusiasm of the group of
engineers on the job has been amply justified by

1500

t “Micro-ray Radio,” Electrical Communication, volume
10, pages 20-21; July, 1931: Also, A. G. Clavier and L. C.
Gallant, ‘“Anglo—French Micro-Ray Link Between Lympne
and St. Inglevert,” Electrical Communication, volume, 12,
pages 222-228; January, 1934.

2 A. G. Clavier, “Propagation Tests with Micro-Rays,”
Electrical Communication, volume 15, pages 211--219;
January, 1937.

108
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Figure 1—Record of disturbed transmission across the English Channel
for a 4-hour period. The solid-line curveis for 18 centimeters (1667 megacycles),
the dashed-line is for 20 centimeters (1500 megacycles), and the dash—dot
line is for 29 centimeters (1040 megacycles).

type of microwave application whenever suit-
able sites and radio frequencies are available,
particularly for broadband systems that com-
pete with coaxial cables in the field of heavy-
traffic multichannel telephony and intercity tele-
vision communication. )

2. Beyond the Horizon

It was, of course, realized from the beginning
that propagation did not stop abruptly at the
horizon; nature never acts that way. It was
feared, however, that attenuation would increase
considerably near and beyond the horizon and

ELECTRICAL COMMUNICATION June 1956
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that the establishment of communication under
these circumstances would necessitate excessive
antenna sizes or unavailable transmitter powers.
One particular aspect of beyond-the-horizon
propagation was investigated in 1941 by V.
Altovsky and the writer. The field strength pro-
duced by a 50-watt frequency-modulated trans-
mitter at 3000 megacycles per second was
measured aboard a ship on the Mediterranean
in trips from Toulon toward the Spanish and
Algerian coasts. Due to the unusual circum-
stances in which these experiments were con-
ducted, the results could not be published. It is
believed that they are still of sufficient interest to
warrant publication and are the subject of a
companion paper? in this issue.

Since that time, and particularly since 1950,
many experimental and theoretical studies have
been made and published. Particular credit
should be given to the National Bureau of
Standards, Lincoln Laboratory of Massachusetts
Institute of Technology, and Bell Telephone
Laboratories for their experimental investiga-
tions of microwave tropospheric propagation be-
yond the horizon. The striking fact that resulted
from these and other researches was that beyond
the horizon, at distances of the order of 100 to
500 miles (160 to 800 kilometers) or more, the
average signal strength was found to be much
larger than was indicated by the previously ac-
cepted diffraction theories that assumed a
smooth-surface structure of the earth.

The explanation of the mechanism responsible
for these results cannot be considered as final
at the time this paper is written. Forward
scattering, as indicated in Figure 2, due to a
granular turbulent troposphere with ‘blobs”
of refractive indexes that differ from the aver-
age value has the support of many scientists,
who follow the lead of Booker,* Gordon® and
others. Partial reflecticas on various refractive
layers have also been indicated as a plausible

3 A. G. Clavier and V. Altovsky, ‘“Beyond-the-Horizon
3000-Megacycle Propagation Tests in 1941," Electrical
Communication, volume 33, pages 117~132; June, 1956.

¢H. G. Booker and J. T. deBettencourt, ‘“Theory of
Radio Transmission by Tropospheric Scattering Using
Very Narrow Beams,”’ Proceedings of the I RE, volume 43,
pages 281-290; March, 1955.

5 W. E. Gordon, ‘“‘Radio Scattering in the Troposphere,”
Proceedings of the IRE, volume 43, pages 23-28; January,
1955.
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cause.® A good summary of the various theses on
tropospheric propagation of ultra-short waves
beyond the horizon has been given by Ortusi.”
The objective of the present paper is not to
discuss the validity of these theories. It is to
present briefly the major facts underlying the
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Figure 2—Principles of tropospheric prcpagation beyond
the horizon. The transmitted beam strikes a region that
scatters part of the energy in various directions; some of
the energy reaches the receiving antenna.

design of equipment to ensure specified per-
formance and reliability. Other papers in this
issue will deal with experimental work conducted
by the International System and with equipment
designed for specific cases. The use of microwaves
is a field of communications in which the System
has always manifested the liveliest interest and
in which it can indeed claim many ‘“firsts,”
among which are the first public demonstration
of ultra-high-frequency communication (Calais—
Dover, 1931); the first commercial ultra-high-
frequency link (Lympne—Saint Inglevert, 1933);
the first public demonstration of pulse-time-
modulation multiplex microwave communication
(New York City, 1945); and the first television
across the English Channel using portable micro-
wave links (Calais—Dover, 1950). The accom-
panying papers will describe some of the contri-
butions of the International System to the appli-
cation of tropospheric propagation beyond the
horizon for commercial purposes.

¢ T. J. Carroll and R. M. Ring, ‘“Propagation of Short
Radio Waves in the Normally Stratified Troposphere,”
presented at the General Assembly of the International
Scientific Radio Union (URSI), Commission 2; The
Hague, Netherlands: August 23 to September 2, 1954.

7J. Ortusi, ‘“Various Theories on Propagation of Ultra-
Short Waves Beyond the Horizon,” IRE Transactions on

Antennas and Propagation, volume 3, pages 86-91; April,
1955.
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3. Basic Attenuation Curves

The facts about microwave tropospheric propo-
gation have been very-competently explained by
Bullington,® the Lincoln Laboratory research
group,’ Davidson and Poté,!°and members of the
National Bureau of Standards.!

The presentation adopted in Figure 3 follows
a coordinate system suggested by Bullington!?
and extends it to the values obtained beyond the
horizon. The ordinates are values in decibels
below the free-space level, this latter level being
calculated between isotropic antennas in free
space. The abscissas are the ratio of the clearance
of a line of sight over the surface of the earth
(either positive for true line of sight or negative
for the beyond-the-horizon condition) to the
radius of the first Fresnel zone at each distance
considered. This radius is a rather convenient
yardstick because it measures the dimension of
the space where those electromagnetic fields of a
plane wave are located that contribute signifi-
cantly to the strength of the received signal.

The Fresnel theory of diffraction over a knife
edge and the signal resulting from complete re-
flections from a plane surface lead to expressions
in terms of the above abscissas that are inde-
pendent of frequency. In the computation of
diffracted fields over a perfectly smooth sphere,
the values depend on a parameter that includes
antenna heights and frequency. As we are not
here specifically interested in that part of the
space, the various curves may be replaced by an
average one that will serve our present purpose.

8 K. Bullington, *“Characteristics of Beyond-the-Horizon
Radio Transmission,” Proceedings of the IRE, volume 43,
pages 1175-1180; October, 1955.

9G. L. Mellen, W. E. Morrow, A. J. Poté, W. H.
Rodford, and J. B. Wiesner, “UHF Long-Range Com-
munication Systems,’” Proceedings of the IRE, volume 43,
pages 1269-1289; October, 1955."

10 D. Davidson and A. J. Poté, ‘‘Designing Over-Horizon
Communication Links,"” Electronics, volume 28, pages 126—
131; December, 1955.

1 J. W. Herbstreit, P. L. Rice, and E. B. Sprecker,
“‘Survey of CRPL Research in Tropospheric Propagation,”
National Bureau of Standards Report 3520.

12 K. Bullington, ‘Propagation of UHF and SHF Waves

Beyond the Horizon,” Proceedings of the IRE, volume 38,
pages 1221-1222; October, 1950.

Figure 3—Basic attenuation curve for tropospheric
propagation. Region A represents the plane-earth assump-
tion with a reflection coefficient of unity. B is for the region
between a clearance equal to the first Fresnel zone and
grazing incidence. C is when the diffracted field is con-
troling. D is for tropospheric propagation beyond the
horizon based on data by Davidson and Poté.
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To be more precise, abscissas are de-
termined by the expression

x = [H, — (D*/8R)]/Hy

on the right-hand side of the ordinate
axis; on the left-hand side, the nega-
tive abscissas are equal to

(D*/8R)/Ho.

Here, R is the radius of the earth and
H, is the radius of the first Fresnel
zone at distance D for equal antenna
heights, expressed by (AD)%/2, where
A is the wavelength. H, is the clearance
of the line of sight over the surface of
the earth.

The basic attenuation curve of Fig-
ure 3 can be separated into 4 different
regions. In region A, the field distribu-
tion represents the somewhat academic
case of the plane-earth-reflection as-
sumption with a reflection coefficient
equal to unity. Limits of maximum
and minimum levels occur when clear-
ance is equal to the first, second, and
so-forth Fresnel radius. The theoreti-
cal minimum shows an infinite negative
value resulting from exact cancellation
of direct and reflected rays. In practice,
reflection is not complete and minima,
though often noticeable, are much less
sharply determined. The spread of the
beam due to the convexity of the earth
intervenes also and the final result is an
undulating curve around the free-space
value.

Region B starts from the maximum
that occurs when the clearance is equal
to the first Fresnel zone radius and ex-
tends to the grazing incidence. Line-of-
sight links are generally established in
the vicinity of the maximum. Towards
the grazing point, region B merges into
region C, where the diffracted field
prevails. The computation there is
practically impossible even with the

Figure 4—-Basic attenuation curve for tropo-
spheric propagation similar to Figure 3 but
using data of Bullington for D, the beyond-the-
horizon curves.
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simplified assumption of an infinitely smooth
earth. At some distance from the horizon, the
task is less arduous and a line can be drawn that
represents with a satisfactory approximation
those cases in which antenna height is not sig-
nificant and the earth surface asperities are small
compared with the wavelength. Such a line has
a steep slope and would lead to very small values
of field strength did not another phenomenon
intervene. This, however, must be the case as
shown by region D of Figure 3, where values are
plotted according to Davidson and Poté® for
propagation over midarctic land, as well as by
region D of Figure 4, where values are plotted
according to Bullington.! These values are much
larger than the smooth-earth theory would give
for the diffracted field. They are closer to the
values that the knife-edge theory of Fresnel and
Cornu would indicate.

Whatever the final explanation may turn out
to be, the experimental results are of such an
order of magnitude that the transmitter power
and antenna gain necessary to ensure reliable
communication on the basis of Figures 3 or 4
become practically acceptable. The difference
between the two sets of values in Figures 3 and 4
does not affect the design considerably ; Davidson
and Poté indicate variations with geographical
location that would encompass Bullington’s
values. The latter, however, show a different de-
pendence on frequency. The amount of available
data is not sufficient yet to describe the facts
more precisely. The basic attenuation curves of
Figure 3 will, therefore, be considered hereafter
as providing sufficient information on median
values on which to base equipment design as a
first approximation, but which, however, it will
be advisable to confirm by experimental results
on actual sites whenever possible.

4. Slow-Fading Phenomena

For line-of-sight propagation, experimental ob-
servations show that in many cases (over land
particularly) normal propagation can be de-
scribed by means of an atmosphere possessing a
uniform gradient of refraction coefficient. The
radio ray in this case does not propagate along a
straight direction, but follows a smoothly curved
line. The path can be predicted by assuming
straight-line propagation and a corresponding

112

fictitious change in the radius of the earth. For
the normal meteorological conditions in tem-
perate climates, it is considered that this fictitious
radius R is nearly equal to 4 of the true radius.
It is found, however, that conditions are often
quite different, as experimental observations of
the angle of arrival of the microwave beam at the
receiving site have confirmed. It can be con-
sidered that a variation in fictitious radius from
4 to 0.7 of the true radius would seem to be a
conservative basis for predicting the amount of
slow fading due to the change in refraction
gradient.

Such a fading margin can be estimated by
means of the basicattenuation curve. The change
in fictitious radius corresponds to a change in
apparent clearance and to a change in the value
of the abscissas of Figure 3. Should, therefore,
region C be applicable beyond the horizon, the
figures given in Table 1 would be obtained.

TABLE 1
FADING MARGIN RELATED TO WAVELENGTH
Fading Margin in Decibels
Wavelength in Frequency in
Centimeters Megacycles
30 Miles 48 Miles
(48 Kilometers) | (77 Kilometers)
300 100 5 10
150 200 7 14
30 1000 15 31
15 2000 21 44
10 3000 26 53
6 5000 34 69

The figures given for 30 miles (48 kilometers)
are indeed of the order of magnitude necessary
for reliable line-of-sight communication. They
can be improved in this case by a suitable
choice of clearance for normal conditions, which
results in a better location in region B of the
basic attenuation curve. Such figures, however,
would become prohibitive for beyond-the-horizon
radio links to be established for distances of
several hundreds of miles or kilometers.

If it is assumed that the change in basic re-
fractive-index distribution can be explained in a
similar fashion for region D of the attenuation
curve (scatter propagation), it is found that the
slope is so much smaller than in region C that
the median value of the field should be quite
stable. For instance, for 200 miles (320 kilome-
ters) and a frequency of 2000 megacycles, a

ELECTRICAL COMMUNICATION ¢ June 1956

wwWw americanradiohistorv com


www.americanradiohistory.com

change of fictitious earth radius from § to 0.7 of
the true value means a displacement of abscissa
of 12.5 and a variation in signal strength of some
12 decibels. The above is advanced as a possible
explanation of the relative stability of the median
value of the field obtained beyond the horizon,
a fact that has impressed all experimenters and
is obviously of very great importance.

5. Rapid-Fading Phenomena—Diversity
Reception

While the median value of the received signal
remains rather stable, rapid and sometimes large
variations are experienced most of the time. The
fact has been reported by all experimenters and
the following papers in this issue illustrate such
conditions abundantly. This would render be-
yond-the-horizon links much less attractive were
it not for the fact that the rate of fading remains
of the order of magnitude of a few per second and
can be corrected to a considerable extent by
means of diversity reception without detrimental
effects to the information transmitted. Diversity
reception has been used frequently and with
great advantage in line-of-sight microwave links,
particularly in southern locations close to the sea
or in swampy regions. It becomes almost in-
dispensable in the case of microwave links beyond
the horizon. This is the reason why the Inter-
national System has placed particular emphasis
on experimentation directed at the improvement
of such methods. Companion papers in this issue
will describe the results achieved as well as dis-
cuss more generally the problems of diversity
reception and give an analysis of various possible
diversity systems.

6. Transmission Level Versus Frequency

To conclude this brief and rather schematic
summary of the various factors involved in the
application of microwave propagation beyond
the horizon, it is of interest to determine the
influence of frequency on the transmission level
necessary to achieve practically equal perform-
ances. This will now be attempted for the line-of-
sight as well as for the beyond-the-horizon cases.

For line of sight, the various factors to be con-
sidered are represented in Figure 5. Curve I
shows the basic variation of power received in
free-space propagation versus frequency for

June 1956 ¢ ELECTRICAL COMMUNICATION

equal transmitted power and with isotropic
antennas for both transmission and reception.
This curve is derived from

Pl/Pz = 1671'2(D2/)\2),

where P, and P, are the transmitted and received
powers, D is the distance, and A is the wavelength.
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Figure 5—Transmission levels as a function of frequency
for equal performance over a free-space line-of-sight 30-
mile (48-kilometer) path. Curve ! is the relative attenua-
tion for transmission between isotropic antennas. Curve 2
gives the average noise figure of the receiver. Curve 3 is
the combined gain of 10-foot (3-meter) paraboloidal trans-
mitting and receiving antennas over isotropic antennas.
Curve 4 is the median transmission level based on the sum
of the effective losses of curves 1, 2, and 5 less the gain of
curve 3, the effect of rain being given by curve 5. The
margins that should be allowed for slow fading are indi-
cated by curve 6 for the grazing-incidence condition and
by curve 7 for the values given by Carl for 99-percent
reliability.
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Expressing D in miles and F in megacycles,
this equation is equivalent to

10 log (Py/P,) = 37 + 20 log F + 20 log D

and this relation leads to curve I for D = 30
miles (48 kilometers). The relative variation of
level versus frequency is, however, obviously
independent of the choice of D.

Curve 2 shows the variation of receiver noise
figure versus frequency. Receivers with a low
noise figure are easier to build at lower fre-
quencies. A linear variation has been assumed
between 6 decibels at 100 megacycles and 15
decibels at 4000 megacycles. This isin agreement
with results currently achieved in modern re-
ceivers. Any improvement of the receiver noise
figure at higher frequencies would be of consider-
able importance.

Curve 3 represents the antenna gain obtain-
able by means of paraboloidal reflectors over the
free-space performance of isotropic antennas.
This is established on the basis of equal effective
antenna aperture. In fact, curve 3 is based on
the computed gain of two identical 10-foot
(3-meter) paraboloids with an illumination factor
of 0.54. The relative variation of gain would be
the same for any pair of such antennas having
equal size and illumination factors.

At the extreme range of frequency considered,
rain starts producing some attenuation as shown
by curve 5. It is still, however, a minor effect.
The wvariation of median transmission level
versus frequency, curve 4, is now obtained by
adding the ordinates of curves 1, 2, and 5 and
subtracting the ordinates of curve 3. Curve 4 is
for levels at the antennas and does not include
the effect of losses in transmitter or receiver
transmission lines or variation in transmitter
efficiency. These factors -could influence the
shape of the curve considerably. They do not,
however, represent basic factors of the same kind
as those under consideration, inasmuch as tech-
nical progress changes them continuously.

Curve 4 shows a broad minimum for micro-
wave frequencies, which is due to the high
antenna gain obtainable. To provide a more-
practical picture, it is necessary to account for
the variation of median level due to the slow-
fading phenomenon. This has been done in Figure
5 for two different assumptions; curve 6 provides
for fading margins as determined above for
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grazing incidence; the other takes values indi-
cated by Carl®® as exceeded for only 1 percent of
the time and averaged from numerous experi-
mental reports available in the literature. The
two resulting curves, 6 and 7, show that the
advantage in favor of the higher frequencies
tends to disappear in practice for the assump-
tions adopted.

Similar considerations have been applied in
Figure 6 to the case of propagation beyond the
horizon. There is nothing to change as regards
curve I, except that it has been plotted arbi-
trarily for a distance of 200 miles (322 kilo-
meters) ; curve 2 is the same as before. Curve 3
gives the free-space antenna gain for two 30-foot
(9.1-meter) paraboloids illuminated with an
efficiency of 54 percent. However, the explana-
tion of beyond-the-horizon transmission by the
forward-scattering phenomenon indicates that
full antenna gain should cease to be obtainable
when the beam becomes so narrow as to limit
the tropospheric volume where scattering can be
produced. Experimental backing is available,
though perhaps not fully convincing. Values of
the loss incurred are reproduced on curve 4 as
indicated by Davidson and Poté.1°

Curve 5 represents the variation of median
transmission level versus frequency for equal
performances. To this should be added a margin
for slow fading for which the shaded area gives
an approximative representation, derived from
the above considerations on the basic attenua-
tion curve of Figure 3. There seems to be a slight
advantage for frequencies between 1000 and
2000 megacycles with the assumptions taken.

It should be emphasized, however, that the
data available at present are far too scanty and
imprecise to attribute to these curves any other
significance than that of being a starting point
for a design that must be subject to experimental
tests and verifications. The remark about trans-
mission-line losses and transmitter efficiency is
common with the line-of-sight case. The tech-
nical considerations involved in the final design
differ, however, fundamentally because the

18 H. Carl, “Die Grenzen der Reichweite von Richt-
funkstrecken fiir Vielkanalliibertragung im Frequenzgebiet
von 30...10 000 Mhz,” SEG-Nachrichten, volume 3, num-
ber 4, pages 185-187; 1955: also “Range of Multichannel
Radio Links between 30 and 10 000 Megacycles,” Elec-
trical Communication, volume 33, pages 168-173; June,

1956.
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equipment for the line-of-sight conditions is
essentially of low power and follows the leading
trends of cable transmission engineering. Beyond-
the-horizon propagation, though far less demand-
ing in energy than was anticipated, necessitates
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Figure 6—Transmission levels as a function of frequency
for equal performance for beyond-the-horizon propagation
over a 200-mile (322-kilometer) path. Curve ! is the rela-
tive attenuation for transmission between isotropic an-
tennas. Curve 2 is receiver noise. The antenna gain of
curve J is for 30-foot (9.1-meter) paraboloids at transmitter
and receiver. Curve 4 is the coupling loss between both
antenna apertures and the scattering medium. Curve 5 is
the median transmission level based on the sum of curves
1, 2, and 4 less the gain of curve 3. The margin for slow
fading is given in curve 6. The loss in forward scattering
(beyond-the-horizon loss) according to Davidson and Poté
is shown by curve 7 and Bullington by curve 8.
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nevertheless powers of the order of 10 kilowatts
or more. This is due to the beyond-the-horizon
loss, which for 200 miles (322 kilometers), for
instance, is equal to 70 decibels as shown in
Figure 6 and remains substantially constant with
frequency according to the basic attenuation
curve of Figure 3 and, therefore, does not influ-
ence the relative variation of curves 5 or 6. A
correction would be needed, however, if the data
obtained by Bullington and given in Figure 4
were adopted. The beyond-the-horizon or scat-
tering loss is the reason why much higher trans-
mitter power is required than for line-of-sight
propagation. The power demands are closer to
those for broadcasting than for short-distance
point-to-point systems.

It is, therefore, open to doubt whether the
beyond-the-horizon technique will displace any
of the present line-of-sight applications. Too
many unknowns remain to pass judgment at this
time with any degree of certainty, among which
interference between links and with established
communication systems is prominent. There are
cases, however, where beyond-the-horizon propa-
gation is of obvious usefulness. Without men-
tioning specifically the military applications that
have been indicated in the daily press, it is evi-
dent that in many cases where line-of-sight trans-
mission is impracticable, beyond-the-horizon
propagation provides a new and powerful tool
for radio communication.

Succeeding papers in this issue describe some
of the experimental installations that have been
made both in the United States and in Europe
during the past couple of decades to acquire the
necessary data on which our designs of commer-
cial equipment for beyond-the-horizon applica-
tions are based.

One of these is the experimental link between
Nutley, New Jersey, and Southampton, Long
Island, that is described by Altman, Gray,
Kandoian, and Sichak.¢ Further experimentation
over this path is presented by Altman and
Sichak.!5 Interesting investigations of nonoptical
» MF, J. Altman, R. E. Gray, A. G. Kandoian, and W.
Sichak, ‘“900-mc PTM Over-the-Horizon Radio Link,"”
IRE Transactions on Microwave Theory and Technigues,
volume MTT-3, pages 22-26; December, 1955: also Elec-
tlrgzgtél Communication, volume 33, pages 143-150; June,

15 F J. Altman and W. Sichak, “Simplified Diversity

System for Beyond-the-Horizon Links,”" Electrical Com-
munication, volume 33, pages 151-160; June, 1956.
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propagation at very-high frequencies between
Sardinia and Minorca in the Mediterranean Sea
have been disclosed by Clara and Antinori.1®
Among the commercial projects now being
undertaken, particular attention is being directed
at the establishment of a beyond-the-horizon
link between Miami, Florida, and Havana, Cuba.
This is a joint venture of the American Telephone
and Telegraph Company and the International
Telephone and Telegraph Corporation. The ex-
perimental tests reported by Stiles!” show that
in general the expected results were obtained
over this path although quite a few data are still
incompletely accounted for at this time. The

16 J. M. Clara and A. Antinori, “Investigation of VHF
Nonoptical Propagation Between Sardinia and Minorca,”
IRE Transactions on Microwave Theory and Techniques,
volume MTT-3, pages 7-12; December, 1955: also Elec-
llriaél Communication, volume 33, pages 133-142; June,

956.

17R. P. Stiles, ‘‘Over-the-Horizon Path-Loss Tests
Between Florida and Cuba,’”’ presented at Symposium on
Scatter Techniques of the Institute of Radio Engineers
1\3 e‘:sw York Section in New York, New York, on January 14,
1956.
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commercial transmitting equipment is under
construction by Federal Telecommunication
Laboratories to meet the demands for television
service and for a number of telephone channels
to be obtained by frequency modulation and
frequency-division multiplex operation.

Another important commercial link for which
the preliminary propagation tests are now under-
way will provide communication between Puerto
Rico and the Dominican Republic.

Whatever the path and various conditions
specified, the importance of diversity reception
is, as has been said, a prime consideration. The
paper by Altman!® on the analysis of diversity
configurations will, in this respect, be found of
interest. The article by Carl!® discusses the limit
ranges of multichannel radio links beyond the
horizon in terms of available equipment and
quality requirements.

18 F, J. Altman, ‘‘Configurations for Beyond-the-Horizon

Diversity Systems,”’ Electrical Communication, volume 33,
pages 161-164; June, 1956.
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Beyond-the-Horizon 3000-Megacycle Propagation
Tests in 1941

By ANDRE G. CLAVIER and V. ALTOVSKY

Laboratoire Central de Télécommunications; Paris, France

HEORETICAL and experimental stud-
ies of the applications of electromag-
netic waves shorter than 20 centimeters

(frequencies above 1500 megacycles per second)
have been pursued by laboratories of the Inter-
national System since 1929. In 1931, a demon-
stration! was given between Calais and Dover
over the English Channel of a point-to-point
line-of-sight 1700-megacycle radiotelephone link.
In 1934, a commercial circuit,? the first of its
kind, was installed on the same frequency be-

t “Micro-Ray Radio,”’ Electrical Communication, volume
10, pages 20-21; July, 1931.

2A. G. Clavier and L. C. Gallant, ‘“Anglo-French
Micro-Ray Link Between Lympne and St. Inglevert,”

Electrical Communication, volume 12, pages 222-228;
January, 1934.

tween the coastal airfields of Lympne in England
and Saint Inglevert in France.

The experiments to be described were under-
taken by Laboratoire Central de Télécommuni-
cations under a contract with the French Depart-
ment of Defense in 1941 to determine the laws
of propagation of centimetric electromagnetic
waves. The experiments were conducted around
Toulon, in the south of France, from May to
December of that year. Circumstances prevented
an immediate disclosure, but it is thought that
the report remains of sufficient interest to war-
rant publication at this later date.

Figure 1—The transmitter produced a maximum of
about 10 watts of power at 3000 megacycles.
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1. Equipment

It was desirable to obtain as much power in the
transmitter as was available at the time. The
tube utilized was of the klystron type® and pro-
duced a power of the order of 10 watts at 3000
megacycles. The transmitter is shown in Figure 1.
The power supply was inside the shack; it pro-
vided the required 80 milliamperes at 2000 volts
with a voltage regulation within 1 part in 1000.
Modulation was obtained by means of an in-
ductance inserted in the klystron plate circuit.
The antenna was of the horn type and a small
auxiliary dipole associated with a thermocouple
and microammeter was provided to check the
radiated power. Frequency modulation was
adopted as it permitted the use of wide-band
frequency deviation to provide a signal-to-noise
improvement that would increase the effective
experimental range.

Optimum conditions for the frequency modu-
lation of klystrons were investigated. Character-
istic curves of radio-frequency output versus
anode voltage were plotted. They showed that
the most-favorable conditions are found around
the top of the characteristic curves where the
frequency-modulation characteristics vary lin-
early with changes in anode voltage without pro-

3A. G. Clavier and G. Phelizon, ‘“Paris-Montmorency
3000-Megacycle Frequency-Modulation Radio Link,”
L'Onde Electrique, volume 26, pages 331-344; August—

September, 1946: also Electrical Communication, volume
24, pages 159-169; June, 1947.

ducing objectionable amplitude modulation. For
example, the curves in Figure 2 show that for a
range of 470 volts around an operating voltage
of 1900, the frequency varies by +1.12 mega-
cycles while the amplitude remains constant
within 41 percent. These curves had to be
plotted under dynamic conditions ; otherwise, the
results were affected by overheating phenomena.
Consequently, it was necessary to develop a
suitable method of measuring accurately the
frequency excursions under dynamic conditions.

In conducting experiments over radio links, it
is necessary to ensure that the transmitter con-
tinues to operate within suitable limits. An
aperiodic detector coupled to the oscillator and
capable of responding to amplitude variations
was used to check on amplitude modulation.
The transmitter was frequency modulated with
a 1000-cycle tone and the output of the detector
went to an oscilloscope where the residual ampli-
tude modulation could be monitored. With the
proper operating point, that is, along the flat
region of the amplitude—voltage characteristic
curve, the amplitude variations around the oper-
ating point are in the same direction for both
positive and negative excursions of modulating
voltage, the resulting amplitude-modulation fre-
quency obtained at the output of the detector
will thus be twice that of the modulating tone.
This method of visual indication proved to be

very accurate.
A superheterodyne

receiver was used.

W, Ol‘gg = The input circuits
su A utilized resonant
<2 0.50 v .. . .
E'g-) 0.25 2 cavities of cylindri-
o cal shape. When the
inside volume of a
> +15 7 . . f
S Lo | cavity is a perfect
Bo T "~ - " cylinder, it can be
<>‘I'1“J +0.5 // A e / Y ’ .
mo 10-° - v 4 shown theoretically
ax A |~ .
62 o} = that for certain modes
EE— 5 - A AV the resonant fre-
§§ o /" // // 1/ quency is entirely
& 1.5 P // controlled by the
~1650 1700 1750 1800 1860 1900 1950 2000 2050 diameter. Such a cav-

ANODE VOLTS

Figure 2—Dynamic characteristic curves for frequency modulating a klystron tube
by variation of anode voltage. The upper curve shows power output as a function of
anode voltage and the lower curves are for frequency deviation from the operating

values of 1750, 1850, 1900, and 1950 volts.
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ity behaves like a
very-high-Q resonant
circuit. If the height
of the cylinder is of
the same order of
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magnitude as the diameter, the values of Q are
similar to those obtained with crystals. In addi-
tion, the deformation of such a volume obtained
by varying the length of a suitably located

plunger causes a variation of the resonant fre-

quency without materially affecting the quality
of the circuit. With this method, the selectivity
characteristics of 3000-megacycle tuned circuits
are comparable to those of crystals. The tuning
range obtained with the plunger was of the order
of 600 megacycles. This construction, shown in
Figure 3, may include slots or other openings in
the cylinder walls as a convenient means of
coupling and constitutes a fundamental element
of the microwave circuits.

A special diode mixer was developed. It was a
tube of cylindrical structure with a very small

Figure 3—Resonant cavities with adjustable plungers could be tuned over a range
of 600 megacycles in the 3000-megacycle regions. The slots in the walls of the cylinders
are for coupling.
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Figure 4—Diode used as
a mixer in the receiver. The
loop at the top was inserted
through the hole in the wall
of a resonant cavity to pro-
vide coupling.

plate-to-filament spac-
ing to minimize the
effect of the electron
transit-time as much
as possible. It may be
seen in Figure 4. This
diode also contains 2
transmission lines. The
one entirely looped
within the upper part
of the envelope was
specially designed to
be coupled to the reso-
nant cavity through
the hole in the wall of
the cavity. The other,
composed of 3 wires,
was used for supplying
the operating direct
voltages to the elec-
trodes as well as the
local-oscillator voltage;
it also constituted the
intermediate-frequency
output circuit at 40
megacycles.

The local oscillator
was of the positive-grid
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type. It was found necessary to improve this
oscillator with respect to frequency stability and
ease of adjustment. This was achieved by
coupling to the positive-grid line a variable-
frequency resonant cavity of the type described
above.

The previous positive-grid oscillator showed a
frequency variation of the order of 1 megacycle
for a plate-voltage variation of 1 volt. After the
resonant cavity was coupled to the grid line, the
frequency variation was reduced by a factor of
approximately 60. Furthermore, the frequency
was controlled by the mere tuning of the resonant
cavity.

The combination of these various elements
constituted the frequency converter, which is
shown in Figure 5.

The second part of the receiver contained the
conventional elements of a frequency-modulation
receiver: an intermediate-frequency amplifier
chain, limiter, discriminator, and audio-fre-
quency amplifier.

The intermediate-frequency amplifier consist-
ing of a 40-megacycle chain was followed, after a

Figure 5—The frequency-converter portion of the re-
ceiver. The diode mixer is coupled to the input cavity at
the right and to the local-oscillator cavity at the center.

second conversion, by a 9-megacycle amplifier.
Care was exercised to obtain within the band a
very constant amplitude response and a linear
phase response. This is evident from Figure 6.

The second intermediate-frequency amplifier
was followed by a limiter to furnish to the
discriminator a constant-amplitude signal inde-
pendent of the level of the input signal provided
it was higher than the operating threshold. As a
result, the amplitude variations of the carrier are
eliminated as well as the amplitude variations
caused by superimposed noise. The dynamic
characteristic can be seen in the oscillogram of
Figure 7.

The demodulator consisted of a frequency
discriminator made up of 2 magnetically coupled
circuits. The characteristic reproduced on the
oscillogram of Figure 8 shows that it was possible
to obtain a very linear section in the operating
region.

To compensate for the lack of stability of
3000-megacycle oscillators, both at the trans-
mitter and receiver, a special method of reception

4 A. G. Clavier and V. Altovsky, ‘“‘Simultaneous Use of

Centimeter Waves and Frequency Modulation,” Bulletin
de la Société Frangaise des Electriciens, Series 6, volume 4,
number 35, pages 1-23; March, 1944: also Electrical
C(}Wr\tsmzmication, volume 22, number 4, pages 326-338;
1945.
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was devised. This method was named ‘“‘reception
by frequency compression.”’ It consists of apply-
ing the output of the discriminator after proper

Figure 6—Oscillogram showing amplitude versus fre-
quency for the intermediate-frequency chains of the
receiver.

Figure 7—Characteristic of the limiters that followed the
2 intermediate-frequency amplifiers.

Figure 8—The frequency discriminator provided a highly
linear section in the operating region.
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amplification to the plate of the positive-grid
local oscillator. The frequency delivered by this
positive-grid oscillator, even when coupled to a
stabilizing cavity, varies with its plate voltage
and produces frequency modulation. The inten-
tional frequency modulation of the local oscil-
lator by the discriminator output was applied in
opposite phase to the incoming modulation. In
this manner, the frequency deviation of the local
oscillator was reduced for a given incoming
voltage variation. For example, a frequency com-
pression of 10 reduces the deviation from 1
megacycle to 100 kilocycles. The bandwidth of
the amplifier can be kept within conventional
values and the noise level of the receiver is
reduced by the narrowing of the bandwidth.

Care should be exercised, however, to ensure
that the modulation voltage applied to the plate
of the local oscillator is always in opposite phase
with respect to the incoming modulation. If this
condition does not obtain, the system loses all
stability. The analogy with negative feedback
used in many amplitude-modulated amplifiers
is a useful guide in determining the optimum
operating conditions. The two problems lead to
similar types of equations and a transposed
Nyquist condition is applicable.

The use of frequency compression resulted in
a very great ease in the adjustment of the local
oscillator. For a bandwidth of 200 kilocycles, it
was possible to vary the local-oscillator frequency
by 8 megacycles without losing the incoming
signal at the output of the receiver. In addition,
the effect of disturbances caused by the move-
ment of surrounding objects including the oper-
ators was eliminated even when the shields were
removed. Finally, the quality of the transmission
benefited from the reduction of distortion.

2. Test Program

The equipment described above was the result
of extensive laboratory work. It was mandatory
to test it under actual operating conditions to
evaluate its merit and to make final adjustments.

2.1. RADIATION PATTERNS OF ELECTROMAGNETIC
HornNs

To study the coupling of the transmitter and
receiver to their horns, it was necessary to use
a flat area sufficiently large and open tw be free

5
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Figure 9—Receiver used for checking the transmitter and its radiating horn.
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of interferences caused by reflections from sur-
rounding obstacles. The tests were conducted on
the Hyeres golf course from June 24 to July
31, 1941,

Figure 10—Horizontal-plane radiation
pattern of transmitting horn.

Figure 11 —Vertical-plane radiation pattern
of transmitting horn.

Figure 9 showsthe measuring receiver equipped
with a parabolic reflector that protected the
receiving antenna from interference caused by
the operator. The transmitting horn was built
with angles of 25 degrees for the horizontal plane
and 23 degrees for the vertical plane. The dimen-
sions of the aperture were 770 by 604 millimeters
(30.3 by 23.8 inches). The horizontal-plane dia-
gram of Figure 10 shows a beam width of 14
degrees at the half-power values. The vertical-
plane diagram of Figure 11 shows 11.4 degrees.
There was no lateral lobe in the horizontal-plane
diagram. In the vertical-plane diagram, there
were no-parasitic lobes, either, but slight bumps
were present on the sides.

2.2 RECEIVER ADJUSTMENT

The preliminary tests for adjustments were
conducted near Toulon between Fort Coudon,
where the transmitter was located, and Fort
Saint Louis, where the receiver was installed.
The site selected for the transmitter was Fort
Coudon, located north of Toulon at an altitude
of 700 meters (2296
feet). One of the
rooms in the bar-
racks was fitted for
this purpose by the
engineers corps of
Toulon. The power
supply for the trans-
mitter was provided
by a diesel-engine-
driven generator
that may be seen in
Figure 12 in its
location in an inside
court of the fort.
The electromagnetic
horn of the trans-
mitter can be seen
in Figure 13 emerg-
ing from one of the
windows of the bar-
racks. The orienta-
tion of this window

Figure 12—Power sup-
ply for the transmitter.
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Figure 13—Transmitting horn extending through a window of the barracks at Fort Coudon.

made it possible to direct the beam between
azimuthal angles of 218 to 262 degrees.

Figure 14 is a view from Fort Saint Louis with
Coudon hill, where the transmitter was located,
at the horizon. As the crow flies, the distance
from the transmitter to the receiver was approxi-
mately 11 kilometers (6.9 miles).

As soon as the frequency-compression receiver
was adjusted and its calibration completed
(August 2, 1941) the link was put in operation.
The results achieved could be considered as a
definite step in the development of the centi-
meter-wave technique that only a year before
seemed to be far from any practical application.

124

The interest found in these experiments was
evidenced by numerous visits of officials of the
National Defense Services and the Administra-
tion of Posts, Telegraphs, and Telephones.

3. Propagation of 10-Centimeter Waves

The length of the experimental link between
Coudon and Fort Saint Louis was insufficient to
show any influence from meteorological condi-
tions. In fact, no perturbations of this kind were
recorded, either as a function of time of day or
of good or bad weather during the entire period
of tests conducted from August to December
of 1941.
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Figure 14—Coudon Hill, where the transmitter was located, is at the horizon as seen from Fort Saint Louis.

June 1956 ¢ ELECTRICAL COMMUNICATION 125


www.americanradiohistory.com

Figure 15—This cabin was built on the Havraise to shelter the receiver, the horn of which is visible through the windows
By providing 3 windows, the horn could always “look’ at the transmitter.
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To study the laws of propagation, it was there-
fore necessary to operate over a much-longer
distance. Experiments were planned to study the
propagation between the transmitter at Coudon
and locations at sea on or beyond the horizon.

With respect to propagation to the horizon,
one could expect that the link would operate
without any difficulty as long as line of sight was
maintained. This was experimentally verified.
During the 6 trips made in September, October,
November, and December of 1941, the signal was
always received as soon as the beam was inter-
cepted and up to the distance of about 100
kilometers (54 nautical miles) that separates
Coudon from the line of horizon. At that dis-
tance, the gain margin of the receiver was found
to be approximately 35 decibels, an order of
magnitude to be expected according to the free-
space propagation laws. This gain margin shows
that at that distance, the transmitter power
could have been reduced by a factor of 2500
under normal conditions or that a range of 5000
kilometers (2700 nautical miles) could be achieved
with the power available over a line-of-sight
path. It must be pointed out in addition that
the use of frequency modulation with large
deviation increased the signal-to-noise ratio to a
value of approximately 60 decibels up to the
maximum range. Such a signal-to-noise ratio
ensured a quality comparable to the better tele-
phone circuits. The sizeable gain margin ob-
tained at the horizon made it possible to study
the phenomenon of propagation of centimetric
waves beyond the horizon. For this purpose, a
series of trips aboard various war vessels as well
as the cable ship Ampére of the Posts, Tele-
graphs, and Telephones Administration were
made.

The receiver was first installed on board the
Havraise in a cabin specially erected toward the
stern. This cabin was provided with openings in
3 of the sides to permit the receiving horn to be
directed at the transmitter regardless of the route
being sailed. Figure 15 gives an idea of the loca-
tion of the experimental cabin and its interior
arrangement.

The courses of the following 6 trips are shown
on Figure 16.

1. On board the Havraise from Toulon to the
Spanish coast following the 238-degree azimuth
from Coudon on September 18, 1941.
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2. The return trip over the same azimuth on
September 19 and 20, 1941.

3. On board the Curieuse from Toulon to Oran
following the 236-degree azimuth until loss of
contact. This trip took place on October 7, 1941.

4. On board the Hawraise from Toulon to Port
Vendres along the 238-degree azimuth on October
28, 1941.

5. On board the Hawraise from Port Vendres
to Toulon following the 254-degree azimuth on
November 7 and 8, 1941.

6. On board the cable ship Ampeére towards
Philippeville in Algeria on the 210-degree azi-
muth on December 19, 1941.

During these trips, two clearly different types
of propagation beyond the horizon were revealed.

For the first trip, the chosen azimuth of 238
degrees toward the Spanish coast pointed at an
opening between two hills as seen from Coudon.
The distance of more than 250 kilometers (135
nautical miles) to the Spanish coast seemed to
constitute an entirely adequate area of operation.
The trip took place in good weather, rather warm
and with a calm sea, following a period of calm
weather. The transmission was started at 1128
hours (11:28 A.M.) in the morning before sailing
time and was planned to continue until 2045
hours (8:45 P.M.). Transmission of speech and
1000-cycle tone were alternated. At the receiver,
the transmission was monitored with a loud-
speaker, while the field variations were read on
meters connected before the limiter of the fre-
quency-modulation receiver.

Up to the horizon, the variations of the field
were of small amplitude showing approximately
the same periodicity as the slow motion of the
ship. As soon as a distance of a few miles beyond
the horizon was reached, substantial variations.
were observed with the amplitude of the maxi-
mums reaching the same order of magnitude as.
those measured at the horizon and with marked
minimums of short duration. These minimums,
however, did not reach the threshold level of the
limiter so that the reception was unaffected by
these variations and had the same quality as that
experienced 10 kilometers (5.4 nautical miles)
from the transmitter. However, the amplitude
variations of the incoming signal might have
seriously deteriorated the performance of an
amplitude-modulated signal. The phenomenon
of variation was followed on the meters while the
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ship continued in her original direction. The
results of measurements are shown in Figure 17.

It was verified that by orientating the direc-
tive receiving horn it was possible to find the
direction of the transmitter both within and
beyond the horizon. The measurements were
stopped at the time set in the program. The ship
was then located at a distance of 190 kilometers
(103 miles) from the transmitter and 80 kilo-
meters (43 miles) beyond the horizon, which was
passed at 1600 hours (4:00 P.M.). There was still
a sizable gain margin of received signal above
the noise level. This experiment did not per-

mit an evaluation of the maximum range of
transmission.

The following day the return trip (2) took
place; the weather was still fair. The ship re-
traced the path followed on the outbound trip
starting from a point as close as possible to the
Spanish coast, a distance of 232 kilometers (125
miles) from the transmitter. Contact was estab-
lished without difficulty at 2030 hours (8:30
P.M.). Variations of the same type as those
observed the previous day were recorded until
the horizon was reached. The trip was completed
at 0800 hours (8:00 A.M.) on September 20, 1941.
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Figure 16—The courses of the 6 trips taken to test propagation from the transmitter at Coudon. The transmitter was
moved for the 6th trip and its horizon was increased to 105 kilometers (57 nautical miles).

128

ELECTRICAL COMMUNICATION ¢ June 1956

www.americanradiohistorv.com


www.americanradiohistory.com

The results from these first 2 experiments, which
were in conflict with what was expected from the
theoretical concepts, stimulated great curiosity
and led to further tests.

The following trip (3) on board the Curieuse,
on whose stern a new cabin had been installed,
took place on October 17th, starting at 1300

was kept in operation for a long period of time
after the disappearance of the signal, no further
reception occurred during this trip.

Tests were resumed aboard the Havraise on
October 28th and on November 7th and 8th.
Efforts were made to recreate, as accurately as
possible, the same experimental conditions that
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Figure 17—Field strength versus distance on the first of the 6 trips in the series. The distance to the horizon takes into
account the height of the shipboard receiving antenna.

hours (1:00 P.M.). The direction followed
differed very slightly from that of the previous
trips. The long leg of the journey was started at
1630 hours (4:30 P.M.). The weather was far
from being fair and the sea was moderately
rough. As previously observed, no phenomenon
worthy of note occurred until the horizon was
reached. Beyond the horizon, however, a steady
and comparatively rapid decrease of the signal
strength was observed instead of the type of
variation recorded on the first round trip. Con-
tact was lost at 2130 hours (9:30 P.M.) at a
distance of 170 kilometers (92 miles) from the
transmitter. This distance was 60 kilometers (32
miles) beyond the horizon. Although the receiver

June 1956 ¢ ELECTRICAL COMMUNICATION

prevailed during the first 2 trips with respect to
time, route followed, and the shipboard installa-
tion. The weather, however, at this time was
definitely bad with a mistral wind of such in-
tensity that the ship on the way out had to seek
shelter for 24 hours at La Ciotat as shown in
Figure 16. Despite these unfavorable conditions,
transmission tests were conducted and showed a
type of propagation characterized by a steady
decrease of signal strength beyond the horizon
as experienced aboard the Curieuse.

On October 28 at 1405 hours (2:05 P.M.) the
radial leg of the trip started. The signal was lost
at 2030 hours (8:30 P.M.) at a distance of 138
kilometers (75 miles), which was 40 kilometers
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Figure 18—The receiving cabin on the Ampére.

(22 miles) beyond the horizon. On November 7,
starting from the Spanish coast at 1611 hours
(4:11 P.M.), the signal was picked up at 2150
hours (9:50 P.M.) at 148 kilometers (80 miles)
from Coudon and 50 kilometers (27 miles) be-
yond the horizon.

After these 5 trips, it appeared rather probable
that two distinct types of propagation, dependent
on atmospheric conditions, had been encountered.
A last trip was to confirm this view in a particu-
larly interesting manner.

This last trip took place on December 10, 1941,
on board the cable ship Ampére, which was made
available to the experimenters by the Posts,
Telegraphs, and Telephones Administration on
the occasion of a trip to Phillippeville in Algeria.
The receiving cabin shown in Figure 18 was built
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at the stern of the cable ship, which was par-
ticularly free of obstructions. The transmitter at
Fort Coudon was moved to a shack built for the
purpose to provide better transmission in the
direction of the route to be taken by the
Ampere.

After a rather stormy period, the weather
cleared on the day of the sailing. As usual, the
transmission tests were started as soon as the
ship left the harbor. The field-strength measure-
ments were made on an automatic recorder. The
propagation, which was the first to be recorded
beyond the horizon, was of the steadily decreasing
type. A technical difficulty in the transmitter
interrupted its operation. When word was re-
ceived that the transmitter was again ready to
operate, the ship had approximately reached the
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extreme range. It was then decided to turn back
and resume the experiment at a few miles from
the horizon. Contact was re-established at 10
kilometers (5.4 miles) from the horizon as soon
as the ship had turned around. Again, the type
of propagation characterized by steady decrease
in signal strength was experienced. The general
character is shown in Figure 19. The loss of con-
tact took place at 140 kilometers (76 miles) at
1715 hours (5:15 P.M.).

It was then decided to repeat the experiment.
In the meantime, the atmospheric conditions had
continued to improve both at sea and at the
transmitting site, from which was reported a
calm sea and no wind. At the same time, condi-
tions of abnormal optical refraction could be

observed on the horizon. As soon as contact was
re-established, after the second change of direc-
tion, a steady decrease of signal was experienced
at first. At a distance at 150 kilometers (77
miles), passed at 2030 hours (8:30 P.M.), how-
ever, the field strength started to increase and
to evidence variations as shown in Figure 20.
These variations, although of the same nature as
those experienced on the first two trips of the
Havraise were of a lesser amplitude. The maxima
did not reach the same order of magnitude and
loss of contact occurred at 2230 hours (10:30
P.M.) at 80 kilometers (42 miles) beyond the
horizon. The general nature of the phenomenon,
however, resembled clearly the type of propaga-
tion encountered in the first two trips.

This sixth experi-

ment permitted
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Figure 19—Field strength versus distance on the last trip of the series on the cable ship
Ampere. An automatic recorder was used. The change in transmitter location increased
the distance to the horizon to 105 kilometers (57 nautical miles). During this first part of

the trip, the weather was clearing after a stormy period.

contact was lost be-
tween 35 and 55 kilo-
meters (19 and 30
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Figure 20—Propagation conditions beyond the horizon during the second part of the trip on the 4mpeére,
when the weather had cleared.
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type of propagation, which might be called ab-
normal because it does not follow the theory
of propagation in isotropic media, is encoun-
tered in calm atmosphere and is characterized
by a very substantial increase of range beyond
the horizon, combined with large variations of
amplitude. This last type of propagation is in
all probabilities dependent on the degree of
stratification of the atmosphere at the horizon.
It is fortunate that the first experimental trip
had been under conditions that produced the
type of propagation that we have just considered
as being abnormal. This, in fact, encouraged the
further observations that confirmed that under
certain conditions centimetric waves propagate
to considerable distances beyond the horizon.
In addition, the observation of the 2 types of
propagation within a few hours permitted the
assumption, with strong presumption, that the
so-called abnormal propagation is due to a local-
ized phenomenon in the lower strata of the
atmosphere. Any effect caused by upper strata
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of the atmosphere seems to be eliminated by the
highly directive characteristics of the trans-
mitting and receiving antennas. The experiments
related above clearly brought to light the essen-
tial propagation characteristics of 10-centimeter
waves and furnished basic information for the
practical utilization of these waves in line-of-sight
and beyond-the-horizon links.
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time, to renew their expressions of deep gratitude
to the French Signal Corps; the Posts, Telegraphs,
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Thanks to the support given, it was possible to
overcome the difficulties and dangers of wartime
conditions and make a contribution to a technical
field that is bound to be of prime importance.
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Investigation of Very-High-Frequency Nonoptical
Propagation Between Sardinia and Minorca*

By JOSE MARIA CLARA

Compaiita Telefonica Nagional
de Espaiia; Madrid, Spain

NNOUNCEMENTS that wvery- and
A ultra-high-frequency transmission had
been found possible over distances con-
siderably greater than classical diffraction theory

had predicted aroused considerable interest in
Europe. It was felt that if such

ALBINO ANTINORI

Ministero delle Poste e delle
Telecomunicazioni; Rome, Italy

and

provide an operational telephone link. After con-
sideration of the factors involved, a radio fre-
quency of about 300 megacycles per second was
chosen, as it was felt that this frequency afforded
the best combination of readily available trans-

transmission proved to be reli-
able, there would be numerous
cases where it could provide

circuits more conveniently and, A
S

perhaps, more economically,
than could conventional trans-
mission systems. One such case
would be the provision of tele- o
phone circuits between Italy
and Spain, via Sardinia and
Minorca as indicated in Figure
1. Accordingly, the Italian and 7
Spanish administrations de-
cided to set up an experi-
mental link over the longest
section of the route, namely,
between Sardinia and Minorca.
With the collaboration of In-
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T I
——
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ternational System associates

in Italy, Spain, and Great
Britain, special equipment was
manufactured and installed, and a test program
was decided on.

In view of the small ‘amount of information
published on the depth of fading and the avail-
able bandwidth of beyond-the-horizon trans-
mission, it was felt that the object of the experi-
ment should be to collect as much basic data as
possible, and not to attempt, at this stage, to

* Reprinted from IRE Transactions on Microwave Theory

and Techniques, volume MTT-3, pages 7-12; December,
1955. Copyright ©® 1955 by The Institute of Radio En-
gineers, Incorporated.

This paper reports on propagation tests made late in
1954 and early 1n 1955. On the basis of subsequent tests,
the International System plans to establish an experi-
mental tropospheric-scatter link between Sardinia and
Minorca using frequencv diversity and having an initial
capacity of 6 telephone channels.
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Figure 1—Map of the 240-mile (385-kilometer) link.

mitter power and antenna gain. In this connec-
tion it should be remembered that the develop-
ment of high-power klystrons for frequencies
of 800 to 1000 megacycles has not proceeded
so rapidly in Europe as it has in the United
States, where this development had the appar-
ent incentive of ultra-high-frequency television
broadcasting.

To explore the possibilities of wide-band trans-
mission, it was decided to modulate the trans-
mitter with a constant frequency and to provide
separate narrow-band receivers for the resulting
carrier and first sidebands. Means were then
provided to record the amplitude of each side-
band, so that any differential fading could be
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observed. In addition, the 2 equal frequencies
obtained by mixing each received sideband with
the carrier were compared in a phase discrimi-
nator, so that some idea could be obtained of the
group delay distortion over a frequency band.
The equipment was designed so that either
238 or 297 megacycles could be transmitted, and
results could be obtained at more than 1 fre-
quency. Similarly, the antenna dipole radiators
were designed so that either horizontal or vertical
polarization could be used. The test program was
arranged so as to change the frequency or the
polarization at weekly intervals. For example:

1st week, 238 megacycles, horizontal polarization
2nd week, 297 megacycles, horizontal polarization
3rd week, 297 megacycles, vertical polarization

4th week, 238 megacycles, vertical polarization.

1. Description

1.1 SiTES

The transmitter is located near the center of
the island of Minorca. The site is 656 feet (200
meters) above sea level, and the ground slopes
away from the site, giving a clear view of the sea.
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Figure 2—Profile of the radio path.

The receiving site is at Campo Spina near the
southwest coast of Sardinia. The site is nearly
3280 feet (1000 meters) above sea level and there
is again a clear horizon to the sea. Profile of the
radio path is in Figure 2.

1.2 ANTENNAS

Both receiver and transmitter employ parab-
oloids of 33-foot (10-meter) diameter. They
consist of angle-iron framing covered with a wire
mesh. The transmitting antenna was manufac-
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tured in Spain and its supporting structure differs
from the receiving antenna made in Italy.

The paraboloids are illuminated by normal
dipoles and it is possible to vary within limits
the position of the dipole in the focal plane of
the paraboloid, which enables fine adjustments
of the radio beam. In addition, both paraboloids
have a limited movement in the horizontal and
vertical plane.

1.3 Rapio EQUIPMENT
1.3.1 Transmitter

The transmitter (Figure 3) has a carrier output
of approximately 1 kilowatt at the frequencies
of operation, namely, 238 and 297 megacycles.
The carrier is phase-modulated with a modula-
tion index that produces maximum amplitude of
the 1st sidebands. With this optimum value of
modulation index, the rate of change of sideband
amplitude with modulation is a minimum, and is
thus the most stable condition of operation.

The radio frequency of the transmitter is
governed by a temperature-controlled crystal
oscillator of frequency 124 kilocycles, of the type
used in a coaxial-cable system, which has a
frequency stability of 2 parts in 107. The oscil-
lator is followed by two stages of multiplication
that produces a frequency of 2.48 megacycles.
This frequency is then multiplied by 4, when the
final frequency required is 238 megacycles, and
by 5, when the final frequency is 297 megacycles.

The multiplied frequency of 9.92 or 12.4
megacycles is phase-modulated by the crystal-
controlled 124-kilocycle signal to produce 2 side-
bands of maximum amplitude. This phase-
modulated output is then fed to a multiplier
(X 24) that produces the final frequencies of 238
and 297 megacycles.

The final frequency is amplified in 3 stages to
produce an output of a little over 1 kilowatt. The
power in each sideband is approximately 0.5
kilowatt.

1.3.2 Receiver

The receiver employs 3 stages of frequency
conversion and the first 2 local-oscillator fre-
quencies are derived from the same type of
master oscillator used in the transmitter, thus
preserving the same degree of frequency sta-
bility in both transmitter and receiver. The re-
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ceived frequency after amplification is first con-
verted to an intermediate frequency of 56.544
megacycles and subjected to further amplifica-
tion. The 2nd converter produces the 2nd inter-
mediate frequency of 2.976 megacycles, which is

amplified in a narrow-band amplifier, and then
mixed with a frequency of 2.676 megacycles,
produced by a separate crystal oscillator.

The resulting carrier of 300 kilocycles, with
sidebands of 424 and 176 kilocycles,; are then

Figure 3—The transmitter for the link.
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separated by band-pass filters and amplified by
separate amplifiers. The outputs of the sideband
amplifiers are rectified and fed to 2 movements
of a 3-pen continuous recorder.

The 300-kilocycle carrier, after limiting, is
mixed with the 2 sideband frequencies in a phase
discriminator, the output of which gives a direct
indication on the 3rd pen of the 3-pen recorder
of the phase difference between the 2 received
sidebands.

The 3-pen recorder normally has a paper speed
of 6 inches (15 centimeters) per hour, but it is
possible to increase this speed by 60 times for
short periods. The time constant of the recorder
movement is approximately 1 second, which is
much longer than any time constant associated
with the receiving equipment.

2. Results

The tests have now been in operation for some
months, having commenced in November of
1954, but the results so far analyzed relate to
winter months only. The results should thus be
interpreted with some reservation, as they may
not be representative of yearly distribution of
signal level. However, it is possible to make some
observations on the general characteristics of the
received signal.

It was soon realized that at times the signal was
below the noise level of the receiver (—125 deci-
bels relative to 1 milliwatt), whereas it could also
be of the order of — 60 decibels, a range of level of
over 60 decibels. The recording circuits of the
receiver can accept a variation in signal level of
only 40 decibels, but it is possible to center this
variation at any particular level by means of an
attenuator in the input circuit to the receiver.
The normal setting of the attenuator was based
on the signal-to-noise ratio required to operate
the phase-measuring circuits and with this in
view it was decided to set the receiver to operate
between —75 and —115 decibels. This range
enables a fairly accurate analysis of the distribu-
tion of low-signal levels, which are obviously of
the greatest importance in assessing the perform-
ance of a possible future radio link, over the
same radio path.

The type of signal received can be roughly
classified into 4 categories (see Figures 5
through 8).
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Type 1: A high-median-level of signal of the
order of 30 decibels above the median expected,
from the information published! by Bullington,
with occasional short-duration fades sometimes
reaching the noise level (—125 decibels). The
high-level signal is most likely due to super-
refraction, and, referring to Figure 4, it will be
seen that a value of K greater than 3.5 could
produce a signal that is greater than —70
decibels. The curve assumes diffraction over a
smooth sphere.

If the value of K is greater than 6, the path
becomes an optical path and the occasional deep
fades could be the result of reflection from the
sea, especially as the receiver is nearly 3300 feet
(1000 meters) above sea level.

v
1/
/

-160

RECEIVED SIGNAL IN DECIBELS BELOW | MILLIWATT

-180

! 2 3 4 5 6 ' 8
VALUE OF K

Figure 4—Plot of K versus received signal; K is the
ratio of the effective radius of the earth to the actual
radius. Dashed line indicates median level.

Type 2: A fairly rapidly fluctuating signal with a
median level somewhat lower than expected.
The duration of the fades is approximately equal
to the period between fades, both being about 1
minute. The peak-to-peak amplitude is of the
order of 25-30 decibels.

K. Bullington, ‘“Radio Transmlsslon Beyond the

Horizon in the 40- to 4,000-Mc Band,” Proceedings of the
IRE, volume 41, pages 132- 135; January, 1953.
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Type 3: A rapidly fluctuating signal with very-
short deep fades extending to the noise level of
the receiver. The median value is approximately
that expected from scatter propagation.

Type 4: Very-rapidly fluctuating signals, the
characteristics of which cannot be resolved by
the normal recorder paper speed of 6 inches
(15 centimeters) per hour. Increasing the paper
speed to 6 inches per minute has shown fading

duration of 1 second, which is the limiting time
constant of the recorder, but even-shorter fades
may well be present that are masked by the
present system of recording.

The median value is that expected from
scattering considerations.

The tests have been operating on 2 frequencies
and both types of polarization have been used.
There does not appear to be any appreciable
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Figure 5—Typical type-I signals. Dashed line is the calculated median level.
Portion of the recording reproduced is of 1-hour duration.
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difference in receiving level between the 2 fre-
quencies used; neither is there a more-favorable
polarization. Short-period tests have been carried
out with the transmitting antenna horizontally
polarized and with the receiving antenna ver-
tically polarized, and at all times the signal has
been at least 20 decibels lower than normal. The
plane of the transmitted polarization thus ap-
pears to be well maintained, even when subjected
to scattering from the troposphere.

3. Analysis of Results

The first broad analysis of the results con-
cerned the probability of occurrence of the 4
types of signal already noted. This was, very
approximately :

10 percent of the time
10 percent of the time
55 percent of the time
25 percent of the time.

Type 1:
Type 2:
Type 3:
Type 4:
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Figure 6—Typical type-2 signals. Dashed line is the calculated median level.
Portion of the recording reproduced is of 1-hour duration.
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Type 1 appears to be typical of fine still-
weather conditions and may be expected to occur
more frequently during the summer months.
Types 2, 3, and 4 occurred during turbulent
weather.

We have devoted most of our attention to the
type-3 signal, because of its predominance and
because it is not too-rapidly fluctuating to be
dealt with by normal methods of analysis. With
the normal recorder speed, type 4 defies analysis

and we have not yet sufficient samples of high-
speed recording to produce any reliable data.

Figure 9 shows the distribution of the esti-
mated hourly median signal (of all types) for
the period for which results are available. As an
indication of the variability of the transmission,
curves are also given for a good week and a
bad week.

It will be seen that the median value of the
total distribution is within 2 decibels of that

_75_|_

-80 —

-85

b
T

_90 —

sunll

ptey,

_95——

=100 1

-105~-

IENNEREEAN

=110-|-

SIGNAL IN DECIBELS BELOW 1 MILLIWATT

—t

[ 1 | | |efejpe

-15-~

i

7

20—~

L]

SIDEBAND PHASE IN DEGREES

60_

1

80—

Figure 7—Typical type-3 signals. ‘Dashed line is the calculated median level.
Portion of the recording reproduced is of 1-hour duration.
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expected from the application of the curves pub-
lished by Bullington. In view of the wide spread
of the weekly median, however, this agreement
should be treated with caution.

An analysis has also been made of the distribu-
tion of instantaneous values of signal. Such a
distribution is shown in Figure 10. This is for a
period of 8 hours and is fairly typical of type-3
signals. This curve is probably in error at the
low-signal end because of the difficulty of de-

termining, from the somewhat slow recording,
the duration of short deep fades. However, the
median value agrees well with that of long-term
distribution.

No detailed analysis of the phase recording has
yet been undertaken. As it will be seen from the
examples shown, the deviation from zero phase
shift is not usually very large, except during deep
fades. Unfortunately, the phase-measuring cir-
cuit does not function correctly when the signal-

T

|
|

-75—

1

| | !
O @ @
T 779

_95 -4

e

-100
-105—+

=101

SIGNAL IN DECIBELS BELOW | MILLIWATT

—15-L

40-|

20

o

-r'

-
Bt

20

i

40

SIDERAND PHASE IN DEGREES

60—

80~

Figure 8—Typical type-¢ signals. Dashed line is the calculated median level.
Portion of the recording reproduced is of 1-hour duration.

140

ELECTRICAL COMMUNICATION

June 1956

www americanradiohistorv com


www.americanradiohistory.com

to-noise ratio is low, and most of the apparent !
large deviations of phase can be neglected as
false indications.

Similarly, there are no signs of differential
fading of the 2 sidebands, but until the phase
measurements are examined in greater detail, it
is not possible to predict what bandwidth may
be transmitted : however, it would appear that it
will be greater than the 250 kilocycles explored
in the present experiments.

50 L

4. Operational Possibilities

It is, of course, very early to attempt to draw
any very-definite conclusions from the small
amount of data available at present, but never-
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theless it is of interest to consider the possibilities 90 \
of operational telephony over this route in the
light of the test results. Various authorities have
stated that path loss is likely to be at its greatest
during the winter months, so that, in using
results obtained during that period, our esti- 99 \
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E§ \ be assumed, although it seems probable that the
S“‘ \ \ \ main advantage thereby obtained would: be a
Z %0 BEST WEEK reduction in. the depth of short-period fading,
2 IN PERIOD with little or no effect on the longer-term
& median: levels.
\ From: the distribution curve of hourly median
99 levels we find that the level exceeded 99 percent
\\ of ‘the time is —118 decibels. Increasing the
BULLINGTON transmitter power from 0.5 to.10 kilowatts would
999 give a gain of 13 decibels, and increasing the
-5 -85 -95  -i105 -5 =125 frequency to 1000 megacycles would reduce the
SIGNAL LEVEL IN DECIBELS BELOW: | MILLIWAT path loss by 10: decibels. Thus a total gain of
Figure 9— Distribution of estimated 23 decibels - might be expected. However, it is
hourly median signal. known that for small signals the full plane-wave
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gain of a large antenna may not be realized. We
have no data on the magnitude of this effect but
we will allow 5 decibels, thereby reducing the
improvement to 18 decibels. Hence the hourly
median signal level exceeded 99 percent of the
time would be —100 decibels. It is of interest to
note that a similar performance could be ob-
tained at 300 megacycles by using 10 kilowatts
and dishes of at least double the area of those
now in service. This solution might be more
attractive in FEurope, owing to the relative
scarcity of high-power tubes operating in the
800-to-1000-megacycle band.

We now assume that under these conditions
the predetector signal-to-noise ratio is 5 decibels
and that the receiver noise factor is 10 decibels,
which implies that the intermediate-frequency
bandwidth will be 1 megacycle. Let us now con-
sider a 12-channel frequency-division multiplex
system, with a base band of 12-to0-60 kilocycles.
Using straightforward frequency modulation,
such a system could be accommodated in the
1-megacycle band with a peak frequency devia-
tion of about +400 kilocycles. Thus, frequency-
modulation advantage of 20 log (400/60), or 16
decibels can be expected, giving a signal-to-noise
ratio of 21 decibels in the base band. Holbrook
and Dixon give the peak power of a 12-channel
signal as 17.5 decibels at a point of zero relative
level, but we will use a figure of 16 decibels. Hence,
considering a 3-kilocycle channel, the unweighted
noise level will be 21 — 16 4 10 log (1000/6) = 27
decibels below a milliwatt at a point of zero rela-
tive level. This corresponds to a noise-meter
reading of 46 decibels adjusted at —9-decibel
relative level. The over-all median path loss is
23 decibels less than the 99-percent value, so
that the yearly median noise level in a telephone
channel would be 23 decibels adjusted at —9-
decibel relative level. This last figure may be
pessimistic since under median-signal conditions
the full antenna gain may be realized, resulting
in a 5-decibel improvement.

At first sight, these performance figures seem
quite practical, but it must be remembered that
they apply to a link of only 240 miles (385
kilometers), and that for 1-percent of the hours
of a year, or 88 hours, the performance will be
worse than 46 decibels adjusted. It may be very-
much worse in fact, because under the 99-percent
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conditions, the predetector signal-to-noise ratio
is just about at the threshold value and any
further deterioration will result in a dispropor-
tionate increase in channel noise level. Diversity
reception should reduce fading range below 99-
percent signal level ; there is little doubt complete
outage will sometimes occur. Remember also
that no allowance for intermodulation distortion
has been made.

Admittedly, the performance calculation just
carried out is based on insufficient data and a
certain amount of estimate, but it is thought that
the discrepancy between these performance
figures and those expected of a link in a main toll
route is too great to permit the use of this type
of transmission at present, except under most-
difficult circumstances, where physical or finan-
cial obstacles preclude the use of more-conven-
tional means of transmission. There is, however,
a strong probability that future improvements in
technique will modify this rather pessimistic
view, and the tests are therefore being continued.
It is hoped to add diversity reception to deter-
mine what advantages can be gained, and, in
order to save time and labor, an automatic
signal-strength analyzer will be incorporated in
the equipment.
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900-Megacycle Pulse-Time-Modulation Beyond-the-Horizon
Radio Link*

By FREDERICK J. ALTMAN, RICHARD E. GRAY, ARMIG G. KANDOIAN,
and WILLIAM SICHAK

Federal Telecommunication Laboratories, a division of International Telephone and
Telegraph Corporation; Nutley, New Jersey

N EXPERIMENTAL beyond-the-hori-
A zon radio link has been installed and
tested for several months by Federal
Telecommunication Laboratories. Its chief pur-
pose has not been to study propagation, although
several interesting results may appear, nor to
establish a commercially usable communication
facility, but rather to study

laboratories for convenience in making measure-
ments, and a repeater point at the Mackay
Radio and Telegraph Company receiving sta-
tion at Southampton, Long Island, New York.
Thus there are, in effect, 2 links in cascade.
It will be seen from Figure 1 that this path,
approximately 91 miles (146 kilometers) long,

the application of this rela-
tively unexploited type of pro-
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* This paper originally appeared
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Figure 1—Map showing test locations.
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Figure 2—Profile of Nutley-Southampton path.
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Figure 3—View of 28-foot (8.5-meter) paraboloidal antenna with dual polarization horn.
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is almost entirely over land, including parts
of New York City and some of the most heavily
traveled airspace to be found anywhere. The
path to Telegraph Hill, New Jersey, is shown, as
it also is being tested to determine if there is
some essential peculiarity on the Nutley path
that causes unexpectedly low signals. Figure 2,
a profile of the Nutley path, shows the modest
antenna heights and particularly that the Nutley
beam must be raised by about 0.5 degree to
clear the Palisades, a rock ledge along the Hudson
River near the George Washington Bridge. This
increases the scatter angle, of course, and thus
also the path attenuation, by perhaps 6 decibels.

2. Radio-Frequency Equipment

Paraboloidal reflectors 28 feet (8.5 meters)
across have been installed at each terminal
Figure 3 shows the reflector and diplexing illu-
minating horn at Nutley. Vertical polarization
is used for transmission, and horizontal for recep-

June 1956 ¢ ELECTRICAL COMMUNICATION
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Figure-4—View of Southampton-antenna and equipment trailer.

tion. The cross talk is about 50 decibels and the
voltage standing-wave ratio is less than 1.3 from
890 to 940 megacycles. Figure 4 shows the South-
ampton antenna, temporarily located low on the
50-foot (15-meter) tower, and the equipment
trailer. Part of the trailer has been made into a
screen room to permit receiver operation a few
feet from the 1-kilowatt transmitter. The trans-
mitter room is also shielded and its power lines
filtered to eliminate interference with some very-
important Mackay Radio international receiving
circuits.

Figure S is a block diagram of equipment used
for most of the tests to date. Frequencies 5
megacycles inside the borders of the 890 to 940-
megacycle common carrier band were chosen to
permit the use of FT'L-20B modified ultra-high-
frequency television transmitters. These provide
1-kilowatt peak power, up to 6-megacycle band-
width, frequency drift less than 1 kilocycle, and
commercial reliability. They can also be readily
adapted to frequency-modulation transmission.
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Each receiver (Figure 6) uses a preselector
cavity, a radio-frequency amplifier, and a micro-
strip mixer to provide a noise figure between 8
and 9 decibels and about 6-megacycle bandwidth.
The local-oscillator power is derived by shifting
a continuous-wave sample from the associated
transmitter by 100 megacycles in a second micro-

ing, the terminal equipment was modified for

radio-frequency bandwidth of 170 kilocycles
Four channel pulses, 6 microseconds wide, devi
ated plus and minus 6 microseconds were used
Appropriate filters were again used to restrict th
bandwidth and obtain an improvement in signal
to-noise ratio. Figure 8 shows system powe

NUTLEY ULTRA-HIGH= ULTRA-HIGI;I-— SOUTHAMPTO
- FREQUENCY FREQUENC
> T\AUOLDSUELA%N&E » TELEVISION TELEVISION [

TRANSMITTER
(MOD FTL-20B)

TRANSMITTER
(MOD FTL-208)

935 MEGACYCLES

895 MEGACYCLES

G

_____ TERMINATING Dﬁ‘ﬁgEé’%‘D
— — _ — ) EQUIPMENT EQUIPMENT
INPUT

TELEPHONE y
e 895 MEGACYCLES 935 MEGACYCLES

PULSE-TIME | | LOW-NOISE LOW-NOISE

DEMODULATOR RECEIVER RECEIVER

i !} \}
LEVEL LEVEL
RECORDERS RECORDER RECORDER

Figure 5—Pulse-time-modulation equipment; block diagram. The paraboloids are of 28-foot (8.5-meter) diameter
and cross-polarization is used for diplexing. ’

strip mixer and then filtering with a single cavity.
Figure 6 shows also the 6-pen recorder with
associated amplifiers, a rack of test equipment,
and the pulse-time-modulation modulator and
demodulator bays.

3. Pulse-Time-Modulation Equipment

Most of the tests to date have used FTR-
28B 23-channel pulse-time-modulation terminal
equipment with the radio bandwidth restricted
to 1 megacycle by video filters in the transmitter
input lines. Receiver noise has been accordingly
reduced by filters at intermediate frequency.
The resulting loss in pulse-modulation improve-
ment factor has been made up by use of com-
pandors, demonstrating the feasibility of multi-
channel pulse-time modulation with reduced
bandwidth. This is summarized in Figure 7,
which shows minimum bandwidth as a function
of number of channels. As a check to see if there
are any unexpected lower limits to this narrow-
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Figure 6—View of receiver, recorder, and multiplex equipment.
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levels assuming the median path loss given by
Bullington. For the wider-band system, a signal-
to-noise ratio of 45 decibels is predicted, and for
the narrow-band system, 53 decibels.

+100
+804 ANTENNA
000 WATTS

+60]
+40

AUDIO- TRANSMITTER
+204  FREQUENCY

o INPUT

~20]
—40]
-60-
-80]
—100

—120 THERMAL NOISE

narrow-band receiver and simple tone modula-
tion of the transmitter. Results showed that
the median path loss is close to that predictec
by Bullington.

EFFECTIVE RADIATED POWER = 2500 KILOWATTS

PATH ATTENUATION
188 DECIBELS

AUDIO-FREQUENCY OUTPUT LEVEL

T T
RECEIVERS 45 DECIBELS 53 DECIBELS

RECEIVER SIGNAL-TO-
INPUT - NOISE S
RATIO

T T
45DEC!BELS 53 DECIBELS

CARRIER-TO-
NOISE RATIO

} 9-DECIBEL NOISE FIGURE

LEVEL IN DECIBELS RELATIVE TO | MILLIWATT

-140-

(I MEGACYCLE BANDWIDTH )

_§ 9-DECIBEL NOISE FIGURE

(170 KILOCYCLE BANDWIDTH.
4 CHANNELS

24 CHANNELS

Figure 8—Power-level diagram.

4. Path Loss

Although the signal loop is 182-miles (293-
kilometers) long, signal-strength recordingsrepre-
sent 1-way loss because the automatic-gain-
control circuit maintains a constant peak output
from the repeater transmitter. Signals received
have not been as high as expected, as may be
seen from Figure 9, a distribution plot covering
a typical period. The fact that the signal was
worse than about 93 decibels below 1 milliwatt
50 percent of the time, and is some 30 decibels
below that predicted, may be partly accounted
for by seasonal loss, usually not considered to be
more than 10 decibels and partly by the loss due
to the ridge mentioned above. There seems to
remain, however, an additional loss factor that
is suspected to arise from the overland nature of
the path, possibly the over-city portion. To check
this, an alternative path to Telegraph Hill has
been tested with a 10-foot (3-meter) paraboloid
and a receiver that were first used for measure-
ments at Nutley. In this way, equipment factors
were held constant to bring out the effects
of medium and path configuration. Loss in
antenna gain was made up for by use of a
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5. Signal Recordings

Numerous recordings have been made and
some of the more interesting are reproduced here.
Figure 10 shows the use of that extraterrestrial
noise generator, the sun, for determining antenna
beamwidth and receiver performance. Here, as
predicted, the quiet sun is 5 decibels above
receiver noise at 4. If it had been equal, that is, 9
decibels above theoretical noise, the trace would
have risen to just under the 10-decibel point
shown at B. The beamwidth checks at about
3 degrees, as expected.

Figure 11 shows at the top a fast recording of
variation of signal strength when an airplane

-60 \
_70 \

N\

N

-80

-90

\,

—-100

=110

o] [ 10 50 a0 99
PERCENTAGE OF TOTAL TIME

LEVEL EXCEEDED IN DECIBELS
RELATIVE TO | MILLIWATT

Figure 9—Summary of measured median levels.
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crosses the beam. This effect is, of course, familiar
to television viewers in poor service areas, but at
times may be forgotten by researchers using
recorders with long time constants. The typical

an absolute time reference and the recordings in
the lower part of Figure 11 made. Lags of 1
microsecond are shown. The time shifts may be
seen to correlate with the signal changes at some

points, but not at all

10 - T points. In a typical air-
i — Ay AY A ~ A} .
o= Y X 5 N . ; : plane passage, the time
AY AN At AY Y .
= 5 \ b ~ T Y - T : X shifts are largest at the
8 T — i X X T T T Y T A"
- — T Y Y N T Y T " T beam edges, because
Y Ay A 3 A A i1 3 .
7 i 1 T Y T T : T + T i— then the path differ-
‘” ————— \ “ \ x : ‘. =
=] it ) T —— " L ——— ! T ! —— ences are greatest.
2 6 + t T —— T T 1A~ T I = . .
5 ! =\ ] Figure 12 displays
S5 7 simultaneous record-
<1 1 1 . .
w i ings made with 2 re-
04—+ ' — 5 — : e .
=] I ,:’ f ] ] — B ] 7 7 7— ceivers and 2 sizes of
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3 f ] f + £ 7 7 7 f 7 ;s receiving antenna. The
f f T / ll lgl Il l’ £ I A
o —F - 7 7 7 ] 7 —— 7 7 upper track from the
: f £ / =
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Figure 10—Recording of noise at 900 megacycles received from the sun.
Points 4 and B are respectively 14 and 10 decibels above KT B.

fast-slow—fast doppler frequency variation is
clearly evident. During this, an effect on pulse
shape and position may also be noted by oscillo-
scopic observation. No photographs of this were
taken, but it was realized that the pulse-time
demodulator makes an ideal instrument for
studying the time shift of the effective leading
edge of the pulse. Accordingly, the normal
synchronizing circuits were modified to provide

doppler signal for a
longer time than does
that for the 28-foot
(8.5-meter) antenna.
Again, the rapid signal changes are clearly shown
by the high-speed recorder. Each strip is about
20 seconds long, presenting detail which is com-
pletely suppressed on normal long-term record-
ings made with a time constant of 20 seconds.
Even with no airplanes in the beam, fades
of 15 decibels in 0.5 second have been noted.
The correlation between the signals from an-
tennas about 40-feet (12-meters) apart is-of
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Figure 11—Recordings showing effect of airplane reflection on received signal and time delay.
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interest. It is evident at some times and absent
at others.

It should be mentioned in passing that ignition
noise has been noticed occasionally. This is not
usually a problem at ultra-high frequencies, but
the high gain of the antennas used here makes it
of some importance when there are roads in front
of the receiving antenna.

6. Conclusion

In conclusion, it has been found that pulse-
time modulation retains its known properties
when applied to over-the-horizon propagation.
Certain details appear to require further study,
but these are functions of the medium and not of

the modulation method.
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Figure 12—Recordings showingeffect of airplane reflection when using, 4 and C = wide-beam 10-foot (3-meter) antenna,
B and D = narrow-beam 28-foot (8.5-meter) antenna. Horizontal time sale = 2 divisions per second.
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Diversity system consisting of two 28-foot (8.5-meter) paraboloidal antennas each having a dual-polarization horn.

Simplified Diversity Communication System for

Beyond-the-Horizon Links*

By FREDERICK J. ALTMAN and WILLIAM SICHAK

Federal Telecommunication Laboratories, a division of International Telephone
and Telegraph Corporation; Nutley, New Jersey

OR NEARLY A YEAR, a 900-mega-
cycle-per-second beyond-the-horizon two-
way link has been in operation between

Nutley, New Jersey, and Southampton, Long
Island, New York. Early results using pulse-time
modulation have already been reported.t Briefly,
an annual median path loss some 20 decibels
greater than that predicted by Bullington was
found, but the bandwidth was adequate for
pulse modulation. Since then, frequency modula-
tion, frequency-division multiplex, and diversity

* Reprinted with revisions from IRE Transactions on
Communication Systems, volume CS-4, pages 50-55; March,
1956. Copyright © 1956 by The Institute of Radio Engi-
neers, Incorporated.

1F. J. Altman, R. E. Gray, A. G. Kandoian, and W.
Sichak, ‘“900-mc PTM Over-the-Horizon Link,” IRE
Transactions on Microwave Theory and Techniques, volume

MTT-3, pages 22-26; December, 1955: also, Electrical
Communication, volume 33, pages 143-150; June, 1956.
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reception have been employed. This report
covers the present system, with special emphasis
on equipment economies achieved and an analysis
of diversity combining methods.

1. Description of System
1.1 SYSTEM PARAMETERS

The system parameters are summarized in the
power and frequency diagram of Figure 1.
Type-9H2 carrier equipment provides 6 channels
plus an order wire within a 36-kilocycle band.
Three channels are used in the west—east direc-
tion as shown. Modulator output levels are set
to equalize signal-to-noise ratios for all channels.
The transmitters are modified type-20-B ultra-
high-frequency television aural units with 500
watts output. The antennas are 28-foot (8.5-
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Figure 1—Power and frequency diagram ef the link.
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meter) paraboloids with about 34 decibels gain.
The annual median path loss is shown as 210
decibels. The receiver will be discussed in some
detail. Type-NUS-3079 compandors are used to
provide an apparent signal-to-noise improvement
of 22 decibels when the carrier is above thresh-
old. Cross talk is down some 55 decibels.

1.2 ANTENNA ARRANGEMENTS

To obtain diversity reception without install-
ing a second 28-foot (8.5-meter) paraboloid and
a 45-foot (13.7-meter) tower at Southampton,ja

3-antenna system was devised as indicated
Figure 2. East-to-west communication is conven-
tional, but west-to-east is able to use the same
paths by splitting the transmitter power and
transmitting in both wvertical and horizontal
electric-field polarization planes so that inde-
pendently received signals may be derived from
a single antenna. The power split introduces a
3-decibel loss in one direction, but this is a small
price in view of the antenna saved and the
diversity gain achieved. Figure 3 is the complete
block diagram showing the diplexers required to
isolate transmitters and receivers.
If, now, this power-splitting
feature is made symmetrical,

VERTICAL . .
4-fold diversity may be ob-
R1 tained by adding only another
HORIZONTAL
VERTICAL antenna and the necessary re-
e HORIZONTAL 1 ' ceive.rs as in Figure 4. In fact,
VERTICAL o as will be shown shortly, con-
siderably less than complete
HORIZONTAL receivers are required. This
WEST gastT scheme might be said to com-
bine the wusual or receiver
VERTICAL diversity with the new or trans-
HORIZONTAL mitter diversity. That is, each
Rz VERTICAL . .
transmitter sends from 2 points
to 2 receivers. The system is
4 .
VERTICAL HORIZONTAL re now symmetrical and can pro-
vide a total diversity gain of
Rz | HORIZONTAL as much as 27 decibels accord-
i . o ) ing to Figure 185.
Figure 2—Method of obtaining 2-way diversity using only 3 large
paraboloidal antennas.
20-B DIVERSITY
TRANS- ./ "| RECEIVER
» MITTER > { VERTICAL 935 MEGA-
Qizgl!-EEGsA— ( "] CYCLES
< \J- HORIZONTAL
L A4
= VERTICA CAg:?ER B
CARRIER -
= TERMINAL HORIZONTAL : DIPLEXER TERMINAL
4L A
20-B
DIVERSITY |g TRANS-
RECEIVER MITTER
895 MEGA-~ -
OYCLES | DIPLEXER HORIZONTAL 830 e
NUTLEY SOUTHAMPTON
Figure 3—Block diagram of the link. The paraboloids are 28 feet (8.5 meters) in diameter.
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1.3 SIMPLIFIED RECEIVER The nonduplicated element is, of course, the sub-

A diversity system uses, of necessity, several carrier frequency-modulation receiver, complete
similar receiving channels. It is of interest to With limiters, wide-band detector, and low-distor-

study the possibility of eliminating duplication tion base-band amplifier. The phase error is de-

_[ R2 | VERTICAL R1 }
R2 HORIZONTAL R1

INPUT INPUT
[ > T1 T2 & 0
o —00
ouTPUT OuTPUT

_{ R2 VERTICAL R1 ]_
R2 HORIZONTAL Ri
Figure 4—By using 4 paraboloids and 2 polarizations, 4-fold diversity may be

obtained. Each transmitting paraboloid irradiates both receiving paraboloids. The small
circles indicate diplexers.

tected as shown and a
proportional voltage is
used to control one of
the 61-megacycle oscil-
lators. This arrange-
ment has worked very
well, but it is being
improved and ex-
tended in its applica-
tion. Data taken with
a totalizing recorder
indicate that during
conditions when the
signal strength obeys
the Rayleigh distribu-
tion, the diversity gain
derived below is real-
ized.

of similar elements. To combine before detection, 2, Statistical FEvaluation of Combining

however, the signals must all be phased together. Systems
For phase control, fairly large control signals of

the order of 1 volt are preferred, so it seems ap- 2.1 DEFINITIONS

propriate to combine at about this level to avoid Diversity systems have long been used, but
duplicate signal and control chains. The block there appears to be a need for clarification of
diagram of such a receiver is shown in Figure 5. terminology, exposition of characteristics, and

CATHODE- | _
ATTENUATOR |—pf ZorHODED
> MIXER AMPLIFIER —®| AMPLIFIER
CATHODE-
FOLLOWER W
OSCILLATOR
+— . TO
0 y 1 | bEMODU-
INTERMEDIATE- AUTOMATIC PHASE CONTROL PHASE AT © LATOR
FREQUENCY < DETECTOR | $] contrOL | —*
f DETECTOR
Y ¢ | A
OSCILLATOR
CATHODE- A
FOLLOWER
5 MIXER AMPLIFIER |—p] AMPLIFIER
CATHODE-
ATTENUATOR (—pf EETHEES L
Figure 5S—Type of diversity receiver employed.
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statistical evaluation of performance. This is
attempted below.

A combiner is here defined as a means that
combines 2 or more diversity signals into 1.

-
L] Bt
s .
/ \

Figure 6—Three-dimensional characteristic
of selector combiner.

Three different types are defined in accordance
with their laws of operation: selector, linear
adder, and ratio squarer. The selector determines
the largest input and connects it to the output.
The linear adder sums the signals and may be
simply a connection of the inputs to the output.
Presence or absence of common automatic gain
control for the input devices is irrelevant. The
ratio squarer? squares the inputs before addition.

2.2 CHARACTERISTICS FOR 2 SIGNALS

The characteristics of the 3 basic types of
combiners may be summarized quite briefly, but
it appears advisable for clarity to develop them
in some detail. It is assumed in all cases that the
2 channels have the same noise figure and gain,
that is, their average noise input powers are
equal (N, = N, = N).

2 L. R. Kahn, “Ratio Squarer,” Proceedings of the IRE,
volume 42, page 1704; November, 1954.

June 1956 ¢ ELECTRICAL COMMUNICATION

The selector method of combining acts at any
given time as a single receiver whose output
signal-to-noise ratio (S,/N,) is, therefore, that
of the channel with the highest signal. This may
be seen in the 3-dimensional representation of
Figure 6. If the first-channel signal S, is zero,
the characteristic is a line of unity slope in the
S, — S; plane. As S, increases, it does not at first
affect this result for S,/N, remains a function of
only S2/N, so the characteristic becomes a plane
perpendicular to the S, — S: plane. As S; be-
comes greater than S,, there is, of course, a sharp
transition to the plane corresponding to .S; alone,
and we thus find the complete characteristic of
this type, the surface determining the output for
arbitrary inputs.

For the linear combiner with one signal alone,
the line in the S, — S, plane has a slope of
1/(2)%, as 2 noise powers are being added at all
times. These are not coherent, so the powers add
linearly. The 2 signals, however, when phased
alike, add voltages, so we find

So/No = (S + S2)/(N* + N)¥
= (S, + S2)/(2)"N.
5o
Mo
N
S S2
N N
Figure 7—Three-dimensional characteristic
of linear combiner.
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Thus for constant S,/N,, the characteristic is
a projection of a straight line in the S; — S:
plane, and the operating plane'jof Figure 7 is
derived. _,g

4 S,

N

\
VAV

\

~

Sy
N

Figure 8—Three-dimensional characteristic of
ratio-squaring combiner.

The ratio-squarer principle is derived as fol-
lows. Let us, before addition, change the gain of
one channel by a factor X, so that

So/No = (Si + KS»)/(N* + K2N2y%,

The value of K maximizing this expression is
easily found, by differentiating and setting the
result equal to zero, to be S:/S;, so now

So/No = (S:2 + S2)'%/N.

Thus when either signal is zero, the performance
must be as for the selector, and when they are
equal, as for the linear combiner. This is obvi-
ously combining the best features of both. The
characteristic surface may be seen to be a
quadrant of a right circular cone as shown in
Figure 8 if the last equation is rewritten in the
familiar circular form

(So/No)* = (S1/N)* + (S2/N)2

The 3 surfaces that have been derived are
shown together in Figure 9. It is apparent that

156

all slices perpendicular to the S, axis will be
similar except for scale factor. Therefore, all the
essential characteristics may be summarized as
in Figure 10, the loci of the input signals corre-

Figure 9—Combiner characteristics of Figures 6,{7,
and 8 in one drawing.

(2)"%L

SELECTOR

(2)%2L

Figure 10—Characteristics of diversity combiners for
an output signal-to-noise ratio of L.

ELECTRICAL COMMUNICATION ¢ June 1956

WWW americanradiohistorv com


www.americanradiohistory.com

sponding to a given output signal-to-noise ratio. 2.3 PERFORMANCE FOR 2 SIGNALS

This shows still more clearly the optimum nature To evaluate the relative efficiencies of, for
of the ratio squarer, as a given output signal-to- instance, the selector and the linear adder, one
noise ratio is achieved for the lowest input must consider the nature of the input signals.
values, that is, nearest the origin. Clearly, if their ratio is near unity most of the

0.7

0.6 TN
05

PLV)

Tz

AN N

. \ |/ \

% NG

0 | 2 3 4 5 6 7 8

v

Figure 11—Probability density of envelope amplitudes of the sum: of fixed
and random components. V = (peak value of envelope)/(root-mean-square
value of the random component). B = (peak value of the fixed component)/
(root-mean-square value of the random component).

D=
i
=
m
<
m
o
x —p
0 0.2 04 06 0.8 10 12 14 16 1.8 2022 V,
MEDIAN
SIGNAL

Figure 12—Two-dimensional Rayleigh distribution.
dp = 1.38V1exp (—0.69V2)dV; = 1.38V2exp (—0.69V22) Ve

June 1956 ¢ ELECTRICAL COMMUNICATION

time, the linear adder is more
desirable, and vice versa. To
obtain a quantitative measure
of performance, the probability
of occurrence of a combina-
tion of signals corresponding
to any region on the plane
must be derived, and then in-
tegrated over the area within
a locus. The mathematical de-
tails are presented in the ap-
pendix in section 3, but some
physical pictures again seem
appropriate.

The instantaneous distribu-
tion of the amplitudes of the
envelope of the signal is usually
assumed to follow the Rayleigh
law as it is ordinarily a result
of scattering; that is, the sum
of random vector components.
This density function is por-
trayed at the left of Figure 11,
while the Gaussian or normal
function is at the right. These
curves may be more familiar to
the reader -as the probability
densities of envelopes of noise
voltage and  noise-plus-signal,
respectively? ‘In- the case of
interest here, there are 2 in-
puts ‘and the 2-dimensional
Rayleigh distribution is  re-
quired, Figure 12. The volumes
must now be found by integra-
tion as in the appendix: The
results for the case of most in-
terest, weak signals near the re-
ceiver threshold, are graphi-
cally portrayed in Figure 13.
From this it may be seen-that
in this important case, the

3S. O. Rice, “Mathematical Analy-
sis of Random Noise,”’ Bell System

Technical Journal, volume 24, pages
46-156; January, 1945.
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average performance of the linear adder is only
0.6 decibel below optimum but the selector is
1.5 decibels below.

The results for the general case are plotted in
Figure 14. Since equal uncorrelated signals with
Rayleigh distributions are assumed, scales are
used that result in a straight line for the simple
Rayleigh distribution. It can be seen that the
gains over the selector of the linear adder (0.9
decibel) and of the ratio squarer (1.5 decibels)
are nearly constant. It must be noted that this
is a signal-to-noise chart and that measured
signal outputs from the linear adder will be 3
decibels higher. The .correction for unequal
signals? may well be included here. If the median
of the strongest is used for reference, one half the
difference in decibels must be subtracted.

2.4 PERFORMANCE FOR NN SIGNALS

The diversity gains for up to 10 signals are
presented in Figure 15. The derivations are dis-
cussed in the appendix, assuming independent
equal signals with Rayleigh distribution. For
convenience in evaluation of different systems,
the gains are separated into 2 factors. The first
to be found from the upper curves, is the increase

1Z. Jelonek, E. Fitch, and J. H. H. Chalk, “Diversity
Reception,” Wireless Engineer, volume 24, pages 54-62;
February, 1947.

|
|
|
I
|

0
/d;a\

0o

Figure 13— Statistical evaluation of diversity combiners near the receiver

threshold. dp = 19 V1 Vz dV1 de

in signal-to-noise ratio resulting from a given
order of diversity at a specified design reliability
using selector combining., The second factor,
found from the lower curves, is the additional
gain resulting from use of a different combiner.

3. Appendix—Calculation of Diversity Gains
3.1 GENERAL

A signal is defined by its probability density
function. As the instantaneous measured ampli-
tude V is of greatest interest here, the Rayleigh
function is assumed.

dp = 2V /1?) exp (— V?/1®)dV, (1)
where
dp = probability of V lying between
Vand V +dV
22 = mean-square value of V.

The probability that the amplitude is equal to or
less than some value V is

p=1—exp (~V/)

obtained by integrating (1) between 0 and V.
To find the median V,, the value exceeded half
the time, we set

3 =1 —exp (— Val/v?)
and find
Vat = 0.69302

Thus the median is about
1.6 decibels below the root-
mean-square value, and we
may write

p=1—exp (—aV?),

where

@ =1/ or 0.693/V,%

Further, since the receiver

Combiner Bounds Volume Loss in Decibels noise iS independent Of the
Selector Vi=R, V2=R |054+0.062+ 0.438 = 1.00 1.5 signal, the 1’s above may
Lmqar Adder | Vi + V. = (2)}4R |0.5 4+ 0.062 4+ 0.104 = 0.66 0.6 b idered : 1
Ratio Squarer| (Vi + V2)% = R |0.5 =050 0 e considered as signal-to-

noise ratios.
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3.2 Two SIGNALS where

3.2.1 Selector ) @'%ar

_ ) Q =1/2x)* f exp (—x2/2) dx
For 2 uncorrelated signals of the same median 0

value, the probability that both signal-to-noise

ratios are equal to or less than

Lis

probability integral.

A\
b=l —ep e 5 [N
: o A
This approaches a‘L* for small z \\
values of aL. o \\
m P,
N
» RATIO SQUARER
o \§\ LINEAR ADDER
2 o N SELECTOR
3.2.2 Linear Addition 8 N
-4
The probability that the sum o \ \
; -to-noi i = RAYLEIGH N
f)f the 2 signal-to-noise ratios g AP T, §
is equal to or less than w ONE RECEIVER N
2 20 ﬁ
@ g
p= f exp (—a*?) 2a%cdx N
Wt ’ N
— 22 2 30
X ﬁ exp (—a%y?) 2a%y dy 10 30 50 70 80 90 95 98 99 99.9 9999

PERCENT OF TIME SIGNAL-TO-NOISE RATIO EXCEEDS ORDINATE
=1 — exp (—2a2L?)

Figure 14—Signal-to-noise distribution for dual diversity using

~ 27%L exp (—a2L?)Q, various combining methods.
30 -
] For small values of aL, p ap
" " proaches (2/3) a*L: Power
- et 9 . .
B 2 || DESIGN RELIABILITY+99.9 PERCENT goes as L7 so the ratio of this
5 power to that for the selector
5 ~ is (2/3)%, or 0.9 decibel less
2 20 —— > )
- — signal required.
= DESIGN RELIABILITY=99 PERCENT
3 15 /’/
> L~ 3.2.3 Ratio Squarer
»n
8 0 The probability that the 2
[ signal-to-noise ratios fall within
. RATIO SQUARER| __| ———t— or on a circle of radius L is
/,’ fnrmm——
| IR L
/A/ LINEAR ADDER p — f exp (_agxg) 2a2x dx
OE‘ Vo
) p 3 4 5 6 7 8 9 10 2 alfe
NUMBER OF RECEIVERS Xf(L - exp (—ay?) 2a%y dy

Figure 15—Diversity gain as a function of the number of receivers. The 0
design reliability curves are based on selector combining and the lower curves =1-(1+ a?L?) exp (—a2L?).
give the additional improvement obtained with the other two combining .
methods. For small values of aL, this
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approaches a*L*/2, corresponding to a gain over
the selector of 1.5 decibels.

3.3 N SIGNALS

By using the same method given above, the
probability distributions for N antennas can be
calculated. Thus, for 3 antennas, the probability
distribution for 1 antenna is used for the first
integration, while the probability distribution for
2 antennas is used for the second integration.

For the selector, the result for the 2 signals
above merely needs to be generalized. For the
ratio squarer, the integrations can be performed
exactly. For the linear-addition case, however,
integrals in closed form could not be obtained.
An approximate solution (accurate for levels as
least as high as the median on 1 antenna) was
obtained by expanding the probability distribu-
tions before integrating.

3.3.1 Selector
p =0 —exp (—a2L?)]¥ = (aL)?" for aL < 1.

3.3.2 Linear Addition
p =~ [2¥/(2N)!](aL)*N.

160

3.3.3 Ratio Squarer

p=1—{1+4(aL)*+[(aL)*/2]+" -
+L(eLyp®+/(N—1)!]lexp (—a’L?)
— ([@Ly=/N1I+L@LR/ (N4+1)1 1+ - -
X exp (—a2L?).
The gain due to the combining method is the
ratio of the signal to noise at a given prob-
ability to the signal to noise at the same prob-
ability with the selector method. The gain for the
ratio-squarer method is thus (N!)Y¥, The gain
for the linear-addition method is [ (2NV) ¥ /2N.
These gains are plotted on the lower part of
Figure 15. It may be seen that the linear-adder
performance is within 1 decibel of that of the
ratio squarer.
The gain G, due to the order of diversity on a
selector basis, is found from (2). Solving for
a?L? we have

—a’Ly® = log (1 — pu¥)y,
Similarly,
—a?Lg = log (1 — p).
Thus,

G = Ly*/L?
= log (1 — pV)/log (1 — p).

The gain so computed is shown by the upper
curves of Figure 15.
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Configurations for Beyond-the-Horizon Diversity Systems

By FREDERICK J. ALTMAN

Federal Telecommunication Laboratories, a division of International Telephone and
Telegraph Corporation; Nutley, New Jersey

IVERSITY receivers having different
locations, frequencies, or polarizations?
may receive signals whose amplitude or

fading characteristics are sufficiently uncorre-
lated so that a combination of two or more signals
fades less and so is much more reliable than the
individual signals. This is true, in particular, of
high-frequency ionospheric circuits and of be-
yond-the-horizon links using tropospheric scatter
propagation.? In the latter, it is especially valu-
able because of the unusually high path losses
of the order of 200 decibels. Diversity improves
the signal-to-noise ratio to make possible one or
more of the following: longer hops, wider band-
widths, reduced transmitter powers, smaller an-
tennas, better signals, or increased reliability
during equipment malfunctioning or the unfavor-
able meteorological conditions existing in some
climates and seasons.

The recent application to beyond-the-horizon
links® of the dual-polarization method of excit-
ing antennas has introduced a hitherto unex-
ploited parameter to provide many as yet unused
configurations. A systematic classification and
nomenclature is described, and 26 systems, in-
cluding those already well known, are derived
from the elementary forms shown in Figure 1.

1. Classification

Consideration of a large number of configura-
tions has led to a system of classification based
on three factors: the number of polarizations P
used for each frequency, the number of receiv-
 ing antennas R, and the number of frequencies F.

tJ. L. Glaser and S. H. Van ‘Wanbeck, ‘“Evaluation of
Polarization Diversity Performance,” Proceedings of the
IRE, volume 41, pages 1774—1778 ; December, 1953.

2C. L. Mack, “Diversity Reception in UHF Long-
Range Communications,” Proceedings of the IRE, volume
43, pages 1281-1289; October, 1955. : :

3F. J. Altman, R. E. Gray, A. G: Kandoian, and W.
Sichak, “900-mc PTM Over-the-Horizon Radio Link,”
IRE Transactions on Microwave Theory and Techniques,
volume MTT-3, pages 22-26; December, 1955: also Elec-
trigal Communication, volume 33, pages 143-150; June,
1956.
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P =1 and R and F are here arbitrarily limited
to 1 or 2. Thus, a typical designation is 121.
Figure 2 shows examples from 711 to 222. It may
be noted that there are several variations of some
of the classes. The class designation is in general
applied to the member with the maximum order
of symmetry; other members are characterized
as redundant (’), degenerate (—), or alternative
(a,b). Use of the dual-excited horn antenna
with both horizontal and vertical polarizations
is shown by the semipictorial representation
1RF. Its use is required for all forms 2RF, so
the underline is not needed.

REDUNDANT
FORM BASIC
SINGLE DOUBLE
PRIME (') | PRIME(")
A T
VERTICAL | T
OR ’
HORIZONTAL
(. [ 4
: \ |~ \
ALL VERTICAL | T—4& >u
OR T
ALL HORIZONTAL E ; E {

(9]
/J:lj:’\
x <
/\/\I\
<<
? \1:
I <

A A
el

o
~
‘:n:::<‘

Figure 1—Basic form of diversity systems. T = trans-
mitter, V = vertical polarization of the electric field,
and H = horizontal polarization.
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RI R RI
i HORV n g
R2 T2
TI H ORV T2 j2i-
‘__< >_——R1
Ti v v RI Rz
L
R2 H H T2
Ti \ \Y RI
Ti RI ‘
72 R2 R2 H H T2
HORV 7] 121-
R3 T3 LA
R4 T4 v v RI
R2 H H
7! Ri
T2 v v R2 .
1z
R3 H " T3 -
R4 T4 Ro Al
- Rl TI H ORV T2 121
v
R3 v T3 jiz2a
R4 H H T4 R2 RI
T2 R2
v Vv RI
R2 v
R2 H H ‘
v RI
H RI
v v RI
R2 H
R2 H H -
R2 v
R2 , RI
: H v RI
TI T2
TI— T2 5y HOR YV 121
H RI Tl T2
R2 v
R2 RI
R3 H Ti Y v RI
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R4 =V ?2 R2: H H T2
H¥—< ﬁ
TI ' 3 212 21
T2 \ h
Y T4
R3 H RI TI v v RI
R2
R4 v R2 H H T2

Flgure 2—Diversity configurations based on a maximum of 2 polarizations, receiving antennas, and frequencies at
terminal. The type number indicates the number of each of these elements in that order. The use of dual-polarizatio
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antenna excitation is indicated by underscoring the first number. Redundant systems are indicated by a prime after
the number, alternative by a letter, and degenerate systems by a minus sign. The circles indicate diplexers.
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2. Basic Forms

Preliminary to deriving the final forms, the
elementary transmitter configurations of Figure 1
are considered. The four arrangements in the
left-hand column are basic; those in the right-
hand columns are considered to be redundant
forms and are identified as being single- or
double-prime variations. Only a few redundant
examples are listed later, none double primed,
as these are obvious in formation and applica-
tion. Form A is, of course, trivial and is included
for completeness. Form B is used particularly
in the single-primed form for reliability. As seen
from the receiving position, this form radiates
like a single antenna supplied with full trans-
mitter power. There is no lobe structure from
interference between two sources because of the
incoherent reradiation of the medium. Form C
is used only in the special configuration 211.
Form D is valuable because it permits trans-
mission over two independent paths to a single
receiving antenna equipped for dual-polarized
reception.

3. Combined Forms

The basic forms may be combined into the 26
types shown in Figures 2A and 2B. Transmitters
are denoted by T, receivers by R, frequencies by
numbers, and diplexers by small circles. Type

164

111 uses form A in both directions. Its analog
with dual-feed horn for polarization diplexing
is 111. Type 112 uses A on each of two fre-
quencies in both directions. There are two
analogs, 112 and 112a. Full diplexers are not
required for 112 because the signals to be iso-
lated are at similar power levels and the dual
horn provides 40 to 50 decibels of isolation.
Three-antenna space diversity, 211, uses C from
right to left and D from left to right. Type 211a
is another mixed type; it uses forms 4 and D.
Double the number of frequencies yields 212.
Types 121- and 121- use form 4 ; types 121 and
121 use form B, and types 121’ and 121’ use
form B’. Using two frequencies in each direction,
the three analogs, 122, 122a, and 1224 are ob-
tained from A. Similarily, 122¢ and 122 are ob-
tained from B. If polarization is exploited instead
of frequency, 221 and 221’ are derived from D
and D’. Type 221’a may be considered as of
form B’ and 221’56 as D', but they are both
equivalent to 221a. All three will provide 4-fold
diversity only when the transmitter feed-line
lengths are so related that the two antennas
on one side emit orthogonally, that is with the
vertical-horizontal resultants in perpendicular
planes or of opposite screw sense, et cetera.
Type 222 and the alternative 222a use both fre-
quency and polarization to produce forms that
may be characterized as D”’.
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Design Chart for Tropospheric Beyond-the-Horizon

June 1956

Propagation

By FREDERIK J. ALTMAN

Federal Telecommunication Laboratories, a division of International Telephone

and Telegraph Corporation; Nutley, New Jersey

SUMMARY of several well-known fac-
A tors and of propagation data available
at this time is given in Figure 1 to
facilitate the selection of equipment and for
computing the carrier-to-noise ratio for tropo-
spheric propagation beyond the horizon. Three
sample computations are given in Table 1 to
demonstrate the use of the appropriate curves to
derive in an orderly fashion the necessary infor-
mation. Certain data, such as antenna gain or
receiver noise factor, may be available from
other sources for the specific equipment to be
used. The distribution of excess scatter loss Lgg
represents winter hourly medians in the tem-
perate zone so that considerable signal increase
may be expected under more-favorable meteoro-
logical conditions. The 50-percent Lgy curve is
for the median value that will be exceeded 50
percent of the time, or conversely the design re-
sulting from the use of this loss has a reliability
of 50 percent. The additional margin required for
a reliability of 99.99 percent is shown in the next
to the bottom line of the table.
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Figure 1—Design chart for beyond-the-horizon tropospheric propagation.
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TABLE 1

COMPUTATIONS FOR BEYOND-THE-HORIZON LINKS

Example 1 Example 2 Example 3
Symbol and Factor Equation g}lg"::eolf
Value | Decibels Value Decibels [ Value | Decibels
F = Frequency 20 log fme F 900 mc 59 | 2000 mc 66 | 300 mc 50
R = Range 20 log rm: R 90 mi 39 | 200 mi 16 | 400 mi 52
K, = Propagation Constant See Note 1 37 37 37
Lps = Free-Space Loss F+R4+K, 135 - 149 - 139
Lpn = Median Beyond-the- See Note 2 Lpr 50% | 90 mi 54 | 200 mi 72 | 400 mi 98
Horizon Loss
Ly = Terminal Loss 5 log fuwe — 10 Lt 900 mc 5 12000 mc 6 | 300 mc 3
L = Total Loss Lrs + Lpu + Lt 194 227 240
D = Antenna Diameter 20 log 10 dy. D 28 ft 49 60 ft 55 | 100 ft 60
F = Frequency 20 log fime F 900 mc 59 |2000 mc 66 | 300 mc 50
Sum D+ F 108 121 110
K, = Antenna Constant See Note 3 ' 73 73 73
G’ = Antenna Gain, Uncor- D+ F—K, 35 48 37
rected
Gain for 2 Antennas 2G’ 70 96 74
L. = Antenna Aperture-to- See Note 4 2 4 2
Medium Coupling Loss _— e _
Gy = Net Antenna Gain 2G' — L, 68 92 72
P = Power Ratio 10 log Pw P 500 w 27 10 kw 40 | 50kw 47
Gr = Total Gain Gy + P 95 132 119
C = Median Carrier at Gr — L —99%* —95* —121*
Receiver
B = Bandwidth 10 log bz + 10 B 200 kc 33 | 600 kc 38 [ 60kc 28
Fx = Receiver Noise Np 900 mc 9 (2000 mc 9 | 300 mc 5
Sum B + Fn 42 47 33
Kn = Noise Constant 0.01 &T° 293¢ 184 | 293° 184 | 293° 184
N = Noise Ky — (B + Fw) —142% —137% —151*
C/N = Median Carrier/Noise C—-N 43 42 30
ALgpg = Margin of Beyond-the- | 509%-99.9% Lgn 90 mi 18 | 200 mi 15 | 400 mi 10
Horizon Loss —_— — —_—
Minimum Long-Term (C — N) — ALpy 25 27 20
C/N
* = decibels referred to 1 watt kw = kilowatts
° = degrees Kelvin mc = megacycles per second
% = percent mi = miles (X 1.609 = kilometers)
ft = feet (X 30.48 = centimeters) w = watts
ke = kilocycles per second k = Boltzmann's constant

Note 1. “Reference Data for Radio Engineers,” Federal Telephone and Radio Company, New York, New York, third
edition, 1949: page 436.

Note 2. W. E. Morrow, “Ultra-High-Frequency Transmissions Over Paths of 300 to 600 Miles,” presented at Sym-
posium on Scatter Propagation of the New York Section of the Institute of Radio Engineers, New York, New York, on
January 14, 1956.

Note 3. “Reference Datafor Radio Engineers,” page 437: 20 decibels added to constant to compensate for use of 10 dy..

Note 4. Aperture-to-medium coupling loss has been measured as being 4.5 decibels for 46-decibel-gain antennas 150
miles apart. For much lower gains and for distances substantially shorter or longer, this loss may be negligible.
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Range of Multichannel Radio Links Between 30 and
10 000 Megacycles*

By HELMUT CARL
C. Lorenz A.G.; Stuttgart, Germany

‘ N Y ITHIN TEN YEARS, the range of
directional radio links operating at
frequencies above 30 megacycles per
second has been extended from between 30 and
50 miles (50 and 80 kilometers) to about 250
miles (400 kilometers), that is, far beyond the
horizon. This paper is a summary of the facts
behind this evolution.

1. Factors Affecting Range

The range of a radio link for the transmission
of information with commercial quality, spe-
cifically those conforming to the recommenda-
tions of the Comité Consultatif International, is
essentially determined by the following factors:
transmitter power, antenna gain, noise figure of
the receiver, type of modulation, and attenuation
over the transmission path. Details of minor
importance are neglected in this general review.

2. Receiver Noise and Modulation

Compared with the other factors, the variation
of the noise figure of the receiver is low. It does
not exceed +3 decibels from an average value
of 10 decibels in the frequency range assigned to
radio links.

The noise threshold of a receiver is determined
by its input noise power. This threshold must be
exceeded by the signal power for useful communi-
cation. The noise power at the receiver input is a
direct function of the bandwidth. Radio-fre-
quency and intermediate-frequency amplifiers of
modern multichannel radio link systems provide
acceptance bandwidths ranging from 0.5 to 40
megacycles per second, the wider band producing
19 decibels more noise input power than the
narrower band.

* Originally published under the title ‘““Die Grenzen der
Reichweite von Richtfunkstrecken fiir Vielkanaliiber-
tragung im Frequenzgebiet von 30...10 000 MHZ” in

ngjg-Nachrichten, volume 3, number 4, pages 185-187;
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Taking into account the average receiver noise
figure of 10 = 3 decibels, the absolute value of
the noise power across the receiver input is,
hence, between —110 and —85 decibels referred
to 1 milliwatt (dbm). This corresponds to a noise
voltage of 1 to 15 microvolts in an input im-
pedance of 60 ohms. A signal-to-noise ratio of
20 decibels is indispensable for reliable operation
and requires that the minimum receiver input
power be between —90 and — 65 decibels referred
to 1 milliwatt, corresponding to 10 to 150
microvolts.

If the system consists of but one radio link
between two terminal stations, these values gen-
erally ensure satisfactory transmission quality.
If however there are many sections as in a trans-
continental or coast-to-coast system, another 25
decibels must be added to provide increased
quality in each link to avoid an unacceptably
large total deterioration as a result of the many
handlings of the information being transmitted.
In other words, such systems will properly oper-
ate only with input powers of —65 to —40
decibels referred to 1 milliwatt or input voltages
of 300 microvolts to 2 millivolts, respectively.

These values are rather independent of the
carrier frequency and of the system of modula-
tion. They are valid for operation without com-
pressor and expander (compandor) equipment.’—*

A compandor improves the speech channel by
20 decibels and the minimum required power
may be reduced by 10 decibels if there is only one
section in the entire radio system. Because of

! M. Jinke, E. Prenzel, and W. Speer, ‘“Dynamik-
presser und -dehner fiir Fernsprechverbindungen,” Fern-
meldetechnische Zeitschrift, volume 6, pages 459-468;
October, 1953.

2K, Steinbuch, ‘“Neuentwicklungen auf dem Gebiet
der Ubertragungstechnik,” SEG-Nachrichten, volume 3,
number 1, pages 4-13; 1955.

3G. Hissler, “Sprachiibertragung mit Dynamikkom-
pression,”’ Ferumeldetechnische Zeitschrift, volume 7, pages
659-664 ; December, 1954. .

4L. Christiansen, F. Buchholtz, and W. Zaiser, “Das
Sechskanal-Kompandersystem Z 6 NC fiir den Fern-
sprechnahverkehr,” Fernmeldetechnische Zeitschrift, volume
8, pages 502-511; September, 1955.
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difficulties in operating close to the receiver
threshold, full utilization of the compandor is not
possible in this case.

In an individual section of a longer transmis-
sion path, the compandor can be utilized to its

full capacity, that is, the power input at the
receiver may be as low as —60 decibels referred
to 1 milliwatt. It should be kept in mind, how-
ever, that compandors are applicable only to
speech transmission at present.

Figure 1—Paraboloidal reflector having a diameter of 20 meters (60 feet). Courtesy Bell Laboratories Record.
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3. Antenna Gain

In contrast to the noise figure and input power
required by the receiver, considerable variations
that are dependent on frequency affect the trans-
mitting power, transmission loss, and antenna
gain.

The upper limit of the antenna gain is deter-
mined by two considerations. With regard to
tropospheric beam refraction, the beam cannot
be narrowed infinitely. A radiation angle of 0.7
degree between half-power points is the limit.

This can be achieved with a paraboloidal re-
flector having a diameter of 100 wavelengths,
corresponding to a gain of 48 decibels referred to
an isotropic radiator.

For a frequency of 2000 megacycles, 100 wave-
lengths are equal to about 50 feet (15 meters).
Antenna reflectors of this diameter are costly in
every respect; nevertheless, reflectors even 60
feet (20 meters) in diameter have been con-
structed for special purposes. Figure 1 shows
such an antenna used for transmission of micro-

waves to a point beyond the

70 I l 35 horizon. Referred to isotropic
60 DIAMETER OF " €  radiators, antenna gains of 45
'} PARABOLOID E’ decibels can be obtained at
0 50 —— 48 DECIBELS | ————— \ 25z 1000 megacycles with such
ul _/,/ ‘\ & structures. It can be assumed
g 40 " o ARABOLOD \, 20 g that paraboloidal reflectors
= 3 DIPOLE ARRAY. 7.+ N < about 100 feet (30 meters) in
= T | N 15 & . .
z e o diameter can be fabricated
I A N 3 . .
© 20 - N o without too many mechanical
2  difficulties.
10 L 5 @ .
N g Assuming an antenna beam
0 o width of 0.7 degree and an an-
2 4 681, 2 4 68|, 2 4 6 8 .
10 10 10 10° tenna with an aperture of 100
FREQUENCY IN MEGACYCLES feet (30 meters) in diameter,
Figure 2—Maximum gain referred to an isotropic radiator plotting antenna gain versus
of commonly used antennas. frequency produces the curves
180 shown in Figure 2.
Between 1000 and 10 000
160 AT~ megacycles, the gain is limited
P .
w 7| PARABOLOID - to 48 decibels by the beam
& 40 = . .
2 g <  width. Below 1000 megacycles,
@ 120 //’ DIPOLE ARRAY the gain is reduced by the
g'?;' - limitations in the mechanical
83 10C dimensions. Between 200 and
25 60 300 megacycles, an improve-
@ RANSMITTER _POWER ~| ment by about 3 decibels can
Z 60 T~ be achieved because it is now
& \~‘ possible to replace the para-
40 [~ boloid by a dipole array. The
20 latter has an effective area that
2 4 6 8 2 4 6 81, 4 68 almost equals its geometric
10 10 10 10°

FREQUENCY IN MEGACYCLES

Figure 3—The maximum practical effective transmitting power for radio
links is given in the two upper curves and includes the maximum available
transmitter power (given in the lower curve) and the maximum gains of

antennas of the types indicated.

170

area, while the area efficiency
of the paraboloid is only be-
tween 0.55 and 0.65. The gain
decreases further as the fre-
quency is lowered.
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4. Transmitting Power

Modern electron tubes will supply transmitting
powers of an effective value of 10 kilowatts for
frequencies between 30 and 1000 megacycles and
recently even up to 2000 megacycles. For higher

attenuation will be related to the distance be-
tween the transmitter and receiver. However, an
unequivocal correlation, even neglecting the de-
pendence on frequency, of the magnitude of this
attenuation can not be generally determined at
this time because of the tropo-
spheric fading phenomena and

170

of the diffraction and reflec-

160

tion of the propagated beam by

obstacles. Therefore, measure-

150

ments have to be compiled for

)

7
)

each case individually. For two
extremes, however, it is pos-
sible by approximation to

130

establish rules that yield usable
median values.

120

FREE-SPACE ATTENUATION
IN DECIBELS

The first case is that for

140 7
1o A

propagation within the lowest

layers of the troposphere; it

/ d
fo]e! <

2 4 6 8 2 4 6 8
10 10? 10®
FREQUENCY IN MEGACYCLES

Figure 4—Free-space attenuation for a 50-kilometer (31-mile) path for
median values (exceeded 50 percent of the time) with isotropic antennas is
given in the lower curve. The margin to allow for fading and to produce

99-percent reliability is shown by the upper curve.

frequencies, the maximum possible power drops
to, say, 10 watts for 10 000 megacycles, which is
the limit of present-day engineering. This rela-
tion is plotted in the lower curve of Figure 3.

In a radio link, however, not only the power
of the transmitter itself is important but also the
effective power available in the direction of the
desired transmission. This effective power is
calculated by multiplying the transmitter power
by the directional gain for both the transmitting
and the receiving antennas. The product of this
multiplication is shown in the upper part of Fig-
ure 3. It will be seen that the effective power has
a maximum of 165 decibels referred to 1 milliwatt
(or 10 watts) at 1000 megacycles dropping to
135 decibels (10! watts) at higher and to 110
decibels (10® watts) at lower frequencies.

5. Propagation Loss

The ratio of the available effective transmitted
power to the minimum required power input at
the receiver is a measure of the tolerable attenua-
tion of each section of the radio link system. This

June 1956 ¢ ELECTRICAL COMMUNICATION

o

2 4 6 8 is optically undisturbed but is

10°  subject to fading. This trans-
mission path has, so far, been
regarded as an indispensable
prerequisite for any accept-
able microwave radio link.
Figure 4 shows the transmis-
sion loss over a distance of 31
miles (50 kilometers). Free-space attenuation is
plotted as a function of frequency in the lower
curve and the additional margin required: to pro-
vide for fading and to produce 99-percent relia-
bility is shown by the upper curve. The fading
values were taken from numerous available ob-
servations. Both free-space attenuation and fad-
ing increase with distance.

The second limiting case is for propagation
far beyond the horizon which, contrary to former
theories, can be utilized today for multichannel
transmission of satisfactory quality at fre-
quencies up to 5000 megacycles. Based on
hitherto valid assumptions, calculations on beam
propagation above the surface of a curved earth
indicate that the loss of power beyond the horizon
for tropospheric propagation is too large for
useful communication to be possible. Contrari-
wise, the measured results. published by Bulling-
ton® showed that the transmission loss exceeds
that of free space only by some 50 to 100 decibels,

5 K. Bullington, ‘“Radio. Transmission Beyond tke

Horizon in the 40- to 4000-Mc Band;' Preceedings of the
IRE, volume 41, pages 132-135; January, 1953.



www.americanradiohistory.com

depending on distance. This is evident in Figure
5. The values predicted by theory were 200 to 300
decibels. The additional loss is in practice inde-
pendent of frequency. Fading effects are not
much greater than with an optical path provided
space diversity is used for its compensation.

=2 -20 .

= \
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s -80 \
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o -100 2

) 2 4 6 81, 2 4 6 8

g 10 10*

e | | | | | |
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DISTANCE IN MILES (KILOMETERS)

Figure 5—Median signal levels in the 300-to-4000-
megacycle band. Ultra-high-frequency measurements are
indicated by dots and super-high-frequency data by crosses.

6. Beyond-the-Horizon Propagation

An explanation that seems to be satisfactory
both from the mathematical and the physical
viewpoints is that the energy is scattered within
the air volume penetrated by the radiation from
the transmitting antenna toward the receiving
antenna,® as sketched in Figure 6. The height of
the antenna is of minor importance.

The relation of transmission loss and distance
for communication paths beyond line of sight is
obtained by simple addition of the values pub-
lished by Bullington to the free-space loss.
Figure 7 shows this relation
for several frequencies as a
function of distance.

Figure 8 is the result of
an evaluation of the effec-
tive-power curves given in
Figure 3 and the attenua-

¢H. G. Booker and J. T. de-
Bettencourt, ‘“Theory of “Radio
Transmission by Tropospheric
Scattering Using Very Narrow
Beams,”” Proceedings of the IRE,

volume 43, pages 281-290 ; March,
1955. ‘
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tion for tropospheric propagation as given i1
Figure 7 to obtain numerical values of range
for radio links beyond line of sight that cai
be achieved at present. The diagram show:
that at a distance of 250 miles (400 kilometers
and a frequency of 1000 megacycles, an inpu
voltage of 50 microvolts or — 70 decibels referrec
to 1 milliwatt can be available to the receive
beyond the horizon. This would be sufficient fo
the transmission of 60 to 120 speech channels o
moderate quality. Links of this type have already
been investigated experimentally, and permanen
operation is anticipated in the near future be
tween Florida and Cuba and elsewhere.

Below 1000 megacycles, the range decrease:
with antenna gain and is about 155 miles (25(
kilometers) for 30 megacycles. This distance i
of the order of the radio links between Westerr
Germany and Berlin, where tropospheric ranges
were commercially utilized for the first time.”

For frequencies above 1000 megacycles, the
available transmitter power decreases and the
free-space loss increases even with constant
antenna gain. This reduces the range. However
experiments have shown that this range is stil
125 miles (200 kilometers) for 4000 megacycles.

7. Conclusion

Although the possibility of operating micro-
wave radio links over ranges that extend beyond
the horizon has been established, the classical
relay stations within line-of-sight range remain
indispensable if high transmission quality, corre-
sponding for instance to the recommendations of

7H. Carl and K. Christ, “Richtfunkverbindungen fiir
Fernsprech- und Fernsehiibertragung,” SEG-Nachrichten,
volume 3, number 3, pages 141-148; 1955.

Figure 6—Principle of tropospheric propagation beyond the horizon. Scattering
of the wave occurs in the region ‘“viewed” by both antennas.
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Figure 7—Attenuation as a func-
tion of distance for the indicated
frequencies in megacycles is given
in the 4 upper curves for free-space
propagation. To them must be
added the lowest curve, which gives
the additional attenuation for be-
yond-the-horizon propagation.

Figure 8 — Distance plotted
against frequency foran input to the
receiver of —70 decibels referred to
1 milliwatt using the maximum
radiated power and the path atten-
uation given in Figures 3 and 7.
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the Comité Consultatif International Télé-
phonique, is to be provided. This is especially
true since experience suggests that a. moderate
increase of antenna dimensions of the relay sta-
tions opens the possibility of extending the range,

June 1956 * ELECTRICAL COMMUNICATION

W Lamericantadiohistons: cam

FREQUENCY IN MEGACYCLES

which has been limited to 30: miles (50" kilo-
meters) on the average. Both types.of engineering,
optical and: beyond-line-of-sight ranges, will sup-
plement each other advantageously in the future
to meet varying purposes and requirements.
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United States Patents Issued to International Telephone and
Telegraph System; November 1955-January 1956

NITED STATES patents numbering 44 were

issued between November 1, 1955 and
January 31, 1956 to the indicated companies in
the International System. The names of the
inventors, subjects of the patents, and Patent
Office serial numbers are given below.

J. L. Allison, Federal Telecommunication.Labor-

atories, Bearing-Signal Quality Detector,
2 726 387.

W. A. Anderson, Federal Telecommunication
Laboratories, Inductive Coupling Cir-
cuits for Pulses, 2 729 793.

M. Arditi and P. Parzen, Federal Telecommuni-
cation Laboratories, Frequency-Stabili-
zation Systems, 2 726 332.

A. J. Baracket, T. M. Maxwell, and F. H. Num-
rich, Federal Telecommunication Labora-
tories, Montage Amplifier, 2 723 307.

E. S. L. Beale, Standard Telephones and Cables
(London), Engine Indicators, 2 722 604.

J. I. Bellamy and T. L. Bowers, Kellogg Switch-
board and Supply Company, Multigroup
Primary-Secondary-Spread Crossbar Tel-
ephone System, 2 725 428.

. Bellamy and L. Hemminger, Kellogg
Switchboard and Supply Company,
Transmitter for a Remote Supervisory
and Control System, 2 729 813.

J. F. Bigelow, Capehart-Farnsworth Company,
Television Synchronizing System, 2 726-
282.

D. W. Black, Federal Telephone and Radio
Company, Artificial-Barrier-Layer Sele-
nium Rectifier, 2 724 079.

M. C. Branch, P. M. King,and W. A. G. Walsh,
Standard Telephones and Cables (Lon-
don), Electrical Counting Circuits,
2 722 630.

R. F. Chapman, Federal Telecommunication
Laboratories, Diversity Reception Sys-
tem, 2 729 741.

R. J. Cashman, Capehart-Farnsworth Company,
Photoconductive Electrode, 2 730 638.
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A. G. Clavier and D. L. Thomas, Federal Tele
communication Laboratories, Transmis
sion-Line System, 2 723 378.

G. M. Cresson, International Standard Electri
Corporation, Mounting-Plate Insulator
and Assemblies, 2 723 302.

C. L. Day, Capehart-Farnsworth Companjy

Article Comprised of a Metallic Part an:
a Ceramic Body, 2 728 425.

E. M. Deloraine and J. J. B. Lair, Federal Tele
communication Laboratories, Telephon
System, 2 723 309.

G. C. Dewey, Federal Telecommunication Lab
oratories, Traveling-Wave Amplifiet
2 730 649.

M. Di Toro, Federal Telecommunication Lab
oratories, Method and Apparatus fo
Reducing Bandwidth Requirements i
Transmission Systems, 2 726 283.

. Durst, G. C. Florio, and D. W. Black

Federal Telephone and Radio Company
Selenium Rectifiers, 2 724 078.

. Estes, Federal Telecommunication Lab
oratories, Multichannel Communication
2 729 791.

A. Frum, Federal Telecommunication Labora
tories, Time-Multiplex System, 2 723 310
A. R. Gobat, Federal Telecommunication Lab.

oratories, Anode for Primary Cells anc
Method for Making Same, 2 726 279.

F. P. Gohorel, Compagnie Générale de Construc.
tions Téléphoniques (Paris), Automatic
Telephone System, 2 724 019.

D. D. Grieg, H. F. Engelmann, and J. A
Kostriza, Federal Telecommunicatior
Laboratories, Attenuators, 2 725 535.

H. S. Haynes, Federal Telecommunication Lab-

oratories, Pulse-Code Modulator, 2 729-

790.

Henderson, Capehart-Farnsworth Com-

pany, Signal Terminator Circuit, 2 726-
329.
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L. Himmel, Federal Telecommunication Labora-
tories, Amplitude-Control Unit, 2 726 3609.

R. V. Judy, Kellogg Switchboard and Supply
Company, Register Sender, 2 724 020.

A. G. Kandoian and R. A. Felsenheld, Federal

Telecommunication Laboratories, An-
tenna System Combinations and Arrays,
2 726 388.

E. Labin, Federal Telecommunication Labora-
tories, Electrical Delay Devices, 2 723 376.

J. S. LeGrand, Federal Telecommunication
Laboratories, Logarithmic Amplifier-
Detector, 2 729 743,

S. W. Lewinter,
Laboratories,
2 723 345.

E. Manteuffel, Mix and Genest (Stuttgart),
Facility for Tracing the Routing Adjust-
ment Rings on Pneumatic-Tube Dispatch
Carriers, 2 723 810.

G. L. Martin, Capehart-Farnsworth Company,
Method and Apparatus for Measuring
Film Thickness, 2 726 173.

L. F. Mayle, Farnsworth Research Corporation,
Pulse-Keying Circuit for Power Ampli-
fiers, 2 723 347.

L. F. Mayle, Farnsworth Research Corporation,
High-Voltage Regulated Power Supply,
2 726 350.

E. S. McLarn, International Standard Electric
Corporation, Alarm Switching Device for
Rotary Elements, 2 723 322.

H. Oden, Mix and Genest (Stuttgart), Condenser
Arrangement for Registering and Sending
Control Signals, 2 722 568.

W. Pouliart, M. den Hertog, and H. H. Adelaar,
Bell Telephone Manufacturing Company
(Antwerp), Method of Line Scanning for
Automatic Telephone System, 2 724 018.

A. J. Radcliffe, Kellogg Switchboard and Supply
Company, Balanced Junction Device fora
Two-Way Telephone Repeater, 2 725 532.

D. S. Ridler and J. D. Reynolds, Standard Tele-
communication Laboratories (London),

Telegraph Transmission System, 2 722-
565.

Federal Telecommunication
Radio Receiver System,
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I. R. Taylor, Federal Telecommunication Labor-
atories, Antenna Unit, 2 726 389.

A. J. Warner and D. K. Keel, Federal Telecom-
munication Laboratories, Purification of
Hydrogenated Polystyrene, 2 726 233.

A. K. Wing and T. J. Marchese, Federal Tele-

communication Laboratories, Filament
Support, 2 726 349.

Line Scanning for Automatic Telephone
Systems

W. Pouliart, M. den Hertog, and H. H. Adelaar
2 724 018—November 15, 1955

This rectifier gating network for line scanning
in machine switching of telephone circuits is
arranged in tree formation having a plurality of
stages. There is one terminal at the first stage
and an increasing number of terminals at suc-
ceeding stages. Each branch of each stage is con-
trolled by a rectifier to which is applied a pulse
train having a different time position from the
pulse trains applied to the other rectifiers. As
the lines are scanned by a pulse train, any change
in potential on a line will appear on the terminal
of the first stage at a time peculiar to that partic-
ular line.

Attenuators

D. D. Grieg, H. F. Engelmann, and J. A.
Kostriza 2 725 535—November 29, 1955

For microstrip assemblies, this attenuator
uses a body of lossy material resting on the con-
ductor of the microstrip circuit and extending
beyond its side edges to intercept the fringe field
of the electromagnetic wave.

Artificial-Barrier-Layer Selenium Rectifier

D. W. Black
2 724 079—November 15, 1955

The blocking layer covered by the patent is
between the counter electrode and the selenium
in a selenium rectifier. It consists of a nylon
lacquer to which is added approximately 0.125
percent by weight of magnesium nitrate.
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In Memoriam

"Y' 1iLLiAM HENRY HARRISON, president
of the International Telephone and
Telegraph Corporation, died of a

heart ailment on April 21, 1956. He was 63 years
of age, having been born in 1892 in Brooklyn,
New York.

He went to work for the New York Telephone
Company in 1909 and in 1914 joined the engineer-
ing department of the Western Electric Com-
pany. From 1918 to 1933, he was in the opera-
tions and engineering department of the Ameri-
can Telephone and Telegraph Company. After
four years as vice president of the Bell Telephone
Company of Pennsylvania and the Diamond
State Telephone Company, he returned to the
parent company, becoming a vice president in
1938.

His wartime services started in 1940, when he
was appointed head of the construction division
of the National Defense Advisory Commission
and early in 1941 chief of the shipbuilding and
construction branch of the Office of Production
Management. Later that year, he became Di-
rector of Production, the second highest post in
that agency. He served also on the Joint Defense
Production Committee of the United States and
Canada.

In 1942, he was commissioned a colonel, and
shortly thereafter a brigadier general, in the
United States Army. As director of procurement
in the Services of Supply, he was responsible for
obtaining all materiel needed by the army in the
prosecution of the war. As a major general in
1943, he directed the procurement and distribu-
tion of all communications, radio, and electronics
materiel for the army and the army air forces.

In recognition of these wartime services, he
received the Distinguished Service Medal from
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the United States War Department, the Most
Excellent Order of the British Empire with the
degree of Honorary Commander, and the Cross
of the French Legion of Honor with the rank of
Officer. He received the Hoover Medal, the
highest engineering civilian award, for his
“‘distinguished public service”.

On return to civilian life, he became vice
president of the American Telephone and Tele-
graph Company in charge of operations and
engineering. He was elected president of the
International Telephone and Telegraph Corpor-
ation in 1948.

In addition to his many directorships in the
International System, he served also on the
boards of the Intertype Corporation of Brooklyn,
Nassau Hospital in Mineola, Long Island, and
New York Hospital.

Mr. Harrison was a past president of the
American Institute of Electrical Engineers. He
was a member of the governing bodies of the
Polytechnic Institute of Brooklyn, Pratt Insti-
tute, and the United Engineering Trustees,
which is responsible for the engineering societies
building in New York City. He served on ad-
visory councils of Notre Dame University,
Princeton University, and of two honorary sci-
entific societies, Eta Kappa Nu and Tau Beta Pi.
He received honorary degrees from Polytechnic
Institute of Brooklyn, Notre Dame University,
Rensselaer Polytechnic Institute, and Manhat-
tan College.

With his passing, the Corporation has lost an
executive of highest quality ; the communications
industry, one of its foremost members; the
nation, one of its great public servants; and his
associates, a valued friend.
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Contributors to This Issue

FREDERICK J. ALTMAN

FREDERICK J. ALTMAN was born on
March 7, 1915, in New York, New
York. He received B.S. and M.S. de-
grees from the Massachusetts Institute
of Technology in 1938.

From 1940 to 1946, he served as a
radar officer with the Army Air Force.
In 1946, he joined Federal Telecom-
munication Laboratories, where he is
working on doppler radar, scatter com-
munications, and other projects. He is
currently a senior project engineer in
the radio communication laboratory.

Mr. Altman is a Senior Member of
the Institute of Radio Engineers.

V. A. ALTOVSKY
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V. A. ALTOoVsSKY was born in Lu-
cerne, Switzerland, in 1910. He gradu-
ated from Ecole Supérieure d’Elec-
tricité in Paris in 1931.

From 1937 to 1945, he worked for
Laboratoire Central de Télécommuni-
cations in Paris on waveguides, the
propagation of centimeter waves in the
troposphere, and on the first multiplex
24-channel 3000-megacycle radio toll
junction between Paris and Mont-
morency.

He joined the engineering staff of the
French Thomson-Houston Company in
1945 and became technical director of
the radar department of the Société
Nouvelle de 1'Outillage RBV et de la
Radio-Industrie in 1949,

Mr. Altovsky received the Ancel
Award in 1950 for his research on ultra-
high frequencies. He is a Senior
Member of the Institute of Radio
Engineers.

ALBINO ANTINORI was born in Cani-
catti, Sicily, in 1899. He graduated in
mechanical industrial engineering from
Turin Polytechnic in 1921. Two years
later, he received a diploma from Scuola
Superiore di Elettrotecnica G. Ferraris
in Turin and in 1925 a degree in physics
from Turin University.

From 1923 to 1925, he was an assist-
ant in experimental physics at Turin
Polytechnic and from 1925 to 1931
taught physics and engineering at
Instituto Industriale Nazionale at
Fermo.

He joined the specialized engineering
group of the Italian Ministry of Posts
and Telecommunications in 1931. He
was appointed Inspector General of
Telecommunications in 1947 and Supe-
rior Inspector General of Telecommun-
ications in 1950. He held a commission
in the Italian signal corps.

Mr. Antinori is a director of the
Posts and Telecommunications Ad-
ministration, of its Superior Technical
Council, and of the National Research
Council. He is a Senior Member of the
Italian Electrotechnical Association.
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HeLmur CarL was born in Danzig,
then Germany, in 1916. He was edu-
cated in the technical universities of
Danzig and Berlin, receiving a doctor
of engineering degree in 1943 from the
Technical University of Danzig.

Dr. Carl joined C. Lorenz in Berlin
in 1939 and has done development work
on radar, frequency-modulation broad-
cast transmitters, and very-high-fre-
quency radio links. His present duties
concern the over-all planning of radio
communication systems at the Pforz-
heim laboratory.
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J. M. CLARA

J. M. CLARA was born in Zaragoza,
Spain, in 1892. He received the degrees
of Licenciado en Ciencias Quimicas in
1914, Licenciado en Ciencias Fisicas in
1916, Ingeniero de Telecommunicacion
in 1920, and Ingeniero Radiotelegrafista
in 1923,

He entered the national telegraph
service in 1908, while still a student.
In 1924, he joined the Compaiia
Telefénica Nacional de Espafia as a
district engineer and is now executive
operating vice president. Since 1930,
he has represented the company on the
Comité Consultatif International Télé-
phonique.

ANDRE G. CLAVIER was born in 1894
in Cambrai, France. He received the

ANDRE G. CLAVIER

June 1956 *

Licence es Sciences Physiques et
Mathématiques from the Sorbonne in
1918 and the diplome d’'Ingénieur de
I’Ecole Supérieure d’Electricité (Paris)
in 1920.

From 1920 to 1925, he was in charge
of a laboratory on high-frequency radio
research for the French Signal Corps.
After service with the International
Western Electric Company in London
and with Société Frangaise Radioélec-
trique in Paris, he joined the Interna-
tional Telephone and Telegraph System
in 1929. He was assistant director of
research of Laboratoire Central de
Télécommunications when he was
transferred in 1946 to Federal Tele-
communication Laboratories, of which
he is now vice president and technical
director.

He played a major role in the experi-
mental microwave transmission across
the English Channel in 1931 and in the
commercial telephone and teleprinter
link between Lympne and Saint Ingle-
vert that followed it in 1933.

Mr.
Société des Radioélectriciens, a Membre
Lauréat of the Société Frangaise des

Clavier is a Member of the

Electriciens, vice president of the Amer-
ican section of the Société des Ingén-
ieurs Civils de France, a Fellowin both
the Institute of Radio Engineers and
the American Institute of Electrical
Engineers, and a Member of the Insti-
tution of Electrical Engineers.

RiICHARD E. GRAY was born in Eng-
land in 1902. After graduating from
Faraday House, electrical engineering
college in London, he joined Standard
Telephones and Cables in 1924.

From 1927 to 1939, he was with the
of Le Matériel Télé-
phonique in Paris. In 1940, he joined
the Royal Aircraft Establishment at
Farnborough, England, and in 1943
was transferred to the Telecommunica-
tion Research Establishment at Mal-
vern.

laboratories
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Ricuar» E. GrAY

He has been with Federal Telecom-
munication Laboratories at Nutley,
New Jersey, since 1946, where he is now
working on tropospheric scatter com-
munication.

He is a member of the Institute of
Radio Engineers and of the Institution
of Electrical Engineers.

ARrRMIG G. KaANDOIAN received the
M.S. degree in electrical engineering
from Harvard Graduate School of
Engineering in 1935.

He has beén associated with the In-
ternational System since 1935 and has
done extensive work on antennas, trans-
mission lines, measurements, and on

ArMIG G. KANDOIAN
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various problems connected with radar,
communications, and navigation. He
is the director of the radio communica-
tion laboratory of Federal Telecom-
munication Laboratories.

Mr. Kandoianreceived the honorable
mention award of Eta Kappa Nu in
1943. He is a Fellow of the Institute of
Radio Engineers and a member of the
American Institute of Electrical Engi-
neers and Harvard Engineering Society.

WILLIAM SICHAK was born on Janu-
ary 7, 1916, in Lyndora, Pennsylvania.
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WILLIAM SICHAK

He received the B.A. degree in physics
from Allegheny College in 1942.

From 1942t0 1945, he wasengaged in
developing microwave radar antennas
at the Radiation Laboratory of Massa-
chusetts Institute of Technology. Since
then, he has been with Federal Tele-
communication Laboratories, working
on microwave antennas, allied radio-
frequency equipment, and radio-relay
links.

Mr. Sichak is an associate director of
the radio communication laboratory.
He is'a member of the American Physi-
cal Society and of the Institute of Radio
Engineers.
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INTERNATIONAL TELEPHONE AND TELEGRAPH CORPORATION
MANUFACTURE AND SALES

North America
UNITED STATES OF AMERICA —

Diwisions of International Telaphone and Telegraph Corpora-
tien

Farnsworth Electronics Company; Fort Wayne, Indiana

Federal Telephone and Radio Company; Clifton, New
Jersey

Kellogg Switchboard and Supply Company; Chicago,
Illinois

Federal Electric Corporation; Clifton, New Jersey

Internatienal Standard Electric Cerporation: New York,
New York

International Standard Trading Corporation; New York,
New York

Kellogg Credit Corporation; Chicago, Illinois
Kuthe Laboratories, Inc.; Newark, New Jersey:
CANADA = (See British Commonwealth of Nations)

British Commonwealth of Nations
ENGLAND — ‘
Standard Telephones and Cables, Limited: Lendon

5

“reed and Company, Limited: Croydon

—~

International Marine Radio Company Limited; Croydon
Kelster-Brandes Limited: Sideup

CANADA — Standard Telephones & Cables Mfg. Co. (Can-
ada), Ltd.; Montreal

AUSTRALIA —
Standard Telephones and Cables Pty. Limited; Sydney
Silovac Electrical Products Pty. Limited; Sydney
Austral Standard Cables Pty. Limited; Melbourne

NIEW ZBALAND -— New  Zealand = Electric Totalisators
Limited; Wellington

Latin America and West Indies

ARGENTINA -
Cempartifa Standard Electric Argentina, S.A.I1.C.;
Buenos Aires
Capehart Argentina; Buenos Aires

BRAZIL << Standard Electrica, S:A:: Rie de Janeiro
CHILE — Compaifa Standard Electric, S:A.C.; Santiago
CUBA < Internatienal Standard Products Corporation;
Llavana;
MEXICO - Standard Electrica:de Mexico, S:A.; Mexico City
PUERTO RICO — Standard Electric Corperation of Puerto
Rico; San Juan
Europe

AUSTRIA — Vereinigte Telephon- und: Telegraphenfabriks
AL (3 Creija; Nissl & Cé.: Vienna
BELGIUM — Bell
Antwerp
DENMARK - Standard Electric Aktieselskab; Cepenhagen
FINLAND = Oy Suomen Standard Electric AB; Helsinki
FRANCE —
Compagnie (Générale de Constructions Téléphoniques; Paris
Le Matériel Téléphonique; Paris
Les Téléimprimeurs; Paris
GERMANY -
Standard Elektrik A.G.; Stuttgart
Diinsions
Mix & Genest; Stuttgart and Berlin
Stiddeutsche Apparatefabrik; Niirnberg
C. Lorenz, A.G.: Stuttgart and Berlin
Schaub’ Apparatebau; Piorzheim
ITALY -~ Fabbrica  Apparecchiature
Elettriche Standard S.p.A.; Milan
NETHERLANDS -~ Nederlandsche Standard Electric
Maatschappij N.V.: The Hague
NORWAY - Standard Telefon og Kabelfabrik A/S: Oslo
PORTUGAL - Standard Eléetrica; S/A.R.L:; Lisbon
SPAIN =
Compania Radio Aérea Maritima Espafiola; Madrid
Standard Eléctrica, S:A.; Madrid
SWEDEN -« Aktiebolaget Standard Radiofabrik; Stockholm

SWITZERLAND = Standard  Téléphone et Radio S.Aj;
Zurich

Telephone: Manifacturing: Company

per  ComunicCazioni

TELEPHONE OPERATIONS

BRAZIL — Companhia Telefénica Nacional; Rio de Janeiro
CHILE - Compaiia de Teléfonos de Chile: Santiago

CUBA - — Cuban American Telephone and Telegraph Com-
wany: Havana

CUBA < Cuban Telephone Company: Havana
PERU — Comparnia Peruana de Teléfonos Limitada; Lima

PUERTO RICO -=Porto Rico Telephone Company: San
uan

CABLE AND RADIO OPERATIONS

UNITED STATES OF AMERICA ——

American Cable & Radio Corporation: New York, New Yerk
All America Cables and Radio, Inc.; New York, New York
The Cemmercial Cable Cempany: New Yerk, New York
Mz{;:kzigr Radio and Telegraph Company; New York, New

[y
ARGENTINA —

Cempaiiz Internacional de Radio; Buenos Aires

Sociedad Anénima Radio Argentina: Buenos Aires (Sub-

sidiary of American Cable & Radio Corperation)

BOLIVIA - Compaiiia’ Internacional de Radio Boliviana:
La Paz

BRAZIL — Companhia Radio Internacional do Brasil; Rio de
Janeiro

CHILE — Compafifa Internacional de Radio; S.A.; Santi go
CUBA - Radio Corporation of Cuba; Havana

PUERTO RICO — Radio Corporation of Por o Rico; S n
Juan

RESEARCH

UNITED STATES OF AMERICA —
Diwision of Internetienal Telephone and Telegraph Corpora-
ton
Federal Telecommunication Laboratories; Nutley, New
Jersey

Internatienal Telecommunication Laboratories, Inc.; New
York, New York

ENGLAND — Standard  Telecommunication Laboratories,
Limited; London

FRANCE — Laboratoire Central de Télécommunications;
Paris

GERMANY—Standard Central Laboratories; Stuttgart

ASSOCIATE LICENSEES FOR MANUFACTURE AND SALES IN JAPAN

Nippon Electric Company, Limited: Tokyo

Sumitomo Electric Industries, Limited; Osaks
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